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Thesis Abstract

Avian influenza viruses cause major losses to the poultry sector each year and also
pose a significant risk for cross-species transmission to humans, where the disease
manifestations can be very severe. However, within avian hosts, there is still a limited
understanding of the adaptive immune system in the contexts of both health and disease,
and the immunological mechanisms which underpin vaccine-induced protective responses
against infectious challenge with pathogens such as avian influenza. As the ability of the
adaptive immune system to recognise specific antigens is dependent on the T and B cell
receptors which together comprise the adaptive immune receptor repertoire, understanding
the determinants which shape its specificities and diversity is paramount for both improving
our knowledge of the avian immune system and improving current prevention and control
strategies such as vaccination. In this thesis, I present a comprehensive analysis of the
domestic chicken (Gallus gallus domesticus) adaptive immune receptor repertoire upon
infection and/or vaccination with HON2 avian influenza — a pathogen that is widely
prevalent across the world and poses significant risk both to the poultry sector and to
human health and wellbeing. At the time of writing, no published research has examined
the avian adaptive immune repertoire using high throughput sequencing, and no repertoire
studies have been performed in birds that were infected with and/or vaccinated against
avian influenza. My analyses thus provide valuable information on the avian adaptive
immune system and the impacts of HIN2 infection and/or vaccination on the avian

adaptive immune receptor repertoires.
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Chapter I: Introduction

I.1. Abstract

Influenza A viruses are single-stranded RNA viruses that infect a wide variety of hosts.
Avian influenza viruses (AIVs) have their natural reservoir in wild aquatic birds and pose
major concerns due to their wide prevalence, and their propensity to infect other species
including domestic animals and humans. A high disease severity can accompany infection,
and AIVs cause major economic losses to the agricultural sector each year. As avian species
serve as the main hosts for these viruses, the study of their immune responses to infection
provides important information for implementing prevention and control strategies. In
response to infectious challenge, the innate and adaptive branches of the avian immune
system contribute to protection, with species-specific differences being present regarding
both components of immunity. As for influenza A virus infection in humans, the intrinsic
abilities of AIVs to evade host immune responses through antigenic drift and antigenic shift
renders the vaccination of birds against these pathogens extremely challenging.
Understanding the changes in the adaptive immune receptor repertoire in response to AIV
infection and vaccination may provide important information about these phenomena, as
previous research was able to show in species such as mice or humans. To date, there have
been very limited attempts to characterise the avian adaptive immune receptor repertoire,
and no studies have used high throughput sequencing technology to examine the repertoire
changes of avian hosts, following AIV infection. The chapter concludes by stating the aims
and objectives of the thesis, which focuses on the avian adaptive immune repertoire in the

context of AIV vaccination and infectious challenge.

I.2. Outline

In this chapter, I will explore the avian adaptive immune responses to influenza A virus
infection, with emphasis on the adaptive immune receptor repertoires in birds. To date,
very limited work has been carried out on the adaptive immune repertoire of birds, in spite

of the fruitful results that such endeavours have provided in species such as mice and
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humans. I will first introduce influenza A viruses and describe their biology, to then
contextualise their ecological impact on humans and other animal species. Emphasis will
be put on avian influenza viruses, which are used throughout this thesis to illustrate how
infectious agents can develop and alter the adaptive immune responses of avian hosts. I will
then describe the innate and adaptive components of avian immunity to influenza A viruses,
and present both avian-specific and species-specific factors that influence susceptibility and
disease progression. Subsequently, I provide information on the adaptive immune receptor
repertoire, the analysis of which constitutes the main focus of the thesis. Finally, the chapter
concludes by defining the aims and objectives of the thesis and presenting the structure of
the following chapters, whilst also underlining the potential of the research for increasing
our understanding of the avian adaptive immune system in the contexts of both health and

disease.

I.3. Influenza A viruses

I.3.1. Background

Infectious diseases cause a major medical, economic, and social burden each year, resulting
in significant morbidity and mortality. Historical records dating as far back as ancient times
indicate that humanity has been facing the threat of pathogenic organisms since the dawn
of our species on this planet. Moreover, infectious diseases have had dramatic
manifestations throughout history, causing devastating effects and loss of life, especially
when in the form of epidemics and pandemics. Out of the many different types of
infectious biological organisms that are causative agents of diseases, viruses stand out due
to their relative biological simplicity, obligate dependence on and intimate associations with

their hosts.

Influenza or flu is a well-known and familiar infection with its history dating back as to the
early days of humankind [1,2]. The first records of a flu-like epidemics date back to
antiquity, although the exact nature of the illnesses in question are still up for debate [3].
The term “influenza” originated in the 15% century from the “influence of the stars” — a

large and severe epidemic that affected Europe and possibly Asia and Africa [2]. The first
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official record of influenza is the 1918 “Spanish flu” pandemic which caused a very high
death toll across the world. Although not as dramatic as the pandemic manifestations of
the disease, the seasonal epidemics of influenza are also major causes of concern, given the

substantial morbidity and mortality associated with infection.

The causative agents of influenza disease are the influenza viruses, which are single-
stranded, negative-sense, segmented RNA viruses, comprised of four distinct genera (A, B,
C, and D) of the Orthomyxoviridae tamily [1]. Influenza A viruses exhibit a wide range of host
species, including poultry, swine, horses, bats, and humans [4]. By contrast, influenza B and
C viruses have their primary reservoir in humans, and influenza D has only recently been
identified in even-toed ungulates such as pigs, goats and cattle [5,6]. Of these viruses,
influenza A represents a major concern due to their broad host specificity and ability to
jump from one host species to another. Indeed, influenza A viruses cause severe economic
losses due to infection of domestic animal hosts, and also pose a significant zoonotic risk

when they cross the species barrier into humans [1,6-8].

1.3.2. Virion structure and infection mechanism

The influenza A virion has an elaborate structure comprised of the segmented genome
alongside several proteins and a lipid envelope derived from the cellular membrane of the
host cell [5]. The centre of the virion contains 8 single-stranded, negative-sense RNA
(VRNA) segments which code for 10 viral proteins. This segmented viral genome forms the
ribonucleoprotein (RNP) complex alongside nucleoproteins (NP) and three polymerase
proteins — polymerase basic 1 (PB1), polymerase basic 2 (PB2) and polymerase acid (PA).
The matrix protein (M1) connects the RNP complex with the lipid envelope, which
contains three viral proteins: haemagglutinin (HA), neuraminidase (NA), and matrix protein
2 (M2). The NP, HA, NA, and polymerase subunit proteins are each encoded by a separate
RNA segment. By contrast, the matrix proteins M1 and M2 are encoded by the same RNA
segment using different reading frames [5]. Similarly, two more non-structural proteins
present in the virion are encoded from a single RNA segment: the non-structural protein 1

(NS1) and the nuclear export protein (NEP) [9]. These structural characteristics of the
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influenza A virus have profound implications on the processes of infection and

pathogenesis.

The entry of Influenza A viruses into cells is (generally) through receptor-mediated
endocytosis, after the virion attaches to the sialic acids (SA) present on the cellular surface
(Figure 1.1) [5,6]. This process is facilitated by the HA proteins which specifically bind SA
moieties of the host cells. Importantly, the type of linkage between the SA moiety and
subterminal galactose of glycans dictates the ability of the HA proteins to infect specific
hosts [6]. For instance, avian-adapted influenza A viruses show preference for a2,3-linked
SA (SAa2,3Gal), as this is the predominant type of SA linkage found in avian hosts. By
contrast, human-adapted strains bind a2,6-linked SA (SAa2,6Gal), which is the
predominant linkage found in the human bronchus epithelia [6]. However, most species
contain both types of linkages, and thus the host-specificity imposed by SA linkages is not
absolute. After attachment to the cellular surface, influenza A virions are internalised to the
endocytic compartments, where the low pH triggers conformational changes in the HA
molecule, resulting in cleavage [1,5]. The joint action of the cleaved HA subunits then opens
a pore in the endosomal membrane and releases the virion contents into the cytoplasm.
Once inside the cellular cytoplasm, the RNPs are transported into the nucleus as they
contain nuclear localisation signals. Inside the nucleus, transcription and replication occur,
as the genomic RNA is accessed by the RNA-dependent RNA polymerase complex formed
by the PB1, PB2, and PA proteins [1,5]. Following transcription and replication, the
influenza RNA molecules begin to associate with the viral proteins which were produced
by the host cell’s ribosomes and imported back into the nucleus, resulting in the formation
of RNPs. These are then transported into the cytoplasm through the nuclear export

machinery of the host cell and are subsequently localised near the cellular membrane [1,5].
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Figure 1.1: Mechanism of infection and replication of Influenza A viruses.

The virus enters the cell via receptor mediated endocytosis following attachment of the
haemagglutinin (HA) molecules to the sialic acid moieties on the cell surface. Subsequent fusion
with the endosomal membrane and release of the virion contents into the cytoplasm occurs, which
are then transported to the nucleus. Following transcription and replication, the viral RNA (vVRNA)
is exported into the cytoplasm where it forms ribonucleoprotein complexes with the viral proteins
that were produced by the host ribosomes. Budding occurs at the membrane surface, with the
virion’s release being mainly mediated by the activity of the neuraminidase (NA) protein. Adapted
from Herold et al. (2015) [10].

The formation of buds on the cellular membrane represents one of the last steps before
the mature virions are released from the cells. It is believed that several viral proteins are
involved in this process, including the HA, NA, M1, and M2 proteins, with their conjoined
action culminating in membrane scission [1,5]. The final release of influenza virions from
the cell requires an energy-driven process catalysed by the NA protein which cleaves the
SA moieties from the host cell, thus countering the anchoring effect of the HA proteins to

the cellular membrane. As these viral proteins both interact with SA residues but have
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opposite effects, a careful balance exists between their functions in order maximise their
ability to attach to and infect host cells and to facilitate their release [1,5]. Furthermore, not
only are these two proteins essential for the infectious cycle itself, but they also contribute

to the ability of influenza A viruses to evade host immunity.

1.3.3. Classification and mechanisms of immune evasion

Influenza A viruses are classified with respect to their HA and NA surface glycoproteins,
which also represent the major antigenic targets against which the adaptive immune
response is mounted [5,6]. To date, at least 18 HA (H1-H18) and 11 NA (N1-N11) subtypes
have been identified in various animal species [6]. Both glycoproteins contribute to the
evasion of host immune responses, and this inherent feature poses considerable challenges
to controlling the spread of influenza A in both human and non-human animal hosts [5—
7,11]. Two phenomena play a key role in the ability of influenza A to evade host immunity.
The first is a consequence of the relatively high replication error rate of RNA viruses and
the selective pressure imposed by the immune system. The process — termed antigenic drift
— results in the rapid accumulation of mutations in the HA and NA and facilitates viral
persistence and reinfections of hosts, being responsible for the seasonal epidemics of
influenza A in humans [5,0]. The other, more dramatic mechanism of immune escape refers
to the phenomenon of antigenic shift [5,6]. This is made possible by the segmented nature
of the influenza genome which allows for reassortment to occur between different viruses
when coinfection is present. Although viral reassortment was not yet observed between
influenza viruses belonging to distinct genera, antigenic shift is responsible for the
pandemic strains of influenza A which result from coinfection with different subtypes.
From the perspective of the host immune system, these reassorted influenza A viruses can

be essentially regarded as novel pathogens, thereby posing a major threat worldwide.

I.3.4. Influenza A infections in humans: seasonal epidemics and
pandemics

In humans, the current circulating strains of influenza A are HIN2 and H3N2, being

responsible for the seasonal flu epidemics each year, alongside two influenza lineages
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belonging to the B genus [1,5]. However, there have been many instances when influenza
A viruses from other species were able to infect human hosts. Although these events are
worrisome as they can be accompanied by high mortality, the inability of efficient human-
to-human transmission generally results in the outbreaks being contained. For instance,
there are numerous documented cases of H5N1 avian influenza infections in humans since
it was first detected in Chinese geese farms in 1996 [1]. As this subtype causes around 60%
mortality in humans, many of these infections had fatal outcomes. However, although there
are some documented cases of limited human-to-human transmission (usually within
households), its inability to spread efficiently within human populations did not allow for
H5NT1 influenza to trigger a pandemic. By contrast, the zoonotic influenza subtypes which
gained the ability of human-to-human transmission were responsible for all influenza

pandemics, causing substantial morbidity and mortality worldwide [1,5].

Based on the records from recent years, influenza A pandemics occur at an interval of 10-
40 years and affect 20-40% of the wotld population [1,5]. From the 1900s onwards,
humanity was faced by four influenza pandemics: the 1918 “Spanish” influenza, the 1957
“Asian flu”, the 1968 “Hong Kong” influenza, and the 2009 “swine flu” [5,12]. Cross-
species transmission coupled with viral reassortment events were responsible for each of
these pandemics, as the causative viruses contained fragments of both human and animal
origin. For instance, the 1918 HIN1 influenza contains both avian- and human-adapted
signatures [13], and there is evidence of non-human mammalian circulation for multiple
years before effective human transmission occurred [14]. Similarly, the 1957 H2N2 virus
had avian-like HA and NA genes [15,16], and the 1968 H3N2 had PB1 and HA related to
the Eurasian avian lineages of influenza [17]. In 2009, the HIN1 pandemic influenza is
believed to have originated following multiple reassortment events involving human-,
avian-, and swine-adapted viruses [17]. Indeed, there have been many documented cases of
zoonotic influenza infections, particularly from domestic animals. Of these, avian influenza

viruses are the most worrisome, as there have been many cases with a fatal outcome.
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1.3.5. Avian influenza viruses

The broad host specificity of influenza A viruses coupled with its abilities of immune
evasion via antigenic shift and antigenic drift allow for circulation to occur in a wide range
of species across the planet. However, the natural reservoir of influenza A viruses is in wild
aquatic birds, where the infections cause little to no mortality and are usually limited to the
gastrointestinal tract which serves as the primary site of infection [1,5,6,8]. From these
hosts, viruses can readily transmit to domestic birds, where the disease severity is often
much higher. Indeed, domestic birds are of particular importance as these animals represent
a virus reservoir where avian influenza A viruses are enzootic. Furthermore, avian influenza
A viruses, hereafter referred to as avian influenza viruses (AlIVs), readily evolve and
diversify within poultry which often serve as intermediates from which the viruses can
spread to other domestic animals, wild birds and humans [5,6,18,19]. Indeed, not only are
poultry readily infected by AIVs, but these events are associated with significant economic

losses each year [8,20-23].

AlVs are further classified based on the disease severity which they cause when infecting
avian hosts into low pathogenic and high pathogenic avian influenza (LPAI and HPAI,
respectively) [24,25]. The LPAI strains often cause mild symptoms of infection whereas the
HPALI strains cause severe disease manifestations, with up to 100% mortality [25,26]. This
difference in pathogenicity relates to the ability of the HA precursor protein to be cleaved
by host proteases [24]. For LPAI strains, the presence of a monobasic cleavage site in the
HA precursor allows only trypsin-like host proteases to cleave the protein, therefore
restricting viral replication to the respiratory and gastrointestinal tracts. However, HPAI
strains possess a polybasic cleavage site which allows for ubiquitous proteases (e.g. furin)
to cleave the HA protein, thus enabling systemic replication and a much more severe disease
manifestation [25,26]. The ability of some strains of AIV to switch from LPAI to HPAI
phenotype relates to the acquisition of a polybasic cleavage site in the HA through
mutation, insertions, or genetic reassortment [27]. So far, the only AIVs possessing the
ability to evolve from LPAI into HPAI viruses are the H5 and H7 subtypes, which have
been responsible for highly severe disease outbreaks in poultry and human infections with

a high fatality rates [26,28-31].
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1.3.6. HIN2 avian influenza

LPALI strains also pose major economic and public health concerns, although the disease
manifestations which they cause are less severe [32]. Importantly, their high prevalence in
poultry farms across the world increases the likelihood of transmission to humans, and their
high propensity for mutation, coupled with the ability to reassort with HPAI strains provide
major threats at a global level. One particulatly prominent LPAI strain is subtype HIN2
which has become endemic in many countries across Asia, the Middle East, northern and
western Africa, and some parts of Europe [33-30]. Furthermore, HIN2 AIVs have been
causing yearly zoonotic infections, with half of these having occurred over the past 5 years;
there is also evidence of increased HIN2 seropositivity among agricultural workers [33,37—
41]. As such, given the substantial economic impact on the poultry sector, the continued
evidence of zoonotic infections, and the potential for AIVs to undergo reassortment and
generate novel strains, several countries have deployed national strategies in order to

contain viral spread and prevent possible human outbreaks.

1.3.7. Prevention and control

To date, vaccination against influenza viruses remains the only method of offering
protection against disease in humans. Similarly, veterinary vaccination against influenza is
routinely administered under agricultural settings in many countries, especially for poultry

and pigs [42].

Vaccination of domestic birds against AIVs dates back to the eatly parts of the 20™ century,
when chickens that recovered from “fowl plague” (now known to be H7 HPAT) were found
to be resistant after subsequent exposure to the disease [28,42,43]. Early attempts of
creating a vaccine involved inactivating the virus contained in biological material from birds
through various physical processes such as heating or drying, or chemical processes such
as using formalin or phenol glycerine. The unrefined implementation of such mechanisms
usually resulted in vaccine failures, either because the HPAI was incompletely inactivated
or due to insufficient antigenic stimulation following vaccination [44]. As such, the efficient

use of epidemiological control measures such as the culling of poultry during outbreaks
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substituted the need to implement HPAI vaccines until the mid-1990s. By contrast, LPAI
vaccine development started in the 1960s, and the first vaccines were approved in the USA
in 1978, as the infection of poultry (especially turkeys) resulted in severe losses in egg

production, even though the disease itself did not cause severe symptoms [42,44].

According to the Food and Agriculture Organisation (FAO), poultry represents the major
and most accessible source of meat, being expected to represent 41% of global meat
production by 2030 [45]. Moreover, the global egg production from chickens alone was
estimated at more than 86.67 billion tonnes in 2020 and it is projected to increase in the
upcoming years [46]. The health status of these birds is thus a vital issue, having implications
for both industrial and non-industrial settings. The global economic impact of AIV,
including both low and highly pathogenic strains is extremely high, as epidemics are
extinguished mainly through the culling of birds. In addition, improved diagnostic
capabilities and changes in farming practices have been implemented in many countries in
order to enhance the surveillance and control of AIV outbreaks in domestic animals.
However, influenza veterinary vaccination remains the main strategy for preventing
infectious outbreaks and minimising the burden of the disease [42] and some countries (e.g.
China) have successfully implemented national veterinary vaccination against AIV which

were effective in controlling the disease [47].

Just as for the seasonal influenza vaccines in humans (for a review, see [48]), the
effectiveness of vaccine-induced immune memory decreases rapidly in non-human animals
due to the emergence of escape variants [11,49-51]. Indeed, both antigenic drift and
antigenic shift phenomena have profound implications for vaccine-induced immunity in
both humans and domestic animals. What's more, the implementation of influenza A
vaccines for veterinary use is poorly regulated, with reduced coordination within and
between countries and frequent use of vaccines with sub-optimal homology to circulating
[52]. However, these efforts involve the use of inactivated vaccines, and there is still a
limited understanding about both the infectious process itself and the immunological
effects of vaccination within avian hosts. Indeed, more information is required on the avian

immune responses to AIVs for the efficient control of these pathogens [32,53].
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I.4. Immune responses to AIV infection in birds

I.4.1. Innate responses

The avian immune system provides a fascinating and important research model in the
context of both health and disease. Although birds and mammals diverged approximately
200 million years ago from a common reptilian ancestor, many functions of the innate and
adaptive branches of the immune system are shared between these lineages [54]. The first
lines of defence against pathogens such as AIVs are provided by the innate components of

immunity, which consist of nonspecific inflammatory and cellular responses.

The innate responses to AIV can broadly be classified into two main types, based on the
nature of the inflammatory response triggered by infection [55]. On the one hand, a
protective type I and type III interferon response has been suggested to control a hyper-
inflammation and induce an antiviral state that limits AIV replication and associated
pathology. On the other hand, an uncontrolled inflammatory response involving the
secretion of pro-inflaimmatory cytokines results in a “cytokine storm” which greatly
contributes to the morbidity and mortality of AIV infection. The protective interferon
(IFN) response is characteristic of species that are less prone to suffer severe forms of
HPATI infection, as is the case for ducks. By contrast, gallinaceous poultry exhibit a severe
hyperinflammatory response to HPAI viruses, which can result in up to 100% mortality in
a matter of days [25,26]. Of note is that the interferon response was first described in chick
embryos that were immunised inactivated influenza virus and produced a substance that
interfered with viral replication upon infectious challenge [56,57]. The striking contrasts
between different species of bird in their interferon responses to influenza A relate to
species-specific immunological differences, predominantly in the signalling cascades which

are triggered by infection [55].

Upon infection, a very fast induction of an antiviral response is generally apparent, being
mostly triggered by the detection of intracellular dsSRNA which is produced during ATV
replication [58]. Pattern recognition receptors (PRRs) such as Toll-like receptor 3 (TLR-3),
TLR-7, retinoic acid-inducible gene-I (RIG-I) and RIG-I-like factors such as melanoma
differentiation protein-5 (MDA-5) are activated by AIV-derived RNA and initiate a cascade
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of intracellular signalling which ultimately results in the production of type I interferons
and the induction of an antiviral state [55,58—60]. Importantly, birds lack TLR-8 from their
genome, and thus the signalling through this receptor and the protective functions which
it offers in response to AIV ssRNA do not take place [61,62]. Of particular importance in
controlling AIV infection in the absence of a hyperinflaimmatory response is the RIG-I
receptor. Species-specific susceptibility to AIV pathology is provided by the contrast
between ducks and chickens, as the latter species lacks RIG-I in its genome [55,59].
Although chickens do possess the MDA-5 receptor and the signalling cascade includes
some overlapping downstream components with RIG-I, its expression alone is suggested
to be insufficient in the induction of IFN responses to influenza infection in knockout mice
[63—60]. Furthermore, transfected chicken cells expressing the duck RIG-I gene were found
to reduce the viral titre by 50% when compared to controls [67]. As such, the increased
susceptibility in chickens to HPAI infection and its associated severe pathology is
considered to be, at least in part, due to the absence of a functional RIG-I receptor gene in

its genome.

These differences, alongside other intracellular components of the innate immune response
which are activated upon infection, cumulatively influence the progression, severity, and
outcome of the AIV disease in avian hosts. Following the activation of PRRs during AIV
challenge, cytokines and chemokines are secreted which promote the recruitment of
leukocytes to the site of infection [58]. These specialised innate immune cells are important
host defence mechanisms against infection, and species-specific differences have also been
observed in their responses which correlated with disease severity. For instance,
polymorphonuclear (PMN) cells are recruited to the sites of infection and contribute to the
control of AIV through mechanisms such as phagocytosis and the production of
antimicrobial enzymes, defensins, and reactive oxygen species (ROS) such as nitric oxide
(NO) [58]. Although the production of NO has potent antiviral effects during the acute
phases of the inflammatory response, excessive production of this highly reactive radical
can have profound negative effects on the affected tissues and contribute to pathology [68].
For instance, an increased production of inducible nitric-oxide synthase (INOS) mRNA

and higher sera NO concentrations were found in chickens as opposed to ducks infected
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by a H5SN1 HPAI virus, and this has been suggested to correlate with the disease severity

in these two species [69].

Other innate cells such as Natural killer (NK) lymphocytes have been shown to be a
requirement for viral clearance of AIV in mice models [70,71]. These innate lymphocytes
are known to provide early protection against infectious challenge through their cytotoxic
abilities, without prior sensitisation (i.e. are MHC-unrestricted) [72]. Interestingly, when
challenged with a LPAT HINZ2 strain, chickens exhibited activated NK cell responses in the
lungs [73]. By contrast, when challenged with a HPAI H5NT1 strain, there was a decreased
activation of NK cells in the lungs, thus indicating that insufficient activation of NK cells
contributes to the pathology of HPAI strains. Although the involvement of NK cells during
AIV infection in avian hosts remains ill-defined, these findings suggest the contribution of
these innate lymphocytes may act in a strain-specific manner, which directly correlates with

disease severity.

Major histocompatibility complex (MHC) class 11 antigen presenting cells (APCs) including
macrophages and dendritic cells (DCs) also exhibit important protective functions during
AIV challenge [58]. As resident populations of these cells are present in the respiratory
tract, they constitute some of the first responders to AIV infection through phagocytosis
and cytokine secretion. For example, infection of chicken DCs with either LPAI or HPAI
strains induced differential upregulation of PRRs, which was correlated with different
profiles of cytokine secretion and suggested to relate to a higher inflammatory response
observed HPALI strains [74]. In addition to their innate protective functions during AIV
infection, APCs take up foreign antigen and migrate to secondary lymphoid organs where
they stimulate cells of the adaptive immune system. However, as opposed to mammals,
where lymph nodes serve as major sites for concentrating these interactions between the
innate and adaptive branches of immunity, these secondary lymphoid organs are absent
from many bird species, including chickens (although they have been described in ducks)
[42]. Furthermore, mammalian lymph nodes also facilitate migration of lymphocytes to and
from the sites of infection. Instead, chickens contain aggregates of non-encapsulated
lymphoid tissue containing small lymphocytes throughout the body which are capable of
tulfilling (at least to a certain extent) some of the roles of mammalian lymph nodes. This

defining anatomical feature of the avian immune system is likely to have consequences
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during the initiation of the adaptive immune system, especially regarding pathogens such

as AIV, which require rapid responses in order to control infection [42,75].

As described above, the innate avian immune responses to AIV infection generally follow
the same principles as for other viral infectious diseases, in a manner similar to mammalian
species. As rapid mortality can ensue following the infection with HPAI strains, the innate
responses are particularly important in dictating the outcome of the infectious challenge
[55,58]. However, the adaptive immune responses to AIVs are also key components to both

recovery after infection and long-term protection.

I.4.2. Adaptive responses

The adaptive component of immunity through thymus-derived (T) cells and bursa-derived
(B) cells is key to the resolution of many infections, including AIVs, and the protection
against future challenge through immunological memory [76,77]. The interaction between
APCs and naive T cells initiates the adaptive branch of the immune system. For this to
occur, small peptides (antigens) are loaded on major histocompatibility complex (MHC)
proteins, and presented to T cell receptors (T'CRs), in what has been termed as the
“immunological synapse”. There are two main lineages of T cells, based on the chains which

they possess as part of their functional TCR receptor: af3 T cells, with a TCRa light chain
and a TCR heavy chain; and Y T cells, with a TCRY light chain and a TCRS heavy chain.

Unlike mice or humans, species on which most of the immunological research to date has
focused, birds are species with a high frequency of circulating y& T cells [76,78,79]. T cells
of the Y8 lineage are present at much lower circulating levels in mice and humans than af3
T cells, and many Y8 T cell subsets are restricted to particular tissues (e.g. gut or skin) based
on specific T cell receptor (TCR) rearrangements which occur during development. In these
species T cells are known fulfil a wide variety of roles throughout the lifetime of the
individual, under both physiological and pathological conditions (for reviews, see [80] and
[81]). Relatedly, TCRy gene expression was recently found to be elevated in the spleen and
thymus of both young and adult chickens [82] and the yd T cell lineage has been shown to

exhibit important functions during bacterial or viral infections in chickens, including
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cytokine secretion and cytotoxicity [78,83—85]. However, their functions in avian species
remains pootly understood and it is yet unknown if y8 T cells recognise classical antigen-

MHC complexes, or if they interact with non-classical molecules as was described in mice

and humans [76,80].

The paradigms of the aff T cell immune response in birds are similar to the mammalian
adaptive immune systems [76]. Once naive afy T cells have been activated, they proliferate
and participate in the cellular or humoral components of adaptive immunity, based on their
cluster of differentiation (CD) molecule expression. CD4+ aff T cells differentiate into T
helper (Th) cells which stimulate antigen-specific B cells to produce antibodies and are thus
classically associated with humoral (antibody-mediated) immunity, but they also assist cell
mediated immunity. Furthermore, CD4+ af3 T cells can differentiate into other subtypes
such as regulatory T (Treg) cells which modulate the immune responses. By contrast, CD8+
af T cells differentiate into cytotoxic T lymphocytes (CTLs) which exhibit cytotoxic
functions through cell-mediated immunity, thus being able to specifically target infected

cells in order to clear infection.

Antigens derived from within the cell are loaded onto MHC class I receptors, which are
found on the majority of cells in the body. However, antigens from the extracellular space
are loaded on MHC class II proteins, which are predominantly found on professional APCs
such as dendritic cells, macrophages, or B cells. The interaction between an MHC receptor
and peptide is not rigid, with many peptides having the ability to be loaded and presented
to of3 T cells. Antigen presentation through the MHC class I or class II pathways facilitates
the expansion of CD8+ or CD4+ effector afy T cells, respectively. In mammals, there is
substantial polymorphism of the MHC cluster, and several different class I and class II
receptors (6 for each in humans, with 3 per haplotype) can be present on cells [87]. This
allows for a plethora of antigens to be presented to the adaptive immune system and thus
the immune system can efficiently recognise antigenic challenge from a wide variety of
pathogens. However, as opposed to mammals, most birds express single dominant MHC
class I and class II molecules [86,88]. Furthermore, different types of MHC molecules have
evolved in birds such as chickens, with different levels of expression and affinities for

antigen [88]. At one end of the spectrum, the ‘promiscuous’ (generalist) molecules which
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are poorly expressed bind a broad variety of peptides and provide protection against
multiple types of pathogens. At the opposite end, the ’fastidious’ (specialisty MHC
molecules which are highly expressed bind a more restricted repertoire of antigens and offer
increased protection against novel and dangerous infectious agents (for a review, see [88]).
Although these opposite evolutionary strategies of antigen presentation are efficient in
providing protection against different types of pathogens, the expression of a single
dominant MHC molecule may also have other implications for the adaptive immune
response. As the interaction between aff T cells and antigen presenting cells requites an
intimate association between the TCR, antigen, and MHC molecule, the presence of a single
MHC may impose constraints during avian T cell development (discussed below in more

detail) and response to antigenic challenge, including AIV infection.

Cell mediated immunity through CD8+ aff T cell responses is essential for viral clearance
in birds following AIV infection [89,90] as antibody responses alone were found to be
insufficient in preventing AIV transmission in avian hosts [91-93]. Species specific
differences between birds have also been observed with regards to the CD8+ responses
which related to disease susceptibility. For instance, duck CD8+ T cells are retained longer
at the site of infection than in chickens when challenged with HPAI strains, which was
suggested to indicate a deregulated cellular response in chickens and thus a better control
of AIV infection in ducks [94]. This is supported by studies in mice which revealed that
CD8+ T cell responses in the lungs are an essential requirement for controlling infection
in that tissue [95,96]. As CD8+ af3 T cells respond to intracellularly derived antigens, they
can also target internal proteins of AIVs which are more conserved between different
subtypes [97]. Indeed, heterologous studies in humans and other mammalian species
showed that CD8+ af3 T cell immunity against one subtype of AIV can cross-react with
other strains [97-101]. This has also been observed in chickens, where HIN2-specific
CD8+ af T cells were able to protect against HPAI H5N1 when transferred to naive
individuals [90]. For these reasons, vaccine-induced CD8+ af3 T cell responses ate a major
focus of current research given their potential for generating both homologous and

heterologous protection against different strains of AIVs [48,102].
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The humoral immune system is comprised of antigen-specific antibody-secreting B cells
which receive help from CD4+ aff T cells that have been activated through the MHC class
IT pathway. Evidence of the protective role of antibodies during avian host infection with
AlIVs comes from studies of bursectomised chickens which lacked B cell responses and
were unable to mount protective responses against the viral challenge, even when a vaccine
against AIV was administered prior to infectious challenge [58]. The majority of antibody
responses against AIVs is directed against the HA and NA surface proteins of the virus
which constitute immunodominant targets for the humoral responses in both mammals
and birds [7,53,55]. Initially, naive B cells produce express immunoglobulin (Ig) M
antibodies, which are of lower antigenic affinity. Upon stimulation, antigen-specific B cells
proliferate and class switch, producing higher-affinity antibodies, with some cells

differentiating into antibody-secreting plasma cells.

Class switching of B cells occurs in germinal centres (GCs), which are specialised
microstructures in secondary lymphoid organs [77,103]. Furthermore, within GCs, B cells
undergo somatic hypermutation (discussed below in more detail), a phenomenon which
increases the affinities of their antibodies for antigens. In the absence of lymph nodes,
germinal centre formation in birds occurs in the spleen and other specialised secondary
lymphoid organs such as Peyer’s patches, Meckel’s diverticulum, caecal tonsils, or the
Harderian gland, depending on the proximity to and nature of the infectious challenge

[104].

At mucosal sites, antibodies are secreted in the form of IgA, whereas IgY (sometimes
referred to avian IgG) is produced at systemic locations [77]. As AIV replication occurs
predominantly at mucosal sites in the respiratory and intestinal tracts, IgA antibody
responses are essential for controlling the virus at the site of infection [58]. As the
commonly used inactivated AIV vaccines generate poor responses at mucosal surfaces,
vaccination strategies aimed at stimulating mucosal immunity and the generation of IgA
responses have been receiving increased focus in recent years [42,105,106]. However, AIV-
specific IgY can successfully neutralize the virus, prevent systemic spread, and contribute
to viral clearance. Avian species possess no equivalent forms to the mammalian IgD, IeG

or IgE antibodies, with the IgY form being considered an intermediate between the latter
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two [77] . Ducks also exhibit a truncated form of IgY, in addition to the normal length form
of this antibody [107], but the protective functions of the truncated IgY against AIVs have
not been assessed. As ducks have been shown to mount a weaker response than chickens
to AIV challenge or vaccination [108], it has been postulated that this could be partly due

to the presence of this truncated form of IgY [55].

As in mammals, the adaptive immune system is essential for the protection of avian species
against subsequent challenge, as a subset of the antigen-specific T and B cells differentiate
into long-lived memory cells [106]. Upon reinfection, memory T and B cells become
activated and proliferate, thus providing much faster cellular and humoral responses against
the infectious agent. This essential property of the adaptive immune system of vertebrate
species constitutes the immunological basis for vaccination, which can provide the host
with immunological memory in the absence of infection [42,106]. Furthermore, as different
T and B cells respond specifically to particular antigenic stimuli, immunological memory
can be developed against a multitude of pathogen-derived antigens. This property stems
from the enormous diversity of T and B cells and their surface receptors, which allows for
the identification of a wide variety of exogenous and endogenous antigens which are

present under pathological conditions.

I.5. The avian adaptive immune receptor repertoire

One of the defining features of adaptive immunity of jawed vertebrates is the remarkable
diversity of B and T lymphocytes, with each unique ‘clone’ being able to specifically respond
to a particular antigen [87]. This discriminative ability is attributable to the unique T and B
cell receptors (i.e. the TCRs and BCRs/immunoglobulins, respectively) that are expressed
by each lymphocyte with the diversity of the avian TCRs and BCRs (i.e. the adaptive

immune repertoire) being genetically encoded during T and B cell development.
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Figure 1.2: The TCR genomic organisation in chickens.
The gene boxes represent the relative position of the elements but are not illustrative of the exact
number for each of the gene segments when it exceeds four. In those situations, the numbers of

functional genes are indicated below and the number of pseudogenes is placed within brackets.

Adapted from Smith and Gébel (2022) in Avian Immunology, 3* edition [76].

I.5.1. The TCR repertoire

As for mammals, avian T cell development occurs in the thymus, from which they migrate
to the spleen and other tissues throughout the body and the generation of TCR diversity is
achieved by somatic rearrangement using Recombination-activating Gene (RAG) proteins
[76]. This phenomenon occurs for both the aff and y8§ T cell lineages and involves the
random genetic rearrangement variable (V), joining (J), and —in the case of the heavy chains

— diversity (D) gene segments to produce a functional TCR [54,76,109]. As opposed to
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humans or mice, fewer TCR genes are available for rearrangement in most birds such as

chickens (Figure 1.2).

For example, for the TCRp, there are 16 V[ genes belonging to 3 distinct families (11 V1,
4 VB2, and 1 VB3), 4 JB genes, one DB and one constant (CP) genes. [110,111].
Additionally, other processes such as the modifications at the VD] junctions involving the
substitution, addition, or deletion of nucleotides further contribute to the diversity of TCR
receptor rearrangements. The resulting hypervariable region is termed the
complementarity-determining region (CDR) 3, and functions in recognising and binding
specific antigens presented by the MHC molecules of APCs. The pairing of light and heavy
TCR chains further increases the diversity potential of the T cell repertoire, which could

reach comparable numbers to the theoretical diversity potential of mice or humans [76].

I.5.2. The antibody repertoire

As opposed to mammals, where B cell development occurs in the bone marrow, a
specialised organ — the bursa of Fabricius — serves as the primary lymphoid organ carrying
out this function in avian species [77,112]. The process of BCR diversification also involves
the somatic rearrangement of V and ] genes in light (L) chains, and V, D, and ] genes for
the heavy (H) chains of the immunoglobulins [77]. The phenomenon of V(D)]
rearrangement is not exclusive to the bursa, as it can be detected during embryonic
development in other organs, with the earliest being the spleen [103]. Unlike mammals, the
V(D)]J recombination process itself results in very limited Igl. and IgH diversity because of
the often-unique gene segments involved in somatic rearrangement. For example, chickens
only possess one functional V gene and one functional ] gene for both the Igl. and IgH
chains of the BCR. Although chickens possess 15 D genes for the IgH chain, their amino
acid sequences are mostly identical, and thus their potential for contributing to the BCR
diversity is limited [113]. However, a high number of pseudogenes (V) exists upstream of
the V genes of the IgH (~60 WVH) and Igl. (~25 WVL) [77]. These pseudogenes are
involved in generating the diversity of the BCR through the process of gene conversion
(Figure 1.3) [77,114]. This process is mediated by the activation-induced cytidine

deaminase (AID) enzyme, which classically participates in somatic hypermutation (see
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below). Gene conversion does not simply imply replacing one V gene with another, as
conversion events ranging from several nucleotides to almost all the V gene sequence have

been identified.

Ig heavy chain Ig light chain
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Figure 1.3: The generation of the antibody repertoire diversity in chickens.

RAG-dependent gene rearrangement generates limited diversities in the Igl. and IgH repertoires.
The process of gene conversion mediated by AID greatly increases the diversity of the
immunoglobulin repertoire by inserting fragments of variable length from the V pseudogenes
located upstream of the V(D)] rearrangement. Figure adapted from Ratcliffe and Hirtle (2014) in

Avian Immunology, 2™ edition [77].
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As such, although the genomic diversity of avian immunoglobulins is not stored in
functional V genes as it is for mammals, it is maintained within V pseudogenes which are
capable of generating very high levels of functional diversity in the BCR repertoire through
the process of gene conversion [77]. The pairing of light and heavy chains of the BCR
further contributes to the repertoire diversity, in a manner similar to T cells. However, upon
antigenic stimulation, B cells are also able to modify their existing CDR3 sequences within
germinal centres (described in the above section) through the process of somatic
hypermutation [77]. This phenomenon is mediated by AID and involves point mutations
which are selected based on higher affinity to antigen, in a manner that is very similar to

mammalian immune systems.

I.5.3. Avian-specific features and the current understanding of the
immune repertoire

Although many similarities exist between the immune systems of birds and mammals, the
avian immune system possesses some unique features in terms of genetic organisation (e.g.
TCR or immunoglobulin gene clusters), certain processes (e.g. gene conversion in B cells),
or even the relative importance of some cell subsets (e.g. Y8T cells) [54]. Other distinctive
features of the avian immune system include the expression of single dominant MHC class
I and class II molecules [86,88] and the absence of genes involved in immunological
functions in some avian species (e.g. RIG-I in chickens). While these features are known to
influence the physiology of the avian immune system, there is a limited understanding of
the exact mechanisms which underpin them, and their consequences on the host’s ability
to respond to foreign antigenic challenge. Therefore, although many similarities exist
between the avian and mammalian immune systems, the differences raise interesting
questions, especially when considering the diversity of the adaptive immune repertoire and
its role in health and disease. As many current agricultural practices in the poultry sector
are known to either directly or indirectly influence the adaptive component of immunity,
in-depth analyses of how they affect the immune repertoire have the potential to shed light
not only on fundamental avian biology, but also on how to better exploit certain factors in

the context of health and disease.
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The rapid advancements in laboratory methods, high-throughput sequencing (HTS)
technologies, and the development of new bioinformatical tools have opened promising
avenues for immune repertoire research [115-117]. As such, recent attention has been
directed towards performing in-depth repertoire analyses in various contexts, such as
infections, cancer, vaccinations, and even the effect of the microbiota on the immune
system [118]. However, most of these studies were either performed in mice or in humans,

with only a few focusing on the avian immune repertoire.

I.5.4. Repertoire studies during influenza infection and vaccination

To date, no studies have attempted to assess the effects of influenza infection and/or
vaccination on the avian adaptive immune repertoire, in spite of the fruitful outcomes of
such research in mammalian hosts. For example, studies in humans revealed that influenza
exposures either through vaccination or infectious challenge have major influences on both
the B and T cell repertoire [119-122]. Analyses of the antibody responses found that some
B cell clones may be more predisposed than others to adopt a memory phenotype following
antigen-exposure [121]. Moreover, age was shown to play a significant role regarding
antigen-specific T cells, with expanded public (i.e. shared between individuals) clones being
more predominant in the young, while the older subjects displayed higher expansions of
‘private’ (i.e. individual-specific) clonotypes [119,120]. At the same time, a decrease in the
clonal diversity of both influenza-specific T [119,120] and B cells [122] was observed in
older individuals. Furthermore, the repertoire diversity of both T and B cells was found to
be a good predictor of the outcome of infections with influenza A viruses [123]. Although
these studies have provided important insights into the effects of influenza infections or
vaccinations in humans, none of this work has yet been mirrored in poultry, in spite of their
importance in AIV infections [8]. Therefore, assessing the changes in the avian adaptive
immune repertoire following AIV infection or vaccination will not only increase our
understanding of the biology of these viruses in relation to their avian hosts, but also help

in designing better prevention and control strategies [32,53].
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I.6. Thesis aims and objectives

In this thesis, AIV-specific avian immune responses will be evaluated in response to
vaccination, infection, and a combination between these two treatments. The model
organism used throughout the analyses is the domestic chicken (Gallus gallus domesticus), both
for its economic relevance and because of the higher susceptibility of this species to severe
AIV infection. The chosen strain of AIV is HIN2, as this virus has increased in prevalence
and is enzootic in many countries worldwide. Although a low pathogenic strain of AIV, the
HI9N2 mechanism of infection and pathogenesis is similar to HPAI strains without
exhibiting the high degree of associated mortality which would prevent post-infection
experimental analyses of the immune responses. The focus of the current work is the avian
adaptive immune repertoire and the modifications which occur following infection and/or

vaccination.

In the following chapter of the thesis, a description is provided regarding the reagents and
the general experimental methods used for the analyses. At the same time, Chapter II also
presents the custom laboratory and computational techniques which were used for
repertoire analysis and flow cytometry and discusses the results of the analyses performed
as part of protocol development and optimisation. Chapter III examines the splenic
lymphocyte frequency changes and the dynamics of the antibody responses following
HOIN2 vaccination and/or infection. In Chapter IV, the IgM and IgY repertoties are
analysed, while Chapter V examines the TCRf repertoire changes under the same
immunisation scenarios. The thesis concludes with a general discussion in Chapter VI,
where the cumulative implications of the findings from the data chapters of the thesis are
presented. As little is known about the repertoire of avian hosts, the main aim of the thesis
is to characterise the changes during both HIN2 avian vaccination and challenge, in order
to improve our current understanding of these phenomena and to better inform future

prevention and control strategies.
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Protocol Development

I1.1. Sample processing for repertoire analysis

I1.1.1. RNA extraction

Tissue samples preserved in RNAlater were weighed and 15 mg of each was transferred
into tubes containing 600 ul of RLT lysis buffer (Qiagen) and 100 ul of 0.2 mm sillica beads.
Subsequently, they were subjected to 5 cycles of 1-minute homogenisation in a Mini-
Beadbeater-24 (BioSpec) and 30 seconds of cooling on ice. Subsequently, RNA was
extracted using the RNeasy Mini kit (Qiagen) by following the manufacturer’s protocol. For
all samples, the on-column genomic DNA digestion step was performed, with the RNase-
Free DNase Set (Qiagen) being used in accordance with the manufacturer’s instructions.
The extracted RNA was eluted in 40 ul of nuclease-free water. RNA quality of random
samples was tested using an RNA ScreenTape (Agilent Technologies) on the 4200
TapeStation (Agilent Technologies) to assess integrity. The samples were then stored at -

80°C until further processing.

I1.1.2. 5’ RACE-ready cDNA generation

5RACE-ready cDNA was generated using the SMARTer kit (Takara). For each reaction
mastermix, 2 pl of 5X First-Strand Buffer, 1 pl of 20 mM dithiothreitol (DTT, and 1 ul of
10 uM deoxynucleoside triphosphates (ANTPs) were added alongside 0.25 ul of 40U/ul
RNase inhibitor enzyme, 1 pl of 24 uM SMARTer IIA oligonucleotides, and 1 ul of 100 U
of RT enzyme. The resulting 6.25 pl were then added to a mix of 1 ul of 10 uM 5'RACE
CDS primer A and 2.75 pl of RNA which was previously placed in a thermocycler for 3
minutes at 72°C and 2 minutes at 42°C. Each of the 10ul reverse transcription (RT)
reactions were carried out in 96 well plates using the recommended thermocycler program

(90 minutes at 42°C followed by 10 minutes at 72°C). The resulting complementary DNA
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(cDNA) samples were then diluted by adding 150 pl of 10 mM Tris-HCIl and 1 mM
disodium ethylenediaminetetraacetic acid (EDTA) (pH 8.0) and stored at -20°C.

I1.1.3. ’RACE PCRs

For each ¢cDNA sample, specific 7-bp barcoded primers for the chicken T and B cell
receptor genes (Table 2.1) were used for the 5’RACE PCRs. Universal reverse primers
were used for all samples, specific to the common 5” adapter that was added during the
cDNA synthesis step. Briefly, for each 25 ul reaction, 5 ul of Phusion 5X Buffer (New
England Biolabs), 0.5 pl of 10 mM dNTP, 0.5 ul of 10 uM UPA-short primer, 0.5 pl of 2
uM UPA-long and 0.25 ul Phusion Hot Start Flex DNA Polymerase (New England
Biolabs) were added to 15.25 ul nuclease-free water, for a total of 22 ul volume. To this,
0.5ul of the 10uM gene-specific 7bp-barcoded primer and 2.5 ul of cDNA were added. The
individual 25 pl volume 5’RACE PCR reactions were then carried out in 96-well plates
using the thermocycler program recommended by the 5’RACE kit (Takara), with 35 cycles

of gene-specific amplification with an annealing temperature of 60°C.

After PCR amplification, barcoded samples were pooled and subjected to electrophoresis
on a 1.4% agarose in 45 mM Tris-Borate/ ImM EDTA (TBE) buffer gel containing
1:10,000 SYBR green (Sigma-Aldrich) at 120 V for 35 minutes. The bands of the expected
lengths were gel extracted and purified using the QIAquick Gel Extraction Kit (Qiagen).

Primer Name | DNA sequence (5'—3') ’ Target
UPA short CTAATACGACTCACTATAGGGC SMARTer cDNA sequence
UPA long CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT |SMARTer cDNA sequence
T cell receptor C;  [INNNNNNNGAAAAGATGACCACATCTGGTTC TCRB heavy chain
Immunoglobulin C, [NNNNNNNCACAGAACCAACGGGAAG IgM heavy chain
Immunoglobulin C, |NNNNNNNCGGAACAACAGGCGGATAG IgY heavy chain

Table 2. 1: Primer sequences for 5 RACE PCR amplification of chicken lymphocyte
receptor genes.
Nucleotides of gene-specific primers denoted by the letter ‘N’ and coloured in red are variable

bases used for barcoding the amplified products.
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I1.1.4. DNA Library preparation and sequencing

DNA libraries of the pooled barcoded PCR samples were generated using the NEBNext
Ultra II DNA Library Prep Kit for Illumina (New England Biolabs), following the
manufacturer’s instructions. The quantity and quality of the DNA libraries were analysed
using the NEBNext Library Quant Kit for Illumina (New England Biolabs) and a D1000
DNA tape (Agilent Technologies) on the 4200 TapeStation (Agilent Technologies).
Sequencing was carried out using an Illumina MiSeq platform at the Department of Biology
(for the germ-free experiment — see section 11.3), University of Oxford and at the Pirbright
Institute (for the AIV experiment — Chapters IV and V). Of note is that the library
preparation and sequencing at the Pirbright Institute was not carried out by the Candidate.
Instead, the Bioinformatics, Sequencing & Proteomics group using the same steps as

described above.

I1.2. Repertoire sequence data processing and
analysis

The raw sequence data was processed by using an in-house python package (available on
GitHub: https://github.com/sgp79/reptools) [124]. Briefly, the software assigns the V and
J gene IDs to the sequences by BLAST [125] comparing them to a database of known
reference sequences. Subsequently, the algorithm extracts the CDR3 after a Smith-
Waterman alignment [126], thus allowing for higher precision at the junctions [127]. The

output was then analysed using R [128].

I1.2.1. Linear mixed-effects models

Linear mixed-effects models were constructed to assess the tissue-specific contribution of
TCRQ clones from the microbial treatment groups. In order to account for individual-
specific variability, the effect of each bird was incorporated as a random intercept. The
parameters, tissue and status (L.e. treatment group), were incorporated as explanatory

variables in all the models.

42


https://www.pirbright.ac.uk/our-science/integrative-biology-bioinformatics/bioinformatics-sequencing-proteomics

Chapter II: Materials, General Methods, and Protocol Development

Due to the proportional nature of the observations, several data transformations were
compared in order to select the most appropriate model. Following exploratory analyses
which examined the normality of residuals and homoscedasticity, logit transformations
were used when the data were represented by proportions [129]. Square root
transformations were applied for the Hill numbers used to analyse the repertoire diversity.
The models were implemented using the Ime4 package in R using Satterthwaite's
approximation, with p values and 95% bootstrap confidence intervals for the model

estimates being computed using the ImerTest package [130,131].

I1.2.1.1. Repertoire diversity

The suggested patterns of expansion with respect to the tissue type and microbial
colonisation status were further investigated by analysing the diversity present within the
samples. Although the diversity measures are commonly used in ecology to measure species
diversity within an ecosystem or defined territory, they can readily be used to measure the
diversity of the repertoire if unique T and B cell clones are treated as “species”. For this,
the effective number of species, here equating the “effective number of clones” (D) can be
calculated using the weighted abundance of unique reads in each sample [132,133]. In
ecology, three common measurements of diversity are used: the species richness (Do — the
total number of species found regardless of abundance), the Shannon entropy (D1 — a
measurement which weighs the abundance of species and rare species are less important),
and the Simpson concentration (D2 — a measurement where the abundance of species
weighs more and rare clones are even less important). As such, corresponding values for
species richness (Do — defined here as “clonal richness”), the exponential of the Shannon
entropy (D1 — defined here as “typical clones”) and the inverse Simpson concentration (D>
— defined here as “dominant clones”) diversity measures were computed, thus
incorporating the effect of clonal expansions at different levels. This was achieved using
the iINEXT package [134] in R, and interpolation or extrapolation was carried out in order
to standardise between samples at a value of 10,000 total reads [134]. Individual
measurements were then incorporated into a linear mixed effects model, with the response

representing the estimated effective number of species at the particular diversity
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measurements (Do, D1, or D2) for the samples, as a function of microbial colonisation status

and tissue type.

I1.2.1.2. Public and private clonal compartments

Based on their CDR3 nucleotide sequence, V family, and | gene usage, clones were divided
into the private or public compartments if they were found shared between individuals. The
percent contribution to the private or public clonal compartment was estimated as a
function of microbial treatment group, tissue type, and clonal compartment (private or
public). At first, all clones which were found in more than one individual were regarded as
public, irrespective of the number of individuals which shared them. Subsequently, a new
model was constructed where public clones were divided into multiple categories based on
their presence across the 10 birds: rare publics (between 2 and 5 birds), common publics

(between 5 and 9), and ubiquitous clones (shared between all individuals).

I1.2.1.3. V family and J gene usage

The contribution of the V gene families and the | genes to the TCR repertoire was assessed
with regards to the microbial colonisation status and tissue identity. Since there is a high
sequence similarity (>90%) within each V family [76], a significant proportion (close to
10%) of the identified reads could not be identified and assigned correctly with a specific
V gene within the respective families. In order to overcome this issue, only the V family
identity was used for the analysis. There were no assignment issues with regard to the |
genes, as out of the total sequences only 12 reads were ambiguously assigned, and the
corresponding clones were disregarded from the analysis. Subsequently, an extension of
this model was used to calculate the mean estimates for V family and | gene usage in the
private and public clonal compartments. For this, two versions of the model were
incorporated. First, the private and the total public compartment were used. Subsequently,
the public compartment was divided based on different degrees of clonal sharing between
birds. Both models incorporated clonal compartment as an additional explanatory variable for

the publicness of clones.
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I1.3. Protocol Development — The influences of
microbial colonisation and germ-free status on the
chicken TCR repertoire

This subchapter served as a basis for the publication (2023) “The influences of microbial colonisation and
germ-free status on the chicken TCR repertoire” by Dascalu S, Preston SG, Dixon R], Flammer PG,
Fiddaman S, Boyd A, Sealy JE, Sadeyen JR, Kaspers B, Velge P, Igbal M, Bonsall M, and Smith AL in
Frontiers in Immunology 13:7761. https:/ /doi.org/10.3389/FIMMU.2022.1052297

The relevant statement of authorship is found at the the end of this subsection, as per the regulations of
the University of Oxford.

I1.3.1. Background and rationale

The interactions between the microbiome and the host are important for many processes
such as nutrition, mucosal physiology as well as protection against pathogens via
competitive exclusion and the stimulation of the immune system [135-138]. Among the
different compartments of the host microbiome, the gastrointestinal tract deserves special
attention, as it harbours the largest microbial abundance and diversity [138,139]. To date,
most studies exploring the influence of the gut microbiota on the immune system have
focused on rodents and humans [140,141]. It is, therefore, important to consider the impact
of the microbiota on immune processes in other species to evaluate if findings from these

systems apply more generally.

The domestic chicken (Gallus gallus domesticus) represents both a model organism for
biological research and an economically important source of protein at a global scale
[136,138,142]. As in mammals, the chicken gut represents a major route for exogenous
antigen uptake, and thus is extremely relevant to the normal development of both the innate
and adaptive components of immunity [136-138] (for a general overview of avian gut
immunology see [143]). Regarding the latter, the relations between the microbiome and the
enormous diversity of unique lymphocyte receptors (i.e. the adaptive immune repertoire)
raise important questions, as the chicken gut microbiota has previously been shown to be

an important driver of both T and B cell responses [136,138].

The processes involved in the diversification of the T cell receptor (TCR) repertoire in birds

are similar to those reported in mammals involving RAG-dependent rearrangement with
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junctional modification. The TCR loci are arranged similarly in birds and mammals
although the numbers of TCRVp segments are fewer in the chicken compared with
mammals (reviewed in [76]). Moreover, the chicken TCRVf gene segments fall into just
three families (called VB1, VB2 and V{33) which is many fewer than seen in any mammal
[76]. By contrast, the TCRy locus is expanded compared with most mammals; as such,
chickens have a greater number of TCRVy gene segments although not all Vy gene
segments in the genome are utilised with equal frequency [79]. Hence the complexity of the
locus does not relate to the available repertoire and to understand the function of chicken
T cells, the diversity of TCR needs to be considered. In addition to the limited V gene
availability in the TCR locus, other features of the avian immune system that may affect
the TCRp repertoire include the relative simplicity of the chicken MHC and the expression
of single dominant MHC class I and II genes [54]. Therefore, although many similarities
exist between the avian and mammalian immune systems, the differences raise interesting
questions, especially when considering the diversity of the adaptive immune repertoire and

its role in health and disease.

Previous studies of chickens have investigated the influence of germ-free conditions on the
immune repertoire using methods such CDR3 length profiles alongside molecular cloning
and subsequent Sanger sequencing of products to evaluate TCR identity [144]. However,
the use of high-throughput sequencing (HTS), offers a unique opportunity for comparisons
to be made at the level of individual clones [115-118,145]. Therefore, such HTS approaches
can shed light on different mechanisms of immune development, regulation, defence

against pathogens, and other factors which underpin these phenomena.

The aims of this research were to apply and optimise the HTS-based methodology using
5RACE PCRs (described in section II.1) TCRp receptor diversity in chickens, and the
extent to which these influences become apparent in different tissues. For optimising the
bioinformatical pipeline, focus was put on the 3 chain of the T cell receptor (i.e. the TCRp)
because it exhibits higher combinatorial potential due to the D gene segment usage, and
because of its unique expression on cells via allelic exclusion (as opposed TCRa which can
be co-expressed) [109,145—-147]. In the following sections, the methods and results of this

analysis are presented in more detail.
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I1.3.2. Animal tissue samples and experimental design

Tissue samples (spleen, bursa of Fabricius, jejunum, caeccum and colon) were derived from
a larger in vivo study carried out at the infectiology platform PFIE (INRA, Val de Loire) in
accordance with the national and international regulations specific to the research facility
as part of the Development of Immune Function and Avian Gut Health (DIFAGH)
consortium. One group of PA12 white leghorn chickens (n=5) was hatched and reared
under germ-free conditions, whilst another group (n=5) of PA12 chickens was reared under
conventional specific pathogen-free (SPF) conditions. For the germ-free birds, the eggs
were collected immediately after laying and surface sterilized by an immersion in 1.5%
Divosan Plus VI53 (Johnson Diversey, France) for 5 minutes at room temperature.
Subsequently, these eggs were transferred into HEPA-filtered incubator. After 18 days at
37°C, the surface of the eggs was sterilized in 1.25% Divosan for 4 min at 37 °C. After
hatching, the temperature of the isolator was maintained at 37.5 °C for 7 days, then reduced
by 1 °C per day until reaching a stable temperature of 25 °C. Chickens were offered X ray-
irradiated starter diet (Special Diets Services; Dietex, Argenteuil, France) and sterilized
water ad libitum. The sterility of chickens was confirmed weekly by incubating fresh faecal
droppings in 10 mL of sterile brain—heart infusion broth under both aerobic and anaerobic
conditions, which allows for bacterial, yeast, and fungal growth. The absence of non-
culturable bacteria in faecal and caecal samples of germ-free chickens was confirmed by
quantitative PCR of a conserved region of the bacterial ribosomal 16S gene. Individuals
from both groups were culled at day 55 post-hatch, when tissue samples were harvested
and preserved in RNAlater (Thermo Fisher Scientific) according to manufacturer's
instructions. Samples were stored at —80°C prior to processing. The experimental and

computational work proceeded as described in sections I1.1 and 11.2).

I1.3.3. Repertoire computational analysis and results

I1.3.3.1. Recovered sequences and productively rearranged TCRp chains

Following library generation and sequencing, a total of 1,052,190 TCRP reads were

obtained, of which 980,606 (~93.2%) were productively rearranged (in frame with no
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premature stop codons) (Figure 1). Importantly, within tissue type, there were no apparent
differences in the total reads acquired or the proportions of productive reads between the
germ-free and conventional birds. However, high levels of heterogeneity were observed
between different tissues in terms of total sequences. Although the bursa is considered an
organ associated with B cell diversification, this site does include T cells and was therefore
included in the analyses [104,148]. Of note, substantially fewer TCRJ sequences were
recovered from the bursa than from the other tissues. By contrast, the other tissue samples
provided a much higher number of productive reads per sample (average of 24,000). For

the subsequent parts of the analysis, only the productively rearranged TCRB sequences were

examined.
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Figure 2. 1: Total chicken TCRP reads identified in different tissues of chickens reared under germ-free or
conventional (SPF) conditions.
Bird numbers and their corresponding microbial colonisation status are displayed on the x axis.

Productive and unproductive reads are shown in blue and red, respectively.

I1.3.3.2. Tissue-specific clonal homeostasis

In order to examine the T cells in each tissue, clonal homeostasis plots were generated using
the proportion of individual clones within each sample. When the proportions between two
or more clones in the sample were equal, the highest rank among them was assigned to the
group, and the smaller ranks were skipped. This method was chosen to emphasise the

differences in abundance between the clones, whilst still capturing the diversity of the
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clonotype composition. As such, patterns were revealed based both on tissue type and the

microbial colonisation status.

Broadly, the intestinal tissues and the bursa exhibit greater proportions of clonal expansions
than the spleen (Figure 2.2). This is indicated by the proportion of the total being
represented by the most abundant ranked clones. The pattern in the spleen with lower
ranked clones making up >75% of total reads may reflect a large proportion of unexpanded
(naive) T cells (noting that chickens have no lymph nodes). Since read numbers across
tissues (apart from the bursa) were broadly comparable, the patterns of expansion were not

simply a product of systematically different sequencing depth or coverage.
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Figure 2. 2: TCRE clonal homeostasis plots of individual tissue samples.

Bird numbers and their corresponding microbial colonisation status are displayed on the x axis.
Clones were ranked based on their abundance into four categories: first 10 most abundant (red),
from 11-100 (yellow), 101-1000 (blue), and above 1000 (black) in terms of total abundance within

each sample. The proportions of clonotypes are displayed on the y axis.

When comparing the tissue-specific repertoires between the treatment groups, the spleen
and jejunum exhibited no marked differences between germ-free and conventional groups.
Conversely, the colon, caecum, and bursa seem to have more clonal expansions (a greater
proportion of the total made up by the highest ranked clones) in the conventional chickens

than in the germ-free group.
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I1.3.3.3. CDR3 lengths and distance the from germline configuration

Clonal expansion patterns were further explored by calculating the total length of the CDR3
and generating histograms with the densities of the observed amino acid lengths.
Furthermore, for each unique CDR3 sequence, the Levenshtein distance was calculated to
a ‘germline’ VD] rearrangement. This theoretical sequence lacks any nucleotide
modifications which could arise during recombination, thereby providing a reference for
how much the CDR3 has changed following this process. The Levenshtein distance is a
simple measurement of string similarity (here, sequence similarity) where insertions,
deletions, and substitutions are treated the same. For every one such modifications to the
reference sequence, the distance increases by the value of 1. Density histograms were then

generated in order to observe specific CDR3 expansions based on the germline distance.

The length distributions (Figure 2.3) generally follow a normal distribution with some
deviations from normality being present in specific samples. As expected, there are no
noticeable deviations from normality in the spleens, which indicates that no large
expansions of specific lengths are present. By contrast, all conventional birds display some
type of expansion in the colon, whereas only two germ-free birds exhibit this trait.
Interestingly, 4/5 germ-free birds exhbit very large expansions in the jejunum,
corresponding to the CDR3 lengths of 14 and 15 amino acids. These CDR3 lengths
correspond to the patterns obsetved in the conventional jejunal samples, although only 3/5

birds exhibit this pattern. The bursal samples and the caecum (with the exception of one

conventional bird) do not show any marked expansions of specific CDR3 lengths.

Density plots of the Levenshtein distance from the germline configuration (Figure 2.4)
support the observed patterns of CDR3 length distributions in the samples, although the
deviations from normality are more heterogeneous. No pronounced biases are suggested
in the spleen, corresponding to the results revealed by the CDR3 lengths. Furthermore, in
the jejunum, with the exception of one bird from each group, clear patterns of expansion

are present, generally favouring configurations which are closer to germline.
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Figure 2. 3: TCRJ CDR3 length distribution by tissue and bird.

CDR3 length densities are displayed on the y axes of the plots. Each row displays the tissues of an
individual bird for which the corresponding number is shown on the right side of the plots. Colours
denote the microbial colonisation status of chickens for conventional flora (orange) and germ-free
(light blue). Black arrows illustrate deviations from normality which suggest potential clonal biases.

For visualisation purposes, the long tails of the CDR3 distributions were not included in the plots.
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Figure 2. 4: TCRE CDR3 germline distance distribution by tissue and bird.

The densities of CDR3 Levenshtein distances (see main text) to a theoretical VD] rearrangement
are displayed on the y axes of the plots. Each row displays the tissues of an individual bird for
which the corresponding number is shown on the right side of the plots. Colours denote the
microbial colonisation status of chickens for conventional flora (orange) and germ-free (light blue).
Black arrows illustrate deviations from normality which suggest potential clonal biases. For

visualisation purposes, the long tails of the CDR3 distributions were not included in the plots.
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Similar to the CDR3 length distribution patterns, all conventional flora colon samples
exhibit deviations from normality which indicate an increased proportion of clones with
specific rearrangements. Moreover, the two germ-free chickens that displayed length-
specific expansions in the colon (birds 7 and 9) also have marked expansions in terms of
germline distance. However, by contrast to the CDR3 lengths when only one conventional
bird had a suggested expansion in the caecum, all of the birds in this group show expansions
in the bursal and/or caecal samples. These patterns ate not observable in the germ-free
birds, which show little to no deviations from normality just as for the CDR3 length

distributions.

Together, the results of the CDR3 lengths and distances from germline analysis suggest that
the birds may exhibit clonal biases which are dependent both on tissue type and microbial

colonisation status.

I1.3.3.4. CDR3 amino acid physicochemical properties

Since the TCR interactions with peptides are based upon the physicochemical properties
of the CDR3 amino acid residues, these were explored in the repertoires obtained with
germ-free and conventionally reared chickens. The values for each measurement was
obtained from the IMGT online database (www.imgt.org/ IMGTeducation/Aide-
memoire/_UK/aminoacids/IMGTclasses.html) [149,150]. The total volume (A3) for each
TCRB CDR3 was calculated by summing the corresponding volumes of the individual
amino acids constituting the sequence [151]. For the hydropathy, polarity, and charge of
the amino acids, the net scores for individual CDR3 sequences were calculated by summing

the values for each residue and dividing by the total number of amino acids [152,153].

Several observations are apparent regarding the physicochemical properties of the CDR3s
in the observed tissue samples. First, the specific tissue types have characteristic distribution
patterns which are not profoundly influenced by the microbial colonisation status. Second,

heterogeneity among tissues of different individuals is an important component of the
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observed patterns. As such, if specific peaks are present in one bird, the same features are
not necessarily represented in others, irrespective of microbial status. Third, the
physicochemical properties of CDR3 amino acids seem to be consistent among all spleen
samples, in a similar manner to the CDR3 length and germline distance distributions (see

above).

The distribution patterns of the CDR3 amino acid volumes (Figure 2.5) show no marked
differences between individuals when considering the spleen, bursa, and caecum samples.
However, several density peaks are observable in jejunum and colon, where the influences
of the microbial treatment group become apparent. In the colon, the germ-free birds
generally do not have pronounced peaks in CDR3 volumes whereas the conventional flora
birds show multiple peaks of variable volumes. By contrast, the jejunal samples exhibit
pronounced peaks irrespective of treatment group, although smaller-volume CDR3s seem

to be more pronounced in the germ-free chickens.

Similar observations can be made regarding the CDR3 net polarity score (Figure 2.6), with
the spleen, bursa, and caecum showing no specific patterns in the distributions that could
be distinguished from individual-specific variability. However, just as for the CDR3 volume
distributions, the jejunum exhibits the most pronounced net polarity peaks across both
treatment groups. Furthermore, whereas the conventional flora chickens seem to favour
clones with increased polarity, the jejunal samples of germ-free birds have more
pronounced peaks of slightly less polar CDR3s. Concerning the colon samples, the
distributions are noisier in conventional flora birds, with more peaks being present than in

the germ-free birds.
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Figure 2. 5: TCRB CDR3 volume distribution by tissue and bird.

Total CDR3 volume was calculated by summing the individual volumes (A’ of the comprising
amino acid residues. Red lines represent the mean volume recorded across the samples. Each row
displays the tissues of an individual bird for which the corresponding number is shown on the right
side of the plots. Colours denote the microbial colonisation status of chickens for conventional

flora (orange) and germ-free (light blue)
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Figure 2. 6: TCRJ CDR3 net polarity score distribution by tissue and bird.

The net CDR3 polarity was calculated by summing the individual polarity values of the comprising
amino acids and dividing by the total number of residues. Red lines represent the mean polarity
recorded across the samples. Each row displays the tissues of an individual bird for which the
corresponding number is shown on the right side of the plots. Colours denote the microbial

colonisation status of chickens for conventional flora (orange) and germ-free (light blue)
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Figure 2. 7: TCRE CDR3 net hydropathy score distribution by tissue and bird.

The net CDR3 hydropathy was calculated by summing the individual hydropathy values of the
comprising amino acids and dividing by the total number of residues. Red lines are present at the
value of 0. Each row displays the tissues of an individual bird for which the corresponding number
is shown on the right side of the plots. Colours denote the microbial colonisation status of chickens

for conventional flora (orange) and germ-free (light blue)
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Figure 2. 8: TCRE CDR3 net charge distribution by tissue and bird.

The net CDR3 charge was calculated by summing the individual charges of the comprising amino
acids and dividing by the total number of residues. Red lines represent the first 3 most abundant
densities (approximately —0.06, 0, and 0.07) recorded across the samples. Each row displays the
tissues of an individual bird for which the corresponding number is shown on the right side of the
plots. Colours denote the microbial colonisation status of chickens for conventional flora (orange)

and germ-free (light blue)
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The net hydropathy score distribution of the CDR3 sequences (Figure 2.7) show no
pronounced difference between the groups, although tissue-specific effects are more
apparent in the intestinal samples, where the distributions are noisier. Regarding the net
charge of the CDR3 amino acids (Figure 2.8), 3 major peaks are present across all samples,
with the largest one being concentrated around 0. The other two distribution peaks are
present almost symmetrically at -0.06 and 0.07, with positively charged clones being more
abundant. Interestingly, the variability is quite pronounced across individuals, with the 3
peaks exhibiting different magnitudes depending on bird and tissue sample, seemingly

irrespective of colonisation status.

The patterns revealed by the distributions of CDR3 sequences with respect to their amino
acid physicochemical properties indicate that there might be tissue-specific effects on the
TCRP repertoire, and that these patterns might also be influenced by exposure to the
microbial flora. However, a more in-depth analysis which employs statistical methods was

required to draw conclusions on both the presence and magnitude of such effects.

I1.3.3.5. Tissue-specific repertoire diversity

The analysis of clonal diversity offers valuable insights into the TCRp repertoire of each
tissue type between the two treatment groups (Figure 2.9). In terms of clonal richness (Do),
the repertoire of germ-free chickens is significantly more diverse in the bursa and caecum,
whilst there is no difference compared to the conventional birds in the other tissues.
However, when “typical clones” are considered (D1), the difference between the colon
samples also becomes significant, with the germ-free being more diverse than the
conventional birds. Although the effective number of species is lower, these patterns are

also maintained for the “dominant clones” (D>).
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Figure 2. 9: Effective diversity within conventional and germ-free samples.

Different rows show the effective number of clones corresponding to clonal richness (DO0), the
typical clones (D1), and dominant clones (D2). Tissues are colour coded for the bursa (orange),
caecum (green), colon (dark green), jejunum (light blue), and spleen (purple). Dots represent
individual bird observations of the effective number of species calculated in each tissue for the
corresponding Hill number values. Error bars show the 95% bootstrap confidence intervals for
the point estimates generated from 1000 simulations of the model. Statistically significant
differences between the model estimates are depicted above the plots based on their corresponding

p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.
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The large intestines (caecum and colon) and bursa of conventional birds were less diverse
in terms of both the number of clones present (caecum and bursa) and the typical and
dominant clones in the tissues (colon, caecum, and bursa), as suggested by the D1 and D>
measurements, respectively. By contrast, the spleen and jejunum samples exhibit no such
pronounced differences, suggesting that microbial colonisation does not influence the
repertoire diversity in those tissues. These results strongly indicate that microbial
colonisation is a driver of clonal expansions within the resident TCRJ repertoire,
particularly in the intestinal tissues where the highest microbial loads are present.
Comparable patterns of diversity with the same significant differences (between tissues

and/or treatment groups) were observed when considering the tepertoires at the amino

acid level (Figure A.1).

I1.3.3.6. Public and private clonal compartments

Clonal sharing across individuals is a key aspect of the T cell repertoire that could be used
to predict the possibility of shared responses based upon repertoire. The public clonal
compartment constitutes a dominant component of the repertoire in all tissues, with the
exception of the spleen where it was found at a lower but still pronounced level (Figure
2.10). In the intestinal segments, the proportion of public clones generally exceeded 45%
of the total identified TCR clones, sometimes reaching almost 75% in the jejunum and
colon. Interestingly, there were no obvious differences between the germ-free and
conventional chickens (Figure A.2). The private clonal compartment in the spleen is at
significantly higher levels than the public clones, amounting close to 90% of sequences. By
contrast, in the caecum and bursa, the two compartments were not significantly different
to one another, with the exception of the germ-free caecal samples which had a higher
proportion of private clones. In the colon and jejunum, however, the public clones were

significantly more abundant, encompassing more than half of the total clonal compartment.

At the amino acid level (Figure A.3), the patterns were comparable with a slightly higher
proportion of public clones being identified. This resulted in significantly higher
proportions of public rather than private clones in the bursal compartments of both

treatment groups. Additionally, in the caecum, the previously identified significant
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difference between the public and private clones in the germ-free was no longer observed
due to the higher proportion of public clones at the amino acid level. Furthermore, the
conventional birds exhibited significantly higher proportions of public rather than private
clones in the caecum when the CDR3 amino acid rather than nucleotide sequences were
considered. No differences were observed between the groups when individual tissues were

considered (Figure A.4).
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Figure 2. 10: TCRS clone CDR3 nucleotide public and private compartments.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences

between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01, #* = p < 0.001.

As the publicness of clones, in the context of the TCR repertoire, is a relative term, it is
important to discriminate between different degrees of clonal sharing (i.e. how many
individuals share a particular clone of TCR). When incorporating the different categories
of public clones into the model, differences become apparent between the two microbial
treatment groups when specific public classes are considered (Figure 2.11). The clones with

higher degrees of publicness occupy less of the total clonal compartments within tissues.
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Public clones which are found in fewer than five birds seem to dominate the total clonal
composition with no significant differences between the two microbial groups. However,
when considering the ‘common publics’ (i.e. found in more than five birds but not in all
birds of the analysis), all tissues aside from the spleen showed a significantly higher
proportion in the conventional microbiota birds. Interestingly, ubiquitous clones which are
present in all birds can be identified, albeit at a low overall proportion of the total
population. The highest proportions of ubiquitous clones were recorded in the jejunum
and caecum, where the germ-free samples have significantly higher levels than their
conventional counterparts. Similar patterns were observed when considering the level of
CDR3 amino acids (Figure A.5), with the notable exception of the caecum, where the
germ-free birds exhibited significantly higher proportions of private clones than the

conventional birds.
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Figure 2. 11: TCRp clone CDR3 nucleotide private and public compartments based on different levels of clonal
sharing between birds.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between =2
individuals and up to 5) and are shown in light blue. Common publics (shared between =5 and up
to 9 birds) are shown in dark blue. Ubiquitous publics (found in all birds which were incorporated
in the analysis) are shown in purple. Dots represent individual bird observations of private and
distinct public clonal compartments. Error bars represent 95% bootstrap confidence intervals for
the point estimates generated from 1000 simulations of the model. Statistically significant
differences between the model estimates are depicted above the plots based on their corresponding

p-values: * = p < 0.05; ** = p < 0.01, ** = p < 0.001.
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The high proportion of public clones in the samples warranted further investigation. Cross-
contamination due to experimental error was unlikely as a possibility given that the samples
from the two treatment groups were processed and sequenced separately, and precautions
were taken to prevent cross-contamination between individual tissue samples. Moreover,
TCRB CDR3 sequences reported in other published works (also using different lines of
chicken) were compared at the amino acid and, where available, nucleotide levels with the
sequencing results of the current analysis. As such, several amino acid sequences from
previously published works of lower sequencing depth were identified in the current dataset
(Figure 2.12). As such, 24/97 (~25%) CDR3 amino acid sequences from Mwangi e/ al.
2010 [144], 20/96 (~21%) from Mwangi ez al. 2011 [154], 14/275 (~5%) from Ren ez a.
2014 [155], and 8/119 (~7%) from Zhang et al. 2020 [111] were found to be shared with
the current dataset. Interestingly, not all cross-study shared CDR3 sequences were from the
public clonal compartment of the current microbial colonisation experiment. This suggests
that the ‘true public compartment’ may be larger than the present analysis was able to

identify.

As single amino acids may be coded for by distinct codons, , fewer CDR3 nucleotide
sequences from this analysis are present in other reported datasets (Table 2.2), the majority
of which are found in Mwangi e# /. 2010. Out of the shared sequences, none were identified
which are shared between all birds of the current analysis. However, whilst most shared
CDR3s belong to rare public or common public compartments (see above), there are five

TCR sequences which are considered private in the current analysis.
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Figure 2. 12: TCRp shared CDR3 amino acid sequences with other published works.
Sequence identity based on clonal compartments within current analysis is colour coded for the
private (individual-restricted) and public (shared between two or more birds) repertoires in orange

and light blue, respectively.

I1.3.3.7. TCRB V family usage and contributions to public compartments

The results of the analysis on individual V family usage reveal several patterns across the
different tissue samples from the microbial colonisation groups (Figure 2.13). First, there
was a higher VB1 contribution in all tissues of conventional birds when compared to their
germ-free counterparts. Second, when considering the recently described VB3 family [111],
all germ-free samples exhibited significantly higher contributions of VB3 clones to the
TCRP compartment, and these T cells are almost absent altogether from the tissues of the
conventional birds, aside from the jejunum. Moreover, in the jejunal samples of germ-free
birds, the VB3 clones were also found at the highest levels across all samples. Finally, only

the bursal and splenic tissues show significant differences in the contribution of VB2 family
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to the overall TCR repertoire, with conventional birds exhibiting lower proportions than

the germ-free counterparts.

Clonal
Publication CDR3 nucleotide sequence compartment in
current analysis
TGTGCCAGCAGTTTGGACAGGGGGATCATTTTC Private
TGTGCCAGCAGTGGGACAGGGGGATACAGTAACATGATTTTC Private
TGTGCCAGCAACAGGGGGATCGATATCCAGTATTTT Private
TGTGCCAGCAGTTTACAGGGACACACACCACTGAACTTT Private
TGTGCCAGCGGGACAGGGGGATACACACCACTGAACTTT Rare publics
TGCGCTAAGCAAGCGGGACAGGGCGAAAGACTGATCTTT Rare publics
TGTGCCAGCAGTCAGACAGGGGGATACACACCACTGAACTTT Rare publics
Mwangi et al. (2010)
TGTGCCAGCAGTTCGACAGGGGGATCGTACAGTAACATGATTT] Rare publics
TGTGCCAGCAGTTGGACAGGGGGAAACACACCACTGAACTTT Rare publics
TGTGCCAGCAGTAACCGGGACAGGGGGATCGAAAGACTGATCT Rare publics
TGTGCCAGCAGTTTGGACAGGGGGAGTAACATGATTTTC Common publics
TGTGCCAGCAGTTGGGGGATCAGTAACATGATTTTC Common publics
TGCGCTAAGACAGGGGGATACAGTAACATGATTTTC Common publics
TGTGCCAGCAGGACAGGGGGTAACATGATTTTC Common publics
Mwangi et al. (2011) |[TGTGCCAGCAGTTTGGACAGGGGGAGTAACATGATTTTC Common publics
TGCGCTAAGCAAGTCGGGACAGGGATTAATATCCAGTATTTT Private
Zhang et al. (2020)
TGCGCTAAGCAAGATCGTAATATCCAGTATTTT Rare publics

Table 2. 2: TCRE CDR3 nucleotide sequences shared with other published works.
Sequence identity based on clonal compartments within current analysis is specified based on the
specific private or public compartments. One sequence was found to be shared between the

datasets and is highlighted in red.

By incorporating the distribution of V family clones in the private and public
compartments, a more detailed pattern of the tissue-specific differences between the two
gut microbiota colonisation groups is revealed (Figure 2.14). The overall higher V1
presence in the conventional chickens was predominantly attributed to V@1 public clones.
As such, this clonal compartment has a higher VB1 presence in all tissues aside for the
spleen where the difference between the model estimates was not deemed statistically
significant. Although the overall VB1 proportion of the repertoire was higher in the spleen,
there were no significant differences in terms of either the public or private clonal

compartments between the treatment groups. At the same time, concerning the private
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compartments, there were no significant differences in V@1 family distribution between the

two groups.
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Figure 2. 13: TCRB 1 family usage in individunal tissue samples across treatment groups.

V family identities are shown in blue (VB1), yellow (VB2), and red (VB3). Grey dots represent
individual bird observations for each V family. Error bars represent 95% bootstrap confidence
intervals for the point estimates generated from 1000 simulations of the model. Statistically
significant differences between the model estimates are depicted above the plots based on their

corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.

With the VB2 family, the only significant differences that related to microbial status were
in the bursa, where both the public and private compartments of germ-free birds showed
higher proportions of VB2 clones. This is consistent with the previous estimates of the
simpler model and reveals that the higher levels of VB2 in the germ-free bursa are similarly

distributed between the public and private clonal compartments. For the spleen, the higher
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levels of VB2 clones in the germ-free which were observed with the initial model seem to
be attributable to the private clonal compartment, although the estimates for the private

and public clonal compartments of the two groups are not significantly different from one

another.
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Figure 2. 14: TCRE clone U family publicness in individual tissue samples across treatment groups.

V family identities are shown in blue (VB1), yellow (VB2), and red (V{3). Private (individual-
restricted) clones have an orange outline. Public clones which are shared between more than two
individuals have a light blue outline. Dots represent individual bird observations of V family
contributions to the public and private clonal compartments. Error bars represent 95% bootstrap
confidence intervals for the point estimates generated from 1000 simulations of the model.
Statistically significant differences between the model estimates are depicted above the plots based

on their corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.
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The incorporation of the public and private clonal compartments showed several
interesting patterns for the V@3 family. First, VB3 clones are at very low levels in all birds,
except for the germ-free jejunum where they are most abundant. Second, the germ-free
birds have a significantly higher presence of VB3 clones in both the private and public
compartments for all tissues. Third, the much higher relative levels of VB3 clones revealed

by the initial model in the germ-free birds are predominantly public.

The distribution of V family clones in the private and public compartments warranted
further investigation by considering the degrees of clonal sharing. As such, the model was
expanded to incorporate the different categories of public clones as described above. This
revealed several differences at the levels of clonal compartment, tissue, and microbial status.
In the spleen, there were no microbial status-driven differences between any of the clonal
compartments within V3 families, with the notable exception of the V(3 family of the
germ-free, which exhibited higher levels in the private, rare public, common public, and
ubiquitous clones (Figure 2.15). In the bursa, the previously identified higher level of V31
public clones in the conventional chickens was mainly attributable to the common publics,
as no significant differences were present between rare public or the ubiquitous clones of
the two groups. By contrast, the greater total VB2 public compartment of the germ-free
group is attributable to both rare and common publics, both of these compartments
exhibiting higher levels than in the conventional birds. At the same time, as observed in the
spleen, the VB3 bursal clones were relatively more abundant in the germ-free group in all

public compartments, albeit at very low levels.
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Figure 2. 15: TCRE clone U family private and public compartments in the bursa and spleen based on different
levels of clonal sharing between birds.

Private (individual-restricted) clones are outlined in orange. Rare publics (shared between =2 and
up to 5 birds) and are outlined in light blue. Common publics (shared between =5 and up to 9
birds) are outlined in dark blue. Ubiquitous publics (found in all birds which were incorporated in
the analysis) are outlined in purple. V family identities are shown in blue (V@1), yellow (VB2), and
red (VB3). Dots represent individual bird observations of V family contributions to the public and
private clonal compartments. Error bars show the 95% bootstrap confidence intervals for the point
estimates generated from 1000 simulations of the model. Statistically significant differences

between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01, #* = p < 0.001.
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Figure 2. 16: TCRE clone U family private and public compartments in the intestinal tissues based on different
levels of clonal sharing between birds.

Private (individual-restricted) clones are outlined in orange. Rare publics (shared between >2
individuals up to 5) and are outlined in light blue. Common publics (shared between >5 and up to
9 birds) are outlined in dark blue. Ubiquitous publics (found in all birds which were incorporated
in the analysis) are outlined in purple. V family identities are shown in blue (V@1), yellow (VB2),
and red (VB3). Dots represent individual bird observations of V family contributions to the public
and private clonal compartments. Error bars show the 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01, #* = p < 0.001.

The expanded model also reveals important patterns in the intestinal samples (Figure 2.16).
The higher presence of V@1 public clones in the conventional birds suggested by the
simpler model can be mainly attributed to the common public compartment. At the same

time, there was a small but significantly higher ubiquitous V81 clone presence in the jejunal
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samples of conventional SPF birds. When considering at the V@32 family, although the
simpler model did not reveal marked differences between the total public compartment of
intestinal tissues, conventional birds exhibit significantly higher levels of V32 common
publics in the colon and jejunum. Notably, as seen in the bursa and spleen, the levels of
VB2 ubiquitous clones were very low or absent altogether in all intestinal samples. The
germ-free birds also exhibited higher levels of V33 clones in all public clonal compartments,

with the ubiquitous clones reaching the highest levels in all intestinal tissue samples.

Together, the results of the VB family models, including the incorporation of clonal
compartments based on the degree of sharing between birds reveal patterns which were
obscured in the global repertoire analyses. Importantly, the VB3 family is predominantly
public and much more abundant in the small and large intestines of germ-free chickens as

opposed to their conventional microbiota counterparts.

I1.3.3.8. TCRJ ] gene usage and contributions to public compartments

When considering the distributions of B clones in the total repertoire of the samples, no
consistent patterns were observed in terms of the differences related to microbial status
(Figure 2.17). Significant differences were only observed in the bursa and jejunum, where
the conventional birds differ from the germ-free. In the former tissue, the conventional
birds contained a higher proportion of the J@1 and lower levels of 33, whilst in the jejunum
the conventional birds contained higher proportions of J34 and less J32 than in the germ-

free.
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Figure 2. 17: TCRp | gene usage in individual tissue samples across treatment groups.

V family identities are shown in brown (J@1), green (JB2), dark red (J33), and purple (J34). Grey
dots represent individual bird observations for specific J@ clones. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.

Similar observations can be made regarding the distribution of |B rearranged clones in the
public and private compartments (Figure 2.18). Few significant differences were present
between the two microbial colonisation groups, without any consistent pattern. The colon
of conventional birds exhibits higher levels of JB1 public clones and lower levels of J32
private clones than the germ-free. In the jejunum, the conventional chickens have higher
JB4 and fewer JB2 public clones than the germ-free. No other significant differences were
detected, and the model was not further expanded to include the different categories of JB

publics segregated on the of clonal sharing between birds.
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Figure 2. 18: TCRS | gene publicness in individual tissue samples across treatment groups.

J family identities are shown in brown (J@1), green (J32), dark red (JB3), and purple (J@4). Private
(individual-restricted) clones have an orange outline. Public clones which are shared between more
than two individuals have a light blue outline. Dots represent individual bird observations for
specific JB clone contributions to the public and private clonal compartments. Error bars represent
95% bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.

I1.3.3.9. Microbial status-restricted repertoires and clonal expansions

As significant effects of both tissue type and microbial treatment were observed in the V
family contributions to the private and public clonal compartments, specific clonal

expansions in the two groups were examined further. Clones which were found at or above
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0.5% of the total repertoire in at least one sample were considered to be expanded. Focus
was put on clones which were expanded in at least two birds (i.e. public clones) of a
microbial treatment group and absent or below the expansion threshold in all individuals

of the other.

Several group-restricted expanded public clones were found in the conventional microbiota
chicken samples with 16 belonging to the VB1 family and 7 to the VB2 (Figure 2.19).
Interestingly, although the identified clones show a pronounced expansion in at least one
sample, only 3 TCRp clones were expanded across multiple birds, and none showed
pronounced expansion in the spleen, where (if present) they were at low levels. Of these,
two belong to the VB1 family and exhibit expansions in the bursa of several birds, one of
which also showing patterns of expansions in the jejunum. The remaining V32 clone which
was expanded in multiple conventional microbiota birds shows marked levels (>5%) in 3

colon samples and is also present above 1% in 4 jejunal samples.

Bursa Caescum Colon Jejunum Splaan

CASTPDRGTGYSNMIF = L)
CASSLDRGNNERLIF o ¢ o
CASSLDRALAGCHGELNF
CASSLOPDRGYVNIOYF ] ]
CASSFYGTGEYSNMIF A T . O paan LIPS
CASSFTVPGYHSNMIF LI = .o 0 .
CASKGOBYTPLNF + » . . 2 — . B 3t o .
CANLRGGEGMIOYF * . . .. . . i "
CAKVDGTGGYSHNMIF » = = = B s o ..
CAKTLOGIDERLIF . il
CAKRSMNERLIF
CARDOEIVNIOYF
CARQQGDONTPLNE -« & ]
CAKQGTOGGEYSNMIF e L]
CAKDQGTEESYSHNMIF -9

PHRY . [ | " " .
P TRy &1

« o (DIDED ol B T R

a M e - . " - . - -

- 8 & 0 -a
-]
00
o
o
Ty

L]
-
L ]
®

CAKOQEWIAGQGDHIOYF = @
CAKODTLENMIF =
CAKQDDLFARGAFNTPLNF .
CAKGAVLTRNERLIF -
CAKQAEGDGONERLIF @ . . .
CAKIRDRGIYMIOYF .o
CAKGTGGSSERLIF - .
CAKIWEGTGGRLNF = & = 4 » .

123 485 1

CDR3 amino acid sequence

B ose -
ae -

Bird ID

v family identity: |l v1 [ vz
Abundance within sample: @ 1% @ 25% (@ 5% @) 75% @ 10%

Figure 2. 19: Clonal expansions in the restricted repertoire of conventional birds.
Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are

proportional to the abundance within each bird’s tissue clonal compartment. The plot shows only
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the clones which are preferentially expanded in the conventional birds (at or above 0.5% and at
less than 0.5% in the germ-free). Colours indicate V family identity: blue — V1 and yellow — V2.

CDR3 amino acid sequences which are expanded in multiple birds are shown in red.

A different pattern was observed when examining the germ-free restricted clones (Figure
2.20). Here, all but one of the 12 clones have a V32 gene, whereas the remaining belongs
to the V@1 family. Furthermore, out of the identified germ-free restricted and expanded
TCRB sequences, more than half show consistent patterns of expansion across multiple
tissues from different birds. Importantly, the CDR3 amino acid sequences
CAASDRDRGINMIF and CAASDRDRGNERLIF show convergence of 3 and 2 distinct
clonotypes by nucleotide sequence, respectively. All these clones belong to the V@2 family,

and exhibit marked levels of expansion, especially in the jejunum.
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Figure 2. 20: Clonal expansions in the restricted repertoire of germ-free birds.
Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s tissue clonal compartment. Overlapping circles

display different clones based on nucleotide sequence which share the same CDR3 amino acid
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sequence. The number of convergent CDR3 nucleotide sequences recovered from the samples is
displayed on top of the circles, if two or more are present. The plot shows only the clones which
are preferentially expanded in the germ-free birds (at or above 0.5% and at less than 0.5% in the
conventional). Colours indicate V family identity: blue — V1 and yellow — V2. CDR3 amino acid

sequences which are expanded in multiple birds are shown in red.

Interestingly, for the TCRVB3 clones, no clonal expansions were either restricted to germ-
free or conventional groups with many clones present in a range of tissues in all or almost
all birds (Figure 2.21). In a number of cases, the overall proportion of the expanded
TCRVB3 clones were greater in germ-free compared with conventional birds (e.g. with the
CDR3: CASSDRDRGERLIF). The level of representation of this CDR3 (comprising two
expanded clones at nucleotide sequence) in the jejunum was between 3 and 6% of the total
TCRV( repertoire in all germ-free birds. Although the CDR3 were variable in length we
noted that in a central portion of the CDR3 a DRG motif was present in 18/20 expanded
TCRVE3 clones. The DRG motif is derived from one of the three D segment open reading
frames. Interestingly the DRG motif was also overrepresented in TCRV@2 germ-free
specific expanded clones (Figure 2.20) but not in the expanded clones seen in TCRVB1 or
TCRVB2 in conventional birds. Therefore, the proportions of CDR3 amino acid clones
that encode the DRG motif in germ-free or conventional birds for each TCRV family and
each tissue were considered (Figure A.5). The DRG motif is overrepresented in TCRV3
and is particularly prominent in the jejunum and other intestinal tissues. When all unique
clones of each V3 family are considered (i.e. not including clonal expansions), for TCRV 1
and TCRVB2 CDR3 those containing the DRG motif was represented in ~10% of the
CDR3 whereas for TCRVB3 this sequence was identified in ~50% of the CDR3 (Figure
A.6).
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Figure 2. 21: Tissue-specific clonal expansions in V33 clones of germ-free and
conventional birds.

Red circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s (total) tissue clonal compartment. Overlapping
circles display different clones based on nucleotide sequence which share the same CDR3 amino
acid sequence. The plot shows all the V33 clones which are found at expanded (at or above 0.5%)
in any of the birds included in this analysis (both germ-free and conventional). Background colours

indicate microbial status group identity: green — conventional, light blue — germ-free.

I1.3.4. Discussion

The microbiota is an important driver of the innate and adaptive immune systems,
particularly in the gut and other mucosal tissues [141]. Most studies have been focussed on
mammalian systems and to consider the phylogenetic breadth of such interactions we chose
to study the chicken. While relatively few studies have attempted to evaluate the effects of
the gut microbiota on gut-associated lymphocytes in chickens, these do suggest important

roles of the commensal microbiota in the development and normal functioning of the
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immune system [136,138,156,157]. The function of the adaptive immune system is
dependent upon the structure of the repertoire of those receptors that recognise antigens.
As with other species, TCRaf3+ T cells are a key part of the chicken immune system having
both direct and indirect effects on immunity against pathogens [76]. TCRB-based repertoire
analysis provides a key tool to determine the structure of the TCRaf+ T cell populations
including the basal available diversity as well as clonal bias/expansions according to
circumstance. To consider the impact of microbial status on the repertoire of TCRaf+ T
cells a high-throughput sequencing (HTS) approach was adopted to interrogate multiple
tissues of chickens reared under conventional or germ-free conditions. This HTS-based
analysis provided fundamental insights into the core chicken TCRp receptor repertoire at
an unprecedented level and revealed that the microbiota shapes the diversity and

composition of tissue-specific T cell compartments.

The observed diversity patterns are broadly consistent with previous results which have
illustrated that the presence of microbiota drives clonal expansions that are otherwise not
present under germ-free conditions [144]. The current HTS analysis revealed a range of
novel features of the chicken TCRB population. For example, we were able to determine
differences in TCRp repertoire between tissues at the level of CDR3 sequence identity. The
highest levels of clonal expansions were found in the gut segments, in particular those that
relate to the large intestine (caecum and colon), and the highest diversity was detected in
the spleen. As the large intestine contains the highest levels of microbial colonisation (and
associated antigenic stimulus), this can be postulated as the factor that drives local clonal
expansions in conventional birds. Indeed, the caecum is known to harbour the highest
microbial densities of all intestinal segments [136] and the TCRJ repertoire in this tissue
was the least diverse in birds reared with conventional microbiota. A very high proportion
of rare clones was seen in the spleen of all birds irrespective of microbial status. As chickens
lack conventional lymph nodes [76], our TCRJ repertoire data is consistent with the
presence of a large population of naive T cells in this tissue. The spleen may be an important
organ for the generation of primary immune responses in the chicken. Indeed, even in
mammals, primary immune responses can develop in the absence of lymph nodes (albeit

with delayed dynamics) as evident in lymphotoxin alpha deficient mice [75].
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Although the bursa has very few T cells (<4% of bursal lymphocytes [104,148]), this organ
is physically linked to the intestine (via the bursal duct) and the TCRB diversity was
influenced by microbial status. As the main site of B cell development, the function of the
bursal T cells remains unknown. Previous studies indicated that the T cell infiltration and
expansion occurs in response to challenge with Infectious Bursal Disease Virus (IBDV)
[148,158,159]. We hypothesise that the resident T cells might play other roles in relation to
microbial antigens derived from the commensal microbiota of the gut. The presentation of
microbially derived antigens by bursal antigen presenting cells, including B cells, might also
promote the selected expansion of TCRaf+ T cells which in turn might sustain and
promote B cell expansions in relation to the microbiota within the gut. This topic deserves
further investigation, and future studies might provide insight into the functional

importance of bursal T cells under both physiological and pathological conditions.

The high degree of clonal sharing between birds (publicness) was a striking feature of the
TCR repertoires as were the tissue specific differences in the levels of publicness. More
than half of the total clones in the intestinal tissues and the bursa were shared between
different individuals. Given the high theoretical diversity which can be generated during
TCR rearrangement and the fact that the realised repertoire in any individual is restricted
by the total number of T cells, a high degree of clonal sharing between different individuals
is unlikely by chance [160]. However, previous studies in rodents and humans have also
revealed that the degree of TCRJ sharing between individuals can amount to a significant
percentage of the total repertoire. In one study, close to 4% of human TCRB CDR3
nucleotide sequences are shared between two individuals, and up to 40% when considering
the amino acid level [161]. In chickens, the current analysis indicates that almost 50% of
TCRB CDR3 nucleotide sequences were public in the gut tissues and in excess of 10% were
public in the spleen. The differences in levels of publicness between tissues (spleen versus
gut) has not been reported previously and may reflect the intrinsic biology of gut resident
T cells. Some of these clones were present across a wide range of tissues and expanded in
gut tissues of conventional birds (e.g. the TCR@ CDR3 with the amino acid sequence
CASSLDRGNNERLIF) which may represent a common public clone reactive against
antigens delivered by the microbiota. It is noteworthy that there were also some, although

fewer, expanded public clones in germ-free individuals. These public clones may represent
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TCRaB+ cells reactive against food antigens or unconventional T cells that are clonally pre-
expanded (as seen with CD1-restricted iNKT cells in humans [162]). The birds used for the
current analysis were from the PA12 line, which represent a closed flock “outbred” line of
White Leghorn chicken. Hence the levels of publicness seen in the current analysis are not
likely a consequence of high levels of inbreeding. Indeed, some of the clones identified in
the present study were also found in the few other studies that analysed TCRp sequences
from different lines of chicken (although the studies were at a much lower depth than the
present study) [111,144,154,155]. This suggests that the observed patterns of clonal sharing
might relate to the intrinsic biology of the chicken TCRJ repertoire and could therefore
apply more widely. Hence, there is a strong suggestion that the TCRB repertoires of
chickens are biased towards specific rearrangements, potentially through the VD]
recombination process itself, thymic selection or post-thymic clonal expansion in the

peripheral tissues.

The chicken TCR locus contains only 16 VB segments across 3 families (11 V@1, 4 V{32,
and 1 V3). By contrast, humans have at least 57 functional V8 segments and mice have up
to 30 VB segments which can contribute to generating the repertoire diversity [163]. The
chicken TCRp locus also contains only 4 | segments as opposed to mice (12) or humans
(13), and only 1 D gene (mice and humans have 2) [87]. Together, these features of the
chicken genome result in less intrinsic potential for generating TCRB3 CDR3 diversity which
may partially explain the higher degree of clonal sharing between individuals. The high
levels of clonal sharing may mean that the available pre-expanded (anticipatory) repertoire
of chickens is less diverse than seen in mammals. This has potential to impact on the ability
of chickens to combat pathogens and respond to vaccines. Where multiple individuals
utilise a TCR with the same sequence, a pathogen that is selected as a TCR escape variant
in one individual may have continued advantage once transferred to other individuals. This
has important implications for both pathogen resistance and vaccination in chickens. At
the same time, this may indirectly affect the evolution of pathogens, including those that

may be zoonotically transferred from chickens to humans.

Other intrinsic biological features may contribute to the high levels of public clones which
were observed in this study. Chickens are one of the species with a high number of

circulating y8 T cells, and the abundance of these cells increases with age [76,78,79]. By
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contrast, in mice and humans, the proportion of circulating of y5 T cells is much lower and
the relative importance (and full spectrum of roles) for y6 T cells in different species
remains to be determined (for reviews, see [80] and [81]). Nonetheless, it may be that the
of and y8 T cells work together in many circumstances and the magnitude of particular yd
populations may influence the level of publicness of af T cells. Indeed, there are well
documented public a3 T cells which perform non-classical functions, and the relative
importance of these unconventional cells may differ according to the vertebrate species in
question [164]. It is worth noting that within the y& T cell populations in humans, mice and
chickens there are a mixture of subsets with public (or hyper public) TCR [79]. It might
therefore be worth considering the repertoire structure of both «f and yd T cells as an

important defining feature of cells with unconventional functional capability.

There is, however, another explanation for the observed patterns of TCRJ public clones
and this relates to the chicken MHC [86,88]. Briefly, the chicken MHC is more compact
than in mammals and a less diverse set of MHC genes is expressed per haplotype (often
one dominant MHC class I and one dominant MHC class II gene). This restricted or
“Minimal Essential MHC” [165] has functional consequences presenting a less diverse set
of self-peptides in the thymus which could then restrict the repertoire of developing TCR
of T cells. This may lead to a higher likelihood of similar TCRV CDR3 being selected in
different individuals. There may be intrinsic differences in the publicness and repertoire of
T cells restricted to MHC class I (CD8+) and MHC class II (CD4+), but these cell
populations were not separated in our current analysis. It is also worth mentioning that
different MHC molecules in the chicken have been classified as fastidious or promiscuous
based upon the breadth of peptides that they present (for a review, see [88]) which may

influence the breadth and level of publicness seen in the chicken TCRJ repertoire.

Although public TCRJ sequences were identified in all samples, the highest levels were in
the intestinal and bursal samples which suggests that tissue-specific factors play an
important part in shaping the resident T cell compartment. Importantly, high levels of
clonal sharing were identified in both germ free and conventional birds, indicating that the
gut microbiota is not the sole driver of the patterns of publicness in these tissues. When
incorporating the different degrees of clonal sharing, however, the common publics are

more pronounced in the conventionally-reared birds, whereas the ubiquitous clones are
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more prominent in the germ-free individuals. The higher presence of ubiquitous clones in
the germ-free may represent expanded T cells in response to food-derived antigens or
unconventional T cell populations that respond to intrinsic stimuli. By contrast, the higher
level of common publics (with less degree of sharing) in the conventional chickens may
reflect the broad spectrum of antigen-specific expansions which can occur under the

influence of the gastrointestinal microbiota.

Non-classical T cells with invariant or very limited repertoires are known to occur in mice
or humans and their CDR3s were often shared between individuals [166,167]. Although
these cells have yet to be described in chickens, they are known to be more abundant in
specific tissues, especially in mucosal tissues such as the gut (e.g. INKT cells or MAIT cells).
There, these invariant T cells are often considered to exhibit innate-like functions and some
have been demonstrated to interact with non-polymorphic presentation molecules such as
CD1 and can respond to microbial derived antigens [162]. Interestingly, CD1 genes can be
identified in the chicken genome which supports the proposal that nonclassical T cell
subsets are likely to be present in birds [168,169]. With this in mind, the high percentage of
public clones in the chicken intestinal tissues could be explained by the increased presence

of unconventional invariant T cells in these sites.

Although the genetic and physiological mechanisms that result in the high degree of clonal
sharing between birds are outside the scope of the current study, the patterns of clonal
sharing deserve further investigation. Furthermore, some of the private sequences in this
study were also detected in other datasets despite most being based upon much lower
sequence depth than the current study. Hence the degree of publicness or clonal sharing is
likely to be higher than reported here although for many of these we expect that these will
represent lower level public TCR rather than those found at higher frequency in a greater
proportion of birds. The issues and contributing factors surrounding TCR publicness are

ill-defined in all vertebrates, and this is a topic that deserves more attention.

Microbial colonisation was found to markedly influence the distribution of tissue specific
VB family clones and their patterns of clonal sharing but less so when grouped according
to J B gene usage. The VB domain of the TCR contains the CDR1 and CDR2 loops required

for interacting with the MHC during antigen presentation [160]. By contrast, the retained
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parts of the | gene encode regions in the TCR involved in chain heterodimerisation and are
not modified during rearrangement [160]. As such, these functional attributes may be the
main driver of the observed differences. The differential contributions to CDR3 diversity
and the functional domains that the V and | segments encode may bias clonal selection and

antigen-specific expansions towards particular V rather than J8 TCR rearrangements.

The V1 clones were more prominent in the conventional microbiota birds, irrespective of
tissue type, suggesting that T cells with V31 rearrangements may preferentially respond to
microbially-derived antigens. This is supported by the fact that the clonal expansions
restricted to the conventional birds were predominantly identified within V31. By contrast,
the lower proportions of V31 in the intestines of germ-free birds are balanced by a higher
proportion of V33 clones, almost exclusively public. This suggests that the V33 rearranged
TCR sequences may have a tissue-specific function, perhaps relating to mucosal
homeostasis. Another interesting aspect is that the only differences in VB2 clones according
to microbial status were in the bursa and spleen, with germ-free chickens exhibiting higher
relative proportions than their conventional counterparts. Collectively, these results indicate
that the different V@ families in the chicken may be utilised in cells that may perform
different (but overlapping) functions, at least according to the publicness and clonal
structure of the TCRp associated with each family. Whether these families contribute
differentially to pools of conventional and unconventional TCRaf+ T cells could be a

profitable avenue for future exploration.

In conclusion, our deep sequencing approaches of the TCRJ repertoire in conventional
and germ-free chickens identified some novel and important aspects of avian T cell biology.
These included the high proportion of public clones and the tissue bias of such clones. The
work also defined the impact of microbial status on the developing gut TCR@ repertoire
and how microbes shape its diversity and features. Moreover, the results provide a basis for
future studies on the chicken TCR repertoire and in developing comparative biological

frameworks on the evolution and structure of the TCR repertoire.
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I1.4. Protocol development - Multicolour staining
methodology for identifying chicken lymphocyte
subsets

One of the main difficulties in characterising the immune response in species other than
human or mouse is the availability of reagents and the existence of high-throughput and
robust protocols which consider host-specific factors [170]. These issues imply that even
the most fundamental tools of modern-day immunology are hindered in terms of their
ability to produce research output. For example, albeit flow cytometry and fluorescence-
assisted cell sorting (FACS) being instrumental in most immunological studies, this
technique’s potential is limited by the availability and diversity of anti-avian fluorescently-
labelled antibodies [87,170,171]. As such, overcoming some of these difficulties by
generating more efficient and higher throughput methods might result in a better
understanding of the avian immune system in the context of health and disease. The
following section describes a high-throughput flow cytometry protocol which has been

developed to characterise avian lymphocyte populations.

II.4.1. Animal tissue samples

Specific pathogen-free chickens aged 2-3 weeks were obtained from the Pirbright Institute
(UK) animal facility for testing and optimising the staining method. For evaluating the
applicability of the technique in the context of sterile immunity, samples were obtained
from an animal experiment in which Dekalb White chickens (Henry Stewart & Co.) were
immunised with two types of vaccines via subcutaneous injections. One group (n=8) was
immunised with 0.2 ml of 1024 HA units/ml recombinant H7HA-expressing herpes virus
of turkey (tHVT) vaccine and another group (n==8) was vaccinated with 0.2 ml of 4.5X105
PFU/ml inactivated Newcastle Disease Virus (INDV) vaccine. The inoculations were
administered 3 days after hatching and were followed by subsequent boosters of the same
dosage at day 7 and 13. The birds were then monitored daily and culled at day 38 post-

vaccination when their tissues were processed and analysed. All birds were hatched and
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reared in the poultry facility according to national and institute-specific regulations (licence

number P68D44CF4).

I1.4.2. Lymphocyte sample preparations

Cell suspensions in RPMI were generated from freshly harvested chicken spleens.
Subsequently, lymphocytes were isolated using Histopaquel083™ gradient centrifugation,
and the cell viability was assessed using Trypan Blue exclusion. Following this step, the
samples were resuspended in freezing medium (80% foetal calf serum, 20% dimethyl
sulfoxide) and transferred into cryovials. The tubes were then placed into passive
isopropanol cryogenic storage containers to be frozen to -80°C. When used for the staining
experiments, individual tubes were thawed using a 37°C water bath for 1-2 minutes and
resuspended in FACS buffer (1X PBS, 2% foetal calf serum, 1 mM EDTA, 0.1% sodium

azide).

I1.4.3. Panel Design and Gating Strategy

A panel of commercially available fluorescently labelled antibodies and other cytometry
reagents (Table 2.3) were chosen with regards to the characteristics of the cell analyser (BD
LSRFortessa™) which was used on the samples (Figure 2.22). Because the lymphocyte
samples were preserved at -80°C and thawing may have led to a considerable loss in cell
viability, a distinction between live and dead cells was made using a commercially available
marker. The mouse anti-chicken antibodies were chosen to discriminate between cell types
based on specific surface marker expression. As such, lymphocyte populations such as B
cells (Bu-1+) and T cells (CD3+) could be identified. This latter population was further
divided based on the structure of the T cell receptor (TCR) into y8 T cells (CD3+TCRy3+)
and of T cells (CD3+TCRyS—). Moreover, among these T cell subsets, an additional
functional differentiation could be made regarding the co-receptors which are expressed on
their surface (TCRaB+CD4+, TCRaf+CD8aa+, TCRyd3+CD8up+, TCRy5+CD8oa+,
and TCRy8+CD8-) [76,78].
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Figure 2. 22: Fluorescence spectra of the reagents used for lymphocyte staining.

Fluorophores are shown with their respective antibody specificities. (A) Violet laser (405nm):
detection of Pacific Blue (450/50 nm filter). (B) Blue laser (488nm): FITC (530/30 nm filter) and
PerCP-Cy5.5 (695/40 nm filter). (C) Yellow laser (561 nm): detection of PE (575/26 nm filter).
(D) Red laser (640nm): detection of APC (660/40 nm filter), AF700 (730/45 nm filter), and
LiveDead-NearIR (780/60 nm filter). Figure based on images generated with Spectra Viewer
(Thermo Fisher Scientific), using the BD LSRFortessaTM cell analyser configurations.
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I1.4.4. Staining Optimisation

To ensure that the stain behaved optimally, the flow cytometry reagents (see Table 2.3)
were titrated based on the quantities which were recommended by the manufacturers. With
regards to the calculated staining indices and individual inspection of the resulting
cytometry plots (data not shown), several concentrations of antibodies were selected to be
used in combination. In the end, 10 possible mixes were tested, and the one that yielded
the highest resolution of the desired cell populations was selected. To confirm the staining

procedure worked, the observed frequencies of the lymphocyte subsets was also compared

with expected values from published data and from the antibody manufacturers.

Reagent Specificity Fluorophore Manufacturer C;‘tlar:]obgeure

Mouse anti-chicken CD8a CD8a+ T cells Pacific Blue Southern Biotech 8220-26
Mouse anti-chicken TCRyd Yo T cells Fluorescein (FITC) Southern Biotech 8230-02
Mouse anti-chicken CD8 CD8B+ T cells N/A Southern Biotech 8280-08
Mouse anti-chicken Bu-1 B cells r-Phycoerythrin (PE) Southern Biotech 8395-09
Mouse anti-chicken CD3 T cells Allophycocyanin (APC) Southern Biotech 8200-11
Mouse anti-chicken CD4 CD4+ T cells AlexaFluor700 (AF700) Southern Biotech 8210-27
Live/Dead Near-Infrared Dead Cells Near-infrared Thermo Fisher Scientific L34976
Streptavidin Biotin Pe”di"i”'(l‘;rg‘r’gl’jfgl;fg)a”i”e 55 BD Biosciences 551419

Table 2. 3: Cytometry reagents used for labelling chicken lymphocyte preparations.

I1.4.5. Data analysis

The raw reads from the flow cytometer were examined using FlowJo™, and the resulting
lymphocyte population frequency data were evaluated using the R Studio software [29]. The
differences between the vaccine treatments were evaluated by constructing a mixed effects
linear model in which the response was the estimated percentage of each lymphocyte

population, by using the following formula:

91



Chapter II: Materials, General Methods, and Protocol Development

RESPONSE ~ cell population X treatment + (1 | bird)

Here, cell population and treatment are the explanatory variables which denote the lymphocyte
population of interest and the vaccination treatment, respectively. The variable bird was
included as a random intercept to capture the individual-specific variance. The models
were then implemented using the Ime4 package in R, with p values and 95% confidence
intervals for the model estimates being computed using the ImerTest package [130,131].
To achieve the normality of residuals and homoscedasticity, a logit transformation was
applied given the proportional nature of the data [129]. The fit of the model and the validity

of its assumptions were then evaluated and deemed satisfactory (data not shown).

I1.4.6. Results

I1.4.6.1. Multicolour Staining Protocol for Chicken Lymphocyte Subsets

The staining procedure yielded good resolutions B cell and T cell subsets of interest (Figure
2.23). Furthermore, the observed population frequencies resembled the expected values
from the scientific literature and the cytometry reagent manufacturers (Table 2.4). The
results show that the lymphocytes from chicken splenocyte samples could efficiently be
separated into various functionally important cell subsets, based on the differential

expression of surface markers.

I1.4.6.2. Lymphocyte populations under different vaccination treatments

When applied in the context of vaccination, some chicken lymphocyte populations were
markedly distinct between the tested groups of birds (Figure 2.24). The overall frequency
of a3 T cells was found to be higher in the iNDV-vaccinated birds than in the tHVT-HA
immunised chickens. More specifically, the CD8+ «f T cells were at higher frequencies in

the INDV-immunised birds than in the tHVT-HA group. At the same time, the tHVT-HA
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group also had significantly lower CD8uf+ y3 T cell levels than iNDV treatment group.
These results suggest that the different vaccine treatments elicit different immune responses

with regards to the specific lymphocyte populations which they activate.

Population of Interest Observed Expected References
B cells 10.7 - 11.5% 15% [172]
T cells 64.6 — 67.2% >60% [173-176]
af T cells 48.4 -51.1% 50% [173,174]
apf T cells CD8+ 23.4 - 25.6% 25% [173,174,177,178]
opf T cells CD4+ 11.3-13% 10% [173,174,179]
Y3 T cells 11.6 —12.4% 15% [78,175]
Y3 T cells CD8aa+ 0.61-1% 6% [78,175,177]
Y3 T cells CD8ap+ 2.72 - 4.3% 3% [78,175,177,178]
Y3 T cells CD8- 3.8 -4.98% 6% [78]

Table 2. 4: Expected and observed values for the stained populations of interest.
Percentages are of total viable spleen cells in samples and are approximations taken from 10

separate staining tests of 10 different SPIF chickens.
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Figure 2. 23: Flow Cytometry results and gating strategy for the multicolour staining protocol on splenocytes

derived from a specific pathogen-free chicken.

(A) Main cell gate. (B) Single cell gate. (C) Live cell gate (Live/Dead-). (D) Lymphocyte subset
gates: B cells (top left, Bul+CD3-) and T cells (bottom right, Bul-CD3+). (E) T cell gates: y6 T
cells (top, TCRyd+) and of T cells (bottom, TCRyd—). (F) yd T cell subsets: CD8x+CD83+ (top
right), CD8x+CD8B— (top left), CD8a—CD8B— (bottom left). (G) af T cell subsets: CD4+ CD8o—
(top left), CD4-CD8a+ (bottom right).
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Figure 2. 24: Splenic lymphocyte populations model estimates for the INDV” and rH1T-H7HA vaccinated
chickens.

(A) B and T cell compartments, and main T cell lineages. (B) T cell populations based on
differential expression of CD8 and/or CD4 surface markers. Grey dots represent individual bird
observations for lymphocyte population. Error bars represent 95% bootstrap confidence intervals
for the point estimates generated from 1000 simulations of the model. Statistically significant

differences between the model estimates are depicted above the plots based on their corresponding
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p-values: * = p < 0.05; ** = p < 0.01. The frequencies of CD3-Bul- lymphocytes (~25%) are not

shown.

I1.4.7. Discussion

The insufficient number of high-throughput methods and/or the availability of reagents
for veterinary science represent major impediments towards addressing important
problems including global food security and the control of infectious agents such as
influenza viruses. Therefore, adapting existing technologies from related fields (e.g. medical
sciences), optimising existing procedures, and even elaborating novel methods altogether
constitute means through which many such issues could be resolved. With this in mind,
very powerful tools such as flow cytometry have enormous potential if applied to veterinary

studies, especially in the context of infectious diseases and responses to vaccination.

The efficacy of the multicolour staining procedure detailed in the above has been confirmed
by comparing the observed frequencies of the lymphocyte populations of interest with
expected values from published data and the instructions from the manufacturers of the
cytometry reagents [78,172—179]. The method represents a higher-throughput version of
common cytometric assays which are carried out in veterinary studies. Indeed, this
technique allows for a high-resolution separation of chicken lymphocyte populations of
interest, with only one sample serving as input. This represents a major advantage, as it not
only requires less starting material, but also controls for variation between different

samples, including experimental error.

The applicability of the method is reflected by the results obtained in the context of
vaccination, as significant differences were found between the inactivated NDV and the
rHVT-H7HA vaccination treatments. Interestingly, the «f3 T cell responses were found to
be lower in the tHVT-HA vaccinated group, with higher CD8+ o3 T cells being present in
the iNDV-immunised birds. Furthermore, there are higher levels of CD8uaB3+ y8 T cells in
this latter group, a cell population which has been previously shown to exhibit cytotoxic
activity in the context of infection [85]. Together, the results are indicative of a drive
towards a stronger cell-mediated immune response in the iNDV-vaccinated group.

However, the actively-replicating viral-vectored vaccine would be expected to elicit a
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stronger cell-mediated immune response than immunisations with an inactivated virus
[7,87,106]. As no specific assessments of the actual immune responses were performed,
claims about why this phenomenon is observed remain purely speculative. Potential effects
might include the immunogenicity of the antigens, the age of the birds, and even the
particular breed of chicken that was used in the study [78]. Evaluating the individual
contribution of these factors was outside the scope of this current work, and the samples
from the vaccine experiments were used solely to demonstrate its applicability in the

context of vaccination.

I1.4.8. Conclusion

Flow cytometry and fluorescence-assisted cell sorting represent very powerful tools of
modern-day immunology [87,170,171]. Unfortunately, their use in veterinary immunology
is limited by the availability of specific fluorescently labelled antibodies and the existence
of robust and high-throughput methods for the surface labelling of cells. The multicolour
staining protocol described herein can be successfully used to characterise functionally
important chicken lymphocyte populations. Furthermore, subject to further optimisation,
this staining procedure can also be used to sort the chicken lymphocyte subsets of interest
via FACS, thus allowing more specific assessments to be performed such as cytokine

expression profiles and immune receptor repertoire analyses.
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IL.5. Viruses and vaccine preparation

A stock of recombinant reverse-genetics (RG) virus was generated by the AIV group at the
Pirbright Institute prior to the DPhil research, using a well-established protocol involving
eight influenza gene plasmids in HEK 293T/MDCK cell co-culture [180]. This RG virus
comprised all eight genes from A/chicken/Pakistan/UDL-01/08 (UDL-01/08). The
subsequent steps for vaccine preparation were carried out by the DPhil candidate. RG
viruses from cell culture were propagated in 10 day-old embryonated hen’s eggs and the
allantoic fluid was harvested, clarified by centrifugation at 3000 rpm for 20 minutes at 4°C
and transferred to fresh containers prior to chemical inactivation. Virus inactivation was
achieved by adding 3-propiolactone 0.1% (v/v) to clarified infectious allantoic fluid, mixing
well before incubating at room temperature for eight hours then incubating at 4°C for 24
hours [181]. Inactivation of virus was confirmed by sequentially passaging virus in 10 day-
old embryonated hen’s eggs three times. Once chemical inactivation was confirmed,
allantoic fluid was concentrated by ultracentrifugation at 135,000 x g for two hours and
pelleted virus was resuspended in PBS. The resulting solutions were titrated by performing

haemagglutination assays (see below).

I1.6. Haemagglutination and haemagglutination
inhibition assays

The haemagglutination titre of the virus and the haemagglutination inhibition (HI) titre of
the chicken antisera were determined using established protocols [182]. Briefly, to
determine the haemagglutination titre, a two-fold dilution series of virus in PBS was
prepared in V-bottom 96-well plates (Thermo Fisher Scientific) and incubated 1:1 with 1%
chicken red blood cells (RBCs) in PBS for one hour at 4°C. The haemagglutination titre
was recorded as the reciprocal of the highest dilution that virus caused complete

haemagglutination of RBCs.

To determine the HI titre, a two-fold dilution series of post-infection chicken polyclonal
antisera was incubated with 4 haemagglutinating units (HAU) per 25 ul of virus for one

hour at room temperature then incubated 1:1 with chicken 1% RBCs in PBS for one hour
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at 4°C. The HI titre was recorded as the reciprocal of the highest dilution of chicken

antiserum that completely inhibited haemagglutination of RBCs.

I1.7. HIN2-specific ELISAs using whole inactivated
purified virus

To assess the levels of HIN2-reactive IgM and IgY in vaccinated and/or challenged birds,
enzyme-linked immunosorbent assays (ELISAs) were developed using whole purified and
inactivated HIN2 influenza virus. For this, Nunc MaxiSorp (Thermo Fisher Scientific) flat-
bottom 96-well plates were coated with 50 pl per well of 0.25 pg/ml inactivated purified
HIN2 and left overnight at 4°C. The following day, the plates were washed 4 times using
0.1% Tween 20 (Sigma-Aldrich) in PBS (all further washing steps were performed in the
same way). Subsequently, the plates were then incubated for 30 minutes at room
temperature using 100 pl of blocking buffer (0.25% BSA in 0.1% Tween-20 in PBS) in each
well. Following another wash step, 50 ul of 1:800 serum dilution was added to duplicate
wells and incubated for 1h at room temperature. The plates were then washed again and
incubated for 30 minutes with 50 ul of either a 1:7000 dilution of goat IgG conjugated with
horseradish peroxidase (HRP) having anti-chicken IgY specificity (Biorad, cat. AAI29), or
1:3000 dilution of goat IgG conjugated with horseradish peroxidase (HRP) having anti-
chicken IgM specificity (Invitrogen, cat. PA1-84676). After another wash step, 50 ul of
OptEIA TMB Substrate (BD Biosciences) was added to each well of the plate and left at
room temperature. The reaction was stopped using 50 pl of 2M H2804 after exactly 20
minutes of incubation. The optical density of the wells was then read using a 450/630 nm
setting of a EL.x808 plate reader (BioTek). The raw optical density (OD) values were then
standardised using the sample to positive ratio. For this, a sample of pooled sera from three
24-day-old naive birds from a separate experiment was also added as a negative control to
the ELISA plates. Similarly, a sample of pooled sera from three 24-day-old birds that were
vaccinated at day 1 and 14 post-hatching during a separate experiment was used as a positive
control. Because of the high number of serum samples, multiple 96-well plates were used
for the ELISA procedure. Standardisation was performed by calculating the sample-to-

positive ratio, using the following formula:
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[Sample OD] — [Negative control OD]
[Positive control OD] — [Negative control OD]

Therefore, the formula above allowed for OD values to be standardised across the ELISA
plates and thus minimized potential noise differences through the use of negative and

positive controls that were added to the plates.

I1.8. HIN2 matrix gene qRT-PCR assessment of
chicken swab samples

Total RNA from buccal and cloacal swab samples from HINZ2 infected birds was extracted
using the QIAamp Virus BioRobot MDx Kit (Qiagen) on a Biorobot Universal (Qiagen).
Total RNA concentration was then measured using the NanoPhotometer NP80 (IMPLEN
GmbH) in order to standardise across samples. A quantitative real-time PCR (qQRT-PCR)
using HIN2 matrix (M) gene primers was performed on samples using an M gene of known
concentration (8.5 x 10”7 copies/ul) as a standard, which was previously generated within
the AIV group at the Pirbright Institute. For the qRT-PCR reactions, the Superscript 111
Platinum One-Step qRT-PCR Kit (Invitrogen) was used following the manufacturer’s
instructions on a Quantstudio 5 Real-Time PCR System (Thermo Fisher Scientific). The

results were then analysed using the Quantstudio 5 software (Thermo Fisher Scientific).

I1.9. HIN2 vaccination and infection animal
experiment

The animal experiment was carried out at the Pirbright Institute (Pirbright, UK) as part of
the DPhil project. Both the staff at the Pirbright animal facility and the AIV research group
contributed to the work required for the animal experiment. The DPhil Candidate designed
and oversaw the experiment whilst also participating in and assisting with (without
performing procedures) vaccination, infection, culling, and sample collection. White
leghorn chicken (Valo breed, n=70) were hatched and reared in the poultry facility

according to national and institute-specific regulations (licence number P68D44CF4). The
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birds were divided into 6 treatment groups (G1-6) and maintained together until the
infection birds were transferred to isolators at day 21 post-hatching (see below). All
uninfected birds remained together for the duration of the experiment. Chickens from G1
(n=10), G2 (n=10), G4 (n=10), and G5 (n=10) received a single subcutaneous injection of
0.2ml of 1024 HAU/dose inactivated HIN2 vaccine immediately upon hatching (Figure
2.25). Individuals from G2 and G5 received an additional dose of the vaccine at 14 days
after hatching. Birds from G3 (n=15) and G6 (n=15) did not receive the vaccine. Weekly
blood samples were collected from all birds immediately after the first intervention (i.e.
infection or vaccination). At day 21 post-hatching, birds from G1-3 received a single
intranasal inoculation of 0.1ml of 10¢ pfu/ml HIN2 low pathogenic avian influenza virus
(50 pl in each nostril). Following infection, birds (G1-3) were weighed daily and buccal and
cloacal swabs were collected each day for 10 consecutive days. At day 3 and at day 14 post-
infection, 5 birds from each group (G1-G6) were culled and tissue samples (trachea, lung,
spleen, bursa, caecum, colon, and jejunum) were harvested and stored in RN.A/ater (Thermo
Fisher Scientific). Additionally, at day 7 post-infection, 5 birds from G3 and G6 were culled
and their tissues were harvested as for the rest of the time points. Lymphocyte suspensions
were also prepared from splenic tissues using the gradient-based method described in

section II.4 and viably frozen for later analyses.
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Figure 2. 25: Design of the HIN2Z vaccination and infection animal experiment.

Birds were split into 6 groups which received either an inactivated HIN2 vaccine at day 1, or both
at days 1 and 14, or no vaccination. At day 21, half of the birds (belonging to all vaccination regime
treatments) were infected with HIN2 avian influenza virus. Birds were then culled at days 24 (n=5
from all groups), day 28 (n=5 from the unvaccinated treatments), and at day 35 (n=5 from all
groups). Blood and tissue samples were harvested and processed for subsequent analyses. Buccal
and cloacal swab samples were collected from the infected birds with one pre-infection sampling

and 10 other daily swabs after infection.
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Chapter III: Antibody and Cellular
Dynamics Following HIN2 Vaccination and
Challenge

II1.1. Abstract

The avian adaptive immune system is stimulated by influenza A viruses and develops
humoral and cell-mediated responses in order to control and resolve the infection. Systemic
stimulation through infection and/or vaccination results in antigen-specific B cells
becoming activated and producing virus-specific IgM antibodies, which later class-switch
to the higher affinity IgY antibodies. At the same time T cell immunity develops both
through CD8+ cytotoxic T lymphocytes and through CD4+4 T helper cells which
contribute to cell-mediated and humoral responses, respectively. Furthermore, other cells
of the adaptive immune system such as the y5 T cells may contribute to adaptive immunity
and respond specifically to HIN2 infection or vaccination-derived stimuli. In this chapter,
I assess some of the fundamental adaptive immune responses in chickens that were infected
with and/or vaccinated against avian influenza HIN2. These measurements include the
evaluation of the systemic antibody responses following vaccination(s) and infection via
ELISAs and HI assays, viral qPCR results for swab samples during the course of infection,
and frequency changes in major splenic lymphocyte subsets by using a custom flow
cytometry staining protocol. As such, the results provide important insights into the
dynamics of the chicken antibody responses to infection and vaccination whilst also
describing the impacts of infection and vaccination on functionally relevant lymphocyte

populations in the spleens of immunised birds.

I11.2. Introduction

Influenza A viruses are single-stranded, negative-sense, segmented RNA viruses (fam.
Orthomyxoviridae) that have their primary reservoir in wild aquatic birds [1,5,6,8]. as a group,

they exhibit a broad host specificity, which includes poultry, swine, horses, bats, and
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humans [4]. As such, influenza A viruses have the capacity to cause severe economic losses
due to infection of domestic animal hosts, but also pose a significant zoonotic risk when
they cross the species barrier from domestic animal to humans [1,6-8]. Indeed, these
pathogens represent major medical and social burdens with regards to both seasonal

epidemics and the more dramatic pandemics which they can cause.

Influenza A viruses are broadly classified with respect to their haemagglutinin (HA) and
neuraminidase (NA) surface glycoproteins [5,6]. To date, at least 18 HA (H1-H18) and 11
NA (N1-N11) subtypes have been described across a wide range of different species [6].
The HA and NA glycoproteins represent major antigenic targets against which the adaptive
immune response is mounted. However, the inherent ability of these pathogens to evade
host immunity via antigenic drift or antigenic shift poses considerable challenges to
controlling their spread, in both human and non-human animal hosts [5-7,11]. These
features of influenza viruses also have profound implications for traditional prevention
methods such as vaccination. In a manner similar to the seasonal influenza vaccination in
humans (reviewed in 7), the effectiveness of vaccine-induced immune memory decreases
rapidly in non-human hosts due to the emergence of escape variants [11,49-51]. Moreover,
veterinary influenza A vaccination is pootly regulated, with reduced coordination within
and between different countries and frequent use of sub-optimal vaccines in terms of
homologous seed strains [52]. With this in mind, domestic birds are of particular
importance as these animals represent a virus reservoir where avian influenza viruses (AIVs)
are hyper enzootic. Furthermore, AIVs readily evolve and diversify within poultry which
often serve as intermediates from which the viruses can spread to other domestic animals,
wild birds and humans [5,6,18,19]. Indeed, not only are poultry readily infected by AIVs,
but these events are associated with significant economic losses each year [8,20-23].
Cumulatively, these factors render the understanding of the avian immune responses to

AlVs essential for the efficient control of these pathogens [32,53].

Out of the AIVs, focus has been predominantly placed on subtypes H5 and H7 due to their
propensity to evolve into high pathogenicity avian influenza (HPAI) viruses and cause
outbreaks in poultry with significant bird mortality [28—30]. However, AIV subtype HIN2
is a prominent low pathogenicity avian influenza (LPAI) virus subtype which has become

enzootic in many countries across Asia, the Middle East, northern and western Africa, and
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some parts of Europe [33-36]. Furthermore, HIN2 AIVs have been commonly causing
zoonotic infections, with increased HIN2 seropositivity among agricultural workers in
recent years [33,37—41]. As such, several countries across the world have implemented
poultry vaccination strategies in order to contain viral spread and prevent possible human
outbreaks. However, these efforts involve the use of inactivated HIN2 vaccines, and there
is still a limited understanding about both the infectious process itself and the

immunological effects of vaccination within avian hosts.

The most frequently used method of vaccinating poultry involves the use of inactivated
virus, which mostly triggers an antibody-mediated immune response [44,183,184]. In a
commercial setting, poultry are vaccinated as young as 1-day post-hatch, against multiple
pathogens using a variety of modalities and as these birds mature, they get additional
vaccinations and even booster immunisations [44]. The impact that these immunisations
have on young and developing birds is largely unknown. A more comprehensive
understanding of the immune dynamics of both infection and vaccination is paramount to
maximise the efficacy of current practices and inform on the development of future
strategies. In this chapter, I provide a detailed analysis of the antibody-mediated immune
response against AIV subtype HIN2 using virus-specific IgM and IgY ELISAs and HI
assays. Furthermore, using an in-house custom-made flow-cytometry protocol (see section
I1.4), I examine the splenic lymphocyte compositions of birds that were subjected to HIN2
vaccination(s) with inactivated vaccines and/or infection. The results presented herein offer
important information about the dynamics of the chicken systemic antibody responses, the
utility of vaccination timing, and the protection offered against AIV infection by an
inactivated HIN2 virus vaccine. These data also provide some core immunological

measurements for later studies on the T and B cell repertoire (Chapters 4 and 5).

I11.3. Specific Materials and Methods

IT1.3.1. Models of HIN2 antibody dynamics

The IgM and IgY ELISAs and HI assay methodologies are described in detail in Chapter

II (see sections I1.6 and I1.7). Based on preliminary exploratory analyses, the data for each
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of the antibody responses can be characterised using a log-normal distribution. With this in
mind, the log-transformed data was modelled using maximum likelihood approaches.
Several models were chosen considering biological phenomena such as initial antigen-
dependent increase in antibody production by B cells, sustained antibody production by
plasma cells, and cellular senescence and antibody decay [87]. Therefore, four equations
were selected to describe the major trends which are expected to govern antibody dynamics

upon antigenic stimulation.

A=c+aTl —bT? (E 3.1)
A=c+aT?e™ T (E 3.2)
A=c+a(l—e™PT) (E 3.3)

T
A—c+ab+—T (E 3.4

In the models above, A is the log-transformed measured antibody response (IgM, IgY, or
HI) T represents the log-transformed number of days post initial immunisation, and
parameter c is a constant describing the intercept. A quadratic model (E 3.1) was chosen to
depict the initial expansion of antibody-secreting cells in the presence of antigen, followed
by a decline caused by cellular senescence and clearance of antibodies. Here, parameters a
and b describe the rate of antibody production and clearance, respectively. The second
choice of equation (E 3.2) represents an increase-decrease model which also captures these
processes, with an initial (quadratic) increase characterised by a, followed by an exponential

decline characterised by b.

Two additional choices of model were included to depict the plateauing phase observable
in the IgY response (see III.4.Results), as the length of the animal study was not sufficient
to capture the declining phase in antigen-specific IgY after initial immunisation. As such,
an exponential plateau equation (E 3.3) and a Monod-type equation (E 3.4) model the

observed behaviour in IgY, where parameter a represents the maximum value of the system
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(i.e. the asymptote), while parameter b relates to the deceleration in the production of

antibodies.

For all of the chosen model equations specified above (E 3.1 — 3.4), the likelihood value

(L) of the antibody response given each model was computed using the following formula:

1 _(nAi-pp?
L(A|lmodel) = ———— e 202

_AioV2m (F 3.5)

In this likelihood function (E 3.5), # is the estimate of the model for the natural antibody
response A at each 7 observation taken at T"days post initial immunisation (the values of A

and T being log-transformed — see above).

I11.3.2. Flow cytometry staining and analysis

Splenocytes from the vaccination and infection experiment (described in section I1.9) were
isolated, viably frozen, and subsequently stained using the multicolour flow cytometry
methodology developed and optimised in section II.4. The mixed-effects linear models
used previously were adapted to analyse the differences between the immunisation regimes

of the current experiment.

II1.3.3. Analyses of antibody responses

For the non-parametric analysis of antibody responses, Kruskal-Wallis tests were
performed at each time point in order to assess if the effect of treatment group is significant
at each timepoint [185]. Following this stage, post-hoc Conover tests were performed using

the Benjamini-Hochberg correction for multiple comparisons [186,187].

To evaluate the antibody temporal dynamics models, the Akaike information criterion

(AIC) was computed, and the AIC weights were used for selecting the best fit given the
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data [188]. Furthermore, the R? value was calculated to reveal how much of the variance

within each treatment group is explained by the models.

IT1.4. Results

I11.4.1. HIN2-specific antibody responses following vaccination
and challenge

Distinct patterns were observed for the humoral responses of chickens based on the
immunisation regime to which they were subjected (Figure 3.1 and Tables 3.1 — 3.3), as
indicated by the IgM and IgY ELISAs (whole virus antigen preparation) and the HI assays
which were performed on the sera of birds. There were no detectable IgM, IgY, or HI
responses at day 7 in the vaccinated treatment groups (post-hoc Kruskal-Conover test,
corrected p values >0.05). At day 14 these measurements became significantly different to
the unvaccinated birds (post-hoc Kruskal-Conover test, corrected p values <0.01). There
were no differences at day 7 or day 14 in terms of IgM, IgY, or HI titres between the

immunised groups themselves (post-hoc Kruskal-Conover test, corrected p values >0.05).

By day 21 of age, after the secondary immunisation was administered to the corresponding
groups at day 14, differences became apparent between the single vs. double vaccination
regimes. When looking at the IgM responses, the double vaccination treatments exhibited
higher levels of IgM than the single vaccination group (post-hoc Kruskal-Conover test,
corrected p values <0.05), but not higher than the single vaccination treatment which was
subsequently infected after the blood samples were taken (post-hoc Kruskal-Conover test,
corrected p values >0.05), potentially due to the high within-group variability of IgM
responses in this treatment. Lastly, the double vaccination treatments also exhibited similar
levels of IgM responses between them (post-hoc Kruskal-Conover test, corrected p values

>0.05).
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Figure 3. 1: HINZ-specific antibody levels and haemagglutination inbibition (HI) potential of sera in chickens
following vaccination and infectious challenge.

(A) IgM ELISA sample-to-positive ratios. (B) IgY ELISA sample-to-positive ratios. (C) HI titres
of serum samples. Sample-to-positive ratios for the ELISAs were calculated for each sample’s OD

value using a known positive and a known negative in order to standardise across plates.
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The IgY responses at day 21 also began to reflect the effects of multiple immunisations. As
such, the double-vaccinated treatments exhibited higher levels of IgY and HI titres than
the single immunisation groups (post-hoc Kruskal-Conover test, corrected p values <0.05).
There were no significant differences between the groups that received an equal number of

vaccinations (post-hoc Kruskal-Conover test, corrected p values >0.05).

IgM
Treatment Naive Single vaccination | Double vaccination Infection only Single vacc. + inf.

Single vaccination *** 0.000

Double vaccination **% 0.000

Infection only 0.295

Single vaccination + inf. *** 0.000 *** 0.000

Double vaccination + inf. ***0.000 *** (0.000

Single vaccination *** 0.000
Double vaccination ***0.000 * 0.015
Infection only 0.689 *** 0.000 *** 0.000

Single vaccination + inf. *** 0.000 0.116 0.508 *** 0.000
Double vaccination + inf. *** 0.000 * 0.016 0.904 **%*0.000

21
(pre-inf)

Single vaccination *** 0.000
Double vaccination *** 0.000

Infection only *** 0.000

Single vaccination + inf. **%* 0.000

Double vaccination + inf. *** 0,000

Single vaccination * 0.021

Double vaccination * 0.040

Infection only **% 0.000

35
(14 d.p.i)

Single vaccination + inf. *** 0.000

Double vaccination + inf. ** 0.003

Table 3. 1: Kruskal-Conover test results for LgM responses in the infection study.
Benjamini-Hochberg corrections were used for multiple-sample comparisons. Significance levels
are denoted alongside the p values with one (p<0.05), two (p<0.01), or three (p<<0.001) asterisks.

Calculated p values are rounded to 3 digits.

After blood samples were collected on day 21, the birds were challenged with HIN2 avian
influenza, and subsequent measurements were taken at 3 days post infection (dpi), which is
known to correspond to peak viraemia [189]. At this stage, in terms of IgM responses, there
were no significant differences between the vaccination groups (post-hoc Kruskal-Conover
test, corrected p values >0.05). At the same time, the infection only birds began to exhibit

detectable IgM responses which were not significantly different to the other vaccination
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treatments (post-hoc Kruskal-Conover test, corrected p values >0.05), with the exception
of the group that received a single vaccination and was infected (post-hoc Kruskal-Conover
test, corrected p values <0.01). However, as observed at earlier timepoints, this group

exhibited a high between-bird variability, which likely resulted in the significance of this

difference but not the others.

21
(pre-inf)

35
(14 d.p.i)

Treatment

Single vaccination

Naive

***0.000

Double vaccination

***0.000

Infection only

0.755

Single vaccination + inf.

**%* 0.000

IgY
Single vaccination Double vaccination Infection only Single vacc. + inf.

**% 0.000

Double vaccination + inf.

***0.000

Single vaccination

**%* 0.000

Double vaccination

**% 0.000

** 0.004

Infection only

0.577

*** 0.000

*** 0.000

Single vaccination + inf.

*** 0.000

0.337

* 0.046

***0.000

*** 0.000

Double vaccination + inf.

***0.000

Single vaccination

*** 0.000

Double vaccination

*** 0.000

**0.001

*** 0.000

Infection only

0.075

**¥* 0.000

0.587

**¥* 0.000

Single vaccination + inf.

*** 0.000

0.994

**%* 0.000

*** 0.000

**% 0.000

Double vaccination + inf.

***0.000

Single vaccination

**0.007

Double vaccination

**% 0.000

**0.006

Infection only

** 0.007

0.201

Single vaccination + inf.

*** 0.000

**%*0.000

Double vaccination + inf.

***0.000

Table 3. 2: Kruskal Conover test results for IgY responses in the infection study.
Benjamini-Hochberg corrections were used for multiple-sample comparisons. Significance levels
are denoted with one (p<0.05), two (p<0.01), or three (p<<0.001) asterisks. Calculated p values are

rounded to 3 digits.

Important differences based on the number of immunisations were present when
considering the IgY levels and HI titres at 3 dpi. Low levels of IgY were detected in the
infection-only group, although not deemed significant when compared to the naive controls
(post-hoc Kruskal-Conover tests, corrected p values >0.05). However, the detectable HI
titres in those birds resulted in a significant difference from the naive treatment (post-hoc

Kruskal-Conover test, corrected p value <0.001). At the same time, the HI titres of the
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uninfected birds were significantly lower than the vaccinated groups, irrespective of

infection (post-hoc Kruskal-Conover test, corrected p values <0.001).

The immunised birds had comparable levels of IgY and HI between the groups that
received the same number of vaccinations prior to challenge, and infection did not
markedly influence this pattern in terms of either of those measurements (post-hoc
Kruskal-Conover tests, corrected p values >0.05). At the same time, the double vaccinated
treatments exhibited higher levels of IgY and HI titres when compared to the single
vaccination treatments, irrespective of infection status (post-hoc Kruskal-Conover tests,

corrected p values <0.05).

HI
Treatment Single vaccination | Double vaccination Infection only Single vacc. + inf.

Single vaccination

Double vaccination

Infection only

Single vaccination + inf.

Double vaccination + inf.

Single vaccination

Double vaccination

21
(pre-inf)

Infection only

Single vaccination + inf.

Double vaccination + inf.

Single vaccination

Double vaccination

Infection only

Single vaccination + inf.

Double vaccination + inf.

Single vaccination

Double vaccination

35
(14 d.p.i)

Infection only

Single vaccination + inf.

Double vaccination + inf.

Table 3. 3: Kruskal Conover test results for HI responses in the infection study.
Benjamini-Hochberg corrections were used for multiple-sample comparisons. Significance levels
are denoted with one (p<0.05), two (p<0.01), or three (p<<0.001) asterisks. Calculated p values are

rounded to 3 digits.
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At day 35, corresponding to 14 dpi, the effects of infection on the antibody responses
became much more pronounced. When analysing the IgM responses, the groups which
were challenged with HIN2 virus had comparable levels (post-hoc Kruskal-Conover test,
corrected p values >0.05). Likewise, the non-infected vaccinated groups had similar
antigen-specific IgM responses (post-hoc Kruskal-Conover test, corrected p values >0.05).
However, the infected birds generally exhibited higher levels of IgM than their uninfected
counterparts (post-hoc Kruskal-Conover test, corrected p values <0.05), with the notable
exception of the double vaccinated and infected group. These birds exhibited a large within-
group variability, which coupled with the small sample size at this timepoint, rendered the
differences with all other immunisation treatments not statistically significant (post-hoc

Kruskal-Conover test, corrected p values >0.05).

The day 35 IgY and HI measurements also exhibited profound differences based on the
immunisation regimes of the groups. The IgY antibody levels and the HI titres of the
infection-only birds showed similar levels to the single vaccination group (post-hoc
Kruskal-Conover tests, corrected p value >0.05). The uninfected and vaccinated birds were
also not significantly different from one another in terms of their IgY and HI titres (post-
hoc Kruskal-Conover tests, corrected p values >0.05). However, slightly higher levels of
IgY in the double vaccination treatment were suggested by the significant difference
between this group and the infection-only birds (post-hoc Kruskal-Conover test, corrected
p value <0.05). The double vaccination group also showed no statistically significant
difference in IgY levels or HI titres when compared to the vaccinated and infected
treatments (post-hoc Kruskal-Conover tests, corrected p values >0.05). However, although
the values of IgY and HI in these latter groups were not significantly different between
them (post-hoc Kruskal-Conover tests, corrected p values >0.05), their higher levels were
suggested by the significant differences to the single vaccination group and the infection-

only birds (post-hoc Kruskal-Conover tests, corrected p values <0.05).
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I11.4.2. Altered dynamics of infection based on prior anti-HIN2
immunisations

The HIN2 matrix gene-specific gqRT-PCR of the infected birds’ buccal swab samples
revealed important differences between the amount of viral shedding that occurs at various
time points (Figure 3.2 A and Table 3.4). There was no detectable viral genetic material
in the cloacal swab samples (data not shown), indicating that the birds did not shed
detectable levels of HIN2 from the gastro-intestinal tract. As such, this suggests that the
line of chicken used for the experiment is not permissive for gastrointestinal infection with

H9NZ2 and subsequent viral shedding [190].
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Figure 3. 2: HIN2Z matrix gene gRT-PCR results of buccal swab samples.
(A) Viral copy number equivalent per pg total RNA extract in the infected bird groups from day 0

(pre-infection) to day 8 post-infection. (B) Total daily number of equivalent viral copies per ug
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total RNA extract in the remaining birds at the end of the experiment. (C) The total number of

days the surviving birds at the end of the experiment were positive for HIN2 infection.

At day 1 post-infection, all the infected birds had detectable levels of HON2 genetic material
in buccal swab samples. Furthermore, although there was no difference between the two
vaccinated groups (post-hoc Kruskal-Conover test, corrected p value >0.05), the
unvaccinated birds had significantly higher equivalent viral copies than the vaccinated
groups (post-hoc Kruskal-Conover tests, corrected p values <0.01). At day 2, the only
significant difference was between the double-vaccinated and the unvaccinated, with lower
amounts of viral genetic material detected in the former (post-hoc Kruskal-Conover test,
corrected p value <0.001). Of note is that at day 2, following the multiple sample
comparison correction, the differences between the single vaccination group and the others
were not deemed statistically significant (post-hoc Kruskal-Conover tests, corrected p value

~0.00), although they exhibit intermediate levels as opposed to the other treatments.

Viral copy number equivalent

Treatment Infection only Single vacc. + inf.

Single vaccination + inf. ** 0.001

Double vaccination + inf. *** 0.000 0.397

Single vaccination + inf. 0.066

Double vaccination + inf. 0.000 0.066

Single vaccination + inf. 0.010

Double vaccination + inf. 0.001 0.398

Single vaccination + inf. 0.016

Double vaccination + inf. 0.030 0.508

Single vaccination + inf. 0.004

Double vaccination + inf. 0.004 0.647

Single vaccination + inf. 0.170

Double vaccination + inf. 0.390

Table 3. 4: Kruskal Conover test results for daily viral copy number equivalent detected
by qRT-PCR in the infection study.

Benjamini-Hochberg corrections were used for multiple-sample comparisons. Significance levels
are denoted with one (p<0.05), two (p<0.01), or three (p<<0.001) asterisks. Calculated p values are

rounded to 3 digits.
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From day 3 to day 5, the unvaccinated chickens had significantly higher levels of equivalent
viral copies than the birds in the vaccinated groups (post-hoc Kruskal-Conover tests,
corrected p values <0.05) and there was no significant difference between the vaccinated
treatments. At day 6, only the qRT-PCR results for the swabs originating from unvaccinated
birds were positive, albeit at low levels. Only one bird from the unvaccinated group tested

positive at day 7 and became negative the following day.

Treatment ‘ Infection only ‘ Single vacc. + inf.

Total viral Single vaccination + inf. * 0.015
shedding Double vaccination + inf. **% 0.001

e I RCEVSIIll Single vaccination + inf.
positive Double vaccination + inf.

Table 3. 5: Kruskal Conover test results on gRT-PCR data for total viral shedding and total days positive in
the birds that were culled at the end of the infection stud).

Benjamini-Hochberg corrections were used for multiple-sample comparisons. Significance levels
are denoted with one (p<0.05), two (p<<0.01), or three (p<<0.001) asterisks. Calculated p values are

rounded to 3 digits.

Overall, the qRT-PCR data indicated that the amount of viral shedding was dependent on
prior vaccination, with double-vaccinated birds having on lower values than the single-
vaccinated, followed by the unvaccinated birds which display the highest amounts.
Furthermore, when considering the total equivalent viral copies present in all daily swab
samples of the birds at the end of the experiment (Figure 3.2 B and Table 3.5), the
unvaccinated birds had a significantly higher amount than both vaccine treatments (post-
hoc Kruskal-Conover tests, corrected p values <0.05), although the difference between the
single-vaccinated and double-vaccinated birds was nonsignificant (post-hoc Kruskal-
Conover test, corrected p value >0.05). Similarly, when considering the total duration of

infection (Figure 3.2 C and Table 3.5), the infection lasted on average longer in the
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unvaccinated birds than in either of the vaccine treatments (post-hoc Kruskal-Conover
tests, corrected p values <0.05), which displayed similar levels between them (post-hoc
Kruskal-Conover tests, corrected p value >0.05). Therefore, both the amount of viral
shedding and the time during which shedding occurs were influenced not only by prior

vaccination against HON2, but also by the number of immunisations.

I11.4.3. Temporal trends following vaccination and infectious
challenge

Mathematical models of the human and mouse immune systems in the context of antigenic
challenge have provided important insights into the within-host dynamics of pathogens,
including avian influenza viruses [191,192]. However, this work has not yet been mirrored
in poultry in spite of the fruitful results of within-host models in humans and mice.
Therefore, in order characterise the temporal trends of antibody responses, several
mathematical models were chosen based on the observed results and with respect to the
inherent biology of antibody responses upon stimulation with antigen (see section IIL.3.).
As such, in order to account for the 7-day time lag observable in birds that received a
vaccination on day 1, the timepoint of day 7 was used as the first day of immunisation.
Subsequently, the fit of each model to the observed ELISA measurements was evaluated
using the calculated AIC values and the model predictions were overlapped with the

experimental observations (Figure 3.3).
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Figure 3. 3: Model fits to the measured antibody responses in the vaccination and challenge experiment.

IgM, IgY, and HI model fits are shown on the left, middle, and right columns, respectively.
Responses of each vaccination regime are shown on different rows. Black dotted lines are placed
at (log transformed) 7-day time intervals post initial immunisation. The increase/decrease and
quadratic model fits are shown in red and blue, respectively. The two additional model fits for the
IgY and HI responses (see Methods), are shown in green (exponential plateau model) and purple
(Monod-type model). The groups that received vaccination upon hatching were modelled using 7
days of age as the initial timepoint of vaccination to account for the 7-day time lag present in the

responses of the birds in those treatments.
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All IgM models showed comparable explanatory power based on the AIC score alone
(Table 3.6). When considering the AIC weights, the quadratic model was slightly favoured
for all treatment groups, with the exception of the single vaccination treatment, where the

increase/decrease model was preferred.

Optimised values for parameters

Treatment Group IgM Model a b c
Single/Vacsination Increase/Decrease 0.92 3.6 -0.71 -4.65 -64.36 0.51 0.22
Quadratic 0.91 2.57 -0.44 -4.57 -64.24 0.49 0.22
Double vaccination Increase/Decrease 0.6 6.19 -0.91 -4.38 -31.99 0.22 0.13
Quadratic 0.59 3.72 -0.82 -4.47 -34.5 0.78 0.12
e el Increase/Dec.rease 0.66 5.41 -0.8 -4.53 | -129.65 0.48 0.11
Quadratic 0.64 3.24 -0.58 -4.55 |-129.79 0.52 0.11
Single vaccination and | Increase/Decrease | 0.86 3.8 -0.69 -4.59 3.33 0.48 0.19
infection Quadratic 0.89 2.77 -0.44 -4.58 3.16 0.52 0.19
Double vaccination and | Increase/Decrease 1 5.46 -0.84 -4.64 3.56 0.45 0.26
infection Quadratic 1 3.42 -0.69 -4.64 3.18 0.55 0.26

Table 3. 6: Optimised model parameters and evalnation of fit for LgM responses in each immunisation treatment
of the vaccination and infections challenge experiment.

The parameter o is the optimised standard deviation of the log-normal distribution for each fit.
The values for a, b, and ¢ correspond to the parameters of each model described in the Methods

section. AIC, AIC weights, and R* values were used to evaluate the models.

The IgY models also exhibited comparable explanatory powers for the recorded
measurements of each group (Table 3.7). Although the increase/decrease and quadratic
models generally had lower AIC scores, they did not accurately depict the dynamics of the

infection only treatment group, given their actual fit to the observed data.
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Optimised values for parameters

Treatment Group IgY Model a b c

Increase/Decrease 0.82 0.7 -0.15 -4.52 -84.78 0.39 0.19
Single Vaccination Quadratic 0.86 0.23 0.37 -4.53 -83.93 0.6 0.19
Monod 0.94 25.05 16.5 -4.57 -73.22 0 0.24
Exponential 0.9 10.1 -0.15 -4.6 -71.62 0 0.24
Increase/Decrease 0.72 1.19 -0.29 -4.55 -23.17 0.2 0.15
Double vaccination Quadratic 0.75 0.9 0.18 -4.45 -20.48 0.77 0.16
Monod 0.78 14.28 7.03 -4.56 -13.71 0.01 0.18
Exponential 0.79 11.35 -0.16 -4.57 -15.65 0.02 0.18
Increase/Decrease 0.6 0.03 1.11 -4.49 -2454 0.54 0.14
e ol Quadratic 0.57 -1.15 1.02 -4.53 | -245.69 0.46 0.14
Monod 1.06 16.1 12.59 -4.81 -191.01 0 0.49
Exponential 1.07 15.53 -0.08 -4.86 |-193.22 0 0.47
Increase/Decrease 1.13 1.05 -0.28 -4.52 -16.36 0.33 0.33
Single vaccination and Quadratic 1.13 1.06 0.11 -4.61 -16.41 0.32 0.32
infection Monod 1.15 19.54 11.56 -4.63 -15.4 0.2 0.33
Exponential 1.18 9.26 -0.2 -4.67 -14.89 0.15 0.34
Increase/Decrease 0.57 1.62 -0.38 -4.65 -44.71 0.16 0.09
Double vaccination and Quadratic 0.58 1.51 0 -4.58 -41.73 0.72 0.09

infection Monod 0.59 21.85 11.3 -4.67 -40.43 0.08 0.1

Exponential 0.61 9.06 -0.23 -4.6 -38.7 0.04 0.1

Table 3. 7: Optimised model parameters and evaluation of fit for IgY responses in each immunisation treatment
of the vaccination and infections challenge experiment.

The parameter o is the optimised standard deviation of the log-normal distribution for each fit.
The values for a, b, and ¢ correspond to the parameters of each model described in the Methods

section. AIC, AIC weights, and R* values were used to evaluate the models.

The within-group explanatory power of the HI models was also relatively similar based on
the AIC scores, and different models were favoured based on the treatment group which
is considered (Table 3.8). As such, the AIC weights favoured the increase/decrease models
for the single vaccination and the double vaccination plus infection treatments, the
quadratic model for the uninfected and double vaccinated birds, and the Monod-type
model for the single vaccinated and infected birds. All models had equal explanatory power
for the infection only treatment group. However, when looking at the variance explained
by the models in all groups, they failed to explain the behaviour of the recorded HI
observations (R?=0.02). Although less pronounced, the explanatory power of the models

was also low when considering both the IgM (R?=0.20) and IgY (R2<0.49) data.
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Optimised values for parameters

Treatment Group HI Model
o a b c
Increase/Decrease 0.25 5.75 -0.68 -4.61 11.56 0.53 0.01
Sl Veseelen Quadratic 0.26 4.36 -0.7 -4.61 10.1 0.26 0.01
Monod 0.26 8.94 0.97 -4.6 14.08 0.07 0.01
Exponential 0.26 7.26 -0.88 -4.61 12.83 0.14 0.01
Increase/Decrease 0.18 5.58 -0.66 -4.63 31.1 0.38 0
Double vaccination Quadratic 0.19 4.39 -0.69 -4.62 32.02 0.61 0
Monod 0.2 9.27 1 -4.62 44.21 0 0.01
Exponential 0.2 7.52 -0.84 -4.58 41.14 0 0
Increase/Decrease 0.41 11.69 -0.96 -4.61 -73.6 0.25 0.02
e el Quadratic 0.41 6.28 -1.44 -4.59 -73.6 0.25 0.02
Monod 0.42 6.98 0.25 -4.59 -73.6 0.25 0.02
Exponential 0.41 6.5 -1.84 -4.61 -73.6 0.25 0.02
Increase/Decrease 0.27 5.58 -0.67 -4.59 35.45 0.01 0.01
Single vaccination and Quadratic 0.23 4.35 -0.69 -4.58 31.55 0 0.01
infection Monod 0.21 9.04 0.96 -4.63 23.66 0.58 0.01
Exponential 0.22 7.25 -0.91 -4.6 24.4 0.4 0.01
Increase/Decrease 0.13 5.7 -0.66 -4.59 8.84 0.84 0
Double vaccination and Quadratic 0.14 4.49 -0.72 -4.58 5.15 0.13 0
infection Monod 0.15 9.04 0.89 -4.61 16.41 0 0
Exponential 0.13 7.47 -0.91 -4.61 11.97 0.03 0

Table 3. 8: Optimised model parameters and evaluation of fit for HI responses in each immunisation treatment
of the vaccination and infections challenge experiment.

The parameter o is the optimised standard deviation of the log-normal distribution for each fit.
The values for a, b, and ¢ correspond to the parameters of each model described in the Methods

section. AIC, AIC weights, and R* values were used to evaluate the models.

II1.4.4. Immunisation regime effects on splenic lymphocyte
composition

Significant differences were observed between the immunisation regimes in terms of the
proportions of specific lymphocyte subsets (Figure 3.4). The B cell compartments of the
all the immunised groups were significantly higher than the naive birds. By contrast, no
significant differences between the groups were observed when considering the total T cell
compartment, or the total «f and yd T cells. However, differences between the

immunisation treatment groups were observed within these T cell lineages.

Within the aff T lymphocytes, the CD4+ cells were at significantly higher levels in all
immunised (either through infection or vaccination) birds than in the naive group. By
contrast, there are no significant differences between the CD8+ ofT cell compartments of

the treatment groups. The CD8axa+ y8 T cell subpopulations of the two groups of double
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vaccinated birds are at significantly lower levels than the naive, irrespective of infection
status. At the same time, the CD8xf+ y3 T cells of the groups that received one or two
vaccinations and were subsequently infected are at significantly higher levels than in the
naive birds. Lastly, the CD8 negative yd T cells are at higher levels in the single vaccination

and the double vaccination treatment groups, but not in any of the infected groups.
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Figure 3. 4: Splenic hymphocyte populations model estimates for the different HINZ immunisation regimes.

(A) B and T cell compartments, and main T cell lineages. (B) T cell populations based on
differential expression of CD8 and/or CD4 surface markers. Grey dots represent individual bird
observations for lymphocyte population. Error bars represent 95% bootstrap confidence intervals
for the point estimates generated from 1000 simulations of the model. Statistically significant

differences between the model estimates are depicted above the plots based on their corresponding
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p-values: * = p < 0.05; ** = p < 0.01. The frequencies of CD3-Bul- lymphocytes (~30%) are not

shown.

II1.5. Discussion

Previous studies have shown that AIV infection and/or vaccination are important drivers
for antibody-mediated immunity [105,193]. Naive B cells respond to AIV-specific antigens,
leading to measurable responses via standard laboratory procedures such as ELISAs or HI
assays [105,193,194]. The analysis presented herein quantifies the HIN2-specific antibody
responses of chickens that were subjected to immunisations through vaccination(s),
infection, or combinations of the two, whilst also revealing the effects of these specific

immunisation regimes on the frequencies of lymphocyte subsets in the spleen.

The dynamics of the HIN2-specifc antibody responses following vaccination of one-day-
old chickens exhibited a delayed production of IgM and IgY, beginning at least 8 days post-
immunisation, with measurable responses being recorded on day 14. At this time point, the
HI titres of most birds were not above the correlated protective thresholds against mortality
or severe disease. The absence of measurable responses at day 7 is consistent with previous
tindings which showed that AIV-specific antibody responses are detected at least 8 days
following the vaccination of older chickens, time during which the humoral immune
response develops [195]. In addition, a further delay in responses has previously been
recorded when vaccination was administered upon hatching due to the immature immune
response of very young birds [196,197]. Of note is that the presence of maternal antibodies
was also shown to hinder the development of virus-specific antibody responses in newly
hatched chicks, but this phenomenon was not relevant in the current experiment given that
the eggs from which the chicks hatched were derived from specific pathogen-free (SPF)
hens [198]. This is further supported by the results of the day 7 IgM and IgY ELISAs which

were unable to detect HIN2-specific antibodies in the sera of birds.

A stark difference in the development of antibody responses was evident in the infection
only group as opposed to the groups that received a vaccine at day 1 post-hatching, with

IgM responses being detected in almost all birds as early as 3 days after infectious challenge.
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Although very little IgY was detected and this was only in a few birds, HI titres correlated
with protection against mortality were present in all but two birds of the infection only
group. This more rapid induction of HIN2-specific antibody responses in the infection
only group could be due to a higher antigenic stimulation via infection and viral replication,

but also because the immune system of these birds is more mature [106,196].

The effects of multiple immunisations were evident on the HI9N2-specific antibody
responses of the chickens. At day 14, before the second vaccination was administered to
the specific groups, the variability between the IgM and IgY responses of all the (at the time
single) vaccinated birds was high, and this pattern was also maintained for the single
vaccination groups at day 21. By contrast, the groups that received a second vaccine on day
14 had much less variable and overall higher HIN2-specific antibody responses at day 21,
suggesting that multiple immunisations are able to focus the humoral immune responses
and develop a better protection. This phenomenon was particularly evident at day 35, when
the two vaccinated and infected groups exhibited the highest levels of HIN2-specific
antibody responses, further providing evidence of the increased protection conferred by

multiple immunisations.

Vaccinations with inactivated influenza viruses predominantly trigger antibody-mediated
systemic responses, which are known to offer protection against infectious challenge
[42,58]. The M gene qPCR results of the infected groups demonstrate that less viral
shedding occurs in vaccinated birds as opposed to their unvaccinated counterparts, and this
effect is dependent on the number of vaccinations previously received. Indeed, the double
vaccination and infection birds exhibit both the lowest levels of daily viral shedding, and
lowest overall shedding. At the same time, both single and double vaccinated birds had a
lower overall duration of infection, further suggesting that vaccination with an inactivated
HO9N2 virus is able to offer protection against disease and decrease the time window for

infectious spread.

The antibody dynamics models revealed that simple equations can be used to capture the
temporal trends in the IgM, IgY and HI responses of HIN2-immunised birds. The results
indicate that although the simple models considered for the analysis generally have

acceptable fits to the data, they do not fully explain the behaviours of the IgM and IgY

125



Chapter III: Antibody and Cellular Dynamics Following HON2 Vaccination and Challenge

antibody responses and the corresponding HI titres of the immunisation groups. Indeed,
the high individual variability between birds is not captured by the equations, as only the
mean responses are modelled. As naive antigen-specific B cells undergo class-switching
upon stimulation, these responses are also intimately connected and inherently depend on
the genetic makeup of each individual bird [58,77]. Therefore, the inability of these simple
models to capture the heterogeneity between the immune system responses of different
individuals hinders their use in predicting the dynamics of H9N2-specific antibody
responses in chickens. Furthermore, as the number of post initial immunisation timepoints
is small, the sequential annealing optimisation method resulted in inadequate estimation for
the parameters, especially as the declining phase was not captured by the observations.
Future modelling work that incorporates the variability between individuals and connects
the IgM and IgY responses to the protective abilities of these antibodies through HI are
required in order to fully capture and predict the dynamics of antibody responses against
avian influenza infections. Such studies have the potential to minimise the use of animal
experiments required in assessing vaccine-induced responses, as only simple immunological
data might be sufficient to predict the protective antibody responses triggered by AIV

vaccination or challenge.

The protective responses suggested by IgM and IgY ELISAs and the HI assays on the sera
collected from the birds are correlated to the increased frequency of B cells in the spleens
of vaccinated and/or infected birds, when compared to their naive counterparts.
Inactivated vaccines are known to be an important driver of B cell-mediated immunity
[92,105,193], and vaccinated birds could have thus been expected to have increased B cell
frequencies as a consequence. However, HIN2 infection with or without vaccination(s)
also increases splenic B cell frequencies significantly, indicating that viral replication is also
a strong inducer of humoral immunity. For all of the vaccinated and/or infected groups,
the drive towards antibody responses is also suggested by the significantly higher CD4+ of3
T cells, as this population of lymphocytes is known to be involved in humoral immunity

through the contribution of helper T cells [199,200].

Antibody-mediated responses alone are not sufficient in the protection against AIV, as
previous studies revealed that high antibody titres were unable to completely block HON2

transmission [91-93]. Cellular immunity via effector CD8+ T cells is known to contribute
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to the control and clearance of AIV infections [90,201]. Interestingly, there were no
significant changes in the overall percentage between the groups in terms of CD8+ of T
cells, suggesting that, at least in the spleen, the frequency of this population does not change
markedly under vaccination (with killed antigen) and/or infection scenarios. For the
vaccinated groups, it is plausible that the MHC class I pathway is poorly activated through
immunisation with an inactivated vaccine, which would lead to inefficient CD8+ o8 T cell
stimulation. Indeed, inactivated vaccines against AIVs (and other pathogens) are known to
generally induce poor CD8+ responses in birds and mammals [42,58]. However, infectious
challenge, cither alone or in combination with vaccination, also did not significantly alter
the CD8+ o3 T cell frequencies in the spleen. As chickens lack lymph nodes, this might be
a consequence of the distant location of the spleen to the site of infection and the
insufficient MHC class I antigenic stimulation required for CD8+ T cell expansion.
Relatedly, the homing of CD8+ T cells to the infected tissues from the spleen might mask
changes in lymphocyte proportions. As the spleens were harvested two weeks after the
infectious challenge, it is also plausible that AIV-specific CD8+T cell responses in the
infected groups might have concentrated in the sites of infection and the spleens not
exhibiting significant differences to the naive birds at the time when the tissues were
collected for the flow cytometric analysis. In support of this explanation is that previous
AV infection studies have shown that CD8+ o3 T cell frequencies remain unchanged in
the spleen but increase in other tissues such as the lung, thus suggesting recruitment to the
infected tissues following infectious challenge [199]. Lastly, another possible explanation
for the absence of any differences in the splenic CD8+ o3 T cell proportions in the groups
is that clonal competition within the spleen limits the expansions of CD8+ a3 T cells under
HY9N2 immunisation scenarios, potentially in favour of CD4+ responses [202]. In the
absence of lymph nodes, the spleen might be expected to concentrate more germinal
centres involved in antigen-specific B cell maturation which occurs with the involvement

of CD4+ T cells [203,204].

Chicken y6 T cells are found at much higher frequencies in the spleen and in the circulation
than in mice or humans [80,205] and have previously been shown to exhibit important
functions during viral and bacterial infections [78,83,84]. Importantly, both the CD8— 3

subpopulation and especially the CD8+ y8 T cells have been previously shown to exhibit
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cytotoxic activities, in an MHC-independent manner [85]. When compared to the naive
birds, the vaccination only groups exhibited higher levels of CD8— vy6 T cells, suggesting
that this subpopulation may be involved in vaccination-specific responses and less so during
infection. Interestingly, both groups that received a double vaccination had lower
frequencies of CD8axa+ y8 T cells than the naive, a pattern which may be attributable to
the multiple vaccine-derived antigens to which these birds were subjected to. Lastly, the
groups that were previously vaccinated before infection have higher levels of CD8x+ v
T cells, suggesting that the previously vaccinated birds have enhanced responses following
infectious challenge in this T cell subset which has been previously demonstrated to exhibit
important cytotoxic abilities [85]. Together, the observed differences in frequency between
the immunisation groups are strong indicators that vaccination, infection, and the number
of immunisations can induce significant changes in the splenic lymphocyte cell composition

in chickens.

Taken together, the analyses of the immunological changes triggered in chickens by
vaccination and/or infection with AIV subtype HIN2 indicate that an important antibody-
mediated response towards both vaccine- and infection-derived antigens develops
following immunisation(s). The group-specific differences in terms of the bird immune
responses and their ability to control infection constitute a solid basis for a more detailed
examination of their adaptive immune repertoires. Indeed, although strong antibody
responses were recorded in all of the vaccinated and/or infected groups, both T and B cell
populations in the spleen exhibited differences when compared to the naive birds,
suggesting that both lymphocyte lineages participate in the avian HIN2 antigen-specific

responses.
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IV.1. Abstract

Avian influenza viruses (AIVs) cause significant losses to the poultry sector each year and
can also infect a wide variety of hosts, including humans. To date, the vaccination of birds
remains the most important method for the prevention and control of AIV outbreaks. Most
of the national vaccination strategies against AIV infection use whole-virus inactivated
vaccines, which predominantly trigger a systemic antibody-mediated immune response,
which remains poorly understood. Indeed, no studies to date have examined the antibody
repertoire of birds that were infected with and/or vaccinated against AIV. In this chapter,
I evaluate the changes in the HIN2-specific systemic antibody repertoires by analysing both
IgM and IgY responses in chickens that were subjected to vaccination(s) and/or infectious
challenge. The results show that a large proportion of the IgM and IgY clones are shared
across multiple individuals, and that these public clonal responses are dependent on both
the immunisation status of the birds and the specific tissue that was examined.
Furthermore, the analysis reveals specific clonal expansions which are restricted to
particular HIN2 immunisation regimes. These results indicate that both the nature and
number of immunisations are important drivers of the antibody responses in chickens
following HIN2 antigenic stimulation. Together, the results of this analysis reveal
important information about the avian IgM and IgY antibody repertoires and their
responses to HIN2 infection and/or vaccination, whilst also providing information on the

fundamental biology of the antibody responses in birds.

IV.2. Introduction

Avian influenza viruses (AIVs) are responsible for major losses to the poultry sector each
year at a global level [8]. These pathogens also pose major reasons for concern due to their

potential to jump the species barrier and infect other domestic animals and even humans
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[4]. Furthermore, efficient control of outbreaks and prevention through practices such as
vaccination is hindered by their high mutation rate and the ability of subtypes to reassort

and generate novel strains.

Influenza viruses are classified based on the haemagglutinin (HA) and neuraminidase (NA)
surface proteins, which mediate cellular attachment and release, respectively [4]. These
proteins also serve as major antigenic targets for the adaptive immune systems of avian and
mammalian hosts. Indeed, the majority of the antibody responses are directed towards the

HA and NA proteins, with protective titres being able to block the infection of cells [42].

The ability of influenza-specific antibodies to recognise and bind to viral epitopes stems
from the diversity of the B cell receptors (BCRs / immunoglobulins) which is generated
during B cell development [77]. This process involves the somatic rearrangement of variable
(V) and joining (J) genes for the light chains of antibodies and V, diversity (D) and | genes
for the heavy chains [77]. However, most avian species only possess one functional V and
J genes for both the antibody light and heavy chains, and very limited diversity is present
between the D genes if there are more than one present [77]. Instead, avian species use
gene conversion to diversify their antibody repertoires, a process during which fragments
of variable length are inserted into the functional V segment from the pseudo-V genes
which are located upstream the immunoglobulin gene clusters [77,114]. This process,
coupled with the heavy and light chain pairing and the somatic hypermutation which
increases the affinity to antigens is able to generate vast amounts of diversity in the antibody

repertoires of avian hosts.

To date, very limited information is available regarding the antibody repertoires of avian
hosts, especially in the context of infection. As antibody responses are known to contribute
significantly to protection against AIVs, and veterinary vaccination generally involves the
use of inactivated vaccines which predominantly stimulate humoral immunity [42], the
current chapter explores the effects of vaccination and/or infection on the IgM and IgY
repertoires of chickens. The methods and design of the animal experiment are detailed in

Chapter II, with the repertoire analysis being adapted for the analysis of antibodies.
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IV.3. IgM repertoire analysis results

IV.3.1. Recovered sequences and productively rearranged IgM
chains

The sequencing of the 5’RACE PCRs yielded a total of 2,295,729 sequences, out of which
~97.3% were productively rearranged. There was substantial heterogeneity in terms of total
reads obtained across individual samples (Figure 4.1), with no consistent patterns being
observed between immunisation regimes or tissue types. Almost all samples had more than
1000 productive reads, with the notable exception of the trachea of one bird from which 5
sequences were recovered, with only 3 being productively rearranged. Due to the low
number of reads recovered, this sample was disregarded from the analysis, but the splenic
and bursal sequences from the same bird were included, as the read numbers were

sufficient.
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Figure 4. 1: Total number of IgM sequence reads identified in tissues of chickens that were subjected to different
immnnisation regines.

(A) Splenic samples, (B) bursal samples, (C) tracheal samples. Bird numbers displayed on the x axis
and individuals are grouped based on the corresponding immunisation status which is illustrated

above each panel. Productive and unproductive reads are shown in blue and red, respectively.
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IV.3.2. IgM clonal homeostasis within samples

By observing the IgM clonal homeostasis plots of the samples, several remarks can be made
regarding the influences of immunisation regime and tissue type (Figure 4.2). First, there
is no apparent influence of the HIN2 treatment across tissues, except the double vaccinated
groups in the spleen, which exhibit less pronounced proportions of expanded clones,
compared to the other immunisation regimes. Second, there are observable differences
between the tissues, with the trachea generally displaying the highest proportion of
expanded clones across the groups, and the bursa the lowest. However, due to the high
heterogeneity in total sequence reads obtained from the samples, it is difficult to determine
the extent to which tissue type and immunisation regime contribute to the observed

patterns, in the absence of formal statistical analyses.

IV.3.3. IgM repertoire diversity

The IgM clonal diversity was found to be influenced by both tissue type and HIN2
immunisation regime (Figure 4.3). In the bursa, no differences in diversity were observed
between the groups regarding clonal richness (Do), typical clones (D1), or dominant clones
(Dy) at the nucleotide level. In the spleen, the only significant difference to the naive birds
was in double vaccinated and the double vaccinated and infected groups, both exhibiting
significantly higher levels of diversity in terms of dominant clones. Lastly, in the trachea,
significantly higher levels of diversity were observed in all the immunised groups in both
clonal richness (DO0) and typical clones (D1), when compared to the naive group. However,
only the double vaccinated and infected group showed significantly higher diversity to the
naive birds when looking at the dominant clones (D2). Of note is that similar patterns with
the same significant differences to the naive birds were observed when the amino acid

clonal diversity was considered (Figure A.7).

133



Chapter IV: IgM and IgY Antibody Repertoires Following HIN2 Immunisation

igM Naf Syl Roiide infection onl s'fg"i I:H:|um~.‘|?
g aive vaccination vaccination ection only 'qfai?l‘.: nan_un ?HI:‘.E‘. na ! an
& infection & infection

1.0 -y g o —-.— o —— . - --—._ I — i —

uadjdg

0,75
0.50
0.25
0,00

gL EEeo e R LT B S S P N R LS L S s, St

0.75
0.50
025
0.00

Proportion of clonotypes
within sample
EEINE

1,00 .Il.. .--- ..... .l.l. --. -.- o

BALDEI]

075
0.50
0.6 HO

[N | S W i g N i
E‘C-U £al T ok =k ok o
= mn

o o=
7= = T = - '\-Il.L:i:' l]"'“'."?'ﬁ“’."'

ELE
2Ll
Lak

= moo

Bird 1D

Ranks of clones: [JJ] 1-10 [ | 11-100 [} 101-10c00 ] =1000

Figure 4. 2: [gM clonal homeostasis plots of individual tissue samples.

Bird numbers displayed on the x axis and individuals are grouped based on the corresponding
immunisation status which is illustrated above each panel. Clones were ranked based on their
abundance into four categories: first 10 most abundant (red), from 11-100 (yellow), 101-1000
(blue), and above 1000 (black) in terms of total abundance within each sample. The proportions of

clonotypes are displayed on the y axis.
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Figure 4. 3: [gM clonal diversity within samples.

Different rows show the Hill numbers corresponding to clonal richness (DO0), the “typical” clones
(D1) and the “dominant” clones (D2) in a theoretical sample of 1000 sequences. Immunisation
regimes are colour coded and displayed on the x axes. Dots represent individual bird observations
of the effective number of species calculated in each tissue for the corresponding H values. Error
bars show the 95% bootstrap confidence intervals for the point estimates generated from 1000
simulations of the model. Statistically significant differences between the model estimates are
depicted above the plots based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ***

= p < 0.001.
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IV.3.4. Public and private IgM clonal compartments

The partitioning of IgM sequences into private and public clones (at the level of
nucleotides) reveals effects of both tissue type and immunisation regime on the
composition of the repertoire both within and between the samples (Figure 4.4). The
bursal tissue samples of all groups exhibited significantly more private than public clones,
with the notable exception of the double vaccination and infection group, which had
comparable proportions of public and private clones. By contrast, the tracheal samples of
all groups exhibited significantly higher proportions of public clones than private, with the
former reaching more than 75% of the total clones in some individuals. In the spleen, the
infection only group had significantly more private clones than public. At the same time,
the single vaccination and infection exhibited more public than private clones in the spleen.
The other groups had comparable levels of private and public clones in repertoires of
splenic samples. When considering the public and private compartments at the amino acid
level (Figure A.8), the differences remained the same with the exception of the splenic
clonal compartment of the double vaccinated and infected chickens, which exhibited

significantly higher public clones.

Differences between the groups were also evident regarding the contribution of private and
public clones to the repertoire (Figure 4.5). In the bursa, the double vaccination regimes
exhibited lower proportions of private clones and higher proportions of public clones than
the naive group in the bursa, irrespective of infection. In the spleen, there were no
significant differences to the naive birds in the sizes of either public or private repertoires
of any of the immunised treatment groups. Lastly, in the trachea, the only immunisation
regime that exhibited a difference to the naive birds was the infection only group, showing
significantly higher proportions of private clones and lower proportions of public clones.
At the amino acid level (Figure A.9) the significant differences to the naive were also
observable as for the nucleotide level, with the notable addition of the splenic
compartments of the single vaccinated and infected birds, which exhibited significantly

lower levels of private clones and higher proportions of public clones than the naive group.
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Figure 4. 4: Differences between the IgM public and private compariments under different HIN2Z immunisation
regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01; % = p < 0.001.
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regimes based on clone CDR3 nucleotide structure.
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and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
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= p < 0.05; % = p < 0.01; % = p < 0.001.
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The partitioning of public IgM clones based on their degree of clonal sharing reveals
additional effects between the samples (Figure 4.6). Notably, the most substantial
component of the total public repertoire is comprised of rare public clones. As such, the
differences to the naive birds regarding the proportion of total public clones were also
displayed by the rare public compartment of the immunisation regimes across tissues. When
looking at the private clones, the differences to the naive group in the trachea and bursa
were also consistent with the ones revealed by the model without the partitioning of the
public compartment. However, in the spleen, the single vaccination and infection group

now exhibited significantly lower proportions of public clones to the naive.

Regarding the more frequently shared IgM clones, both the common public and the
ubiquitous clonal compartments were at relatively low levels, each generally amounting to
less than 5% of the repertoire of individual birds. There were no significant differences
between the IgM repertoires of the immunisation regimes regarding the common clones,
but some were evident in the ubiquitous clonal compartments. In the bursa, the single
vaccination and the single vaccination and infection groups showed significantly higher
levels than the naive birds. There were no observable differences to the naive birds in the
splenic ubiquitous clones of any immunised group. Lastly, in the trachea, the double
vaccinated group had significantly higher proportions of ubiquitous clones than the naive

chickens.
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Figure 4. 6: Model estimates of IgM clone CDR3 nucleotide private and public compartments based on different
levels of clonal sharing.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between 2 or more
than 2 individuals up to 50%) and are shown in light blue. Common publics (shared between more

than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more
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of the birds which were incorporated in the analysis) are shown in purple. Dots represent individual
bird observations of private and distinct public clonal compartments. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ** = p < 0.001.

The patterns of publicness remained very similar at the amino acid level (Figure A.10), with
the notable increase in all of the public compartments. Other differences to the naive birds
also became apparent for the single vaccination and infected group, which now exhibited
significantly lower proportions of private clones in the bursa, and higher proportions of

rare public clones in the bursa and in the spleen.

IV.3.5. IgM public repertoires restricted to immunisation regimes

Only 3 IgM clones which are present and expanded across multiple individuals were found
restricted to the infected birds, and unexpanded or absent in the uninfected groups (Figure
4.7). Of these, one clone (CDR3: CAKSTAGTCWYDDAGSID) is present only in birds
from the vaccination and infection treatments. This clone is expanded in the spleen and
tracheas of two single vaccinated and infected birds. Additionally, one of the single
vaccination and infection birds also shows an expansion in the bursa, whereas the clone
was not detected in the other bird. At the same time, this clone is also identified in the butsa

of a bird from the double vaccinated and infected group, but it is not expanded.

The remaining two public IgM clones restricted to the infected groups were identified in
both infection-only birds and single vaccinated and infected individuals, although
expansions were present only in the former. One clone (CDR3: CAKESDGAGSID) was
present in almost all the analysed tissues of the individuals belonging to the infection-only
group, and in one splenic sample of a single vaccinated bird. The expansions of this IgM
clone were identified in the trachea of one bird, and bursa of another. Interestingly, the
clone was not identified in the trachea of the bird that exhibited an expansion in the bursa.

The other clone (CDR3: CAKNADAGGCCDDID) was found in both the infection only
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and single vaccination and infection groups but only showed expansions in 3 tracheal

samples of the infection-only birds.
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Figure 4. 7: [gM Clonal expansions in the restricted repertoire of infected birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are

proportional to the abundance within each bird’s tissue clonal compartment. The plot shows only

the clones which are expanded in the infected treatment groups (at or above 0.5% and at less than

0.5% in any of the uninfected). Background and circle colours indicate the immunisation regime

identity: red — infection only; dark red — single vaccination and infection; purple — double

vaccination and infection.

Expansion patterns were found when observing IgM clones in the uninfected treatment

groups (Figure 4.8). Expansions were only observed in the vaccinated groups and not in

the naive birds. Of these, three clones were found expanded in the single vaccination
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treatment, and one clone in the double vaccination treatment. In the former group, all 3
clones are present in all analysed tissues of 3 birds, although their patterns of expansion
differ. One clone (CDR3: CAKGSGCCGSRGRTAGTID) was found at comparable
proportions  (~1%) in the tissues of the 3 birds. Another clone (CDR3:
CAKSSYECAYDCWGYAGSID) also displayed expansions across all tissues of the three
single vaccinated chickens, particularly in the spleen of one bird, where it reached close to
10% of the repertoire. The remaining one (CDR3: CAKSSYECAYDCWGYAGSID) was
only expanded in the spleen and trachea of one single vaccinated bird, but still present in
the bursa and in all the tissues of the remaining two birds. The clone that was expanded in
the double vaccinated birds (CDR3: CAKESSSAVSID) was present in the five individuals
of the group in all tissues, except for one bursal sample. The identified expansions were in

the tracheas of two birds, reaching ~0.5% and ~2% of the repertoire, respectively.

When considering the public IgM expansions restricted to the vaccination groups
(including under infection settings), only one clone (CDR3: CAKESSYADSID) is
expanded in both infected and uninfected vaccinated groups (Figure 4.9). In the double
vaccinated treatment group, this IgM clone was expanded in all splenic and tracheal
samples. Furthermore, this clone was present in all bursal tissues of the double vaccinated
birds, but only expanded in one. This clone was also identified in the bursa and trachea of
one single vaccinated bird, although it was unexpanded. However, in the double vaccination
and infection group, the clone is present at unexpanded levels in the spleen, and in 3 bursal
samples. In the trachea, all birds of the double vaccinated and infected possess this clone,

with one expansion being present.
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Figure 4. 8: [gM Clonal expansions in the restricted repertoire of uninfected birds.
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Figure 4. 9: [gM Clonal expansions in the restricted repertoire of vaccinated birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are

proportional to the abundance within each bird’s tissue clonal compartment. Ovetlapping circles

display different clones based on nucleotide sequence which share the same CDR3 amino acid

sequence. The plot shows only the clones which are expanded in the vaccinated treatment groups

(at or above 0.5% and at less than 0.5% in any of the naive or infection only groups). CDR3 amino

acid sequences which coincide with clones restricted to infected and uninfected birds are shown in

red and blue, respectively. Background and circle colours indicate the immunisation regime identity:

light blue — single vaccination; dark blue — double vaccination, dark red — single vaccination and

infection; purple — double vaccination and infection.
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IV.4. IgY repertoire analysis results

IV.4.1. Recovered sequences and productively rearranged IgY
chains

A total of 2,165,701 IgY reads were recovered after sequencing, of which 2,081,899
(~96.1%) were productively rearranged (Figure 4.10). A high heterogeneity in terms of
read numbers was observed both across and within tissue types. Four samples were
excluded from the proportion-based analyses as they had =500 productively rearranged
reads. This was done to minimise the influence of potentially dominant clones on the
repertoire composition of the samples in question. Of note is that the immunisation regime
groups affected by the removal of these samples remained at least at n=4 samples per tissue,
which is comparable to the samples of the groups with the lowest number of birds (i.e. the

single vaccination and single vaccination and infection).

IV.4.2. IgY clonal homeostasis within samples

The patterns of clonal homeostasis illustrated the influence of tissue type and treatment
group on the IgY repertoire (Figure 4.11). The tracheal samples generally exhibit the
highest levels of expansion followed by the spleen and then the bursa, irrespective of the
immunisation regime in question. Heterogeneity between samples is pronounced,
indicating that the influence of the individual is important. In the bursa and spleen, the
clonal homeostasis patterns between the groups are generally comparable to one another.
The trachea exhibits the highest levels of IgY clonal expansions, most notably in the

uninfected groups.
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Figure 4. 10: Total number of 1gY sequence reads identified in tissues of chickens that were subjected to different

immnnisation regines.

(A) Splenic samples, (B) bursal samples, (C) tracheal samples. Bird numbers displayed on the x axis

and individuals are grouped based on the corresponding immunisation status which is illustrated

above each panel. Productive and unproductive reads are shown in blue and red, respectively.
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Figure 4. 11: IgY clonal homeostasis plots of individual tissue samples.

Bird numbers displayed on the x axis and individuals are grouped based on the corresponding
immunisation status which is illustrated above each panel. Clones were ranked based on their
abundance into four categories: first 10 most abundant (red), from 11-100 (yellow), 101-1000
(blue), and above 1000 (black) in terms of total abundance within each sample. The proportions of
clonotypes are displayed on the y axis. Samples which were removed due to a low read number are

displayed as having no data (ND) at the corresponding locations.

IV.4.3. IgY repertoire diversity

The IgY diversity patterns provide interesting features of the clonal landscape in the HON2
immunisation regimes, consistent with the clonal homeostasis observations (Figure 4.12).

In the bursa, the groups that received one immunisation, through either vaccination or

148



Chapter IV: IgM and IgY Antibody Repertoires Following HIN2 Immunisation

infection are significantly more diverse in terms of clonal richness (Do) than the naive
treatment. These differences are maintained when considering both only the typical clones
(D1) or the dominant clones (D2). The diversity of the splenic samples is similar between
the immunisation regimes and the naive birds, with no significant difference being present
when either clonal richness or typical clones are considered. However, when looking at the
dominant clones, the single vaccination and infection group has significantly more diverse
repertoires than the naive group. The single vaccination treatment also seems to be more
diverse than the naive, although this difference was not statistically significant. In the
trachea, all immunised groups are statistically more diverse in terms of both IgY clonal
richness and typical IgY clones than the naive group. When considering the dominant
clones, however, only the infection only and the single vaccination and infection groups

have significantly higher levels of diversity than the naive birds in the trachea.

When considering the diversity at the level of CDR3 amino acids (Figure A.11), no
significant differences between the groups were observable in the bursa at any of the
diversity levels (DO, D1, and D2). In the spleen, similar patterns to the nucleotide clonal
diversities were observable in terms of clonal richness and typical clones (i.e. no significant
differences), but differences were present at the level of dominant clones. As such, as
opposed to the nucleotide clonal diversity, the single vaccination and infection group was
not significantly different to the naive birds, and both of the double vaccinated groups (with
and without infection) exhibited significantly higher levels of diversity than the naive group.
Lastly, all the immunised groups showed significantly higher diversities than the naive birds
in terms of clonal richness and typical clones, and only the double vaccinated and infected

group exhibited higher clonal diversity when compared to the naive group.
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Figure 4. 12: IgY clonal diversity within samples.

Different rows show the Hill numbers corresponding to clonal richness (D0), the “typical” clones
(D1) and the “dominant” clones (D2) in a theoretical sample of 1000 sequences. Immunisation
regimes are colour coded and displayed on the x axes. Dots represent individual bird observations
of the effective number of species calculated in each tissue for the corresponding H values. Error
bars show the 95% bootstrap confidence intervals for the point estimates generated from 1000
simulations of the model. Statistically significant differences between the model estimates are
depicted above the plots based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ***

= p < 0.001.
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IV.4.4. Public and private IgY clonal compartments

The IgY repertoires of the HIN2 immunisation regimes exhibited significant differences in
terms of their private and public clones (Figure 4.13). In the bursa, the naive, single
vaccination, and infection only groups showed significantly higher contributions of private
clones than public clones to the repertoire. The opposite pattern was observed for the
double vaccination treatment which exhibited significantly higher contributions of public
clones as opposed to private clones. The vaccinated and infected groups showed similar
contributions in terms of public and private clones to the repertoire. In the spleen, the
double vaccinated group and the single vaccination and infected group exhibited
significantly higher proportions of public rather than private clones. Lastly, all tracheal
samples of the immunisation regimes had significantly higher proportions of public clones
as opposed to private, which reached more than 50% of the repertoire on most occasions,
with public clones exceeding 80% of the total clones. At the amino acid level, the patterns
are similar with slightly higher proportions of public as opposed to private clones (Figure

A12).

The private and public clonal compartments of the immunised groups also differed in terms
of their relative sizes in the repertoire when compared to the naive birds (Figure 4.14), and
these patterns were also generally shared at the level of amino acids (Figure A.13). In the
bursa, the double vaccination regime and the single vaccination and infection birds had
significantly higher proportions of public clones and lower levels of private clones than the
naive group. In the spleen, only the double vaccinated birds exhibited a significant
difference to the naive, having higher levels of public clones and lower levels of private
clones. Lastly, the tracheal samples of the singly immunised birds, either through
vaccination or infection, exhibited higher proportions of private clones and lower

proportions of public clones than the naive birds.
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Figure 4. 13: Differences between the IgY public and private compartments under different HIN2
immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01; %+ = p < 0.001.
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Figure 4. 14: Differences within the IgY public and private compartments under different HIN2 immunisation
regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01; %+ = p < 0.001.
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Further partitioning of the public clones into categories based on the degree of clonal
sharing between individuals revealed several patterns in terms of tissue and group-specific
differences (Figure 4.15). The majority of public clones are rare publics (shared between 2
and up to 50% of individuals), irrespective of tissue type or immunisation regime. However,
some of the previously observed differences between the groups were masked by using this
model. As such, in the bursa and spleen, the single vaccinated treatments were not deemed
to be significantly different anymore in terms of private clones to the naive. The other
previously described differences in terms of private clones remained significant, and were
also mirrored in the rare public compartment, with the exception of the aforementioned

samples of the single vaccination groups.

Other significant differences between the immunised groups and the naive birds were
revealed when considering the common public clones (shared by 250% and <90% of birds)
and the ubiquitous clones (found in =290% of individuals). In the bursa, the double
vaccination and infection birds had significantly lower common public clones than the
naive, whilst the other groups do not exhibit any differences. In the trachea, all three
infected groups, irrespective of vaccination status showed significantly higher proportions
of common publics than the naive group. No differences between the groups were
observed in the spleen. By contrast, when looking at the ubiquitous clones, there were no
differences between the groups in either the trachea or the bursa, but one difference was
apparent in the spleen. There, the ubiquitous clones of the double vaccination treatment
were at statistically higher levels than the naive group. Taken together, these results reveal
interesting effects of both tissue type and HIN2 immunisation regime on the private and
public clonal compartments of the birds, especially as the patterns were again very similar

when the amino acid clones were considered (Figure A.14).
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Figure 4. 15: Model estimates of 1gY clone CDR3 nucleotide private and public compartments based on
different levels of clonal sharing.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between 2 or more
than 2 individuals up to 50%) and are shown in light blue. Common publics (shared between more

than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more
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of the birds which were incorporated in the analysis) are shown in purple. Dots represent individual
bird observations of private and distinct public clonal compartments. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ** = p < 0.001.

IV.4.5. IgY public repertoires restricted to immunisation regimes

A total of 28 IgY public CDR3 amino acid clones were expanded in birds belonging to the
infected groups and found absent or unexpanded in the uninfected groups (Figure 4.16).
Of these, one CDR3 amino acid clone (CTKCAYSWCAAGSID) was comprised of two
unique clonal lineages with different CDR3 nucleotide sequences. Although only showing
expansions in the trachea and bursa of one double vaccinated and infected bird, it was
found present at unexpanded levels in all the individuals of the group across multiple tissues
and in the bursa of a single vaccination and infection bird. The majority of the other
infection-restricted public clones are also only expanded in one individual and generally
only in one tissue, in spite of them being shared across multiple birds. Only one clone
(CDR3: CAKAAGSID) was found at expanded levels in the tracheas of one infection only

individual and one single vaccination and infection individual.

In the uninfected bird groups, 25 IgY public clones were present at expanded levels but
absent or unexpanded in the infected groups (Figure 4.17). Interestingly, the identified
public clones only show one or more expansions within the members of a single group,
whilst generally not being detected outside of the particular immunisation regime where it
was found. The only exception to this pattern is a clone (CDRB3:
CAKSAYGGYFGWGTYAGSID) which was found expanded in the spleen and bursa of
a single vaccinated bird, whilst also being present at unexpanded levels in a double
vaccinated bird. Additionally, clones identified in 6/11 of the double vaccinated group and
3/8 of the single vaccinated group were expanded across multiple individuals and tissues.
By contrast, no clone that was identified in the naive exhibited expansions across multiple

individuals.
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Figure 4. 16: IgY clonal expansions in the restricted repertoire of infected birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s tissue clonal compartment. Overlapping circles
display different clones based on nucleotide sequence which share the same CDR3 amino acid
sequence. The plot shows only the clones which are expanded in the infected treatment groups (at
or above 0.5% and at less than 0.5% in any of the uninfected). Clones which are expanded in
multiple birds are identified with an asterisk next to the CDR3 amino acid sequence. Background
and circle colours indicate the immunisation regime identity: red — infection only; dark red — single

vaccination and infection; purple — double vaccination and infection.
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Figure 4. 17: IgY clonal expansions in the restricted repertoire of uninfected birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s tissue clonal compartment. The plot shows only
the clones which are expanded in the uninfected treatment groups (at or above 0.5% and at less
than 0.5% in any of the infected). Clones which are expanded in multiple birds are identified with
an asterisk next to the CDR3 amino acid sequence. Background and circle colours indicate the

immunisation regime identity: light blue — single vaccination; dark blue — double vaccination.

The majority of the 43 public IgY clones which were expanded in any of the vaccinated
groups but below the expansion threshold or absent altogether from the unvaccinated
groups (Figure 4.18), were ecither found previously as restricted to the infection
immunisation regimes (19/43 — shown in red) or the uninfected treatment groups (20/43
— shown in blue). The remaining 4 clones were expanded across both the infected and
uninfected groups (shown in black). Only one of these clones (CDR3:
CAKSAYGGSWGGFIEDID) was present across birds from all the vaccinated groups and

158



Chapter IV: IgM and IgY Antibody Repertoires Following HIN2 Immunisation

exhibited expansions in individuals belonging to different immunisation regimes. The other
3 sequences were present either only in the single vaccinated groups (CDR3:
CARAPCSTTWSCWYAAGSID) or only in the double vaccinated groups (CDR3s:
CAKAARTAGYGVDDID and CAKAALTAGYGVDDID). Interestingly, the clones
were present in the double vaccinated immunisation regimes only differ by a single amino
acid and were found in all the birds of these groups. These clones were absent from some
samples and only expanded in the tissues of a double vaccinated bird and a double

vaccinated and infected individual.
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Figure 4. 18: IgY clonal expansions in the restricted repertoire of vaccinated birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s tissue clonal compartment. Overlapping circles
display different clones based on nucleotide sequence which share the same CDR3 amino acid
sequence. The plot shows only the clones which are expanded in the vaccinated treatment groups

(at or above 0.5% and at less than 0.5% in any of the naive or infection only groups). CDR3 amino
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acid sequences which coincide with clones restricted to infected and uninfected birds are shown in
red and blue, respectively. Background and circle colours indicate the immunisation regime identity:
light blue — single vaccination; dark blue — double vaccination, dark red — single vaccination and

infection; purple — double vaccination and infection.

IV.5. Shared CDR3 sequences between the IgM and
IgY repertoires

A comparison between the IgM and IgY revealed that 24,705 unique CDR3 amino acid
sequences and 21,950 nucleotide sequences are found in both databases. Out of the
identified CDR3s, 15,363 (~62.2%) amino acid sequences and 13,518 (~61.6%) nucleotide
sequences were present in both IgM and IgY forms in at least one individual. When looking
at the proportion of the repertoire that these shared CDR3 sequences occupied in individual
tissue samples, several patterns became apparent (Figure 4.19). First, for all the
immunisation regimes, the shared CDR3 sequences occupied a significantly larger
proportion of the IgY repertoire rather than the IgM repertoire in the bursa and spleen but
not in the trachea. In this latter tissue, the shared CDR3 sequences were at comparable
levels in the IgM and IgY repertoires, with the exception of the single vaccination group,
where the shared CDR3s were at higher proportions in the IgY than in the IgM repertoires.
Furthermore, the shared CDR3 sequences in the IgM repertoire were at much higher levels

in the trachea than in the spleen and bursa.

When the differences between the groups were considered, the three tissues
exhibited distinct patterns in terms of the shared CDR3 sequences in both IgM and IgY
repertoires (Figure 4.20). In the bursa, the single vaccination, double vaccination, and
single vaccination and infection groups exhibited significantly higher proportions of shared
IgM sequences than the naive birds. In the spleen, the shared IgM sequences were at
significantly higher proportions in the single vaccination and double vaccination groups,
but not in the single vaccination and infection group, which although exhibited slightly
higher proportions, they were not deemed statistically significant. No significant ditferences
in the proportions of shared CDR3 sequences within the IgM repertoire were observed

between any of the immunised groups and the naive treatment in the trachea. These
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differences are not mirrored by the IgY repertoire, as the naive group generally exhibits
higher proportions of shared CDR3 sequences when compared to the other groups. In the
bursa, the proportion of shared CDR3 sequences is significantly lower than in the naive
birds in the double vaccination, infection only, and double vaccination and infection
groups. In the spleen, only the infection only and the double vaccination and infection have
significantly lower proportions of shared CDR3 sequences of the total IgY repertoire than
the naive group. Lastly, in the trachea, only the double vaccination group exhibits

significantly lower proportions than the naive, when considering the IgY repertoire.
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generated from 1000 simulations of the model. Statistically significant differences between the
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model estimates are depicted above the plots based on their corresponding p-values: * = p < 0.05;

= p <0.01; %+ = p <0.001.
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IV.6. Discussion

The antibody responses to avian influenza are an important mechanism for viral clearance.
However, the influences of viral infection on the humoral immune system of birds are
poorly understood, and the changes on the immune repertoire of HIN2-immunised
chickens have not been previously explored. As the features of the avian immunoglobulin
repertoire underpin the antigen specificity of the humoral response, information about the
changes caused by antigenic exposure is key to both the understanding of the systemic

antibody responses to infection and the protection offered by vaccination.

The patterns of expansion revealed by the clonal homeostasis plots reveal marked
differences in the IgY and IgM repertoires of the birds which are dependent both on
immunisation regime and tissue type considered. Overall, the IgY repertoire exhibited
higher clonal dominance than the IgM in the spleen and bursa, a pattern which is consistent
with the antigen-specific expansion and class-switching, characteristic of IgY. Interestingly,
the IgM repertoire in the trachea across all groups also exhibited higher dominance than in
the bursa or spleen, showing levels that were slightly lower yet comparable to IgY.
Moreover, the infected groups exhibited lower levels of IgY dominance in the trachea,
which may indicate multiple clonal expansions in response to HIN2 infection in the upper
respiratory tract. This pattern, although not as pronounced, could also be observed in the
IgM repertoires of the infected groups. Together, these differences suggest the resident
IgM+ and IgY+ B cells are not as diverse in the trachea, but as class switching, expansion,
and recruitment to the site of infection occur, the diversity of the IgY repertoire decreases
with antigen-specific cells responding to infection. These observations are also supported
by the diversity analyses, which revealed that at the level of dominant clones, the infected
groups exhibited significantly higher levels of diversity in both IgM (double vaccination and
infection) and IgY (infection only and single vaccination and infection). A possible
explanation for the heterogeneity between the infection groups in terms of dominant clone
diversity in the IgM and IgY repertoires is that the double vaccinations followed by
infectious challenge in the specific group have led to an activation of antigen-specific IgM+

B cells (including memory cells) with lower antigen-dependent proliferation ability, the
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effect thus not being mirrored in the class-switched IgY+ cells present in the trachea, where

the high-affinity clones dominate the repertoire.

The observable differences in diversity in the bursa and spleen may be attributable to the
number and nature of the immunisations to which the groups were subjected to. In the
bursa, no differences in diversity between the groups were present in the IgM repertoires.
However, the IgY repertoires of the single vaccinated and the infection only groups
exhibited significantly higher diversity levels than the naive birds in clonal richness (D),
typical clones (D1), and dominant clones (D2). As the bursa is an organ not traditionally
associated with germinal centre development and class-switching to IgY, this pattern
constitutes an interesting topic for future investigations. In the spleen, the observable
differences between the groups in both IgM and IgY diversities were only deemed
statistically significant at the dominant clone (D2) level. As such, the groups that received
two or more immunisations, exhibited higher dominant clone diversity in either the IgY
(double vaccination and double vaccination and infection) or IgM (single vaccination and
infection) repertoires. Only the double vaccinated groups, irrespective of infection,
exhibited higher dominant clone diversities in their IgM repertoires, whereas the single
vaccination and infection group showed higher levels of IgY diversity. Lastly, all immunised
groups exhibited higher diversity levels for IgM and IgY in the trachea when compared to
the naive, in terms of both clonal richness and typical clones. When tracheal dominant
clones (D2) were considered, only the infected groups showed higher levels of diversity in
IgM (double vaccinated and infected) or IgY (infection only and single vaccinated and
infected). It is therefore plausible that the nature of the immunisation(s) plays an important
effect on the diversity of the repertoire, and further inquiries into the mechanisms which
underpin these differences may provide important information about the humoral immune

responses to avian influenza vaccination and infection.

A high degree of clonal sharing between individuals was observed in both IgM and IgY
repertoires, with the latter generally exhibiting higher proportions of public clones. The
IgM and IgY public clones occupied significantly higher proportions of the repertoire than
the private clones in the trachea, irrespective of immunisation regime. By contrast, the other
tissues did not display such consistent differences between the public and private

repertoires, with the exception of the IgM repertoires in the bursal samples, where all the
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groups, with the exception of the double vaccination and infection, had significantly higher
proportions of private clones. No clear rule that can be attributable to the immunisation
regimes seems to govern the public vs. private clonal composition in the tissues of birds,
and it is likely that both the nature and the number of immunisations contribute to the
observed patterns differences. The differences between the immunised treatment groups
and the naive birds further support that both nature and number of immunisations dictate
the observable patterns in the relative proportions of public and private clones contributing
to the total IgM and IgY repertoires. Regardless, the very high contribution of public clones
to the IgM and IgY repertoires is an important finding, which may have profound

implications for our understanding of the avian immune system.

The degree of clonal sharing among individuals revealed that the majority of the public
compartment is comprised of rare publics, which were shared between two and up to 50%
of the birds included in this analysis. Indeed, most of the previously identified differences
in terms of (total) public clones were mirrored by the rare publics. Although the clonal
compartments with higher degrees of clonal sharing, the common and the ubiquitous
publics, occupied a much smaller proportion of the IgM and IgY repertoires, their
proportional contribution indicates that a baseline of clonal sharing is present across
individual birds. Furthermore, it is very likely that a higher sequencing depth would have
resulted in clones which were deemed private by the current analysis to be found at low
levels in multiple individuals and would thus be public. Together, the findings about clonal
sharing have important implications, as they indicate that the diversity of immunoglobulin
CDR3 specificities may be much more limited between multiple individuals than previously
believed. This, in turn, might imply a constrain on an individual bird’s ability to respond to
antigenic challenge, which has profound consequences in the defence against pathogens

and efficient responses to vaccination.

A possible explanation for the high degree of publicness observable in the IgM and IgY
repertoires relates to the mechanism of immunoglobulin rearrangement during B cell
development. As opposed to mammals that use a RAG-dependent V(D)] rearrangement
process, birds rely on the process of gene conversion. Although, in theory, gene conversion
can yield comparable or even higher magnitudes of CDR3 diversity, the genetic and

physiological processes which underpin it may in fact be constrained or exhibit biases
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towards specific gene segments which are used and/or towards specific CDR3
arrangements. This is an interesting hypothesis to explore, and future molecular studies are
required for examining the gene conversion during immunoglobulin diversification in avian

species.

Profound differences in the clonal expansion profiles restricted to specific treatments were
evident between the IgM and IgY repertoires. Considerably fewer treatment-restricted
expansions were present in the IgM repertoires as opposed to the IgY, a result which
supports that antigen-stimulated IgM+ B cells undergo expansion and class-switch to IgY.
Interestingly, for both IgM and IgY uninfected-restricted or infected-restricted expansions,
the identified clones were generally only found in birds belonging to the same immunisation
group, with very few exceptions present. One explanation for this pattern is that
environmental effects have impacted the bird groups differently and this has influenced
their IgM and IgY repertoires. This may be true for the infected groups, as they were moved
to isolators just prior to infection on day 21, and environment, although expected to
resemble the initial conditions, was different enough to exert this influence on their
repertoires. However, the single vaccinated group and the double vaccinated group was
housed in the same isolator, unlike the infection only group which was housed in a separate
isolator. Similarly, all three of the uninfected groups were housed together throughout the
experiment, including after the infection groups were moved to the isolators. Therefore,
environmental differences alone could not account for the observed differences as groups
that were housed together still exhibit expansions of the same clones which are not
identified in other groups. Another explanation relates to experimental cross-contamination
of the samples, but this again is unlikely as 5 RACE PCRs were performed in 96-well plates
that contained samples from multiple groups. Therefore, as environmental factors and
cross-contamination were not able to account for the observed patterns, the interesting
possibility remains that the specific combination of immunisation conditions through
infection and/or vaccination(s) may lead to convergent expansions within individuals of

the same group.

The few IgY and IgM clones that were expanded across individuals belonging to multiple
groups were restricted to infection, with none being shared across the uninfected groups.

When the vaccination-restricted clones were considered, only one IgM clone and four IgY
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clones were found expanded in birds from the infected and uninfected groups. These
identified CDR3 sequences restricted to the vaccinated groups and expanded in birds
belonging to infected and uninfected groups may represent lineages of B cells that respond
to HIN2 under both immunisation scenarios. These clones, stimulated through
vaccination(s), may thus possess a higher affinity for the virus, and may offer increased
protection during infection. Furthermore, if a comparable number of restricted clonal
expansions were to be detected in the Igl. repertoires, screening for antigen specific (paired)
light and heavy chain sequences (e.g. for the production of HIN2-specific monoclonal
antibodies) might be narrowed down to a few (IgH and Igl.) CDR3 sequences based solely
on repertoire data. As this was outside the scope of the current research, such endeavours
could substantially increase the throughput in generating antigen-specific antibodies not

just for avian influenza viruses, but for other infectious agents as well.

The comparison between the two immunoglobulin sequence databases revealed that
proportions of CDR3 nucleotide sequences which were shared between them were
significantly higher in the IgY form in the spleen and bursa, but not in the trachea. In this
latter tissue, both IgM and IgY had comparable proportions of CDR3 sequences which
were shared between them. A higher presence of shared CDR3 sequences would be
expected in the IgY, as B cells undergo class-switching upon antigenic stimulation, and all
IgY sequences would ultimately be derived from IgM. Although somatic hypermutation is
expected to occur, this process is difficult to unravel based on bulk sequence data alone.
The comparable presence of shared IgM and IgY CDR3 sequences in the trachea suggests
that the B cell composition of this tissue is fundamentally different to the bursa and spleen,
a pattern which would indeed be expected given the roles in lymphocyte development and
homeostasis which these two organs fulfil, respectively. The differences between the
immunised groups and the naive birds in terms of the CDR3 sequences in the analysed
tissues were not generally consistent between the IgM and IgY repertoires and cannot
clearly be attributed to either number or nature of immunisations, suggesting that the
interplay between these two may dictate the shared CDR3 repertoire between the two
classes of immunoglobulins. The relationship between the IgM and IgY repertoires

therefore requires further investigation, and network analyses and genetic similarity analyses
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which were outside the scope of the current analysis would be required to better understand

their profiles, including the phenomena of class-switching and somatic hypermutation.

Together, the analyses of the IgM and IgY repertoires of chickens subjected to different
HI9N2 immunisation regimes revealed important findings which constitute a solid
foundation for future research aimed at increasing our understanding of the avian humoral
responses to avian influenza, and the adaptive immune system more broadly. The findings
presented herein strongly suggest that not only does the nature of the immunisation (i.e.
vaccination or infection) influence the immunoglobulin repertoires of the individuals, but
also the number of immunisations received and the particular combination of
immunisations to which the birds were subjected to. Unravelling the complexities of the
avian immunoglobulin repertoires thus serves as a fruitful area for future research, whilst
also having the potential to inform on practices such as vaccination, which remains

paramount for efficient infectious control at a global level.
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Chapter V: Changes in Chicken TCRf
Repertoires under HIN2 Vaccination and
Infection Scenarios

V.1. Abstract

Avian influenza viruses (AIVs) stimulate both the innate and adaptive immune systems of
their avian hosts. However, little is known about the influences of AIV antigenic
stimulation on the adaptive immune repertoire of birds. As T cell-mediated immunity is
recognised as an important mechanism of protection against AIVs, this chapter explores
the TCR repertoire of chickens following vaccination and/or infection with HON2 AIV.
Major differences were found between immunised groups and naive birds in terms of
repertoire diversity and clonal composition in terms of V and | gene usage in the bursa,
spleen, and trachea. Furthermore, a large proportion of public clones, which are shared
across multiple individuals, was found to contribute to the repertoires of the analysed birds,
in both tissue and immunisation-specific manners. The results presented in this chapter
provide important insights into the chicken TCRp repertoire upon HIN2 infection and/or
vaccination, whilst also revealing general information about the biology of the avian

adaptive immune receptor repertoire and the changes elicited by antigenic stimuli.

V.2. Introduction

Influenza A viruses are versatile pathogens that can evade host immunity through the
phenomena of antigenic drift and antigenic shift [5,6]. Although these viruses can infect a
wide variety of species, their natural reservoir is in wild aquatic birds, being widely prevalent
in both wild and domestic avian species. These avian influenza viruses (AIVs) are a major
cause of concern at a global level, not only because of the major economic costs which they
incur to the agricultural sector, but also because of their potential to jump across the species

barrier and infect humans [8]. To date, vaccination remains the primary method of
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preventing AIV infections and outbreaks, but the current understanding of both AIV

infection and vaccination of avian hosts is incomplete [42].

Upon infection, AIVs stimulate both the humoral and cell-mediated components of the
avian adaptive immune system, with their interplay being essential for viral clearance
[42,55]. The ability of the adaptive immune system to respond specifically to pathogens
stems from the unique antigen specificities of T and B cell receptors (TCRs and BCRs)
[76,77]. The total of unique TCRs and BCRs constitutes the adaptive immune repertoire
which exhibits an enormous theoretical potential of diversity. This is achieved at the genetic
level during T and B cell development, when variable (V), joining (D) and, in the case of
heavy chains diversity (D) genes are rearranged to form a functional chain of the B and T
cell receptors [76,77]. Although birds diversify their BCRs differently than mice and
humans through the process of gene conversion, TCR diversification occurs in a similar
manner [76]. For instance, the TCRJ genetic organisation includes 16 V3 genes across 3
families (11 V@1, 4 VB2, and 1 VB3). One VB gene somatically rearranges with one of the
4 JB genes, and the D@ and CB genes (chickens have single genes for the D and Cp), to
yield the functional TCR@ chain. In addition, modifications at the V-D-J junctions through
nucleotide additions and/or deletions further increase the resulting diversity of the TCRf
repertoire. Lastly, the combinatorial pairing of light and heavy chains (x and B for «ff T
cells; y and & for y& T cells) supplements the aforementioned processes, thus resulting in
very high levels of diversity. Upon antigenic stimulation, T and B lymphocytes are able to
recognise a plethora of unique antigens to which they are able to mount efficient immune

responses.

Although both T and B cell responses are important during AIV infection, T cell
specificities against influenza-derived antigens have been receiving more attention recently,
as they are able to generate responses against conserved viral epitopes, thus also being able
to offer protection against heterologous strains [90,204]. Furthermore, previous studies
have suggested that T cell responses during AIVs are required for efficient protection, as
high titres of H9N2-specific antibodies were insufficient block HIN2 from being
transmitted [91-93]. Although many questions regarding T' cell-mediated immunity against
influenza A viruses have been answered in human and non-human mammalian hosts

(reviewed in [53]), little of this work has been mirrored in poultry, in spite of their
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importance in AIV infections [53,200]. Furthermore, no studies to date have assessed the
avian T cell repertoire responses to AIVs. Indeed, while many functions of immunity are
conserved across species, the unique features of the avian immune system (minimal
essential MHC, absence of lymph nodes in species such as chickens etc.) are likely to play

a significant role on the T cell response during infectious challenge and/or vaccination

[54,207-209].

The current chapter illustrates the results of the tissue-specific TCRJ repertoire in the
spleen, bursa, and trachea of chickens that were culled on day 35, following specific HON2
immunisation regimes. The laboratory methodology, computational techniques, and design

of the animal experiment are described in detail in Chapter II of the thesis.

V.3. TCRJ Repertoire analysis results

V.3.1. Recovered sequences and productively rearranged TCRJ
chains

The sequencing of the 5’RACE PCRs yielded a total of 2,152,750 chicken TCR reads, out
of which 1,999,167 (~92.86%) were productively rearranged (i.e. within frame). Although
the sequence yield is high, the samples are heterogeneous both within and across tissue
type, with the most reads generally being obtained from the spleen samples, and the lowest

from the bursa (Figure 5.1).
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Figure 5. 1: Total number of TCRE sequence reads identified in tissues of chickens that were subjected to
different immunisation regimes.

(A) Splenic samples, (B) bursal samples, (C) tracheal samples. Bird numbers displayed on the x axis
and individuals are grouped based on the corresponding immunisation status which is illustrated

above each panel. Productive and unproductive reads are shown in blue and red, respectively.
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V.3.2. TCRp Clonal homeostasis within samples

The patterns of clonal homeostasis (Figure 5.2) revealed that both the tissue and the
immunisation group influence the composition of the TCRJ repertoire in the samples.
Opverall, the splenic samples exhibited the lowest patterns of expansion (greatest clonal
diversity as suggested by the lower proportion of total sequences in the largest groups of
clones), whilst the tracheal samples showed the highest. Within the spleen and trachea, the
immunisation treatment seems to have a greater effect than observed in the bursa. For the
bursa, individual heterogeneity made any statements difficult to assert by observation alone,
although there was an indication that individual birds from the three infected groups may

have larger clonal expansions.

In the spleen, all the infected groups exhibit larger expansions than their uninfected
counterparts. Moreover, this effect may have been enhanced by the number of
immunisations received, with the single vaccinated and infected and double vaccinated and infected

groups presenting more clonal expansions based on the number of prior vaccinations.

The opposite pattern to the splenic tissues was apparent when considering the tracheal
samples. As such, the highest patterns of expansion were present in the naive birds,
followed by the two uninfected and vaccinated groups. Conversely, the infection only
treatment birds exhibited the smallest expansions of all the infected groups, whilst the
infected and vaccinated groups seemed to have more pronounced patterns of clonal
expansion. For both the uninfected treatments and their infected counterparts, the effect
of the number of vaccinations was difficult to assess by observation, especially because of

the heterogeneity between individuals and the small sample sizes.

Indeed, although useful as an exploratory analysis, more complex methods which employ
quantitative statistics were required to correctly assess the patterns of clonal expansion and

the effects of tissue type and immunisation regime.
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Figure 5. 2: TCRE clonal homeostasis plots of individual tissue samples.

Bird numbers displayed on the x axis and individuals are grouped based on the corresponding
immunisation status which is illustrated above each panel. Clones were ranked based on their
abundance into four categories: first 10 most abundant (red), from 11-100 (yellow), 101-1000
(blue), and above 1000 (black) in terms of total abundance within each sample. The proportions of

clonotypes are displayed on the y axis.

V.3.3. TCR repertoire diversity

After computing the sample-specific effective number of clones corresponding to different
diversity settings (i.e. clonal richness — Do, the species richness equivalent; typical clones —
D1, Shannon diversity equivalent; dominant clones — D2, Gini-Simpson equivalent) where
the abundance of each clonotype is weighted differently, the values were used in

constructing a linear mixed-effects model (described in section II.2.1) using the sample
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standardisation value of 1000 sequences. Significant differences were observed in all tissues
when evaluating the hill number estimates of the immunised groups and the naive birds
(Figure 5.3). Relatedly, all these differences were mirrored at the level of amino acid clones

(Figure A.15).

In the bursa the diversity estimates were higher in the vaccinated and uninfected groups
than in the naive birds, irrespective of the computed diversity measure. In the spleen, the
double vaccinated and infected group exhibited significantly lower diversity than the naive
birds at all measures of diversity. No other significant differences were revealed in the
spleen between the other groups and the naive birds at the clonal richness and typical clone
measures. However, at the level of dominant clones, the single vaccinated and infected

group also had significantly lower diversity than the naive birds.

In the spleen, the double vaccinated and infected group exhibits significantly less diversity
than the naive birds in terms of clonal richness, typical clones, and dominant clones. The
single vaccinated and infected group is also significantly less diverse than the naive, but only
at the level of dominant clones. No other significant differences to the naive birds were
found in the spleen, although the infected only birds exhibited slightly less diverse

repertoires at all the analysed levels of diversity.

In the trachea, all immunised groups exhibited significantly higher levels of diversity than
the naive treatment, and this pattern was consistent both in terms of clonal richness and
the typical clones. By contrast, when considering the dominant clones, only the infected

immunisation regimes remained significantly higher than the naive group.
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Figure 5. 3: TCRPB clonal diversity within samples.

Different rows show the Hill numbers corresponding to clonal richness (Do), the “typical” clones
(D1) and the “dominant” clones (D>) in a theoretical sample of 1000 sequences. Immunisation
regimes are colour coded and displayed on the x axes. Dots represent individual bird observations
of the effective number of species calculated in each tissue for the corresponding H values. Error
bars show the 95% bootstrap confidence intervals for the point estimates generated from 1000
simulations of the model. Statistically significant differences between the model estimates are
depicted above the plots based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ***

= p < 0.001.
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V.3.4. Public and private TCR clonal compartments

Overall, the degree of TCRJ clonal sharing between different individuals is high, but this
effect is dependent on tissue type and the immunisation regime (Figure 5.4), and again,
these differences were mirrored at the level of amino acid clones (Figure A.16). In general,
based on the tissues, the largest public compartments (clones shared between two or more
birds included in the analysis) are observable in the tracheal samples and the lowest in the
spleen. However, the treatment group has an important influence on the size of the public

and private clonal compartments in all tissue types.

In the bursa, the public compartment was significantly higher in the treatment groups that
received two or more immunisations, either through vaccination alone or through
vaccination and infection. There were no significant differences between the public and

private clonal compartments of the naive, single vaccinated only, or infected only birds.

In the spleen, the private TCR clonal compartment was significantly larger in the naive,
single-vaccinated, and infection only treatments. By contrast, the double vaccination and
infection group exhibited significantly higher proportions in the public clonal
compartment. No significant differences were observed in the double vaccination and the
single vaccination and infection groups between the public and private clonal

compartments, although the latter seemed to be at slightly higher levels.

In the trachea, all but the infection only immunisation regime exhibited significantly higher
levels of clones in the public compartment. In the infection only birds, the levels of clones
in the private and public clonal compartments are comparable, as no significant differences

were observed.
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immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01; %+ = p < 0.001.

When analysing the differences between the groups in the private and public compartments
themselves, important effects of the immunisation regimes become apparent (Figure 5.5).
Furthermore, all the differences to the naive birds are mirrored when the amino acid clones
are considered (Figure A.17). In the bursa and spleen, the groups that received two or more

immunisations, either through vaccination or infection, have significantly smaller private

178



Chapter V: Changes in Chicken TCRp Repertoires under HIN2 Vaccination and Infection Scenarios

clonal compartments than the naive birds. Indeed, the same groups exhibit significantly

larger public clonal compartments than the naive group in those tissues.
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Figure 5. 5: Differences within the TCRp public and private compartments under different HINZ
immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:

*=p < 0.05; % = p < 0.01; % = p < 0.001.
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In the trachea, both infected and uninfected bird groups that did not receive a double
vaccination have a higher proportion of private clones than the naive. These groups also
exhibit a significantly lower percentage of public clones than the naive birds. By contrast,
the chickens that received a double vaccination show comparable levels of private and

public clones with the naive birds, irrespective of their infection status.

When further dividing the public compartment based on the different degrees of clonal
sharing, most of the previously observed patterns in the total public compartment can be
attributable to the rare public clones (Figure 5.6). As such, in the bursa and spleen, the
birds that received two or more immunisations have significantly larger rare public
compartments than the naive birds. There are no significant differences between any of the
immunisation regimes when considering the common public clone compartment.
However, distinct patterns are observable regarding the ubiquitous clones of the
immunisation groups. As such, in the bursa, there are significantly higher levels of
ubiquitous clones in the double vaccination, infection only, and single vaccination and
infection groups than in the naive treatment. By contrast, in the spleen, the infection only
group and the double vaccination and infection treatment have significantly lower levels of
ubiquitous clones than the naive birds. However, all the ubiquitous clonal compartments

are at very low levels.

In the trachea, the partitioning of the total public compartment by degrees of clonal sharing
masks the significance of the previously observed lower level of publics in the single
vaccination treatment as opposed to the naive group. However, the significantly lower
levels of publics in the infection only and the single vaccination and infection groups are
attributable to the rare public compartment, which retains this pattern. There are no
significant differences between the immunisation regimes in terms of the common publics,
and the only significant difference in the ubiquitous clonal compartments with the naive is

in the double vaccination and infection regime, which exhibits lower levels.

The patterns are very similar when the amino acid clones are considered (Figure A.18),

with the differences between immunised groups and the naive birds being identical in the

180



Chapter V: Changes in Chicken TCRp Repertoires under HIN2 Vaccination and Infection Scenarios

private and rare public clonal compartments. No differences in the amino acid clones are
present to the naive group common public and ubiquitous compartments of the bursa and
spleen. In the trachea, the only observable differences to the naive are in the common
public of the infection only, which are at significantly higher proportions, and in the single
vaccination ubiquitous clones, which are at significantly lower proportions. Given that the
common public and ubiquitous clonal compartments make up smaller portions of the
repertoire, the observed differences between the groups are difficult to interpret as the
statistical significance of the model estimates may be an artefact of the small group sizes

which could disproportionally influence the output.

The sequences from the current experiment were further investigated by comparing them
with previously published TCR@ sequences at the nucleotide and/or amino acid levels
(where available). As such, multiple sequences from the current experiment were found in
previously published datasets. At the nucleotide level (Figure 5.7A), 11/97 (~11.3%)
sequences from Mwangi ez al. (2010) [144], 1/9 (~11.1%) sequences from Mwangi 7 al.
(2011) [154] and 3/119 (~2.5%) sequences from Zhang ef al. (2022) [111] were shared with
the current dataset. No sequence data was available at the nucleotide level from the study
of Ren ez al. (2014) [155]. Of these identified sequences, the majority (10/15) were identified
as rare publics in the current analysis (shared between =2 and up to 50% of birds). The
remaining clones were identified as private (4 sequences) or common publics (1 sequence).
When considering the amino acid level (Figure 5.7B), many more CDR3 sequences were
identified in the published works, as follows: 23/97 (~23.7%) from Mwangi e al. (2010),
26/96 (~27.1%) from Mwangi et al. (2011), 26/275 from Ren et al. (2014), and 13/119
(~10.9%) tfrom Zhang et al. (2022). The degrees of clonal sharing (i.e. rare vs. common vs.
ubiquitous publics) were not considered when compared with other published sequences.
Clones that were considered public were the ones present in =2 birds of the current

experiment.
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Figure 5. 6: Model estimates of TCRE clone CDR3 nucleotide private and public compartments based on
different levels of clonal sharing.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between 2 or more
than 2 individuals up to 50%) and are shown in light blue. Common publics (shared between more

than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more
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of the birds which were incorporated in the analysis) are shown in purple. Dots represent individual
bird observations of private and distinct public clonal compartments. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ** = p < 0.001.

As none of the aforementioned studies used high throughput sequencing, the microbiota
repertoire study described in Chapter I was used as a proxy for high sequencing depth
(Figure 5.8). Out of the 381,564 unique CDR3 nucleotide sequences (302,888 amino acid
sequences) in the microbiota experiment, 10,015 (27,111 amino acid sequences) were
identified in the current analysis. Moreover, only 5,029 (14,202 amino acid sequences) of
these shared sequences were public between the birds of the current experiment, 2,616
(6,979 amino acid sequences) of which also being identified as public in the microbiota
study. However, 1,160 nucleotide sequences (2,946 amino acid sequences) identified as
public (shared by =2 birds) in the microbiota study were also present in the birds of the
current analysis but were not shared between individuals (i.e. were private). At the same
time, 9,963 private nucleotide sequences (3,826 amino acid sequences) from both datasets

were found to be public between individuals belonging to the two experiments.
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Figure 5. 7: TCRp shared CDR3 sequences with other published works.

(A) Shared nucleotide sequences with other published works. Sequence identity based on clonal
compartments within current analysis is colour coded for the private (individual-restricted) in
orange, rare publics (shared between two and up to 50% of birds) in light blue, and common
publics (between 50% and 90% of birds) in dark blue. (B) Shared amino acid sequences with other
published works. Sequence identity based on clonal compartments within current analysis is colour
coded for the private (individual-restricted) and publics (shared by =2 birds) in light blue,

respectively. Degree of clonal sharing was not carried out at the amino acid level.
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Figure 5. 8: TCR shared CDR3 sequences with previous high throughput repertoire analysis on germfree and
microbially colonised chickens (see Chapter I1).

(A) Venn diagram of shared unique TCRB CDR3 nucleotide sequences. (B) Venn diagram of
shared unique TCRB CDR3 amino acid sequences. HIN2 experiment and microbiota sequences
are shown in purple and green, respectively. Public sequences (shared by =2 birds) within each
experiment are displayed crosshatched. The numbers of sequences that are private or public within

and between the datasets are shown on the diagram.
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V.3.5. TCRB V family usage and contribution to private and public
compartments

The 3 VB families are used differently based on tissue type and immunisation regime
(Figure 5.9). Generally, clones rearranged with V31 family genes make up a larger fraction
of the repertoire of tissues, followed by VB2 and V33 clones in order of their abundance.
The VB3 family is at comparatively higher levels in the bursa and trachea than in the spleen,

albeit still at low levels relative to the other two V3 families.

In the bursa, there is a significantly higher V1 family clone contribution to the repertoire
in the double vaccinated and infected birds than in the naive. By contrast, this pattern is
reversed in terms of the VB2 and V33 families, with significantly lower levels being present

in this triple exposure treatment than in the naive birds.

In the spleen, all of the immunisation regimes with the sole exception of the double
vaccinated treatment exhibit significantly higher proportions of V@1 clones and lower
proportions of VB2 clones in their repertoires. Although this pattern seems to also apply
to the double vaccination treatment group, the difference is not statistically significant.
When considering the VB3 family, the only significant difference to the naive group in the
spleen is with the infection only immunisation regime, being at much lower levels. Of note
is that all the infected groups have significantly lower proportions of VB3 than the single

vaccination and double vaccination treatments (p values < 0.05; not displayed in the figure).

In the trachea, there is a significantly higher proportion of VB1 clones in the single
vaccination and the single vaccination and infection treatments than in the naive group. At
the same time, there is a lower VB2 percentage in these groups than in the naive birds.
Interestingly, there is a high heterogeneity amongst individuals in terms of their V@33 usage
in all groups with the exception of the double vaccination and infection treatment.
Concerning this family, significantly lower levels of V33 clones than in the naive group can

also be observed in the single vaccination and infection only groups in the tracheal tissues.
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Figure 5. 9: Model estimates of TCRB V" family usage in individual tissue samples across HIN2
IMmMUNISation regimies.

V family identities are shown in blue (VB1), yellow (VB2), and red (VB3). Grey dots represent
individual bird observations for each V family. Error bars represent 95% bootstrap confidence
intervals for the point estimates generated from 1000 simulations of the model. Statistically
significant differences between the model estimates are depicted above the plots based on their

corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.

The distribution of V@ family clones across the public and private compartments reveals

additional influences of tissue type and immunisation status (Figure 5.10). In the bursa, the
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private V@1 family compartment is significantly lower in the double vaccination groups
when compared to the naive, irrespective of infection status. At the same time, the public
VB1 compartment is significantly higher than the naive treatment in all the groups that were
subjected to two or more immunisations. These immunisation regimes also exhibit lower
levels of VB2 private clones than the naive group. The only significant difference in the
VB2 public compartment is between the naive and the single vaccination treatments, the
latter group having a smaller contribution of clones to the repertoire. In terms of the V33
family clone distribution in the bursa in relation to the naive group, the private VB3 clonal
compartment is significantly higher in the single vaccinated birds, and there are significantly

fewer VB3 public clones in the infection only group.

In the spleen, the only significant difference in the V@1 private clonal compartment with
the naive treatment is for the double vaccinated and infected group. However, all
immunisation regimes aside from the single vaccination treatment exhibit significantly
higher proportions in the public VB1 compartment when compared to the naive birds.
When considering the V32 private clones, all groups show a significantly lower contribution
to the repertoire than the naive birds. No differences between the groups are observed
concerning the VB2 public compartments. The only difference with the naive group in the
VB3 clones is in the public compartment, where the infection only birds have significantly

lower proportions of clones contributing to the repertoire.

The tracheal VB1 private compartment is significantly higher in the single vaccination,
single vaccination and infection, and infection only groups when compared to the naive.
The double vaccinated groups do not exhibit any significant differences when compared to
the naive birds in terms of V@31 private compartments. By contrast, the only significant
difference when compared to the naive chickens in terms of the public VB1 clonal
compartment is for the infection only group, which exhibits lower levels of clones
contributing to the repertoire. The VP2 private compartment of the infection only
immunisation regime is also significantly higher than the naive group, whilst no other
marked differences between the groups are illustrated by the model for this V@2 clonal
compartment. Conversely, the V32 public compartments of all groups that did not receive
a double vaccination exhibit significantly lower levels of clones than the naive group.

Concerning the V@3 family, the only significant differences between the model estimates
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when compared to the naive are for the single immunisation groups, either through

vaccination or infection, both exhibiting lower levels in the public compartments.
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Figure 5. 10: Model estimates of TCRP clone V" family publicness in individual tissue samples across HIN2

IMmMUNISation regimies.

V family identities are shown in blue (VB1), yellow (VB2), and red (VB3). Private (individual-

restricted) clones have an orange outline. Public clones which are shared between more than two

individuals have a light blue outline. Dots represent individual bird observations of V family

contributions to the public and private clonal compartments. Error bars represent 95% bootstrap

confidence intervals for the point estimates generated from 1000 simulations of the model.
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Statistically significant differences between the model estimates are depicted above the plots based

on their corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.

V.3.6. TCRp J gene usage and contribution to public and private
compartments

When observing the tissue-specific TCRB clone distribution in terms of overall | gene
usage, the only significant differences between the HIN2 immunisation regimes and the
naive group were observable in the trachea (Figure 5.11). As such, the vaccinated groups
but not the infection only treatment displayed a significantly higher proportion of JB1
clones than the naive birds. By contrast, all immunisation groups exhibited significantly
lower proportions of JB32 clones in the trachea than the naive group. Concerning the J33
clones, all immunised birds showed significantly higher proportions, with the exception of
the single vaccination and infection group, as the model estimate was not deemed
significantly different to the naive. The only significant difference in terms of J34 gene
usage to the naive group is for the double vaccinated and infected birds, which show

significantly higher proportions of clones.

The incorporation of publicness into the model reveals additional tissue-specific differences
in terms of the ] gene usage, even in the bursa and spleen, where no differences in terms of

total | gene usage were apparent previously.

In the Bursa, all groups that received two or more immunisations exhibited significantly
smaller J31 proportions of private clones, and significantly higher proportions of publics
than the naive group (Figure 5.12). The same pattern seems to apply concerning the J32
clones, although some differences are not deemed statistically significant by the model
output. As such, only the private compartments of the double vaccinated and the double
vaccinated and infected birds had significantly lower proportions of clones than the naive.
By contrast, only the public JB2 compartments of the double vaccinated and infected and
the single vaccinated and infected birds were significantly higher. The pattern of lower
proportions in the private compartment for the groups that were subjected to two or more
immunisations also applied for the J33 and |34 families. However, the differences in the

publics are not all deemed statistically significant for those groups, with only the double
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vaccination group and the double vaccination and infection group exhibiting significantly

higher levels according to the model output.

In the spleen, significantly lower proportions of clones were observed in the private
compartments of the double vaccination and infection group when compared to the naive,
irrespective of JB gene identity (Figure 5.13). The only other significant difference to the
naive in the private compartment is with the double vaccinated group, which showed lower
proportions of |33 private clones. When looking at the splenic public compartment in terms
of their JB clone distribution, the groups that received two or more immunisations show
significantly higher proportions than the naive treatment in terms of all J@ clones. At the
same time, the public 82 compartment in the spleen of the infection only treatment is

significantly larger than the naive group.

The private compartments in the trachea exhibited significantly higher levels of
clones in the infection only and single vaccination and infection groups when compared to
the naive, irrespective of the JB gene considered (Figure 5.14). However, each J@ gene
showed additional differences, with the exception the J32 clones. As such, there were also
significantly higher levels of Jg1 and JB2 clones in the private compartment of the single
vaccinated birds, when compared to the naive treatment. Moreover, the double vaccinated
group also exhibited slightly higher J83 clones than the naive group. In terms of the public
compartment, the only significant differences observed between immunisation groups and
the naive birds were for the JB1 and JB2 clones. There were higher proportions of JB1
publics in the double vaccinated, and all groups exhibited significantly lower proportions

of JB2 publics than the naive treatment.
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Figure 5. 11: Model estimates of TCR | gene unsage in individual tissue samples across HIN2Z immunisation
reginmes.

V family identities are shown in brown (J31), green (JB2), dark red (J33), and purple (JB4). Grey
dots represent individual bird observations for specific J@ clones. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.
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Figure 5. 12: Model estimates of TCRp | gene publicness in the bursal samples across HINZ immunisation
reginmes.

V family identities are shown in brown (JB1), green (J@2), dark red (JB3), and purple (J34). Private
(individual-restricted) clones have an orange outline. Public clones which are shared between more
than two individuals have a light blue outline. Dots represent individual bird observations for
specific J clone contributions to the public and private clonal compartments. Error bars represent
95% bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01, ¥ = p < 0.001.
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Figure 5. 13: Model estimates of TCRp | gene publicness in the spleen samples across HINZ immunisation
reginmes.

V family identities are shown in brown (J@1), green (JB2), dark red (J83), and purple (J@4). Private
(individual-restricted) clones have an orange outline. Public clones which are shared between more
than two individuals have a light blue outline. Dots represent individual bird observations for
specific ] clone contributions to the public and private clonal compartments. Error bars represent
95% bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.
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Figure 5. 14: Model estimates of TCRp | gene publicness in the tracheal samples across HINZ immunisation
regirmes.

V family identities are shown in brown (J31), green (J@2), dark red (JB3), and purple (J34). Private
(individual-restricted) clones have an orange outline. Public clones which are shared between more
than two individuals have a light blue outline. Dots represent individual bird observations for
specific J3 clone contributions to the public and private clonal compartments. Error bars represent
95% bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots

based on their corresponding p-values: * = p < 0.05; ** = p < 0.01, *** = p < 0.001.
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V.3.7. TCR repertoires restricted to immunisation regimes

Clones which were only found to be expanded in the infection treatments were examined
based on their V family identity, amino acid sequence, and the identity of the tissues and
birds in which they were found (Figure 5.15). Out of the identified 18 unique CDR3 amino
acid sequences, 10 were found to be expanded in more than one bird, and only one
sequence (CAKARRDRGPMIF) was private. There was a clear bias towards V31 usage in
the identified clones, with 14 sequences having CDR3 sequences rearranged with genes
belonging to this family. Two distinct CDR3 sequences are found in each of the VB2 and

VB3 families, all four being expanded across multiple individuals.

When looking at tissue-specific expansions, more sequences are found to be expanded in
the bursa and trachea than in the spleen, although many of them are found at very low
levels in this latter tissue as well. The effects of the specific infection regime based on the
number of vaccinations received prior to infection is also apparent, as clones which are
found to be expanded across multiple individuals are generally found at higher levels within

birds of the same group.

In contrast to the infection-restricted clones, fewer TCRJ sequences are found to be
expanded in the uninfected treatment groups (Figure 5.16). Of these, 5 are rearranged with
a VB1 family gene, whilst the remaining clone is with a V2 gene. As for the infection-
restricted clones, the identified clones are at low levels in the splenic samples, with
expansions occurring in the bursa and trachea. Moreover, four out of the six clones are
expanded across multiple individuals, although they are present at low levels in several birds.
One of the identified CDR3 sequences (CAKQDRGINERLIF) is present in 10/14 of the
uninfected birds exhibits a consistent expansion in all tissues of a naive individual, with the
nucleotide sequences of two unique clones converging on the same amino acid sequence.
Again, clones which are found to be expanded in multiple individuals are generally observed

in the repertoires of birds within the same group.
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Figure 5. 15: TCRE clonal expansions in the restricted repertoire of infected birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s tissue clonal compartment. The plot shows only
the clones which are expanded in the infected treatment groups (at or above 0.5% and at less than
0.5% in any of the uninfected). The colour of the circles indicates V family identity: blue — VB1;
yellow — V32; red — V3. Clones which are expanded in multiple birds are identified with an asterisk
next to the CDR3 amino acid sequence. Background colours indicate the immunisation regime
identity: red — infection only; dark red — single vaccination and infection; purple — double

vaccination and infection.
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Figure 5. 16: TCR clonal expansions in the restricted repertoire of uninfected birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s tissue clonal compartment. Overlapping circles
and adjacent numbers indicate different clones based on nucleotide sequence which share the same
CDR3 amino acid sequence and are found in the same sample. The plot shows only the clones
which are expanded in the uninfected treatment groups (at or above 0.5% and at less than 0.5% in
any of the infected). Clones which are expanded in multiple birds are identified with an asterisk
next to the CDR3 amino acid sequence. The colour of the circles indicates V family identity: blue
— VB1; yellow — VB2. Background colours indicate the immunisation regime identity: grey — naive;

light blue — single vaccination; dark blue — double vaccination.

Out of the 13 clones that were identified as expanded in the vaccinated groups but absent
or below the expansion threshold in the unvaccinated groups (Figure 5.17), 8 were
previously found in the above to be restricted to infection, and 3 were restricted to the

uninfected birds. The two remaining CDR3 sequences that are found expanded in members
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of both infected

and uninfected groups
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Figure 5. 17: TCRE clonal expansions in the restricted repertoire of vaccinated birds.

Circles indicate the presence of clones with a specific CDR3 amino acid sequence and are
proportional to the abundance within each bird’s tissue clonal compartment. The plot shows only
the clones which are expanded in the vaccinated treatment groups (at or above 0.5% and at less
than 0.5% in any of the naive or infection only groups). CDR3 amino acid sequences which
coincide with clones restricted to infected and uninfected birds are shown in red and blue,
respectively. The colour of the circles indicates V family identity: blue — VB1; yellow — VB2; red —
V3. Background colours indicate the immunisation regime identity: light blue — single vaccination;
dark blue — double vaccination, dark red — single vaccination and infection; purple — double

vaccination and infection.
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V.4. Discussion

T cells are known to play important roles in protecting the host against infectious challenge
[90,109,210]. In chickens, HIN2 infection has previously been shown to drive both CD4+
and CD8+ T cell responses, suggesting that both lineages may fulfil important roles in viral
clearance [89,90]. The results presented herein consider the clonal dynamics of chicken T
cells as revealed by high depth TCRp repertoire sequencing during vaccination, infection,

and combinations of these regimes.

The TCR repertoire was profoundly influenced by immunisations, in a tissue-dependent
manner. The analysis included the spleen as a major secondary lymphoid organ where
stimulation and proliferation of the adaptive immune system occurs, following antigenic
stimulation [76]. Furthermore, the spleen could potentially substitute some of the roles of
lymph nodes, given their absence in chickens, therefore concentrating a substantial part of
the antigen-dependent responses to vaccination and/or infection [75]. Indeed, in the
spleen, the analysis revealed patterns of clonal homeostasis which indicate a greater focus
on larger clones for all the infected groups, thereby being indicative of antigen-specific
expansions. As only the infected groups exhibited differences to the naive treatment, there
is a strong suggestion that vaccination exerts less influence on the TCR diversity and clonal
homeostasis than infection in the spleen. This is also mirrored in the splenic repertoire
diversity, although significant differences to the naive birds were only found in the two
groups which received both infection and vaccination(s), potentially due to the greater
antigenic stimulation (number of exposures and overall amount of antigen). The effects of
multiple antigenic stimulation are also apparent on the splenic TCR@ composition in terms
of public and private clones (discussed in more detail below), with the repertoires of the
multiply immunised birds exhibited larger public compartments than the naive birds. This
pattern suggests that the number of immunisations, irrespective of their nature (vaccination
and/or infection) is a major determinant in the public vs. private composition of the TCRf
CDR3 repertoire in the spleen. As such, although infection rather than vaccination(s) is
suggested to be a stronger driver of the diversity landscape in the spleen, an increased
number of antigenic stimulations apparently dictates the balance in favour of public rather

than private clonal responses within the spleens of HIN2-immunised birds. This could be
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explained by multiple antigenic stimulations resulting in convergent expansions of public T
cells with specific CDR3 sequences [211]. Support for this statement is also provided by
the significantly higher levels of private rather than public clones in the naive, single
vaccination, and infection only groups. Parallels to these observations can be drawn from
influenza studies in humans and mice, as repeated exposures throughout the lifetime of an
individual can lead to clonal focusing and a more limited number of antigen-specific CD8
and (although less pronounced) CD4 expansions in elderly individuals [120,212,213].
Although immune senescence was the major focus of most studies, this explanation is
unlikely to be relevant for the current study as the birds were only 35 days of age. However,
it is plausible that multiple antigenic stimulation can focus the T cell responses towards
oligoclonal expansions in spite of the overall high diversity expected in a young individual,
thus biasing the immune response towards particular antigens in subsequent exposures.
Given the high degree of clonal sharing (publicness) between individual chickens (see below
and Chapter II), the effects of this phenomenon may be more pronounced in species

which exhibit higher levels of public TCRs within their repertoires.

As the respiratory tract serves as a major site of AIV infection, the trachea was included in
the analysis to serve as a proxy for tissues that are directly challenged by viral infection
[214]. However, the results revealed that vaccination with an inactivated H9N2 vaccine in
the absence of infection can also affect the T cell repertoire in this organ. Indeed, the
analyses strongly suggest that both infection and vaccination are able to increase the TCRJ
diversity in the trachea, with the clonal homeostasis focusing on smaller (and more diverse)
clones. Intriguingly, the opposite pattern would be expected if TCR clones expand in
response to antigenic challenge. A possible explanation for this pattern is that broad T cell
mobilisation and migration to tissues occurs in response to chemokines or other signalling
factors, following antigenic stimulation. Although initially (apparently) non-specific, this
phenomenon would increase the chances of antigen-specific T cells to become activated
tfollowing interactions with MHC class I and class II antigen-presenting cells in affected
tissues. Indeed, as chickens lack lymph nodes, such a response may compensate for the
absence of specialised sites of immune interactions, therefore promoting a more rapid
activation of the adaptive immune response. This phenomenon would also be expected to

be more pronounced in infected tissues such as the trachea, as more T cells would be
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recruited in response to antigenic challenge [215]. Indeed, in terms of the diversity of
dominant clones (D2) in the trachea, it is only the infected groups that maintained the
significant differences to the naive birds. This indicates that the TCRJ clones may have
undergone expansions following initial non-specific mobilisation, leading to a diverse
polyclonal antigen-specific response. Furthermore, as all groups aside from the infection
only birds exhibited higher proportions of public rather than private clones in the trachea,
this suggests that infection drives individual-restricted TCR responses in this tissue. The
infection only group also exhibited higher levels of private clones and lower levels of public
clones than the naive group, further providing support for this hypothesis. Interestingly,
both groups that received a single vaccination (with or without infection) also had fewer
public clones and more private clones than the naive, albeit these differences weren’t as
pronounced. It was only the groups that received a double vaccination that had comparable
levels of public and private clones to the naive. The higher levels of tracheal public clones
in these treatment groups may be a consequence of convergent clonal expansions which
occur after immunisations with the same antigen, in a manner described above for the
spleen. Whereas a single vaccination may stimulate clones which remain at low frequencies
(and were deemed private by the current analysis), subsequent vaccination(s) can lead to
further clonal expansions of the already primed low frequency antigen-specific T cells
which would then be detected as public. This hypothesis deserves further investigation, and
the comparison between deep sequencing results of bird groups that were immunised
several times may provide answers. If indeed true, subsequent infections and/or
vaccinations of the same individuals may also lead to higher public responses, and such
findings may improve vaccination practices through the targeted delivery of specific

antigens that stimulate public clones.

Unexpectedly, in the bursa, vaccination at a distant subcutaneous site was found to increase
the TCRP diversity for the groups that were immunised with one or two doses of
inactivated HIN2 vaccine. Interestingly, this did not happen for any of the infected groups,
irrespective of them receiving a vaccination prior to infection. As the bursa is the primary
lymphoid site for B cell development in birds and is not traditionally associated with
antigen-specific responses, the observed patterns suggest that antigenic stimulation via

inactivated vaccines might lead to responses in this organ [77]. A developing B cell response
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could then support expansions of cognate antigen specific CD4+ T cells. Although further
studies are needed to examine the biology of these events, the observation of clonal
expansions in the bursa raises important questions about what determines TCR diversity
changes in this organ. Previous studies have revealed that a3 T cells can infiltrate this organ
and expand in response to local pathological conditions such as infectious bursal disease
virus (IBDV) infection [148,158,159], but we are unaware of changes being recorded
associated with distant antigenic challenge. Relatedly, our previous findings (see Chapter
IT) concerning the bursal TCRB repertoire have also revealed a diverse repertoire in spite
of the relatively low proportion T cells in this organ (up to 4% of bursal lymphocytes)
[104,148]. The functions of bursal o T cells in antigen-specific responses was also
suggested by the differences between birds with an intact gut microbiota and their germfree
counterparts. Given the importance of this organ in shaping B cell development and the
fact that T cells had been previously identified in this organ [77], our work suggests that the
bursal T cell population may be involved in supporting development of B cells or even in
the selection of recently developed B cells for early engagement in an immunologic
response. Moreover, the groups that received two or three immunisations had more public
than private clones and these groups also exhibited significantly higher proportions of
public clones than the naive, further suggesting that the T cell population in this organ may
be involved in antigen-specific responses. This is an interesting hypothesis and further

studies might elucidate the functions of bursal T cells in more detail.

Although tissue type and immunisation regime influenced the contribution of public vs.
private clonal composition of the repertoires of the analysed birds, the overall proportion
of public clones was very high. The observed differences between the public compartments
of birds belonging to different groups were mostly attributable to the rare public clones,
shared between two and up to 50% of the birds included in this analysis. The more common
clones were found at very low levels throughout the tissues, and although some significant
differences were present in the ubiquitous public clones, the very small contribution to the
repertoire does not allow for biologically meaningful statements to be made regarding the
observed patterns in the current analysis. The fact that the most pronounced differences
between the immunisation regimes were found in the rare public clones could be explained

by the genetic heterogeneity between individuals. Given that the birds in this experiment
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were from an outbred chicken line, less TCRJ rearrangements might be expected to be
shared across all birds. Regardless, there was a substantial contribution to the repertoire of

clones which are shared to some extent between individuals.

The previous analysis of the influences of the microbiome on the TCRJ repertoire (see
Chapter IT) hypothesised several mechanisms through which such a substantial proportion
of the repertoire can be, to some extent public. These included the presence of non-classical
T cells such as INKT cells or MAIT cells, and the higher overall proportions in the tracheal
tissues might reflect this phenomenon, given the increased presence of these lymphocytes
in mucosal tissues [166,167]. However, given the high proportions of public clones
observable in the spleen and bursa, it is likely that other factors such as the more compact
genomic organisation of the TCRp locus [87] or even the genetic mechanisms in involved
in TCR diversification impose constraints on the realised repertoire in chickens, thereby
biasing it towards a higher prevalence of public clones. Furthermore, the consequences of
the more compact and dominantly expressed MHC class I and class II genes in the chicken
(the “Minimal Essential MHC”) [165] may also play a role during T cell development. Given
that MHC molecules in chickens have been classified as “fastidious” and “promiscuous”
in light of the diversity of peptides which they are able to bind and present to T cells (for a
review, see [88]), this may exert important influences on the repertoire and directly affect

the degree of clonal publicness in individual birds.

Interestingly, the comparison between the recovered TCRJ sequences in the current
analysis and other studies, including the HTS analysis presented in Chapter II revealed that
a substantial number of sequences are to some extent public, even some that were regarded
private in the current experiment. Moreover, as many more sequences were found to be
shared between two or more individuals in the current analysis than in the microbiota
experiment, it is plausible that the total chicken TCRJ repertoire could be revealed. As the
current HIN2 immunisation experiment included data from 29 birds as opposed to only
10 in the microbiota experiment, this strongly suggests that the repertoire analysis of more
individuals could exhaust the diversity potential of TCR@ rearrangements, therefore
providing a “full picture” of the total chicken repertoire. This is a very intriguing hypothesis,
especially as the diversity potential of TCRJ rearrangement in chickens is considered

slightly smaller yet still comparable to humans (>10'! unique TCR rearrangements [109]).
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Indeed, future repertoire work in the chicken alongside comparisons with published HTS
databases might provide an answer to this question and reveal the implications in antigen-

specific responses to pathogenic challenge and vaccination.

Tissue-specific TCRp clones were also influenced by the HIN2 immunisation regimes in
terms of their ] gene and V family usage. Moreover, differences in the gene usages between
the groups were also apparent when the private and public clonal compartments were
considered. Generally, the proportions of V31 clones are highest, followed by the V2 and
VB3 clones. As found previously (see Chapter II), the majority of V33 clones are public,
potentially indicating the limited diversity potential following gene rearrangement, as only
one VB3 family gene is present in the chicken genome [111]. At the same time, the higher
proportion of V31 genes as opposed to VB2 genes may also be a consequence of more Vi1
family genes being available (10 V31 vs. 4 VB2) [76]. In the spleen, most differences
observable in VB1 gene usage between the vaccinated and/or infected birds was due to
higher proportions of V@1 public clones in these groups. At the same time, all of these
groups also exhibited lower proportions of VB2 private clones in the spleen, which suggests
that clonal expansions following immunisation(s) with vaccination and/or infectious
challenge may have shifted the balance of VB2 private clones in favour of V31 clones.
Interestingly, the same pattern was observable in the bursa, but only for the bird groups
that were subjected to more than one immunisation, either through double vaccination or
vaccination(s) and infection. This further suggests that the bursa may be involved in an
antigen-specific response, and that the TCR repertoire changes in this organ are dependent

on the amount of antigenic stimulus to which the birds were subjected to.

Less clear patterns in terms of V[ family usage were observable when considering the
tracheal samples. By contrast, the only differences regarding overall JB family usage were
present in the trachea, with naive birds generally exhibiting less J31 and JB3 clones and
motre JB2 clones than the vaccinated and/or infected groups. Furthermore, when
considering the public vs. private clonal contributions of these |3 families, the differences
in JB2 were mirrored in the public clones, whereas the other J3 families showed higher
contributions of private clones in the HIN2 antigenically stimulated birds. Together, the

differences indicate that different HOIN2 immunisation regimes influence tissue-specific
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TCRR clonal compositions in terms of their VD] rearrangements, with both V and ] gene

usage being affected in a tissue-dependent manner.

Several clonal expansions were found restricted to groups that were subjected to particular
immunisation treatments. Interestingly, all of the group-restricted and expanded clones
were public, the majority of which being mostly detected within the birds of a single group.
Infection-restricted expanded sequences were found across chickens from all three
infection groups, but the majority showed consistent expansions in one of the
immunisation groups and not the others. The same pattern was observed in the clonal
expansions restricted to the uninfected birds. Environmental factors are unlikely to explain
these patterns, as the bird groups were housed together until the infection on day 21, when
the single vaccination and infection group and the double vaccination and infection group
were moved to one isolator, and the infection only group was moved to another. The
uninfected groups remained together throughout the experiment. As such, environmental
factors alone cannot account for the group-specific expansions. At the same time, cross-
contamination is unlikely to explain these patterns given that multiple groups were
processed at the same time and precautionary measures were taken to minimise the chances

for sample contamination to occur.

A more plausible explanation for the group-specific clonal expansions is that particular
immunisation regimes (and thus particular antigenic stimuli) bias the TCRJ repertoire in a
consistent manner across multiple birds. Furthermore, as fewer clones were found to be
restricted to the uninfected groups as opposed to the infected groups, this suggests that
infection is able to drive differential responses as opposed to immunisations with
homologous HIN2 inactivated vaccine alone. This may relate to the different MHC antigen
presentation pathways underpinning vaccination and infection, as the former mostly
accesses the MHC class II pathway whilst the by-products of intracellular viral replication
during infection can be presented via the MHC class I pathway as well. Indeed, AIV
infection is known to induce better CD8+ T cell responses than vaccination with an
inactivated vaccine, and this may be reflected in the more numerous infection-restricted
clonal expansions which were observed in this analysis. Interestingly, two clones (CDR3
amino acid sequences: CASSLGDRNMIF and CAASDRDRGIDMIF) were found across

birds from vaccinated groups both in the presence and absence of infection. These clones
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may represent a3 T cells that react to both vaccination and infection, and their specificities
could potentially target antigens derived under both immunisation scenarios. Identifying
such T cell specificities (including the sequence of the TCRa chains) could facilitate the
targeted delivery of antigens through vaccination that better stimulates T cell responses to
infection. This is an interesting hypothesis, and future studies that will examine both TCRa
and TCRp repertoires (e.g. through single-cell sequencing) in response to infection and
vaccination with HON2 AIVs might identify candidates and ultimately improve vaccination

practices against these pathogens.

Collectively, these results support the findings revealed by the IgM and IgY repertoire
analyses (see Chapter IV), as both the number and nature of the immunisations influenced
the characteristics of the repertoire. For all the analysed tissues, consistent patterns were
found that mirror and/or complement the results of the IgM and IgY repertoires. Indeed,
the analysis of the TCRp repertoire of HIN2 vaccinated/and or infected chickens provides
important information on the adaptive immune system and on how antigenic stimulation
via vaccination or infection with AIV subtype HIN2 alters the characteristics of the

adaptive immune receptor repertoire.
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Chapter VI: Thesis Summary, General

Discussion, and Conclusions

VI.1. Thesis and chapter summary

In this thesis, I have examined the adaptive immune responses of chickens that were
subjected to ATV HIN2 infection and/or vaccination(s). The main focus of the thesis was
the adaptive immune receptor repertoire, for which the diversity of the systemic antibody
responses and T-cell mediated immunity were analysed. Important information about the
avian tissue-specific T and B cell immunity was revealed in terms of the IgM, IgY, and
TCRR repertoires and their responses to HIN2 infection and vaccination. At the time of
writing, no published works on the avian adaptive immune repertoire was carried out in the
context of avian influenza immunisations, in spite of the global importance of this pathogen

for the poultry sector and human and animal health more broadly.

In the first chapter, I provided a general introduction to influenza A viruses emphasising
their biology, ecology, and the impacts which they cause worldwide by infecting their host
species. From both wild and domestic animals, influenza A viruses can readily jump the
species barrier and cause the pandemics and seasonal epidemics in humans, causing
significant disease-associated morbidity and mortality. Given that the natural reservoir of
influenza A viruses is in wild aquatic birds, the focus of this thesis were Avian Influenza
Viruses (AIVs), as a better understanding of the immune systems of their avian hosts has
the potential to improve current and future prevention and control strategies. In the second
part of the first chapter, I reviewed the current knowledge of the avian immune system and
the immune responses to AIV infections and vaccinations of avian hosts. In addition, I
described some of the avian-specific features of the immune system and the species-specific
differences that influence susceptibility and pathogenesis, given that some bird species (e.g.
ducks) are more resistant than others (e.g. gallinaceous poultry). Although both innate and
adaptive immune responses were described, focus was put on the latter, as the adaptive
immune system exhibits immunological memory which constitutes the basis for vaccination

against AIVs. I concluded the chapter with information about the avian T and B cell
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immune receptor repertoire and presented some of the parallel work done in mice and
humans during influenza virus infections and what the benefits of mirroring these studies

in avian hosts could bring.

The second chapter of the thesis describes the reagents, methods, and custom-made
laboratory and computational techniques used throughout the subsequent chapters. Two
major protocol development sections are present in this chapter, with one describing a
high-throughput flow cytometry staining methodology which was developed for analysing
different splenic lymphocyte subpopulations in chickens. The other main protocol
development section in this chapter presents the analysis of the chicken TCRp repertoire
in the context of microbial colonisation. Of note is that this protocol development section
was initially intended to comprise an entire data chapter of the thesis. Indeed, the original
plan for the thesis was to analyse the effects of microbial colonisation in combination with
H9N2 infection and vaccination. Unfortunately, due to the COVID-19 pandemic and
associated lab closures, the animal experiment that was intended to provide the necessary
samples for this work was cancelled, and thus the structure of the thesis was reorganised in
order to focus entirely on the HIN2 vaccination and/or infection scenatios. Howevert, as
the methodology for chicken repertoire analysis was optimised using the microbial
colonisation experiment samples, the work was included as part of the thesis in the protocol
development section. As such, this subsection constitutes the first published high-
throughput sequencing analysis of the chicken TCRJ repertoire and provides important
information on properties such as the tissue-specific diversity, V and | gene usage, and
public vs. private TCRJ clonal composition and the influence of the intestinal microbiome
on these features of the repertoire. Lastly, the second chapter contains a description of the
HY9N2 vaccination and challenge animal experiment from which the samples for the

analyses in this thesis were derived.

Chapter III of the thesis constitutes the first main data chapter and within it I examine the
basic immune responses of chickens to HIN2 infection and vaccination. For this, I
measured the HIN2-specific serum IgM and IgY antibody responses as recorded by
custom-made ELISAs, and their protective abilities via HI assays. In addition, for the
samples of the last time point of the experiment (day 35), I utilised the custom-made high-

throughput flow cytometry protocol to measure the lymphocyte frequency changes in the
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chickens’ spleens. The results revealed that HON2-specific IgM and IgY antibody responses
developed following vaccination(s) and/or infection, in a time-dependent manner whilst
also being higher in the groups that received multiple immunisations. At the same time,
given that an important part of the antibody responses to AIV infection or vaccination are
directed against the immunodominant haemagglutinin (HA) protein, the haemagglutination
inhibition (HI) potential of the serum was quantified and found to be correlated with the
IgM and IgY responses. These results proved that the HIN2 vaccinations and/or infection
of chickens triggered protective antibody immune responses. Furthermore, the qPCR
results for the virus in during the course of infection revealed that previously vaccinated
birds had a shorter duration of infection and exhibit less viral shedding on average than
their unvaccinated counterparts. Lastly, the results of the flow cytometry staining analysis
on the spleen samples of the day 35 birds (last time point of the experiment) revealed a
significantly higher frequencies of B cells and CD4+ of T cells in all of the immunised
groups when compared to the naive birds, further supporting the development of antibody-
mediated immunity in response to HIN2 vaccination and/or infectious challenge. At the
same time, some Immunisation regime-specific differences to the naive birds were
observable in some groups in terms of their yd T cell splenic subpopulations, indicating
that these lymphocytes may be involved in the adaptive immune responses to HIN2
vaccination and/or infection. Together, the results of Chapter III served both as a
confirmation of the successful adaptive immune responses that were mounted against AIV
HO9NZ2 and as a basis for the repertoire analyses which were carried out in the subsequent

chapters.

In Chapter IV, I examined the characteristics of the IgM and IgY repertoires of chickens
that were vaccinated against and/or infected with HOIN2 AIV. For this, I focused on the
samples derived from the same birds on which the spleen flow cytometry analyses were
petformed in Chapter ITI. The IgM/IgY sequences wete obtained from the trachea, spleen,
and bursa of Fabricius that were harvested on the last day of the experiment (day 35). By
using the computational methods described in Chapter II, I examined the group-specific
clonal homeostasis, the diversity and the public vs. private IgM and IgY repertoire
compositions in the analysed tissues. Furthermore, I analysed the clonal expansions that

were restricted to specific immunisation conditions (vaccination, infection, or absence of
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infection) and the CDR3 sequences that were found in both IgM and IgY forms within the
samples. The results revealed that both nature of immunisations (vaccination or infection)
and the number of immunisations received by the birds impacted the diversity profiles of
the analysed tissues. Further support of these observations came from the analysis of the
treatment-restricted clonal expansions the majority of which indicating consistent
expansions of particular clones across the same groups. Lastly, a high overall proportion of
public clones was identified in the IgM and IgY repertoires of the birds, a characteristic
which was also influenced by group and tissue type. This suggested that the
immunoglobulin diversification via gene conversion in birds may be less efficient than the
RAG-dependent V(D)] rearrangement diversification mechanism in mammals and bias the
repertoire towards specific CDR3 clones which are shared across individuals. Together, the
results of the IgM and IgY repertoire analysis in Chapter IV provided important
information about the chicken systemic antibody repertoires and the modifications that

occur following HIN2 infection and/or vaccination.

The TCRB repertoires of the birds was also examined in Chapter V, which constituted the
last main data chapter of the thesis. This was partly because the flow cytometry results of
Chapter III revealed important differences in the CD4+ of3 T cell populations of the
groups, suggesting that the specific HON2 immunisation regimes stimulated their «f8 T cells.
The analysis proceeded similatly as for the microbial colonisation experiment presented in
the protocol development section of Chapter 11, analysing the diversity, V family and | gene
usage, public vs. private compositions, and treatment-restricted expansions of the TCR3
repertoires. The results revealed tissue-specific influences of particular immunisation
regimes, including differences in diversity and specific V family and ] gene usages. These
TCR observations were consistent with the IgM and IgY repertoires analysed in Chapter
IV, and further suggested that both nature and number of immunisations are important in
determining the composition of the repertoire within the analysed tissues. At the same time,
a high proportion of the TCR repertoire was found to be public, results which supported
the findings of the TCR analysis that was carried out during the protocol development
presented in Chapter II. Indeed, when the two databases were compared, a large number
of sequences both at the nucleotide and at the amino acid levels were found to be shared.

These also included CDR3 sequences which were deemed private when the databases from
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the two experiments were considered on their own. Furthermore, the relative proportions
of public vs. private clones in the groups were influenced by the particular immunisation
regime to which the birds were subjected. These findings, together with the IgM and IgY
repertoire results from Chapter IV, are indicative of the “public nature” of the chicken
adaptive immune repertoire, with many CDR3 sequences being shared by multiple
individuals. Given the importance of T and B cell responses in protecting their avian hosts
against infection and the implications of the current findings on practices such as
vaccination, the results of the thesis have provided a detailed insight into the immune
repertoires of chickens which serves as a solid foundation for future research on the avian

adaptive immune system.

VI.2. Main findings and general discussion

The repertoire analysis presented in this thesis focused on sequences derived from chicken
tissues which are immunologically relevant in B and/or T cell responses. The protocol
development of the repertoire analysis included the spleen, bursa, and 3 other mucosal
tissues which were part of the intestinal tract: jejunum, caecum, and colon. These tissues
were used because of their relevance in microbial colonisation and were thus included in
order to reveal differences between germ-free birds and their conventional counterparts.
However, the HIN2 chapters of the thesis focused on the spleen, bursa of Fabricius, and
the trachea. As for the protocol development, the spleen was chosen given its importance
in antigen-specific immune responses, with this organ harbouring large populations of T
and B lymphocytes [76]. As chickens lack lymph nodes, the spleen is both a major site where
antigen presentation to T cells occurs and where B cell germinal centres are formed in
response to antigenic challenge [104]. Furthermore, the spleen also harbours a large
proportion of naive T cells, with their CDR3 sequences allowing for a more in-depth
exploration of the naive repertoire. The bursa was chosen because of its role in B cell
development, as this is the primary lymphoid organ of birds where B cell diversification
occurs via gene conversion [112]. Moreover, given that more than 96% of lymphocytes in
the bursa are B cells [104,148], T cell repertoire sequences from this organ were initially

intended as a negative control. Lastly, the trachea was selected given its relevance during
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H9N2 AIV infection, as it is a major site where viral replication occurs [214]. Although the
T and B cell populations in this tissue are not large, changes in the TCR and BCR repertoires
were expected to occur following infection with HIN2 and thus potentially revealing
antigen-specific CDR3 sequences that respond to viral challenge. As such, the repertoire
analyses of spleens, bursas, and tracheas of chickens had the potential to reveal the way in
which the avian adaptive immune repertoire is impacted by HIN2 infection and/or
vaccination. Indeed, the results showed important differences to the naive chickens, in a

both tissue- and group-specific manners.

As the largest secondary lymphoid organ, the splenic repertoires were significantly affected
by both the nature (vaccination and/or infection) and number of HIN2 immunisations
that the birds received. The effects of antigenic stimulation were observable in both the
TCRP and IgM and IgY repertoires when the immunised groups were compared to the
naive birds. Interestingly, for the TCR repertoire, HIN2 infection was suggested to drive
the diversity landscape towards higher clonal dominance more than vaccination(s). This
was also more evident in the groups that were vaccinated either once or twice before
infection, which indicated that the higher antigenic load in those groups might also be a
factor. Indeed, the multiple immunisation (either by vaccinations or vaccination(s) and
infection) groups had higher proportions of public clones, a pattern which is suggestive of
clonal focusing on particular antigens. Similar observations were made regarding the splenic
IgM and IgY repertoires, which exhibited more dominant clones than the naive but only in
the multiply immunised groups. However, the higher proportions of public TCRJ clones
in the multiply immunised groups was not mirrored in the IgM and IgY repertoires,
although the double vaccinated group (in the absence of infection) did exhibit more public
clones than the naive chickens. Overall, less clear patterns concerning the differences
between the groups were observed in the splenic IgM and IgY repertoires when contrasted
to the TCRp repertoire. Regardless, these were still suggestive of antigen-driven effects,
with both nature and number of immunisations dictating the outcome on the repertoire.
Indeed, the cumulative results of the repertoire analyses performed on the spleen samples
confirmed expectations and also revealed that antigen-specific responses are mounted in
response to vaccination and/or infection, with particular infection-restricted or

vaccination-restricted clones being found at expanded levels across multiple birds,
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especially within the same group. This was observable in both the TCR and the IgM and
IgY repertoires, with the same expanded clones being found across multiple individuals
which generally belonged to the same group. Furthermore, the pattern was observable
across all the analysed tissues, not just for the spleen samples. These findings strongly
support that sequential antigenic stimulations differentially dictate the adaptive immune

responses in the spleen based on their nature and numbers.

An important finding of the thesis was the suggested involvement of the bursa of Fabricius
in antigen-specific adaptive immune responses. Although this organ is not classically
associated with antigen-specific responses [77], B cell expansions in response to antigen
were suggested by the IgY+ population present in the bursa, alongside expanded clones in
both IgM and IgY repertoires. The antigen-specific expansions following H9N2
vaccination(s) and/or infection were further suggested by the IgM and IgY differences
between the of the immunised groups and the naive birds in terms of diversities and public
vs. private compositions of the repertoires. Interestingly, this was also observable in TCRJ
repertoire of the bursa, in spite of the very low proportion of T cells found in this organ
(up to 4%) [104,148]. As B cells comprise the majority of bursal lymphocytes, the function
of the bursal T cells remains unknown [77,112]. It is not unlikely that both the B and T
cells present in the bursa may interact with and expand in response to exogenous antigens
derived from the gastrointestinal tract, given the connection that the bursa has with the
intestines via the bursal duct. Indeed, this was suggested by the TCR@ repertoire analysis
that was carried out as part of the protocol development section in Chapter II, where I
performed the TCR repertoire analysis of germ free and conventional chickens. However,
in the HIN2 experiment, given that differences to the naive birds were found in the
vaccinated and/or infected groups, the bursa may contribute to the adaptive immune
responses to a much greater extent than previously believed. Future research examining the
involvement of the Bursa during antigen-specific responses coupled with analyses of the
bursal T cells may provide additional insight into the immunological roles of this avian

lymphoid organ.

Although a major site of viral replication [214], the tracheal repertoires of the vaccinated
groups (in the absence of infection) also showed changes to the naive birds. In addition,

both infection and vaccination (either alone or in combination) increased the diversity of
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the TCRB, IgM, and IgY repertoires. These are interesting patterns, especially given the fact
that HON2 infection in the trachea would be expected to drive antigen-specific expansions
and thus decrease the clonal diversity in this tissue [215]. However, I hypothesised that in
the absence of lymph nodes, a broad lymphocyte mobilisation might occur in birds as a
response to antigenic stimulation. This initially nonspecific response would maximise the
chances of both antigen presentation to T cells and activation of antigen-specific T and B
cells. Such a scenario also explains why the infected birds generally exhibited a higher
diversity in terms of dominant clones, as more antigen-specific T and B cells would undergo
expansion and be recruited to the site of viral challenge. The tracheal samples also exhibited
the largest proportions of public clones in the TCRB, IgM, and IgY repertoires of all the
analysed tissues, suggesting that (at basal levels) the lymphocytes present in this tissue have
CDR3 sequences that respond to antigenic stimuli that are shared between individuals.
However, the infection only group was generally the only one with a higher proportion of
private clones when compared to the naive, indicating that infection drives individual-
restricted T and B cell responses in those tissues. The effects were not observable in the
groups that were vaccinated prior to infection, potentially because the multiple antigenic
stimulation resulted in convergent expansions across multiple individuals. As such,
although the trachea seems to be populated with T and B lymphocytes which possess CDR3
sequences which are shared between birds, antigenic stimulation may trigger a broad
migration of lymphocytes in the body which can localise expanded, individually-restricted
(i.e. private) clones in this tissue if antigens are indeed present (e.g. during infection). This
deserves further investigation, and future studies that examine the lymphocyte migrations
in response to antigens coupled with repertoire sequencing might confirm the

aforementioned hypothesis.

One of the most important findings of the thesis was the high contribution of public CDR3
sequences to the chicken adaptive immune repertoire. Interestingly, this applied not only
tor IgM and IgY repertoires, but also for the TCRp repertoire. These results raise important
questions about the total repertoire diversity potential in chickens, and strongly suggest that
intrinsic factors constrain both the TCR and BCR repertoires towards specific CDR3
sequences that are shared across multiple individuals. In Chapters II, IV, and V, I have

discussed some of the mechanisms that could potentially be at play in generating the high

215



Chapter VI: Thesis Summary, General Discussion, and Conclusions

degree of public clones, both for TCRB and IgM/IgY. The particularities of the avian
immune system are the most likely candidate, and several possible explanations were put
forward. For the antibody repertoire, I hypothesised that the process of gene conversion
may not be as efficient in diversifying the immunoglobulins as the RAG-dependent V(D)]
rearrangement process observable in mammals. However, V(D)] somatic rearrangement is
also used by birds in the diversification of their TCR repertoires [77], which also showed a
high proportion of public clones (at least for the TCRp). Although less Vi3 and J§3 genes are
available in chickens as opposed to mice and humans, the TCR diversity theoretically
attainable in avian species is still of comparable orders of magnitude. Other hypotheses for
the high proportions of public TCRJ clones included the consequences of the avian “single
dominant MHC” [88,165], a potentially higher presence of non-classical T cells in the
analysed tissues [166,167], and even the results of birds being species with high circulating
frequencies of y8 T cells [76,78,79] (and thus a possibly higher importance of this T cell
lineage). However, these hypotheses either explain indirectly or fail to account for the high
degree of public immunoglobulins, and it is therefore likely that the above-mentioned
factors contribute jointly to the observed high proportions of public IgM, IgY, and TCRJ

clones.

An intriguing hypothesis was suggested given that an even higher number of TCRp clones
were found to be shared between individuals when the sequence databases of the HON2
experiment and the microbial colonisation analysis presented in Chapter 11 were compared.
As TCR clones that were regarded as private within each experiment were found to be
public when the two databases were taken together, this indicates that many of the private
sequences may in fact be public and thus be shared between multiple individuals, at least to
a certain degree. If this hypothesis holds, then the repertoire sequencing of more individuals
would eventually plateau in terms of the total number of unique clones being identified.
This scenario may also apply to the IgM and IgY repertoires, given that high proportions
of public clones were found within the birds of the HIN2 experiment, irrespective of their
immunisation status. However, more sequence data would be required to test this

hypothesis, and unfortunately this was unavailable at the time of writing the thesis.

Lastly, the chicken TCR repertoire analyses performed as part of the thesis research have

also revealed a previously undescribed contribution of the V33 family [111] clones within
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specific tissues, particularly in the intestinal samples that were obtained from conventional
microbiota and germ-free chickens. Intriguingly, the majority of these clones were highly
public, suggesting that a limited potential for rearrangement exists for the VB3 family.
Given that only one VB3 gene is available for somatic rearrangement, this may simply be a
consequence of the genomic organisation and preferential rearrangements that occur
following VD] recombination. Regardless, unravelling the functional implications of V33
clones given their high degree of publicness and preferential localisation in specific tissues
remains an interesting topic for future studies, for which this thesis has provided a useful

starting point.

VI1.3. Caveats and future directions

The repertoire analysis of the chicken TCR, IgM, and IgY that was carried out as part of
this thesis work provided important information about the adaptive immune responses in
the context of HIN2 vaccination and/or infection at a very high resolution, reaching the
level of individual clones. However, it is worth noting some of the caveats of the current
research, and presenting the reasoning behind the design, methodology, and flowthrough

of the thesis analyses in more detail.

The design of the animal experiment from which the samples were derived from included
multiple conditions which enabled the analysis of vaccination against HINZ2 in a single or
double dose and infection itself. In addition the chicken groups also included combinations
between these immunisation regimes, thus controlling for treatment-specific effects which
would have not otherwise been captured. This necessarily implied adjusting the group sizes
to lower numbers of individuals for logistical reasons. Indeed, although larger sample sizes
would have been useful in controlling more of the individual-specific heterogeneity, the
patterns that were observed were generally consistent both within and between the groups,
indicating that the results were not simply the result of stochasticity. Although future
research can focus on specific conditions in more detail (e.g. either infection or vaccination)
and thus can include more individuals per treatment group, the analyses carried out as part

of this thesis have not only revealed that significant changes occur in the repertoires of
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birds after HIN2 vaccination and/or infection, but also provided a solid foundation for

future research that will examine these processes in more detail.

The repertoire analysis presented in this thesis focused on the bulk sequencing of
lymphocyte receptors. As opposed to single-cell repertoire sequencing, this approach did
not allow for the pairing of TCR and BCR light and heavy chains, which also had the
potential of identifying the antigen specificities of those receptors. However, bulk
sequencing provided a general overview and a much higher sequencing depth of the
repertoire landscapes, whilst permitting the examination of expanded clones that were only
found under particular immunisation conditions, thus revealing potential correlations to
antigen-specific responses. Even if the immunoglobulin light chain (Igl) or the TCR«
repertoires would have been analysed, determining the exact light and heavy chain pairing
is generally difficult to realise based on bulk sequence alone. However, if the same patterns
of publicness apply to the Igl. and/or TCRa, and expanded clones restricted to particular
immunisation are found, the artificial pairing based on sequence data alone would be
feasible. Although this was outside the scope of the current analysis, the bulk sequencing
of the chicken repertoire presented in this thesis suggests that the artificial identification of
antigen-specific light and heavy chain pairs is possible. If true, future studies that examine
both the light and heavy chains of lymphocyte receptors can narrow the search for antigen
specificity down to very few pairing options. Classical methods involving cloning the
identified receptors and screening using antigens could subsequently determine the true
antigen-specific T and B cell receptors, thus opening new avenues in avian immunological
research, including the generation of monoclonal antibodies. This represents an interesting
avenue to explore, for which the bulk repertoire sequencing methodology applied in this

thesis has provided a solid foundation to build upon.

The IgM and IgY antibody repertoires were chosen given their importance during systemic
responses. As a consequence, the IgA repertoire was not analysed as part of the thesis
research. Although the IgA responses are important during infections with pathogens such
as AIVs that infect via mucosal surfaces, immunisations with inactivated vaccines are
known to be poor simulators of mucosal antigen-specific responses [42]. In addition, as
opposed to the circulating IgM and IgY antibodies which can be measured through ELISA

and HI assays, circulating IgA is found at very low levels, and is not known to contribute
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towards systemic protection against viral challenge. Indeed, by focusing solely on the
systemic IgM and IgY antibody responses and the corresponding immunoglobulin
repertoires in the tissues of interest, a much more detailed picture of the avian humoral
immune responses was provided during HIN2 infection and vaccination. As the
experiment used an inactivated HIN2 vaccine after which weak IgA responses would be
expected to develop, the focus on IgM and IgY responses was more appropriate in order

for comparisons to be made across all the analysed groups.

Time constraints for completing the thesis research were also a factor with regards to the
methodology and choice of samples. The initial experimental design included 2 additional
cull points which were intended to evaluate the repertoires at the peak of infection (3 dpi)
and one week following infectious challenge. Due to time constraints, the analysis focused
only on the day 35 samples, which correspond to two days post infection. Indeed, future
work carried out on the samples from the earlier time points will prove informative
regarding time- and age-dependent changes in the TCR and BCR repertoires in the context
of HIN2 vaccination and/or challenge. Another time constraint related to the optimisation
of the custom flow cytometry protocol for cell sorting. Following repertoire sequencing of
sorted cells, the phenotype identification of TCRJ sequences belonging to CD4+ and
CD8+ «fT cells would have been possible. This being said, the focus of the work was a
characterisation of the repertoire itself and not the functional involvement of the

lymphocytes, with this topic remaining an interesting avenue for future research.

Several notable observations about the choice of the experimental design require
contextualisation, particularly in terms of time constraints. Importantly, contingencies
needed to be put in place due to the COVID-19 pandemic, as this delayed the progress of
experimental work. These included the restructuring of the initial thesis aims and objectives
as a consequence of laboratory closures and the cancellation of a planned animal
experiment. The initial thesis plan was to examine the influence on the TCRJ repertoire of
both the microbiota and antigenic challenge through vaccination and/or infection, by using
H9N2 as a model pathogen. The animal experiment which did not materialise due to
COVID-19 would have combined the two immunological conditions by including the
administration of probiotics under similar conditions as for the animal experiment that was

part of the repertoire work presented in this thesis. Given that this was not possible, the
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thesis was refocused exclusively on the repertoire under HIN2 vaccination and/or
challenge, and the IgM and IgY repertoires were included given the results of the flow
cytometry carried out on the spleen samples that were harvested from the birds. Therefore,
although the thesis was restructured given the constraints imposed by the pandemic, a much
more in-depth analysis was performed on the chicken adaptive immune responses

following HON2 antigenic stimulation via vaccination(s) and/or infection.

As described previously, one of the main findings of the repertoire analysis performed in
this thesis was the high proportions of public clones which were observable in the TCRJ
and immunoglobulin repertoires. One of the potential features of the avian immune system
that could explain such an interesting result is presence of a single dominant MHC in birds.
This feature may impact T cell selection in the thymus, and also antigen presentation in the
petiphery, and thus restrict the potential of MHC-TCR interactions (including with B cells)
which would consequentially lead to a reduction in the realised repertoires. As the chicken
MHC molecules were previously classified into fastidious (specialist) and promiscuous
(generalist) haplotypes, this could explain the high proportion of public clones, especially
within the TCRp repertoire. It is possible that if the birds used in the two experiments
presented in the thesis all possess fastidious MHC molecules, a constraint in TCR thymic
selection would have been imposed. As a consequence, this may in turn have led to a
convergence between the repertoires of the birds. As such, the MHC typing of individuals
would have provided information about the nature of the MHC of the birds and whether
or not they share the same haplotype. However, this latter hypothesis is unlikely as the
chickens from which the samples were derived from an outbred line (White Leghorn) as
opposed to an inbred line which would be genetically very similar. Although MHC typing
of individual birds and assessing the nature of their MHC haplotypes was outside the scope
of the thesis, continuations of this research can provide the answers and improve our

understanding of the avian adaptive immune repertoire.

VI1.4. Conclusion

The analysis of the chicken adaptive immune repertoire presented in this thesis constitutes

the first approach which uses high throughput sequencing technology for analysing the
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TCR and BCR repertoire changes that occur following vaccination and/or infection with
avian influenza virus subtype HIN2. At the same time, this research reveals important
information about the biology of the chicken adaptive immune receptor repertoire which
serves as a solid foundation for future work on avian immunology in the contexts of both
health and disease. My findings include novel information about the T and B cell responses
in avian hosts that could ultimately be harnessed in order to improve future practices in the
poultry industry especially regarding the prevention and control of avian infectious diseases

through vaccination.
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Figure A. 1: Effective diversity within conventional and germ-free samples at the amino acid level.

Different rows show the effective number of clones corresponding to clonal richness (Do), the
typical clones (D1), and dominant clones (D). Tissues are colour coded for the bursa (orange),
caecum (green), colon (dark green), jejunum (light blue), and spleen (purple). Dots represent
individual bird observations of the effective number of species calculated in each tissue for the
corresponding Hill number values. Error bars show the 95% bootstrap confidence intervals for
the point estimates generated from 1000 simulations of the model. Statistically significant
differences between the model estimates are depicted above the plots based on their corresponding
p-values: * = p < 0.05; ** = p < 0.01, ** = p < 0.001.
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Figure A. 2: Microbial status does not affect the proportional contribution of private and public CDR3 nucleotide
sequences to the TCRE repertoire.

Private (individual-restricted) clones are shown in orange. Public clones (shared between two or

more individuals) and are shown in light blue. Dots represent individual bird observations of public

and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the

point estimates generated from 1000 simulations of the model. Statistically significant differences

between the model estimates are depicted above the plots based on their corresponding p-values:
=p < 0.05; % = p < 0.01, ** = p < 0.001.
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Figure A. 3: TCR clone CDR3 amino acid public and private compartments.

Private (individual-restricted) clones are shown in orange. Public clones (shared between two or
more individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:
*=p <0.05** =p <0.01, * = p < 0.001.
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Figure A. 4: TCRE clone CDR3 amino acid private and public compartments based on different levels of clonal
sharing between birds.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between =2
individuals and up to 5) and are shown in light blue. Common publics (shared between =5 and up
to 9 birds) are shown in dark blue. Ubiquitous publics (found in all birds which were incorporated
in the analysis) are shown in purple. Dots represent individual bird observations of private and
distinct public clonal compartments. Error bars represent 95% bootstrap confidence intervals for
the point estimates generated from 1000 simulations of the model. Statistically significant
differences between the model estimates are depicted above the plots based on their corresponding
p-values: * = p < 0.05; ** = p < 0.01, ** = p < 0.001.
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Figure A. 5: Proportion of the repertoire occupied by clones with and without the DRG motif within their
CDR3 by V family, tissue, and microbial status.

V family identities are shown in blue (VB1), yellow (VB2), and red (VB3). Dots and bars represent
individual bird observations.
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VB1 VB2 VB3
Conventional| 10.5% 10.5% 49.5%
Germ-free 10.3% 9.7% 56.8%
Overall 10.2% 10.0% 53.9%

Figure A. 6: Percentage of unigue clones with the DRG motif within their CDR3 sequence.

The numbers are rounded to one decimal point for convenience. Abundance within birds and
sample is not represented in the figure, as only the unique clones were considered.
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Figure A. 7: IgM amino acid clonal diversity within samples.

Different rows show the Hill numbers corresponding to clonal richness (Do), the “typical” clones
(D) and the “dominant” clones (D») in a theoretical sample of 1000 sequences. Immunisation
regimes are colour coded and displayed on the x axes. Dots represent individual bird observations
of the effective number of species calculated in each tissue for the corresponding H values. Error
bars show the 95% bootstrap confidence intervals for the point estimates generated from 1000
simulations of the model. Statistically significant differences between the model estimates are
depicted above the plots based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ***
=p <0.001.
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Figure A. 8: Differences between the IgM amino acid public and private compartments under different HIN2
immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:
*=p <0.05; % = p < 0.01; ¥ = p < 0.001.
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Figure A. 9: Differences within the IgM amino acid public and private compartments under different HINZ
immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more
than two individuals) and are shown in light blue. Dots represent individual bird observations of
public and private clonal compartments. Error bars represent 95% bootstrap confidence intervals
for the point estimates generated from 1000 simulations of the model. Statistically significant
differences between the model estimates are depicted above the plots based on their corresponding
p-values: * = p < 0.05; ** = p < 0.01; ** = p < 0.001.
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Figure A. 10: Model estimates of IgM amino acid clone CDR3 private and public compartments based on different
levels of clonal sharing.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between 2 or more
than 2 individuals up to 50%) and are shown in light blue. Common publics (shared between more
than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more
of the birds which were incorporated in the analysis) are shown in purple. Dots represent individual
bird observations of private and distinct public clonal compartments. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Error bars represent 95% bootstrap confidence intervals for the point estimates generated

from 1000 simulations of the model. Statistically significant differences between the model
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estimates are depicted above the plots based on their corresponding p-values: * = p < 0.05; ** =

p < 0.01; % = p < 0.001.
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Figure A. 11: IgY amino acid clonal diversity within samples.

Different rows show the Hill numbers corresponding to clonal richness (Do), the “typical” clones
(D) and the “dominant” clones (D») in a theoretical sample of 1000 sequences. Immunisation
regimes are colour coded and displayed on the x axes. Dots represent individual bird observations
of the effective number of species calculated in each tissue for the corresponding H values. Error
bars show the 95% bootstrap confidence intervals for the point estimates generated from 1000

simulations of the model. Statistically significant differences between the model estimates are
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depicted above the plots based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; **+*

= p < 0.001.
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Figure A. 12: Differences between the 1gY amino acid public and private compartments under different HIN2
immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:
*=p <0.05; ¥ = p < 0.01; ¥ = p < 0.001.
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Figure A. 13: Differences within the 1gY amino acid public and private compartments under different HIN2

immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:
*=p <0.05*%* = p < 0.01; ¥* = p < 0.001.
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Figure A. 14: Model estimates of IgY amino acid clone CDR3 nucleotide private and public compartments based
on different levels of clonal sharing.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between 2 or more
than 2 individuals up to 50%) and are shown in light blue. Common publics (shared between more
than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more
of the birds which were incorporated in the analysis) are shown in purple. Dots represent individual
bird observations of private and distinct public clonal compartments. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots
based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ¥ = p < 0.001.

236



Appendix I: Supplementary figures and information for the thesis data chapters

Bursa Spleen Trachea
: .
2"':":”:' o : Ad ;
1500 ’ . % i ey
awE m
w 1000 - :
£ 500 -i. i .-i
=]
s ™ e || [
o
o
o
o
£ 2000 ; wivie ;
E |—| A ' =
@ 1500 T o !
E I_I D+
E 1000
500
: <[ ii- -ii =
3 0 -h-ﬁ:l- ﬁ
Lik]
=
8
E 2000 r : hkeded 2
1500 ®
1
!CII:IICI' LEL] y n2
L]
miﬁiﬁ L .ii
0 [l i hi‘-‘ﬂﬁ
$ 55 %55 258 %f55 255 % 58
@ B Ow o " [~ T T = T B b
= BB c 8 3 Z B c § 3 2 E 2 c § 3
B 7 % T E T g % E E T § & E E
S £ § w0 o T £ g % E 2 5 =
v m E § § o o £ §F 5 o @ £ § §
® I 2 & % 3 = 2 = = 2 =2
s 3 g g s & g Z s 3 g g
] L = = i = P
= 8 B e 8 B 8 g o
E £ g g Tz
D oW & @ L om
g £ g 5 g g
Immunisation regime
L] Naive Double vaceination Single vaccination & infection
|| Single vaccination Infection only Double vaccination & infection

Figure A. 15: TCRE amino acid clonal diversity within samples.

Different rows show the Hill numbers corresponding to clonal richness (Dy), the “typical” clones
(D1) and the “dominant” clones (D) in a theoretical sample of 1000 sequences. Immunisation
regimes are colour coded and displayed on the x axes. Dots represent individual bird observations
of the effective number of species calculated in each tissue for the corresponding H values. Error
bars show the 95% bootstrap confidence intervals for the point estimates generated from 1000
simulations of the model. Statistically significant differences between the model estimates are
depicted above the plots based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; ***
=p <0.001.
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Figure A. 16: Differences between the TCRB public and private compartments under different HINZ
immunisation regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:
*=p <0.05; % = p < 0.01; ¥ = p < 0.001.
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Figure A. 17: Differences within the TCRE public and private compartments under different HINZ inmunisation
regimes based on clone CDR3 nucleotide structure.

Private (individual-restricted) clones are shown in orange. Public clones (shared between more than
two individuals) and are shown in light blue. Dots represent individual bird observations of public
and private clonal compartments. Error bars represent 95% bootstrap confidence intervals for the
point estimates generated from 1000 simulations of the model. Statistically significant differences
between the model estimates are depicted above the plots based on their corresponding p-values:
*=p <0.05*%* = p < 0.01; ¥* = p < 0.001.
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Figure A. 18: Model estimates of TCRB clone CDR3 nucleotide private and public compartments based on
different levels of clonal sharing.

Private (individual-restricted) clones are shown in orange. Rare publics (shared between 2 or more
than 2 individuals up to 50%) and are shown in light blue. Common publics (shared between more
than 50% and up to 90% birds) are shown in dark blue. Ubiquitous publics (found in 90% or more
of the birds which were incorporated in the analysis) are shown in purple. Dots represent individual
bird observations of private and distinct public clonal compartments. Error bars represent 95%
bootstrap confidence intervals for the point estimates generated from 1000 simulations of the
model. Statistically significant differences between the model estimates are depicted above the plots
based on their corresponding p-values: * = p < 0.05; ** = p < 0.01; *** = p < 0.001.
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Appendix II: COVID-19 research and public
health work

Over the course of my doctoral studies, I have devoted a substantial part of my time to
public health research and other healthcare-related activities, predominantly in Romania,
my country of origin. Importantly, during the COVID-19 pandemic I was at the forefront
of science communication and healthcare research and policy work in Romania, activities

through which I contributed to mitigating the impacts of the then ongoing pandemic.

My COVID-19 communication activities began in early 2020, when I was invited on
national television and radio broadcasts to discuss the pandemic. Since then, I have
participated in hundreds of such broadcasts, where I provided scientific explanations of
biological phenomena in a manner accessible to a non-specialist audience. At first, these
activities mostly focused on providing information about infectious diseases, how the
immune system responds to infection, and why it is important to abide by the measures
aimed at containing the spread of the virus, such as social distancing and wearing face
coverings. Informing the public was not limited to the territory of Romania, but also
involved activities with its diaspora. In the UK, I was contacted by the Romanian embassy
to participate in a series of live online broadcasts, where I addressed the concerns of the
public and provided information about SARS-CoV-2 infection and the immune system.
For my contributions, I received an official letter of gratitude from the Ambassador of
Romania to the Court of St James’s, which was also sent to my Department and College.
Later on, as vaccines became available, my communication activities included explanations
about how vaccines work and why it is important to get vaccinated in order to prevent

severe forms of the disease and loss of life.

Low vaccine acceptance is a major problem in Romania, as I described in my first academic

paper about the 2016 measles epidemic!. Indeed, improving the trust of the population in

! Dascalu S*. (2019) Measles Epidemics in Romania: Implications for Public Health and Future Policy. Front. Public
Health 7:98. d0i:10.3389/fpubh.2019.00098
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vaccines required a great deal of effort during the COVID-19 pandemic. In December
2020, I was invited by the coordinator of the vaccination campaign to become one of the
main communicators of the immunisation efforts. At the same time, I helped to improve
the national COVID-19 vaccination strategy. My most notable activity was coordinating
the drafting of an academic paper? which highlighted the main challenges of vaccine
implementation in Romania whilst also providing a set of recommendations that could help
overcome them. This paper, co-authored with some of the most prominent figures in
Romanian public health, was featured on the official website of the Ministry of Health and
also received extensive media coverage. Consequently, for my involvement in the COVID-
19 efforts in Romania, I received an honorary recognition from the Romanian Ministry of

Health in early 2021.

Academically, I was also involved in theoretical work in epidemiology and public health.
For instance, alongside my colleague Mahan Ghafari from Oxford, I contributed to an
analysis of the early epidemic situation in Iran?. I also contributed to Mahan’s opinion piece
about the vaccination policy in Iran, which was featured on the BM]J website*. Similarly,
motivated by the near-critical epidemiological context in Romania, I reviewed the successes
and failures of the initial pandemic response, providing the international research
community with the only comprehensive reference work on this topic®. Indeed, this
publication attracted significant attention from academics and non-academics alike, and I
was soon invited to join an international academic network under the patronage of the
Romanian Embassy in Germany, which led to several fruitful collaborations that have

continued to this day. Later on, alongside an international team of researchers, I wrote an

2 Dascalu S*, Geambasu O, Covaciu O, Chereches RM, Diaconu G, Dumitra GG, Gheroghita V, Popovici ED.
(2021) Prospects of COVID-19 Vaccination in Romania: Challenges and Potential Solutions. Front Public Heal
9:644538. 10.3389/ fpubh.2021.644538

3 Ghafari M*, Hejazi B, Karshenas A, Dascalu S , Kadivar A, Khosravi MA, Abbasalipour M, Heydari M, Zeinali S,
Ferretti L, Ledda A, Katzourakis A*. (2021) Lessons for preparedness and reasons for concern from the early
COVID-19 epidemic in Iran. Epidemics 36:100472. doi.org/10.1016/j.epidem.2021.100472

# Ghafari M*, Rezaee-Zavareh MS, Dascalu S , Katzourakis A*. (2021) Iran’s COVID-19 vaccination programme:
using transparency to build public trust in immunisation. BM] gpinion. Available at:
https://blogs.bmj.com/bm;j/2021/08/03/irans-covid-19-vaccination-programme-using-transparency-to-build-

public-trust-in-immunisation

> Dascalu S*. (2020) The Successes and Failures of the Initial COVID-19 Pandemic Response in Romania. Fronz.
Public Health 8:344. doi:10.3389/fpubh.2020.00344.
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opinion piece® about what went wrong following the implementation of the COVID-19
vaccination campaign in Romania, as very few of the previously highlighted issues were
addressed properly by the national authorities, thus leading to a low vaccination coverage
and a consequently high COVID-19 associated mortality. Additionally, I participated as a
keynote speaker in several national conferences, including the National Conference of
General Practitioners and the Romanian Healthcare Communication Forum. In
recognition of my academic involvement, I was invited to become a Fellow of the
Romanian Society for Epidemiology, a position which honours me greatly. Furthermore,
in 2022 I was awarded a Knighthood of the “Order of Cultural Merit, Category H —
Scientific Research” from the President of Romania, His Excellency Klaus Werner
Iohannis. I was also rewarded with the title of “COVID Hero” by the League of Romanian

Students Abroad and included in Newsweek Romania’s “Top 100 Romanians Abroad”.

Finally, perhaps my most impactful activity aimed at mitigating COVID-19 was engaging
with religious institutions in Romania, which is the most religious country in Europe, in
order to raise public compliance with the official guidelines and also tackle the issue of
vaccine hesitancy. Extensive dialogue with church officials often led to measures being
taken by this institution before official guidelines were released by the national authorities.
Additionally, I was the first person ever to be invited on the official TV station of the
Romanian Orthodox Church to talk about vaccination and its benefits. Moreover, I was
asked to become an associate expert for FORB Romania, an interdisciplinary community
focused on topics related to freedom of religion and belief. These activities served as a basis
for an academic publication” on the involvement of religious institutions during public
health crises which I drafted with the help of an interdisciplinary team of researchers from
the University of Oxford. Furthermore, with the support of the University of Oxford Ian
Ramsey Centre for Science and Religion, I organised a conference entitled “Fighting

Pandemics in a Life of Faith — Interdisciplinary Approaches to Public Health” which

6 Dascalu S*, Geambasu O, Raiu CV, Azoicai D, Popovici ED, Apetrei C*. (2021) COVID-19 in Romania: What
Went Wrong? Front. Public Health 9:813941. doi:10.3389/fpubh.2021.813941

” Dascalu S*, Flammer PG, Ghafari M, Henson SC, Nascimento R, Bonsall MB*. (2021) Engaging religious
institutions and faith-based communities in public health initiatives: A case study of the Romanian Orthodox Church
durting the COVID-19 pandemic. Front. Public Health 9:768091. d0i:10.3389/fpubh.2021.768091
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brought together researchers and stakeholders from various fields of expertise, including
theology, political sciences, medicine, public health, and biology. For my contributions to
public health and for promoting interdisciplinary activities alongside religious communities
and institutions, I was awarded the “Order of the Holy Brancoveanu Martyrs”, one of the
highest distinctions of the Romanian Orthodox Church, from His Beatitude Patriarch

Daniel.

As a scientist, I believe that the true impact of my studies needs to extend beyond the
classical methods of disseminating results in academia. Moreover, as my DPhil is in
Interdisciplinary Bioscience, I aimed to channel the potential of interdisciplinarity in order
to improve public health and the wellbeing of people more broadly. Although not directly
related to my DPhil research, I am happy knowing that I was able to contribute, at least in

part, to mitigating the impacts of the pandemic and bettering people’s lives.
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