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Adopting new scientific methodologies can be a slow process. Researchers gain
expertise with a particular model or set of techniques, and it often requires ground-
breaking advances to garner support for new ideas. IgY technology has developed
quite slowly given its potential, but we consider that now is the right time to provide
scientists and practitioners with an overview of IgY and IgY technology research
and to underpin the urgent requirement for standardization and shared perspectives
of this technology. We have also attempted to provide the theoretical background
combined with the practical approaches to support new researchers in the field as
well as review the advances to date and set out the challenges ahead for more
established researchers.

The book in divided into three parts. Part I describes the biological basis of IgY
and IgY technology. IgY is a fascinating molecule important in the evolution of
immunoglobulins and the immune system. Birds are phylogenetically distinct from
mammals and have several unique features, and given the predominant use of
mammalian immunoglobulins in research, we have emphasized the differences
between mammalian and avian systems.

Part IT of the book covers the core methods employed in IgY technology: not only
the established methods such as hen keeping, immunization and antibody monitor-
ing, but also some novel methodological needs, such as IgY delivery and dosage
form design. The demand for proteins used as therapeutics is soaring. The
methodologies for the production of monoclonal IgY and transgenic hens are
discussed.

Part IIT of the book summarizes and discusses the applications of IgY technology.
The real impact of any technology is in its beneficial contributions to society. The
potential of IgY in maintaining animal health has in some part been realized, but
opportunities still need to be exploited for treatment of human diseases. The ability
to generate polyclonal IgY, which does not need expensive equipment, may address
critical needs where costs are a factor. It is also instructive to see how basic research
combined with innovation and entrepreneurial spirit is driving the development of
new products and processes.

Through this monograph, it is our anticipation and hope to create a shared outlook
among the new researchers and established practitioners of IgY technology. The
global spread of IgY technology is evidenced by our contributors to this book. It
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would be advantageous to formally establish an “IgY Society” to link the globally
spread researchers, to link academia and industry, and to draw others with different
research backgrounds and skills into the pursuit of the many benefits of IgY
technology. We hope that we have communicated our enthusiasm for this area of
research, and we hope that this book will play some part in expanding the member-
ship of the community of IgY researchers.

Hanzhong, Shaanxi, China Xiao-Ying Zhang
Coimbra, Portugal Ricardo S. Vieira-Pires
Galway, Ireland Patricia M. Morgan
Berlin, Germany Riidiger Schade

The original version of this book was revised. An correction to this book can be
found at https://doi.org/10.1007/978-3-030-72688-1_19
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Development of IgY Technology: A
Historical Perspective

Xiaoying Zhang, Ricardo S. Vieira-Pires, and Long Xu

Abstract

IgY Technology is a scientific field classically related to the generation, evalua-
tion and use of avian egg yolk IgY antibodies to develop biomedical and
biotechnological solutions and applications. The field is more than 120 years
old. However, in the last decades, major advances in research and development
areas such as Genetics, Biochemistry, Bioengineering and Bioprocessing, have
prompted new approaches to this old technology. In this chapter, a retrospective
summary is given on the major milestones, key events and developments of IgY
technology. We also bring an overview of the main topics and themes gathered
and further developed within this book edition. The discussion on the perspective
and future trend analysis of IgY technology is given in Chap. 18.

Keywords

IgY technology - Egg yolk antibody (IgY) - History - Animal welfare - IgY
product
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1.1 Introduction

Hens produce an immunoglobulin class, immunoglobulin Y (IgY) whose natural
role is the protection of the chicken and the developing chick in the egg. However,
the immunization of hens results in the production of specific IgY against the antigen
and the process of immunization and recovery of the IgY from the egg yolk, is
termed IgY technology. The highly specific polyclonal antibodies are obtained by
using different extraction and purification methods. This technology has developed
rapidly in recent years and has good potentials in the field of medicine.

In the past two decades, biomedical research has been challenged by the growing
public interest in the welfare of animals used in research; resulting in the search for
ways to Refine, Reduce or Replace painful animal experiments. This also applies to
the production of polyclonal and monoclonal antibodies in animals. Antibodies are
important tools in biomedical research and are essential components of diagnostic
methods for quantitative and qualitative determinations of a wide variety of
biological molecules. Historically, polyclonal antibodies have been produced in
rabbits and other rodents like mice, rats and guinea-pigs or in farm animals such
as horses, sheep and goats. The production of polyclonal antibodies involves two
invasive procedures, firstly the immunization procedure involving several injections
and secondly, harvesting of the antibodies from the blood which involves bleeding
the animals on several occasions.

1.2  Development of IgY Technology

The first experiments to demonstrate that a serum product could provide protection
against a toxin were performed as early as 1890. The German scholar Emil von
Behring and the Japanese scholar Kitasato Shibasaburo injected guinea pigs with
heat-treated diphtheria toxin and found that the serum could protect animals from
what would be a lethal dose of the live toxin. Emil von Behring was subsequently
awarded the first Nobel Prize (1901) in Physiological Medicine for his work on
diphtheria. Kitasato was experienced in the culture of the anaerobic tetanus bacilli,
and worked on the determination of the toxin-destroying activity in serum; his
research and the tetanus antitoxin saved the lives of many soldiers during the First
World War (Kantha 1991). Started from the aforementioned antiserum work, anti-
body engineering and antibody based immune therapy have been well developed
and have contributed to important developments in biotechnology and therapy.
Inspired by the antiserum study of the early 1890s, the German medical doctor
Felix Klemperer did a classical experiment in 1892 (Fig. 1.1): laying hens were
subjected to tetanus-causing bacilli (Clostridium tetani) by intraperitoneal injection
every 5—15 days, for a total of five times. The egg yolk was first dissolved and mixed
with a NaCl-Na,SO, solution, and injected into mice at three different
concentrations: high, medium and low doses. On the next day, these different groups
were infected with 1.5 times the concentration of what would be a lethal dose (LDsg)
of tetanus. Mice pre-exposed to high doses of the yolk-based solution all survived
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Fig. 1.1 Historical experiment of Dr. Felix Klemperer. The first relevant experiment in the field of
IgY antibodies was performed by the German researcher Felix Klemperer in 1893. He showed for
the first time that laying hens immunized with tetanus toxin could generate immunity and produce
egg yolk extracts with protective characteristics. Adapted from IgYTechnology.com (www.
igytechnology.com)

and those exposed to either the low dose or a control group with no pre-treatment
died. This study proved for the first-time that immunized laying hens can produce
specific antibodies with neutralizing ability, although Klemperer used the term
“immunity” (“Immunitdt” in German) to refer to the “antibody”. He claimed
“extremely high immunity” obtained from the immunized hen egg yolk (Klemperer
1893). This discovery of a relatively easy way to obtain the specific antibody from
laying hens represented a fundamental breakthrough in medical science, especially
when considering that it was only 2 years after the discovery of the first mammalian
antiserum therapy of Behring. Unfortunately, Klemperer’s work and observations
were very much undervalued, and its revival only happened after several decades
(Fig. 1.2).

The chicken egg yolk antibody was called IgG for many decades since this
immunoglobulin isotype exhibits properties quite similar to mammalian IgG
(Chap. 5). The molecule was first termed “IgY” by Gerrie A. Leslie and L. W.
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Y.
Aus dem Laboratorium der medicinischen Klinik zu Strassburg i. E.

Ueber natiirliche Immunitit
und ihre Yerwerthung fiir die Immunisirungstherapie.
Von
Dr, Felix Klemperer,
Assistent der Klinik.

In einer vor Jahresfrist mitgetheilten Versuchsreibe !) konnte ich
zeigen, dass das Blutserum der von Natur gegen Miusesepticimie-
bacillen und Friedlé@nder’sche Bacterien refractiren Kaninchen
anderen Thieren gegen die Infection mit diesen Bacterienarten nicht
Schutz zu verleihen vermag; dass aber, wenn man den Kaninchen
steigende Mengen der Miiusesepticiimie- resp. Pneumoniebacillen
injieirt, ihr Serum die vorher vermisste immunisirende Fihigkeit ge-
winnt. Es liess sich dieser Vorgang dahin deuten, dass in beiden
Fillen die von Natur vorhandene, relativ schwache Immunitit durch die
Injection der Bacterien zu htheren Immunititsgraden gesteigert wurde.

Die Frage lag nahe, ob dieser Vorgang eine allgemeinere Giiltig-
keit besitze und ob die Moglichkeit, die natiirliche Immunitit zu
steigem, wie wir dies beim Kaninchen gegeniiber den genanuten
beiden Bacterienarten gefunden hatten, auch in anderen Fillen von
natiirlicher Immunitiit bestiinde.

Die Beantwortung dieser Frage schien mir nicht nur fiir das
Verstindniss der angeborenen Immunitit von Bedeutung zu sein,
sondern mehr noch fir den weiteren experimentellen Ausbau der
sogenannten Serumtherapie. Die Untersuchungen der letzten Jahre
(Ebrlich) haben gezeigt, und Behring?) hat es jiingst noch mit
besonderer Schirfe ausgesprochen, dass die Vorbereitung eines Thieres
zur Lieferung eines Serums von starker immuuisirender Fihigkeit
zwei Acte umfasst: Einmal muss das Thier tiberbaupt erst immunisirt,

1) Berliner Klinische Wochenscbrift 1592. Nr. 13.
2) Die Blutserumtherapiel. S. 40 u, . (Leipzig, Georg Thieme. 1592.)

Fig. 1.2 First IgY publication by Felix Klemperer in 1893

Clem in 1969 “based upon physical-chemical and antigenic characteristics”, in order
to better distinguish the yolk antibody which showed “insufficient correlation with
any of the known human immunoglobulins” (Leslie and Clem 1969).
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Since the middle of the twentieth century, as animal ethics and welfare has gained
more attention in academia, the research results of Klemperer have gained more
prominence and this was advanced by the animal welfare research of Russel and
Burch (Russell and Burch 1959).

Since the 1980s, IgY has been widely used owing to the availability of standard
commercial reagents such as IgY-specific purification kits (Chap. 11) and tagged
secondary antibodies against IgY.

The term “IgY technology” was first used in 1995 and defined as “IgY production
and application” in 1996 and recognized by the European Centre for the Validation
of Alternative Method (ECVAM), as an international standardized technology,
recommended to replace the use of mammalian IgG for animal welfare purpose
(Schade et al. 1996) (Fig. 1.3).

In 2001, the world’s first IgY laboratory manual was published in Germany,
which standardized the laboratory practices of IgY technology (Schade et al. 2001).

In 2004-2007, an interdisciplinary study of the comprehensive utilization of eggs
was launched through a Cooperative Organization Science and Technology action
(COST 923) in European Union framework, with the aim to improve the compre-
hensive utilization of egg ingredients with new functions and usage, and to encour-
age the non-food applications of eggs. The biomedical use of IgY became the focus
of the action plan, as emphasized in the project summary publications (Huopalahti
et al. 2007).

In 2011, an IgY monograph in Chinese was published.

An analysis of the publications on avian IgY antibodies and IgY Technology
performed on NCBI database (time window 1950-2020) with different search terms,
namely “IgY Technology”, “IgY Antibodies” and “IgY”’, shows a prominent increase
of the numbers of published works since the 1990s. The publications cover a broad
range of research fields including immunology, zoology, ornithology and poultry
science, veterinary medicine and animal husbandry science, food engineering,
medical sciences (e.g., Gastroenterology, Stomatology), demonstrating the breadth
of application of IgY Technology research and development (Fig. 1.4).

1.3 Application of IgY Products at a Glance

IgY has the advantage of stable chemical properties, high yield, and low cost for its
production. Hens are phylogenetically distant from mammals and thus can be used to
raise antibodies against conserved mammalian proteins. Its passive immunity func-
tion can be used to study how to resist viral and bacterial diseases. Therefore, it has
the potential of developing as a functional food and drugs for human use, and as a
feed additive and veterinary drug to animals. For example, one of the research
focuses of IgY technology has been treating gastrointestinal diseases and diarrhoea
with specific IgY, which have been used more intensively in veterinary medicine,
but also in human health. These will be further developed in Chaps. 15 and 16.
IgY-based products in the pipeline involve specific antibodies for the treatment of
several pathogens such as Helicobacter pylori, Streptococcus mutans, Candida
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albicans, Porphyromonas gingivalis, Salmonella, Escherichia coli and Clostridium
difficile. 1gY products for the treatment of clostridial enteric disease are under a
phase II trial for the short-term evaluation of its efficacy and dosage. Moreover, the
use of IgY in periodontitis, gingivitis, dental caries, gastric ulcer, dysbiosis, toxins,
emerging viral diseases, nutritional diseases, chronic diseases and neoplasms have
been presented in numerous patents (Leiva et al. 2020).

Traditionally, IgY technology refers to the generation of polyclonal IgY. How-
ever, since the end of the twentieth century, monoclonal IgY, monoclonal antibody
fragment, particularly IgY-scFv can be also generated by technology convergence
(Chap. 13). Also avian transgenesis and the production of biopharmaceuticals in egg
white are relevant and will be briefly touched on in Chap. 14. This converges with
the overall concept of using chickens as bioreactors for production of high-value
proteins including biopharmaceuticals.

IgY technology was rapidly adopted in developing countries and regions such as
South America, India, as well as Japan, Germany and other developed countries. The
poultry industry is very well developed in China and the technology has broad
application prospects there also. IgY technology research and application is broadly
applied to veterinary medicine and functional food development (Chaps. 15 and 16).
Many countries pay more attention to product exploitation and commercialization
(Chap. 17), but the application to medicine requires further research.

1.4  Application of the IgY Technology Driven by Legal
Regulations in Favour of Animal Protection

The implementation of the EU Directive 86/609/EEC (European Union 1986) for the
protection of animals used for experiments and other purposes has stimulated efforts
to increasingly apply alternatives to animal experimentation. Consequently, hens
rather than rabbits may be immunized, and in more general terms scientists may even
be asked to produce antibodies without using animals. In the longer run, the
application of molecular genetics may allow the in vitro production of antibodies
and as this stage is reached, classical polyclonal and monoclonal antibodies pro-
duced in animals will no longer be required. There is a strong debate on this issue,
since many researchers still question the potential of fully synthetic libraries for
in vitro antibody generation and selection; there are intrinsic features arising from
natural evolution of immune repertoires (e.g., certain bias for preferred antibody
structural arrangements) that can only be obtained from animal sources. Therefore,
the immunological properties of antibodies produced by gene-technology will first
have to be validated. The first production of monoclonal antibodies was welcomed
with high expectations (K&hler and Milstein 1975), all of which were not met when
the new technology was applied. In fact, polyclonal antibodies are still in use; and
due to their immunological properties, they are quite often superior to monoclonal
antibodies. Based on the reasons explained we are convinced that under the present
legal environment the immunization of hens should be encouraged. Consequently,
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the scope of argumentation put forward by scientists who are not convinced of the
use IgY technology would be reduced.

1.5 Advantages and Limitations Driving IgY Technology

A common misperception when claiming the main advantages and limitations
driving IgY Technology results from the fact that biological and technical aspects
are normally brought together in a random manner. Indeed, these are highly
correlated hence the difficulty in distinguishing them. Nevertheless, we try to
summarize the different dimensions of using avian hosts and avian IgY antibodies,
hoping to clearly distinguish each of the features in separately and show how they
are compounded to leverage the potential or emphasize the limitations for a given
outcome.

Overall, there are five main dimensions grounded on which avian IgY antibody-
based technologies have evolved as promising alternatives to conventional research,
diagnostic and therapeutic approaches (Fig. 1.5). The five main dimensions are as
follow: (1) Animal ethics and welfare—the method is non-invasive as the antibody is
collected from the egg yolk not blood, greatly reducing animal harm and distress.
(2) Egg crude source—the avian IgY antibody naturally accumulates in high
amounts in the yolk of eggs (—100 mg of IgY per egg). As hens lay on average
one egg per day, a continuous collection and processing of eggs results in a scalable,
cost-effective and highly sustainable way of antibody production. (3) Phylogenetic
distance of hosts—birds diverged from mammals more than 300 million years ago,
while mammals hold a 98 million years old common ancestor (Chap. 4); this results
in lower homology and thus higher immunogenicity between the two groups. It is
possible to obtain antibodies against highly conserved mammalian proteins or
against proteins that usually evade the immune system in mammals. (4) Genetic
organization of avian immune repertoires—birds hold unique antibody repertoires,
resulting from diversification based on gene conversion (Chap. 3); this organization
allows simplified in vitro molecular cloning of e.g., phage-display libraries (Smith
1985), and similar antibody engineering possibilities as for mammalian antibodies.
(5) Molecular structure of IgY—the avian IgY antibody molecule (M.W. 180 kDa)
holds unique molecular features in comparison with its mammalian IgG counterpart
(M.W. 150 kDa), namely no binding to mammalian Fc-receptor, mammalian rheu-
matoid factor or mammalian complement proteins (Chaps. 5 and 6). This favours its
use in human therapeutics as secondary immunoreactions are less prone to occur.

The limitations to the use of IgY antibodies and related technologies arise
naturally from one or several of the inherent features described above. Hence for
example a therapeutic IgY, will have an intrinsic variability due to the use of
multiple birds, or simply the collection of hyperimmune eggs at different time points
with the same birds; changing the birds in the flock will directly compromise the
consistency and the reproducibility of the final IgY product, leading to titre and
reactivities that are not entirely predictable (Chap. 10). If such features need to be
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Fig. 1.5 Overall dimensions explored with IgY Technology. Animal ethics and welfare, phyloge-
netic distance of hosts, antibody crude source, molecular structure of IgY and genetic organization
of avian immune repertoires, are the main dimensions grounded on which avian IgY antibody-based
technologies have been evolving and growing as promising alternatives to conventional research,
diagnostic and therapeutic approaches. Courtesy of IgYTechnology.com (www.igytechnology.
com)

tightly controlled, as for e.g., human therapies, one as to account for such technical

limitations inherent to any antiserum-like therapies derived from natural sources.
As mentioned above, the IgY molecule, namely its Fc domain (responsible for

Fc-receptor binding and signalling functions) does not retain efficient binding
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capabilities to Protein A, G or other known microbial-binding proteins used to purify
mammalian immunoglobulins. This has been a major limitation in the field for many
decades and has driven development and optimization of novel IgY purification
methods and approaches. IgY purification is particularly critical for large scale
production of functional and therapeutic IgY. Having a simplified method for IgY
purification even if only for purification of polyclonal mixtures, would definitely be
a major breakthrough and driver for the field (Chap. 11).

The exploitation of avian antibody repertories towards development of novel
monoclonal antibodies, faced an initial developmental stage where it was very much
undervalued and even neglected. Interestingly, intrinsic technical limitations in
translating the hybridoma technology to birds (Nishinaka et al. 1989), namely the
absence of an efficient avian tumour cell line, made the approach lag behind in
comparison to mammals. Even after the consolidation of phage-display
technologies, as birds namely chickens, had become unpopular for monoclonal
antibody development, it took some decades for birds to regain attention due to
the potential of their distant phylogeny. Currently both phage-display and B-cell
sorting technologies enable full exploitation of avian antibody repertories
(Chap. 13). On the other hand, the intrinsic avian origin of the selected monoclonal
antibodies typically demands further molecular engineering to obtain chimeric
molecules with a structural background common to mammalian immunoglobulins.

Implications of all the features, advantages and limitations described above, will
be further discussed and detailed in different chapters of the book and will hopefully
become clear to the reader.
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Abstract

The egg-laying hen is one of the most common domestic animals. Birds are
phylogenetically distinct from mammals and have several unique features: mor-
phological differences such as the presence of air sacs, the medullary bone and
cloacal chamber; distinct lymphoid tissues (bursa of Fabricius); and the presence
of specific class of immunoglobulin (Ig) termed IgY in egg yolk. Genetic
selection of particular traits for laying hens has improved their performance.
Currently there are a large number of breeds of hen with different genotypes
used for commercial and research purposes. The development of the oocyte and
subsequent egg laying is hormonally controlled and formation of the egg as it

The original version of this chapter was revised. A correction to this chapter can be found at
https://doi.org/10.1007/978-3-030-72688-1_19

S. Ge
College of Biological Science and Engineering, Shaanxi University of Technology, Hanzhong,
China

CMBA, University of Minho, Braga, Portugal

A. Ferreira Jinior
Escola de Veterindria e Zootecnia, Universidade Federal de Goids, Goidnia, Brazil
e-mail: alvaro.ferreira@ufg.br

X. Zhang
College of Biological Science and Engineering, Shaanxi University of Technology, Hanzhong,
China

Ontario Veterinary College, University of Guelph, Guelph, ON, Canada

CMBA, University of Minho, Braga, Portugal
e-mail: zhxying @snut.edu.cn; xzhang67 @uoguelph.ca; zhang @bio.uminho.pt

P. M. Morgan (P<)

Emerita Lecturer, School of Natural Sciences, National University of Ireland Galway, Galway,
Ireland

e-mail: pat.morgan @nuigalway.ie

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021, 15
corrected publication 2021

X.-Y. Zhang et al. (eds.), IgY-Technology: Production and Application of Egg Yolk

Antibodies, https://doi.org/10.1007/978-3-030-72688-1_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-72688-1_2&domain=pdf
https://doi.org/10.1007/978-3-030-72688-1_19#DOI
mailto:alvaro.ferreira@ufg.br
mailto:zhxying@snut.edu.cn
mailto:xzhang67@uoguelph.ca
mailto:zhang@bio.uminho.pt
mailto:pat.morgan@nuigalway.ie
https://doi.org/10.1007/978-3-030-72688-1_2#DOI

16 S. Ge et al.

passes through the oviduct has several defined stages. Hormonal factors affecting
the initiation of egg laying and the components of the egg are detailed.

Keywords

Hen - Avian immune system - Reproductive system - Egg

2.1 Introduction

Birds exhibit unique biological features including the ability to fly, the presence of
feathers, the ability to maintain a relatively uniform body temperature, migration in
response to food sources and climate, and laying eggs. There are almost 10,000
species of birds (Prinzinger et al. 1991), with diverse living spaces, and diverse body
structures, such as beak, foot and wing shapes. Avian physiology has two distinct
branches; namely the physiology of wild birds (e.g., flight, migration and seasonal
breeding) and the physiology of poultry (domesticated birds consisting of predomi-
nantly hens but also includes domestic turkeys, quail, ducks, geese, and the more
primitive ratites such as ostriches which are discussed in Chap. 9.

2.2 Genetic Selection for Domestic Breeds of Chicken

Within domestic breeds of chicken there are enormous differences in both their
genetic makeup and phenotypes (Tixier-Boichard et al. 2012). The differences in
modern breeds (Gallus gallus domesticus) are probably as a result of their ancestral
development from geographically separated subspecies of red jungle fowl (Gallus
gallus gallus; Gallus gallus spadiceus, Gallus gallus jaboullei; Gallus gallus
murgha) and a second species, grey jungle fowl Gallus sonneratii (Rubin et al.
2010; Tixier-Boichard et al. 2012) and cross breeding during several rounds of
domestication. Whole-genome sequencing shows that several loci have been
subjected to strong selection during domestication of chickens and specialization
into meat producing (broiler) and egg producing (layer) chickens which are the
subject of this chapter (Preisinger 2018; Qanbari et al. 2019). The genetic selection
of laying hens resulted in reduced body weight, a shift to earlier sexual maturity, an
increase in the quantity and quality of egg production, and decreases in the feed
necessary to produce the same number of eggs (Preisinger 2018). Recent genetic
trends in egg output, show an increase from 313 to 325 eggs per year from 2010 to
2015 and selection for this trait is likely to result in a further increase of two to three
eggs per year (Preisinger 2018). Laying hens still retain some of the biological
characteristics of birds, such as the habit of foraging and constant movement, acute
hearing, acute daytime vision, neurotic characteristics, utilizing a wide range of food
by eating gravel to grind it (Thiruvenkadan et al. 2010); traits which need to be
considered in keeping hens (Chap. 8).
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2.3 Breeds of Chicken

It is important to note at this juncture that genetic differences exist between different
breeds of Gallus gallus domesticus: these result in different immunological
adaptations as determined in whole blood (Bilkova et al. 2017); nest use patterns
(Villanueva et al. 2017); excitability and preference for enrichment elements (Kozak
et al. 2019); timing of egg laying (Tumova et al. 2017) and egg laying capacity
(Mack et al. 2013; Table 2.1). The most common commercial laying hens include
Romain Brown Shell Layer, Hyland Brown Shell Layer, Fresh Brown Shell Layer,
Hay Sykes Brown Shell Layer, Elsa Brown Layer, Golden Brown Shell Layer,
White Leghorns, Rhode Island Red, Golden Comet, Ameraucana, Barred Plymouth
Rock, Golden Laced Wyandottes and New Hampshire Red (Agritech 2009;
Ruppenthal 2012). Other breeds of chicken utilized in research in addition to the
more commonly used White Leghorn and Rhode Island Red are the following:
Anraja, Gramapriya, BlackRock, KalingaBrown (Agrawal et al. 2016); Araucana,
Booted bantam, Czech, Minorca and Rosecomb bantam (Bilkova et al. 2017);
Greenlegged Partridge and Polbar (Kozak et al. 2019); Hy-Line Brown, Bovans
Brown, DeKalb White, and Hy-Line W36 (Ali et al. 2016); Silkie and Dongxiang
blue-shell (Sun et al. 2013); Erlang Mountainous (Liu et al. 2015); Bovans Sperwer,
Isa Sussex, Moravia Barred and Moravia BSL (Tumova et al. 2017).

Layers produce the most eggs in the first year, with 15%-20% decrease in egg
productivity and 15% increase in mortality in the second year (Parkhurst and
Mountney 1988). Peak production now approaches the biological limit of one egg
per day, but in early production (at sexual maturity) and late production (persistency)
genetic variation is still high (Thiruvenkadan et al. 2010).

Apart from breed difference, egg production is closely related to the physical
fitness, including physical function, cognitive ability and living habits of hens. Hens
with high annual egg production tend to live longer (Villanueva et al. 2017; Dudde
et al. 2018). Many regions have rich varieties of laying hens’ resources. Compared
with the major commercial hens in the world, these hen breeds have received less
attention, and they are marginalized by the extensive cultivation of commercial hens
(Yang et al. 1996). However, such local layer resources are conducive to the
preservation of biodiversity the genome and physiology of the hen and may be
important resources for IgY technology.

24  Physiology of Chickens

The general physiological parameters of domestic chickens will now be discussed.

2.4.1 Body Temperature

Many birds undergo long distance migration and can adapt to extreme environments
(e.g., hot, cold, and desert areas). Despite this, most birds maintain a relatively
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constant body temperature even when exposed to temperatures well below
thermoneutrality (Hislop 1964). Their ability to do so depends on a combination
of behavioural, insulative, metabolic, and other physiological responses (Chaffee
and Roberts 1971). However, the average body temperature of all birds is higher
than that of mammals. Birds have mean body temperatures of 38.54 °C 4 0.96 °C,
41.02°C £ 1.29 °C and 43.85 °C £ 0.94 °C in resting, active phase and high activity
periods, respectively; during the active phase birds maintain a relatively stable
temperature despite varying environmental conditions (Prinzinger et al. 1991). The
higher temperatures of birds should be taken into consideration in IgY-related
technology and engineering; for instance, in generating monoclonal IgY using
hybridoma technique (Chap. 14), the best temperature for cell culture might be
higher than 37 °C (Stifani et al. 1990).

2.4.2 Anatomical Structures

Birds possess some unique organs, or, organs which have undergone special evolu-
tionary pathways (Bradley 1960). The Lungs of avian species have a very different
structure, as birds have a higher oxygen consumption at rest, compared to mammals.
The lungs of mammals are suspended in the left and right thorax, which are
completely closed and separated. In birds, about a third of the lung is buried deep
in the intercostal spaces and limited by external stents and thus it does not dilate
much. However, all parts of the avian lungs are directly connected to the air sacs
which are distributed throughout the body, doubling the volume of the respiratory
system compared to equally-sized mammals (King and Payne 1962). An air sac is a
derivative organ of the lung with multiple functions. It can enhance the exchange of
air in the lungs, reduce body weight, balance posture, strengthen vocal airflow,
dissipate body heat and regulate body temperature. Thus, inflammation in the bird’s
lungs tends to be more severe than in mammals when it occurs (West et al. 2007).

24.3 Crop

The Crop is an expanded muscular pouch near the gullet or throat and is a place
where food is temporarily stored in some birds. The duck has no real crop, forming
only a fusiform bulge in the oesophagus and neck. The crop may also play a role in
the immune response as plasma cells and B-lymphocytes have been isolated in the
crop (Bartosz et al. 2016).

2.4.4 Cloacal Chamber

The Cloacal chamber is a dilated duct at the end of the intestine, which is the
common channel where the digestive tract and the urinary and reproductive systems
empty. The cloaca of the chicken appears to be a sudden dilation at the end of
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the rectum, opening to the outside with a drainage hole. In adult hens, the position of
the connection between the rectum and the cloaca is changed due to the swelling of
the end of the fallopian tube. The bursa of Fabricius is located at the top of the post-
cloacal area. It consists of more than 10,000 follicles surrounded by connective
tissue. This organ plays a central role in the development of the antibody-producing
B-lymphocyte lineage in birds, particularly in early life stages (Ratcliffe 2006)
(Chap. 3).

24.5 Medullary Bone

The Medullary bone is a bone tissue unique to birds. It is present only in females
about to lay eggs and forms in the empty spaces within the skeleton (Wang et al.
2019). This bone tissue serves as a reservoir for calcium and phosphorus needed to
form the eggshell. Medullary bone has been reported in a variety of non-avian
dinosaurs including Tyrannosaurus rex, ornithopod dinosaurs like Tenontosaurus,
and several sauropods (huge long-necked dinosaurs) including Mussasaurus (Wang
etal. 2019). It has also been identified in pterosaurs, which are flying reptiles closely
related to dinosaurs. Since the first report of medullary bone in a Mesozoic fossil,
this tissue has attracted great interest because it links birds and dinosaurs (Taylor and
Moore 1953).

2.5 Immune System of the Hen

The immune system of the hens differs from that of mammals in various ways as
outlined in Chap. 3. Primarily, the existence of the bursa of Fabricius in birds but not
in mammals and that the major serum antibody in birds is IgY instead of IgG in
mammals.

2.5.1 Immune Tissues

The immune system of the hen and mammals is organized by groups of immune
cells such as T cells and B cells and their homing into the organized lymphoid tissues
which are strategically positioned to protect the host (Boehm et al. 2012; Rostami
et al. 2018).

2.5.1.1 Thymus and Bursa of Fabricius

The primary lymphoid tissues of the hen include the thymus and the bursa of
Fabricius (Boehm et al. 2012). The thymus is located at the ventral neck region
and the bursa of Fabricius is found at the top of the cloaca region (Sun et al. 2016;
Ifrah et al. 2016). The primary lymphoid tissue are the sources of lymphocytes such
as T cells (thymus-dependent cell) and B cells (bursa of Fabricius-selected cells)
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which are required to both mount an appropriate immune response and to avoid
autoimmunity (Sun et al. 2016; Ifrah et al. 2016).

2.5.1.2 Spleen

The activated T and B cells leave the primary lymphoid tissue and are attracted to
their defensive position in the secondary lymphoid tissue such as spleen and mucosa-
associated lymphoid tissue (MALT) (Lanning and Knight 2015; Made;j et al. 2015;
Sepahi and Salinas 2015). The spleen is a capsulated tissue found in the abdominal
cavity closely to stomach (Zhang et al. 2015), whilst the MALT is a lymphoid tissue
scattered through the body surfaces such as the mucosal surfaces of the digestive
system, eyes (Harderian glands) (Van Ginkel et al. 2011), respiratory system and
skin (Smialek et al. 2011; Lanning and Knight 2015; Sepahi and Salinas 2015).
Following contact with pathogens, the spleen enlarges by hyperplasia know as
splenomegaly. Lymphocyte hyperplasia has also been found in MALT. The germi-
nal centres, within secondary lymphoid organs, are the areas where B cells prolifer-
ate and differentiate in response to an infection (Chap. 3).

2.5.1.3 Defence System in the Reproductive Organs

Infection of the reproductive tract has consequences for the transmission of disease
to progeny and infection of eggs for human consumption continues to be a public
health concern. The infection of the reproductive by bacterial and viral pathogens
has been reviewed (Wigley et al. 2014). The hen ovary and oviduct can be infected
by various bacterial pathogenic microbes such as Salmonella enteritidis, Salmonella
typhimurium, and Mycoplasma melagridis (Wales and Davies 2011). Viral patho-
genic infections include avian infectious bronchitis virus and avian influenza viruses
(Nii et al. 2015). Latent and/or persistent infection of the reproductive tract also
occurs by avian leukosis virus, reticuloendotheliosis virus and chicken infectious
anaemia virus (Wigley et al. 2014). The health of the reproductive tract is important
for formation and production of high quality and hygienic eggs (Yoshimura and
Barua 2017). The hen ovary and oviduct have a lymphoid tissue populated by
immunocompetent cells such as macrophages and lymphocytes. The influx of
immune cells increases with hen maturity and decreases with aging (Yoshimura
and Barua 2017; Ferreira Jdnior et al. 2018). The follicular tissue of the hen express
TLR molecules, triggering a production of pro-inflammatory cytokines and
chemokines, and producing defensin molecules (Yoshimura and Barua 2017).

2.5.1.4 Immune Response

The innate and adaptive immune response of the hen is described in detail in Chap. 3.
Interestingly, it has been demonstrated that some differences occur in populations of
immunocompetent cells among different hen breeds, e.g., Araucana, Booted bantam,
Czech, Minorca and Rosecomb bantam as measured by whole blood flow cytometry
(Bilkova et al. 2017). Czech, a European breed, had the lowest heterophil/lympho-
cyte (H/L) ratio and a high proportion of CD4" cells while Araucana, a South
American breed had the highest H/L ratio and a high monocyte frequency; such
differences may have an evolutionary basis (Bilkova et al. 2017).
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The classes of chicken antibodies include IgM, IgA and IgY (Chap. 3). On a daily
basis, the translocation of compounds, including IgY antibodies, from the blood of
the hen to the ovarian follicle occurs (Fig. 2.1).

For detailed information on the immunology of the hen and biological basis of
IgY, please refer to Chaps. 3 and 5, respectively.

2.6 Development of the Reproductive System and Egg Laying

Central to IgY technology is immunization of the hen (Chap. 10) and the production
of eggs from which the IgY is extracted (Chap. 11). Therefore, the development of
the reproductive system, initiation of laying, and the process of egg formation will be
outlined in detail.

2.6.1 Embryology of the Chicken

When a fertilized egg is laid, it begins the 21-day period of embryonic development;
all stages of development have been reviewed by Tong et al. and are outside the
scope of this chapter (Tong et al. 2013). The avian embryo has no anatomical
connection to the hen, all of its nutritive requirements and the maternally-derived
antibodies must be contained within the egg (Chap. 11). The developing embryo
requires a supply of oxygen and from very early on, the embryo develops special
membranes external to its body to access the nutrients in the egg and to carry out
essential bodily functions (Bradley 1960). The Yolk sac envelops the yolk and
produces an enzyme that changes the yolk material into a form that can be used as a
food source by the developing embryo (North and Bell 1990). The chicken FcRY
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receptor is located in the yolk sac (Chap. 6). The Amnion forms a fluid-filled sac in
which the embryo floats and is protected from rocking of the egg. The Allantois
develops an extensive circulatory system connected to that of the embryo and is
driven by the new embryonic heart which is formed by 44 h of incubation (Tong
et al. 2013). The allantois surrounds the embryo completely when it is fully devel-
oped. The Chorion fuses the inner shell membrane to the allantois and receives
oxygen and eliminates carbon dioxide through the pores of the shell (Ribatti 2014).
As early as day 5 or 6 of incubation, the reproductive organs differentiate, and the
sex of the offspring is determined (Tong et al. 2013). In the final stages of develop-
ment, the chick undergoes a series of internal and external pipping and hatches on
day 21 of incubation (Tong et al. 2013).

2.6.2 The Ovary

2.6.2.1 Follicular Development and Oocyte Maturation
Eggs develop from the primordial follicles which are in the ovarian cortex (Pourquié
2018). In the developing follicles, the oocyte, containing a large amount of yolk, is
surrounded by the perivitelline layer and the follicular wall, which consists of the
granulosa layer, basal lamina, theca interna and externa, superficial tissue and
epithelium (Yoshimura and Barua 2017).

The initial development of the primordial follicle pool occurs during the first
4 days post-hatching (Guo et al. 2019). It has been shown that Follicle-stimulating
hormone (FSH) and Stem cell signalling are required for ovarian development in the
chicken (Guo et al. 2019). A large number of genes have been identified, using in
silico and microarray analysis, which are differentially expressed during final oocyte
maturation in the hen (Elis et al. 2008). The oocyte may also influence the develop-
ment of the follicle through the Kit system; an oocyte factor regulates Kit ligand
expression which decreases with follicular development (Kundu et al. 2012).

2.6.3 Initiation of Laying

The control of sexual maturation in the hen has been reviewed by Bédécarrats et al.
and is controlled by the hypthalmo-pituitary-gonadal axis, in common with other
vertebrates (Bédécarrats et al. 2009). It is well documented that changes in light
intensity impact on sexual maturation in hens (Shi et al. 2020). Photostimulation has
been shown to induce an increase in hypothalamic gonadotropin releasing hormone
(GnRH-1) which then increases FSH and Luteinizing Hormone (LH) release from
the pituitary gland. However, the action of GnRH-1 is antagonized by Gonadotropin
Inhibitory Hormone (GnIH) which was discovered in 2000 (Tsutsui et al. 2000). In
summary, the following signalling events predominate; in young hens, not exposed
to a stimulatory photoperiod, melatonin stimulates GnIH which interacts with its
receptors in the pituitary gland and maintains the bird in its juvenile status; exposure
to increasing light levels, decreases the level of GnlH and simultaneously increases
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the production of GnRH; the resulting release of LH and FSH from the pituitary
gland, starts follicular growth and release of oestradiol which in turn inhibits GnIH
synthesis; when hens are fully mature, high levels of oestradiol and progesterone
inhibit the production of GnIH and gonadotropin release (Bédécarrats et al. 2009).
The onset of laying ranges from week 17 to 20 depending on the breed of hen
(Table 2.1).

2.6.4 Reproductive System of the Hen

The female reproductive system in domestic fowl consists of the ovary and the
accompanying oviduct. While the female embryo in chicken has two ovaries, only
the left ovary survives and reaches maturity to produce eggs. Anti-Mullerian hor-
mone has a critical role in the regression of the right ovary and may play a role in
follicular development (Johnson 2012). The left ovary is located just in front of the
kidneys in the abdominal cavity and is firmly attached to the wall of the cavity. The
ovary is well endowed with blood vessels to ensure effective transport of nutrients to
the developing yolk. The ovary of hatched chickens contains more than 12,000
oocytes of which only a small proportion will develop into mature ovulatory oocytes
(Nishio et al. 2018). With the onset of sexual maturity, follicles of different sizes
develop by an accumulation of lipids (Johnson 2000). There are five to eight large,
yolk filled follicles arranged in a hierarchy according to size, with the largest
(F1) next to ovulate, followed by F2, and F3 (Fig. 2.2). A single follicle per day is
selected from the pool of 6-8 mm follicles to enter the pre-ovulatory hierarchy
(Woods and Johnson 2005). As the follicles develop, they protrude from the ovary
(Fig. 2.2) and are categorised by size or colour as small white follicles (1-5 mm),
small yellow follicles (6—8 mm) or preovulatory follicles (9—40 mm) in diameter

Oviduct
|
[ 1

Uterus Isthmus

Magnum

Cloaca

Vagina
Infundibulum

Large intestine

Fig. 2.2 Reproductive structures of the hen ovary and oviduct. Follicles labelled F1-F3 are the
three largest pre-ovulatory follicles in decreasing diameter (9—40 mm). Small yellow follicles
(SYF), which have accumulated lipids are <9 mm. The oviduct consists of the infundibulum,
magnum, isthmus, uterus and vagina. The utero-vaginal junction (UVJ) is located between the
uterus and vagina. Figure adapted from Apperson et al. (2017)
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Table 2.2 Overview of the egg laying process

Parts of the oviduct Duration of process (h) Function

Infundibulum < 0.5 Formation of vitelline membrane
Magnum 3-4 Albumen formation

Isthmus 1-2 Egg shell membranes formed

Shell gland (uterus) 19 Egg shell formation and cuticle deposition
Vagina 1 Oviposition

Cloaca NA Orifice through which egg is laid

Note: NA: Data not available

(Apperson et al. 2017) and weighing from —150 mg to —230 mg (Johnson 2012,
2015).

2.6.4.1 Egg Laying and the Oviduct

The oviduct of a laying hen contributes to three functions, namely the passage of the
ovum from the ovary, formation of the egg membranes and egg shell and transport of
the developing egg to the cloaca (Apperson et al. 2017). The oviduct consists of five
segments including the infundibulum, magnum, isthmus, uterus (shell gland) and
vagina (Fig. 2.2; Table 2.2; (Yoshimura and Barua 2017)).

Fertilization, if the hen is bred, occurs in the infundibulum before the outer
perivitelline layer is formed. The vagina is at the caudal end of the oviduct which
opens to the cloaca. The part between the uterus and vagina is called the UVJ, where
sperm are kept alive for a few weeks (Yoshimura and Barua 2017). The egg shell is
largely made from calcium carbonate. The calcium is obtained from the feed and also
comes from medullary bone (Taylor and Moore 1953). If there is any pigment to be
added to the egg, it happens in the shell gland. The egg remains in the shell gland for
around 19 h.

The vagina is important in getting the egg laid properly and the egg is turned in a
process called ‘oviposition’. The egg enters the vagina narrow end first but is laid
‘blunt’ end first. Finally, the egg reaches the cloaca which is the exit. Once an egg
has been laid, within 30 or so minutes another will start on its journey. A comparison
of oviposition in brown and white egg layers demonstrated that brown-egg layers
laid eggs more than 1 h earlier after lights came compared to white-egg hens
(Tamova et al. 2017). The sequence of egg laying is such that subsequent eggs are
laid later in the day, starting from the morning, and as it is rare for a hen to start
ovulation after 3 pm, so once every 6—7 days she will miss a day of production.

2.7 ThekEgg

Understanding of the composition of the egg is essential for the separation and
purification of IgY. Yolk proteins and lipids, with the exception of immunoglobulins
(Ig), are made in the liver and transferred via the blood stream to the developing
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Fig. 2.3 The structure of a
hen egg
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follicle. The principle of IgY extraction is initially to remove the large amount of
lipids, and to obtain water-soluble components for further extraction (Chap. 11).

2.7.1 Structure of Eggs

The principal components of eggs include the central egg yolk surrounded by the
vitelline membrane, the albumen (egg white), egg shell membranes, the calcified egg
shell and cuticle (Fig. 2.3). The egg shell is about 9.5% of the total egg volume. The
external shell membranes are composed of inner and outer sheets that enclose the
egg albumen; an outer membrane functions to avoid egg evaporation; the inner lower
shell membrane allows air to passes freely; the air chamber is the space between two
layers of shell membrane; the chalaza projects from the vituline membrane and holds
the yolk in steady position in the egg (Hincke et al. 2012). The egg white is a semi-
flowing gelatinous material inside the shell, accounting for 63% of egg in volume,
and which can provide nutrients and protection for the development of fertilized
eggs. Its main components are proteins, including ovalbumin, oval transferrin,
ovomucoid, lysozyme, ovalbumin, cysteine protease inhibitors and antibiotic
proteins, but it also contains a small amount of carbohydrates and trace amounts
of fat (Stadelman et al. 1995).

2.7.2 Composition of Egg Yolk

The composition of the yolk is approximately 48% water, 33% lipid and 17% protein
(Burley and Vadehra 1989). Importantly, for the extraction of IgY (Chap. 11) yolk
can be separated into two parts: the major one is aqueous plasma consisting of 86%
low density lipoproteins and the remainder a-livetin (serum albumin), B-livetin (o2-
glycoprotein), and y-livetin (IgY); the second portion contains granules of varying
sizes composed of 70% high-density lipoproteins (a- and -lipovitellins), 16%
phosvitin (glycophospoprotein), and 12% low-density lipoproteins (LDL) (Burley
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Table 2.3 Concentration IgY (mg/mL) | IgM (mg/mL) | IgA (mg/mL)
of Immunoglobins in layer

serum and cgg Serum® 5-7 1-2 0.33-0.65
Yolk” 15-25 <0.02 <0.03
Egg white® | <0.03 -0.15 -0.7

Notes: “Data according to Van Meter et al. (1969), Leslie and Clem
(1970), Lebacq-Verheyden et al. (1974), Leslie et al. (1976), Hartle
etal. (2014). ® °Data according to Rose et al. (1974), Akita and Nakai
(1993)

and Cook 1961; Chay Pak Ting et al. 2010; Anton 2013). The concentration and
distribution of Ig in serum and eggs are shown in Table 2.3.

28 Concluding Remarks

The physiological structure and immune system of hens have been demonstrated to
be competent to produce robust innate and acquired immune responses against
different pathogens. In this context, IgY is a crucial molecule in the immune
response of hens in terms of their specific antigenic binding properties and the
wide range applications as an immunobiological reagent.

Avian and hen physiology still poses a number of significant questions. For
example, how extreme environments (cold, hot, water, and hypoxia) impact on
their physiological conditions and what are the unique regulatory mechanisms that
allows them to control the response to these conditions? How is the hen’s reproduc-
tive system controlled including the recruitment and hierarchy of follicular develop-
ment, the circadian patterns of ovulation and oviposition, cross-talk between the
ovary and oviduct and neural networks? What impact has the genetic selection into
layers or broilers has on their immune and reproductive systems? A comprehensive
understanding of the physiology of the domestic hen is essential to underpin the
development of IgY technology.
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Abstract

The ability to distinguish between self and potential pathogens is a key feature of
the immune response. There are many common mechanisms of action of the
innate and adaptive immune systems shared across species as evolutionarily
distinct as chickens and mammals. Toll-like receptors which detect pathogens
are present in both species, but differ in number and function. The central roles of
dendritic cells, Helper T cells and B cells as well as the cytokines released in
response to pathogens are also shared. Lymphoid tissues in chickens are distinct
from those in mammals and the maturation of B cells occurs in the bursa of
Fabricius, an organ specific to avian species. The generation of antibody diversity
occurs by gene rearrangement in mammals and by gene conversion in chickens.
Chickens have three classes of immunoglobulins while mammals have five. The
main serum immunoglobulin in mammals is IgG while that in chickens is IgY.
The structural differences in these molecules is outlined.
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3.1 Evolutionary Context

The environment harbours a wide range of potential pathogens and all living
organisms have of necessity developed defences against microbes and other toxic
substances. An important parameter in this fight for survival is the recognition of
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non-self. The basis of this recognition, in both unicellular and multicellular
organisms, is cellular receptors that detect the molecular motifs that are conserved
among pathogenic microorganisms (Buchmann 2014). It is also essential that the
immune system does not attack its own tissues otherwise this would result in self-
destruction such as in autoimmune disorders (Goodnow et al. 2005). During the
development of immune cells, there is a selection process in which those immune
cells that react strongly with self-antigens are killed or suppressed which is referred
to as self-tolerance. As many proteins are conserved across mammalian species, this
underlies the difficulty in producing antibodies in closely-related species and is one
of the major advantages of antibody generation in chickens due to their evolutionary
divergence from mammals (Chap. 4).

Primitive animals relied on a basic innate defence mechanism (Yatim and Lakkis
2015), but as species evolved and developed more complex organs the immune
system needed to respond and the adaptive immune system appeared about 450 mil-
lion years ago (Kasahara et al. 2004). However, many of the basic mechanisms used
in innate immunity have been retained in adaptive immunity. Antibody production
for research or biomedical applications has traditionally been in mammalian species
(mice and rabbits). This chapter will focus on the general mechanisms involved in
antibody production in mammalian systems with the differences between mammals
and chickens being highlighted. Due to constraints of space, the scope of the chapter
is limited to the cellular and molecular signals involved in the production of
immunoglobulins (antibodies) with some reference to cytotoxic T cells. The physical
barriers to pathogens and roles of other classes of leukocytes involved in the immune
response in mammals (Chaplin 2010) and during early development of the chick
(Hincke et al. 2019) will not be discussed here. The other arm of the immune system
which is activated in innate and adaptive immunity is complement (Zhang et al.
2017) is also beyond the scope of this chapter.

3.2 Innate and Adaptive Immune Response

A fully effective immune response relies on the interplay of the innate and adaptive
immune systems; the innate immune system provides some immediate non-specific
protection against invaders and primes the adaptive immune system. The adaptive
immune system exhibits high specificity for a given antigen, albeit with a delay for a
number of days before full activation, and memory which ensures a swift response
on re-exposure to the same antigen. As a general introduction, many features of the
innate and adaptive immune systems of mammals and chickens are listed in
Table 3.1 and will be discussed in more detail. It is worth noting that with increasing
complexity and body size during evolution, secondary lymphoid organs assumed
importance (Yatim and Lakkis 2015) and cytokine and chemokine production by
dendritic cells results in the necessary interaction between the components of the
innate and adaptive immune system.
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Table 3.1 General features of the innate and adaptive immune systems of mammals and chickens

Immune system
Mode of action

Time of action
Cells involved

Receptor types

Receptor Genes

Co-stimulatory
molecules (activating)

Cytokines released

Other immune
systems activated

“Absent in chickens

Innate
Non-specific
No memory
Immediate

Macrophages, Dendritic Cells,
Neutrophils® Heterophils®

Natural Killer (NK) cells
3 T cells

Toll Like Receptors (TLRs)

Germ-line gene elements

Dendritic cell: CD40, CD80/86

IL-1, IL-6, IL-8, and TNF,
IL-12, Type I Interferons
Complement

Defensins

Cathelicidins

Adaptive

Very high specificity
Memory

Delay of 4-7 days

Macrophages, Dendritic Cells,
Neutrophils® Heterophils®

Natural Killer (NK)cells

vd T cells

B cells

T cells

MHC Class I, MHC Class II
T cell receptors

B cell antigen receptors

Gene re-arrangement®
Gene conversion®

Dendritic cell: CD40, CD80/86
T cell: CD28, CD40L

B cell: CD80, CD40

1L-2, IL-4, IL-5, IFNy, TNF,
IL-6,

Complement

Defensins

Cathelicidins

bHeterophils may play a similar role to neutrophils in chickens
“Generation of antibody diversity in most mammals
dGeneration of antibody diversity in chickens

3.3 Innate Immune Response in Mammals and Chickens

The innate immune responses in mammalian and avian species have many common
features but also some differences in the receptors and cellular responses which will
be discussed in more detail. During the primary innate immune response,
macrophages, dendritic and NK cells recognize the pathogens by their pathogen-
associated molecular patterns (PAMPs) that bind to pattern-recognizing receptors
(PRRs), such as Toll like receptors which then elicit an appropriate response (Takeda
et al. 2003) (Fig. 3.1). PAMPs include the lipopolysaccharide from Gram-negative
bacteria, peptidoglycan, bacterial flagellar proteins, and viral genomic material
including DNA and RNA. The range and action of the chicken Toll like receptors
will now be explored.
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Fig. 3.1 Mature dendritic cells present antigens to naive T cells. Toll like receptors (TLRs) present
in dendritic cells bind PAMP molecules present on pathogens (e.g., microbes, viruses) or even
defective (e.g., tumour) cells. The antigen is processed and presented attached to MHC Class II
molecules (MHC-II). Binding to the TLR upregulates the expression of co-stimulatory molecules
such as CD80 and CD86 and IL-12 is released. A naive T cell with the appropriate T cell receptor
then binds to the mature dendritic cell, gets activated and the adaptive immune system is engaged.
Endocytic PRRs, pattern-recognizing receptors. Figure courtesy of IgYTechnology.com (www.
igytechnology.com)

3.3.1 Toll Like Receptors (TLRs)

Birds have ten TLRs while 13 mammalian TLRs have been identified (Boudinot
et al. 2014) however, chicken TLRs differ to some extent from those expressed in
mammals (Brownlie and Allan 2011). Each of the TLRs detects a distinct repertoire
of highly conserved pathogen molecules. TLRs are also expressed on non-immune
cells such as epithelial and endothelial cells, and fibroblasts and this distribution
helps to promote a rapid immune response (McClure and Massari 2014). For a more
detailed review of PRRs and TLRs in a number of other avian species, the reader is
directed to a review by Chen et al. (2013).

Structurally, TLRs are integral membrane glycoproteins consisting of an extra-
cellular ligand binding domain with leucine-rich repeats, a transmembrane domain
and an intracellular Toll/interleukin 1 receptor (Chen et al. 2013). Chicken Toll-like
receptor 3 (TLR-3) contributes to the induction of the innate immune response
against viruses and is constitutively expressed in all chicken tissues; it is present in
intracellular vesicles (endosome and endoplasmic reticulum) where viruses undergo
uncoating during infection; it upregulates Type I interferon and inflammatory
cytokine production (Table 3.1) (Chen et al. 2013). Chicken TLR-7 is located in
intracellular vesicles and is involved in the interaction with RNA viruses; TLR
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15 located on the plasma membrane and TLR21 in intracellular vesicles are involved
in sensing both viruses and bacteria. Chickens, unlike ducks, lack the retinoic acid
inducible gene 1 (RIG-1) however, this is compensated by the presence of melanoma
differentiation-associated gene 5 (MDAS) which is necessary for the induction of
type I interferon; the lack of RIG-I necessary for Interferon-f3 production may
explain the susceptibility of chickens to highly pathogenic influenza (Chen et al.
2013).

3.3.2 Cytokine Production and Host Defence Peptides

Comparative studies of cytokines in chickens and mammals suggest close functional
capabilities although at the level of the genome and primary protein structures they
are very different (Giansanti et al. 2007). The range of pro-inflammatory cytokines
produced in response to binding to TLRs include interleukin-1 (IL-1), IL-6, IL-8 and
tumour necrosis factor-alpha (TNF-a) (Table 3.1) (Gao et al. 2016; Sun et al. 2019;
Alkie et al. 2019; Awad et al. 2019). The presence of TNF-a which was long thought
to be absent in chickens has recently been confirmed (Rohde et al. 2018). Transcrip-
tion factors, such as interferon regulatory factor-7 (IRF-7) and nuclear factor kappa
B (NFxB), drive the transcription of genes encoding these cytokines (Goossens et al.
2013; Karnati et al. 2014; Markowska et al. 2017; Hoang et al. 2017; Liu et al. 2018).
In addition, the maturation of antigen-presenting cells is promoted and the
co-stimulatory molecules CD80 and CD86 are up-regulated (Table 3.1) (Mogensen
2009). Simultaneously to the humoral response, a cellular innate response is elicited
by activation of tissue-homing cells such as natural killer cells, macrophages, and
dendritic cells (Igyart6 et al. 2006; Jansen et al. 2010; de Geus et al. 2012; Neulen
and Gobel 2012; Sun et al. 2017; Jahromi et al. 2018; Feng et al. 2019; Lin et al.
2019; Yasmin et al. 2019). The NK cells produce IFN at early stages of a viral
infection and later target the virus-infected cells to destroy them by apoptosis (Song
et al. 2017).

Host defence peptides (HDPs), which are families of effector molecules found in
mammals, insects and plants are also present in chickens (Table 3.1); the readers are
referred to a review of their role, evolution and biological activities (Cuperus et al.
2013). Avian host defence peptides are present in nearly every organ and tissue
supporting their importance in the innate immune response. Within the defensin
family, B-defensins are the only defensins found in avian species so far. HDPs, as
well as exerting a direct antimicrobial action, also function in immunomodulation
and wound healing (Cuperus et al. 2013).

There are a number of other cell types (NK cells, y8T, NK-T, and B1) which are
active in both the mammalian innate and adaptive immune response (Getz 2005).
Cell types confirmed to be present in the chicken are as follows: NK cells (Jansen
etal. 2010); yOT (Pieper et al. 2011); and NK-T (Rogers et al. 2008); y3T cells occur
at a much higher frequency in chickens compared to mammals (Sowder et al. 1988).
The common characteristics of mammalian YT, NK, NK-T cells is their ability to
recognize stressed cells in the absence of antibodies and MHC protein interactions.



36 P. M. Morgan

Response to lipid and polysaccharide antigens occurs in these cells in a pathway
independent of MHC Class I and II proteins but by a similar mechanism (Chaplin
2010). B1 cells produce natural antibodies and can respond without T-cell activation
and show no evidence of somatic hypermutation of their receptor genes (Yatim and
Lakkis 2015).

3.4 Adaptive Inmune Response

The adaptive immune system normally has a small number of cells with specificity
for any individual pathogen, toxin or allergen. The responding cells (T and B cells)
must proliferate after encountering the antigen in order to have sufficient cells to
mount an effective immune response. An example of the interplay between the
innate and adaptive immune response is the role of dendritic cells; these cells present
the antigen bound to MHC Class II molecules which then activates a T cell which
displays a TCR which can bind that antigen (Fig. 3.1). Pathogens are complex and
are able to interact with a large number of lymphocytes; each B lymphocyte is
activated to proliferate and differentiate into plasma cells; each plasma cell only
produces a single type of antibody but as a number of plasma cells are stimulated the
overall response is polyclonal. Any protein when degraded by the endocytic path-
way (Fig. 3.1) will result in a number of short fragments of about 15 amino acids, so
a single protein will also give rise to a polyclonal response. A comparison of the
lymphoid tissues of mammals and chickens and the origin and roles of B and T cells
will now be discussed.

3.4.1 Lymphoid Tissues in Mammals and Chickens

The major chicken lymphoid organs involved in the adaptive immune response are
the bone marrow, spleen and the bursa of Fabricius which is found only in birds
(Table 3.2) (Boehm et al. 2012).The chicken’s immune system lacks lymph nodes
but has mucosa associated lymphoid tissues (MALT) that are scattered in the
subcutaneous tissue and through the mucosal epithelia, lamina propria and serosa

Table 3.2 Comparison of the lymphoid tissues of mammals and chickens

Mammals | Chicken | Observations

Bursa of Fabricius No Yes B cell selection and antibody generation

Thymus Yes Yes T cell selection

Lymph nodes Yes No Site of development of adaptive
immune response

Spleen Yes Yes Site of development of adaptive
immune response

Bone marrow Yes Yes Haematopoiesis

Mucosa-associated Yes Yes Regulating mucosal immunity

lymphoid tissue
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membranes (Hammer 1974). The Harderian gland, located in the orbit of the eye,
forms part of the head-associated lymphoid tissue, has high levels of B-dependent
lymphoid cells and plasma cells and is a key immune organ in chickens (Saelao et al.
2018). Birds do not have neutrophils (Table 3.1) but heterophils function in a similar
manner to mammalian neutrophils (Chen et al. 2013). The spleen, a capsulated tissue
found close to the stomach, mounts the immune response to blood borne pathogens.
Immune cells (dendritic cells, macrophages, heterophils and lymphocytes) homing
into the parenchyma of lymphoid organs function by trapping pathogens and
removing them from an infected host (Zhang et al. 2015; Silveira et al. 2019).

Overview of the immune system of mammals and chicken comparing relevant
aspects of their lymphoid tissues and immune response (Keestra-Gounder et al.
2013; Kaufman 2015, 2018; Taha-Abdelaziz et al. 2018).

3.4.2 B Cells, T Cells and MHC Class Il Proteins

The roles of avian B and T cells in the production of antibodies has been reviewed
(Ratcliffe and Hirtle 2014; Smith and Gobel 2014). The development of B and T
cells in the chicken begins with the migration of multipotent progenitors from the
bone marrow to the bursa of Fabricius (B cells) and the thymus (T cells). The bursa
begins development about embryonic day 5 and is populated by pre-bursal cells
between embryonic days 8—14 (Ko et al. 2018). Chickens have three distinct B cell
stages: pre-bursal, bursal and post-bursal B cells (Ko et al. 2018) which differs from
B cell development in mammals. Overall, the function of the bursa is to generate
naive B cells which are then exported to the periphery, probably the spleen (Lassila
1989). Gene conversion (Sect. 3.6) occurs only in the bursa of Fabricius. As sexual
maturity approaches, the bursa begins to regress and the adult depends on the post-
bursal stem cells in the bone marrow as the source of B cells (Davani et al. 2014). In
mammals, B cells mature in the bone marrow into committed B cells.

The T cell repertoire of the chicken and mammals develop by similar
mechanisms. T cells are present in the chicken thymus by embryonic day
15 (Bucy et al. 1990) and by the 18th day of embryonic development the chicken
is capable of producing both an innate and adaptive response to pathogens (Schilling
et al. 2018 and references therein). As an aside, this feature is exploited in large-scale
poultry production with the administration of in ova vaccination for multiple
pathogens. The population of T cells are divided in two subpopulations named
Cytotoxic T cells (CTL or CD8") and Helper T cells (Th or CD4%) (Erf 2004).
Binding of a Cytotoxic T cells through its T cell receptor to a MHC Class I peptide
complex induces death of a cell infected by endogenous pathogens such as viruses
(Gimeno and Schat 2018). T cells, in a process called immunosurveillance, are also
involved in the detection and elimination of tumour cells. There is a comprehensive
review on this arm of the immune system (Erf 2004) but it will not be discussed
further here. There is a further distinction within Helper T cell populations as naive T
helper cells can differentiate into Th1 or Th2 type cells. Th2 cells are associated with
antibody production and synthesis of IL-4, IL-5, IL-13 and IL-17A (Degen et al.
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2005; Walliser and Gobel 2018). Helper T cells recognize exogenous antigen
presented on macrophages, dendritic cell or B cell MHC class II molecules.

In the humoral response, the major class of MHC molecules involved in the
production of antibodies are Class II. MHC Class I molecules are capable of antigen
internalization, processing and surface display (Fig. 3.1). Mammals have 260 genes
for the MHC and this polymorphism gives rise to six distinct binding grooves each
of which can bind a diverse range of antigens (Chaplin 2010). Birds have approxi-
mately 19 MHC genes (Kaufman et al. 1999).

3.4.3 Antibody Secretion by B Cells

Mammalian and chicken T and B cells have receptors which are highly diverse,
however each individual cell has a receptor of a single specificity. T cells recognize
the antigen displayed in the MHC complex through their T cell receptor (Fig. 3.1). In
mammals, to adequately distinguish between self and non-self, two proteasome
subtypes have evolved, the immunoproteasome and the thymoproteasome. In the
chicken these proteasome subtypes are lacking, which raises the question whether
these animals have evolved compensatory mechanism for presentation of antigens to
T cells (Kasahara and Flajnik 2019).

The major class of mammalian T cells displays the «fTCR. Chickens on the other
hand may have frequencies of up to 50% yd T cells (Sowder et al. 1988); the
functions of these cells have not yet been fully determined. The activation of
mammalian and chicken B cells follow similar routes. B cells can undergo
antigen-dependent proliferation and differentiation into plasma cells (secrete Ig)
and memory cells (Fig. 3.2). They can also act as antigen-presenting cells: antigens
upon binding to the B cell receptor are internalised and displayed by MHC Class II
molecules which can interact with the T cell receptor (Fig. 3.2). There is an absolute
requirement for interactions between co-stimulatory molecules and the release of
cytokines before B-cells proliferate (Fig. 3.2). Proliferation induces an antibody
class switch (Sect. 3.5) that ultimately leads to plasma cells secreting specific
antibodies against the antigenic target. Memory B cells are also generated which is
the basis of vaccination (Fig. 3.2).

A subset of the cytokines that are released during the innate and adaptive immune
response are listed in Table 3.1 (Chaplin 2010). These soluble proteins ensure a
coordinated interaction of the cells of the immune system (Turner et al. 2014). Type I
interferons block the spread of viruses and stimulate NK cells. IL-12 produced by
activated dendritic cells induces the expression of the CD80/86 co-stimulatory
molecules. Tumour Necrosis Factor (TNF) is involved in cell migration to the
lymphoid organs. An example of the activation of IL-2 and IL-4 during B cell T
cell contact is illustrated in Fig. 3.2.
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Fig. 3.2 Model of the interaction between B cells and Helper T cells. The B cell receptor (BCR)
takes up the antigen and then displays it in the MHC Class II receptor (MHC-IT) which reacts with a
T cell receptor (TCR) which can interact with that specific antigen. Optimal T cell activation occurs
when the costimulatory molecules CD80/CD86 interact with CD28 leading to the secretion of IL-2
and upregulation of the IL-2 receptor on the T cell. The activated T-helper cells upregulate CD40L
and secrete IL-4 which binds to the receptor on the B cells. B cells differentiate into antibody
secreting plasma cells and long-lived memory cells. Figure courtesy of IgY Technology.com (www.
igytechnology.com)

3.5  Genetic Basis for Diversity in Mammalian TCR
and Immunoglobulins

Seminal events in the development of the adaptive immune system were two waves
of extensive gene duplication which occurred as jawed vertebrates evolved and the
acquisition of the recombination-activating genes (RAG) (Kasahara et al. 2004).
RAG genes encode part of a protein complex which is involved in rearrangement
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Table 3.3 Genes encoding mammalian TCR and Ig chains

Ig 1gGk Igh
TCRa TCRp Heavy chain Light chain Light chain
Variable (V) segments 70 67 65 44 38
Diversity (D) segments 2 27
Joining (J) segments 61 13 6 5 5
Constant (C) segments 1 2 11

and recombination of genes encoding Ig and TCR molecules. These genes are not
embedded in the genome but during lymphocyte development they arise by gene
recombination where a fixed number of adjacent genes when rearranged give rise to
a large number of unique antigen receptors, of the order of 10'%.

The genes for Ig and TCR contain segments known as variable (V), diversity
(D) and joining (J) and constant regions. The number of gene segments reported for
the mammalian light chain of Ig (Collins and Watson 2018) and heavy chain
(Li et al. 2004) and TCR gene segments, not all of which are functional (Li et al.
2004), are shown in Table 3.3.

The main TCR is composed of the aff chains which are somatically assembled
from the V, D, J elements initiated by the RAG1 and RAG2 proteins which cleave
the DNA near the V, D and J segments which is then re-joined by DNA repair
enzymes. An additional enzyme, Terminal deoxynucleotidyl Transferase (TdT) adds
nucleotides into some of the junctions providing extra diversity (Chap. 4). The action
of these enzymes delivers huge diversity, but also frequently non-functional genes
on cells which are then removed in the thymus. Autoreactive cells are also removed.
In fact, fewer than 10% of the developing T cells survive these selection processes
(Klein et al. 2014). TCRs do not undergo affinity maturation nor exhibit rapid
evolution during infection.

In mammals, a similar process of somatic rearrangement of the gene elements
occurs in Ig involving RAG genes and the Ig molecule is composed of two identical
Heavy and Light chains. The combination of the two chains, imprecise joining of
segments and somatic hypermutation all increase diversity (Mishra and Mariuzza
2018). In the initial response antibodies of the IgM class are expressed (Table 3.4)
but during clonal expansion class switching occurs by recombination with other
constant chain genes to give the following classes and subclasses: IgM, IgD, IgG
(IgGq, 1gG,, IgGs and IgGy), IgA (IgA; and IgA,) and IgE (Calonga-Solis et al.
2019). IgG; is the main immunoglobulin in serum having a plasma concentration of
approximately 9 mg/mL and a half-life of 21 days (Almagro et al. 2017).

Affinity maturation occurs during the secondary immune response as IgM is
switched to IgG; this results in Ig of higher affinity for the antigen (Mishra and
Mariuzza 2018).
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Table 3.4 Immunoglobulin classes in mammals

Immunoglobulin classes

IgM IgG IgA IgE IgD
Heavy p Y o € o
chain
Antigen 10 2 4 2 2
binding
sites
% in 6% 80% 13% 0.002% 1%
serum
Main Main Ig of the primary Main In mucus, Ig related B cell
functions | immune response. Binds | serum | tears, saliva, to allergic receptor on
complement Ig colostrum response naive B
Monomer is a B cell cells
receptor

3.6  Genetic Basis for Diversity in Chicken TCR
and Immunoglobulins

The generation of diversity of the TCR and Ig in the chicken occurs by two different
mechanisms. The T cell repertoire is generated in a similar way to that of mammals
and there is no evidence of somatic gene conversion mechanisms; a detailed review
of the process can be accessed (Smith and Gobel 2014) and will not be discussed in
detail here. In B cells, gene conversion is responsible for introducing sequence
diversity in the Ig genes and appears to be as efficient as the gene rearrangement
mechanism in mammals (Ratcliffe and Hirtle 2014). The chicken contains only one
light chain gene which is closely related to the mammalian A light chain; it appears
that the locus encoding the x-type light chain was deleted during evolution (Reynaud
et al. 1985); also, there is only one J segment. This contrasts with the situation in
mammals (Table 3.3). RAG-1 and RAG-2 proteins involved in the deletion of
coding nucleotides or the addition of palindromic (P) nucleotides induces diversity
at the joining sites (Chap. 4); there is no evidence of the involvement of TdT in the
chicken (Ratcliffe and Hértle 2014). There are three constant heavy chain segments
encoding the p, o and v Ig heavy chains of IgM, IgA and IgY, respectively; this in
contrast to the 11 heavy chain segments in mammals (Table 3.3). Variable, D and J
segments encode the heavy chain domain; there is a single V and J segments and
15 D segments which however have low variability compared to those in mammals
(Reynaud et al. 1991). Gene rearrangement in the heavy chain occurs in the same
way as in the light chain. Additional diversity of the light chain is generated by gene
conversion where a stretch of the rearranged L chain gene is replaced by a homolo-
gous sequence from one of 25 upstream pseudogenes; the length of the exchanged
sequences can range from 10-300 nucleotides (Ratcliffe and Hirtle 2014).
Activation-induced cytidine deaminase (AID) is required to mediate repertoire
diversity of B cell immunoglobulins genes by three closely associated pathways
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Table 3.5 Immunoglobulin classes in chickens

Immunoglobulin classes

IgM IgA IgY

Heavy chain 0 o Y

Antigen 8 or 10 2,4,6 2

binding sites

Serum 1-2 0.35-0.65 5-7

concentrations

(mg/mL)

Main functions | Main Ig of the Mucosal protection (High Main serum Ig; main
primary immune in lachrymal fluid and maternal antibody in
response. cloaca)® egg yolk

Monomer is a B
cell receptor

*Merino-Guzman et al. (2017)

named somatic hypermutation, class switch recombination and gene conversion.
Along with AID the transcription factor Bcl6 is a key to diversification by these three
processes (Williams et al. 2016). Also, bursa of Fabricius-derived peptides are
involved in local processes such as B cell differentiation and antibody production
(Feng et al. 2019) Gene conversion in the heavy chain locus occurs by a similar
mechanism. Greater detail of these gene rearrangements is given in Chap. 4 on the
evolution of IgY. The contribution of affinity maturation to the development of
specificity and effectiveness of chicken Ig is unclear (Ratcliffe and Hirtle 2014). The
characteristics of chicken Ig are given in Table 3.5 (Hértle et al. 2014).

3.7  Structure of IgG and IgY

IgG is the main serum antibody released during the mammalian humoral response.
The relationship between the generation of antibody diversity and the structure of
IgG is illustrated in Fig. 3.3a. The variable regions of the light and heavy chains (Vi
and Vy) contain three sub-regions which are hypervariable and named the
complementarity-determining regions (CDR1-3); these form the antigen binding
domain (Fig. 3.3a). The three-dimensional alignment of the CDR of the light and
heavy chains are shown in Fig. 3.3d. Each IgG has two identical antigen binding
sites. The carboxy terminal region is constant for each class of antibody (fragment
crystallizable, Fc) and is responsible for most of the effector functions including
binding to Fc receptors and activating the complement system. The hinge region of
the antibody, linking the antigen binding portions to the Fc region, is a flexible tether
allowing some movement of the antigen binding arms. This is important for binding
to antigens of different sizes.

The characteristics of the five classes of mammalian Ig: IgM, IgA, IgG, IgD and
IgE (Table 3.4) are based on the structure of heavy chain (Schroeder and Cavacini
2010). Glycosylation sites are shown as green circles (Fig. 3.3a); the degree of
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Fc¢ region

antigen binding region

Fig. 3.3 Domain architecture and structure of mammalian IgG an avian IgY. (a) General domain
architecture of mammalian IgG (MW: —150 kDa). Constant (C) and Variable (V) domains of the
Heavy (H) and Light (L) chains of the antibodies are presented in different colours. Complemen-
tarity determining regions (CDR) are shown as yellow (CDR1), orange (CDR?2) and white or green
(CDR3) lines and interchain disulphide bonds as magenta lines; green circles indicate glycosylation
sites. Fc (fragment crystallizable), Fab (fragment antigen-binding) and Fv (variable fragment)
regions are indicated. (b) Similar representation of avian IgY (MW: —180 kDa), showing the
additional CH domain (CH4). (c¢) Crystal structure of mammalian IgG (IgG2a) monoclonal
antibody (PDB ID: 1IGT, (Harris et al. 1997)) in ribbon representation, following the same
colouring scheme. (d) Close-up view of the antigen binding region showing the six CDRs, three
from the light chain (L) and three from the heavy chain (H). Structure images prepared with
PyMOL. Figure courtesy of IgYTechnology.com (www.igytechnology.com)

glycosylation may affect the activity of the molecule (Schroeder and Cavacini 2010)
and circulatory half-life. IgG has been the antibody of choice for diagnostic and
research tools.

IgY (Fig. 3.3b) has a similar structure to IgG with the following notable
differences. It has an additional constant region (CH4), lacks a hinge region and
has two glycosylation sites (Fig. 3.3b). The reader is referred to Chap. 4 for detailed
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information on the evolution of IgY and its relationship to other mammalian classes
and an exploration of the relationship of its structure to its biological activity
(Chap. 95).
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Abstract

Vertebrates evolved some 550 million years ago (Mya) and the vertebrate classes
include three classes of fish (jawless, cartilaginous and bony) as well as amphibians,
reptiles, birds and mammals. The adaptive immune system arose in cartilaginous
fish about 500 Mya and involved the acquisition of the recombination-activating
genes (RAG) and two waves of extensive gene duplication. As animals evolved
the number of immunoglobulin classes increased and it is clear that [gY was central
to antibody evolution. The role of RAG and gene organization is introduced.
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4.1 Introduction to Evolution

In evolutionary terms, life began in seas and ponds and was confined to those zones
for some billions of years. The move onto land was initiated by cyanobacteria about
2 billion years ago. Eukaryotes formed about 2.7 billion years ago then split into the
ancestors of modern, plants, fungi and animals. There are seven extant classes of
vertebrates which can be traced back to about 550 million years ago (Mya) (Fig. 4.1).
Three of these are fishes and include the following classes: Agnatha (jawless
vertebrates e.g., hagfish and lampreys (Kasahara et al. 2004); Chondrichthyes
(cartilaginous fish e.g., sharks and rays); and Osteichthyes (bony fish e.g., trout
and zebrafish). The other four classes of vertebrates are called tetrapods and include
the classes Amphibia (e.g., frogs and toads), Reptilia (e.g., snakes and crocodiles),
Aves (e.g., ostrich and chickens) and Mammalia which includes monotremes (e.g.,
duck-billed platypus), marsupials (e.g., kangaroos) and placentals (e.g., mice and
humans). The Devonian period (about 350-400 Mya) is known as the age of fishes
as many new forms evolved in fresh and salt water. Reptiles, birds and mammals had
to adapt to terrestrial life and are collectively called amniotes. This is based on the
formation of an amniotic egg (Sect. 2.6.1) which is a shelled water-retaining
structure which allows these classes to complete their life cycle on land. Some key
features of this condition are retained in the mammals which give rise to live young;
a monotreme, the duck-billed platypus continues to lay eggs.

The immune response is one of the many adaptive processes which enables
animals to adjust to the adversarial nature of the environments in which they live.

Fig. 4.1 Phylogeny of the 564 528 450 360 310 222 (Mya)
vertebrates. Notes: Mya is L1 L1 ] A
million years ago. The time
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As previously discussed (Chap. 3) primitive animals relied on an innate defence
mechanism but as species evolved and developed more complex organs the immune
system needed to respond and the adaptive immune system appeared about 500 mil-
lion years ago (Sun et al. 2019) which corresponds to the period of evolution of
cartilaginous fish (Fig. 4.1) The adaptive immune system (Chap. 3) includes the
major histocompatibility complex proteins (MHC), immunoglobulins (Ig) and T-cell
receptors (TCR); these underwent further development as new species evolved (Sun
et al. 2019). The development of a process to rearrange genes in response to
pathogenic infection is central to adaptive immunity (Chap. 3). Two major events
in the development of the adaptive immune system were the acquisition of the
recombination-activating genes (RAG); and two waves of extensive gene duplica-
tion which occurred as jawed vertebrates evolved (Kasahara et al. 2004). The RAG
protein complex is involved in rearrangement and recombination of genes encoding
Ig and TCR molecules (Sect. 4.5). There are an enormous diversity of organisms in
each vertebrate class, and an ever increasing wealth of information on different
immunoglobulin isotypes, however, for this chapter we will focus mainly on the
classes of vertebrates rather than individual organisms. Insights into the particular
structures and functions of Ig in a range of species has been recently reviewed (Sun
et al. 2019; Olivieri et al. 2020) and is outside the scope of this chapter.

4.2 Immunoglobulin Classes in Vertebrates

In evolutionary terms cartilaginous fish were the first to be able to mount an adaptive
immune response. As vertebrates evolved, there was diversification of the heavy
chain gene resulting in an increased number of Ig classes (Fig. 4.2). There are five
classes of mammalian Ig; IgM, IgA, IgG, IgD and IgE based on the structure of the
heavy chain which are named p, a, v, O and ¢, respectively. IgM shows a remarkable
consistency in structure and function from cartilaginous fish to mammals (Fig. 4.2).
IgM antibodies are multivalent, and although they may be produced without an
antibody challenge, they are the first antibodies produced in response to a new
infection and are found predominantly in the blood and lymph fluid but are also
involved in mucosal immunity (Zhang et al. 2017). The J chain is known to be
involved, but not always required, in the formation of pentameric IgM and dimeric
IgA (Fig. 4.2) and functions in the transport of the Igs to the mucosae (Koshland
1985).

Cartilaginous fish express a lineage-specific isotype IgNAR which is a heavy
chain homodimer. In bony fish, in addition to IgM, IgZ (also known as IgT) is found.
With the movement of vertebrates from water to land, there were genomic structural
changes and an increase in number of Ig classes (Olivieri et al. 2020). Amphibians
have both pentameric and hexameric IgM as well as IgX, IgY and IgF (Fig. 4.2). IgF,
closely related to IgY, is present in only a few species and has only two heavy chain
constant regions with a hinge between them (Zhang et al. 2017).
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Fig. 4.2 Schematic representation of the domain structure of antibodies throughout jawed verte-
brate evolution. The domain structure and polymeric state are indicated. The J chain which is part of
pentameric IgM and IgA dimers is indicated by T-shaped symbols. IgD, IgH and IgW are not
included in the figure. Figure adapted with publisher’s permission from (Zhang et al. 2017)

4.3  Central Position of IgY in Antibody Evolution

The evolution of the difference classes of Ig appears to follow a quite complex
pattern (Fig. 4.3). It is believed that IgY arose by a gene duplication event from IgM
(Gregory et al. 1995) but through an intermediate step in which IgA evolved from
IgM and then IgY evolved from both IgM and an ancestral IgA (Fig. 4.3) (Zhang
et al. 2017). This hypothesis is supported by phylogenetic analyses (Sun et al. 2019).
IgA is the principal mucosal Ig found in reptiles, birds and mammals; it shows a
similar distribution to IgZ found in bony fish and IgX in amphibians. IgX and IgA
are likely to have evolved from a common ancestor but the evolutionary relationship
between IgZ and IgA is not clear (Mashoof et al. 2014). IgF found in amphibians,
IgY in birds and reptiles and early mammals (Fig. 4.2) and IgE and IgG in mammals
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Fig. 4.3 The central position
of IgY in immunoglobulin ‘e . M
evolution. Solid arrows .
i 5
i . ’\" .

indicate an orthologous
relationship between isotypes.
Broken arrows connect
isotypes which have a putative
orthologous relationship, not
yet verified. Colour coding for
antibody isotypes follows that
of Fig. 4.2. Figure adapted
with the publisher’s
permission from Zhang et al.
(2017)

evolved as serum proteins produced in response to infection: IgE on binding to its
receptor is mainly present on tissue mast cells.

IgA shares some structural features with IgM (Fig. 4.3). Possibly the evolutionary
sequence involved was IgM giving rise to IgX/IgA which then gave rise to IgY; it
appears two domains of an ancestral IgA contributed to IgY (Zhang et al. 2017). IgY
is thought to be the precursor of IgG and IgE (Gregory et al. 1995) based on analysis
of shared exons and information from the genomic analysis of the duck-billed
platypus. This monotreme has IgY instead of IgG, but it has a hinge region not
present in avian IgY (Zhao et al. 2009). Furthermore, platypus IgE sequence displays
features of avian IgY and mammalian IgE. These are good clues in speculating IgY’s
position in Ig evolution (Gambdén-Deza et al. 2009). The discovery of IgY in
amphibians (Zhao et al. 2006) and in 2009 in reptiles (Wei et al. 2009) and the
duck-billed platypus (Gambén-Deza et al. 2009), as well as the emerging informa-
tion on the crystal structure of part of the Fc molecule (Taylor et al. 2009) led to the
acceptance that IgY is a distinct class of Ig and holds a key place in the evolution
of Ig.

44  Gene Organisation Related to Ig Evolution

With the development of molecular genetics technology, researchers have been able
to assess many genes coding for Ig in different species (Hsu 2009; Sun et al. 2013).
In the germline, there a number of genetic elements which on recombination give
rise to the variable domain involved in antigen binding. In the heavy chain, there are
three elements, variable (VH), diversity (DH) and joining (JH) segment genes; the
light chain is encoded by VL and JL gene segments. The order of these gene
segments in cartilaginous fish is very different from later evolved species (Hsu
2016). Multiple individual loci in cartilaginous fish are able to encode Ig genes
and IgNAR (new antigen receptor) is shown (Fig. 4.4). Each locus consists of
constant regions and rearranging segmental elements. It is likely that another lineage
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Fig. 4.4 Diagrammatic representation of the cluster and translocon organization of heavy chain
genes in cartilaginous fish and higher vertebrates. V = variable gene, D = diversity gene, J = joining
gene and C = constant gene while n represents a variable number of genes. Adapted from Das et al.
(2012)

with the Ig in the translocon organization gave rise to Ig in all other vertebrates (Hsu
et al. 2006).

4,5 Recombination-Activating Gene (RAG)-Mediated
Rearrangement

Research has shown that the rearrangement of V, D and J segments with their
neighbouring RSS exists in all types of jawed vertebrates (Hsu 2009). The enzymes
RAGI1/RAG?2 and terminal deoxynucleotidyl transferase (TdT) play critical roles in
DNA nicking and modification (Fig. 4.5). The study of these lymphocyte-specific
enzymes has indicated that they are present in mice, and in their actions show a high
degree of conservation in other animals (Krangel 2003). Initially, pair wise recogni-
tion of the RSS is needed and the RSS pair to be recombined must be composed of
one RSS including a 12-bp spacer and the other a 23-bp spacer (“12/23 rule”)
(Krangel 2003). In all species of vertebrates where the genomic organization of
the gene elements has been elucidated, the RSS that flank possibly recombinogenic
gene elements show this pairing association (Hsu 2009).

Junctional diversity arises when the fusion of the V, D and J segments is not
exact. This imprecise joining can result from the deletion or insertion of nucleotides
(termed P and N). P nucleotides are so named as they make up palindromic
sequences added to the end of gene segments. N-nucleotides are named as they are
non-template-encoded but added by the enzyme TdT to the single-stranded ends of
the coding DNA, after hairpin cleavage (Komori et al. 1993). RAG starts the process
which results in breaking of double-stranded DNA at a gene segment and the coding
ends being then linked by the cell’s DNA repair pathways (Fig. 4.5).

TdT is a member of the X family of DNA polymerases whose expression is
limited to lymphoid precursors of the B and T-cell lineage. Other X-family DNA



4 Evolution of Immunoglobulins in Vertebrates 55

D J
|
RAG cleaves hairpin and adds ‘P’ nucleotides
oV
|
TdT adds ‘N’ nucleotides

b ¥

Incomplete strand hybridisation (mismatches not shown

D * J
111 g O L

|
Gaps filled by DNA synthesis and repair machinery

Y
A

Fig. 4.5 Junctional diversity. Generation of junctional diversity through recombination illustrated
between two gene segments: D (blue) and J (green). Sections highlighted in red show nucleotides
added at each stage (Junctional Diversity by Robert Wilson, CC BY 3.0)

polymerases, Pol p and Pol A, have key roles at various points during coding
end-processing (Bertocci et al. 2006). The early association of TdT in the evolution
of V(D)J recombination reveals its key role in amplifying the selected features
committed by gene rearrangement including variation of sequence and sequence
length as a result of the breakage induced by RAG (Litman et al. 1999; Hsu 2009;
Sun et al. 2013). It has been demonstrated that the highly diverse CDR3 region is the
key determinant of specificity in antigen recognition (Xu and Davis 2000). In
chickens TdT is not active and there is no evidence of N nucleotide additions.

The T cell receptors TCRaff and TCRyd (Chap. 3) have been conserved from all
classes of jawed vertebrates, including mammals (i.e. marsupials, monotremes and
placentals) (Sun et al. 2013). Multiple lines of evidence indicated that the V(D)J
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recombination has two evolutionarily conserved properties: RAG action
mechanisms and the controlling of these processes to ensure that only one type of
antigen receptor is generated by each cell (Sun et al. 2013). This restriction is known
as allelic exclusion.

4.6 Patterns of V(D)J Rearrangement

The rearrangement of Ig Heavy (IgH) and Ig Light (IgL) chains is frequently defined
as an ordered and regulated process in the mouse and human systems. The well-
assessed stages include generation of the DJ before recombination of VH to the DJ in
pro B-cells which is followed by cell division and then rearrangement of the L chain
genes in pre B-cells. In these cells, first, the kappa L chain (Igk) is activated and then
the second L chain isotype (called lambda or Igh) is activated. Chickens have only a
single L chain locus. The controlled accessibility of RAG on various genes and gene
segments leads to expression of one H chain with one allele of k¥ or A L chain.
Therefore, this results in one type of antigen receptor per lymphocyte. There are
currently few data on Ig and TCR chromatin and DNA modification except in the
mouse model, but V(D)J rearrangement patterns reveal the order of gene accessibil-
ity to RAG. Here, we compare V(D)J rearrangement in different species such as the
shark, mouse and chicken (Hsu 2009; Sun et al. 2013).

Rearrangement of Ig in the Shark

The IgH minilocus organization in cartilaginous fishes which are the earliest
vertebrates is observed as the primary and ancestral IgH locus. Sharks, rays and
skates have 100-200 miniloci which each of them including a few gene segments
(i.e., VH-DI-D2-JH-Cp) (Flajnik 2002). In several species the rearranging
sequences are positioned within an area with a length of 2 kb. The miniloci
themselves are positioned at longer distance from each other, and could be located
on various chromosomes (Litman et al. 1999; Lee et al. 2008). There is no stringent
order of rearrangement for the VH, D1, D2 and JH gene segments. After activation
of IgH gene in a precursor B-cell, all gene segments recombine at once and are
followed by completion of gene rearrangement (Malecek et al. 2012).

In a study on a single B-cell it was observed that there were few genomic
rearrangements and few Ig transcripts per lymphocyte (Mostoslavsky et al. 1998;
Eason et al. 2004). There were 9-12 functional IgH genes and 1-3 VDJ genomic
rearrangements in in each B-cell which only one emerged to make a viable receptor
in nurse shark. Once started, recombination happens efficiently between the four
gene segments. This information indicates that despite its unique IgH organization,
H chain exclusion occurs in the shark.

Rearrangement of Ig in the Mouse

Information is presented on the mouse as it was the earliest animal used for the
production of monoclonal antibodies by hybridoma technology. The IgH gene
rearrangement is done in order and in a step-by-step process in mouse. Initially, in
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pro-B cells of the bone marrow the D and J gene segments are joined at both IgH
alleles. Subsequently, the chromatin domain including the upstream VH genes
become activated. There is a large space between the VH gene sequence and the
DJ. Therefore, looping of the DNA and locus contraction are needed to bring them
into close proximity for rearrangement. It has been indicated that exclusion of the H
chain is a result of the staggering of the V to DJ phase among the two alleles.

Rearrangement of Ig in the Chicken

In birds, Ig genes exhibit several unusual characteristics in their genomic
organisation and how they are expressed (Sun et al. 2013). In chickens, there is
very little germline diversity in V, D and J gene segments and diversification occurs
mainly by gene conversion. In this process, short sequences in the expressed
rearranged V-region are replaced with sequences from the upstream V gene segment
pseudogene. The enzyme activation-induced cytidine deaminase is essential for gene
conversion. This is discussed in more detail in Sect. 5.3.
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Abstract

The source of IgY (egg yolk), the method of antibody collection, the monthly
yield of antibody and the ability to raise antibodies to conserved mammalian
antigens are some of the many advantages of IgY in comparison to immunoglob-
ulin G (IgG). While the general structure of IgY is similar to immunoglobulin G
(IgG) of mammals, there are several important differences. These include the
presence of an additional heavy chain constant region (CH4), the absence of a
flexible hinge region, differential glycosylation and effector functions. The gen-
eration of antibody diversity is also discussed. A truncated IgY, IgY(AFc),
containing only CH1 and CH2 domains, is expressed in the serum of some
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birds and reptiles, such as duck and turtle. The diversity of IgY which is observed
among different species has not yet been recognized as different isotypes.

Keywords

IgY structure - Truncated IgY (IgY(AFc)) - Avian - Vertebrates and reptile -
Glycosylation

5.1 The Biology of IgY Production Compared to IgG

The most commonly used polyclonal antibody in research is immunoglobulin G
(IgG). Rabbits are one of the primary species used in polyclonal antibody production
due to their size, ease of housing, ease of vascular access and nature and robustness
of their immune response (Lipman et al. 2005). Sheep and goats, due to their larger
size, are used when larger quantities of antibody are required. Chickens offer a
number of advantages compared to rabbits as outlined in Table 5.1. IgY can be easily
sampled by a non-invasive method based on the simple action of egg collection,
instead of the stressful bleeding of animals to obtain serum, which fulfils the
requirement of 3R principle of animal welfare. The quantity of IgY harvested per
month greatly exceeds that which can be recovered from a rabbit (Table 5.1). The
antibody production of a chicken roughly corresponds to that of a large mammal,
such as a sheep or a goat. There are no significant differences between the avidities
(Woolley and Landon 1995; Svendsen et al. 1996) and affinities (Montes Pérez et al.
1994) of chicken IgY and rabbit IgG. IgY is relatively stable in various conditions
(Table 5.1). Phylogenetic distance is the reason for the frequently described
differences between the antibody specificities of mammals and chickens, even
when identically immunised. In addition to differences between the mammalian
and the avian immune system themselves, differences in phylogenetic development
in these two animal classes contribute to the different antibody specificities.
Chickens often raise antibodies against phylogenetically highly conserved mamma-
lian antigens more efficiently than rabbits (Larsson and Sjoquist 1990; Furlong
2005), which provide a new strategy for the detection and diagnosis of these antigens
as well as drug development. Furthermore, IgY has no cross-reactivity with rheuma-
toid factors and human anti-mouse antibodies (Table 5.1), and does not activate the
complement system and hetero-agglutinins, which indicates that IgY could be used
as an alternative in diagnostic and therapeutic applications. IgY-based
immunoassays are being used to measure the content of proteins, peptides or small
molecules via ELISA, RIA or other assays in clinical chemistry and basic research.
However, there have recently been debates between IgY users as to whether
IgY-based immunoprecipitation in some cases are rather diffuse and not as distinct
as are IgG-based ones. This problem can be solved by using buffers with a high salt
concentration (1.5 M NaCl with 5% PEG 6000). Most of the recent studies confirm
that IgY can be used in the same way as IgG, but additionally offer advantages in
terms of specificity, cross-reactivity and/or sensitivity. Systematic comparisons
between IgY (chicken) and IgG (rabbit) in terms of their biological activities,
molecular structure, characteristics and applications are given in Table 5.1.
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Table 5.1 Overall comparison between IgY antibody (chicken) and IgG antibody (rabbit)

Characteristics
Species

Sites of generation
Antibody subclasses

Source of antibodies
Antibody collection

Average antibody levels per animal

Monthly antibody yield per animal

Serum blood concentration (mg/mL)
Egg yolk concentration (mg/mL)

Amount of antigen-specific
antibodies

Phylogenetic distance to mammals

Immune response to mammalian
conserved antigens

Affinity
Antibody avidity

Molecular weight (kDa)
Isoelectric point

pH stability

Extinction coefficient

(mL mgf1 cm~ ! at 280 nm)
Trypsin stability

Thermo stability

Pepsin stability

Fc chain (type of chain/number of
domains/hinge region between Fab
and Fc chains)

Fab chain (type of chain/number of
domains)

Binding to mammalian complement
or Fc receptors

Cross-reactivity with rheumatoid
factor

IgY (chicken)
Birds, reptiles, amphibians
and lungfish

Bursa of Fabricius, spleen
and bone marrow

Not for chicken®

Egg
Meets 3R principle of
animal welfare

50-100 mg/egg yolk

1000-2800 mg/chicken/
month

6.9 £ 1.68
8-10
0.5%-10% total IgY

310 Mya
Strong

Comparable to rabbit IgG

High, no significant
difference to IgG

180

5.5-7.6°

Stable at pH 3.5-11.0
1.094, 1.33, 1.35¢

Generally stable

Stable at 65 °C > 2 months;
100 °C > 6 min;
4 °C > 6 months

AtpH 4.0,91% IgY activity
for 1 h, 63% after 10 h

v chain/3 constant domains/
no

A chain/1 variable domain
and 1 constant domain

No

No

IgG (rabbit)
Mammals

Lymph nodes, spleen
and bone marrow

1gGy, IgG,, 1gG3 and
IgG4

Blood

Can be painful

5 mg/mL of blood,
blood collection up to
40 mL/month

200 mg/rabbit/month

10-15
Not applicable
50-200 pg/mL serum

Near
Often weak

I1x10%-1x1071
mol/L

High

150

to 8.5

Stable at pH 2.0-11.0
1.4

Weaker than IgY
Generally higher than
Igy!

Higher than IgY

v chain/2 constant
domains/yes

¥ or A chains/1 variable
domain and 1 constant
domain

Yes

Yes

(continued)
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Table 5.1 (continued)

Characteristics

Cross-reactivity with human anti-
mouse antibody (HAMA)

Reaction to hetero-agglutinins
(Coombs, blood group classification)

Non-affinity separation

Purification by salting-out
Purification by affinity columns
Conjugation with enzymes,
fluorophores and colloidal gold
Immunoprecipitation
Immunosuppression applications

Diagnostic applications

Therapeutic applications

Generation of full-length monoclonal
antibody by hybridoma technology
Generation of scFv antibody
fragment by phage display

Notes

IgY (chicken)
No

No

Remove lipid mixture from

egg yolk
Yes

Protein M®
Yes

Relatively inefficient

Can be used for
xenotransplantation

IgY has been studied and
applied for detection/
diagnosis

Under development

Difficult, and lower yield of
monoclonal IgY obtained

Easily produced

A. Ferreira Junior et al.

IgG (rabbit)
Yes

Yes

Remove plasma mixture
from blood

Yes
Yes (protein A and G)
Yes

Good

Several products are
under development

Widely used, especially
monoclonal antibodies

Well developed

Routinely and
commercially applied

Easily produced

#As described in this chapter, there is some limited diversity of [gY among species, particularly the
IgY(AFc), however, it is not yet recognized as a sub-class of IgY. IgY(AFc) may exhibit some
characteristics which are different to full length IgY (Sects. 5.4 and 5.5)

b “For detailed analysis on isoelectric point and extinction coefficient please refer to Chap. 11
For more detailed comparisons please refer to Shimizu et al. (1992)

°For more detailed information please refer to Chap. 11

Most data are direct reference from the review article (Schade et al. 2005), otherwise indicated as
follows: Amount of antigen-specific antibodies (Lipman et al. 2005); Extinction coefficient
(ml mg~" em™" at 280 nm) (Pauly et al. 2011; Hode et al. 2013); Diagnostic applications (He et al.
2015); Therapeutic applications (Schade et al. 2007); Generation of full-length monoclonal anti-
body by hybridoma technology (Zhang et al. 2010); Generation of scFv antibody fragment by phage
display (Barderas and Benito-Pefia 2019); Protein M purification (Jiang et al. 2016)

5.2  Molecular Structure of IgY

The general structure of the IgY molecule is comparable to mammalian
immunoglobulins (Fig. 5.1 and Table 5.2). It consists of two identical light and
two identical heavy chains. The heavy chain is indicated by the Greek letter Y or v
and contains one variable domain and four constant domains. This is in contrast to
the three constant domains of the IgG heavy chain which is indicated by the Greek
letter y. The molecular weight of IgY is 180 kDa (IgG 150 kDa); the heavy chains of
approximately 65 kDa each and the light chains of approximately 27 kDa (Amro
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CH4 chain amino acids

Mammalian IgG Avian IgY Avian IgY (AFc)

Fig. 5.1 The structure of IgG, full-length IgY and truncated IgY(AFc). Notes: IgG is composed of
two identical heavy chains and two light chains. Each heavy chain is comprised of a variable
domain (VH) and three constant domains (CH1, CH2, CH3) with a single carbohydrate site (green
circle). Every light chain contains a variable domain (VL) and a constant domain (CL). VL and VH
are the binding domain of antigen. Purple lines indicate the locations of interchain disulphide bonds.
Bricks represent Complementarity Determining regions (CDRs). Compared to IgG, IgY is
comprised of four constant domains per heavy chain (CH1-CH4), with two carbohydrate sites.
The flexible hinge region found in IgG is absent in IgY and thus may restrict its flexibility in
comparison to IgG. The truncated IgY (AFc) molecule does not possess CH3 or CH4 domains, and
its two C-terminal heavy (H)-chain amino acids are not encoded within the CH2 or CH3 domains of
the full-length isoform. Approx. 110-115 amino acid residues at each VL, VH, CL or constant
domain, details in Table 5.2. (Source: XYZ-IgY lab)

et al. 2017). The additional CH4 region of IgY accounts for the higher molecular
weight compared to IgG (Miiller et al. 2015).

The antigen binding site of the Ig is composed of the variable regions of the heavy
and light chains which are linked by disulphide bonds (Fig. 5.1). Within the variable
regions, there are three hypervariable complementarity-determining regions (CDR)
which interact with a specific antigen. The conserved regions next to the CDR are
called framework regions which may also impact, but less directly, on antigen
binding (Chap. 13). There is a certain genetic homology of the domains Cv3 and
Co4 with the domains Cy2 and Cy3 of mammalian IgG. The Cv2 region forms a less
flexible hinge region and is more comparable to mammalian IgE, rather than IgG
(Chap. 4) (Miiller et al. 2015). The limited flexibility of avian IgY may account for
some of its unique biochemical properties, such as the inability to precipitate
antigens at physiological salt concentrations, which is seen in chickens and ducks
(Miiller et al. 2015). For example, the two arms may be so closely aligned that they
preclude cross-linking of epitopes on large antigens (Knight and Crane 1994). The
Co2 domain may have been condensed in subsequent evolution to become the
genetic hinge found in mammalian IgG (Chap. 4).

The Fc portion of IgY is the site of most biological effector functions as in the
case of IgG. The Fc fragment of IgY includes two carbohydrate side chains in
contrast to only one in IgG (Table 5.2). There are three interchain disulphide
bonds between the heavy chains of IgY (Shimizu et al. 1992) and the number varies
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Table 5.2 Molecular comparisons of IgY and mammalian IgG (rabbit)

IgY 1gG References
Chromosomes A light chain | A light chain | Zhao et al. (2000), Walport (2011), Schat
15 21 (2013), Gertz et al. (2013)
Kk light chain
2
Heavy chain
20
VDI gene V-single V-single Reynaud et al. (1991), Knight and Crane
repertoire gene gene (1994)
J-single J-single
gene gene
D-multigene | D-multigene
Pseudogene Yes No Schade et al. (2005)
occupation
Configuration Monomer Monomer
Carbohydrate 4 2-4 Davalos-Pantoja et al. (2000), Han et al.
content (%) (2016)
Hinge region No Yes
Antigen valency 2 2
Number of amino H-chain 599 | H-chain 440
acid residues L-chain 206 | L-chain 214
Number of CH 4 3
domains
N-glycosylation -Asn (299)- -Asp (291)- Liu (2015), Gilgunn et al. (2016)
site Val-Ser Ser-Thr
(H-chain) -Asn (398)-
Gly Thr-

in IgG with two disulphide bonds between the heavy chains of IgG; and IgGy, four
for IgG, and 11 for IgG; (Liu 2012).

The role of the Fc region and its interaction with IgY receptors is reviewed in
Chap. 6. Binding of IgY to these various receptors may also be implicated in
leukocyte activation, and B cell activation and maturation (Lee et al. 2017).

Glycosylation is a vitally important post-translational modification of proteins
that is frequent in the natural world (Oliveira-Ferrer et al. 2017; Sheng et al. 2018).
According to the linkage structure between a sugar and an amino acid, there are four
major forms of protein glycosylation: N-linked glycosylation, O-linked glycosyla-
tion, C-mannosylation and glycophosphatidylinositol (GPI) anchor attachments
(Blom et al. 2004; Sheng et al. 2018). N-glycosylation is the main glycosylation
structure found in immunoglobulins, and it has significant effects on protein stabil-
ity, sensitivity to protease, immunogenicity and biological activity (Costa et al.
2013). A total of 217 N-glycosylation sites and 86 glycoproteins were identified in
chicken egg yolk (CEY), and these glycoproteins are mainly involved in binding,
biological regulation, catalytic activity, and metabolic processes (Geng et al. 2018).
Among them, 15 were members of the complement and immune systems, which
provide protection against potential threats during hatching (Geng et al. 2018).
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IgY is more heavily glycosylated than its mammalian counterpart IgG as it
contains two N-glycosylation sites in the Cv3 domain, in comparison to the one on
the CH2 (Cy2) domain of IgG (Table 5.2 and Fig. 5.1). IgY contains mainly
complex, bi-, tri- and tetra antennary glycans with or without core fucose and bisects,
all with varying levels of galactosylation and sialylation, hybrid and high mannose
glycans. Sialic acid content was high in IgY purified from serum (Gilgunn et al.
2016). Furthermore, no known non-human or immunogenic glycans were identified
on IgY, as such antigenic structures can cause severe hypersensitivity reactions
which are observed in many immunoglobulin-based bio-therapeutic agents (Gilgunn
et al. 2016) (Chap. 13). The removal of N-glycan changed the conformation, storage
stability, and resistance to guanidine hydrochloride and pepsin digestion of IgY;
when IgY was digested by peptide-N4-(N-acetyl-beta-glucosaminyl) asparagine-
amidase and N-glycan were removed, the IgY molecule became more flexible and
disordered, with decreased storage stability and less resistance to guanidine hydro-
chloride induced unfolding, and more sensitive to pepsin digestion (Sheng et al.
2017).

From the glycobiology point of view, recombinant IgY antibody could be a
potentially promising immune-therapeutic candidate after proper antibody engineer-
ing and expression.

5.3  Generation of Inmunoglobulin Diversity

In humans and mice, immunoglobulins (Ig) genes are formed by a random assort-
ment of variable (V), Diversity (D) and Joining (J) segments. After antigen stimula-
tion this diversity is increased by somatic hypermutation and the Ig isotype can be
changed by class switch recombination (Chap. 3). In the chicken, V(D)J recombina-
tion occurs to produce a single functional gene. Diversity is created mainly be gene
conversion, where short sequences of the V-region gene are replaced by sequences
from V gene segment pseudogenes. Similar modes of gene conversion occur in other
species such as rabbit and farm animals (Flajnik 2002). The cluster of pseudo V
genes is located upstream of the functional V gene segment in both the light and
heavy chain loci. For the variable Light chain only the lambda () light chain is
expressed in avian species whereas mammals predominantly express the kappa (k)
light chain (Chap. 3).

There are 25 pseudo V genes at the light chain locus (Reynaud et al. 1987), and
80 pseudogenes at the heavy chain locus (Reynaud et al. 1989). During B-cell
development in the bursa, segments of the pseudogenes appear in the V gene
segments and multiple rounds of gene conversion can occur (Huang et al. 2012,
2016, 2018) (Chap. 4). This hyper-conversion process generates a large number of
VH and VL repertoires, which when combined in the IgY molecule produce
potentially =3 x 10° combinations (Hof et al. 2008). Additional diversity may be
introduced by Activation-Induced-cytidine deaminase (AID) mediated point
mutations.
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The production of IgY against conserved mammalian proteins is possible due to
the evolutionary distance (310 Mya) between chickens and mammals (Table 5.1).
The complementarity-determining region (CDR) of the heavy chain (CDR-H3) of
the chicken differs in both length and amino acid content from that of humans or
mice (Finlay and Almagro 2012); in the chicken more smaller amino acids (e.g.,
glycine, serine, alanine) are present and a higher concentration of cysteine residues
which may give rise to disulphide bonds which stabilize the longer CDR-H3 loops.
These differences have been confirmed by high resolution crystal structure analyses
(Zhang et al. 2017) and references therein. The diversity generated in the CDR1 and
CDR2 of both heavy and light chains is mostly by gene conversion while somatic
mutation is more important in the generation of diversity in CDR3 (Leighton et al.
2015). The chicken cell line DT40 is able to diversify Ig genes outside the bursal
environment (Buerstedde et al. 1990) and human variable genes inserted in the
chicken loci have been shown to be diversified using this mechanism (Schusser
et al. 2013; Leighton et al. 2015). This was an important step in the development of
transgenic hens expressing antibodies (Chap. 13).

54 Differential Expression of IgY Across Species

Although chicken IgY is the molecular model most usually adopted to represent IgY
in general, there are IgY antibodies present as the predominant immunoglobulin in
serum and yolk of other avian, amphibian and reptile species, and there are also
secretory IgY and truncated IgY (IgY (AFc)) isotypes. While there is no formal
definition of isotypes for IgY, a truncated IgY (IgY(AFc)), occurs containing only
CHI and CH2 domains (Fig. 5.1) and was first identified in ducks. It has a wide
distribution in birds and has subsequently been identified in many other species, such
as lizards (Anolis carolinensis) (Wei et al. 2009), turtles (Pseudemys scripta and
Trachemys scripta elegans) (Leslie and Clem 1972; Li et al. 2012), snakes (Elaphe
taeniura) (Wang et al. 2012), salamanders (Andrias davidianus), and geese (Anser
cygnoides orientalis) (Sun et al. 2020).

5.5 Generation of IgY(AFc)

The generation of IgY(AFc) in different species occurs by different mechanisms. In
ducks and geese, IgY and IgY(AFc) are generated by the alternative splicing of the
gene for the full length IgY by using different transcriptional termination sites (Sun
et al. 2020). In contrast, IgY and IgY(AFc) are encoded by separate genes in turtles
(Lietal. 2012). A third mechanism occurs in some snakes: a single gene gives rise to
identical transcripts which are then processed differently by posttranslational
mechanisms to give rise to IgY and IgY(AFc) (Sun et al. 2020).

As shown in Fig. 5.1, neither IgY or IgY(AFc) have a hinge region which is
present in IgG subclasses and which gives flexibility at that region. The switch
regions (Fig. 5.1) of IgY and IgY(AFc) have been predicted to confer only limited
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flexibility. It not clear what advantages are conferred to the host by the presence of
these two isoforms of IgY (Sun et al. 2020). Ducks on first exposure to an antigen
mostly produce the full length IgY but repeated exposure shifts the production to
IgY(AFc) (Grey 1967; Humphrey et al. 2004). It has been shown that the duck
antibody response undergoes affinity maturation in response to an antigen (Higgins
et al. 2001). The absence of the two constant regions in IgY(AFc) means that there is
a loss of effector functions such as opsonization and Fc-mediated macrophage
clearance of viruses. Antibodies intended to protect a host from viral infection
may actually promote entry of the virus into the cell by the mechanism of
Antibody-dependent enhancement of viral infection (ADE). This is dependent on
the presence of the Fc portion of an antibody. Increasing levels of IgY(AFc) may
result in limiting viral infections and represent an evolutionary selection pressure for
this isoform (Meddings et al. 2014) although this has not yet been proven.

Secretory IgY is found expressed in the stomach and intestinal mucosae of young
Axolotl (Ambystoma mexicanum) (Fellah et al. 1992). It has also been confirmed that
different families of urodeles can express different immunoglobulin isotypes, includ-
ing IgY (Schaerlinger and Frippiat 2008). Despite the limited investigations on
isotypes of immunoglobins and IgY, particularly in amphibians and reptiles, it
appears that there is more diversity of immunoglobins and IgY in these animals
than anticipated, and they might be an important vestige of antibody evolution. It is
also rational to speculate that IgY may have broader functions than our current
understanding.
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Abstract

Receptors play important roles in the recognition, transportation and mediation of
immunoglobulins. The Fc receptors on the cell surface bind to the constant region
(Fc) of the Ig and modulate the immune response. In avian species, three
receptors for IgY have been discovered: IgY’s Fc receptor (FcRY), Chicken
like Ig-like receptor AB1 (CHIR-AB1), and Gallus gallus receptor (ggFcR).
FcRY, despite being considered as a functional homologue of the neonatal Fc
receptor (FcRn) in mammals belongs to a different protein structural family
(mannose family). CHIR-AB1 functions as a classical FcR expressed on chicken
B cells, macrophages, monocytes and NK cells. ggFcR is found highly expressed
in peripheral blood mononuclear cells. The transfer of IgY from the hen to the
embryo is a two-step receptor mediated process: the transfer from the maternal
bloodstream to the yolk sac; and secondly from the yolk sac to the embryo. FcRY
mainly functions in the second process, while the receptor involved in the initial
step, as well as the functions of CHIR-AB1 and ggFcR, remain largely unknown.
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A deeper understanding of IgY’s receptors is crucial to a full understanding IgY’s
transportation, particularly in the unique process of “hen-egg-offspring”, which is
quite different to mammals. Knowledge of the receptors can also clarify the
evolution of immunoglobulins and is important in the development of transgenic
hens which could express complex human proteins.

Keywords

IgY transfer - IgY’s neonatal Fc receptor (FcRY) - Chicken like Ig-like receptor
ABI1 (CHIR-ABI1) - Gallus gallus receptor (ggFcR) - Immunoglobulin mediation

6.1 Constant Region of Immunoglobulins (Ig)

The structures and the generation of diversity in the antigen binding regions of
mammalian immunoglobulins and IgY have been described in Chap. 3. The constant
region of an antibody is termed the Fragment crystallizable (Fc) region can be
recognized by various immune cells and regulate the immune response. These
signalling pathways have been recently reviewed in detail (Koenderman 2019). In
summary, the Fc region of an immunoglobulin specifies the different sub-classes and
plays a role in mammalian complement activation (Chap. 3) and importantly binds to
specific Fc receptors which are the focus of this chapter. In order to exert control of
the immune response, it is necessary that the Fc receptors are tightly regulated;
receptors therefore function as activating or inhibitory of cellular proliferation
(Koenderman 2019).

6.2  Transfer of Maternal Inmunoglobulins

Transportation of maternal immunoglobulins to offspring plays a pivotal role in
neonatal humoral immunity (Brambell 1958). In mammals, delivery of maternal IgG
can occur at both the pre- (placental or yolk sac barrier) and post-natal (milk/
colostrum) stages (Ghetie and Ward 2000; Ward and Ober 2009) . In fact, Brambell
(1958) was the first to propose that there was a receptor system which bound the Fc
of Ig and that it was involved in the transfer of maternal antibodies to the foetus
(Brambell 1958). The identity of the neonatal Fc receptor (FcRn) remained unknown
for about 30 years (Pyzik et al. 2019). This receptor functions by bidirectionally
transporting ligands across cellular membranes and is structurally related to MHC-I
molecules (Pyzik et al. 2019).
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6.3  Transfer of IgY

In avian species, the maternal immunoglobulin is transferred to the egg. The
reproductive system of a hen, described in detailed in Chap. 2, is composed of two
parts: the ovary and the oviduct. With the onset of sexual maturity in the chicken,
follicles of different sizes develop by an accumulation of lipids and give rise to one
pre-ovulatory follicle per day (Woods and Johnson 2005; Johnson 2015). The yolk
contains approximately 33% lipids, 17% protein (predominantly Ig), other trace
components (2% made up of carbohydrates, vitamins and organic compounds) and
the remainder is water; formation of the yolk is completed 24 h before ovulation
(Schade et al. 2001). After ovulation the follicle moves into the oviduct where the
egg goes through its stages of development; formation of the vitelline membrane,
albumen formation, formation of egg shell membranes and finally before laying the
egg shell is completed the cuticle which is a protective layer is deposited (Chap. 2).
Birds have a unique IgY transportation system, which is quite different to IgG’s, and
involves two major steps (Fig. 6.1 (West et al. 2004)).

6.3.1 Transfer from the Maternal Circulation to the Yolk
of the Oocytes

Immunoglobulin (Ig)-secreting B cells of chick origin have been detected in circula-
tion after 6 days post-hatch, meaning that during the first days of the post-hatching
period, humoral immunity is totally dependent on the maternal transfer of Igs
(Agrawal et al. 2016). With the onset of sexual maturity, and the growth of the
ovarian follicles, the developing oocyte with yolk is concentrically surrounded by
several layers of supporting tissue, including the theca layer, acellular layer and
epithelial layer (Murai 2013). The transfer of IgY from the bloodstream to the
follicle increases with follicular size, up to 2—3 days prior to ovulation; the increased

2. FcRY receptor
mediates IgY to embryo
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Fig. 6.1 Two-step transfer of maternal IgY to embryo. Notes: in the first step, involving transfer
from the maternal circulation to the yolk of the oocyte, the transport receptor(s) are unknown but
may be present in the granulosa cells. In the second step, involving transfer from the embryonic
yolk sac to the embryonic blood stream the FcRY receptor is present in the yolk sac membrane.
(Source: XYZ-IgY lab)
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transfer rates are due modification of the follicular epithelium which is thinner in
large follicles (Patterson et al. 1962). Most of the yolk components are derived from
blood plasma yolk precursors that are mainly synthesized in the liver. Of the three
avian Ig classes (IgA, IgM and IgY), only IgY is actively transferred into the egg
yolk, suggesting the existence of a selective IgY transport system in the maternal
ovary, which endocytoses IgY into the developing oocyte. However, the molecular
basis of IgY transfer by oocyte membrane receptors is still largely unknown
(Fig. 6.1).

6.3.2 Transfer from the Embryonic Yolk Sac to the Embryonic
Blood Stream

The yolk sac starts to develop around day 2 of embryonic growth as a well
vascularised membrane surrounding the egg yolk; however, the transfer of yolk
nutrients is limited until embryonic day 11. After day 11, the yolk sac totally
surrounds the yolk and the transfer of nutrients is accelerated and there is rapid
growth of the embryo (Yadgary et al. 2014). Transfer of IgY from the embryonic
yolk sac to the embryonic blood stream relies on the mediation of special IgY-Fc
receptors called FcRY (Fig. 6.1), which are functionally equivalent to the mamma-
lian FcRn. Unexpectedly, FcRY is not a structural homologue of MHC-I molecules
like FcRn. It is a homologue of the mammalian phospholipase A2 receptor, a
member of the mannose receptor family (West et al. 2004). FcRY is expressed in
multiple tissues including the ovary and plays a critical role in IgY homeostasis like
mammalian FcRn; but FcRY does not seem to be involved in IgY transportation
from maternal circulation to the yolk of the oocytes. This speculation is based on the
observation of human IgG uptake into avian egg yolk by uptake receptor (Morrison
et al. 2002). Therefore, it has been suggested that there is a distinct receptor involved
in IgY transport from maternal circulation to the yolk of the oocytes. This association
of IgY-Fc and yolk sac receptors is first mediated by low affinity sac receptors with a
Kp of 3.4 x 107" on the 8th day of incubation, and then by receptors of high affinity,
with a Kp of 3.4 x 1078 on the 18th day of incubation (He and Bjorkman 2011). The
affinity of IgY to receptor cells is more similar to that of IgG than IgE
Kp=1x 10710) for its high affinity receptor (He and Bjorkman 2011).

6.4 IgY Receptor Family

The transportation and functioning of IgY is closely related to its corresponding
receptors. IgY has three characterized receptors in chicken; yolk sac IgY receptor
(FcRY), Chicken like Ig-like receptor AB1 (CHIR-AB1) and Gallus gallus receptor
(ggFcR). They bind to IgY-Fc at sites that are structural homologous to mammalian
counterparts FcRn/IgG, FcaRI/IgA, as well as FceRI/IgE and FcyR/IgG (Zhang
et al. 2017).
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Table 6.1 Major receptors for IgY

Receptor FcRY CHIR-ABI ggFcR
Cellular Activating Activating and inhibitory Activating
effect
Affinity pH-dependent High Low
(L/mol)
Receptor- 2:1 (4:1)* 2:1 1:1
ligand
binding
ratio
Binding Co3 and Cvo4 junction Cou3Cv4 Cv2-Co4
site on
ligand
Confirmed | Mediates IgY transportation from Activates calcium release in | Unknown
function the embryonic yolk sac to the chicken B cell lines;

embryonic blood stream; protects activates IgY aggregation

IgY from catabolism

Note: “Predicted, still unclear or unproven

As stated earlier, FCRY located on the avian yolk sac membrane, is responsible
for IgY transportation from the egg yolk to the embryonic bloodstream; this occurs
by interacting with the Cvo3/Cv4 interface of IgY-Fc (West et al. 2004; Murai 2013).
In common with PLA2R and other MR family members, FcRY is a type I membrane
glycoprotein with a large ectodomain comprising 10 domains of known structure: a
N-terminal cysteine-rich (CysR) domain, a fibronectin type II (FNII) repeat, and
eight C-type lectin-like domains (CTLDs) (West et al. 2004). A recombinant form of
the FcRY ectodomain was shown to bind IgY and the IgY-Fc fragment of IgY with
high affinity at acidic, but not basic, pH, and the full-length FCRY expressed in
polarized mammalian epithelial cells is functional in endocytosis, bidirectional
transcytosis, and recycling of chicken FcY/IgY, analogous to the functions of
FcRn in epithelial and endothelial cells (Table 6.1; (Zhang et al. 2017)). IgY
might bind to one surface of the epithelial cells via FcRY and the FcRY-IgY
complexes are taken up by receptor-mediated endocytosis (He and Bjorkman
2011). The complexes might be then transcytosed across the cells and delivered
via exocytosis at the basolateral surface of the cells (He and Bjorkman 2011). FcRY-
IgY dissociation occurs at this site owing to the instability of the pH-dependent
interaction (West et al. 2004). This model has formed the basis of our current
understanding of the FCRY-IgY transfer mechanism (Fig. 6.2).

CHIRs correspond to the leukocyte receptor family (LRC) and include a large
family of highly polymorphic genes predicted to encode activating (CHIR-A),
inhibitory (CHIR-B), or bifunctional (CHIR-AB) receptors (Viertlboeck et al.
2004, 2005). CHIR-A is an activating receptor which contains a histidine residue
in its trans-membrane segment and relatively short cytoplasmic tail and activates
intracellular tyrosine kinases. CHIR-B on the other hand, has a non-polar transmem-
brane domain, and a relatively long cytoplasmic tail containing two immune-
receptor tyrosine based inhibitory motifs. CHIRs are present on a variety of immune



76 X. Zhang et al.

(A) FcRY-bound IgY

(B) FcRn-bound 1gG

Fig. 6.2 Comparison of the binding of IgY to FcRY and the binding of IgG to FcRn. Notes:
Schematic images on the left correspond to the structures on the right. (a) Fcv3-4 (yellow and
purple) interacting with the tandem array of domains in FcRY (from N-terminal cysteine-rich
domain in red, fibronectin type II domain in tan, and tandem array of eight C-type lectin-like
domains in light to dark green; from cryo-EM analysis; (He and Bjorkman 2011). (b) IgG-Fc
(yellow and purple) bound to FcRn (green domains with P2-microglobulin in light blue).
Reproduced with permission from Zhang et al. (2017)

cells, including those of the innate system, and may have a role in innate immune
recognition (Viertlboeck et al. 2009) as well as regulation of adaptive immunity
(Guselnikov et al. 2009). One of these receptors, CHIR-AB 1, functions as a classical
FcR expressed on chicken B cells, macrophages, monocytes and NK cells
(Viertlboeck et al. 2007). The critical IgY residues interacting with CHIR-AB1
overlap partly with the residues that are critical for IgY transportation into egg
yolk, however, the functions of the CHIR family, including CHIR-AB1, remain
largely obscure. Although the potential relevance of CHIR family members on IgY
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transport into egg yolk remains unknown, the isolation of IgY receptor from the
inner layer of ovarian follicles and a thorough binding study of isolated IgY receptor
are necessary to identify a true receptor for maternal IgY transfer in the future (Murai
2013).

Chicken FcRs have been demonstrated on macrophages decades ago, and FcRs
have multifaceted roles in the immune system; however, a novel FcR gene was
identified in the chicken, designated Gallus gallus FcR (ggFcR) (accession
no. FM200428). ggFcR was found to be highly expressed in peripheral blood
mononuclear cells (PBMC), spleen cells, macrophages and thrombocytes
(Viertlboeck et al. 2009). It consists of four extracellular C2-set Ig domains, where
each Ig domain is encoded by a separate exon, followed by a transmembrane region
containing arginine as a positively charged amino acid and a short cytoplasmic tail
(Murai 2013). ggFcR is a potential activating receptor, which interacts with the
common Yy-chain, and selectively binds to chicken IgY instead of IgM or IgA
(Viertlboeck et al. 2009). ggFcR mainly interacts with the Cv2 domain of IgY-Fc
(Schreiner et al. 2012), however, the Co2 domain is not essential to maintain IgY-Fc
transportation into egg yolks (Bae et al. 2010), suggesting that the likelihood of
ggFcR involvement in IgY transport from the maternal circulation to the yolk of the
oocytes is low (Murai 2013).

6.5 Prospective

There are only limited studies on the major receptors for IgY, which have focused on
the receptors’ structure and the binding mode to IgY, while their functions remain
largely unknown. Furthermore, there are a series of fundamental issues associated
with IgY receptors which need to be revealed, for example, is there an evolutionary
link among FcRY, CHIR-AB1 and ggFcR and IgG/IgA/IgE related receptors? In
addition to transporting IgY in chickens, do they participate in broader physiological
activities?

Knowledge on IgY’s receptors is of particular value and is fundamental for the
idea of the generation of transgenic hens which would express complex human
proteins and transfer these to the eggs. The production of human proteins and
particularly modified antibodies with biomedical value, depends on an in-depth
understanding of receptor-mediated IgY transfer and enrichment in the egg yolk.
Despite the scientific communities realising the value of such a system, the practice
is still very limited, especially compared to expression of proteins in milk. Defi-
nitely, IgY receptors could be used as major targets for such avian manipulation,
although we are still lacking relevant immunological information.
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Abstract

The study of biorhythms, which are internal responses to external stimuli, is knows
as chronobiology. Biorhythms, and their impact on physiological processes, exist
across a wide range of different species. Hens exhibit strong biorhythms and
knowledge of these biorhythms are necessary for understanding the range of IgY
levels reported in the blood and yolk of laying hens. Infradian (60-day in serum and
yolk) and circaseptan (7 day in yolk, 4 day in serum) rhythms were observed in
both yolk IgY and serum IgY concentrations. Ultradian rhythms were observed in
serum IgY concentrations, which reached a peak in the morning, decreased to a
minimum during the daytime and increased again at night. Total and specific IgY
increases with the age of a hen, leading to an increased yield per hen, despite
decreased egg productivity over time. There is a correlation between concentrations
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of IgY in the serum and egg with some variation been reported for different breeds
of hen. It appears that the immunisation program, used to induce a specific antibody
response, does not affect biorhythms in hens. However, the genetic basis and other
factors influencing biorhythms in hens still remain largely unclear, and it is
interesting to explore the mechanisms underlying the different rhythms of IgY in
serum and yolk.

Keywords

Hen - Biorhythms - Infradian - Circaseptan - Ultradian - IgY concentration

7.1 Introduction

Interest in biological rthythms and their effect on physiological processes has been
growing for many years. Three basic rhythms related to a day exist: ultradian when
the period is shorter than 24 h and which may last from seconds to several hours;
circadian rhythms of approximately 24 h; and infradian rhythms which are repeated
every few days, months or even once per year (He et al. 2014).

Circadian rhythms were among those first demonstrated and are hypothesized to
have evolved in aerobic organisms to anticipate changes in environmental oxygen
levels and in mammals it has been estimated that approximately 10% of the genome
is under circadian control (Scheiermann et al. 2013). Light patterns are the major
external driver of an organism’s circadian rhythm as it sets the rest-activity cycle and
is linked indirectly to the timing of food intake which also influences the rhythm
(Scheiermann et al. 2013). The key immune parameters in the blood which exhibit
circadian rhythms are circulating haematopoietic cells, as well as the levels of
hormones and cytokines (Haus and Smolensky 1999). Also, 7-day rhythms,
known as circaseptan rhythms, are displayed in diverse species from sea algae, to
plants, insects, fish, birds and mammals (Reinberg et al. 2016). Circaseptan rhythms
have been noted in connection with cardiac mortality, blood pressure, excretion of
steroids, as well as in the immune system (Cornelissen 1993; Labrecque et al. 1995;
Halberg et al. 2003). In the course of many studies, the modifications of biorhythms
due to ageing have also been considered (Yamazaki et al. 2002). Thus, knowledge of
chronobiology impacts not only on basic research but also pharmacological, clinical,
and therapeutic problems. In this chapter, the impact of rhythms on the levels of IgY
in the blood and egg yolk will be reviewed as well as informing future research.

7.2  Observed Rhythms in Hens

IgY as a component of the immune system, and thus in common with all lymphoid
organs and immune cell types studied to date, is controlled by the circadian clock.
IgY is secreted in the serum and is transported into the yolk of the egg (Chap. 6) with
a delay of a number of days. Additional rhythms appear to regulate IgY levels of the
serum and yolk. A circadian thythm was observed in hen serum IgY; with a peak in
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the morning, followed by decreasing values during the day which then increased
overnight to reach the morning peak value (Fig. 7.1) (He et al. 2014). The total IgY
concentration varied from 31.33 mg/egg to a peak level of 57.05 mg/egg (He et al.
2014). IgY is selectively transferred from serum to the yolk (Loeken and Roth 1983)
and the concentration of total IgY in the yolk is directly related to the circulating IgY
level in hen’s blood (Hamal et al. 2006). There appears to be a 4 day rhythm
(circaquattran) in serum IgY and a circaseptan thythm in yolk IgY concentrations
(Schade et al. 2001; He et al. 2014). The 7 day rhythm in the yolk may reflect both
the 4 day rhythm in the serum and the delay in the appearance of IgY in the yolk as it
is transported from the serum.

As stated earlier, light patterns are the major regulator of circadian rhythms; the
pineal gland responds to the state of the light-dark cycle with the release of melatonin
rhythmically. Melatonin levels increase during the night and serum IgY
concentrations may be correlated with this increase (Skwarlo-Sonta et al. 2003).
However, it is still necessary to explain the differences between the rhythms in the
serum and yolk. Pauly interpreted an observed 60-day rhythm as an approximate
multiple of seven, a finding that was also reported for several components of the
immune system (Fig. 7.2) (He et al. 2014). The biological significance of the 7 day
rhythm of IgY in the yolk is not fully understood. The export of IgY from the serum
to the egg yolk is to ensure that each egg has sufficient IgY to protect the newly
hatched chick before its own immune system develops. Very limited variations have
been reported in the amount of IgY in individual eggs (Carlander et al. 2001). The
total amount of IgY present in serum of the hatched chick has been reported to be
about 2 mg; the fate of the 90% of the yolk IgY is uncertain but it may have a
nutritional role (Kowalczyk et al. 1985). Given the large excess of IgY in the egg, it
would appear that the biological rhythm would not pose risk to the developing chick.
The exact mechanism for the rhythmic control of synthetic activity of B lymphocytes
which impacts on the biorhythm of IgY in the serum and yolk could be further
explored.

There are various reports on the delay between the appearance of IgY in serum
and subsequently in the yolk: a delay of 5-6 days (Patterson et al. 1962) or 3—4 days
(Woolley and Landon 1995; He et al. 2014). Factors affecting this delay, may be the
number of large follicles being produced (Sect. 2.6.4), the serum IgY rhythm and the
half-life of the circulating IgY. The half-life of the circulating IgY of a hen is
approximately 36-65 h (Patterson et al. 1962) and thus the hen loses 30%—40% of
the IgY due to normal turnover (Klasing 1998). The concentration of IgY in the yolk
is constant throughout the maturation of the oocyte (8 mg/mL) and the rate of uptake
is at a maximum during the last 3 days of follicular growth before ovulation and can
be as high as 45 mg/day (Kowalczyk et al. 1985).

The correlation between serum and yolk levels of IgY has been extensively
studied (Schade et al. 2005). The reported IgY concentrations in the yolk of
individual birds range from 3 to 7 mg/mL (Carlander et al. 2001) and one study
reported that IgY concentrations in yolk were 1.23 times higher than that in serum
(Woolley and Landon 1995). There are varying reports on the differences of yolk
IgY concentration in different breeds and the interplay of a number of factors, such
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as the genetic lines or breeds of chickens, purification methods and measurement
techniques, biological rhythms of serum and yolk IgY, may account for these
differences. For instance, there was a reported significant difference between differ-
ent breeds (Carlander et al. 2003) but mean levels of yolk IgY only ranged from
1.75 mg/mL for Rhode Island Red, 2.0 for SLU-1329 and 2.2 for Single Comb
White Leghorn. A comparison of three breeds, White Leghorn, Silkie and
Dongxiang blue-shell, found a significant positive correlation between levels of
total serum IgY and yolk IgY (Sun et al. 2013); absolute levels were not reported
but appear higher in Dongxiang. In contrast, no difference in yolk IgY levels were
observed between Vanraja, Gramapriya, Black Rock and Kalinga Brown hens with
an average of 2.5 mg/mL (Agrawal et al. 2016). In a more recent study, extraction of
hen yolk IgY from Rhode Island Red hen eggs yielded more than double quantities
of yolk IgY (8.37 mg/mL) compared to Single Comb White Leghorn eggs (3.66 mg/
mL (Amro et al. 2017).

At this juncture, it is understandable that the significant circadian rhythm is
superimposed by an ultradian rhythm. The concentration of yolk IgY level increases
in both immunized and non-immunized hens (Pauly et al. 2009). There is a signifi-
cant circaseptan rhythm in yolk IgY and circaquattran rhythm in serum IgY and in
addition a noticeable ultradian rhythm is superimposing the circadian rhythm of IgY.
On the whole, these biological oscillations of IgY are not really dependent upon the
immunization protocol of different target antigens (He et al. 2014).

The observed biological rhythmic variation of IgY may also influence the obser-
vation vaccination effect (namely IgY antibody level) in the hen, higher (or lower)
antibody levels can be caused by the quality of vaccine, but also possibly influenced
by the rhythms of antibody level in a day.

7.3 Impact of Ageing

Hens can be used for up to 2 years for the generation of high amounts of IgY (Pauly
et al. 2009). After immunisation of young hens, the yolk IgY concentration followed
clear age-dependent kinetics: with around 38—45 mg/egg in the first 10 weeks after
immunization and values of between 53 and 60 mg/egg for approximately 1 year;
during a second year of the study the values increased up to 68 mg/egg. The
observed reduction in laying capacity during the second year is compensated by a
greater amount of total IgY per egg. Thus, antibody recovery remains high even after
prolonged immunizations. The absolute IgY concentration recovered, however,
depends considerably on the extraction method used, as well as the weight of the

Fig. 7.2 (continued) corresponds to the period of maximum egg-laying of the observed hen (weeks
36-82). (¢) As in (b), but the graph was analysed using the Chronos-Fit program (significant period
length around 60 days, 73% rhythm). (d) As in (b), but data were analysed in a more detailed period
of time as indicated by arrowheads (significant period length around 7 days, 96% rhythm).
Figure with the publisher’s permission from Pauly et al. (2009)
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egg, the breed of the hen, and the method used for quantification of the IgY
(Chap. 11).
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Abstract

For the production of IgY, it is essential to maintain the laying hens in an
environment which is conducive to egg production and which complies with the
highest international animal welfare standards and legislation. The environment
should allow the normal expression of patterns of behaviour and minimise stress.
The legislative framework, as detailed in European Union Council directives, with
regard to housing conditions for hens and the competence of staff responsible for
their welfare is outlined. A particular focus is the sources of enrichment provided
for the hens. Factors impacting IgY production are also discussed. An example of a
conventional and a SPF housing system are described.

Keywords
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8.1 General Introduction

The general physiology and anatomy of the domestic hen, their genetic selection,
common breeds and the egg laying process are detailed in Chap. 2. There is an
extensive range of reference material on the physiology and husbandry of laying
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hens, in both experimental and commercial settings, which provides an introduction
to new researchers in the field (Hawkins et al. 2001; LayWel 2006; FASS 2010). In
this chapter, we outline the central principles of husbandry, complying with relevant
legislation, involved in keeping hens for the production of IgY antibodies. Domestic
fowl are derived from the geographically separated subspecies of Red Jungle fowl
(Gallus gallus gallus; Gallus gallus spadiceus, Gallus gallus jaboullei; Gallus
gallus murgha) and a second species of Grey jungle fowl Gallus sonneratii (Rubin
et al. 2010; Tixier-Boichard et al. 2012; Malomane et al. 2019). They retain much of
the associated behaviour and biology of Jungle fowl (Hawkins et al. 2001). In the
wild, birds spend up to75% of the day searching for seeds fruits, and insects.
Nesting, perching, and scratching, pecking and dust-bathing in litter are the
behaviours that are most important to domestic fowl (Gallus gallus domesticus;
(FAWC 1997) It is important that birds should be housed in order to permit these
natural behaviours, whenever possible. In the wild, the dominant social structure is
of one male to about four females, however they may form greater groupings of
around 20 birds in less confined situations (Hawkins et al. 2001) The optimal ratio of
males to females in most egg-producing flocks is 1 male per 12 to 15 females (FASS
2010).

8.2 Legislation

Directive 2010/63/EU on the protection of animals used for scientific purposes,
recognised to impose the world’s strictest framework in the field, also governs the
use of birds in research performed in Member States (2010/63/EU). An overarching
principle is that the care and use of live animals for scientific purposes is governed by
the internationally established principles of the Three Rs: Replacement, Reduction
and Refinement (Russell and Burch 1959). The use of birds instead of mammals for
the production of antibodies, is considered to be both a reduction and a refinement in
animal use. It is a refinement in that antibody is extracted from the egg yolk and does
not involve blood collection. It also results in the reduction in the number of animals
needed since antibody production is much higher in chickens than laboratory
animals (Schade et al. 2001).

The welfare of the birds is highly dependent on the quality and professional
competence of all staff involved in their welfare. This principle is embedded in
Article 23 of the EU Directive 2010/63/EU where it explicitly states that staff must
be “adequately educated and trained” and that “they will be supervised in the
performance of their tasks until they have demonstrated the requisite knowledge”
(2010/63/EU). Authorisation requirements exist at three levels: the Establishment,
the Project and each person responsible for care of the animals (LASA 2016). The
holder of the Establishment authorisation ensures that there is a functional system of
training and development in place, including supervision and assessment of compe-
tence. Direct responsibility for ensuring that a suitable level of supervision is
provided for all holders of personal authorisations, lies with the Compliance officer.
The personal authorisation holder is responsible for keeping records of supervision
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and competence. An expert working group has produced a document on an educa-
tion and training framework to meet the requirements under the Directive (Frame-
work 2014). The maintenance of biosecurity, defined here as the unintentional
transfer of pathogens to animals and humans, is a further consideration (FASS
2010). Personal hygiene should be facilitated by the provision of accessible
showering and washing facilities as well as frequent changes of clothing.

Various articles of the Directive 2010/63/EU concern the general physical design
and function of the accommodation provided for animals used for scientific
purposes. A number of extracts from Annex III illuminate these requirements.

e “All facilities shall be constructed so as to provide an environment which takes
into account the physiological and ethological needs of the species kept in them.
Facilities shall also be designed and managed to prevent access by unauthorised
persons and the ingress or escape of animals.” With regard to control of the
environment, insulation, heating and ventilation shall ensure that air circulation,
dust levels and gas concentrations are kept within non-harmful limits. “The
temperature shall be measured and logged on a daily basis.” “Controlled lighting
shall be provided to satisfy the biological requirements of the animals and to
provide a satisfactory working environment” and allow inspection of the animals.

e “Animals, except those which are naturally solitary, shall be socially housed in
stable groups of compatible individuals.” “All animals shall be provided with
space of sufficient complexity to allow expression of a wide range of normal
behaviour. They shall be given a degree of control and choice over their environ-
ment to reduce stress-induced behaviour. Establishments shall have appropriate
enrichment techniques in place, to extend the range of activities available to the
animals and increase their coping activities including physical exercise, foraging,
manipulative and cognitive activities, as appropriate to the species.” “The enrich-
ment strategies in establishments shall be regularly reviewed and updated.”

Specifically with regard to domestic fowl, the minimum standards with regard to
housing are shown in Table 1 (Directive 2010/63/EU Table 8.1.). Member States
may allow exemptions from the requirements of Article 33 for scientific, animal-
welfare or animal-health reasons. “During agricultural research, when the aim of the
project requires that the animals are kept under similar conditions to those under
which commercial farm animals are kept, the keeping of the animals shall comply at
least with the standards laid down in Directives 98/58/EC” and 1999/74/EC (98/58/
EC 1998; 99/74/EC 1999).

“Where these minimum enclosure sizes cannot be provided for scientific reasons,
the duration of the confinement shall be justified by the experimenter in consultation
with veterinary staff” and the regulatory authority. “In such circumstances, birds can
be housed in smaller enclosures containing appropriate enrichment and with a
minimum floor area of 0.75 m~.”
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Table 8.1 Minimum enclosure spaces and feed trough length for birds of increasing mass
(Directive 2010/63/EU Table 8.1.)

Body Minimum Minimum Minimum | Minimum length of | Date referred
mass enclosure area per bird | height feed trough per bird | to in Article
©) size (m°) (m*) (cm) (cm) 33(2)

Up to 1.00 0.025 30 3 1 January,
200 2017
Over 1.00 0.03 30 3

200 to

300

Over 1.00 0.05 40 7

300 to

600

Over 2.00 0.09 50 15

600 to

1200

Over 2.00 0.11 75 15

1200 to

1800

Over 2.00 0.13 75 15

1800 to

2400

Over 2.00 0.21 75 15

2400

8.3  Climate, Air Quality, Light & Noise

The thermo-neutral zone for adult hens is from 12-24 °C (EFSA 2005). Hens cope
with the effects of high temperature by panting which results in evaporative cooling.
Therefore the relative humidity and temperature should be considered together.
Adult birds should be maintained at a relative humidity of 30-70%. The bulk of
cage dust consists of skin debris interspersed with food particles. Use of dust-free
wood shavings will decrease the overall level of dust in the atmosphere. Ammonia
concentrations rise with increasing temperatures and litter-moisture content and are
normally in the range of 1-2 ppm. The health and productivity of hens may be
impacted adversely by ammonia levels above —25 ppm (EFSA 2005).

There are a number of factors to be considered with regarding to lighting;
including the period of light/darkness, light intensity and the light colour or wave-
length (Hofmann et al. 2020). In the European Union, an uninterrupted period of
darkness of 8 h for laying hens is mandatory (99/74/EC 1999). Keeping chickens
with a least 6 hours of darkness could lead to a stronger response of the adaptive arm
of immune response than those provided with longer light periods (Hofmann et al.
2020). The role of lighting on the initiation of lay is discussed in Chap. 2. For
chickens up to 18 weeks old, 8-10 hours of light is suggested; the lighting period
may be increased to 12—16 hours when the chickens start to lay. A normal laying rate
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is maintained by a light intensity of 20 to 30 lux. Chickens are sensitive to light at
different wavelengths than humans and perceive light on the infrared and ultraviolet
spectra (Hofmann et al. 2020). Serum IgY levels do not appear to be influenced by
light colour (red, green or blue) although higher egg production was observed under
monochromatic red light (Hassan et al. 2013). In a more recent study it has been
demonstrated that the use of LED lighting that contains red light positively
influences the productivity and welfare of chickens during the early lay period
(Archer 2018).

Most birds have an audible range that includes 1 to 5 kHz (Hawkins et al. 2001).
Birds are likely to be stressed by excessive noises, however, entering the housing
system too quietly may also cause fright in the flock; hearing a staff member
approach will reduce this stress to birds (Hawkins et al. 2001).

8.4 Enrichment and Nourishment

There are a number of reports which indicate that enrichment of the environment of
hens has a positive impact on improving the immune system of hens under stress and
that the autonomic responses to aversive events were also attenuated in hens housed
in enriched cages (Matur et al. 2015; Ross et al. 2020).

8.4.1 Nest Box

The most important physical enrichment for laying hens is a nest box. Hens prepare
to lay by searching for a nesting site, and then forming the substrate into a nest by
pecking, treading and moulding it (FASS 2010). Laying hens prefer enclosed nest
boxes and those with an appropriate substrate to allow for this nest-building
behaviour (Hawkins et al. 2001). Before sexual maturity, birds should become
familiar with nest boxes before the onset of lay (FASS 2010). There must be “at
least one nest for every seven hens. If group nests are used, there must be at least
1 m” of nest space for a maximum of 120 hens” (99/74/EC 1999).

8.4.2 Perches

To improve laying-hen welfare, Council Directive 1999/74/EC sets forth the mini-
mum standards that laying hens must have “adequate perches without sharp edges
and providing at least 15 cm per hen. Perches must not be mounted above the litter
and the horizontal distance between perches must be at least 30 cm and the
horizontal distance between the perch and the wall must be at least 20 cm.” In a
recent study, (Liu et al. 2018) found that during the day laying hens spent about 10%
of time on perches and at night over 75% of hens were on perches.
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8.4.3 Flooring

Species that spend a significant proportion of their time walking should be
maintained on solid floors with substrates (litter) which supports their natural
behaviour of foraging and dust-bathing (Hawkins et al. 2001; FASS 2010). Birds
will dust bathe in different types of loose material; with a minimum standard of
“250 cm? of littered area per hen, the litter occupying at least one third of the ground
surface”(99/74/EC 1999). A recent study showed that the addition of a pecking
device made of stones on the cage floor lowered the agonistic behaviour of caged
hens compared to controls (Moroki and Tanaka 2016).

8.4.4 Food and Water

Food and water should be available ad libitum. The standards for access to feeders
are as follows: “linear feeders providing at least 10 cm per bird or circular feeders
providing at least 4 cm per bird”(99/74/EC 1999). This will ensure that all birds get
access to food as there are peaks in feeding behaviour, usually at the start and
conclusion of the light period (Hawkins et al. 2001). Hens are fed a standard
formulated diet for laying hens with the nutritional requirements as recommended.
The basis for recommendations for energy sources are reviewed (Jeroch 2011). The
recommended quantity of feed per bird per day is 100-200 g. Calcium requirements
increase during egg laying. Calcium is supplemented by the addition of ground
oyster shell and grit on a monthly basis which achieves excellent results in the
quality of the egg shell. Investigations into the effect of the addition of oil seeds
(Camelina or flax) showed an increase in IgY in Lohman brown hens and it was
suggested that it warranted further research into the immunomodulation properties of
this oil seed (Cherian and Quezada 2016). An investigation on the possible effects of
the addition of quercetin to the diet of broilers found that it enhanced IgY antibody
production (Hager-Theodorides et al. 2014). Clean drinking water should be
provided ad libitum as “either continuous drinking troughs providing 2.5 cm per
hen or circular drinking troughs providing 1 cm per hen. In addition, where nipple
drinkers or cups are used, there shall be at least one nipple drinker or cup for every
10 hens. Where drinking points are plumbed in, at least two cups or two nipple
drinkers shall be within reach of each hen”(99/74/EC 1999).

8.5 Factors Impacting on IgY Production

The annual total amount of IgY produced per laying hen has been reported to vary
from 20 g to 100 g, as reviewed by (Marcq et al. 2013) and is influenced by the
quantitative method used and the extraction procedure (Chap. 11). Indeed there is a
complex interplay between a number of factors such as the housing of birds, stress
levels, the circadian clock, genetic lines and the methods used to purify and assess
the IgY levels. A number of individual studies have examined these factors. An early
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study, albeit at intensive stocking levels, involved keeping hens in cages, or on the
floor. Hens in cages produced higher mean IgY concentrations and specific antibody
titres compared to those kept on the floor (Erhard et al. 2000). It has also been shown
that there are distinct biological fluctuations in serum and yolk IgY levels over a
60 day period and that IgY levels are under the control of the circadian clock
(He et al. 2014) and Chap. 7. A number of reports have suggested that IgY levels
are more closely correlated with the genetic background of the chickens. To date,
five candidate genes related to IgY levels have been determined using a genome-
wide association study (Zhang et al. 2015). A recent study showed that Rhode Island
Red chicken eggs yielded higher quantities of IgY (8.37 mg/mL) compared to
(3.66 mg/mL) by Single Comb White Leghorn chickens (Amro et al. 2018). IgY
concentrations in the blood have been measured for three chicken strains used in
organic production (Hellevad, Hisex and Bovans) with Bovans having the highest
concentration (Kjarup et al. 2017). In contrast, Cook and Trott reported identical
antibody content of eggs of different commercial lines (Cook and Trott 2010). They
reported that egg size and the rate of lay were the dominant parameters governing the
production of IgY over a year. The productivity of the chicken breed may therefore
be the key parameter to consider when selecting birds intended for IgY production
(Chap. 2). Pauly et al. have demonstrated that chickens can be used for up to two
years: although egg production rate was reduced in the second year, the greater
amount of IgY per egg compensates for this reduction (Pauly et al. 2009). In practice,
the normal laying period is approximately 300 days.

8.6 Example of a Conventional Housing System

In compliance with the Directive 2010/63/EU, hens must be provided with enriched
cages (2010/63/EU 2010). Individual hens may kept in a cage for experimental
purposes or in small groups as illustrated in Fig. 8.1.

8.7  Specific Pathogen Free (SPF) Hens

As detailed in the European Pharmacopoeia, “a designated SPF flock is derived from
chickens shown to be free from vertically-transmissible agents” listed in Table 8.2
below (European Pharmacopoeia 7.0 5.2.2. n.d. “This is achieved by the testing of
two generations prior to the designated SPF flock”. Routine testing must be
performed as outlined in the European Pharmacopoeia and all manufacturers of
medicines or substances for pharmaceutical use therefore must apply the European
Pharmacopoeia quality standards in order to be able to market and use these products
in Europe. Antibody production may be impacted by the occurrence of viral diseases
in chickens. Thus, if the antibodies produced are to be used for therapeutic purposes,
the use of SPF chickens is compulsory (Narat 2003). As previously discussed, the
factors affecting IgY production (both total IgY and specific to an antigen) are
dependent on a number of factors and there are conflicting reports on whether SPF



98 L. M. Moran et al.

I E——

Fig. 8.1 Caging systems used for experiments. A number of individual experimental pens are
shown in photo (a). Each pen is 2 m” and has the capacity to hold up to 20 chickens. In photo (b),
3 chickens are shown in a pen with dust-free wood shavings. Food and water are provided in
removable containers (1 and 2) and are monitored daily. There is a semi-enclosed nest box with a
step which doubles as an egg collection box (3). Eggs are removed daily. A platform for chickens to
rest and walk on is shown at 4. Faeces collect below the platform. Dust-free wood shavings are
replaced every two to three days, depending on the stocking density. Perches are shown at 5 and are
clearly visible in photo (c). Photo courtesy of Ovagen Group Ltd. (www.ovagen.ie)

eggs give higher antibody titres. Schwarzkopf et al. researched the influence of
housing conditions and the specificity of IgY produced and concluded that the use of
SPF-hens does not lead to any improvement (Schwarzkopf et al. 2001). In a review
by Schade et al. (2005) and references therein, Hommel & Behn showed that an
identical immunisation scheme carried out in two White Leghorn hen groups, one
kept under SPF conditions and the other under conventional conditions, resulted in
comparable antibody titers in both groups (Schade et al. 2005). Currently, there are
insufficient data to show the superiority of SPF conditions for IgY production,
however for therapeutic uses antibodies must be derived from SPF chickens.
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Table 8.2 A designated SPF flock is derived from chickens shown to be free from the vertical
transmission of the listed agents (European Pharmacopoeia 7.0 n.d.)

Vertical Rapid/Slow
Agent Test to be used® transmission spread
Avian adenoviruses, group AGP, EIA Yes Slow
1
Avian encephalomyelitis AGP, EIA Yes Rapid
virus
Avian infectious bronchitis HI, EIA No Rapid
virus
Avian infectious VN, EIA No Slow
laryngotracheitis virus
Avian leucosis viruses EIA for virus Yes Slow
VN, EIA for antibody
Avian nephritis virus IS No Slow
Avian orthoreoviruses IS, EIA Yes Slow
Avian reticuloendotheliosis | AGP, IS, EIA Yes Slow
virus
Chicken anaemia virus IS, EIA, VN Yes Slow
Egg drop syndrome virus HI, EIA Yes Slow
Infectious bursal disease Serotype 1: AGP, EIA, VN No Rapid
virus serotype 2: VN
Lnfluenza A virus AGP, EIA, HI No Rapid
Marek’s disease virus AGP No Rapid
Newecastle disease virus HI, EIA No Rapid
Turkey rhinotracheitis virus | EIA No Slow
Mpycoplasma gallisepticum Agg and HI to confirm a Yes Slow
positive test
EIA, HI
Mpycoplasma synoviae Agg and HI to confirm a Yes Rapid
positive test
EIA, HI
Salmonella pullorum Agg Yes Slow

Agg agglutination; AGP agar gel precipitation, the technique is suitable when testing is carried out
weekly; HI haemagglutination inhibition; S immunostaining; VN virus neutralisation; EIA enzyme
immunoassay

“Subject to agreement by the competent authority, other types of test may be used provided that they
are at least as sensitive as those indicated and of appropriate specificity

8.8  Specific Pathogen Free (SPF) Avian Facility

A SPF unit needs to be able to operate to scale in order to meet the growing demands
for chicken-based products (Chap. 17). An example of a SPF facility is illustrated in
Fig. 8.2. Overall, the facility measures 2560 m? and is comprised of five avian
housing rooms with a capacity of 800 birds per room. There is a requirement for
showering facilities, a pass-through UV chamber and pass-through dunk tank,
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Fig. 8.2 State of the art SPF Avian Facility. A room subdivided into 3 sections supports the large-
scale production of different IgY products in each section (a); access to this room is from a central
controlled corridor. A single room providing accommodation suitable for 266 chickens, exceeding
the space requirements of Directive 2010/63/EU, is shown in (b). White Leghorn chickens in the
facility are shown in (c). Figure courtesy of Ovagen Group Ltd. (www.ovagen.ie)

controlled diet storage rooms, in such a facility; all are required to operate to SPF
standards. The location of an avian facility is important so that there are no other
chicken facilities or industrial premises nearby, thus ensuring excellent air quality. It
is important to have access to a gamma-irradiation facility as all food and bedding
needs to be sterilised.

Maintenance of SPF status relies on the use of filtered-air, positive-pressure
(FAPP) poultry housing, irradiated food, sterile water and critical biosecurity
measures. Heating is controlled by an air-conditioning unit using triple HEPA
filtered air. Ammonia levels are kept to a minimum by frequent air exchanges,
typically 20+ air changes per hour. Lights are electronically programmed and
operated in strict adherence to recommendations and in keeping with the age of
the chickens and laying cycle. For egg laying, a light cycle of 14 h light: 10 h dark is
used at 20-30 lux with a two-hour dimming period prior to lights out. Nest boxes are
fitted with a barrier which opens and closes and automatically expels the bird after
laying resulting in clean eggs and prevents chickens from brooding. Eggs roll out the
rear of the cage onto a conveyor belt which brings them to a collection bay external
to the avian room. Moving chickens even temporarily from their cages, may
negatively affect egg production or the chickens may undergo a molt, for example
moving for cage cleaning (FASS 2010). Sterilised wood shavings are provided to the
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birds who are housed on a deep litter system. As required, additional sterilised
shavings are provided to the birds. At the end of a production cycle, the building
is thoroughly sanitised before re-stocking with new birds.
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Abstract

The chicken has been the best studied of the avian species with regard to IgY
production. Other agriculturally-important avian species present interesting
alternatives. As more in-depth information became available on the immune
systems and avian genomes, the biology and evolutionary relationships of these
species have become clearer. Each of the species have three classes of immuno-
globulin, IgM, IgA and IgY. Ducks and geese also have a truncated IgY, IgY
(AFc). Antigen-specific IgY following immunization has been recovered from
each of the species. Extraction and purification of IgY from the eggs follows
similar protocols to that of the chicken. The amount of IgY recovered generally
reflects the size of the egg, with the highest levels obtained from the ostrich which
has the largest egg and the lowest from the quail. However, the smaller size of
quail, shorter generation times, annual rate of eggs produced and the modular
housing which has been developed make quail an ideal species for antibody
discovery studies. Antigen specific IgY from each of the species is described as
well as its current applications.
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9.1 Introduction

There are about 10,000 living species of birds which makes it the second most
diverse group of living vertebrates with a history that spans over 160 million years
(Mayr 2016). Of these large number of species, information on the biology and
structure of IgY is available on just a few agriculturally relevant species: those of the
landfowl of the order Galliformes and the family Phasianidae which includes
chicken, turkey, and quail; and the order Struthioniformes and the family
Struthionidae which include ostrich (Tully 2009); and those of waterfowl of the
order Anseriformes and family Anatidae which includes ducks and geese (Routh and
Sanderson 2009). The need for the development of effective vaccines for the poultry
industry is a major driver for research in many avian species.

The evolutionary distance is greatest between the chicken and ostrich which is the
most primitive bird species. The last common ancestor of chicken and ostrich was
approximately 100 million years ago (Mya) (Brusatte et al. 2015). Ducks diverged
from the chicken and turkey approximately 90 Mya (Huang et al. 2013). The last
common ancestor of chickens and turkeys was between 28 Mya (Dimcheff et al.
2002) and 40 Mya (Dalloul et al. 2010); there appears to be no large-scale chromo-
somal rearrangements since their divergence; however, clear differences in genes of
the immune system may reflect adaptations to different ecological niches (Dalloul
et al. 2010). Ducks and geese had a common ancestor approximately 20.8 Mya
(Huang et al. 2016). The reader is referred to a comprehensive comparison of the
immune system of chickens with those of ducks, geese, turkeys and quail with more
limited information on ostriches (Schultz and Magor 2013).

The availability of genomic information will allow more in-depth studies of avian
species, their evolution and biology. The first avian genome to be sequenced was the
chicken Gallus gallus (Hillier et al. 2004); genome sequences are now available for
the turkey Meleagris gallopavo (Dalloul et al. 2010), Japanese quail Coturnix
Jjaponica (Kawahara-Miki et al. 2013), duck Anas platyrhynchos (Huang et al.
2013), goose Anser anser (Lu et al. 2015) and ostrich Struthio camelus (O’Connor
et al. 2018). Of all the avian species the chicken has been most intensively studied. A
recent report of use of experimental animals in Canada showed that the use of birds
(26%) was only second to mice (31%); with chickens accounting for 93% of the
avian studies and the combination of turkey, duck, quail and geese accounting for
just 0.2% (Council on Animal Care 2019).

The generation of antibody diversity by gene conversion is a mechanism common
to the majority of birds from the primitive ostrich (Huang et al. 2012) to ducks,
geese, turkey and quail (Ratcliffe and Hartle 2014). All avian species have three
classes of antibody, IgM, IgA and IgY (Hirtle et al. 2014); IgY is selectively
transferred from the serum to the egg yolk. The methodology for the extraction
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and purification of IgY follows that described for the chicken (Chap. 11).
Descriptions of avian antibodies, with the exception of the chicken which has been
extensively characterized and described (Chaps. 4 and 5) are rather limited. Ducks
being a natural reservoir of influenza type A viruses and the more recent highly
pathogenic HSN1 virus have been subjected to more intensive research (Sturm-
Ramirez et al. 2005). The presence of the variant truncated IgY, IgY(AFc) in ducks
and geese has previously been described (Chap. 5). The conserved mechanism of
generation and the structural homology of IgY(AFc) in ducks and geese infers that it
arose prior to the divergence of these two species (T. Huang et al. 2016). Species-
specific differences in the glycans attached to glycoproteins or glycolipids have been
demonstrated in avian species (Suzuki et al. 2013). The unique Galp1-4Gal glycan
epitope on IgY was shown to be present in ostrich, turkey, quail and duck but absent
in chickens; an advantage may be that chickens are able to produce antibodies
against carbohydrate antigens on pathogens as they do not express this epitope
(Suzuki et al. 2013). Research pertaining to the production of IgY in each of these
individual species will now be presented.

9.2 Ostrich Struthio camelus

The ecology and physiological parameters of ostriches in the wild, which should
inform the husbandry of captive birds, has been described (Cooper et al. 2010). The
incubation and hatching period of 42 days (Shanawany and Dingle 1999) is much
longer than for the other avian species (Fig. 9.3). The start of lay is between 104 to
130 weeks and the age of maximum egg production ranges from 364 to 572 weeks
(Kokoszyriski 2017; Shanawany and Dingle 1999). Young female ostriches produce
10 to 20 eggs in the first year and a range of 40 to 130 eggs annually, but most often it
is 40-60 eggs (Kokoszyniski 2017). An analysis of the immunological transcripts in
the ostrich showed the presence of IgM, IgA and IgY which are similar to those in
other avian species (Huang et al. 2012). However, an earlier study showed that there
is no cross-reactivity of chicken polyclonal or monoclonal antibodies with ostrich
IgY suggesting some structural differences (Cadman et al. 1994). The molecular
weight of ostrich IgY has been reported to be around 200 kDa (heavy chain, 64 kDa;
light chain, 28 kDa) (Adachi et al. 2008) and thus heavier than chicken IgY
(180 kDa) (Chap. 5). One of the main advantages of IgY production in ostrich is
the size of the egg. Each egg weighs about 1.5 kg which is 30-fold larger than
chicken eggs and can yield 2—4 g of IgY per egg; with an annual production of about
100 eggs this would yield about 200—400 g of IgY from one ostrich in a year (Adachi
etal. 2008, 2011). In addition to the amount of IgY, another important factor is that it
is from a single egg and therefore avoids any potential batch to batch variation when
multiple eggs need to be collected to give sufficient material for purification. To date
there have been few studies following immunization in the ostrich. An ostrich was
shown to produce cross-reactive neutralization antibodies against the pandemic
influenza virus A/HINI following immunization with a seasonal flu vaccine;
air-conditioning filters impregnated with these antibodies were proposed as a
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potential mechanism to slow the spread of the virus (Adachi et al. 2011). In another
study, the in vitro inhibitory activity of ostrich IgY following immunization with
enterotoxins on the growth of S. aureus and E. coli was demonstrated (Tobias et al.
2012). While the husbandry of ostriches may be challenging, the very high levels of
IgY production in the ostrich may make it amenable for future industrial
applications.

9.3 Japanese Quail Coturnix japonica

Japanese quail are used as a laboratory animal model for several areas of biological
investigation, including immunology. The reader is referred to a detailed description
of the biology, husbandry and breeding of quail which will not be discussed here
(Baer et al. 2015). The advantages in using quails include their small size (body
weight 80-300 g) (Kawahara-Miki et al. 2013); start of lay at about 39 days and 50%
egg production at 45 days with an average of 253 eggs laid per year (Narinc et al.
2013). Egg weight averages about 10 g (Tserveni-Goussi and Fortomaris 2011) and
eggs take 16 to 18 days to hatch (Baer et al. 2015). The positive attributes of quail
include a minimum requirement of housing space; recently a modular housing
system for quails, which adheres to the European Directive 2010/63 (2010/63/EU
2010) designed for antibody discovery studies was described (Ochoa-Pires et al.
2020) (Fig. 9.1).

Quails can be immunized at weeks 68 of age (Ochoa-Pires et al. 2020) and have
been reported to respond to lower levels of antigen (15-60 pg of purified virus
preparation) compared to that required to immunize chickens (Somowiyarjo et al.
1990). Formalin-inactivated E. coli were used to immunize quail via the thigh
muscle, antibodies were isolated and purified by methods previously validated for
chicken IgY (Chap. 11) and the molecular weight of the heavy and light chains was
found to be 93 kDa, giving a molecular weight of 186 kDa for the intact IgY, which
is slightly larger than for chicken IgY(Padmani et al. 2007). In another study, the
production of specific IgY against Salmonella typhimurium and Salmonella
enteritidis was reported (Esmailnejad et al. 2019a, b) and the antibodies could be
stored at 4 °C for a period of 2 months with no loss of activity (Esmailnejad et al.
2019a, b). A recent study showed that aqueous two-phase extraction and purification
of immunoglobulins by chromatography yielded ultra-pure IgY (Balaraman and
Rathnasamy 2020). Overall, the yield of IgY in quail is lower than that from chicken.
This is to be expected given that the egg yolk weight in quail is about 3 g (Murai
et al. 2016), compared to 15 g in chicken (Singh et al. 2009); the reported levels of
IgY in quail were in the range of 1-2.5 mg/g yolk as determined by ELISA which
would give a total of 3-7.5 mg/egg (Murai et al. 2016). Consistently, results by
Francisco et al. using size-exclusion chromatography analysis of chicken and quail
egg yolk fractions also revealed —seven-fold lower concentration of IgY content in
quails relative to chickens (Francisco et al. 2015)(Fig. 9.2).
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Fig. 9.1 Modular housing system for egg-laying quails. Caging system for housing egg-laying
quails. (a) Overall view of a 4-level housing rack, with up to two cages per level; (b) Frontal, (c)
inside, (d) lateral and (e) back views of a rack level, showing details of the wired-floor drawer and
removable polycarbonate panels; (f) Frontal egg-collecting section for easy monitoring and collec-
tion of eggs; (g) Egg cataloguing box; (h) LED light system for photoperiod control and (i) water
system with automatic refilling with 4 water dispensers per level; both systems are independent
from the main rack, resting attached to the facility wall. Figure adapted from original (Pinto and
Vieira-Pires 2018) with permission
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Fig. 9.2 Analysis of water-soluble protein fractions (WSF) obtained from chicken and quail egg
yolks. Size exclusion chromatography reveals distinct elution profiles. Chicken WSF presents three
main elution peaks (12.6, 14.7 and 15.8 mL) with the first one enriched in chicken IgY antibodies
and the other two corresponding to the remaining protein impurities, as shown by SDS-PAGE.
Quail WSF chromatographic profile is rather different, with a strikingly reduced quail IgY peak at
12.8 mL and a major convoluted peak for the remaining impurities (15.8 mL). HC, IgY heavy chain;
LC, IgY light chain. Figure adapted from original (Francisco et al. 2015) with permission

9.4  Turkey Meleagris gallopavo

The performance of turkey hens was shown to be influenced by the strain (Siopes
1995). The turkey’s reproductive cycle is shorter than other commercial avian
species and their egg production is quite low (Tserveni-Goussi and Fortomaris
2011). Photo-stimulation between 29 and 31 weeks of age has been used to initiate
egg production (Applegate 2002) with the first oviposition occurring within
2-3 weeks. The onset of lay is about the 32nd week of life, peaks about week
38th and ends about the 56th week of life (Kowalczyk et al. 2019). The mean egg
weight is dependent on the strain of turkey; an average egg weight of 76 g for
Beltsville Small Whites and 83 g in Broad Breasted Bronze turkey hens (Kosin and
Abplanalp 1951); the mean yolk weight was recorded as 30.5 & 2.89 g (Nisianakis
etal. 2009). In an early study, the mean serum level of turkey IgY was reported to be
8.92 mg/mL and the IgY levels in yolk were reported to be 5.1 mg/mL (Goudswaard
et al. 1978). A more recent in-depth study determined the levels of serum and egg
yolk IgY after immunization against selected pathogens in breeder turkeys during
different stages of life from start to end of lay (Kowalczyk et al. 2019). The average
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serum IgY concentration throughout the period of study was 22.04 £ 10.29 mg/mL
which is higher than the average in chicken of 6.9 + 1.68 mg/mL (Chap. 5). The
mean IgY transfer from serum to egg yolk in the entire production cycle accounted
for 59.5% which is about 13 mg/mL of egg yolk; this varied during the period of lay,
being lowest during the period of highest laying intensity.

9.5  Duck Anas platyrhynchos

Between day 22 and 27 duck hatchlings penetrate their bill into the air-space and
pips or cracks the shell and hatches (Oppenheim 1970). Mean egg weight has been
reported to be 50.21 + 2.74 g (Shah et al. 2008). The nutritional requirements of the
main egg-type breed of ducks (Longyan laying ducks) has been reviewed: this breed
matures early (110 days) and has an annual egg production of >280 eggs (Fouad
et al. 2018). Other breeds of duck mature much later, and the annual production of
eggs is lower (Biesiada-Drzazga et al. 2014). Ducks and geese have the unique
capacity to produce both a full length IgY and a truncated isoform of IgY(Fc) from
the same gene (Tong et al. 2011a, b) as described in Chap. 5. While both IgY and
IgY(AFc) can be incorporated into the egg yolk, the full-length form (IgY) is
preferentially incorporated (Munhoz et al. 2014). The IgY(AFc) retains the ability
to connect to antigens but is incapable of antigen internalization and complement
activation (Huang et al. 2016). It has been reported that the loss of the specific Fc
domain could significantly reduce the severity and frequency of hypersensitivity
reactions and enhance the safety of product, so IgY((AFc) might have some
advantages over IgG or IgY in immunodiagnostics and immunotherapy. It has
been demonstrated that immunization of ducks with as little as 100 pg of duck
hepatitis B virus L protein plasmid generated 60 to 100 mg of highly neutralizing
and purified IgY from each egg (Rollier et al. 2000); these antibodies protected
offspring from a high titre duck hepatitis B viral challenges.

9.6 Goose Anser anser

Geese lay about 30-50 eggs each year, have a life span of about 20 years but their
reproductive potential is at an acceptable level for about five seasons with egg
number suppressed after the eight laying season (Tserveni-Goussi and Fortomaris
2011) and references therein. The average egg weight in Wulong breeder geese is
130 g (Zhang et al. 2020); in the same study it was shown that addition of 60 mg/kg
Fe and 5.0 x 10° CFU/kg B. subtilis to the diet improved egg production. The age of
maximum egg production is between 40-45 weeks and for specific breeds, such as
those that originate from Anser cycnoides (e.g., the Kuban goose), egg production
rates can be much higher (Tserveni-Goussi and Fortomaris 2011). It has been shown
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that geese can generate full length IgY as well as IgY(AFc) by a similar mechanism
as in ducks; this combined with the sequence homology suggests that IgY(AFc)
emerged before the divergence of ducks and geese approximately 20.8 Mya (Huang
et al. 2016). Hydrophobic charge-induction chromatography (HCIC; Chap. 11)
using new ligand, 2-mercapto-1-methyl-imidazole (MMI) was used to purify IgY
(AFc) with a final purity of 98.6% and a yield of 85.0% from plasma (Tong et al.
2011a, b). Dengue virus (DENV), transmitted by an insect bite, is an increasingly
global health problem. DENV specific goose IgY was generated in an inbreed hybrid
(Anser domesticus) a cross between the German Embden, the Royal Chinese, and the
Royal English goose breeds: vaccination with DEVN2 antigen induced a strong
humoral response in the geese with antibody titres reaching as high as 1: 6,400,000;
therapeutic efficacy was observed with 1-2 mg anti-DEVN2 administered to mice
and protected against a lethal DENV2 challenge without antibody dependent
enhancement (Fink et al. 2017). Recently, a goose antibody to DENV
non-structural protein 1 was shown to neutralize DENV infection and protect against
a lethal dengue virus challenge (O’Donnell et al. 2020). The same research team has
demonstrated that goose zika virus-specific IgY protects against a lethal zika virus
challenge without inducing antibody-dependent enhancement (O’Donnell et al.
2019). Goose, like chicken, are a good source of antibodies to snake venoms
(Chap. 16) and the development of a point of care assay for the identification of
the exact species of snake is desirable. It has been demonstrated that up to 2.77 mg of
purified antibodies specific for Russell’s vipers snakebite can be obtained from a
single goose egg and that 10-15 goose eggs would provide enough antibody to make
10, 000 immunochromatographic diagnostic kits (Lin et al. 2020).

9.7 Summary

The potential to use other avian species, rather than the chicken, has been exploited
in recent years. Further studies on the structure and biology of IgY from the avian
species discussed in this chapter is warranted. The major parameters with regard to
hatching times and start of lay as already discussed are presented pictorially in
Fig. 9.3. Chicken breeds have been selected to lay an egg nearly every day and to
reach maturity earlier. Some of the other species produce larger eggs but the number
of eggs laid per year are is much lower (Fig. 9.3). The selection of a particular avian
species for the production of IgY is dependent on whether the short generation time
of the quail, the annual productivity of the chicken or size of the egg are the most
important parameters to answer the research question or provide sufficient IgY for
commercial purposes.
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Abstract

Immunization of hens is the critical step in generating biologically active
antibodies of high specificity and avidity in large amounts. A number of aspects
each require careful consideration during the design of a study: the breed of hens
and rearing conditions; the type and source of antigens; hapten designs for
antigens of small molecules; methods of antigen inactivation; the amount of
antigen applied; the type of adjuvants; the choice of antigen delivery routes;
and immunization intervals. Although intramuscular injection has been the most
commonly used antigen administration route in hens, other methods such as gene
gun immunization and group immunization have been increasingly applied. The
antibody titre needs to be carefully monitored during the immunization period,
and the immunization program should be adjusted according to the antibody

response observed.
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The successful outcome of immunization of hens is dependent on a number of
different criteria in order to obtain highly specific and high titre IgY antibodies.
Depending on the desired outcome, such as long-term harvest of a large amount of
specific IgY the protocols may be different and complex in comparison to simple
chicken vaccine immunization.

10.1 Maintenance of Hens

The anatomy and physiology of hens and the legislation governing the rearing of
hens for the production of IgY are outlined in Chaps. 2, 8, respectively. Hens to be
selected for immunization should be producing six to seven eggs per week which are
uniform and have strong eggshells without fractures (Chap. 8). The chickens should
be monitored to ensure they are alert, drinking fresh water and maintained on an
appropriate diet under the guidance of veterinarian. Healthy hens have bright eyes,
bright rosy red combs and good plumage; pale combs and bristly feathers are
indicators of ill health (Mack and Bell 1990). According to welfare procedures,
immunized hens should be monitored daily for at least 7-days post-immunization.
The first side effect of immunization could be the sudden interruption of laying eggs
which can persist for one week (Schade et al. 1994). Inflammatory reactions at
inoculation site(s) may cause both local and systemic deleterious effects. As a
consequence, energy supplied for egg development is switched to repairing the
inflamed hen tissues.

The conditions in which hens are raised could also influence the response to
immunization, particularly when certain antigens/pathogens are present in the envi-
ronment and the hens have been constantly challenged before immunization; in this
case it will be difficult to generate a satisfactory specific antibody response to those
pathogens (Zimmermann and Curtis 2019). Alternatively, specific-pathogen free
(SPF) chickens could be used to avoid possible experimental failure. SPF chickens
are those in which certain microorganisms (bacteria, viruses, fungi) and
corresponding antibodies are undetectable (Chap. 8) but may contain other
microorganisms. In particular, the use of SPF chickens should be considered in
antibody studies targeting the antigens of common pathogens or their analogues in
birds. The immunization procedure of SPF hens is the same as that of ordinary laying
hens, but the response to antigen and antibody response will be different (Schade
et al. 1994). The biosafety conditions and the immunization protocol should also
ensure that the SPF status of the hens is maintained.
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Genetic differences exist between different breeds of hens that may play a role in
both egg production (Chap. 2) and antibody response; these differences result in
different immunological adaptations as determined in whole blood, timing of egg
laying and egg laying capacity (Bilkova et al. 2017).

Hens are subject to various biorhythms (Chap. 7) which may also affect IgY
production.

10.2 Source of Antigens

Rational antigen design and high antigen quality are prerequisites in obtaining a high
titre of specific IgY antibody. In the scope this book, antigens are non-self-chicken
substances delivered to the chicken immune system and capable of inducing the
production of IgY antibodies. Immunogenicity (the ability to induce cellular and
humoral immune responses) and antigenicity (the ability to be specifically
recognized by the antibodies generated as a result of the immune response) are
two desirable antigen features for the development of higher performance antibodies.

10.2.1 Whole Virus or Bacteria

The entire composition of a whole virus may comprise dozens of antigens capable of
causing a response by the host immune system (Chap. 3). Bacteria have outer cell
walls and membranes (some also have pili and capsule), and contain many proteins
and nucleic acids, which together form thousands of antigens. An inactivated antigen
(usually refers to whole virus or bacteria) (Fig. 10.1) preserves antigenicity and
immunogenicity, but has no capacity to replicate in the blood, tissues, or cells of an
inoculated host, nor retain the infectivity, virulence and pathogenicity of the original
pathogen (Herrera-Rodriguez et al. 2019). In some circumstances such as for a
zoonotic pathogen, inactivation is important for preservation of the immunized
chickens’ welfare and to protect the laboratory team. Before inactivating an antigen
for IgY production, it is recommended to check whether some antigenic regions
remain after the inactivation protocol (Toinon et al. 2019).

Other methods used are treatment with Beta-propiolactone (BPL), formaldehyde
(FA) and physical methods. BPL is commonly used for whole virus chemical
inactivation (Fu et al. 2006; Nie et al. 2019); however, it drastically reduces the
immunization performance (Toinon et al. 2019). There have been no studies of IgY
antibody production by antigens inactivated using BPL.

Although the whole virus chemical inactivation by FA has lower efficiency than
BPL, for whole bacterial inactivation the aldehydes are the most commonly used
treatment (Hochel et al. 2004). Frequently, the aldehydes cause structural protein
modifications and consequently reduce specific antibody production by the
immunized host (Fan et al. 2015). In experiments using aldehyde-inactivated
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bacteria it is necessary to compare them to the native proteins to confirm the
remaining antigenicity. Water-soluble fractions (WSF) of protein containing IgY
were isolated from the egg yolk of hens initially immunized with FA inactivated
bacterium V. parahaemolyticus (Dong et al. 2008). IgY showed high affinity for
their corresponding antigens with high titres from day 28 onwards. Protein contents
and total IgY concentrations remained stable throughout the immunization period,
whereas specific IgY concentrations increased steadily and reached a plateau at day
49 (Kassim et al. 2012).

Inactivation by physical methods are the most common methodologies for
recovering whole parasite antigens (protozoa or helminths). Antigens can be
extracted by freezing-thawing cycles (Kobayashi et al. 2004; Ferreira Junior et al.
2012), sonication cycles (Manhani et al. 2011) and extraction by detergent treatment
(Lopes et al. 2019; Carrara et al. 2020). Normally, antigens that are obtained by these
processes do not suffer a radical inactivation; however, enormous quantities of
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antigen proteins are required for a satisfactory extraction and there are inevitable
antigen losses (de Faria et al. 2019, Souza et al. 2020).

10.2.2 Recombinant Proteins

Recombinant protein systems have opened new avenues through the recombination
of a selected fragment of pathogenic DNA into the genome of the expression host.
Recombinant proteins are prepared by selecting and cloning the desired DNA
fragment through PCR and the amplicon is inserted into an expression vector
which is transformed in E. coli strains (prokaryotic system) or mammalian cells
(eukaryotic system) that is induced to express a recombinant protein (Seto 2010;
Doxey et al. 2018). Plasmids have a set of prokaryotic regions (for example,
replication, antibiotic resistance) which are critical for amplification in a host; it
also has an eukaryotic expression cassette (promoter, polyadenylation sequence)
which is necessary for expression in eukaryotic cells (Prazeres and Monteiro 2014).

FanC (K99) gene of Enterotoxigenic Escherichia coli (ETEC) was cloned into
pET32a (+) vectors, and recombinant vector was transferred into E. coli BL21
CodonPlus (DE3) to express protein. The specific IgY was obtained by immunizing
the hens with the recombinant FanC protein and showed binding specifically to the
FanC protein of ETEC (Nasiri et al. 2016). In another recent study, polymerase chain
reaction was carried out to amplify InvG gene with InvG one pair of specific primer
of Salmonella typhimurium. Recombinant pET32a-InvG plasmid was transferred to
E. coli BL21 (DE3) to express recombinant InvG protein. The recombinant InvG
protein was injected to laying hens, and obtained the anti-InvG IgY corroborated to
bind specifically with the InvG protein of Salmonella typhimurium (Jahandar et al.
2019).

10.2.3 Haptens

Haptens are organic or inorganic small molecules (<10 kDa) with low/no immuno-
genicity (Gandhi et al. 2009), which can be converted to antigens by linking the
hapten to a carrier protein (Li et al. 2013). Three carrier proteins have been routinely
used: hemocyanin, ovalbumin (OVA) and bovine serum albumin (BSA) (Li et al.
2013, 2017 Liu et al. 2014).

Generally, the selection of the method for coupling hapten derivatives with carrier
proteins is dependent on the types of active groups on the hapten derivative (Song
et al. 2010):

1. The hapten derivative contains a carboxylic group (-COOH). The hapten deriva-
tive can be coupled with a carrier protein either by the carbodiimide, mixed
anhydride or active ester methods;

2. The hapten derivative contains an amino group (-NH,). The hapten derivative can
be coupled with a carrier protein by either the glutaraldehyde, di-isocyanate,
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halogenated nitrobenzene, imide ester, carbonyl chloride (phosgene) or diazoti-
zation methods;

3. The hapten derivative contains a hydroxyl group (-OH). The hapten derivative
can be coupled with carrier protein either by succinic anhydride, azo benzoic acid
or chlorine sodium acetate methods;

4. The hapten derivative contains a sulfhydryl group (-SH). The hapten derivative
can be coupled with a carrier protein via a disulphide bond by using SAMSA
(S-acid-based mercapto succinic anhydride) reaction;

5. The hapten derivative contains aldehyde (-CHO) or ketone groups (-CO-). The
hapten derivative is first reacted with o-(carboxymethyl) hydroxylamine or
p-hydrazine to form an intermediate containing a carboxylic group and then
coupled based on that carboxylic group as outlined above.

Haptens and the corresponding hapten-carrier conjugates have been essential to
the development of sensitive quantitative and qualitative immunoassays (Lemus and
Karol 2008). However, due to the structural instability of the conjugate, the immu-
nogenicity of artificial antigens may be quite different, and some artificial antigens
cannot fully meet the requirements of immunoassay.

Haptens have been used in IgY generation. A specific IgY has been developed to
detect florfenicol amine (FFA) residues (Liu et al. 2014). FFA was conjugated to
BSA by glutaraldehyde (GA) and the conjugate was used to immunize hens. The
titre of anti-FFA IgY antibody reached a peak of 1:128,000 after three booster
injections. An indirect competitive enzyme-linked immunosorbent assay (icELISA)
using specific anti-FFA IgY showed that the ICsy value was 12.30 ng/mL and the
regression curve equation was 'y = —13.71x + 64.95 (R2 = 0.945) (Liu et al. 2014).

10.2.4 Virus-Like Particles

Virus-like particles (VLPs) are highly effective types of subunit immunogens that
mimic the overall structure of viral particles but without the infectious genetic
material (Boschetti et al. 2005; Frietze et al. 2016). Predicted antigenic determinants
are synthesized using genetic engineering vector techniques and heterologous pro-
tein expression systems. Cloning technology is used to construct the necessary
structural genes and protein expression systems are used to produce VLPs; these
are made up of monomers and are able to multimerize VLPs, and display the
antigenic determinants of target pathogens on their surface (Noad and Roy 2003;
Syomin and Ilyin 2019). VLPs have been recognized as safe and effective to induce
specific antibody responses effectively with high titre and lymphocyte proliferation
(Syomin and Ilyin 2019); VLPs have been increasingly used for vaccine design
(Noad and Roy 2003). However, the production of VLPs still faces challenges, such
as difficulties in forming the correct assembly, low recovery and purity during the
preparation process. The insertion of epitopes in the protein loops on the surface of
VLPs produces structural instability, and the whole protein cannot be tolerated
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during VLP assemblage, resulting in disruption of the capsid and/or the protein
antigen (Brune and Howarth 2018).

VLPs have been applied in the generation of IgY. Hens were immunized with
VLPs of stomatitis vesicular virus expressing recombinant antigens of human
Norovirus to prevent and treat enteric diseases (Zhu et al. 2019). The VLPs were
diluted in DMEM medium, delivered by an intramuscular route and boosted once at
a 2-week interval. No side effects were observed in the hens with regard to food
intake and egg production, and the specific IgY percentage increased from 0.7% to
5% (Zhu et al. 2019). In another recent study, hens were immunized with canine
parvovirus virus-like particles (CPV-VLP). The IgY single chain fragment variables
(IgY-scFv) were generated by a T7 phage display system and expressed in E. coli.
The titre of the primary scFv library reached 1.5 x 10° pfu/mL, and 95% of the
phage contained the target fragments (Ge et al. 2020).

10.2.5 Bacterial Ghosts

Bacterial ghosts (BGs) are the empty Gram-negative envelopes with the rigid
peptidoglycan layer (Langemann et al. 2010). BGs are an appropriate immunogen
for both oral or intranasal administration, and it functions as an adjuvant as it
contains intrinsic properties such as lipopolysaccharide (LPS), monophosphoryl
lipid A (MPL), peptidoglycan or flagella (Langemann et al. 2010; Lin et al.
2015; Si et al. 2017).

BGs have been produced by controlled expression of the cloned lysis gene E. The
growth phase in a sample fermentation with E. coli harbouring plasmids for
temperature-inducible E-lysis is conducted at 35 °C, pH 7.2 and aeration parameters
sufficient for exponential growth. E-lysis of the culture is induced by temperature
up-shift from 35 to 42 °C. The BGs product is harvested from the fermenter via
tangential flow filtration (TFF) in a 0.2 pm hollow fibre module at a temperature of
15 °C. The TFF procedure as described above is an alternative to harvesting and
washing BGs via centrifugation. The advantage of the implementation of TFF for
harvesting and washing of BGs keeps all processes in a closed system and reduces
the risk of cross-contamination during the handling procedure (Langemann et al.
2010).

Chickens were immunized subcutaneously with Newcastle disease virus (NDV)
LPS-BGs adjuvanted vaccine and challenged with NDV through the oculo-nasal
route on day 14 after the first vaccination. The titres of specific IgY and serum levels
of IL-2 and IFN-gamma were significantly increased (Si et al. 2017).

10.2.6 Virosomes
Virosomes, used as an immunomodulatory nanocarriers to deliver various

substances, such as vaccines, therapeutic drugs, or even genetic material to particular
cells through receptor-mediated specific endocytosis, are a promising and successful
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method of application (Hofer et al. 2009; Blom et al. 2017). The size of the virosome
impacts on the efficiency of immunization: mononuclear phagocytic systems effi-
ciently engulf particles from 2 to 3 pm diameter by phagocytosis; < 0.5 pm by
pinocytosis; whereas >10 pm particles are not efficiently captured (Li et al. 2018).
While there is no reported use of virosomes to produce IgY antibodies, theoreti-
cally, virosome particles decorated with chicken phagocytosis stimulating macro-
phage molecules have the potential to induce high IgY titres (Dong et al. 2016).
Chicken IgY is naturally recognized by receptors on macrophages and stimulates
phagocytosis, and the generation of a chimeric molecule consisting of the Bordetella
avium outer membrane protein and IgY-Fc fragment upgraded phagocytosis and the
humoral and cellular immune response in immunized chicken (Dong et al. 2016).

10.2.7 Nucleic Acid Vaccines as Immunogens

Nucleic acid vaccines were introduced decades ago and have already been widely
used to treat infectious and malignant diseases. Nucleic acid vaccination is achieved
by injection with genetically engineered DNA (as a plasmid) or RNA (as mRNA). In
contrast to recombinant bacteria or virus vaccines, nucleic acid vaccines consist only
of DNA or RNA, which is taken up by cells and transformed into protein
(Karimkhanilouyi and Ghorbian 2019).

An important strategy to achieve an immune response is to use DNA plasmids
having antigens encoded on them. This antigen-encoding DNA plasmid can induce
humoral and cellular immune response against parasites, bacteria and disease-
producing viruses (Khan 2013).

Genes of interest coupled with a suitable promoter are injected directly into
muscle or coated into gold micro particles and “shot” into the skin by pressurized
gas using a gene gun. This can induce cellular and humoral immunity in experimen-
tal animals for a longer period of time. The mechanism appears to be through uptake
and expression of the DNA in antigen presenting cells (APCs) (Khan 2013).

A number of features have to be considered in the design of DNA immunogens.
The selection of the antigen sequence, the vector, the delivery route, the dose,
adjuvants, and boosting agents will all affect the outcome of immunization. The
selection of a suitable target antigen from the pathogen should be given first priority
while designing a DNA vaccine; whether the gene is mutated or wild type, intracel-
lular or membrane-bound or secreted. After the selection of the desired gene,
modifications can be made to achieve the desired immunogenicity of the DNA
vaccine (Khan 2013).

The use of mRNA has many beneficial features over subunit vaccines, killed or
attenuated vaccines, as well as DNA-based vaccines. Exogenous mRNA is
inherently immunostimulatory, as it is recognized by a variety of cell surface,
endosomal and cytosolic innate immune receptors (Pardi et al. 2018). It is potentially
advantageous for vaccination because in some cases it may provide adjuvant activity
to drive dendritic cell (DC) maturation and thus elicit robust T and B cell immune
responses. Although the paradoxical effects of innate immune sensing on different
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formats of mRNA vaccines are incompletely understood, some progress has been
made in recent years in elucidating these phenomena (Pardi et al. 2018).

10.2.8 Vaccine Products as Antigens

Commercial vaccine products which include a variety of vaccine preparation
techniques can be used as antigens for IgY production. There are factors that
influence humoral and cellular vaccine responses in animals and there is substantial
variation between individuals in the immune response to vaccination.

A vaccine product used as antigen may reduce the cost and difficulty of antigen
preparation and is able to provide large amount of immunogen easily. By using the
vaccine product, it may also offer the convenience to generate antibody targeting to
multiple antigens at the same time. However, the vaccine product may fail to induce
high antibody titre in the host as the purpose of vaccine design is initially to generate
systemic protective effects, instead of single antibody titre development. Further-
more, it may also limit the refined design of immunogen of need, and the composi-
tion of polyclonal antibodies to multiple targets can also complicate the evaluation of
specific antibodies as well as therapeutic effects.

A dual IgY against both Rotavirus (RV) and norovirus (NoV) was developed
through immunization of hens with a divalent vaccine comprising neutralizing
antigens of both RV and NoV (Dai et al. 2013). Approximately 45 mg of IgY was
readily obtained from each yolk with high titres of anti-P particle and anti-VP8
antibodies. Reduction of RV replication were observed with viruses treated with the
IgY before and after inoculation into cells, suggesting an application of the IgY as
both a prophylactic and a therapeutic treatment (Dai et al. 2013).

10.3 Routes of Administration

Due to the biological, anatomical and physiological characteristics of avian species,
there are various immunization routes in chickens for example: intramuscular
injection (i.m.) (Schade et al. 2005), subcutaneous injection (s.c.), intravenous
injection (i.v.) (Cai et al. 2010), nasal drip, drinking water (Tokarzewski 2002)
and eye drop and aerosol (Noormohammadi and Whithear 2019). The best route
of administration should be chosen according to the characteristics of the antigen and
the nature of the adjuvant to ensure an immune response.

The most common multipoint injection route for immunization of hens is
i.m. injection (Schade et al. 2005). The specific IgY antibody titres were compared
after injections of the same antigen via an i.m., s.c. or i.v. route (Schwarzkopf and
Thiele 1994; Schade et al. 2005). It was shown that the s.c. antigen injection
provoked a higher titre than injection via the i.m. route. The i.v. should only be
used without adjuvants. A combination of i.m. antigen injections with a final
i.v. injection, frequently significantly increased the IgY titre. However,
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1.v. injection (without adjuvant) must be performed very slowly (approximately 500
pL over 15 minutes) to avoid an anaphylactic reaction.

Group immunization generally includes oral immunization, nasal drip immuniza-
tion, drinking water immunization and aerosol immunization. Oral immunization is
possible (Hedlund and Hau 2001; Schade et al. 2005). At days 1, 14 and 33 of an
immunization protocol, two hens per group were orally given 100 pg of human IgG,
together with various adjuvants (Cholera Toxin B-subunit, dimethyl dioctadecyl
ammonium bromide or Softigen®) carried on poly (D, L-lactide-co-glycolide)
microspheres. Significant IgY titres were provoked by using Softigen® and Cholera
Toxin B-subunit, but these titres were considerably lower than those in
im. inoculated hens (Schade et al. 2005). Nasal drip immunization is commonly
used in chicks to stimulate the body to produce antibodies locally or systemically
through mucosal absorption, and is mostly applicable to live, weakened vaccines.
Drinking water immunization is mostly suitable for attenuated vaccines, which are
easy to use and safe, and the general dose should be 2-3 times the amount injected.
Aerosol immunization is suitable for large intensive farms, where the method is
simple, quick and particularly effective with vaccines that are respiratory-friendly.
SPF chickens were vaccinated with Mycoplasma gallisepticum (MG) vaccine strains
6/85 by aerosol inoculation, systemic antibody response following aerosol vaccina-
tion was initially weak but increased gradually over time (Noormohammadi and
Whithear 2019).

A gene gun immunization involves the delivery of plasmid-coated nonporous
inert microparticles (0.1 to 5 pm) by a helium-propelled particle bombardment
methodology which is able to delivery DNA-vaccines (-1 to 10 pg DNA) to antigen
presenting cells (Dendritic cells) that home to the top layers of skin (Gary and
Weiner 2020). The basic principle of the gene gun is the foreign DNA coated on
the surface of tiny gold particles and tungsten particles, and the particles are injected
into the recipient cells or tissues at high speed under high pressure. The skin of the
chest and thigh sites of hens are suitable for gene gun-based DNA immunization.
Feathers at the inoculation site should be removed, then the stratum corneum should
be scraped off with a blade, and finally disinfected with alcohol. All processes
should be carried out in a dry and clean environment. The operator should wear
disposable gloves, carefully put the “bullet” into the magazine, connect the gene gun
to the helium cylinder, adjust the air pressure to 300 psi, and pull the trigger within
15 seconds after pressing the safety valve (Fig. 10.2) (Sanford et al. 1987).

Gene gun technology has the advantages of high efficiency and convenience and
has attracted increasing attention. As a purely physical gene transfer method, the
gene gun technology has the following advantages: it is simple and can transfer
genes quickly and easily; it has almost no requirements for target cells; it requires a
small number of therapeutic genes (Sanford et al. 1987). The level of antibodies in
the hen’s blood after gene gun immunization is 1.5 times that of intramuscular
injection, while the amount of DNA used is only 3% of that for intramuscular
injections (Witkowski et al. 2009).
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Fig. 10.2 Gene gun immunisation of a chicken (a) For DNA immunisation the chicken was fixed
horizontally to access an Arteriae (feather-less region). (b) The feather-free area should be suffi-
ciently large to allow two non-overlapping applications per breast side. The arrow shows gold
ammunition on the subject’s skin—a control for vaccine delivery. For greater detail a scale-up of the
area can be seen in the lower right corner of panel B. Figure from (Witkowski et al. 2009) with
publisher’s permission

10.4 Amount of Antigen

The immune response, antibody concentration and antibody titre are significantly
affected by the antigen dose. The optimal immune dose (antigen concentration)
varies with the immunogen, and within a certain dosage range, the immune effect
will be enhanced with an increase in antigen concentration. The optimal immune
dose for different antigens should be obtained through specific experiments. In
general, small antigens may be required in large doses or coupled to the carrier
(amino acid).

A number of studies of the immune response of hens to varying doses of antigen
have been performed. The results of a study by Behn et al. showed that a 0.1 mg dose
of mouse IgG was more effective than a 1 mg dose in inducing an antibody response
in hens (Behn et al. 1996). It is generally accepted from studies of Erhard et al. that
the immune effect is best at an antigen dose of 10-1000 pg (Erhard et al. 2000). The
results of a Schade et al. study found that immune injection of 5.0 mg or 2.5 mg
human albumin significantly inhibited antibody titre expression compared with
1.0 mg or 0.5 mg human albumin (Schade et al. 2005).

10.5 Adjuvant

Adjuvant is a kind of non-specific immune enhancer that can enhance or alter the
immune response of the host; it can be delivered to the host in advance or together
with the antigens to promote a stronger immune response. Although there is no direct
correlation between this stimulus and the antigen, the selection of different adjuvants
will also result in different immunological effects. In the selection of an adjuvant one
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needs to consider the possible side effects to the inoculated animal, including local or
systemic cytotoxicity and inflammatory reactions (Apostdlico et al. 2016).
Adjuvants currently used in chickens to enhance the efficacy of immunization are
summarised in Table 10.1.

Lymphocytes comprising white blood cells, are divided into T cells and B cells,
and both of which can be stimulated by adjuvants. T cells and secreted cytokines are
associated with adaptive or cell-mediated immune responses, whereas B cells and
antibodies are key factors in the humoral immune response (Noh et al. 2019,
Magbool et al. 2019, Chap. 3). Adjuvants which act in several non-mutually
exclusive ways to augment the adaptive immune response and to generate effective
more specific immunological memory B cells, can affect the migration, maturation,
antigen presentation and expression of costimulatory molecules by dendritic cells
(DCs), and in turn improve the responses to antigen of B cells (McKee et al. 2007).
Furthermore, some adjuvants enhance cross presentation by Dendritic cells of MHC
I-restricted antigens to CD8* T cells, act directly on B cells, improving their
proliferation and/or conversion into memory B cells that are essential for the
successful immunization, and stimulate the rapid and sustained production of high
titres of antibodies with high avidity (McKee et al. 2007; Coffman et al. 2010).

The development of novel adjuvants that retain or improve immunization efficacy
while avoiding potentially serious side effects is a worthwhile undertaking (Moore
and Loxton 2019). It is an interesting point to discuss that the use of adjuvant for
antibody generation may be somehow different to the development of a vaccine as
antibody generation focuses more on B cell activation and immunoglobulin related
pathways, while vaccine design requires more systematic effects of adjuvant.

10.6 Immunization Intervals

There is little consensus on the selection of the optimal interval between multiple
immunizations. The general rule is that the interval between the first and second
antigen injections should be at least four weeks to allow enough time to generate
“immune memory”. The study of Messerschmid & Sarkar supports this principle by
immunizing chickens at week O (day 1), week 10, and week 15 to obtain high
concentrations antibody of 1: 160,000 (Messerschmid and Sarkar 1993). Similar
results were obtained by Hilnak and Schwarzkopf who recommended long interval
immunizations (Hlinak et al. 1996; Schwarzkopf et al. 2000). If the immune interval
is too short, it may cause “immune suppression”.

Longer term intervals between immunizations (>2 months) may be advisable
when hens are planned to use for life-long period of time to minimize the experi-
mental costs and maximize the IgY harvest. When monitored over a 2-year period,
stable antibody titres of 1: 100,000 to 1: 1,000,000 were obtained following up to
10 booster injections of botulinum toxin with the strategy of longer booster intervals
(11 injections of 10 to 20 pg of immobilized native toxin) (Pauly et al. 2009).
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10.7 Monitoring the IgY Titre

In mammals, the initial and secondary immune responses occur sequentially after
initial and secondary immunizations. A similar process is observed in the immune
response of chickens: IgY begins to appear in the serum approximately 4 days after
the first antigen injection; reaches a maximum concentration in 6—8 days and then
decreases; there is a significant increase in the amount of IgY with a booster injection
of the antigen (Woolley and Landon 1995). The concentration of IgY in the yolk is
essentially constant (10-20 mg/mL) and is 1.23 times the serum concentration
(Woolley and Landon 1995). A delay of 3 to 4 days is observed for the appearance
of specific IgY in yolk after first appearance of the specific IgY in the serum of a hen
(Woolley and Landon 1995). There is a significant circaseptan rhythm in yolk IgY
and circaquattran thythm in serum IgY. The serum IgY concentration reaches a peak
in the morning, decreases to a minimum during the daytime and increases again at
night revealing a significant circadian rhythm was superimposed by an ultradian
rhythm (He et al. 2014) and Chap. 7.

10.8 Immunization for the Generation of IgY-scFv

For the purpose of developing IgY-scFv (Chap. 13), the immunization scheme is in
principle the same as for the generation of polyclonal IgY. After the last immuniza-
tion (usually the third or fourth booster immunization) when a satisfactory poly-
clonal IgY titre is observed, the hen spleen is harvested for RNA extraction.

10.9 Discussion

The effect of immunization is affected by multiple parameters as discussed above.
Determining the optimum protocol for immunization will rely on the consideration
of each of the parameters discussed above and their impact on each other. Each
laboratory may explore the most suitable immunization program according to their
conditions, skills and research needs. There are scientific needs to further optimize
the immunization program, and to further develop novel immunogens, adjuvants and
delivery systems, particularly as the impact of avian characteristics on immunization
is taken into consideration.
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Abstract

Immunoglobulin Y (IgY) is an antibody present in the yolk of the egg and to
obtain it at high purity levels, while retaining its biological activity, multi-step
processes are required. The initial step is removal of the lipid fraction from the
yolk. The delipidation methods routinely used are water dilution or precipitation
by either polyethylene glycol (PEG), anionic polysaccharides or organic solvents.
The second step is the extraction of the IgY from the remaining proteins in the
mixture, which can be achieved by precipitation with a variety of salts, or
additional PEG steps or by aqueous biphasic systems. The final step in IgY
purification involves chromatographic methods based on different separation
techniques such as cation exchange, hydrophobic charge-induction and various
affinity systems giving IgY with >90% purity. In this chapter, comparisons
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among different methods of IgY extraction applied to a single batch of eggs and
the commercial extraction kits currently available are discussed. Finally, the
techniques for the characterization of the IgY with regard to purity and activity
are outlined as well as the appropriate storage conditions.

Keywords

Extraction - Purification - Chromatography - Characterization - Storage

11.1 Introduction

In this chapter, various methods for IgY extraction and purification from hen egg
yolk are discussed. The knowledge of the composition of the original biological
matrix and properties of the solutes are fundamental to rationalise the best extraction
and purification conditions aiming at attaining antibodies of high purity and
biological activity (Walsh 2013). The formation of a chicken egg is a complex
process, starting from the growth of a single follicle and culminating in the passage
of the egg through the oviduct and finally egg laying (Chap. 2). The egg must contain
all the nutrients (proteins, lipids, minerals and vitamins) necessary for the develop-
ment of the chick and antibodies, namely IgY, for its protection until it develops its
own immune response. These nutrients are derived from the hen plasma and
transported to the ovary and then into the egg (Schjeide et al. 1963). The yolk is
surrounded by a two-layer vitelline membrane (Sunwoo and Gujral 2015). The
composition of the yolk is approximately 48% water, 33% lipids and 17% proteins
(Burley 1991). The yolk, after aqueous dilution, can be separated into two main
fractions by low speed centrifugation (Fig. 11.1): (i) the major fraction is an aqueous

77%-81% yolk dry matter — 85%
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Fig. 11.1 Constituents of plasma and granules from hen egg yolk (LDL, low-density lipoprotein;
HDL, high-density lipoprotein). Adapted from Anton (2013)
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plasma consisting of 85% low density lipoproteins and the remainder a-livetin
(serum albumin), p-livetin (a2-glycoprotein), and y-livetin (IgY); (ii) the second
fraction contains granules of varying sizes composed of 70% high-density
lipoproteins (a- and B-lipovitellins), 16% phosvitin (glycophosphoprotein), and
12% low-density lipoproteins (LDL) (Anton 2013). All of the livetins are water-
soluble and correspond to serum proteins (Williams 1962).

Low density lipoproteins are protein-lipid complexes which are spherical
nanoparticles (17-60 nm) with a lipid core composed of 71% triacylglycerol, and
4% cholesterol esters surrounded by a monofilm of phospholipids and proteins; due
to their low density (0.982) LDLs are soluble in aqueous solutions (Anton et al.
2003).

11.1.1 Properties of IgY

Numerous methods of extraction and fractionation of proteins are based on their
physicochemical and structural characteristics such as solubility, hydrophobicity,
molecular weight, and isoelectric point (pI). The structure and biology of IgY is
reviewed in Chap. 5. However, the properties of particular interest for the extraction
of IgY are summarized in Table 11.1. Generally, protein solubility is affected by the
pH of the aqueous medium and is a result of the electrostatic and hydrophobic
interactions between the protein molecules. Solubility increases if the electrostatic
repulsion is greater than the hydrophobic interactions. At the isoelectric point
proteins have a net zero charge and molecules tend to associate resulting in insolu-
bility and precipitation out of solution (Scopes 1993). Above or below the pl, the net
charge is negative or positive, respectively and solubility is enhanced. Values for the
pl of IgY have been reported to be in the range of 6.7 & 0.9 (Davalos-Pantoja et al.
2000) and 5.5-7.0 (Chalamaiah et al. 2017) and 5.8 (Polson et al. 1980). It would be
worthwhile to determine the exact value experimentally as this would provide a
better theoretical basis for the extraction.

Table 11.1 Properties of IgY important for extraction

Property Value

Molecular weight * 180 kD

Isoelectric point b 5.5-7.6

Molar extinction coefficient © 1.094, 1.33, 1.35

pH stability ¢ 4-11

Solubility © > 86% at pH 2-5 and 8-12
Thermostability © 4 °C > 6 months

65 °C > 2 months

100 °C > 6 months
Pepsin stability pH 4.0, 91% for 1 h; 63% after 10 h
Notes: Data according to * Amro et al. 2018; ® Davalos-Pantoja et al. 2000; © Stilberg and Larsson

2001, Pauly et al. 2011, Hodek et al. 2013 respectively; 4 Schade et al. 2005; ° Chalamaiah et al.
2017 "Ren et al. 2016; Ge et al. 2020; & Gadde et al. 2015
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11.1.2 General Considerations for the Extraction of IgY

A variety of processes may be used, alone or in combination, to extract IgY from egg
yolk. The choice is influenced by a number of factors such as: the preservation of the
activity of the immune specific immunoglobulins and the degree of purity; the scale
of extraction either laboratory or industrial; the costs and the equipment required;
and the potential use of other yolk products after the extraction of the IgY (Huang
and Ahn 2019). There is a balance to be struck between the purity and the amount of
IgY as every purification step results in some loss of the protein (Schade et al. 2001).
Two earlier review articles about the methods for the isolation and purification of
IgY are published (Meulenaer and Huyghebaert 2001; Kovacs-Nolan and Mine
2004). A comparison of the different methods of extraction and purification is
made difficult as the yield and purity of IgY are not always specified as the emphasis
in many of the publications is on the biological activity of the antibody against its
target antigen. The most valuable information on the choice of a method for the
isolation of IgY is obtained when researchers have compared the different methods
on the extraction of a single batch of egg yolks. These comparative studies are
presented in Sect. 11.6. In general, care must be taken in reviewing the yields as
although the data are usually expressed as mg of IgY/mL of egg yolk or mg IgY/mg
egg yolk, it may also be expressed as mg IgY mg/mL water in yolk (Kitaguchi et al.
2008) or mg IgY/mL of the water soluble fraction (Kassim et al. 2012); these latter
two reporting methods will give yields which appear to be much higher.

The protein content of the various fractions obtained during the extraction are also
estimated by a variety of methods. To determine the protein concentration based on
the UV absorbance at 280 nm (Table 11.1) different percent extinction coefficients
(now referred to as molar absorptivity) of 1.35 for a 1% solution of IgY (Stalberg and
Larsson 2001) or an extinction coefficient of 1.33 for IgY (Pauly et al. 2011) or
1.094 (Hodek et al. 2013) were used; this probably reflects the solvent in which the
molar absorptivity is determined as there is a solvent effect even in water (Bohman
and Arnold 2016) so care needs to be taken to ensure the correct value is used.
Protein concentrations are also determined using a number of assays; the Lowry
assay using BSA as a standard protein (Deignan et al. 2000); the Biuret method
(Akita and Nakai 1993) or the Bradford assay (Chang et al. 2000). Different methods
of protein estimation, which interact with different specific amino acids of the
protein (Bocian et al. 2020), are likely to give different results and may explain
some of the variation in IgY levels recorded. The standard curves for the protein
estimation should ideally be performed with a purified IgY rather than another
protein such as BSA which is often used.

11.2 Egg Collection and Separation of Yolk from Egg White

Eggs are collected daily from the hens after immunization (Chap. 10). The egg shells
are numbered, recorded and stored at 4 °C for two to three weeks, or at room
temperature for days until used. This avoids fouling of the material (Fishman and
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Fig. 11.2 An egg separator
used to remove the egg white
from the yolk

Berg 2018). Before removing the egg from the shell, the egg is washed with clean
water. Alternatively, for aseptic collection of the egg yolk, the egg can be washed
with clean water, soaked in a solution of dodecyl dimethyl benzyl ammonium
bromide for 1-3 min, wiped dry with a light cotton fabric (Etamine), and finally
cleaned with 75% ethanol to allow for natural air drying. For industrial scale
processes, a commercial egg washing machine and sheller is used. The first step in
the extraction of IgY from yolk, is the separation of the yolk from the egg white; this
is an important step as egg white is mainly composed of proteins. The major proteins
in egg white are ovalbumin (54%), ovotransferrin (12%), ovomucoid (11%), G2 and
G3 globulin (4% each), ovomucin (3.5%) and lysozyme (3.4%) (Ji et al. 2020). The
shell is carefully cracked, and the egg white is initially removed using an egg
separator (Fig. 11.2).

To remove any adhering egg white, the yolk may be rinsed in flowing water or a
buffer or rolled on filter paper (Schade et al. 2001). The outer layer of the vitelline
membrane surrounding the egg yolk is composed of ovomucin, lysozyme and
vitelline membrane outer proteins I and II while the inner layer is principally
composed of glycoproteins (Sunwoo and Gujral 2015). The yolk contents are
released by puncturing the vitelline membrane, which is retained on filter paper,
and the volume of egg yolk is measured.

11.3 Delipidation of Egg Yolk

One of the main challenges in the extraction of IgY is the removal of the lipids
present in the egg yolk. The general strategy for IgY extraction from yolk involves a
preliminary step where the granules are removed by one of a number of different
methods and the IgY remains in the plasma (Fig. 11.1; Table 11.2).

11.3.1 Water Dilution

Depending on the potential use of the IgY it may be preferable to extract using
biocompatible methods. For example, the water dilution method is based on the
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Table 11.2 Summary of methods used to remove lipids from egg yolk

Method Variable conditions

Water dilution method Degree of dilution
+/— pH adjustment
+/— freeze/thaw cycle

3.5% Polyethylene glycol +/— Chloroform

precipitation (PEG)

Anionic polysaccharide Dextran, Na-alginate, A-carrageenan, Na-carboxymethyl
precipitation cellulose, Pectin

Organic solvent extraction 2-propanol and acetone

Specific chemicals Phosphotungstic acid and magnesium chloride

Caprylic acid

Note: +/— indicates with/without

aggregation of yolk lipoproteins at low ionic strengths resulting in their being
insoluble in water (Sunwoo and Gujral 2015). The water-soluble fraction (WSF) is
then separated from the lipid components by centrifugation or filtration. Two main
factors have been assessed for delipidation using water dilution, the extent of
dilution and the pH of the solution. The following conditions have been used:
addition of deionized water to give a ten-fold dilution (Jensenius et al. 1981;
Nilsson et al. 2008); addition of tap water (eight-fold dilution) followed by freezing,
and filtration (Hodek et al. 2013); six-fold water dilution at pH between 5.0-5.2 for
6 hours at 4 °C (Akita and Nakai 1992). Acidic conditions have been shown to effect
changes in the yolk granules which increases their ability to bind lipids and thus at
the lower pH of 5, the recovery of IgY increases and the amount of LDL in the WSF
decreases (Sunwoo and Gujral 2015). Freezing of the diluted yolk results in struc-
tural changes in the lipoprotein particles, due to less availability of water, and leads
to the formation of lipid aggregates which are large enough to be removed by
low-speed centrifugation (Zivkovic et al. 2009). Water dilution methods have
yielded 9.8 mg IgY/mL of egg yolk with 93%-96% recovery (Akita and Nakai
1992) and 13.1 mg of IgY per mL of egg yolk at a purity of 71% (Deignan et al.
2000). The water dilution method has several advantages for the purification of IgY
for oral administration (Nilsson et al. 2008); these include no toxic products are used
in the purification; it is rapid, efficient and suitable for large-scale production.
Removal of the aggregated yolk lipids is most commonly achieved by the following
methods: centrifugation (Jensenius et al. 1981; Akita and Nakai 1992) or filtration
(Sect. 11.4.3).

11.3.2 Polyethylene Glycol Precipitation

Polyethylene glycol (PEG), a polymer of ethylene oxide with the general formula of
H(OCH,CH,),0H, can be synthesised to yield straight chain or branched polymers
and is one of the most useful protein precipitants (Arakawa and Timasheff 1985).
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PEG is non-toxic and non-immunogenic and as such has been widely used in the
biotechnology industry. Polson were the first to develop this method where the
addition of 3.5% PEG was used to extract IgY from egg yolk (Polson et al. 1980).
At this concentration of PEG, the lipid is displaced from the solution and removed by
centrifugation. This method was superseded by the addition of chloroform to a dilute
suspension of egg yolk which resulted in nearly a three-fold increase in the IgY
recovered (Polson 1990) without denaturing the protein. A modification of the
chloroform PEG method in which PEG was replaced by the addition of 25%
trichloroacetic acid was reported to yield twice as much IgY (200-250 mg IgY/egg
yolk) compared to the chloroform PEG method (Asemota et al. 2013).

11.3.3 Anionic Polysaccharides

The use of the anionic polysaccharides, such as dextran sulphate, which interacts
with the egg yolk lipoproteins to form a precipitate has also been used; the excess
dextran sulphate is then precipitated by the addition of calcium chloride (Jensenius
et al. 1981). IgY recovery was compared to the addition of the anionic
polysaccharides Na-alginate, A-carrageenan, Na-carboxymethyl cellulose, and pec-
tin to six-fold diluted yolk at various pH levels (Chang et al. 2000). They reported
that the interactions of the polysaccharides and lipoproteins were determined by
ionic bonding, hydrophobic interactions and hydrogen bonding. The combination of
pectin at 0.15% level at pH 5.0 gave an IgY recovery of 74%. Polysaccharides, as
safe and nontoxic substance, can be applied for the isolation of the IgY in biomedical
fields.

11.3.4 Organic Solvents

Organic solvents which are miscible with water, such as ethanol (C,HsOH), acetone
((CH3),CO) and 2-propanol (C3HgO) are classical protein precipitants. However,
care must be exercised to avoid denaturation of the protein by the solvent which
involves working at —20 °C and finally careful removal of the solvent is necessary.
The results of Deignan et al. showed that a yield of 7.11 mg (range 6.20-7.80) per
mL of egg yolk with a purity of 57%IgY was obtained after precipitation using
2-propanol followed by acetone (Deignan et al. 2000). In general, the requirement to
work at very low temperatures and the use of organic solvents which are deemed
undesirable in the food, pharmaceutical and nutraceutical environment restricts the
scale of use of this method.

11.3.5 Specific Chemicals

Phosphotungstic acid and magnesium chloride have been used to precipitate
lipoproteins (Vieira et al. 1984). Peak IgY yields of 15.1 mg of IgY per mL of egg
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yolk, with a purity above 60% purity, were obtained after lipid removal using
phosphotungstic acid and magnesium chloride (Deignan et al. 2000). Some acids
such as caprylic acid were also successfully used to eliminate lipids (Mclaren et al.
1994).

11.4 Extraction of IgY Following Delipidation

The concentrated fraction containing IgY obtained after the delipidation step,
contains other water-soluble proteins and some minor lipids or lipoproteins
(Fig. 11.1). An additional step to remove remaining lipoproteins is achieved by
addition of 0.1% charcoal at pH 4.0 (Ko and Ahn 2007). The major protein
components of the plasma are IgY, a-livetin (chicken serum albumin), and
B-livetin (a-2-glycoprotein) and the relative amounts in the yolk are 3:5:2
(Chalamaiah et al. 2017). A more detailed proteomic analysis of egg yolk (Mann
and Mann 2008) identified 119 proteins of which 100 were in the plasma fraction
(Fig. 11.1). The plasma proteins in highest abundance were as follows: serum
albumin, vitellogenin-cleavage products, apovitellenins, IgY, ovalbumin and a
12 kDa serum protein with cross-reactivity to p2-microglobulin. A number of
methods are commonly used to extract IgY from the delipidated plasma such as
precipitation, filtration, column chromatography and aqueous biphasic systems
(Table 11.3).

11.4.1 Salt Precipitation

The second step to extract IgY after delipidation is carried out by salt precipitation
using saturated salt solutions. Selective precipitation may be achieved by adjusting
the pH of the solution to the isoelectric point of IgY (pI = 5.7) where it is least
soluble (Chalamaiah et al. 2017). Proteins are usually soluble in solutions with low
concentrations of ions which ensures the protein remains folded and stable (Scopes

Table 11.3 Summary of IgY extraction methods

Method Variable conditions

Salt precipitation Ammonium sulphate
Lithium sulphate
Sodium sulphate
Sodium chloride

PEG precipitation 8.5% and 12%
Filtration methods Funnel
Column gel filtration
Ultrafiltration
Aqueous biphasic systems Good’s buffer and polypropylene glycol 400

Phosphate salt and Triton X 100
Polyethylene glycol (PEG) 1500 and potassium phosphate
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1993). At the lower salt concentrations, the anions and cations neutralize the charge
on the protein, and it is soluble; at higher salt concentrations the surface will become
charged again and aggregate which is the salting out effect. The salting out ability of
anions and cations usually follows the Hofmeister series shown below:

PO,>~ > S0O4* > CH;COO™ > CI~ > Br~ > ClO,~ > I~ > SCN™NH**

>Rb" > K" >Na'" > Li" > Mg?" > Ca>" > Ba’"

Diverse salt solutions have been used to purify IgY such as ammonium sulphate
(Ko and Ahn 2007; Xu et al. 2013), lithium sulphate (Bizhanov et al. 2004), sodium
sulphate (Jensenius et al. 1981; Deignan et al. 2000) and sodium chloride (Hodek
et al. 2013). Comparisons are made among these salts based on the yield and purity
of the IgY obtained. Ammonium sulphate, (NH4),SO,, is often the first choice for
salting out because it is soluble at high ionic strength and the cost is comparatively
low (Duong-Ly and Gabelli 2014). Ammonium sulphate precipitation with two steps
(50% and 30%) yielded 9.2 mg IgY/mL egg yolk and a purity of 98% (Xu et al.
2013); two steps (55% and 32%) yielded 4.7-9.2 mg/mL egg yolk however, the
purity was not determined (Dai et al. 2013); two steps (both at 40% at pH 9.0)
yielded 70-80% of IgY present in the WSF with higher purity (units not given)
(Ko and Ahn 2007). Lithium sulphate precipitation in two steps (34% each step)
yielded 7.7 mg IgY/mL egg yolk and a purity of 94% (Bizhanov et al. 2004). Sodium
sulphate yielded 10-15 mg IgY/mL egg yolk representing a recovery of 70-80% of
the total yolk IgY (Jensenius et al. 1981). Sodium chloride at a final concentration of
8.8%. yielded 8.9 mg of IgY per mL of yolk and a purity of 97% purity (Hodek et al.
2013).

Sodium sulphate precipitation performed after various delipidation methods
showed yields of IgY from 4.9 to 7.5 mg of IgY/mL of yolk with purities ranging
from 87% to 94% (Akita and Nakai 1993). Removal of the salt at the end may be
achieved by dialysis, often for prolonged periods of time, depending on the salt
utilized, or by the quicker method of gel filtration chromatography.

11.4.2 PEG Precipitation

This method involves the extraction of IgY from the delipidated solution by means
of two further PEG precipitation steps (Polson et al. 1980; Pauly et al. 2011). In the
initial step 3.5% PEG-6000 is used to remove lipids. At higher concentrations of
PEG, the protein molecules are excluded from the solvent region occupied by the
PEG molecules and as result the protein becomes concentrated and precipitates out
of solution when its solubility limit is exceeded (Kumar et al. 2009). In this method
there are two further precipitation steps: the addition of 8.5% PEG-6000 yields a
pellet following centrifugation for 20 min at 10,000 g; in the final step, 12%
PEG-6000 is added to the recovered pellet, the solution is centrifuged and the final
pellet is recovered and dissolved in buffer and stored at —20 °C. The IgY purity of
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the extract is around 80%, which means, depending on the age of the laying hen
(Chap. 2), 40-80 mg per egg. Other reports on the use of this method showed a IgY
yield of 4.9 mg/mL per egg yolk, at a purity of 89% (Akita and Nakai 1993) and a
range of 8.39-8.83 mg of IgY per mL of egg yolk. Moreover, SDS-PAGE analysis
shows no contaminating bands (Deignan et al. 2000). IgY PEG precipitation at 3.5%
and twice at 12% followed by cryo-ethanol yielded 4.9 mg/mL egg yolk with a
purity of 89% (Akita and Nakai 1993). The addition of the cryo-ethanol served to
remove the PEG from the pellet containing the IgY and any contaminating proteins
which have a higher solubility than IgY in the alcohol (Polson et al. 1985). This is a
mild method and can stabilize the three-dimensional confirmation of the protein
which is beneficial in the extraction of bioactive proteins. PEG is a relatively
inexpensive raw material and thus can be effectively used in scaled up processes.
Resolubilization of the final pellet after centrifugation steps, rather than filtration, is
sometimes more time consuming (Gagnon et al. 1996). Contamination of the pellet
with PEG may alter the retention behaviour in ion exchange chromatography
(Gagnon et al. 1996).

11.4.3 Filtration

Filtration is a separation process based on a barrier that retains some species based on
their size and shape while allowing other species in the solution to pass through it
(Saxena et al. 2009). The common filtration methods for IgY purification are funnel
filtration, gel filtration on a column and ultrafiltration through membranes with
different pore sizes (Meulenaer and Huyghebaert 2001). A filtration system was
proposed by Kim and Nakai 1998 to separate IgY from egg yolk. A WSF was
delipidated using a cellulose powder column in conjunction with an octadecyl
column (Kim and Nakai 1998); IgY was precipitated with 1.5 M NaCl pH 9.0 and
purified by ultrafiltration through different membranes with cut-offs of 300 kDa—
30 kDa with the following results: Amicon, 74%—99% purity, 80%—-85% recovery;
Harp, 81%—84% purity, 72%—74% recovery; A/G, 89% purity, 75% recovery (Kim
and Nakai 1998).

IgY was purified from the WSF by ultrafiltration using polyethersulfone and
modified polyethersulfone membranes (Hernandez-Campos et al. 2010). The
authors concluded that both pH and ionic strength affect the purification and
recovery of IgY. When NaCl was added (150 and 1500 mM) the purity of IgY
decreased, mainly at pH values close to or higher than the isoelectric point of IgY.
The best results were obtained in the absence of salt at pH values of 5.7 (purification
factor > 3.5 and IgY recovery of 83%) for polyethersulfone and pH 6.7 (purification
factor > 4 and IgY recovery of 94%) for and modified polyethersulfone membranes
(Hernandez-Campos et al. 2010). Filtration methods are considered feasible for IgY
purification for large-scale and industrial applications and have the added advantage
of concentrating the IgY solution (Akita and Nakai 1992; Meulenaer and
Huyghebaert 2001).
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11.4.4 Aqueous Biphasic Systems (ABS)

Liquid-liquid extraction applying aqueous biphasic systems (ABS) represents a
viable alternative for the extraction of biomolecules (Freire et al. 2010; Pereira
et al. 2015, 2016). Due to their biocompatible water-rich environment, ABS are a
promising alternative to classical liquid-liquid extraction methodologies where
volatile organic solvents are often used (Albertsson 1970). In addition, ABS allow
the combination of extraction, purification and concentration in a single step. Typical
ABS consist of two immiscible aqueous-rich phases based on polymer/polymer,
polymer/salt or salt/salt combinations (Freire et al. 2012). The use of ABS for the
purification of IgG antibodies was largely investigated using conventional polymer-
polymer- or polymer-salt-based ABS (Azevedo et al. 2009) and as there is a
restricted polarity difference between the coexisting phases this has limited their
success in the purification of IgG antibodies (Ayyar et al. 2012). To overcome this
limitation, the addition of specific ligands to the polymer used in the ABS creation or
the use of hybrid processes have been described (Ruiz-Ruiz et al. 2012; Ferreira et al.
2016). More recently, ionic-liquid-(IL)-based ABS have been proposed as more
efficient separation processes than polymer-based ABS, particularly due to the
possibility of tailoring the phases polarities and affinities by a proper manipulation
of the IL cation/anion combinations (Freire et al. 2012). ILs are organic salts, most of
them water-soluble, with circa millions of different cation-anion combinations (Shi
and Wang 2016). The effective use of ABS for antibody purification requires
knowledge of the molecular-level mechanisms behind the biomolecules partitioning
between the two aqueous phases (Freire et al. 2012). Usually, the biomolecule
partition is relatively complex due to solute-solvent interactions, such as van der
Waals, hydrogen-bonding, and electrostatic effects (Freire et al. 2010). Although
less investigated, some reports can be found in the literature on the use of ABS to
extract IgY. In this work, novel ABS constituted by cholinium (Ch)-based Good’s
buffer ILs (GB-ILs) ([Ch] [Tricine], [Ch][HEPES], [Ch][MES], and [Ch][TES]) and
polypropylene glycol 400 (PPG 400) were used for the recovery of IgY from the
WSEF of egg yolk. In all the ABS evaluated, IgY revealed a preferential partitioning
to the IL-rich phase. Computational tools were used to confirm that hydrogen
bonding and van der Waals interactions between IgY and the IL were the main
interactions responsible for the partition of IgY to the IL-rich phase. Extraction
efficiencies of IgY in the range of 79%-94% were reported (Taha et al. 2015).
Micelle-based ABS composed of a phosphate salt, NaCl and Triton X-100 have
been described for the extraction of IgY. Lipids were extracted into the surfactant-
rich top phase, whereas IgY migrated to the phosphate-rich bottom phase. At optimal
conditions, the yield of IgY was 97%, corresponding to 11.1-14.9 mg IgY/g egg
yolk. The amount of lipids in the bottom phase was 22.9% of the total amount in the
egg yolk (Stilberg and Larsson 2001). An integrated system for the recovery of IgY
from egg yolk was developed by (Priyanka et al. 2014). In this work, IgY was
extracted from immunized chicken egg yolks using aqueous two-phase and aqueous
three-phase systems followed by a precipitation step with PEG 6000. Polyethylene
glycol (PEG) 1500 and potassium phosphate were used as phase-forming
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Fig. 11.3 Schematic diagram representing the extraction of IgY from egg yolk using aqueous
biphasic systems. Note: The picture in the right side corresponds to an example of an ABS phase
diagram shown in an orthogonal representation

constituents of ABS. Butanol and ammonium sulphate were added to the diluted
yolk to obtain a three-phase system (two liquid phases and one solid intermediate
phase) in two consecutive stages: (i) composed of butanol and 19% ammonium
sulphate; and (ii)) composed of butanol and 14% ammonium sulphate. In the
two-phase system, IgY preferentially migrated to the PEG-rich top phase with a
yield of 9.0 mg/mL of egg yolk, while for the three-phase system the yield was
6.0 mg/mL. The authors suggested that the lower yield obtained with the three-phase
system was due to the multiple stages involved during the IgY extraction. It was
demonstrated that in both approaches the IgY purity increased, as addressed by
SDS-PAGE (Priyanka et al. 2014) (Fig. 11.3).

In summary, the results achieved to date with ABS reveal that these systems can
be designed to act as effective extraction platforms for IgY. Improved ABS can be
achieved by a tailoring of the phases’ polarities and affinities by the proper selection
of the ABS phase-forming constituents and mixture compositions.

11.5 Purification of IgY

There is ample background information available as the widespread manufacturing
of antibodies as biopharmaceuticals has led to the use of chromatographic techniques
in the downstream stage due to their high resolution and selectivity, efficiency and
applicability in continuous processing (Liu et al. 2010; Cramer and Holstein 2011).
To obtain a sample of IgY at the highest purity, additional polishing steps are
required after its extraction. In general, chromatographic methods are usually used.
The various chromatographic methods rely on the relative affinities of the charged
protein for a stationary or mobile phase.
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11.5.1 Cation Exchange Chromatography

Ion exchange chromatography is a separation method where the resin is either
positively (anion) or negatively (cation) charged and the analyte to be separated
has the opposite charge (Pratap 2017). Ko and Ahn evaluated the performance of
cation exchange chromatography for IgY purification from diluted egg yolk against
the ammonium sulphate precipitation method (Ko and Ahn 2007). The column was
packed with pre-swollen carboxymethyl cellulose. The purity of IgY obtained from
the ammonium sulphate method was 70%—80%, and much higher than the 30%-
40% obtained by cation exchange chromatography. For IgY purification ammonium
sulphate precipitation can be scaled up whereas cation exchange chromatography is
limited by the volumes that can be separated (Ko and Ahn 2007).

11.5.2 Hydrophobic Charge-Induction Chromatography

Hydrophobic charge-induction chromatography (HCIC) is characterized by the
adsorption of proteins over a hydrophobic surface in the presence of high
concentrations of lyotropic salts (e.g. ammonium sulphate) (Burton and Harding
1998). In this type of chromatography, ligands may establish hydrophobic, thiophilic
and electrostatic interactions with target proteins (Tong et al. 2011). HCIC chroma-
tography was used to purify IgY antibodies from egg yolk, specifically applying
macroporous cellulose-tungsten carbide composite beads activated by allyl bromide
or divinyl sulfone, and then coupled with 4-mercaptoethyl-pyridine hydrochloride,
2-mercapto-l-methyl-imidazole, and 2-mercapto-benzimidazole as the HCIC ligands
(Feng et al. 2008). High adsorption capacities of IgY between 100.6 and 137.6
mglgY/mL adsorbent were reported for four adsorbents evaluated (Feng et al. 2008).
Packed bed and expanded bed HCIC with a macroporous cellulose-tungsten carbide
composite activated with allyl bromide and 4-mercapto-ethyl-pyridine hydrochlo-
ride were additionally investigated to improve the separation efficiency of IgY (Xia
et al. 2012). For the packed bed mode, IgY was extracted with a purity of 92% and
58.4% yield, whilst for the expanded bed mode, a purity of 90% and a yield of 59.5%
was obtained. The authors concluded that the expanded bed mode is a more
appropriate purification platform for IgY (Xia et al. 2012).

11.5.3 Affinity Chromatography

Among the several chromatographic approaches, affinity chromatography is one of
the most selective and efficient processes for purification of antibodies (Ayyar et al.
2012; Coskun 2016). This chromatographic method exploits the interactions of a
specific ligand to an antibodys; if a highly selective ligand is identified it will retain
the antibody while contaminants flow through the column; this leads to high levels of
purity in a single step (Liu et al. 2010; Fitzgerald et al. 2011; Ayyar et al. 2012).
Native immunoglobulin binding proteins, such as protein A and protein G, effective
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Table 11.4 Affinity chromatography methods developed for IgY purification
pH of elution | Purity Recovery

Ligand buffer (%) (%) Reference
Elastin-like polypeptide (ELP)-fused | 2.5-9.5 96.3 64.0 (Xia et al.
C2 domain of 2017)
streptococcal protein G
A synthetic ligand (TG19318) 3.0 90.0 90.0-95.0 | (Verdoliva
et al. 2000)
A stable synthetic ligand® 7.0-7.2 92.1 78.2 (Dong et al.
2008)
Protein M° 2.8-3.5 98.7 (Jiang et al.
2016)
IgY-binding peptides © 3.0 93.0 70.0 (Khan et al.
2017)

 Detailed ligand information is not provided; ° A transmembrane protein from human mycoplasma;
¢ IgY-specific peptides identified by T7 phage display technology, with amino acid sequences:
GVKCTWSSIVDWVCVDM, GTRCDWSAAYGWLCYDY, RSVCVWTAVTGWDCRND

in the purification of IgG, are not suitable for IgY purification because of the
differences between the specific amino acid sequence of IgY-Fc and IgG-Fc (Jiang
et al. 2016). A number of ligands have been developed specifically for the affinity
purification of IgY (Table. 11.4).

The use of an elastin-like polypeptide-tagged immunoglobulin-binding domain
of streptococcal protein G to purify IgY was shown to give high levels of purity
(96.3%) and a recovery which was significantly higher than that by ammonium
sulphate precipitation or ethanol fractionation; the purification could be completed
within 3 hours which is an additional advantage (Xia et al. 2017). In another study, a
synthetic ligand (TG19318) was used to purify IgY, after extraction by the water
dilution method, and gave a purity of greater than 90% and a yield of IgY of
10.2 mg/mL egg yolk (Verdoliva et al. 2000). A wide screening of 700 synthetic
ligands, synthesized by epichlorohydrin and cyanuric chloride methods was
evaluated for IgY purification from the chloroform extract of egg yolk (Dong et al.
2008). A highly efficient ligand for IgY was identified, leading to a purity level of
92.1% with a recovery yield of 78.2%. This ligand has an adsorption capacity of
74.8 mg IgY/mL (Dong et al. 2008). A specific IgY binding peptide (without cross-
reactivity to human or mouse/rat IgG) was developed (Khan et al. 2017). The
peptide-conjugated column was prepared by immobilization of the biotinylated
Y4—4 peptide in a HiTrap Streptavidin HP column. The column was used to purify
IgY which had been extracted by the water dilution method followed by ammonium
sulphate precipitation (35%) and gave a purity 93% and recovery of 70%
(Table 11.4). Purified protein M coupled to NHS-activated Sepharose 4FF was
shown to bind to the IgY variable region and IgY from the WSF was recovered
with 98.7% purity from egg yolk (Jiang et al. 2016). An approximate 125 times
increase in the effective IgY in the eluent was obtained by this method. The method
is also applicable to the purification of monoclonal and engineered antibodies. The
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capacity for IgY adsorption (2 mg IgY/mL agarose) was low when compared to
HiTrap Protein G HP for IgG adsorption (25 mg IgG/mL agarose) and could be
further optimised (Jiang et al. 2016). Barroso achieved a recovery of 96% of IgY by
using an affinity chromatographic column 4B Sepharose gel activated with divinyl
sulfone (DVS), with an adsorption capacity of 26 mg of IgY/mL of gel (Barroso
et al. 2005). Metal affinity chromatography for IgY purification from chicken egg
yolk was also used in an IDA-Cu**-cryogel system. The maximum adsorption
capacity of IDA-Cu?* cryogel was 27 mg of IgY/g of resin (Junior et al. 2015),
similar to the values provided by Barroso (Barroso et al. 2005). Chen attempted the
purification of IgY from immunized chicken egg white lysozyme (LS) by an
immunoaffinity column LS-Sepharose 4. The capacity of the column for specific
IgY against LS was 0.68 mg of IgY/mL of wet gel (0.54 mg of IgY/mg of LS). IgY
was effectively isolated with a purification factor of 3380 (Chen et al. 2002). The
advantages of affinity chromatography with regard to high specificity and purity of
the IgY, often in a single step, are likely to promote continuing research in this
domain. Finally, it is important to highlight the use of a different chromatographic
approach, namely a three-zone simulated moving-bed (SMB) platform for the
separation of IgY from egg yolk. The three-zone SMB equipment was set up by
connecting three columns. The highest purity of IgY achieved was 98% with a
productivity ca. 0.0067 g IgY/(g adsorbent h) (Song and Kim 2013).

11.6 Comparison of Methods Used for Delipidation
and Extraction of IgY

As discussed earlier (Sect. 11.1.2) there are two criteria related to extraction of IgY,
which are the variety of methods used for protein determination which are likely to
yield different results and how the concentration of IgY is reported, that make
comparison of results of different methods difficult. However, a number of
researchers have undertaken comparative studies of extraction methods on a single
batch of egg yolk and these studies will now be discussed (Akita and Nakai 1993;
Deignan et al. 2000; Bizhanov and Vyshniauskis 2000; Ren et al. 2016).
Comparisons are made within each study but there is also some difficulty in
comparing across studies due to the various methods for presentation of results.
The results of the first comparative study in 1993 showed that the water dilution
method was the most efficient for the extraction of IgY in terms of yield and
functionally active protein and can be readily scaled up (Table 11.5). The procedure

Table 11.5 Summary of results of methods compared

Method Water dilution | PEG | Dextran sulphate | Xanthan gum
Yield (mg IgY/mL egg yolk) 9.8 4.9 7.5 7.3
Purity 94% 89% 87% 89%

Data according to (Akita and Nakai 1993)
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Table 11.6 Summary of results of methods compared

2-
Freeze & Dextran sulphate | Phosphotungstic propanol
Thaw, 3.5% & calcium acid & magnesium &
Method pH 7.0 PEG chloride chloride Acetone
Yield mg 13.1 11.0 15.6 15.1 4.0
IgY/mL egg
yolk
Purity 71% 57.1% | 64.3% 69.8% 57%
12% PEG + + + +
Yield mg 7.49 8.8 8.6 2.0
IgY/mL egg
yolk

+ Indicates addition of PEG. Data according to (Deignan et al. 2000)

Table 11.7 Summary of results of methods compared
Dextran blue &

Method PEG Chloroform | calcium chloride
Yield mg IgY/mL egg 4.7 9.0 4.1

yolk

Purity (IgY/protein%) 94% 52% 49%

Major bands by 66 46,75 35, 41, 66
SDS-PAGE (kDa)

Minor bands by SDS 6 in total. Ranges 41-57 | 46, 50, 75 45

PAGE (kDa) and 75-80

Data according to (Bizhanov and Vyshniauskis 2000)

also allows for the use of the rest of the egg yolk as a food product or the extraction
of other biologically active molecules.

A comparison of five methods for delipidation, followed by three methods of IgY
precipitation was reported by Deignan (Deignan et al. 2000); Table 11.6). Based on
yield and purity of IgY, the two best methods of delipidation were precipitation with
dextran sulphate and calcium chloride and phosphotungstic acid and magnesium
chloride. For Ig precipitation 12% PEG gave the highest yield of protein compared to
precipitation with sodium sulphate or ammonium sulphate (results not shown).
However, freezing and thawing at pH 7.0 followed by 12% PEG, while giving
slightly lower yields of similar purity, represents a very cost-effective method.

A comparison of three IgY extraction methods by Bizhanov (Bizhanov and
Vyshniauskis 2000) showed a higher IgY yield using chloroform but with a lower
level of purity (Table 11.7). Similar levels of specific activity of the IgY preparations
were obtained for all three methods suggesting the integrity of the antigen binding
sites was maintained during the extraction. Each of the methods resulted in multiple
bands by SDS-PAGE (Sect. 11.8.1) indicating the presence of protein contaminants.

Six principal extraction methods were compared and the highest yield was
obtained by the water dilution or carrageenan methods by Ren (Ren et al. 2016)
Table 11.8). The organic solvents (chloroform and phenol) gave the lowest lipid
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Table 11.8 Summary of results of methods compared

Water Caprylic
Method Dilution PEG | acid Chloroform | Phenol | Carrageenan
Yield (units not ++ ++
given)
SDS-PAGE purity ++ ++
% Lipid residue 10.8 10.0 |9.1 7.3 7.8 11.2
Filtration rate ++++ +++ | +++ +++++ +++ ++
Protein +++ ++ +++ ++++ ++ +
concentration
mg/mL

Data according to (Ren et al. 2016)

residues but the antibody titre was particularly affected by storage at —20 °C for one
month. The water dilution method and caprylic acid yielded protein concentrations
of 20 mg/mL while the carrageenan extraction gave only 10 mg/mL. The IgY
preparation extracted by using the water dilution method had the highest titre
compared to the other five methods.

The final choice of a method to extract IgY depends on the use of the product, and
the water dilution and PEG methods are the most commonly used. For some uses,
extraction may not be necessary. For example, IgY used for passive immunization of
animals (Chap. 15), may be delivered either as liquid yolk or egg yolk powder
(Ge et al. 2020).

11.7 Commercially Available IgY Extraction Kits

A number of companies supply kits containing all the reagents necessary to extract
and purify IgY. The components of the kits are not disclosed, due to commercial
sensitivity. However, a review of the protocols presented in Table 11.9 shows that
two kits involve a delipidation step, followed by IgY precipitation with relatively
high yields and purity. The other methods rely on thiophilic adsorption chromatog-
raphy (Chen et al. 2002). The term “thiophilic” refers to an affinity for sulfone
groups that lie in close proximity to thioether groups. Thiophilic adsorption chroma-
tography is essentially a resin-based alternative to ammonium sulphate precipitation
and yields a concentrated, essentially salt-free, highly purified IgY. The gentle
binding and elution conditions ensure a high protein recovery with excellent preser-
vation of antibody activity. The binding capacity is in the range of 20-30 mg
IgY/mL of settled beads depending on the supplier and the columns can be
regenerated and reused a number of times.
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Table 11.9 Commercially available IgY extraction kits

Amount of
Company Steps IgY Yield |Purity
Thermo Scientific™ Delipidation 80to 120 mg | 80% 85% ~ 95%
Pierce™ ChickenlgY Precipitation IgY per egg
Purification Kit yolk
Exalpha Biologicals, Inc. Delipidation 4-7 mg IgY 90%
IgY EggsPress Purification | Precipitation per mL
Kit egg yolk.

60-105 mg/

egg yolk
HiTrap IgY Purification Delipidation step* 78% >70%
HP Column separation

based on thiophilic
adsorption

Affiland egg yolk Column separation of 50-100 mg 98%
purification kit egg yolk IgY/egg yolk
BioVision’s Hi-Bind™ Thiophilic Adsorption
T-Gel Agarose Chromatography
G-Biosciences’ Thiophilic | Thiophilic Adsorption
Resin Chromatography
Pierce™ Thiophilic Thiophilic Adsorption 76% by
Adsorption Kit Chromatography HPLC

aReagents not supplied with kit

11.8 Methods Used to Confirm Purity and Activity of IgY

Antibodies may be characterized by different methods to determine their degree of
purity and their biological activity. These parameters are determined independently
and confirmation of the result by a single analytical method is usually acceptable for
polyclonal antibodies. For antibodies used to treat human diseases the degree of
characterization required is much greater with regard to structure, charge state and
microheterogeneity and each property must be determined by at least two analytical
methods (Staub et al. 2011).

11.8.1 Molecular Weight and Structure

The molecular weight of IgY is accepted to bel80 kDa (Table 11.1) and after
extraction and purification of IgY it is usual to confirm the molecular weight
experimentally. The sequence of amino acids (primary structure) in a protein
determines how it folds into secondary and tertiary structures; IgY also has a
quaternary structure composed of two heavy and two light chains and is
glycosylated. To confirm the molecular weight of IgY, it is necessary to disrupt
the secondary and tertiary structures, and this is achieved by the addition of sodium
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dodecyl sulphate (SDS) and then by electrophoresis which separates charged
macromolecules under an electric field. SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) separation is then directly related to the molecular weight of the intact
protein. For example, SDS-PAGE of IgY recovered by affinity purification exhibited
a single band near 180 kDa (Edupuganti et al. 2013). SDS-PAGE may also be
performed under reducing conditions, which disrupts the di-sulphide bonds between
the heavy and light chains (Chap. 5) which are then separated by electrophoresis
giving bands at 65-67 kDa (Heavy chain) and 21-23 kDa (Light chain) (Sheng et al.
2018). The appearance of a number of additional bands after SDS-PAGE indicates
that other protein contaminants are present (Table 11.6). The molecular weight can
also be determined using mass spectrometry and the average molecular weight of
IgY was determined in an early study as 167 kDa, with heavy chains of 65 kDa and
the light chains of 19 kDa (Sun et al. 2001); however, it is generally accepted that the
molecular weight of IgY is approximately 180 kDa with heavy chains of 67 kDa and
light chains of 25 kDa (Sheng et al. 2018). A more detailed analysis of the purity of
an IgY preparation delipidated using the water dilution method was performed: the
protocol involved two-dimensional gel electrophoresis and nanoflow liquid chroma-
tography coupled offline to matrix-assisted laser desorption/ionization time-of-flight
tandem mass spectrometry; 25 individual proteins were identified in that preparation
as well as IgY (Nilsson et al. 2008). Capillary electrophoresis, operates on the same
principal as gel electrophoresis, but has the advantages of a smaller sample size,
improved resolution, decreased separation time and real-time detection (Staub et al.
2011). It has been used to investigate IgY separated by Protein M affinity chroma-
tography (Jiang et al. 2016). Circular dichroism (CD) is a technique used to evaluate
the secondary structure of purified IgY. The work of Liu et al. showed that, after
two-stage ultrafiltration steps (Liu et al. 2010). IgY as evaluated by CD displayed a
typical p-sheet curve (~45% of the sheet content), suggesting that the IgY folded
with a reasonable secondary structure (Liu et al. 2010). The effects of enzymatic
deglycosylation on the conformation and stability of IgY were also evaluated by CD
(Sheng et al. 2017). In this work, IgY was recovered from egg yolk by precipitation
with PEG 6000, followed by further purification by gel permeation chromatography.
The CD spectra of IgY and deglycosylated IgY suggested a f-sheet content for
native IgY of 42%, and an a-helix structure in IgY (Sheng et al. 2017). However,
conformational changes after enzymatic treatment were observed, with a decrease in
the a-helix and p-sheet contents of 23.2% and 23.3%, respectively (Sheng et al.
2017). On the other hand, the random coil increased from 5% to 28.5%, indicating
that the IgY structure became more flexible and disordered after the removal of N-
glycan, meaning that glycosylation is fundamental to maintain the structure and
stability of IgY (Sheng et al. 2017).

11.8.2 Biological Activity of IgY

After extraction and purification it is necessary to show that the IgY binds to the
specific antigen used in the immunization protocol (Chap. 10). The most common
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bioassay used is an enzyme-linked immunosorbent assay (ELISA) where binding of
the IgY to the antigen of interest is determined quantitatively. It is also important to
ensure that the IgY does not bind other possible contaminants present in the sample
to be measured. Western blot analysis may also be used to qualitatively characterize
the purified IgY from egg yolk. In this methodology, the protein bands from the
SDS-PAGE gel are eluted into a nitrocellulose filter, allowing the identification of
specific proteins in a complex matrix by antibody labelling (Yang and Mahmood
2012). For example Western blot analysis of IgY purified by the PEG 6000 precipi-
tation method, specifically recognized the purified canine IgG used but did not
recognize IgG from other animal species, such as cat IgG, guinea pig IgG, rabbit
IgG, goat IgG, sheep IgG and horse IgG (Santos et al. 2014). The activity of the IgY
may also be determined by immunodiffusion assays. These methods, for the mea-
surement of antibody and antigen binding, are confirmed by the presence of a
precipitation arc following diffusion through a gel. The two related methods used
are Ouchterlony’s double diffusion method (Ouchterlony 1949) or radial immuno-
diffusion (Hudson and Hay 1980). Both methods have been applied to evaluate IgY
after extraction and purification (Chen et al. 2002). The real-time analysis of the
interaction of an antibody with an antigen is possible using surface plasmon
resonance analysis (SPR). IgY is immobilized on a prepared gold sensor surface
and binding of the antigen results in a change in polarized light as the molecules bind
and dissociate resulting in a real-time sensogram (Edupuganti et al. 2013; Khan et al.
2017). The specific conditions for the immobilization of IgY at a flow rate of 5 pL/
min, pH 4.0 at concentration of 100 pg/mL gave a linear range over 50-500 ng/mL
and a detection limit of 40 ng/mL (Chun-Yu et al. 2012).

11.9 Purification and Characterization of Monoclonal IgY

The methods used for the production of monoclonal IgY and antibody fragments are
outlined in Chap. 14. The first step is to harvest the antibody from the cell culture by
removal of the cells and cell debris, either by centrifugation, depth filtration and
sterile filtration to yield a clarified fluid suitable for chromatography (Liu et al.
2010).

While IgY does not bind to protein A or G, protein M has been shown to very
effective in the purification of scFv IgY (Jiang et al. 2016) as well as specific antigen
affinity chromatography (Khan et al. 2017). In common with polyclonal IgY,
monoclonal IgY antibodies are routinely assayed by ELISA, Western blotting and
SPR. There are a range of other techniques which are applied to the analysis of
monoclonal antibodies which due to space limitations we cannot describe in detail.
Spectroscopy is commonly used to assess the secondary and tertiary structure of
antibodies. Numerous techniques are available, such as X-ray, nuclear magnetic
resonance, absorption, fluorescence, Circular Dichroism (CD), dynamic light scat-
tering, and infrared spectroscopy (Baudys and Kim 2000). CD spectroscopy is the
technique of choice for studying chirality, particularly for monitoring and
characterizing protein interactions in solution (Bertucci et al. 2010). IgY aggregates
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can also be analysed by CD (Joshi et al. 2014). Capillary isoelectric focussing may
be used to determine the pl of proteins, characterize impurities, and monitor protein
charge heterogeneity of monoclonal antibodies. It can distinguish between two
proteins whose pl differs by as few as 0.005 pH units (Fonslow et al. 2010).

11.10 The Storage and Stability of IgY Product

It is important to maintain the stability and bioactivity of IgY in different storage
conditions. IgY solutions can be stored for months to years at 4 °C, ideally with the
addition of bacterial growth inhibitors such as sodium azide, thimerosal and genta-
micin (Schade et al. 2005). Two important points should be considered when storing
IgY. IgY preparations stored with sodium azide need to be dialyzed for use when
labelling with horseradish peroxidase as it can inhibit its activity at dilutions of
primary antibody of lower than 1:1000 (Schade et al. 2005). The repeated freeze-
thawing of IgY antibody between —70 °C and room temperature results in a 50%
loss of activity, which can be avoided by the addition of glycerol or by freezing in a
small aliquots which once thawed are stored at 4 °C (Staak et al. 2000; Gadde et al.
2015). Longer term storage of large scale antibody preparations is usually by
lyophilization (freeze-drying) (Fishman and Berg 2019). Consideration should be
given to the concentration of the protein solution to be freeze dried and the inclusion
of molecules which can help stabilize the protein, such as sucrose, trehalose or
polysorbate 80 (Fishman and Berg 2019).

IgY solutions show a slight tendency toward self-aggregation, but this does not
seem to influence the overall IgY antibody activity, and the activity of highly
purified IgY decreases faster than that of partially purified IgY (Schade et al. 2005).

For oral delivery of IgY, it is notable that pepsin causes higher inactivation of IgY
compared to trypsin (Gadde et al. 2015). Several methods have been developed to
protect IgY from degradation by pH and pepsin present in the stomach (Chap. 12),
allowing it to arrive unscathed at the small intestine, which is especially important
for the use of IgY against enteric pathogens (Gadde et al. 2015). IgY in liquid yolk
preparations retains its activity for up to 12 weeks at 4 °C but may become
contaminated by bacterial growth (Ge et al. 2020). Yolk powder is prepared by
dilution of the yolk with an equal volume of distilled water at 4 °C, freezing at
—80 °C and lyophilization at —70 °C and can be stored free from bacterial contami-
nation for up to 1 year (Ge et al. 2020). Further extraction of IgY from yolk, either by
the water dilution or the PEG methods, reduced the antibody titre as compared to the
liquid yolk or egg powder and suggests that for veterinary products IgY delivered as
egg yolk powder may be optimal (Ge et al. 2020).
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Abstract

Egg Yolk antibodies (IgY) have many advantages for use as therapeutic and
prophylactic drugs or health products for human and veterinary applications.
However, antibodies are associated with loss of bioactivity when used in various
forms. As proteins, gastrointestinal acidity and the action of digestive enzymes
might cause structural alterations while they pass through the gastrointestinal tract
impacting on their biological activity. Apart from some conventional dosage
forms (powder, liquid, and injection), different gastrointestinal administrations
and parenteral administrations have been developed to improve IgY delivery.
Some novel drug delivery methods and materials have been applied in improve
IgY product design in the past decade. It is reasonable to believe that IgY
products will incorporate novel dosage form technologies for macromolecules

in order to provide better therapeutic and health effects.
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12.1 Introduction

IgY antibodies have been developed as licensed drug and health products for human
and animal applications (Chaps. 15, 16, and 17), however, successful IgY delivery
and host therapeutic or prophylactic intervention could be challenging even when
the specific IgY is well developed and validated. From this perspective, the design
and application of different dosage forms of IgY for human and animal purposes
remains a critical topic. The central concept of dosage form design, or, drug delivery
systems, is to deliver the precise amount of drug or active component to the desired
location of the host, in order to reach a designed optimal effect in the time period of
need. Different dosage forms can be designed and adjuvants (i.e., excipient, solubi-
lization, stability, preservation and emulsification) can be applied accordingly in
order to preserve, protect and deliver the active compounds.

IgY antibodies are proteins with a three-dimensional structure and post-translational
modifications such as glycosylation which are necessary for its bioactivity (Chap. 5).
Different routine dosage forms have been applied in IgY delivery, including oral
administrations (i.e., powder, liquid, injection), which are majorly targeting to the
gastrointestinal tract, as well as intramuscular and intravenous injections in some
veterinary practices (Pérez de la Lastra et al. 2020; Rahman et al. 2012).

12.2 Oral Administrations

IgY technology offers great opportunities for designing prophylactic and therapeutic
strategies against infectious gastrointestinal diseases in animals and humans
(Chaps. 15 and 16), such as bovine and human rotaviruses, bovine coronavirus,
Yersinia ruckeri, enterotoxigenic Escherichia coli, Salmonella spp, Edwardsiella
tarda, Staphylococcus and Pseudomonas (Mine and Kovacs-Nolan 2002). However,
despite the numerous biological advantages, it is still difficult for IgY to deliver
systematic therapeutic effects as well as full gastrointestinal effect when
administered orally due to the rapid inactivation of gastric conditions including
low pH value and digestive enzymes including pepsin, trypsin and chymotrypsin
(Fig. 12.1), IgY may need to reach and target to low gastrointestinal tract retaining
high bioactivity for some diseases such as colitis, or, IgY is expected a full gastroin-
testinal adsorption and bioreaction. The degraded IgY proteins may lose their
bioactivity before they reach their targets; however, there is also study which
indicates that the degraded F(ab’), and Fab fragments may retain some of their
neutralizing activity (Akita and Nakai 1993). Therefore, the unfavourable gastric
environment should be considered when trying to establish passive immunity via
oral administrations (Lee et al. 2012) by better dosage form design, and the stability
of IgY to acids and pepsin may be improved by means of dosage form design.
Different embedding materials have been investigated for oral IgY administration
including chitosan-alginate microcapsules, hydrogels containing acrylamide and
acrylic, acid methacrylic acid copolymers, liposomes, polymeric microspheres and
multiple emulsification (Table 12.1). These materials are commonly used to encap-
sulate and thus protect a molecule of interest from digestive degradation (Holser



12 IgY Delivery and Dosage Form 163

@ Antigens

.

Y pathogens

\_.._.--"’

Immunized hen

Low pH value
(stomach: 2.0; intestinal: 6.0)
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Uncontroled interaction and inactivation

Other factors

Fig. 12.1 IgY deactivation in the gastrointestinal tract. Notes: Biologically active IgY may be
inactivated by the complicated situations of gastrointestinal tract, proper IgY delivery and dosage
form design can provide protection to IgY for better bioactivity and targeting. (Source: XYZ-IgY lab)

2013; Paul et al. 2014; Soumaila Garba et al. 2019). Chitosan is applied as a
membrane-coating material to reduce microcapsule swelling, improve encapsulation
efficiency and improve stability. The concentration of chitosan in the encapsulation
medium is an important factor which controls the release of various materials from
the chitosan-alginate membrane (Li et al. 2009). An effective and feasible prophy-
laxis was established by feeding chitosan-alginate coated IgY against Edwardsiella
tarda infections in the process of turbot farming (Xu et al. 2020) (Chap. 15).
Polyacrylamide hydrogels have good versatility and biocompatibility, and
non-toxic, can be used as excellent carriers. In vitro study showed that the stability
of IgY in simulated gastric fluid was greatly enhanced by encapsulation in hydrogels
(Bellingeri et al. 2015). Lipid is a well-tolerated carrier and it can be easily produced
in large scale. Most lipids are biodegradable and biocompatible, easy to scale up and
sterilize and affordable (Amirijavid and Entezari 2018). Beyond such a good carrier,
recently researchers introduced new potential carrier, nanoparticles (NPs; i.e., latex,
chitosan, sodium alginate). In recent years, the advantage of NP as a drug delivery
system including easy manipulation of particle size and surface characteristics of
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Table 12.1 Design of oral IgY dosage forms for better IgY release and effect

Immunogen
Clostridium
difficile Toxin
A and B

Clostridium
difficile toxin A

IgY
microspheres

Death receptor
(DRY) in
tumour necrosis
factor TRAIL/
Apo-2 L family
No immunogen
applied

Edwardsiella
tarda

Vibrio Anguilla
rum

Enterotoxin
genic
Escherichia coli
(ETEC)

IgY dosage
form
Chitosan-Ca
pectinate
microbeads

Microbeads
coated with
35% Eudragit
S100

PLGA
microspheres

Nano
liposomal and
nanoparticle
conjugate

Hydrogels
containing
acrylamide and
acrylic acid
Microcapsules
with chitosan-
alginate

Microcapsules
with
B-cyclodextrin

Microcapsules
with chitosan
wrapped

Disease or
pathological
model
Clostridium
difficile
Infection (rats)

Clostridium
difficile
Infection (rats)

Pigs

MCEF7 cells

SGF

Edwardsiellosis

Vibrio Anguilla
rum infection
(half-smooth
tongue sole)
Porcine
neonatal
diarrhoea
(piglets)

Effect of IgY dosage
form

A release of vast
(72.6%) biologically
active IgY specifically
targeting to colon 8 h
after oral
administration

the loading
efficiency = 21%; a
release of vast
(87.5%) active IgY
specifically targeting
to colon at 8 h after
oral administration

The encapsulation
efficiency of

IgY = 90% (w/w); the
positive percentage
(total anti-IgY
antibody) > 300%
versus that of free IgY
(=~ 100%) 40 days
after

intramuscular
administration.

IC50 < 0.48 pg/mL
versus

IC50 = 218.6 pg/mL
in the non- conjugated
IgY.

High IgY activity
(87%) compared to
non-encapsulated IgY
(14.33%).

Survival rates >20%
Versus zero
survivability of
non-specific IgY
groups on the tenth
day post infection
Sustained release and
activity of IgY in
intestinal tract up to
24 h.

No diarrhoea episode;
no immune or
inflammatory
response.

References

(Xing et al.
2017)

(Zhang et al.
20164, b)

(Torché
et al. 2006)

(Amirijavid
and Entezari
2018)

(Bellingeri
et al. 2015)

(Xu et al.
2020)

(Gao et al.
2016)

(Alustiza
et al. 2016)

(continued)
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Table 12.1 (continued)

Immunogen

Rotavirus

ETEC

Recombinant
HRYV subunit
protein, VP8

Rotavirus

Helicobacter
pylori urease

No immunogen
applied

IgY dosage
form

carbon
nanotubes

Microcapsules

Microcapsules
with chitosan-
alginate

Granules with
methacrylic
acid
copolymer
Microcapsules
containing
whey protein

Microcapsules
with 10% or
20%
B-cyclodextrin
and Arabic
gum
Microcapsules
containing
lecithin/
cholesterol
liposomes

Disease or
pathological
model

BALB/c mice

SGF

SGF and SIF

Diarrhoea
(artificial
intestinal juice)

Helicobacter
pylori infection

SGF

Effect of IgY dosage
form

The activity of
encapsulated

IgY > non-
encapsulated one after
3.5 h in the stomach.

About 70% activity
after 2 h in SGF under
varying pH (from

pH 3 to 6); sustained
release (50% of the
IgY) within 6 h in SIF.
95% activity after 6 h
in SGF, 80% activity
after 8 h in SIF.

74% (70 °C, 15 min)
and 80% (pH 1.2) of
the reserved activity in
the artificial intestinal
juice versus 16% and
20% in the non-
microencapsulated
IgY

OD405 = 1.03 versus
0OD405 = 0.90 in the
non-encapsulated IgY

Almost no activity
loss in SGF (pH 1.8)
for 3 h.
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References

(Lee et al.
2012)

(Li et al.
2007)

(Kovacs-
Nolan and
Mine 2005)

(Cho et al.
2006)

(Chang
et al. 2002)

(Shimizu
et al. 1993)

Notes: PLGA poly (D, L-lactide-co-glycolide); CMC carboxy methyl cellulose; HRV human
rotavirus; IgY-HpUc helicobacter pylori UreC-specific IgY; NEYP nonimmunized egg yolk pow-
der; PGCR polyglyceryl condensed ricinolate; SGF simulated gastric fluid; SIF simulated intestinal
fluid; UreC an antibody against Helicobacter pylori antigens

NPs, controlled release of drug, specific organ distribution, reduction of side effects,
and site-specific targeting (De Jong and Borm 2008). According to Amirijavid’s
research, in contrast to normal IgY's that required more than 218.6 pg/mL to kill 50%
of cancer cells (MCF7 cells, human breast cancer cell line), IgYs with nano-
liposomal reduced their cytotoxic dose to just 0.00056-0.48 pg/mL. The result of
significantly reduced IC50 value showed that nanoliposomes played an active role in
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promoting the function of IgY (Amirijavid and Entezari 2018). The anionic
methacrylic acid-ethyl acrylate copolymer is insoluble in acid medium but will
begin to dissolve above pH 5.5, and IgY coated with this enteric polymer is resistant
to gastric conditions and will dissolve readily in the neutral to slightly alkaline
environment of the small intestine (Kovacs-Nolan and Mine 2005). Multiple
emulsions (water-in-oil-in-water type emulsion; W/O/W emulsion) are defined as
hierarchically dispersed systems having the structure of droplets in a drop. The
hierarchical structure of multiple emulsions has the potential to encapsulate different
ingredients (i.e., antibody drugs, living cells, incompatible therapeutic molecules)
and to protect them from the environment, and release those ingredients in a
controlled manner (Dluska et al. 2017). IgY can be encapsulated into a W/O/W
emulsion without a loss of activity, the W/O/W emulsion will provide a useful food
microcapsule protecting IgY from gastric conditions. Despite of the progress
of multiple emulsion technology, the encapsulation of proteins into the inner phase
of the W/O/W emulsion has not been fully studied, particularly for encapsulation of
IgY into multiple emulsions (Shimizu and Nakane 1995).

It is not yet well studied whether the full-length IgY or functional part of IgY can
be absorbed through the gastrointestinal tract, and whether such absorption could
lead to systemic effects, especially given the further consideration that IgY cannot be
mediated by the human Fc receptor (Chap. 5), and probably also by all mammalian
Fc receptors. However, from the dosage form design point of view, it is favourite to
reach such effects for oral delivery of proteins, and numerous approaches have been
developed to enhance protein’s absorption without altering their biological activity,
by using such as enzyme inhibitor (protease inhibitor), absorption enhancer,
mucoadhesive polymers, cell-penetration peptide, and derivatizations or chemical
modification of proteins, and prodrug design strategies (Muheem et al. 2016).

12.3 Parenteral Administrations

Parenteral administrations are another area worthwhile for investigations, particu-
larly for the topical applications of IgY. In previous studies, there have been attempts
to deliver IgY by the mouth, nasal cavity, and skin (Table 12.2). For example,
patients used foothpaste containing anti-gingivitis IgY showed significant
differences (p < 0.05) in bleeding on probing (BOP) and gingival index compared
with the control group (Zhang et al. 2016a, b). The percentage of Streptococcus
mutans in dental plaque decreased significantly (from 20% to 5%) following a short
term (three weeks) application of IgY mouth spray, and low level of S. mutans
persisted for at least 5 weeks after withdrawal of IgY (Zhou et al. 2003). Specially
designed functional drinking yogurt containing anti-urease of Helicobacter pylori
IgY have been applied commercially; the IgY was stabile in the product up to 7 d,
and decreased to 85% after 3 weeks of storage. The relevant clinical study confirmed
suppression of H. pylori infection in humans by consumption of anti-urease IgY
fortified yogurt (Horie et al. 2004). The mouthwash containing anti-Streptococcus
mutans IgY can be used efficiently to control the colonization of S. mutans in the oral
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Table 12.2 Design of IgY dosage forms for parenteral administrations

Immunogen
Compound
strain with
Porphyromonas
gingivalis and
nucleated
shuttle Bacillus
Streptococcus
mutans

Aeromonas
salmonicida

Streptococcus
mutans

Helicobacter
pylori

Streptococcus
mutans

Pseudomonas
aeruginosa

IgY dosage form
Toothpaste

Toothpaste

Immersion bath

Spray

Functional yogurt
containing
IgY-Urease

Gel (water-based
CMC gel that was
mixed with water-
soluble fraction IgY
powder)

Gargle

Disease or
pathological
model

Gingivitis

Caries

Ulcer disease
(Koi carp)

Caries

Volunteers
who tested
positive for
Helicobacter
pylori

Dental caries
(Sprague
Dawley rats)

Cystic
fibrosis

Effect of IgY
dosage form

12 weeks later,
significant
differences

(p < 0.05) in BOP
and gingival index.

Quick response
(at 1 day after
toothpaste used)
and long duration
(> 14 d).

lower mortality (<
70%) of high and
median-dose (>
02g/L)
IgY-treated fish
versus non-specific
IgY groups (>
90%) on the fifth
day post infection.
3 weeks later,
percentage of

S. mutans

(5%) < that of
non-coated IgY
group (20%); long
duration

(> 3 weeks).

The reserved
activity = 85% after
storage at 4 °C for
3 weeks; 39.33%
reduction in UBT
values after

4 weeks.

S. mutans colony
counts (20 CFU/
mL) < non-coated
IgY group

(2287 CFU/mL) in
the tooth surface
of rats.

The slopes of the
IgY treated curves
> those of the
control curves in
Kaplan-Meier plot;
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References

(Zhang et al.
2016a, b)

(Chi et al.
2004)

(Gan et al.
2015)

(Zhou et al.
2003)

(Horie et al.
2004)

(Bachtiar
et al. 2016)

(Nilsson
et al. 2008)

(continued)
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Table 12.2 (continued)

Disease or
pathological Effect of IgY
Immunogen IgY dosage form model dosage form References
Normal bacterial
floras of the IgY
-treated patients’
sputa.
Porphyromonas | Ointment Periodontitis | Significant (Yokoyama
gingivalis (hydrocarbon gel, reductions et al. 2007)
sucrose esters of (p < 0.05) in
fatty acids, probing depth; long
hydroxypropyl duration
methylcellulose (> 4 weeks).
2208)
Streptococcus Mouth rinse Caries 59.2% rate of (Hatta et al.
mutans containing inhibiting S. mutans | 1997)
IgY-Urease adherence versus

that of the control
IgY (8.2%) after 1 h
at 25 °C.

Notes: CMC carboxy methyl cellulose; HRV human rotavirus; PGCR polyglycerol condensed
ricinolate; UBT Helikit13C-urea breath test

cavity of humans (Hatta et al. 1997). In veterinary application, passive immunization
to fish by immersing specific IgY into aquarium water can prevent diseases caused
by pathogens that invade the skin and gills (Gan et al. 2015).

12.4 IgY in Food and Feed Use

It is worthy to mention that apart from novel dosage forms, the use of egg yolk
powder (EYP) is another simple, economical and practical “dosage form” for IgY,
particularly in veterinary applications. IgY bioactivity in the yolk or yolk powder is
better preserved, easily absorbed by the host, and avoids gastrointestinal deactivation
better than extracted IgY (Ge et al. 2020). Some Food ingredients, such as trehalose
and cyclodextrin, could be used as IgY protectants, while sucrose, lactose and
dextran are not effective. Infant formula and egg yolk could recover IgY activity
(34% and 40%) after pepsin treatment, as compared to sugars or complex
carbohydrates which have no protective effect (Jaradat and Marquardt 2000).
According to a recent study, tablets containing a commercial available source of
IgY formulated to alleviate infections of main gastro intestinal pathogens in dogs
(such as parvovirus, E. coli, Salmonella spp. and Clostridium spp.) were
administered to the healthy dogs twice per day, combined with basic commercial
diet, it is validated that the addition of IgY in the diet maintains the microbial balance
and has a positive effect on microbial metabolites, which offers a prophylactic
strategy to companion animals (Scheraiber et al. 2019).
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12.5 Perspective

The study of IgY delivery and dosage form design is still at early stage of develop-
ment. With the rapid increase in biopharmaceuticals and biological products, novel
and non-invasive dosage forms, materials and technologies have been applied in
antibody and biological product delivery. These delivery methods include
microneedle based transdermal, transdermal patch, inhalation, aerosol, film based
buccal targeting on oral mucosal surface, nasal sprays, as well as self-administration
allowed subcutaneous delivery, such as NanoPass MicronJet technology and ionto-
phoresis technology (Anselmo et al. 2019). There are still areas worth exploring to
find the most suitable protectant, carrier and delivery systems for IgY. The genera-
tion of monoclonal IgY has been successful and practical (Chap. 13), which has
increased the value and potential of IgY antibody for broad and precise biomedical
applications, and thereby will increase the need of rational and accurate dosage form
design.

From the perspective of pharmaceutical sciences, there are still large unknown
areas which may be essential to promote rational IgY formulation design and
application, such as the pharmaceutical kinetic of IgY in human and animal hosts
(Zhou et al. 2018), the regular patterns of IgY absorption and transportation in the
hosts, and the possible interactions of IgY to other drug, food ingredients, endoge-
nous components.
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Abstract

Monoclonal antibodies (mAbs) have the advantages of high specificity and stable
expression. Monoclonal IgY (mlgY) is a new antibody development that
combines advantages of IgY and mAbs. mIgY have great potential for immuno-
logical detection and diagnosis, for screening and validating biomarkers and drug
targets, and for the production of antibodies against conserved mammalian
proteins. mIgY can be developed into small molecular weight antibody fragments
(particularly scFv), chimeric and humanized antibodies to address the many
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challenges lying ahead to develop mAb for various biomedical applications,
especially those for which conventional antibodies are ineffective. Hybridoma
technology or display technology, including phage display, yeast surface display
and ribosomal display, can be applied in mIgY generation. However, hybridoma
technology is very inefficient in the chicken system due to the lack of a robust
avian immortal cell line for hybridoma cell generation. New technologies and
different types of antibodies are likely to broaden the application of avian
antibodies.

Keywords

Monoclonal IgY (mlgY) - Genetic engineering technology - Functional antibody
fragments - IgY single chain antibody fragment (IgY-scFv) - Chimeric antibody -
Humanized antibody - Hybridoma technology - Phage display technology

13.1 Introduction

As described earlier (Chap. 2) most antigens offer multiple epitopes which give rise
to a variety of B-cell clones and thus a mixture of antibodies; a polyclonal response.
Monoclonal antibodies (mAbs) on the other hand are derived from a single B cell
clone and are selected to be specific for a single epitope. mAbs are valuable tools in
basic and applied research and are important components for medical diagnosis and
therapy. Large-scale fermentation production of mAbs is no longer difficult. How-
ever, there are still limitations to mouse mAbs development either by hybridoma
techniques or by antibody engineering technologies. In particular, it is difficult to
induce specific antibodies to some proteins (antigens) that have highly conserved
epitopes. In closely related species, highly conserved antigens such as prions
(Matsushita et al. 1998) are non-immunogenic. Mice do not always provide a
high-affinity response to small hapten molecules. Mouse mAbs also interact with a
plethora of mammalian and bacterial proteins, thereby hampering their use in
immunodiagnostic approaches (Greunke et al. 2008). Therefore, new antibody
technologies need to be developed in order to break through these technical
limitations.

13.1.1 Monoclonal Antibody and Functional Antibody Fragments

Mouse mAbs are important tools in various research, diagnostic and clinical
applications. Clinically, however, mouse mAbs induce anti-murine antibody
response in humans (HAMA), and thus therapeutic effects of mouse mAbs are
limited (Tateishi et al. 2008). To reduce the immunogenicity of mouse or chicken
antibodies in humans, chimeric and humanized antibodies (Fig. 13.1) have been
successfully developed.
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Numerous mouse-human chimeric mAbs (such as butuximab, dituximab, and
basiliximab) and humanized mouse mAbs (such as patoizumab, otozumab,
daremumab, elotuzumab and perizumab) have been marketed and are now clinically
used (Table 13.1).

It is difficult to produce therapeutic mouse mAbs against highly conserved
biological molecular targets. A large number of biological molecules are conserved
in mammalian species, and therefore induce a limited immune response in rodent
hosts due to immunotolerance. Therefore, chickens standout as an useful alternative
host for the development of specific antibodies against mammalian-conserved
biological molecules. As a result of their phylogenic distance towards mammals
(Chap. 4), chickens have a higher potential for antibody production for these
conserved molecules. Furthermore, the molecular diversification of
immunoglobulins and the organization of antibody genes in the chicken differs
from that in mammals (Chap. 5). Indeed, unlike with mammalian immune
repertoires, it is possible to amplify avian V-gene repertoires with a single pair of
primers, significantly facilitating the molecular cloning of antibody libraries.

Because chicken antibodies are immunogenic in mammals, their clinical
applications are limited (Tateishi et al. 2008). In particular, the constant region
contributes a significant component to immunogenicity (Morrison et al. 1984). To
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Table 13.1 Representative examples of monoclonal antibody treatments approved by the Food
and Drug Administration

Approval

Name Target mAD type Indication date

Butuximab CD30 Chimeric Hodgkin lymphoma 2011.08.19
Dituximab GD2 Chimeric Neuroblastoma 2015.03.10
Basiliximab | CD25 Chimeric Transplanted liver 1999.03.09
Patoizumab | HER-2 Humanized Breast cancer 2012.06.08
Otozumab CD20 Humanized Chronic lymphocytic 2013.11.01

leukaemia
Perizumab PD-1 Humanized Melanoma 2014.09.04
Daremumab | CD38 Humanized Multiple myeloma 2015.11.06
Elotuzumab | SLAMF7 | Humanized Multiple myeloma 2015.11.30
Nesimumab | EGFR Recombinant Metastatic squamous 2015.11.24
human NSCLC
Olarezumab | PDGFR- Human Soft-tissue sarcoma 2016.10.19
o
Avelumab PD-L1 Human Merck cells cancer 2017.03.23

Notes: EGFR epidermal growth factor receptor, NSCLC non-small-cell lung cancer, PDGFR-a
platelet-derived growth factor receptor-o, PD-L1 programmed death ligand 1

overcome this problem, genetic engineering techniques have been applied to pro-
duce chimeric, humanized, and recombinant antibody formats of chicken antibodies
(Fig. 13.1), similarly to any other mammalian derived antibody. Chimeric and
humanized antibodies result in reduced immunogenicity (Tateishi et al. 2008) and
longer half-lives (Nesspor and Scallon 2014), which are important for the pharma-
ceutical application of mIgY. With the construction of chimeric antibodies or
humanized antibodies, more clinical applications of IgY, such as diagnosis or
therapy to important disease targets, can be further developed.

13.2 Genetically Engineered Chicken Antibodies
13.2.1 Recombinant IgY Fragments

In view of the fact that the antigen binding site of antibodies is restricted to the
variable region, one can generate different formats of antibodies fragments
(Fig. 13.1) such as the antigen-binding fragment (Fab), the single-chain variable
fragment (scFv), diabody or multivalent fragment, by genetic engineering technol-
ogy. In many, but not all cases, the variants retain similar affinity and the same
antigen-binding specificity when compared with the parent antibodies (Zhen et al.
2009). Of the various recombinant antibody formats, scFv is the most commonly
used because it can be rapidly constructed and well expressed in E. coli, while
retaining a high affinity for the target and in general good stability (Bird et al. 1988).
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A chicken sourced single-chain variable fragment antibody (IgY-scFv) was
constructed by using a phage display technique against the N-terminal of the
mammalian prion protein (PrP) (Nakamura et al. 2000). Western blot and ELISA
analysis demonstrated that IgY-scFv was as reactive to PrP from mouse brains as the
previously obtained mlgY, derived from chicken hybridoma technology. Indeed the
work was particularly relevant to validate the use of recombinant scFv, in order to
improve the chronical low levels of mlIgY expression from chicken hybridoma
system.

On the other hand, generation of IgY-scFv libraries raises a number of technical
limitations, including molecular cloning bottlenecks, such as inefficient overlap PCR
steps for (VH-VL) genetic fusions, or limitations on downstream expression, detec-
tion and purification steps of the scFv final product; for all these different solutions
have been worked out.

In the example above, Nakamura et al. used a mouse mAb expression vector
pPDS, originally developed by Yamanaka et al. (Yamanaka et al. 1995), in order to
obtain IgY-scFv for PrP detection. However, pPDS vectors contain a mouse Ck
sequence as a detection tag, restricting the combined use of a mouse and chicken
mAbs derived from such an expression set. To circumvent this problem, Nakamura
et al. designed two novel expression vectors pCPDS and His-pCPDS (Nakamura
et al. 2003), which contained a chicken CA and FLAG with or without 6 x histidine
sequences in the 3’ terminus of the scFv, to serve as detection and purification tags.
The novel recombinant chicken scFv antibodies showed similar antigen-binding
specificity to PrP as the original mAbs.

A number of other approaches have been developed to overcome scFv production
shortcomings. For example, pComb3 phage display vector series (Barbas III et al.
1991; Andris-Widhopf et al. 2000) were developed to generate tagged scFv, diabody
and Fab fragments of mlIgY, that are easier to detect and purify by affinity methods.
On the other hand, a new phagemid vector, pPCANTAB-link that encoded a poly-
peptide linker region (Gly,Ser); flanked by two multiple cloning regions, was
constructed to overcome the overlap extension PCR step (Sapats et al. 2003),
recognized as the most inefficient and problematic stage in constructing scFv
libraries (McCafferty and Johnson 1996). This significantly increased the efficiency
of generating scFv libraries which increases the library size 500 fold.

13.2.2 Chimeric Antibodies

Currently, mIgY are potentially useful for diagnostic research and have clinical
applications, but the applications of chicken antibodies are limited because of their
immunogenicity in mammals. To overcome this problem, chimeric antibodies are
constructed.

A scFv and a chicken-human chimeric antibody Fab against fluorescein hapten
were prepared by engineering the phage vectors pComb3H and pComb3X (Andris-
Widhopf et al. 2000). The mIgY prepared by the phage display technology is easily
detected and purified by adding an affinity tag. A chicken-human chimeric antibody
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against human PrP-N-terminal amino peptide still retains similar binding affinity as
the parent chicken antibody (Nishibori et al. 2004). A chicken-mouse chimeric
antibody against containing chicken variable regions and the murine constant region
was constructed (Tateishi et al. 2008). Administration of this chimeric antibody in
mice confirmed that the chimeric antibody was less immunogenic than the recombi-
nant IgY, which provides a good tool for a mouse pre-experiment before human
pre-clinical and application of mIgY.

13.2.3 Humanized Antibody

In order to further reduce the immunogenicity of antibodies for applications in
human clinical therapy, mIgY needs to be humanized. Antibody humanization is
typically performed by transplanting the six complementarity-determining regions
(CDRs) of the parent non-human Abs onto human framework (FR) regions using
CDR-grafting technology (Fig. 13.1) (Jones et al. 1986). However, antibody human-
ization by simple grafting of CDRs often results in significant reductions in antigen
affinity (Foote and Winter 1992). This is because certain FR residues are important
to maintain CDR loop structure and affinity (Foote and Winter 1992; Studnicka et al.
1994). Therefore, further engineering of humanized antibodies, which is achieved by
replacing the key residues of the FR regions of humanized antibodies to those of the
parent antibody, is required to restore affinity. This is a time-consuming process that
requires creating a set of humanized variants, characterizing them and re-correcting
them if necessary. This is partly because it is difficult to predict which FR residues
should be replaced, and partly because minimum replacement is desirable to
decrease the risk of immunogenicity. A humanized mIgY was constructed by
transferring their CDRs and several framework amino acids onto human acceptor
variable regions (Tsurushita et al. 2004). The affinities of humanized mIgY to human
and mouse IL-12 measured by competitive binding was nearly identical to those of
chicken—human chimeric mlgY. Tsai et al. (Tsai et al. 2019) generated a chicken-
derived humanized antibody targeting a novel epitope F2pep of Fibroblast Growth
Factor Receptor 2, which had an excellent binding ability with F2pep and had high
potential in cancer therapy. A humanized mIgY was constructed by using a phage-
display combinatorial library (Nishibori et al. 2006). The humanized Fab variants
retained similar binding affinities as the parent Abs, which makes mlIgY application
in vivo possible.

13.3 Biomolecular Methods for Monoclonal IgY Generation

The combination of IgY technology and monoclonal antibody engineering as well as
antibody library generation and selection approaches, will likely contribute to a
significant expansion of the outcomes and applications of chicken-derived mAbs.
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13.3.1 Hybridoma Technology

Since the introduction of hybridoma technology (Kohler and Milstein 1975)
attempts have been made to obtain chicken hybrid cell lines to establish stable
hybridomas producing specific mIgY. Nishinaka et al. developed the first mIgY
using the hybridoma technique (Nishinaka et al. 1989). Several fusion partners cell
lines have been developed for the production of chicken mAbs (Table 13.2,
(Nishinaka et al. 1989, 1991, 1996).

Although chicken hybridomas have been established, the yield of
mAb-producing clones (>10°) is less than the mouse system (around 107) in many
cases (Pink 1986; Nishinaka et al. 1991, 1996; Matsushita et al. 1998; Matsuda et al.
1999). Furthermore, since these fusion partner lines were derived from the outbred
chicken line which might cause mismatching and mis-recombining between the
fusion partner and immunized spleen cell (Nishinaka et al. 1996), the chicken
hybridomas could not make ascites (Nakamura et al. 2000) and in some cases,
specific antibodies were not obtained. Different physiological features of chickens
also play a role, for example, the chicken hybridomas are cultivated at 38.5 °C rather
than 37 °C as the chicken has a body temperature 38.54 °C £ 0.96 °C at rest
(Chap. 2). Furthermore, one-step purification of mIgY developed by hybridoma
technology is a difficult process, as mIgY cannot bind to the most commonly used
commercial affinity chromatography sources, protein A or protein G (Nakamura
et al. 2004). The process of obtaining mIgY by hybridoma technology is thus more
complex, time-consuming and more difficult compared to obtaining murine-mAb
and all of these factors limit the application of hybridoma technology for mlgY
production.

13.3.2 DT40 Cell Line

An alternative to the use of hybridoma is DT40, a chicken lymphoma cell line, which
produces IgM-type antibodies and undergoes gene conversion and somatic
mutations in the variable region of immunoglobulin (IgV) gene during culture.
The hypermutation of IgV can increase the diversity of IgMs, and make DT40
cells a natural antibody library for monoclonal antibody screening (Cumbers et al.
2002; Seo et al. 2005). The fast growth of DT40 cells enables rapid antibody
acquisition compared to that in hybridoma and phage display systems (Seo et al.
2006).

An autonomously diversifying library (ADLib) (Fig. 13.2) was developed to
rapidly generate specific monoclonal antibodies (Seo et al. 2006), which is generated
on the basis of that gene conversion in DT40 cells was enhanced by treatment of the
cells with a histone deacetylase inhibitor, trichostatin A (TSA). DT40 clones
expressing antigen-specific mAb are isolated from ADLib using antigen-conjugated
magnetic beads. The ADLib system has been used to the direct generation of
chicken/human chimeric antibody by inserting a DNA segment coding for the
constant region of human IgG into the chicken IgM heavy-chain locus of DT40
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Fig.13.2 ADLIb system using the DT40 cells expressing chicken/human chimeric IgG. The DT40
cells producing antigen-specific antibodies are screened using antibody-conjugated magnetic beads
which are recognized by the membrane-bound form chicken IgM, and then the simultaneously
expressed chimeric human IgGs can be purified from the culture supernatants of the selected clones.
Adapted from (Kurosawa et al. 2014)

cells by homologous gene targeting (Kurosawa et al. 2014). The ADLib system has
the potential to be an excellent alternative to the conventional systems for producing
mAD reagents and the screening process of drug discovery and design.

DT-40 cells have also been used to generate chimeric IgM containing human Ig
light and heavy chain loci with chicken constant regions (Schusser et al. 2013). This
provided a model to study how DT-40 cells modified the human variable region by
gene conversion and somatic hypermutation. This was also an important initial step
in the development transgenic chickens expressing antibodies (Ching et al. 2018).

13.3.3 Antibody Display Technologies

There are a number of display methods available to screen and affinity mature a
monoclonal antibody against a particular target of interest. These techniques all rely
on the linkage of phenotype with genotype (either DNA or RNA) for selection and
can be broadly categorized as in vivo display: performing multiple rounds of
selection in cells such as bacteriophage and yeast display or in vitro: where the
selection and subsequent maturation steps do not rely on the transformation of cells
such as ribosomal or RNA display. In this section, using the scFv as an example, we
will give a general overview of current phage, yeast, and ribosomal display
technologies, highlighting key points to consider before starting a screening or
affinity maturation campaign. Some representative examples of mlgY developed
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Table 13.3 Overview of mIgY preparations using different antibody engineering technology and /
or selection methods

Eng./Sel.
migY type Antigen Use Method Reference
Chicken/ Recombinant HS5NI1 diagnostic testing | Phage (Pitaksajjakul
human hemagglutinin display et al. 2010)
chimeric fab protein
scFv Gentamicin Antibiotic detection Phage (Li et al.
display 2016)
scFv Salbutamol Sensitive assay Phage (Lee et al.
(detection) display 2018a)
scFv Inactivated cobra Diagnosis of snakebites | Phage (Lee et al.
venom proteins and antibody affinity display 2018b)
test
scFv Epidermal growth Detection Yeast (Bogen et al.
factor receptor surface 2020)
(EGFR) display

by genetic engineering technology using the different selection methods are shown
(Table 13.3).

13.3.3.1 Phage Display

Phage display relies on the use of viruses (phage is short for bacteriophage) which
consist of a genome and a protein coat. Genetic engineering is used to join antibody
genes with the gene that encodes one of the coat proteins expressed on its surface.
The antibody is then produced linked to the coat protein and a large library can be
constructed and the phage amplified by infection of E. coli (Smith 1985). The
resulting phage is then screened using an immobilized antigen. This technology
was first introduced in 1985 by George Smith in which he showed that exogenous
DNA could be inserted into the plIl gene, encoding the minor coat protein, of
filamentous phage (Smith 1985). This fusion protein is incorporated into the virion,
displayed in an accessible form on the particle surface and retains infectivity of
E. coli. In fact all the coat proteins of filamentous phage can be fused to proteins with
varying degrees of success, however, the most commonly used are N terminal
fusions to all or part of the pIIl and pVIII coat proteins (Webster 2001). The minor
plII coat protein is present at 5 copies per virion of which all can be expressed as a
fusion protein and the major pVIII coat protein is present at 2700 copies per virion of
which 10% can be expressed as a fusion protein (Sidhu 2001; Webster 2001). This
allows for a low valency expression in plIl systems versus a high valency expression
in pVIII systems to select for low-affinity interactions. Antibody phage display
library preparations from an immunized chicken involve the isolation of RNA
which is converted to cDNA by reverse transcription. A set of defined primers
based on avian germline sequences is used to PCR amplify the VL and VH
fragments which are then cloned using overlap extension PCR into a phagemid
plasmid, such as pHEN (Hoogenboom et al. 1991), pComb3 based vectors, as an N
terminal fusion to a pIIl gene fragment (aa230—406) (Andris-Widhopf et al. 2000)
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Fig. 13.3 scFv antibody selection by phage display. RNA is isolated from immunized chickens
and converted into cDNA from which the VH and VL genes are amplified using defined PCR
primers. These are cloned into phagemid vectors such as pComb3X to be displayed on phage and
screened through a number of stringent rounds of biopanning. Enriched clones are sequenced then
expressed and affinity purified from a suppressor E. coli strain for further downstream analysis

and pCANTAB (Amersham Pharmacia Biotech) vector systems which use the entire
pllII as the fusion partner. This phagemid plasmid in addition to the plasmid’s origin
of replication has a phage-derived origin of replication. Propagation of the phagemid
in E. coli superinfected with wild-type or helper phage allows packaging of the
phagemid DNA identical to the phage DNA and encodes the library to be displayed
(Vieira and Messing 1987; Barbas III et al. 1991) (Fig. 13.3). Diverse antibody
libraries are produced on the transformation of non-suppressor E. coli strains such as
XL1-Blue resulting in libraries between 10°~10' in size. After amplification and
titration, successive rounds of selection and biopanning are performed both in a
plate-based ELISA or solution magnetic bead format (Fig. 13.3). A unique property
of the pComb3 vector system is the addition of 6 x Histidine and HA tags and an
amber suppressor stop codon upstream of gene III. Enriched clones can be
transformed into a suppressor E. coli strain and expressed in the periplasm for
affinity isolation of the antibody and further characterization. This robust display
technology has been successfully used to isolate avian derived scFv molecules
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against diverse antigen targets such as biomarkers (Drees et al. 2014), antibiotics
(Li et al. 2016) and virus (Ge et al. 2020).

13.3.3.2 Yeast Surface Display

Yeast surface display (YSD) relies on the display of an antibody fragment fused to a
cell surface A-agglutinin-binding subunit (Aga2p) which projects the protein away
from the cell surface thus minimizing the potential interactions with other surface
molecules (Boder and Wittrup 1997). Aga2p contains a signal sequence which
directs it to the cell surface where it is anchored via disulfide bonding to Agalp
(Fig. 13.4). A limiting factor in this technology is the transformation efficiency
which only allows a library size of 10—10°. However, YSD has been extremely
successfully for protein engineering of scFv molecules identified following phage
display screening. A eukaryotic expression system allows post-translational
modifications of scFv molecules, such as glycosylation and proper folding that are
more problematic in bacterially propagated display libraries. On the other hand,
differential glycosylation patterns in yeast and mammals needs to be taken in
account, especially when displaying other e.g. human glycosylated protein scaffolds
in YSD. The addition of epitope tags such as HA and c-myc allows the coupling of
YSD with flow cytometry technology using fluorescently labeled antibodies. This
has enabled the quantitative measurements of equilibrium constants, dissociation
constants, stability, and protein expression levels. The engineering of scFv

COOH

HA tag

N,

$

L.~.\~ "‘~.\~ Aga1s W
@a\\\mrme i%
@)

Q}\ a%m
oY Cytoplasm

Fig. 13.4 Yeast surface display of scFv antibody for directed evolution. The scFv of interest is
cloned into a YSD vector in-frame with Aga2 and HA tag genes and a c-myc C terminal tag. This
plasmid can be subjected to error-prone PCR before being transformed into the Saccharomyces
cerevisiae strain EBY 100 which has Agalp integrated under the control of the GALI promoter.
After growth of cells in galactose media detection of surface displayed protein can be monitored by
flow cytometry analysis using fluorescently labeled antibodies that recognize the HA or c-myc tags
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molecules for particular properties can be accomplished by molecular evolution
using error-prone PCR and after transformation of yeast cells and induction of
expression under the GAL promoter the variants are displayed on the cell surface.
The library can then be screened for cells having high expression and higher affinity,
which recognize sequentially lower concentrations of the ligand by flow cytometry
and then sorted using fluorescent activated cell sorting (FACS) (Bogen et al. 2020).

13.3.3.3 Ribosomal Display

Ribosomal display, an in vitro evolution technology for proteins, was first
introduced in 1997 by Hanes and Pliickthun (Hanes and Pliickthun 1997; Qi et al.
2009). It is based on in vitro translation, but prevents the newly synthesized protein
and the mRNA encoding it from leaving the ribosome. It thereby couples phenotype
and genotype. By incorporating a linker between the peptide and ribosome protein
folding can occur correctly. Since cells do not need to be transformed, very large
libraries (up to 10'*) can be used directly in selections, and the in vitro amplification
provides a very convenient integration of random mutagenesis (Pliickthun 2012).
The main steps of the ribosomal display are shown in Fig. 13.5. Successive rounds
using error-prone PCR can increase the diversity or affinity maturation of the
selected molecule. Ribosome display can be carried out using either prokaryotic
gene expression machinery or more recently eukaryotic systems (He and Taussig
2007) which allows direct cDNA synthesis from the ribosome-mRNA-antibody
complex (Hanes et al. 1998). Unfortunately, many biochemistry laboratories are
not experienced in RNA stability and recovery, which has limited its use. Ribosomal
display has not yet been applied for the generation of IgY fragments, but it is of
interest to explore the feasibility and efficiency of such an application.

13.3.4 Gel Encapsulated Microenvironment (GEM) Screening
Technology

The most recent development in chicken mAb production is the gel encapsulated
microenvironment (GEM) antibody-secreting single B-cell screening (Fig. 13.6)
(Izquierdo et al. 2016). The technology is based on single-cell screening from entire
B-cell repertoires by diluting the B-cells in a similar manner to the hybridoma
method of “limiting dilution” to achieve a statistical probability of a single cell in
a GEM. The GEM is an encapsulated agarose droplet containing a single antigen-
specific antibody-secreting B-cell and multiple “reporters” (usually 2 or 3) which
may be microbeads coated with an antigen of interest or whole cells expressing
surface antigens. The GEM is then cultured under standard tissue culture
environments to allow antibody-secretion by the B-cell and binding to the
“reporter(s)” which is then detected using fluorophore-conjugated secondary
antibodies. The GEM is then visualized by fluorescent microscopy. Labeled
GEMs are then picked from the culture using a micropipette and the gel matrix is
dissolved to obtain antigen-specific B-cells. The V-genes from the isolated B-cells
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Fig. 13.5 scFv antibody selection by ribosomal display. Total RNA is isolated and cDNA
corresponding to VH/VL domains is amplified. The PCR products are ligated into the Ribosomal
Display vector (pRDV) to incorporate 5’and 3’required regions. After transcription and translation,
the absence of a stop codon gives an RNA-Ribosome-Antibody complex which is subjected to
multiple rounds of panning and enrichment for binding to the protein of interest

are then amplified and assembled into full-length scFvs for downstream cloning and
expression via the standard molecular biology procedures.

The technology allows almost all B-cells in the initial repertoire (up to 100 mil-
lion; (Izquierdo et al. 2016) to be screened for desirable binding characteristics
without loss of diversity as with cell-surface display and is useful for isolating rare
antigen-specific V-genes which may otherwise be lost during molecular cloning
procedures. The use of multiple antigen “reporters” also allows for high-throughput
screening where multiple binding interactions can be determined. However, the
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Fig. 13.6 Overview of the GEM single chicken B-cell screening technology. This technology
allows each “reporter” to be identified based on microscopic size or “color/hue shifts” generated
upon binding of the fluorescently-labeled secondary antibodies to the “reporter” after primary
antibody binding. For example, binding of an orange, fluorescent secondary antibody to a
red-colored small bead may create a visibly yellow reporter (e.g. GEM B in figure) indicating a
specific antibody-antigen interaction. Non-secreting B-cells (such as in GEM C) produce no
detectable reporter signals in the GEM. Refer to (Lee et al. 2017) with the permission of the Journal
of immunological methods

drawbacks of the technology include the need for high-investment infrastructures
such as fluorescent microscopes. Additionally, the technology cannot be used
concurrently with FACS since interrogating each GEM is not only fluorescent
quantitation-dependent but also relies on identifying the morphology (e.g. size of
microbeads) of the “reporter”. This limits the operation of this technology to skilled
and experienced personnel capable of differentiating or identifying parameters
correlating to individual antibody-antigen interactions in a GEM using microscopy.
Furthermore, single B-cells within a GEM have to be monitored for their viability
during the prolonged culture conditions to achieve detectable amounts of secreted
antibody.

It is noteworthy that generating mAbs in their recombinant scFv formats are not
without drawbacks. Even if scFvs are successfully expressed using display systems
or GEMs, some scFvs have shown to have reduced affinity towards the target when
compared to the parent Ig due to: 1) lack of the constant regions which influences the
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structural stability within the Fv and ii) the monovalency of the scFv which reduces
overall avidity (Hust et al. 2007; Steinwand et al. 2014). Such observations cannot
be extrapolated to all scFv constructs as there are conflicting reports indicating that
engineered scFv-CH fusions resembling Fabs have lower affinities compared to the
parent scFv (Quintero-Hernandez et al. 2007).

13.4 Amino-Acid Synthetic for Monoclonal IgY Generation
Antibody Mimetics

In spite of their widespread applications as therapeutic, diagnostic, and detection
agents, the limitations of polyclonal and monoclonal antibodies have enthused
scientists to plan for next-generation biomedical agents, the so-called antibody
mimetics, which are derived from the functional antibody fragments by protein-
directed evolution or complementarity determining regions’ (CDR) fusion through
framework regions (FRs) in different sequences. Protein-directed evolution is cur-
rently employed to harness the power of natural selection to evolve proteins with
desired properties. Generically, it involves four key steps as illustrated in Fig. 13.7
A: (1) Identification: the sequence of interest is chosen on the basis of its perceived
proximity to the desired function and its evolvability (Romero and Arnold 2009);

(A) Directed Evolution (B) Construction of Antibody Mimetics from Parent Antibody
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Fig. 13.7 Construction strategies of antibody mimetics. (a) The prime objective of protein-
directed evolution is to create a protein with the desired function through iterative rounds of
mutation and selection. Natural genes are selected that are amenable to mutation. The parent
sequence is then mutated to form a huge library by either: (i) error-prone PCR or (ii) DNA shuffling.
The mutated sequences are evaluated by using high-throughput screening or selection. The fittest
sequence/s is/are used as parent sequence/s for the next round and the process is iterated until the
objectives are met (usually after 5 to 10 generations). (b). CDR-FR peptides of 3 kDa were
synthesized that mimic HB-168 IgG, a mAb IgG against EBV gp350/220 envelope glycoprotein.
In CDR-FR peptides, the complementarity-determining regions are linked by a framework region.
The structure of a minimal 28-residue mimetic comprising VHCDR1, VHFR2 and VLCDR3
domains of Fab is shown above. Refer to (Baloch et al. 2014) with the permission of the Critical
Reviews in Biotechnology
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(2) Diversification: the parent sequence is subjected to diversification by error-prone
PCR and DNA shuffling; (3) Selection: the screening or selection is used to test
the presence of mutants or variants in the generated library; and (4) Amplification:
the variants are screened, selected and replicated many-fold to harvest a variant with
the desired functional properties. Massive combinatorial libraries have been
constructed by randomizing amino acid positions in structurally variable loops of
proteins (Schoenfeld et al. 2009) or by exon shuffling and phage display (Silverman
et al. 2005) (Fig. 13.7).

CDR-framework region (FR) peptides are constructed by fusing two CDRs
through a cognate FR (Baloch et al. 2014). Protein antigens are usually recognized
by all six CDRs from both the VL and VH domains of the intact antibody combining
site. The CDRH3 loop is considered the most indispensable part of the mimetic, as it
is often the most accessible of the CDR loops, the one with the highest diversity and
thus almost always involved in antigen binding (Chap. 5). The C-terminus of the
chosen CDR1 or CDR2 loop and the N-terminus of the selected CDRH3 loop are
joined with a FR selected from VH or VL (Qiu et al. 2007) (Fig. 13.7b). On the basis
of these principles, numerous antibody mimetics against certain pharmacologically
relevant targets have been developed. Antibody mimetics derived from chicken
antibodies have not yet been developed, but it is of interest to explore them in
therapeutic, diagnostic, and detection application.

CDR and framework region (VHFR2) sequences of IgY-scFv against the VLP of
CPV-VP2 (Ge et al. 2020) were used to create an antibody mimetic peptide
comprising two interacting VHCDRI1 and VLCDR3 derived CDRs. There was no
difference in the detection performance of peptide and IgY-scFv on CPV clinical
fecal samples. The mimetic peptide showed no cross-reactivity with canine distem-
per virus (CDV) and canine coronavirus (CCV) and had excellent protective
properties for cells. The mimetic was the world’s first peptide derived from chicken
IgY, revealed the feasibility of a novel functional antibody fragment development
strategy for both detection and therapeutic purposes in veterinary medicine.

13.5 Conclusion and Future Prospect

Chicken-derived recombinant antibodies share similar limitations with the broadly
explored mammalian counterparts. Indeed, most of the recombinant antibody devel-
opment shortcomings described in this Chapter are extended to all eukaryotes
including chickens.

Cellular-based approaches, such the use of immortalized DT-40 cell line or
chicken hybridomas are preferred when proper folding and secretion of antibodies
needs to be mediated by pre-existing intracellular eukaryotic chaperones and post-
translational modifications (PTM). Moreover these approaches also retain the native
heavy-light chain pairing, sometimes critical for the antibody specificity, unlike with
other library generation display technologies, where pairing is lost due to inherent
heavy-light chain shuffling during in vitro library cloning. Nevertheless, the versa-
tility of molecular biology techniques has offset many of the associated
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shortcomings. Cloning of selected scFv genes into mammalian expression vectors
for expression in eukaryotic host cells for example, may increase production costs;
but combining bacterial- and mammalian-based expression methods seems to be the
most cost efficient option.

Taken together, each method established for the generation of chicken mAbs has
to be considered carefully especially depending on the envisaged final use, being it a
research and development, diagnostic or therapeutic outcome; it is also reasonable to
assume that the versatile combination of cellular and molecular approaches is the
basis for successful chicken mAbs development.

Chicken-derived monoclonal antibodies and related recombinant formats have
unique features and thus enormous prospects for the development of new antibody-
based platforms contributing to broaden IgY applications and overall rediscover of
the IgY technology field.
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Abstract

There is a growing need for resource-sustainable and cost-efficient technologies
in protein production. Transgenic animals have drawn considerable attention as
protein makers owing to the high quality of their products. The white of chicken
eggs is particularly attractive for this purpose and a series of therapeutic proteins
have been produced in it. An overview of the advantages of chickens as
bioreactors and the challenges in their transgenesis are presented here.
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14.1 Introduction

Biotechnology provides a multitude of protein-based tools to the life sciences and
healthcare sectors. The demand for proteins used as therapeutics or as imaging,
diagnostics or cell culture agents is soaring due to their high efficiency. It has been
almost forty years since the approval for therapeutic use of the recombinant human
insulin, the first protein pharmaceutical (Johnson 1983). Since then, the repertoire of
protein targets has been continuously expanding due to the emergence of new
genetic information and the uncovering of subcellular pathways and disease pro-
cesses. Combined with the great advances in protein production methods this has led
to a burst in the development of therapeutic proteins. Nowadays proteins of diverse
biological activities are applied as antigens, hormones, cytokines, enzymes and
monoclonal antibodies in the prevention or treatment of conditions in oncology,
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haematology, autoimmune and inflammatory diseases, or as mediators for transplan-
tation and tissue reconstitution. With their low off-target toxicity and high specificity
and efficacy relative to chemical therapeutics, protein-based biologics have become
invaluable in the medical armoury.

14.2 Protein Production Methods

Protein therapeutics are produced by transgenesis where the gene of interest is
isolated from human cells, modified and inserted into prokaryotic or eukaryotic
cells or the genome of an animal or plant. The protein is then expressed either by the
transformed cells, plant or within an animal product (e.g., milk from farm livestock
mammals or eggs from poultry). Although bacteria have been a common protein
expression host, a wide range of recombinant proteins have been produced in yeasts,
insect and mammalian cell lines such as Chinese hamster ovary (CHO) cells, murine
myeloma (NSO) cells and human embryo kidney (HEK-93) cells (Tripathi and
Shrivastava 2019).

Bacteria, yeast and insect cells offer the advantage of simple, scalable and fast
growth with high protein yields at low cost. However, the biological activity of the
produced proteins is affected by either the lack of necessary post-translational
modifications (PTMs) especially glycosylation, or by bearing modifications different
from the human ones that in turn make the molecules immunogenic. Mammalian
cells are more suitable with respect to the correct addition of PTMs (Hossler et al.
2009) although their growth is significantly slower and comes at high costs that
make scaling-up unfavourable.

On the other hand, and despite the laborious transgenesis process associated with
their production, transgenic animals are highly efficient protein producers. Milk
from cow, sheep or goat is a great depository of high-quality protein which however
comes with a strong lipid component that hampers the purification process and adds
to the high animal maintenance cost (Harvey and Ivarie 2003). Combined with the
long mammalian gestation time and the limited number of offspring, this cost
prohibits the scale-up of protein production from milk.

14.3 Advantages of Protein Production in Chicken Egg White

In contrast to milk, chicken eggs provide several advantages that make them
attractive for protein production in their egg white. Breeding, flock maintenance
and egg production in poultry are well-developed and low-cost processes. A single
transgenic chicken can be bred under controllable conditions to quickly produce a
large egg-producing flock due to the short timespan (20 weeks) towards sexual
maturity (Lillico et al. 2005) (Chap. 2). Ideally for hosting protein expression, the
oviduct secretory cells have a strong protein synthetic capacity which is
demonstrated by the natively high protein content of approximately 4 g of protein
per —30 ml egg white (1 egg). Natural protease inhibitors and ovalbumin confer
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stabilization to heterologous proteins while the natively low protein complexity
allows the simplification of their purification process (Ivarie 2006; Park et al.
2020). Hens annually produce 300-330 eggs (Chap. 2) and protein expression can
be optimized up to 2 mg/ml of egg white thus potentially yielding tens of protein
grams per annum. Additionally, the egg collection and manipulation can be easily
scaled up, automated and regulated according to good manufacturing practice
(Chap. 8), the basis of which has already been established by the wide production
of vaccines in eggs (World Health Organization 2016). Furthermore, chicken-
produced human proteins benefit from the similar glycosylation patterns between
the two species thus presenting low immunogenicity and equivalent biological
activity to the mammalian-produced versions (Raju et al. 2000; Zhu et al. 2005;
Kodama et al. 2008).

14.4 Overview of Chicken Transgenesis

In mammalian cells the transfer of genetic material to the host organism is mostly
achieved by pronuclear microinjection to a single cell zygote (Riilicke and Hiibscher
2000). In the chicken, the isolation and manipulation of the fertilized oocyte from the
reproductive system are technically challenging (Lee et al. 2020). Consequently,
genome editing in chickens is conducted by microinjection of the transgene to the
—60,000 blastodermal cells of the embryo in a freshly laid egg right after oviposition,
termed stage X (Ivarie 2006). The transgene is delivered to the blastoderm by
injection of viral particles, or gene-edited germline competent cells (either embry-
onic stem cells, ESC or primordial germline cells, PGC) (Lee et al. 2020). The
delivery methods have evolved over the years leading to improved germline trans-
mission frequencies. Additionally, the application of a series of promoters has been
driving the tissue-specificity and yield of the transgene expression.

14.4.1 Evolution of Delivery Methods and Germline Transmission
Frequencies

The injection of low-titre replication-defective avian retroviruses to blastodermal
cells pioneered the recombinant protein production in chickens (Harvey et al. 2002;
Mozdziak et al. 2003; Rapp et al. 2003). However, the method has proven inefficient
in germline transmission of the transgene due to host silencing of the viral sequences
(McGrew et al. 2004; Bahrami et al. 2020). A significant transmission increase has
been achieved by use of non-avian retroviruses as in the application of concentrated
murine retrovirus in the embryo heart at 50—60 h of incubation (Kamihira et al. 2005)
or directly to the blastoderm (Kwon et al. 2008; Koo et al. 2010; Lee et al. 2013).
Improved transmission rates without host silencing have been observed from high-
titre application of lentiviruses, another subclass of retroviruses that can typically
deliver transgenes up to —8 kb (Lillico et al. 2005). Lentiviruses maintain the
transgene expression in a tissue-specific manner after germline transmission (Sang
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2004) and have the unique ability to reach the host genome and integrate the viral
RNA without the need of compromising the nuclear membrane (i.e. in non-dividing
cells) (Naldini 1998). Stable germline transmission has been reported for several
proteins produced by application of equine lentivirus (McGrew et al. 2004; Lillico
et al. 2007; Herron et al. 2018), a replication-defective HIV-1 lentiviral vector
(Chapman et al. 2005), the pWPXL lentiviral vector (Cao et al. 2015) the feline
immunodeficiency virus (Kwon et al. 2018) and the pLenti6/V5-DEST vector (Byun
et al. 2011).

Gene delivery to the chicken embryo can also be achieved by injection of gene
edited ESC or PGC cells. ESC are developed by culturing blastodermal cells at stage
IX-XI (Zhang et al. 2018) while PGC are obtained by culturing blood isolated from
the embryonic vasculature system at stage 15-16HH (Macdonald et al. 2010). To
date, in vitro gene editing of ES or PGC cells for protein expression has been
performed by random integration following electroporation (Zhu et al. 2005; van
de Lavoir et al. 2006), viral transduction (Motono et al. 2010), transposons
(Macdonald et al. 2012; Park and Han 2012) and CRISPR/Cas9 (Dimitrov et al.
2016; Oishi et al. 2018), all resulting in higher germline transmission frequencies
than the direct embryonic injections of retroviruses. Notably, CRISPR/Cas9 and
transposons provide considerably higher site-specificity in transgene integration than
viral gene delivery thus avoiding a major risk for insertional mutagenesis and
potentially harmful health effects (Woodfint et al. 2018).

14.4.2 The Effects of Promoters in Protein Expression

The transgene expression performed in chickens to date has been either ubiquitous or
tissue-specific. The constitutive Cytomegalovirus (CMV), f-actin, phosphoglycerate
kinase (PGK) and Rous Sarcoma virus (RSV) promoters have been applied in the
ubiquitous expression of protein therapeutics in the serum and egg (white and yolk)
with significant yields. However, the lack of tissue-specificity is not desirable when
the protein is active in chicken. Such activity was observed in the ectopic expression
and serum circulation of the human parathyroid hormone under the RSV promoter
(Lee et al. 2007) and human erythropoietin under the CMV promoter (Koo et al.
2017) both of which had detrimental effects on the chicken’s health leading to death
and lack of progeny.

The only tissue-specific promoter reported in chicken protein production to date
is the ovalbumin promoter (OVA) (Woodfint et al. 2018). Ovalbumin is the most
abundant protein in egg white (54%) (Stevens 1991) which manifests the strong
expression potential by the OV A promoter whose regulatory elements inhibit protein
expression in tissues other than the oviduct (Lillico et al. 2005). The OV A promoter
has been extensively studied and transcription factor sites that enhance protein
expression such as the oestrogen response element (ERE) have been revealed.
Multiples of ERE and other parts of the promoter have been utilized in constructs
in order to increase the protein yield (Lillico et al. 2007; Cao et al. 2015; Herron et al.
2018; Park et al. 2020).
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Using these promoters, cytokines, growth factors, antibodies, enzymes and an
antimicrobial peptide have been produced in chicken egg white with considerable
yield variation in the low ng-to-mg range per ml egg white (Woodfint et al. 2018).
For example, the growth factor erythropoietin has been produced at 40-55pg/ml in
egg white (Kwon et al. 2018) while the anti-PMSA antibody yielded up to 0.15pg/ml
(Zhu et al. 2005) and the anti-prion-scFv-hIgG1-Fc antibody up to 1.5 mg/ml
(Kamihira et al. 2005). Cytokines such as human IFN«-2a has been produced at
0.15 mg/ml and human CSFI1-Fc fusion at 1 mg/ml (Herron et al. 2018). Although
further optimization of the expression yields is always desirable, the ones achieved
so far might be sufficient for commercialization depending on the potency and
required dose of the therapeutic. Additionally, moderate yields might also be
preferable so that the protein does not interfere with embryo development thus
allowing the continuation of progeny production. Further optimization of the OVA
promoter and exploration of the promoters of other oviduct-specific genes will
furnish further flexibility in modulating the yield and safety of expression in the
egg white.

14.5 Closing Remarks

From concept to materialization, the expression of a protein in chicken egg white
requires a bit over a year involving the transgene preparation and injection into eggs
followed by breeding up to the production of heterozygous egg-laying G1 birds. Six
months are further required to produce homozygous G2 birds. The biological cycle
of the chicken is the bottleneck of the process and cannot be altered, although a
complementary system for screening protein constructs and yields before the actual
bird production would be desirable as well as any acceleration to the transgene
preparation (e.g. by CRISPR/Cas9). Addressing these timescale improvements
while optimizing the yield and ensuring animal safety, will make protein production
in transgenic chickens greatly appealing to investment for commercial purposes.
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Abstract

Animal health and welfare is under constant threat from pathogenic organisms
and there is need to move from the use of antibiotics as a first line of defence. The
oral administration of IgY antibodies constitutes a powerful passive immune
strategy and has been used in terrestrial and aquatic animals. The prevention
and treatment of gastrointestinal diseases, particularly diarrthoea from different
infectious agents in livestock and dogs, is one of the most studied uses of IgY for
passive protection. The use of IgY for the treatment of calves, adult cattle, pigs
and poultry is described. One of the major factors impacting on the productivity
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of aquaculture is the outbreak of disease and there is a need for development of
treatments suitable for an aqueous environment. IgY used in the treatment of dogs
is also expanding. Finally, the use of IgY in the detection of disease is outlined.

Keywords

Veterinary medicine - Aquaculture - Prophylaxis - Therapy - IgY product

15.1 Introduction

The focus of this chapter is on the use of IgY for passive immunization of food
producing livestock, poultry and companion animals such as dogs. Currently, it is
evident that a pandemic such as corona virus has the potential to disrupt agriculture
and food supplies (Jambor et al. 2020); therefore the control of disease in animals
and fish assumes even greater importance and the role of companion animals in
human welfare is recognized.

There are two main drivers for higher production of food: the increase in the
global population which is predicted to reach 9.7 billion by 2050; and the increase in
per capita income in developing countries which is matched with an increased
demand for protein (Davis and White 2020). Meeting these demands will require
increased productivity and a reduction of losses while meeting the demands of
climate change and limiting resources (Crute and Muir 2011). Together with the
livestock and poultry, aquaculture is also likely to contribute to a greater share of
food production (Bostock 2011). The relationship between companion animals, such
as dogs and cats and human wellbeing is well documented. It is estimated that 11.5
million dogs are owned as pets in UK and that there are similar levels of ownership
in Europe, China, Japan and Australia (Brooks et al. 2018); there were notable
increases in dog ownership during the pandemic of 2020 and a positive impact on
loneliness during the lockdown (Oliva and Johnston 2020).

Intensive animal rearing systems are open to cross-infections with subsequent
negative impacts on growth or even large-scale death of infected animals. The use of
antibiotics which are relatively cheap and easy to administer has been implicated in
the development of antibiotic resistance in humans (Barton 2000). Vaccination plays
a major role in animal protection against a range of pathogens including bacteria,
viruses and parasites (Hedegaard and Heegaard 2016). However, vaccines are seen
to be ineffective in very young animals due to interference from maternally-derived
antibodies and for protection from enteric infections (Hedegaard and Heegaard
2016). An alternative to both the use of antibiotics and vaccination, is passive
immunization where immunoglobulins (Ig) from a donor are administered to a
recipient to provide immediate immunity and short-term protection (Fig. 15.1).

The source of Ig is not important and as reviewed by Hedegaard and Heegaard
2016 (Hedegaard and Heegaard 2016), bovine colostrum, horse serum and IgY have
been licensed for use in ruminants, horses and pigs. Several strategies have been
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Fig. 15.1 Generation of IgY for passive immunization. Hens are immunized with a relevant
antigen and antigen-specific antibodies are extracted from the egg yolk. The treated animals are
provided with immediate immunity and short-term protection

developed to protect IgY from inactivation in the intestine, as IgY is unstable below
apH of 3.5 (Chap. 12). These include, for example, chitosan/alginate-based (Li et al.
2007) or cholesterol/lecithin-based microencapsulation methods (Rahman et al.
2013). An example of a disease which is one of the most common in the new-born
of many animal species is diarrhoea. Diarrhoea associated with infectious agents
leads to a deteriorating condition in neonates and will directly hamper the overall
performance of the animal in early as well as later stage of their life (USDA and
APHIS 2014). The clinical presentation can range from mild diarrhoea without
systemic disease to profuse acute diarrhoea associated with rapid dehydration, severe
disturbance of acid-base and electrolyte balance, and death, sometimes in as few as
12 hours (Griinberg 2014). A systematic review has shown that IgY treatment was
effective in controlling and preventing diarrhoea in domesticated animals including
calves, poultry, piglets, and mice (Diraviyam et al. 2014). The current chapter
reviews passive immunization with IgY as an effective treatment for a range of
diseases (bacterial, viral and parasitic) in important food producing species such as
cattle, pigs, poultry and a variety of fish species. Dogs, which are an important
companion animal, are also treated with IgY. Finally, the in vitro use of IgY in
immunoassays is discussed.

15.2 Cattle

World milk production is projected to grow at 1.6% p.a. (to 997 million tonnes by
2029); this is faster than most other main agricultural commodities (FAO and OECD
2020). Globally, cattle meat production has more than doubled since 1961—increas-
ing from 28 million tonnes per year to 68 million tonnes in 2014 (Ritchie 2017). The
impacts of cattle diseases can have wide ranging economic effects including loss of
livelihood, disruption of trade, loss of access to international markets and indeed
threats to human health (FAO 2016).
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15.2.1 Diarrhoea in Calves

Neonatal calf diarrhoea is a common disease affecting new-born calves and is the
leading cause of calf mortality before weaning in both beef and dairy calves (Cho
and Yoon 2014). Diarrhoea is more common between 1 and 21 days of age, with a
peak incidence at two weeks, but it can extend up to 30—45 days of age (Bartels et al.
2010). Infected calves show watery faeces of increased frequency. Fluid loss from
the vascular compartment leads to hypovolemia (dehydration), hypotension, and
shock (Heller and Chigerwe 2018). Calves develop metabolic acidosis, which results
in death in less than 2 days, if not treated promptly (Foster and Smith 2009).

Most of the time, diarrhoea is caused by a combination of agents which may result
in more severe disease than a single agent alone (Hoet et al. 2003; Izzo et al. 2011;
Cho et al. 2013; Ferragut et al. 2016). Historically, calf diarrhoea has been attributed
to bovine rotavirus group A (RVA), bovine coronavirus (BCoV), Salmonella spp.,
Escherichia coli strains with virulent factors and Cryptosporidium parvum as the
main aetiological agents (Foster and Smith 2009; Heller and Chigerwe 2018).
However other viral agents have also been identified and proven to cause diarrhoea
in calves including bovine parvovirus, astrovirus, torovirus (Breda virus), enteric
calicivirus and nebovirus (Saif and Thiel 1990; Hoet et al. 2003; Garaicoechea et al.
2006; Otto et al. 2011; Badaracco et al. 2012; Bok et al. 2015; Ferragut et al. 2016;
Langel et al. 2016). Enteric diseases are also common in adult cattle. As diagnostic
testing is often not available, these treatment protocols are generally based on
knowledge of the most likely pathogen and the veterinarian’s clinical experience.

Antibodies from bovine colostrum protect against RV A-associated diarrhoea in
calves (Parrefio et al. 2004; Parrefio et al. 2010). However, this strategy is industri-
ally unfeasible at a large scale and several bovine infectious agents could be spread
as adventitious virus/bacteria, like bovine leukaemia virus. A promising, economi-
cally feasible and practical strategy which has been explored is the supplementation
of the milk diet of calves with specific IgY antibodies from egg yolk (Kuroki et al.
1994, 1997; Mine and Kovacs-Nolan 2002; Vega et al. 2011, 2015). The production
of IgY against specific pathogens has been described in Chap. 10.

It has been shown that IgY antibodies can resist digestion in the gastrointestinal
tract of calves, remaining biologically active (Vega et al. 2011, 2015). This is critical
as most of the infectious agents causing diarrhoea infect cells from the intestinal
mucosa. Furthermore, IgY antibodies can neutralize virus and bacteria being shed in
faeces, preventing environmental contamination and dissemination of this agents. In
arecent review of the effect of IgY in the treatment of rotavirus infection (Thu et al.
2017), itis speculated that its mode of action involves either blocking the entry of the
rotavirus into the host cells and/or minimizing the cell to cell spread of the virus. IgY
antibodies can retain activity through various manufacturing processes and dried IgY
preparations are stable for several years without a significant loss of their biological
activity (Larsson et al. 1993; Vega et al. 2015).

The oral administration of egg-derived preparations to new born calves has not
only shown protection against diarrhoea but also an increase in weight gain and an
improvement in growth performance (DiLorenzo et al. 2006; Vega et al. 2015). A
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number of commercial products have been developed to treat calf diarrhoea
(Chap. 17).

15.2.2 Bovine Viral Diarrhoea Virus (BVDV): Prevention
and Treatment

Bovine viral diarrhoea-mucosal disease virus (BVDV) is one of the most significant
animal diseases in the livestock industry worldwide (Houe 2003). Bovine diarrhoea
virus (BDV), including BDV-1, BDV-2 and BDV-3, are a members of the genus
Pestivirus, belonging to the family Flaviviridae (Zhong et al. 2011). BVDV causes
high mortality of new born calves due to acute infections and also results in the
development of persistently infected calves which shed large viral loads throughout
their life and are a source of infection for the entire herd. Despite ongoing research
(Bollini et al. 2018), there are no effective treatments nor preventive drugs for this
disease. At present, there are a variety of attenuated vaccines and inactivated
vaccines (Newcomer et al. 2017). However, due to the rapid variation and diversity
of RNA viruses, the use of vaccines is not fully protective for the animal, and the
occurrence of bovine viral diarrhoea cannot be eliminated. Live attenuated vaccines
also present a risk of causing host immune suppression.

The first anti-BVDV IgY antibody was reported by Zhang (Zhang et al. 2016),
using the Xinjiang BVDYV strain (purified E2 protein) to immunize chickens (Zhong
et al. 2011). The peak titre was obtained after the third booster injection, and the
binding activity of the IgY to the E2 protein was confirmed by Western blot analysis.
In order to develop an assay for BVDV diagnosis, indirect ELISA and
immunochromatographic assays (ICA) were performed to evaluate their efficacy.
The specificity of the IgY was confirmed using different strains of viruses and
bacteria (BVDV1, BADV-1, BADV-3, EPEC, Salmonella enteritidis, Staphylococ-
cus aureus, and Clostridium Difficile). ELISA and ICA results showed that the IgY
and BVDV-E2 and BVDV 1 bind strongly and do not cross-react with other strains of
virus and bacterial species.

15.2.3 Mastitis

Worldwide bovine mastitis continues to be a costly disease for the dairy industry and
the control of this disease is necessary to ensure the sustainability of dairy farming
and the production of milk which meets high quality global standards (Ruegg 2017).
The disease can occur in either a clinical form easily detected by abnormalities in the
milk, udder or other clinical signs; or subclinical mastitis which is often undetected
as it relies on indirect measurements such as increased somatic cell count but has the
greatest economic impact due to lower milk yields (Ruegg 2017). The incidence of
clinical mastitis in a Canadian study was reported as 19 cases/100 cow-year
(Aghamohammadi et al. 2018) and on large Chinese dairy farms was 3.3 cases per
100 cows per month (range = 1.7 to 8.1) (Gao et al. 2017). A number of different
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pathogens cause mastitis. The pathogens are generally classified as contagious
(primarily Staphylococcus aureus (S. aureus)) or environmental (primarily E. coli)
(Riffon et al. 2001). While Staphylococus spp. continues to be one of the most
prevalent causes of intramammary infections (Monistero et al. 2018), and the causes
of clinical mastitis vary across regions and the most frequently isolated pathogens
reported by Gao and references therein are as follows: in Scandinavia it was
S. aureus; in the Netherlands it was E. coli; in the United States, Klebsiella and
E. coli mastitis were of equal importance; in China E. coli, and Klebsiella spp had the
highest incidence (Gao et al. 2017). Staphylococci can be coagulase-positive
(S. aureus) or coagulase negative based on the ability to coagulate rabbit plasma
(Xu et al. 2015); coagulase negative species were shown to be the dominant
pathogens of subclinical or mild clinical infections. S. aureus can express a wide
range virulence factors helping it to attach and infect the host (Zhen et al. 2009; Xu
et al. 2015; Monistero et al. 2018). The most common treatment for mastitis is the
administration of antibiotics directly into the mammary tissue but the cure rates can
be low and antibiotic resistant strains have emerged (Tenhagen et al. 2006). Alter-
native treatments include the use of caprylic acid and monocaprylin which have been
shown to be effective in vitro (Nair et al. 2005); and vaccination (Ma et al. 2004). A
recent review of various vaccine treatments has concluded that they are not neces-
sarily effective or economical (Ismail 2017). The previously stated advantages of
IgY technology (Chap. 5) have led to the development of specific IgY treatments for
the main causative agents of mastitis namely, S. aureus and E. coli. An initial in vitro
assay of IgY produced by hens immunized with E. coli O111 showed a dose-
dependent inhibitory effect on growth of E. coli 0111 and five other mastitis causing
strains of E. coli (Zhen et al. 2008). The specific IgY also enhanced the uptake of
E. coli by milk macrophages or leukocytes suggesting it increased phagocytic
activity. A further study of IgY antibodies raised against E. coli showed
concentrations of IgY up 7.1 mg/mL of yolk and inhibition of growth of E. coli in
the presence of the specific IgY (Meenatchisundaram et al. 2011). Specific IgY to
S. aureus was shown to reduce clinical and experimental mastitis during a 6-day
intramammary 10 mL infusion of IgY morning and evening at a concentration of
100 mg/mL (Zhen et al. 2009). S. aureus is not only present in milk but is
internalized in mammary epithelial cells thus avoiding host defence and antibiotic
treatment and leading to longer-term persistence (Bayles et al. 1998). Specific IgY
against encapsulated type 5 (IgY-T5) and type 8 (IgY-T8) and non-encapsulated
type 336 (IgY-T336) S. aureus strains (at 5 mg/mL) significantly blocked the
internalization of their homologous strains by bovine mammary epithelial cells
(MAC-T cells) within 6 h (Wang et al. 2011). These results suggest that IgY acts
to control mastitis by prevention of uptake rather than by impacting on growth of the
pathogen.
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15.3 Pigs

Pork is the world’s most consumed meat from terrestrial animals (USDA 2019).
Major improvements in pig breeding technologies in recent decades have turned
commercial pig production into a high-input, high-output industry (FAO 2009; FAO
2016).

Increased productivity in the porcine industry relies on improved animal health.
Even though there have been major achievements in disease control and prevention,
the pig production sector continues to be threatened by emerging trans-boundary
diseases (Farms 2017). Systemic risks are emerging owing to the combination of
rapid structural changes in the livestock sector, geographical clustering of intensive
livestock production facilities near urban population centres and the movement of
animals, people and pathogens between intensive and traditional production systems
(Patra et al. 2014). The economic impact of diseases and the cost of control measures
are high and becoming higher (FAO 2009).

15.3.1 Diarrhoea in Pigs

Neonatal diarrhoea is a frequent cause of heavy economic losses for the porcine
industry, increasing significantly pre-weaning mortality and piglets weaned below
the target weight (Rhouma et al. 2017). Enteric diseases are often of endemic
presentation but may also occur as outbreaks with high morbidity and mortality.
The aetiology of diarrhoea in specific herds may differ and is often incompletely
diagnosed. This complexity was not of major concern when the pig industry relied
on vaccines and metaphylactic use of antibiotics (Kongsted et al. 2014). Vaccines
are usually administered to the pregnant sows and passive immunity is transferred to
the piglets during the first weeks of life. However, there is an increasing demand for
cost effective, safe and sustainable treatments to control diarrhoea in young pigs
(particularly neonatal and early-weaned piglets) (Li et al. 2015). Stress associated
with weaning, changes in social relationships and changes in diet (including lack of
sow milk) are critical factors that influence the piglets’ susceptibility to infection
(Stefaniak 2006). There are several infectious agents associated with diarrhoea in
piglets. Enterotoxigenic Escherichia coli (ETEC) and Enteropathogenic E. coli
(EPEC), Clostridium perfringens type A and C, Transmissible gastroenteritis virus
(TGEV), porcine epidemic diarrhoea (PEDV) and Rotavirus A, B and C being the
most common ones. In most of the cases, more than one enteric pathogen is present
(Mesonero-Escuredo et al. 2018).

IgY antibodies specific against gastrointestinal pathogens can be orally
administered to piglets during the first weeks of life as a passive treatment against
infectious diarrhoea and are summarized in Table 15.1. The effect is usually reported
as a dose-dependent one (Stefaniak et al. 2014).

The protective effect of IgY antibodies in piglets appears to be effective beyond
their specific role. A proteomic analysis carried out on pigs infected with E. coli and
S. Typhimurium and fed a diet supplemented with natural herbs and IgY showed that
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Table 15.1 Use of IgY antibodies to control enteric diseases in piglets

Pathogen Effects of IgY Reference

Escherichia coli Prevention of K88+, K99+, 987P+ ETEC infection | (Yokoyama
in neonatal piglets et al. 1992)
Inhibits the adhesion of K88+ ETEC to piglet (Jin et al.
intestinal mucosa 1998)
Prevention of K88+ ETEC infection in neonatal (Marquardt
and early weaned piglets et al. 1999)
Fast protection from diarrhoea in piglets orally (Li et al.

treated with anti-K88+ ETEC IgY encapsulated on | 2007)
chitosan-alginate microparticles

Protection of ETEC infected piglets from diarrthoea | (Alustiza
with IgY delivered in hydrogel-carbon nanotubes et al. 2016)

composites
Porcine epidemic Partial protection of piglets against PEDV (Kweon
Diarrhoea virus (PEDV) associated mortality et al. 2000)
Protection of neonatal piglets against PEDV by (Lee et al.
oral administration of anti-PEDV S1 IgY 2015)
Porcine transmissible Prophylactic administration: Increase in piglets’ (Zuo et al.
gastroenteritis virus survival rate after challenge 2009)
(TGEV) Therapeutic administration: Reduction in mortality
Rotavirus group A (RVA) | Protection of gnotobiotic piglets from human (Vega et al.
RV A-associated diarrhoea 2012)

oral egg yolk administration containing IgY could regulate the immune system and
reduce the stress of microbial infections (Park et al. 2011). IgY immunoglobulins
from chicken egg yolk are attractive not only because of its large scale production
but also for their relatively resistance to porcine gastrointestinal proteases (Vega
et al. 2012) and their positive impact on growth rate and on the stabilization and
enhancement of the protective barriers against gastrointestinal tract disturbances
(Vega et al. 2012, Stefaniak et al. 2014). IgY preparations for treatment of piglets
are commercially available in many countries (Chap. 17).

15.4 Poultry

Based on estimates from the US Food and Agricultural Organization, the number of
hens worldwide is on the increase (Shahbandeh 2020). Poultry meat production
reached almost 125 million metric tons in 2018 and is forecast to increase on an
annual basis. The countries who are the main poultry meat producers are the USA,
China and Brazil. Egg production has also increased by nearly 25% in the last decade
and accounted for 80.1 million metric tons of eggs in 2017. China is the top
egg-producing country, producing nearly 529 billion eggs annually. The protection
of the health of these large number of animals is paramount for global food
production. The primary objective of the poultry industry is to convert feed into
meat (in broilers) and eggs (in layers). The physical, chemical or biological
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disturbances of the digestive system of the birds can result in various gastrointestinal
disorders (enteric diseases). The severity and course of the disease are influenced by
multiple factors including management practices and the microbial agent
(s) involved. In the poultry sector, enteric diseases are one of the major groups of
diseases tending to cause significant economic losses due to poor performance
(decreased body weight gain or egg production), high mortality and increased
treatment costs (Gadde et al. 2015). Various pathogens (bacteria, viruses and
parasites) cause enteric infections either alone (mono-causal) or synergistically
with other pathogens (multi-casual) (Hafez 2011). Passive immunization with IgY
is a promising alternative approach to combat the emergence of new and drug
resistance pathogens; as well as diseases that are unresponsive to drug therapy
(including viral infections) (Kovacs-Nolan and Mine 2012).

15.4.1 IgY Treatment of Bacterial Infections of Poultry

Bacterial infections are a problem of economic concern in all phases of poultry
husbandry and also the source of transmission of food borne diseases to humans. The
presence of Escherichia coli, Campylobacter and Salmonella in poultry meat have
placed a considerable burden on public health. Campylobacter jejuni is present in the
large intestine of chickens and contamination by undercooked meat is one of the
most common sources of acute gastrointestinal infections in humans (Igwaran and
Okoh 2019). Salmonella species cause disease in a wide range of animals and
zoonotic transfer is a major concern (Stevens et al. 2009). Colibacillosis is also a
cause of morbidity and mortality in poultry; this is partly or entirely caused by E. coli
infection (Barnes et al. 2003). The effects of chicken IgY used to treat a range of
bacterial infections in chickens are outlined in Table 15.2. A number of studies have
shown IgY to be effective in the control of E. coli infection. In 2004 it was shown
that treatment with IgY was protective against an intra-air sac challenge of E. coli
(Kariyawasam et al. 2004) and a later study showed that the dietary administration of
IgY was shown to enhance the intestinal health and growth performance of broiler
chickens (Mahdavi et al. 2010a, b). As early as 1997, Tsubokura et al. evaluated the
prophylactic and therapeutic property of IgY against Campylobacter jejuni in
broilers (Tsubokura et al. 1997). This report was the starting point for the approach
to treat Campylobacter jejuni infections (Tsubokura et al. 1997, Hermans et al. 2014,
Vandeputte et al. 2019). Treatment for Salmonella infections by specific IgY was
shown to be effective, particularly if protected from gastrointestinal degradation
(Table 15.2).

Increased incidences of disease, mortality and economic losses due to infection
with Gallibacterium anatis suggest that it may be an emerging pathogen in poultry
(Zhang et al. 2019). Due to its antigenic diversity and multidrug resistance, an
alternate treatment strategy such as IgY treatment is suggested. Gallibacterium
toxin A (GtxA) is a member of RTX toxins (contain repeat sequences of nine
amino acids), secreted by G. anatis. The GtxA has both leukotoxic and haemolytic
actions. In this study, chickens were immunized with N-terminus recombinant GtxA
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Table 15.2 Application of IgY against bacterial infections of poultry

Pathogen
E. coli

E. coli

E. coli

C. Jejuni

C. Jejuni

C. Jejuni

Salmonella
enterica subsp.
enterica

Salmonella
enteritidis and
salmonella
typhimurium

Salmonella
enteritidis

Poultry

11 day old
broilers

Day old
chicks

7 day broiler
chickens

14-34 day
old chicks

6 day old
broiler
chicks

10 day old
broilers

Salmonella-
free White
Leghorn
hens

16-week-old
salmonella
free ISA
Brown hen

Ross
308-day old
broiler

IgY form
100 mg i.m.

IgY 3 mL
orally
Lyophilized
IgY powder
in diet
(0.1-0.4%)
IgY
preparation
oral

Egg yolk
5% (w/w) in
feed

Egg yolk
5% (w/w) in
feed

Egg yolk
powder or
capsulated
immune
yolk

Freeze-dried

egg yolk
powder

Extracted
IgY solution

Outcomes

Protection from
homologous challenge by
E. coli 078

Reduced symptoms,
lesions

Decreased ileal E. coli
counts and the circulating
heterophil lymphocyte
ratio

Prophylactic (99%) and
therapeutic treatments
(80%—-95%) reduction in
bacteria

Significantly reduced
bacterial cell counts

Significantly reduced
bacterial cell counts
when administered
prophylactically and
therapeutically.
Capsulated specific IgY
reduced the colonization
of salmonella in
chicken’s caeca and liver.
Capsulation may be
necessary to protect from
gastrointestinal
degradation

Egg yolk powder, other
than specific IgY, has a
beneficial effect on
growth performance.
Specific IgY in feed may
be denatured and
degraded in chicken
gastrointestinal tract and
did not have any effect on
growth performance and
caecal colonization of
salmonella.

Specific IgY and
IgY-probiotic
co-treatment significantly
decreased faecal
shedding and

S. enteritidis colonization
in the major organs.

Reference

(Kariyawasam
et al. 2004)

(Tamilzarasan
et al. 2009)
(Mahdavi et al.
2010a, b)

(Tsubokura
et al. 1997)

(Hermans et al.
2014)

(Vandeputte
et al. 2019)

(Hatamzade
Isfahani et al.
2020)

(Chalghoumi
et al. 2009)

(Rahimi et al.
2007)

(continued)
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Table 15.2 (continued)

Pathogen Poultry IgY form Outcomes Reference
Salmonella SPF laying Whole egg IgY egg powder as a feed | (Giirtler et al.
enteritidis hens powder additive reduced the 2004)

production of salmonella-
positive eggs (13.3%) as
compared to the control

group (29.4%).
Salmonella Commercial | Egg yolk Oral IgY and probiotics (Fulton et al.
enteritidis Pekin liquid act synergistically to 2002)
ducklings prevent salmonella
infection
Gallibacterium | 4-week-old Extracted Intramuscular. Injection (Zhang et al.
anatis chicks IgY (10 mg/ml IgY) protected | 2019)
chickens against
challenge

to produce anti-GtxA-N IgY antibodies. In the challenge test, after contamination of
chickens with G. anatis, the anti-GtxA-N IgY was injected into chickens. The results
showed that anti-GtxA-N IgY protected the chickens against G. anatis infection and
lower lesion scores were seen in the peritoneum, liver, and duodenum of chickens
(Zhang et al. 2019). There is a commercially available product which contains IgY
antibodies raised against E. coli and Salmonella (Chap. 17). Overall these results
suggest that IgY is a promising alternative to sub-therapeutic and therapeutic usage
of antibiotics in the poultry industry.

15.4.2 IgY Treatment of Viral Infections of Poultry

Infectious bursal disease virus (IBDV) is a highly contagious immunosuppressive
disease of young chicks, infecting the bursa of Fabricius (Chap. 3) (Dey et al. 2019).
The effect of specific IgY against IBDV both in the prevention and therapeutic
treatment of the disease are detailed in Table 15.3.

Numerous studies have been carried out to develop IgY preparations against duck
hepatitis virus. A related veterinary drug has been licenced in China for protection of
ducklings against duck hepatitis by prophylactic subcutaneous or intramuscular
injection (Gui-rong and Yun-ying 2011).

15.4.3 IgY Treatment of Protozoan Infections of Poultry

The reader is referred to a recent review of the use of IgY as both a diagnostic and
therapeutic treatment of parasitic infections (Thirumalai et al. 2019). Avian coccidi-
osis is an intestinal disease caused by infection with a protozoan parasite of the genus
Eimeria (coccidia). There are several distinct species which infect chickens includ-
ing E. acervuline, E. maxima, E. tenella, E. praecox and E. necatrix. Vaccination
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Table 15.3 Role of IgY antibodies in treating viral infections in poultry

Prevention
or
Pathogen | Poultry therapeutic IgY form Outcomes Reference
IBDV Broiler Therapeutic | Diluted Birds (Muhammad
yolk with recovered et al. 2001)
antibodies
IBDV Mixed breeds of Therapeutic | IgY 92% recovery | (Malik et al.
IBDV infected solution rate 2006)
broilers and layers injected ip
IBDV Day old Hubbard Prevention IgY Decreased (El-Ghany
broiler chickens solution morbidity, 2011)
orally mortality,
0.5 mL/ lesions
bird
IBDV 14 day old Golden | Prevention Diluted No mortality (Farooq et al.
birds yolk with or morbidity 2012)
antibodies

with live or attenuated parasites is routinely used to confer active immunity to the
pathogen (Gadde et al. 2015). There are two reports on the use of specific IgY
powder (Supracox®) in feed which prevented infection by E. acervulina (Lee et al.
2009a, b), E. maxima and E. tenella (Lee et al. 2009a, b). In 2013 the protective
efficacy against experimental E. fenella infection in chickens was assessed (Xu et al.
2013). The results of these investigations represent a promising strategy to prevent
avian coccidiosis by supplementing with IgY.

15.5 Applications of IgY in Aquaculture

Globally fish production has been estimated to be about 179 million tonnes in 2018
of which aquaculture accounted for 46% (82 million tonnes); aquaculture production
is projected to reach 109 million tonnes in 2030 (FAO 2020). The leading producers
of farmed fish are China, Egypt, Chile, India, Indonesia, Viet Nam, Bangladesh and
Norway. Of the major finfish species produced in 2018, carp accounted for 33%,
salmon for 4.5% and rainbow trout for 1.6% of the total production; of the world
production of crustaceans, white shrimp accounted for 53% (FAO 2020). One of the
major factors impacting on the productivity of the aquaculture sector is the outbreak
of diseases; the widespread use of antimicrobials is problematic and can lead to the
development of antibiotic resistance (Baloch et al. 2014). While finfish have innate
and adaptive immune systems (Sunyer 2013), crustaceans depend completely on the
innate immune system for defence and thus vaccination is ineffective (Vazquez et al.
2009). The use of passive immunization in aquaculture poses a number of specific
challenges which need to be considered. For routine application of antibodies oral
administration would be preferred (Winkelbach et al. 2015a, b) but may be species
specific.
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Administration of IgY through oral and anal routes was not detectable in gastric
rainbow trout probably impacted by pepsin activity in the gut (Winkelbach et al.
2015a, b); in contrast uptake in the gastric carp (lacking acidic stomach enzymes)
demonstrated an efficient uptake of IgY (Winkelbach et al. 2015a, b) and probably
increased IgY transcytosis in carp compared to trout. Other considerations are the
period of immunization which is most effective for uptake and the duration for which
passively transmitted IgY are present in the different fish species; continuous
administration may be necessary in some cases (Rajan et al. 2017). Despite these
challenges, advances have been made in the use of IgY antibodies for the treatment
of fish diseases and these are summarized in Table 15.4.

White spot syndrome infection is caused by a pathogen called white spot syn-
drome virus (WSSV) which is a highly lethal, stress-dependent dsDNA virus with
305,107-bp length, first reported in 1992—1993 in the southern provinces of China
and in the northern counties of Taiwan (Leu et al. 2009). WSSV has envelope
proteins VP28 and VP19; VP28 interacts with the shrimp receptor PmRab7 forming
a PmRab7-VP28 complex (Verma et al. 2013) and the virus can be neutralized by
IgY produced against truncated fusion proteins of VP28 and VP19 (Kim et al. 2004).
By using specific IgY from the hens that had been immunized with inactivated
WSSV to neutralize WSSV, shrimp showed a higher survival rate (73.3%) than
those hens that were immunized with DNA vaccine (33.3%) (Lu et al. 2008)
(Table 15.4). In another study, the use of IgY antibodies significantly reduced the
mortality rate in crayfish against the WSSV when effectiveness of IgY antibodies
was investigated using intramuscular injection, oral administration and immersion. It
was shown that the crayfish treated with IgY antibodies from inactivated WSSV had
20% mortality, while those that were treated with DNA vaccine had 80% mortality
rate (Lu et al. 2009) (Table 15.4).

Vibrio parahaemolyticus is a pathogen associated with acute hepatopancreatic
necrosis disease (AHPND) and can cause up to 100% mortality in post-larvae
shrimp. IgY has been shown to confer protection to this infection (Gao et al.
2016) (Table 15.4). The Gram-negative bacteria Yersinia ruckeri is endemic to the
North America and also widespread in several regions of world, such as Germany,
France, United Kingdom, Australia, South Africa and Europe, and causes significant
losses to salmonid farming industry (Saleh et al. 2008). The infected fish carry
Y. ruckeri and shed the bacteria in faeces presenting a continuous source of infection
to uninfected fish. On the basis of organ and intestine culture, it was found that fish
treated with anti-Y. ruckeri IgY antibodies had lower levels of infection and carried
lower number of Y. ruckeri in intestine samples (Lee et al. 2000) (Table 15.4).
Piscirickettsia salmonis causes the disease piscirickettsiosis in salmon, resulting in
significant mortality and economic losses in fish (Oliver et al. 2015). Specific IgY
was produced by immunizing hens with P. salmonis proteins and was effective
against the infection in SHK-1 cells; further studies are necessary to show its efficacy
in fish. Vibrio anguillarum is an important pathogen of marine and fresh water fish
and alternates to vaccination which can be stressful for fish were sought (Arasteh
et al. 2004). Oral treatment is preferable and was shown to be as effective in some
cases as intraperitoneal injection (Table 15.4). Edwardsiella tarda, a Gram-negative
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Table 15.4 IgY treatment of important aquaculture species

Pathogen

White spot
syndrome virus
(WSSV)

White spot
syndrome virus

White spot
syndrome virus
(WSSV)

V. harveyi and
V. parahaemolyticus

Vibrio
parahaemolyticus

Yersinia ruckeri

Piscirickettsia
salmonis

Vibrio anguillarum

Edwardsiella tarda

V. Alginolyticus

Species
Shrimp

Shrimp

Crayfish

Shrimp

Shrimp

Rainbow
trout

Salmon

Rainbow

trout

Turbot

Abalone

IgY form
Injected I m.

IgY in feed

Injected i.m., feed
or immersion in
IgY solution

p-Cyclodextrin
encapsulated egg
yolk powder

Whole egg powder
with specific IgY
fed at 20%

Microencapsulated
IgY
Chitosan-alginate
micro encapsulated
IgY

intraperitoneal
(IP) injection, oral
intubation, or
feeding

chitosan-alginate
encapsulated IgY at
1, 3 and 5% in feed

5 or 10% alginate
encapsulated IgY
in feed

B. Chelliappan et al.

Outcomes

When challenged
with virus, 73%
survival when IgY
prepared with
inactivated virus;
33% with IgY
prepared from
WSSV-DNA

Highly resistant

To WSSV challenge
All methods
provided some
protection of
crayfish against
infection.

Protected from
infection

Survival of 86%
when treated with
recombinant PirA-
like toxin induced
IgY

Lower mortalities
than control fish

Encapsulated IgY
can resist
degradation and is
absorbed into the
bloodstream

Injection conferred
protection for

14 days. Oral
intubation and
feeding gave
comparable results
in some cases
survival rates of the
1%, 3% and 5%
micro-encapsulated
specific IgY groups
were 20% 56.7%
63.3%, on the tenth
day post infection
with 107 CFU

E. tarda

Survival rates of fed
with 5 or 10% anti-
vibrio IgY egg

Reference

(Lu et al.
2008)

(Kumaran
et al. 2010)

(Lu et al.
2009)

(Gao et al.
2016)

(Nakamura
et al. 2019)

(Lee et al.
2000)

(Oliver
et al. 2015)

(Arasteh
et al. 2004)

(Xu et al.
2020)

(Wu et al.
2011)

(continued)
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Table 15.4 (continued)
Pathogen Species IgY form Outcomes Reference

powders ranged
from 65-70%

14 days post-

V. alginolyticus
challenge (1x10%.f.

u.)
Shewanella Sea Oral yolk powderat | 25,5, and 1 mg/mL | (Xu et al.
marisflavi cucumber |25, 5 and 1 mg/ml anti-S. marisflavi 2019)

AP629 IgY gave
77.5%, 50%, and
22.5% survival rates
at day 12,
respectively, when
challenged with

4.2 x 10° CFU

S. marisflavi

bacterium belonging to the family Enterobacteriaceae, is considered a common
pathogen infecting mainly economically important fish species such as Japanese eel
(Anguilla japonica), red sea bream (Pagrus major), yellowtail (Seriola
quinqueradiata), channel catfish (Ictalurus punctatus) and turbot (Scophthalmus
maximus) (Park et al. 2012). The use of encapsulated IgY shows promise for the
treatment of turbot (Xu et al. 2020) (Table 15.4). Vibrio alginolyticus infections,
which cause mass death of small abalone and thus great economic losses have also
been treated effectively with IgY (Wu et al. 2011). In 2016, approximately 218,038
tons of sea cucumber Apostichopus japonicus were produced in China with an
economic value of almost four billion dollars (Xu et al. 2019) and references therein.
Sea cucumbers depend on their innate immune system, as they lack an adaptive
immune response (Chap. 3). Treatment with IgY raised against Shewanella
marisflavi AP629 was shown to be protective against the pathogen and specific
IgY was shown to stimulate the immune system of sea cucumbers to eliminate the
pathogen (Table 15.4).

15.6 Dogs

As companion animals, dogs are very important for human wellbeing and have been
kept as pets for over 14 centuries; increases in dog ownership was evident during the
pandemic of 2020 (Oliva and Johnston 2020). IgY antibodies have been used for the
diagnosis, prophylaxis and treatment of diseases of dogs.
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15.6.1 Canine Parvovirus

Canine parvovirus (CPV) infection is a fatal disease of dogs, believed to have
originated from cats and parvoviruses of carnivores including bush dogs, cats,
coyotes, bears and wolves, causes haemorrhagic diarrhoea and myocarditis resulting
from severe gastroenteritis. The disease emerged during 1970’s and currently the
prevalence is worldwide (Appel et al. 1979, Burtonboy et al. 1979, Gerlach et al.
2020).

The aetiological agent Canine parvovirus type 2 (CPV-2) is a single stranded,
non-enveloped DNA virus with an icosahedral capsid (Nandi and Kumar 2010). The
virus has undergone several genetic mutations and antigenic changes to evolve as
CPV-2a, CPV-2b, New CPV-2a, New CPV-2b and CPV-2c in the past three decades
(Parrish et al. 1991, Buonavoglia et al. 2001, Nakamura et al. 2004, Kapil et al.
2007). CPV capsid consists of about 90% of the capsid proteins VP2 and copies of a
combination of 60 viral coat proteins VP1 (82 kDa), VP2 (67 kDa) and VP3
(63.5 kDa) (Han et al. 2012). Mutations in the VP2 gene of the virus resulted in
the evolution of the different antigenic variants (Raj et al. 2010).

The infection spreads from infected dogs or from their faeces to healthy ones
which later show symptoms of pyrexia, vomiting, anorexia, and dysentery (Hoskins
et al. 1988). CPV attacks the rapidly diving cells of the bone marrow and the small
intestine (Guimaraes et al. 2008). The pandemics of CPV infection are attributed to
the fact that the virus is highly stable and has the ability to survive in harsh
environmental conditions for extended periods of time (Hoelzer and Parrish 2008).

In spite of the availability of live modified vaccines to control the infection, the
disease still remains as a major problem in the canine population worldwide,
especially impacting on young puppies (Chinchkar et al. 2006, Qi et al. 2020,
Kelman et al. 2020). Interference of maternal antibodies transferred to the puppies
through milk, the timing of the vaccination, and also the emergence of antigenic
variations between the currently available vaccine strain and prevalent virus types
accounts for the failure of current vaccines (Decaro et al. 2008, Spibey et al. 2008,
Chinchkar et al. 2014, Akila et al. 2016, Kelman et al. 2020). As the maternal
antibody level reduces, and their own immune system is not mature enough to fight
the infection, puppies become more susceptible to the infection which can be fatal
(Van Nguyen et al. 2006).

Oral passive immunization with IgY antibodies specific to CPV-2 virus,
administered as an egg yolk powder to dogs challenged orally with a CPV-2 viral
strain for 7 days controlled the infection to a great extent (Van Nguyen et al. 20006).
Animal groups treated with 2 g of IgY antibodies in powdered form for 16 days post
challenge showed significant weight gain and shorter duration of virus shedding than
the control group. Apart from oral administration of antibodies, an intravenous route
of anti CPV-2 IgY treatment has been used to protect dogs from CPV infection.
Experimental infection induced by an oral challenge of dogs with CPV, after
treatment with 1000 and 10,000 PD (Protective Doses) of Anti CPV IgY antibodies
showed recovery rates of 25% and 100%, respectively. Higher doses produce
increased antibody titres which suppressed the viral load and minimized the



15 Applications of IgY in Veterinary Medicine 221

excretion of virus from stool samples (Suartini et al. 2014). Therefore, in addition to
oral therapy, intravenous immunization with antibodies also proves to be an efficient
passive therapy method. The kinetics of anti CPV IgY antibodies was studied by
regression analysis to determine the level of IgY in serum from the time of injection
(Suartini et al. 2016).

The use of monoclonal IgY antibodies and scFv to treat disease has become more
prominent including the treatment of CPV (Chap. 13). Oral passive immunotherapy
can be extended to the development of supplementary oral products to protect dogs
from parvoviral infections (Chap.17).

15.6.2 Canine Morbillivirus

Canine morbillivirus (formerly termed Canine distemper virus, CDV) is an
extremely contagious immunosuppressive disease which affects dogs.
Morbilliviruses belong to the family Paramyxoviridae and the genus Morbillivirus
and cause moderate to severe immunosuppressive, respiratory, gastrointestinal and
neurological diseases in a variety of hosts from humans (measles) to canines; and
present an interesting model to research inter-species jumping (Quintero-Gil et al.
2019).

The early symptoms are similar to a cold, followed by bronchitis, catarrhal
pneumonia, and gastroenteritis. In the later stages of the disease, there are neurolog-
ical symptoms such as convulsions. In some cases, there may be a high degree of
keratosis of the nose and hardening of the skin of the footpads of the paws (hard pad
disease). Dogs are vaccinated to protect from the disease, but there are geographical
genetic variations in the virus (Pratelli 2011).

Due to the broad clinical symptoms, laboratory tests are required to confirm the
disease and a range of biological samples have been used to measure the virus,
mainly by PCR but also by immunochromatography, immunofluorescence and
ELISA (Costa et al. 2019).

Currently, there is no specific drug for the treatment of this disease. Antibody
based therapy has been considered as a relatively efficient intervention. IgY
antibodies have been generated by immunizing laying hens with CDV (Guimaraes
et al. 2008, Guimaraes et al. 2009).

15.7 Applications of IgY to Treat Other Animals

Global rabbit production has been estimated at more than one million tonnes per
year, according to the FAO (FAOSTAT 2012) and therefore infections of rabbits
need to be controlled. Rabbit haemorrhagic disease (RHD) is a contagious and
highly lethal viral disease of rabbits. Hens were immunized with the N-terminal of
the viral VP-60 capsid protein and IgY treated rabbits showed a significant reduction
in the onset, duration and severity of RHD infection (Li et al. 2014).
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Allergies to cats are the most common human allergy of animal origin; the major
cat allergen is Fel d 1 (Satyaraj et al. 2019). Hens were immunized with this allergen
and allergen-specific IgY fed to cats was shown to neutralize Fel d 1 after its
production and lessen the release into the environment thus decreasing the allergic
response of the owners.

15.8 Application of IgY Antibodies in Detection & Immunoassay

Polyclonal IgY has less cross-reactivity than mammalian IgG as it does not bind to
the mammalian Fc receptor and does not cross-react with many mammalian proteins
(Chap. 5). IgY does not activate mammalian complement factors, which also helps to
reduce the assay interference by these factors in mammalian serum samples,
resulting in increased sensitivity as well as decreased background in immunological
assays (Mine and Kovacs-Nolan 2002).

The polyclonal nature of IgY antibodies has limited their use as the development
and application of immunoassays require IgY to be extracted and purified
(Chap. 11), to yield a homogenous antibody preparation. Avian hybridoma
techniques are not well established for IgY generation (Chap. 13). Recombinant
IgY can be efficiently generated by phage display (Chap. 13) which makes it
possible to exploit the advantageous properties of both IgY and monoclonal
antibodies. However, the nature of scFv antibodies can result in VH and VL domains
with sub-optimal biophysical properties, such as reduced thermodynamic stability
and enhanced aggregation propensity, which leads to poorer production and more
limited applications (Spillner et al. 2012, Zhang et al. 2017, Pereira et al. 2019).

15.8.1 Igy Based Diagnostics of Animal Diseases

The application of IgY antibodies to the detection of various analytes is summarized
in (Table 15.5).

The use of IgY antibodies to develop varied rapid diagnostics for CPV-2 detec-
tion has gained attention in recent years (He et al. 2015). Recently, CPV IgY-scFvs
generated against VLPs (Virus Like Particles) by a T7 phage display system
expressed in E.coli showed 95% of phage contained the scFv fragments
(Table 15.5). IgY-scFv fragments used for the detection of CPV in clinical samples
showed good agreement with PCR and no cross reactivity towards canine distemper
virus and canine coronavirus (Ge et al. 2020). A latex agglutination with anti CPV
polyclonal IgY antibodies has been developed (Gonzalez-Figueredo et al. 2015) as
was an assay to detect the virus strain from infected faeces (Guimaraes et al. 2008).
IgY based systems have also be applied to detect Cytochrome P450 in mouse liver
tissue using immunomagnetic beads which is suitable for large-scale and rapid
screening (Table 15.5). The specific determination of potential food contaminants
such as gentamicin, Staphylococcal enterotoxins and fumonisin has also been
reported (Table 15.5). A variety of cancer and infection-related antigens have also
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been detected in human samples and presented here, though not strictly relevant to
this chapter (Table 15.5).

15.8.2 IgY for Detection of Microbial Contamination in Sea Food

IgY antibodies have been successfully used to detect mature stages of the parasite
Loma salmonae (Microsporidia), a causative agent of microsporidia gill disease
(MGD) in various members of the Oncorhynchus genus, in particular chinook
salmon (O. Tshawytscha) and coho salmon (O. Kisutch) (Alcorn and Pascho
2002). The Loma salmonae causes respiratory distress, secondary infection and is
often fatal (Rodriguez-Tovar et al. 2006). IgY antibodies were developed by
immunizing hens with 1x10° purified L. salmonae spores by an intramuscular
route. The extracted and purified IgY antibodies were used in immunohis-
tochemistry, and the L. salmonae were stained strongly in the immunohistochemical
preparations of the tissues of sockeye, chinook and pink salmon. IgY antibodies
detected mature xenomas from gill, heart and spleen of chinook, and heart tissue of
sockeye salmon. These specific IgY antibodies did not show any cross-reactivity
with myoprotein parasites K. thyrsites or P. minibicornis. (Campora et al. 2008)
developed a sensitive IgY sandwich ELISA to detect a poisonous organic compound
called ciguatoxin in the tissues of fish. This toxin accumulates in fish organs such as
skin, head, viscera and roe, and it cannot be destroyed by cooking the food at high
temperature. Several diagnostic techniques forming the basis of detection of aquatic
animal diseases have been developed (Prasad and Sukumaran 2013), and IgY could
be used for the development of immunodiagnostic kits.

15.9 Conclusion and Perspectives

The advantages of passive immunization in the control of diseases in a wide variety
of animal species has been demonstrated. There are now also a wide range of
veterinary products (Chap. 17) which have been developed based on the research
reported in this chapter. Egg yolk is an ideal source of antibodies and in many of the
applications reported here egg yolk powder is used as a treatment. The presence of
other components of the yolk, in addition to the specific IgY also promoted growth
performance. IgY-scFv based genetically engineered antibody products (Chap. 13)
have the potential for successful product development in veterinary applications,
particularly to pet animals and highly-economically valued animals.
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how the effective airborne transmission via droplets and aerosols enables rapid
viral spread, that ultimately lead to seasonal epidemic or pandemic outbreaks.
These together with a number of emerging viral disease urges the development of
vaccine alternatives where IgY immnunotherapies could be included. Moreover
oral passive neutralization of bacteria causing dental caries or even chronic
gastric inflamation leading to cancer has been sucessfully shown with IgY and
will be presented herein. Finally, the robustness of IgY to neutralize lethal toxins
and venoms will also be covered.

Keywords

Infectious diseases - Virulence factors - Antivirals - Antimicrobials - IgY
immunotherapy

16.1 Introduction

The advent of the 2020 SARS-CoV-2 pandemic revealed the importance of contin-
uous development of alternative and complementary strategies to prevent and treat
infection diseases. Vaccines play a central role in prevention and therapy but face
both economic and technical limitations. Indeed, their cost and turnover of produc-
tion limit their accessibility, especially in developing countries; also, vaccines rely
on healthy and competent immune systems of individuals, being less effective in
immunocompromised or aged subjects and additionally can lose efficiency due to
pathogen adaptation.

Vaccine design relies on the fundamental understanding of the molecular mecha-
nism of virulence of a given pathogen. Antibodies are one the most useful biological
research tools to help dissect the precise structural and functional features of
complex mechanisms of pathogenicity. For example, antibodies developed for the
detection of specific viral strains can ultimately present robust anti-viral properties,
opening novel possibilities not initially considered. In this line, antibody customiza-
tion for characterization of virulence determinants, as for example surface-exposed
spike glycoproteins on enveloped viruses that mediate host cell infection, has been
important for fundamental and applied knowledge. For this reason, both vaccine and
antibody-based therapies are typically co-developed, and advances like monoclonal
antibody technology (Chap. 13) have led to refined therapeutic targeting using
pathogen-specific antibodies.

On the other hand, the versatility and accessibility of polyclonal antibody thera-
peutic formulations for human applications, including serum-based therapies using
human plasma of convalescent patients, or plasma from hyperimmune animals, such
as horses and pigs, are still many times a last resource that saves lives even today
(Hifumi et al. 2017). There are common post exposure alternatives for treatment of
deadly venoms of snakes and scorpions, or toxins from microbial pathogens if
supplies could meet demand.
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As described in Chap. 1, IgY comes as a natural alternative for affordable and
cost-effective passive immunoprophylactic or immunotherapeutic applications for
humans. Similarly to what we describe for veterinary applications (Chap. 15), a large
part of these are passive therapies against bacterial, viral and fungal pathogens
infecting humans.

In this chapter we cover a number of diseases affecting humans and present
findings on how IgY antibodies contribute to their prevention or treatment. We detail
the specific virulent determinants being targeted for each case and combine in vitro
and in vivo results that support therapeutic outcomes or the potential for its devel-
opment in the future. We focus on human respiratory viral diseases, that are highly
transmissible diseases and very often the cause of epidemic and pandemic outbreaks.
We then describe the impact of IgY in the prevention of dental caries and the
promotion of good general oral health status. Though a non-communicable disease,
dental caries is particularly relevant given the current implications with other major
conditions such as endocarditis and cardiovascular diseases (Sanchez et al. 2017).
Also central in the prevention of gastric ulcers and ultimately gastric cancer is the
therapeutic potential of IgY antibodies against Helicobacter pylori, that we also
review. Finally, we summarize the studies on anti-toxin and anti-venom approaches
using IgY. Indeed, envenoming by snakes and scorpions for example are a serious
health threat in tropical and subtropical countries for which there is high demand on
customized antivenom formulations.

16.2 Human Respiratory Infections

16.2.1 Severe Acute Respiratory Syndrome Coronaviruses
(SARS-CoV)

Severe Acute Respiratory Syndrome Coronaviruses (SARS-CoV) are enveloped
non-segmented positive sense RNA viruses from the family Coronaviridae and the
order Nidovirales (Kulji¢-Kapulica and Budisin 1992). Coronaviruses are capable of
crossing the species barrier to cause respiratory infections in humans that can range
from mild symptoms to deadly pneumonia. To date three highly pathogenic strains
have been responsible for major outbreaks and pandemics: SARS-CoV (Drosten
etal. 2003; Zhu et al. 2020), Middle-East respiratory syndrome coronavirus (MERS-
CoV) (Zaki et al. 2012) and the most recent SARS-CoV-2 (Huang et al. 2020; Zhu
et al. 2020). All these belong to the betacoronavirus genus that include four other
mildly pathogenic strains.

In late 2019, SARS-CoV-2 emerged in Wuhan, China, as a new type of corona-
virus and became a global health emergency that led to a devastating humanitarian
and socio-economic crisis requiring the development and implementation of effec-
tive diagnostic, preventive and therapeutic solutions to fight SARS-CoV-2 (Kotta
et al. 2020). Currently, (December first, 2020), it has spread to 220 countries,
infecting over 62 million people, of which 1.46 million (2.3%) have succumbed to
the disease, as described by the World Health Organization.
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The current search for a vaccine for human SARS-CoV-2, runs side-by-side with
the development of novel therapeutic antibody alternatives. For both strategies one
needs to elicit cross-reactive Neutralizing Antibodies (Nabs) ideally capable of broad
protection against different variant isolates. For this it is fundamental to understand
the function and structure of SARS-CoV-2 main virulent factors, namely those
susceptible to immune targeting strategies. The main structural proteins of SARS-
CoV-2 include the Spike (S), membrane (M), envelope (E) and nucleic capsid
(N) proteins (Zhou and Zhao 2020). The S protein is a large type I transmembrane
glycoprotein, that forms homotrimers protruding from the viral envelope and is
responsible for receptor binding and membrane fusion, mediating host-cell entry (
Zhou and Zhao 2020) (Figure 16.1) and is a potential drug target (He et al. 2004; Sui
et al. 2004; Walls et al. 2020).

The protein itself comprises two functional subunits: the distal S1 subunit, that
harbours the Receptor-Binding Domain (RBD) and is responsible for stabilizing a
prefusion state and the membrane spanning S2 subunit containing the fusion
machinery (Walls et al. 2020; Zhou and Zhao 2020). Structural and functional
analysis of the SARS-CoV-2 shows that the SARS-CoV-2 S protein binds the
Angiotensin-converting enzyme 2 (ACE2) receptor on human alveolar epithelial
cells (Zhou and Zhao 2020). This suggests that SARS-CoV-2 uses the same recep-
tor, ACE2, as SARS-CoV (Zhou and Zhao 2020). However, the SARS-CoV-2 S
protein appears to bind to ACE2 with a higher affinity than SARS-CoV S. The high
affinity of the S protein for human ACE2 may be responsible for the greater human-
to-human transmission of SARS-CoV-2 (Zhou and Zhao 2020). Due to the structure
and role of the S protein in SARS-CoV-2 infection, it is the main target for antibody
mediated neutralization (Zhou and Zhao 2020) and most of SARS-CoV-2 NAbs
generated so far are directed against the Receptor Binding Domain (RBD) and
impair ACE2 binding.

The potential of chicken IgY for COVID-19 treatment has been explored by
several labs (Lu et al. 2020; Pérez de la Lastra et al. 2020; Somasundaram et al.
2020) (Table 16.1). Fu et al. used the SARS virus strain BJO1 as an antigen to
develop chicken anti-SARS IgY antibodies and successfully demonstrated their
ability to neutralize the virus in VERO E6 cells infection assays (Fu et al. 2006).
IgY was stable after lyophilization and showed no significant loss of SARS binding
activity in the pH range 2-7 thus supporting the claim of a robust antibody suitable
for mass production (Fu et al. 2006). In 2007, Lee et al. developed chicken-derived
scFv libraries against SARS-CoV and two scFv fragments with robust reactivity
against SARS-CoV-infected Vero cells were selected and shown to target an equiv-
alent region of the SARS-CoV spike protein, within the segment 750-1000 amino
acids (Lee et al. 2007a, b). Later multiple recombinant versions of SARS-CoV
proteins were used as antigens in individual chicken immunization experiments
and resulted in specific and reactive IgY antibodies being produced. Five scFv
clones were characterized with one specific clone showing high-binding to the
segment 450-650 amino acids of the spike protein and additional strong binding to
SARS-CoV-infected Vero E6 cells (Lee et al. 2007a, b). This pointed for the
existence of a domain epitope within the region 450-650 amino acids. These
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Fig. 16.1 Structural domain architecture of SARS-CoV-2. (a) Schematic organization of SARS-
CoV-2 structural domains according to (Wrapp et al. 2020): NTD, N-terminal domain; RBD,
receptor binding domain; FP, fusion peptide; HR1, heptad repeat 1; CH, central helix; CD,
connector domain; HR2, heptad repeat 2; TM, transmembrane region; CT, C-terminal region;
Spike S1, S2 and extracellular domain limits are shown; S1/S2, cleavage region. The sequences
and locations of five IgY-binding epitopes mapped by microarray analysis by (Lu et al. 2020) are
present by arrows. (b) Top and side view of the crystal structure of SARS-CoV-2 S trimer in ribbon
representation (PDB: 6VXX)(Walls et al. 2020); monomers are presented in green/cyan/magenta.
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observations support the robustness of the avian immune repertoire for screening of
novel SARS-CoV binders as well as epitope mapping studies.

Lu et al. have used the full-length extracellular domain of SARS-CoV-2 S protein
(1-1213 amino acids) and Wei et al. used the SARS-CoV-2 Spike S1 domain in
baculovirus-insect cell (BAC) expression system (Lu et al. 2020; Wei et al. 2020).
The BAC system enables the expression of a native-like protein fold potentially
enabling the development of structure-specific antibodies, critical for functional
targeting of the spike protein. Lu et al. generated anti-Spike IgY antibodies with
high reactivity to the SARS-CoV-2 S protein, and identified 5 particular epitopes by
peptide microarray analysis, that were notably different from other epitopes previ-
ously reported, using convalescent sera of COVID-19 patients (Barnes et al. 2020;
Brouwer et al. 2020; Chi et al. 2020; Poh et al. 2020): LDPLSET (C-terminus of
N-terminal domain), SITAYTMSL (S1/S2 cleavage region), QIYKTPP (between
S1/S2 cleavage region and S2’ cleavage region), AIHADQL (within subdomain 2),
DLGDISGIN (between connector domain and heptad repeat 2) (Lu et al. 2020)
(Fig. 16.1). Cross reactivity with at least 2 of these epitopes was demonstrated also in
a parallel SARS-CoV microarray. Notably, one of the selected conserved epitopes
(SHAYTMSL), overlaps with the S1/S2 cleavage region, whose proteolytic
processing is a determinant in pre-membrane fusion stages of the virus. This
suggests that the antibody could functionally block the enzyme’s proteolytic activity
thus halting viral invasion.

The study of Wei et al. using only the SARS-CoV-2 Spike S1 domain as
immunogen, also reports the development of IgY antibodies capable of binding
both SARS-CoV-2 and SARS-CoV. IgY neutralization assays were performed with
lentiviral-derived pseudovirus harbouring S proteins on the envelope and a luciferase
reporter gene. Quantifying the expression levels of luciferase reporter gene on
ACE2-expressing Hela cells upon pseudovirus infection, demonstrated that anti-
SARS-CoV-2 S1 IgY antibodies were effectively neutralizing the pseudovirus.
Moreover, ELISA competition assays using serial dilutions of anti-S1 IgY compet-
ing with an Fc-tagged version of ACE2 for binding different S1 domain mutants,
showed robust competition for all tested targets (WT SARS-CoV2, SARS-CoV,
6 SARSCoV-2 S1 mutants) (Wei et al. 2020).

16.2.2 Influenza

Influenza viruses are members of the family Orthomyxoviridae, a group of
enveloped viruses containing a segmented negative-sense single-stranded RNA
genome. There are three main types of influenza viruses: A, B, and C. Influenza A
virus strains infect both humans and animals (e.g., ducks, chicken, pigs, horses, cats)
and evolve rapidly giving rise to potential deadly variants responsible for major
outbreaks and pandemics. The 1918 influenza A (HIN1) pandemic (Spanish flu) was
the deadliest pandemic in recorded history, infecting an estimated 500 million
people with at least 50 million deaths worldwide (CDC, Centre for Disease Control
and Prevention; https://www.cdc.gov/flu/pandemic-resources). This was followed
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by other major influenza A pandemics, including A/H2N2 (Asian Flu, 1957-8),
A/H3N2 (Hong Kong Flu, 1968) and A/HINI1 (Swine Flu, 2009). Interestingly,
A/H3N2 (1968) continues to circulate worldwide, undergoing regular antigenic
drifts and has become the leading cause of seasonal influenza illness and death
over the last 50 years (Jester et al. 2020). Healthy patients can often deal with the
viral infections and recover fully in few days, but complications in certain high-risk
groups may lead to pneumonia and ultimately death.

The Influenza viral particle has its genome packed in a lipoprotein envelope lined
from the inside with a matrix protein and with haemagglutinin (HA), neuraminidase
(NA), and M2 proteins exposed on the outer surface. While HA mediates the
attachment of the viral particle to the host cell receptors and triggers membrane
fusion and viral penetration (Wu and Wilson 2020), NA is an enzyme that cleaves
sialic and neuraminic acid linkages and is determinant during viral particle budding
from the host cell and for viral motility (McAuley et al. 2019). HA and NA are
therefore central virulent determinants and have been the major targets for vaccine
and antibody development to fight Influenza.

Influenza vaccines are not 100% effective but have critically contributed in the
last decades to control in particular seasonal epidemics and reduce mortality rates.
Different strategies across the years have been used for vaccine optimization (Sautto
et al. 2018), nevertheless alternative prophylactic and therapeutic approaches are
constantly needed to complement the existing arsenal to fight influenza infections.

IgY antibodies against both Influenza A and B have been developed and
characterized. Studies on avian influenza A (A/H5N1) preceded works in human
variants (Table 16.1). Adachi et al. immunized ostriches with two sets of antigens:
(i) HS recombinant proteins from avian A/H5N1 and (ii) a mixture of HA antigens
from vaccine strains of human influenza. Anti-H5 IgY showed strong inhibitory
activities on HSN1, reducing cytopathic effects in MDCK cells and preventing the
death of embryonated chicks after a viral inoculation. In contrast, anti-HA IgY
generated from the human vaccine HA antigens presented weak immunoreactivity
in MDCK cells assays (Adachi et al. 2008). Curiously, studies with HSN1-specific
IgY recovered from commercial eggs of chickens subjected to mandatory vaccina-
tion programs against A/H5N1 in Vietnam, revealed protective effects against both
A/H5NI1 and A/H5N2 in a mouse lethal challenge model (Nguyen et al. 2010;
2011a, b). Pitaksajjakul et al. further refined the HSN1 IgY targeting approach by
developing chimeric chicken/human Fab fragments specific against HSN1 and
further demonstrating their inhibitory potential in MDCK cell infection model
(Pitaksajjakul et al. 2010).

Several studies show successful and consistent results of IgY antibodies targeting
human influenza variants, namely A/HINT1 but also A/H3N2. Adachi et al. generated
antibodies in ostrich using a mixture of HA antigens of vaccine strains of seasonal
influenza virus (Table 16.1) and reported strong cross reactivity to pandemic
A/HINI, seasonal A/HIN1, A/H3N2 and B viral strains. Also hemaggregation
activities of all these strains was strongly inhibited by the ostrich IgY and neutrali-
zation assays in MDCK cell for pandemic A/HIN1 revealed effective viral infection
inhibition (Adachi et al. 2011). Similar results were obtained by Tsukamoto et al.,
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using a swine influenza A/HINI1 strain to produce ostrich IgY with strong cross
reactivity with pandemic A/HIN1 showing robust inhibition of cytopathic effects by
both pandemic A/HINT1 as well as swine influenza; observations further supported
by hemaggregation assays (Tsukamoto et al. 2011). Wallach et al. used whole
inactivated viral strains of A/HIN1, A/H3N2 and A/H5NI1 to produce different
chicken IgY antibodies and reported an effective cross-protection namely between
A/H5N1 and A/HIN1 both in vitro and in mouse lethal challenge model (Wallach
et al. 2011). In addition to influenza A strains, studies on influenza B have also been
reported (Wen et al. 2012).

To complement this section, the reader is directed to Chap. 17 where we present
examples of IgY-based products designed against influenza infections as well as
further details on the real word company leading their development.

16.2.3 Hantavirus Pulmonary Syndrome

Hantavirus pulmonary syndrome (HPS) or Hantavirus cardiopulmonary syndrome
(HCPS) and also haemorrhagic fever with renal syndrome (HFRS) are zoonotic
diseases caused by Hantaviruses and are normally acquired by inhalation of aerosols
contaminated with viral-containing rodents’ faeces. Hantaviruses are enveloped
virus with a negative sense, tri-segmented RNA genome belonging to the family
Bunyaviridae. The virus infects platelets, endothelial cells and macrophages and
leads to exacerbated inflammation, vascular permeability and accumulation of fluid
in lungs and other body cavities causing respiratory and circulatory deficits and
ultimate failure (Akram et al. 2020; Dheerasekara et al. 2020). There are currently no
effective vaccines, prophylactics, or therapeutics to prevent or treat this highly
pathogenic disease.

A work by Brocato et al. showed the successful generation of duck IgY antibodies
and their use as a post exposure prophylactic treatment against Andes virus (ANDV),
a species in the genus Hantavirus (Table 16.1). The study reports that both tANDV
IgY as well as the truncated version IgY AFc were capable of neutralizing ANDV in
in vitro assays. Additionally, a hamster model of lethal HPS revealed the robust
protective effect of both types of antibodies if administered as late as 8 days or 5 days
after intranasal or intramuscular viral exposure, respectively (Brocato et al. 2012).
Consistently, another work by Haese et al. also developed IgY antibodies using a
DNA vaccine approach (as in the previous study) to elicit the generation of tANDV
IgY antibodies in goose hosts (Haese et al. 2015). Interestingly, the work reports a
long term monitoring of the xANDV IgY titres in goose and reveals the maintenance
of very high titres for one year even without further immunization. Booster vaccine
dosages resulted in even higher titres in the same birds (—1:100,000). Epitope
mapping using IgY revealed reactivity against 5 epitopes in regions of ANDV
glycoproteins Gn and Ge, different from those previously identified with serum of
human ANDV HPS patients or rodent serum (Tischler et al. 2005). The hamster
model of lethal HPS was used once again and similarly to the previous study a
protective effect of both goose aANDV IgY and IgYAFc was confirmed.
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16.2.4 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a gram-negative opportunistic bacterium and the pri-
mary cause of chronic respiratory infections in patients with cystic fibrosis (CF),
bronchiectasis or chronic obstructive pulmonary disease (COPD), and also of acute
infections in immunocompromised individuals (Sainz-Mejias et al. 2020).
P. aeruginosa infections are responsible for a substantial economic burden for
hospitals (Kaier et al. 2019), but notably give the wide arsenal of virulence factors
that contribute to its complex pathogenicity mechanisms, there is no licensed
vaccine to date, despite more than 50 year of research in the field.

A detailed case study on research developed on the immunotherapeutic use IgY
antibodies against P. aeruginosa in cystic fibrosis patients is presented in Chap. 17.
The reader is invited to review the case study of the company Immunsystem and the
research, development and human clinical trials in cystic fibrosis patients promoted
by the research teams associated with the company. Further references on
P. aeruginosa 1gY research are presented in Table 16.1.

16.3 Other Human Viral Infections
16.3.1 Rabies Virus

Rabies virus (RABV) is a negative-sense RNA enveloped virus and one of the
16 described viruses in the Lyssavirus genus belonging to the Rhabdoviridae family.
Rabies is generally transmitted through saliva during bites of infected hosts, such as
dogs or bats, and is still responsible for an estimated 55,000 human deaths per year.
Infection symptoms include fever, headache, malaise, and upper respiratory and
gastrointestinal tract disorders. Severe neurological symptoms can also be triggered,
including encephalitis or paralysis. Rabies vaccine is rather safe and effective but
requires multiple doses making it costly and thus less accessible, especially for
developing countries (Ertl 2019). Vaccines are often given only after being bitten
by an infected host, and post-exposure prophylaxis (PEP) typically include simulta-
neous administration of rabies immunoglobulin (RIG) preparation of either human
(HRIG) or equine origin (ERIG), in the site of the wound.

RIG preparations are also costly to produce and IgY-based alternatives have been
explored and supported by a number of studies (Inoue et al. 2015). Motoi et al. for
example, developed IgY antibodies against a recombinant fragment (G-F2, 201-300
amino acids) of the surface-exposed rabies glycoprotein spike, critical for viral
infectivity. The work showed effective virion binding of anti-G-F2 IgY and
validated its protective effect in a BALB/c mice model, where high survival rates
were observed upon viral challenge. The results support therefore the use of anti-G-
F2 IgY as alternative to current RIGs. In other work, the same team, has focused on
targeting rabies nucleoprotein (N) and phosphoprotein (P) for immunodiagnostic
purposes. They successfully generated IgY against recombinant versions of both
proteins (rN and rP) and reported IgY effective binding to CVS-11 strain of rabies
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virus by Western blotting, immunofluorescence assay and immunohistochemistry
(Motoi et al. 2005a, b). In case of rabies N and P proteins, their reduced accessibility
does limit translation towards an immunotherapeutic strategy.

16.3.2 Emerging Viral Threats

A number of other relevant viral threats affecting humans are the so called emerging
infectious diseases, with a significant impact worldwide and which have been or
have the potential to be responsible for deadly epidemic or pandemic outbreaks. This
include diseases caused by Zika virus, Dengue virus, Ebola virus or even Norovirus,
for which IgY antibodies have been successfully characterized (Table 16.1).

Dengue virus (DENG) is a mosquito-borne, single positive-stranded enveloped
RNA virus of the family Flaviviridae. It is responsible for Dengue haemorrhagic
fever (DHF) and dengue shock syndrome (DSS), which are severe disease
manifestations with no licensed therapeutic currently available (Deng et al. 2020).
Successful studies on Dengue virus neutralization with goose IgY antibodies have
been reported using mice models (Fink et al. 2017) (Table 16.1); however to date
there are no reports on IgY treatments of human patients. Zika virus (ZIKV) also
belongs to the family Flaviviridae, and is responsible for mild fever, rash and muscle
pain. In 2015, a Zika outbreak in Brazil coincided with a rise of birth defects, turning
Zika into a growing public health concern (Heymann et al. 2016; Wen et al. 2017).
Works on both chicken and goose IgY antibodies developed against Zika virus have
reported the capacity for effective viral reactivity and neutralization in vivo and
in vitro (Table 16.1). (Mwale et al. 2020; O’Donnell et al. 2019). IgY against DENG
and ZIKV have the potential to integrate preventive and vector control interventions,
critical to reduce and control the transmission of these two viral threats.

Ebola virus (EBOV) is an enveloped, single-stranded, negative sense RNA virus
belonging to the Filoviridae family, and one of the deadliest viruses known to man.
EBOV infections also result in severe haemorrhagic fevers and effective viral
blocking can be life-saving. IgY anti-EBOV was shown to protect mice in lethal
dose challenge assays (Table 16.1) (Y. Zhang et al. 2020). Norovirus are
non-enveloped, single-stranded, positive sense RNA viruses, belonging to the
Caliciviridae family and infect different mammalian species (Atmar 2010). In
humans, norovirus is a major cause of acute gastroenteritis and studies with IgY
antibodies for viral neutralization purposes have also been performed (Table 16.1)
(Dai et al. 2012).

16.4 Helicobacter pylori and Gastric Pathogenesis

Helicobacter pylori is a human pathogen infecting over 50% of the population
worldwide and with infection levels reaching over 70% in developing countries
(Bravo et al. 2018). It has been described as the main aetiologic agent of gastric
pathogenesis and cancer. H. pylori establishes a persistent infection that begins
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asymptomatically, but can develop to peptic ulcer, chronic gastritis, lymphoma of
the gastric mucosa and eventually adenocarcinoma, thus causing a considerable rate
of mortality and morbidity worldwide (De Brito et al. 2019). Antibiotic treatment
can effectively eradicate H. pylori infections, yet in 10-20% of the cases multidrug
resistance dictates the persistence of the infection and thus exploring alternative
therapies is urgently needed.

One such alternative is passive immunization by oral administration of IgY
developed against H. pylori (IgY-Hp). To date a number of studies has focused on
the development IgY-Hp both using H. pylori whole-cell lysate (Hp-lysate) as
antigen or rather specific virulence factors in recombinant formats and evaluated
their antibacterial effects both in vitro and in vivo. Indeed, IgY antibodies produced
against whole-cell lysates of different H. pylori strains showed high cross-strain
inhibitory effects and this could potential translate into a multi-strain IgY therapy
(Solhi et al. 2017). On the other hand refinement of virulence factor-specific IgY
approaches has also revealed very encouraging results, with gains in targeting
specificity and antibacterial efficiency and unveiled potential new H. pylori antigens,
supporting the design a multivalent IgY (Sun et al. 2018) and overall development of
novel H. pylori vaccines (Sutton and Boag 2019).

Prominent in vivo effects of anti-H. pylori IgY have been extensively evaluated in
human volunteers (Horie et al. 2004; Shimamoto et al. 2002; Suzuki et al. 2004) and
rodent models (e.g., mice, Mongolian gerbils) (Attallah et al. 2009; Malekshahi et al.
2011; Nomura et al. 2005; Wang et al. 2014; Yang et al. 2012) and most often
supported by parallel in vitro studies for evaluation of the impact of IgY on host
tissues and cells or on bacterial growth and virulence factors’ activities. Shimamoto
et al. showed that anti-H. pylori I1gY effectively inhibited H. pylori growth and
promoted increased bacterial agglutination in vitro. Moreover, the work
demonstrated that anti-H. pylori IgY strongly inhibited H. pylori-associated urease
activity and ammonia production as well as the cytopathic effect of this bacteria on
cultured cells (Shimamoto et al. 2002).

Extensive studies have contributed so far to identify key H. pylori virulence
factors, including the bacterial oncoprotein CagA (Tohidpour 2016), vacuolating
cytotoxin A (VacA) (Foegeding et al. 2016), outer inflammatory protein A (OipA)
(Yamaoka et al. 2002), neutrophil-activating protein A (NapA) (Satin et al. 2000),
adhesin A (HpaA) (Mao et al. 2003), major flagellin FlaA, and minor flagellin FlaB
(Pulié et al. 2014) and urease (Dunn and Phadnis 1998), as well as to elucidate their
mechanisms of pathogenesis (Waskito et al. 2018; Xu et al. 2020; Yamaoka 2010).
A study by Shin et al. used liquid chromatography—mass spectrometry (LC/MS)
analysis to identify immunodominant proteins of H. pylori, reacting efficiently with
IgY-Hp (against whole-cell lysate antigen) (Shin et al. 2003). Five immunodominant
proteins were identified: urease a-subunit (26 kDa), urease [3-subunit (62 kDa), heat-
shock protein 60 (60 kDa), putative peroxiredoxin (22 kDa) and putative thiol
peroxidase (18 kDa).

H. pyloriurease enzyme (urea amidohydrolase) is considered a main factor for the
colonization of host gastroduodenal mucosa and urease activity is essential to
survival and pathogenesis of the bacterium (Dunn and Phadnis 1998). This multi-
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subunit enzyme is composed of two subunits, o (26-31 kDa) and  (61-66 kDa),
assembling a dodecameric complex of repeating o-f subunits (Ha et al. 2001). The
enzyme is produced in large amounts by the bacterium (6—10% of total protein)
(Dunn and Phadnis 1998); is released by genetically programmed autolysis and
adsorbs onto the surface of neighbouring intact bacteria. Once at the surface, urease
catalyses the hydrolysis of urea to ammonia and carbamate, leading to a local
increase in pH ensuring a neutral microenvironment surrounding H. pylori.
Interfering with H. pylori urease activity has been successfully explored as thera-
peutic approach to reduce gastric mucosa colonization. In this line, also IgY
antibodies targeting urease have been the subject of multiple works supporting an
IgY-based control of H. pylori infections.

Horie et al. tested the efficacy of a commercial yogurt containing Lactobacillus
acidophilus and Bifidobacterium spp. supplemented with 1% egg yolk IgY against
urease to suppress H. pylori infections in humans (Horie et al. 2004). A clinical study
conducted with forty-two (42) volunteers testing positive for H. pylori by 13C-urea
breath test (UBT), demonstrated that regular consumption of 150 mL of yogurt,
3 times per day, for 4 weeks, considerably reduced urea breath test values. The work
also showed that anti-urease IgY is stable up to 65 °C and declines only to 85%
during a 3-weeksstorage period; both features thus support standard food industrial-
ization procedures. Indeed, the development of functional foods and beverages
supplemented with anti-urease IgY is becoming rather popular; for example, another
study by Aiba et al. using mice models elucidated that the synergistic activity
resulting from combined administration of Lactobacillus johnsonii No.1088
(LJ88) and IgY antibodies developed against H. pylori urease was more effective
then each monotherapy (Aiba et al. 2019). Indeed, daily administration of living or
heat-killed LI88 promoted H. pylori co-aggregation and elimination from the gastric
tract, and this activity was shown to be further enhanced when combined with anti-
urease IgY, resulting in significant reduction of H. pylori infections in both germ-
free mice infection models and human gut microbiota associated mice model.

Refinement of target specificity and efficacy against H. pylori urease has also
been studied and achieved by peptide mapping. This is a prominent approach for
revealing critical regions, also termed epitopes, typically at the surface of target
antigens and is routinely used in peptide-based vaccine development, without
exception for H. pylori vaccines (Takeshita et al. 2019). Shin et al. studied five
synthetic peptides of H. pylori urease subunit § (UreB, more recently relabelled to
UreC) designed by hydropathy plot-based analysis and identified a 15 amino acid
peptide (UB-3; residues 396-410, DNDNFRIKRYLSKYT) showing high reactivity
against whole cell IgY-Hp antibody (Shin et al. 2004). They further demonstrated
that UB-3 peptide could be used successfully to immunize hens and to develop
highly specific anti-urease IgY, with an effective inhibitory capacity against
H. pylori urease activity in vitro. Consistently a study by Takeshita et al. also
demonstrated that a peptide-based vaccine using another urease synthetic peptide
could be effectively used to immunize BALB/c mice, inducing urease-neutralizing
antibodies more robustly than those obtained by immunization with purified urease
(Takeshita et al. 2019).
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Antibodies against other H. pylori antigens such as CagA, VacA, NapA, HpaA,
FlaA, and FlaB, have been detected in the sera of infected patients, reflecting their
relevant immunogenic properties and making them interesting targets for IgY-based
studies (Yan et al. 2005). Borhani et al. for example, showed that IgY antibodies
developed against recombinant NapA promoted inhibitory effects on H. pylori
attachment to AGS cell line (Borhani et al. 2016). Hong et al. also demonstrated
that oral administration of anti-VacA IgY, produced against a mix of two recombi-
nant Vacuolating cytotoxin A (VacA) forms, is correlated with a protective effect
against H. pylori colonization and induced histological changes in gastric tissues of
infected Female C57BL/6 mice (Hong et al. 2018). Sun et al. on the other hand
developed a multivalent IgY antibody by immunizing hens with a cocktail of
H. pylori virulence factors in recombinant format, namely antigen-binding adhesin
A2 (BabA2), subunit 3 of urease (UreB) and minor flagellin (FlaB) (Sun et al. 2018).
A bacteriostasis assay showed that the multivalent IgY had a significant inhibitory
effect on the growth of H. pylori at 5 mg/mL, and this could be further combined
with amoxicillin with improved growth reduction outputs.

Indeed, while a number of H. pylori virulence factors has been successfully
targeted by IgY, it is definitely exciting to realize that these are only a few examples
out of the dozens of possible targets involved in H. pylori mechanisms of pH
homeostasis, host-cell adherence, motility and pathogenicity (Salillas and Sancho
2020), whose functions can be modulated using specific IgYs. Moreover, synergistic
effects of IgY-Hp with either antibiotics (Sun et al. 2018) or antiacids (Suzuki et al.
2004; Yang et al. 2012) has also been successfully demonstrated supporting the use
of combined IgY-drug therapy to control H. pylori infections, whose eradication
currently relies on standard triple therapy (STT), consisting of a proton pump
inhibitor (e.g. pantoprazol) and two antibiotics (clarithromycin and amoxicillin)
(Gisbert et al. 2000; Molina-Infante and Gisbert 2014). Importantly synergistic
effects of IgY-Hp with standard antibiotics may contribute to sustainable strategies
of antibiotic dose reduction and thus are likely to be further explored in the future.

16.5 Mutans Streptococci and Dental Caries
16.5.1 Introduction

Oral diseases affect about 3.5 billion people worldwide and represent a major health
burden in many countries. These are non-communicable oral health conditions
including: dental caries (tooth decay), periodontal diseases, oral/pharyngeal cancers,
oral lesions of HIV/AIDS origin, oro-dental trauma, cleft lip and palate, noma
(severe orofacial gangrene) and Acute Necrotizing Ulcerative Gingivitis (ANUG)
and affect people throughout their lifespan, leading to pain, discomfort, disfigure-
ment and even death. Some are largely preventable and can be treated at early stages.
However treatments are generally expensive, reaching e.g., 5% of total health
expenditure in high-income countries and additionally are not part of universal
health coverage (Dye 2017). Therefore, low cost and accessible solutions to prevent
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and treat oral health diseases are urgently needed. Dental caries is the major oral
health disease affecting all age groups from paediatric to geriatric populations.
According to WHO, it is estimated that 2.3 billion people suffer from caries of
permanent teeth and more than 530 million children suffer from caries of primary
teeth.

Understanding the different stages of dental plaque formation is critical to define
preventive or therapeutic strategies. In the first stage of plaque formation, large
hydrophobic molecules such as salivary glycoproteins disperse onto the surface of
teeth and form a pellicle (within minutes) favouring bacterial adhesion. Subse-
quently, a bacteria seeding stage takes place, with attachment of initial colonizers
(e.g., Streptococcus mutans, S. mitis, S. godonii, S. sanguinis and Actinomyces) in a
reversible phase, followed by an irreversible phase mediated by extracellular
polymers, fimbriae, and adhesins. Bacterial proliferation of adherent populations
as well as the recruitment of secondary colonizers (e.g. Gram-negative cocci and
rods, filamentous organisms, fusobacteria and spirochaetes) takes place next. Over
time, deposition of extracellular material leads to an increase of biofilm complexity
and thickness, until an equilibrium state is reached (Laurence 2009).

In 1924 Killian Clarke described deep dentinal caries lesions in in vitro teeth
experiments using a streptococcus strain with unique acid production characteristics,
that he named Streptococcus mutans (Clarke 1924). Streptococcus mutans is a
facultatively anaerobic, gram-positive coccus. Its cariogenic potential results essen-
tially from three characteristics: (1) highly effective synthesis of extracellular
polymers of glucan from sucrose favouring local matrix formation and thus micro-
bial colonization; (2) transport and processing of carbohydrates into organic acids
(acidogenicity) and (3) high resistance to low pH (aciduricity) allowing in to thrive
in such conditions (Marfa Alejandra and Mariano Daniel 2020). In addition, the
unique environment conditions created favours other acidogenic and aciduric spe-
cies also to thrive and enhance cariogenic activities (Lemos et al. 2019).

Measures like the broad use of fluorides in oral products, or other
chemoprophylactic agents such as chlorhexidine (CHX) (Bowden 1996; Emilson
and Fornell 1976; Svante Twetman 1999) or Triclosan (Riley and Lamont 2013) are
commonly administered to prevent or reduce Streptococci mutans colonization.

16.5.2 Vaccination Against Dental Caries

The concept of vaccination against Streptococcus mutans was introduced by Paul
Keyes in the 60s (Keyes 1968) and his studies together with and other contemporary
works supported the hypothesis of active immunization against dental caries
pathogens (Fitzgerald and Keyes 1962; Wagner 1966). The reader is directed to a
recent review on the development of vaccines which is outside the scope of this
chapter (Patel 2020). More recently, experiments in a variety of animal models
comprising rodents and primates have demonstrated the induction of salivary
S-IgA and circulating IgG antibodies to mutans streptococcal antigens by oral or
intranasal immunization with AgI/II, glucosyltransferase (GTF) or glucan-binding
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proteins (Childers et al. 2002; Koga et al. 2002; Russell et al. 1999, 2004; Smith
2002). Upon subsequent oral challenge with virulent Streptococci mutans and the
institution of a high-sucrose diet, reductions in colonization and diminished devel-
opment of dental caries lesions was shown.

16.5.3 Passive Immunization

Passive immunization against Streptococcus mutans using IgY antibodies
(Table 16.3) has been extensively reported. However, herein we start by summarize
results with other sources of preformed antibodies, namely murine monoclonal
antibodies and bovine whey-derived antibodies that are relevant to consider
(Table 16.2). Loimarantha et al. (Loimaranta et al. 1999) showed that specific bovine
colostrum whey-derived antibodies could be produced against Streptococcus mutans
and Streptococcus sobrinus and had significant inhibitory effects over in vitro glucan
synthesis by S. mutans and supported the activation of human phagocytes against
such pathogens. Mouth rinsing with this bovine immune whey by human subjects
also decreased the relative number of Streptococcus mutans. Consistently a study
showed that rats receiving a diet containing immune whey had lower plaque scores
(Michalek et al. 1987). Also Mitoma et al. showed that bovine milk containing
antibodies against PAcA-GB, a recombinant fusion of the saliva-binding alanine-
rich region (PAcA) of the cell surface protein antigen (PAc) of S. mutants with the
glucan-binding (GB) domain of glucosyltransferase I (GTF-I), when fed to rats, was
able to significantly reduced caries development in comparison with control animals
(Mitoma et al. 2002).

Notably, local passive immunization with murine monoclonal antibodies against
streptococcal antigens (SA) /I (Ag I/II) of S. mutans has also been successfully
demonstrated in rats (van Raamsdonk et al. 1993), monkeys (Lehner et al. 1985) and
humans (Ma et al. 1987, 1989). Lehner et al. showed that topical applications of
mAD to deciduous teeth of Rhesus monkeys prevented significant colonization of
smooth surfaces and fissures of teeth (Lehner et al. 1985). Similarly, Ma et al.
reported that application of monoclonal antibodies on the teeth of human volunteers
also prevented colonization by S. mutans and subsequent development of caries for a
year. (Ma et al. 1987, 1989). Curiously, even an anti-Ag I/Il monoclonal antibody
produced in a transgenic plant system revealed consistent anti-cariogenic effects in
comparison with its parent murine IgG antibody (Ma et al. 1998).

Chicken egg yolk IgY antibodies have also been successfully used in passive
immunization studies against Streptococcus mutans (Table 16.3). Indeed, a study
conducted by Carlander et al. was one of the initial works revealing IgY persistence
in the oral cavity of humans for a period of hours, supporting the use of IgY as
described for non-IgY antibodies in dental caries prevention (Carlander et al. 2002).
The study used anti-Pseudomonas aeruginosa IgY antibodies and revealed that after
a mouth rinse with an IgY solution in the evening, 18 out of 19 subjects still had
active antibodies in the saliva the next morning, even though the antibody could not
be detected 24 h after administration in most of the subjects. Moreover the duration
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Table 16.2 Effects of in vivo passive immunization against Streptococcus mutans using mamma-
lian and plant antibodies

Host Ab origin Specificity | Route Efficacy Refs
Rhesus Murine Ag /L Topical Decreased Lehner et al.
Monkey Monoclonal application | colonization of (1985)
antibodies S. mutans
Rats (SPF) Murine SpaA Topical Reduced van
Monoclonal (Antigen application | colonization of Raamsdonk
antibodies B) S. sobrinus et al. (1993)
Human Murine Ag /I Topical Decreased Ma et al.
Monoclonal application | colonization by (1987)
antibodies exogenous strain
of S. mutans
Human Murine Ag /11 Topical Inhibition of re- Ma et al.
Monoclonal application | colonization by (1989)
antibodies indigenous
S. mutans.
Protection up to
1 year after
application
Rats Bovine milk | S. mutans Diet Inhibition of Michalek
(gnotobiotic) (serotype colonization by et al. (1987)
a-g) S. mutans;
inhibition of
caries
development
Rats Murine PAg Diet Significantly Zhang et al.
Monoclonal | S. sobrinus lower levels of (2000)
antibodies colonization by

S. sobrinus on
rats’ teeth; lower
caries scores on
treated rats vs

control
Rats (SPF) Bovine milk | PAcA-GB Diet Significantly less Mitoma
caries et al. (2002)
development
Humans Bovine milk | S. mutans/ | Mouth Reduction in Loimaranta
(Colostrum) | S. sobrinus | rinse relative number of | et al. 1999
S. mutans in
plaque
Humans Bovine milk | (PAcA- Mouth Inhibition of Slowinski
GB) rinse recolonization by | and Lawson
indigenous (2002)
S. mutans
Humans PlantS.Ig Ag /11 Topical Specific Ma et al.
AIG application | protection of (1998)
recolonization by
indigenous

S. mutans for at
least 4 months

PAcA-GB, recombinant fusion of the saliva-binding alanine-rich region (PAcA) of cell surface
protein antigen (PAc) of S. mutants with the glucan-binding (GB) domain of glucosyltransferase I
(GTF-I); PAg, same as streptococcal antigens (SA) I/II, also termed Antigen I/Il or Antigen B or
Pac or even P1
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Table 16.3 Effects of in vivo passive immunization against Streptococcus mutans with
chicken IgY

Host Ab origin Specificity Route Efficacy Refs
Humans |IgY S. mutans Mouth Reduction in ratio of Hatta
rinse S. mutans per total et al.
streptococci in saliva (1997)
Humans |IgY S. mutans Spray Streptococcus mutans in | Zhou
dental plaque largely et al.

suppressed with 3-week | (2003)
treatment; low levels
persisted for 5 weeks

Humans |IgY S. mutans Spray Significant decrease in Zhang
caries activity after et al.
2-months of use (2004)
Humans |IgY S. mutans Tooth Significant prevention of | Wang and
paste caries on deciduous teeth | Wang
in children (2008)
Humans |IgY CA-GTF Lozenges | Decrease in S. mutans Nguyen
count from a mean of et al.
7 to a mean of 1 (2011a, b)
Rats IgY CA-GTF, Diet Significant reduction of Hamada
SPF CF-GTF dental plaque et al.
and whole accumulation with anti- (1991)
cells of CA-GTF IgY; not
S. mutans observed with IgY to
whole cell and CF-GTF
Rats IgY S. mutans Diet 60% inhibition of total Otake
SPF caries development et al.
(1991)
Rats IgY GBP-B Diet and Inhibition of S. mutans Smith
protein drinking colonization and dental et al.
water caries; no need for (2001)
continuous
administration
Rats IgY S. mutans Diet; Significant lower mean Fan et al.
Egg yolk | of caries scores in treated | (2003)
powder groups
Rats IgY CA-GTF Diet; Significant reduction of Kriiger
Egg yolk | smooth and sulcal et al.
powder surface carious lesions (2004)
Rats scFv S. mutants Diet Significant reduction in Kriiger
expressed on | SA I/l caries using anti-SA I/Il | et al.
Lactobacillus | adhesin single-chain antibody (2005)
antigen (scFv) expressed on the
surface of Lactobacillus
Rats IgY - Gel Anti-S. mutans 1gY gel Bachtiar
reduced the quantity of et al.
S. mutans on the tooth (2016)
surface

GBP-B, Glucan binding protein B; CA-GFT, Cell-Associated Glucosyltransferase;
CF-GFT, Cell-Free Glucosyltransferase; SA I/II, streptococcal antigens (SA) I/II, also termed
Antigen I/I or Antigen B or Pac or even P1
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of the rinse seemed to be well correlated with antibody titre, with a 2-min mouth
rinse resulting in a higher ELISA signal than a 1-min rinse (David Carlander et al.
2002).

The efficacy of oral IgY anti-S. mutans rinses in human volunteers, revealed a
tendency for reduction of S. mutans ratio per total streptococci in the plaque of
treated individuals (Table 16.3) (Hatta et al. 1997). The effect of an anti-S. mutans
IgY spray in adult volunteers showed a significant decrease in S. mutans colonies in
the test group after three weeks of IgY application (Zhou et al. 2003). Similar results
were seen in human volunteers after 2 months of use of an anti-S. mutans IgY spray
(Zhang et al. 2004). Moreover, anti-S. mutans IgY incorporated into toothpaste was
found to be effective in reducing caries in deciduous teeth in human volunteers
(Wang and Wang 2008) and the use of lozenges containing IgY against the cell-
associated glucosyltransferase (CA-GTF) of S. mutans significantly decreased in
S. mutans count in the human test groups (Nguyen et al. 2011a, b).

Parallel studies in rodent models also reveal the robustness of IgY anti-cariogenic
effects (Table 16.3). Otake et al. reported that passive oral administration of crude
IgY produced against S. mutans whole cells exhibited protection against S. mutans-
induced dental caries in rats (Otake et al. 1991). The immunological specificities of
IgY raised against whole-cells or developed against S. mutans cell-associated
glucosyltransferase (CA-GFT) or cell-free glucosyltransferase (CF-GFT) was exam-
ined (Hamada et al. 1991). Notably, the work demonstrated a significant reduction
of dental plaque accumulation in rats fed only with anti-CA-GTF IgY (Hamada et al.
1991). Smith et al. reported that the administration of IgY anti-S. mutans glucan
binding protein B (GBP-B) via the diet and drinking water of experimentally
infected rats caused a significant decrease in S. mutans aggregation on dental
biofilms and reduction in the incidence of dental caries (Smith et al. 2001). Further-
more, the decrease in the S. mutans infection rate did not require continuous IgY
administration.

Altogether, these data support the use of IgY-based formulations as a low-cost
preventive measure to reduce S. mutans colonization in the oral cavity and help
reducing the incidence of dental caries.

16.6 Antitoxin IgY Therapies and Approaches
16.6.1 Introduction

Toxins are harmful substances of different chemical nature (e.g., cytotoxic proteins,
polypeptides, alkaloids) produced within living cells and organisms. A number of
microbial strains produce toxins which cause diseases in humans. To counteract their
effects antitoxins are used. Antitoxins are usually prepared by hyper-immunization
of horses or pigs and plasma-derived polyclonal antibodies and are administered to
patients requiring the antitoxin therapy. At present, antitoxins are prescribed by
physicians in clinics providing treatment for diphtheria, tetanus, botulism diseases,
and toxic shock syndrome (Alouf et al. 2015; Schmitt et al. 1999). Adverse reactions
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such as serum sickness, anaphylaxis and risk of transmission of mammalian blood-
borne pathogens to humans poses some limitations for antitoxin therapy. Chickens
have shown different resistance and reactivity to toxin immunizations and IgY-based
antitoxin formulations can be effectively produced and help overcoming some of the
limitations of mammalian derived antitoxins.

Herein are presented several examples of antitoxin IgY antibodies targeting
different microbial pathogens and associated virulence factors. The in vitro and
in vivo studies presented support the potential translation to antitoxin therapies in
humans (Table 16.4).

16.6.2 Escherichia coli

Enterohaemorrhagic Escherichia coli (EHEC) is an important bacterial pathogen
causing several human diseases including haemorrhagic colitis, diarrhoea, renal
failure and haemolytic uremic syndrome (HUS)(Paton and Paton 1998). It has
been shown that EHEC produces shiga-like toxins (Stxs) as the main virulence
factor associated with the pathogenicity of EHEC infections. This pathogen
produces two types of Stxs, grouped as Stx-1 and Stx-2.Typically Stxs enter into
the intestinal lumen, get released into the systemic circulation and bind to specific
receptors on cells, where they cause cell death. Stxs belong to the family of ABS
toxins, comprised of one catalytic A subunit (32 kDa) and a pentameric B subunit,
itself formed by identical B subunits (7.7 kDa each), involved in target specificity of
the toxin. The A subunit binds to the pentamer of B subunits through non-covalent
interactions. The B pentamer binds to recipient cell-surface glycolipid receptors
including galabiosylceramide (Gb,-Cer) and globotriaosylceramide (Gbs-Cer).
After binding, the toxin is internalized in the cells, and the A subunit is cleaved
into two subunits Al (28 kDa) and A2 (4 kDa). The Al fragment has a RNA N-
glycosidase activity, which leads to inhibition of protein synthesis via inactivation of
28S rRNA (Saxena et al. 1989). The management of EHEC infection with antibiotics
is questionable because of the elevated risk of haemolytic uremic syndrome (HUS)
due to the increase in Stx stimulation/release (Wong et al. 2000). Multiple lines of
evidence have revealed that some antibiotics significantly improve Stx-2 production
from EHEC via stimulation of Stx-encoding bacteriophages and release Stx-1 that is
maintained in the periplasm of EHEC in high quantities (Zhang et al. 2000). These
results suggest that an effective platform for treatment and prevention of
Stx-mediated diseases is required worldwide. A number of independent studies
support the use of IgY-based alternatives for treatment of EHEC infections as
detailed in Table 16.4. IgY antibodies were raised against either of the two toxins
(Stx 1 and 2) and were initially shown to block the cytotoxicity in Vero or HeLa
cells. Further studies showed that IgY protected mice from various levels of the
toxins (Table 16.4). These findings support the idea that anti-Stx IgY antibodies
could be used as preventive agents for diseases associated with Stx in EHEC
infections. The findings confirmed that anti-shiga toxin IgY antibodies are cost-
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Table 16.4 Studies on Anti-toxin IgY antibodies

Bacterial strain
Enterohemorrhagic
Escherichia coli
(EHEC)

Enterotoxigenic
Escherichia coli
(ETEC)

Clostridium tetani

Clostridium
botulinum

Toxin/
Protein

Stx2B

Stx1 and
Stx2

STXB

Stx2e

LTB-STa-
STb

Tetanus
toxin

BoNT/A

BoNT/B
(BHc)

IgY applications and
experimental
observations

4.3pg of anti-Shiga
toxin2B IgY blocked
cytotoxicity of STX on
Vero cells

8.75pg of IgY protected
mice against 5 LD50 of
STX

Anti-Stx-1 IgY and anti-
Stx-2 IgY inhibited the
cytotoxicity of Stx-1 and
Stx-2 to HeLa 229
Anti-Stx-1 IgY and anti-
Stx-2 IgY protected
mice against injection of
STX-1 and STX-2
17.8umol/L IgY
neutralized cytotoxicity
of 1 IC50 (0.428pmol/L)
Stx-1 on HeLa 229
225pg IgY protected
mice against 5 LD50 of
STX

Anti STX2e IgY
neutralized 5 LD50 STX
toxin when
simultaneously
administrated to mice

Anti STa-STb IgY
neutralize STa and STb

Anti-TeNT IgY (1320
If-eq) protected mice
against 2 MLD of

C. Tetani

Anti-TeNT IgY (4300
If-eq) protected donkeys
against 1 MLD of

C. Tetani

Use of IgY against
substrate peptide of
BoNT in detection
system

Limit of detection 0.1
LD50 (0.04 pg/ml)

50 ng/mouse of specific
IgY protected mice
against 4 LD50 toxin

Model

Vero cells
Mice

HeLa cells
Mice

HeLa cells
Mice

Mice

Mice

Mice
Donkey

Mice

Mice

261

Ref

(Parma
etal. 2011)

(Neri et al.
2011)

(Wang
etal. 2010)

(Arimitsu
etal. 2014)

(You et al.
2014b)

(Selim
etal. 2015)

(Rossetto
etal. 2011)

(You et al.
2014a)

(continued)
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Table 16.4 (continued)
IgY applications and

Toxin/ experimental

Bacterial strain Protein observations Model Ref
BoNT/A,B | Anti-BoNT IgY Birds (Pauly
Ricin neutralized ten-fold Vero cells etal. 2009)

LD50 of toxin in mice
3.7-7.4pg specific IgY
inhibited cell death

BoNT/A, B | Specific IgY for Human (Doellgast
and E detection of human anti- etal. 1997)
BoNT in ELISA-ELCA
system
Clostridium difficile | FliD protein | Anti FliD IgY inhibited Hamster (Mulvey
C. difficle adherence etal. 2011)
TedA Anti-TcdA IgY Rabbit 23

neutralized toxin in
rabbit intestinal loop

Clostridium Toxin A IgY against recombinant | Birds (Cooper
perfringens (CPA) CPA neutralized CPA etal. 2009)
Toxin A Anti-CPA- CPE IgY in PBS and (Das et al.
(CPA) immune capture PCR artificially 2019)
Enterotoxin | ELISA detected 1 pg of | contaminated
(CPE) toxin samples
Staphylococcus SEB IgY used in passive Mice and (LeClaire
aureus immunotherapy monkey etal. 2002)

protected mice against
SEB and thesis mommy
against aerosolized SEB

TeNT: Tetanus Neurotoxin, BoNT: Botulinum neurotoxin, LTB: heat-labile enterotoxin B subunit,
STa: heat-stable enterotoxin a, STb: heat-stable enterotoxin b, Stx1: Shiga toxin 1, Stx2: Shiga
toxin 2, Stx2e: shiga toxin 2e, AFB1: AflatoxinB1, SE: Staphylococcal enterotoxin, SEA: Staphy-
lococcal enterotoxin A, SEB: staphylococcal enterotoxin B, TedA: Clostridium difficle toxin A,
Pir-A and Pir-B: Photorhabdus insect-related (Pir) toxins, AHPND: Acute hepatopancreatic
necrosis disease, GtxA: Gallibacterium toxin A

effective agents to be considered for prophylactic and/or detection kits for oedema
diseases.

Enterotoxigenic Escherichia coli (ETEC) is the major cause of diarrhoea in
children younger than 5 years of age living in developing countries. Heat labile
(LT) and heat stable (ST) enterotoxins are major virulent factors of ETEC. LT
contains one A subunit (LTA) of 27 kDa that harbours the toxic ADP ribosyl
transferase activity, and a 55 kDa homopentamer of 11.6 kDa B subunit peptides
(LTB) which binds to the GM-1 ganglioside on the surface of enterocytes. Due to its
large molecular weight LTB is highly immunogenic while also free of toxicity (Field
1979). ST, which is a small peptide, binds to the guanylate cyclase C receptor and
cause secretion of fluids and electrolytes. Moreover, ST is very poorly immunogenic
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given its size (W. Zhang et al. 2006). To overcome this fact, You et al. produced a
recombinant fusion protein LTB-STa-STb (or Bab) in E. coli, consisting of LBT
fused with the two ST subtypes STa and STb, and developed a specific IgY against
this form. This fusion protein elicited a significant titre of IgY in hens which means
STa and STb maintain their immunogenicity in fusion form (Table 16.4). A suckling
mouse assay showed that anti-Bab IgY could neutralize the natural toxicity of STa
and STb (You et al. 2014b).

16.6.3 Clostridium tetani

Tetanus neurotoxin (TeNT), the product of Clostridium tetani, is the causative agent
of the fatal disease tetanus. It is estimated 58,000 neonates and an unknown number
of mothers die every year from tetanus (Thwaites et al. 2015). The tetanus bacteria
typically enter the body through a cut or puncture wound and release the toxin in
increasing amounts. When the neurotoxin reaches the nervous system it triggers
increased rigidity of voluntary muscles, mainly those of the face, body, legs, neck,
and tail (in animals). The steady and prolonged rigidity of the affected muscles
ultimately leads to spasms and death. The neurotoxin is composed by two chains,
one of 100 kDa (heavy chain) and another of 50 kDa (light chain), interacting
through an interchain disulphide bond. The heavy chain is responsible for binding
to polysialogangliosides and nidogen of nerve cell membranes and the light chain
has a catalytic function, cleaving VAMP/synaptobrevin and blocking inhibitory
synaptic vesicle release. Finally, an imbalance occurs between the inhibitory and
excitatory synaptic vesicles on the motor neurons, leading to interruptions in muscle
contraction and spastic paralysis (Surana et al. 2018). In a study, Selim et al.,
investigated the application of IgY both prophylactically and therapeutically for
tetanus treatment (Selim et al. 2015) (Table 16.4). Results showed that all mice in the
therapeutic groups as well as a prophylactic groups survived after a challenge with
2 minimum lethal dose (MLD) of C. tetani; similar results were obtained in donkeys.
These data confirmed that the IgY approach was as effective as the equine IgG
approach in tetanus therapy (Selim et al. 2015).

16.6.4 Clostridium botulinum

Botulinum neurotoxin (BoNT) is produced by Clostridium botulinum under anaero-
bic conditions and is known as one of the most poisonous substances in the world
(Peck 2009). To date a total of seven different BoNT toxin types are described (A to
G). Botulism usually occurs as a food poisoning caused by botulinum neurotoxin
produced by C. botulinum. BoNT consists of a heavy chain (100 KDa) and a light
chain (50 KDa) that interact via a disulphide bond. Just like TeNT, the heavy chain
binds to polysialogangliosides on the nerve plasma membrane, in particular to G1b
gangliosides, with high specificity and affinity and whole toxin is internalized to the
cytoplasm via endocytic vesicles. The light chain has an endopeptidase activity and
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cleaves the SNARE proteins VAMP/synaptobrevin 1-3 and syntaxin. This phenom-
ena inhibits neurotransmitter (acetylcholine) vesicle release which results in muscle
fibre paralysis (Rossetto et al. 2011). In a number of studies, BONT/A or BoONTB or a
combination were used to generate IgY for treatment of mice or birds (Li et al. 2013;
Pauly et al. 2009; You et al. 2014a) (Table 16.4). In all cases IgY showed a
protective effect.

Another important fact to significantly reduce botulism mortality, is the need for a
fast diagnosis of BoNT toxin. Indeed a rapid and accurate test for the botulinum
neurotoxin is essential for BONT prevention and therapy. IgY was developed against
either a linear peptide substrate (SNAP25) (Li et al. 2013) or BoNT A/B and D
(Doellgast et al. 1997) and both showed robust results for toxin detection
applications, namely in food or clinical conditions. Notably, Doellgast et al., develop
an enzyme linked immunosorbent assay and an enzyme linked coagulation assay
(ELISA-ELCA) for high sensitivity detection of anti-neurotoxin in human sera
(Doellgast et al. 1997).

16.6.5 Clostridium difficile

Among toxin producing bacteria, Clostridium difficile is a major cause of nosoco-
mial diarrhoea in the developed and developing countries, particularly among
patients over 65 years of age (Curcio et al. 2019). The disruption of the normal
gastrointestinal microbiota and/or antibiotic treatment can lead to colon colonization
by C. difficile. Subsequently, the bacterium generates a high level of the important
virulence agents including toxin A (TcdA) and toxin B (TcdB) with molecular
weights of 380 KDa and 270 KDa, respectively. TcdA and TcdB have two subunits,
A and B. The B subunit functions by delivering the enzymatic A subunit into the
target cell cytosol. The A subunit is a glucosyl transferase enzyme which
glucosylates members of the Rho family of small GTPases, inactivating them and
leading to disruption of cell functions. It seems these toxins together are responsible
for disease features such as enterotoxicity, cytotoxicity and pro-inflammatory effects
in the human colon (Chandrasekaran and Lacy 2017). The gold standard therapy for
C. difficile infection (CDI) is the utilization of antibiotics such as fidaxomicin,
vancomycin, and metronidazole. These treatments however show a 12-30% re-oc-
currence rate. Moreover, the use of recombinant fragments or toxoids as vaccines are
associated with different and limited outcomes in human and animal models. It has
been shown that injection of flagellin D (FliD)-specific IgY could be associated with
protective effects against death in a CDI model of hamster (Mulvey et al. 2011)
(Table 16.4). The development of microbeads (Zhang et al. 2015) or chitosan-Ca
pectinated microbeads (Xing et al. 2017) as coating for IgY were two strategies
employed to overcome gastrointestinal denaturation with the latter increasing drug
loading and being more effective (Table 16.4).
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16.6.6 Clostridium perfringens

Clostridium perfringens type A is the most common bacterial infection associated
with necrotic enteritis (NE). The main toxin produced by Clostridium perfringens
type A is alpha toxin (CPA), which can have critical roles in pathogenesis of
NE. This toxin is able to induce mucosal damage in chicken intestinal loops and
has been associated with NE lesions in germ-free chickens. Anti-CPA serum
applications have been shown to effectively neutralize the effects of the toxin
(Doellgast et al. 1997). Specific IgY has been shown to be effective in protecting
birds lowering the presentation of NE lesions (Table 16.4).

16.6.7 Staphylococcus aureus

Staphylococcus aureus is an important human pathogen that produces a wide range
of exotoxins. Staphylococcus aureus enterotoxins (SEs) are heat stable toxins
causing common food poisoning in humans. These toxins are small proteins
(20-30 kDa), belonging to the superantigen family, known to be highly resistant to
protease degradation and heat denaturation. Five types of enterotoxins are the usual
causes of food poisoning; these include SEA, SEB, SEC, SED and SED toxins. A
study from LeClaire and colleagues used anti-SEB IgY as passive immunotherapy
against SEB and showed protection in mice and rhesus monkeys against aerosolized
SEB (LeClaire et al. 2002).

16.7 Antivenoms
16.7.1 Snake Venom

The venom of the snake is considered to be highly modified saliva containing
zootoxins which facilitates the immobilization and digestion of prey, and defends
against threats. Venoms contain more than 20 different compounds, mostly proteins
and polypeptides. Some of the proteins in snake venom have very specific effects on
various biological functions including blood coagulation, blood pressure regulation,
transmission of the nervous or muscular impulse and have been developed for use as
pharmacological or diagnostic tools and even useful drugs (Slowinski and Lawson
2002).

Envenomation from snakes and scorpions are considered to be a serious health
hazard in tropical and subtropical countries (Bawaskar 2004). The incidence is
relatively higher in tropical countries than in developed countries (Warrell 1996).
In case of snake bite, it has been estimated that more than six million cases occur per
year with estimate of fatalities ranging from 50,000-100,000 (Pillay 2003; Warrell
1996). The effective treatment for the envenomation is immunotherapy which is
based on immunization of animals and purification of the immunoglobulins, mostly
the serum. In the year 2009, WHO included snake bite in the list of neglected
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disease. WHO has estimated that annually ten million antivenom vials are needed
globally.

16.7.2 Clinical Manifestations of Envenoming

Envenoming with viperid snake venoms result in severe pathological outcomes,
such as haemorrhage, dermonecrosis, blistering, myonecrosis and oedema, typically
associated with pain (Gutiérrez et al. 2009; Mara 2012; Warrell 2004). These are
local manifestations that occur at the site of bite and may cause permanent tissue
damage and loss (Dart et al. 1992; Otero et al. 2002). The impact may be more
drastic, depending on the dose and its systemic distribution resulting in
coagulopathies, bleeding, renal alterations and hemodynamic manifestations leading
to cardiovascular shock and multisystem organ failure (Gutiérrez et al. 2009; Warrell
2004). In addition, intravascular haemolysis can also be observed, occasionally
associated with microthrombi formation (Warrell 1996).

Interestingly there are exceptions to the common symptoms and effects described
above and general trends of envenoming are not always observed. For example,
envenoming by the South American and some populations of North American
rattlesnakes, and also by some viperids in the Old World, are characterized by
complex neurotoxic outcomes (Azevedo-Marques et al. 2009; Ferquel et al. 2007).
Also venoms of the Caribbean viperid species Bothrops caribbaeus and Bothrops
lanceolatus induce unique thrombotic effects (Thomas et al. 1996), and envenoming
by Daboia russelli may lead to pituitary apoplexy, a rare condition resulting from
acute haemorrhagic infarction of the pituitary gland (Tun-Pe et al. 1987). Indeed
despite the general trends, these uncommon clinical manifestations reflect the
complexity of snakebite envenoming urging continuous research for their funda-
mental understanding and treatment.

16.7.3 IgY Antivenoms: the Key Therapy for Snakebite Envenoming

The majority of manufacturers use horses for immunization, although a few use
sheep and donkeys (Gutiérrez et al. 2011). In most cases, plasma fractionation
involves the digestion of proteins with pepsin or, by few producers, with papain,
followed by the purification of antibody fragments by salting-out with ammonium
salts or caprylic acid fractionation and, in some cases, with chromatographic proce-
dure (dos Santos et al. 1989). The ability of antivenoms to neutralize venom toxins is
based on the capacity of antivenom antibodies, or antibody fragments, to bind and
neutralize the most relevant toxins in venom.

In a work by Meenatchisundaram et al. (Meenatchisundaram et al. 2008) chickens
were immunized Cobra, Krait, Russell’s viper and Saw-scaled viper venoms and IgY
extracted and purified from eggs as described in Chap. 11 and further characterized
for antivenon activity, as described below in the pharmacology section. Antibodies
were detected in egg yolk after a week and reached an average yield of 80 mg per egg
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yolk at 180th day of immunization period and the highest titre of 1:10000 was
observed during 135th day. These results were comparable to the work done by
Almeida et al. (1998) who showed that IgY antibodies against snake venom
components started to appear in serum two weeks after immunization began and
reached high titre at 45th day and remained stable till 168th day observation
(Almeida et al. 1998). Anti-venom egg yolk antibodies are present in the egg for
up to 100 days after the immunization as reported by Devi et al. (Devi et al. 2002).
Rungsiwongse and Ratanabanangkoon (1991) work showed a significant correlation
between their ELISA and the antivenom potency tested in vivo against Naja naja
venom (Rungsiwongse and Ratanabanangkoon 1991). Consistently Heneine et al.
(1998) have shown a good correlation between ELISA and the in vivo potency of
Bothropic antivenoms when crude Bothrops venom was fractionated and the purified
fractions were used as the antigen for ELISA (Heneine et al. 1998).

16.7.4 Pharmacological Characterization and Neutralization
of Venoms

Some of the pharmacological effects of venom have also been studied. The lethal
toxicity for 18 g of mice was found to be 10pg for Cobra, 3pg for Krait, 8pg for
Russell’s viper and 12pg for Saw-scaled viper venoms (Meenatchisundaram et al.
2008). When venom and antivenom were given as independent injections the
neutralization responses were found to be less effective. The median effective dose
(EDs) for 2LDsq of venom was found to be 1.24 mg for Cobra, 0.83 mg for Krait,
0.96 mg for Russell’s viper and 1.27 mg for Saw-scaled viper venoms. Control
animals injected with 2LD50 of venom alone did not show any survival. I another
study by Carroll et al. using mouse protection assays, purified IgY antibodies against
Crotalus atrox and T. flavoviridis antivenoms were reported to be 6.3 and 2.0 times
as potent as equine antivenoms in neutralizing the lethal activities. (Carroll et al.
1992). The results demonstrate that the chicken egg yolk antibodies are effective in
neutralizing the lethality and several pharmacological effects of the venom. Laying
hens respond well immunologically to the wide range of different toxic compounds
present in venoms and avian antivenoms are significantly more potent than existing
mammalian-derived antivenoms.
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Abstract

Applications of the knowledge of avian IgY biology from establishing proof-of-
concept studies to the formation of new industries and markets has been very
poorly documented. It is particularly relevant to clearly present to a broader
audience the real-world companies and industries that are translating the unique
capabilities of birds and their antibodies into new products and services with
worldwide impact. Herein we showcase a selection of what we termed IgY
companies and elucidate how these are exploiting opportunities in areas such as
biopharmaceuticals, functional foods or cosmetics, animal nutrition, large scale
IgY manufacture or even vaccine production. A brief overview of the current
IgY-technology intellectual property landscape and its peculiarities is also
presented.

Keywords

Biopharmaceuticals - Immunoprophylaxis and immunodiagnosis - Human and
animal health - Large-scale IgY manufacture - Vaccines - Intellectual property

17.1 Introduction

In this chapter we present a selection of real-world companies and industries
developing a broad range of solutions based on IgY antibodies, IgY Technology
and chicken hosts. The chapter is divided in the form of extended company and/or
product case-studies, or rather brief company profiles, aiming to convey a clear
picture of how the potential of IgY antibodies and related technological advances is
being exploited in industrial and commercial endeavours.

Some of the major players in the global market of IgY-based products and
services are listed in Table 17.1. From research, development (R&D) and innovation
of antibodies, to human and veterinary medicine, nutraceuticals, foods,
cosmeceuticals and even scientific education, the spectrum of activities of these
IgY companies is quite broad. There is also a large number of companies retailing
products and services based on IgY-derived technologies for research purposes,
including R&D antibodies, antibody-based solutions and diagnostic kits that have
not been exhaustively listed herein. For reference, these include companies such as
Abcore Inc. (US), Agrisera AB (Sweden), Covalab (France), Creative Biolabs Inc.
(US), Immuno Reagents Inc. (US), Innovagen AB (Sweden) and OriGene
Technologies Inc. (US).

To date there is no systematic report on the IgY antibody markets, so one can only
extrapolate the market value of particular IgY applications in specific market niches,
and it is rather challenging and maybe misleading, to combine all of them in a single
number reflecting the overall IgY businesses market value. For example in the
Research Antibodies & Reagents Market, that is projected to reach USD 14.1 billion
by 2025 from USD 10.1 billion in 2020, at a CAGR of 6.7% during the forecast
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Table 17.1 Companies, Industries, Brands and Markets with activities based on IgY antibodies
and IgY Technology

Name Website Activities | Country
AD Biotech Co. http://adbiotech.com 1,3,4,5,6 South
Korea
Aves Labs, Inc. http://www.aveslab.com/ 1,2 US
Avianax LLC https://www.avianax.com/ 1,3 UsS
Bioinnovo http://bioinnovo.com.ar/ 1,3 Argentina
Crystal Bioscience * http://www.crystalbioscience.com/ | 1,5 usS
DAN Biotech, Inc. http://www.danbio.com 1,3,4,5,6 South
Korea
Davids Biotechnologie https://www.davids-bio.de/ 1,2 Germany
GmbH
Eggcellent Proteins https://www.eggcellentproteins. 1,2,3,5 Scotland
com/
EW Nutrition https://ew-nutrition.com/ 1,3,5,6 Germany
Gallus Immunotech, Inc. - https://www.exalpha.com/ 1,2 US
Gentian AS https://www.gentian.com/ 1,2 Norway
Good Biotech Corp. http://www.good-biotech.com/ 1,24 China
HenBiotech http://www.henbiotech.com/ 1,2 Portugal
IgY Immunologix http://www.igylx.com/ 1,2,3,5 India
IGY Life Sciences, Inc. http://www.igylifesciences.com/ 1,4,5,6 Canada
IgY Nutrition https://www.igynutrition.com/ 1,5,6 UsS
IgYTechnology.com https://www.igytechnology.com/ 7 Portugal
Immune Biosolutions https://immunebiosolutions.com/ 1,2,5 Canada
NABAS http://www.nabas.no/ 1,2,3 Norway
Ovagen Group Limited http://www.ovagen.ie/ 1,2,3,5 Ireland

(1) Research and Development (R&D); (2) Research Antibodies and antibody services; (3) Veteri-
nary Medicine Products; (4) Cosmeceuticals and personal care; (5) Human medicine; (6) Nutraceu-
tical and Food supplements; (7) Science Education; *Acquired by Ligand Pharmaceuticals Inc. in
2017 (CA, USA); “~"Acquired by Exalpha Biologicals, Inc. in 2018 (MA, USA)

Working webpages as of December 2020

period (MarketsandMarkets™Inc 2020), one can do a rough estimation of what
chicken antibodies would represent in this market. According to a BenchSci plat-
form (www.benchsci.com) search, that uses an Al-based algorithm to screen the
literature for published antibodies, there are 4.6 M antibody product entries for rabbit
hosts, —2 M for mice, —282.1 K for goats, —170.2 K for rats and —17.2 K for chickens.
This means that chicken antibodies would represent a —0.24% share of the market
(-USD 33.8 M in 2025), but certainly one should carefully consider such an
extrapolation.

In the last section of this Chapter, we discuss the current status of the
IgY-technology intellectual property (IP) landscape, namely describing how
companies and inventors are fulfilling the patentability criteria of novelty, inventive-
ness and industrial applicability, for applications of egg yolk antibodies, that happen
to be a product already existing in nature, thus presenting IP protection peculiarities.
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17.2 Case-studies of IgY Companies
17.2.1 Gentian AS (Moss, Norway)
Anders O. Larsson

Introduction

Gentian AS is the first diagnostic company that has focused on avian antibody-based
particle-enhanced turbidimetric immunoassays (PETIA) for high volume chemistry
analysers (Fig. 17.1). Gentian develops and manufactures in vitro diagnostic
products for the detection and quantification of specific markers for use on a wide
range of clinical chemistry analysers. The company has its headquarters in Moss,
near Oslo but it also works from Sweden (Stockholm and Gothenburg) and China
(Beijing).

Some of the PETIA products are for the determination of human serum/plasma
calprotectin, faecal calprotectin, neutrophil gelatinase-associated lipocalin (NGAL),
cystatin C and canine C reactive protein. In the pipeline of products to be launched in
the next few years are tests addressing cardiovascular diseases, viral infections and
cancer diagnostics.

IgY Based Particle-Enhanced Turbidimetric Immunoassay (PETIA)
for Determination of Cystatin C
Brief Overview of the Methodology

Absorbance

Antigen amount

Fig. 17.1 The effects of increasing amounts of antigen on absorbance values. Initially the
absorbance increases as the amount of antigen increases until the absorbance reaches a plateau;
after the plateau the absorbance decreases again. (1) Nanoparticles (e.g. latex beads) coated with
antigen specific antibodies are initially dispersed in solution, resulting in lower absorbances; (2) As
the antigen amount increases, the nanoparticles tend to form immune complexes that are detected by
an absorbance change (increase); (3) In the presence of an excess of antigen, the nanoparticles get
their available binding sites saturated and no immune complexes are favoured (absorbance
decrease)
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The first antibody-based immunoassays were based on mammalian antibodies
and the precipitation of antigen-antibody complexes in a gel or solution. They are
still used in hospital laboratories in large volumes adapted for chemistry analysers.
The concentration of proteins such as albumin, IgG, IgA and IgM are in the g/L
range in plasma. It is impractical to analyse such high concentrations by ELISA as it
would require very high dilutions. Instead, in the chemistry analyser the plasma
samples are diluted with a buffer and the antibodies are added and the absorbance
change caused by the immune complexes is monitored. The amount of protein is
determined by comparing the absorbance change in the samples with the calibration
curve. A normal assay time is approximately 10 min and can be used for proteins that
are present in concentrations higher than approximately 0.1 g/L.

With increasing amounts of antigen in the solution larger immune complexes are
formed, and thus higher absorbance, until a point is reached when the size of the
immune complexes decreases again. This decrease is due to antigen excess
(Fig. 17.1). The amount of the antigen in the excess situation is erroneously
interpreted as being much lower. Thus, it is important to have a safety zone so that
even samples with very high antigen concentrations do not reach antigen excess. A
weakness with IgY, when it is used in free solution, is that the decrease in absor-
bance in the antigen excess situation is much more rapid than for rabbit antibodies.
The situation is quite different when IgY is used in PETIA assays. The use of PETIA
rather than free antibodies allows for a stronger signal and detection of lower
amounts of antigen. The limit of detection is dependent on many factors, but a
general guideline is that a PETIA can be used for proteins present at concentration of
approximately 0.1 mg/L and higher. C-reactive protein is one of the proteins that
often are determined using PETIA. Other examples are cystatin C and urine albumin.

The Cystatin C PETIA

It is now more than 10 years since Gentian developed their original cystatin C
PETIA. It utilizes affinity-purified chicken antibodies to cystatin C bound to
nanoparticles (Flodin et al. 2007). The reagent consists of two components, a buffer
(Reagent 1) and the particles (Reagent 2) and calibrators. Today there are optimized
protocols for all the major chemistry analysers.

The application on Architect c8000 can be seen as a typical example for the IgY
based cystatin C PETIA. Cystatin C is a frequently requested analyte in our hospital,
and we are performing approximately 35,000 to 60,000 routine cystatin C assays per
year as markers of kidney function. The kinetics of samples with different
concentrations of cystatin C are shown in Fig. 17.2.

Cystatin C concentration may be measured in the range of 0.30— 8.00 mg/L
representing normal plasma or serum sample ranges. Values above 8 mg/L are only
seen in patients with total loss of kidney function and are confirmed by dilution and
re-running of the sample within an additional 10 minutes. The CV for duplicate
samples in one study was 0.58%. In contrast to free IgY antibodies, the PETIA has a
very slow decline in absorbance in the antigen excess region. Even a cystatin C value
of 50 mg/L. was higher than the highest standard point and was not misinterpreted.
There is thus a very broad safety margin for the assay. We have also looked at the
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Fig. 17.2 Kinetics of the absorbance change for three plasma samples containing 0.81, 3.02 and
6.98 mg/L of cystatin C. The increase in absorbance just after read position 16 is due to the addition
of the antibody-coated particles (Reagent 2). A blank reading is performed at position 18 and an
endpoint reading is performed at position 33. The absorbance change is used to calculate the
cystatin C concentration in the patient samples

reproducibility over time with data from a number of routine batches. Using ten
patient pools stored at —70 °C we showed that all tested batches gave assay results
within 3% of the originally assigned values for the patient pools.

When comparing the reaction kinetics of the Gentian IgY based cystatin C
method with rabbit antibody-based cystatin C reagents, we found similar kinetics,
but the IgY based immunoparticles resulted in a higher delta absorbance with the
Architect ¢8000. This may be related to the phylogenetical differences between birds
and mammals.

The cystatin C results are automatically converted from a cystatin C concentration
to an estimated glomerular filtration rate (GFR). Estimated GFR is used as a marker
for kidney function and is considered as the best test to monitor kidney function in
clinical routine. GFR is used to monitor patients with a number of diseases that may
affect the kidney function including cardiovascular diseases. The kidney function is
also measured as eGFR for correct dosage of drugs. GFR estimates measured with
creatinine or cystatin C is thus one of our most frequently requested laboratory tests.
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17.2.2 Immunsystem AB (Uppsala, Sweden)
Anders O. Larsson

Introduction

Immunsystem AB is a small Swedish biotech company working with the production
of avian antibodies. The company started in 1983 and initially focused on the
production of avian antibodies for diagnostic purposes. The focus during the last
20 years have been on the use of avian antibodies for therapeutic applications.

Oral Immunotherapy with Anti-Pseudomonas IgY in Cystic Fibrosis Patients
Immunsystem AB is focussed on oral immunotherapy with yolk antibodies to
prevent Pseudomonas aeruginosa infections in patients with Cystic Fibrosis (CF).
CF is a hereditary disorder affecting the gene for the cystic fibrosis transmembrane
conductance regulator. This protein acts as a transport channel for chloride ions.
These ions are necessary for the production of freely flowing mucus, sweat, saliva
and tears. CF patients suffer from repeated respiratory infections and the thick mucus
reduces the ability to clear the bacteria from the respiratory tract. The patients usually
become infected by P. aeruginosa bacteria sometime during their life. Initially, it is
possible to eradicate these infections but over time the patients become chronically
infected and it is then impossible to eradicate the infection. Chronic P. aeruginosa
infections are major causes of morbidity and mortality in CF patients. Patients are
regularly treated with high doses of antibiotics to reduce the bacterial loads, but it
also causes antibiotic resistance.

This troublesome situation was the background to Immunsystem’s focus on
P. aeruginosa infections in CF. Oral administration of avian antibodies against
P. aeruginosa could be an alternative for the prevention of P. aeruginosa infections
in CF patients, and one that would not lead to antibiotic resistance. The idea was that
the treatment would clear the oral cavity of P. aeruginosa bacteria thus reducing the
risk of the bacteria reaching the lower respiratory tract. The antibody treatment is
highly specific and would only target the P. aeruginosa bacteria thus leaving the
normal bacterial flora intact.

In 1995 the first patient was enrolled in the study. The study was an open study
without a double-blind control group. It was important that the treatment was simple
for the patients and that the preparation did not involve any toxic substances. To
avoid any toxic substances the antibodies were extracted with the water dilution
method and stored frozen in 70 mL volumes. The patients thawed the bottle and
gargled once daily (in the evening) and swallowed the solution. The gargling
resulted in the presence of active antibodies against P. aeruginosa throughout the
night i.e., for at least 8 hours. The initial antibody formulation was based on egg yolk
preparations from hens immunized with two P. aeruginosa strains. A total of
seventeen Swedish CF patients were enrolled in this study (Kollberg et al. 2003).
A Danish group of CF patients was used as a control group. In the IgY treated group
there were 2.5 P. aeruginosa positive sputum cultures and in the control group 13.7
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which corresponds to a more than 80% reduction in P. aeruginosa infections. There
were no signs of adverse events related to the IgY treatment. This was considered so
promising that Immunsystem received an approval from the Swedish Medical
Products Agency (MPA) to continue the treatment of the patient group with reim-
bursement from the Swedish government (Nilsson et al. 2008). Still, a
non-randomized study could not be the basis for a registration of the treatment as
a pharmaceutical. Immunsystem AB has over the years showed that it is possible to
produce avian antibodies against Pseudomonas (=Anti-Pseudomonas 1gY) in a
reproducible manner that fulfil MPA requirement. Immunsystem has also received
Orphan Drug Designation by the EMA (ref. no. EU13/08/56) for the prevention of
P. aeruginosa infections in CF patients. To continue the development of this
treatment strategy, Immunsystem together with partners received a research grant
from EU of 5.35 million Euro to perform a placebo controlled double-blind
multicentre study (Larsson 2016). The study was called IMPACTT and was offi-
cially started in November 2011. The study included 164 patients in nine European
countries and a total of 47 sites. The patients were treated with either Anti-Pseudo-
monas IgY or with placebo solution, gargling every night; IgY activity against PA is
present in saliva and oro-pharynx overnight and prevents PA from entering the
lungs. The Anti-Pseudomonas 1gY was a similar egg yolk formulation as in the
original Swedish open study, but the number of strains used for immunization had
been increased from two P. aeruginosa strains to six. The placebo is made by the
exact same procedure as the active product, the only difference being the starting
material which is eggs from non-vaccinated hens. The treatment period was a
maximum of two years. Well over 100,000 daily doses were produced for the
study under MPA approved conditions. The last patient completed the clinical trial
in 2018. The results so far indicate that the treatment is safe and that there have been
no serious adverse events in the study that could be linked to the treatment. The
preliminary results of the study showed no significant difference between the
patients receiving active antibody formulation from the patients receiving the non-
specific antibody formulation. The results in the active arm was as expected but the
control group had less infections than expected. A possible explanation for this is
that both groups received yolk formulations that contain, apart from the antibodies,
also egg proteins that are antibacterial (e.g., lactoferrin and avidin). These
antibacterial proteins may thus have protected against the bacterial infections in
both groups reducing the treatment effects between the two groups. Oral administra-
tion of water extracted egg yolk proteins very much resembles the use of eggs as part
of the diet. Thus, it seems reasonable that oral immunotherapy with yolk antibodies
should be safe for the patient. The amount of egg proteins in a daily dose
corresponds to an amount less than half an egg.

The IMPACTT study also included preclinical parts with the same type of
antibodies as used for the patient treatment. A safety study in mice was performed
showing that the anti-Pseudomonas antibodies did not cause damage to the gastro-
intestinal mucosa and did not alter the normal bacterial flora in the gastrointestinal
tract. Mode-of-action studies were also performed and these showed that Anti-
Pseudomonas 1gY promoted bacterial opsonization and augmented the phagocytic
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activity of human polymorphonuclear neutrophils (Thomsen et al. 2015). The
unspecific IgY preparation also had an antibacterial effect although clearly less
than the specific IgY formulation. IgY do not interact with mammalian
Fc-receptors so the phagocytotic activity was not Fc-receptor mediated but most
likely due to bacterial aggregation that facilitated phagocytosis. The same antibodies
could also facilitate clearance of P. aeruginosa bacteria from the lungs of mice
(Thomsen et al. 2016). Administration of the antibodies into the lung reduced the
bacterial burden 100-fold compared to controls. The effect on bacterial counts after
24 hours were also accompanied by reduced clinical symptom scores and diminished
lung inflammation in the treated animals.

Thus, there are preclinical data that support the positive effect of the treatment.
Considering the lack of superior effect of the specific formulation over the placebo
group, Immunsystem has put the development of this formulation on hold and
stopped the open Swedish study.

Detection of Protein A in Mammalian IgG Containing Solutions using
the Immunsystem ABs ELISA
Protein A Determination Assays

Immunsystem AB also produce ISO certified kits for protein A determination.
Monoclonal antibodies administered intravenously have to be highly purified to
minimize reactions to impurities in the antibody preparations. The most widely
used affinity chromatography ligand is Staphylococcal protein A that has a very
good affinity for mammalian immunoglobulins (Lindmark et al. 1983). Companies
that purify their antibodies on protein A matrixes have to document that no protein A
has leached into the final preparation (less than 1 ppm) as protein A has several
Ig-binding regions and will cause the formation of immune complexes in vivo.
Immunological determination of protein A in an IgG containing solution offers
considerable challenges especially when using mammalian detection antibodies as
they will compete with the antibodies in the solution for the binding to protein
A. One of the few antibodies that do not bind to protein A is IgY. Immunsystem AB
thus developed an ELISA for determination of protein A based on affinity purified
chicken antibodies (Larsson et al. 1992). The ELISA is a sandwich immunoassay
with a chicken anti-protein A as capture and another chicken anti-protein A antibody
as detector (Fig. 17.3). The assay can detect less than 1 ng/mL of protein A both in
solutions free of IgG and solutions containing mg amounts of IgG. The production of
this kit has recently been transferred to IgY Lab Systems AB (Sweden).

17.2.3 Bioinnovo (Castelar, Argentina)
Andrés Wigdorovitz, Celina G. Vega, Marina Bok, and Viviana Parrefio
Introduction

Bioinnovo® is a biotechnology company founded in July 2014 dedicated to the
research, design and development of IgY antibodies, recombinant vaccines and the
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Fig. 17.3 Principle of Immunsystem AB ELISA assay for determination of protein
A. (1) Staphylococcal protein A (SpA) from the sample is bound to wells precoated with the
primary chicken anti-SpA IgY antibody (capture antibody; black). (2) Biotinylated chicken anti-
SpA IgY antibody is added as secondary antibody (detector antibody; orange). (3) Streptavidin
HRP (gray-cyan complex) is added and binds to the biotin (green circles) conjugate. (4) Substrate
(white circles) is added and reacts with HRP to produce a coloured product (blue circles). Finally,
stop solution is added to terminate the chromogenic reaction

provision of specialized animal health services. It was co-founded by Andrés
Wigdorovitz, Celina Vega and Viviana Parrefio. The products developed by
Bioinnovo® are based on two biotechnological platforms: the IgY Technology
and the patented APCHI1 platform, derived from the research work of the founding
group and the Algenex® company. In addition, Bioinnovo® provides specialized
services for the evaluation of products for the poultry industry on its experimental
farm. The headquarters of Bioinnovo are located at the Center for Research in
Veterinary and Agricultural Sciences (CICVyA) of Instituto Nacional de Tecnologia
Agropecuaria (INTA) Castelar, in Argentina. It comprises four sectors: (1) a fully-
equipped R&D laboratory for its two production platforms and quality control; (2) a
layer production unit; (3) a plant for IgY immunoglobulin production (Fig. 17.4);
and (4) an experimental poultry farm for the evaluation of own and third-party
products. The Bioinnovo plant is independent, but as it is located inside the
CICVyA. The facilities of the centre include the Incuinta laboratory, P2 biosafety
cabinets, the Tissue Culture sector and the vivarium, and high-technology equip-
ment. It is associated with the facilities of the international veterinary laboratory
Vetanco S.A., where regulatory affairs, quality control and logistics, packaging and
distribution are located.

Bioinnovo has developed two biological products: Bioinnovo IgY DNT and
VEDEVAX block. Internationally, Bioinnovo has a unique strategic advantage
due to its location in Argentina: its products are free from Foot-and-mouth disease
and Avian Influenza viruses as well as from Bovine Spongiform Encephalopathy
(BSE), meeting the requirements of the most demanding markets worldwide.
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Fig. 17.4 Bioinnovo plant for IgY production. (a) Egg yolk spray-drier apparatus of the plant unit
for IgY immunoglobulin production. (b) Example of a commercial unit (6 Kg) of non-nutritional
additive Bioinnovo IgY (Pictures taken from http://bioinnovo.com.ar/ with permission)

Effective Health Management in Intensive Animal Production
Managing Neonatal Calf Diarrhoea (NCD)

Neonatal diarrhoea of artificially-reared calves is an example of challenges in
intensive milk production systems (Chap. 15). These require standardized and
effective health management measures to prevent diseases. Such practices must
also be sustainable and have little or no impact on human populations and on the
environment. Indeed, the current global trend is the limited and targeted use of
antibiotics aiming at preserving their efficacy both in animals and humans,
preventing the emergence of multi-resistant bacterial strains, as well as reducing
treatment-associated costs. Climate, management practices and the calf’s immune
and nutritional status also influence the emergence, severity, and consequences of
the disease.

Bioinnovo IgY DNT is the perfect ally for the control of NCD. It is based on
specific avian IgY immunoglobulins against the main infectious agents that cause
NCD (Vega et al. 2011, 2015). The administration of Bioinnovo IgY DNT reduces
the severity and duration of scours, minimizing weight loss and improving the
performance of calves. It is also highly palatable, easy to administer and
complements vaccination and treatment schemes in cows and calves. Bioinnovo
IgY DNT controls not only diarrhoea of viral origin, but also those caused by
bacteria, reducing or even avoiding the use of antibiotics, thus benefitting herd
health. In addition, by shortening the duration of diarrhoea episodes, the shedding
of infectious agents in the environment, which is the main source of infection for
susceptible animals, is reduced. Its inclusion in the feed, as a complementary
strategy, improves animal health and significantly reduces losses due to disease
and mortality of artificially-reared calves. The product is added directly to the calf’s
feed (milk or milk replacer) twice a day to maintain optimal antibody levels in the
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intestinal lumen. For the commercialisation of the Bioinnovo IgY DNT, Bioinnovo
agreed with Vetanco to outsource the commercial strategy.

Conclusions

Bioinnovo IgY DNT advantages are summarized as follows:

* High efficacy, proven in field conditions against the pathogens for which it is
designed (Rotavirus, Coronavirus, Salmonella and Escherichia coli)

* Lower incidence and severity of clinical symptoms and mortality due to NCD

* Reduction of gut mucosa colonization by pathogens, promoting intestinal health

¢ Easy administration and storage at room temperature (it does not require cold
storage)

* Lower microbial environmental load by reducing the duration and severity of
scours and as a result of reduced pathogen shedding in the faeces (main source of
infection)

¢ High-quality nutritional supplement.

17.2.4 Crystal Biosciences (California, USA)

Ricardo S. Vieira-Pires

Crystal Biosciences Incorporated (CB) is a privately-held company based in
Emeryville, CA, USA, that was founded in 2008 to develop a platform for therapeu-
tic antibody discovery featuring wild-type and engineered chickens. CB became a
leader company in the area of difficult-to-address-epitopes of antibody research,
having developed the proprietary Gel Encapsulated Microenvironment (GEM) assay
platform, as well as the HuMab technology, claimed to be the world’s only chicken-
based human antibody platform to successfully generate human antibodies (Ching
et al. 2018). In 2017, CB was acquired by Ligand Pharmaceuticals Incorporated
(Emeryville, CA, USA) a NASDAQ listed biopharmaceutical company focused on
developing or acquiring technologies that help pharmaceutical companies to dis-
cover and develop new medicines (www.ligand.com). CB’s HuMab technology was
integrated as part of Ligand’s OmniAb® platform (www.omniab.com) and
rebranded as OmniChicken™. For simplicity reasons the name Crystal Biosciences
(CB) will be kept in this brief profile addressing the company.

As described in Chap. 3, the immune response developed in mice, rats, rabbits
and other mammals to human proteins is very poor, since these hosts present natural
tolerance to mammalian conserved-epitopes. CB has exploited the potential of
chickens as phylogenetic distant hosts to generate antibodies with high affinity and
broad epitope coverage to conserved targets. The company developed two promi-
nent technologies, the (1) Gel Encapsulated Microenvironment (GEM) assay plat-
form and (2) OmniChicken™, that are promising and disruptive approaches to
revisit and reboost chicken antibody repertoires in the field of antibody discovery.

The gel encapsulated microenvironment (GEM) assay platform (Izquierdo et al.
2016) has been described in Chap. 13.3.4. Major advantages of the GEM platform
include: (i) screening capacity up to 100 million cells per single experiment,
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(ii) direct recover of non-immortalized antibody-secreting B cells from tissue of any
species, (iii) multiparameter screening of antibody features from a single B cell,
(iv) direct identification of biologically active antibodies, (v) screening for
antibodies binding with low nanomolar affinity or better, (vi) retention of native
heavy and light chain pairs created by in vivo affinity maturation and (vii) fast
selection of more than 100 clones after harvesting B cells from immunized hosts.
By combining the GEM platform with chicken B cell repertoires, CB was able to
successfully select unique antibodies against particularly relevant therapeutic
targets, including membrane proteins channels and transporters (Bednenko et al.
2018) as well as membrane receptors, such G protein-coupled receptors (GPCRs)
(Konitzer et al. 2017). These are intrinsically challenging targets since normally the
antibody is required to bind to a limited surface-exposed portion of the membrane
protein, most often through a structure-sensitive interaction and/or is required to
additionally modulate the protein function (Dodd et al. 2018).

CB also developed the ground technology for the current OmniChicken™ plat-
form. The technology enables generation of fully-human antibodies based on genet-
ically engineered chickens expressing human immunoglobulin repertoires (Leighton
et al. 2015; Ching et al. 2018). Indeed, human therapeutic monoclonal antibodies
must be as similar to native human antibodies as possible in order to minimize
adverse immunogenicity in patients (Dodd et al. 2018). Similarly to other in vivo
systems for expression of human antibodies in transgenic animal platforms, includ-
ing genetically modified mice, rats, rabbits, and cows (Briiggemann et al. 2015),
OmniChicken™ core advantage relies on the fact that the antibodies are produced in
the intact immune system of the animal and undergo highly rigorous native selection
stages including (i) for target specificity, (ii) counter-selection to endogenous
off-target proteins and (ii) high-level expression in plasma cells. Grounded on
successful data in DT40 cell line, where CB performed a proof of concept showing
that arrays of human-derived immunoglobulin gene sequences could be diversified
by chicken B cells (Schusser et al. 2013; Leighton et al. 2015), the company moved
forward to generate a transgenic chicken line—HuMab chicken—expressing chime-
ric antibodies with human V genes and chicken C genes for both heavy and light
chains (Ching et al. 2018). Notably, the transgenic birds retained a phenotypically
normal B cell development, with transgenes diversified as in native chickens
(by gene conversion and somatic hypermutation), while delivering affinity-matured
human-sequence antibodies with chicken-like immune recognition and
responsiveness, namely to mammalian conserved targets.

17.2.5 Ovagen Group Ltd.

Catherine D. Caulfield and Leonard M. Moran

Ovagen Group Ltd. is an innovation-based biotechnology company, led by serial
entrepreneurs and located in Mayo in the west of Ireland. It was founded in 2007.
The company has previously extensive experience in maintenance of SPF hens
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(Chap. 8). Currently, the company specialises in avian germ-free technology and
avian transgenics to Good Manufacturing Practice standards.

Development of Germ-Free eggs

Following seven years of R&D the founders have developed the world’s first germ-
free eggs for supply to global vaccine manufacturers and for use in new
biopharmaceuticals. This is a novel, patented, innovative and disruptive technology.
Over 1 billion (Bn) eggs are used annually in vaccine manufacture servicing a
vaccine market size estimated to be worth $104.87 Bn by 2017 with a CAGR of
10.7%. (Vaccines Market Size, Share, Growth Global Industry Report 2027). Today
82% of the world’s vaccines are produced using egg-based technology and there is
an enormous demand for vaccines for COVID-19 and seasonal influenza. Ovagen is
committed to substantially improving the global production (volume & cost) of
vaccines which are essential in the fight against disease and pandemics such as
coronavirus or other zoonotic viruses associated with viral pandemics. Ovagen’s
germ free eggs will revolutionise the vaccine manufacturing process by: eliminating
contaminating bacteria; increasing the yield of vaccines per egg; and increasing
quality and security thus enabling the accelerated production of higher quality
vaccines to support volume production and security of supply. When vaccines are
made, the virus is grown in the developing embryo in the yolk of fertilised hens’
eggs. Specific Pathogen Free (SPF) eggs, which are the best quality eggs available to
vaccine manufacturers currently, are not always free of bacteria or viruses. Bacterial
contamination of eggs is caused by both the unique anatomy of the avian species
(Chap. 2) and the porosity of the shell. The pores of the egg shell are particularly
vulnerable to bacterial ingress during laying and for approximately 5 minutes after
the egg is laid whilst the outer shell cuticle dries. In chickens, the reproductive tract
merges with the digestive tract with a single point of exit from the hen for eggs and
faecal matter (Chap. 2). This results in the porous egg coming into contact with the
chicken’s faeces prior to being laid and consequently contamination of the fertilised
egg within the shell.

Ovagen has developed a process to address this anatomical problem of egg
contamination with a specialised procedure which combines the extensive experi-
ence of the technical team in germ-free technology with a wealth of veterinary,
scientific and research expertise. A surgical procedure is required for creation of the
first generation of germ-free eggs/birds; subsequent generations are produced from
germ-free eggs laid naturally by germ-free birds housed in specialised germ-free
isolators (Fig. 17.5). Vaccine yield per egg is expected to be significantly higher
using germ-free eggs due to reduced interferon levels as the immune system is not
challenged (Chap. 3). This is another game changer for vaccine producers.

Transgenic Chicken Technology at Ovagen Group Ltd

Ovagen Group Ltd. also have the capacity to produce transgenic and Germ-free
chickens in this avian facility (Chap. 16). The company has developed and perfected
avian Transgenic technology and plan to develop a number of biosimilar drugs in the
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Fig. 17.5 Ovagen Group Ltd. state of the art avian facility. The main avian building is shown in
(a). The central corridor of the avian SPF facility is shown in (b) which provides entry to five
individual SPF rooms. A fully equipped and dedicated Transgenic laboratory with a high-definition
imaging system, microinjection capabilities and dedicated incubation facilities is shown in (¢). The
avian isolators which are used to house the germ-free birds are shown in (d). Germ-free chickens are
shown in panel (e) in an enriched isolator. A dust bath is shown in (1), a diet feeder (2), water
drinker (3) and chickens on a heater panel (4). Photographs courtesy of Ovagen Group Ltd.

future. The methods for the production of transgenic proteins in chickens has been
outlined in Chap. 14. This results in the targeted production of recombinant protein
into the egg-white of all eggs laid by transgenic hens. Protein production by
transgenic technology is now being realised as a viable alternative to current
methodology, with therapeutic drugs, produced from transgenic chickens, receiving
full FDA approval. Eggs from transgenic hens have been shown to contain approxi-
mately 300 mg of recombinant protein per egg. This is equivalent to 10 g/litre which
is better than most cell-based expression systems. With the average chicken laying
300 eggs per year, a single chicken can produce 60 g of recombinant protein per
year. The time-scale to produce a transgenic chicken line is approximately
18 months. Once a transgenic line of chicken has been produced, it is simply a
case of standard avian husbandry to maintain the protein-producing flock. This is an
area where Ovagen personnel have many years of experience in contract research.
Stability of transgenes has been shown to be very high, with no variance observed in
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either DNA or protein in over 20 chicken generations. Chicken produced proteins
have been shown to have a very good safety profile, as chickens have been the source
of most vaccines produced for over 70 years.

17.2.6 ADBioTech (South Korea)

Hyeong Chul Ahn and Fazle Elahi

ADBiotech Co Ltd. was established in 2000, with the aim of transforming natural
resources into therapeutic products. This company focuses on development of
alternative therapeutic and healthy food for livestock, aquaculture and human sectors
(Table 17.2). It holds the premier position in Korea for the IgY technology and
employs 53 people.

Ig-Guard Calf Prevents Diarrhoea in New-Born Calves

Passive immunization with IgY is an effective and economical method to control calf
diarrhoea (Vega et al. 2011) (Chap. 15). We have developed a product that contains
antibodies against several pathogens such as E. coli, Salmonella, Clostridium,
rotavirus, coronavirus, and Cryptosporidium. 1gY-Guard Calf in animal passive
protection studies prevented diarrhoea and enhanced the growth performance during
1 to 2 and 2 to 3 months of age on growing period in Hanwoo calves (Table 17.3).
The product also has the capacity to enhance immunity in Hanwoo calves by
stimulating IgA levels (Table 17.4).

Ig-Guard Shrimp

Recently, farmed shrimp production has decreased drastically due to Early Mortality
Syndrome (EMS) (FAO 2013). Generally, this disease can be treated with
antibiotics, but this has constrained the exporting of shrimp due to antibiotic
resistance, public health and environmental issues. ADBioTech has developed
Ig-Guard SH by using IgY technology to combat the EMS problem. We did a
challenge experiment with Vibrio spp. and the results demonstrated that the product
prevents the mortality of shrimp, increased body weight and decreased the Feed
Conversion Ratio (FCR) rate. Moreover, this product had an immune enhancer
function by increasing the immune parameters like total haemocytes number,
phagocytosis, phenol oxidase activity, lysozyme activity and even bactericidal
activity. As white spot syndrome virus (WSSV) is another big problem in shrimp
farming (Chap. 15), we have already developed a IgY product against it in 2007.

Ig-Guard Helico

Helicobacter pylori is one of the most frequently occurring global infectious agents
and infects around 50% of the world’s population (Chap. 16). ADBioTech devel-
oped Ig-Guard Helico and tested the in vitro anti-bacterial effect at 16 mg/mL and
higher concentrations; the product completely inhibited the growth of H. pylori
following 3-day incubation of the bacteria (1 x 108 CFU/mL) with a serially diluted
IgY (Table 17.5). In an in vivo test, H. pylori (1 x 10® CFU, 3 times) inoculated in
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Table 17.2 Product Categories of ADBioTech

Products Species Application/ Use /Indication

Livestock

Ig-Guard Calf Calf diarrhoea

Calf

Ig-Guard Piglet Piglet diarrhoea

Swine

Ig-Guard Duck Duck viral hepatitis, Colibacillosis, Salmonellosis
Duck

Ig-Guard Broiler and Colibacillosis, Salmonellosis

Poultry layer chicken

Ig-Guard Dog Distemper, Parvovirus, Bordetella, coronavirus
Puppy

Aquaculture

Ig-Guard Shrimp Early Mortality Syndrome (EMS) or Hepatopancreatic
(SH) Acute Necrosis Syndrome (APHN)

Ig-Guard Salmon Salmonid Rickettsial Septicaemia (SRS)

(SA)

Ig-Guard Eel Edwardsiella spp infection

(AE)

Ig-Guard Yellowtail Streptococcus spp and Nocardia spp

(AY)

Human

Health

Ig-Guard Human Prevents Helicobacter pylori infection, gastric ulcer
Helico

Ig-Guard Human Decreases cholesterol

Cholesterol

Ig-Guard Children Prevents rotavirus infection

Rota

Ig-Guard Human Prevents dental caries

Mutant

Ig-Guard Skin care for Protects and prevents acne

Acne human

the stomach of to C57BL/6 mice demonstrated H. pylori infection. Mice groups
orally treated with IgY twice a day for 18 days showed less infected mice in
comparison with a control (vehicle) group (Table 17.5). By comparison, 25% (2/8)
positive reaction was achieved following treatment with pantoprazole a medication
used to treat stomach ulcers (30 mg/kg).

Gastric mucosal specimens were cultured after treatment with Ig-Guard Helico or
vehicle (Table 17.6). Bacteria grew in all the samples from mice (100%) treated with
vehicle. However, IgY treatment inhibited the bacterial growth in a dose-dependent
manner (Table 17.6). Pantoprazole (30 mg/kg) also decreased bacterial growth to
25%. Histopathological results revealed that IgY also elevates the sloughing off of
the gastric villi and the inflammation lesion returned to normal at 100-500 mg/kg
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Table 17.4 Ig-Guard Calf enhances IgA levels in Hanwoo calves

Immune Treatments’

parameter Weeks Control TF? SEM P

Ig A mg/mL
1 0.11 0.1 0.01 0.241
2 0.12 0.24 0.01 0.023
3 0.09 0.2 0.02 0.011
4 0.1 0.22 0.02 0.013

Data represent as SEM: Least squares means, (P < 0.05), 'Number of Hanwoo calves in each group
is 20. *Test feed starter

Table 17.5 Ig-Guard Helico effect on H.pylori in mouse model

Treatment (mg/Kg) 1 2 3 4 5 6 7 8 9 Positive Ratio
Vehicle Control ° . ° ° ° ° ° ° ° 8/8

+IgY (100) ° ° ° . o l¢) @) ¢) ¢) 4/8

+IgY (200) ° © o) ¢) o) e) le) ¢) o) 1/8

+1gY (500) ° ) ¢) ¢) o) o le) o) o) 1/8

+ Pantoprazol (30) . . e} ¢} e} e} ¢} O e} 2/8

O, Negative; ©, Partial positive; ®, Positive
Table 17.6 Ig-Guard Helico effect on H. pylori in gastric mucosa

Treatment (mg/Kg) 1 2 3 4 5 6 7 8 9 Positive Ratio
Vehicle Control + + + + + + + + + 8/8

+ IgY (100) + + + + - - - - — 4/8

+ IgY (200) + - - — - - - - - 1/8

+ IgY (500) + — — — — — — 1/8

+ Pantoprazol (30) + + — — — — — 2/8

—, Negative; +, Positive

dosage. In conclusion, Ig-Guard Helico has a positive effect on prevention of the

H. pylori, that supports the ongoing clinical trials in the two Korean university
hospitals.

17.3 Brief Profiles of Other IgY Companies
17.3.1 EW Nutrition (Visbek, Germany)

Ricardo S. Vieira-Pires

EW Nutrition GmbH is an animal nutrition company that develops and
commercializes animal nutrition solutions designed to improve animal welfare and
health. These include solutions for gut health management, antibiotic reduction,
young animal nutrition and toxin risk management and target the five most promi-
nent animal nutrition markets, including poultry, swine, ruminants and aquaculture.
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The company is headquartered in Visbek, Germany, but is active globally with
operational teams in 42 countries, and manufacturing plants and development
centres in 4 continents.

In addition to its core activity in animal nutrition, the company also develops and
supplies egg IgY immunoglobulin-based ingredients to third party companies devel-
oping their own protective and preventive solutions for human healthcare, namely
oral care, intestinal care, respiratory challenges, and skin and mucosa disorders.
Table 17.7. summarizes the different types of products developed and
commercialized by EW Nutrition worldwide. These includes a line of products
branded Ovalgen® and designed with different functional outcomes, targeting in
particular the ethological microbial agents responsible for a given disease or disor-
der. For example, Ovalgen® DC is an Anti-Streptococcus mutans 1gY-based ingre-
dient that can be used to tackle S. mutans-induced dental caries (Nguyen et al. 2011);
Ovalgen® HP is an Anti-Helicobacter pylori I1gY to prevent and treat gastritis (Aiba
et al. 2019) and Ovalgen® RV is an Anti-human rotavirus IgY to control and treat
rotaviral diarrhoea in children (Thu et al. 2017). All these IgY-based ingredients can
be incorporated in human health and functional foods or cosmetics, and are compat-
ible with a multitude of final formats, including tablets, lozenges, candies, gums,
tooth paste, gels, mouthwash creams (Chap. 12) or even impregnated in filters or
mask supports, as for example Ovalgen® FL with Anti-Influenza properties, helping
to prevent seasonal flu infections. EW Nutrition also commercializes the IgY Gate
series, that is designed to end-users and follows a similar customization with the
Ovalgen® line of ingredients.

17.3.2 Avianax (North Dakota, USA)

Ricardo S. Vieira-Pires
In Chaps. 4, 5 and 9 the unique features of the truncated IgY variant, IgY(AFc)
present in ducks and geese were discussed. Avianax LLC is a biotechnology
company from Grand Forks, North Dakota, USA, specialized in human and com-
panion animal therapeutics based on IgY derived from domestic geese. Avianax was
founded in 2002 by the owners of Schiltz Goose Farm, one of the farms affected by
the West Nile virus (WNV) 2002-04 outbreak occurring in Grand Forks, North
Dakota (Bell et al. 2005). During this period WNV became endemic in the local
environment and was responsible for the death of large goose populations. Due to
the high infection risk leading to economic burden, there was an urgent need for a
cure and this motivated researchers from the Center of Research Excellence for
Avian Therapeutics for Infectious Diseases at the University of North Dakota, led by
David Bradley, to develop a goose IgY-based therapy that successfully treated and
recovered infected birds. The company is currently developing goose IgY antibodies
for Rabies, Dengue (O’Donnell et al. 2020) and Zika (O’Donnell et al. 2019) fever,
avian flu and has an advanced phase therapeutic for Canine Parvovirus (Chap. 15).
Due to late vaccination or neglect of vaccination schedules combined high
infectivity and difficult to control outbreaks, canine parvovirus (CPV) is still a
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Table 17.7 EW Nutrition IgY-based products commercially available for global markets

Product
Ovalgen®

Ovalgen®
DC

Ovalgen®
PG

Ovalgen®
FL

Ovalgen®
CA

Ovalgen®
HP

Ovalgen®
RV

Ovalgen®
CS

Description

Line of
IgY-based
products/
ingredient
Anti-
Streptococcus
mutans 1gY for
dental caries

Anti-
Porphyromonas
gingivalis 1IgY
for periodontitis
& gingivitis
Anti-Influenza
IgY for seasonal
flu

Anti-Candida
albicans 1gY for
oral thrush or
candidiasis

Anti-
Helicobacter
pylori 1gY for
gastritis
Anti-human
rotavirus IgY for
rotaviral
diarrhoea

Anti-
Cronobacter
sakazakii 1gY
for infant milk
formula

Specificity
customizable IgY
specificity

maintains a well-
balance environment in
the oral cavity and
healthy teeth

supports and improves
gum health

provides additional
protection during the flu
season

oral and skin care; dry
mouth

strengthen gut immune
system and resistance
against stomach
pathogens

enhance the gut
immunity in children;
preventive &
therapeutic in
gastrointestinal
disorders

enhance the gut
immunity in young
children

Format/Applications

health and functional
foods or cosmetics

tablets, candy, and
tooth paste; health
food and cosmetics

tablets, gum,
mouthwash, edible
film, tooth paste;
gum-care food and
cosmetics

tablets, lozenges,
gum, candy, drinks
or foods;
impregnated in
air-filters and masks
oral and skin care
creams and gels;
various functional
foods and cosmetic
products

yogurts, tablets and
capsules; functional
foods

infant formulas and
powdered milk
products

infant formulas and
powdered milk
products

Markets

detailed
below

Japan,
United
States,
Korea,
Vietnam
Japan,
United
States,
Vietnam

Japan,
Korea,

India,
Vietnam

Japan

Japan,
Korea,
Vietnam

Korea

Korea

NS, not specified. Information collected from https://ew-nutrition.com and (Thu et al. 2017) with

permission

common problem in veterinary medicine, even though an effective vaccine is
available. Avianax developed ParvoONE®, a therapeutic produced in SPF geese,
that are immunized with a modified live Parvovirus strain; anti-CPV IgY antibodies
are purified from egg yolk, concentrated to 25 mg/mL and dosed at 2.5 mg per pound
(intravenous administration). The company has conducted a field trial in 11 sites,
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involving 120 dogs and showed that ParvoONE® reduced mortality rate to 12%
with average hospitalization time also dropping to 2.8 days, instead of the —5 to
7 days of hospitalization time when only supportive care is given. In addition, only a
few animals needed to receive intravenous fluid therapy, resulting in significant
overall lower costs to treat CPV infections.

By late 2019, Avianax communicated non-officially through their media channels
that they were continuing the work on production of commercial scale serials of their
product (pre-licensing serials), enabling the launch of safety studies required by
United States Department of Agriculture (USDA). The company was optimistic and
anticipated a market entry for ParvoONE® in late Spring of 2020.

17.3.3 IGY Life Sciences (Ontario, Canada)

Ricardo S. Vieira-Pires

IGY Life Sciences is a privately held biotechnology company based in Ontario,
Canada, with core activities on the development, manufacture and licensing of
IgY-based products to infectious and non-infectious diseases in both humans and
animals.

The company’s 10,000 square foot good manufacturing practice (GMP)-certified
facility is designed to produce up to 2000 kilograms of IgY antibodies per month.
This capability is grounded on the company’s proprietary MASON Extraction
Methodology™, a purification platform that ensures large-scale and environmentally
friendly production of high-purity specific and non-specific IgY antibodies. The
process allows for purity levels of IgY from 25% to 99%, and outcompetes both
large scale production of powdered whole egg IgY (which is roughly 2-3% IgY by
weight) and small scale production of highly purified IgY by common research
laboratories. This is rapidly positioning the company as a global leader in the large-
scale IgY manufacture and a strategic partner in the field.

IGY Life Sciences’ portfolio includes lead compounds against COVID-19 and
African swine fever and marketed immune and sports health products (Table 17.8).
Indeed, in 2020 the company also entered the race for alternative solutions to
COVID19 vaccines. By June 2020, a press release announced their collaboration
with clinical data and regulatory experts for continuing development of their new
product IgY-110, currently in pre-clinical phase (BusinessWire 2020a, b). This is a
nasal spray-based IgY formulation to be used as an anti-SARS-CoV-2 preventive
pharmaceutical with complementary effects to active vaccination. The product is
intended to treat those currently infected with COVID-19 by controlling and
blocking the spread of SARS-CoV-2. While not original, the strategy is particularly
relevant for both elderly and immune-compromised subjects and the company is
focused on further developing the product to ensure high cross-protection towards
other forms of human coronaviruses.

In addition, the company has two IgY-based consumer health products on the
market, one for sports medicine (Vector450) and another for overall immune health
(IGY Immune). Both contain Muno-IGY that is a raw, non-specific IgY antibody



17 1gY Industries and Markets 301

Table 17.8 Biologics, animal health and consumer health products or candidates on IGY Life
Sciences portfolio

Biologics

Program/ Product Therapeutic Area /Category Phase
IGY-110 Anti-Coronavirus IgY Antibody Preclinical
IGY-102 Universal Influenza Antibody Therapeutic Discovery
IGY-106 Rotavirus Therapeutic Discovery
IGY-108 Universal H. pylori Therapeutic Discovery
IGY-112 Irritable Bowel Disease Discovery
Animal Health

IGY-205 African Swine Flu Development
IGY-201 Rotavirus Discovery
1GY-207 Rotavirus Vaccine Discovery
Consumer Health

Vector450 Sports nutrition In Market
IGYImmune Immune Support In Market
ImmunoDerm Y Skin Care Discovery
TBD Infant Milk Formula Discovery

Information retrieved from https://www.igylifesciences.com/products, December 2020

extracted from antibiotic-free eggs, preserving their natural immune enhancer
properties. The product works to support and optimize the innate and adaptive
immune system, by binding and help eliminating harmful pathogens from the
gastrointestinal tract. This helps reboot a challenged or aging immune system.
Muno-IGY also integrates the formulation of Vector 450, that consists of a sports
nutrition supplement to help elite athletes in their training recovery and to heal
injuries. A pilot study revealed that regular IgY intake lowers the over-production of
the stress hormone cortisol and allows the athletes to recover quickly; it also
contributed to significantly retaining the production of IgA, the first line of defence
for Upper Respiratory Infections.

17.3.4 Ostrich Pharma Corp (Kyoto, Japan)

Ricardo S. Vieira-Pires

Some of the unique features of using ostrich as a host for IgY were discussed in
Chap. 9. Ostrich Pharma Corp is a biotechnology company based in Kyoto, Japan,
that develops and commercializes ostrich IgY antibodies for treatments and prophy-
laxis in different human health conditions. The company has recently expanded its
business to the US through Ostrich Pharma USA (Massachusetts, USA). Their
activity is largely grounded on more than 20 years of experience of Dr. Yasuhiro
Tsukamoto and his research team, who have studied and developed antibodies for
various bacterial and viral pathogens, allergens, and other relevant substances. The
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company holds unique facilities with housing capacity for more than 500 ostriches,
enabling multiple parallel experiments for antibody customization.

Ostrich Pharma has focussed on developing different solutions and products
using ostrich IgY antibodies immobilized on solid surfaces, including different filter
formats, face masks and other personal protection clothing. For example, filters
impregnated with IgY antibodies against avian HSN1 virus were shown to effec-
tively prevent viral transmission between chickens in IgY treated filter-covered
housings, compared to control untreated-filter covered ones, where the mortality of
birds was significantly higher (Kamiyama et al. 2011). IgY antibodies from ostriches
immunized with seasonal A/HIN1 have also been reported as cross-reactive to the
pandemic influenza virus A/HIN1 2009, seasonal A/HIN1, A/H3N2 and B viruses
(Adachi et al. 2011). These antibodies were effective in neutralizing the virus’s
cytopathological effects in MDCK cell lines, revealing promising features for
immunoprophylactic applications (Chap. 16).

Interestingly, one of the company’s core businesses has been to exploit the long-
standing Japanese practice of wearing masks in public to prevent the spread of colds
and allergies. In 2008-9, during the Influenza A/HINI1 outbreak the company
developed masks coated with antibodies against four flu virus strains including the
H5N1 avian variety and sold more than 80 M units (Matsuyama 2009). The
production capacity using ostrich is as high as 1.6 kg of egg derived IgY per
month, which enables coating of about 32 M masks. Already during the current
SARS-CoV-2 pandemic, in March 2020, the company announced in the media the
production of IgY against the new virus and confirmed the antibody neutralization
capacity (BusinessWire 2020a, b). The research team has previous work on targeting
other coronavirus, namely Infectious Bronchitis Virus, a major respiratory disease in
chicken (Tsukamoto et al. 2018); however, to date no literature update has been
presented on the IgY antibodies against human SARS-CoV-2.

In addition to masks, also spray-based and nasal-drop products designed for
immune-prophylaxis of hands, nose and throat have been explored by the company.
Ostrich Pharma USA for example, is promoting a line of products branded
“OstriGen”, that encompass a broad range of medical solutions, such as treatments
for gastrointestinal diseases by Clostridium difficile, Vibrio cholera, E. coli, Salmo-
nella, Shigella, and norovirus; the company has even established partnerships for
co-development of antibodies to Ebola, MERS, and Zika virus. Moreover, the
product line extends to consumer products, as in the case of “OstriGrow”, the
line’s first product that helps to prevent hair loss using antibodies to block dihydro-
testosterone (DHT), an hormone that is a major contributor for this hair loss
condition.

17.4 Intellectual Property of IgY
17.4.1 IgY: Patenting a Product Already Existing in Nature

Carlos Leodnidas Leiva and Pablo Chacana
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IgY-technology can lead to innovation in the production of biologicals for therapeu-
tic and diagnostic purposes. In this context, development of IgY-based products and
their adoption or commercialization may be restricted by intellectual property rights
and regulation issues. A patent is a set of exclusive rights granted by the state for a
limited period of time over an invention which could be a product, an application or a
process; and to get these rights it is necessary to apply for registration on a country-
by-country basis. Inventions need to fulfill the patentability criteria: to be novel,
involve an inventive step and have industrial applicability. Under the Agreement on
Trade-Related Aspects of Intellectual Property Rights, many countries exclude
biological materials already existing in nature as patentable subject matters
(WTO/WHO/WTIPO 2013). Therefore, since egg yolk antibodies are obvious natural
biological molecules, intellectual protection of IgY demands particular strategies to
bypass this limitation. For example, although the structure of the molecule is not
patentable, compositions including the immunoglobulin in their formulation can be
protected. Furthermore, IgY may be indirectly protected by the patenting of novel
antigens or purification processes included in the obtainment of specific antibodies.

17.4.2 Patents of IlgY-Based Developments: 10-Year Overview
(2010-2019)

Patent activity associated with IgY-technology involves applications of egg yolk
antibodies for several purposes. In general, three broad domains are associated with
IgY usage: therapy or prophylaxis, diagnosis or detection, and general methods of
purification (Fig. 17.6). Between the years 2010 and 2019, overall, 370 patents have
been filed by research centers, universities or private companies (Patentscope and
Latipat databases); 56% of them related to therapeutic uses, 33% to diagnostic
purposes, and 11% to purification methods. The therapeutic patent applications
included uses in human (63%) and veterinary (37%) medicine. China and the United
States were the countries with the greatest number of patent applications (48% and
21%, respectively) and also many patents have been filed under the Patent Coopera-
tion Treaty (PCT) system (15%) (Fig. 17.6). In general, scientific evidence
supporting the claims was mainly based on in vitro experiments, although some
patents also included in vivo or even clinical trials data (Wesjohann et al. 2014; Maiti
2015). Nevertheless, requirements for supporting information may vary according to
the local laws so it is also possible to find patents without any experimental data
(Scamell 2013; Hui et al. 2015). Many of the applications include narrower scopes of
protection to facilitate the obtainment, enforcement, prosecution, and defense of the
new invention (WIPO 2006; Petering et al. 2011). In this regard, some claims are
related to functional features of the immunoglobulin (Hoff 2014), such as the
binding affinity of IgY to a particular epitope included in the patent application
W02013045469 (Skriner 2013).

Even if IgY cannot be patented as a molecule itself, it is possible to limit its use by
protecting the method of production of the immunoglobulin, the composition of an
innovative product, or even the method of treatment of a particular condition. This
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Purification
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Number of patent applications

Fig. 17.6 (a) 10-year break down per purposes of patent applications related to IgY-technology
from 2010 to 2019. (b) Geographic origins of patent applications related to IgY-technology from
2010 to 2019. AR Argentina, PL Poland, RU Russia, CA Canada, MX Mexico, BR Brazil, RO
Romania, KR Korea, JP Japan, EU European Union, AU Australia, WO worldwide (PCT system),
US United States, CN China

fact can be easily exemplified by the granted patents US10611828B2 and
EP2957570B1 that protect IgY-based products for the treatment of infections in
humans and have reached clinical study phases (NCT02385773 and
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NCTO04121169). While the first patent claims a composition to treat several enteric
infections by using IgY vehiculized in bovine colostrum (Starzl 2012), the latter
discloses a therapeutic method involving an IgY composition to treat clostridial
infections (Maiti 2015). In general, therapeutic claims are mostly associated to oral
administration of the immunoglobulins, although some patents also include the
topical administration of IgY, as for instance in the granted patent US10428138B2
(Tsukamoto 2018).

Other strategies comprise compositions related to theranostic products; a novel
concept of customized medicine based on the specific needs of the patients. For
instance, the patent application US20190256583A1 claims a method to determine
the profile of the intestinal microbiota from patients suffering from dysbiosis and
then a selection of a particular set of IgY to balance the enteric microbiome (Goepp
2018). Likewise, a similar strategy is adopted by the patent application
EP3362092A1, that claims the use of antigens obtained from skin cell cultures of
patients suffering from psoriasis for the immunization of hens (Constantin et al.
2017). Nevertheless, although these tailor-made products are usually more effective
than standard medicines, legal restrictions from each country or region may limit this
novel approach.

Inclusion of IgY as a component in detection methods or diagnostic products may
help to accomplish the mandatory innovative step requirement for patenting. In fact,
a wide range of applications can be found in diagnostic methods associated to
IgY-technology. For instance, the granted patent US9945846B2 claims a lateral
flow kit to quantify in vitro immune complexes or patent US9416163B2, which
protects an analytical kit including IgY conjugated to biotin or gold nanoparticles to
detect dust mites in environmental samples.

The use of novel reagents and procedures to extract and/or purify the immuno-
globulin from the egg yolk may also allow the indirect protection of specific IgY. For
example, patent US9605052B2 claims a purification method by using innovative
buffer solutions and extraction conditions (Wang and Wang 2013). Also, many
patents include novel ligands that allow affinity purification of IgY, such as patent
CN104761638 that claims a genetic construct expressing a protein able to bind the
immunoglobulin (Zhang and Jiang 2015).

17.4.3 Perspectives

It seems that in the current intellectual protection scenario, IgY antibodies cannot be
protected in terms of their structure but it is possible to obtain patent rights for
products or methods that include the immunoglobulin. Anyhow, since countries or
regions may have different interpretations of laws and regulations, new
developments including IgY should consider the intellectual property strategies
that will be followed (Leiva et al. 2020). In addition, once the patent is filed, the
IgY-based composition may be registered as a feed additive or as a pharmaceutical
drug (Thu et al. 2017).
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In the future, the use of novel technologies can provide the inventive step needed
to protect IgY compositions. For example, protection strategies may consider the use
of synthetic biomolecules or DNA antigens used for the immunization of the hens,
delivery systems based in nanostructure-carriers for the administration, or novel
synthetic high-affinity ligands for the purification of the immunoglobulin. On the
other hand, since most of the registered products are intended for oral delivering,
pros and cons of parenteral administration of IgY need to be discussed. In this way,
studies of security and efficacy of the administration of the immunoglobulin by this
route may stimulate the development of new products that could be further protected.
In particular, novel methods to produce IgY with lower antigenicity, such as Fab
fragments, are essential to improve the safety of IgY-based therapeutics.

In the forthcoming years, development of IgY-based products may be stimulated
by the current global concern regarding the resistance to antimicrobials as well as for
the diagnosis and treatment of emerging diseases. This scenario will represent an
opportunity for IgY-technology that may attract the interest of the scientific commu-
nity and the private industry to develop and protect new alternative products for
human and animal medicine. Furthermore, the constraints of intellectual protection
of IgY being a natural molecule may even become a market advantage in the context
of the consumer’s demands for natural-derived products.
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Xiaoying Zhang, Patricia M. Morgan, and Ricardo S. Vieira-Pires

Abstract

Interests in IgY technology span many areas of scientific research from basic
biology to applications for both human and animal welfare. The previous chapters
of this book provided a comprehensive introduction and analysis on this technol-
ogy and its applications. This chapter focuses on the perspective analysis of the
technology: the central position of the IgY molecule among immunoglobulins
and immune systems across species is highlighted for future research. The future
potential of IgY applications is also explored. 1gY technology is expected to
continue its development in combination with the rapid advancements of
modern biotechnology and biomedicine. There remains a requirement for the
standardization of the components of the technology to make it more accessible to
new researchers in the field and to broaden its potential value added applications.

On writing a perspective on IgY Technology the first consideration is where the
emphasis should lie. There are a large number of contributing and perhaps even
competing interests. To put the focus only on the basic biology would ignore the
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many applications of the technology to animal and human welfare. Insufficient
attention to the new information on the biology of IgY would serve to hamper future
developments. We have attempted to steer a middle ground between these two
choices. We hope throughout this book to have provided the reader with a compre-
hensive overview of IgY Technology from the basic biology to its implementation
and application. We will restate the advantages of IgY technology which include the
following: low cost, high yield and ease of antibody production; advantages due to
antibody characteristics; and the production of IgY using animal friendly practices.
Specific IgY is a promising alternative for the treatment of infections and it is likely
that the global concern on antimicrobial resistance will stimulate the adoption of this
technology.

However, in this short chapter we would like to guide the reader on navigating the
book as a whole with less emphasis on the contents of an individual chapter, which
in any case was somewhat of a subjective decision. We do not intend to revisit the
facts as already presented in the other chapters of the book.

It is clear that avian IgY holds a central position in the evolution of antibodies
which are part of the armoury of adaptive immunity which arose in the class of
cartilaginous fish during vertebrate evolution. With increasing genomic information
it has also become clearer that within avian species there are differences in the
immunoglobulin classes expressed with chickens and ducks lacking IgD and ducks
and geese having a truncated IgY(AFc). In evolutionary terms from fish to mammals
there are increasing classes of immunoglobulins but in contrast mammals have two
light chain isotypes while chickens have only one. A systematic study of other avian
species may allow us to speculate on how these differences arose and broaden our
understanding of the complexities of the immune system. Different animal species
also show different mechanisms of antibody generation and differentiation, like the
obvious differences between IgY and IgG antibodies which may provide important
insights for the construction of diversified antibody generation platforms. Therefore,
it is very important to deepen the study of antibody generation and evolution.

IgY is transported from the hen serum to the egg yolk to provide the young chick
with some protection as it hatches and before it develops its own immune response.
The picture is currently incomplete as the receptor involved in the transfer from the
maternal bloodstream to the yolk sac is unknown. Gaining further insights into this
transfer may be important in understanding receptor evolution but also identification
of this receptor and its mechanism of action could influence the transfer of IgY into
the egg which would support the development of transgenic hens expressing high
levels of therapeutic proteins.

Knowledge of the structure and function of IgY has advanced over many years
but gaps in our knowledge still remain which have implications for, among other
things, purification of IgY from egg yolk. A variety of extraction and purification
techniques have gained acceptance. In the absence of standardization, the new
researcher is confronted with too many possible options. Research on how to obtain
IgY with maximum biological activity and high purity with the minimum number of
steps is still necessary. The availability of commercial purification kits and second-
ary antibodies has made purification of IgY at research scale possible and accessible
to new researchers. Large scale commercial purification methods for IgY without
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impacting on the biological activity of other bioactive components of the egg and
minimizing environmental waste is still a goal to be reached.

The technological applications of IgY can be divided into two streams; lower cost
products with minimal levels of purification and at the other extreme those involving
complex biological techniques and specialized equipment. Eggs are natural products
and egg allergies are usually associated with egg white so the use of egg yolk is a
well-accepted modality. Egg yolk or egg yolk powders, containing specific IgY after
immunization of hens, can be readily obtained with simple extraction techniques.
These exert direct effects by protecting from pathogens and some indirect effects on
promoting the immune response which need more detailed investigations. Purified
IgY can be less stable and there are remaining challenges in developing the most
suitable protectant, carrier and delivery systems for IgY. Research into delivery
systems for IgY such as liposomes, microcapsules, and enteric coatings is needed;
both for its protection from degradation but also to support the absorption of
the drug.

The applications of IgY to treat human disease usually rely on the most advanced
scientific techniques. Advances have been made in the production of monoclonal
IgY fragments and its humanized and chimeric forms. Therapeutic efficacy and
continuing advances in the production of human-derived molecules suggest a
promising future for antibody mimetics. Transgenic hens are now a reality but
challenges remain in optimizing the yields; the even shorter generation times for
quails compared to chickens may make them an ideal choice for future development.
The technology to produce germ-free eggs, combined with these other advanced
technologies may make significant advances in the development of human therapeu-
tic molecules in hens.

We hope that whatever your interest is in IgY Technology that you will have
found within these covers an accessible guide for your ongoing and future research.
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