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Propositions

1. The most difficult part in the control of avian influenza is that infected wild birds

migrate.
(this thesis)

2. Vaccination in poultry to prevent low pathogenic influenza is economically
beneficial but not sustainable.

(this thesis)

3. It is not necessary for adults to drink animal milk in daily life for the purpose of
being healthy.

4. The attacking behavior of coots on their largest and loudest young is to improve
the survival rate of offspring.

5. To reach a successful research career, the ability to present is equally important as
the research itself.

6. Not following the recipe but thinking outside of the box makes a cook a chef.
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Abstract

The current pandemic reminds us of the shadow of flu caused by avian influenza viruses, which
keep circulating and cause outbreaks all over the world. There are two problems with avian
influenza viruses (AIVs) that cause flu in poultry: pathogenicity in poultry and possible effects
on human health. The high pathogenic avian influenza viruses (HPAIVs) threaten public health
directly by high human mortality, and the low pathogenic avian influenza viruses (LPAIVs)
play an important role in influenza virus evolution. Due to the mild disease and low death rate,
LPAIVs remain circulating in poultry populations, thereby providing a platform and time for
the emergence of strains with high transmission, cross host-transmission properties or higher
human pathogenicity. More and more human infections, caused by avian influenza virus
directly from birds further increase our concerns. The HIN2 subtype LPAIV has attracted
attention for its wide range spread in many bird species, as well as for the fact that it has become
endemic in commercial poultry in many areas, affecting poultry productivity. As a prevention
method, vaccination against the HON2 subtype virus in poultry was promoted in several
countries. However, the persistence of this virus in poultry after vaccination has been reported
and it was suggested that the inactivated-virus vaccine might not stop the transmission, but
rather trigger the antigenic drift of the virus in poultry. In this thesis, experiments were
performed to analyse the effect of the inactivated-virus vaccine on stopping the transmission of
HON2 subtype virus in poultry. In Chapter 2, I showed that the estimated reproduction ratio of
HON2 subtype virus in non-vaccinated and vaccinated chicken was above 1, suggesting that the
inactivated-virus vaccine against the HON2 subtype virus cannot stop the transmission of the
homologous virus strain in vaccinated chicken. In Chapter 3, phylogenetic and antigenic
analyses of HON2 subtype virus strains isolated from field markets during 2013-2018 in south
China, discovered that a new antigenic group has emerged after 2013. The currently isolated
virus strains show a higher number of mutations than the average level observed before,
resulting in larger antigenic distances from the vaccine strain. In Chapter 4, 1 observed
evolutionary changes of HIN2 subtype virus strains under continuous selective pressure in
different hosts. I also identified changes related to potential antigenic drift events in viruses
passaged under antiserum pressure. Then in Chapter 5, I discovered the effects of the PB1 gene
from the avian HON2 strain in the reassortment with a human strain. Corresponding genetic
changes were observed in the progeny viruses under selective pressure.

Together, this thesis provided experimental and statistical evidence to the assumption that the
inactivated virus vaccine cannot stop the transmission of HON2 subtype LPAIV in a vaccinated
chicken population. The HON2 subtype virus could evolve as a consequence of continuing
transmission under selective pressure from the vaccination, and this was observed in the field
and in laboratory simulations. In addition, reassortment events involving the PB1 gene of HON2
subtype virus may drive the emergence of novel reassortant viruses during this ongoing
circulation. Based on these findings, it becomes clear that continuous surveillance for LPAIVs
in vaccinated poultry is required during and after outbreaks. Monitoring for reassortment
variants between LPAIV and human-adapted virus strains deserves more attention for pandemic
preparedness.






Content

Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

General introduction

Vaccination with inactivated virus against low pathogenic avian
influenza subtype HON2 does not prevent virus transmission in chickens

Molecular characterization of antigenic drift of avian HON2 viruses in
southern China

Identifying evolutionary changes of HON2 in transmission with/without
immune pressure using Next Generation Sequencing

The PB1 gene from HIN2 avian influenza virus showed high
compatibility and increased mutation rate after reassorting with a
human HIN1 influenza virus

General discussion

Bibliography
Summary
Acknowledgements
Curriculum Vitae
Training and education
Colophon

19

43

67

89

111

125
151
155
161
164
166






General introduction






General introduction

1.1 Influenza — knowledge from history

The flu is now a well-known infectious disease that is causing illness or death in humans
and animals all over the world. Its formal name, influenza, was introduced from an Italian word
meaning “influence” in English in the mid-eighteenth century during a pan-European epidemic.
Even though the record of influenza could be traced back to ancient Egypt and Greece 2500
years ago (Mamelund 2008), the discovery of the causative pathogen and its systemic analysis
took place relatively recently, as it first required the development of molecular biology
techniques. Due to technical limits, outbreaks of infectious diseases in populations of different
host species were separately recorded and studied independently in different host species.
However, the pathogen was eventually identified as a virus. Later, it became clear that various
strains of influenza viruses exist that can be transmitted from one animal species to another,
which may eventually also infect and spread among human beings.

The history of influenza is an interaction between outbreaks and obtaining knowledge from
these outbreaks. The well-recorded history of influenza in the human population was said to
have started in 1892 when the German bacteriologist Richard Pfeiffer discovered a bacteria that
was mistaken to be associated with influenza (Mouritz 1921). Later the real agent was proved
to be a virus. After the “first” influenza virus was isolated from swine in a laboratory in 1931
(Shope 1931), the diagnosis and records of influenza in humans became more accessible and
convincing. For influenza infections in poultry, which is now known under the common name
of avian influenza, the identification history started even earlier. In 1878, a severe disease-
causing mass die-offs of chickens and some other poultry in south Italy was reported by
Perroncito and co-authors (Perroncito 1878). This is most likely the first recorded avian
influenza outbreak but was mentioned at the time as the “fowl plague”. Only around the middle
1950s, the filterable virus was identified as type A influenza virus, which was later addressed
as highly pathogenic avian influenza (HPAI) at the first International Symposium on Avian
Influenza in 1981 (Bankowski 1981).

During the first half of the 20th century, epidemics in humans by this relatively “unknown”
virus kept raging worldwide, and the term influenza pandemics was used when referring to such
worldwide outbreaks in humans. The most severe outbreak was the 1918 Spanish flu pandemic
infecting about one-third of the world's population at that time (Taubenberger et al. 2001). The
virus strain that caused the 1918 pandemic and maybe also the earlier (1892) reported flu-like
diseases was later identified to be of the HINI subtype, which was circulating in pigs and
shortly after that also in humans (Shope 1936). This pandemic strain was then replaced by
H2N2 causing the Asian flu in 1957 and by H3N2 causing a pandemic in 1968 (Taubenberger
et al. 2006). These pandemics of influenza started from specific areas and then spread to almost
all the continents (Stafseth 1958, Stubbs 1965). At the time, outbreaks of influenza in
poultry/birds were still recognized as “fowl plague”, and these were therefore not systemically
studied till after the discovery that the upcoming two strains causing human pandemics in 1957
and 1968 were generated from reassortment events between human and avian influenza strains
(Kawaoka et al. 1989, Bean et al. 1992, Schiffr et al. 1993). Recently in 2009, we saw again a
pandemic of an HIN| virus reassorted from swine, human and bird strains. It was first detected
in the United States and spread globally within a short time (CDC 2019). In addition to the vast
death toll during historic influenza pandemics, the seasonal epidemics of influenza that keep
circulating in the human population was estimated to introduce three to five million cases of
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severe illness globally, including 290,000 to 650,000 respiratory deaths every year, according
to a recent report (WHO 2019).

After the 1970s when surveillance of influenza viruses in birds started, the knowledge on
influenza in birds started to accumulate. The subsequent definition of avian influenza, causing
outbreaks in poultry (instead of the “fowl plague”), contributed to the detailed understanding
of the epidemiology of influenza and the mechanism of its evolution within and beyond specific
host populations. From then onwards, influenza viruses were classified based on antigenic
properties, regardless of the species of origin, as compared to human influenza virus, avian
influenza virus (AIV) and swine influenza virus (Memorandum 1980).

Outbreaks caused by avian influenza strains in the wild have been direct reasons for concern
for the poultry industry worldwide. The influenza outbreaks in poultry, especially in intensive
farming of chickens and turkeys, cause enormous economic losses that ranged from US$32.4
to about 200 million in developing countries (Otte et al. 2008). Moreover, influenza in poultry
or other animals is a clear potential threat to public health due to the risk for cross-species
transmission and re-assortment events (see explanation below). People became even more
concerned when avian influenza strains were recorded to cause disease in humans since the
1990s (Guo et al. 1999, Peiris et al. 1999, Lin et al. 2000, Guo et al. 2001, Lupiani et al. 2009).
AlVs of subtypes H5, H6, H7, H9 and H10 had caused human infections and even death in
various parts of the world (Short et al. 2015). Remarkably, the avian influenza HSNx, H7N9
and HIN2 were requested to be reported for risk assessment by WHO due to the frequency of
zoonotic infections and/or the severity of disease they caused in humans. From 2003 to 2021,
the deaths caused by AIV H5N1 strain have been more than 400 in over 17 countries (WHO
2021).

Due to the identification and better classification of influenza viruses, we can now correlate
pandemics in humans with outbreaks in birds, which revealed the hidden threat of avian
influenza viruses for human health. The updating reports to WHO about zoonotic infection
cases all over the world is timely surveillance on avian influenza virus.

1.2 Molecular details of the causative agent, influenza virus

Influenza viruses belong to the family Orthomyxoviridae. This family harbours four types
of influenza viruses labelled A, B, C and D (Wolff et al. 2020). Influenza A and B viruses both
cause seasonal epidemics of disease (seasonal flu) among humans. Influenza A virus strains are
the only type of influenza viruses known to cause flu pandemics, according to the Centers for
Disease Control and Prevention (https://www.cdc.gov/flu/about/viruses/types.htm). Therefore
this thesis focuses on influenza A virus.

1.2.1 Virus particle and the genetic characteristics of the type A virus

The genome of influenza A viruses consists of single-stranded, negative-sense RNA. Eight
gene segments form the genomic viral RNA (VRNA), and these are numbered from one to eight,
ordered from large to small (Figure 1.1A). The eight gene segments were found to encode ten
essential viral proteins (Palese et al. 1976, Ritchey et al. 1976), including the RNA polymerase
subunit 1 and 2 (PB1 and PB2, encoded by segment 2 and 1 respectively), Polymerase Acidic
protein (PA, encoded by segment 3), Hemagglutinin (H or HA, encoded by segment 4),
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Nucleoprotein (NP, encoded by segment 5), Neuraminidase (N or NA, encoded by segment 6),
Matrix protein 1 and 2 (M1 and M2, encoded by segment 7), Non-Structural protein 1 (NSP1)
and Non-Structure protein 2 (NS2 or nuclear export protein, NEP) which are both encoded by
segment 8. The eight genome segments are also referred to with the names of the corresponding
major proteins as the PB2, PB1, PA, HA, NP, NA, M, and NS segments (Muramoto et al. 2013,
Dou et al. 2018). During the fundamental research on influenza viruses, several strain-
dependent accessory proteins were also discovered and reported as PB1-F2 (Chen et al. 2001),
PB1-N40 (Wise et al. 2009), PA-X (Jagger et al. 2012), PA-N155 (Muramoto et al. 2013), PA-
N182 (Muramoto et al. 2013), M42 (Wise et al. 2012), NS3 (Selman et al. 2012), amongst
others. (Figure 1.1B).

Each vVRNA genome segment is individually packaged by nucleocapsid (NP) protein and
accompanied by a trimeric polymerase complex comprising the PB1, PB2 and PA proteins
(Figure 1.1C). Each vRNA-NP—polymerase subunit forms a viral ribonucleoprotein (VRNP)
complex (Eisfeld et al. 2015). Hereinto, the polymerase complex is the RNA-dependent RNA
polymerase (RdRp), which is responsible for the transcription (VRNA — mRNA [messenger
RNA]) and replication (VRNA —cRNA [complementary RNA]—VRNA) of all eight segments
of the vVRNA genome (Lamb et al. 1983) (Figure 1.1C). Hemagglutinin (HA) and neuraminidase
(NA) are proteins on the surface of influenza viruses. Because of the exposed surface location
of these two proteins, HA and NA are the most prominent “antigens” triggering an immune
response in the infected host. In the viral infection cycle, HA is responsible for binding the virus
to sialic acid residues on cellular transmembrane glycoproteins. Once bound to this cellular
receptor (a-2, 6 and a-2, 3 sialic acids), HA facilitates the viral entry into the target cells by
endocytosis and triggers pH-dependent membrane fusion to release the RNPs into the
cytoplasm of the host cell, which then travel to the nucleus of these cells. In the nucleus, primary
transcription is carried out to generate mRNAs for the functional proteins needed for VRNA
replication and progeny particle formation (Fodor et al. 2002). The other surface protein, NA is
the enzyme identified to facilitate virus release (Air et al. 1989, Matrosovich et al. 2004), as it
removes sialic acid molecules from already infected cells and therefore enables the progeny
virus particles to bud out from the cell without immediately being trapped again by receptors
of an already infected cell. Hence, NA assists the virus to spread from cell to cell efficiently.

1.2.2 Diversity of influenza A virus

Influenza A viruses are further divided into subtypes based on the two surface proteins,
hemagglutinin (H) and neuraminidase (N). Until now, there are 18 H subtypes and 11 N
subtypes reported; however, only 131 of the potentially 198 combinations have been isolated
naturally. Figure 1.2 shows the subtype diversity and the distribution of different subtypes of
influenza A viruses over host categories (Joseph et al. 2017). Almost all known subtypes
combinations have been found in birds, except for HI7N10 and HI8N11 which were found
exclusively in bats up to now (Wu et al. 2014).
Therefore, wild aquatic birds are regarded as the natural reservoirs of influenza A viruses and
are considered the primary genetic source of all influenza A virus infections in other species
(Webster et al. 1992).
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Figure 1.1 Influenza A viruses.

A) Schematic of the eight viral RNA (VRNA) gene segments that comprise the influenza A genome. The 5’ and 3’
untranslated regions (UTRs) are represented with a line, and the box corresponds to the coding region within each vVRNA.

B) Diagram of the viral mRNAs that are transcribed from promoters in the 3’UTRs in the IAV (-) VRNA templates.
Boxes indicate the viral gene products encoded by each mRNA. Dashed lines show the alternative splicing of the IAV M and
NS transcripts. Red circles represent the 5’'M7pppG cap, black lines denote the 10—13 nucleotide, host-derived primers that are
obtained by a cap-snatching mechanism by the viral polymerase. A(n) corresponds to the 3’ poly-A tail produced by reiterative
stuttering of the viral polymerase. The smaller mRNAs (empty boxes) represent transcripts that encode nonessential accessory
proteins found in many strains, whereas those that are less prevalent (PB2-S1, M42, and NS3) are not illustrated (Chen et al.
2001, Wise et al. 2009, Jagger et al. 2012, Muramoto et al. 2013, Yamayoshi et al. 2016, Zhang et al. 2017).

C) Diagram of the virion of an influenza A virus. The viral membrane proteins H (HA), N (NA), and M2 are shown, along
with the eight viral ribonucleoproteins (vVRNPs), and the matrix protein M1 that supports the viral envelope. To highlight the
vRNP components, the illustration beneath the virus is not to scale. A single VRNA gene segment is shown wrapped around
multiple nucleoprotein (NP) copies with the conserved promoter regions in the 5" and 3' UTRs forming a helical hairpin, which
is bound by a single heterotrimeric viral RNA-dependent RNA polymerase (PB1, PB2, and PA). The figure was re-used with
permission from Robert Daniels (Dou et al. 2018).
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Figure 1.2 Diversity and host distribution of influenza A viruses. Maximum-likelihood (ML) estimation of the
haemagglutinin (H) gene sequences of all subtypes of IAVs downloaded from the NCBI GenBank database. Overall data set
randomly subsampled to include 200 isolates per subtype per host for the tree reconstruction. Scale for branch length represents
number of nucleotide substitution per site (subs/site) in the H alignment. (Joseph et al. 2017) The figure was re-used from open
access article based on to Wiley’s Open Access Terms and Conditions.
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Apart from humans and birds, influenza A virus also brings disease (flu) in other mammals,
including swine, dogs, horses, and cats (Fenner et al. 1976, Baigent et al. 2003), and interspecies
transmission has been recorded frequently. Figure 1.3 displays the interspecies transmission
routes of influenza A viruses and the current host range of particular serotypes (Joseph et al.
2017). After introduction into a new host species, influenza viruses may maintain themselves
in that species and further evolve into a host-specific lineage. Therefore, Influenza A viruses
are also sub-defined based on the host species to which they have adapted, i.e., human influenza
virus, swine influenza virus, equine influenza virus and endemic avian influenza virus (AIV) in

poultry.

-

HINT, HIN2
H3N2, H3N3
HANG, H5N2
Y
N \
— HINT, \
Aquatic birds Tm=sT ron |
quati el HINT !
H1-16; N1-N9 Domestic :
o —— } H3N2v
\ HINT?
H1-H13, N1-N9 Y N\ y

\
N
H2N2, H5N1, _ ),

HS5N6, H7N3,
H7N9, HON2,

v < H10N8
H7N3, H1ON7
T hianz H10N7 *HON, HSN?
H13N9 H3Ng B4
Ly ’
s ’
HIN1 S
K ’
s H3N2 L’
\\ 4
\\ ’,
N S~ ~ - ~ ’

Se
- -
iy -

Figure 1.3 Significant interspecies transmission of influenza A viruses.

Representative diagram of interspecies transmission events of IAVs and the subtypes involved in these events. Solid arrows
represent direct transmission events that have since been established in the host species. Dashed arrows represent sporadic or
limited infection of subtypes where sustained transmission in the new host has not been detected. The figure was re-used from
open access article based on Wiley’s Open Access Terms and Conditions (Joseph et al. 2017). * The seroprevalence of influenza
A virus subtypes in monkeys were detected positive to human HIN1, human H3N2, HON2, and H5 subtype AIVs (Karlsson et
al. 2012). NHPs (Nonhuman Primates) that have contact with humans can be naturally infected with seasonal endemic human
influenza viruses (Karlsson et al. 2012), but the circulation and transmission within and without this population were not
reported to date.

1.3 Evolution of influenza A virus

Virus evolution is characterized by changes in the “gene pool” of the virus population that
can be found in a chain of hosts linked by infection events over time. Evolutionary changes
involving random mutation, recombination, reassortment, gene amplification/reduction lead to
the occurrence of quasi-species (Domingo et al. 2012). Due to different genetic characteristics
and variations in polymerase accuracy, individual viruses display specific ways of genome
adaptation and evolution. For influenza A viruses, evolution proceeds via the gradual
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accumulation of mutations because of the incorporation of non-complementary nucleotides by
the viral RARP during genome replication, and abruptly, via reassortment of genomic fragments
when two influenza viruses infect a single cell (Westgeest et al. 2014). These two phenomena
are further explained below.

1.3.1 Mutations cause genetic drift

As for other RNA viruses, numerous mutations might occur during viral RNA replication,
mostly due to the nucleotide substitutions (Hanada et al. 2004) introduced by the intrinsic error-
proneness of the influenza RdRp and the lack of proofreading capacity (Lauring et al. 2013).
For the influenza virus, the mutation rate was estimated to be around 107 substitutions per
nucleotide per infectious cycle (s/n/c) of the whole genome (Parvin et al. 1986,
Sanjuan et al. 2010). The frequent generation of mutations in the viral genome during
replication is commonly addressed with genetic drift (Masel 2011). This ability to mutate
together with subsequent exposure to selective pressure in the host directs the evolution of the
virus (Chen et al. 2006).

Mutations in the HA and NA genes might introduce changes in the antigenic surface
proteins which are firstly recognized by the host immune system. Consequently, the genetic
drift of the HA and NA gene might result in the antigenic drift due to selection pressure. As HA
facilitates the recognition of target cells and the entry of the viral genome into those cells, any
changes in its sequence could influence the virulence, transmission and even host-specificity.
Researchers have explored extensively what kind of crucial amino acid mutations in antigenic
epitopes of HA might lead to this antigenic drift (Hampson 2002) so that the virus can escape
from existing immune pressure (Sitaras et al. 2014, Peacock et al. 2016) to favour “immune-
escape variants”. Mutations that affect the receptor binding sites (RBS) of HA might change
the tissue tropism (Naeve et al. 1984), which could result in increased pathogenicity when the
virus gains the ability to attach to receptors in the lower respiratory tract (e.g. lung) instead of
the upper respiratory tract only (Ayora-Talavera et al. 2009). Particular mutations in the RBS
may also allow the virus to transmit to other host species (Gao et al. 2009, Liu et al. 2014),
leading to cross-species transmission. Mutations in or near the RBS sites might also influence
the antigenic properties of the virus (Koel et al. 2013). Apart from antigenic drift, genetic drift
may also occur at essential locations of inner gene segments when genes for surface proteins
are affected. Such mutations were also identified and shown to influence the replication or host-
adaption of the virus, e.g. specific mutations on PB2 (Gastaminza et al. 2003), PB1 (Lin et al.
2019), M (Liu et al. 2002) and NS genes (Ozawa et al. 2011).

1.3.2 Reassortment and genetic shift

Whereas genetic drift results from gradual changes by accumulating point mutations,
genetic shifts may occur as a consequence of genome segment reassortment (Webster et al.
1992). Characterized by segmented genomes, influenza viruses are prone to exchange genes
when co-infecting one individual host cell (Kilbourne 2006, Sonnberg et al. 2013, Uyeki et al.
2013). Assuming that all the eight gene segments have an equal possibility in reassortment,
there will theoretically be 256 (2%) different offspring viruses possible with only two parental
viruses. Compared with genetic drift, the genetic shift has a strong and immediate impact on
viral evolution. (Holmes et al. 2005, Dugan et al. 2008) Since reassortment is more efficient in
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generating novel viruses (the diversity of the offspring increased suddenly) and some of these
new viruses may have competitive advantages under selective pressure. When such a genetic
shift involves the gene segments encoding HA and/or NA the term antigenic shift is used as
they cause abrupt changes in the ability of the immune system to recognise this virus with new
properties. The rapid evolution resulting from reassortment might lead to host-switching
(Scholtissek et al. 1978, Garten et al. 2009), immune escaping and resistance to antivirals.

In history, reassortment has always been the major cause of flu pandemics. The pandemic
of 1957 was caused by an adapted avian influenza A (H2N2) virus that obtained its virulence
and transmitting ability from mixing its PB1 and HA genes with the other six genes from a
human-adapted HIN1 virus. Similarly, the Asian H3N2 pandemic, first found in Hong Kong in
1968, also possessed genes from a human H2N2 virus originating from the 1957 pandemic
(Kawaoka et al. 1988). This sort of recombination can even happen among more than two
different subtypes or strains. For instance, the 2009 HIN1 pandemic was caused by a reassortant
virus that had obtained genome fragments from human, avian and swine influenza strains
(Cohen 2009). This genomic re-assortment often serves as a “jump” in the evolution of
influenza viruses, allowing these to be able to develop into the pre-dominant circulating strain
in the years after, and we indeed see the HINI strain that emerged in 2009, currently re-
appearing seasonably instead of the previous strains (WHO 2018).

1.3.3 Evolution under selective pressure

The individual genomes in the pool of influenza virus genomes (called quasi-species due
to the consequence of genetic drift and/or shift) will not be equally successful in replication and
host adaptation (Andino et al. 2015), and therefore experience competition from each other.
Stabilizing natural selection will occur for the functionality of the encoded proteins and for the
correct folding of crucial RNA motifs such as promoter sequences. In addition, immune
pressure as will be active in recovered or vaccinated individuals will disfavour those variants
that are antigenically too close to previously encountered influenza viruses. As a result, the
fitness of the viral population after one round of replication (as the virus unit) might change,
due to the fact that viral genomes that mutated into genotypes with certain advantages in that
particular environment will be able to produce more progeny. As a result, variants with
mutations that allow them to replicate quicker in certain tissues or host, or that allow escaping
from neutralizing antibodies, will be able to become dominant in that particular host. Host
switching, application of antiviral drugs or immunization of the population by vaccination or a
previous infection will change the environment in which the virus is replicating, and therefore
modifies the selective pressure acting on the quasi-species, allowing other variants to become
dominant. The impact of the variations on functionality and the selective pressure acting on the
variants determine together the genome composition of the influenza virus population
encountered as the infectious agent.

Another important factor is provided by the “co-evolution with host theory”, which states
that the adaption of viral genomes to their hosts' cellular environment needs to achieve a balance
between viral-replication and remaining cellular functions intact for the host to survive long
enough to support high levels of progeny virus production. This is the viral evolution at the
individual host level, which seems different to that at “population” level, but it plays a crucial
role in transmitting between hosts. Taking influenza virus as a quasi-species, the genome
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composition is the result from the survivors in individual host infections (Voskarides et al. 2018)
that go on circulating in the host population, to magnify their advantage until achieving
equilibrium with their host population. This could be proven by the observation that influenza
viruses in their natural host reservoirs show limited evolution at the amino acid level (Webster
et al. 1992). Their continued random mutations provide no additional advantages for these
viruses in their natural host species, with which they have an ancient relation. However, this
balance could be broken when influenza viruses spread to other hosts (different species or a
genetically different population of the same species), or when the host obtains a higher level
of protective immunity. In such situations, influenza viruses can show rapid diversification with
emergence of new antigenic variants that may even form separate clades in phylogenetic trees
(Yoon et al. 2014).

1.3.4 Genetic techniques to compare influenza strains

Thanks to the development of phylogenetic methods, it became easier to trace or identify
lineage of viruses with specific characteristics that are inherited in their genomes. Combined
with data on geography, environment and the host, we can then address the evolutionary
pathway of certain genetic changes that are the result of the acting selection pressures.
Phylogenetic trees of influenza viruses are generally based on the two surface gene segments
(HA and NA) or the six inner segments (PB2, PB1, PA, NP, MP and NS). These treated
separately due to the different types of selection mechanisms acting on these groups of genes
as a consequence of the variation in the function of their encoded proteins. When comparing
the topology of phylogenetic trees of different gene segments, we are also able to reveal the
recombination or reassortment of viruses (Chare et al. 2003, Nelson et al. 2007, Boni et al. 2010,
Hallinan 2011).

In contrast to Sanger Sequencing that reveals only the most prominent genotypes in a virus
population, Next Generation Sequencing (NGS) technologies enable us to analyse the full
diversity of the influenza genome segments in the quasi-species in particular environmental or
host situations. The large amount of genomic information that is obtained in this way, will
contribute to understanding the viral genome population adapts to changing selection pressure
(Zhen et al. 2014), such as in the presence of antivirals or vaccination.

1.4 Avian influenza virus -- High versus low pathogenic strains

Avian influenza virus (AIV) is one of the three main sub-categories of influenza A viruses,
next to human and swine influenza viruses. AIVs infect wild aquatic birds but also regularly
cause infections in poultry and may also infect other animals and humans exposed to infected
poultry. The overall pool of AIV strains displays the most H and N subtype combinations, based
on 16 subtypes of HA and nine subtypes of NA. All these subtypes of avian influenza viruses
have been isolated from wild aquatic birds and/or poultry (Olsen et al. 2006, Yoon et al. 2014,
Bergervoet et al. 2019).

To evaluate the pathogenicity of individual strains of AIVs, the “Intravenous Pathogenicity
Index” (IVPI) has been introduced as a standard protocol (Avian Influenza Community
Reference Laboratory), and displays a mean score per chicken per observation over a 10-day
period. Furthermore, this index allows us to divide AIV strains into high pathogenic avian
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influenza viruses (HPAIVs) and low pathogenic avian influenza viruses (LPAIVs) (OIE 2019).
Highly pathogenic avian influenza is defined by the World Organization for Animal Health
[originally addressed as the “Office International des Epizooties” (OIE)] as “an infection of
poultry with an IVPI above 1.2. HPAIVs can alternatively be described as influenza strains
leading to at least 75% mortality in a defined chicken population during a specified interval of
ten days). These HPAIVs are H5 and H7 strains with multiple basic amino acids around the
internal cleavage site in the haemagglutinin molecule (OIE 2019). Till now, HPAIV H5 was
observed infecting poultry and wild birds, whereas HPAIV H7 was only found in poultry (Hurt
et al. 2017). Till now, HPAIV HS was observed infecting poultry and wild birds, whereas
HPAIV H7 was only found in poultry (Hurt et al. 2017, Antigua et al. 2019). Some H5 and H7
subtypes and other non-HS5/non-H7 strains, which induce milder flu-like symptoms and are
restricted to the respiratory and/or gastrointestinal tracts are defined as LPAIV (meaning an
IVPI below 1.2 and showing less than 75% mortality over a 10-days period). As notifiable
zoonotic animal diseases, the outbreak of LPAI and HPAI are required to be reported to the OIE.

1.4.1 Economic damage and potential threats of HPAI and LPAI

From the early beginning of the 20th century until now, there have been regular worldwide
reports on outbreaks of LPAI and HPAI in wild birds and at poultry farms or live poultry markets
(Alexander et al. 2009, Kaleta et al. 2009). Most of the associated influenza viruses were highly
pathogenic (HPAIVs) and resulted in high mortality in chickens (up to 90 to 100%, often within
48 hours) (Spackman 2008). Avian influenza virus can rapidly spread in flocks of wild birds
and be easily transmitted to poultry. Moreover, the migration of many of these wild birds
complicates the prevention and control of avian influenza. Once detected in poultry, the most
efficient method to stop the disease is culling of the infected farms (also obligatory by EU law).

Along with the direct death toll from outbreaks of HPAI in poultry, there are therefore also
huge economic losses as a result of culling. For instance, the outbreak of HPAIV H7N7 in 2003
resulted in 30 million victims (direct and through culling) in poultry in the Netherlands
(Alexander et al. 2008), 2.3 million in Belgium, and 420 thousand in Germany. From 2003 to
2004, many Asian countries suffered from an outbreak of HSN1 HPAIV in poultry. In China,
this epidemic caused the death of 20 million poultry, and nine provinces were affected (Smith
et al. 2006). In addition to the obvious losses in poultry, these HSN1 HPAIV strains may also
cause severe disease in wild birds. A massive die-off caused by HPAIV H5N1 in wild birds in
Qinghai Lake (Qinghai, China) shocked the world in 2005. It was identified that this strain
showed higher mortality in chicken and mice in laboratory experiments than previous H5
subtype isolates (Liu et al. 2005). Since outbreaks of HPAIVs have led to millions of wild birds
and poultry being killed from infection, control measures have been taken throughout Asia,
Europe, and Africa (Feare 2007, Salzberg et al. 2007, Brown 2010).

In contrast, the outbreaks of LPAIVs that naturally occur among wild birds and cause no
symptoms or only mild disease in poultry seem less severe but deserve our attention. It is still
a great threat to the poultry industry due to co-infections with other pathogens (Umar et al.
2017). Moreover, the introduction of H5/H7 LPAIVs from wild birds into domestic poultry
might increase the possibility of mutations that would allow an H5/H7 LPAIVs to become
HPAIVs during replication (Alexander 2007, Monne et al. 2014) and with the potential to
become epidemic (or even pandemic). The Italian epidemic (1999-2000) was a typical example
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of such an outbreak, where a mutated avian H7N1 strain converted from a low pathogenic into
a high pathogenic strain, resulted in a devastating outbreak in poultry (Capua et al. 2003). For
some of the recent outbreaks of HPAIVs in European and Asian countries, phylogenetic
evidence has shown that these H5/H7 viruses resulted from reassortment with LPAIVs
occurring in wild birds (Suarez et al. 2004, Pasick et al. 2005, Duan et al. 2007, Beerens et al.
2020).

LPAIVs of the other subtypes (not H5/not H7) have not yet been found to be able to mutate
directly into HPAIV, and therefore have been given less attention so far. However, due to the
migration of many wild birds and their contact with other bird species, LPAIV is able to cross
host and geographical boundaries. In addition to the aquatic birds that constitute the major
natural reservoir, there are records of LPAIVs detection in over 100 wild bird species from more
than 25 families (Webster et al. 1992, Olsen et al. 2006). LPAIVs may also pose a potential
threat to public health due to their often-wide host range, longer periods of unnoticed circulation,
and unpredictable evolution when transmitted between different hosts. The possibility of
bird/poultry to human transmission brings a high risk of gene exchange between poultry and
human influenza virus strains. Of all originally avian infecting subtypes, two have established
themselves in the human population (HIN1 and H3N2) and now occur as seasonal flu. Five
others have been reported to be transmitted from birds to humans occasionally but have not (yet)
established themselves in human populations: HSN1, H7N3, H7N7, H7N9, and HON2 (Capua
et al. 2004, Leong et al. 2008).

The devastating historical pandemics of HPAI and the regularly occurring outbreaks of
LPAI in birds, which are often associated with human infection cases, have drawn the
researchers’ attention to surveillance of these viruses in wild birds to study influenza viruses in
detail. In the century of fighting against this virus, genetic techniques have become available
that ultimately enabled the unravelling of the genomic details of all influenza virus strains
isolated in surveillance programs. In-depth studies on the mechanism that drives the evolution
of influenza viruses will further contribute to preventing and controlling this centurial plague.

1.4.2 Strategies for controlling influenza in poultry

The controlling and prevention of infectious disease largely depends on the host species
infected. The measures taken for flu outbreaks in human and mammals are quite different to
that for poultry and wild birds. For humans and other mammals, the main strategies to
counteract HPAI are hygiene, vaccination, and treatment with anti-flu medicines. To control
seasonal flu in humans (HIN1, H3N2, and influenza B virus), vaccines are present and are
updated (every 1-5 years) to maintain their effectiveness (Ping et al. 2015). To control HPAIV's
in domestic poultry, the current measures are surveillance, biosecurity and culling. In poultry
and livestock, the prevention measures are always considered with the economic load, the
population density and the mortality caused by the disease. It is more efficient to stop the
transmission to a new area than to prevent the spread in an already infected population.
Therefore, several papers suggested to reduce the production in poultry industry (Poore et al.
2018), to allow more space in-between farms (Stegeman et al. 2004), to avoid wild bird habitat
sharing (Velkers et al. 2020) and to apply vaccination (Tiensin et al. 2007).
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The vaccines and vaccination strategies used for poultry are quite different all over the
world. In some countries, like China, Indonesia, Vietnam, Egypt, Korea, and Pakistan, poultry
is vaccinated routinely (Spackman et al. 2013, Umar et al. 2016, Wei et al. 2016). But the large-
scale and long-term use of avian influenza vaccines in those countries mentioned above appears
to have already stimulated antigenic drift in AIVs (Sun et al. 2012). Several observations
suggest vaccination against the clinical signs of avian influenza may result in virus evolution
and escape from vaccination. One is the failure of the commercial vaccine used against HSN2
AIV in Mexico in 1995. After two years of application, the vaccinated animals shed viruses that
resulted from a dramatic antigenic drift (Chang-Won et al. 2004). Other reports describe HON2
circulation in countries that applied HON2 vaccination in poultry (mostly in the chicken industry)
(Hsu et al., Desvaux et al. 2013, Hong et al. 2014). Research in Korea identified that HON2
AlVs isolated after usage of vaccine were antigenically distinct from early strains and could
experimentally escape from the vaccination (Sun et al. 2012). Similar observations were made
in China (Li et al. 2005, Xu et al. 2007, Zhang et al. 2008), where vaccination was unable to
control the circulation of LPAI HIN2 strains in poultry. In the European Union, vaccination is
not allowed, and biosecurity interventions (bio-exclusion/biosecurity) are applied to halt the
transmission of LPAIV from wild birds into the poultry industry. The reported LPAIV outbreaks
were mostly of the H5 and H7 subtypes in European countries (realize the reporting bias due to
the fact that H5 and H7 subtypes are notifiable by OIE and confirmed zoonotic) with the risk
of drifting towards high pathogenicity (Gonzales et al. 2014, European Food Safety Authority
2018, European Food Safety Authority 2020, European Food Safety Authority 2021). Reports
of HIN2 outbreaks are more frequent in Asian countries, suggesting that this virus is
widespread in wild birds and domestic poultry. In summary, H5, H7 and H9 subtypes of avian
influenza viruses are under tight surveillance in light of the risk for the poultry industry and
possibly for public health. The prevention and control measures taken for avian influenza vary
broadly per country.

1.5 H9N2 avian influenza virus -- A new flu threat?

HON?2 avian influenza virus (HIN2 AIV) was largely neglected (comparing to H5 and H7)
until more reports appeared indicating its rapid spread over the world, its long-term circulation
in both wild and domestic birds and the occurrence of human infections.

Ever since the first isolate in the US state of Wisconsin in 1966 (Homme et al. 1970), HON2
virus has spread throughout most continents (Shortridge 1992). Currently, HIN2 virus is
endemic in domestic poultry across east and west Asia, the Middle East, North and West Africa
(Guan et al. 1999). It was also found in wild birds (Kawaoka et al. 1988, Jackwood et al. 2007)
across Eurasia and North America (Alexander 2007, Lindh et al. 2014). Figure 1.4 displays the
global spread of HON2 AIV. The continuous circulation of HON2 AIV between wild birds and
poultry populations (Lee et al. 2000, Liu et al. 2004, Perk et al. 2006, Lee et al. 2007) is the
second reason for concern for the poultry industry but also for human health. Perez and co-
authors experimentally demonstrated that HON2 AIV could indeed be transmitted from aquatic
birds (especially duck) to terrestrial poultry via quail (Perez et al. 2003). Outbreaks of HIN2
AIV in poultry (including chicken (mainly), domestic duck, turkey and ostriches) in Europe,
North America, Middle East and Asia occurred ever since the mid-1990s (Werrner 1998, Banks
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et al. 2000, Alexander 2003, Alexander 2007). Although avian HON2 AIV displays a typical
avian host range, there is evidence that HON2 AIV can infect mammalian hosts, including
humans. Many clinical cases of human infections with HIN2, led to the understanding that
people who have close contact with infected birds have a high risk to become infected with
HON2 AIV (Lin et al. 2000, Butt et al. 2005, Liu et al. 2018, Pan et al. 2018).

The HIN2 AIV thus was shown to have a wide host range, suggesting that, reassortment
between HIN2 and other influenza viruses may lead to new viral strains that could adapt to
mammalian hosts (e.g., humans). Experimentally generated reassortant viruses containing
HON?2 surface genes other viral segments derived from seasonal human H3N2 influenza virus
showed efficient transmission in a ferret model after adaptation by serial passage
(Sorrell et al. 2009). The massive circulation of HON2 AIV provides opportunities for the virus
to exchange genetic material with other avian, swine (Xu et al. 2004) or human viruses,
potentially leading to new pandemic flu viruses. It has already been shown that HON2 AIV
contributed genome fragments to newly emerging reassortant viruses (Chang et al. 2018) such
as H7NO (Pu et al. 2015, Pu et al. 2021) and HI10NS8 (Chen et al. 2014, Qi et al. 2014), which
are zoonotic viruses that threaten public health (Yu et al. 2014, Yu et al. 2014, Zhou et al. 2016).
Thus, sufficient surveillance, effective prevention and control of HIN2 avian influenza is
crucial. In China, HON2 subtype influenza viruses are now steadily circulating in poultry as is
evident from the annual isolation of this subtype and the HON2 infections have become endemic
in commercial poultry. The first LPAT HON2 virus detected in China was during the outbreak
from 1992 to 1994 (Sun et al. 2015). Since then, the virus has spread in China, and a human
infected with HON2 AIV was reported in 1998 (Guo et al. 1999). In China, the isolation rate of
HON2 AI viruses has been of the same magnitude as that of HSN1 at live poultry markets in
1997; however, the rate of HIN2 started to increase recently.

Genetic studies on HA and NA genes divided HIN2 AIVs into two lineages, North America
and Eurasian lineages. The North American lineage was represented by
A/Turkey/Wisconsin/1966 (W1/66) (Han et al. 2019). The Eurasian lineage was represented by
three differentiated lineages: A/Chicken/Beijing/1/94 (also known variously as the Y280 or G9
lineage), A/Quail/Hong Kong/G1/97 (G1 split into “Western” and “Eastern” sub-lineages) and
A/Duck/Hong Kong/Y439/97 (also known as Korean lineage) (Guo et al. 2000, Xu et al. 2007).
Due to the current geographical distribution of HIN2, surveillance reports indicate Asian
countries (especially China) as the hotspot of Eurasian lineage, and that is where most research
is ongoing and where control strategies are applied. In mainland China, the predominant sub-
lineages were BJ/94-like and Gl-like viruses since the mid-1990s (Choi et al. 2004,
Lu et al. 2005, Sun et al. 2010). Li et al. reported that HA genes of some HIN2 isolated from
chicken and other hosts were mainly derived from the Y280-like lineage (Li et al. 2012).
Recently, the surveillance of HON2 in China revealed some novel lineages apart from those
representative H9 lineages undergoing rapid antigenic drift, which may be driven by selection
pressure acting on the virus during endemic circulation in populations of vaccinated birds.

14



General introduction

Phylogeny
Region A

|
[ |
[ |
|
m
G1 s
=
Q
Q,
Q
=
BJ94 2l ) - '
—d ! ———————— —
Y439(Korean).
Lr‘__——&“ ° — — (=D i
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 American
Date
Transmissions RESET ZOOM
Region A
[ ]
7 ..
“ .
=
=
-5 b ~ ibders ] +

©mupin

Leafiet | © Mapbox © OpenStreetMap Improve this map

Figure 1.4 The spread and genetic evolution of HIN2 avian influenza virus. A, Phylogenetic tree of HON2 subtype avian
influenza virus. B, Transmission of HIN2 subtype avian influenza virus. There were two main lineages: Eurasian and
American lineages. Clades were coloured by regions with the main sub-lineage marked above the main branch. There were
1337 HA gene sequences sampled between 1976 to October 2020. (Time animation of the transmission and clade evolution are
available at https://nextstrain.org)

In China, an inactivated HIN2 vaccine has been developed and has been extensively
applied in commercial flocks in China since 1998 (Li et al. 2005). Earlier HON2 isolates such
as A/chicken/Shandong/6/96 (SD96) or A/chicken/Shanghai/F/98 (F98) were selected as
vaccine strains for commercial vaccines. As acknowledged, the effectiveness of AIV vaccines
on individual protection is largely dependent on the antigenic relationship between the vaccine
strain and the prevailing ones (Lee et al. 2004). A study of the field isolates of HON2 AIV from
various regions of China led to serious concerns about the efficacy of the HON2 commercial
vaccines. This study compared genetic and antigenic characteristics of the HON2 field isolates
collected between 1998 and 2007 with those of the two commercial vaccine strains, SD96 and
F98. The results revealed that antigenic variation had occurred to almost all of the 41 field
isolates with only one exception (Zhang et al. 2012).

Genetic and/or antigenic variants of HIN2 AlIVs were also frequently isolated from
poultry during the period of 2005 to 2009 (Li et al. 2005, Ji et al. 2010, Yu et al. 2014). In
addition, it was clearly demonstrated that “heterologous protection among different antigenic
groups was suboptimal” (Sharma et al. 2014, Agrawal 2019). Overall, it became clear that the
systematic surveillance of the circulating HON2 AIV is far from sufficient and vaccines are not
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updated frequently enough. This situation is in sharp contrast to vaccination control of HS
subtype viruses, under intense surveillance and regular vaccine updates. At this moment,
vaccination seems ineffective enough to control the circulation of HON2 and other virus strains
in poultry.

1.5.1 From field problem to the scientific question

Avaccine in the field is often less efficacious than under laboratory conditions. For vaccines
against the HPAIVs, the antibody titers achieved in the field were lower. The clinical signs were
prevented, but the transmission of homologous viruses can still be estimated. Understanding
the dynamics of the environmental conditions, vaccination procedures and other complex
factors in the field is helpful to improve the vaccination. The effectiveness of vaccination is
often measured by the ability of the antisera raised with the vaccine. The HI titer of the
antiserum is a measure for the level of protection against the disease caused by AIV but does
not show how much the shedding of the virus is reduced. Previous research has shown that
there was a lower amount of virus shedding in vaccinated chickens (Arafat et al. 2018), which
could reduce bird-to bird transmission (Swayne et al. 2000). Transmission experiments on
HPIAVs (H7N7 (Van der Goot et al. 2005), HSN1 (Sitaras et al. 2016) in chicken) were carried
out to study the effect of vaccination on epidemiologically relevant parameters, e.g.
transmissibility and the infectious period. Similar research on LPAIVs was needed, especially
after the national vaccination against HON2 in poultry in some countries.

In the field, many poultry farms performed surveillance for HPAI HS and LPAI HI9N2
viruses after vaccination, and the isolation rates of HON2 were higher than that of H5 viruses,
even though an effective HI titer for H9 viruses was measured in the population. Because these
companies are being able to produce inactivated-virus vaccines by using the current circulating
virus strain to control the transmission of HON2 AIV in their own farms, the update of the
vaccine virus strain is more frequent than for the national commercial vaccines sold in China
and the chickens are well protected against disease. Under this situation, where HON2
associated disease is controlled in the domestic poultry industry, risks arise because the virus
may be circulating undiscovered in the field.

Based on this field problem, we can assume that the long-term use of vaccines provides
increased selection pressure on the targeted avian influenza viruses. Therefore, the currently
circulating LPAI HIN2 strains likely evolved to evade the immune pressure applied by
vaccination. To explore how influenza escapes the prevailing immune pressure, previous
research focused on the amino acid changes in escape mutants, and many deletions and
numerous substitutions in HA were observed in vitro (McDonald et al. 2007, Harvey et al. 2016),
but for HIN2 this process is much less clear (Peacock et al. 2017). These studies all assumed
that rapid evolution would result from the long-term existence of the immune pressure due to
vaccination. In real life, the situation may be more complex than in the in vitro situation, as
there may also be “intrinsic selection” that varies among different host tissues, among
genetically different individuals and between different host species.

The living environments and population density and size of farmed poultry are very
different from wild birds and vary per country. There are subtle but vital differences between
aquatic (e.g. duck) and terrestrial birds (e.g. chicken), even for smaller-scale domestic poultry.
Thus, there are differences in the replicating microenvironment where random mistakes occur
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to generate diverse genotypes from a molecular view. Under natural conditions, influenza
viruses replicate and evolve in the form of quasi-species (Andino et al. 2015) generated due to
the rapid speed and error-prone characteristics of viral replication. The theory is that mutations
provide the opportunities (resources) for evolution and that selective forces trigger the direction
of evolution of Als. Because of changing selective forces (e.g. immune pressure or host shifts),
there is an advantage from having a distribution instead of one genotype.

There have been many studies for other RNA viruses with the aim to determine the
influence of host and environmental factors on the appearance of mutations. These studies were
focusing on vesicular stomatitis virus (VSV) (Combe et al. 2014), HIV-1 in vivo (Cuevas et al.
2015), measles virus (Cattaneo et al. 1988), human parainfluenza virus (Murphy et al. 1991),
respiratory syncytial virus, Rift Valley fever virus, and noroviruses (Isidoro et al. 2002,
Zahn et al. 2007), rather than influenza A virus. The study on VSV showed that the observed
mutation rate varied between cell lines from different host species. Accordingly, this result
provides a reference for the hypothesis that there might be differences in the amount of variation
and the speed with which these can be found, especially in hosts belonging to different families
like chicken and duck.

The genetic diversity of the quasi-species provides a pool for selection. Under intensive
immune pressure, the selection pressure acting on the quasi-species may favour certain
mutations so that these may become predominant survivors, successful escapers. In this thesis,
we like to determine whether the predominant LPAT H9 genotypes differ when HON2 LPAIV
circulates in hosts in which different selection pressures apply. We also want to analyse whether
the diversity/composition of the viral quasi-species would change when passaging occurs in
different hosts.

1.6 Thesis outline

The prolonged circulation of an influenza virus strain in a partially immunized population
might have a direct impact on the evolution of the virus, and particularly on the occurrence and
outcome of antigenic drift. However, information on the impact of poultry vaccination on the
evolutionary dynamics of Al viruses in the field is limited. In this research project, we will
study HON2 ATV evolution with and without immune pressure.

Since there were no direct research reports that revealed the transmission parameters of
HO9N2 AIV in vaccinated poultry, we first mimic the natural infection and transmission process
of HIN2 AIV in vaccinated and non-vaccinated chickens (Chapter 2). Next, we want to
estimate the reproduction ratio (R) in non-vaccinated and vaccinated chicken, for which the
statistical (S-R-I) model is used to. Therefore, we analyse surveillance samples collected
between 2013 and 2018 from local markets in nine provinces in southern China (Chapter 3).
This chapter will also compare these data with the phylogenic and antigenic analysis of HON2
AIV to determine its current evolution profile in field markets in regions of China where
vaccination had been implemented since 1998. To understand whether (and how) selective
pressure and mutations (genetic drift) influenced the antigenic drift of HON2 AIV while
circulating in different host species, we performed serial passaging with an HIN2 strain in cells
and in chicken (in vitro and in vivo) (Chapter 4). Finally, we study whether a reassortment
(genetic shift) between the avian HIN2 ATV and the human HIN1 virus may give rise to a novel
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virus that can readily adapt to novel hosts. We generated reassortant viruses using a reverse
genetics system and studied the mutation rate of these viruses during serial passaging
experiments in mammalian cells and mice. (Chapter 5).

With the newly obtained field information and the evolutionary changes observed in
Chapter 4 & 5, the discussion will elaborate (i) on how the vaccine potentially influences the
evolution (patterns or rate) in the field, (ii) how changes in selection pressure correlate with the
evolutionary changes in the HA gene, with and without immune pressure, and (iii) how gene
segments from the HIN2 avian strain may lead to evolutionary changes when reassortment
occurs with a human strain (HINT1 in this research). In summary, this research will study the
transmission of HON2 in vaccinated chicken to provide information for current surveillance
protocols and aims to provide a reference for the evolutionary changes of LPAI HON2 in
different hosts.
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against low pathogenic avian influenza
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Transmission model of HOIN2 AIV in vaccinated chicken

Abstract

HON2 subtype avian influenza has spread dramatically in China ever since first reported in the
1990s. A national vaccination program for poultry was initiated in 1998. Field isolation data
show that the widely used inactivated HON2 vaccine does not provide effective control of the
transmission of this low pathogenic avian influenza (LPAI) virus in poultry. Current research
has focused on two reasons: (i) insufficient immune response triggered by the vaccination with
the inactivated virus, (ii) the occurrence of escape mutants selected by vaccine-induced immune
pressure. However, few studies reported the effectiveness of the inactivated virus vaccine to
reduce the LPAIV transmission in the field. We mimicked the natural infection and transmission
process of the HON2 AIV in vaccinated and non-vaccinated chickens. A statistical model was
used to estimate the transmission rate parameters among vaccinated chickens, varying in serum
hemagglutinin inhibition titers (HIT) and non-vaccinated chickens. We demonstrate, for the
first time, that the transmission is not sufficiently reduced by the homologous HIN2 vaccine,
even when vaccinated chickens have an IgG serum titer (HIT>2?), which is considered
protective for vaccination against homologous highly pathogenic avian influenza (HPAI) virus.
Our study does, on the other hand, cast new light on virus transmission and immune escape of
LPAI HON2 virus in vaccinated chicken populations and shows that new mitigation strategies
against LPAI viruses in poultry are needed.
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2.1 Introduction

Low pathogenic avian influenza (LPAI) viruses can still cause severe economic losses in
the poultry industry (Umar et al. 2018), even though mortality is much lower than that of HPAI.
The HON2 subtype LPAI virus has attracted attention for its wide range spread in many host
species, as well as for the fact that it has become endemic in commercial poultry in many areas,
affecting poultry productivity. Besides being a threat to the poultry sector, the HIN2 AIV also
poses risks for public health as it can transmit from poultry to humans (Peiris et al. 1999,
Butt et al. 2005, Pusch et al. 2018).

Theoretically, infectious diseases can be controlled by a stamping-out policy or vaccination
(Capua et al. 2003, Capua et al. 2006). Studies show that vaccination can reduce the
transmission of HPAI H7N7 (Van der Goot et al. 2005) and H5N1 (Sitaras et al. 2016) in
chicken. Hence, a similar reduction in transmission was expected for LPAI viruses after
vaccination. To control the spread of HON2 AIVs in China, inactivated virus vaccines in poultry
were licensed and implemented in 1998 (Li et al. 2005). In reality, the poultry industry update
privately inactivated vaccines based on their own virus strains noted from timely surveillance,
instead of depending on the national commercial HON2 vaccines in poultry. However, outbreaks
of HON2 AIVs continue to be reported from vaccinated poultry farms (Zhang et al. 2008). The
failure of vaccination might be because of inefficient application, low dose, and low vaccination
coverage (especially in the household sector) (Peyre et al. 2009, Poland 2018). Moreover, the
continuing transmission in combination with the intensive long-term usage of the inactivated
virus vaccine may have led to antigenic changes leading to immune escape (Sitaras et al. 2014,
Sitaras et al. 2020). Due to these possible vaccination failures in poultry farms, vaccination was
suggested as part of an overall integrated control strategy, including continued nationwide
surveillance, farm biosecurity, and Differentiating Infected from Vaccinated Animals (DIVA)
strategy (Capua et al. 2004, Capua et al. 2000).

The inactivated virus vaccine was shown to be able to induce a strong immune response
against the LPAI HON2 virus in duck and chickens (using 28 and 2° EIDs0/0.1 ml of virus for
antigen production, respectively), and showed a significant reduction in virus shedding in the
lab (Teng et al. 2015, Jing et al. 2017). Studies on virus shedding after vaccination also
suggested a reduced shedding after vaccination with the HON2 vaccine (Tavakkoli et al. 2011,
Jing et al. 2017). However, direct information on the effect of vaccination to prevent
transmission of HON2 AIV was yet not available in these reports.

In this study, we quantified the transmission parameters of an HON2 AIV in chickens
vaccinated with a homologous inactivated virus vaccine. Chickens after vaccination were used
to study the effect on transmission following an optimized experimental design
(Sitaras et al. 2016). The stochastic SIR model was used to estimate the transmission rate
parameters among vaccinated chickens using a GLM (Generalized Linear Model) statistical
approach (Klinkenberg et al. 2002). No significant reduction of the reproduction ratio (R) was
observed in chickens after vaccination, indicating inactivated virus vaccine failed to stop the
transmission of LPAT HIN2 virus in this study. The quantified transmission parameters are
essential information for vaccine development and vaccination strategies to control LPAI in
poultry.
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2.2 Method and materials

Ethics statement

All animal experiments were executed according to the recommendations in the Guide for
the Care and Use of Laboratory Animals of the Ministry of Science and Technology of the
People’s Republic of China. Animal welfare in the European Union (Broom 2017) was referred
to ameliorate animal suffering. The Animal Care and Use Committee of Shanghai Veterinary
Research Institute (SHVRI) reviewed the protocols including operative details of euthanasia
via air inhalation (inhalational agent is carbon dioxide). The permit number was SHVRI-C-
2019-0628-049. The chickens were regularly fed and maintained by technicians at the Research
Team of the Etiologic Ecology of Animal Influenza and Avian Emerging Viral Disease
(Research Team for short) at SHVRI. All experiments involving viruses were performed within
the Biological Safety Level 2 facility at the Animal Centre of SHVRI.

Virus and animals

The LPAI HIN2 virus, A/chicken/Jiangsu/A2093/2011 (KP866088.1, A2093), used to
produce inactivated virus vaccine and viral inoculation in all the transmission experiments was
provided by the SHVRI Research Team. This virus was propagated in 10-day-old specific
pathogen-free (SPF) embryonated chicken eggs (ECEs) (Beijing Merial Vital Laboratory
Animal Technology Co., Ltd). Allantoic fluid was harvested 48h after inoculation and stored at
-80°C. The titer of the A2093 virus was determined and the 50% embryo infectious dose (EIDso)
was calculated using the Reed & Muench method (Reed et al. 1938, Wlliams et al. 2016).

The White Leghorn chickens used in the experiments were hatched from SPF ECEs and
raised in high containment facilities with an isolated air-circulation purification system. Enough
water, proper food, and room for the chickens’ social interaction, foraging, and exercise were
provided. Manure was removed at the end of the experiment.

Inactivation and vaccination

The A2093 virus (10° EIDso/0.1 ml) was inactivated by incubation of the virus stock with
1:2000 B-propiolactone for 12h at 4°C. The residual B-propiolactone was evaporated at 37°C
for 2h. Complete inactivation was confirmed by two passages of inoculation in ECEs for at
least 72h. Each passage had to be negative in Hemagglutination (HA) assay as a criterion for
successful inactivation. The live virus displayed 2'° HAU before inactivation and 2° HAU after
inactivation. The inactivated A2093 strain was then mixed with Montanide VG71 (0.85g/cm?)
adjuvant at a volume ratio of 3:7 to guarantee good antigenicity. A total of 45 three-week-old
SPF chickens were vaccinated with this virus emulsion (vaccine) by intramuscular injection in
the legs. Twenty chickens were injected with 0.Iml of the 2°® HAU/ml vaccine with the
expectation of a low antibody response, and 25 were injected with 0.8ml of the 26 HAU/ml
vaccine to achieve a high antibody response. Please note that chickens with a higher vaccine
dose can still have a low antibody response.
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Transmission experiments

Sera of vaccinated chickens were checked every day for two weeks post-vaccination and
collected until the antiserum level was stable. Hemagglutination Inhibition (HI) assays were
carried out with eight HA units of live A2093 virus as antigen to determine the HI titers (HIT)
of the sera. All assays were performed in duplicate. Based on their HITs, the vaccinated
chickens were separated into the high HIT group (serum HIT higher than 23) and low HIT group
(HIT lower than or equal to 2%). This cut-off was based on the titers shown to be effective for
HPALI viruses when vaccinated with low doses, which better reflects the field situation. A control
group was composed of unvaccinated SPF chickens. In each group, at least ten chickens were
selected based on the HIT level; half of the chickens received inoculation, the other half were
recipients for transmission.

In Experiment 1, the inoculated chickens were infected with 107 EIDso of the live A2093
virus at 0.1ml intra-nasally and 0.1ml intratracheally; in Experiment 2, 10° EIDso viruses were
used for inoculation in the same way. A 10-fold lower dose of the A2093 virus was applied in
the second experiment to test whether the virus dose used to challenge the birds was too high
to be able to see the transmission prevention of the vaccine. On day one post-inoculation (d.p.i.),
the contact chickens from the same HI group were added to the containment unit in which the
inoculated birds were kept. Chickens in the same group were free to contact each other and to
share the food and water supply, and thus were able to have contact with others, for example
via excrement.

Oropharyngeal and cloacal swabs of all animals were collected on d.p.i. 1, 3, 5, 7, 9, and
14, and were stocked in 1 ml phosphate-buffered saline (PBS) soon after collection. Each of the
samples was mixed thoroughly and centrifuged at 12000 g for 10 mins at 4°C before the
supernatants were collected and stored at -80°C. On d.p.i 14, the chickens were euthanized, and
the serum was collected for HI assays.

Virus quantification

In Experiment 1, the viral titers of the oropharyngeal and cloacal swabs were determined
using the 10-day-old ECEs as previously described (Klimov et al. 2012) and calculated using
the Reed & Muench method (Reed et al. 1938). The detection limit of the method was set at
0.98 log10-EIDs0/100 ul, when one of the three eggs incubated with the undiluted swab samples
was positive in the HA assay.

In Experiment 2, samples were tested by a two-step reverse transcription (RT) quantitative
polymerase chain reaction (qPCR) (Wilhelm et al. 2003). Chicken embryo allantoic fluid
containing 10° EIDso/100ul HON2 virus was diluted into 10°, 10%, 10°, 102, and 10 EIDs0/100
ul for the standard curve. Allantoic fluid from SPF ECEs was used as the negative control. Viral
RNA of all samples was extracted using QIAGEN Viral RNA Isolation Kit, and the cDNA was
synthesized with Transcriptor High Fidelity cDNA Synthesis Kit (Roche) following the
manufacturer’s protocol. The qPCR specific to the M gene of the influenza virus was performed
by using AceQ Universal U" Probe Master Mix V2 (Vazyme) following the manufacturer’s
protocol. Threshold cycle (Ct) values of all the standard and swab samples and negative control
were obtained. Standard curves were generated with the corresponding Ct values as its viral
titers. Data were regarded as reliable only when the R-square value was above 0.996 in the data
trendline. The Ct values were converted into logarithmic viral titers (log10-EIDs0/100ul) based
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on the standard curves and the corresponding regression line equations. The mean and 95%
confidence interval (CI) of the swabs from SPF chicken were referred for a negative background
control in the RT-qPCR method. The upper boundary of the 95% CI (1.97 log10-EIDs0/100ul)
was considered positive for virus shedding in this RT-qPCR method.

Rank test on virus shedding

For the total shedding value, we summed up the viral titers (logl10-EIDs0/100ul) of all
positive oropharyngeal samples of every chicken in the three Experiment 1 and 2 groups.

Firstly, we compared the total shedding amount of the inoculated and contact individuals
in every group to test if the different inoculation doses in two experiments influenced the virus
shedding for inoculated chickens compared to the contact ones. If inoculated chickens shed
more than the contact infected, the inoculation dose could have been too high compared to the
dose the contact chickens were exposed to. The datasets were filtered into high HIT, low HIT,
and control groups, setting experiments (Expl and Exp 2) as the factor with two levels.

Secondly, virus shedding was also compared between the vaccinated chickens (High HIT
group/low HIT group) and non-vaccinated chickens (Control group) to evaluate the effect of
this vaccination on reducing virus shedding. Datasets were filtered into inoculated and contact,
setting group as the factor with two levels (high HIT vs. control or low HIT vs. control, high
HIT combined low HIT vs. control).

A Wilcoxon rank test (Woolson 2007) was performed using RStudio (Dalgaard 2008). The
exact p-value was computed for the two-tailed test.

Data collection for SIR model

The in-contact or recipient animals at the start were counted as “susceptible” (S), as is the
convention in the SIR model. Furthermore, based on virus quantification, inoculated and any
contact animals infected in the course of the experiment were counted as “Infectious” (I) from
the first day (Date of Starting, DS) they were found to be positive until the last day a positive
sample was found (Date of Ending, DE). After the end of the excretion period, the animals were
counted as recovered (R), in a total population with N individuals: N = S+I+R.

A “case” (C) was noted whenever a contact animal was infected, i.e., once an individual
changed from the susceptible state (S) to the infected/infectious state (I), the population
composition changed into (S-1, I+1). We defined the transmission rate parameter () for the
transmission rate, BSI/N; and the recovery rate parameter (a) for the recovery rate, al. We
collected the transmission-related data (S, I) to estimate the transmission parameters, especially
f in the SIR model. Only the individual chicken with viral titers of the oropharyngeal samples
above each cutoff level was counted for statistical analysis. To obtain sufficient statistical power
to detect differences between vaccinated and unvaccinated groups, we planned to start the
experiment with lo= So = 5 chickens in each group.

Estimation of transmission parameters

We used the reproduction ratio (R) (Diekmann et al. 1990) to quantify the transmission, i.e.
the average number of secondary cases caused by one typical infectious individual during its
entire infectious period (T) in a fully susceptible population. The B was estimated with the
number of infectious cases (C) in an interval and the number of susceptible (S) and infectious
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cases (I) at the beginning of the interval. With the a = %, we computed the reproduction ratio

R = BT. The duration T of the virus excretion was estimated separately for vaccinated and
unvaccinated chickens. The B was then estimated using a GLM (generalized linear model)
implemented for our analysis in RStudio (Klinkenberg et al. 2002).

The probability that a susceptible individual becomes infected during the observation time
interval At, is thus given by:

IAt

p=1l-eFr (1)

In GLM analysis, a complementary loglog link function (In [-In(1-p)]) was used that
transforms (1) into a linear relationship:

IAt

cloglog (p) = In [-In (1-p)] = In (8) + In () 2

In this relationship, the dependent variable (p) is the number of cases (C) divided by the
binomial total (S), and the offset equals In (%). Furthermore, the error distribution is binomial.

From the GLM analysis, we obtained the estimates of In (f), its confidence intervals, and
standard error.

To achieve a precise analysis of R from estimates of In (f), In(R) = In (f) + In(T), we
counted the T value of every infected chicken in the contact population, of which we took the
natural logarithm for the values of In(T). Then the R and its confidence boundaries were
estimated from the In(R) and its confidence intervals. The variance of the estimator In(R) was
obtained using the following equation, assuming independence of In(f) and In(T):

Var[In(R)] = Var[In(B)] + Var[In(T)]

The 95% confidence interval can be calculated as:

In(R) + 1.96,/Var[In(R)].

We also used the GLM analysis to find the effect of vaccination by separating the
vaccinated chickens into high and low HIT groups with a threshold of 2* HI units as previously
estimated for HPAI (Sitaras et al. 2016). In this model, we estimated Bhigh for chickens having
high HIT, Piow for chickens with low HIT, and Bcontrol for non-vaccinated chickens. The
dependent variable is the number of new cases C divided by S (C/S). Two dummy variables
indicate either the high HIT group as 1 (0 otherwise) or the low HIT group as 1 (0 otherwise).
As groups are homogeneous for the vaccination titer class, the regression coefficient cl (see
equation below) of the dummy variable for high titer gives the extra (or less) transmission in
the high HIT group. So, this shows the combined effect of susceptibility and infectivity. The
same is implied for c2, but then for the low HIT group. The equation for the model is:

cloglog (p) = cotcilndhigh +c2Indiowt In (%)
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Herein, In(B) = cotcilndnigh +c2Indiow. Three Ps can be obtained using the estimated
regression coefficients from the GLM analysis:

Bcontrol =ec0
Bhigh — €C0+C1
Blow = eC0+C2 .

Estimation of transmission was performed on both experiments combined after testing for
a possible difference between the two experiments.

Comparison of Ps in the two experiments

With the two dummy variables set for the high and low HIT and control groups, we
compared Bs by using the glm function in RStudio. The Wald test for regression coefficients
was applied to test whether the regression coefficient was different from 0. In the summary
table of g/m, function, z_values were generated with the corresponding probability (Pr (>|z|))
and used to evaluate the differences of the In(f3) values between the control group and the high
HIT group (coefficient of Indnigh) and or between the control group and the low HIT group
(coefficient of Indiow). We used 95% confidence (i.e. 5% error rate) for difference analysis.

To measure the effect of the difference in the virus inoculum in the two experiments as
separate factors, we set values 1 (Experiment 1) and 0 (Experiment 2) in the GLM model. We
compared the datasets of the high and low HIT and the control groups from the two experiments.

Power calculation of the estimated R value

To draw a conclusion in case no significant difference of the transmission rate parameters
between high HIT and control groups was found, we calculated the power of the test for
biologically relevant differences. With the parameter Bs from the vaccinated and control groups,
we calculated the corresponding Rcon (control group) and Rvac (vaccinated group). Practically,
we expected a successful vaccination would reduce the R to below 1, meaning that the virus
cannot persist in poultry. We took the null hypothesis as Ho: Rvac = Rcon; the alternative
hypothesis was Ha: Rvac < Reon. The power calculation was based on the final size analysis of a
corresponding pair-wise transmission experiment. It was shown to be a conservative estimate
for the GLM analysis of any transmission experiment with any other group size containing the
same number of S and I (Velthuis et al. 2007). The pair-wise final size difference can be
analyzed as the difference between two binomial distributions (control vs. vaccinated group)
with each having a different infection probability p for the contact animal in the pair to become
infected. In this case, the p can be calculated using their Rs chosen under the null hypothesis
(Rvac = Reon = 2.0) and under the alternative hypothesis (Rvac < 1 and Rcon as estimated). By
choosing Rvac = Rcon = 2.0 under the null hypothesis, we know that we have the worst case for
accepting the null hypothesis (Velthuis et al. 2007). This can intuitively be understood as then
the probability for contact infection to occur is 0.5, which is the binomial distribution with the
highest variance. Under the alternative hypothesis, infection probability is

R .
P= 7 (Velthuis et al. 2007).

With probability values of difference for every comparison, we calculated the cutoff value
under Ho and the power under the alternative hypothesis.
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2.3 Results

Vaccination with inactivated virus A2093-HIN2

The HIT of the serum from the vaccinated chickens was collected three weeks post-
vaccination when the antibody levels were detected to be stable. The HIT of the chickens before
inoculation was recorded at 0 d.p.i. (Figure 2.1 and Figure 2.2). The chickens were grouped
into high or low HIT groups based on the HI assay (Supplementary Table S2.1) as representative
for a good or poor vaccination response. As in the field situation, the HIT varied between
individuals after vaccination, but vaccination was considered successful for chickens obtaining
HIT > 2!, In Experiment 1, twelve chickens were included in the low HIT group, ten were
included in the high HIT group, and twelve were in the control group. In Experiment 2, only
eight chickens obtained HI titers over 23 after vaccination, twelve were included in the low HIT
group, and ten in the control group. In each group, the number of inoculated and contact

chickens was a 50:50 ratio.
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Figure 2.1 HI titers in the sera of the chickens before and after inoculation in Experiment 1. The high group and low
group represent the high HIT group (serum HIT higher than 2%) and low HIT group (HIT lower than or equal to 2°), respectively.
The Control group displayed the chickens without vaccination. All the HI titers of serum samples from individual chickens are
displayed with median (bar) and range. Both the inoculated and contact chickens are shown.
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Figure 2.2 HI titers in the sera of the chickens before and after inoculation in Experiment 2. The high group and low
group represent the high HIT group (serum HIT higher than 2%) and low HIT group (HIT lower than or equal to 23), respectively.
The Control group displayed the chickens without vaccination. All the HI titers of serum samples from individual chickens are
displayed with median (bar) and range. Both the inoculated and contact chickens are shown.

Virus shedding

Antibody titers in the serum of both inoculated and contact chickens were checked in two
experiments. All the contact chickens were infected according to a significantly increased HIT
in serum on 14 d.p.i, (Figure 2.1 and Figure 2.2), indicating a successful infection with the virus.
We observed no clinical signs in all the groups during the experiment. Only low levels of virus
shedding were observed in cloacal swabs for this HON2 strain in both experiments. Therefore,
statistical analysis was performed on the data obtained from oropharyngeal swabs.

In Experiment 1, all the inoculated chickens from three groups tested virus positive in the
oropharyngeal swabs from 1 d.p.i. Contact chickens in the high HIT group were all tested
positive at 7 d.p.i. (Figure 2.3b); in the low HIT group (Figure 2.3c), all contact chickens were
positive at 5 d.p.i., similar to the control group, which had 5 of 6 individuals infected (Figure

2.3a). All the details of the viral titers in the positive swabs are presented in Supplementary
Table S2.2.
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Figure 2.3 Viral titers of the oropharyngeal swabs after inoculation in Experiment 1. a Viral titers of the oropharyngeal
swabs in the control group; b, Viral titers of the oropharyngeal swabs in the high HIT group; c, Viral titers of the oropharyngeal
swabs in the low HIT group. Viral titers were determined in ECEs and calculated using the Reed-Muench mathematical method.
The background cut-off line is 0.98 1gEIDs0/100ul. All individuals which survived in this experiment and those with HI titers
below the threshold are displayed on the x-axis.
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Based on the detection method, the cut-off value of 1.97 log10-EIDs0/100ul was set to count
infectious cases and estimate the duration of virus shedding. The individuals with virus
shedding below the cut-off were set as 0 (Figure 2.4). Not all the inoculated chickens were
infected after 24 hours in each group, and they also had variable individual viral titers. In the
control group, virus shedding was detectable in all of the contact chickens after 6 d.p.i. (Figure
2.4a). In the high HIT group, only one had a titer above the cutoff line after 24 hours (Figure
2.4b). On 3 d.p.i., three of the inoculated chickens showed significant virus shedding and two
contact chickens became infected on 5 d.p.i. In the low HIT group (Figure 2.4c¢), two inoculated
chickens shed viruses on four and 5 d.p.i and four of six contact chickens became infected on
6 d.p.i. Details in Supplementary Table S2.3.
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Figure 2.4 Viral titers of the oropharyngeal swabs after inoculation in Experiment 2. a Viral titers of the oropharyngeal
swabs in the control group; b, Viral titers of the oropharyngeal swabs in the high HIT group; ¢, Viral titers of the oropharyngeal
swabs in the low HIT group. Viral titers were determined using qPCR and calculated into EIDso values based on the standard
curve. The background cutoff line is 1.97 IgEIDs0/100ul. All the individuals were alive, but only those with viral titers above
the cut-off are shown in the figure.
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Comparisons of virus shedding in rank test

For the analysis of the transmission, we assumed that contact infected and inoculated
chickens in the different groups had the same infectivity. However, the infectivity of inoculation
may depend on the inoculation dose. An indication for too high inoculation dose (e.g. 107 EIDso
in Experiment 1) would be when inoculated individuals shed more than the recipient contact
individuals. Therefore, we compared the virus-shedding levels between the inoculated and
contact individuals in the different groups in two experiments. The null hypothesis was that
inoculated and contact chickens have the same virus-shedding level. In the Wilcoxon rank test
(Table 2.1), p-values for the comparison between inoculated and contact chickens in
Experiment 1 indicated the same distribution of the inoculated and contact population in the
vaccinated population (p = 0.35 in high HIT group, p = 0.75 in low HIT group), but a biased
shedding level in the control group (p = 0.0065). Comparing Experiment 1 with Experiment 2
showed that in experiment 1, virus shedding was significantly higher than in Experiment 2.

Table 2.1 Wilcoxon rank test of virus excretion comparing inoculated versus contact and Experiment 1 (Exp1) versus
Experiment 2 (Exp2).

Comparisons Datasets Exp 1 Exp 2
Inoculated vs. Contact High HIT Group W =8, p-value = 0.35 W =0, p-value = 0.050
Low HIT Group W = 16, p-value = 0.75 W = 10, p-value = 0.56
Control Group W = 1, p-value = 0.0065" W =19, p-value =0.17
Expl vs. Exp2* High HIT Group W = 58, p-value = 0.0024*
Low HIT Group W =95, p-value = 0.00029*
Control Group W =96, p-value = 0.018"

* Sum of virus shedding of inoculated and contact chickens. # P-value < 0.05 indicated significant difference.

Considering the influence of inoculation doses, a comparison of virus shedding from
vaccinated versus non-vaccinated chickens was carried out separately for the two experiments.
Table 2.2 shows that the virus shedding of the chickens in the vaccination group with relatively
high HIT (>2%) was reduced compared to the non-vaccinated group in some comparisons: i.e.
for experiment 1, this was in the inoculated group and experiment 2 in the contact infected
group. In detail, in Experiment 1, six of the ten vaccinated chickens (high HIT group) obtained
antisera titer at 2° HIT, and four were above 2° HIT, but the virus shedding level was not
significantly different from the un-vaccinated group for both inoculated (p = 0.10) and contact
chickens (p = 0.78). With less virus dose for inoculation in Experiment 2, virus shedding of
chickens in the vaccinated group (high HIT group with five of eight chickens achieving more
than 2% HIT) was significantly less in contact chickens, at only (p = 0.025). Moreover,
combining the data of high HIT and low HIT group as a vaccinated population (mixed
individuals with good and bad antibody responses), the virus shedding was also reduced with a
significant difference in inoculated chickens but not in contact chickens (W = 53, p-value =
0.044) from Experiment 1. However, in Experiment 2 vaccination significantly reduced the
virus shedding in contact chickens (p-value = 0.042) compared to inoculated ones. All these
biases could be due to the influences from different inoculation doses. After combining data
from the two experiments (‘“Experiments combined” in Table 2.2), no significant difference was
found with the Wilcoxon rank test for both contact and inoculated chickens.
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Table 2.2 Wilcoxon rank test of virus excretion comparing the vaccinated (High HIT and low HIT group) versus non-
vaccinated (Control group) chickens.

Comparisons Datasets Exp 1 Exp 2 Combined Experiments

High HIT vs. Non-vaccinated Inoculated W =24, p-value = 0.10 W =6, p-value = 0.65 W =51, p-value = 0.56
Contact W =16.5, p-value = 0.78 W =15, p-value = 0.025" W =59.5, p-value = 0.20

Low HIT vs. Non-vaccinated Inoculated ~ W =29, p-value = 0.078 W = 14, p-value = 0.33 W =67, p-value = 0.40
Contact W =10, p-value = 0.20 W =15, p-value = 0.22 W =58, p-value = 0.83

Vaccinated vs. Non-vaccinated*  Inoculated W = 53, p-value = 0.044" W =20, p-value = 0.68 W =118, p-value = 0.39

Contact W =26.5, p-value = 0.51 W =30, p-value = 0.042" W =117.5, p-value = 0.41

* The vaccinated data was the sum of virus shedding from the High HIT and low HIT group; Non-vaccinated data was from
the control group. # P-value < 0.05 indicated significant difference.

Estimation of transmission rate parameters

The data of the transmission experiments used to estimate transmission parameters were
observed as S, I, C, and N as described in the M&M above. The results are given in Table 2.3
and the result of the analysis is described below.

Table 2.3 Data abstracted from the transmission experiment for parameter estimation for the stochastic transmission

model.

Experiment Group DS* DE® S I C N

Exp 1 Control 1 3 6 6 1 12
Control 3 5 5 7 4 12
Control 5 7 1 11 1 12
High 1 3 5 5 3 10
High 3 5 2 8 1 10
High 5 7 1 8 1 10
Low 1 3 6 6 3 12
Low 3 5 3 9 3 12

Exp 2 Control 2 3 3 5 0 10
Control 3 4 3 3 0 10
Control 4 5 3 4 1 10
Control 5 6 2 5 2 10
High 1 2 4 1 0 8
High 2 3 4 1 0 8
High 3 4 4 3 0 8
High 4 5 4 2 0 8
High 5 6 4 1 2 8
High 6 7 2 3 0 8
Low 3 4 6 1 0 12
Low 4 5 6 3 1 12
Low 5 6 5 3 3 12
Low 6 7 2 5 0 12
Low 7 8 2 3 0 12

* 4 Date of Start, the date when infection case(s) is observed; ®, Date of Ending, the date when the infection case ends.
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Supplementary Table S2.4 displays the basic datasets of the two experiments for estimation
and pairwise comparison between groups in RStudio. The average duration of the observed
shedding (T), the estimated fs, and the corresponding R values of the different groups in both
experiments are listed in Table 2.4. In experiment 1, the average infectious periods were 7.6,
7.8, 6.5 in the high, low HIT, and control groups, respectively. Whereas, in Experiment 2, the
average T of both high and low HIT groups dropped (2 for the high HIT group and 2.8 for the
low HIT group) compared to that of the control group (T = 5.0 days).

Table 2.4 Three transmission rate parameters of three groups in different datasets from two experiments.

Experiments Group Coefficient B* (day™) T (days) R 095 ClofR
down up
Exp 1 High HIT Group -0.210 0.811 7.6 6.090 2.276 16.295
Low HIT Group 0.007 1.007 7.8 7.727 3.007 19.860
Control Group -0.450 0.638 6.5 4857  2.079 11.349
Exp 2 High HIT Group -0.840 0.433 2.0 0.865 0212 3.536
Low HIT Group -0.016 0.985 2.8 2.591 0.790 8.496
Control Group -0.251 0.778 5.0 3.562 0.833 15.227
Exp 1&2 High HIT Group -0.442 0.643 6.0 3.305 0.740 14.766
Low HIT Group -0.003 0.997 58 4.988 1.290 19.284
Control Group -0.385 0.680 6.5 4.110 1.458 11.586
Control & Low Group -0.203 0.816 6.1 4.466 1.490 13.386

2 B is calculated from exp (Coefficient).
bR is calculated from exp(InR), InR = In+InT

In the pairwise comparison of the g between groups in the two separate experiments, no
significant differences between the high HIT and control groups were found, nor between the
low HIT and control groups (Table 2.5). Combining the data for the control and low HIT group
(C&L), gave a combined estimated Bc&r for unvaccinated/poor-vaccinated chickens in each
experiment. Even then, no significant differences were found comparing the combined group
to that of well-vaccinated (high HIT group) chickens in either experiment (Table 2.5, p=0.931
in Experiment 1, p= 0.379 in Experiment 2).

We then conducted difference analysis between the two experiments separately for paired
high, low HIT, and control groups, respectively. No significant differences were found in
transmission parameters between paired HI level groups from the two experiments (Table 2.5).
Practically, we combined the paired data of both experiments to estimate the transmission
parameters without considering the inoculation dose. With the combined basic dataset (Table
S4), we obtained more precise estimations for the transmission parameters of high, low HIT,
and control groups, Peon = 0.680 day™!, Brigh= 0.643 day™!, and Piow = 0.997 day™!. As in Table
2.4, the estimated T for the high HIT group was Thigh = 6.0 days, Ruigh=3.31 (95% CI, 0.740 --
14.766), for the low HIT group was Tiow = 5.8 days, Riow =4.99 (95% CI, 1.290 -- 19.284); and
for the control group it was Tcon = 6.46 days, Recon = 4.11 (95% CI, 1.458 -- 11.586). Pairwise
comparisons were analyzed between the high HIT and control group using the same method,
but again no significant differences were observed (p-value = 0.911); we also found no
significant difference between the low HIT and control group (p-value = 0.415) (Table 2.5). We
then combined the statistics of the control and low HIT groups (C&L), obtaining the combined
estimated Bcsr = 0.82 day™!, and R = 4.47 for control combined with the low HIT group (95%
CI, 1.490 -- 13.386). Still, we found no significant differences between vaccinated and
unvaccinated chickens (p-value = 0.594).
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Table 2.5 Comparison analysis of Inf between groups.

Experiments Comparisons of Inf§ p value Effect (Inp)
Expl Control vs. High Group 0.702 0.240
Control vs. Low Group 0.451 0.457
Low Group vs. High Group 0.735 0.216
High Group vs. (C&L) 0.931 0.042
Exp 2 Control vs. High Group 0.524 -0.587
Control vs. Low Group 0.758 0.236
Low Group vs. High Group 0.348 -0.823
High Group vs. (C&L) 0.379 -0.715
Exp 1&2 Control vs. High Group 0911 -0.057
Control vs. Low Group 0.415 0.383
Low Group vs. High Group 0.594 -0.239
High Group vs. (C&L) 0.594 -0.239
High HIT Group Exp 1 vs. Exp 2 0.464 0.629
Low HIT Group Exp 1 vs. Exp 2 0.972 0.023
Control Group Exp 1 vs. Exp 2 0.780 -0.198
High Group vs. (C&L) Trial I vs. Trial IT 0.747 0.177

Power calculation

For the comparison of the R values between the vaccinated group with high titer and the
unvaccinated control, we compared (S, I) = (6, 6) for control to (S, I) = (5, 5) for the high HIT
group in Experiment 1; and (S, I) = (5, 5) for control and (S, I) = (4, 4) for the high vaccinated
group in Experiment 2. In terms of power, this is the same as comparing between 9 pairs of
(S, ) = (1, 1) for the vaccinated high titer group and 11 pairs of (S, I) = (1, 1) for the control
group (Velthuis et al. 2007). The experimental data of the control group gave an estimated
Rc= 4.1 with the number of sample pairs, N c= 11. With the sample size of 9 pairs for the high
HIT population and 11 pairs for the control, we obtained a p_value < 0.05 (0.04965) rejecting
the null hypothesis (Rvac = Rcon = 2). Then, under the alternative hypothesis with Rcon=4.1 and
expected Rvac = 0.6, we obtained the power = 0.651.

After having found no significant differences between the low HIT and control groups in
the transmission parameter, we combined the data from the low HIT and control groups for
precise estimation of the R parameter and a larger sample size for higher power value. The
experimental data of the unvaccinated population had a combined estimation fc&rL= 0.82 day"
!, and an average T of 6.1 days, with Rcar=4.47. The number of the sample pairs in this poorly
or non-vaccinated population was Nc&L = 23, and an estimated power of 0.781 was obtained
with p_value as 0.049.

Therefore, we had more than 0.78 of power i.e. if vaccination after achieving HIT>23 in the
high HIT experimental groups would have stopped the transmission of LPAT HON2 virus (R<1),
we would have detected it.
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2.4 Discussion

In this study, we investigated the effect of the inactive-virus vaccine against LPAI HON2
on the transmission of the homologous virus in chickens by combining the transmission
experiments and SIR model for reproduction ratio (R). The starting assumption was that the
transmission could successfully be stopped (R < 1) in a vaccinated chicken population if there
is no antigenic difference between virus and vaccine. The stochastic SIR model was used to
estimate transmission parameters from experimental data (De Jong et al. 1994). In this study,
we estimated the transmission rate parameter based on the HON2 virus from oropharyngeal
shedding, given that it is difficult to evaluate clinical protection for LPAI viruses via observing
clinical signs from infected chickens (Foster 2018, Germeraad et al. 2019).

In the transmission experiments, virus shedding was detected and used to determine the
infectious status of the chickens for both inoculation and contact (susceptible individuals). The
SIR model does not include an exact value for virus shedding; the infected case is defined based
on virus detection of either 0 (negative) or > 0 (positive). Therefore, the viral titers determined
using the 10-day-old ECEs with Reed & Muench method (Experiment 1) and by RT-qPCR
(Experiment 2) were referred based on the methodology thresholds, respectively. When
challenged with 107 EIDso of virus (Experiment 1), the transmission of LPAI HIN2 did not
result in an R value below 1 in well-vaccinated chickens. With this high viral dose, all the
inoculated chickens from the vaccinated groups were shedding virus via the oropharyngeal
pathway, and total shedding levels between inoculated and contacts were not significantly
different according to the Wilcoxon rank test. However, the high virus dose contributed to the
high shedding of inoculated chickens in the control group (Table 2.1). We performed another
independent transmission experiment with 10° EIDso viruses to avoid the bias of data from a
single high inoculation dose. In this study, where we simulated the natural infection route via
contact, virus shedding was still observed for both inoculated and contact chickens. No
significant difference in the total shedding amount was found between inoculated and contact
chickens in the Wilcoxon rank test, based on the combined data in two experiments. For the
effect of this vaccine on the virus shedding, reduction in oropharyngeal virus shedding of
contact chickens from the high HIT group was observed compared to that from the control
group when the challenging dose was 10° EIDso. However, when combined with the data from
two experiments, there was no significant difference between vaccinated (both in high HIT and
low HIT group) and non-vaccinated chickens in the Wilcoxon rank test. Vaccination with
inactivated virus vaccine did provide certain protection for those individuals obtaining high
antibody response, but this protection did not stop virus shedding completely. This result may
be biased by the fact that we have limited data for this group, and the infectious period was very
short. The effects of the virus shedding on transmission were further analyzed using
transmission models and statistical analysis.

In the statistical analysis, the inoculated dose was included as a modifying factor to obtain
an overall estimation of the vaccination effect. Even though when challenging with less virus
dose there were fewer infectious individuals, a shorter infectious period and lower total
shedding amount were observed,; still, the infection of contact chickens was observed, showing
highly increased HI titers at the end of the experimental period (Table S1, except for the bird
NO. 33). This suggests that vaccinated chickens can still be infected by the 10° EIDso viruses,
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and the transmission rate is reduced by a high level of antibodies. But to achieve an optimal
transmission model reflecting the transmission process with different viral doses and shedding
level, as occurs in the field, we combined the two independent experiments together for analysis
of the vaccination factor solely so that it would give a better estimation of the transmission rate
parameters. The combined datasets showed that both virus shedding level and transmission rate
were not significantly reduced by vaccination.

We applied the GLM to analyze our transmission experiments, as this is feasible for a
heterogeneous population, providing higher power to find a difference in transmission between
two treatment groups (Velthuis et al. 2007). After observing no differences between the control
and low HIT group, we combined the parameters of these two groups (C&L). We also found no
significant differences between the high HIT group and the combined (C&L) (p = 0.594). We
thus accepted the null hypothesis that transmission rate parameters of vaccinated and
unvaccinated chicken were not significantly different. As we only had a few groups and no large
ones, we did a power analysis to evaluate the confidence of the conclusion drawn from this
sample size. With an expected R value of 0.6 as an indication for successful vaccination, the
power in our experiment was 78%, which is somewhat less than 80% due to the uneven sample
sizes of the vaccinated and unvaccinated groups, and the lower number of individuals in the
high HIT group. However, our results strongly suggest that even successful vaccination (in
terms of achieving high titers > 2%) cannot stop the transmission of HON2 among vaccinated
chickens.

In contrast to our results for HON2, previous research showed a significant reduction in the
transmission of some H5 and H7 HPAI subtype avian influenza in chickens after vaccination
(Van der Goot et al. 2005, Bouma et al. 2009). In addition, research by van der Goot et al., (Van
der Goot et al. 2007) showed a considerable reduction in transmission for H5SN1. HON2
vaccination was found to provide protective efficacy against disease for HON2 avian influenza
virus in ducks after intravenous injection of the virus. (Teng et al. 2015). However, in those
vaccination and challenge experiments, the virus could still be detected (at low levels) in nasal
or cloacal swabs during the experiments (Choi et al. 2008, Kim et al. 2017, Gan et al. 2019).
For example, in the study suggesting that inactivated HIN2 vaccines containing at least 250
HAU/dose will minimize virus shedding in SPF chickens (Kilany et al. 2016), in 20%-50%
chickens, 250 HAU/dose vaccination was detected with 2.3-2.48 EIDso/ml virus shedding.
However, the transmission resulting from this virus shedding was not subsequently estimated.
For the vaccines against HPAI in poultry, good protection against clinical signs and mortality
was achieved (Swayne et al. 2016), whereas another study identified that a single vaccination
dose hardly reduced transmission of the HSN1 virus in ducks, one week after vaccination
(van der Goot et al. 2007). Because no clinical signs and mortality were observed in chickens
infected with the LPAT HIN2 virus, the individual protection of this vaccine was evaluated
based on virus shedding. In our experiment, the inactivated HON2 vaccine did induce an
immune response, as we measured an increase of antibodies in the serum. With reduced virus
shedding, the transmission still continued in the population. Further research is required to
provide more insights into the immune response and the relationship between vaccination and
transmission of LPAI viruses.

36



Transmission model of HON2 AIV in vaccinated chicken

In our research combining an experimental transmission study with mathematical
modelling, we show that inactivated HON2 vaccine is able to provide individual protection but
unable to stop the transmission of the HON2 AIV in chickens. The power of the statistical test
used was 78%. Transmission modelling can give a statistical estimation of the vaccine effects
on virus transmission in certain populations, thereby providing guidance for control strategies.
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Table S2.4 Datasets of the three groups in the two experiments for estimation in SIR model and GLM model.

Group CH CL DS DE S I C N dt  offset exp
Control 0 0 1 3 6 6 1 12 2 0 1
Control 0 0 3 5 5 7 4 12 2 0.154 1
Control 0 0 5 7 1 11 1 12 2 0.606 1
High 1 0 1 3 5 5 3 10 2 0 1
High 1 0 3 5 2 8 1 10 2 0.47 1
High 1 0 5 7 1 8 1 10 2 0.47 1
Low 0 1 1 3 6 6 3 12 2 0 1
Low 0 1 3 5 3 9 3 12 2 0405 1
Control 0 0 2 3 3 5 0 10 1 -0.69 0
Control 0 0 3 4 3 3 0 10 1 -1.2 0
Control 0 0 4 5 3 4 1 10 1 -0.92 0
Control 0 0 5 6 2 5 2 10 1 -0.69 0
High 1 0 1 2 4 1 0 8 1 -2.08 0
High 1 0 2 3 4 1 0 8 1 -2.08 0
High 1 0 3 4 4 3 0 8 1 -0.98 0
High 1 0 4 5 4 2 0 8 1 -1.39 0
High 1 0 5 6 4 1 2 8 1 -2.08 0
High 1 0 6 7 2 3 0 8 1 -0.98 0
Low 0 1 3 4 6 1 0 12 1 -2.48 0
Low 0 1 4 5 6 3 1 12 1 -1.39 0
Low 0 1 5 6 5 3 3 12 1 -1.39 0
Low 0 1 6 7 2 5 0 12 1 -0.88 0
Low 0 1 7 8 2 3 0 12 1 -1.39 0

41

Chapter 2



P Novack,



Molecular characterization

of antigenic drift of avian HIN2 viruses
in southern China



Phylogenetic and antigenic changes of HON2 AIV in southern China

Abstract

The HIN2 subtype avian influenza virus (AIV) has become endemic in poultry globally,
however due to its low pathogenicity, it is not under primary surveillance and control in many
countries. Recent reports of human infection caused by HON2 AIV has increased public concern.
This study investigated pathogenic and antigenic analysis HON2 AIV isolated from local
markets in nine provinces in southern China from 2013 to 2018. We detected an increasing
annual isolation ratio of HIN2 AIV. The Neighbor-joining tree of HA genes suggests that
isolated strains were rooted in BJ94 lineage but have evolved into new subgroups (II & III) part
from the existing subgroup I. The estimated mutation rate of the subgroup III strains was
6.23x1073 substitutions/site/year, which was 1.5-fold faster than that of the average HON2 HA
rate (3.95x107 substitutions/site/year). Based on the antigenic distances of isolated strains to
vaccine strain (F98 in subgroup I) in HI assay, subgroup II and III strains resulted in two clear
antigenic clusters (cluster 2&3) away from the F98 in cluster 1. New antigenic properties of
subgroup III viruses were identified at eleven amino acid positions in the HA protein sequence,
which are examples of antigenic drift and potentially change the immunogenic properties of the
HON2 AIV. Our phylogenetic and antigenic analysis over 2013-2018 shows the evolutionary
change of the HA ORF of the HON2 strains in local markets in China, providing new insights
in the antigenic drift.

IMPORTANCE The HIN2 LPAI virus has become endemic in poultry globally. In several
Asian countries, vaccination against HON2 AIV was permitted to reduce economic losses in the
poultry industry. However, surveillance programs initiated after the introduction of vaccination
identified the persistence of HON2 AIV in poultry (especially in chicken in South Korea and
China). Recent reports of human infection caused by HON2 AIV has increased public concern.
Surveillance of HIN2 circulating in poultry in the fields or markets was essential to update the
vaccination strategies. This study investigated phylogenetic and antigenic analysis on HON2
AlVs isolated from local markets in nine provinces in southern China from 2013 to 2018. The
discoveries of the potential antigenic sites on the HA gene provide a timely reference for
discovering the evolution of HIN2 under selection pressure from vaccination and updating
vaccination strategy in poultry.
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3.1 Introduction

Currently, HON2 avian influenza virus (AIV) is one of the predominant subtypes (together
with HS and H7 subtype AIVs) circulating in both wild birds and poultry (Alexander 2000,
Perez et al. 2003). Ever since the first isolation reported in the USA in 1966, the HON2 subtype
AIV has become endemic in many countries across different continents, including North
America, Africa, Oceania, Asia and Europe (Homme et al. 1970, Peacock et al. 2019). Despite
the direct economic loss in poultry industry over the past decade, HON2 AIV also has a potential
threat to public health by providing inner genes for reassortment. Recent reports of human
infection cases caused by HON2 AIV has increased public concerns (Butt et al. 2005, Wan et al.
2011, Huang et al. 2015, Pan et al. 2018).

Surveillance of HON2 AIV is carried out in many countries, especially China and other
Asian countries in which the live poultry markets (LPM) are a potential location for human-
poultry transmission or reassortment (Liu et al. 2003, Nguyen et al. 2005). Genetic monitoring
information shows two main phylogenic branches, the Eurasian branch and the American
branch. The Eurasian branch consists of at least three stable poultry lineages, G1 (A/quail/Hong
Kong/G1/1997), BJ94 (A/chicken/Beijing/1/94) and Y439/Korean lineage (A/chicken/Hong
Kong/Y439/1997) (Guo et al. 2000, Lu et al. 2005). However, research shows that the dominant
HON2 AIV lineage differs depending on which endemic region is considered. The BJ94-like
lineage is suggested to be dominant in poultry in mainland China (Lu et al. 2005). Li et al.
reported that HA genes of some HIN2 isolated from chicken and other hosts between 2009-
2011 were mainly derived from Y280-like lineage (Li et al. 2012). In addition, Yang et al.
reported G9-like HIN2 viruses as being mainly isolated in mainland China (Yang et al. 2019).
The Y280 and G9 lineage developed from the early BJ94 lineage, which has been detected
throughout China since 1994 (Peacock et al. 2019).

In addition to monitoring programs, some countries have also implemented poultry
vaccination to prevent HON2 AIV, which has become endemic (Choi et al. 2008, Zhang et al.
2008, Gu et al. 2017, Dharmayanti et al. 2020). However, due to the rapid mutation of RNA
virus, AIVs undergo antigenic drift under the immune pressure from the large-scale and long-
term use of vaccines. Lessons learned from the failure of vaccine in prohibiting virus shedding
and transmission of AIV (Lee et al. 2004, Park et al. 2011) show the need for correct and regular
updates of vaccine strains, based on the genetic and antigenic properties. For example, the
A/Chicken/Shanghai/F/98 strain was found to be entirely different from the G1 lineage directly
related to human infection in Hong Kong, and this was then selected for a commercial poultry
vaccine used in mainland China (Lu et al. 2003, Shi et al. 2005). In this way, monitoring
programs providing information on the genotypic characters of HIN2 AIV that relate to
potential antigenic changes contribute to better management. Besides, the continuous
circulation of HIN2 in vaccinated poultry not only hints at an antigenic drift and/or clade
replacement by vaccine, but also introduces a doubt whether the inactivated vaccine is effective
at stopping transmission of LPAT HIN2 in poultry. Our previous research (Chapter 2) indicated
the high possibility of transmission undergoing in vaccinated chicken with inactivated vaccine.
This, consequently, might lead to genetic changes towards antigenic mutations. Research that
combines genetic mutation with antigenic changes is needed to better understand the molecular
determinants of H9 antigenicity.
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Since 2003, monitoring programs of LPAI HON2 in southern China were conducted by the
Research Team of the Etiologic Ecology of Animal Influenza and Avian Emerging Viral Disease
in SHVRI. Swab samples from domestic poultry (chicken, duck, pigeon, goose) were collected
annually in the local markets in southern China. The most recent samples collected from 2013
to 2018 showed an increasing annual isolation ratio of HON2 AIV in southern China. The
phylogenetic and antigenic analyses of the HON2 isolates were combined to identify a common
clustering change. The most recent isolates clustered together but were far from the vaccine
strains. Isolated strains forming a novel antigenic group in antigenic assay also clustered in a
new subgroup in the phylogenetic tree. The evolution rate of strains in the new antigenic group
was estimated to be higher than the average rate of HON2 in China. Moreover, amino acid
changes on HA protein indicating potential antigenic sites provides new evidence for the
molecular evolution of HON2.

3.2 Materials and methods

Ethics statement

All animal experiments were conducted in accordance with the recommendations of the
Guide for the Care and Use of Laboratory Animals of the Ministry of Science and Technology
of the People’s Republic of China and the Netherlands. The protocols (SHVRI-SZ-20190730-
01 and SHVRI-SZ-20190906-02) used in the study were approved by the Animal Care and Use
Committee of Shanghai Veterinary Research Institute (SHVRI).

Samples collection and virus isolation

Between 2013 to 2018, a total of 13981 oropharyngeal swabs and cloaca swabs were
collected from chickens, ducks, geese and pigeons in local markets from nine provinces in
China (Guangzhou, Fujian, Jiangxi, Zhejiang, Shanghai, Anhui, Jiangsu, Shandong, Hunan).
Swab samples were inoculated in the allantoic cavity of 10-day-old specific-pathogen-free (SPF)
chicken egg embryos. The harvested allantoic fluids were tested by Hemagglutination Assay
(HA). Total viral RNAs of HA-positive allantoic fluids were extracted to detect influenza
viruses by amplifying the M gene in Polymerase chain reaction (PCR). Hemagglutination
Inhibition (HI) assays were then used as anti-serums specific for H9 subtypes influenza viruses.

Phylogenic analysis, mutation rate and gene diversity of HA gene

The viral RNA was extracted and reverse transcription was performed with Unil2 primer
as previously described (Hoffmann et al. 2001, Beato et al. 2014). The eight full-length segment
nucleotide sequences of HIN2 collected from 2013 to 2018 in China were submitted to the
GIASAID database (https://platform.gisaid.org/epi3/cfrontend#80368). For the strains isolated
in 2018, only the HA and NA gene sequences were available at the time of performing the study.
Complete HA sequences of HON2 isolated strains were edited using EditSeq in Lasergene 7.0.
Based on previous research (Teng et al. 2016), representative strains of HON2 in China and
from other Asian and American countries were selected for neighbor-joining (NJ) tree using
MEGAX. The TN93 (Tamura-Nei, 93) +G (0.39) model was used with 1000 bootstraps.

To generate a time-scale tree of the whole lineage containing the HON2 strains isolated
from this lab (Zehender et al. 2012), we included all G9 lineage strains from the data set in
previous research (Yang et al. 2019) plus a few additional representatives for the lineage
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indications from mainland China. The exact date information was adjusted. We then constructed
time-scaled phylogenies using a Bayesian Markov chain Monte Carlo (MCMC) framework
implemented in the BEAST (v1.10.2) (Suchard et al. 2018). Maximum clade credibility (MCC)
trees were reconstructed with 10% burn-in, and the posterior distribution of relevant parameters
was assessed in FigTree (v 1.4.4). The Skyride plot was generated in Tracer with an estimation
for the mean of mutation rate (substitution/site/year).

Antigenic assay

According to the phylogenetic tree of the HA gene, 29 HIN2 viruses were isolated from
2013 to 2018; we selected five early isolates (A/chicken/Hunan/B445/2011,
Al/chicken/Jiangsu/A2093/2011, A/Chicken/Shanghai/441/2009, A/chicken/Hunan/2106/2009),
A/Chicken/Shanghai/F/1998) for the antigenic analysis. Briefly, specific antisera with each
virus isolate were produced in SPF Leghorn chicken with adjuvant MONTANIDE ISA 71 VG
(SEPPIC). The hemagglutination inhibition (HI) assay was conducted to test cross-activity
between virus and anti-serum as described prescribed by the OIE (Stear 2005). The test was
performed in duplicate and by two independent persons and medium value was calculated
(Supplementary Table S3.1). This dataset of HI assay was used to calculate antigenic distances
between the different HON2 isolates by using the method as described previously (Sitaras et al.
2014) in R studio. Scatter plot of all the HON2 isolates with their distance to the vaccine strain
(F98) was programmed in R studio.

Molecular evolution analysis

To investigate the amino acid mutations that played an important role in the appearance of
anew antigenic cluster, the HA protein sequences of selected 2013-2018 HIN2 isolated viruses
and six previous HIN2 viruses were aligned and compared. Based on the new clustering in the
antigenic assay, we searched for specific molecular changes on the amino acid sequences which
were different between the antigenic clusters. To achieve the 3D position of the identified
molecular changes on the sites of HA protein, the HA1 structure of H9 was simulated. The
A/swine/Hong Kong/9/98(HIN2) (1JSD) (Ha et al. 2002) was used as a template with sequence
identity as 86.21. The HA structure model was built with 0.96 GMQE (Global Model Quality
Estimation) and 0.23 QMEAN (Studer et al. 2019).

We then studied the real-time dynamic changing of these potential antigenic sites by
generating phylogenetic tree of the genotype at every site on one practical online database
(https://mextstrain.org) (Hadfield et al. 2018). To zoom in on the evolutionary situation in China,
we filtered the HON2 sequence data from avian influenza in China from 1968 to 2020. We
coloured the genotype and selected the interesting potential antigenic site on HA protein, so
that the distribution and diversity of the amino acids at that site would display in a time-scale
tree. In this way, the molecular evolution of one amino acid site locating on HA protein was
traced based on real-time HIN2 data all over China.
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3.3 Results

Epidemiology information of samples from southern China from 2013 to 2018

In order to monitor the prevalence of HON2 AIV in southern China, we collected
oropharynx and cloaca samples of poultry from LPMs in nine cities of different provinces in
southern China. From 2013 to 2018, a total of 13981samples were collected from chickens
(9363 samples), ducks (4505 samples), geese (81 samples) and pigeons (32 samples) in
different LPMs (Table 3.1). The total isolation ratio of the HON2 subtype accounted for the
majority of the 1549 avian influenza-positive samples, with a ratio of 78.18% (1211 /1549) over
the whole period. The separation rate of HON2 AIV in 2013, 2014, 2015, 2016, 2017 and 2018
were 2.67% (104/3895), 6.10 % (225/3689), 15.69 % (339/2161), 15.25 % (329/2158), 10.44 %
(188/1801), and 9.39% (26/277) respectively (Figure 3.la, Table 3.1). From a regional
perspective, the HON2 AIV separation rate is higher in the three provinces and cities:
Guangzhou, 11.23%; Shanghai, 10.88 %; Jiangxi 10.79 % (Figure 3.1b).
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Figure 3.1 Isolation information of HIN2 in
nine provinces in southern China. a, Annual
isolation ratios of HIN2 from all the nine
provinces in southern China. The total height
of every bar in this histogram is the total
number of AIV-positive samples collected per
year from 2013 to 2018; the top yellow part of
the bar is the number of detected HIN2
positive samples. The grey line shows the
isolation ratio of HON2 over the years. b, The
isolation ratio of HIN2 in each province in
the period 2013 to 2018. Based on the 5-year
total isolation ratio, the provinces are colour-
marked: dark red shows the highest isolation
ratio in percentages in the period under study.
The data of the top three areas were listed. No
samples were collected in grey areas.
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Table 3.1 AIV isolation data in the field markets of southern China from 2013 to 2018.
Isolation Year
City 2013 2014 2015 2016 2017 2018
Total® AIV® HON2® Total AV HON2 Total AIV HON2 Total AIV HIN2 Total AV HON2 Total AIV HON2
Guangzhou 1232 75 59 861 79 47 632 133 120 606 181 171 302 14 11 NA. NA. NA
Fujian 478 16 11 339 46 24 184 42 36 140 25 22 156 29 25 95 21 20
Jiangxi NA. NA. NA. 386 55 30 244 32 26 300 30 25 256 47 47 NA. NA. NA.
Zhejiang 154 2 2 158 10 4 130 27 22 NA. NA. NA. NA. NA. NA. NA NA NA
Shanghai 288 24 21 273 35 25 61 3 2 32* 32 17 155 24 23 NA. NA NA
Anhui 446 6 6 359 36 19 330 48 31 360 0 0 313 37 28 NA. NA. NA.
Jiangsu 337 0 0 516 30 18 281 72 54 305 31 26 419 48 37 158 1 1
Shandong 514 1 0 459 42 33 21* 19 15 207 32 31 NA NA. NA NA. NA NA
Hunan 446 11 5 338 47 25 278 35 33 208 38 37 200 27 17 24 6 5
Total 3895 135 104 3689 380 225 2161 411 339 2158 369 329 1801 226 188 277 28 26
!, Number of the total swab samples collected from duck/chicken in the market;
2, Total number of the AIV positive samples;
3, Total number of the HIN2 positive samples; NA. no data.* samples from sick poultry with flu-like symptoms and tested
positive in HA assay.

The phylogenic tree of HA genes

In order to analyze the genetic evolution of the HA gene of the HON2 isolates, 39
representative isolates were selected to perform HA gene sequencing and further analysis based
on geographical and host differences. These included seven viruses isolated in 2013, six in 2014,
five in 2015, seven in 2016, seven in 2017 and seven in 2018. Phylogenetic analysis showed
that the HA genes of the isolates from 2013 to 2018 were all distributed in subgroup II or
subgroup III, except for A/chicken/Guangdong/D2703/2013 and A/chicken/Fujian/F1132/2015
and the commercial vaccine strain A/chicken/Shanghai/F/1998 (F/98) which were co-located in
subgroup I (Figure 3.2a). Among them, the virus strains located in subgroup II included one
isolate (14.3%) in 2013, three isolates (50.0%) in 2014, one isolate (20.0%) in 2015, one isolate
(14.3%) in 2016, and three isolates (42.8%) in 2017. The subgroup II lineage was represented
by A/Chicken/Zhejiang/HJ/2007, belonging to the G57 genotype as described previously (Pu
et al. 2015). In addition, a new branch of evolution, subgroup III, began to appear after 2013,
including five virus (71.4%) isolated in 2013, four (66.7%) in 2014, three (60.0%) in 2015, six
(85.7%) in 2016, four (57.1%) 2017, and seven (100.0%) in 2018.

In order to estimate the time when subgroup I, subgroup II and subgroup III viruses started
to appear, the most recent common ancestor (tMRCA) was estimated based on the HA genes of
all HON2 isolates in the time-scaled phylogenic tree (data was not shown). Subgroup I lineage
viruses first emerged in August 1992, with 95% HPD interval from September 1991 to May
1993. The tMRCA of subgroup II viruses was September 1996 (Jul 1995— Nov 1996). The most
recently isolated HIN2 strains from 2018 were in Subgroup III, of which the tMRCA was
estimated as September 2010 [95% HPD interval (Jan 2010 — May 2011)].

New antigenic cluster of HIN2 emerged

In order to monitor the antigenic map of the HON2 isolated viruses, 29 representative
isolates were selected for crossing HI tests, including three viruses isolated in 2013, three in
2014, two in 2015, seven in 2016, seven in 2017 and seven in 2018 (Figure 3.2a). A vaccine
strain F/98 (Sun et al. 2010), and A/chicken/Shanghai/441/2009 (Teng et al. 2016) were used
as represented viruses of antigenic cluster 1 and antigenic cluster 2, respectively. Three other
earlyviruses (A/chicken/Hunan/2106/2009, A/chicken/Jiangsu/A2093/2011,
A/chicken/Hunan/B445/2011) were used in this assay. The antigenic distances of the selected
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HON2 strains were shown in Supplementary Table S3.2 The antigenic distances of selected
HON2 strains to vaccine strain (F98) was visualized in Figure 3.2b. Partial HON2 isolates from
2013 to 2017 gathered in antigenic cluster 2, including two (66.7%) viruses isolated in 2013,
two (66.7%) in 2014, one (50.0%) in 2015, six (85.7%) in 2016 and four (57.1%) in 2017
(Figure 3.2b). A new antigenic cluster (cluster 3) started to appear after 2013 (Figure 2b),
consisting of 1 (33.3%) virus isolated in 2013, one (33.3%) in 2014, one (50%) in 2015, one
(14.3%) in 2016 and three (42.9%) in 2017. Moreover, all seven (100%) HIN2 AIVs isolated
in 2018 belonged to antigenic cluster 3.

Antigenic cluster 3 viruses evolved the fastest

In order to study evolutionary rates of HA gene for HON2 viruses over time, each antigenic
cluster viruses were analyzed by calculating the mutation rate of HA genes. The average
evolution rate of the HA gene of HON2 AIVs from 1994 to 2018 was estimated, with 3.95 x 10
3 (95% HPD interval [3.61E-3, 4.32E-3]) substitutions/site/year over a 25-year period (Figure
3.3a). The HA gene of antigenic cluster 1 virus (subgroup I) has a slower evolution rate (0.86
x 107 substitutions/site/year, 95% HPD interval [0.36E-3, 1.42E-3]), with only 18.75% of the
average evolution rate of the HA gene of HIN2 AIVs. In contrast, the HA genes of antigenic
cluster 3 viruses (subgroup IIT) evolved most rapidly with 6.23 x 1073 substitutions/site/year,
1.5-fold faster than that of the average mutation rate of HA genes for HON2 viruses (Figure
3.3a).

To investigate whether this evolutionary rate of HA genes influenced its gene diversity, the
HA gene diversity of HIN2 viruses was visualized in the Bayesian Skyride plot (BSP),
including constant population size (Figure 3.3b). The population size of HON2 HA reached a
peak in 2001. From 2001 to 2013, the population sizes were stable. However, after 2013, the
population size decreased rapidly.
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Figure 3.2 Neighbour-joining tree of the HA gene (a) and antigenic distance matrix (b) of isolated HIN2 strains. HON2
strains isolated in the various years were selected for antigenic analysis and represented in different colours each year. *
marked an outlier strain (A/chicken/Shanghai/B469/2011) in subgroup I lineage but presents large antigenic distance to F98
strain in cluster 1.
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Figure 3.3 Mutation rate and diversity of HON2 HA estimated in BEAST. a, The mutation rate (substitutions/site/year)
of the HA ORF of the main clades of HIN2. All the 126 lab isolated HON2 strains were analyzed. The values show the mean
rate with a 95% HPD interval. b, Bayesian Skyride plot (BSP). The y-axis shows the constant population size (log value).
The marginal density of the meanRate data estimated by Bayesian Skyride are displayed by KDE in tracer.
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Potential antigenic related amino acid residues

The homology of HA protein from different antigenic clusters was analyzed to analyze the
potential amino acid residues resulting in the antigen drift. Eleven amino acid residues were
conserved in vaccine cluster viruses (4 classical vaccine strains used in China), but mutated into
the same amino acid residues both in cluster 2 and 3 viruses, including M96L, T205A, D208E,
Q226L,N273K, S274R, N2758S, V276T, R285K, P306S and A325S (H3 numbering), indicating
that these residues in the HA may contribute to the antigen change between vaccine strains and
cluster 2&3 (Table 3.2, Figure 3.4a).

Investigation of the key amino acids characterizing antigenic properties of strains in cluster
2 showed ten mutated amino acid residues in HA protein between cluster 2 viruses and cluster
3 viruses, including N/H57Q, G81E, S/N133D, K137T, D145G, Q156G, N159G, A160D/N/E,
V/A190T, T192R (Table 3.2, Figure 3.4b). In a further analysis, G81E, 137K, 145D, 156Q,
159N, A160D/N/E and T192R, were conserved in both cluster 1 and cluster 2 viruses, but
mutated in the cluster 3 viruses. These results indicate that these seven amino residues may be
important for the antigenic property of cluster 3 viruses, and influence the immune efficiency
of inactivated HON2 AIV vaccine.

A168D/E/N

N
N167G" S/Nl&)
G90E

V/M224T

Figure 3.4 The mutated amino acid residues on the HA1 protein (H9 protein structure). The model was built based on the

template A/swine/Hong Kong/9/98 and the modelled strain was A/Chicken/Fuzhou/169/2018. a, Potential residues in the HA
contributing to the antigen change between vaccine strains (subgroup I) and circulating strains (subgroup II and III).

Residues (in red) (M96L, T205A, D208E, Q226L, N273K, S274R, N275S, V276T, R285K, P306S and A325S in H3 numbering)
are different from the vaccine group (cluster 1) to cluster 2 and 3 (circulating strains in subgroup II and III). b, Potential

residues in the HA contributing to the antigen change between subgroup II and subgroup III. Residues (in yellow)

(N/H57Q, G81E, S/N133D, K137T, D145G, Q156G, N159G, A160D/N/E, V/A190T and T192R in H3 numbering) differ

between cluster 2 and cluster 3.
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Table 3.2 Specific amino acid mutations on HA of the representative HIN2 isolated strains.

Potential antigenic sites RBS
. Himmbering=> 57 81 96 133 135 137 145 156 158 159 160 183 188 189 190 192 193 199 205 208 216 273 274 275 276 285 306 325 226 227 228
SUOGIOMR e mbering>> 66 907 107 145 147 149° 15 164° 166 167 165 191 196 197 195" 2007 201 207 20 216° 224° 282° 2837 285" 287° 204° 315° 3347 234 235 236
Malreieest> 48 72 89 127 129 131 135 146 148 149 150 173 178 179 180 152 153 189 195 198 206 264 265 267 269 276 297 316 216 217 218
Cluster 1 NJ/99-vac H G M N T K D S N A N D I T T N D T D M N S NV R P A G
SD/96-vac H G M S T K D D N A ND T A T NDTUDJVNSNVRP A G
GD94-vac H G M S T K D S N A N D I A I N D T D Vv N S N v R P A G
F/98-vac H G M S T K D N N AN D T A T NDTDMNSNVTRP A G
Cluster 2 A2093 H G L S T K D N N A N D I v I N D A E L K R § T K § S L G
441 H L s T K D N N AN D T V T NDATETLTEKT RNTTIEKS S L G
2106 H G L S T K D N N A N E I A I N D A E L K R § T K § S L G
B44S I G L s T K D N N A ND T A T NDATETLTKT RSTZKS S S L G
BA6Y R E v S T K D N N N N D I A I N D A D L K 8 N T R P Al G
E278 N 6 L N T K D N N A N D T A T ND AETLT KT RSTTZKSSLMG
1650 I G L s T K D N N A N E T V T NDaAETULZKTERSTEKSSLMG
G755 N G L S T K D N N A N E I v I N D A E I K R § T K § § L MG
97 N 6 L s T K D N N A N E T A T NDATETLIKTRSTEKSSLMG
H1258 H G I S T K n N N A N n I AY I N D A E I K R S T K S S 1 M G
1301 I G L s T K D N N A N D T A T NDAETLZK KT RSTEKSSLMG
mo21 H G I S T K n n N A N n I v I N D A E I K R § T K § S M G
Cluster 3 D264l I L N T T 6 R N 6 D N D T T R DDATE L KTRSTKSSLMG
D315 E T n T 1 G R N G n N n I T R N D A E T K R § T K § § L MG
£2290 I L D T T 66 R N G N N D T T RDDATETLU KT ERSTKS SSLMG
ES52 E L n T I G R N G n N n n T R N D A E L K R S T K S S 1 M G
F2170 I . D T T 66 R N G D N D T T RNDATETLTEKT ESTE K SSLMG
G378 E L n T T G R N G E N n n T R G D A E L K R S T K S S 10 M G
G705 E I n T T G R N G E N n T T R D D A E I K R § T K § S 0 M G
Gl4s1 E L D T T G R N G N N D D T RNDATETLTZKT ERSTI KT SSLMG
G1586 E L D T T G R N G E N D v T R G D A E I K R § T K § S 1L M G
GI728 E L D T T G R D G N N D D T RNDATETLTZEKT ERSTZ KT SSILMG
G1921 E L D T T G R D G N N D T T R G D A E L K R § T K § S L M G
H224 E L D T T G R D G N N D D T R NDATETLTZEKT ERSTZ KT SSILMG
HS14 E L D T T G R D G N N D D T R $DAETLTEKZ RSTTEKSSLMG
HIL4 E L D T T G R N G E N D D T R GDAETLZ KT ERSTZ KT SSLMG
HI517 E L D T T G R N G E N D D T R G D A E L K R S T K S S L M G
12§ E L D T N G R D G N N D T T R NDAETLTEKT RSTE KS SSLMG
169 E L D T N G R N G N N D D T R N D A E L K R S T K S S L MG
184 E L D T T G R N G E N D E T R R D A E L K R S T K § S L MG
197 E L D T T G R N G E N D D T R GDAETLTZEKT RSTZ KT SSLMG
mz2 E L D T T G R N G E N D D T R G D A F L K R S T K S S L MG
ms E L D T T G R N G E N D D T R G D A E L K R S T K S S L MG
1256 E L D T T G R N G E N D D T R G D A E L K R S T K S S L M G

* key locations identified in this research that mutations contribute the antigenic distance between cluster 1 and 2;

# the locations holding mutations contributes the antigenic distance between vaccine strains and isolates, potential location
under selection from vaccines.

!, The whole length of amino acid sequence of HA protein;

2, The HALI protein sequence without 10 restudies at the beginning of HA protein.

Evolution of the potential antigenic related amino acid residues

To gain information on the evolution of potential antigenic amino acid residues on HA from
HON2 over time in nature, we analyzed HA proteins of HIN2 isolates and other viruses
submitted on the NCBI. Of the 11 potential antigenic amino acids characteristic in cluster 1, 10
were dominant patterns in China, including M96L, T205A, D208E, Q226L, N273K, N275R,
V276T, R285K, P306S and A325S in HA protein (H3 numbering). Currently, S274R is the
predominant amino acid for HON2 HA, mixed with some 274S (Figure 3.5). Moreover, all
mutations contributing to the antigenic change from cluster 1 to cluster 2 were equally
distributed for the natural HON2 AIVs, including N/H57Q, G81E, S/N133D, K137T, D145G,
Q156G, N159G, A160D/N/E, V/A190T and T192R (Figure 3.6).

55

Chapter 3



Phylogenetic and antigenic changes of HON2 AIV in southern China

2020

2015

1895

1880

Genotype at HA site 234+

Genotype at HA site 213w

1985

2020

2015

1995

1990

Genotype at HA site 216+

Genotype at HA site 107w

1985

56

[
2015

2020

1995

1990

1985

2015

2010

1995

1985

Figure 3.5 Real-time dynamics of eleven potential antigenic related amino acids resides comparing vaccine strains (subgroup I) and current-isolated strains (subgroup II and III).

(to be continued)



Phylogenetic and antigenic changes of HON2 AIV in southern China

2020
2020

2015
2010 2015

2010

2005

2000

2000

1995
1995

1980

1990

Genotype at HA site 287+

1985
1985

2020
2020

e p—
2015

S
2015

2010
2010

2000

1995

1995

1990

1990

Genolype at HA site 282+
Genotype at HA site 285+

)
o
| E
mH

) 1!!;5
Figure 3.5 Real-time dynamics of eleven potential antigenic related amino acids resides comparing vaccine strains (subgroup I) and current-isolated strains (subgroup II and III).

(to be continued)

1985

57



'Sope[o Jo opou
a3 Je posjIewr oIk suoISaY ‘A[eqo[3 surens gNGH U JO 9IS VH oanoadsor oy jo
sadKjouad oy [re Aerdsip doy 1391 3e spueSoT "VH Jo uonisod proe ourwe AI9A9 je
adKjouad Aq pa10[0o ore saa1) STUISO[AYJ "TYO Y} JO MeIS oy} WOl SUIOUudWod
Suuequinu gH 9y} SuIMO[[0} paIdqunu e Suoneso] YL (111 pue 11 dnoasqns)
sure.q)s pajejosi-)ud.Lind pue (] dnoadqns) surens Jurdea suriedwod sapisaa
P1o€ oulwiEe PAYe[R dUISHUE [enud)od UIAI[I JO SOIUEBUAD dWN-[dY §°¢ dINS1y

<l : y > Il
AGLE S VH 1 2dhiousg z . A6Z 3US VH 18 3dAiouss

Phylogenetic and antigenic changes of HON2 AIV in southern China

58



Phylogenetic and antigenic changes of HON2 AIV in southern China

=
Y
-
-
it

2020
2020

2015
2010 2015

2010

2005

2005

2000

1995
1995

1990
1990

Genotype at HA site 90 v
Genotype at HA site 149w

1985
1985

2020
2020

2010 2015
2015

2010

2005
2005

2000

1995 2000

1995

1990

1990

South & West Asia
enotype at HA site 145+

§ EnEmm

1985
G

1985

Figure 3.6 Real-time dynamics of ten potential antigenic-related amino acids resides comparing cluster 2 (subgroup II) and cluster 3 (subgroup III).

(to be continued)

59



Phylogenetic and antigenic changes of HON2 AIV in southern China

2020

2015

.
.
18
5
.
8
= -
, _ EmEEEN
L >
2 ] s g
: L
E E
i : i
grou = §m<u4n>
5 H 2
¢ mEm & . ; EEEEEE
‘ 3
14
g 5
&
©
5

2010

2000

1995

1990

Genotype at HA site 167+

Genotype at HA site 153 v

1985

60

1990

1985

2015

2010

2000

1995

2020

2015

2010

2005

2000

1995

1990

1985

Figure 3.6 Real-time dynamics of ten potential antigenic-related amino acids resides comparing cluster 2 (subgroup II) and cluster 3 (subgroup III).

(to be continued)



Phylogenetic and antigenic changes of HON2 AIV in southern China

(S6€) BISY 3590 “(€6) BISY Iseanog (9z1) vy ynos “(s¢) adoing (86¢) uryd (S11) LY Woly (0LTT) UBIAY 0} PAIALI "610T UNf PUB 9/61
uef udam)aq pajdures sowoudd zee| Jo 60| Suimoys (810g) SoneuLIojuIolg “Ie 12 p[oypey :Ulens)XaN WolJ sIsA[eue pue eje( 'S9pe[d JO 9pou dY) & payIew a1 suol3ay "A[[eqo3 surens gN6H
a1y} Jo AIs YH 9A1n2adsar Jo sadA1oudd oy [e Aejdsip doj 3391 oy 18 spuagds| pue 9is VH L1949 18 adK10ua3 Aq paInojoo are saa1 o1ud30[AyJ YO AU} JO 1eIS Ay} woy Suntels SuLqunu gH A
Surmo[[oj peroquinu o1 suonedo] oY I (T dnoadqns) ¢ 193snd pue (J] dnoadqns) 7 19)snpo Suriedurod sopisal spioe ourwie pajepI-dudsnue [enudjod ud) Jo soTuIRUAp JWN-[dY 9°¢ dIN31]

020z sL0z oL0z 5002 0002 9661 0861 L 0z0z s10z o010z 5002 0002 s66L 0661 se6L

ze <o
ENER

)

g 3l

A 861 AUs VH je adfjouss

M
w
1
oo ool 1
A002 30iS WH 1€ adAiot

61



Phylogenetic and antigenic changes of HON2 AIV in southern China

3.4 Discussion

The HON2 virus is a predominant subtype of AIV circulating in Asia and other countries all
over the world (Kim et al. 2006, Nacem et al. 2007, Kim et al. 2013, Lin et al. 2017, Jonas et
al. 2018). It not only causes large economic losses in poultry, but it also provides internal genes
for novel subtype influenza viruses such as H7N9, HION8 and H5N 1 that threaten human health
(Lietal. 2014, Pu et al. 2015). Live poultry markets (LPMs) are considered as key public place
of the transmission and circulation of influenza virus in poultry or from poultry to humans
(Liu et al. 2015, Ma et al. 2018, Wang et al. 2020).

Our analysis of surveys of LPMs conducted in China from 2013 to 2018 demonstrate that
HON2 AIVs are still prevalent as described previously (Teng et al. 2016). An increasing trend
of the annual isolation ratio was observed in poultry markets in southern China. To be noticed,
the total sampling number in surveillance fluctuated annually. Small sampling numbers
(samples from Shanghai in 2015 and samples from Fujian, Table 3.1) and a biased sampling
(e.g. samples from Shandong in 2015 and samples from Shanghai in 2016 were from sick
poultry, Table 3.1) increased the margin of error in the estimation of annual isolation ratio of
HON2 in southern China. In a previous survey, a fluctuating annual isolation ratio of HIN2
avian influenza virus was observed in 2013 (14.20%) and 2014 (11.90%) compared to 2009
(15.18%) and 2012 (8.20%) (Teng et al. 2016). The common reduced annual isolation ratio of
HON2 A1V in China detected in surveillance was also influenced by national or local policy on
LPMs. The sale of live poultry in LPMs was prohibited in China in 2013 and 2014 due to the
outbreak of H7N9 in humans in 2013 (Wu et al. 2014). This prohibition largely reduced the
isolation ratio of all the AIVs in LPMS in southern China. However, the HIN2 AIV was still
the predominant subtype LPAIV circulating in poultry in southern China. Based on our analysis,
the overall isolation ratio of HON2 was about 70% in total AIV positive samples in southern
China between 2013 and 2018. Together with the continuous outbreaks in domestic poultry in
other countries (Banet-Noach et al. 2007, Jeevan et al. 2019, Peacock et al. 2019), follow-up
monitors and controls on HON2 AIV are necessary even after long term marketing prohibitions
and vaccination programs. This study thus updates currently available monitoring information
of HON2 AIV in the field in southern China from 2013 to 2018.

Together with the high isolation ratio and long-term endemic circulation, HON2 AIVs in
mainland China are undergoing a rapid antigenic drift under selection pressure. The hypothesis
that the vaccination triggered rapid evolution leading to antigenic drift was reported in Korea
only four years after the national vaccination program was applied in poultry in 2007 (Park et
al. 2011). Similarly, this antigenic drift on H9 HA was identified from HIN2 viruses isolated
from chickens and reported in many studies (Okamatsu et al. 2008, Sun et al. 2012). These
called for caution regarding immunization failure resulting from antigenic drift and explained
the prevalence of HON2 AIV. However, it remained unclear how and how rapidly the antigenic
changes on HA gene of HON2 strains from the market occurred. To analyze this, we combined
phylogenetic and antigenic analysis based on the current genetic data.

Phylogenic analysis of 126 HON2 strains isolated from LRMs in southern China from 2013
to 2018, provided sufficient circulating and evolutionary information of HON2 in local poultry.
Consistent with previous studies indicating G9 (A/Chicken/Hong Kong/G9/1997) lineage
(h9.4.2) (Jiang et al. 2012) being the dominant HIN2 in mainland China, the latest isolates were
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also G9 lineage, but far removed from the original representative strains, BJ94
(A/Chicken/Beijing/1/1994) and Y280 (A/duck/Hong Kong/Y280/97), and the vaccine strains
in the 1990s (Wu et al. 2010, Yang et al. 2019, Yang et al. 2019). In addition, the most recent
isolated strains antigenically evolved into a new group from 2013. Phylogenetic analysis
showed the estimated time for the emergence of the new antigenic cluster was between 2010 -
2011. This bias may be due to the lack of precise time data from isolated strains and the small
sampling of virus strains selected in the antigenic assay. However, a rapid and clear subdivision
of the isolated HON2 strains (belonging to subgroup II in the current G9 lineage) matched the
two new antigenic groups. This guaranteed the confidence interval when we estimated the
mutation rate of HIN2 strains in new antigenic group (cluster2). Without considering the
antigenic difference, the average mutation rate of HA gene from HO9N2 AIV in poultry in China
was estimated as 3.95 x 107 substitutions/site/year. This mutation rate increased almost 1.5-
fold (6.23 x 10~ substitutions/site/year) when antigenic differences were involved.

Noteworthy is that this is the first time the mutation rate of H9 HA (ORF region) using the
sequences from the influenza database has been estimated. These rates are similar to the
estimations using the same method for H3 (HA1 domain) in humans (5.7 x 1073
substitutions/site/year) (Fitch et al. 1997). For better comparison, the mean H9 mutation rate
(HA1 domain) of the antigenic cluster 2 was 7.43 x 10~ substitutions/site/year, still slightly
higher than the H3 viruses circulating in humans. This directly indicated that HON2 AIV did
not evolve slowly due to the immunity in vaccinated poultry population, but actually much
faster than those found in human seasonal strains. This may be due to the short lifespan of
poultry and inefficiencies in the vaccination in poultry that contributed to more transmission
into new susceptants. However, more research is needed to better understand the reasons
triggering the mutation rate in addition to selection pressure resulting from vaccination.

We found 21 amino acid mutations on H9 antigenic sites (in region 66-334 on H9 protein
sequence) specific to strains in antigenic cluster 2, different from those in cluster 1 as well as
three vaccine strains. Referring to the global online database of AIV HIN2 in NextStrain, all
these mutations evolved after 2013 and became dominant in southern China. This explains why
the isolation ratios in LRMs from 2013 to 2018 did not decrease even though vaccines had been
used long-term in poultry, with reports that the HON2 AIV continues to circulate in vaccinated
chickens (Pu et al. 2015, Su et al. 2015).

We built the 3D structure of the HA1 protein to predict key potential antigenic sites
dominating the subgroup of current HON2 isolated from field markets in southern China. The
four surface locations (145, 168, 198 and 235) at the top of the HA head also show high entropy
in real-time tracing (Rhodes et al. 2010). This indicates high diversity of genotypes in these
four locations. Overall, mutations at these potential antigenic sites occurred in China (mainly)
and in South Asia, whereas in China, new genotypes showed the tendency to become dominant.
In detail, 145D became the new genotype in China and South Asia as early as 2003. Mutations
at 198 and 235 emerged and became dominant in China after 2012. To date, location 168 was
more diverse with mutations from A (Alanine) to other amino acids after 2005, but no globally
dominant genotype emerged. The 226L (234 in this H9 numbering) identified as an important
host-receptor binding site (Wan et al. 2007) had been the stable dominant on HA of the HON2
AIV circulating in China. However, at location 235, we identified that the change from Q
(Glutarnine) to M (Methionine) occurred in 2013, which was consistent with the online data of
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the HON2 AIV all over China, however, the 235Q was the stable dominant in the European area
where no HIN2 vaccine had been applied. The genotypes of the surface locations were
conserved in Europe but became dominant in China after 2013. However, there may be data
bias given that many European countries did not monitor LPAI HIN2 in poultry.

In summary, the time-scale phylogenetic analysis in our study directly shows the
evolutionary mutation rate of the HA ORF of the HIN2 strains from LRMs in southern China
between 2013-2018. The currently isolated HON2 strain forms a new antigenic group to those
from vaccine strains, and are also clearly divided into new subgroups in phylogenic trees. The
declining diversity, together with the high mutation rate of HON2 strains in the new antigenic
group indicates that vaccination triggers the evolution of HIN2 into new antigenic groups.
Moreover, the novel mutation sites on HA1 (66-334 region of H9 protein sequence) identified
from recent isolates were potential molecular characteristics of the upcoming dominant HON2
strains. The identified antigenic sites and the 66-334 region related to responding to selective
pressure provide good references for potential approaches on rapid detection of new antigenic
clustering of HON2 AIV. Our analysis has not only updated the ATV HIN2 genomic database
but has also showed the value of monitoring to provide molecular evolutionary information.
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Evolutionary changes of HON2 during transmission

Abstract

The continued in-field circulation of LPAI HIN2 is a major concern for public health. Human
infection with HIN2 from direct contact with birds has given rise to increasing concerns about
the rapid and unclear evolutionary changes of LPAI HON2 replication in different hosts. We
simulated the continuous replication of an avian HON2 strain via serial passaging in different
hosts in vivo and cell lines in vitro, with and without homologous vaccination. The HA genes
from these virus progenies were sequenced at Illumina MiSeq platform using Next Generation
Sequencing (NGS) to observe evolutionary changes, e.g. genetic diversity, general substitution
frequency, genetic distance, and dN/dS ratios. In the chicks’ respiratory system in vivo, the
average substitution frequency was approximately 2.38 x 1073 s/n/g, whereas in vitro it was 6.77
x 10" s/n/g. With higher substitution frequency, the genetic distances of parent virus from the
offspring passaged in vivo were significantly lower than those in vitro. Moreover, we observed
codon usage bias towards Adenine (A) and Cytosine (C) in synonymous mutations in progeny
viruses after serial passaging in all the hosts/ cells, except for vaccinated chicken. Furthermore,
we identified a total of six non-synonymous mutations which were potential mutations related
to antigenic changes due to their locations on HA protein. Our methods and observations of the
molecular evolution of the HON2 AIV under continuous selective pressure provide references
for evolutionary research on other low pathogenetic RNA viruses. In the long term, our findings
may provide guidance for the role of vaccination in prevention strategies on different hosts.
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4.1 Introduction

The circulation of low pathogenic avian influenza virus (LPAIV) HIN2 in poultry and wild
birds is under continual surveillance in many countries around the world (Peacock et al. 2019).
The viral strains transmitted by wild-domestic birds have been suggested to be selective for the
determination of certain viral genetic factors (Bergervoet et al. 2019). LPATV HIN2 was found
not to be as threatening as HPAIV H5/H7 in birds, due to the low mortality. However, HON2 is
sporadically introduced to humans via close contact with infected poultry (Guo et al. 1999, Guo
et al. 2002). Although the flu-like illness caused by HIN2 in humans is not as severe as H5 and
seasonal H3, the adaption of HON2 subtype to wide ranges of avian and mammalian hosts (Liu
et al. 2013) may be a cause for future concerns.

During prolonged circulation, HON2 subtype AIVs acquire diverse mutations functionally
related to increased virulence (Sang et al. 2015), cross-species-transmission (Lina et al. 2019),
or immune-escape (Peacock et al. 2017). The long-term circulation of HON2 in poultry and the
transmission between wild birds and domestic poultry may form a potential threat as an
incubator of new-genetic type virus. In countries vaccinating poultry for HIN2 influenza,
research indicates that antigenic selective pressure from vaccines has potentially directed the
evolution of HIN2 (Lee et al. 2016, Meng et al. 2016, Umar et al. 2016). Most of this research
was based on the phylogenic and bioinformatic analysis estimated from the current gene bank
of influenza viruses (Blackburne et al. 2008). The frequent updates of vaccines against seasonal
flu are reported in human-initiated studies on the relationship of vaccination and evolution of
human influenza viruses, however the evolutionary mechanism is still unclear (Lam et al. 2017).
Due to the enormous population of wild and domestic birds, we need a greater understanding
of the potential threat of infection from the infectious circle of LPAI HIN2 in vaccinated poultry,
wild birds, and humans because the virus population co-evolves with the host population
(Domingo et al. 2007). The continuous circulation within and between the populations of birds
(wild and domestic) and mammalian hosts gives the HON2 viruses the time and platform to
evolve either a new antigenic character or host-adapted traits.

The haemagglutinin (HA) of the influenza virus is the key gene for evolutionary changes
related to antigenic or host-adapted properties because of its functions on membrane-fusion and
receptor-binding. During fusion, the HA precursor (HAO) is cleaved into two polypeptides,
HAT1 and HA2 (White et al. 1982). Of these, HA1 is the crucial domain for antibody-mediated
immunity and receptor-binding, and therefore the substitutions or amino acid changes on HA1
are more influenced by selective pressure (Skehel et al. 2000, Hay et al. 2001) from innate or
acquired immunity. Benjamin P. et al. suggests that the selective pressure was largely found in
locations or near locations that coded for host-adaption and antigenicity of the virus
(Blackburne et al. 2008). However, their work was based on different evolutionary models, not
on experimental results. The Next Generation Sequencing (NGS) has enabled experimental
researchers to identify the substitutions at every location on the gene, showing the genetic
diversity of the quasi-species of the virus. Together with bioinformatic knowledge and methods,
it is now possible to explore the molecular evolution patterns of the virus under specific
selective pressure from the host. Due to the rapid replication with low fidelity and large
population size, we hypothesize that when the mutations of LPAT HON2 accumulate in the serial
passage in a certain host population under specific selective pressure, these evolutionary
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changes can be observed and quantified based on the previously mentioned bioinformatic
techniques.

To investigate this, we simulated continuous selective pressure with and without antigenic
selection by serial passaging a virus strain in hosts with and without homologous vaccination.
A field isolated avian HON?2 strain (A/chicken/Jiangsu/A2093/2011) was purified using reverse
genetics technique and then serial passaged in different hosts in vivo and in vitro. The progeny
viruses were harvested, and the viral RNA was extracted for amplification of HA genes using a
high-fidelity polymerase. All the HA genes from different virus progenies were sequenced on
the Illumina MiSeq platform. Based on these NGS data, we calculated the substitution
frequency at every location on the HA open reading frame (ORF). The calculation of relative
substitution rate and genetic distance was under the threshold of 0.006, considering NGS system
error. Substitutions with a frequency over 0.01 (the threshold for significant mutation after
selection) were observed and counted. Based on the consensus sequence of parent A2093-H9N2
strain and the standard codon table, codon usage preference for synonymous mutations and the
dN/dS ratio were calculated to observe the mutation patterns under selective pressure. This
observation of the molecular evolution of the HIN2 AIV under continuous selective pressure
provides information for research on other low pathogenetic RNA viruses. In addition, our study
may provide guidance for the role of vaccination in prevention strategies on different hosts.

4.2 Materials and methods

Ethics statement

The animal experiment and procedures followed the recommendations made by the
Shanghai Veterinary Research Institute (SHVRI), CAAS (ID: SHVRI-PO-2014-0098). The
project license was approved by the Animal Association of Science and Technology
Commission of Shanghai Municipality, China (Permit Number: 2013-11). All the experimental
animals were treated based on animal welfare requirements. Euthanasia was done humanely
before the animals were sacrificed. Manure was removed at the end of the experiment.
Infectious materials were professionally treated to achieve sterilization.

Viruses and reverse genetic platform

The reverse genetic systems for A2093 (A/chicken/Jiangsu/A2093/2011, HON2) (Teng et
al. 2016) viruses were constructed with pBD bidirectional expression vector. The viruses were
generated by reverse genetics as previously reported (Hoffmann et al. 2000, Hatta et al. 2001).
The reverse genetics system was used to generate stable-replicating A2093 virus stock as the
parent virus for serial passaging. Transfection of this parent A2093 virus stock was performed
on the 293T cell line, then seeded and harvested in chicken egg embryo (CEE) allantoic fluid,
and separately stored in 300ul at -80 °C. Repeated freeze-thaw was avoided.

Primary cell, cell lines, and animals

The 293T cell line (a stable clone derivative of the human embryonic kidney (HEK) 293
cell line) was cultured with DMEM (Dulbecco's Modified Eagle's Medium, high glucose
Gibco™) containing 10% fetal bovine serum (FBS, Gibco™) and 2mM L-glutamine (Gibco™).
The MDCK (Madin-Darby Canine Kidney) cell line was cultured in DMEM containing 5%
FBS. And the Vero cell line (derived from the kidney of an African green monkey,
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Cercopithecus acthiops) was in the same basic medium but containing 10% FBS. The A549
cell line (a human epithelial cell line derived from a lung carcinoma tissue) was cultured with
F-12K Medium (Gibco™) containing 10% FBS. All cell lines were cultured with 100 units/ml
penicillin and 100 pg/ml streptomycin and incubated at 37°C in a humidified incubator with 5%
COo.

Chicken and duck embryonic fibroblasts (CEF and DEF) were made from 10-day old
specific-pathogen-free (SPF) chicken embryos (Merial, Shanghai, China) and 12-day old Pekin
duck embryos (Chinese Academy of Agriculture, Beijing, China). The CEF and DEF cells were
seeded at a density of approximately 1 x 10° cells/T75 culture flask overnight in MEM
(Minimum Essential Medium, Gibco™) with 5% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin at 37°C, 5% COz. The non-adherent cells were removed by washing the
monolayers with sterile Phosphate-Buffered Saline (PBS, Gibco™) after overnight culturing.

SPF chicken was hatched from SPF embryonated chicken eggs (ECEs) in a forced-air
incubator at 37°C, 55-65% humidity (Hatchery 2017). Chickens less than 10-days old were
housed and raised in air re-circulating isolators at a temperature between 30-33°C. Chickens
older than 10-days were raised at room temperature controlled by the central air conditioning
at 23-25°C with 40-60% humidity.

Serial passaging without antigenic pressure

MDCK, A549, Vero cell lines, CEF, DEF primary cells in vitro and 1-7 day old chicks
(chicks for short) in vivo were used as the hosts for serial passaging. No specific immunity was
available in these host environments, simulating the selective pressure without specific
antigenic selective pressure.

In vitro, infections and passaging on cell lines and primary cells were carried out
simultaneously following the same procedure. In detail, three T25-flasks of 80% monolayer
cells were seeded 12 hours before the infection. Parent virus was inoculated with cells at an
MOI of 0.001 for one hour at 37°C, 5% COx. Cells were washed three times with Serum-Free
Media (SFM, Thermo Fisher Scientific) and then maintained with SFM for at least 24h at 37°C,
5% COz. The HA titer of supernatant and cell conditions were checked every 6 hours till the
HA titer was over 16 HA Units and more than 70% cell lysis was observed. The progeny viruses
were incubated with the corresponding cells right after being harvested from the previous
generation.

In vivo, three chicks were infected by injecting 10° EIDso parent viruses into the air sac.
Infected chicks were housed in an air re-circulating isolator with a temperature between 30-
33°C with sufficient clean water. Chicks that survived 12 hours after injection were maintained
till 72 h.p.i. and then sacrificed for lung, trachea, and air sac tissues. Progeny viruses from
different tissues were harvested separately by grinding finely with PBS (containing 10%
penicillin-streptomycin) and centrifuging at 12,000 g for 10 min. Serial passaging was carried
out with three groups of chicks for the virus from lung, trachea, and air sac tissues, respectively.
Harvested viruses were filtered with the 0.45um filter and injected via the air sac in all the
chicks, but the tissues to harvest were specific to each group. An HA assay was performed for
every generation prior to injection.
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Serial passaging under antigenic pressure

To produce the anti-sera for serial passaging under antigenic pressure in vitro, wild-type
HO9N2-A2093/2011 strain (A2093) was inactivated by incubating virus stock with 1:2000 -
propiolactone for 12h at 4°C. The residual B-propiolactone was degraded at 37°C for 2h. The
complete inactivation was determined by two passages of inoculation in CEEs for at least 72h
prior to HA assay, in which a negative of each passage was the only criterion for successful
inactivation. The HA titer of inactivated A2093 was tested before emulsification to guarantee
good antigenicity. The inactivated A2093 and adjuvant Montanide VG71 (0.85g/cm?) was
mixed at volume ratio 3:7. Three-week-old white leghorns were vaccinated with this virus
emulsion by intramuscular injection in the legs. Three weeks after vaccination, the HI titer (HIT)
of the sera was tested every two days for a total of three times, with the same HIT as 2° HI units.
When the HIT was stable in assay, we collected the sera and stored it at -20°C before use.

In vitro, an optimum serum dilution, a dilution that leads to = 1000 x drop in the TCIDso or
EIDso titer of the parent virus, was determined as 1:10 following the lab protocol from
Wageningen Bioveterinary Research (WBVR). Parent virus (A2093) was diluted to 24 HA
Units and mixed with an equal volume of established optimum dilution of homologous
polyclonal sera (1:10 for the first several generations) in sterile tubes, and incubated for 2hrs at
37 °C. After incubation, a negative control was 1000 x diluted with PBS, then all the strains
with and without serum were inoculated into two 9-day-old SPF ECEs with 200uL. ECEs were
inoculated at 37°C for 48 hrs and HA titers were tested before harvesting. Progeny viruses were
collected from the allantoic fluid with smaller HA titers; if the titers were the same, we mixed
the allantoic fluid at parallel volume for one virus stock.

In vivo, vaccinated and SPF chickens with a similar health condition were used for the serial
passaging via intranasal infection to simulate the natural infection route. Vaccination was
carried out with the same inactivated vaccine, and the HI titer of above 2° was guaranteed before
the passaging. The well-vaccinated SPF chickens were infected intranasally with 107 EIDso
viruses, and serial passaging was performed by contact infection. Thus, the first generation was
infected by intranasal drops, and the second was infected via contact by being hosted in one
small isolator for sufficient interaction. Oropharynx swabs were collected from 2 d.p.i - 4 d.p.i
(during the detoxification period) to harvest the progeny viruses for the corresponding
generation. The first chicken was removed and sacrificed for blood and lung tissue at 5 d.p.i,
and new “susceptible” chickens were added for the next generation of infection. Successful
infection was guaranteed by checking the HI titer of the anti-serum and the possible viral titer
in lung tissue. Oropharynx swabs were soaked and vibrated in PBS (containing 10% penicillin-
streptomycin) thoroughly. Viruses of every generation in the supernatant were collected and
filtered with a 0.45um filter.

Samples preparation for NGS

For the Next Generation Sequencing (NGS), we selected the parent virus strain (A2093-
HON2) and the corresponding progeny viruses serially passaged in different hosts. The middle
and the last generation were chosen to reveal a brief variation tendency of the mutation rates
during a period of continuous passaging in the host. The VRNA was extracted from 140ul
supernatant from cell passaging, or from tissue homogenates using a QIAGEN Viral RNA
Isolation Kit. The isolated RNAs were all eluted into 30ul diethylpyrocarbonate-treated water.
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Two-step RT-PCR was employed to amplify each viral gene segment. The first-strand cDNA
was transcripted by using Transcriptor High Fidelity cDNA Synthesis Kit (ROCHE, Cat. No.
05091284001) with universal primer (5’-AGCAAAAGCAGG-3’) for influenza A virus, in a
final volume of 20ul following the manufacturer’s protocol.

Illumina MiSeq platform was applied to sequence the PCR products of gene HA. To access
high-quality reads and better coverage, PCR products were restrained to 500 base pairs (bp).
Accordingly, there were 4 fragments of the HA gene, for which the primers for PCR were listed
in Supplementary Table S4.1. Amplicons of around 500bp were gel electrophoresis without
degradation and were subsequently gel-purified by using a DNA Gel Extraction Kit (Axygen,
Hangzhou, China). The concentration and quality were estimated by using NanoDrop 2000C.
The concentration ranges of the PCR products were 15ng/ul-150ng/ul, 260/280 was limited to
1.6-2.0.

Balanced mixtures of 30ng per PCR product were constructed into DNA libraries by using
VAHTS Universal DNA Library Prep Kit for Illumina. Random six-nucleotide indexes
(Supplementary Table S4.2), specific to viruses from different serial passaging lines, were
constructed and linked to the upstream of the forward primers. One DNA library was sequenced
as one NGS sample for the separate run of sequencing. Sorting of different originated viruses
was based on the indexes and mapping was approached by combining the separate gene
fragments according to the reference sequences.

NGS data analysis

The libraries were sequenced using Illumina MiSeq at 2 x 150 bp (4.5Gb for 10-15M read
pairs) configuration (Illumina, San Diego, CA, United States) at high coverage (average >10000
per nucleotide position) by GENEWIZ (Suzhou, China). Quality control-passed sequence reads
were mapped to the reference sequence of the A2093 virus. The primer sequences were
removed from the reads, then the overlapping region of two PCR fragments was avoided by
mapping the reads till the median location (the NGS coverage region in supplementary
Table S4.1). From the mapped data, we obtained the reads counts (sequencing depth) of each
nucleotide type (A/T/C/G) at every location on the whole length of the HA gene, Njj (7 is the
position of the substitution on the gene; j refers to one nucleotide type, A/T/C/G). In this way,
the frequency of each nucleotide type at the location can be approached as fij= Njj/ Ci (Ciis the
sequencing depth at location 1). Based on the reference sequence, a total substitution frequency
at every location was available as

fi= Z? fij (large dataset, not shown in this thesis).

Under the assumption that the sequencing errors that occurred at every location of the gene
are binomially independent, the probability of observing a substitution follows the Poisson
distribution. Binning the fi with a range of 0.001, we identified whether the validated fi > 0.005
(threshold analysis was based on the parent A2093 data) was available bin 0.005 - 0.006 in all
the progeny viruses. Therefore, fi > 0.6% were filtered as minority single base substitutions
(SBS). The geometric mean of minority SBS indicated the mutation rate of these “heat-spots”
on the HA gene. This was calculated by:
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Fe = (T f)w:

n represents the nucleotide number of the locations with fi > 0.6%.

The general mutation rate over the certain domain of the HA gene (Fy per nt) was, however,
calculated by:

1
Fg per nt = ;Z?]fi;
N representing the nucleotide numbers of the sequence region of the HA gene.

The genetic distance between the two virus stocks A and B were calculated with a population-
wide measure:

- \/% S (fia — fig)? (Morelli et al. 2013),

where N was the nucleotide numbers of the sequence region of the HA gene. We calculated the
distance of recombinant viruses (fia) to that of wt A2093 (fi_wt). Calculations were programmed
in R Studio.

For the calculation of transition/transversion and non-synonymous mutations, we extended
the threshold of fi to > 1%, including a frequency of 0.5% or more as detection limit for
reliable recognition of variants in the viral (Van den Hoecke et al. 2015) and the background
error from PCR and sequencing. For transition/transversion definition, one SBS with fi > 0.01
observed at one location was counted as one occurrence of transition [Ts, interchanges of two-
ring purines (A /G) or one-ring pyrimidines (C/ T)] or transversion (Tv, interchanges of purine
for pyrimidine bases) based on the consensus sequence. The sum of all the fi of transition over
the whole genome was defined as the probability of the transition after selection (P1s). The same
is true for the possibility of transversion (P1v). Simultaneously, the total numbers of Ts and Tv
were summed to indicate the diversity of one viral population (one virus stock). The numbers
of synonymous and non-synonymous substitutions were calculated based on the amino acid
sequence of HA gene from parent strain (A2093). Multiple t-test Discovery was determined
using the Two-stage linear step-up procedure (Benjamini, Krieger and Yekutieli) (Benjamini et
al. 2006), with Q = 1%. Each row was analyzed individually using GraphPad Prism, without
assuming a consistent SD.

dN/dS calculation for NGS datasets

The dN/dS ratio is defined as the number of nonsynonymous substitutions per non-
synonymous site (P~) to the number of synonymous substitutions per synonymous site (Ps). In
our study, the non-synonymous site (N) and synonymous site (S) was based on the reference
nucleotide sequence of A2093, and the other calculations were based on previous studies (Nei
et al. 1986, Orton 2014). We first estimated the numbers of non-synonymous (n) and
synonymous (s) of the 64 nucleotide-triplet based on the standard genetic code (Supplementary
Table S4.3) based on previously described methods (Nei et al. 1986). We considered mutations
changing the triplet into stopping-codon as neither non-synonymous nor synonymous. Based
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on the amino acid sequence HA, the estimated non-synonymous (N) and synonymous (S)
numbers over the whole amino acid sequence were calculated as N= 1 n,,S= YIs,. (r €
(1: 560), indicating amino acid sites of HA protein sequence).

To obtain the discovered non-synonymous (Nd) and synonymous (Sd) numbers, the
nucleotide sequence of the ORF region (i € (55: 1680)) was displayed as a triplet chain and
mapped to an HA amino acid sequence. Substitutions (fi = 0.01) were observed at every
location over the ORF region and then mapped to triplets to translate into amino acid residues
of the amino acid sequence. Based on the standard codon table, we counted the observed
substitutions causing non-synonymous/synonymous mutations. The proportion of synonymous
mutations (Ps) and non-synonymous mutations (Pn) were estimated by Ps= Sd4/S, Pn= Na/N.
The dN/dS ratio over the gene was calculated under the condition that Ps <0.75, Pn < 0.75.

dn =—3m@a-

4 3
4Pg

3
ds ——Zln(l—T

)

o N _dn
dN/dS ratio: & = ds

4.3 Results

Evolutionary patterns of progeny viruses from serial passaging

A2093 virus stock from the reverse genetic system was passaged on MDCK and Vero cells
for three generations and on CEF and DEF cells for ten generations. In vivo, we obtained
progeny viruses from the lung, trachea, and air sac from the 1%, 5 and 10" generations of the
host. Figure 4.1 displays all the serial passaging processes and the samples used for NGS. If
failure occurred in harvesting the progeny viruses from the cells or host tissues in between the
serial passaging, then the inoculation of the per-generation virus was performed to continue the
passaging.

reHON2-A2093 reHIN2-A2093 reHIN2-A2093 reHIN2-A2093

90 f ~4 P
of ~ -
“& Air-sac injection Serial passaging in
i i Serial passaging in DEF,CEF
Serial passaging Contact passaging P 9ing MDCK,Vero,A549
34 generations .
3 generations

Lung, air sac,

10 generations

trachea
Liine iml’::ne immune po No i No
pressure  ressure pressure Immune immune mmune
pressure pressure pressure
Sanger sequencin
s S NGS (CK) NGS (CELL)
SNP & mutation rate SNP & mutation rate SNP & mutation rate

Figure 4.1 Flow of serial passaging in vivo and in vitro.
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Based on the NGS data with the 0.006 cutoff, the estimated general mutation frequency of
the parent virus A2093 was 3.18 x 10~ s/n/g (substitutions per nucleotide per host generation)
for the HA gene. Comparing to the parent virus, the general mutation frequency of the 1%
generation progeny viruses from chick air sac was 2.3 times higher, and that from DEF cells
was 1.8 times lower (Table 4.1). As the serial passaging continued, the mutation frequency
decreased per host generation (g) due to the selection from the hosts.
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Table 4.1 The evolutionary parameters calculated from substitution frequency in NGS data.

SNP average Genetic Non-
. SBS y d per 1 5 F,
Host Factor G* Abbri. frequency Ts Py, Tv Py, distance N F, Fg (s/m) dN/dS synonymous
Count . generation (s/n/g)’
ratio [C)) g percentage
parent
X na. 0 Parent-v 4 0.0123 4 0.05 0 0.00 0 0 1.28E-02 3.18E-05 3.18E-05 na. 25.00%
virus
chick airsac 1 CK-Al 61 0.0529 52298 9 025 1.I9E-02 1.19E-02 1.25E-02 3.35E-03 3.35E-03 0.14 36.07%
chick airsac 5 CK-AS 4 0.0102 1 0.01 3 0.03 4.55E-03 9.11E-04 1.01E-02 1.54E-03 3.08E-04 na. 100.00%
chick airsac 10 CK-A10 7 0.0145 5 007 2 0.03 3.97E-03 3.97E-04 9.54E-03 1.31E-03 1.31E-04 1.89 85.71%
chick lung 1 CK-L1 38 0.0203 31 0.68 7 0.09 5.28E-03 5.28E-03 1.00E-02 1.93E-03 1.93E-03 0.10 28.95%
chick lung 5 CK-L5 8 0.0233 3 013 5 0.05 531E-03 1.06E-03 9.92E-03 1.61E-03 3.22E-04 0.52 62.50%
chick lung 10 CK-L10 6 0.0425 5 020 1 0.06 548E-03 5.48E-04 9.77E-03 1.38E-03 1.38E-04 0.31 50.00%
chick  trachea 1 CK-TI 43 0.0131 39 0.52 4 0.05 4.87E-03 4.87E-03 9.94E-03 1.86E-03 1.86E-03 0.16 37.21%
chick  trachea 5 CK-T5 2 0.0106 1 001 1 0.01 4.54E-03 9.07E-04 1.04E-02 148E-03 2.97E-04 na. 100.00%
cells Vero 3 Vero-3 6 0.0383 4 020 2 0.03 5.13E-03 1.71E-03 8.47E-03 1.20E-03 4.00E-04 0.63 66.67%
cells A549 3 A549-3 45 0.0244 40 0.90 5 0.20 6.84E-03 2.28E-03 1.00E-02 1.59E-03 531E-04 0.16 37.78%
cells MDCK 3 MDCK-3 6 0.0140 3 0.04 3 0.04 2.99E-03 9.98E-04 8.38E-03 8.95E-04 2.98E-04 1.57 83.33%
cells CEF 1 CEF-1 11 0.0571 8 0.55 3 0.08 I.10E-02 1.10E-02 8.72E-03 1.35E-03 1.35E-03 3.16 90.91%
cells CEF 3 CEF-3 10 0.0840 7 074 3 0.10 1.48E-02 4.94E-03 8.94E-03 1.48E-03 4.93E-04 2.84 90.00%
cells CEF 10 CEF-10 4 0.0488 3 018 1 0.01 2.22E-02 222E-03 8.64E-03 1.49E-03 1.49E-04 0.94 75.00%
cells DEF 1 DEF-1 3 0.0128 1 0.02 2 0.02 2.78E-03 2.78E-03 8.24E-03 8.05E-04 8.05E-04 0.63 66.67%
cells DEF 3 DEF-3 4 0.0151 3 0.05 1 001 3.20E-03 1.07E-03 8.41E-03 1.03E-03 3.44E-04 0.94 75.00%
cells DEF 10 DEF-10 10 0.1022 4 0.14 6 0.88 1.51E-02 1.51E-03 9.16E-03 1.54E-03 1.54E-04 0.73 70.00%
chicken Vaccinated 3 VAC-3A 8 0.0216 5 0.14 3 0.04 3.19E-03 1.06E-03 8.50E-03 5.78E-04 1.93E-04 0.52 62.50%
chicken Vaccinated 3 VAC-3B 6 0.0113 3 003 3 0.03 233E-03 7.75E-04 8.11E-03 5.52E-04 1.84E-04 1.57 83.33%
chicken N?n- 3 NV-3A 38 0.0140 31 043 7 0.11 3.42E-03 1.14E-03 9.22E-03 9.45E-04 3.15E-04 0.14 31.58%
Vaccinated
chicken N(_m_ 3 NV-3B 7 0.0147 5 008 2 0.02 247E-03 8.23E-04 8.21E-03 6.08E-04 2.03E-04 0.79 71.43%
Vaccinated

*QG, indicates generation of the infected host.

1, select Fi>0.006 locations, geometric mean of these locations;

2, sum Fi (>0.006)/length(region), s/n represents substitution per nucleotide;
3, sum Fi (>0.006)/length(region)/5, s/n/g represents substitution per nucleotide per generation in host.

Substitution changes of progeny viruses after serial passaging in different hosts were
visualized as the genetic distances compared to the parent virus A2093. The genetic distances
of progeny viruses decreased during the serial passaging in one host. Progeny viruses
replicating in different chick tissues in vivo had similar genetic distances. However, the in vivo
genetic distances were significantly lower than those from in vitro, showing an opposing
tendency: a larger decrease of distance between 1% and 10" generations in CEF and DEF
passaging; a slight increase of distance was observed in chick-respiratory passaging lines

(Figure 4.2).
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Figure 4.2. Genetic distance (d) of the progeny viruses in chick-respiratory passaging line and in vitro passaging line.
The x-axis displayed the generations of progeny viruses; the progeny viruses in chick-respiratory passaging line were displayed
as purple (from air sac), green (from lung) and black (from trachea); the progeny viruses in vitro were displayed as orange (in
CEF) and red (in DEF).

Mutation characters of progeny viruses from serial passaging

For the nucleotide changes observed under the cutoff of fi = 1%, we discovered
substitutions distributed at the head and tail of HA (Supplementary Figure S4.1). The total SNP
numbers were statistically higher for viruses passaged in chicks in vivo compared to those
passaged in vitro. These high SNP numbers were observed in vivo for the 1% generation, but
decreased while passaging. Progeny viruses from serial passaging on DEF and CEF cells
showed an opposing tendency in the substitution numbers (SNP count in Table 4.1). Comparing
the progeny viruses from the 3™ generation of incubation passaging on cell lines (Vero, A549
and MDCK) and those of contact-infection passaging (vaccinated and SPF chicken), the
substitution number on the Vero cell-line was the smallest. No differences were observed for
substitution number of progeny viruses passaged in A549 and MDCK in vitro, nor for SPF
chickens.

The substitutions causing synonymous and non-synonymous mutations based on the
standard codons were calculated (Supplementary Figure S4.1, numbering in amino acid
sequencing with nucleotides in triplets). In general, substitutions towards Adenine (A)
happened in all the progeny viruses. We further calculated the numbers of four types of
nucleotides of the ORF region on the HA gene from progeny viruses. Subtracting the
corresponding numbers from the parent virus, we obtained the relative numbers of nucleotides
changed after replicating in hosts (Figure 4.3). When considering the codon usage bias in
synonymous mutations, Adenine (A) and Cytosine (C) were found to be preference nucleotides
for progeny viruses after serial passaging in all the hosts except for vaccinated chicken (Figure
4.3). In contrast, Cytosine (C) was preference nucleotide for progeny viruses after passaging in
the A549 cell lines and the SPF chicken without vaccination. Among the 21 amino acids
residues using the standard codons (Table 4.2), more than half [Threonine (T), Leucine (L),
Serine (S), Valine (V), Glycine (G), Glutamic acid (E), Tyrosine (YY), Arginine (R), Asparagine
(N), Histidine (H) and Isoleucine (I)] showed codon usage bias in progeny viruses after serial
passaging in chicks and cells.
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Figure 4.3 Substitutions at codon of progeny viruses from different serial passaging lines. a, Substitution preference
that causing synonymous and non-synonymous mutations. Red bars towards left indicating the decreased number of certain
nucleotides which substituted by others; green bars towards right indicating the substitutions towards certain nucleotides
causing synonymous mutations on HA; Cherry bar towards right indicating the substitutions towards certain nucleotide causing
non-synonymous mutations on HA. A/T/C/G are the four nucleotide types, CK-A, is the virus replicating in chick air sac; CK-
L represent viruses replicating in chick lung; CK-T represent the viruses from chick trachea; CL indicating the cell lines; CEF
and DEF are the primary cells; VAC, represented viruses from vaccinated chicken, NV, represented viruses from SPF chicken

without vaccination. Blue indicating the substitutions causing non-synonymous mutations; green indicating the synonymous
mutations.

The viral population harvested from the vaccinated chicken was less than the other serial
passaging lines (data not shown); therefore, it showed no bias in codon usage compared to the
parent strain. In addition, codon usage shifting to Cysteine (C) or Glutamine (Q) were only
observed in non-vaccinated adult chickens but not in chicks or cell lines.
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Table 4.2 Substitutions on synonyms discovered in progeny viruses and the codon usage table of HA gene.

Influenza A virus "HA" 3679 HYN2 "HA" CDS's (561

Single Host for serial passaging ! . 2 3
Amino Acid  letter c?dl\i:s CDS's (2081925 codons) codons)
code CK-A  CKL CKT  CL CE  VAC NV Fraction F'fl"(;'g(;"y Number  Fraction T %Y Number
ACA V1 Vv V1 w2 w1 w1 =0 04 259 5402 05 357 20
Threonin p AG =0 Al Al Al =0 a1l =0 0 58 11994 005 3.6 2
conine ACC A1 ¥ =0 a1 A1 =0 =0 014 8.3 17334 013 8.9 5
ACT =0 A1 =0 =0 =0 =0 =0 033 197 4105 0.29 19.6 1"
MG ¥2 =0 =0 =0 =0 =0 w2 02 163 33979 014 125 7
TA ¥2 ¥ w. w. =0 =0 ¥ o0l 8.1 16769 0.08 7.1 4
Leucin L CIG A2 =m0 =m0 =0 =0 =0 A2 03 02 406 02 19.6 1
cucine CTA =0 A1 A1 A1 =0 =0 =0 019 158 3279 0.3 26.7 15
CIT =0 =0 =0 =0 =0 =0 =0 017 138 2833 012 10.7 6
CTC A2 =0 =0 =0 =0 =0 &1 00 69 14356 014 125 7
TCA ¥2 . W W A1 =0 =0 02 213 49271 033 25 14
AGT ¥ ¥ W ¥ =0 =0 =0 0I8 135 28064 016 125 7
Seri g T =0 V. =0 V. =0 =0 Al 04 108 259 0 10.7 6
erne TCC =0 =0 =0 Al Ww. =0 W. 013 9.6 20030  0.14 10.7 6
TG A2 A2 A1 A1 =0 =0 =0 003 24 4977 0.05 3.6 2
AGC A1 A1 A1 A1 =0 =0 =0 024 18 37445 0.19 143 8
GIC ¥ %2 W. W =0 =0 =0 09 100 2008 0.8 10.7 6
Valine y 66 Y Y. v v =0 =0 V. 03 B3 273 0.3 17.8 10
GIT A1 A1 &1 A1 ¥ =0 &1 02 155 3210 018 10.7 6
GTA A1 A2 &A1 A1 A1 =0 =0 027 147 30566 033 19.6 1
GGC ¥ V. Wl W =0 =0 =0 013 9.8 20414 0.09 7.1 4
Glveine G G66G Y- V. v =m0 =0 =0 Vo 02 23 4435 0.3 32 13
Y GGA A 1 =0 =0 =0 =0 =0 A1 04 308 64182 04l 32.1 18
GGT A 1 A2 &2 A1 =0 =0 =0 019 145 3010l 0.2 16 9
GCA = 0 A ] =0 =0 =0 =0 A1 045 228 47389 045 25 14
Alani GCG = 0 =0 =0 =0 =0 =0 W 008 41 8500 0.03 18 I
anine A Gec =0 W =0 =0 =0 =0 =0 023 12 25063 0.23 12.5 7
GCT =0 =0 =0 =0 =0 =0 =0 027 145 3022 029 16 9
. AMA = 0 0 . Al 0 0 a1 07 48 8167 071 39.2 »
Lysine K

MG =0 =0 A1 W =0 =0 W 03 183 37998 0.29 16 9
Phenylalanine FTIC T 0 SO0 =0 Vo =0 =0 A1 05 20 4¥2 06 178 10
cnylalanine TMr =0 =0 =0 A1 =0 =0 W 042 154 31981 033 8.9 5
Glugmicacid E GA¢ Y4 Y3 Y3 V3 =0 =0 Al 03 29 4685 03 17.8 10
GAA A4 A3 A3 A3 =0 =0 W 06 358 7455 068 374 21
Tyrosin y T Y V2 ¥2 v =0 =0 Al 02 16 485 02 214 12
yrosine TAC A1 A2 A2 A2 =0 =0 W 048 183 38104 048 19.6 1
AGG ¥ 2 W Wl W =0 =0 w2 032 145 3018 029 143 8
GG =0 =0 =0 =0 =0 =0 ¥ 006 2.8 5876 0.04 18 1
Arginine R AGA A2 A1 A Al =0 =0 A2 03 234 476 06l 303 17
CGA = 0 =0 = =0 =0 =0 A1 006 2.7 5591 0.04 18 1
CGT =0 =0 =0 =0 =0 =0 =0 00 03 625 0.04 1.8 1
CGC =0 =0 =0 =0 =0 =0 =0 002 1 2093 0 0 0
Asparagine. N MT Y2 Y Y Vo =0 Al =0 05 488 OU6 067 499 28
parag MC A2 A1 A1 A1 =0 W =0 04 341 71048 033 25 14
Histidi g G =0 VA v v =0 =0 Al 05 19 2867 0.5 10.7 6
stidme CAC =0 A1 A1 A1 =0 =0 w- 045 98 20453 05 10.7 6
AT ¥ ¥ W. W =0 =0 =0 03 255 53145 039 267 15
Isoleucine 1 ATC A1 A1 A ] = (0 =0 ¥v. W 0.3 22.6 47008 0.29 19.6 11
ATA = 0 =0 =0 A1 =0 A1 &1 035 263 5488 032 214 12
Custei ¢ T =0 =0 =0 =m0 =0 =0 V2o 04 41 2% 0§ 17.8 10
ystemne TGC = 0 = 0 0 =0 =0 =0 a2 05 155 3234 033 8.9 5
Glutamine CAA =0 =0 =0 =0 =0 =0 &1 06 2.1 5305 05 19.6 1
Q g =0 =0 =0 =0 =0 =0 W 033 125 25979 048 17.8 10
TAA =0 =0 W =0 =0 =0 =0 03 0.6 1155 1 18 1
. TAG =0 =0 =0 =0 =0 =0 =0 009 0.2 317 0 0 0
TGA = 0 =0 A& ] =0 =0 =0 =0 __ 06 L1 2250 0 0 0

!, .1, negative numbers indicated the decreased numbers of DNA codons on HA gene in progeny viruses; 41, positive

numbers indicated the increased numbers of DNA codons on HA gene in progeny viruses; ==0, indicated the no mutations
occurred in DNA codons on HA gene in progeny viruses; CK-A, is the virus replicating in chick air sac; CK-L represent viruses
replicating in chick lung; CK-T represent the viruses from chick trachea; CL indicating the cell lines; CE are the primary cells;
VAC, represented viruses from vaccinated chicken, NV, represented viruses from SPF chicken without vaccination.

2, The codon usage table of Influenza A virus HA gene, 3679 CDS's (2081925 codons), data was from Codon Usage Database;
3, The codon usage table of HON2 HA gene, A/chicken/Guangxi/KMI/99 (561 codons), data was from Codon Usage Database;
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Influence of selective pressures

Selective pressure on a protein-coding gene was estimated by the dN/dS substitution ratio
which was not influenced by the percentage of non-synonymous mutations (Table 4.1). The
dN/dS substitution ratios of progeny viruses decreased during serial passaging (Table 4.1), and
there was no accumulated effect of the continuous selective pressure. The dN/dS substitution
ratios also showed high variance between individuals in vivo. Whereas, after three generations
of serial passaging, the dN/dS ratio of virus replicating in vaccinated chickens was >1, the same
high ratios were observed in MDCK and CEF in vitro. In contrast, the dN/dS ratio of viruses
replicating in Vero (0.629), A549 cell line (0.162), and in DEF (mean and sd 0.769 + 0.160)
were all <1, indicating less selective pressure from these cells. No mutations were observed on
the consensus sequences of the HA gene in the last generation of progeny viruses from the host
without antigenic pressure. Therefore, we did not observe host-adapted mutations in the ten
generations of successful replications in the host.

Similarly, A2093 virus stock was passaged under antigenic pressure in vitro for 34
generations. We found five non-synonymous mutations (S145N, N201K, R2051, T206N and
D207N, H9 numbering) on the consensus sequences of the HA gene. Together with these five
non-synonymous mutations detected at the 30™ to 34™ generations, another non-synonymous
mutation (N191H) was detected at the 34" generation (Table 4.3). S145N and T206N observed
under antigenic and non-antigenic selection were considered to be related to host-adaption,
whereas N191H, N201K, R2051, and D207N observed only in viruses under antigenic selection
were potential immune-escape mutations. No mutations on the consensus sequences were
observed in the viruses passaged under the antigenic pressure in vaccinated chickens, partly due
to the small amount of progeny viruses harvested.

Table 4.3 Substitutions introducing non-synonymous mutations.

Substitutions Mutations EIDso/ml TCIDso/ml sellzlclg;)n I:e(l):c-fiz:li
wt-A2093 none 8.50 4.67 na. na.
G434A S145N 9.25 5.00 +/+ +/-
C617A T206N na. na. +/- +/-
AS571C NI191H 7.75 4.50 +/- -/-
T603A N201K 3.50 1.50 +/- -/-
G614T R2051 8.50 4.50 +/- -/-
G619A D207N 7.50 5.00 +/+ -/-

Note: Substitutions introducing non-synonymous mutations in serial passaging with homogeneous antisera

in chicken embryo allantoic fluid. na. No estimated data.
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4.4 Discussion

Like many other RNA viruses, the influenza virus functions as a prolonged troublemaker
largely due to its high mutation rate, which in turn provides genetic resources for rapid evolution
towards between-host adaption or immune escape. Should these two processes occur, a
pandemic could be just around the corner. The evolution of influenza viruses is the result of the
interaction of substitutions attributed to polymerase error and selective pressure from the host
environment, including the host’s immune status. To reveal the mutation pattern of influenza A
viruses, previous studies report a range of mutation rates from approximately 10~ to 10
mutations per nucleotide per cellular infection (Sudrez et al. 1992, Nobusawa et al. 2006,
Sanjuan et al. 2010). More recent research found an overall mutation rate as about 107*
substitutions per nucleotide per strand copied (s/n/r) in linear replication mode (Pauly et al.
2017). Not only do the estimated mutation rates differ based on the methods used, but also
because properties differ from gene segments due to the segmented genome characteristics of
influenza A viruses. It has been suggested that the positive selection by the host immune system
is the reason for a high evolutionary rate at surface genes (HA and NA genes) (Fitch et al. 1991,
Ina et al. 1994, Cox et al. 1995). However, few studies focus on the interaction of mutation
frequency and selective pressure.

To better understand the influence of host selective pressure on the evolutionary patterns of
the influenza A virus, we studied the mutations in the HA gene after several generations of serial
passaging in different hosts. Before the virus strain underwent any selective pressure, the
estimated general substitution frequency of the parent virus A2093 was 3.18 x 10 s/n/g for the
HA gene, about ten-fold lower than the progeny viruses from all the passages. The estimation
was based on the substitution frequency from the next generation sequencing involving rarer,
more deleterious mutations (Acevedo et al. 2014, Geller et al. 2016). This estimated value
provided a reference for the progeny viruses following selective pressures. In comparison, we
observed high substitution rates after a single replication in the chicks and in the different cell
lines. In the chicks’ respiratory system in vivo, the average substitution frequency was
approximately 2.38 x 107 s/n/g, whereas in vitro it was 6.77 x 10 s/n/g; more mutations
occurred in vivo. We then identified a decreasing tendency during serial passaging, in contrast
to our hypothesis that the mutation rate accumulated for generations of viruses. Under the
condition that the absolute substitution frequency was stable due to the polymerase error rate,
the observed substitution decreased as a result of the selective pressure on the population of
progeny virus. However, the higher substitutions in vivo suggest an influence of the host on the
replication process of the virus. Marine Combe et al. reported that “virus yield in the very first
infection cycle correlates with the short-term ability of the virus to create diversity” (Combe et
al. 2015). That is, the observed genetic diversity and the calculated substitution frequency and
genetic distance were determined by the number of viral particles in one infectious unit and
their success in the replication procedure. All the evolutionary parameters in chicks and cell
lines in this study reflect the average effect of total cell-bottleneck in vivo or in vitro as a
selective pressure.

The replication cycle of the influenza virus depends on host machinery and cellular
components for protein synthesis. Therefore, codon usage in influenza virus in its hosts could
be expected to affect viral replication (Wong et al. 2010). In general, we observed codon usage
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bias in synonymous mutations: Adenine (A) and Cytosine (C) were preference nucleotides for
progeny viruses after serial passaging in all the hosts except for vaccinated chicken. Given the
dN/dS ratio of virus replicating in vaccinated chickens was above one, the progeny viruses we
harvested from vaccinated chicken were heavily selected by the immune system triggered by
the homogenous vaccine. This antigenic neutralization on the virus did not happen at the
replication stage (within the cell); selective pressure of vaccine-induced immunity was in
addition to the natural selective pressure from the host. This explains why the vaccine-induced
immunity dramatically reduced the population size and diversity of the influenza virus
population, but still triggered the evolution towards antigenic drift. In other words, the
interaction of the high replication error and natural selection pressure generated a virus
population with genetic variants as a genetic pool. Then the vaccine-induced immunity pressure
caused an additional antigenic-originated selection on the excreted viruses which were then
exposed to the antibodies. Either a large virus population or long-term circulation increase the
possibility of the occurrence of antigenic drift from this additional antigenic-originated
selection.

In our study, we identified a total of six non-synonymous mutations: S145N, N201K, R2051,
T206N D207N and N191H. Earlier experimental research using a monoclonal antibody (Mab)
identified amino acid sites 145, 201 and 207 as HA protein epitopes of the HON2 subtype AIV
(CHEN et al. 2012, Wan et al. 2014). The 145S was the same in vaccine strains
(A/Chicken/Shandong/6/96, A/Chicken/Shanghai/F/98) as in the A2093 strain. Along with the
evolution of HA gene, the mutation S145N introduced glycosylation may have played a role in
antigenic variation in a previous study (Ping et al. 2008). Moreover, in our previous research
(Chapter 3), the mutation at site 145 evolved from N (Asparagine) towards D (Aspartic acid)
in the HIN2 viruses isolated in the field between 2013-2018, forming a new antigenic cluster
compared to those from the vaccine strains in the 1990s. The other sites 191, 205, 206 were all
near the antigenic position at HA1, and mutations at these sites were also reported related to
antigenic changes (Okamatsu et al. 2008, Bahari et al. 2015). However, N191H, N201K, R2051,
and D207N were found in a small proportion among natural mutations in mainland China
(Nextstrain 2021), suggesting a long evolution in nature in the endemic population of HON2.
Experimental research to identify these antigenic sites predicted the potential mutations related
to antigenic shift.

Worth noting is the significant difference between the natural evolution and the
experimental evolution of our research. The virus population was forced to undergo continuous
selective pressure in the experiment via inoculation, however, in the natural process, selective
pressure on one virus unit would stop if no successful new infection occurred. This failure of
new infection could be due to host-specific differences. However, no failure of infection was
reported in the serial passaging experiment. This also explains why fewer differences were
observed in the evolutionary patterns of viruses from vaccinated chicken. The dN/dS ratios of
progeny viruses at 1% generation indicate a higher host-specific selection in vivo than in vitro in
general. However, the higher selection in the human lung cancer cell line (A549) than in the
Vero cell line was highly influenced by the success of viral infection in vitro.

In summary, we observed evolutionary changes of viruses replicating in different hosts or
cell lines with and without antigenic selection. Within ten generations, the general substitution
frequency and the genetic distances of progeny viruses decreased due to selective pressure
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during serial passaging in one host. Progeny viruses passaged (within ten generations) in the
Vero cell line had the least number of substitutions. Even though no differences were observed
for the progeny viruses passaged substitution numbers in vitro and in vivo, the codon usage
(cytosine as preferred nucleotides) was observed on progeny viruses after passaging in the A549
cell lines and the SPF chicken without vaccination. After three generations of serial passaging,
the dN/dS ratio of virus replication in vaccinated chickens was above one, indicating more
selective pressure compared to that of the cell lines. Moreover, we identified a total of six non-
synonymous mutations as potential immune-escape mutations under the antigenic pressure in
vitro after more than 30 generations of serial passaging. This not only provides predictable
information for antigenic drift, but also suggests that selective pressure introduced by the
vaccine is more antigenic-destinated than host-specific selective pressure.
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Table S4.1 PCR primers for 4 fragments of HA gene.

FRAGMENT 1 FRAGMENT 2 FRAGMENT 3 FRAGMENT 4
Forward (5'-3") AGCAAAAGCAGGGGAATT ACAATCTGGAATGTGACTTA GCACAGTGCAATGTCAGA CCAAGACATATGGGCATACA
Reverse (5'-3") AACATGCTTTGCTTGTCC GTTGTGTTTAAGCCACCTT CATCATGCTCATCTAGTG TAGAAACAAGGGTGTTTTTG
PCR coverage 1-487 445-932 890-1384 1311-1740
NGS coverage 34-460 461-912 913-1364 1365-1716

Table S4.2 Progeny virus samples for Next Generation Sequencing.

Nrfns Host Factor Ggeneration Abbri. 5' Index
1 chick airsac Gl RA1 cttagt
1 chick airsac G5 RAS ctgcat
1 chick airsac G10 RA10 ctcact
1 chick lung Gl RL1 gaacac
1 chick lung G5 RLS gacgac
1 chick lung G10 RL10 tactag
1 chick trachea Gl RT1 tattat
1 chick trachea G5 RT5 acgata
2 cells Vero G3 Rv3 cttagt
2 cells A549 G3 Ra549 3 ctgeat
2 cells MDCK G3 Rmdck 3 ctcact
2 cells CEF Gl Reef 1 gaacac
2 cells CEF G3 Rcef 3 gacgac
2 cells CEF G10 Rceef 10 tactag
2 cells DEF Gl Rdef 1 tattat
2 cells DEF G3 Rdef 3 acgata
2 cells DEF G10 Rdef 10 actgec
3 chicken  vaccinated G3 vac-G3A accatg
3 chicken vaccinated G3 vac-G3B ctgata
3 chicken SPF G3 SPF-G3A ctcgaa
3 chicken SPF G5 SPF_GS5A acatag
3 parent - na. GO RO aacaag

1y
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Table S4.3 The numbers of non-synonymous (n) and synonymous (s) of the 64 nucleotide-triplet based on the standard
genetic code.

Triplet TTT TTC TTA TTG CTT CTC CTA CTG ATT ATC ATA ATG GTT GTC GTA GTG

amino F F L L I L L I 1 1 i M v Y v Y
acid
n 267 267 233 233 2 2 167 167 233 233 233 3 2 2 2 2
s 033 033 067 067 1 1 133 133 067 067 067 0 1 1 1 1

Table S4.3 continued
Triplet TCT TCC TCA TCG CCT CCC CCA CCG ACT ACC ACA ACG GCT GCC GCA GCG

amino S S S P P P P T T T T A A A A
acid
n 2 2 2 2 2 2 2 2 2 2 2 2 2

s 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Table S4.3 continued

Triplet TAT TAC TAA TAG CAT CAC CAA CAG AAT AAC AAA AAG GAT GAC GAA GAG

amino . « . .
acid Y H H Q Q N N K K D D E E
n 2 3 3 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67 2.67
s 1 1 0 0 0.33 3 3 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.3
Table S4.3 continued
Triplet TGT TGC TGA TGG CGT CGC CGA CGG AGT AGC AGA AGG GGT GGC GGA GGG
amino-— ¢ [¢ * w R R R R S S R R G G G G
acid
n 2.50 2.50 2.33 2.33 2 2 1.50 1.67 2.67 2.67 2.17 2.33 2 2 2 1.33
s 0.50 0.50 0.67 0.67 1 1 1.50 1.33 0.33 0.33 0.83 0.67 1 1 1 1.67

NOTE: n, expected non-synonymous numbers for each codon; s, expected synonymous numbers for each codon. Method in
(https://bioinformatics.cvr.ac.uk/calculating-dnds-for-ngs-datasets/).
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HON2 AIV reassorting with a human HIN1 influenza virus

Abstract

Reassortment between human and avian influenza A viruses may result in novel viruses with
new characteristics that may threaten human health when causing a next flu pandemic. A
particular risk may be the posed by avian influenza viruses of subtype HIN2 that are currently
massively circulating in domestic poultry in Asia and have been shown to infect humans. In this
study, we investigate the characteristics and compatibility of a human HIN1 virus with avian
HON?2 derived genes. Reassortant viruses were generated by reverse genetics in which genes of
the human WSN-H1N1 virus (A/WSN/1933) were replaced by genes of the avian A2093-H9N2
virus (A/chicken/Jiangsu/A2093/2011). We replaced both the Hemagglutinin (HA) and
Neuraminidase (NA) genes in combination with one of the genes involved in the viral
ribonucleoprotein (RNP) complex (either PB2, PB1, PA or NP). Reassortant viruses were able
to replicate in MDCK and DF1 cells and in mice. In particular, for the PB1 reassortant virus
increase virulence for mice was measured by increased body weight loss of mice after infection.
The reassortant viruses were passaged for five generations in MDCK cells and mice. Analysis
of the virus populations by next-generation sequencing showed a higher substitution rate for
the PBl-reassortant virus. In addition, we show that the avian PB1 gene increased the
polymerase activity of the RNP complex using luciferase reporter assays. The higher
polymerase activity, and increased mutation frequency measured for the PB1 reassortant virus
suggests that the avian PB1 gene may drive the evolution and adaptation of novel reassortant
viruses to the human host. This study provides novel insights in the characteristics of novel
viruses that may arise by reassortment of human and avian influenza viruses. Surveillance for
infections with HON2 viruses and the emergence of novel reassortant viruses in humans is
important for pandemic preparedness.
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5.1 Introduction

Highly pathogenicity avian influenza viruses (HPAIVs), specifically the H7 and HS
subtypes, are a continuous threat to the poultry industry, as these viruses can cause up to 100%
mortality in poultry. In contrast, low pathogenicity avian influenza viruses (LPAIVs) typically
cause only mild or no clinical symptoms in poultry. Since the first identification of HON2
isolated from quail in 1988 (Perez et al. 2003), HON2 AIV has been isolated from poultry (Lee
et al. 2000, Liu et al. 2004, Perk et al. 2006, Lee et al. 2007) and wild birds (Kawaoka et al.
1988, Jackwood et al. 2007) across Europe, Asia and North America. Since the 1990s, the
widespread of HON2 AIV in poultry has led to human infections in China (Peiris et al. 1999,
Butt et al. 2005), Bangladesh (Chakraborty et al. 2011), Pakistan (Ali et al. 2019) and Oman
(Alexander 2007). Three stable poultry lineages are recognized with the representative viruses,
A/quail/Hong Kong/G1/1997 (G1), A/chicken/Beijing/1/94 (BJ94, also known variously as the
Y280 or G9 lineage) and A/chicken/Hong Kong/Y439/1997 (Y439, also known as the Korean
lineage) (Guo et al. 2000). In 1998, the first human infection with HON2 AIV was reported in
Hong Kong (Peiris et al. 1999), and in the same year, five human patients were confirmed
infected with HIN2 AIV in Southern China (Guo et al. 1999). Since that, a total of 70
laboratory-confirmed human cases have been reported in southern China, other Asian countries
and Africa based on the records of WHO till December 2020 (Butt et al. 2005, James et al. 2019,
Potdar et al. 2019, WHO 2020). The human clinical cases with HON2 AIV indicated that certain
strains, e.g. G1 and BJ94 (Y280 or G9) have a preference for the human-like a-2,6-linked sialic
acid (SA) receptor due to some specific gene mutations in the HA (Hemagglutinin) gene (Butt
et al. 2005, Huang et al. 2015, Peacock et al. 2017). Further evolution of the HON2 AIV may
lead to adaptation of the virus to humans; however, no human-to-human transmission has been
reported yet (Zhou et al. 2018).

The evolution of HON2 AIV may be enhanced by the co-circulation with other LPAI or
HPALI viruses in poultry due to reassortment events in which gene segments are exchanged
between viruses. Evidence for this is provided by phylogenetic analysis of the (A/Quail/Hong
Kong/G1/97) G1-like HIN2 AIV (Guan et al. 2000). Reassortment events, in particular for the
PB2 (Polymerase basic protein 2), HA, NP (Nucleoprotein), and NA (Neuraminidase) genes,
resulted in the rapid evolution of the HON2 AIV, adapting the wild bird viruses to poultry. As
HON2 AIVs were shown to have the potential to infect humans, reassortment with seasonal
human influenza viruses may also occur during co-infections. The exchange of gene segments
between different viral strains can cause sudden changes in pathogenicity, virulence or
transmission ability (Scholtissek 1995, Holmes et al. 2005, Ince et al. 2013). This can give rise
to novel influenza viruses that are adapted to the human host. Experimental studies using a
ferret model showed that reassortant viruses harbouring HO9N2 ATV surface genes and seasonal
human H3N2 influenza virus internal genes are efficiently transmitted after adaptation by serial
passaging (Sorrell et al. 2009). In addition, human infections were reported with other zoonotic
subtypes of avian influenza viruses, such as H5Nx, H7N9, and HION8 (Lam et al. 2015).
Genetic analysis of these zoonotic viruses revealed that they arose by re-assortment events with
HI9N2 AlVs, in which they obtained internal genes of HON2 AIVs (Gu et al. 2014, Hao et al.
2019). Several mutations were identified in internal genes of avian HON2 strains that enhance
transmission from poultry to mammals or increase the virulence of the viruses (Best et al. 2000,
Li et al. 2014), such as the mutation 627E/701D in the PB2 gene.
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Besides re-assortment events, the high mutation rate of influenza viruses also contributes
to their fast evolution. Replication of the RNA genome is mediated by the virus-encoded RNA
polymerase, which is highly error-prone. This results in virus population, or quasi-species, with
high genetic diversity. This diversity allows a viral population to rapidly adapt to dynamic
environments, thereby allowing instance escape from the host immune response or vaccination.
In particular genetic changes in the two surface proteins, HA and NA, can lead to changes in
the antigenicity of the virus (Lindstrom et al. 2004). The viral RNA polymerase complex is
composed of the PB2, PBI (Polymerase basic protein 1) and PA (Polymerase acidic protein)
(Fodor 2013), packaged by the NP protein (a single-strand RNA-binding nucleoprotein)
(Biswas et al. 1998) to generate the viral ribonucleoprotein complexes (RNPs). The RNPs
provide the minimal set of proteins required for the transcription and replication of viral RNAs
(Andino et al. 1993, De la Luna et al. 1993). The polymerase proteins were previously reported
to affect the replication and virulence of influenza viruses (Watanabe et al. 2009). The PB2
protein was found to influence virulence (Hatta et al. 2001, Graef et al. 2010) as well as host
preference (Shinya et al. 2004, Labadie et al. 2007). A study on single gene reassortment
identified a critical role for PB1 (in addition to HA and NA) gene in the high virulence of the
1918 pandemic influenza virus (Pappas et al. 2008). Reassortment events between human and
avian influenza viruses in combination with rapid evolution and adaptation due to error-prone
replication may lead to a novel human pandemic. In this study, we investigate the replication
capacity of the human WSN-HINI1 virus in combination with avian polymerase genes derived
from the A2093-HIN2 virus. We show that the PB1 gene of the HON2 AIV is able to increase
polymerase activity and the error rate of the reassortant human viruses. The avian PB1 gene
thus may thereby drive the evolution of novel human reassortant viruses. As the HON2 AIV is
currently still circulating intensively in poultry populations in Asia, and human HON2 infections
have been observed, the emergence of novel reassortant viruses in humans must be carefully
monitored for pandemic preparedness.

5.2 Materials and methods

Ethics statement

The animal experiment and procedures were in accordance with the recommendations
made by the Shanghai Veterinary Research Institute, CAAS (ID: SHVRI-PO-2014-0098). The
project license was approved by the Animal Association of Science and Technology
Commission of Shanghai Municipality, China (Permit Number: 2013-11). All the animal
experiments were designed to involve as least number of animals as possible. Animals involved
were guaranteed sufficient food, water and contact space. Animals to be sacrificed for tissues
were under euthanasia. All the virus (LPAI HIN2) related materials and experiments were
carried out in biosafety level 2 (BSL-2) conditions.

Viruses and reverse genetic platform

The reverse genetic systems for WSN (A/WSN/1933, HIN1, GenBank: LC333185.1) and
A2093 (A/chicken/Jiangsu/A2093/2011, HON2, GenBank: KP865958.1) (Teng et al. 2016)
viruses have been constructed using the pBD bidirectional expression vector. The viruses were
generated by reverse genetics, as previously reported (Hoffmann et al. 2000, Hatta et al. 2001).
The reverse genetics system was used to generate stable-replicating reassortant viruses
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containing segments of A2093-HIN2 in the WSN-HIN1 virus background. One of the internal
genes of WSN/HINT1 (PB2, PB1, PA or NP) and the surface genes (both HA and NA) were
replaced by that of the avian A2093-H9N2 virus to obtain PB2-reassortant, PB1-reassortant,
PA-reassortant and NP-reassortant. The wild type (wt) A2093-HIN2 and WSN-HIN1 were also
rescued in this system for control.

Cell lines and animals

Madin-Darby Canine Kidney (MDCK) cells and avian DF-1 cells were cultured in
Dulbecco's modified Eagle's medium (DMEM, high glucose Gibco™) containing 5 % fetal
bovine serum (FBS, Gibco™) and 1% penicillin-streptomycin. The 293T cells were cultured
with DMEM containing 10% FBS and 2mM L-glutamine (Gibco™). All cell lines were
incubated at 37°C in a humidified incubator with 5% COx.

Specific-pathogen-free (SPF) 4- to 6-week-old female BALB/c mice were purchased from
Vital River Laboratories, Beijing, China. They were housed in isolators with air re-circulation
system. The room housing isolators was controlled by the central air conditioning to 23-25 °C
with 40-60% humidity. Mice were housed under optimal light conditions and feed and water
were provided ad libitum. Sawdust and corn cob beddings were provided in the isolators.
Bedding materials, food and water were refreshed every week. Virus infection experiments
were carried out in high containment facilities, each isolator had a separate air-circulation
purification system. The mice were euthanized at the end of the experiment. Manure was
removed at the end of the experiment.

Activity of the reassortant polymerase in vitro

A minigenome assay was performed to compare the activities of viral RNP complexes with
one of the polymerase-related genes from avian influenza HIN2 (A2093) following the
manufacturer’s instructions of Dual-Luciferase Reporter 1000 Assay Systems (Promega
Corporation, Wisconsin, USA). Briefly, we constructed eight eukaryotic expression plasmids
with genes from virus strains A2093-HON2 and WSN-H1N]1, in the backbone of the pCAGGS
expression construct: A2093-PB2, A2093-PB1, A2093-PA, and A2093-NP and WSN-PB2,
WSN-PBI1, WSN-PA, and WSN-NP.

Then 1 x 10° 293T cells were cultured in 12-well plates together with the four protein
expression plasmids (pCAGGS PB2, pCAGGS PB1, pCAGGS PA, and pCAGGS NP [0.5 g of
each]) for each of the 8 RNP combinations of A2093-HIN2 and WSN-HINI1 virus proteins.
The open reading frame (ORF) of Firefly Luciferase was inserted in the packaging signals of
NA gene (N’ 183 base pairs (bp) and C’ 157bp) of the PR8 strain (A/Puerto Rico/8/1934), was
placed under the control of the pPol I promoter, and was inserted into a multiple cloning site
(MCS) of pUCI18 plasmid (Takara Bio, Dalian, China). At 48 hours post-transfection, the
Relative light units (RLU) of Firefly Luciferase were measured on a GloMax 96 microplate
luminometer (Promega) according to the manufacturer’s instructions. As an internal control for
the dual-luciferase assay, Renilla (20ng each, Promega) was used. The results were presented
as the mean of three independent parallel experiments, with the standard deviation.
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Replication of HIN1/HIN?2 reassortant viruses in MDCK cells and mice

The growth kinetics of the rescued viruses were estimated by infection of mammalian
MDCK cells and avian DF-1 cells at 0.001 multiplicity of infection (MOI). The 70%-80%
monolayer cells were prepared in three T25 flasks 12 hours before infection. One flask of cells
was used for counting the number of cells. The other two are for parallel control. A total of 1ml
virus solution was incubated on the cells for 1 hour at 37°C, 5% COz incubator. After removing
the virus solution, 5ml fresh SFM (Serum-Free Cell Culture, Gibco) was added. Cell
supernatant samples (300ul in volume) were collected at 12, 24, 36, 48, 60 and 72 hours post-
infection to determine the virus titer.

The replication of the reassortant viruses in mice was estimated. For each infection group,
three 4-week-old female BALB/c mice were infected intranasally with 10° PFU virus stocks in
PBS (Phosphate-buffered saline). These mice were sacrificed for the tracheal and lung tissues
at 4 d.p.i. Clear supernatants of homogenates were used to evaluate the viral titer. Viral titers of
these samples were determined in plaque-forming units per millilitre (PFU/ml) by plaque assays
on MDCK cells as previously described (Tobita et al. 1975). Here we applied the
immunohistochemical staining method with influenza A virus nucleoprotein monoclonal
antibody (clone FluA-NP 2C9) to count the plaques. Three independent experiments were
carried out. Mean with standard error (sd) were used for data analysis.

Based on the replication ability and viral titer of parent virus strains, the virulence of the
virus was further evaluated by observing the bodyweight loss of infected mice. For each
infection group, five 4-week-old female BALB/c mice were infected intranasally with 10® PFU
virus stocks in PBS (Phosphate-buffered saline). As control, five 4-week-old female BALB/c
mice were inoculated with the same amount of PBS. Five mice were numbered, the body weight
and health condition were observed and record every 24 hours for 14 days post-infection (d.p.1).
The percentage of the body weight change after infection was calculated comparing to the
original body weight measured before infection (0 d.p.i). The average percentage body weight
loss of five mice of every group was calculated. Multiple t-test with a = 0.05 were performed
for significant differences.

Serial passaging of HINI/HIN?2 reassortant viruses in cells and mice

Reassortant viruses, wt WSN-HIN1 and A2093-H9N2 were passaged in MDCK cells at an
MOI of 0.001. In detail, three T25-flasks of 80% monolayer cells were seeded 12 hours before
the infection. Parent virus was inoculated with cells at an MOI of 0.001 for one hour at 37°C,
5% COz. Cells were washed three times with Serum-Free Media (SFM, Thermo Fisher
Scientific) and then maintained with SFM for at least 24h at 37°C, 5% COa. The HA titer of
supernatant and cell conditions were checked every 6 hours till the HA titer was over 16 HA
Units and more than 70% cell lysis was observed. The progeny viruses were incubated for a
new generation host circle with the same amount of MDCK cells right after being harvested
from the previous generation.

In vivo, reassortant WSN-HIN1/A2093-HON2 viruses and the corresponding wt WSN-
HIN1 and A2093-H9N2) were passaged in 4-week-old BALB/c mice. Three mice were
intranasally inoculated with 10° PFU parent virus stocks and sacrificed for the tracheal and lung
tissues at 4 d.p.i. The homogenates of the two tissues from 3 mice were mixed separately and
subsequently used for infection (intranasally) of two groups of mice. One group was for serial
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passaging in mouse lung (3 mice), and the other group was for serial passaging in mouse trachea
(3 mice). During the serial passaging, the age and health condition of the mice were maintained
the same as possible.

The above serial passaging procedures were repeated five times for five generations, and
two independent parallel passaging experiments were performed.

Sample preparation for NGS

The reassortant WSN-HIN1/A2093-H9N2 viruses and the wt strains obtained after serially
passaging in MDCK cells and mice (lung and turbinate, specifically) were prepared for Next
Generation Sequencing (NGS). The initial virus stock and the last generation (P5) were selected
for NGS sequencing. The details of sequenced viruses are listed in Table S5.1, and the
experimental workflow of amplicon sequencing is shown in Supplementary Figure S5.1
(Additional filel.pptx). All samples were analyzed in duplicate, starting from two independent
RNA isolations.

Viral RNA (VRNA) was extracted from 140 pl supernatants from cell passaging or tissues’
homogenates by using QIAGEN Viral RNA Isolation Kit following the manufacture’s
instructions. The isolated RNAs were all eluted into 30pl diethylpyrocarbonate-treated water.
Two-step RT-PCR was employed to amplify each viral gene segment. The first-strand cDNA
was transcripted by using Transcriptor High Fidelity cDNA Synthesis Kit (ROCHE, Cat. No.
05 091 284 001) with universal primer (5’-AGCAAAAGCAGG-3") for influenza A virus in a
final volume of 20pul as manufacturer’s protocol. The HA gene was amplified using primer-
pairs to obtain amplicons of approximately 500bp with PCR. Accordingly, there were four
fragments of HA gene, two fragments of M and NS genes, respectively. Six-nucleotide indexes
were added to the forward primers for PCR to allow bar-coding of the samples (Supplementary
Table S5.1). All the primers for PCR are listed in Supplementary Table S5.2. In detail, the PCR
amplification was carried out with Phanta Max Super-Fidelity DNA Polymerase (Vazyme
Biotech Co., Ltd) in a 50ul system, using 2ul cDNA template. The amplification program
consisted of a 3-min period at 95°C and was followed by 35 cycles with the following
conditions: 95°C for 30sec, 55°C for 30 sec, and 72°C for 40sec, and ended with one cycle at
72°C for 5 min. The amplicons were purified in 1% agarose gel electrophoresis and then
purified using a DNA Gel Extraction Kit (Axygen, Hangzhou, China). The concentration and
quality were estimated by using NanoDrop 2000C. The concentration ranges of the PCR
products were 15ng/ul-150ng/ul, and the 260/280 absorption was between 1.6-2.0. All bar-
coded PCR products of the same gene fragment were mixed in equal quantities (30ng) to
construct one DNA library for NGS analysis. The DNA libraries were generated using VAHTS
Universal DNA Library Prep Kit for Illumina.

Analysis of NGS data

The libraries were sequenced using Illumina MiSeq at 2 x 150 bp (4.5 Gb for 10-15M read
pairs) configuration (Illumina, San Diego, CA, United States) at high coverage (average >10000
per nucleotide position) by GENEWIZ (Suzhou, China). Quality control-passed sequence reads
were mapped using the WSN and A2093 virus reference sequences and used to detect minority
variants. The primer sequences were removed from the reads, then the overlapping region of
two PCR fragments was avoided by mapping the reads to the median location. From the mapped
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data, we obtained the reads counts (sequencing depth) of each nucleotide type (A/T/C/G) at
every location of the whole length of HA gene, Njj (i is the position of the substitution on the
gene; j refers to one nucleotide type, A/T/C/G). Then the frequency of each nucleotide type at
the location can be approached as fij= Njj/ Ci (Ciis the sequencing depth at location i). Based
on the reference sequence, total substitution frequency at every location was available as fi =
213- fij- Under the assumption that the sequencing errors that occurred at every location of the
gene are identically independent distributed with a binomial distribution, the probability of
observing a substitution follows approximately a Poisson distribution because these
probabilities are low. Binning the fi with a range of 0.001, we identified the low-frequency
sequencing errors occur in bins before bin 0.005 - 0.006 with the threshold >0.05 (threshold
analysis was based on the parent A2093 data). Therefore, fi = 0.6% were filtered as minority
single base substitutions (SBS). The geometric mean of minority SBS indicating the mutation
rate of these “hot-spots” on HA gene. This was calculated by the geometric mean:

1
Fe = (II} fi)» , n represented the nucleotide number of the locations with fi > 0.6%.

However, the general mutation rate over a certain domain of the HA gene (Fg per nt) was
calculated by the arithmetic mean:

Fg per nt = %Z{V fi» N was the nucleotide numbers of the sequence region of HA gene.

The genetic distance between two virus stocks A and B was calculated with a population-wide
measure:

d= \/% YT (fia — fie)®> (Morelli et al. 2013), N was the nucleotide numbers of the

sequence region of HA gene.

In this research, we calculated the distance of reassortant viruses (fia) to that of parent
A2093-HI9N2 (fig). Calculations were programmed in R Studio (Team 2013).

For the calculation of transition/transversion and non-synonymous mutations, we extended
the threshold of fi to > 1%, as the detection limit for reliable recognition of variants in the
viral (Van den Hoecke et al. 2015) and the background error from PCR and sequencing. For
transition/transversion definition, one SBS with fi >0.01 observed at one location was counted
as one occurrence of transition (Ts) or transversion (Tv) basing on the consensus sequence. Sum
of all the fi of transition or transversion over the whole genome was the probability that
transition and transversion were observed after selection, as Pty and P1,. Simultaneously, the
total numbers of Ts and Tv were summed up, which indicating the diversity of one viral
population (one virus stock).

Two parallel independent NGS runs (runl, run2) were performed to analyze the
reproducibility of the results. NGS data from these two runs of sequencing were compared.
Multiple t-test Discovery was applied using the Two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli, with Q = 1%. Each row was analyzed individually, without
assuming a consistent SD by using GraphPad Prism.
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5.3 Results

Polymerase activity of reassortant viruses in vitro

The polymerase activity of the avian A2093-HIN2 influenza virus was compared to that of
the human WSN-H1NI influenza virus using an in vitro Luciferase reporter assay. In addition,
reassortant HIN1 and HIN2 polymerases were tested in which either the PB2, PB1, PA or NP
genes were exchanged between the two viruses. The activity of the recombined polymerases
was compared to that of the WSN-HINI and A2093-H9N2 polymerases (Figure 5.1).
Compared to the WSN-HIN1 polymerase, the reassortant polymerase containing the PB1 gene
of the avian A2093-HIN2 virus significantly increased the activity of polymerase complex in
vitro (mean diff. -7.245, 95% CI of diff. -12.76 to -1.734). Replacement of the PB2 or PA genes
dramatically decreased the polymerase activity (mean diff. were 22.57 and 20.07 respectively),
whereas replacement of NP did not significantly affect the activity (mean diff. -0.09848, 95%
CI of diff. -5.610 to 5.413).
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Figure 5.1 Viral RNPs functional assay of recombinant polymerase complex. The polymerase activities of the human WSN-
HINI RNP, the recombinant RNPs containing PB2, PB1, PA or NP genes derived from the avian A2093-H9N2 RNP, and the
avian H2093 RNP were measured using the Dual-Luciferase Assay System. Firefly luciferase activity was measured to
determine polymerase activity, and Renilla luciferase activity was used as an internal control for monitoring transfection
efficiency. Experiments were repeated three times, mean and SD were applied. Multiple t-test with a= 0.05. *significant
difference.

Replication of the reassortant viruses in cells

Reassortant WSN-H1N1 viruses were generated, in which both the HA and NA genes were
replaced by that of A2093-H9N2, in combination with one of the polymerase-related genes PB2,
PB1, PA or NP. The replication of these viruses was studied after infection of mammalian
MDCK cell and duck DF1 cells, as shown in Figure 5.2. The viral titers of wild-type and
reassortant viruses were evaluated using plaque assays and HA titers were determined (Table
5.1). In MDCK cells, the replication of the PB1-reassortant viruses was similar to that of wt
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WSN-HIN1 virus. The peak viral titers were obtained after 24 hrs, 2.83 x10° (x1.17 x 10°)
PFU/ml for wt WSN-HINT1, and 5.69 x 10° (£1.10 x 10°) PFU/ml for the PB1-reassortant virus.
For the other reassortant viruses, delayed replication kinetic peak and lower titers were observed:
2.21 x 10* (x1.23 x 10%) PFU/ml for PB2-reassortant to 1.28 x10° (£1.25 x 10°) PFU/ml for
PA-reassortant. On DF1 cells titers of around 102- 10° PFU/ml were obtained for the reassortant
viruses, whereas a peak titer of 2.09 (£1.2) x 10° PFU/ml was observed for wt WSN-HIN1
virus at 24 hpi. On DF1 cells, lower peak viral titers were observed compared to MDCK cells.
Due to inefficient replication on DF1 cells, MDCK cells were selected for subsequent serial
passaging experiments with the reassortant viruses.
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Figure 5.2 Replication of reassortant viruses in cell lines (A) and in mouse (B). A, Virus replication of human wt WSN1-
HINI, avian wt 2093-H9N2 and reassortant viruses containing the avian PB2, PB1, PA or NP segments. Virus replication was
measured by determining plaque-forming units at several hours post-infection of MDCK and DF1 cells. B, Virus replication of
human wt WSN1-HINI, avian wt 2093-HIN2 and reassortant viruses containing the avian PB2, PB1, PA or NP segments.
Virus replication in mouse turbinal tissue and lung was measured at 4 days post-infection using plaque assays. Plaque assays
were repeated three times, the mean and sd of the PFU in the logarithm of 10 were applied. Multiple t-test with a = 0.05. *
significant difference.

Replication and virulence of reassortant viruses in mice

Virus replication for the reassortant viruses was studied by infection of mice. At four days
post infection, virus titers in the mouse lung and nasal turbinate were measured (Figure 5.2B).
The human-originated WSN-HINI virus replicated more efficiently in mice than the avian
A2093 virus, likely due to its adaptation to replication in mammals. The replication of the
reassortant viruses containing either the A2093-H9N2 PB2 or NP genes was reduced compared
to wt WSN-HIN1 virus. However, virus replication of the WSN-HIN1 was not significantly
affected by replacement with the avian PB1 and PA genes. That is, these two reassortant viruses
were able to replicate in both turbinate and lung up to 10* PFU/ml. The A2093-H9N2 showed
a slight preference for replication in the lung compared to turbinate. The reassortant viruses
were able to replicate to titers of 10° PFU/ml (without significant differences between the
viruses), except for PB2-reassortant virus for which significantly lower titers were obtained.
These results show that the lowest levels of replication were observed for the PB2-reassortant
virus in both cell lines and mice, whereas the other reassortant viruses replicate to similar levels.
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To study the virulence of the reassortant viruses, we inoculated eight mice with the
reassortant viruses that were found to efficiently replicate in mice (PB1, PA and NP-reassortant
viruses). Subsequently, the body-weight loss of five mice was measured 14 days after infection
as a marker for virulence. This showed that the PB1-reassortant virus caused a significant
bodyweight drop (Figure 5.3) in infected mice, similar to the wt WSN-H1HI1 virus at the 5%,
6" and 7" d.p.i. After inoculation with the PB1-reassortant virus, significant body weight loss
was observed with decreasing trend on 5, 6 and a slightly increasing trend on 7" and 8" d.p.i.
The increasing trend of WSN-HINI1 strain was observed after 10 d.p.i. No weight loss was
observed for the NP-reassortant and PA-reassortant viruses, however, the PA-reassortant virus
was detected at a low level in the lung and turbinate at 4 d.p.i (Figure 5.2B). In conclusion, the
PB1-reassortant virus was able to replicate in mice and resulted in significant body weight loss.
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Figure 5.3 Virulence of reassortant viruses in mice. Virulence of the PB1-, PA- and NP-reassortant viruses was measured by
infection of five mice, after which body-weight loss was measured for 14 days after infection. For reference, the human wt
WSN-HINI and avian wt A2093-HIN2 viruses are shown. The percentage of body weight loss is plotted, and significant
differences (Multiple t-test with a = 0.05) are marked (*). The percentage weight changes in body weight (n=5) are expressed
as the mean with SD in each group. # One mouse died on day 8, 9 and 11 d.p.i.

Serial passaging of reassortant viruses

To study the replication and evolution of the viruses during prolonged passaging, the
reassortant viruses and wt A2093-HIN2 virus were passaged in both MDCK cells and in mice.
As aresult of low replication for the PB2-reassortant virus in both cell lines and mice, we were
unable to obtain the progeny viruses of this reassortant strain. However, five generations of
progeny viruses of the PB1, PA and NP-reassortant viruses and wt A2093-H9N2, WSN-HIN1
virus were collected from serial passaging on MDCK cells.

These reassortant viruses and the A2093-HIN2 virus were also successfully passaged for
five generations in mice. Viruses harvested from individual mouse lung or turbinate were
pooled and inoculated into the next group of mice. We were able to continue passaging for five
generations in mice lung; however, for turbinate only one generation was successful.
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The viral titers of the parent virus before inoculation and the 5" generation of progeny
viruses are listed in Table 5.1. For the following analysis, the PB2-reassortant strain was not
included due to unsuccessful serial passaging. There was no significant difference in the titers
obtained for the other viruses, suggesting a similar population size for subsequent analysis of
viral sequences.

Table 5.1 The viral titers of viruses before and after 5-generation's serial passaging.

Parent Virus Parent Virus 5t Generation from 5t Generation from
Rescued viruses HA titer (generation 0) MDCK cell line Mouse lung

(log2) (log10 copies/ml)# (log10 copies/ml) (log10 copies/ml)
A2093HANAPB2/WSN 10 8.05+0.02 2.16+0.17 2.56+0.82
A2093HANAPB1/WSN 6 7.09+0.04 7.59+0.01 6.59+0.48
A2093HANAPA/WSN 10 8.33+0.06 5.48+0.00 7.31+£0.28
A2093HANANP/WSN 9 8.06+0.20 2.33+0.05 6.73+0.27
A2093 11 7.76+0.02 6.60+£0.00 6.16+0.03
WSN 7 7.87+0.04 6.74+0.00 7.86+0.30

# Q-PCR were repeated twice, mean and sd were calculated to estimate the viral particles. It was suggested that the copy
number of viral particles were 20—60 times of one infectious virus. (Yoshikawa T, Matsuo K, Matsuo K, Suzuki Y, Nomoto A,
Tamura SI, Kurata T, Sata T. Total viral genome copies and virus-Ig complexes after infection with influenza virus in the nasal
secretions of immunized mice. J Gen Virol. 2004 Aug;85(Pt 8):2339-2346. doi: 10.1099/vir.0.79892-0. PMID: 15269375.)

General mutation frequency and hot-spots on HA gene

We analyzed the mutation rate of the reassortant viruses during serial passaging in both
MDCK cells and mouse lung. The virus population was analyzed by Illumina sequencing, the
reads were mapped onto the HA ORF region of the reference sequence. Comparing the mutation
rates (Fynt, mutation/site/infection cycle) calculated from the HA1 and HA2 region (Table 5.2),
after five passages in mouse lungs, showed that the net mutation rates (after selection) of the
PBI1- and PA-reassortant viruses were almost 2-3 times higher than that of A2093-H9N2 and
WSN-HINT strains. The genetic distance in the HA sequences of the viruses after five passages
in MDCK cells and mouse lung was calculated (shown in Figure 5.4A). This analysis showed
that for the PB1- and PA-reassortant viruses, the genetic distance in the HA sequences
significantly increased compared to that of the wt A2093-HIN2 virus after passaging in mouse
lung. No significant difference was observed for the NP-reassortant after passaging in mouse
lung. For none of the viruses, a significant difference in the genetic distance was observed after
passaging in MDCK cells. The genetic distances of the HA sequences observed during
passaging of the PB1- and PA-reassortant viruses in mouse lung were also larger than measured
during passaging of the WSN-HINI virus. Differences were observed in the substitution
frequency measured for different domains in the HA gene (Table 5.2). The region from 350 to
950 on the HA nucleotide sequence (marked as HA1? in Table 5.2) includes the 130 helix, RBS
and 220 loop domains of the HA head. The mutation frequency in this functional HA1 domain
was compared to that of the complete HA gene, and that of the HA2 domain (region 1015-1615
for A2093, region 1030-1630 for WSN). The general mutation rates (Fgn
mutation/site/infection cycle) over the HA1 domain was 2.1 times (Std. Error = 9.425E-02)
higher than that over the whole HA domain (in linear regression with Fem (HA1%) = 2.13 Fynt
(whole HA), R? = 0.967, p-value = 3.938e-14). The plot of the dataset containing Fgmt of
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different HA domains was visualized in R, and exported on Supplementary Figure S5.2. The
general mutation rates over the HA2 domain displayed no linear relationship with that over the
whole HA regions (Table 5.2), and the general mutation rates of the HA2 domain were lower
than the HA1 domain for all the progeny viruses. These results suggest that the HA1 region, for
with higher substitution frequency was measured, reflects a mutation “hot-spot” on the HA gene.
This is likely due to increased selective pressure on this functional HA domain.

Mutation preference of reassortant viruses

We analyzed the substitutions observed in the HA ORF in further detail with a threshold of
fi> 0.01 for significant SBS after selection. The total number of SBS, which reflects the
diversity of the gene was calculated, as well as the number of transitions and transversion and
the number of synonymous and non-synonymous mutations (Table 5.3). Few significant SBS
were observed in the HA gene after serial passaging in MDCK cells. The total number of SBS
detected in the HA ORF was highest for the PB1-reassortant virus after passaging in mice lungs.
Therefore, the gene diversity of the HA gene of PB1-reassortant virus was higher than estimates
for the other reassortant viruses after five passages in mouse lungs.

Substitution frequency (fi) for A (Adenine) towards G (Guanine) was higher than that for
other types of substitutions on viruses passaged in both MDCK cells and mouse lungs. Only for
the PB1-reassortant virus, the estimated possibility of transversions (P1v) was higher than that
of transitions (Table 5.3). There was a positive correlation between a higher
transition/transversion ratio and a higher non-synonymous mutations ratio for all reassortant
viruses. Most of the significant SBS we observed in mouse lung passages were non-
synonymous mutations (Figure 5.4B). The probability of SBS resulting in a non-synonymous
mutation in HA was significantly higher for the PA- and PB1-reassortant viruses after five
passages in mouse lungs.
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Figure 5.4 Genetic variation in the HA sequence after passaging of reassortant viruses. A. Genetic distance of HA
sequences. The genetic distance of the HA sequences of the PB1-, PA- and NP-reassortant viruses after five passages in MDCK
cells (triangles) and mouse lung (circles) is plotted relative to the wt A2093-HIN2 virus. The genetic distance of the WSN-
HINT after five passages is plotted relative to the wt WSN-HINI1 virus. Two independent experiments were performed in cells
and mice that were analyzed by NGS and are plotted separately, as RUN1 and RUN2. Further details on the NGS results are
shown in supplementary Table S5.3. ** significant difference in the genetic distance compared to the WSN-HINT strain.

B, Non-synonymous numbers over open read frame (ORF) of HA nucleotide sequence. The number of substitutions (SBS)
is plotted for the PB1, PA and NP reassortant viruses and the wt A2093-H9N2 and WSN-HINI1 viruses after passaging in
MDCK cells and mice lungs. Numbers in the bracket indicated non-synonymous numbers with Fi>0.01, and the total SBS

number separating by “/”.
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5.4 Discussion

Influenza viruses are characterized by a rapid mutation caused by error-prone viral RNA-
polymerase enzyme on the negative-RNA genome during the replication. In addition, the
segmented genome of influenza viruses allows these viruses to obtain novel genetic information
by reassortment with other influenza strains. Error-prone RNA polymerase activity may be
beneficial for the virus by providing diverse gene mutations that may allow rapid adaptation to
a new host. Reassortment may also enable the virus to acquire features from other influenza
viruses within short infection circles, thereby possibly rapidly adapted to new host populations
and became endemic or pandemic. Many influenza pandemics in history were caused by
reassortant viruses originating from mammalian-adapted viruses that obtained genes from avian
influenza viruses. For instance, the HIN1 virus causing the 1918 pandemic was a reassortant
virus, containing HA from H1 subtype human-adapted strain and NA and other gene segments
from avian influenza viruses (Worobey et al. 2014). Also, the viruses causing the 1957
pandemic (Kilbourne 2006) and the 2009 pandemic (Garten et al. 2009, Smith et al. 2009) were
reassortant viruses.

Considering the pandemic threat of avian influenza viruses, it is important to provide more
insight in the characteristics of human influenza viruses after reassortment with avian influenza
viruses. To approach this, we simulated the reassortment of human HINT1 virus (inner genes)
and HIN2 AIVs (both HA and NA genes, and one of the polymerase genes). The surface genes
were derived from the HON2 AIV, and the reassortant viruses thus were not adapted to the
mammalian receptor. The reassortant viruses in this research were used as a model to study the
early stage of evolution of avian-human reassortant influenza viruses. We showed that the RNP
complex with the PB1 gene from A2093-HIN2 in the background of the WSN-HIN1 virus
significantly promoted the activity of RNPs complex in a Dual-Luciferase Assay System. In
MDCK cells, the PB1-reassortant virus was found to replicate with similar efficiency as wt
WSN-HINTI virus. In DF1 cells, the replication of the PB1-reassortant was reduced compared
to wt WSN-HINI virus. The other reassortant viruses replicated less efficiently in both MDCK
and DF1 cells compared to wt WSN-HINT1 virus. The reassortant viruses were able to replicate
efficiently in the mouse turbinate and lung, to similar levels as wt WSN-HIN1 virus. Except
for the PB2-reassortant virus that showed significantly reduced replication in the mouse lung.
The bodyweight of the mice was measured as an indication of virulence (replication ability) of
the viruses. Most interestingly, we observed increased virulence (replication ability) in mice for
the PB1-reassortant virus. Due to the low pathogenicity of the virus, no mortality other than a
decrease in body weight was observed in the infected mice. A previous study detected a high
polymerase activity of the combination of mammalian PB2 gene and avian PB1 gene in human
cells (Li et al. 2009). The involvement of the avian PB1 gene in mammalian-adapted virus
might obtain a higher virulence in the new host by generating adaptive mutations under new
selection pressure. To obtain more information on the replication and evolution of the WSN-
HINI virus containing inner gene segments of the HIN2 ATV, we performed serial passaging
of the reassortant viruses in MDCK cells and in mice.

In this study, the “mutation rate” was calculated during serial passaging of the reassortant
viruses. The mutation rate is, therefore, a combination of initial errors made during RNA
replication, combined with the effects of host selection (Sanjuan et al. 2016). Mutations in HA
may lead to changes of antibody or receptor binding and may be preferentially selected (Suzuki
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et al. 1999, Hay et al. 2001). For all reassortant viruses in this study, we observed a higher
mutation rate (mutation/site/infection cycle) in mouse lungs compared to MDCK cells. This
difference was likely caused by the increased selection pressure mediated by the mouse immune
system. The mutation rate measured on the HA gene was more than two-fold increased for the
PA-reassortant virus compared to wt WSN-HIN1 and A2093-H9N2 viruses, and more than 1.5
times for the PB1-reassortant virus. Previous studies suggested the mutation rate of influenza
A viruses ranged from 7.1 x 10 to 4.5 x 107 substitutions per nucleotide per cell infection
cycle (s/n/c) of the whole genome (Sanjuan et al. 2010, Pauly et al. 2017). In this study, we
measured mutation rates of 5.0 x 10 and 6.2 x 10 mutation/site/infection cycle on the HA
gene for the PB1 and PA-reassortant virus, which is higher than previously reported. We showed
that polymerase activity was increased for the PB1-reassortant virus, which may have resulted
in an increased error rate during RNA replication. However, decreased polymerase activity was
measured for the PA-reassortant. The higher mutation rate observed, therefore, may also result
from the strong selection pressure on the reassortant viruses due to their novel genetic
composition. We analyzed the HA sequence in this study, and higher selection pressure may be
expected for virus surface protein (Webster et al. 1992). Furthermore, the mutation rate may not
only depend on the gene segment analyzed but also on the virus subtype as was reported
previously (Webster et al. 1992, Nobusawa et al. 2006). Finally, differences in the analysis
methods may have contributed to variation in the error rates reported (Parvin et al. 1986, Pauly
et al. 2017). The number/ratio of non-synonymous mutations is an indicator of the selection
pressure on the virus (Hu et al. 2008). With similar high SBS numbers, the PB1-reassortant
virus showed the lowest percentages of non-synonymous changes, whereas, in the PA-
reassortant virus, only non-synonymous changes were found. This high percentage of non-
synonymous mutations in the PA-reassortant virus was also reflected in a high relative genetic
distance, suggesting there is a strong positive selection on the PA-reassortant virus. The serial
passaging experiments, in which five host-infection circles were observed, showed that the
substitution rates of both the PA and PB1-reassortant viruses were increased compared to the
other reassortant viruses. This suggests that reassortant viruses obtaining the PB1 gene from
avian HIN2 are more likely to rapidly adapt to new hosts. This is in accordance with a previous
study which showed that virus replication was more efficient when PB1 was derived from an
avian virus, regardless of the origin of the other proteins (Naffakh et al. 2000). Furthermore, we
identified a mutation hot-spot in the HA gene that is located near the antigenic and receptor
binding sites (Ha et al. 2001, Wan et al. 2014, Peacock et al. 2016). We measured a significantly
increased substitution frequency for the 350-950 domain of HA1 compared to the complete
OREF region. Our results are consistent with previous studies, which showed that the head
domain of HA evolves faster than the stalk domain (Kirkpatrick et al. 2018). This domain
included the 130 helix and 220 loop structure of the HA head which are exposed to the surface
and therefore can be easily captured by the host immune system (Raymond et al. 2018).
Together with the receptor-binding function, the highly mutable HA1 domain might
compromise viral replicative fitness, which means the globular head of HA are highly tolerant
of mutations (Doud et al. 2016). We further indicated that the mutation patterns could be highly
influenced
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by the reassortant viral VRARp complex, especially in reassortment between human and avian
viruses. However, further research will be required to provide more insight in the intracellular
mechanism at the molecular level.

Reassortment events between human and avian influenza viruses in combination with rapid
evolution and adaptation due to error-prone replication may lead to a novel human pandemic.
The HIN2 AIV is currently the most frequently detected subtype (particularly in live bird
markets) and has become endemic in poultry across Asia since the 1990s (Alexander 2007).
Several studies provided evidence of interspecies transmission of the HON2 AIV from poultry
to mammals, such as swine (Cong et al. 2008, Yu et al. 2008). Swine may represent a “mixing
vessel” for influenza viruses as they are susceptible for infected with swine, human and avian
influenza viruses (Ma et al. 2009). An experimental study showed the replication of the HON2
AIV (A/guinea fowl/Hong Kong/WF10/99, A/guinea fowl/Hong Kong/NT184/03) in mice
without adaptation (Choi et al. 2004), likely because of its properties of internal genes related
to polymerase function. As human infections with avian HON2 viruses have been reported
(Guo et al. 1999, Butt et al. 2005), there is a high probability of reassortment with human
influenza viruses. In this study, we showed that reassortment between a human HIN1 virus and
the HON2 AIV might potentially result in a novel virus that can readily adapt to humans: the
reassortant virus with the avian PB1 gene showed increased polymerase activity, better
replication in mouse lung and high mutation rate at HA gene, in particular in the HA1 domain
related to receptor binding and immunogenicity. Therefore, human infections with HON2 AIVs
and the possible emergence of reassortant influenza viruses carrying avian HON2 polymerase
genes must be carefully monitored for pandemic preparedness.
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Table S5.1 Specific indexes (Barcodes) for reassortant viruses from different hosts.

Host Recombinant viruses Barcode G::l:l;iggn

Parent A2093HANAPB2/WSN ACAGCA 0
A2093HANAPB1/WSN ACCTCC 0
A2093HANAPA/WSN ACGCTC 0
A2093HANANP/WSN ACGTAT 0

A2093 ACTATG 0

WSN AGAGTC 0

MDCK  A2093HANAPB2/WSN AACGTG 5
A2093HANAPB1/WSN GAACAG 5
A2093HANAPA/WSN ATGCCT 5
A2093HANANP/WSN AGTGGT 5

A2093 ACCACT 5

WSN ACATTG 5

NIIEI‘:;‘? A2093HANAPB2/WSN AGATCG 5
A2093HANAPB1/WSN AGTCAC 5
A2093HANAPA/WSN ATTGAG 5
A2093HANANP/WSN GACTAG 5

A2093 CACTTC 5

WSN CATACC 5

Table S5.2 Primer sequence for segment amplification of HA gene.

Gene PCR Primer Pairs Sequence Information (5°-3”) Rggir;is
A2093-HA-14F* GAATTTCACAACCACTCAAGAT 14.483
A2093-HA-483R® TGCTTTGCTTGTCCCACTGTAA
A2093-HA-452F GGAATGTGACTTACAGTGGGAC 452-92
A2093- A2093-HA-922R AGCCACCTTTTTCGGTCTGACA
HA A2093-HA-890F GCACAGTGCAATGTCAGACCGA 890-1388
A2093-HA-1388R TTTGCATCATGCTCATCTAGTG
A2093-HA-1365F AACACTAGATGAGCATGATG 1365.1735
A2093-HA-1735R ACAAGGGTGTTTTTGCCAAT
2 forward sequence; °, reverse sequence
Table S5.3 The genetic distances of HA from reassortant viruses and WSN strain.
PB1- PA- NP- WSN
MDCK-RUN1 0.005576924 4.76E-05 0.000502871 0
MDCK-RUN2 0.00450567 0 0 0
Mouse Lung-RUN1 0.0101668 0.02007605 0.0048566 0.004104706
Mouse Lung-RUN2 0.01026862 0.02019742 0.00468139 0.004346665
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Introduction

The low pathogenic avian influenza virus (LPAIV) HIN2 is one of the three main avian
influenza viruses (AIVs) threatening the poultry industry and public health (together with the
HS and H7 subtype AIVs). In some Asian countries, the HON2 LPAIV has become endemic in
poultry (Choi et al. 2005, Karimi-Madab et al. 2010, Kim et al. 2013, Peacock et al. 2019), and
vaccination with an inactivated virus vaccine was generally applied in poultry (Li et al. 2005,
Choi et al. 2008). However, HON2 LPAIV still persisted in countries with a national vaccination
program for the poultry industry (Zhang et al. 2008). In this thesis, I showed that transmission
of HON2 LPAIV in the chicken populations vaccinated with the inactivated virus as the vaccine
does still occur. Under this situation, I will discuss the outcome of my studies focusing on 1)
the performance of the inactivated virus vaccine in the prevention of LPAIV HIN2 in poultry,
2) the evolutionary changes in the HA gene of the HON2 strains in populations with and without
antigenic pressure from vaccination, 3) the involvement of the genes for the viral polymerase
and for the non-structural proteins from H9N2 avian strains are involved in reassortments with
human strains (HINT1 in this research), and 4) the advantages and disadvantages of the methods
used in this research.

112



General discussion

6.1. The high isolation rate of LPAIV HIN2 after preventative vaccination
with the inactivated virus vaccine

Inactivated virus vaccines against influenza for use in both animals and humans are
commercially available all over the world (Swayne 2012, WHO 2019, Daly et al. 2021). The
vaccine strains for human seasonal flu are updated regularly based on surveillance programs.
Hence, the implementation of seasonal flu vaccines has shown success in reducing the risk of
severe clinical illness by 40% to 60% (CDC 2019). Vaccination with an inactivated virus
vaccine was applied by several countries to control avian influenza to prevent disease and
mortality in poultry during outbreaks of high pathogenicity avian influenza (HPAI) (Swayne et
al. 2000, Sims 2007, Villarreal 2007). Some countries, which suffered from outbreaks of
endemic LPATV HON2 in poultry, also applied vaccination in the poultry industry to reduce the
economic losses associated with such outbreaks (Naeem et al. 2006, Banet-Noach et al. 2007,
Lee et al. 2013, Bahari et al. 2015, Lau et al. 2016). The vaccination policy was set up nationally
or locally, using an “autogenous vaccine” based on the virus strains circulating in the field at
that moment in time (Capua et al. 2003). But after long-term usage, the vaccine against the
LPAIV HIN2 virus was reported to drive the viral evolution rather than efficiently controlling
viral transmission (Li et al. 2005, Lee et al. 2016). The neglected transmission and the vaccine
triggered evolution potentially resulted in asymptomatic replication in vaccinated poultry and
enzootic infection cases in poultry workers (Capua et al. 2008, Swayne et al. 2008, Takano et
al. 2009, Kilany et al. 2010). The shortcomings of vaccination in LPATV HIN2 were noticed
due to an unexpected high isolation rate of these viruses in clinal samples in the countries with
a vaccination policy for poultry in place (VASFI et al. 2002, Kwon et al. 2006).

In China, the HIN2 subtype AIV has become stably established in the wild bird population
and is endemic in poultry enterprises. The HIN2 vaccine has been allowed to be used in poultry
in China since 1998, but reports from surveillance in different regions in China still showed a
high isolation rate of 92.5% HI9N2 AIV in chicken from poultry farms experiencing severe
drops in egg production (Bi et al. 2010). In these farms, the possibility of incorrect vaccination
procedures or antigenic drift in the circulating virus leading to reduced protection had to be
considered even though the vaccination data was not specified in that report.

We confirmed the high incidence of HON2 in local markets in southern China in 2013-2018
in Chapter 3. Even though the sampling numbers varied over the years, the increasing trend
was significant. However, from 2009 to 2012, a descending isolation rate of HON2 had been
displayed in previous research (Teng et al. 2016). Hence, the combined dataset showed a valley
in isolation percentages of the HON2 subtype among the AIV positive samples from 2012 to
2014 (Figure 6.1).
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Figure 6.1 The annual isolation rate of LPAIV HIN2 in southern China. This graph combines data obtained from 2009-
2012 (Teng et al. 2016) and 2013-2018 [this thesis]. The bars indicate the percentages HON2, i.e. number of positive samples
among the total number of swab samples collected from the markets.

Control measures were taken against an outbreak of a novel reassortant virus (H7N9) (Chen
et al. 2013, Gao et al. 2013) in 2013 may partly explain the reduction in the isolation rate of the
HON2 AIV in poultry. This human-infecting virus originated from a reassortment of H7N3,
H7N9, and LPATV H9N2 that had spread widely in poultry in the Yangtze River delta (Jonges
etal. 2013). Because the infection risks for humans via contact with birds in live poultry markets
(LPMs) was very high (Liao et al. 2009, Cowling et al. 2013, Lam et al. 2013), the municipal
governments in southern China temporarily closed (or gradually replaced) LPMs in 2013 (on
April 6 for Shanghai) (He et al. 2014) and carried out initial disinfections (Yuan et al. 2015).
When these measures were lifted, the annual isolation rate of HON2 increased rapidly back to
more than 10%, as described in Chapter 3. A similar tendency was shown incomparable
research performed in Hong Kong (Kung et al. 2003, Lau et al. 2007, Leung et al. 2012).
Although the formal LPMs were not re-opened officially, the live poultry trade in local markets
in southern China re-emerged after the outbreak. The coverage of vaccination in this was not
clear and also unknown for individual poultry due to the unclear background of these birds,
which were either from farms or from peoples’ backyards. Research indicated that the isolation
rate of HIN2 in free-range poultry (chicken, duck, swan, goose, parrot, pigeon that were not
vaccinated (Wang et al. 2013)) showed a total isolation rate of 3.2% (Zhu et al. 2018) when
sampled from eight cities in four provinces between January 2014 and October 2015. Hence,
the transmission of LPAIV in poultry in China was not reduced permanently, with the
depopulation strategy of LPMs (Yuan et al. 2014).

6.2 The role of inactivated virus vaccine in prevention of avian influenza in
poultry

The limited effect of vaccination in farms and the high frequency of free-range poultry
accompanied by the high prevalence in wild birds may all contribute to the problems seen with
atoo low level of herd immunity against endemic HIN2. Others suggested before that antigenic
drift may have led to a failure of the vaccine when there is transmission in the vaccinated
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population. And in return, the weakness of the herd immunity may have allowed the continuous
transmission of HON2, which would then further evolve under antigenic pressure from the
vaccination, e.g. (Lee et al. 2016, Su et al. 2020). This pressure acts as a selection factor that
triggers further antigenic drift, allowing immune escape mutants to be generated instead of
reducing the viral population size efficiently. Considering the limited success of vaccination,
we questioned the effect of the inactivated virus vaccine on stopping the transmission of LPAIV
HON2. In our research, we were able to present estimated transmission parameters for
vaccinated chicken, indicating that the vaccine could not prevent transmission of the
homologous virus (Chapter 2). So, in addition to immune evasion through antigenic drift and
possible incorrect procedures during vaccination, we have clear indications that the
transmission of even the homologous HIN2 AIV will not be stopped by the vaccination. The
transmission experiment in Chapter 2 well displayed the potential risks for a population with
a strong protection level (antisera HIT 2%!° after one shot vaccination) or weak protection
(antisera HIT no more than 2* after one shot vaccination). A good antibody level can reduce
virus shedding by individuals to a great extent, but even then, transmission still happens (R>1).

Since the inactivated virus vaccine was not able to stop the transmission of the virus, it is
not the optimal measure for virus control. Because in Chapter 2, we observed shedding virus
and the transmission in vaccinated chicken who achieved antibody (HI titer ranged from 8 to
1024 HIU) in serum. The inactivated vaccine is injected, leading mainly to IgG production in
the blood and extracellular fluid (Janeway Jr et al. 2001), while vaccines enhancing adaptive
humoral immune defence at mucosal surfaces (estimated by secretory IgA) (Holmgren et al.
2005) may be more effective against LPAIV. Because the entrance and shedding of the virus
were mostly via the aerodigestive and the urogenital tracts, which are both covered with mucous
membranes (Holmgren et al. 2005). A response of humoral mucosal immune (Brandtzaeg 1995)
was achieved by adjuvanted inactivated virus vaccine with cholera toxin or other mucosal
adjuvants that induced interferon (IFN)-y—producing CD4+ T cells (Mestecky et al. 2009). The
delivery method of the vaccine may also be important. The live influenza vaccine delivered by
an intranasal spray (FluMist) licensed for the actual influenza season in the United States
(Belshe et al. 2004) induced an immune response that resembled more closely the natural
immunity than the injected vaccine (Cox et al. 2004).

Besides humoral mucosal immunity, cell-mediated immunity was also reported to play an
important part in the clearance of the virus (Borrow 1997, La Gruta et al. 2014). Manman Dai
and co-authors (Dai et al. 2021) found that similar antibody levels were induced by the HON2
AIV inactivated virus vaccine as by a natural HIN2 AIV infection. For vaccinated chicken,
these researchers discovered an increase in CD4+ T cells instead of the CD8* T cells, and
therefore an up-regulation of Th2 cytokines in peripheral blood lymphocytes (PBL).
Considering Th1 cytokines promote the cellular immune reaction, whereas the Th2 cytokines
enhance humoral immune response (Sobue et al. 2001), the imbalance in activities of Thl and
Th2 cells also suggested the insufficient cell-mediated response via an inactivated vaccine.
Manman Dai and co-authors also indicated that (Dai et al. 2021), the absence of cytotoxicity-
associated gene expression and the deficiency of CD8+ T cell response after vaccination was
explained as the potential key reason for the limited protection by the inactivated virus vaccine.

In addition, the influence of maternally derived antibodies (MDA) is also a key point to
consider in vaccination protocols for poultry. It was reported that the induction of antibody titers
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by the vaccine was severely inhibited by maternal immunity in 14-day-old progeny chickens
(Maas et al. 2011). However, the influence of MDA on mucosal immunity is not clear to date.
Further research is needed to clarify the mechanism of interference MDA with mucosal
immunity, systemic immunity, as well as cell-mediated immunity. Last but not least, novel
adjuvants introducing mucosal immunity, but inhibiting interference by MDA, are promising
in the development of vaccines for poultry.

6.3 Optimization of transmission fitness by LPAIV HIN2

For the occurrence of transmission, the virus needs to finish the process of entering a host,
replicating its genome in the host, repackaging into a complete virus and then disseminating to
other host cells and tissues, and finally passing through a portal of exit to be transmitted to a
new host (Louten 2016). Because the virus depends on the host organism to finish the genomic
replication and reassembly (Al-Kobaisi 2007, Louten 2016), sufficient transmission to the next
organism is an important part of the viral replication cycle. Undoubtedly, allowing transmission
lies with the virus’ ability to overcome multiple barriers, from cell-to-cell and tissue-to-tissue
within the host organism and organism-to-organism (within one individual host), and even
across species (from individual host to another one). And this transmissibility of the virus as an
infectious agent is the basic reproduction rate (R0) in epidemiology and can be estimated by
mathematical models. Quantitatively, the RO >1 indicates successful transmission in the host
population. All these steps determine the concept and the model to describe viral transmission.

At the organism-to-organism level, the virus transmits as a population of genotypes (quasi-
species), which contains enormous infectious virus particles. Successful transmission at this
population-level initiates with shedding, maintaining infectious status, and reaching new
susceptible host organisms. For a successful transmission, the influenza virus should firstly
finish virus replication (by using host cytoplasmic products) and within-host transmission,
which may lead to illness/death of the individual host organism. Once the virus can overcome
cell-to-cell (or tissue-to-tissue) barriers and spreads in the host body, ultimately a spillover will
lead to transmission between hosts (interspecies or cross-species) (Fermin 2018). The threat of
avian influenza virus for humans is its transmission from animal to human or even from human
to human, together with its pathogenicity causing disease or even mortality in both animal and
human hosts.

6.3.1 Low transmission rate

The basic reproductive number (Ro) used in Chapter 2 provides a quantitative estimate of
the transmission efficiency of the virus (Heffernan et al. 2005). For influenza viruses, the Ro is
relatively low. Comparing to viruses with an Ro> 5, such as Measles (Ro valued 12-18), Mumps
(Ro valued 4-7), Rubella (Ro valued 3-9) (Winter et al. 2018) and Poliovirus (Ro valued 5-7)
(Fine 1993), the Ro values reported for influenza viruses in humans vary between 1.27 and 1.8
(Fraser et al. 2009, Yang et al. 2009). The pathogens with high Ro values were found to be
antigenically stable. In contrast, the antigenicity of influenza virus with low Ro is highly diverse
with constant antigenic drift (Rodpothong et al. 2012), which introduced problems in the
prevention and control of influenza via vaccination (Boni 2008). In this thesis, HON2 LPAIV is
observed to have a low transmission rate but a high antigenic diversity.
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As to the “low transmission rate”, the Ro of HON2 in the human population cannot be
determined, due to the finding that HON2 does not transmit from human to human but from
poultry to human. However, the high possibility of contact between humans and poultry,
together with the high mutation rate of the virus, is a “breeding ground” for the evolution of
HON2 LPAIV strains with more frequent cross-species transmission. Chapter 2 estimated the
Ro as 5.0-6.5 in unvaccinated chicken. In previous research on the transmission dynamics of
avian influenza in poultry during an outbreak, the value of Ro was estimated as 6.5 (95%
confidence interval [CI], 3.1-9.9) for HPAI H7N7 (Stegeman et al. 2004), and 5.5 (95%
posterior credible interval: 3.4—18.3) for LPAIV (H7N3 and H7N1) in turkey (Comin et al.
2011).

Control measures are able to reduce the Ro in different ways. The control measures used in
the outbreak of HPAI H7N7 in the Netherlands (in 2003) decreased the Ro (between-flock) from
6.5 before notification to 1.2 (95% CI, 0.6-1.9) after notification in one outbreak region
(Stegeman et al. 2004). Vaccination was also reported to reduce the RO value by reducing the
excretion of the virus (Karunakaran et al. 1987, Boyle et al. 2000, Swayne et al. 2001, Tollis et
al. 2002, Di Trani et al. 2003). Another study, accessing a triple reassortant HIN1 strain
(A/Sw/1A/00239/04), observed a statistically significant reduction of Ro (95%CI) from 10.66
(6.57-16.46) in non-vaccinated pigs to 1 (0.39-2.09) in the vaccinated groups (p < 0.05)
(Romagosa et al. 2011). However, the effectiveness of vaccination varied largely among species.
There was also research that reported that vaccination of golden pheasants did not affect the
excretion of H7N7 and had no influence on its transmission while providing clinical protection
(van der Goot et al. 2007).

In the results in Chapter 2 we presented the impact of the inactivated virus vaccine on
vaccinated chicken. Upon infection, the viral dose for inoculation had a greater impact on the
virus shedding rather than vaccination. Vaccination reduced the individual virus shedding of
vaccinated chicken but was not sufficient enough to stop the transmission. Besides, in the
combined dataset in Chapter 2, no significant difference in the virus shedding between
vaccinated (combined chicken with high and low antibody levels) and non-vaccinated chicken.
This is in contrast to previous research on the HPAI H5/H7subtype virus showing a significant
reduction in transmission in chicken after vaccination (Van der Goot et al. 2005, Van der Goot
et al. 2007, Bouma et al. 2009). The differences in pathogenicity and receptor tropism between
HPAIV and LPAIV (Post et al. 2012, Boéttcher-Friebertshiuser et al. 2014) needs to be
concerned when to compare their transmission patterns in the vaccinated population. Because
those biological differences of antigens influence the immune response of the individual host,
which leads to different levels of virus shedding or recovery process.

Additionally, in the published vaccination and challenging experiments, the virus could still
be detected (at low levels) in nasal or cloacal swabs during the experiments (Choi et al. 2008,
Kimetal. 2017, Gan et al. 2019). For example, in the research suggesting that inactivated HON2
vaccines containing at least a 250 HAU/dose will minimize virus shedding in SPF chickens
(Kilany et al. 2016), 20%-50% of the vaccinated chicken were still shedding 2.3-2.48 EIDso/ml

117

Chapter 6



General discussion

of virus. However, the change of subsequent transmission of this shedded virus was not
estimated in that study. In our experiments, the inactivated HON2 vaccine did induce an immune
response, as we measured an efficient increase of antibody levels in the serum. However,
despite reduced virus shedding, the transmission still went on in the population, although at a
lower rate.

6.3.2 A new antigenic group

With the concern that the inactivated virus vaccine cannot stop the transmission of LPAIV
HON?2 in poultry, Chapter 3 displayed the phylogenic and antigenic patterns of HON2 viruses
isolated from local markets in southern China during 2013-2018. These strains clustered in a
new antigenic group apart from the isolates collected during 2009-2012 (Teng et al. 2016). In
addition, many new antigenic characteristics different from the commercial vaccine
strains [A/chicken/Shandong/6/96 (SD696), A/chicken/Guangdong/SS/94 (SS) and A/chicken
/Shandong/F/98 (F98)] were identified in other studies (Li et al. 2005, Huang et al. 2010, Sun
et al. 2010, Xia et al. 2017). To be noticed, the identification of a new antigenic strain was seen
almost every four or five years during the surveillance. From the Bayesian Skyride plot (BSP)
in Chapter 3, the current HON2 isolates in the new antigenic group root back to Sep 2010 (95%
HPD interval: Jan 2010 — May 2011). In the long-term period, a slight reduction in genetic
diversity was observed between 2000 to 2005 and from 2013 to 2018. The decline in genetic
diversity in the period of 2000 to 2005 might be induced by the implementation of the vaccine
in 1998, but overall, the reduction in antigenic diversity of HON2 LPAIV was less than expected.

In theory, continuous circulation, despite a vaccine-induced drop in the transmission rate,
provides an opportunity for virus evolution. The genomic changes that happen during
replication will experience selective pressure from host barriers and antiviral immunity. In the
field, sub-optimal and inappropriate use of vaccines may also add antigenic selection pressure
and drive virus evolution. An example is the failure to control LPAIV H5N2 in Mexico, where
this strain was sustained for over ten years despite with prophylactic use of vaccines (Lee et al.
2004). The findings in this thesis also make it clear that intensive surveillance on the HON2
strain for the genetic and antigenic changes remains necessary, even after the use of vaccination.
Furthermore, the high genetic diversity of the HON2 provides a pool of genetic material that
may occasionally lead to new human infections (Butt et al. 2005, Khan et al. 2015, Pan et al.
2018).

6.4 Evolutionary changes of HIN2 virus under continuous transmission

The two most common evolutionary mechanisms used by influenza viruses are
characterized by substitutions caused by the error-prone RdRp and gene segment reassortments
(Webster 1999). Mutations, including substitutions, insertions, and deletions, contribute to the
diverse variants in the quasi-species of influenza viruses. A faster substitution rate, therefore,
might promote the diversity of the virus within a fixed period (Thomas et al. 2010). The
substitutions provide “materials/possibility” for evolution, and the selection pressure from the
host guides the destination. It has been proven that different gene segments showed different
evolutionary patterns (e.g., substitution frequency) due to the selective pressures they are faced
with. For example, the surface proteins encoded by the HA and NA genes of the influenza virus

118



General discussion

were suggested to undergo strong selection pressure from neutralizing antibodies (Domingo et
al. 2008). Because parts of the viral surface protein are the first determinants with antigenic
information for the host immune system. The observed mutations are, therefore, a result of
initial errors made during RNA replication, combined with the effects of selection (Sanjuan et
al. 2016). Mutations in HA, for instance, may lead to reduced antibody recognition or may
affect receptor binding and may therefore be preferentially selected for or against (Suzuki et al.
1999, Hay et al. 2001). Knowing the fact that LPAI HON2 is continuously circulating in poultry
even after vaccination, we focused on the mutational changes in the HA gene in both vaccinated
and naive chicken (Chapter 4).

6.4.1 The mutation rate after selection

In this project, I used two datasets to observe the mutation rate of H9 HA. The first was to
use the HA sequences from HON2 isolated from the field during surveillances or outbreaks,
which allowed me to describe the mutation situation in the field. The second was to use the next
generation sequencing (NGS) date from serial passaging experiments, comparing vaccinated
and non-vaccinated individuals with and without specific immune pressure.

Based on the first dataset, the average net mutation rate (after selection) of the HA gene
(H9 HA ORF region) from HON2 AIV in poultry in China was estimated as 3.95 x 1073
substitutions/site/year in Chapter 3. The net mutation rate of the HIN2 strains from the new
antigenic group (antigenic cluster 2) to which the recently isolated HON2 strains in China
belong was almost 1.5-times higher (6.23 x 10~ substitutions/site/year) than that of the average
level of HON2. These rates were similar to the estimations for H3 (HA1 domain only) in humans
(5.7 x 1073 substitutions/site/year) (Fitch et al. 1997). The HA1 domain is a high substitution
region because it contains receptor binding sites and antigenic sites as the head part of viral
surface protein. Besides, the net mutation rates of different domains on the HA gene are
different. For a better comparison, the net mutation rate of the H9 (HA1 domain only) of
antigenic cluster 2 showed a mean value of 7.43 x 10~ substitutions/site/year. So, indeed higher
than the H3 viruses circulating in humans. This directly indicated that HON2 AIV did not evolve
anomalously slow because of immunity in vaccinated poultry but actually faster and with higher
rates than human seasonal flu strains. This might be explained by the short lifespan of poultry
where natural immunity hardly plays a role, in combination with inefficient vaccination that
does not prevent transmission to new susceptible hosts.

In this research, before the virus strain underwent any immune-related selective pressure,
the estimated general substitution frequency of the parent A2093 virus was 3.18 x 107 s/n/g
(substitutions per nt per host generation) for the HA gene, about ten-fold lower than for the
progeny viruses passaged in vaccinated chicken. These mutations were caused by error-prone
viral RNA-polymerase enzyme on the negative-RNA genome. The estimation was based on the
substitution frequency found in NGS data, probably displaying also rarer, more deleterious
mutations (Acevedo et al. 2014, Geller et al. 2016). This estimated value provided a reference
for the progeny viruses generated under selective pressure. In comparison, in the chick
respiratory system in vivo, the average substitution frequency was approximately 2.38 x 1073
s/n/g, whereas in vitro it was 6.77 x 10**s/n/g. There were more mutations with high substitution
frequency detected in vivo in Chapter 4. The same virus stock (quasi-species) presented
different substitution frequencies after replicating in hosts or cell lines, indicating the different
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selective pressure from hosts/cells. These different selections from hosts/cells might also
influence other evolutionary changes for progeny viruses comparing to the parent virus stock
(quasi-species), e.g., the mutation type in the following section.

6.4.2 Codon usage and non-synonymous mutations differ under different selection

The replication cycle of the influenza virus depends on cellular components for protein
synthesis. Therefore codon usage in influenza viruses could be expected to affect viral
replication (Wong et al. 2010). In this research, the codon usage bias in synonymous mutations
was analyzed in progeny viruses (Chapter 4 and 5). Cytosine (C) was a preferred nucleotide
for progeny viruses after passage in A549 cell lines and non-vaccinated SPF chicken.

The ratio of non-synonymous over synonymous [N/S] mutations is an indicator for the
selection pressure acting on the virus (Hu et al. 2008). For A2093 replicating in different
hosts/tissues, limited data were obtained that indicated a higher non-synonymous/synonymous
ratio in mouse in vivo. Considering the HA genes were from the avian-originated HON2 strain,
the cellular environment of the mouse in vivo was the novel host environment possessing higher
selective pressure for these viruses in serial passaging experiments. As to the reassortant viruses,
with a similar large number of single base substitutions (SBS), the PB1-reassortant virus
showed the lowest percentage of non-synonymous changes, whereas in the PA-reassortant virus
only non-synonymous changes were found. This high percentage of non-synonymous
mutations in the PA-reassortant virus was also reflected in a high relative genetic distance,
suggesting there is a strong positive selection on the PA-reassortant virus. The serial passaging
experiments, in which five host-infection circles were observed, showed that the substitution
rates of both the PA and PB1-reassortant viruses were increased. This suggests that reassortant
viruses obtaining the PB1 gene from avian HIN2 are more likely to rapidly adapt to new hosts.
This following a previous study that showed that virus replication was more efficient when PB1
was derived from an avian virus, regardless of the origin of the other proteins (Naffakh et al.
2000).

Considering the antigenic selection from vaccination, the progeny viruses we harvested
from vaccinated chicken were heavily selected by the immune system triggered by the
homogenous vaccine. And this antigenic neutralization on the virus did not happen at the
replication stage, selective pressure of vaccine-introduced immunity was an extra selection in
addition to the natural selective pressure from the host. That explained why the vaccine-
introduced immunity dramatically reduced the population size and diversity of the influenza
virus but still triggered the evolution towards antigenic shift. The interaction of the high
replication error and natural selective pressure generating genetic pools with priority went
through the cell bottlenecks in the host, and then the vaccine-introduced immunity pressure
performed the antigenic-originated selection. Whereas the emerge of antigenic drift of the
influenza virus needed a big host population and long-term circulation.

Under selection from the homological antisera, antigenically related mutations were
identified in Chapter 4. There were five non-synonymous mutations, S145N, N201K, R2051,
T206N, and D207N, on the HA gene at 30" to 34" generation and one non-synonymous
mutation (N191H) at 34™ generation. Hereinto, the site 145 (CHEN et al. 2012), 201, and 207
(Wan et al. 2014) were identified as HA protein epitope of the HON2 subtype AIV by using a
monoclonal antibody (Mab) in experimental research. And S145 was the same in the vaccine
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strain used in that research (A/Chicken/Shandong/6/96) and A2093. The mutation S145N
introduced glycosylation might play a role in antigenic variation (Ping et al. 2008). Moreover,
in Chapter 2, the mutation at site 145 already evolved from N (Asparagine) towards D
(Aspartic acid) in the HON2 viruses isolated during 2013-2018, forming a new antigenic cluster
apart from the vaccine strains in the 1990s. The other sites 191, 205, 206 were all near the
antigenic position at HA1, and mutations at these sites were reported related to antigenic
changes (Okamatsu et al. 2008, Bahari et al. 2015) as well. However, N191H, N201K, R205I,
and D207N were in a small proportion among natural mutations in mainland China (Nextstrain
2021), suggesting a long evolution in nature in the endemic population of HON2. Experimental
research of identifying these antigenic sites predicted the potential mutations related to
antigenic shift.

6.5 Reassortment of LPAIV provide a genetic advantage at the evolution

Many influenza pandemics in history were caused by reassortant viruses originating from
mammalian-adapted viruses that obtained genes from avian influenza viruses. For instance, the
HINI virus causing the 1918 pandemic was a reassortant containing HA from an H1 subtype
human-adapted strain, while NA and other gene segments came from avian influenza viruses
(Worobey et al. 2014). Also, the viruses causing the 1957 pandemic (Kilbourne 2006) and the
2009 pandemic (Garten et al. 2009, Smith et al. 2009) were reassortants.

The rapid antigenic drift and widespread distribution in poultry throughout China have led
to reassortment and generation of diverse genotypes (Zhu et al. 2018) for influenza viruses. The
high reassortment of the inner genes from H9N2 leads to a question of what (or if) the
reassortment might increase the fitness for the new virus strain. On the one hand, the subsequent
question was if the RNA-polymerase-related genes after reassortment may also influence the
substitutions in the HA gene? Or further, if the reassortment enabled the virus to acquire features
from other influenza viruses, thereby possibly gaining the ability to rapidly adapt to a new host
population and become epidemic or pandemic.

In Chapter 5, the net mutation rate determined for the HA gene was more than two-fold
increased for the PA-reassortant virus compared to the original WSN-HIN1 and the A2093-
HON2 viruses, and more than 1.5 times for the PBl-reassortant virus. Previous studies
suggested the net mutation rate of influenza A viruses ranged from 7.1 x 107 to 4.5 x 107
substitutions per nucleotide per cell infection cycle (s/n/c) of the whole genome (Sanjuan et al.
2010, Pauly et al. 2017). In this study, we measured net mutation rates of 5.0 x 10*and 6.2 x
10" mutation/site/infection cycle on the HA gene for the PB1 and PA-reassortant viruses. The
progeny viruses isolated from one (cell) infection cycle was described as one generation this
study for comparison. The estimated net mutation rates of the HA gene for the PB1 and PA-
reassortant viruses were higher than that of the whole genome in previous reports; however, the
influences from the host and calculation methods deserved consideration.

Despite the high net mutation rates, the PB1 and PA gene from avian LPAIV HIN2 has
good adaption in the human-HIN1 background. The reassortant viruses were able to replicate
efficiently in the mouse turbinate and lung, to similar levels as wt WSN-HIN1 virus. Except
for the PB2-reassortant virus that showed significantly reduced replication in the mouse lung.
The bodyweight of the mice was measured as an indication of the virulence of the viruses. Most
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interestingly, we observed increased virulence in mice for the PB1-reassortant virus based on a
decrease in body weight were observed in the infected mice. Similar results were obtained in a
previous study, indicating high polymerase activity detected from the combination of
mammalian PB2 gene and avian PB1 gene in human cells (Li et al. 2009). Meanwhile, the
internal genes of HIN2 viruses have exhibited high compatibility with surface genes from other
avian influenza virus subtypes. For example, HSN1(Guan et al. 1999), H5N6 (Yang et al. 2017),
H7N9 (Cui et al. 2014), and H10NS viruses (Ye et al. 2016), which have caused the human
infection, have all acquired internal genes from HIN2 viruses (Shi et al. 2014).

Reassortment events between human and avian influenza viruses in combination with rapid
evolution and adaptation due to error-prone replication may lead to a novel human pandemic.
Additionally, PB1 was also suggested to be an avian-human transmitted gene (Kawaoka et al.
1989), considering the evolutionary history of one single gene segment. The HON2 AIV is
currently the most frequently detected subtype (particularly in live bird markets) and has
become endemic in poultry across Asia since the 1990s (Alexander 2007). Several studies
provided evidence of interspecies transmission of the HON2 AIV from poultry to mammals
(Cong et al. 2008, Yu et al. 2008). Moreover, an experimental study showed the replication of
the HON2 AIV (A/guinea fowl/Hong Kong/WF10/99, A/guinea fowl/Hong Kong/NT184/03) in
mice without adaptation (Choi et al. 2004), likely because of its properties of internal genes
related to polymerase function. As human infections with HON2 AIVs have been reported (Guo
et al. 1999, Butt et al. 2005), there is a high probability of reassortment with human influenza
viruses. The reassortment between a human HIN1 virus and the HON2 AIV may potentially
result in a novel virus that can readily adapt to humans: the reassortant virus with the avian PB1
gene showed increased polymerase activity, better replication in mouse lung and a high
mutation rate at HA gene. Therefore, human infections with HON2 AIVs and the possible
emergence of reassortant influenza viruses carrying avian HON2 polymerase genes must be
carefully monitored for pandemic preparedness.

6.6 Lessons from the methodology

This experimental protocol was investigated based on the hypothesis that the viral
evolutionary patterns might be influenced by cellular environments from hosts and the genetic
characteristics of the virus itself. The former is the selection pressure forcing the direction of
the viral evolution, and the changing viral genome keeps updating the “material” pool for higher
survival possibilities. Experiments to explore the mechanism need to be considered at both the
population level for evolution and the molecular level for the genetic changes. Therefore, based
on the feasibility, an LPAIV H9N2 strain with a complete reverse genetic manipulation system
was used for serial passaging in chick (White Leghorns, 1-7 days old), mouse (BALB/c, female,
3 weeks old), vaccinated and non-vaccinated chicken (White Leghorns, 4-5 weeks old) in vivo
and MDCK, Vero, A549, CEF, DEF cells in vitro. But the virus, including the reassortant strains
with the background of human HIN1, showed different replication abilities when passaging on
these hosts. This was unpredictable and not pre-considered in the protocol, the same goes for
the animal experiment itself. Besides, the sample preparation for Next Generation Sequencing
(NGS) method was newly designed based on the platform (MiSeq) so that there was no specific
reference for the analysis. We, therefore, only provided observations calculated based on the
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concepts and methods used in evolutionary studies.

All these added difficulties at finishing the project efficiently, but I wish the drawbacks in
this project would be side references for the following research. Therefore, the lessons were
concluded in this discussion as well.

6.6.1 Simulated evolution experiment (serial passaging virus in different hosts)

There was a significant difference between the natural evolution and the simulated one in
this research. Between the serial passaging, failure occurred in harvesting the progeny viruses
from the cells or host tissues, then the inoculation of the per-generation virus was performed to
continue the passaging. The virus population was forced to undergo continuous selective
pressure in the experiment; however, in the natural process, selective pressure on one virus unit
would stop if no successful new infection happened. And this failure of new infection could
show host-specific differences. However, the passaging experiments did not show these host
bottlenecks because of the infection dose and inoculation method. This also explained why
fewer differences were observed in the evolutionary patterns of viruses from different host
tissues. On the other hand, there was a bigger host population in the natural process, which
allowed individual failure at infection because the transmission was going on at the level of the
virus population. But the substitutions identified in NGS data were selected by the pressure,
with which we were able to observe the evolutionary patterns of the 1* generation of virus in a
host. The dN/dS ratios of progeny viruses at 1% generation indicating a higher host-specific
selection in vivo than in vitro in general. But the higher selection in the human lung cancer cell
line (A549) than the Vero cell line was highly influenced by the success of viral infection. This
also alarmed that the long-term transmission in the field like this serial passaging providing the
continuous selective pressure might help functional mutants survive and be detected, even
though host-adapted mutations need more than ten generations of successful replications in the
host in the lab. Due to the large population size of poultry in the field, host-adapted mutations
were easier to select in high-density farms.

6.6.2 Applying of NGS in evolutionary analysis

Next-Generation Sequencing (NGS, or deep sequencing) is a massively parallel sequencing
technology that allows the rapid parallel sequencing of complete virus genomes. One of the
major platforms for NGS is provided by Illumina (MiSeq or HiSeq), which was used in this
project following the MiSeq protocol, which enables up to 15 Gb of output with 25 million
sequencing reads and 2 x 300 bp read lengths (https://www.illumina.com/systems/sequencing-
platforms/miseq.html). NGS provides information on all genomes present in a virus population
(quasi-species), whereas Sanger sequencing only sequences the major components of the
sample, disregarding the minority data. For our purpose, it is important that NGS provide more
reliable data than Sanger sequencing for low-frequency variants in a given region of interest
(Jamuar et al. 2014). Considering a large number of samples from in vitro and in vivo
experiments and the possibly low frequency of individual SNPs in the genome of viral quasi-
species, NGS is the ideal technique to efficiently identify and calculate intrinsic and extrinsic
mutation rates of Al viruses. However, the Illumina error is observable when examining viral
populations at ultra-deep coverage. Besides, the sequencing of influenza viruses depended on
the Reverse Transcriptase (RT) step, and the PCR process also added errors from enzyme
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fidelity and numerous amplification cycles (Orton et al. 2015). To at most reduce the error from
this system, we applied high fidelity enzymes at RT and PCR steps but did not measure the
system error from the MiSeq platform. This was considered during the data analysis when a
threshold was in need to select reliable substitutions. A high cutoff value of 0.01 was chosen
for high confidence but resulted in fewer numbers of substitutions for statistical methods. The
lesson was to set up an error test for the platform while sequencing specific samples. The cutoff
value from the sample-specific test would help improve the precision of the genetic data.

6.7 Conclusions

This research showed that inactivated HON2 vaccine was able to protect against disease but
cannot stop the transmission of the HOIN2 AIV in vaccinated chicken. The veil of vaccination
provides a high possibility of long-term circulation in the host population under selection
pressure. This pressure triggers evolutionary changes in circulating strains in the field, and
similar effects were seen with virus strains generated in evolutionary experiments. With a high
mutation rate, a virus population with diverse variants evolved that obtained characteristic
mutations as a consequence of immune evasion and/or host-adaption. Besides, the avian PB1
gene was highly compatible within an artificial human (HIN1)-avian (HON2) reassortant virus
and promoted the adaptation of novel reassortant viruses to a mammal host. Taken all data
together, the prevention of LPATV H9N2 in poultry needs an updated strategy, combining timely
surveillance, biosafety measures to reduce human infection with avian influenza virus, and the
development of “new-types” of vaccines. Vaccine inducing broader immunity at mucosal
tissues was suggested to improve vaccination effect on stopping the virus transmission in a
high-density population.
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Summary

Low pathogenic avian influenza virus (LPAIV) HIN2 is one of the three avian influenza
viruses (AIVs) primarily threatening poultry industry and human health, together with H5 and
H7 subtype AIVs. The HIN2 AIV has become endemic in poultry in many countries all over
the world. HON2 AIVs also serve as gene donors for other subtype influenza viruses that can
infect humans. In several Asian countries, such a South Korea, China, Pakistan and Iran,
vaccination against HON2 AIV was permitted to reduce economic losses in the poultry industry.
However, surveillance programs initiated after the introduction of vaccination identified the
persistence of HON2 AIV in poultry (especially in chicken in South Korea and China). The aim
of the research described in this PhD thesis was to quantify the transmission of LPAIV HIN2
in vaccinated chicken and to identify the characteristics and evolutionary path of the HON2 ATV
currently circulating in vaccinated poultry in China.

In Chapter 2 the transmission parameters of HON2 AIV in vaccinated chicken were
determined. Therefore, the natural infection and transmission process was mimicked in
transmission experiments in chicken vaccinated with the inactivated HON2 vaccine and
challenged with the same H9N2 strain. Using a stochastic SIR model, the estimated
reproduction ratio (R) of the HON2 strain in non-vaccinated and vaccinated chicken was above
one. The inactivated HIN2 vaccine was able to provide individual protection by reducing the
virus shedding in high-antisera individuals, but could not stop the transmission of the HON2
AV in chickens vaccinated with a homologous inactivated virus vaccine.

Under the observed condition that the transmission continues in the vaccinated poultry
population, Chapter 3 aimed to analyze surveillance data from local markets in southern China
from 2013 till 2018 to determine how the HON2 AIV in a partially vaccinated bird population
changed over time. This surveillance consisted of 13981 samples from chickens, ducks, geese
and pigeons collected at a number of local markets located in nine provinces. This survey
revealed that the isolation rate of HIN2 AIV remained high in local markets, although
vaccination was initiated in poultry in 1998. The HON2 subtype was found in approximately
78% (1211 /1549) of avian influenza-positive samples. Next, the whole genome of 126 HON2
isolates was determined and used for phylogenetic and antigenic analyses to be able to follow
the evolution of HIN2 from 2013 to 2018. The phylogenetic tree showed that current strains
are rooted from the BJ94 lineage and evolved into two new subgroups (subgroup II and III)
with a large genetic distance from the vaccine strain (F98), which belongs to subgroup I. Based
on the antigenic distances comparing to F98 strain in HI assay, isolated strains in the two new
subgroups clustered into two new antigenic clusters, respectively. The estimated mutation rate
of subgroup I1I viruses was 6.23x107 substitutions/site/year, which was 1.5-fold faster than that
of the average HON2 HA open reading frame (3.95x1073 substitutions/site/year). New antigenic
properties of subgroup III viruses were identified at eleven amino acid positions in the HA
protein sequence, which are examples of antigenic drift and potentially change the
immunogenic properties of the HON2 AIVs.

In Chapter 4 the continuous transmission of the HON2 strain (the same strain as used in
Chapter 2) was simulated via serial in vivo passaging in different hosts, with and without
homologous vaccination, and in cell lines. The HA genes from the progeny viruses were
sequenced with the Illumina MiSeq platform using Next Generation Sequencing (NGS) to
determine evolutionary parameters, e.g. genetic diversity, general substitution frequency,
genetic distance, and dN/dS ratios. In the chickens’ respiratory system, the average substitution
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frequency was approximately 2.38 x 10~ s/n/g (substitutions/nucleotide/infection generation),
whereas in vitro it was 6.77 x 10 s/n/g. Besides, the genetic distances of progeny viruses to
parent virus were significantly lower in vivo than those in vitro. Furthermore, I identified a total
of six non-synonymous mutations, which were potential mutations related to antigenic changes
due to their location in the encoded HA protein. The methods and observations of the molecular
evolution of the HIN2 AIV under continuous selective pressure provide references for
evolutionary research on other low pathogenetic RNA viruses.

In Chapter 5 the characteristics and compatibility of novel viruses that may arise by
reassortment of human and avian influenza viruses were analyzed. Reassortant viruses were
generated by reverse genetics in which genes of a human HINT1 virus (A/WSN/1933) were
replaced by genes of an avian HIN2 virus (A/chicken/Jiangsu/A2093/2011). Both the HA and
NA (Neuraminidase) genes in combination with one of the genes involved in the viral
ribonucleoprotein (RNP) complex (either PB2, PB1, PA or NP) were replaced. Reassortant
viruses were able to replicate in canine MDCK and chicken DF1 cells, as well as in mice. In
particular, for the reassortant virus with an avian PB1 gene, an enhanced virulence for mice was
measured by increased body weight loss after infection. In addition, the avian PB1 gene
increased the polymerase activity of the RNP complex in luciferase reporter assays. With the
NGS data of reassortant viruses passaged for five generations, a higher substitution rate for the
PB1-reassortant virus in mice was estimated. The higher polymerase activity and the increased
mutation frequency suggests that the avian PB1 gene drives the evolution and adaptation of
novel reassortant viruses to the human host. Therefore, surveillance for infections with HON2
viruses and the emergence of novel reassortant viruses in humans is important for pandemic
preparedness.

In Chapter 6, I have integrated the discoveries and conclusions from the earlier chapters
and discussed the relationships between weak herd immunity protection and the transmission
of HON2 in host populations. I further elaborated on the evolutionary changes occurring in
HON2 AIV due to: 1) selection by immunogenic pressure from vaccination and 2) reassortment
with human strains (for instance, HIN1), and compared my data with previous research. Last
but not least, I discussed the advantages and disadvantages of the methods used in this research.
The identified molecular changes and evolutionary patterns provide a reference for vaccine
development and vaccination strategies in poultry
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