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Résumé :

Contexte et Objectifs : Le franchissement de la barriere d'espece par les virus de l'influenza A est
fortement contraint par I'adaptation de I'ARN polymérase virale. Ce projet poursuit deux objectifs
indépendants : valider un systéme rapporteur universel basé sur le promoteur ARN Polymérase IlI (Pol
llI) et évaluer la spécialisation biologique de la polymérase (adaptation a I'hGte et contraintes
thermiques) a travers différentes lignées cellulaires (293T, NPTr, CLEC-213, SMFR, BHK) via des tests
miniréplicons a double luciférase.

Résultats : Le promoteur universel Pol Il a généré une activité polymérase robuste dans toutes les
lignées mammiféres et aviaires testées, avec une efficacité équivalente aux promoteurs Pol |
homologues, tout en mesurant de maniere fiable I'effet de la mutation d'adaptation PB2-627K.
L'évaluation des souches porcines (Hubei 2016 et RB144) a révélé une forte plasticité fonctionnelle
sans différence significative d'activité entre les cellules humaines et porcines, bien que I'échange de la
sous-unité PB2 reste le moteur des variations d'activité. Chez les oiseaux, la souche UDL a montré
I'activité la plus élevée tandis qu'Anhui H7N9 a présenté une efficacité dépendante de I'h6te (faible
chez le poulet, modérée chez le goéland). Enfin, le profilage thermique (CLEC-213) n'a montré aucune
spécialisation thermique des polymérases aviaires et zoonotiques a 37°C et 41°C.

Conclusion : Le systeme Pol Il universel constitue une alternative efficace pour remplacer et réaliser
rapidement des tests miniréplicons lorsque la Pol | spécifique de I'espéce n'est pas disponible. Sur le
plan biologique, la constance fonctionnelle observée a travers les modeles mammiféres et aviaires
souligne la grande plasticité de la polymérase virale, suggérant que les barrieres d'hotes et le tropisme
tissulaire découlent de mécanismes multifactoriels distincts.

Abstract :

Background and Aims: Cross-species transmission of influenza A viruses is heavily restricted by the host
adaptation of the viral RNA polymerase. This study addressed two independent objectives: validating
a universal RNA polymerase Il (Pol Ill) promoter-driven minireplicon system and investigating
biological polymerase specialization, across host barriers and thermal constraints using dual-luciferase
assays in various cell lines (293T, NPTr, CLEC-213, SMFR, BHK).

Results: The universal Pol Ill promoter drove robust polymerase activity across all tested lines,
achieving statistical equivalence to homologous, species-matched Pol | promoters and accurately
detecting rescue by the mammalian-adaptive PB2-627K mutation. Swine-adapted lineages (Hubei
2016, RB144) demonstrated functional plasticity with equivalent activities in human and swine
environments, though PB2 remained the primary driver of differential activity. In avian models, UDL
maintained the highest baseline function, while Anhui H7N9 exhibited host-dependent efficiency (low



in chicken, moderate in gull cells). Finally, thermal profiling in CLEC-213 epithelial cells showed stable,
non-specialized activity for all avian and zoonotic polymerases at both 37°C and 41°C.

Conclusion: The universal Pol Ill system provides an effective alternative to replace species-specific
promoters and rapidly execute minireplicon assays when a homologous Pol | is unavailable.
Biologically, the functional consistency across human, swine, and avian models highlights the intrinsic
plasticity of the viral polymerase, indicating that host restrictions and tissue tropism are governed by
complex, multifactorial mechanisms.
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. Introduction

1. Background

1.1 Influenza virus

Influenza viruses are enveloped, single-stranded, negative-sense RNA viruses belonging to the family
Orthomyxoviridae. They are divided into four types: A, B, Cand D. Influenza A and B viruses are responsible for
seasonal epidemics in humans, whereas influenza C generally causes mild human infections and influenza D
primarily infects cattle and pigs [1].

In humans, influenza infection is a contagious respiratory disease transmitted mainly through airborne droplets.
It typically manifests as an acute febrile illness associated with respiratory symptoms, ranging from mild clinical
signs such as fatigue and cough to severe complications including pneumonia and respiratory distress [2].

Among these, influenza A viruses are of particular importance due to their broad host range. Wild aquatic birds
(particularly waterfowl and shorebirds) constitute their main natural reservoir. In these wild species, infection is
typically asymptomatic, which facilitates long-term viral maintenance, genetic diversification, and global
dissemination in the environment [2; 3; 4].

Influenza A virus Influenza B virus Other influenza viruses

Wild birds Humans
H1-H4

Aquatic H1
mammals ~ H10 H1-H16
N1-N9

HIN1 H3N2
(H2N2)
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?
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HS. He, H7
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HIN? H2ZN3 H3N2

Influenza D virus

H5N1
HSN1 Domestic and wild animals ?
H3N2
H3N8

HIN1, H3N2
HSN1, HON2
H10N4

Figure 1: Ecology of influenza viruses showing their circulation across multiple host species. Influenza A viruses primarily
circulate in wild birds and can cross species barriers, sometimes via intermediate hosts or adaptive mutations. While specific
subtypes are associated with particular hosts, only a few (H1, H2, H3) have established sustained transmission in humans.
Other influenza types (B, C, and D) circulate in humans and various animals [5].

From this wildlife source, influenza A viruses can spill over into domestic poultry and occasionally other animal
species, creating epidemiological interfaces between wildlife, livestock, and humans. Avian influenza viruses
(AIV) are strains that specifically circulate in birds. They are classified according to their pathogenicity in domestic
poultry into low-pathogenicity (LPAI) and high-pathogenicity avian influenza (HPAI) viruses. LPAIl viruses generally
cause modest morbidity in poultry flocks [6]. In contrast, HPAI viruses are associated with severe systemic disease

and high mortality rates in infected poultry [7].

HPAI viruses threaten both the poultry industry and public health through variable transmission dynamics. In
recent European epidemics, repeated viral introductions via migratory flyways were the primary drivers of
dissemination [8]. In contrast, enzootic spread in Egypt is dominated by poultry trade and farm-to-farm
transmission [9], while Italian epidemic waves highlight how local transmission patterns can evolve from poultry-
driven spread to complex environmental dynamics over time [10]. Although AlVs are strictly avian-adapted, some
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strains can cross the species barrier to infect humans exposed to infected birds or contaminated environments.
While current human-to-human transmission remains inefficient, the potential for these viruses to adapt to
mammalian hosts poses a significant pandemic risk [3].

1.2 Epidemiology

Influenza is a globally distributed acute respiratory infection that occurs as annual seasonal epidemics and, more
rarely, as pandemics following the emergence of antigenically novel viruses. In temperate regions, activity peaks
heavily during winter in both hemispheres, whereas in tropical and subtropical areas transmission may occur
year-round with variable intensity influenced by climate and population immunity [11].

Seasonal influenza is a major global public health burden, infecting up to 20% of the population annually and
causing an estimated one billion infections, 3—5 million severe cases, and 290,000-650,000 respiratory deaths
[12]. Although the virus circulates across all ages, severe morbidity and mortality disproportionately affect
vulnerable populations, specifically children under five, the elderly, pregnant women, and individuals with
chronic medical conditions [2,12]. Furthermore, the disease generates substantial socio-economic costs through
healthcare strain and reduced productivity, with the heaviest impact concentrated in low- and middle-income
countries [13].

Historically, three major humans pandemics occurred in the 20th century: the 1918—-1919 A(H1N1) “Spanish flu”
(20-50 million deaths), the 1957-1958 A(H2N2) “Asian flu,” and the 1968-1969 A(H3N2) “Hong Kong flu,” each
responsible for 1-4 million deaths [12]. In the 21st century, the 2009-2010 A(H1N1)pdm09 pandemic, originating
from a complicated reassortment of swine, avian and human influenza viruses, affected more than 214 countries
and caused an estimated 284,000 deaths. Severe cases disproportionately involved younger individuals, and the
virus subsequently became established as a seasonal strain included in annual vaccines [13].

Global influenza activity is continuously monitored through the World Health Organization Global Influenza
Surveillance and Response System (GISRS), which supports early detection of unusual patterns and vaccine strain
selection [11]. Influenza circulation declined markedly during the COVID-19 pandemic, leading to the extinction
of one major seasonal lineage, likely due to non-pharmaceutical interventions [14].

Finally, sporadic zoonotic infections continue to occur. Between 2010 and 2020, human cases caused by avian
strains such as H5N6, H7N9 and H9N2 were reported, and since 2021 additional infections have been
documented. These include swine-origin variants such as A(H1N2) and A(H3N2), avian-origin viruses such as
A(H10N3), and cases of A(H5N1) with an unknown source of infection [13]. Although limited in scale, these events
underscore the persistent risk of emergence of novel influenza viruses at the human—animal interface.

1.3 Pathologies

Influenza primarily causes respiratory disease, with severity dictated by the viral strain and the host's immune
response [15]. In humans, seasonal influenza typically remains confined to the upper respiratory tract but can
progress to viral pneumonia or acute respiratory distress syndrome (ARDS) if it extends to the lower tract [15,
16]. Zoonotic infections by avian-origin viruses often trigger disproportionate inflammatory responses, often
called the ‘cytokine storm’ and exceptionally high viral loads in the lungs, leading to higher case-fatality rates
(16].

In animals, clinical presentation depends on viral pathogenicity. Wild aquatic birds typically exhibit subclinical
infections, whereas domestic poultry infected with highly pathogenic (HPAI) strains develop severe systemic
disease characterized by oedema, haemorrhages, and rapid mortality [15, 17].



1.4 Economic impact

The economic burden of influenza is multifaceted. In humans, direct medical costs are largely driven by
hospitalizations, but indirect costs (stemming from absenteeism and productivity losses) account for up to 90%
of the total financial impact in industrialized nations [18, 19]. In the veterinary sector, losses are primarily linked
to HPAI outbreaks, which necessitate the culling of hundreds of millions of birds and generate billions of dollars
in compensation and trade disruptions [20, 21]. The recent detection of H5N1 in dairy cattle further illustrates
this disruption, with significant declines in milk production and supply chain instabilities [21].

1.5 Prevention and treatment

Influenza management integrates prevention and clinical response. Human prevention relies on annual
vaccination (Inactivated Influenza Vaccine, Live Attenuated Influenza Vaccine, or recombinant) updated to match
circulating strains, with mRNA platforms currently under development for faster production [22, 23, 24].
Clinically, early administration of neuraminidase inhibitors or newer polymerase inhibitors, such as baloxavir
marboxil, is essential for high-risk patients, though constant genomic surveillance is required to monitor
emerging resistances [23, 24]. In animal health, control depends on rigorous biosecurity measures and, in
endemic settings, mass vaccination to suppress viral shedding [25, 26]. However, complete eradication remains
challenging due to many strains persisting in wild bird reservoirs and the continued necessity of targeted culling
during outbreaks [25, 26, 27].

2. Influenza Virus

2.1 Structure

Influenza A and B viruses share a conserved virion architecture. They are enveloped viruses containing a
segmented genome composed of eight single-stranded, negative-sense RNA segments enclosed within the viral
particle. The virion is surrounded by a lipid membrane derived from the host cell, into which the viral surface
glycoproteins haemagglutinin (HA) and neuraminidase (NA) are inserted. HA is responsible for binding to sialic-
acid receptors and mediating viral entry, while NA facilitates the release of newly formed virions from infected
cells. The membrane also contains the membrane-2 (M2) proton channel (BM2 in influenza B), which plays an
essential role in the structural uncoating of the virus during entry [20].

Inside the virion, the segmented RNA genome is organized into viral ribonucleoprotein complexes (vVRNPs). Each
RNA segment contains conserved 5’ and 3’ termini, untranslated regions, and one or more open reading frames.
Crucially, each segment is associated with multiple copies of the viral nucleoprotein (NP) and a single RNA-
dependent RNA polymerase complex. NP binds the viral RNA along its entire length, forming a helical
ribonucleoprotein structure that protects the genome and dictates genome packaging [27].
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Figure 2: Schematic representation of the influenza A virion structure. Segmented negative-sense RNA genome are
associated with NP and the polymerase complex (PB1, PB2, PA), surrounded by a host-derived lipid envelope containing the
surface glycoproteins HA and NA, the M2 ion channel, and the internal matrix protein M1 [20].

The viral RNA polymerase attached to each VRNP is a heterotrimeric enzyme. It is composed of three distinct
structural subunits: Polymerase basic 1 (PB1), Polymerase basic 2 (PB2), and Polymerase acidic (PA). Structurally,
this polymerase complex adopts a U-shaped configuration, featuring a central core surrounded by flexible

peripheral domains. This physical flexibility is what later allows the necessary conformational changes during the
viral replication cycle [28].

538
?&Q Template

Figure 3: Structure and functional domains of the influenza A RNA polymerase complex. (A) Surface representation of the
heterotrimeric polymerase (PB1, PB2, PA) bound to the 5’ and 3’ viral RNA (VRNA) termini and a capped RNA primer. (B)
Schematic cross-section detailing the internal architecture, including the central catalytic chamber, the entry channels for
the RNA template and nucleotides, the product exit pathway, the priming loop, and the specific 3’ and 5’ vVRNA binding sites
driving viral RNA synthesis [27].

Together, the lipid envelope with its surface glycoproteins, the underlying matrix layer formed by the M1 protein,
and the internal vVRNP complexes constitute a highly organized viral architecture. This structure is precisely
evolved to ensure genome protection, physical stability, and efficient entry into host cells [20,27].

2.2 Virus replication cycle

The replication cycle of influenza viruses has been extensively characterized and involves a series of coordinated

steps: viral entry, nuclear import, genome transcription and replication, assembly of viral components, and
release of progeny virions.

Infection begins with the attachment of the virion to host cell surface receptors, followed by internalization via
receptor-mediated endocytosis. As the endosomal environment becomes acidic, conformational changes occur
in HA, leading to fusion between the viral envelope and the endosomal membrane. Concurrently, the M2 proton
channel allows proton influx into the virion, lowering the internal pH. This promotes the dissociation of the matrix
protein M1 from the VRNP, enabling their release into the cytoplasm. The vVRNP are subsequently transported
into the nucleus via nuclear localization signals [28].



Unlike most RNA viruses, influenza viruses replicate their genome within the host cell nucleus. Once inside, the
VRNP direct the transcription of viral mMRNA and the replication of the RNA genome. Most genomic segments
generate monocistronic mRNAs, whereas others undergo host-mediated splicing to produce additional proteins
such as M2 and non-structural protein 2/Nuclear Export Protein (NS2/NEP) [7,28].

Following transcription, viral mRNAs are exported to the cytoplasm for translation. Viral membrane proteins are
synthesized into the host secretory pathway, where glycoproteins such as HA and NA undergo processing in the
endoplasmic reticulum and Golgi apparatus before being directed to the plasma membrane [7]. Meanwhile,
newly formed vRNP are exported from the nucleus with the assistance of the M1 (NS2/NEP).

During the late stages of infection, these components converge at the plasma membrane for viral assembly.
Progeny virions are formed as the host membrane envelops the assembling VRNP and structural proteins. Finally,
newly formed virions can remain transiently attached to the cell surface until the NA enzyme cleaves the host
receptors. This cleavage is essential to release the progeny viruses and facilitate the spread of infection to
neighbouring cells [7,29].

2.3 Virus RNA synthesis

a) Transcription

Transcription of the influenza A virus genome is executed in the host cell nucleus by the viral RNA-dependent
RNA polymerase (RdRp). This heterotrimeric enzyme operates within the vRNP and coordinates the synthesis of
viral mRNA from the negative-sense viral RNA (VRNA) template [20].

For these viral transcripts to be successfully translated by host ribosomes, they must possess both a 3’ poly(A)
tail and a 5’ cap. However, unlike many other viruses, influenza completely lacks the intrinsic enzymatic
machinery needed to generate these 5' caps. To bypass this limitation, the virus employs a specialized
biochemical strategy known as "cap-snatching," which requires the highly synchronized action of the three
polymerase subunits (PB1, PB2, and PA) interacting directly with the host’s transcription machinery [27].

The influenza viral polymerase interacts closely with the host RNA polymerase Il (Pol Il) transcription machinery
to access newly synthesised capped host RNAs required for viral mRNA synthesis [30,31].During transcription
initiation, the PB2 subunit binds the 5’ cap of nascent host transcripts, while the PA subunit exhibits endonuclease
activity that cleaves the RNA approximately 10—14 nucleotides downstream of the cap, generating short capped
oligonucleotides that the polymerase can use a primer for viral transcription [32]. These primers are then used
by the PB1 subunit, which forms the catalytic core of the polymerase complex, to initiate viral mMRNA synthesis
from the negative-sense viral RNA template [30,31].

During elongation, the polymerase extends the nascent RNA strand while the viral RNA template is processed
through the PB1 catalytic site. Structural studies have shown that PB1 is responsible for RNA synthesis, whereas
PB2 and PA contribute to cap binding and endonuclease functions, respectively [33,34]. Transcription
termination occurs when the polymerase encounters a uridine-rich sequence near the 5’ end of the viral RNA
template, where repeated copying of uridine residues results in the addition of a poly(A) tail through a stuttering
mechanism. This process is supported by host factors such as SFPQ, which promotes proper polyadenylation of
viral transcripts and efficient mRNA production [35].

b) Replication

Replication of the influenza A virus genome also occurs in the nucleus of infected cells and is strictly mediated
by the viral RNA-dependent RNA polymerase (RdRp). In contrast to transcription, which produces capped viral
mRNAs, replication generates a full-length, uncapped, non-polyadenylated complementary RNA intermediates.
During this phase, the polymerase synthesizes a complementary positive-sense RNA (cRNA) using the negative-
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sense viral RNA (VRNA) as a template. Unlike mRNA transcription, this process does not require capped primers
and isinitiated directly by the viral polymerase. The newly produced cRNA molecules immediately assemble with
NP and newly synthesised polymerase into complementary ribonucleoprotein complexes (cCRNPs), which then
serve as templates for the synthesis of new VRNA genomes [27].

The transition from transcription to replication is a tightly regulated molecular switch driven by the accumulation
of newly synthesized viral polymerase, which promotes the formation of higher-order polymerase structures
[36]. Rather than simply bypassing termination signals, the replicating polymerase forms a dimer with a newly
synthesized "encapsidating" polymerase, structurally bridged by host ANP32 proteins [37]. ANP32 then recruits
nucleoprotein (NP) to immediately encapsidate the nascent RNA. This dimerization-dependent mechanism
ensures that full-length genomic RNA is synthesized only when sufficient viral proteins are available for
immediate assembly and immune evasion [1, 2].

Host cellular factors play a critical role in regulating influenza genome replication. Multiple host proteins interact
with the replication machinery, influencing polymerase activity, nuclear trafficking, and the stability of replication
intermediates [38,39]. These host-virus interactions contribute directly to the efficiency of viral genome
amplification and strongly influence host adaptation and pathogenicity [40,41].

Finally, the newly synthesized VRNA segments are assembled into mature vRNP. These VRNP represent the
functional genomic units that will subsequently be exported from the nucleus and incorporated into progeny
virions during the assembly stage of the viral life cycle [27, 42].

2.4 Cross species transmission

Mechanisms involved in cross-species transmission

Cell attachment and receptor specificity

The mechanisms underlying host cell attachment and receptor specificity have been extensively characterized,
as summarised by the review of Long et al. [5]. The first barrier to cross-species transmission is viral attachment
to host cells, mediated by the interaction between haemagglutinin (HA) and sialic acid (SA) present on host cell
surface glycoconjugates. Variations in the structure, composition, and distribution of these sialylated receptors
across species, and in different tissues play a major role in determining host susceptibility.

SA are a diverse family of monosaccharides, mainly represented by N-acetylneuraminic acid (Neu5Ac) and N-
glycolylneuraminic acid (Neu5Gc). Their expression differs between species due to variations in biosynthetic
pathways; for example, humans lack Neu5Gc because of an inactive CMAH gene, which contributes to species-
specific viral recognition patterns. [43,44,45].

A key determinant of host range is the linkage between SA and the underlying glycan. Human-adapted influenza
viruses preferentially bind glycans decorated with a2-6-linked SA, whereas AlVs preferentially bind a2-3-linked
SA [46]. These differences are driven by structural features of the HA receptor-binding site, which accommodates
distinct glycan conformations [47,48]. A limited number of mutationsin HA (e.g., E190D/G225D or Q226L/G228S)
can shift receptor specificity and are strongly associated with increased infection in humans [49].

The distribution of these receptors further constrains infection. In humans, a2-6-linked SA predominates in the
upper respiratory tract, facilitating efficient airborne transmission, while both a2-3 and a2-6 are found in the
lower respiratory tract. [50].
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Figure 4: Variation of SA receptor distribution along the human respiratory tract. The upper respiratory tract (URT) is
enriched in a2-6-linked SA, favouring human influenza virus binding, whereas both a2-3 and a2-6 SA are found in the lower
respiratory tract (LRT). The URT is cooler and slightly acidic, conditions that favour human-adapted HA stability and
polymerase activity but can limit avian influenza virus infection) [5].

In contrast, birds predominantly express a2-3-linked SA, particularly in the intestinal and respiratory tracts [51].
Intermediate patterns in species such as pigs and quail may facilitate cross-species transmission by allowing
infection by both avian and human viruses [52,53,3].
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Figure 5: Sialylated glycan structure and SA receptor distribution across diverse host species. (A) Sialylated glycan carrying
either a2-3- or a2-6-linked sialic acid (SA).
(B) Distribution of SA receptors in the respiratory tract across species. Humans, ferrets, and pigs predominantly express o2-
6-linked SA, whereas mice display similar levels of a2-3 and a2-6 SA. In addition, humans and ferrets mainly express N-
acetylneuraminic acid (Neu5Ac), while pigs and mice express both Neu5Ac and N-glycolylneuraminic acid (Neu5Gc) [5].

Importantly, receptor specificity extends beyond simple linkage type. Glycan length, branching, and additional
chemical modifications also influence viral binding and tropism, highlighting that host specificity depends on a
complex glycan landscape rather than a single receptor determinant [5,3]. In addition, viral neuraminidase (NA)
co-evolves with HA to maintain a functional balance between receptor binding and cleavage, which is essential
for efficient viral release and transmission [5].

Genetic reassortment and viral evolution

Beyond entry, genetic mechanisms play a central role in enabling influenza viruses to cross species barriers.
Reassortment, facilitated by the segmented genome of influenza A viruses, allows the exchange of entire gene
segments during co-infection of a host cell. This process can rapidly generate novel viral genotypes with altered
host range and transmissibility [20].



Reassortment is closely linked to antigenic shift, a major evolutionary
. . . . HINL H2N2 H3N?
event responsible for the emergence of several previous pandemic strains. e R
S L . - e R
Historical pandemics, including H2N2 (1957), H3N2 (1968), and HI1N1 %Q iWE
. . . . an(fg e‘}u..;,s?
(2009), resulted from reassortment events involving avian, swine, and
. .. . . . Reassorted Reassorted
human viruses, often combining novel surface antigens with internal genes s’“"% RN
Po rif
adapted to human replication [20]. However, reassortment alone is usually %Jmf "'\J 2
not sufficient: additional adaptive mutations, particularly in HA, are likely i et oz
required to enable efficient human-to-human transmission [5]. Re-emerged
g?“““"» y“;n'
______ . 8 2, s | 'c:__
In parallel, antigenic drift, driven by the error-prone viral polymerase, leads H Ry %ml‘é
i i H “lassica 1977 2009
to the gradual accumulation of mutations that promote immune escape e HINI HINT
H1N1
and can facilitate adaptation to new hosts [20,43]. The high mutation rate Multiple reassortment -L
. . . . . . E— L fothAnstcnavan gt
generates genetically diverse viral populations, increasing the likelihood | ‘s 2 - Nonhamerconmian & (0 F
H1 - Qassicatsn!ns (mrxé
that variants capable of infecting new species will emerge and be selected N1~ Furion vion ke swine (g8
[43] NS~ Clrcsen ovane e svine

Figure 6: Influenza A virus evolution through
genetic reassortment and antigenic drift.
Gene segment exchange between avian,
swine, and human viruses has led to the
emergence of major pandemic strains (1918,
1957, 1968, 2009) [5].

Ecological interfaces where multiple species interact, such as wild
birds, domestic poultry, and pigs, further promote these processes.
Pigs are often considered “mixing vessels” because they can be
infected by both avian and human viruses, enabling reassortment
[54,55].

However, their role is likely driven more by ecological exposure and farming conditions than by unique

physiological susceptibility [5,56].

Finally, stable cross-species transmission remains a rare event despite frequent exposure, as successful
emergence requires not only entry into a new host but also efficient replication, transmission, and adaptation to
the new host [3,56].

3. Cross-Species Transmission and Host Adaptation

While the previous sections addressed influenza from a broad human and veterinary perspective, particular
attention must now be given to the animal reservoirs driving viral evolution and emergence. Wild birds represent
the natural reservoir for Influenza A viruses, while swine act as critical intermediate hosts and epidemiological
mixing vessels. Beyond their substantial impact on agricultural systems, viruses from both reservoirs
demonstrate the ability to cross species barriers, raising significant pre-pandemic concerns at the human—animal
interface. Therefore, the following section will focus on the ecology and dynamics of both avian and swine
influenza, before examining the specific molecular host factors and polymerase adaptations that ultimately
dictate successful cross-species transmission.

3.1 Avian Influenza

a) Emergence of HPAI and the Gs/GD Lineage

While AlVs typically circulate as low-pathogenicity (LPAI) strains, conversion to high-pathogenicity (HPAI) is
driven by mutations at the hemagglutinin (HA) proteolytic cleavage site. Transitioning from a monobasic to a
multibasic motif enables cleavage by ubiquitous cellular furin-like proteases rather than localized trypsin-like
enzymes, expanding tissue tropism and causing systemic disease. Of the 42 independent H5 and H7 conversion
events documented globally (1959-2019), most were eradicated. However, the A/goose/Guangdong/1/1996
(Gs/GD) H5 lineage escaped control, uniquely establishing itself in wild aquatic birds and driving intercontinental
waves via reassortment with local LPAI strains [57].



b) The Ongoing H5N1 Panzootic (Subclade 2.3.4.4b)

The Gs/GD lineage's evolution culminated in the unprecedented subclade 2.3.4.4b H5N1 panzootic. Emerging in
late 2020 from a resurgent HSN8 precursor, this genotype acquired a new neuraminidase (N1) and five internal
segments (PB2, PB1, PA, NP, and NS) through reassortment. This shift conferred massive epidemiological fitness,
driving rapid global expansion, reaching South America and Antarctica, and causing mass mortality across an
exceptionally broad range of wild bird species [58].

c) Ecological Shifts, Host Specialization, and Mammalian Spillover

Continuous genomic reassortment drives profound ecological shifts. While some 2.3.4.4b genotypes are highly
fit generalists in waterfowl, others strictly specialize. The European EA-2022-BB genotype acquired internal
segments from H13 viruses, hyper-adapting to gulls while reducing fitness in poultry, partly due to an NS1
mutation (D127) that abrogates host-gene shutoff in non-target birds. Furthermore, unprecedented
environmental viral loads have driven frequent mammalian spillovers, including mammal-to-mammal
transmission. This relaxation of host restriction rapidly escalates pre-pandemic risks at the animal-human
interface [58].

3.2 Swine Influenza

a) Global Lineage Diversity and Nomenclature

While Swine IAVs (H1IN1, HIN2, and H3N2) exhibit profound genetic and antigenic diversity. Endemic H1 viruses
divide into three lineages: 1A (classical/H1IN1pdmO09 sub-lineage), 1B (human seasonal-derived), and 1C (Eurasian
avian-like). H3N2 lineages are categorized by their human introduction decade, spanning the 1970s European
lineage to the 1990s North American "Cluster IV" possessing the stable triple-reassortant internal gene (TRIG)
constellation. Co-circulation with contemporary human spillovers creates highly volatile, region-specific viral
combinations [56, 59].

b) Molecular Mechanisms of Reverse Zoonosis and Adaptation

This evolution is propelled by reverse zoonosis (human-to-swine transmission). Human strains retain their
mammalian a2,6 sialic acid-binding preference but rapidly adapt via amino acid substitutions, reassortment, and
the loss of HA N-linked glycosylation sites. While human HIN1pdmQ9 viruses can infect swine as wholly intact
eight-segment cassettes, endemic swine strains regularly reassort with these introductions to acquire their
internal segments. Most notably, the acquisition of the pandemic matrix (M) gene provides a significant fitness
advantage that accelerates the evolutionary and antigenic drift of existing swine HA and neuraminidase (NA)
surface glycoproteins [4].

c) Antigenic Divergence and Pre-pandemic Risk

Sustained circulation in pigs drives multi-continental antigenic divergence from human seasonal strains. This
strips younger human cohorts of cross-protective immunity, escalating zoonotic "variant" infections (H3N2v,
H1N2v, HIN1v) [60, 61]. Vaccine preparedness is severely bottlenecked: only nine of roughly thirty co-circulating
swine genetic clades match established Candidate Vaccine Viruses (CVVs). This massive antigenic heterogeneity
underscores the urgent need for globally coordinated One Health surveillance [2, 4].

3.3 Host factors and polymerase adaptation

Host factors and the viral polymerase complex represent a major barrier to influenza A virus cross-species
transmission, as efficient replication requires strict compatibility between viral components and host cellular
machinery [3]. A central determinant of host restriction involves the acidic nuclear phosphoproteins ANP32A and
ANP32B, essential cofactors for viral RNA synthesis [62]. Avian ANP32A features an ~30-amino-acid insertion
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critical for avian polymerase activity; its absence in mammalian homologues restricts viral replication,
constituting a major molecular barrier [43]. Consequently, avian influenza viruses (AIVs) replicate poorly in
mammalian cells [3]. However, supplementing mammalian cells with avian host factors can restore polymerase
activity, confirming ANP32A's central role in species specificity [43,63].

To overcome this incompatibility, the viral polymerase can acquire adaptive mutations. The hallmark PB2-E627K
substitution, frequently identified in zoonotic infections and pandemic strains, restores AlV polymerase activity
in mammalian cells. Alternative mutations, such as PB2-D701N or substitutions at positions 590/591, produce
similar effects [3]. High-throughput studies show that numerous surface-exposed mutations can optimize
interactions with host factors [64]. While some mutations enhance overall viral fitness independently of
enzymatic activity, evolutionary constraints (e.g., the requirement for single-nucleotide substitutions) dictate
why specific mutations like E627K or D701N dominate in nature [64]. Additionally, host factors like the RNA
helicase DDX17 [65] and environmental constraints like the lower temperature of the human upper respiratory
tract drive further adaptation, often compensated by mutations in other viral proteins like PA, NP, and NS2/NEP

[5].

Conversely, host restriction factors actively limit cross-species replication. The interferon-induced GTPase MxA
(Mx1) acts as a potent nuclear antiviral protein in mice [66], while human MXxA is cytoplasmic and blocks the
nuclear import of vVRNPs [67,68]. Chicken Mx proteins, however, fail to restrict influenza replication [69]. MxA
sensitivity is primarily determined by the viral nucleoprotein (NP). AlVs are generally highly susceptible to MxA
inhibition, a phenotype mapping to specific NP residues [70,71,72]. Transgenic mice expressing human MxA
resist HPAI infection unless the virus acquires NP escape mutations [73], which often impose a fitness cost by
impairing VRNP nuclear import [74]. Notably, some AlVs, like H7N9, already harbor partial MxA escape mutations,
increasing their zoonotic potential [75].

Another critical restriction factor, BTN3A3, specifically inhibits early viral RNA synthesis of avian, but not human,
influenza A viruses in human airways. BTN3A3 sensitivity is governed by NP residue 313 (avian 313F is sensitive;
human-adapted 313Y/V are resistant), with additional modulation by residue 52 [76].

Overall, successful host switching requires a multifactorial combination of mutations to overcome host
restriction factors, optimize host cofactor interactions, and adapt to new environmental constraints.

4. Objectives

The research conducted during this project was structured around two distinct and independent objectives
regarding influenza virus polymerase activity. The first objective was strictly methodological and aimed to
optimize the current in vitro assay framework. Specifically, we tested and validated a novel mini-replicon reporter
plasmid driven by an RNA polymerase Il (Pol Ill) promoter (mouse U6). The goal was to assess whether this
potentially universal Pol Il system could efficiently substitute traditional, highly species-specific Pol | reporters
across diverse mammalian and avian cell lines.

The second, independent objective focused on the biological mechanisms of viral cross-species transmission.
Utilizing established mini-replicon reporter systems, a targeted panel of influenza polymerase complexes (PB2,
PB1, PA, NP) representing distinct host-adaptation profiles was evaluated to investigate polymerase
specialization. We systematically compared functional activity within human and swine cellular environments to
assess mammalian adaptation. Concurrently, we examined avian host specialization by contrasting viral
polymerase efficiencies across chicken and gull cell lines. Finally, to accurately mimic natural physiological
infection niches, these biological assays were conducted at varying temperatures to determine the thermal
sensitivity and optimal range for each polymerase variant.
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I1. Materials and Methods

1. Plasmid cloning:

1.1 PCR Amplification

Plasmid cloning was performed to generate constructs encoding the distinct subunits of the influenza virus
polymerase for the strains of interest. While target sequences varied depending on the specific experiment, the
fundamental cloning strategy remained consistent, with restriction endonucleases selected according to the
specific plasmid backbones and inserts. Target gene segments were initially amplified by polymerase chain
reaction (PCR) utilizing KOD, a high-fidelity DNA polymerase. Each reaction mixture contained the template DNA,
specific forward and reverse primers, and a master mix comprising reaction buffer, MgSO,4, dNTPs, and the
polymerase. The thermal cycling conditions were programmed as follows: an initial denaturation at 94°C for 20
seconds, annealing at 55°C for 20 seconds, and extension at 70°C for 1 minute, repeated for 30 cycles; followed
by a final extension at 70°C for 2 minutes. The reaction was subsequently held at 12°C prior to amplicon recovery.

1.2 Gel electrophoresis and DNA extraction

PCR amplicons were resolved by agarose gel (1% weight/volume) electrophoresis to verify expected fragment
sizes. Target DNA bands were visualized under blue light illumination, carefully excised using a scalpel, and
purified using the commercial gel extraction kit, QIAQuick gel extraction kit (Qiagen) following the
manufacturer’s protocol. Both the purified PCR amplicons and the destination plasmid vectors were subjected
to restriction endonuclease digestion (either Notl and Xhol, or Notl and Mlul) based on the in silico cloning design.

Following digestion and subsequent purification, the DNA fragments were ligated into their respective plasmid
vectors utilizing T4 DNA Ligase (NEB). The resulting ligation products were transformed into chemically
competent DH5a (NEB) Escherichia coli via heat-shock. Transformed bacteria were plated onto selective LB agar
plates containing 100 mg/mL ampicillin and incubated overnight to allow for colony formation. Individual
colonies were selected and cultured overnight in liquid LB medium supplemented with 100 mg/mL ampicillin.
Plasmid DNA was isolated using the QiaPrep spin miniprep kit (QIAGEN) according to manufacturer’s instructions.
DNA concentration and purity were assessed using the NanoDrop™ One/OneC Microvolume UV-Vis
Spectrophotometer (Thermo Scientific). Finally, all extracted plasmids were sent for Sanger sequencing (Source
Bioscience) using the bespoke sequencing primer (5’-GCTAACCATGTTCATGCCTTC-3’) to confirm the presence
and sequence integrity of the viral gene inserts. Correct colonies were further confirmed using nanopore whole
plasmid sequencing (Source Bioscience). Once the sequences were confirmed, the corresponding bacterial
clones were scaled up, and a plasmid midiprep was performed (Qiafilter Miniprep kit, Qiagen) to obtain a high-
yield of highly purified, transfection-grade DNA. Only these sequence-verified, midiprep-purified constructs were
utilized for downstream in vitro assays.

2. Cells culture conditions:

Multiple cell lines were utilized in this study, including human embryonic kidney 293T (HEK-293T), newborn pig
trachea (NPTr), chicken embryo fibroblast (DF-1), gull cells (SMFR), and chicken lung epithelial cells (CLEC-213)
cells. All cell lines were maintained in a humidified incubator with 5% CO, at temperatures depending of the
experiments conditions needed (37°C, 39°C, or 41°C).

Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum (FCS),
1% penicillin/streptomycin (P/S), and 1% sodium pyruvate (S/P). To accommodate specific species requirements,
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mammalian cell lines were maintained in DMEM supplemented with Brazilian-origin FCS, whereas avian cell lines
were cultured using Australian-origin FCS. Complete culture media were prepared

For routine subculturing, spent medium was aspirated, and the cell monolayer was gently washed with
approximately 10 mL of phosphate-buffered saline (PBS) to remove residual medium. Cells were dissociated by
evenly distributing 1.5 mL of Trypsin-EDTA across the monolayer. Once detached, cells were seeded into new
T75 culture flasks containing 12 mL of fresh medium. Split ratios were optimized according to the specific growth
kinetics of each cell line:

293T (Human) 1/12to 1/16
NPTr (Swine)
DF-1 and CLEC-213 | 1/8t0 1/10
(Chicken)

SMFR (Gull)

Typically, 0.5 mL of the detached cell suspension was transferred to the new flask and gently agitated to ensure
a homogeneous distribution before being returned to the incubator.

3. Transfection polymerase in mini replicon assay:

3.1 Cell Seeding:

To prepare for the mini-replicon assay in 24 wells plate or x12 wells plate, cells were detached following the
routine passaging protocol. An appropriate volume of the resulting cell suspension, accounting for cell confluency

and cell type:
From the 1.5 mL Trypsin-EDTA + media split volume
293T (Human), NPTr (Swine) 1/3to1/5
DF-1 and CLEC-213 (Chicken), SMFR | 1/2to 1/3
(Gull)

was diluted in @12 mL x 24 mL of fresh complete medium in a universal tube. For 24-well plate assays, ® 0.5 mL
x 1 mL of this cell suspension was dispensed into each well. To ensure an even monolayer, the plates were gently
rocked in a cross-like pattern (side-to-side, then back-and-forth) and incubated until optimal confluency for
transfection was reached.

3.2 Polymerase sub-unit:

To investigate the functional mechanisms of cross-species adaptation, a targeted panel of influenza A
virus strains was selected, representing distinct evolutionary trajectories and host-adaptation profiles.
Rather than relying on a single representative strain per species, this panel encompasses historical
baselines, highly adapted endemic strains, and recent zoonotic spillover variants.
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N° in Phylogenetic tree | Strain Name Origin & Subtype | Key Characteristics &
Polymerase Mutations
13 A/swine/England/453/2 @ Swine HIN1 Eurasian avian-like swine virus.
006 (SW 453) Contains a Eurasian avian-like
polymerase with the PB2 D701N
mutation [77]
788 A/swine/Hubei/RB144/2 Strain 221 is an older version of the
024 (RB144) & RB144 isolate. Genotype 4 (G4) /
A/swine/Hubei/221/201 Genotype H reassortants.
6 (Hubei 2016) Pandemic 2009-like internal RNP
cassette combined with EA-
H1N1 surface genes. Contain the
PB2 Q591R mutation. [78]
14 A/Victoria/1975 (VIC 75)  Human H3N2 Fully human-adapted seasonal
12 A/Japan/WRAIR1059P/2 influenza viruses. Contains the
008 (Japan 2008) PB2 E627K adaptation. [79] while
Japan/2008 serves as a highly
adapted contemporary seasonal
control [80].
11 A/England/195/2009 Human HIN1 Prototypic 2009 pandemic virus
(EN 195) (swine-origin reassortant with
avian-derived internal gene
cassette). Harbors the PB2
Q591R mutation. [81]
10 A/chicken/Pakistan/UDL = Avian HIN2 Middle Eastern chicken-adapted
-01/2008 (UDL) strain (G1-B genotype). Retains
an avian-like polymerase (PB2
627E) with NS genes similar to
HPAI H7N3/H5N1. [82; 40]
9 A/Anhui/1- Avian H7N9 Highly chicken-adapted
DEWH730/2013 (Anhui "genotype 57" complex
H7N9) reassortant. Combines Eurasian
wild bird H7/N9 segments with
an H9N2-like internal gene
cassette. [83]
1 A/chicken/South Avian HEN2 Very highly chicken-adapted
Africa/645275/2020 virus. Continuous extension of
(SA20) an endemic, genetically pure
lineage in South African poultry.
[84]
2 A/chicken/England/0307 = Avian H5NS8 H5N8 precursor to the current
86/2020 (H5NS8) panzootic. Index case for the
highly pathogenic clade 2.3.4.4b
incursion in the UK. [85].
3 A/chicken/England/0530 = Avian H5N1 Ancestral H5N1/2020/R1

52/2021 (AIVO7)

genotype. Panzootic strain
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A/chicken/England/0855 @ Chicken H5N1
98/2022/H5N1 (AlV48)

A/chicken/Scotland/054 | Chicken H5N1
477/2021/H5N1 (AIV09)

A/dairy_cow/USA/0026 = Bovine H5N1
45-005/2025 (D1.1)

driving the massive 2021-2022
epizootic via bird migration [86].
Gull-associated clade 2.3.4.4b
reassortant. A Charadriiformes-
specialized progeny of AIV 09 that
emerged in 2022, characterized by
novel PA, NP, and NS segments that
limit its fitness in typical poultry
[58].

Waterfowl-associated clade
2.3.4.4b reassortant. A highly fit
generalist progeny of AlV 07 that
emerged in Europe in 2021
following the acquisition of
novel PB2 and PA gene segments
[58].

Highly virulent clade 2.3.4.4b
reassortant. Resulting from an
independent spillover event
from wild birds into US dairy
cattle [87].

The evolutionary relationships of their vVRNP segments (PB2, PB1, PA, and NP) are visually summarized

in the phylogenetic analysis (Fig_7). This structural divergence highlights the distinct genetic

backgrounds from which these polymerase complexes operate.
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Figure 7: Phylogenetic relationships of the vRNP segments from the selected isolates. Phylogenetic trees were inferred
from the full-length nucleotide sequences of the polymerase subunits and nucleoprotein of the selected isolates. The
topological structures highlight the distinct evolutionary lineages for each segment: (A) PB2 phylogeny: The tree
demonstrates a clear bifurcation into two major clades, corresponding to the Eurasian and American strain lineages. (B) PB1
phylogeny: The sequence analysis reveals a divergence into two primary groups, segregating the Avian strains from the
Eurasian H3N2-like lineage. (C) PA phylogeny: The phylogenetic topology displays a distinct separation between the 2009
Pandemic-like (pdmQ9-like) and the Eurasian H3N 2-like lineages. (D) NP phylogeny: The tree is characterized by two main
branches, dividing the 2009 Pandemic-like strains from the typical Avian strains. Annexe 1

3.3 Minireplicon assay:

The mini-replicon reporter plasmid utilized in these assays is designed to produce a viral RNA-like segment
expressing a luciferase reporter. Traditionally, the synthesis of this viral-like RNA has been driven by a host DNA-
dependent RNA polymerase | (Pol I) promoter, typically derived from the upstream region of host ribosomal RNA
genes. Because these Pol | promoters tend to be extremely species-specific, a new species-matched reporter
must be redesigned, cloned, tested, and validated whenever a novel cell line from a different species is used [88;
89].

Mini-replicon Reporter Plasmid

Activation

]:|I|I[ Promoter I Reporter (GFP or luciferase) IHIIY-YY/ ;] I]I[I[ ORI M

Regulatory sequence
to be studied using
reporter gene

Figure 8: Schematic representation of a mini-replicon reporter plasmid. The construct consists of a regulatory promoter
(such as Pol | or Pol Ill) that drives the transcription of a downstream reporter gene (e.q., luciferase) to produce a viral RNA-
like segment. The plasmid backbone also includes standard elements for bacterial propagation and selection, including an
ampicillin resistance gene (AMP) and an origin of replication (ORl).

To overcome this limitation, this study investigates the use of DNA-dependent RNA Polymerase Il (Pol Ill) as an
alternative. Pol Il is a complex, 17-subunit eukaryotic enzyme that specializes exclusively in the synthesis of
small, non-coding RNAs, such as 5S ribosomal RNA, tRNAs, and U6 small nuclear RNA. A defining mechanical
feature of Pol Ill is its exceptionally narrow DNA-binding cleft, which holds a very short and weak DNA/RNA
hybrid, a structural design that enables rapid and highly efficient transcription termination [90]. Crucially, Pol IlI
is capable of generating the same uncapped, non-polyadenylated RNAs required for the minireplicon system, but
is remarkably less species-specific than Pol I. For instance, the RNA sequence of the U6 promoter is highly
conserved across species from yeast to mammals, ensuring broad functional compatibility [91].

Although Pol Il has been reported as being less processive than Pol |, its broad compatibility offers significant
experimental advantages. Therefore, an initial objective of this project was to test, validate, and compare the
efficacy of a potentially universal influenza minireplicon reporter plasmid driven by a Pol lll promoter (specifically
the mouse U6 promoter) against traditional species-matched Pol | systems to determine if it is robust and
efficient enough to serve as a reliable substitute across diverse cell lines.

15



As an additional control for these experiments, a modified version of the Pol Il promoter reporter was also
utilized. This variant contains specific mutations in the terminal untranslated regions (UTRs) of the reporter at
positions 3, 5, and 8, collectively termed the ‘Hobom’ mutations. These mutations modify the normally semi-
complementary UTRs into a fully complementary sequence. Crucially, this structural alteration allows the system
to overcome the host restriction typically imposed on non-mammalian adapted viral polymerases when
replicating in mammalian cells [92].

To execute the assays, human (293T), chicken (CLEC-213 and DF-1), swine (NPTr), and gull cells were utilized.
293T, DF-1, and CLEC-213 cells were transfected in 24-well plates using Lipofectamine 3000 transfection reagent
(Thermo Fisher). The plasmid transfection mixture per well contained: 40 ng PB2, 40 ng PB1, 20 ng PA, 80 ng NP,
40 ng Renilla luciferase internal control, and 80 ng of the selected vRNA Firefly luciferase reporter (either species-
specific Pol |, universal Pol lll, or the Hobom mutant Pol Il plasmid). NPTr and Gull cells were transfected in 12-
well plates using double the plasmid/transfection reagent mixes described above. Complexes were prepared in
Opti-MEM™ Reduced Serum Medium according to the manufacturer's protocol and incubated with the cells for
20-24 hours.

Following incubation, the culture medium was aspirated and cells were lysed using a mixture of 25 uL Passive
Lysis Buffer (Promega) and 100 uL PBS per well, followed by 30 minutes of agitation on an orbital shaker. To
quantify polymerase activity, 20 pL of lysate was transferred to an opaque white 96-well microplate.
Luminescence was measured using the Dual-Luciferase® Reporter Assay System (Promega) and a GloMax®
Discovery microplate reader (Promega). Briefly, 50 pL of Luciferase Assay Reagent Il was added to measure the
Firefly signal, immediately followed by 50 uL of Stop & Glo® Reagent to quench the Firefly luminescence and
measure the Renilla signal. Firefly luciferase signals were subsequently normalized to the Renilla luciferase
signals to determine relative polymerase activity.

4. Statistics analysis:

Raw luminescence data were exported from the GloMax® software to Microsoft Excel for initial processing. To
account for variations in transfection efficiency and cell viability across wells, the Firefly luciferase activity
(representing viral polymerase activity) was normalized to the Renilla luciferase activity (internal control) for
each individual well. This normalization was performed by calculating the Firefly/Renilla ratio for each of the
three biological replicates per condition to give relative luminescence units (RLU).

All subsequent statistical analyses and data visualization were performed using GraphPad Prism (version 8.0.1).
To ensure the data met the assumptions required for parametric testing, the distribution of the RLU values was
first evaluated. A Shapiro-Wilk test was conducted to assess normality and log-normality, complemented by a
Quantile-Quantile (Q-Q) plot to visually confirm that the data followed a lognormal distribution. Because
biological replicates often exhibit proportional scaling, the data were mathematically transformed using Y = log(Y)
to normalize the variance. Statistical significance was then determined by performing a one-way analysis of
variance (ANOVA) on the log-transformed data, followed by multiple comparison tests to identify specific
differences between each individual group mean. In all graphical representations, data are plotted as
untransformed mean values with error bars representing the standard deviation (SD).

16



1. Results
1. Investigating a potential universal influenza minireplicon
reporter plasmid driven by a pollll promoter

1.1 Assessing the efficacy of a Universal Pol Ill promoter against species-
matched Pol |
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Figure 9: Comparative polymerase activity of the A/England/195/2009 strain using specific Pol I and Universal Pol I
promoters. In each panel, the polymerase complex was co-transfected via a dual-luciferase minireplicon assay, with one of
six reporter conditions: an empty vector (Negative Control), a species-matched or mismatched Pol | promoter (Human,
Swine, Bovine, or Chicken Pol 1), or the Universal Pol Ill promoter. Assays were conducted independently across five distinct
cellular environments: (A) human 293T cells, (B) swine NPTr cells, (C) bovine MAC-T cells, (D) mammalian BHK cells, and (E)
avian DF-1 cells. Results are expressed as RLU, calculated by normalizing the Firefly luciferase reporter signal to the Renilla
luciferase internal control. Log-normality was determined by the Shapiro-Wilk test and visual confirmation via QQ plot
(Annexe 2). Significance shown by asterisks indicating: *, 0.05 > P > 0.01; **, 0.01 > P > 0.001; ***, 0.001 > P > 0.0001; ****,
P <0.0001.

The polymerase activity of the A/England/195/2009 (H1N1) strain was quantified to evaluate the robustness of
the Universal Pol Ill reporter system compared to various Pol | promoters, whether species-matched
(homologous) or mismatched (heterologous).

As expected, in human 293T cells (Fig 9, A), the species-matched human Pol | promoter gave the highest
polymerase activity. The swine Pol | and Universal Pol Ill systems followed, demonstrating high efficiency with
no statistically significant difference between the two. The species-mismatched chicken pol | promoter
performed worse than the no reporter control.

A similar dynamic was observed in swine NPTr cells (Fig 9, B) and bovine MAC-T cells (Fig 9, C). The human, swine,
and bovine Pol | promoters generated the strongest signals. Although the Universal Pol Il signal was slightly
lower, this reduction in activity was only marginally significant (denoted by a single asterisk) when directly
compared to the homologous promoter, specifically the swine Pol I in panel B and the bovine Pol | in panel C.

The mammalian BHK cell model (Fig 9, D) illustrates a critical experimental scenario where a species-matched
Pol | promoter (hamster) is unavailable. Under these restrictive conditions, the Universal Pol lll promoter clearly
outperformed all tested heterologous Pol | promoters, recording the highest overall polymerase activity.

In avian DF-1 cells (Fig 9, E), the species-matched chicken Pol | and the Universal Pol Ill promoters induced the
highest levels of activity. Notably, validating the methodological approach, no significant statistical difference
was observed between the avian-specific homologous system and the universal Pol Il system.

Overall, the analysis across these five different species cells cs demonstrates the high utility of the Universal Pol
Il system. Across all tested conditions, this universal promoter proved to be either the most optimal tool,
particularly when a species-matched Pol | promoter is lacking or a highly reliable alternative. It consistently
produced polymerase activity that was either statistically equivalent or very close to that of homologous Pol |
promoters, thereby systematically overcoming the substantial signal reductions associated with the use of
phylogenetically distant Pol | promoters.
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1.2 Assessing the efficacy of a Universal Pol lll promoter against avian species
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Figure 10: Comparative evaluation of species-specific Pol | and Universal Pol Il reporter systems in CLEC-213 and SMFR
cell lines. Polymerase activity was assessed using a dual-luciferase minireplicon assay to evaluate the efficiency of various
reporter systems across different avian cellular environments. Assays were conducted in CLEC-213 (A) and SMFR cells (B). In
each panel, the polymerase complex was co-transfected with one of six reporter configurations: an empty vector serving as
a negative control, the Human Pol | promoter, the Chicken Pol | promoter, two newly designed Gull Pol | promoters, and the
Universal Pol lll promoter. Results are expressed as RLU, calculated by normalizing the Firefly luciferase reporter signal to
the Renilla luciferase internal control. Log-normality was determined by the Shapiro-Wilk test and visual confirmation via
QQ plot (Annexe 3). Significance shown by asterisks indicating: *, 0.05 > P > 0.01; **, 0.01 > P > 0.001; ***, 0.001 > P >
0.0001; **** P <0.0001.

To further evaluate the efficacy of the Universal Pol lll system in diverse avian models, polymerase activity was measured in
CLEC-213 (Fig 10, A). Consistent with the findings in DF-1, the species-matched Chicken Pol | and the Universal Pol Il
promoters drove the highest levels of polymerase activity. Crucially, there was no statistically significant difference between
the two. This result strongly reinforces the conclusion that the Universal Pol lll promoter functions just as efficiently as the
homologous Pol | system within a biologically relevant chicken respiratory environment.

Concurrently, the reporter systems were tested in gull SMFR cells to evaluate two newly designed Gull Pol | promoters
alongside the standard configurations (Fig 10, B). Unfortunately, the overall raw luminescence signals recovered from this
assay were exceptionally low. This weak basal activity likely reflects an inherent biological complexity and poor transfection
efficiency associated with this specific cell line. Despite these suboptimal conditions, the Universal Pol Ill promoter still
recorded the highest relative polymerase activity. In contrast, the other promoters, including the novel Gull Pol | constructs,
exhibited no statistically significant difference in activity compared to the empty vector negative control. Nevertheless, given
the exceedingly weak overall signals, these specific observations in SMFR cells must be interpreted with caution and highlight
the technical limitations of utilizing this model for in vitro polymerase assays.
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1.3 Assessing the efficacy of a Universal Pol Ill promoter against mammalian

adaptation
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Figure 11: Impact of the PB2 627K mammalian-adaptive mutation on the avian UDL (HIN2) polymerase activity in human
cells. The polymerase activity of the avian UDL strain was measured using a dual-luciferase minireplicon assay in human
293T cells. Three polymerase configurations were tested: a negative control lacking the PB2 subunit, the wild-type (WT)

avian polymerase complex containing the PB2 627E residue, and the mutated complex bearing the PB2 627K substitution.

These three conditions were evaluated across three independent reporter plasmid systems: A the species-specific Human Pol

| promoter, B the Universal Pol Ill promoter, and C the Hobom Pol Ill promoter. Results are expressed as RLU, calculated by

normalizing the Firefly luciferase reporter signal to the Renilla luciferase internal control. Log-normality was determined by

the Shapiro-Wilk test and visual confirmation via QQ plot (Annexe 4). Significance shown by asterisks indicating: *, 0.05 > P
>0.01; ** 0.01 2P >0.001; *** 0.001 > P >0.0001; **** P < 0.0001.

To evaluate whether the various reporter systems can equivalently show the impacts of mammalian adaptation,
the activity of the avian HON2 UDL strain was measured in human 293T cells. In this mammalian environment,
the WT avian polymerase harboring the PB2 627E signature typically exhibits low function. This restriction is
commonly overcome by introducing the mammalian-adaptive PB2 627K mutation, which restores polymerase
activity in mammalian cells.
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When utilizing the Human Pol | promoter (Fig 11, A), a statistically significant increase in polymerase activity was
observed between the WT PB2 627E complex and the mutated PB2 627K configuration. A comparable significant
difference was also observed when using the Universal Pol Il reporter system (Fig 11, B). This result suggests that
the Universal Pol Ill promoter can accurately measure the impact of mammalian adaptation.

Conversely, the Hobom mutant Pol Ill system (Fig 11, C) did not distinguish between the two polymerase variants,
as no statistically significant difference in activity was observed between the 627E and the 627K complexes.

These observations indicate that the updated Universal Pol Il system appears capable of reading mammalian
adaptation dynamics. It suggests that this universal system could serve as a viable alternative to traditional Pol |
promoters for studying host restriction, particularly in new species, without the need for design and testing of
new species-specific Pol | reporters.

2. Investigating evidence for influenza polymerase
specialisation between Swine and Human

2.1 Host-dependent activity profiles of human and swine influenza lineages

To investigate host-specific polymerase adaptation, the activities of human- and swine-adapted strains were
evaluated in both human 293T (Fig 12, A) and swine NPTr (Fig 12, B) cell lines. A small panel of human and swine
viruses were tested including 2 human seasonal H3N2 viruses (Vic75 and Japan 2008), a human swine-origin
pandemic 2009 H1N1 virus (En 195), a pair of Chinese reassortant swine viruses containing the polymerase from
the human 2009 pandemic (Hubei 2016 and RB144), and an avian-origin swine influenza virus (SW453).

A specific comparison was made between the newer A/swine/Hubei/RB144/2024 (RB144) strain, which has
circulated longer in swine and is theoretically more swine-adapted, and the older A/swine/Hubei/221/2016
(Hubei 2016) isolate, which retains a more recent human-to-swine transmission history for its polymearse. Based
on this timeline, it was hypothesized that Hubei 2016 might retain higher activity in human cells compared to the
more recent swine isolate.

However, the initial raw activity data did not support this hypothesis, as no statistically significant differences in
polymerase activity were observed between RB144 and Hubei 2016 in either the 293T or NPTr cell lines.

To further isolate the effect of the cellular environment and assess potential shifts in host preference, the
polymerase activity in NPTr cells was normalized against the activity in 293T cells (Fig 12, C). Consistent with the
raw luminescence data, this normalization yielded no statistically significant difference between the Hubei 2016
and RB144 isolates. Nevertheless, a non-significant trend was visually apparent in the data distribution,
suggesting that the more recent RB144 strain might operate slightly more efficiently in the swine cellular
environment than in the human one, though this observation lacks statistical confirmation.
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Figure 12: Host-dependent polymerase activity profiles of human- and swine-adapted lineages in 293T and NPTr cells. The
polymerase activity of six distinct influenza A virus strains, comprising three human-adapted and three swine-adapted
isolates, was assessed using a dual-luciferase minireplicon assay. Polymerase activity was evaluated independently in
human 293T cells with Human Pol | promoter (A) and swine NPTr cells with Swine Pol | promoter (B). To evaluate host-

dependent variations in polymerase efficiency across the different conditions, panel (C) presents the normalized relative
activity, calculated as the ratio of polymerase activity measured in NPTr cells relative to the activity observed in 293T cells
for each corresponding strain. Results are expressed as RLU, calculated by normalizing the Firefly luciferase reporter signal
to the Renilla luciferase internal control. Log-normality was determined by the Shapiro-Wilk test and visual confirmation via
QQ plot (Annexe 5). Significance shown by asterisks indicating: *, 0.05 > P > 0.01; **, 0.01 > P > 0.001; ***, 0.001 > P >
0.0001; ****, P <0.0001.

Beyond the specific comparison of the Hubei lineages, the normalized data highlighted distinct host-dependent
activity profiles across the broader viral panel. The Japan 2008 and Hubei 2016 strains exhibited a functional
preference for the human cellular environment, displaying overall better relative polymerase activity in 293T
cells. Conversely, the EN 195, RB144, and SW 453 isolates demonstrated higher relative activity in the swine NPTr
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cells. These differing profiles suggest a functional divergence in host-cell optimization among these polymerase
complexes, reflecting their respective adaptive trajectories in mammalian hosts.

2.2 Impact of PB2 subunit exchange on the host preference of swine Hubei
isolates
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Figure 13: Impact of reciprocal PB2 subunit exchange on the host preference of swine Hubei isolates. The polymerase
activity of WT and PB2-swapped polymerase complexes was evaluated using a dual-luciferase minireplicon assay across two
distinct cellular environments. Assays were conducted in human 293T cells utilizing the species-matched Human Pol |
promoter (A), and in swine NPTr cells utilizing the species-matched Swine Pol | promoter (B). Each panel compares six
distinct polymerase plasmid combinations: the WT complexes of the swine-adapted Hubei 2016 and RB144 strains; their
reciprocal PB2-swapped complexes (the Hubei 2016 complex co-transfected with the RB144 PB2 subunit, and the RB144
complex co-transfected with the Hubei 2016 PB2 subunit); and two highly mammalian-adapted human seasonal strains, VIC
75 and Japan 2008, which serve as positive controls for optimal polymerase function. Results are expressed as RLU,
calculated by normalizing the Firefly luciferase reporter signal to the Renilla luciferase internal control. Log-normality was
determined by the Shapiro-Wilk test and visual confirmation via QQ plot (Annexe 6). Significance shown by asterisks
indicating: *, 0.05 > P > 0.01; **, 0.01 >P > 0.001; *** 0.001 > P > 0.0001; ****, P < 0.0001.

The polymerase activities of WT and reciprocally PB2-swapped Hubei 2016 and RB144 complexes were evaluated
across human and swine cell lines. In human 293T cells (Fig 13, A), the WT Hubei 2016 polymerase exhibited
significantly higher activity than the WT RB144 complex. Exchanging the PB2 subunits between the two strains
effectively reversed this dynamic. Specifically, replacing the Hubei 2016 PB2 with the RB144 PB2 subunit resulted
in a marked reduction in polymerase activity. Conversely, introducing the Hubei 2016 PB2 into the RB144
complex significantly increased its replication efficiency compared to the RB144 WT. This swap restored the
activity of the RB144 complex to levels comparable to the Hubei 2016 WT strain, with no significant difference
observed between them. In contrast, when the same complexes were tested in swine NPTr cells (Fig 13, B), this
distinct phenotypic difference was absent. Although the RB144 WT and its PB2-swapped variant appeared
visually to produce a slightly lower signal, statistical analysis revealed no significant differences among the four
conditions in the swine cellular environment. Together, these results indicate that the PB2 subunit is a primary
driver of the differential polymerase activity observed between these two swine strains in human cells, whereas
it does not significantly alter their functional baseline within a species-matched swine environment.
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3. Investigating evidence for influenza polymerase
specialisation between different avian hosts

3.1 Differential polymerase activity of avian and zoonotic strains in chicken and
gull cellular models
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Figure 14: Comparative polymerase activity of diverse influenza A viruses in CLEC-213 and SMFR cellular models. The
polymerase activity of six influenza strains was evaluated using a dual-luciferase minireplicon assay across two distinct avian
cellular environments. The tested viral panel includes UDL, Anhui H7NS, AlV 09, AlV 07, D1.1, and AlV 48. Assays were
conducted in CLEC-213 utilizing the species-matched Chicken Pol | promoter (A), and in gull SMFR cells utilizing the species-
matched Gull Pol | promoter (B). Results are expressed as RLU, calculated by normalizing the Firefly luciferase reporter signal
to the Renilla luciferase internal control. Log-normality was determined by the Shapiro-Wilk test and visual confirmation via
QQ plot (Annexe 7). Significance shown by asterisks indicating: *, 0.05 > P > 0.01; **, 0.01 > P > 0.001; ***, 0.001 > P >
0.0001; ****, P <0.0001.

To evaluate the baseline replication efficiency of diverse influenza A viruses across different avian hosts, the
polymerase activity of six distinct strains was measured in chicken (CLEC-213) and gull (SMFR) cell lines. In the
chicken cellular environment (Fig 14, A), the UDL strain exhibited the highest polymerase activity among all
tested viruses. Strains D1.1, AIV 48, and AIV 07 demonstrated moderate and comparable levels of activity,
whereas the Anhui H7N9 and AIV 09 strains displayed the lowest polymerase function in this model. When
evaluated in the gull cellular environment (Fig 14, B), the overall dynamic remained largely consistent, with UDL
again maintaining the most robust polymerase activity. However, a notable shift was observed for the Anhui
H7N9 strain: while it was among the weakest in chicken cells, its activity in gull cells aligned with the moderate
levels seen for AIV 07, AIV 48, and D1.1. Consequently, in the SMFR cell line, AlV 09 stood alone as the strain with
the weakest polymerase activity. These findings highlight that while some strains (like UDL and AIV 09) maintain
consistently high or low activities across both avian species, others, such as Anhui H7N9, exhibit a more host-
dependent polymerase efficiency.
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3.2 Thermal sensitivity and adaptation of avian polymerase complexes

3.2.1 Initial thermal evaluation and model limitations in avian DF-1

To investigate whether changes in host and tissue tropism has resulted in a change in optimal polymerase
temperature, minireplicon assays were conducted with a panel of chicken and duck-adapted viruses under two
distinct temperature regimens. Transfected DF-1 chicken cells were incubated at either 37°C, simulating the
typical environment of the avian upper respiratory tract, or at 41°C, mimicking the physiological core body
temperature and the avian gastrointestinal tract. This comparative approach aims to evaluate the functional
plasticity of each viral polymerase when confronted with these critical thermal barriers.
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Figure 15: Temperature-dependent polymerase activity of avian and zoonotic strains in DF-1. The polymerase activity of
six diverse influenza A virus strains was evaluated using a dual-luciferase minireplicon assay in avian DF-1 utilizing the
species-matched Chicken Pol | promoter. The viral panel includes three H5Nx lineage strains (H5N8, AIVO7, and D1.1)
alongside three distinct avian-origin strains (UDL, SA20, and Anhui H7N9). To assess the thermal adaptation of the
respective polymerase complexes, the transfected cells were incubated under two distinct physiological conditions: 37°C
(representing the mammalian respiratory tract) and 41°C (representing the avian core body temperature).

Upon evaluating the initial results in the DF-1 avian fibroblast model, the overall Firefly luciferase reporter signals
were found to be exceptionally low across the tested strains. This weak basal activity suggests that DF-1
fibroblasts may not provide the most optimal or biologically relevant cellular environment to robustly measure
the function of these specific polymerase complexes. Consequently, to generate more reliable and
physiologically accurate data, we decided to transition to a more appropriate in vitro model utilizing CLEC-213.
Furthermore, to ensure the validity of the thermal assays and avoid confounding variables, the CLEC-213s were
pre-cultured and fully acclimated to their respective target temperatures (37°C or 41°C) prior to the experiment.
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3.2.2 Thermal profiling of avian and zoonotic polymerases in a relevant respiratory epithelial

model
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Figure 16: Thermal profiling of avian and zoonotic polymerases in CLEC-213. The polymerase activity of six influenza strains
was evaluated using a dual-luciferase minireplicon assay in CLEC-213. The viral panel includes three H5Nx lineage strains
(H5N8, AIVO7, and D1.1) and three distinct avian-origin strains (UDL, SA20, and Anhui H7N9). Transfected cells were
incubated at two different temperatures to assess thermal adaptation. Polymerase activity at 37°C (A). Polymerase activity
at 41°C (B). Normalized relative activity, calculated as the ratio of polymerase activity measured at 41°C relative to that at
37°C for each strain (C). Results are expressed as RLU, calculated by normalizing the Firefly luciferase reporter signal to the
Renilla luciferase internal control. Log-normality was determined by the Shapiro-Wilk test and visual confirmation via QQ
plot (Annexe 8). Significance shown by asterisks indicating: *, 0.05> P > 0.01; **, 0.01 > P > 0.001; ***,0.001 > P > 0.0001;
**** P <0.0001.

To assess the thermal sensitivity of the polymerase complexes, their activities were measured in the CLEC-213
model at both 37°C (Fig 16, A) and 41°C (Fig 16, B). Both temperature conditions displayed similar overall
dynamics across the viral panel. Specifically, the UDL, D1.1, and AIVO7 strains exhibited the highest polymerase
activity levels at both temperatures. Conversely, the SA20 polymerase isolate consistently demonstrated the
lowest polymerase activity among the tested strains, regardless of the temperature.

To further evaluate potential temperature-dependent variations, the polymerase activity data from the 41°C
condition were normalized against the 37°C baseline (Fig 16, C). This normalization allowed for a direct
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assessment of relative increases or decreases in efficiency driven by the thermal shift. The normalized results
indicated no statistically significant differences in temperature preference among the distinct viral strains.

Furthermore, the analysis revealed no substantial overall shift in activity between the two temperature
conditions for any of the isolates. Overall, these data suggest no major temperature specialisation in these
polymerases.

V. Discussion

This study was structured around two independent objectives: the methodological validation of a universal
reporter system and the biological investigation of influenza virus polymerase adaptation across diverse host
species and physiological constraints.

A significant technical milestone of this project was the validation of the Universal Pol lll mini-replicon reporter
plasmid. Unlike traditional RNA polymerase | (Pol I) promoters, which exhibit strict species-specific requirements,
necessitating costly and time-consuming redesigns for every new cell line, our data confirm that the Pol Il
promoter (mouse U6) yields robust polymerase activity across highly divergent cellular environments. The
universal system successfully measured polymerase efficiency in human, swine, bovine, and avian hosts, and
notably, it reliably discriminated the functional rescue conferred by the mammalian-adaptive PB2 627K mutation
in human cells, consistent with previous findings [40]. This capacity to bypass species-matched Pol | reporters is
crucial for investigating emerging zoonotic threats in atypical hosts or cell lines where specific promoters remain
uncharacterized, as clearly demonstrated by our results in the rodent BHK cell model. While the Hobom mutant
Pol lll system is a well-established control for overcoming host restriction in mammalian cells, our results indicate
that the standard Universal Pol Ill promoter is sufficiently sensitive to detect mammalian adaptation signatures,
making it a viable, high-throughput alternative to traditional species-specific reporters.

The functional evaluation of human and swine lineages revealed distinct adaptive trajectories. We hypothesized
that the Hubei 2016 isolate, retaining a more recent human-to-swine transmission history, would demonstrate
higher activity in human cells than the theoretically more swine-adapted RB144 isolate. However, raw activity
data showed no statistically significant differences between these strains in either human or swine cells. This
suggests that the internal ribonucleoprotein cassette of these reassortants possesses intrinsic functional
plasticity, allowing them to operate across a broader mammalian host range than initially assumed. Furthermore,
the reciprocal PB2 subunit exchange experiments explicitly identified the PB2 subunit as the primary driver of
the differential polymerase activity observed between these lineages in human cells.

In avian hosts, our panel highlighted significant variation in baseline polymerase efficiency. The UDL strain
consistently exhibited the highest activity, whereas strains like Anhui H7N9 showed host-dependent efficiency,
performing poorly in chicken cells but achieving moderate activity in gull SMFR cells. These findings underscore
that polymerase efficiency is not a uniform trait but is dictated by specific strain-host interactions.

Thermal adaptation is often considered a critical barrier in influenza host switching. Replication of avian influenza
viruses (AlIVs) in birds occurs primarily in the gastrointestinal and respiratory tracts, but HPAI strains can further
disseminate to internal organs, which serve as secondary sites of replication [93]. While the avian gastrointestinal
tract and internal organs maintain a core body temperature of ~41°C, the respiratory tract presents a thermal
gradient cooling to ~37°C [94]. It has been suggested that the adaptation of AlVs from wild waterfowl to chickens
drives a switch from gastrointestinal to respiratory tropism [51]. We hypothesized this shift might be mediated
by temperature-optimized polymerases. However, our thermal profiling in the relevant respiratory epithelial
model (CLEC-213) revealed that all tested polymerases maintained stable activity across both 37°C and 41°C. This
suggests that the viral polymerase is unlikely to be the primary determinant of temperature sensitivity or the
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driver of the gastrointestinal-to-respiratory tropism switch. Instead, this transition is more likely governed by
other determinants, such as receptor-binding specificity or neuraminidase stability.

A rigorous interpretation of these findings requires a candid assessment of the limitations inherent to the
experimental design. The dual-luciferase minireplicon assay is a highly modular molecular tool that allows for the
rapid, high-throughput, isolated manipulation of individual polymerase subunits without the biosafety
constraints of handling live infectious viruses. However, it remains an artificial system that exclusively measures
transcription and replication efficiency in an isolated context, missing other influenza gene segments.
Furthermore, it measures only a specific step of the virus life cycle, bypassing multifactorial barriers such as viral
entry, receptor binding, and viral assembly. Crucially, plasmid-driven overexpression overrides natural infection
kinetics and largely evades critical host innate immune restrictions which play a major role in vivo. Furthermore,
the choice and viability of cell lines heavily influenced the readout. The in vitro models presented significant
technical challenges, particularly with the gull SMFR cell line, which yielded low and inconsistent signals. The
transition to respiratory epithelial models like CLEC-213 was essential for obtaining physiologically relevant data.

Conclusion

This work successfully validated the Universal Pol Il reporter system as a highly flexible methodological tool.
Biologically, by exposing a diverse viral panel to various in vitro constraints, we demonstrated how influenza
polymerases negotiate host barriers, showing that certain lineages exhibit significant functional plasticity.
Moving forward, the mechanistic insights gained here regarding polymerase behavior must be contextualized
within full viral life cycles. Future research should transition these findings into infectious virus models using
reverse genetics and more complex biological systems, such as 3D respiratory organoids, to definitively assess
the zoonotic and pandemic potential of these polymerase adaptations.
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Annexe 3:
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Annexe 4:

QQ Plot Pol Ill Mammalian mutation:

Lognormal QQ Human Pol |
40 .
A e Empty PB2
- m 627E
'§ ‘ A 627K
3]
5 20-
g
o
10
o
0-¢ T T T 1
0 10 20 30 40
Actual

Lognormal QQ plot Universal Pol Il
2.5+
A e Empty PB2
2.0+ m 627E
° A 627K
8 154 v
2 S’
T
g 1.0- P4
054 -
e S
00 05 10 15 20 25
Actual

43



Annexe 5:
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Lognormal Swine 6 Virus QQ plot
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Lognormal SMFR 6 Virus QQ plot
0.3 F
°. e UDL
rd m  Anhui H7N9
z 0.2 Vs A AIV09
kE v AIVO07
2 o’ D1.1
@ 0.1 0. ¢ o
o AIV48
ree
oot : '
0.0 0.1 0.2 0.3
Actual
Annexe 8:
QQ Plot CLEC 37°Cand 41 °C:
Lognormal 37°C CLEC QQ plot
Al 0 o H5N8
m AIVO7
T 3- o g A D1.1
o A v SA20
8 2- AI,O _
= P s ¢ Anhui H7N9
o g o UDL
/‘
0'( 1 1 | 1
0 1 2 3 4

47



Lognormal 41°C CLEC QQ plot
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