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Why genetically engineer birds?

Biology
echicken and quail are excellent model organisms for developmental biology research
Agriculture - improve poultry production (meat and eggs)

egenerating chickens that are resilient to disease, have improved production traits, improved
welfare and safer food products

Biotechnology - generate valuable biologicals for medicine
echicken eggs as bioreactors for pharmaceutical proteins

Conservation
egenetic rescue of endangered bird species
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Primordial Germ Cells (PGCs)

* Avian embryonic PGCs migrate through the vasculature on their path to the
gonad where they become the sperm or ova producing cells

* This unique feature of avian PGC migration through blood has led to a
transformational advance in the generation of genetically engineered
chickens

* PGCs “OUTSIDE” — highly skilled culture (van de Lavoir et al, 2006)
* establish PGC cultures
*introduce genetic modifications into cultured cells
* expand the modified cells into clonal populations
*inject selected cells into recipient embryos to create germline chimeras

* PGCs “INSIDE” — In vivo transfection of PGCs (Tyack et al, 2014)

e direct Injection - no selection step available which can lower success rate
* Avoid imported biologicals required for PGC culture system



Disease Resilience — avian influenza (ANP32A)

e Avian influenza is a major problem &’ﬁgeLIFE
 Consistent and extensive outbreaks in recent years
* Vaccination not fully effective
* Significant threat of human flu pandemic

e Avian influenza virus polymerase does not function well in mammalian
cells (host restriction)

* Species specific difference in ANP32A protein - avian ANP32A proteins
have a 33 amino acid insertion

156 193
huANP32A PDSDAEGYVEGLDDEEEDED-------—-———-———————————————————— —— EEEYDEDAQVVEDEEDED
chANP32A PDSDAEGYVEGLDDEEEDEDVLSLVKDRDDKEAPDSDAEGYVEGLDDEEEDEDEEEYDDDAQVVEDEEDEE

156 226

unique aa duplication of aa149 to aa175

“For comespordence:
w barday@imperlacuk

e Long et al 2019 used CRISPR to remove the 33 amino acid insertion from m_d e

ary
Accepted: & April 2019

chANP32A or to knockout the entire protein in chicken cells Pt ot e 209

Reviewing editor: Martin
Schwemmbe, University Medical

* Edited cells that expressed the short chANP32A supported mammalian- ~ Seresm
adapted but not avian polymerase activity “ :

e Cells completely lacking chANP32A did not support either mammalian or
avian influenza polymerase activity and were refractory to infection
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Species specific differences in use of
ANP32 proteins by influenza A virus
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Abstract Influenza A viruses [LAV) are subject to spedes bamiers that prevent frequent zoonstic
transmission and pandemics. Oine of these barders is the poor activity of avian IAV polymerases in
human cells. Differences between avian and mammalian ANP32 proteins underlie this host range
barier. Human ANP32A and ANP32E homeologues both support function of human-adapted
influerza polymerase but do not support efficient activity of avian IAV polymerase which requires
avian ANP32A. We show here that the gene currently designated as avian ANP32B is evolutionarily
distinct from mammalian ANPI2B, and that chideen ANP32B does not support 1AV polymerase
activity even of human-adapted viruses. Consequently, 1AV relies solely on dhicken ANP32A to
support its replication in chicken cells. Amine acids 129 and 130N, accounted for the inadivity of
chicken ANP32B. Transfer of these residues to chicken ANP32A abolished support of 1AV
polymerase. Understanding AMP32 function will help develop antiviral strategies and aid the design
of influenza virus resilient genome edited chickens.

DOI: bty doiorg/ 10,7554 el ife 45064 001

Introduction

Influerza A viruses {LAV) infect & wide range of host species but originate from wild birds. Zoonotic
transmission from the avian reservoir is initially restricted by host specific species barrers. Infection
of new host spedes reguires the virus to bind to cell surface receptors, utilise foreign host cellular
proteins whilst evading host restriction factors in erder to replicate it genome, and finally transmit
between individuak of the new host.

The negative sense RMNA genome of influerza A virus (LAV) is replicated in the cell nudeus using &
wirally encoded RMA-d dent RMA poly , & hetarotrimer composed of the polymeras e basic
1 [PB1), polymermmse basic 2 (PB2) and polymerase acidic (PA) proteins together with nucleoprotein
[NP} that sumounds the viral RNA, forming the viral rib onuclecprotein comp lex [WRNP) (Te Velthuis
and Fodor, 2016).

Crudally, the viral polymerase must co-opt host factors to camy out transcription and replication
{Te Velthuis and Foder, 20148). The PB2 subunit is a major determinant of the host restriction of the
viral polymerase (Almond, 1977). Avian LAV polymerases typically contasin a glutamic acid at position
527 of PB2, and mutation to a lysing, the typical residue at this position in mammalizn-adapted PB2
{Subbarac et al, 1993), can adapt the avian polymerase to function efficiently in mammalian cells.
‘We have suggested that the restriction of avian |AV polymerase is due to a species spedfic differ-
ence in host protein ANP32A (Long et al.,, 2018). Avian AMP32A proteins have a 33 amino acid
insertion, lacking in mammals, and overexpression of chicken ANP32A [chANP324) in human cells
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Disease Resilience — avian leucosis virus subgroup J (ALV-J)

Precise CRISPR/Cas9 editing of the NHE1 gene renders
chickens resistant to the J subgroup of avian

» ALV-J causes significant economic losses in the poultry
industry

* Virus receptor is chNHE1

» Deletion or substitution of a single amino acid

(tryptophan 38) confers resistance to infection

w38 P52

T™M1 4 N2 ECL1 T™M2

Chicken (+) mmummmmxmmmnm mmmmmm!smmzsmm
Red jungle fowl (+)  GQRLOADATRVSEPTWEQPWGEPGGITAAPLATAQEVHPLNKQH - - HNHSAEGHPKPRKAFPVLGIDYSHVRIPFEISLWILLA
Chukar (-) GQGLOANATRVSEPT - EQPWGEPGGITAAHPATAQEVHPLNKQH - HNHSAEGHSKPRKAFPVLGIDYSHVRIPFEISLWILLA

Guinea fowl (-) WPWTPGGQWWMP-WEIMMISMW
Jap.quailQT6(-)  GQGLQANASHGPEPTEEQPWVKVGGITAAPPATAQEVHPLNRQH - HNHSAEGHPKTRKAFPVLS IDYSHVRIPFEIALWILLA
Jap. quail 16Q, QEF(- )WHGMWW HNHSAEGHPKTRKAFPVLSIDYSHVRIPFEIALWILLA
Common pheasant (-) W--—-WIMIMW HNHS SDGHSKPRKAFPVLGIDYSHVRIPFEISLWILLA
Reeve's pheasant (-) W-----mmmmmmsoasmummzmm
Turkey (+) H-HNHS SDGHSKPRKAFPVLGIDYSHVRIPFEISLWILLA
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leukosis virus
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Avian leukosis virus subgroup J (ALV-J) is an important concern for
the poultry industry. Replication of ALV-J depends on a functional
cellular receptor, the chicken Na®/H" exchanger type 1 (chNHE1).
Tryptophan residue number 38 of chNHE1 (W38) in the extracellu-
lar portion of this molecule is a critical amino add for virus entry.
We describe a CRISPR/CasS-mediated deletion of W38 in chicken prd-
mordial germ cells and the successful production of the gene-edited
birds. The resistance to ALV-J was examined both in vitro and in vivo,
and the AW 38 homozygous chidkens tested ALV-J-resistant, in con-
trastto AW38 heterozygotes and wild-type birds, which were ALV-J-
susceptible. Deletion of W38 did not manifest any visible side effect.
Our data dearly demonstrate the antiviral resistance conferred by
precke CRISPR/Cas9 gene editing in the chicken. Furthermore, our
highly eﬂnent CRISPR!C&E gene editing in pdmordial germ cells

| additi chnology in the chidken,
an mportaﬂfood source and research model.

avian leukosis virus subgroup J | Na*/H* exchanger type 1 | CRISPRICasY
genome editing in chicken | primordial germ cell | disease resilience
in pouftry

Background

Since its identification during the first outbreak in the United
Kingdom (1), avian leukosis virus subgroup J {(ALV-J) has been
an important concemn for the poultry industry. European and
American ALV-J strains, such as the prototypic HFRS103, mostly
induced myelocytomatosis in broiler chickens. In China and
Southeast Asia, however, ALV-J evolved into various strains with
diversified pathologies in both meat- and egg-type chickens (2).
The last big ALV-J outbreak in China, with surprisingly high
mortality of infected chickens, occurred in 2018, despite an
eradication program geared toward the virus (3).

Chicken Na*/H* exchanger type 1 (chNHEI) has been rec-
ognized as a receptor for ALV-J, and its prominent and glyco-
sylated extracellular loop 1 is necessary for virus entry (4).
Comparison of its amino acid sequence in ALV-J-susceptible
species (domestic chicken, jungle fowls, turkey) and resistant
species (most galliform birds) pointed to W38 being a residue
critical for the receptor function (3). The single amino acid de-
letion of W38 introduced by CRISPR/CasY in cultured chicken
cells rendered the cells resistant to ALV-J and confirmed the
importance of W38 for virus entry (6). Unfortunately, chNHEL is
well conserved in a wide range of chicken breeds, including in-
digenous breeds of Asian origin (7). As a result, there is no
known source of genetic variability to be used to selectively breed
an ALV-J-resistant chicken. This obstacle might be overcome by
precise gene editing using CRISPR/CasY.

The current approach o chicken genome manipulation relies
on primordial germ cell (PGC) technology (8). Male PGCs are
derived from chicken embryos infected with a retroviral vector or
DNA-transfected during in vitro culture and finally returned to

21082112 | PNAS | January 28, 2020 | wol 117 | no.d

the embryos, where they differentiate and mature into functional
sperms in the cockerels after hatching. This is now a well-
established technology providing transgenic chickens (4) and even
genetic knockouts (10). However, the knock-in technology and
CRISPR/CasY editing of endogenous loci in the chicken remained
to be expanded. with the low efficiency of embryonal PGC ap-
plication being the main obstacle. This has now changed with our
method of orthotopic PGC transplantation into sterilized adult
cockerels (11). This technique improves the efficiency of rans-
genesis in the chicken and makes such gene editing feasible. In this
report, we describe the preparation of a chicken line with
CRISPR/Casb-introduced AW3H into chNHEL This chicken line
is fully resistant to ALV-J infection.

Results

Generation of chNHE1-Edited Chickens. We derived PGCs from
blood aspirations of 14- to 17-stage (H & H) male embryos of
inbred line CB (57 Appendix, Fig. 51), which is homozygous for
the wt chNHEI allele and susceptible to ALV-J infection. For

Significance

The current progress of diti
the knock-out and knock-in studies in ammal models and pro-
duction of genetic modifications in livestock. Increased re-
sistance to viral pathogens is a particular goal because many
monogenic host cell factors are necessary for productive in-
fection and pathogenesis. For example, virus receptors with
their spedfic virus binding sites are direct targets for the
CRISPR/Cas9 gene editing. We introduced a single amino add
deletion into the gene encoding the receptor that & required
for avian leukosis virus subgroup J to infect chicken celks. Here,
we demonstrate that this mutation confers the resstance of
chick to avian leukosis virus subgroup J, an important path-
ogen in poultry. In addition, we present highly efficient genome-
editing technology in dhicken.
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Increased food safety — egg allergy

 Eggallergy is widespread and impacts more than 40 million children
worldwide

* Cost of childhood food allergies in the USA alone is $25 billion
per year

 Major food safety issue and implications for vaccines grown in eggs
 Eggallergy is caused by 4 proteins within the egg white

 Ovomucoid (Ovm) is the most allergenic egg white protein
* makes up a small amount of the total egg white protein
e Resistant to cooking and digestion

* We are using CRISPR to knockout Ovm using our well-established poultry
genome engineering capability
* OVM gene knockout — safe in cooked egg products
* Qur goalis to have 1st gene edited animal food product in Australia

* We can achieve something truly novel and disruptive in the free-from-

food industrx
\
8
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Production and characterization of eggs from hens with
ovomucoid gene mutation

Takehiro Mukae,* Kyoko Y oshii,” Takuma Watanobe, Talkahiro Tagami,’ and Isao (ishi®"

*Rumedical Research Instatule, National Instatute of A dvanced Industrial Saence and Technology, Reda 565-8577,

Japan; ' Sapporo Division, Cosmo Bio Ca. Lid., (Maru 04 7-0261, Japan; and ' Ammal Breeding and Reproduction

Research Dimsmon, hstibule of Lavestock and Grasslond Sewenee, National A greulture and Food Research Orgam-
zation, Taukuba S05-0901, Japan

ABSTRACT Ovomuooid = a major egg white pro-
tein which is considersd as the most dominant allergen
in chicken eges. Owing to the difficulty of sepamting
ovomeold from ege whites, ressarehers have adopted
genetic deletion for development of hypoallergenic
apps. Previoiely, we med CRISPR,/Cas® to establish
chickers with ovomucold gene [QOVM) mutations,
but it remaieed mlnown whether such bens could
produce eges at maturity. Here, we have mported on
egps laid by OTM-targeted hens Except for watery
ege whites, the eges had no evident abnormsalities.
Realtime POR revealed alternative splicing of QWM

mBANA in hens, but thelr expression was lindbed.
Inminohlotting detected neither mature ovommeoid
nor ovomnosld-truncated splicing  varlants in egg
whites. Sixteen chicks hatehed from 28 fertilized egos
laid by OVM-targeted hems, amnd fourteen of the
gixteen chicks demwnstrated healthy growth. Taken
together, our results demonstrated that OVM
Imockout could alnwst completaly eliminate ovommu-
ok from eges, without abolishing fertility. Thus, the
apps developed in this study have potential a2 a hy-
poallergenic food smoce for most patients with egg
allergies.

Key words:ovormmuondd (0 VM)-knockout egg, egg allergen depletion, gene targeting, genome editing, CRISPR,/Casf

INTRODUCTION

Chicken eggs am one of the most oommon allergenic
foods, especially in children, in whom allergy preva-
knce ranges hetween (L5 and 25% (Rona et al | 2007,
Caubet and Wang, 2011). The glycoprotein ovomacold
(OWM) iz a major allergenic protein that constitutes
11% of the egg white protein [Kovacs-Nolan et al.,
H05). OVM E helieved to be the most dominant aller-
genic protein (Bernhizel-Broadbent et al., 1984; Cooke
anl :';ﬁ.ll.|h'lll. 1 .?.?u; Mine and Yang, L’.'r.'l"\]. T'he‘mer-.’me:
renoval of (WM or elimination of its allergenieity may
result in hypoallergenic egg products. Food-processing
methods such as proteinase and heat treatments are
frequently used to reduce allergenicity of various foeods
[Verhoeckx et al., 2015). Such methods have been nsed
to reduce egeg allergenicity, but their use in egg

& 2020 Puhlishad by Ekevier Ine. on hehalf of Poultry Schnee
Ao iation Ine. This & an op s artide under the COBY-NC-
ND Beenae (http:/foeativa mea.ong li e mses hy-ne-nd 4.0/

Reveived Jamuary 36,

Aceepied Oetober 22, ATAL

t|'fv:|||-:s|'|c|r-d.mgJurm:n. aishi- st go.jp
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httpe: / fdodorg 1001016/ ) paj 20200 100026

products is limited hecause OWM is highly resistant
to sich treatments (Matsuda et al, 1983 Fovacs
Nolan et al, 2000; Hircse o al., 2004). Physical
removal of OVM from egg whites has ako been
explored, with methods that include solvent extraction
and rimsing of bolled egg whites (Urisu et al. 1997;
Tanabe et al., 200). However, physical removal is
impractical and diffienlt to wse in food manofaciring
becase of inmficdent OVM elimination, poor oost-
afficiency, and destruction of ege white properties
such as gelling and foaming (Mine and Zhang, 2001;
Chang et al, 2018). In contrast, genetic delstion of
OVM from hens implies that OVM protein will not
heexpressed, therely potentially genemting hypoaller-
genie OWVM-free eges that reduce immmine responss in
patients with ege allergles (Park et al, 2014;
Chojnacka-Puchta and Sawicka, H00).

We previously uwsed the CRISPR/Cadd system to
prochice biallelle OTVM knockout (OTM ) chickens
((shi et al., 2016), but we did not examine thelr egg
procluction capacity. Here, we almed to determine the
epr-laying ability of OVM 7 hens and studied proper-
ties of eggs from such hens, To that end, we raised
OV hens to sexual maturity and then evaluated
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* Challenge: develop a technology to detect and
remove male embryos prior to hatch
e At point of lay
* Without physically penetrating the shell
* High through-put, high accuracy
* Low cost

* Global industry demand for a solution

CSIRO



not GMOs

Gene Technology Regulations - Amendments (for clarification of definitions)
* Null-segregant offspring of GMO parents will not be classified as GMOs

A No culling of Repurposing
- ‘! day old male (value adding)

chicks of male eggs

— @
&

Null-segregant process also being recognised (and excluded from GMO definition) by Food Standards Australia New Zealand (FSANZ)
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Hens to the farm Eggs on the shelves Nothing changes
exactly the same as exactly the same as for the consumer
they are today they are today

‘a # 10
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Local

Consumers

Global Nation-wide
. Local Local
Genetics 2 Breeders and
: : Farmers Supermarkets
Companies hatcheries

No more culling
. Marker removed @ of day old
with male eggs W male chicksJ




Hens to the farm Eggs on the shelves Nothing changes
exactly the same as exactly the same as for the consumer
they are today they are today
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