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The Europäische Akademie
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Entwicklungen GmbH is concerned with the scientific study of consequences of
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plinary project groups, whose members are recognised scientists from European
universities. Overarching issues, e.g. from the fields of Technology Assessment or
Ethic of Science, are dealt with by the staff of the Europäische Akademie.
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The series Ethics of Science and Technology Assessment (Wissenschaftsethik und
Technikfolgenbeurteilung) serves to publish the results of the work of the Eu-
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Preface

The Europäische Akademie deals with the scientific study of the conse-
quences of scientific and technological advances for individuals and society,
as well as for the natural environment with the lifesciences being an impor-
tant focus of its work.

The genetic engineering in animal species traditionally used as livestock
has experienced a renaissance in recent time caused by the huge advances
in the methods of animal biotechnology and by an increasing amount of
sequencing information available. Applications reach from the use of trans-
genic animals for the production of biopharmaceuticals, to the alteration
of the meat or milk quality or to the improvement of disease resistance of
the animals. Besides these expected beneficial traits, livestock genetic engi-
neering also raises a number of complex moral, legal and social questions
as well as questions on the animal welfare of transgenic livestock that yet
have not been thoroughly discussed. To initiate discussion the Europäische
Akademie and the Berlin-Brandenburgische Akademie der Wissenschaften
jointly organized a symposium on “New applications of livestock genetic
engineering” that took place from 21st to 22nd of September 2007 in Ber-
lin. The results of the symposium are published in these proceedings. The
symposium was carried out in connection with an interdisciplinary project
group of the Europäische Akademie on ‘Pharming’. The results of this
project are published in parallel to these proceedings in the same book
series (volume 35): “Pharming. Promises and risks of biopharmaceuticals
derived from genetically modified plants and animals”.

I would like to thank the authors Joseph Carnwath, Ph.D. (Neustadt,
Germany), Professor Dr. Louis-Marie Houdebine (Jouy en Josas, France),
Professor Dr. Matthias Kaiser (Oslo, Norway), Dr. Wilfried Kues (Neus-
tadt, Germany), Professor Dr. Heiner Niemann (Neustadt, Germany), Pro-
fessor Angelika Schnieke, Ph.D. (Munich, Germany), Dr. Cornelius Van
Reenen (Lelystad, The Netherlands), Professor Gary Walsh, Ph.D. (Lim-
erick, Republic of Ireland) and the scientific coordinators of the sympo-
sium Dr. Margret Engelhard (Bad Neuenahr-Ahrweiler, Germany), Kris-
tin Hagen, Ph.D. (Bad Neuenahr-Ahrweiler, Germany) and Dr. Mathias
Boysen (Berlin, Germany) for their commitment to this project. Espe-
cially I would like to thank one of the authors, Professor Schnieke, for her
great support during the planning phase of the symposium. In addition, I
thank Katharina Mader and Friederike Wütscher from the Europäische
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Akademie for the organisation of the symposium and the editing of this
proceeding.

The Federal Ministry of Education and Research (Bundesministerium
für Bildung und Forschung, BMBF) and the Hermann und Elise geborene
HeckmannWentzel-Stiftung is hereby acknowledged for the funding of the
symposium.

Bad Neuenahr-Ahrweiler, July 2008 Carl Friedrich Gethmann
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Foreword

Last year, the first “animal pharming” product reached market approval:
it is a recombinant human protein for medicinal use that is produced in
the milk of transgenic goats. Products from other transgenic animals,
including „environmentally friendly” pigs and faster-growing salmon, are
awaiting regulatory approval. These are only some examples of upcoming
applications of genetic engineering in animal species traditionally used as
livestock, or farm animals. Other applications include enhancement of pro-
ductivity (e.g., higher milk or meat yields), alterations of product quality
(e.g., leaner meat), and disease resistance. Also, transgenic livestock may
be used for xenotransplantation, where genetic engineering is hoped to
improve the animals’ suitability as organ donors for humans.

The possibility of using genetic engineering in agricultural animals to
enhance production or to enable the development of novel products has
been inspiring research right from the start of the age of genetic engineer-
ing. However, advances proved slower in large animals than in mice, which
are nowadays genetically modified in numerous biomedical applications.
In addition, low public acceptance of agricultural products from transgenic
animals was expected on the basis of public reactions to genetically modi-
fied agricultural plants. Transgenic farm animal projects have, thus, been
partly on hold. Yet there might be a new rise in the area: livestock genetic
engineering is becoming increasingly feasible as the techniques to remove,
modify, replace or add genes are being refined, and an increasing amount of
genomic information about farm animals can be utilised.

While genetic engineering in livestock opens a huge range of possibili-
ties, it also raises safety and justification concerns: does genetic engineer-
ing affect animal welfare? Is it safe and morally acceptable to apply genetic
engineering to farm animals for the various purposes that are envisaged?
It appears that after a bout of interest in the context of the media atten-
tion around “Dolly”, the sheep, the topic of animal genetic engineering and
cloning has moved into the background compared with genetic engineering
in plants, possibly because the practical applications of transgenic animals
have hitherto rarely left the laboratories.

It is against this background that the Europäische Akademie and the Ber-
lin-Brandenburgische Akademie der Wissenschaften addressed the topic of
transgenic farm animals in an interdisciplinary symposium in 2007. The
aim of the symposium was to put the topic of genetically modified pro-
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duction animals on the public agenda again and to start its interdiscipli-
nary evaluation by bringing together some of the relevant scientific disci-
plines. We feel that this aim was met with the talks and the discussions at
the symposium. In these proceedings we have assembled written contribu-
tions based on the majority of the talks: the state of the art of the technol-
ogy and its applications (contributions of Niemann et al., Houdebine), the
specific applications in the production of biopharmaceuticals (contribu-
tion by Schnieke on historical industrial development and technology, and
by Walsh on the market for biopharmaceuticals), the ethical aspects (Kai-
ser), and animal welfare considerations (Van Reenen). We hope that this
can provide readers with a useful introduction to the topic, and serve as a
basis for further dialogue.

Bad Neuenahr-Ahrweiler and Berlin, July 2008 Margret Engelhard
Kristin Hagen

Mathias Boysen

Foreword



List of Authors

Carnwath, Joseph W., Ph.D.; B.A. from Yale University, USA, 1966; M.Sc.
in biology from Lehigh University, USA, 1976; Ph.D. from Cambridge Uni-
versity, England; thesis on intracellular electron probe microanalysis of
Na/K, 1984. Post doctoral research on the mdx mouse model of Duchenne
muscular dystrophy at Oxford University from 1983 to 1987. Post doctoral
research on transgenic mouse models of liver carcinogenesis at the Fraun-
hofer Institute of Toxicology and Experimental Medicine in Hannover,
Germany, from 1987 to 1991. Since 1991, senior researcher at the depart-
ment of biotechnology, Institute of Farm Animal Genetics – Federal Min-
istry of Food, Agriculture and Consumer Protection (BMELV), Germany.
Main research areas: transgenic animal production, gene expression pat-
terns in oocytes and preimplantation embryos, epigenetic control of gene
expression, stem cell production, xenotransplantation, cell therapy.
Address: Friedrich-Loeffler-Institute, Institute of Farm Animal Genetics,
Mariensee, Höltystr. 10, 31535 Neustadt, Germany.

Houdebine, Louis-Marie, Professor Dr.; has studied mechanisms of ani-
mal gene expression and particularly of milk protein gene expression for
forty years in the French National Institute of Research in Agronomy. He
has developed biotechnology projects implying transgenic mice and rab-
bits for the generation of models to study human diseases and for the prep-
aration of pharmaceutical proteins in milk. This led to the creation of a
biotech company BioProtein Technology (www.bioprotein.com) which still
collaborates with the INRA laboratory. Among the models are transgenic
rabbits developed to study disorder of lipid metabolism and those express-
ing the green fluorescent protein which are being used for studying embry-
onic stem cells, cloning and tissue grafting. Houdebine has been an expert
in several national biosafety committees for several years. He has also been
expert for particular evaluations in WHO, FAO, EFSA, Codex Alimentar-
ius and OECD. For six years he participated in a European Bioethic Course
(BioTethics and BIOTETHED). He teaches biotechnology at universities
and high schools in France. He also participates in public debates on GMOs
and cloning specially in France.
Address: National Institute for Agronomic Research (INRA), 78352 Jouy en
Josas, France.



XII

Kaiser, Matthias, Professor Dr. phil.; Dr. phil. in philosophy at the Uni-
versität Frankfurt, after studies at the universities of München (Ludwig-
Maximilians-Universität), Frankfurt a.M., Oslo and Stanford. Director
of the National Committee for Research Ethics in Science and Technol-
ogy (NENT), Norway, since 1991, a position including own research, with
acknowledged competence as full professor in philosophy of science since
1996. Until 2006 he was also adjunct professor for philosophy of science in
the doctoral education program at the College of Architecture (AHO) in
Oslo. His main work and areas of expertise are in the fields of philosophy
of science, ethics of science, and technology assessment. His areas of com-
petence include social studies of science and technology, history of science,
ethics, logic, and history of philosophy. For many years Kaiser’s research
activities have taken place in a multi- and inter-disciplinary environment.
He is directly involved inmatters of science and technology policy. Through
detailed case studies he has considerable insights in diverse fields of sci-
ence, such as the history of plate tectonics, aquaculture, and biotechnology.
Another topic of detailed study is the Precautionary Principle, particularly
in environmental science. His leading role in the conduct of three Norwe-
gian consensus conferences has led to a special interest in participatory pol-
icy tools and their use in ethical debate. Kaiser is currently President of the
European Society for Agricultural and Food Ethics (EurSafe).
Address: The National Committee for Research Ethics in Science and
Technology in Norway, Prinsensgate 18, P.O. Box 522 Sentrum, 0105 Oslo,
Norway.

Kues, Wilfried A., Dr.; Diploma in biology at the Universität Göttingen
1990. Ph.D. 1994 at the Universität Heidelberg on a thesis exploring gene
regulation of ligand-gated ion channels in skeletal muscle. 1995 postdoc at
the Universität Zürich, Switzerland, generating knock-out mice models for
Alzheimer’s disease. Since 1998 researcher at the department of biotechnol-
ogy of the Institute of Farm Animal Genetics, Mariensee, Germany (Fed-
eral Ministry of Food, Agriculture and Consumer Protection, BMELV).
Main research areas: stem cells, transgenesis of large animals, gene regula-
tion, epigenetics and conditional gene regulation.
Address: Friedrich-Loeffler-Institute, Institute of Farm Animal Genetics,
Mariensee, Höltystr 10, 31535 Neustadt, Germany.

Niemann, Heiner, Professor Dr.; Dr. med. vet. from the University of Vet-
erinary Sciences on a thesis exploring fluorochromes to assess the viability
of preimplantation embryos, Hannover, 1980; Habilitation from the same
university, 1987; Professor for reproductive biology from the same univer-
sity, 1994; head of department of biotechnology at the Institute of Farm
Animal Genetics 1987 (Federal Ministry of Food, Agriculture and Con-
sumer Protection, BMELV); Guest professorships at Monash University,

List of Authors



XIII

Melbourne, Australia, 2004, and Kinki University, Wakayama, Japan, 2007;
member of the Board of Governors of the International Embryo Transfer
Society (IETS) 1988–1990 and 1994–1996; IETS-President 1988/1989. Main
research areas: regulation of oocyte and preimplantation development in
livestock species, transgenic animals, somatic cloning, genetic diversity,
epigenetics, stem cells.
Address: Friedrich-Loeffler-Institute, Institute of Farm Animal Genetics,
Mariensee, Höltystr 10, 31535 Neustadt, Germany.

Schnieke, Angelika, Professor Dr.; Professor of livestock biotechnology at
the Technische Universität München, Germany. She gained a diploma in
bioengineering at the Fachhochschule Hamburg and her Ph.D. for a the-
sis entitled “Cell-mediated transgenesis in livestock” from the University
of Edinburgh. Her research interests are the genetic manipulation of mam-
mals to understand and combat human disease. Her early work was with
Professor Rudolf Jaenisch, first at the Heinrich-Pette Institute, Hamburg
and later at the Massachusetts Institute of Technology, and focussed pri-
marily on retroviral vectors for gene therapy and insertional mutagenesis
in mice. During this time she produced the first model of a human dis-
ease – a lethal disorder arising from collagen dysfunction and later an accu-
rate model of human osteogenesis imperfecta type 1 (brittle bone disease)
by a dominant negative mutant transgene. She subsequently joined Colo-
rado State University where her research extended to the production of
transgenic livestock. From 1992–2003 she worked with the biotechnology
company PPL Therapeutics in Edinburgh, becoming Assistant Director of
Research in 2001. Her research at PPL centered on the production of phar-
maceutical proteins in the milk of transgenic large animals and generation
of xenotransplantation donors. She developed key technologies, most nota-
bly somatic cell nuclear transfer – Dolly the sheep, in collaboration with
IanWilmut of the Roslin Institute. In 1997 she reported the first transgenic
animal produced by nuclear transfer – a sheep carrying human clotting
factor IX, for which she was awarded ‘paper of the year’ by the journal “Sci-
ence”. This was followed shortly afterwards by the first gene-targeted large
animal. Current research activities include the generation of large animal
models of serious human disease and the development of novel techniques
for genome engineering in livestock species: particularly animal stem cells,
artificial chromosomes and RNA inhibition.
Address: Lehrstuhl für Biotechnologie der Nutztiere, Technische Univer-
sität München, WZW Weihenstephan, Hochfeldweg, 1, 85354 Freising,
Germany.

Van Reenen, Cornelis G., Dr.; studied animal sciences at Wageningen Uni-
versity, The Netherlands, and graduated in 1988. Following military service,
he became a civil servant in the Veterinary Service of the DutchMinistry of

List of Authors



XIV

Agriculture. From 1991 until present he has been employed as a researcher
at various agricultural research institutes. Between 1991 and 1996 he was
involved in studies looking at the welfare of the first transgenic bull “Her-
man” (produced by the company Gene Pharming) and his offspring. At
present, he is senior project leader at the Animal Sciences Group of Wage-
ningen University and Research Centre (WUR) in Lelystad, The Nether-
lands, Cluster Animal Welfare. Current research topics include: the genet-
ics of adaptive capacities in dairy cattle and poultry, feeding strategies and
welfare in veal calves, and the development of systems for on-farm moni-
toring of farm animal welfare (part of the multinational European project
Welfare Quality).
Address: Animal Sciences Group of WUR, Edelhertweg 15, P.O. Box 65,
8200 AB Lelystad, The Netherlands.

Walsh, Gary, Professor, Ph. Dr.; was awarded his Ph.D. degree from the
National University of Ireland at Galway in 1989. He is currently Associ-
ate Professor of Biotechnology at the University of Limerick, Ireland. Prior
to joining the University of Limerick he worked within industry for sev-
eral years and was a visiting Fulbright Professor at the University of Geor-
gia in the United States. His research interests span various aspects of phar-
maceutical and enzyme biotechnology, and he has supervised (and contin-
ues to supervise) 20 post graduate and post doctoral students. He has also
acted as scientific secretary and as a member of the board of governors of
the European Association of Pharmaceutical Biotechnology. Walsh teaches
various aspects of pharmaceutical biotechnology at both undergraduate
and post graduate level and served as acting Dean, Teaching and Learn-
ing, at the University of Limerick in 2004. He is also a former recipient of
both his University’s excellence in teaching award and special achievement
in research award.
Address: Department of Chemical and Environmental Sciences, University
of Limerick, Limerick, Republic of Ireland.

List of Authors



Table of Contents

Preface ................................................................................................................VII

Foreword ..............................................................................................................IX

List of Authors .....................................................................................................XI

Transgenic Farm Animals: Current Status and Perspectives
for Agriculture and Biomedicine
Heiner Niemann, Wilfried Kues and Joseph W. Carnwath .............................. 1

Methods to Generate Transgenic Animals
Louis-Marie Houdebine ..................................................................................... 31

Animal Pharming: Past Experience and Future Prospects
Angelika Schnieke ............................................................................................... 49

Market Development of Biopharmaceuticals
Gary Walsh.......................................................................................................... 69

Ethical Aspects of Livestock Genetic Engineering
Matthias Kaiser ................................................................................................... 91

Assessing the Welfare of Transgenic Farm Animals
Cornelis G. Van Reenen ................................................................................... 119



Transgenic Farm Animals: Current Status and
Perspectives for Agriculture and Biomedicine1

Heiner Niemann, Wilfried Kues, Joseph W. Carnwath

Summary

The first transgenic livestock were produced in 1985 by microinjection
of foreign DNA into zygotic pronuclei. This was the method of choice for
more than 20 years, but more efficient protocols are now available, based
on somatic cell nuclear transfer (SCNT) which permits targeted genetic
modifications. Although the efficiency of transgenic animal production
by microinjection technology is low, many animals with agriculturally
important transgenic traits were produced. Typical applications included
improved carcass composition, lactational performance, and wool pro-
duction as well as enhanced disease resistance and reduced environmen-
tal impact. Transgenic animal production for biomedical applications has
found broad acceptance. In 2006 the European Medicines Agency (EMEA)
approved the commercialization of the first recombinant protein drug pro-
duced by transgenic animals. Recombinant antithrombin III, produced in
the mammary gland of transgenic goats, was launched as ATryn® for pro-
phylactic treatment of patients with congenital antithrombin deficiency.
Pigs expressing human immunomodulatory genes have contributed to
significant progress in xenotransplantation research with survival peri-
ods of non-human primates receiving transgenic porcine hearts or kid-
neys approaching six months. Lentiviral vectors and small interfering ribo-
nucleic acid (siRNA) technology are also emerging as important tools for
transgenesis. As the genome sequencing projects for various farm animal
species progress, it has become increasingly practical to target the removal
or modification of individual genes. We anticipate that this approach to ani-
mal breeding will be instrumental in meeting global challenges in agricul-
tural production in the future and will open new horizons in biomedicine.

1 Introduction: Transgenic Technologies for Farm Animals

The production of transgenic farm animals is extraordinarily labor and
cost intensive and depends upon advanced techniques in molecular biology,

1 This contribution is mainly based on the following reviews of the authors: Nie-
mann et al. 2005; Niemann and Kues 2007.
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cell culture, reproductive biology and biochemistry. The transfer of the for-
eign DNA is only one step in this process.

Critical steps involved in the production of transgenic farm animals are:

Identification of the gene (genome analysis);–
Cloning of the gene;–
Production of a suitable gene construct;–
Transfer of the gene;–
Proof of integration of the foreign gene;–
Proof of expression (mRNA, protein);–
Demonstration of transmission (inheritance);–
Selective breeding.–

Heiner Niemann, Wilfried Kues, Joseph W. Carnwath

Table 1: Milestones (live offspring) in transgenesis and somatic cloning in
farm animals. Modified from Niemann et al. 2005.

Year Milestone Strategy Reference

1985 First transgenic sheep
and pigs

Microinjection of DNA
into one pronucleus of a
zygote

Hammer et al.
1985

1986 Embryonic cloning of
sheep

Nuclear transfer
using embryonic cells as
donor cells

Willadsen 1986

1997 Cloning of sheep with
somatic donor cells

Nuclear transfer
using adult somatic
donor cells

Wilmut et al.
1997

1997 Transgenic sheep
produced by nuclear
transfer

Random integration
of the construct

Schnieke et al.
1997

1998 Transgenic cattle
produced from fetal
fibroblasts and nuclear
transfer

Random integration
of the construct

Cibelli et al. 1998

1998 Generation of transgenic
cattle by MMLV injection

Infection of oocytes with
helper viruses

Chan et al. 1998

2000 Gene targeting in sheep Gene replacement and nu-
clear transfer

McCreath et al.
2000

2002 Trans-chromosomal cattle Artificial chromosome Kuroiwa et al.
2002

2002 Knockout in pigs Heterozygous
knock-out

Dai et al. 2002;
Lai et al. 2002

2003 Homozygous gene knock-
out in pigs

Homozygous
knock-out

Phelps et al. 2003

2003 Transgenic pigs via lenti-
viral injection

Gene transfer into zygotes
via lentiviruses

Hofmann et al.
2003

2006 Conditional transgene ex-
pression in pigs (tet-off)

Pronuclear DNA injection
and crossbreeding

Kues et al. 2006
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The first successful gene transfer method in animals (mouse) was based
on the microinjection of foreign DNA into zygotic pronuclei. This was used
to produce the first transgenic livestock more than 20 years ago (Hammer
et al. 1985). Despite the inherent inefficiency of microinjection technology,
a broad spectrum of genetically modified large animals has been generated
since then for applications in agriculture and biomedicine, with the use of
transgenic livestock for ‘gene pharming’ already at the level of commercial
exploitation (Kues and Niemann 2004; Niemann and Kues 2007).

However, microinjection has several major shortcomings including
low efficiency, random integration and variable expression patterns which
mainly reflect the site of integration. Research has focused on the develop-
ment of alternate methodologies for improving the efficiency and reduc-
ing the cost of generating transgenic livestock. These include sperm medi-
ated DNA transfer (Lavitrano et al. 1989; Lavitrano et al. 2002; Chang et al.
2002), intracytoplasmic injection (ICSI) of sperm heads carrying foreign
DNA (Perry et al. 1999; Perry et al. 2001), injection or infection of oocytes
and/or embryos by different types of viral vectors (Haskell and Bowen
1995; Chan et al. 1998; Hofmann et al. 2004), RNA interference technol-
ogy (RNAi) (Clark and Whitelaw 2003) and the use of somatic cell nuclear
transfer (SCNT) (Schnieke et al. 1997; Cibelli et al. 1998; Baguisi et al. 1999;
Dai et al. 2002; Lai et al. 2002; table 1). To date, somatic cell nuclear transfer,
which has been successful in 13 species, holds the greatest promise for sig-
nificant improvements in the generation of transgenic livestock (figure 1).
The typical success rate (live births) of mammalian somatic nuclear trans-
fer is low and usually is only 1–2% of the transferred embryos. Cattle seem

Transgenic Farm Animals: Current Status and Perspectives

Cloning vector
with transgene

Oocyte donor

Transgenic cell

Transgenic animal

Somatic cells
(fibroblasts)

Cloning,
restriction

In vitro culture in
selection medium

Cells with integrated
transgene

analysis,
copy number

Transfection

Metaphase II
oocyte

Removal of
chromosomes

Aspiration

Enucleated
oocyte

Recipient animal

Embryo transfer

In vitro culture

Delivery of cloned calf
Transfer of cell into
ooplasm

Figure 1: Scheme showing the production of transgenic farm animals by so-
matic cell nuclear transfer (SCNT)
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to be an exception to this rule as levels of 15–20% can be reached (Kues
and Niemann 2004). Recently, we have also obtained a significant improve-
ment of porcine cloning efficiency by better selection and optimized treat-
ment of the recipients, specifically by providing a 24h asynchrony between
the pre-ovulatory oviducts of the recipients and the reconstructed embryos.
Presumably, this gives the embryos additional time to achieve the neces-
sary level of nuclear reprogramming. The improved protocol has resulted
in pregnancy rates of ~80% and only a slightly reduced mean litter size
(Petersen et al. 2007). These results show that the efficiency of SCNT is
likely to be improved in the near future with significant impact on trans-
genic animal production.

Further qualitative improvements may be derived from technologies
that allow precise modifications of the genome including targeted chromo-
somal integration by site-specific DNA recombinases, such as Cre or FLP,
or methods that allow temporally and/or spatially controlled transgene
expression (Capecchi 1989; Kilby et al. 1993). The genomes of farm ani-
mals (cattle, chicken, horse, dog, bee) have been sequenced and annotated
in http://www.ensembl.org and http://www.ncbi.org (both July 2008). They,
thus, provide new opportunities for selective breeding and transgenic ani-
mal production. After 12,000 years of domestic animal selection (Copley et
al. 2003) based on the random mutations resulting from environmental fac-
tors such as radiation and oxidative injury, technology is now available to
introduce or remove genes with known functions.

Here, we provide a comprehensive overview on the current status of
transgenic animal production and look at future implications. We focus
on large domestic species and do not cover recent developments in poultry
breeding or in aquaculture.

2 Biomedical Applications of Transgenic Domestic Animals

2.1 Pharmaceutical Production in the Mammary Gland
of Transgenic Animals

Gene ‘pharming’ entails the producti on of recombinant pharmaceuti-
cally active human proteins in the mammary gland or blood of transgenic
animals. This technology overcomes the limitations of conventional and
recombinant DNA based production systems (Meade et al. 1999; Rudolph
1999) and has advanced to the stage of commercial application (Ziomek
1998; Dyck et al. 2003; Schnieke this proceedings and Walsh this proceed-
ings). The mammary gland is the preferred production site mainly because
of the quantities of protein that can be produced in this organ using mam-
mary gland specific promoter elements and established methods for extrac-
tion and purification of the respective protein (Meade et al. 1999; Rudolph
1999). Guidelines developed by the Food and Drug Administration (FDA)

Heiner Niemann, Wilfried Kues, Joseph W. Carnwath
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of the USA require monitoring the animals’ health in a specific pathogen
free (SPF) facility, sequence validation of the gene construct, characteriza-
tion of the isolated recombinant protein, and monitoring the genetic stabil-
ity of the transgenic animals over several generations. This has necessitated,
for example, the use of animals from scrapie free countries (New Zealand)
and maintenance of production animals under strict hygienic conditions.

Several products derived from the mammary glands of transgenic goats
and sheep have progressed to advanced clinical trials (Echelard et al. 2006).
Phase III trials for antithrombin III (ATIII) (ATryn® from GTC-Biothera-
peutics, USA), produced in the mammary gland of transgenic goats, have
been completed and the recombinant product was approved as drug by the
European Medicines Agency (EMEA) in August 2006. This protein is the
first product from a transgenic farm animal to be accepted as a fully regis-
tered drug. ATryn® is registered for treatment of heparin resistant patients
undergoing cardiopulmonary bypass procedures. GTC-Biotherapeutics
has also expressed at least eleven other transgenic proteins in the mam-
mary gland of transgenic goats at concentrations of more than one gram
per liter. The enzyme α-glucosidase (Pharming BV) from the milk of trans-
genic rabbits has orphan drug status and has been successfully used for the
treatment of Pompe’s disease (van den Hout et al. 2001). Similarly, recombi-
nant C1 inhibitor (Pharming BV), produced in the milk of transgenic rab-
bits, has completed phase III trials and is expected to receive registration in
the near future. The overall global market for recombinant proteins from
domestic animals is expected to exceed $ 1 billion in 2008 and to reach
$ 18.6 billion in 2013.

An interesting new development is the production of recombinant pro-
teins in the mammary gland of transgenic animals for use as antidotes
against organophosphorus compounds used as insecticides in agriculture
and chemical warfare. Butyrylcholinesterase is a potent prophylactic agent
against these compounds. Recombinant butyrylcholinesterase has been
produced at a concentration of 5g/liter in the mammary gland of trans-
genic mice and goats (Huang et al. 2007). The recombinant product was
biologically active and had a half life in vitro which was sufficient to pro-
vide protection against organophophorus intoxication. Transgenic goats
can produce sufficient butyrylcholinesterase to protect all humans at risk of
organophosphorus poisoning.

Some gene constructs have failed to produce economically significant
amounts of protein in the milk of transgenic animals indicating that the
technology needs further refinement to insure consistent high-level expres-
sion. This is particularly true for genes having complex regulation, such
as those coding for erythropoietin (EPO) or human clotting factor VIII
(hFVIII) (Hyttinen et al. 1994; Massoud et al. 1996; Niemann et al. 1999).
With the advent of transgenic plants that also produce pharmacologically
active proteins, there is now an array of recombinant technologies that will
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allow selection of an appropriate production system for each required pro-
tein (Ma et al. 2003). The use of somatic nuclear transfer will accelerate
production of transgenic animals for mammary gland specific synthesis of
recombinant proteins.

2.2 Antibody Production in Transgenic Animals

Numerous monoclonal antibodies are being produced in the mammary
gland of transgenic goats (Meade et al. 1999) and cloned transgenic cat-
tle have been created which produce a recombinant bi-specific antibody in
their blood (Grosse-Hovest et al. 2004). When purified from serum, this
antibody is stable and mediates target-cell restricted T cell stimulation and
tumor cell killing. An interesting new development is the generation of
trans-chromosomal animals. A human artificial chromosome (HAC), con-
taining the complete sequences of the human immunoglobulin heavy and
light chain loci, has been introduced into bovine fibroblasts, which were
then used in nuclear transfer. Trans-chromosomal bovine offspring were
obtained that expressed human immunoglobulin in their blood. This sys-
tem is a significant step forward in the production of therapeutic human
polyclonal antibodies (Kuroiwa et al. 2002). Follow-up studies showed that
the HAC was maintained in most animals for several years in first gener-
ation cattle (Robl et al. 2007). How the HACs behave during meiotic cell
divisions remains to be shown.

2.3 Blood Replacement

Functional human hemoglobin has been produced in transgenic swine. The
transgenic protein could be purified from the porcine blood and showed
oxygen binding characteristics similar to natural human hemoglobin. The
main obstacle was that only a small proportion of porcine red blood cells con-
tained the human formof hemoglobin (Swanson 1992). Alternate approaches
to produce human blood substitutes have focused on linking hemoglobin to
the superoxide-dismutase system (D’Agnillo and Chang 1998).

2.4 Xenotransplantation of Porcine Organs to Human Patients

Today more than 250,000 people are alive only because of a successful
human organ transplantation (allotransplantation). Ironically, the success of
organ transplantation technology has led to an acute shortage of appropriate
organs, because cadaveric and live organ donation falls far short of meeting
the demand in western societies. To close the growing gap between demand
and availability of appropriate organs, transplant surgeons are now con-
sidering the use of xenografts from domesticated pigs (Platt and Lin 1998;
Kues and Niemann 2004; Yang and Sykes 2007). Prerequisites for successful
xenotransplantation are: (i) overcoming the immunological hurdles, (ii) pre-
venting the transmission of pathogens from the donor animal to the human
recipient, and (iii) compatibility of donor organs with human physiology.
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With a discordant donor species such as the pig, it is necessary to over-
come both hyperacute rejection (HAR) and acute vascular rejection (AVR).
The two strategies that have been successfully explored for long term sup-
pression of the HAR of porcine xenografts are: i) transgenic synthesis of
human proteins regulating complement activity (RCAs) in the donor
organ (Cozzi and White 1995; Bach 1998; Platt and Lin 1998) and ii) inac-
tivation of the genes producing antigenic structures on the surface of the
donor organ, e.g. the α-gal-epitope (Dai et al. 2002; Lai et al. 2002; Phelps
et al. 2003). Prolonged survival of xenotransplanted porcine organs where
the 1,3-α-galactosyltransferase (α-gal) gene has been knocked out has been
demonstrated. Survival rates of up to six months have been achieved with
transplanted porcine hearts (Kuwaki et al. 2005) and survival of up to three
months has been obtained with kidneys transplanted from α-gal knockout
pigs to baboons (Yamada et al. 2005).

The current approach to increasing survival time beyond six months is
to create donor pigs with multiple transgenes that block a range of addi-
tional immunological barriers. To this end, we have recently produced tri-
ple transgenic pigs expressing either human thrombomodulin (hTM) or
human heme oxygenase-1 (hHO-1) on top of one or two RCAs to suppress
both HAR and the later stage coagulatory disorders observed in experi-
mental porcine-to-primate xenotransplantation (Petersen et al. 2007; 2008).
Reproducible survival of porcine xenografts for more than six months in
non-human primate recipients is considered to be a necessary precondi-
tion to starting clinical trials with human patients. A particularly promis-
ing strategy for achieving long-term xenograft survival is to induce toler-
ance by creating permanent chimerism in the recipient by intraportal injec-
tion of embryonic stem cells (Fändrich et al. 2002) or by co-transplantation
of vascularized thymic tissue (Yamada et al. 2005). Long term tolerance
of HLA-mismatched kidneys has recently been demonstrated in humans
(Kawai et al. 2008).

Extensive research has revealed that the risk of porcine endogenous ret-
rovirus (PERV) transmission to human patients is low, opening the door
for preclinical testing of xenografts (Switzer et al. 2001; Irgang et al. 2003).
RNA interference (RNAi) is a promising method for knocking down the
already low level of PERV expression in porcine somatic cells. Using RNAi
mediated knockdown, PERV expression has been further reduced in por-
cine somatic cells for 4–6 months, these cells were successfully used in
SCNT and gave normal piglets (Dieckhoff et al. 2007; Dieckhoff et al. 2008).
RNAi mediated PERV expression knockdown provides an additional level
of safety for porcine-to-human xenotransplantation.

Although additional refinements will always be possible, it is expected
that appropriate lines of transgenic pigs will be available as organ donors
within the next five to ten years. Transplantation of pancreatic islets from
(transgenic) pigs may take place even earlier. Guidelines for the clinical
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application of porcine xenotransplants already exist in the USA and are
currently being developed in other countries. The worldwide consensus
is that the technology is ethically acceptable provided that the individu-
al’s well-being does not compromise public health (e.g., the risk of PERV
recombination). The improvement in quality of life for patients receiv-
ing conventional allotransplants is dramatic, but xenotransplantation is
also economically attractive because the cost of maintaining patients with
severe kidney disease on dialysis or long term treatment of patients with
chronic heart disease can be greater than the cost of a successful trans-
plantation. Preliminary functional data on porcine kidneys and hearts in
non-human primates is promising although the long term effect of por-
cine organs on human physiology is to a great extent unexplored (Ibra-
him et al. 2006).

2.5 Farm Animals as Models for Human Diseases

The physiology, anatomy, and life span of mice differ significantly from
humans, making the rodent model inappropriate for many human dis-
eases Farm animals, such as pigs, sheep or cattle, may be more appro-
priate models in which to study the treatment of human diseases such as
artherosclerosis, non-insulin-dependent diabetes, cystic fibrosis, cancer
and neuro-degenerative disorders, which require longer periods of obser-
vation than is possible with mice (Theuring et al. 1997; Palmarini and
Fan 2001; Li and Engelhardt 2003; Hansen and Khanna 2004). Cardio-
vascular disease is increasing in ageing western societies where coronary
artery diseases already account for the majority of deaths. Because genet-
ically modified mice do not manifest myocardial infarction or stroke as
a result of atherosclerosis, new animal models, such as pigs that exhibit
similar pathologies, are needed to develop effective therapeutic strategies
(Rapacz and Hasler-Rapacz 1989; Grunwald et al. 1999). An important
porcine model has been developed for the rare human eye disease retinitis
pigmentosa (PR) (Petters et al. 1997). Patients with PR suffer from night
blindness early in life due to loss of photoreceptors. Transgenic pigs with
a mutated rhodopsin gene have a phenotype quite similar to the human
patients and effective treatments are being developed (Mahmoud et al.
2003).

An important aspect of SCNT derived large animal models of human
diseases (and the development of regenerative therapies using these mod-
els) is that somatic cloning per se does not necessarily result in short-
ened telomeres as once feared and thus does not necessarily lead to pre-
mature ageing (Schätzlein and Rudolph 2005). Telomeres are the repeti-
tive DNA sequences at the ends of the chromosomes and are crucial for
their structural integrity and function and are thought to be related to
lifespan. Telomere shortening is correlated with severe limitation of the
regenerative capacity of cells, the onset of cancer, ageing and chronic dis-
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ease with significant impact on human lifespan (Schätzlein and Rudolph
2005). Expression of telomerase, which is the enzyme primarily respon-
sible for the formation and rebuilding of telomeres, is suppressed in most
somatic tissues postnatally. However, recent studies have revealed that
telomere length is (re-)established early in preimplantation development
at the morula-blastocyst transition due to telomerase activity (Schätzlein
et al. 2004).

3 Transgenic Animals in Agriculture

Agricultural exploitation of transgenic animal technology lags behind
applications in biomedicine (Kues and Niemann 2004). Nevertheless, table
2 gives an overview of work in the production of animals transgenic with
improved agricultural traits.

3.1 Carcass Composition

Transgenic pigs bearing a hMT-pGH construct (human metallothionein
promoter driving the porcine growth hormone gene) showed significant
improvement in economically important traits including growth rate, feed
conversion and body composition (muscle/fat ratio) without the pathologi-
cal phenotype seen with earlier GH constructs (Pursel et al. 1989; Nottle et
al. 1999). Similarly, transgenic pigs carrying the human insulin-like growth
factor-I gene (hIGF-I) had ~30% larger loin mass, ~10% more carcass lean
tissue and ~20% less total carcass fat (Pursel et al. 1999). Unfortunately,
commercialization of these pigs has been postponed due to the current lack
of public acceptance of genetically modified foods.

An important step towards the production of more healthful pork prod-
ucts was made by creating pigs with a desaturase gene, derived either from
spinach or from Caenorhabditis elegans, which increases the non-saturated
fatty acid content in the skeletal muscles of these animals. The higher ratio
of unsaturated to saturated fatty acids means more healthful pork, since it
is well known that a diet rich in non-saturated fatty acids is associated with
a reduced risk of stroke and coronary diseases in humans (Niemann 2004;
Saeki et al. 2004; Lai et al. 2006).

3.2 Lactation

The physicochemical properties of milk are mainly due to the ratio of
casein variants, making these a prime target for the improvement of milk
composition. Dairy production is an attractive field for targeted genetic
modification (Yom and Bremel 1993; Karatzas and Turner 1997) and it
is possible to produce milk with a modified lipid composition by modu-
lation of the enzymes involved in lipid metabolism and to increase curd
and cheese yield by enhancing expression of the casein gene family in
the mammary gland. The bovine casein ratio has already been altered by
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Table 2: Approaches to generated transgenic livestock for agricultural pro-
duction

Transgenic trait Key molecule Construct Gene
transfer
method

Species Reference

Increased growth
rate, less body fat

Growth hor-
mone (GH)

hMT-pGH micro-
injection

pig Nottle et
al. 1999

Increased growth
rate, less body fat

Insulin-like
growth fac-
tor-1 (IGF-1)

mMT-
hIGF-1

micro-
injection

pig Pursel et
al. 1999

Increased level of
poly-un-saturated
fatty acids in pork

Desatu-
rase (from
spinach)

maP2-FAD2 micro-
injection

pig Saeki et
al. 2004

Increased level of
poly-un-saturated
fatty acids in pork

Desaturase
(from
C. elegans)

CAGGS-
hfat-1

somatic
cloning

pig Lai et al.
2006

Phosphate
metabolism

Phytase PSP-APPA micro-
injection

pig Golovan
et al. 2001

Milk composition
(lactose increase)

α-lactalbumin genomic
bovine
α-lactal-
bumin

micro-
injection

pig Wheeler
et al.
2001

Influenza resistance Mx protein mMx1-Mx micro-
injection

pig Müller et
al. 1992

Enhanced disease
resistance

IgA α,K-α,K micro-
injection

pig,
sheep

Lo et al.
1991

Wool growth Insulin-like
growth fac-
tor-1 (IGF-1)

Ker-IGF-1 micro-
injection

sheep Damak
et al.
1996a,b

Visna Virus
resistance

Visna virus
envelope

visna
LTR-env

micro-
injection

sheep Clements
et al. 1994

Ovine prion locus Prion protein
(PRNP)

targeting
vector
(homolo-
gous recom-
bination)

somatic
cloning

sheep Denning
et al. 2001
(animals dead
shortly after
birth)

Milk fat
composition

Stearoyl
desaturase

β-lactogl-
SCD

microin-
jection

goat Reh et al.
2004

Milk composition
(increase of whey
proteins)

β-casein/
κ-casein

genomic
CSN2 CSN-
CSN-3

somatic
cloning

cattle Brophy et
al. 2003

Milk composi-
tion (increase of
lactoferrin)

human
lactoferrin

α-s2cas-
mLF

microin-
jection

cattle Platen-
burg et al.
1994

Staphylococcus
aureus mastitis
resistance

Lysostaphin ovine
β-lactogl-
lysostaphin

somatic
cloning

cattle Wall et al.
2005

From Niemann and Kues 2007.
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the over-expression of beta- and kappa-casein, demonstrating the poten-
tial of transgenic technology for improving the economic value of bovine
milk (Brophy et al. 2003). It should also be possible to create ‘hypoaller-
genic’ milk by knocking out or knocking down the β-lactoglobulin gene.
One could envision the production of enhanced ‘infant milk’ contain-
ing human lactoferrin or the production of milk which resists bacterial
contamination by expressing lysozyme, the antibacterial component of
egg white and human tears. To generate lactose-free milk, a knockout or
knockdown at the α-lactalbumin locus would suppress this key step inmilk
sugar synthesis. Lactose reduced or lactose-free milk would render dairy
products suitable for consumption by the large proportion of the world’s
adult population who do not produce an active intestinal lactase. Lactose
is the major osmotically active substance in milk and its absence might be
expected to interfere with milk secretion. However, a lactase construct has
been tested in the mammary gland of transgenic mice and in hemizygous
mice; this reduced lactose content by 50–85% without altering milk secre-
tion (Jost et al. 1999). On the other hand, experimental transgenic mice
with a homozygous knockout for α-lactalbumin could not nurse their off-
spring because of the high viscosity of their milk (Stinnakre et al. 1994).
In the pig, increased transgenic expression of a bovine lactalbumin con-
struct in the mammary gland resulted in increased lactose content and
increased milk production which resulted in improved survival and devel-
opment of the piglets (Wheeler et al. 2001). Increased survival of piglets at
weaning would provide significant commercial benefits to the producer
and improved animal welfare. These findings demonstrate the feasibility
of producing significant alterations in milk composition by application of
an appropriate transgenic strategy.

3.3 Wool Production

Transgenic sheep carrying a keratin-IGF-I construct expressed in their
skin produced 6.2% more clear fleece than non-transgenic controls and
no adverse effects on health or reproduction were observed (Damak et al.
1996a, b). Similar efforts to alter wool production by transgenic modifica-
tion of the cystein pathway have met with more limited success, although
it is known that cystein is the rate limiting biochemical factor for wool
growth (Ward 2000).

3.4 Environmentally Friendly Farm Animals

Phytase transgenic pigs have been developed to address the problem of
manure-related environmental pollution. These pigs carry a bacterial
phytase gene under transcriptional control of a salivary gland specific pro-
moter, which allows the pigs to digest plant phytate. Without the bacterial
enzyme, phytate passes through the animal undigested and pollutes the
environment with phosphorus if uncontained. With the bacterial enzyme,
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fecal phosphorus output was reduced up to 75% (Golovan et al. 2001). These
environmentally friendly pigs may be used for commercial production in
Canada within the next few years.

3.5 Transgenic Animals and Disease Resistance

3.5.1 Transgenic Strategies to Increase Disease Resistance

In most cases, susceptibility to pathogens represent the interplay of numer-
ous genes, i.e. the trait is polygenic in nature. However, some genetic loci
are known to confer resistance against specific diseases. Transgenic strate-
gies to enhance disease resistance include the transfer of major histocom-
patibility-complex (MHC) genes, T cell receptor genes, immunoglobulin
genes, genes that affect lymphokines, or specific disease resistance genes
(Müller and Brem 1991). A prominent example for a specific disease resist-
ance gene is the murineMx-gene. Production of theMx1-protein is induced
by interferon. This was discovered in inbred mouse strains that were resist-
ant to influenza viruses (Staeheli 1991). Microinjection of an interferon-
and virus-inducible Mx-construct into porcine zygotes resulted in two
transgenic pig lines which expressed the Mx-mRNA; but no Mx protein
was detected (Müller et al. 1992). The bovine MxI gene was identified and
shown to confer antiviral activity when transfected into in Vero cells (Baise
et al. 2004).

Transgenic constructs bearing the immunoglobulin-A (IgA) gene have
been successfully introduced into pigs, sheep and mice in an attempt to
increase resistance against infections (Lo et al. 1991). Expression of the
murine IgA gene was successful in two transgenic pig lines but only the
light chains could be detected and the IgA-molecules showed only marginal
binding to phosphorylcholine (Lo et al. 1991). On the other hand, high lev-
els of monoclonal murine antibodies with a high binding affinity for their
specific antigen have been produced in transgenic pigs (Weidle et al. 1991).

Attempts to increase ovine resistance to Visna virus infection by trans-
genic production of Visna envelope protein have been reported (Clements
et al. 1994). The transgenic sheep developed normally and expressed the
viral gene without pathological side effects. However, the transgene was not
expressed in monocytes, the target cells of the viral infection, and antibod-
ies were detected after artificial infection of the transgenic animals (Clem-
ents et al. 1994).

Passive immunity has been induced against an economically important
porcine disease in a transgenic mouse model (Castilla et al. 1998). These
transgenic mice secrete a recombinant antibody in their milk that neutral-
ized the corona virus responsible for transmissible gastroenteritis (TGEV)
and this conferred resistance to TGEV. Strong mammary gland specific
expression was achieved over the entire period of lactation. Extension of
this work to pigs is promising.
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Knockout of the prion protein is the only secure way to prevent infection
and transmission of spongiform encephalopathies including scrapie and
BSE (Weissmann et al. 2002). It was possible to knock out the ovine prion
locus; however, the cloned lambs carrying the knockout locus died shortly
after birth (Denning et al. 2001). On the other hand, cloned cattle with a
knockout for the prion locus have been successfully produced and indeed
show clear evidence of resistance to BSE infection (Richt et al. 2007). Trans-
genic animals with modified prion genes will be an appropriate model for
studying the development of spongiform encephalopathies in humans and
are crucial for developing strategies for the elimination of prion carriers
from the farm animal population. This work is a prerequisite for the future
production of recombinant proteins for human medicine in the blood or
the mammary glands of transgenic cattle.

3.5.2 Transgenic Approaches to Increased Disease Resistance
in the Mammary Gland

The level of anti-microbial peptides (lysozyme and lactoferrin) in human
milk is many times higher than in bovine milk and transgenic expression
of the human lysozyme gene in mice causes a significant reduction in bacte-
rial contamination and a reduced frequency of mammary gland infections
(Maga et al. 1995; Maga and Murray 1995). Lactoferrin has bactericidal and
bacteriostatic effects in addition to being the main source of iron in milk.
These properties make an increase in lactoferrin levels in the bovine mam-
mary gland and are a practical way to improve milk quality. Human lacto-
ferrin has, in fact, been expressed at high levels in the milk of transgenic
mice and cattle (Krimpenfort et al. 1991; Platenburg et al. 1994) and was
associated with an increased resistance against mammary gland diseases
(van Berkel et al. 2002). Similarly, lysostaphin was shown to confer specific
resistance against mastitis caused by Staphylococcus aureus. Mastitis resist-
ant cows have been produced by expressing a lysostaphin gene construct in
the mammary gland (Wall et al. 2005).

4 Transgenic Pets

As discussed above, most work in transgenic technology has focussed on
livestock species either for biomedical or agricultural purposes. However,
the methodology is becoming routine and recent applications include the
development of new varieties of ornamental fish. For example, fluorescent
green transgenic medaka (Oryzias latipes, rice fish) have been produced
and approved for sale in Taiwan (Chou et al. 2001). The fluorescent medaka
is currently marketed by the Taiwanese company Taikong. The “GloFish®”
is a trademarked transgenic zebra fish (Danio rerio) expressing red fluo-
rescent protein from a sea anemone under the transcriptional control of
a muscle-specific promoter (Gong et al. 2003). Green and yellow fluores-
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cent proteins have also been introduced into the zebra fish to give different
fluorescence colors. Yorktown Technologies (www.glofish.com, July 2007)
initiated commercial sales of the transgenic zebrafish in the United States
with retail prices of approximately $ 5,00 each. The GloFish® thus became
the first transgenic animal freely distributed throughout the USA. A recent
report of the FDA contained no evidence that GloFish® represents a risk
(US FDA, 2003). Commercialization of fluorescent fish has gone forward
in several countries other than the USA, including Taiwan, Malaysia, and
Hongkong, whereas marketing in Australia, Canada and European Union
is currently prohibited.

5 Emerging Transgenic Technologies

Transgenic applications will undoubtedly become more widespread if even
more efficient gene transfer methods will be developed and specific genetic
traits can be targeted. Some of the emerging technologies are described
below.

5.1 Lentiviral Mediated Transgenesis

Lentiviruses have proven to be efficient vectors for the delivery of genes into
oocytes and zygotes. For example, transgenic cattle have been produced by
injecting lentiviral vectors into the perivitelline space of oocytes (Hofmann
et al. 2004) and injection of lentiviruses into the perivitelline space of por-
cine zygotes resulted in a high proportion of transgene expressing founder
animals from which several lines of transgenic pigs were established (Hof-
mann et al. 2003; Whitelaw et al. 2004). Lentiviral mediated gene trans-
fer in livestock has generated unprecedented high yields of transgenic ani-
mals due to multiple integration events. Unfortunately, multiple integration
brings the disadvantage that here is an increased probability of unwanted
side effects caused by oncogene activation or insertional mutagenesis. Addi-
tional problems which have been identified are gene silencing due to the
presence of viral sequences (Hofmann et al. 2006) and a high frequency of
mosaicism in founder animals.

5.2 Conditional Transgenesis in Farm Animals

Transgenic mice and farm animals harbouring the first-generation of con-
ditional promoter elements showed expression in response to heavy met-
als or steroid hormones but suffered from high basal expression levels
and pleiotropic effects (Lee et al. 1981; Mayo et al. 1982; Miller et al. 1989;
Pursel et al. 1989). Newer, binary expression systems based on prokaryo-
tic control elements are responsive to exogenous IPTG (Isopropyl-β-D-
thiogalactopyranosid), RU-486, ecdysone or tetracycline derivatives and
give more tightly controlled expression (Lewandowski 2001; Corbel and
Rossi 2002). The first tetracycline system that was successfully used in mice
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required two DNA constructs. One was for doxycycline controlled expres-
sion of a transactivator and the other contained regulatory elements which
conferred transactivator dependent expression of the target gene. These
DNA constructs were typically integrated into two different lines of trans-
genic mice. After crossbreeding the two lines of transgenic mice, their off-
spring expressed the target gene only after stimulation with doxycycline
(Furth et al. 1994). Unfortunately, the long generation intervals make this
approach unfeasible in livestock species (Niemann and Kues 2003).

Recently, we reported on a tetracycline-responsive bicistronic expres-
sion cassette (NTA) in which expression was amplified by transactiva-
tor mediated positive feedback (Kues et al. 2006). This was used to pro-
duce the first tetracycline controlled transgenic expression in a farm ani-
mal. The auto-regulatory cassette was integrated at a single chromosomal
site in the pig genome after pronuclear DNA injection (Kues et al. 2006)
and was designed to give ubiquitous expression of a human regulator of
complement activation (RCA) independent of cellular transcription cofac-
tors. Expression from this construct could be inhibited reversibly by feed-
ing the animals doxycycline (tet-off system). In ten transgenic pig lines in
which only one copy of the NTA cassette was integrated, the transgene was
silenced in all tissues with the exception of skeletal muscle where expres-
sion was limited to a small number of discrete muscle fibers (Niemann and
Kues 2003). However, crossbreeding of lines to produce animals with two
NTA cassettes resulted in reactivation of the cassettes and strong, tissue-
independent, tetracycline-sensitive RCA expression. It seems that cross-
ing the transgenic pig lines, which doubled the level of transactivator, was
able to overcome epigenetic silencing. Transgene expression in the double
transgenic pigs was inversely correlated with the level of NTA cassette DNA
methylation (Kues et al. 2006). This approach highlights the importance of
understanding epigenetic (trans)-gene regulation in the pig.

5.3 Use of Pluripotent Cell Lines

Pluripotent embryonic stem (ES) cells have the ability to participate in
organ and even germ cell development following injection into blastocysts
or aggregation with morulae (Rossant 2001). True ES cells (i.e. those able to
contribute to the germ line) are currently only available from inbred mouse
strains (Kues et al. 2005a). These murine ES cells have become an impor-
tant tool for gene knock-out and knock-in experiments and to study large
chromosomal rearrangements (Downing and Battey 2004). ES-like cells
and primordial germ cell cultures have been reported for several farm ani-
mal species, and ES-like cells which can produce chimeric animals albeit
without germ line contribution have been reported in swine (Anderson
1999; Shim et al. 1997; Wheeler 1994) and cattle (Cibelli et al. 1998). Recent
data indicate that somatic stem cells have a much broader developmen-
tal potential than previously assumed (Jiang et al. 2002; Kues et al. 2005b).
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Whether these cells will improve the efficiency of chimera generation or
somatic nuclear transfer in farm animals has yet to be shown conclusively
(Kues et al. 2005b; Hornen et al 2007). Pluripotent cells are a valuable tool
for improved production of animals with targeted genetic modification.

A revolutionary breakthrough in direct nuclear reprogramming of
mouse somatic cells was recently reported (Takahashi and Yamanaka 2006;
Okita et al. 2007; Wernig et al. 2007). Cells transfected with constructs
expressing Oct4, Sox2, Myc and Klf4, carried in retroviral vectors, were
reprogrammed to a totipotent state andwere indistinguishable fromES cells
generated from fertilized embryos with regard to differentiation potential
and morphology. These induced pluripotent stem cells (iPS), derived from
somatic cells, were able to populate the germ line upon injection into blas-
tocysts and after transfer into recipient mice, clearly indicating complete
reprogramming (Okita et al. 2007; Wernig et al. 2007; Maherali et al. 2007).
The same genes have recently been found to be effective in reprogramming
human fibroblasts and other human somatic cells into cells with pluripo-
tent properties (Takahashi et al. 2007). This affords a new approach to the
generation of pluripotent cells from farm animal species.

5.4 Spermatogonial Transgenesis

Transplantation of transgenic primordial germ cells into the testes is poten-
tially an alternative approach to the generation of transgenic animals. Ini-
tial experiments in mice showed that the depletion of endogenous sperma-
togonial stem cells by treatment with busulfan prior to transplantation is
effective and permits re-colonization of the testes by donor cells. Transmis-
sion of the donor haplotype to the next generation after germ-cell transplan-
tation has been achieved in goats (Honaramooz et al. 2003). Current major
obstacles of this strategy are the lack of efficient in vitro culture methods
for primordial germ/prospermatogonial cells and the lack of efficient gene
transfer techniques for these cells. Recently adeno-associated virus (AAV)
was found to be suitable for delivering transgenes to infect a mal germ cell
and germline tansmission was reported in goats and mice (Honaramooz et
al. 2007). The efficiency of this approach and putative silencing of the AAV
introduced transgenes requires further investigation.

5.5 RNA Interference Mediated Gene Knock Down

RNA interference (RNAi) is a conserved post-transcriptional gene regula-
tory process found in most biological systems including fungi, plants and
animals. The common element is double stranded RNA which is cleaved to
form small interfering RNA (siRNA) molecules 19-27 base pairs in length.
A single strand of these small RNA molecules is incorporated in an RNA-
induced silencing complex (RISC) which specifically binds to the com-
plementary sequence of its target mRNA causing endonuclease mediated
degradation. The result is that no protein is produced from that mRNA
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transcript (Plasterk 2002). Natural RNA interference is involved in gene
regulation, specifically to suppress the translation of mRNAs from endog-
enous and exogenous viral elements, so this can be exploited for therapeutic
purposes (Dallas and Vlassow 2006).

For transient gene knockdown, synthetic siRNAs can be transfected into
cells or early embryos (Clark and Whitelaw 2003; Iqbal et al. 2007). For sta-
ble gene repression, the siRNA sequences must be incorporated into a gene
construct and constitutively expressed. The combination of siRNA with
lentiviral vector technology is now a highly effective tool in this respect.
RNAi knockdown of porcine endogenous retrovirus (PERV) has been dem-
onstrated in porcine primary cells (Dieckhoff et al. 2007) and in cloned pig-
lets (Dieckhoff et al. 2008). SiRNA mediated knockdown of the prion pro-
tein (PRNP) gene has been accomplished in bovine embryos (Golding et
al. 2006). The modification appears to be permanent as lentiviral delivered
siRNA has been shown to persist for three generations in rats (Tenenhaus
Dann et al. 2006). The combination of siRNA and lentiviral vector tech-
nology provides a method for highly efficient targeted gene knockdown for
functional genetic analysis in farm animals and could easily be integrated
into existing breeding programs.

6 Health and Welfare of Transgenic Farm Animals

Concerns have been raised about the health of transgenic farm animals
because it is known that insertional mutagenesis and other undesirable
side effects can be caused by the integration and expression of recombinant
gene constructs (Van Reenen et al. 2001, Van Reenen this proceedings). The
health of all transgenic animals is closelymonitored because of the time and
money invested in their creation and because all work is basic research. A
small number of studies have systematically investigated the health effects
of transgenesis. A study of the effects of human growth hormone expres-
sion in pigs and sheep identified specific pathological phenotypes related
to their accelerated growth rate. These problems were eliminated in subse-
quent transgenic animals by modifications to the gene constructs (Nottle et
al. 1999). In pigs, transgenic for human DAF and maintained under quali-
fied pathogen free conditions, haematological parameters and blood chem-
istry were similar to non-transgenic controls (Tucker et al. 2002). With the
exception of slightly accelerated growth rates, no deviations were found.
A detailed pathomorphological examination of nine lines of hemizygous
pigs expressing human RCAs revealed no adverse effects related to trans-
gene expression (Deppenmeier et al. 2006), providing clear evidence that
transgenesis per se does not compromise animal health and welfare. Inves-
tigation of animals carrying the NTA bicistronic expression cassette, driv-
ing hCD59 and a tetracycline regulated transactivator (Kues et al. 2006)
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revealed that multi-transgenic animals display a normal health status (Dep-
penmeier et al. 2006). The hemizygous lines were fertile and produced nor-
mal litter sizes.

Transgenesis based on SCNT is increasingly used for farm animals. In
cloned animals, both pre- and postnatal development can be compromised
and a proportion of SCNT offspring in both ruminants and mice exhibit
increased perinatal mortality. The list of developmental abnormalities
includes: extended gestation length, oversized offspring, aberrant placental
function, cardiovascular problems, respiratory defects, immunological defi-
ciencies, problems with tendons, adult obesity, kidney or hepatic malfunc-
tions, behavioral changes and higher susceptibility to neonatal diseases, all
of which are aspects of what has been called the “Large Offspring Syndrome”
(LOS) (Renard et al. 1999; Tamashiro et al. 2000; Ogonuki et al. 2002; Rhind
et al. 2003). The incidence of LOS is stochastic and has not been linked to
aberrant expression of any single genes or to any specific pathophysiology.
The general assumption is that the underlying cause of LOS is faulty epige-
netic reprogramming of the transferred somatic cell nucleus.

Despite these problems, critical surveys of the published literature
have revealed that most cloned animals are healthy and develop normally
(Cibelli et al. 2002; Panarace et al. 2007). This demonstrates that mam-
malian development can tolerate minor epigenetic aberrations and subtle
variations in gene expression without affecting survival of cloned animals
(Humpherys et al. 2001). Six months old cloned cattle do not differ from
age-matched controls with regard to biochemical blood and urine parame-
ters (Lanza et al. 2001; Chavatte-Palmer et al. 2002), immune status (Lanza
et al. 2001), body score (Lanza et al. 2001), somatotrophic axis (Govoni et al.
2002), reproductive parameters (Enright et al. 2002), or milk yield and com-
position (Pace et al. 2002). No differences were found in the meat or milk
composition of bovine clones compared to age matched counterparts (Tian
et al. 2005; Yang et al. 2007; Miller 2007). Similar findings were reported for
cloned pigs (Carter et al. 2002; Archer et al. 2003).

Regulatory agencies around the world have agreed that food derived
from cloned animals is safe and there is no scientific basis for question-
ing this (c.f. National Academy of Sciences, Committee on Defining Sci-
ence-Based Concerns Associated with Products of Animal Biotechnology,
(National Academy of Sciences 2002). Expert committee from the Japanese
Ministry of Agriculture, Forestry and Fisheries (MAFF; Kumugai 2002),
the FDA (Rudenko et al. 2007; Food and Drug Administration 2008) and
EFSA (European Food Safety Agency, 2007). Since somatic cloning has only
been used since 1997 and the lifespan of domestic animals is relatively long,
the specific effects of cloning on longevity and senescence have not yet been
fully assessed; however, preliminary data indicate no cumulative pathology
even after serial cloning of mice and cattle (Wakayama et al. 2000; Kubota
et al. 2004).
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There are still insufficient numbers of transgenic farm animals pro-
duced by the newest technologies including viral vectors and spermatogo-
nial transgenesis to reveal subtle effects on animal health and welfare.

7 Safety Aspects and Outlook

Biological products from any animal source are unique and must be han-
dled differently than chemically synthesized drugs to assure their safety,
purity and potency. Proteins are heat labile, subject to microbial contami-
nation, can be damaged by shear forces and can be immunogenic and aller-
genic. In the United States, the FDA has developed guidelines to assure
safe commercial exploitation of recombinant biological products. A cru-
cial consideration with animal derived products is the prevention of trans-
mission of pathogens from animals to humans (Kues and Niemann 2004).
This requires sensitive and reliable diagnostic and screening methods for
various pathogenic organisms. Furthermore, transgenic farm animal based
applications require strict standards of quality control. MALDI-TOF-spec-
tometry is an important tool in this context (Hughes et al. 2000; Templin
et al. 2002). Meanwhile, improvements in RNA isolation and in unbiased
global amplification of picogram amounts of mRNA enable researchers to
analyse RNA from single embryos (Brambrink et al. 2002; Niemann et al.
2007). One can now monitor the entire transcriptome of a transgenic organ
or organism to ensure the absence of unwanted effects (Hughes et al. 2000;
Templin et al. 2002).

Detailed genomic information and new genetic engineering tools will
accelerate and improve transgenic animal production in the future. Genetic
technology presents not only a major opportunity to improve agricul-
tural production but also offers exciting prospects for medical research by
exploiting large animals as models of human health and disease. Progress
in animal genomics has broadly followed the route pioneered by the human
genome project in terms of the assembly, publication and utilization of the
data. This is evident in the advanced drafts of the bovine, porcine, horse,
canine, chicken, and honeybee genomic maps. The ability to engineer the
genome is new and the advent of new molecular tools and breeding tech-
nologies is benefiting this field. However, full realization of this exciting
potential is handicapped by our currently limited understanding of epige-
netic controls and the role of natural siRNA and microRNA in regulating
gene expression.

The convergence of recent advances in reproductive technology with
the tools of molecular biology opens a new dimension for animal breed-
ing. Major goals are the continued refinement of reproductive biotechnol-
ogy and a rapid completion of the various genome sequencing and annota-
tion projects. Induced pluripotent stem cell (iPS) (Takahashi and Yamanaka
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2006) research will play a critical role in understanding epigenetic controls.
Despite continued efforts, no ES-cell lines with germ line potential have
been established from mammals other than the mouse although ES-like
cells have been reported in several species and have been maintained in
culture from 13 weeks to three years (Gjorret and Maddox-Hyttel 2005).
True germ line competent ES cell lines from farm animal species will per-
mit exploitation of the full power of recombinant DNA technology in ani-
mal breeding. This is critical for the development of sustainable and diver-
sified animal production systems for the future. We anticipate that in the
near future genetically modified animals will play a significant role in the
biomedical field but that agricultural applications will develop more slowly
due to the complexity of many economically important traits and to cur-
rent resistance to the concept of engineered farm animals.
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Methods to Generate Transgenic Animals

Louis-Marie Houdebine

1 Introduction

Living organisms are by essence in permanent evolution. This phenome-
non is relatively slow and it was probably not perceived by humans until they
invented agriculture and breeding. The control of plant and animal repro-
duction made possible the empirical genetic selection which provided to
human communities essentially all their food products, pets and ornamental
plants. This led to the generation of profoundly genetically modified organ-
isms. Carrots, tomatoes, silk worm, some dogs, etc., are unable to survive
without the assistance of humans. The discovery of the Mendel laws allowed
an improvement of the genetic selection. Yet, this selection remained based
on spontaneous, thus random and unknown,mutations. During the first half
of the last century, it appeared necessary and possible to increase the number
of random mutations to enlarge the choice of genetically modified organ-
isms corresponding to the expectations of experimenters, farmers and breed-
ers. This was achieved by using chemical mutagens and by generating mul-
tiple intra- and interspecies hybrids. One of the most impressive examples is
the creation of a new cereal, triticale, which results from an artificial crossing
between wheat and rye. This new plant is currently a source of food for farm
animals. All these methods are imprecise as they induce multiple unknown
mutations in addition to those which are expected. Yet, these approaches
were globally highly beneficial for humans. They show that the plasticity of
living organisms is high and that humans have empirically learned to manip-
ulate them successfully with limited undesirable side effects. The discovery
of DNA and genes opened wide avenues for research and biotechnological
applications. Indeed, the manipulation of isolated and known genes makes
possible more diverse and better controlled genetic modifications.

The introduction of isolated genes into cells became a common prac-
tise in the 1970s, soon after the emergence of the genetic engineering tech-
niques. It represented a great progress for the understanding of gene func-
tion and mechanisms of action. This technique is still widely used and it
started being complemented in 1980 and 1983 by gene transfer into animals
and plants respectively to generate lines of genetically modified organisms,
also known as transgenic animals and plants. The first transgenic animals,
mice, were obtained by microinjecting the genes into one on the nuclei



(pronuclei) of one day old embryos. This method could be extrapolated suc-
cessfully to other mammals in 1985 but it soon appeared that other meth-
ods had to be used for some species. Another problem emerged rapidly. The
transgenes worked and they were able to induce some phenotypic modi-
fications in animals. The first example was the giant mice overexpressing
growth hormone genes. It also appeared that the expression of the trans-
genes was not satisfactory and not easily controlled in all cases.

Two decades later, very significant improvements of the transgenesis
methods have been obtained. Yet, the efficiency of gene transfer and the
control of transgene expression remain limiting factors for the use of trans-
genic animals for research as well as for biotechnological applications. The
generation and use of transgenic animals are not neutral as they imply the
sacrifice and in some cases the suffering of animals. This paper aims at
reviewing the different techniques of transgenesis and some of their possi-
ble interference with animal welfare.

2 Techniques of Gene Transfer

A transgenic organism results from an inheritable genetic modification
induced by the artificial transfer of an exogenous DNA fragment. This
implies that the introduced foreign gene is present in the gametes and is
integrated into a chromosome to be transmitted to progeny as a host gene.
To reach this goal, the foreign gene may be introduced in embryos at the
first cell stage by a direct microinjection or via gametes. Alternatively, the
foreign gene may be introduced in cells capable of participating to the com-
plete development of the animal in which gametes contain the foreign gene.
These different methods have been described in previous publications
(Houdebine 2003, 2005) and they are summarized in figure 1.

2.1 DNA Microinjection

About 1,000 copies of the isolated foreign gene contained in 1–2 pl may
be injected into one of the pronuclei of one day old mammalian embryos.
This method implies a superovulation of the females followed by a mating
with a male. The resulting embryos are collected the next day and micro-
injected with DNA. The embryos are then transferred to hormonally pre-
pared recipient females using surgery operations. The yield of this method
in mice is of 1–2 of transgenics for 100 microinjected and transferred
embryos. It is lower in all the other mammalian species and very low in
ruminants.

In nonmammalian species, the pronuclei cannot be visualized and DNA
must be injected into the cytoplasm of the one day old embryos. This rela-
tively simple technique is efficient in most fish species but highly inefficient
in chicken, in Xenopus, in some fish and in insects. For unknown reasons,
the integration of the foreign DNA, thus, does occur in some species.

32 Louis-Marie Houdebine



2.2 Use of Transposons

Transposons are short genomic DNA regions which are replicated and ran-
domly integrated into the same genome. The number of a given transpo-
son is thus increasing until the cell blocks this phenomenon to protect itself
from a degradation of its genes. Foreign genes can be introduced into trans-
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Figure 1: Different methods to generate transgenic animals: (1) DNA trans-
fer via direct microinjection into pronucleus or cytoplasm of em-
bryo; (2) DNA transfer via a transposon: the foreign gene is intro-
duced in the transposon which is injected into a pronucleus; (3)
DNA transfer via a lentiviral vector: the gene of interest in a lentivi-
ral vector is injected between the zona pellucida and membrane of
the oocyte or embryo; (4) DNA transfer via sperm: sperm is incu-
bated with the foreign gene and injected into the oocyte cytoplasm
for fertilization by ICSI (intracytoplasmic sperm injection); (5)
DNA transfer via pluripotent cells: the foreign gene is introduced
into pluripotent cell lines (ES: embryonic stem cells: lines estab-
lished from early embryo, EG: embryonic gonad cells: lines estab-
lished from primordial germ cells of foetal gonads); the pluripotent
cells containing the foreign gene are injected into an early embryo
to generate chimeric animals harbouring the foreign gene DNA;
(6) DNA transfer via cloning: the foreign gene is transferred into a
somatic cell, the nucleus of which is introduced into the cytoplasm
of an enucleated oocyte to generate a transgenic clone. Methods 1,
2, 3 and 4 allow random gene addition whereas methods 5 and 6
allow random gene addition and targeted gene integration via ho-
mologous recombination for gene addition or gene replacement in-
cluding gene knockout and knockin.
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posons in vitro. The recombinant transposons may then be microinjected
into one day old embryos. The foreign gene becomes integrated into the
embryos with a yield of about 1%. All the transgenic insects are being gen-
erated by using transposons as vectors. Transposons also proved to be effi-
cient to generate transgenic fish, chicken and mammals (Ding et al. 2005).
Transposons are efficient tools but they can harbour no more than 2–3 kb
of foreign DNA.

2.3 Use of Lentiviral Vectors

Retroviruses do not have the capacity to autoreplicate and they have to be
integrated stably in the genome of the cells they infected to replicate. This
explains why up to 1% of animal genomes contain degenerated retroviral
genes. This property of retroviruses is being implemented to integrate for-
eign genes. For this purpose, the genes are removed from the genome of
lentiviruses (a category of retroviruses) and replaced by the genes of inter-
est. Viral particles are then prepared and used to transfer the foreign genes
into oocytes or one-cell embryos. Safe experimental conditions have been
defined to use the lentiviral vectors. This method has proved highly effi-
cient in several species including mammals (Pfeifer 2006) and birds (Lil-
lico et al. 2007).

2.4 Use of ICSI

More than a decade ago, it was shown that sperm, incubated in the pres-
ence of DNA before being used for fertilization, was able to transfer the
foreign gene into the oocyte and generate transgenic mice. This method
appeared difficult to use due to a frequent degradation of DNA (Smith and
Spadafora 2005). Transgenic mice and rabbits were obtained by incubat-
ing sperm with DNA in the presence of DMSO (dimethylsuphoxide) and
by using conventionnal in vitro fertilization (Shen et al. 2006). The method
has been greatly improved, mainly by using ICSI (Intracytoplasmic Sperm
Injection). This technique, which consists of injecting sperm into the cyto-
plasm of oocytes, is currently used for in vitro fertilization in humans. To
transfer genes, sperms from which plasma membrane has been damaged by
freezing and thawing were incubated in the presence of the gene of inter-
est and further used for fertilization by ICSI. This method has proved effi-
cient in mice (Moreira et al. 2007; Shinoara et al. 2007) and pigs (Yong et al.
2006). Transposon use and ICSI may be combined to increase the yield of
transgenesis (Shinoara et al. 2007).

ICSI is therefore an excellent method to generate transgenic animals on
condition that ICSI is possible in the considered species. One advantage
of ICSI is that long fragments of DNA may be used to transfer the gene of
interest. Another advantage is that foreign DNA is integrated at the first
cell stage of embryos. This reduces the number of animals being mosaic for
the transgene.
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Another possibility consists of using sperm precursors. These cells can
be collected from testes, in vitro cultured, genetically modified and reintro-
duced into recipient testes. This complex approach needs further studies to
become utilisable.

2.5 Use of Episomal Vectors

The methods described above to transfer foreign genes rely on the integra-
tion of the DNA into the host genome. Another possibility may theoreti-
cally be to use episomal vectors capable of autoreplicating in host cells and
transferring them to daughter cells. Fragments of chromosomes are being
used for particular projects requiring the transfer of very long DNA frag-
ments. These chromosomal vectors are not of an easy use and they carry a
number of genes in addition of the gene of interest. These extra genes may
interfere with the transgene or with the whole organism of the host.

Another possibility consists of using vectors which derive from viruses
having the capacity to replicate in animal cells and to be transferred into
daughter cells. Herpes viruses are naturally stably maintained as auton-
omous circular minichromosomes at a low copy number in animal cells.
Foreign genes can be introduced into Herpes viral vectors and be main-
tained during cell division. This kind of vectors is generally species specific.
This greatly reduces their potential use as well-known Herpes viruses are
not available for all animal species.

However, episomal vectors not based on the use of viral elements are
available. Such a vector proved highly efficient to transfer foreign genes
into pig embryo using ICSI (Manzini et al. 2006). This vector is maintained
without any selection pressure in the cells of the developing embryos but
seemingly not later. This kind of vectors is therefore excellent tools to study
transgene effect during early embryo development. Hence, until now, only
the integration of foreign DNA into the host genome makes possible the
generation of stable lines of transgenic animals.

2.6 Use of Pluripotent Cells

In some situations, the efficiency of the genetic modification is too low to
be achieved by the methods described above. This is particularly the case
for gene targeting (see 2.8). One possibility is to do the genetic modifica-
tion in pluripotent cells further used to participate in the development of
living organisms. Pluripotent cells have the capacity to participate in the
development of all the organs but they cannot – such as totipotent cells are
able to – each give birth to living animals. Pluripotent cells exist in the early
embryos (morula and blastocysts) known as ES cells (embryonic stem cells)
and in the primordial gonads known as EG cells (embryonic gonad cells).
The pluripotent cells can be cultured, genetically modified, selected and
transferred into morula or blastocysts. These cells participate to the devel-
opment of the embryo to give birth to chimeric animals (figure 1). This
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means that the organs of the animals, including sexual cells, derive from
the genetically modified cells or from the recipient embryo. The offspring
of these chimeric animals will harbour the genetic modification if they
derive from the transplanted cells. This method is extensively used essen-
tially in mice to inactivate (knockout) genes specifically (see 2.8).

For unknown reasons, ES cell lines have been established and used only
in two mouse lines. In other lines and species, the ES loose their pluripo-
tency and can no more give birth to chimeric animals transmitting the
genetic modification to their offspring. Recent experiments have shown
that the transfer of four genes into somatic cells, normally expressed in
pluripotent cells, can differentiate these organ cells into pluripotent cells
(Takahasha et al. 2007; Wernig et al. 2007, Nakagawa et al. 2008). These
experiments open avenues for cell and gene therapy. The approach known
as therapeutic cloning may no longer be necessary and pluripotent cells can
potentially be obtained in different species by this method.

Recent experiments showed that the culture conditions to maintain
pluripotent chicken EG cells have been found. This has greatly simplified
the generation of transgenic chicken (Van de Lavoir et al. 2006; Han 2008).

2.7 Use of Cloning

The birth of Dolly the sheep demonstrated that the genome of somatic cells
can be reprogrammed after being introduced into an enucleated oocyte.
This generates a pseudo-embryo with a relatively low yield, capable to give
birth to clones of the cell donor. This technique was initially designed to
improve transgenesis efficiency in farm animals. This approach is likely to
be used to accelerate genetic selection but its only real application presently
is transgenesis (Robl et al. 2007). The principle of this method is described
in figure 1. Genes are transferred into somatic cells which are then used
to generate transgenic clones. This method has become the one most fre-
quently used for large farm animals.

2.8 Targeted Gene Integration

All the techniques described above lead to uncontrolled but not strictly ran-
dom gene integration. Foreign DNA is preferentially integrated in gene rich
genome regions and its location can be precisely identified. A foreign DNA
fragment can recombine very precisely with a genomic DNA region con-
taining a similar sequence. This natural mechanism known as homologous
recombination makes the precise replacement of a gene by another possible
(figure 2). An active gene may thus be replaced by an inactive version lead-
ing precisely to an inactivation of the targeted gene (gene knockout). The
targeted gene may also be replaced by an active gene (gene knockin). This
technique therefore allows for a better controlled transgenesis reducing pos-
sible damage of the genomic DNA at the integration site and frequent side
effects of the genes located in the vicinity of the transgene on the expression
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of the transgene (see 3.1). Yet, this approach remains limited by the fact that
the homologous recombination required for gene targeting is a rare event.
The targeted integrations by homologous recombination of a foreign DNA
represent 0.1–1% of the total integrations. The cells in which targeted inte-
gration has occurred must be selected and used to generate a transgenic ani-
mal. The formation of chimeric embryos using pluripotent cells (see 2.6) or
the cloning technique (2.7) is required to obtain a targeted integration.

Methods to Generate Transgenic Animals

Figure 2: Targeted gene transfer via homologous recombination. A vector
containing a gene for positive selection (neo R), a gene for negative
selection (TK) and two sequences identical to those targeted in the
genome is transferred into a cell (pluripotent or somatic cells). The
homologous sequences recombine, leading to a precise replacement
of the targeted genomic regions by the sequences of the vector. The
neoR gene is then integrated into the targeted gene which is then
inactivated (gene knockout). Cells, in which the targeted integra-
tion occurred, are selected by the addition of neomycine to the cul-
ture medium whereas the cells, in which a random integration oc-
curred, possess the TK gene which induced a destruction of these
cells in the presence of ganciclovir. The selected cells are then used
to generate chimeric animals (ES or EG cells) or to generate a clone
(somatic cells). If the neoR gene has been previously bordered by
LoxP sequences, it may be selectively deleted by adding the Cre re-
combinase. The genomic region has then lost a chosen region and
a LoxP sequence (about 30 bp) is the only residue of the vector. The
LoxP sequence is sufficient to knock out the targeted gene.
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The efficiency of homologous recombination can be markedly increased
(at least 100 times) by a local break of the two DNA strands in the targeted
site of integration. This can be achieved by using special restriction enzymes
known as meganucleases. These enzymes, mainly found in yeast, have the
capacity to cut DNA at sites which are longer than those of the classical
restriction enzymes and which are usually not present in animal genomes,
avoiding the degradation of DNA. The DNA sequences recognized by mega-
nucleasesmust then be added to the genome of animals either at targeted sites
by homologous recombination or at random sites. In the latter case, the inte-
gration sites must be validated for its capacity to allow a good gene expres-
sion before targeting the gene of interest at the meganuclease site. In practise,
the recombination vector containing the gene to be transferred bordered by
twoDNA sequences similar to that of the genomic DNA, is introduced in the
cell with the meganuclease. Engineered meganucleases capable of recogniz-
ing natural genomic DNA sequences make gene targeting at multiple sites of
the genome possible (Porteus and Caroll 2005). This method, which is being
developed to improve the efficiency and the precision of gene therapy, can be
applied to target the integration of foreign genes into experimental animals.

In the same line, the bacterial enzyme phiC31, which is an integrase, rec-
ognizes several sites in various animal genomes and allows the efficient
integration of foreign genes at the targeted sites (Rao 2008).

Several other recombination systems rely on the use of integrases such
as Cre and Flp which recognize specific sites of about 30 nucleotides (LoxP
and FRT respectively) which must be added to the animal genome (Baer
and Bode 2001). These systems are more often used to delete a DNA region
previously bordered by the LoxP or the FRT sequences (see 3.3).

3 Methods to Control Gene Expression

3.1 Use of Long Genomic DNA Fragment

The majority of DNA in somatic cells of animals is methylated on the C of
CpG motifs. This results in the specific inactivation of the corresponding
genes. Mammalian genomes contain about 25,000 genes and only 2,000 are
active in somatic cells. About 1,000 genes, known as housekeeping genes,
are active in all cell types whereas the other 1,000 genes are specifically
active in given cell types to support their differentiated state. During game-
togenesis and the early embryo development, DNA is heavily demethylated
to blunt the gene expression programme of gonad cells from which gametes
derive. After embryo implantation, DNA is progressively and selectively
methylated to define which gene in the different cell types will have to be
active or not in foetuses, newborns and adults. The mechanisms which con-
trol this programme of the gene expression are only partly known. It implies
the contribution ofmultiple DNA regulatory sequences, some of them being
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located far upstream or downstream of the genes. The low expression of
many transgenes containing only the transcribed regions with a promoter,
proximal enhancers, at least one intron and a transcription terminator,
has revealed that remote regulatory regions must be involved in the con-
trol of gene expression. In a limited but significant number of cases, using
long genomic DNA regions (up to 200 kb) surrounding the gene of interest
greatly increases the proportion of active transgenes and also often the level
of their expression (Long and Miano 2007). Interestingly and expectedly,
association of classical plasmid expression vectors with long DNA frag-
ments markedly enhances the functioning of the transgenes. This point is
examplified by a milk protein gene, the WAP (whey acidic protein gene)
gene. A 30 kb genomic fragment containing the pig WAP gene expressed
theWAP gene in transgenic mice very poorly whereas fragments of 80 kb or
145 kb allowed a high expression of the gene, although not as a function of
the integrated copy number and at various levels according to species (Saidi
et al. 2007). Interestingly, coding sequences added after the WAP gene pro-
moter in the 145 kb BAC (bacterial artificial chromosome) were expressed
at a much higher level than when they were under the dependency of the
only WAP gene promoter (Soler et al., unpublished data).

3.2 Specific Inhibition of Gene Expression

Transgenesis is mostly used to add foreign genetic information into an ani-
mal. Inactivating a gene in an animal is also essential, particularly for the
identification of the function of the gene. Indeed, inactivating a gene may
have a much stronger impact than adding a gene to an animal and thus
reveal the function of the gene.

A gene is usually activated to eliminate the corresponding protein in the
animal. This can be achieved by different techniques and at different levels
of the protein synthesis process.

3.2.1 At the Gene Level

The data reported in section 2.8 indicate that gene knockout based on homol-
ogous recombination is a very efficient but laborious method with a major
limit. The gene knockout is currently performed early in development and
this event is irreversible. Experimenters may wish to prevent the expression
of a gene reversibly, in a given cell type only and at chosen periods of the ani-
mal’s life. Available methods make the gene knockout possible in a given cell
type at a chosen moment. This technique, which has been used successfully
for more than one decade, leads to an irreversible inactivation of the gene.

3.2.2 At the mRNA Level

It is possible to inhibit a mRNA specifically by adding to the cells short
synthetic oligonucleotides, having a sequence complementary to that of the
targeted mRNA. These oligonucleotides contain some analogues of natural
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deoxyribonucleotides to enhance their stability in vivo. The binding of the
oligonucleotides to the corresponding mRNA induces a degradation of the
mRNA. This tool is currently used to inhibit the expression of genes in cul-
tured cells. Oligonucleotides are also administered to patients to tentatively
inhibit viral genes in order to block infections. This approach has met lim-
ited success so far.

Another possibility to inhibit a mRNA consists of introducing in a cell an
anti-sense RNA generated by the transcription of the non-coding strand of
the gene. The anti-sense RNA forms a double strand RNA with the mRNA
which cannot be translated anymore. In practise, this method is rarely effi-
cient, as the mRNA and the anti-sense RNA each form multiple short dou-
ble strands with their own sequences. These RNA are also more or less asso-
ciated with proteins. These two events prevent the easy formation of a dou-
ble strand mRNA-anti-sense RNA. Hence, anti-sense RNAs meet success
at most when a single region strand of the anti-sense is complementary to a
single strand region of the targeted mRNA.

Ribozymes are short RNAs capable of cleaving a complementary RNA.
This natural mechanism does not imply the contribution of proteins as
ribozymes possess an intrinsic RNase activity. The use of ribozymes has
proved disappointing in practise as, like antisense RNAs, they do not easily
reach their target RNA sequence.

The discovery of interfering RNA one decade ago has profoundly
improved the situation. It was unexpectedly found that a long double strand
RNA can induce the degradation of a RNA having a complementary struc-
ture. Soon after, it was shown that the long double strand RNAs are ran-
domly cut into 19–21 nucleotide fragments known as siRNA (small inter-
fering RNA). One of the two strands of the siRNA is kept and targeted to a
mRNA having a complementary sequence. This induces the degradation of
themRNA. It was also demonstrated that synthetic siRNAs transfected into
cells had an RNAi effect. Soon after, the use of promoters directed by RNA
polymerase III could synthesize siRNAs. In practise, a synthetic gene, con-
taining the targeted 19–21 nucleotide sequence, followed a short random
sequence and by the targeted sequence in the opposite orientation is linked
to a promoter acting with RNA polymerase III (usually U6 or H1 gene pro-
moters). The RNAs synthesized by such vectors form a 19–21 nucleotide
double strand RNA separated by a loop containing the random sequence.
These RNAs known as shRNAs (short hairpin RNA) are processed in cells
to generate active siRNAs.

The recent discovery of the role of microRNAs has increased the possi-
bility to use interfering RNAs. Indeed, microRNAs (miRNAs) are present
in all eukaryotic cells. They are encoded by short genes expressed under the
control of RNA polymerase II promoters. The primary products of these
genes are 135 nucleotides RNAs which are processed and transferred to the
cytoplasm where they are transformed into siRNAs. The mature miRNAs
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which are fully complementary to the targeted mRNA induce a degradation
of this mRNA. The miRNAs, which are only partially complementary to
the targeted mRNA and which recognize a sequence located in the 3’UTR
(3’untranslated region) of the mRNA, inhibit translation of this mRNA
without inducing its degradation. A mammalian genome contains several
hundreds of miRNA genes. Their function is essential as they control the
expression of a large proportion of the genes by modulating translation of
the mRNAs. On the contrary, the siRNAs described above appear more as
a defence mechanism degrading exogenous double strand RNAs (e.g. some
viral RNAs) as well as badly shaped cellular RNAs.

The possibility to generate transgenic animals expressing siRNAs pre-
venting specifically the expression of a gene by degrading the correspond-
ing mRNA or inhibiting its translation has opened avenues for the control
of gene expression in vivo. This approach has met brilliant success in plants.
A rapidly increasing number of transgenic plants expressing genes coding
for siRNAs resistant to pathogens or having a metabolic pathway specifi-
cally blocked are available. The application of the siRNA approach is not
so easy in animals for several reasons. Long double strand RNAs induce
interferons and some unspecific immune reactions (Sioud 2006) and they
cannot be easily used. The siRNAs are auto-amplified in plants in lower
invertebrates but not in vertebrates. Moreover, the reliable expression of
transgenes coding for siRNAs is more difficult in animals than in plants,
as promoters directed by RNA polymerase III are generally poorly active in
transgenic animals unless they are inserted into lentiviral vectors (Tiscor-
nia et al. 2003) or associated with vectors directed by RNA polymerase II
(Sawafta et al., unpublished data). It remains that the use of RNA polymer-
ase II promoters to direct the synthesis of siRNAs offers unprecedented
possibilities for experimenters and biotechnologists to modulate specific
gene expression in a potent and subtle manner.

3.2.3 At the Protein Level

In most cases, the expression of a gene is achieved to suppress or inacti-
vate the corresponding protein in cells or whole living organisms. This goal
can be reached directly using different techniques. One of them consists of
expressing a gene coding for an antibody specifically recognizing and inac-
tivating the targeted protein. This kind of antibodies, known as intrabodies,
must not be secreted and can even be targeted to some cell compartments
to reach the intracellular proteins.

Another possibility relies on the overexpression of a gene coding for an
inactive analogue of the targeted protein. The protein encoded by the gene
can suppress or greatly attenuate the activity of the protein of interest by
playing the role of a decoy. This was exemplified more than one decade ago.
A gene coding for an inactive analogue of an insulin receptor still capable of
binding the hormone allowed the generation of transgenic mice that were
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no more sensitive to insulin and thus suffering from type II diabetes. This
strategy is currently used in nature. This is namely the case for some hor-
mone receptors and transcription factors which exist under different forms
synthesized in the same cells in a controlled manner.

3.3. Control of Transgene Expression by Exogenous Factors

All the vectors described above and used to express transgenes contain pro-
moters which are naturally active in the cells of the transgenic animals.
This implies that the transgenes are regulated by the natural inducers of
the host genes. In some cases, artificial promoters containing natural or
mutated regulatory elements associated in a non natural manner are used
to direct transgene expression. Transgene expressed under the direction of
injected oestrogens is one example among many others. This approach is
fundamentally limited. The oestrogenic inducers will stimulate or inhibit
not only the transgene but a number of host genes, leading to complex and
unknown side effects in the animals.

To circumvent these problems, artificial promoters, containing reg-
ulatory elements from both animal genes and bacterial genes, have been
designed. The resulting promoters are active in animal cells but controlled
by substances active in bacteria but not in animals. The most popular sys-
tem is based on the use of the bacterial tetracycline repressor gene. In prac-
tise, the transgene becomes reversibly activated only when tetracycline is
administered to the animals. A number of similar systems are available and
currently used in transgenic animals with good success (Malphettes and
Fussenegger 2006). These tools virtually offer the possibility to express a
transgene precisely in a given cell type and at a given moment.

3.4 Deletion of Transgenes or Genomic DNA Regions

Deletion of genomic DNA regions is required in some circumstances. Con-
ventional homologous recombinationmakes gene deletion, known as knock-
out, possible (see 2.8). Another possibility consists of using the Cre-LoxP or
Flp-FRT sytems. A LoxP sequence must first be added on both ends of the
fragment to delete. The presence of the Cre recombinase will then recom-
bine the two LoxP sites leading to a deletion of the DNA fragment located
between the LoxP regions. The Cre recombinase may be synthesized by the
corresponding gene under the direction of a cell specific promoter. The
Cre recombinase will be present and the deletion of the DNA fragment will
take place only in the cells in which the promoter is active (figure 3). This
process can be controlled by still more sophisticated tools. The promoter
directing the Cre gene expression can be under the dependency of tetracy-
cline. The deletion of the DNA fragment will then occur only in the cho-
sen cell type and at the chosen moment. Another level of control can be
obtained by using an engineered Cre recombinase which becomes revers-
ibly active in the presence of an oestrogen analogue, 4-hydroxy tamoxifen.
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This offers the advantage of having the active Cre recombinase for short
periods of time. This prevents the non-specific action of the Cre recombi-
nase which can recognize cryptic sites in the host genome and induce ille-
gitimate recombinations damaging the integrity of the host DNA. The steps
to use of 4-hydroxy tamoxifen-dependent Cre recombinase are depicted in
figure 3.

The Cre-LoxP approach may be implemented to withdraw a given gene
or a regulatory region from a genome. In the first case, the operation is
known as conditional knockout. The same technique may also be used to
activate a gene conditionally. In this case, a DNA sequence having an inhib-
itory action on transcription and bordered by two LoxP sequences may be
added between the promoter of a gene and its transcription start site. The
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Figure 3: Elimination of the marker and selectable genes. The vector for ho-
mologous recombination (not shown here) allowed a gene knock-
out. The genomic targeted gene was interrupted by aDNA sequence
containing a selectable gene but also the gene for a form of Cre re-
combinase (ERT2-Cre-ERT2 active only in the presence of 4-hy-
droxy tamoxifen) and two LoxP sequences. After the gene knock-
out, even at the next animal generation, 4-hydroxy tamoxifen may
be added to embryos. This activates the Cre recombinase which re-
combines the two LoxP sequences leading to the elimination of the
selectable gene and of the Cre recombinase gene. The remaining
LoxP sequence is sufficient to knockout the targeted gene. This ap-
proach allows the elimination of the DNA sequences not necessary
for the inactivation of the targeted gene and it avoids the toxic ef-
fects of overexpressed Cre recombinase.
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gene will remain silent until the inhibitory sequence is deleted by the action
of the Cre recombinase. Another application of this tool is the elimina-
tion of marker genes. Some of the techniques described in section 3 imply
the use of marker genes or selection genes. This is the case when pluripo-
tent cells or the cloning techniques are implemented (Houdebine 2007a).
The marker genes and selection genes are not required for the action of
the transgene. Their presence in the animals may have no effects, yet their
elimination has been recommended by FAO/WHO and Codex Alimentar-
ius (FAO/WHO 2007).

4 Conclusions and Perspectives

The methods to generate transgenic animals and to control transgene
expression have made very significant progress during the last few years.
This greatly contributes to facilitate basic research and biotechnological
applications, even if the efficiency of the transgenesis techniques remains a
limiting point.

The main uses of transgenic animals are presently the following ones.
More than 90% of transgenic animals are used to study gene function and
mechanisms of action. Many transgenic models are also generated specifi-
cally to study human diseases and to validate newmedicaments (Houdebine
2007b). The possibility of grafting pig organs to humans requires transgen-
esis for both studying rejection mechanisms and to generate the pig donors
in future (Petersen et al. 2008; Niemann, this issue). Milk from transgenic
mammals and chicken egg white has started being the source of pharma-
ceutical proteins (Van de Lavoir et al. 2006; Houdebine 2008). A number of
projects aiming at improving animal breeding are in course (Laible 2008).
The most advanced project concerns salmon farming. Faster growing sal-
mons have been obtained by overexpressing salmon growth hormone genes.
This project waits for industrial development until the confinement, either
physical or physiological, of these fish will become a reality (Kaputchinsky
et al. 2007).

The use of transgenic animals raises specific biosafety and ethical prob-
lems. A number of research projects imply the use of dangerous animals,
essentially when pathogenic organisms are being studied. These experi-
ments are performed in appropriate confined areas and no accident due to
this kind of research has been reported so far. Environmental problems are
less numerous than those raised by some transgenic plants. Indeed, most
farm animals are kept in confined areas and most of them have no wild
partners in their neighbourhood. The consumption of products from trans-
genic animals is likely to become a reality in the coming years. Specific
guidelines have been defined for this purpose and are ready to be adopted
by Codex Alimentarius. The tests applied to transgenic plants have been
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extrapolated to animals. Animals offer similar and distinct biosafety prob-
lems. Healthy animals and mainly mammals have very little chance to con-
tain toxic substances generated by the presence of a transgene as they are
themselves the first target of such substances. Compared with plants, some
pathogens might proliferate more easily on some transgenic animals and be
transmitted to humans.

Some problems of welfare are clearly specific of transgenic animals.
Transgenesis per se may reduce animal welfare in some cases as it includes
oocyte collection and embryo transfer. In some cases, the transgene can
induce a specific suffering. The use of transgenesis is very diverse and the
ethical problems are also diverse. It is important to note that the improve-
ment of transgenesis techniques contributes to a diminuition of animal suf-
fering. Indeed, an increase in transgenesis efficiency reduces the number of
animals to be used for experimentation. A well controlled expression of the
transgenes may also reduce their side effects. A number of projects aimed
at preventing animal diseases are in course. They may contribute to the
reduction of animal suffering. It may be useful to classify the different uses
of transgenic animals. In a first class there are the experimental animals
used for research. These animals are not very numerous in each experi-
ment, they are not produced to make money and the effects of transgenes
cannot be predicted in all cases. A second class may include animals being
the source of products for the treatment of human diseases. Animals pro-
ducing pharmaceutical proteins or organs for patients belong to this class.
In these cases, the suffering of animals is known and a reality for a number
of them. These animals may contribute to patient treatment but they may
also bring substantial benefit to companies. The third class may include
farm animals. Their use virtually implies a large number of animals hav-
ing a known and transmittable suffering if any, with a limited impact on
human survival. Tolerance towards suffering may then be the highest for
the use of the first class animals, on a case by case basis for the second class
animals and totally non-existent for the third class animals.

A specific problem of animal transgenesis is its possible extrapolation
to humans. This extrapolation is very likely possible, especially by using
gene transfer techniques such as those implementing ICSI or lentiviral vec-
tors. It is worth noting that, as far as we know, these techniques of gene
transfer have never been used in humans. Important technical problems
remain to be solved to envisage transgenesis in humans. One of these prob-
lems is the control of gene integration. It must be noted that gene targeting
is potentially feasible using engineered meganucleases. The major problem
remains the actions of the transgenes. Many genes have complex and multi-
ple functions in mammals. The side effects generated by a transgene cannot
be fully predicted and this bottleneck may remain for a long time. What-
ever happens, the major potentially acceptable application of transgenesis
in humans is expected to be the protection against diseases. This implies
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that the genes responsible for the diseases are known. If this is the case, it
appears simpler, safer and more ethical to eliminate the embryos harbour-
ing the faulty alleles than trying to modify them.
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Animal Pharming: Past Experience and Future Prospects

Angelika Schnieke

Summary

‘Pharming’ can be defined as the use of transgenic animals or plants for
the production of pharmaceutical proteins or peptides. Since the 1980s it
has been proclaimed as an efficient and cost-effective method for the pro-
duction of biopharmaceuticals. In 2006, the first therapeutic product pro-
duced in the milk of transgenic livestock gained approval, ATryn®, a recom-
binant form of human antithrombin III, produced by GTC Biotherapeu-
tics. This was an important milestone but a long time coming, too long for
some biotechnology companies. The near future will show if pharming can
regain investor confidence, and whether society and the pharmaceutical
industry will accept transgenic livestock as an alternative to more estab-
lished production methods. There is cause for optimism for biopharmaceu-
ticals represent a considerable and growingmarket opportunity and animal
pharming has made considerable strides. In two decades a novel produc-
tion platform has been established, new and groundbreaking technologies
developed and the necessary regulatory framework put in place. This arti-
cle highlights some of the obstacles pharming has faced and what the near
future might bring.

Introduction

In plants the term ‘pharming’, or more commonly ‘molecular farming’
or ‘plant made pharmaceuticals’, encompasses both production in whole
plants and cultured cells. Animal pharming is conventionally restricted
to whole animals. One reason for this difference is that biomanufacturing
using mammalian cell culture is an established and successful industry that
does not wish to become associated with the socio-economic, legal and eth-
ical issues raised by transgenic animals, as for example discussed in several
chapters of this book. Nevertheless, the systems have a great deal in com-
mon at a technical level. The markedly different circumstances of the cell
culture and pharming industries seem more a result of history rather than
a reflection of their relative merits. The questions therefore arise whether
there are markets for both, what products are best suited to production
in animals, what are the rational safety concerns, what are the effects of



50

intellectual property rights and what are the requirements for regulatory
approval. We review how these questions affect the pharming industry and
its prospects.

Principles and Technology

The basic scheme for producing pharmaceutical proteins in transgenic ani-
mals is illustrated in figure 1. DNA, which encodes the desired protein, is iso-
lated and incorporated into an expression construct with a gene promoter
and regulatory regions that determine the pattern of expression. This is
introduced as a stable transgene into animals which are propagated normally.
Body fluid such as milk is collected, the protein purified and formulated for
human use. Protein manufacture in cell culture follows the same scheme,
with immortalised cells in bulk culture vessels substituting for animals.

Three important considerations inform the design of a transgenic
expression construct. Choice of tissue: secretion of protein into body fluids
or into the white of chicken eggs are favoured approaches because these are
naturally renewed and can be harvested without excessive invasion. Specifi-
city of expression: strictly restricting the expression of a foreign protein to a
particular tissue may be important to avoid ill effects in the producing ani-
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Figure 1: Overview of recombinant protein production in transgenic ani-
mals. Recombinant expression constructs are generated and trans-
genic animals are produced by either DNA microinjection or so-
matic cell nuclear transfer. Animals are bred, fluid such as col-
lected milk, protein purified and formulated.
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mal. Abundance of expression: high levels of expression are desirable to aid
protein recovery and the economic viability of the project.

In mammals, expression in the lactating mammary gland and secretion
into milk has been by far the most common method (Clark 1998). Gene
promoters and regulatory regions of the major milk proteins β-casein,
whey acidic protein and β-lactoglobulin have all been recruited for trans-
gene expression. Secretion into blood has been used less widely but will
probably increase significantly for the production of antibodies. Urine and
seminal fluid are alternatives which have not been widely investigated for
commercial production, but their proponents assert that they may be useful
for bioactive proteins, because products secreted into the urinary or semi-
nal tracts are sequestered from the rest of the body. Pharming in birds has
focused on chicken egg white, with transgene expression directed from the
ovalbumin promoter (Lillico 2005).

Techniques of producing transgenic animals are dealt with in more detail
in the papers in this book by Niemann et al. and Houdebine. In mammals,
DNA microinjection was the predominant method for almost two decades.
Retroviral transduction is considerably more efficient in terms of the per-
centage transgenic animals obtained (Hofmann et al. 2003; Whitelaw et al.
2004), but severely limits the size of DNA that can be introduced. Viral vec-
tors are therefore rarely used for mammalian pharming, but are the method
of choice for birds. Cell-mediated transgenesis by somatic cell nuclear trans-
fer (SCNT) has now become the preferred method for producing transgenic
livestock. Cultured primary cells are transfected, selected and used as nuclear
donors. Althoughmore labour intensive than direct transgenesis, in vitro cul-
ture offers the advantage that the presence, location and structure of the inte-
grated transgene can be analysed in individual cell clones and the most suita-
ble chosen to produce an animal. DNAmicroinjection in contrast is a lottery.
In some circumstances it may also be possible to gain predictive information
from cultured cells about likely RNA or protein expression in animals. Cell-
mediated transgenesis also allows precise genetic modifications to be engi-
neered by gene targeting.

SCNT requires fewer experimental animals than DNA microinjection,
which reduces costs and benefits animal welfare. Techniques are continu-
ing to improve. For example, bovine nuclear transfer data from 1998–1999
shows an efficiency of 6.3% calves born per reconstructed embryo, while
in 2003–2004 this increased to 15% (Heyman 2005). Also, the need for live
donors to obtain fertilised oocytes has now been entirely superseded by in
vitro production using slaughterhouse-derived ovaries.

Market Opportunities for Both Cell Culture and Pharming?

Animal cell culture commenced in 1951 with the derivation of the HeLa cell
line, and modern bulk culture dates from 1958 when Theodore Puck first

Animal Pharming: Past Experience and Future Prospects
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derived and propagated the now ubiquitous Chinese hamster ovary (CHO)
cell line. After around fifty years of development, manufacturing in cultured
cells is now an outstanding success. According to a 2007 report (Lawrence
2007) approximately one sixth of “blockbuster” drugs were biotechnology
products. Nine of the top ten biotechnology drugs, ranked by U.S. sales, are
produced in mammalian cell culture and at least 23 protein therapeutics
have sales exceeding $1 billion. Many more are in late stage development.

Many earlier products were straightforward protein replacements such
as erythropoietin and the blood clotting factors VIII and IX. This was fol-
lowed by a second generation of derivatives with improved properties such
as longer half-life, e.g. darbepoetin (Aranesp®). Recombinant antibodies,
particularly with applications in oncology or oncology support, are rap-
idly becoming more important and can reasonably be expected to pro-
vide highly successful products in the near future. However the quantities
required to supply the world market are often huge, hundreds of kilograms,
exceeding the current and likely future production capacity.

Proponents of animal pharming have long stressed the advantages of
transgenic animals as an alternative cost-effective means of production,
capable of fulfilling this need. The most significant gains arise from the
low-tech nature of the actual production system, animals in a field rather
than complex culture vessels. Production herds can be expanded or reduced
by normal animal husbandry in a way that bulk culture simply cannot. The
choice of species depends on the amount of protein required, with large
animals (cattle) being most suitable for the largest quantities; and also on
time lines for product development, where small animals (chicken or rab-
bit) with short gestation times and large reproductive capacity may be more
suitable. Comparative data for recombinant protein production in milk and
chicken eggs are summarised in table 1.
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Table 1: Basic data for protein production in milk and eggs

Species Gestation
period
(months)

Age at
sexual
maturity
(months)

Number of
offspring

Age at first
lactation
(months)

Recombinant
protein pro-
duction (kg/
individual/yr)

Cattle 9 16 1 33 40–80

Goat 5 8 1–2 18 4

Pig 4 6 ~10 16 1.5

Sheep 5 8 1–3 18 2.5

Rabbit 1 5 ~8 7 0.02

Chicken 21 5 1 egg
per day

n.a. up to
400µg/egg
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The yield of recombinant protein produced in milk compares reasonably
well with cell culture, at anywhere between 1–20g/L depending on the pro-
tein. CHO cell expression typically produces 0.5g/L or less. Some compa-
nies, such as Wyeth, are developing culture regimes which yield up to 5g/L,
but it remains to be seen whether this can be maintained in large scale rou-
tine production.

The single most important expense in cell based production is the cell
culture faculty. Commitment to a large facility necessarily falls at an early
stage of product development, at phase 1 clinical trials or even during pre-
clinical investigations, because production capacity must be sufficient to
deliver material for mass clinical trials and a subsequent market launch.
A cell culture production facility requires investment of approximately
€600–900 million and 4–5 years for construction, validation, and licensing.
All of this is exposed to the risk that the drug may fail trials and have to be
either abandoned or radically modified, although this can be mitigated by
using contract manufacturing facilities. Subsequent scale-up requires addi-
tional culture tanks, associated facilities and running costs.

By comparison, the cost structure of production with animals is more
flexible. Until recently the cost of generating a transgenic animal suitable
for founding a production herd or flock was approximately €50–150,000
depending on species. Advances in producing earlymammalian embryos by
in vitro maturation and fertilisation of slaughterhouse derived oocytes have
reduced this to approximately €30–50,000. All of which can be achieved
with relatively modest facilities. The time and costs involved in generating
production herds from founder animals depend on the species, but are basi-
cally those required for conventional animal husbandry, plus costs of bio-
containment and goodmanufacturing practice (GMP) compliance. Further
details of the economics of transgenic animal production are provided in
the paper by Walsh in this proceedings.

The purification and formulation stages of cell culture and animal
derived products are basically the same, and facilities require similar invest-
ment for construction, validation and licensing.

Products

The main reason to express a particular protein in either animals or cul-
tured animal cells, rather than bacteria, plants or yeast, is because appropri-
ate post-translational processing is required for bioactivity. This category of
proteins includes many important biomedical products, such as blood clot-
ting factors and antibodies and there are currently no alternative means of
expression. Efforts are underway to enhance the capacity of yeast to proc-
ess complex proteins, but it is unknown if and when this would offer a prac-
tical substitute.

Animal Pharming: Past Experience and Future Prospects
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Evidence available indicates that almost any protein currently pro-
duced in mammalian cell culture could also be produced successfully in
milk. Exceptions are highly bioactive proteins, such as erythropoietin, that
can damage animal health if even a minute amount is expressed ectopi-
cally or leaks into general circulation. Alternatives to milk where prod-
ucts are strictly sequestered from the body, e.g. urine or avian eggs, may
overcome this limitation in future. However, because pharming compa-
nies were founded on a means of production rather than product discov-
ery, access to potential products has been a considerable problem. Most pro-
teins with biomedical indications are protected by patents or proprietary
information, and this has forced reliance on industrial partnerships. This
has sometimes made pharming companies vulnerable to third-party deci-
sions, including the termination of successful large animal studies. It also
meant that only those products which had performed poorly or failed in
cell culture (e.g. fibrinogen and other coagulation factors) were tried in ani-
mals. It is therefore difficult to make a fair comparison, but the successful
synthesis, processing and assembly of several highly complex proteins, sug-
gests the probable superiority of the mammary gland over CHO cells.

At the time of writing, the two major players in the field, Pharming
(www.pharming.com, July 2008) and GTC Biotherapeutics (www.trans-
genics.com, July 2008) list a total of twelve proteins as under active devel-
opment. Seven of these (α1-antitrypsin, human serum albumin, type I col-
lagen, fibrinogen and clotting factors VII, VIII and IX) were previously
investigated by the Edinburgh company PPL Therapeutics during the 1990s.
This limited range does not reflect a shortage of products technically suit-
able for pharming, but rather restrictions imposed by the current commer-
cial environment. However, many early products are now coming off patent
and this will bring new product opportunities.

Intellectual Property and Pharming Technology

In addition to restricting access to potential products, intellectual prop-
erty rights have also had a major impact on the access to key technologies.
DNA microinjection, nuclear transfer, stem cells, gene targeting, promot-
ers and other elements required for successful gene expression have all been
covered by granted or pending patents. It is noteworthy that at the outset,
the number of patents corresponding to useful milk promoters effectively
determined the number of companies which could pursue transgenic mam-
mary gland expression.

However the current patent system is widely viewed as poorly suited to
the realities of modern biology and biotechnology, and practices such as the
granting of overbroad claims criticised as protectionist and stifling inno-
vation. For example, a patent granted within the US to GTC Biotherapeu-
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tics claims “any therapeutic protein in the milk of any transgenic mammal”
(www.transgenics.com, July 2008) making it somewhat difficult for other
companies to compete. While patent rights can be disputed, the financial
costs are high. Such a dispute was largely responsible for the bankruptcy of
the Dutch company Pharming in 2002. However, as with products, many
patents covering valuable tools such as milk gene promoters are due to
expire in the near future, which should ease restrictions on new ventures.

Product Safety and Quality

An important motivation for the production of proteins in animals and ani-
mal cells has been to provide safe replacements for products derived from
human tissues. These carry a risk of associated pathogens if not properly
screened and this is dangerously exacerbated when material from multi-
ple donors is pooled. There have been numerous tragic illustrations of this
hazardous practice. In France, several thousand haemophilia patients were
infected with HIV following treatment with contaminated blood products
during the 1980s (Anderson 1991), and more than two hundred children
treated with human brain derived growth hormone contracted Creutzfeldt-
Jakob disease (Brown 2000). In Japan, more than ten thousand people are
estimated to have been infected with hepatitis C from blood derived fibrin-
ogen used during surgery between 1964 and 1988 (Yasunaga 2007). Large
scale contaminations have also been documented in several other countries.
Recombinant proteins dramatically reduce these dangers, an advantage
that has not always been communicated effectively to the public.

Production in animal systems does however incur new risks: possible
zoonotic disease, contamination with animal proteins and DNA, and alter-
ations in the structure of recombinant protein. The magnitude of each of
these risks has had to be ascertained during the development of the indus-
try. Transgenic technology is relatively new and has therefore been scruti-
nised very intensely.

The possibility of transmitting zoonotic disease, such as BSE (Bovine
spongiform encephalopathy) or avian flu, is well recognised. Measures
against both known and unknown pathogens must therefore taken dur-
ing both production and protein purification. For example, animal health
is regularly monitored and strict precautions taken to prevent contact with
other domestic or wild animals and to exclude people and equipment in
recent contact with either. Concerns regarding transmission of prion dis-
eases (BSE, scrapie) also mean that land used as animal pasture should not
have seen contact with other farm animals for several years. For this reason,
some companies have chosen to raise animals in countries free of prion dis-
eases, for example New Zealand. Alternatively, some animals such as pigs
and rabbits can be raised indoors in specific pathogen free facilities.

Animal Pharming: Past Experience and Future Prospects
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Large scale recombinant protein purification has so far only been devel-
oped for milk. This is a multi-step process that combines standard meth-
ods developed for the dairy industry with procedures developed for purifi-
cation of recombinant proteins produced in cell culture. The intention is to
remove animal proteins, DNA and any micro-organisms, bacteria, viruses
or prions. The acceptable amount of contaminating animal protein present
in a particular product is determined by its ultimate application. For exam-
ple a product intended for regular intravenous injection over long periods
would require extremely high levels of purity, while more animal protein
would be acceptable in a product to be applied topically or ingested as a
nutraceutical.

The specifics of purification depend on the properties of each protein,
but here is an outline. Most recombinant proteins are present in the whey
fraction, therefore the first steps are removal of fat and suspended caseins.
This is followed by chromatography to isolate the recombinant protein away
from remaining milk proteins. Final clean-up steps might include ultrafil-
tration and possibly heat treatment to prepare a pharmaceutical-grade ther-
apeutic product. Current experience indicates a final yield of purified prod-
uct of between 40–60% of the amount in milk, depending on the nature of
the protein and the required purification procedure.

Production and purification of products from transgenic animals must
comply with current US Food and Drug Administration (FDA) or Euro-
pean Medicines Agency (EMEA) guidelines and GMP. GMP encompasses
training of personnel, validation of procedures, equipment, materials and
facilities as well as standard operating procedures. Production criteria must
be defined at the outset, such as acceptance criteria for source material,
product pooling, batch size and product quality and purity required at vari-
ous stages of purification to ensure product consistency. Throughout, doc-
umentation is essential and meticulous records must be kept of all activities,
from the production of the DNA construct to the final product.

The concept of the “well-characterised biologic” has been central to the
standards required by the FDA for both cell culture and pharming prod-
ucts. This was first defined in 1995 as “a chemical entity whose identity,
purity, impurities, potency, and quantity can be determined and controlled”
(Schultz 1995). Meeting this standard is however considerably more diffi-
cult than for chemically produced products. Biopharmaceuticals of all types
have encountered problems and there have been calls for a revised defini-
tion. Although appropriate standards for purity, potency and quantity can
readily be established for a product intended for a particular application, the
concept of “identity” is not straightforward. The molecular structure of a
recombinant product can be characterised extensively by in vitro analysis,
but both recombinant and native proteins sometimes exist as a mixture of
subtly different forms. Whether this represents uncertain and unaccepta-
ble identity is open to debate. Furthermore, a protein produced in a heter-
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ologous species and cell type will rarely be an exact replica of the native
(e.g., human) form, but could nevertheless function as a good “bio-equiva-
lent”. Safety and efficacy as determined by pre-clinical and clinical trials are
clearly the most important criteria by which to judge potential products.

Protein glycosylation has been a particular concern. The patterns
of oligosaccharide chains cross-linked to asparagine residues in the
protein chain (N-linked glycosylation) vary between mammalian spe-
cies, cell types and even metabolic states of the same cell. Notably,
humans differ from the majority of other mammals in the type of sialic
acids present. Most mammals have a mixture of two principle forms,
N-acetylneuraminic acid and N-glycolylneuraminic acid. Humans
have a mutation in the enzyme responsible for producing N-glycolyl-
neuraminic acid and therefore lack this form. Proteins with non-human
patterns of glycosylation may have altered pharmacological properties in
patients, for example being cleared from the body at an increased rate, and
could also be immunogenic especially if administered intravenously over
long periods. These issues are similar for both cell culture and transgenic
animal production. Whether glycosylation constitutes an actual, rather
than a perceived problem for pharming has yet to be determined, because
the number of trials is still too low. Trial results from GTC Biotherapeutics’
lead product, recombinant human antithrombin III, are so far encouraging
with no immune reactions detected in more than 200 patients treated.

From Concept to Product

The birth of the first transgenic large animal was reported in 1985 (Hammer
et al. 1985) and within three years several companies had been formed to
produce pharmaceutical proteins in milk. Only in the following years were
the first pharming animals actually born: a sheep “Tracey” from Pharma-
ceutical Proteins Ltd, a bull “Hermann” from Pharming, and a goat from
Genzyme Transgenics. There was therefore little experience available at the
time, and these pioneering companies faced a formidable task establishing
a new production platform for the most exacting of markets. Not only did
the technology have to be evaluated and improved, but legal guidelines were
lacking and had to be worked out in parallel. This was carried out in the face
of high investor expectations and scepticism, even hostility, from the public.

Production and breeding of transgenic livestock necessarily takes time,
so several years were required to fully evaluate and refine the technology,
recognise problems and address shortcomings. This included improve-
ments in the design of transgene vectors to provide abundant and specific
expression, as described in the paper byHoudebine in this proceedings. The
processing and post-translational modification capability of the mammary
gland also had to be assessed and compared between species. For exam-
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ple, γ-carboxylation of glutamate residues, essential for bioactivity of sev-
eral blood coagulation factors, is carried out poorly by CHO cells (Sinha et
al. 1994). The lactating mammary gland provided a considerable improve-
ment in γ-carboxylation, but significant differences were discovered in the
proportion of fully γ-carboxylated protein obtained from the species inves-
tigated: pigs, sheep and rabbits, with rabbits proving to be the best.

Because there was, and still is, no practical method of stably culturing lac-
tating mammary cells for long periods, transgenes destined for expression
in milk are generally first tested in transgenic mice to gain some predictive
information. Mice can provide an indication of the overall expression level,
bioactivity of the protein and any effects on animal health. However, many
issues only emerged once transgenic livestock had been generated and stud-
ied in detail. These include species-specific differences in RNA processing
leading to aberrant splicing, and species-specific protein interactions. As
studies were carried out over generations, it became apparent that trans-
gene mosaicism was more frequent in microinjected livestock thanmice, an
important factor when breeding from founder animals. Another observa-
tion rarely reported in mice, despite the large numbers being produced, was
instability of the transgene locus due to inverted repeats. Although trans-
gene rearrangements had been reported earlier (Covarrubias et al. 1986) the
first proper description of the phenomenon in mice was in 1996 (Collick et
al. 1996). In contrast, inverted repeats were observed several times in trans-
genic livestock despite their far smaller numbers.

In 1995, the United States Food and Drug Administration (FDA) pro-
duced guidelines for pre-market data submission for potential products
from transgenic sources. Amongst other specifications, these require that
the structure and expression pattern of the integrated transgene con-
struct be characterised in the founder animal and demonstrated as reliable
through subsequent generations.

The production of recombinant fibrinogen in the milk of sheep was
a project carried out by PPL Therapeutics between 1993 and 2004 and is
useful in illustrating the range of problems that can be encountered with
regard to transgene, RNA and protein stability. It also demonstrates that a
complex multimeric protein, which had repeatedly failed in tissue culture,
can be successfully expressed in the mammary gland and provide a valua-
ble product.

Case Study: Fibrinogen

Fibrinogen is a vital part of the blood coagulation system. It circulates as
a soluble protein in blood plasma until activated by thrombin and stabi-
lised by factor XIII in the final stage of the coagulation cascade. Activated
fibrinogen converts to insoluble fibrin, which forms the structural compo-
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nent of the blood clot until it is eventually degraded by plasmin. Fibrinogen
is a complex molecule composed of six polypeptide chains, two each of α,
β and γ chains cross-linked by multiple disulphide bonds. Extensive post-
translational modification is required for correct assembly of the hexamer.

The most important biomedical applications of fibrinogen are in sur-
gery, for example as a tissue glue, haemostat, tissue sealant and anti-adhe-
sive. It can be derived from donated human blood with the attendant risks,
or alternatively prepared from a patient's own blood if circumstances allow
several weeks notice before surgery, clearly not always possible. A safe read-
ily available recombinant product is therefore highly desirable. Attempts
to express functional fibrinogen in cultured cells have so far been unsuc-
cessful, the main problem being failure of β chain expression. Fibrinogen is
therefore an attractive candidate for production in animals.

Three protein chains require three genes. Three independent expres-
sion constructs were produced, each driven by the β-lactoglobulin pro-
moter and coupled to a 3' untranslated region of the β-lactoglobulin gene.
Triple transgenic sheep were generated by co-injecting an equimolar mix-
ture of each. Twelve of the resultant animals were transgenic (6%) and nine,
four females and five males, contained all three transgenes. Two of these
expressed relatively high levels of recombinant fibrinogen in their milk
(between 2.5–5g/L) and were chosen for production.

However, analysis of the transgene locus over subsequent generations of
these two lines revealed that the copy number varied between animals. This
was traced to an unstable inverted repeat within a tandem array of α, β and
γ transgene copies in the founders. Indeed, individual sheep were found to
be mosaic for different transgene structures, indicating that recombination
also occurred in somatic cells. Stable genetics is a fundamental requirement
for any transgenic product, so these lines could not be used in production.
Conceivably they could have been bred over several generations until the
transgene array resolved to a stable configuration, but a far better approach
was to generate new transgenic lines by SCNT.

Analysis of fibrinogen RNA expression also showed a high proportion of
unexpectedly large α and β mRNA species. These were found to be splice
variants retaining an intron from the 3' β-lactoglobulin region and had not
been observed from the same constructs in mice. Fortunately these vari-
ants did not affect the protein expressed as all were outside the translated
region, but they illustrate the difficulty in obtaining reliable predictive
information.

Protein analysis revealed degradation products due to proteolysis
by plasmin in milk. In retrospect this was foreseeable as plasmin is the
major protease in milk. PPL could solve this by crossing fibrinogen trans-
genic sheep with another line which expressed the protease inhibitor AAT
(α1-antitrypsin). Analysis of fibrinogen/AAT milk showed good qual-
ity undegraded fibrinogen chains. Even though AAT is not a particularly
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strong inhibitor of plasmin, co-expression at high level efficiently blocked
fibrinogen proteolysis.

The first concept for a fibrinogen product was to reproduce the natu-
ral coagulation process in vitro using recombinant thrombin produced in
CHO cells and factor XIII from yeast. This produced a fibrin mesh with
mechanical strength equivalent to a natural clot. However, approaches to
the FDA revealed that such a triple recombinant product would encoun-
ter significant difficulties gaining approval. For example although recom-
binant thrombin was produced in cell culture under specific pathogen free
conditions using serum-free media with no exposure to other animal prod-
ucts, however it was activated using venom obtained from snakes fed on
rodents. After lengthy explorations whether all stages in the process could
be controlled sufficiently to ensure safety for human use, it was decided
that a product based on such diverse origins was unlikely be approved.

This forced a return to the development stage and a search for an alter-
native, simpler product formulation. It was decided to avoid thrombin and
factor XIII altogether but rather use batroxobin, a snake venom available
as a recombinant product which had already gained regulatory approval.
Batroxobin induces partial activation of fibrinogen by releasing the fibri-
nopeptide from the α fibrinogen chain only. This is sufficient to induce
fibril formation. The resulting product was easy to use and highly effective
as a tissue sealant and anti-adhesive in preclinical animal studies. How-
ever the delay involved in generating new transgenic lines could not be sus-
tained by the financial resources available to PPL. Following withdrawal
of the principal industrial partner for it’s lead product AAT, PPL declared
bankruptcy in 2004. Fibrinogen development is now being pursued by
Pharming.

New Technologies and Novel Opportunities

The fibrinogen study was an example of transgenesis using pronuclear DNA
microinjection. A technique now recognised as suffering several disadvan-
tages: the random location of transgene integration, the inability to analyse
transgene loci until after animals are born, and the inability to carry out
sophisticated genetic alterations such as gene inactivation and transgene
placement by gene targeting. In mice, gene targeting in embryonic stem
(ES) cells has been phenomenally productive, but ES (embryonic stem) cells
have still not been derived from livestockmammals. Here too the pharming
industry played an important role, collaborating with academic research-
ers to circumvent this deficiency. The development of somatic cell nuclear
transfer (SCNT) often loosely termed “cloning” was motivated largely by
the need for an alternative to DNA microinjection as a means of produc-
ing transgenic large animals (Schnieke et al. 1997), in particular a method
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that would enable transgene analysis before animals are produced and also
facilitate gene targeting (McCreath et al. 2000). SCNT opened several new
opportunities in biomedicine and has now become the method of choice
for producing transgenic large animals, including those behind Pharming’s
fibrinogen and GTC’s approved product ATryn®.

SCNT and new transgene vectors such as artificial chromosomes are
now instrumental in bringing about new developments in pharming. The
prospect of producing human polyclonal antibodies is particularly excit-
ing as it will transform transgenic animals from their current role as pas-
sive vehicles for the production of pre-existing proteins to a means of gener-
ating totally new pharmaceutical products. This has the potential to propel
animal pharming to a more prominent role in the pharmaceutical industry
and is the subject of the next two sections.

Therapeutic Antibodies, Current Status

Antibodies for human therapy are the fastest growing set of new biophar-
maceuticals, in terms of both number of products and market share. At
the time of writing, over twenty antibody products have been approved
for therapeutic use and several hundred are undergoing trials with poten-
tial applications in cancer therapy, autoimmune diseases, transplantation,
antibiotic resistant infections, biodefense and immune deficiencies. Most
of these are monoclonals produced by variations of the hybridoma tech-
nique originally developed by Köhler and Milstein in 1975 (Köhler 1975).
Mice are immunised, B-cells extracted from the spleen and fused with mye-
loma cells to produce immortalised hybridoma cell clones, each secreting
a particular antibody molecule. Hybridoma clones secreting an antibody
with the desired specificity are chosen and expanded. Recombined immu-
noglobulin genes or cDNAs are now usually transferred from hybridomas
into CHO cells to maximise antibody yield.

The first therapeutic monoclonal to gain regulatory approval was Ortho
Biotech’s orthoclone OKT3® (Muromonab) antibody to T-cell CD3 antigen
for the suppression of kidney transplant rejection in June 1986. These first
generation monoclonals, composed entirely of mouse immunoglobulins
have generally been of limited use in human therapy, because patients often
raise an immune response. This can neutralise antigen binding and cause
rapid clearance of the antibody from the body. More seriously, repeated
administration risks severe adverse reactions such as anaphylaxis that effec-
tively rule out their use for chronic or recurring disease.

Immunogenicity can be reduced to some extent by using proteolytic
fragments containing the antigen binding regions (Fab fragments) rather
than the whole mouse antibody. Even so, such products are now mainly
used in disease imaging rather than direct therapy. Examples are Immu-
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nomedics’ Sulesomab (Leukoscan®) and Arcitumomab (Cea-Scan®) used
in the imaging of inflammatory conditions and various cancers, Cento-
cor’s Imciromab (Myoscint®) anti-myosin monoclonal used in the detection
of heart muscle damage, and Boehringer Ingelheim’s Nofetumamb (Ver-
luma®) in imaging lung cancer.

Considerable efforts have been made to reduce the mouse content by
genetic engineering. The first products were chimeric antibodies composed
of human constant regions fused with mouse variable regions with about
one third mouse and two thirds human protein. A Fab fragment from such
a chimeric antibody was approved in 1994, Centocor’s Abciximab (Reo-
Pro®) to block platelet aggregation after cardiac angioplasty or stent inser-
tion. The first whole chimeric antibody to be approved was from Biogen
Idec and Genentech, Rituximab® (Rituxan) against B-cell CD20 antigen
approved in 1997 for non-Hodgkin lymphoma. It is now also used to treat
leukemia and rheumatoid arthritis and is the top selling monoclonal with
US sales for 2006 estimated around $3.9 billion (Lawrence 2007). The well
known monoclonal Herceptin® for epidermal growth factor receptor 2 pos-
itive breast cancer also belongs to this category. US sales of Herceptin® in
2006 are estimated around $3.1 billion (Lawrence 2007).

The mouse component of an antibody can be further reduced by CDR
(complimentary determining regions) grafting, often loosely termed
“humanisation”, in which all but the mouse complimentarity determining
regions are substituted with human sequences. Protein Design Lab’s Dacli-
zumab (Zenapax®) antibody to the T-cell CD25 antigen was the first of this
type to be approved in 1997 for organ transplantation.

Remodelling a mouse antibody, while maintaining antigen affinity
is however difficult and time consuming, motivating a search for a more
direct means of generating human antibodies. Although human hybrid-
oma technology has been pursued since the 1980s, it has so far not been
commercially viable, a major problem being the narrow range of B-cell spe-
cificities available. Phage display, an in vitro method which avoids the use
of animals altogether, has been more successful. Abbot laboratories’ Adali-
mumab (Humira®) antibody to tumour necrosis factor α was isolated from
a large library of randomised combinations of synthetic human antibody
variable regions in a bacteriophage expression vector. The product was
approved for rheumatoid arthritis in 2002.

At present, considerable hopes are placed on animals engineered to repli-
cate the human humoral immune response. This work was pioneered in the
late 1980s by Marianne Brüggemann of Cambridge University (Brügge-
mann et al. 1989) and subsequently pursued by two companies, GenP-
harm (later acquired byMedarex) and Cell Genesys (which formedAbgenix,
later acquired by Amgen). In 1994, both independently reported mice with
immunoglobulin genes inactivated by gene targeting and carrying human
immunoglobulin transgenes. These mice could be immunised and hybri-
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domas derived that produced fully human monoclonal antibodies (Green
et al. 1994; Lonberg et al. 1994). Subsequent work has sought to increase
the repertoire of antibodies produced by providing more complete sets of
human immunoglobulin variable and constant genes. Kirin Pharma have
used human artificial chromosome vectors with very large DNA fragments
to generate transchromosomic mice (Tomizuka et al. 2000).

Amgen have two upcoming products using their Xenomouse: Pani-
tumumab (Vectibix®) against epidermal growth factor receptor, which
received US approval for metastatic colorectal cancer in September 2006
and is awaiting approval in Europe; and Denosumab a monoclonal against
NF-κB receptor activator ligand involved in bone resorption, that is under-
going clinical trials for various types of bone loss. Medarex have several
monoclonals in trials using their HuMAb-mouse® and Kirin’s transchro-
mosomic miceTM.

CHO cells remain by far the dominantmeans of producingmonoclonals,
but there are some signs that arguments for animal production are becom-
ing persuasive, at least for the most successful products. GTC report the
development of two monoclonal antibodies from goat milk (www.trans-
genics.com, July 2008). An anti-CD20 monoclonal equivalent to the hugely
successful CHO derived Rituximab®, developed in partnership with LFB,
a French blood fractionation company. Also a CDR-grafted anti-CD137
monoclonal, intended to stimulate immune rejection of solid tumours.

Polyclonal Antibodies: Future Blockbusters?

Therapeutic monoclonals from whatever source all share the feature that a
single antibody binds only one epitope of an antigen. This contrasts with the
normal vertebrate immune response, in which many B-cell clones generate
a population of antibodies with a range of affinities against various epitopes.
Monoclonals are therefore of limited effectiveness against pathogens which
require neutralisation of multiple epitopes, pathogens with diverse strains
or which mutate rapidly and venoms, e.g., from insects, snakes, spiders and
scorpions, which may have tens or hundreds of toxic components.

Interest has therefore been increasing in the use of polyclonal antibodies,
because they more closely mimic the natural response and provide a variety
of binding capacities. Polyclonals are also more effective than monoclonals
in the formation of immune complexes responsible for complement acti-
vation and the recruitment of neutrophils and macrophages. Passive poly-
clonal immunotherapy, or serum therapy, was successfully demonstrated
in 1891 by Emil Behring as a treatment against diphtheria toxin, and so is
hardly a new concept. Until recently, however, human polyclonal antisera
could only be obtained from people, severely restricting the quantity and
specificity of sera available.
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64

The production of mice capable of a human humoral immune response
has radically transformed prospects for polyclonal antibodies. Mice are
not a practical source of sera, as each adult contains only about 10mg total
immunoglobulins. Cattle however have approximately 1kg total immu-
noglobulins and are eminently suitable, if the necessary genetic modifica-
tions can be carried out. Figure 2 provides an outline of the scheme.

This has not yet been accomplished, but significant progress has been
made. Kirin Pharma have created transchromosomic cattle using a human
artificial chromosome vector containing the entire un-rearranged sequences
of the human immunoglobulin G heavy-chain and lambda light-chain loci
(Kuroiwa et al. 2002). The loci were functional, but transmission of the artifi-
cial chromosome through the germ line and stable maintenance over gener-
ations may prove difficult. The same researchers have also reported targeted
inactivation of the endogenous bovine immunoglobulin-µ heavy chain gene
and the production of cattle by nuclear transfer (Kuroiwa et al. 2004).

It remains to be seen whether herds of large animals capable of produc-
ing human polyclonal antibodies can be raised and bred. But if this can be
realised, the potential benefits for human health would be enormous. The
range of new polyclonal sera that could be produced by immunising ani-
mals is effectively unlimited. Because the cost would be only a fraction of
that required to develop a new monoclonal, many new applications would
become economically feasible. Antisera could also be raised relatively

Figure 2: Production of human polyclonal antibodies in gene-targeted,
transgenic or transchromosomic livestock
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quickly, allowing a more rapid response to newly emerging pathogens. The
ready availability of human antisera against an unlimited range of antigens
could conceivably bring about a transformation of medicine comparable to
the antibiotics revolution of the 1940s and 50s.

Concluding Statements

It is almost exactly twenty years since the first pharming companies were
founded. Since then small companies have pioneered dramatic scientific
and technical advances in the genetic manipulation of large animals and
established novel methods of transgene expression. This period saw the
establishment of guidelines and a coherent regulatory framework to cover
production and management of transgenic herds and the purification, char-
acterisation and administration of transgenic products.

Recent attitudes to pharming have been quite negative and many com-
mentators have referred to the slow development of the field. However
to be fair these are more reactions to initial over-hyped claims and con-
sequently high investor expectations, than impartial judgements on the
actual progress made. Certainly pharming has yet to fulfil its initial prom-
ise and make a significant impact on the pharmaceutical industry, but the
first product has now come to market. GTC’s ATryn®, recombinant human
antithrombin III has been approved by EMEA, if only for the narrow indi-
cation of prophylaxis against venous thromboembolism during surgery in
patients with congenital antithrombin deficiency. ATryn® is unlikely to
become a blockbuster drug, but is nevertheless vitally important in coun-
tering the widespread scepticism that has grown around the technology. A
commentary on ATryn® (Schmidt 2006) quotes a leading US equity analyst
as saying “Before this decision, pessimists believed regulatory authorities
would always find a way to shoot down transgenic proteins, … But now that
we have an approval, that argument goes away”.

The near future will likely see more milk-derived products coming
to market and the establishment of new pharming companies, probably
including some in developing economies such as China. However, while
pharming was undergoing its gestation period, other technologies have
made significant strides and the niche available for pharming may have
been reduced. Cell culture is increasingly well established, and alternatives
such as chemical synthesis of peptides and transgenic plants for bulk prod-
ucts are providing strong competition. To borrow the jargon of computer
software development, pharming now needs a “killer application” to secure
it’s future. That is, a product or set of products with high biomedical value
that can only be produced in transgenic animals. At the moment human
antibodies offer tantalising possibilities, the next few years will reveal
whether these will be realised.

Animal Pharming: Past Experience and Future Prospects
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Market Development of Biopharmaceuticals

Gary Walsh

Products of pharmaceutical biotechnology represent the fastest growing,
the most technically complex and in many ways, the most exciting sector
within the pharmaceutical industry. Within this chapter we firstly consider
what exactly a biopharmaceutical is. An overall snapshot of the current sta-
tus of the biopharmaceutical sector is then presented, followed by a con-
sideration of technical trends currently characteristic of the industry. The
chapter concludes by considering some of the likely significances of bio-
pharmaceuticals within the broader pharmaceutical sector for the future.

1 Biopharmaceuticals

‘Biopharmaceutical’ has now become an accepted, commonly used word in
the pharmaceutical vocabulary. The term originated in the 1980s, when a
general consensus evolved that it represented a class of therapeutic prod-
uct produced by modern biotechnological techniques. These incorporated,
protein-based products are produced by genetic engineering or, in the case
of monoclonal antibodies, produced by hybridoma technology. During the
1990s the concept of nucleic acid-based drugs for use in gene therapy and
antisense technology came to the fore. Such products are also considered to
be biopharmaceuticals. On that basis biopharmaceuticals may be defined
– or at least described – as proteins or nucleic acid based pharmaceuticals,
used for therapeutic or in vivo diagnostic purposes, and produced bymeans
other than direct extraction from a non-engineered biological source. The
vast majority of biopharmaceuticals therefore are therapeutic proteins pro-
duced via recombinant DNA technology (genetic engineering), and it is
upon these products we focus upon for the remainder of this chapter.

2 The Global Biotechnology Sector

Globally there are over 4,000 biotech companies in existence. The vast
majority of these companies focus specifically upon medical/healthcare
biotech – mainly developing diagnostic and therapeutic biotech products.
Figures from 2006 estimate that there are in excess of 1,400 biotech com-
panies within Europe with just over 1,100 companies based in the United
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States. The Asia pacific area represents the third largest region, being home
to some 600 biotechnology concerns (Lawrence 2007). Some are publicly
quoted companies (an estimated 710) but the majority are privately owned
and are relatively small, often employing less than 100 people.

Collectively these companies generated revenues of $73 billion in 2006,
an increase of 14% over the previous year. The vast majority are research
intensive, spending an average of 28% of revenues on research and develop-
ment, an increase of some 33% when compared to the 2005 figures (Law-
rence, 2007). While overall revenues grow steadily each year, the sector as a
whole remains a loss making one, with net losses for 2006 estimated to be
over $5 billion.

3 Biopharmaceutical Industry Overview

The biopharmaceutical sector represents the backbone of the global biotech
industry. This industry can trace its roots back to the late 1970s and early
1980s. The advent of genetic engineering and monoclonal antibody tech-
nology underpinned the establishment of hundreds of start-up biopharma-
ceutical companies, mainly in the United States, with smaller numbers of
start-ups emanating from Europe and other world regions.

Many of these initial companies were founded by academics or research-
ers in the area of recombinant DNA technology/antibody technology who
sought to take commercial advantage of developments in these areas. Such
start up companies were largely financed by speculative monies attracted
by the hype associated with the establishment of the modern biotech era.
While most of these early companies displayed significant technical exper-
tise, the vast majority lacked experience in the practicalities of the drug
development process. Most of the well established large pharmaceutical
companies on the other hand were slow to invest heavily in biotech research
and development. However, as the actual and potential therapeutic sig-
nificance of biopharmaceuticals became evident, many traditional phar-
maceutical companies diversified into this area. Most of them either pur-
chased small, established biopharmaceutical concerns, or formed strategic
alliances with them. One example was the long-term alliance formed by
Genentech and Eli Lilly. Humulin® (recombinant human insulin, produced
in Escherichia coli and developed by Genentech in collaboration with Eli
Lilly) was the first biopharmaceutical ever to come on the market. Lilly
received marketing authorization in the USA for the product in 1982. This
marked the true beginning of the biopharmaceutical industry.

The merger of biotech capability with pharmaceutical experience helped
accelerate development of the biopharmaceutical sector. Many of the ear-
lier dedicated biopharmaceutical companies no longer exist, failing for
either technical or financial reasons. The promise and hype of biotechnol-
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ogy sometimes exceeded its ability to actually deliver a final product. Some
biopharmaceutical substances showed little efficacy in treating their target
condition, and/or exhibited unacceptable side effects. Mergers and acquisi-
tions also led to the disappearance of several biopharmaceutical concerns.
Examples of successful dedicated biotech companies formed during pio-
neering era of the biopharmaceutical sector include Genentech, Amgen and
Biogen.

Amgen now employs over 9,000 people worldwide making it one of the
largest dedicated biotechnology companies in existence. Its headquarters
are situated in Thousand Oaks, California, although it has research, man-
ufacturing, distribution and sales facilities worldwide. Company activities
focus upon developing novel (mainly protein) therapeutics for application
in oncology, inflammation, bone disease, neurology, metabolism and neph-
rology. By mid-2006, seven of its recombinant products had been approved
for general medical use (the erythropoietin-based products, ‘Aranesp®’
and ‘Epogen®’, the colony stimulating factor-based products, ‘Neupogen®’
and ‘Neulasta®’, as well as the interleukin-1 receptor antagonist, ‘Kineret®’,
the anti-rheumatoid arthritis fusion protein, ‘Enbrel®’ and the keratinoc-
yte growth factor ‘Kepivance®’, indicated for the treatment of severe oral
mucositis). Total product sales reached US$9.9 billion by mid-decade. In
July 2002, Amgen acquired Immunex Corporation, another dedicated bio-
pharmaceutical company founded in Seattle in the early 1980s.

Biogen was founded in Geneva, Switzerland in 1978 by a group of lead-
ing molecular biologists. Currently, its global headquarters are located in
Cambridge, MA, and it employs in excess of 2,000 people worldwide. The
company developed and directly markets the interferon-based product,
‘Avonex®’, but also generates revenues from sales of other Biogen-discovered
products which are licensed to various other pharmaceutical companies.
These include Schering Plough’s ‘Intron A®’ as well as a number of hepa-
titis B based vaccines sold by SmithKline Beecham (SKB) and Merck and
Tysabri, which it jointly markets with Elan.

Genentech was founded in 1976 by scientist Herbert Boyer and the ven-
ture capitalist, Robert Swanson. Headquartered in San Francisco, it employs
almost 5,000 staff worldwide. Recombinant protein-based products it now
has on the market include human growth hormones (Nutropin®), the anti-
body-based products ‘Herceptin®’ and ‘Rituxan®’, and the thrombolytic
agents ‘Activase®’ and ‘TNKase®’.

Table 1 lists the major (bio)pharmaceutical companies who now manu-
facture/market biopharmaceuticals approved for general medical use.

3.1 Current Status

Currently some 180 biopharmaceuticals have gained approval for general
human use in the EU and/or USA and some 325 million people world-
wide have been treated to date with these drugs. Summary profiles of those
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approved in the USA and/or the EU are available in various publications
(e.g., Walsh 2006; Raider 2007).

The major sub-categories of biopharmaceuticals thus far approved
include:

39 hormone-based products (e.g., insulins, glucagon, gonadotropins and–
human growth hormone);

Table 1: The major pharmaceutical companies who manufacture and/or
market biopharmaceutical products which have been approved
for general medical use in the USA and EU

Baxter Pfizer

Eyetech Elan

BioMarin Insmed

Genetics Institute Hoechst AG

Bayer Aventis Pharmaceuticals

Novo Nordisk Genzyme

Centeon Schwartz Pharma

Genentech Pharmacia and Upjohn

Centocor Bio-Technology General

Boehringer Manheim Serono

Galenus Manheim Organon

Eli Lilly Amgen

Ortho Biotech Dompe Biotec

Schering Plough Immunex

Hoffman-la-Roche Bedex Laboratories

Luitpold pharmaceuticals BioMimetic

Leopharma Nycomed

Biopartners Alexion

ImClone Bristol-Myers Squibb

Chiron Merck

Biogen GlaxoSmithKline

Pasteur Merieux MSD Medeva Pharma

Immunomedics Cytogen

Novartis Med Immune

Abbott Roche

Wyeth Isis Pharmaceuticals

Unigene Sanofi-Synthelabo
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32 antibody-based products;–
20 vaccine products containing a recombinant antigenic component;–
19 recombinant interferons and interleukins;–
14 haematopoietic growth factors (erythropoietins and colony stimulat-–
ing factors);
8 recombinant blood factors (factors VIIa, VIII and IX);–
6 thrombolytics (tissue plasminogen activator based products.–

The major categories of product indications are as one might expect;
mirroring major killers in the western world, including various forms of
cancer and heart attacks.

A summary of individual products approved more recently (within the
last five years) are provided in table 2.

Market Development of Biopharmaceuticals

Table 2: Biopharmaceuticals (defined as recombinant proteins, monoclonal
antibody and nucleic acid-based products) approved in the USA or
European Union from January 2003–December 2007

Abbreviations: r = recombinant, rh = recombinant human, CHO = Chinese hamster ovary,
KGF = keratinocyte growth factor, VEGF = vascular endothelial growth factor, IGF-1 = insu-
lin like growth factor 1, IGFBP-3= insulin like growth factor binding protein, 3.hGH=human
growth hormone, TNF = tumour necrosis factor, EGF = Epidermal growth factor, LFA-1 =
lymphocyte function associated antigen-1, LH = leutinizing hormone, EPO = erythropoietin,
FSH = follicle stimulating hormone, PDGF-BB = platelet derived growth factor BB.

Product Company Therapeutic
Indication

Approved

2003

Advate (octocog-α, r human
factor VIII produced in a CHO
cell line).

Baxter Haemophilia 2003 (USA)
2004 (EU)

Aldurazyme (laronidase; rh
alfa-L-iduronidase produced in
an engineered CHO cell line)

Genzyme Long term enzyme
replacement ther-
apy in patients suf-
fering fromMuco-
polysaccharidosis I

2003 (EU)

Amevive (Alefacept; fusion
protein consisting of the extra-
cellular human leukocyte func-
tional antigen 3 domain linked
to an IgG fragment, produced
in CHO cells).

Biogen, Inc. Chronic plaque
psoriasis

2003 (USA)

Bexxar (tositumomab; murine
monoclonal raised against
CD20 surface antigen, found
on the surface of B-lym-
phocytes, produced in a mam-
malian cell line)

Corixa and
GlaxoSmith-
Kline

Non-hodgkin’s
lymphoma

2003 (USA)

Continued on next page
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Product Company Therapeutic
Indication

Approved

Forteo (Forsteo in EU; teri-
paratide; r shortened form of
human parathyroid hormone,
produced in Escherichia coli).

Eli Lilly Treatment of os-
teoporosis in se-
lected postmeno-
pausal women

2003 (EU)
(Available
in USA since
2002)

Humira (EU & USA; also sold
as Trudexa in EU) (adalimu-
mab; r (anti-TNF) human
monoclonal antibody created
using phage display technology

Cambridge
Antibody
Technolo-
gies & Ab-
bott (USA)
Abbott (EU)

Rheumatoid
arthritis

2003 (EU)
(Available
in USA since
2002)

Raptiva (efalizumab; human-
ized antibody, binds to LFA-1,
which is expressed on all leu-
kocytes. Produced in a CHO
cell line)

Genentech
(USA)
Serono (EU)

Treatment of adult
patients with
chronic moderate
to severe plaque
psoriasis

2003 (USA)
2004 (EU)

Somavert (pegvisomant; r en-
gineered hGH analogue (antag-
onist), produced in Escherichia
coli)

Pharmacia Treatment of se-
lected patients
suffering from
acromegaly

2003 (USA)
(Available
in EU since
2002)

Xolair (omalizumab; human-
ized monoclonal which binds
immunoglobulin E at the site
of high affinity IgE receptor
binding)

Genentech/
Novartis/
Tanox/
Sankyo

Treatment of
adults/adolescents
with moderate to
severe persistant
asthma

2003 (USA)
2005 (EU)

2004

Apidra (insulin glulisine; a
rapid acting insulin analogue
produced in Escherichia coli).

Aventis Diabetes Mellitus 2004
(USA & EU)

Avastin (bevacizumb; a hu-
manized monoclonal raised
againstVEGF) expressed in a
CHO cell line.

Genentech
(USA)
Roche (EU)

Carcinoma of the
colon or rectum

2004 (USA)
2005 (EU)

Dukoral (oral cholera vaccine;
vibrio cholerae and recom-
binant cholera toxin B subunit)

SBL Vaccin
AB

Active immuniza-
tion against dis-
ease caused by
Vibrio cholerae
serogroup O 1

2004 (EU)

Erbitux (cetuximab; a chimae-
ric antibody raised against hu-
man EGF receptor, produced in
a murine myeloma cell line)

ImClone
Systems and
Bristol-
Myers Squibb
(USA)
Merck (EU)

Treatment of EGF
receptor-express-
ing metastatic
colorectal cancer

2004
(USA & EU)

Kepivance (palifermin, a rKGF
produced in Escherichia coli)

Amgen Treatment of se-
vere oral mucositis
in selected patients
with hematologic
malignancies

2004 (USA)

Continued on next page
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Product Company Therapeutic
Indication

Approved

Levemir (insulin detemir; a
long acting rh Insulin ana-
logue produced in Saccharo-
myces cerevisiae)

Novo
Nordisk

Diabetes Mellitus 2004 (EU)

Macugen (pegaptanib sodium
injection, a synthetic pegylated
oligonucleotide which specifi-
cally binds VEGF)

Eyetech/
Pfizer

Treatment of
neovascular, age-
related macular
degeneration

2004 (USA)
2006 (EU)

NeutroSpec (contains fanole-
somab, a murine monoclonal
antibody raised against CD15
surface antigen of selected leu-
kocytes, produced via hybrid-
oma technology)

Palatin
Technol-
ogies/
Mallinck-
rodt Inc.

Imaging of equivo-
cal appendicitis

2004 (USA)

Tysabri (natalizumab; a hu-
manized monoclonal antibody
raised against selected leuko-
cyte integrins, expressed in a
murine myeloma cell line)

Biogen Idec/
Elan

Treatment of
patients with re-
lapsing forms of
multiple sclerosis

USA: ap-
proved 2004,
suspended
2005, re-
sumed 2006.
EU: 2006

Zevalin (ibritumomab tiuxe-
tan; a murine monoclonal an-
tibody produced in a CHO cell
line, targeted against the CD20
antigen)

IDEC Phar-
maceuticals
(USA)
Schering AG
(EU)

Treatment of
patients with re-
lapsing forms of
multiple sclerosis

2004 (EU)
(Available
in USA since
2002)

2005

Fortical (r salmon calcitonin
produced in Escherichia coli)

Upsher-
Smith Lab-
oratories/
Unigene

Postmenopausal
osteoporosis

2005 (USA)

GEM 21S (growth factor en-
hanced matrix; contains rhP-
DGF-BB produced in Saccha-
romyces cerevisiae, in addition
to tricalcium phosphate)

Luitpold
Pharmaceu-
ticals, Bio-
Mimetic
Pharmaceu-
ticals

Periodontally
related defects

2005 (USA)

Hylenex (rh hyaluronidase
produced in CHO cells)

Baxter/
Halozyme
Therapeutics

Adjuvant to in-
crease absorption
and dispersion of
other drugs

2005 (USA)

Increlex (mecasermin, rh
IGF-1 produced in Escherichia
coli)

Tercica/
Baxter

Long term treat-
ment of growth
failure in children
with severe pri-
mary IGF-1 de-
ficiency or with
growth hormone
gene deletion

2005 (USA)
2007 (EU)

Continued on next page
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Product Company Therapeutic
Indication

Approved

IPLEX (mecasermin rinfabate,
a complex of rh IGF-1 and rh
IGFBP-3 produced separately
in Escherichia coli)

Insmed Long term treat-
ment of growth
failure in children
with severe pri-
mary IGF-1 de-
ficiency or with
growth hormone
gene deletion

2005 (USA)

Naglazyme (galsulfase, rh N-
acetylgalactosamine 4 sulfatase
produced in a CHO cell line)

BioMarin Long tern enzyme
replacement ther-
apy in patients suf-
fering fromMu-
copolysaccharido-
sis VI

2005 (USA)
2006 (EU)

Orencia (abatacept, soluble
fusion protein produced in a
mammalian cell line)

Bristol-My-
ers Squibb

Rheumatoid
arthritis

2005 (USA)
2007 (EU)

2006

Atryn (rh antithrombin, from
milk of transgenic goats)

Genzyme/
Leopharma

Hereditary an-
tithrombin
deficiency

2006 (EU)

Elaprase (rh Iduronate-2-sul-
fatase, produced in a human
cell line)

Shire Hu-
man Genetic
Therapies
Inc.

Mucopolysaccha-
ridosis II (Hunter’s
syndrome)

2006 (USA)
2007 (EU)

Exubera (rh Insulin, produced
in Escherichia coli)

Pfizer Diabetes 2006
(USA & EU)

Gardasil (human papilloma-
virus vaccine, type 6, 11, 16, 18,
recombinant, produced in Sac-
charomyces cerevisiae) Also
marketed in EU as Silgard

Merck
(USA)
Sanofi Pas-
teur (EU)
Merch Sharp
& Dome
(EU under
tradename
Silgard)

Vaccine against
cervical cancer &
related conditions
caused by HPV

2006
(USA & EU)

Lucentis (ranibizumab, a hu-
manized IgG fragment pro-
duced in Escherichia coli.
Binds & inactivates VEGF-A)

Genentech Neovascular (wet)
age-related macu-
lar degeneration

2006 (USA)
2007 (EU)

Myozyme (rh acid-α-
glucosidase, produced in a
CHO cell line)

Genzyme Pompe disease
(glycogen storage
disease type II)

2006
(EU & USA)

Omnitrope (rhGH, produced
in Escherichia coli)

Sandoz GH deficiency/
growth failure

2006
(EU & USA)

Continued on next page
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Product Company Therapeutic
Indication

Approved

Preotach (rh parathyroid hor-
mone, produced in Escherichia
coli)

Nycomed Osteoporosis 2006 (EU)

Valtropin (rhGH produced in
Saccharomyces cerevisiae)

Biopartners Growth failure/
GH deficiency

2006 (EU)
2007 (USA)

Vectibix (panitumumab, a rh
Mab that binds to hEGFR, pro-
duced in a CHO cell line)

Amgen EGFR-express-
ing colorectal
carcinoma

2006 (USA)
2007 (EU)

2007

Abseamed (recombinant human
erythropoietin alfa, a rhEPO
produced in a CHO cell line)

Medice
Arzneimittel
Putter

Anaemia associ-
ated with chronic
renal failure

2007 (EU)

Binocrit (recombinant human
erythropoietin alfa, a rhEPO
produced in a CHO cell line)

Sandoz Anaemia associ-
ated with chronic
renal failure

2007 (EU)

Cervarix (r, C-terminally trun-
cated major caspid L 1 proteins
from human papillomavirus
types 16 and 18 produced in a
baculovirus-based expression
system)

GlaxoSmith-
Kline

Prevention of
cervical cancer

2007 (EU)

Epoetin alfa Hexal (recom-
binant human erythropoietin
alfa, a rhEPO produced in a
CHO cell line)

Hexal
Biotech

Anaemia associ-
ated with chronic
renal failure

2007 (EU)

Mircera (methoxy polyeth-
ylene glycol-epoetin beta,
PEGylated rhEPO produced in
a CHO cell line)

Roche Anaemia associ-
ated with chronic
kidney disease

2007
(EU & USA)

Pergoveris (follitropin alfa/
lutropin alfa; combination
product containing rhFSH and
rhLH, both produced in a CHO
cell line)

Serono Stimulation of
follicular de-
velopment in
women with se-
vere LH and FSH
deficiency

2007 (EU)

Retacrit (epoetin zeta; a
rhEPO produced in a CHO cell
line)

Hospira
Enterprises

Anaemia associ-
ated with chronic
renal failure

2007 (EU)

Silapo (epoetin zeta; a rhEPO
produced in a CHO cell line)

Stada
Arzneimittel

Anaemia associ-
ated with chronic
renal failure

2007 (EU)

Soliris (eculizumab, a human-
ized IgG that binds human C5
complement protein, produced
in a murine myeloma cell line)

Alexion Paroxys-
mal nocturnal
hemoglobinuria

2007
(EU & USA)

Products of this table are registered trademarks.
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Currently in the region of one in four of all genuinely new drugs com-
ing on to the market are biopharmaceuticals and typically eight to ten new
biopharmaceuticals are approved for general medical use each year. Prod-
uct numbers approved over the last five years are provided in Figure 1. The
majority of biopharmaceuticals coming on the market in any one year
are truly novel products (i.e. are new biotechnological/molecular entities).
However, a proportion of ‘new’ approvals in some cases contain an active
biotech ingredient which is not truly novel. This is particularly evident in
the case of products approved in 2007 where only three of the nine prod-
ucts approved were genuinely new. The other six approvals included biosi-
miliar erythropoietins (see later) as well as one product (PergoverisTM, table
2), consisting of a combination of two active ingredients – a recombinant
human follicle stimulating hormone and a recombinant human luteinizing
hormone (FSH and LH). Both of these molecular entities had been previ-
ously approved as stand alone, single active ingredient medicinal products.

The revenues generated in the biopharmaceutical sector are estimated to
be in excess of $30 billion in 2004 and will approximately double its global
value in 1999 (Lawrence 2004). Continued strong growth is expected, with
the industry projected to reach $70 billion by the end of the decade (Pavlou
and Belsey 2005; Pavlou and Reichert 2004).

The top ten biopharmaceutical products (by revenues generated) are
presented in table 3. From this it can be seen that recombinant erythro-
poietin-based products represent the single most lucrative biopharmaceu-
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Figure 1: Product numbers approved in either the EU and/or the USA,
2003–2007

Notes: (a) Each product is included only once. Thus, if a product was approved in the
EU in 2003 and subsequently in the US in 2004 it would contribute to the 2003 statistics
alone. (b) In addition to total approvals, the number of truly new molecular (biopharma-
ceutical) entities are included for each year. Biosimiliar products are not considered to be
new molecular entities (NMEs).



79Market Development of Biopharmaceuticals

Table 3: The ten best selling biopharmaceuticals in 2006. Data sourced from
company annual reports (abbreviations: see table 2, p. 73)

Rank Product Company Indication Year
approved

Revenues
($ billion)

1 Enbrel (rTNFR-IgG
fragment fusion pro-
tein produced in CHO
cells)

Amgen/
Wyeth

Rheumatoid
arthritis

1998
(USA)
2000
(EU)

$4.4

2 Aranesp (darbepoetin
alfa; long acting rEPO
analogue produced in
CHO cells)

Amgen Treatment
of anaemia

2001
(EU &
USA)

$4.1

3 Rituxan/Mabthera
(Rituximab chimaeric
Mab directed against
CD20 antigen found
on the surface of B-
lymphocytes )

Biogen/
Genen-
tech/
Roche

Non-
Hodgkin’s
Lymphoma

1997
(USA)
1998
(EU)

$3.9

4 Remicade (Infliximab,
chimaeric Mab di-
rected against TNF α)

J&J/
Schering
plough

Treatment
of Crohn’s
disease

1998
(USA)
1999
(EU)

$3.6

5 Procrit/Eprex (rhEPO
produced in a mam-
malian cell line)

J&J Treatment
of anaemia

1990
(USA)

$3.2

6 Herceptin (Trastuzu-
mab, Humanized anti-
body directed against
HER 2, i.e. human ep-
idermal growth factor
receptor 2)

Genen-
tech/
Roche

Treatment
of meta-
static breast
cancer if tu-
mor over-
expresses
HER2
protein

1998
(USA)
2000
(EU)

$3.1

7 Epogen (rhEPO pro-
duced in a mammalian
cell line)

Amgen Treatment
of anaemia

1989
(USA)

$2.9

8 Neulasta (pegfilgras-
tim, r pegylated fil-
grastim) Also
marketed in EU
as Neupopeg

Amgen Neutropenia 2002
(USA &
EU)

$2.7

9 Human insulins Novo Diabetes Various $2.5

10 Avastin (human-
ized monoclonal
raised against vascu-
lar endothelial growth
factor)

Genen-
tech/Ro-
che

Carcinoma
of the colon
or rectum

2004
(USA)
2005
(EU)

$2.4

Products of this table are registered trademarks.
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tical on the market, with cumulative sales surpassing the $10 billion mark.
The table also illustrates another point, namely that the biopharmaceutical
sector is dominated by the United States. With the exception of Novo and
Roche, the other companies listed are all headquartered in the USA.

3.2 China – an Emerging Market

With a population of $1,3 billion China represents a huge, and as yet
largely untapped market in the context of biopharmaceuticals. Although
commencing from a very modest baseline, it is estimated that China’s
biopharmaceutical sector grew by some 30% annually from 2000 to 2005,
reaching a $3 billion market value (Frew et al. 2008). During the same
period China’s pharmaceutical industry as a whole grew by a strong but
more modest 19% annually. In an overall context, biotech products are
believed to represent less than 8% of China’s total pharmaceutical mar-
ket (Hu et al. 2006). These products are mainly biogenerics, with less than
10% estimated to be novel products. There are some 15 products approved,
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Table 4: Some of China’s major biopharmaceutical companies and a summary
overview of the products they market or have in development

Company Products marketed/in development

Amoytop Biotech Market a recombinant granulocyte-macrophage colony
stimulating factor (GM-CSF), a granulocyte colony stimulating
factor (G-CSF) and an interleukin 11. Have additional recom-
binant interleukins, interferons and a human growth hormone
in development.

Bio-Bridge
science

Developing an oral HIV vaccine as well as colon cancer vaccine.

GeneScience
pharmaceuticals

Markets recombinant human growth hormone and recom-
binant colony stimulating factors, developing recombinant
follicule stimulating hormone (FSH) and a PEGylated human
growth hormone.

Shanghai Fudan-
Yueda BioTech

Markets recombinant viral subunit vaccines with additional
subunit vaccines in development.

Shanghai United
Cell Biotech

Markets a recombinant human growth hormone and a re-
combinant oral Cholera toxin B-subunit vaccine. Developing
recombinant human parathyroid hormone.

Shenzhen Belke
Biotechnologies

Markets and developing a number of stem cell injections for
the treatment of Alzheimer’s and other mainly neurodegenera-
tive conditions.

SiBiono
GeneTech

Markets the gene therapy product Gendicine® (see main text)
and developing a range of both viral and non-viral-based gene
delivery systems for gene therapy.

Tianjin
SinoBiotech

Developing a recombinant interferon as well as a range of
engineered tumour-killing viruses.
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with in the region of 60 additional products in the clinical pipeline (Louet
2004). Some of China’s major biopharmaceutical companies are summa-
rized in table 4. Most of these companies were founded within the last dec-
ade or so and, when compared to typical western biopharmaceutical con-
cerns, are as yet relatively small. Most appear to generate revenues in the
multi million and at most several tens of millions US dollars per annum
and typically employ 50–500 people. Most, however, display a relatively
strong research and development focus and will doubtlessly continue to
grow very rapidly in line with China’s continuance of an overall strong
economic expansion.

Perhaps the best-known (and for some the only known) biopharmaceu-
tical product is that of Gendicine® (Peng 2004). Developed and produced
by SiBono GeneTech, Shenzhen, Gendicine® was the first and, thus, far the
only gene therapy based product to be approved anywhere in the world. It
gained approval for use in the treatment of head and neck squamous cell
carcinoma from China’s state food and drug administration (SFDA) in
2003. The product is a replication-incompetent human serotype 5 ade-
novirus engineered to contain the human wild type p53 tumor suppres-
sor gene. Direct intratumoral injection is believed to trigger vector uptake
and expression of p53, leading to cell cycle arrest and apoptosis (Peng 2005).
Company data showed complete regression of tumours in 64% of patients
treated with Gendicine® in combination with radiation therapy with few
associated side effects. The product is believed to have been administered to
some 50,000 patients and is in late stage clinical trials for various other can-
cers (Wilson 2005).

4 Technical Trends within the Industry

Scientific trends within the industry will, of course, influence the market
profile of these drugs into the future. As such, some of these trends are
reviewed below.

4.1 Trends in Product Types Gaining Approval

Some interesting trends become apparent when product types, approved
year by year, are reviewed. Interferons, interleukins, recombinant subunit
vaccines thrombolytics and other blood-related products, including antico-
agulants represent major overall categories of biopharmaceuticals approved.
However, very few such products have gained approval over the last five
years (see table 2). Proportionately, on the other hand, increasing numbers
of growth factors, monoclonal antibody-based products and enzymes were
approved in this latter period. These trends more likely reflect commer-
cial rather than technical considerations; new interferons, thrombolytics
or blood factors, for example, would face stiff competition from the large
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number of such products already on the market. Blockbusters are well rep-
resented on the market but it is interesting to note that at least eight of the
new approvals have designated orphan status.

Another trend, evident in recent years, relates to the proportion of
approvals that have been engineered in some way. Of the 45 products listed
in table 2, 16 (i.e., 35%) have been engineered, displaying either an altered
amino acid sequence or an addition of a chemical group such as polyethyl-
ene glycol.

A particularly noteworthy engineering approach is exemplified byNovo’s
long acting insulin analogue, Levemir®. The primary engineering strategy
entailed the covalent attachment (acylation) of the insulin with myristic
acid (a 14 carbon saturated fatty acid). Human serum albumin harbours 3
high affinity fatty acid binding sites and as a result binds the insulin ana-
logue tightly, both at the site of injection and in systemic circulation. The
overall effect is to ensure a constant and prolonged release of free insulin
molecules, bestowing on the product an extended duration of action of up
to 24 hours.

Insulin in many ways remains the prototypic biopharmaceutical. It was
the first recombinant protein ever approved. It was one of the first biophar-
maceuticals to be engineered, with the approval of seven fast and long act-
ing engineered analogues over the past decade. It has now also become the
first biopharmaceutical approved for delivery via the pulmonary route (dis-
cussed later).

4.2 Trends in Production Systems

Escherichia coli and mammalian cell lines such as CHO and BHK cell lines
still represent the workhorses of biopharmaceutical production. Twelve of
the 45 therapeutic proteins approved within the last five years are produced
in Escherichia coli. Four are produced in Saccharomyces cerevisiae, and one
each produced using transgenic goats, and a baculoviral-based system. The
remaining products are produced by various mammalian cell lines (table 2).

Mammalian cell culture is technically complex, slow and expensive, yet
these cell lines thus far command an effective monopoly in terms of pro-
ducing large therapeutic proteins that require post translational modifica-
tion, in particular glycosylation. O-linked glycosylation (sugar side chains
attached via serine/threonine residues), but most especially N-linked glyco-
sylation (sugar side chains attached via asparagine residues) can influence
protein stability, ligand binding, immunogenicity and serum half life, and
is significant in the context of the efficacy and sometimes the safety of a
wide range of biopharmaceuticals, including antibodies, blood factors and
some hormones/cytokines (Walsh and Jefferis 2006).

Alternative production systems capable of undertaking glycosylation
include yeast, insect and plant cells. When compared to mammalian cell
lines these typically grow to higher cell densities in shorter fermentation
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cycles and in less expensive andmore chemically definedmedia, and should
display reduced risk of transmission of mammalian pathogens. Despite
such technical and economic advantages no glycosylated biopharmaceuti-
cal produced using such alternatives has yet gained approval for human use,
mainly because the exact glycosylation patterns characteristic of human
proteins are not adequately reproduced by these systems, with consequent
functional and safety/immogenicity implications.

Significant technical progress has been reported in terms of ‘human-
izing’ the glycosylation profile characteristic of these alternative produc-
tion systems, particularly yeast (Gomord et al. 2005; Chen et al. 2005; Wildt
and Gerngross 2005). Glycosylation is a multi enzyme-based mechanism
and the engineering process pursued generally entails elimination of non-
human glycosylation reactions, and/or concurrent introduction of charac-
teristic human ones.

Advances in this area are exemplified by the successful production of a
human IgG displaying a humanized N-glycan structure in glycoengineered
yeast (a Pichia pastoris strain; Li et al. 2006). Antibody glycosylation influ-
ences ability to interact with various immune effector cells, triggering anti-
body-dependant cell cytotoxicity (ADCC; important for effective therapeu-
tic functioning).

Glycoengineered yeast may represent an attractive alternative to mam-
malian cells for producing therapeutic glycoproteins. Yeasts have been long
used for the production of both recombinant and native industrial enzymes,
upstream processing spans hours/days rather than days/weeks and expres-
sion levels several fold higher have been reported (up to 15 g/l) Werten et al.
1999). Additionally, engineered yeast have been developed which perform
essentially uniform glycosylation, facilitating attainment of better batch to
batch product consistency (Wildt and Gerngross 2005).

Despite the promise of these alternative production systems animal cells
will continue to represent the major production vehicle for glycosylated
therapeutic proteins for the foreseeable future. Moreover, advances con-
tinue which underpin more efficient mammalian cell culture technology
(Butler 2005). A combination of improved expression constructs as well
as increased understanding of animal cell metabolism and physiology has
underpinned continuous improvements in product yield. Recombinant
protein levels approaching 5 g/l are now possible, probably ten fold higher
than some years ago. Also of note is the successful development of serum-
free and indeed animal component-free media for several cell lines. Ongo-
ing research avenues include exploring approaches based both on media
manipulation and genetic engineering to prevent/retard apoptosis (in order
to prolong protein production) and manipulation of process parameters to
minimize glycosylation heterogeneity.

A notable milestone in the context of biopharmaceutical production sys-
tems was the approval within Europe in 2007 of Cervarix®, the first bio-
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pharmaceutical approved for general medical use in humans produced via a
baculovirus-based expression system (table 2). Infections with human pap-
illomavirus (HPV) are the major casual factor for the development of cer-
vical cancer, with various strains of HPV (most commonly the oncolytic
strain numbers 16 and 18) being associated with some 98% of all cervical
carcinomas. The Cervarix® vaccine product contains recombinant, C-ter-
minally truncatedmajor capsid L1 proteins of HPV types 16 and 18 as active
ingredients. These recombinant viral caspid proteins are expressed sepa-
rately using a recombinant Baculovirus expression system and an insect
cell line derived from Trichoplusia ni. Again, these recombinant proteins
are not post translationally modified.

Transgenic Plant-Based Systems. Potential production advantages associ-
ated with the expression of therapeutic proteins in transgenic plants are
well documented in the literature (e.g., Gomord et al. 2005). Major advan-
tages include ease of scalability, and reduced production costs are most
often cited. Farid (2007) estimated the cost of therapeutic protein produc-
tion per gram (at a 100kg/year production scale level) to be $300–3000 in
the case of CHO cells, $105 for transgenic goats and only $50 in the case of
transgenic corn.

Despite such potential advantages, considerable technical barriers
remain to be overcome before injectable proteins, particularly glycopro-
teins, produced in transgenic plants are likely to gain regulatory approval
for human use. Structural differences between plant and mammalian
N-linked glycans represent a formidable hurdle, particularly as some plant-
derived sugar motifs are highly immunogenic in man. Engineering strat-
egies to humanize plant-based glycosylation profiles are simply not suffi-
ciently advanced to support as yet an acceptable glycosylation pattern on
biopharmaceuticals destined for human parenteral use. Immunological
concerns would of course be all but eliminated if the products were to be
administered orally or topically. This likely explains why lead products pro-
duced in plant-based systems are destined for administration in this way.
Two leading plant-produced products in development are ‘CaroRXTM’and
‘Merispase®’. CaroRXTM is an antibody capable of binding Streptococcus
mutans, a major causative agent of bacterial tooth decay. Binding prevents
bacterial adherence to teeth and the product is intended for regular top-
ical application. Merispase® is a recombinant mammalian gastric lipase
produced in transgenic corn. It is aimed at countering lipid malabsorption
related to exocrine pancreatic insufficiency caused by cystic fibrosis and
chronic pancreatitis, and is obviously destined for oral administration.

Transgenic Animal-Based Systems. The production of therapeutic proteins
in transgenic animals, and in particular in the milk of transgenic animals,
is a goal that has been in development for well over a decade. A notable
milestone in this context was reached in 2006, with the approval of ATryn®
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(table 2), a recombinant form of human antithrombin (AT) produced by
transgenic goats in their milk. The European authorities approved ATryn®
under exceptional circumstances as the rarity of the condition prevented
the generation of comprehensive clinical data. The product is an anti-clot-
ting agent and is indicated for the prophylaxis of venous thromboembo-
lism in surgery of patients with congenital antithrombin deficiency. Like
the native human molecule, ATryn® is glycosylated. It harbours 4 N-linked
glycosylation sites (and 3 disulfide linkages). The recombinant molecule
displays significant differences in its glycosylation profile as compared
to native human AT, both in terms of monosaccharide composition (it is
for example fucosylated and less sialylated) and overall side chain struc-
ture. This influences the heparin binding affinity and pharmacokinetics of
the product. Glycosylation patterns characteristic of proteins produced in
transgenic milk of higher mammals differ somewhat from those character-
istic of native human proteins, though the therapeutic significance of such
differences, if any, must be evaluated on a case by case basis.

An additional novel system currently being evaluated as a production
method is that of the transgenic hen egg. (Ivarie 2006). A fully human anti-
body has been expressed in this system (Zhu et al. 2005). When compared
to the identical antibody produced in a CHO cell line a number of differ-
ences in oligosaccharide detail were noted (e.g., chicken-derived one had less
galactose and no fucose in the antibody’s glycocomponent) but the antigen-
binding capability of both antibodies were identical and the in vitro ADCC
activity was actually enhanced. Also noted was the fact that the plasma
half-life of the egg-derived antibody was only half that of the CHO derived
product. Therefore, clearly more detailed investigation is required before
this system can be seriously considered as a potential production platform
for therapeutic antibodies.

The approval of ATryn® finally proves that such a production approach
is acceptable in principle to the regulatory authorities. It remains, however,
to be seen how widespread the use of transgenic based systems for the pro-
duction of therapeutic proteins will be, particularly given the significant
advances in optimizing mammalian cell-based systems, as discussed earlier.

4.3 Alternatives to Non-Parenteral Delivery
of Therapeutic Proteins

Parenteral administration of drugs can suffer from a number of disad-
vantages, including reduced patient compliance and potential complica-
tions for use in a non-clinical setting. The administration of labile, large
and hydrophilic biopharmaceuticals via non-parenteral means represents
a considerable technical challenge. Despite such challenges development
of oral, nasal, pulmonary, transmucosal and transdermal based biophar-
maceutical delivery systems remains an active area of research (Brown et
al. 2006; Chen et al. 2006; Hamman et al. 2005; Orive et al. 2003) and the
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approval of two products administered by non parenteral means (Fortical®
in 2005 and subsequently Exubera® in 2006; table 2) represent very notable
milestones in this regard.

Fortical® (recombinant salmon calcitonin) is administered as a nasal
spray. The protein is adsorbed rapidly from the nasal mucosa but displays
significantly lower bioavailability compared to when it is administered via
intramuscular injection. The low bioavailability is likely a consequence of
ciliary clearance, the presence of proteases and low uptake of larger mole-
cules. Successful absorption of peptides/proteins across the nasal mucosa is
significantly influenced by molecular mass. While the 32 amino acid, 3,5
kDa Fortical® crosses with relative ease, most therapeutic proteins, having
molecular masses in the 20–150 kDa range, will not. This somewhat lim-
its the practical chances of intranasal administration becoming a mainline
method of therapeutic protein administration, at least in the near to inter-
mediate future.

A major recent milestone in the context of non-parenteral delivery of bio-
pharmaceuticals was marked by the approval of the insulin product Exubera®
in 2006 (table 2).Moreover, several additional insulin based products destined
for pulmonary delivery are in advanced clinical trials. Adsorption of macro-
molecules up to and indeed exceeding 100 kDa from the deep lung is possible
(Patton 1999). This potentially makes the pulmonary route more generally
applicable to biopharmaceuticals than the nasal route. However, technical
and scientific advances do not automatically translate into market advantage.
This is exemplified by Exubera®, which was withdrawn from the market in
2007, one year after approval – apparently due to disappointing sales.

4.4 The Approval of Biosimiliars

The development of generic versions of biotech products gone off patent
has and remains a particularly contentious issue in the USA and the EU.
Quite a number of biotech products – many of them blockbusters – have
already come off patent protection (table 5) and it is estimated that by the
end of this decade some $10 billion worth of biopharmaceuticals will have
lost such patent protection (Ben-Maimon and Garnick 2006). As many as
75 currently approved therapeutic proteins may eventually become targets
for ‘generic’ production (Diliberti 2006).

One of the main factors of contention within the ‘biogenerics’ debate
relates to the fact that the exact molecular structure of ‘generic’ versions of
many biopharmaceuticals cannot be guaranteed to be identical to the orig-
inal product. This is true mainly for recombinant proteins with post trans-
lational modifications – in particular those that are glycosylated. Glyco-
sylation is normally heterogeneous and expression of a ‘generic’ version of
a glycoprotein using a production system other than used for the produc-
tion of the original product would automatically result in at least some dif-
ferences in glycosylation profile. The core question then becomes: Do such
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often seemingly minor structural differences influence product safety and/
or efficacy? This question remains a focus of contention within the indus-
try and within regulatory authorities. The European regulatory authority
(European Medicines Agency, EMEA) have made provision for the evalu-
ation and approval of such ‘follow on’ products, calling them ‘biosimiliars’
to reflect potential differences in the exact molecular structure compared
with the originator product. The European approval system for such prod-
ucts demands the biosimiliar to undergo limited clinical studies in order to
compare its safety and efficacy with the originator product (the ‘reference’
medicine). The first biosimiliars (Omnitrope® and Valtropin®, table 2) were
approved within Europe in 2006, followed by the approval of several others
in 2007. Regulatory requirements for prospective biosimiliars within the US
remain unclear, and no defined regulatory pathway has been developed yet.

5 The Future

Market and technical trends aside, what does the future likely hold in over-
view for the biopharmaceutical sector? As already outlined, some 20–25%
of all new drugs coming on the market since 2000 are biopharmaceuti-
cals. Annual biopharmaceutical research and development expenditure
has stood at $19–$20 billion over the last number of years (Lawrence 2005)
and globally some 130,000 R&D staff are employed within the biotech sec-
tor (Lawrence 2007b). The continued high level of R&D investment is obvi-
ously paying off as biopharmaceuticals are forming an increasingly signifi-
cant portion of the drug discovery pipeline (Lawrence 2006). For example,
while 24–25% of all drugs, in advanced phase three clinical trials or that
have completed phase 3 trials, are biopharmaceuticals, some 53% of drugs
in the very early discovery phase are biopharmaceuticals. This bodes well
for the future of the industry.
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Table 5: Some biopharmaceuticals which have come off patent

Protein Indication Patent expiration

Glucocerebrosidase Gaucher disease 2001

Interferons Cancer, viral infections 2001+

Human insulins Diabetes 2002+

Human Growth Hormone hGH deficiency 2003+

Erythropoietin Anaemia 2004+

Tissue plasminogen
activator

Myocardial infarction,
stroke, embolism

2005+

Granulocyte colony
stimulating factor

Neutropenia 2006
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Ethical Aspects of Livestock Genetic Engineering1

Matthias Kaiser

Science and technology has brought us to the point where transgenic ani-
mals have become a real possibility for production purposes. We are no
longer discussingmere future scenarios, given purely hypothetical scientific
advances, but we are faced with concrete choices about how livestock pro-
duction can meet a variety of needs today. The discussion about transgenic
animals has for many years been accompanied by a certain “yuk-factor” in
the eyes of the general public. To what degree this has changed significantly
is still an open question. However, the potential benefits that may arise in
some areas of our lives may be too significant to simply base our policies on
these largely emotional reactions. We need to consider our technological
options rationally and comprehensively. When it comes to evaluating the
ethics of livestock genetic engineering, science and technology alone can-
not provide the answers, and neither can surveys that simply mirror emo-
tional reactions of sectors of the public. We need a broad societal debate
about the paths that we choose, in particular a debate that pays respect to
ethical arguments and is informed by science. This paper purports to con-
tribute to such a broad societal debate, even though it should not be seen as
anything else but the considered judgements of its author.

Introduction

Transgenic animals have been a reality for a long time. They function as
animal models in many important areas of research, and their use has facil-
itated many insights in modern medical research. The use of these animals
is never to be taken lightly; there are ethical issues that need to be resolved
ahead of each single experiment. Our consciousness about the ethics of ani-
mal use in research has improved considerably since the first publication
of the classic “3 R’s” (cf. Russell et al. 1992; see also @ltweb: http://altweb.
jhsph.edu/publications/humane_exp/het-toc.htm, July 2008). However, a

1 This is an extended version of an oral presentation given at the symposium ar-
ranged by the Europäische Akademie in Berlin 21–22 September 2007 on “New
applications of genetic engineering in livestock”. Some sections of this paper
have been published earlier in (Kaiser 2005). Some other sections have been in-
cluded in a project proposal on “Value isobars” under EC FP7.
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total replacement of all such experiments is not yet in sight, and a weigh-
ing of the benefits against the suffering of the animals thus often comes
out in favour of such animal experiments. In some countries, notably the
UK and the USA, activist groups take a strong and sometimes violent stand
against such uses of animals, but large parts of society seem to acknowledge
the principal need of them (cf. a recent study from Sweden: Vetenskapsrå-
det 2008).

The development of transgenic animals for normal livestock production
has been slower. This is due to a number of factors, among others the fact
that the genetic outfit of these animal species normally is more complex
than for animal models like mice, and that the demands on stability and
performance are higher. Some developments, however, are in the pipeline,
e.g. in regard to pigs and sheep. So far no such animal has been marketed
anywhere. Interesting developments include the Enviropig, developed in
Canada to generate pigs with low-phosphorus manure (cf. Enviropig 1, 2,
3). Since pigs lack the enzyme phytase which is essential in the digestion of
phosphorus in the feed, the Enviropig produces phytase and thus reduces
the phosphorus emissions to the environment. Significant about this partic-
ular development is that the main benefit does not reside with the producer,
but that in this case the environment, the commons, is the beneficiary.

Closest to the potential entry into markets is assumedly a gm (geneti-
cally modified) salmon, developed by Aqua Bounty Technologies, currently
waiting for approval of the American Food and Drug Agency (FDA). While
many experts assumed that market approval will be a matter of routine, it
turned out that the FDA saw a need for a much more comprehensive risk
assessment than usual, including among others the Environmental Protec-
tion Agency (EPA). A transgenic tilapia, developed in Cuba, has temporar-
ily been withdrawn from any attempts of marketing due to environmen-
tal concerns. However, judging from the available information on current
developments, it seems that genetically engineered fish for aquaculture pro-
duction will be the first area where genetically engineered animals reach
the markets.

Recently, the use of antithrombin from transgenic goats, developed by
GTC Biotherapeutics, were approved for market use in the EU. In their milk
they produce a recombinant human protein for medical use against the dis-
order of inherited antithrombin deficiency. Experts seem to agree that this
is only the first of a long row of coming “zoopharming” products that will
enter the markets.

Other medical uses of transgenic animals include xenotransplantation.
This is a field where companies have invested large sums of money for many
years, since the potential benefits and earnings are assumed to be tremen-
dous. Particular attention has been on transgenic pigs since their physiology
is rather well known and also several other factors make them more attrac-
tive as source organism than, e.g., primates. In practice, progress has been
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much slower than expected and controversies about the positive potentials
of xenotransplantation persist. One reason for worry is the possibility of
zoonosis, i.e, the possibility to spread infectious material from donor ani-
mals to humans where it could cause new epidemics. European research in
this field has partly been hampered by unethical practices of some compa-
nies in their animal experiments (cf. http://www.xenodiaries.org/summary.
htm, July 2008).

In sum, the current development gives the impression that some areas of
genetically engineered livestock for production purposes has been accom-
panied by a hype where promises of immediate gains were made with-
out sufficient basis in the status of the science and technology itself. Yet, it
would be wrong to conclude that this holds true for the whole field. Rather it
seems reasonable to conclude that at least some applications of genetic engi-
neering of animals will be ready for market approval in the near future.

This raises the question of the role of ethics. Large parts of the public
opinion seem to agree that these applications of genetechnology should be
subjected to a thorough ethical assessment (cf. Eurobarometer 2005), and
many people also assume that such an assessment will raise serious ethical
problems of such genetically engineered livestock. We shall therefore have
a closer look at some ethical aspects of this development in the remainder
of the paper.

The Concept of Ethics and Some Knowledge Gaps

This paper is based on a non-classical conception of what it means to dis-
cuss ethics in relation to science and technology (hereafter: S&T). While it
is common to regard ethics as the theoretical foundation of moral, i.e. nor-
mative, attitudes, that set clear and principled limits for acceptable develop-
ment and action, our conception of ethics pays more attention to practical
ethics and the positive function of ethics to provide value-based develop-
ment goals. The author has contributed to matters of practical ethics in va-
rious previous papers (see, e.g., Kaiser 2004, 2005, 2006; Kaiser et al. 2007).
The underlying idea is that practical ethics in relation to S&T refers to the
platforms of dialogue between the main societal actors where social values
are brought forward that are perceived either as threatened or as strengthe-
ned by S&T, and where the involved actors seek to resolve implied dilemmas
by open and rational discourse. It is noteworthy that none of the involved
actors (groups, stakeholders, etc.) can claim any privileged access to supre-
macy over, or special insight into these values that are disputed. That is why
ethics as value discourse is structurally opposed to any purely expert-based
ethical assessments, and needs to realize these platforms in an open and de-
mocratic manner. While practical ethics does not rest on the relativist as-
sumption that one ethical assessment is as good as any other, it does emb-
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race the idea that due respect should be paid to the plurality of values that
are brought to the fore, and that the resulting dilemmas of practice need
to be resolved by a broad and inclusive discourse (Kaiser et al. 2007). Thus,
this conception of ethics is not so much in the spirit of “applied ethics”, but
rather a version of largely theory-independent normative discourse (cf., e.g.,
von Schomberg 2007; Clarke and Simpson 1989; Darwall et al. 1997; Kaiser
2005). See Figure 1 as illustration.

As some people define ethics as pro-social attitudes, this same notion
might in particular apply to ethical values. But the very concept of values is
far from clear in spite of these sweeping characterizations. Obviously there
is nowadays a lot of talk about values, both within academia and in the pub-
lic sphere, but the concept remains largely elusive. There is no theory of val-
ues that can claim epistemic superiority.

The notion of “value” is usually characterized as “an ambiguous concept
that governs human behaviour. A set of values may be placed into the notion
of a value system. Values are considered subjective and vary across peo-
ple and cultures. Types of values include “ethical/moral values, doctrinal/
ideological (political, religious) values, social values, and aesthetic values”
(http://en.wikipedia.org/wiki/Value_(personal_and_cultural), July 2008).

Matthias Kaiser

Figure 1: The platform of dialogue between relevant groups, focussed on and
driven by the debate about common values. “Ethics” signifies this
focus, and delineates both the conceptions of the (moral) limits
and constraints of scientific inquiry, and the positive conceptions
of the ultimate ends to which science and technology are expected
to contribute.

Politics and
Regulation

Science and
Technology The Public(s)

VALUES
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The use of the concept “value” outside an economic context first became
common around the end of the 19th century. Even within economy the
usage of the concept of “value” dates back only to the late 17th century
(Nicholas Barbon, John Locke). The use of the concept “value” outside an
economic context first became common around the end of the 19th century
(Joas 2000). The “ethics of value” (“Wertethik”) is rooted in German phi-
losophy of the late 19th/early 20th century (Hermann Lotze, Max Scheler,
Nicolai Hartmann, all of which do not appear in current ethical debates in
a prominent place). It is worth noticing that the development of application-
oriented ethics from the 1970s has led to a re-discovery of “values” both in
the scholarly discourse and in public debates. Large parts of the debate on
moral values can nowadays rather be related to utilitarian thought.

In utilitarian ethics the fundamental assumption is that the best/right
course of action is the one which provides for the greatest happiness for the
greatest number of people. In other words, the right action will invariably
maximize the aggregated utility function of all outcomes in a given com-
munity. Whether happiness is achieved by money or other goods does not
really count for utilitarian theory. The theory simply presupposes that there
is something like a subjective value function among the people that then
can be maximized. The theory of values is thus exogenous to utilitarian
ethics. Utilitarians, and along with them many economic theorists, tend to
identify the values of a person with the preferences that the person has.

The economist and Nobel laureate Amartya Sen (in his Ethics and Eco-
nomics, 1987) is among those who has criticized the traditional economists’
picture of economic rationality and thus their neglect of ethics. One impor-
tant criticism concerns the traditional picture of economists – including
utilitarians – that economic actors are typically motivated by self-interest.
The subjective preferences, the utilities, may differ in degree but there is no
qualitative difference attached to them. However, in fact it seems that each
pleasure is qualitatively unique. The pleasure of eating is one thing, the
pleasure of listening to music another, etc. This would then imply a vari-
ety of moral values that are not interchangeable with each other. Sen argues
that people indeed are motivated by a great variety of non-self-interested
motives, and some of them could be characterized as ethical motives. This
criticism points to an important shortcoming in economic theory and in
utilitarianism. It also points into the direction of a more sophisticated the-
ory of values where moral values are an important part.

The sociologist Hans Joas (2000) has delivered one of the most thorough
attempts to get to the core of the nature of values, in particular the ques-
tion of the genesis of values. His central insight is: “[…] values originate in
experiences of self-formation and self-transcendence […]” (ibid:164). Joas
conceives of his theory as one that integrates a theory of the genesis of val-
ues with a universalistic account of morality, notably a pragmatist, i.e. dis-
course-based, theory of ethics. The basic process of the formation of the self
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is through dialogical experiences. Individuals are conceived of as beings
who in the meeting with the Other develop an understanding of the Self as
a part of a larger community. This is seen as a condition for forming rela-
tionships both to oneself and to the Others. As Joas (2000:160) says:

Identity, not in the sense of stable features, but of a communicative and construc-
tive relationship of the person to himself and to that which does not belong to the
self, is the precondition for creative intercourse with the Other and for an ethos
of difference.

While qualitative research (Grove-White et al. 2000) and quantitative
survey research such as the Eurobarometers on the ‘Public Understanding
of Science’ and on the ‘Life Sciences’ (Gaskell et al. 2003) have already pro-
vided indications of the publics’ attitudes to some selected developments of
S&T, the underlying forces behind the dynamics of these attitudes remain
largely unexplored. One can make the claim that values are one of the key
and unexplored parameters responsible for changing attitudes on S&T. Val-
ues provide common identity and visions, they stimulate positive or nega-
tive attitudes, and their conflict is experienced as major obstacle to action.
Paradoxically, it is this landscape of European values of which we still are
largely ignorant.

The above deliberations point to the need of a better understanding of
the theoretical structure of the very notion of value, further exploring the
landscape of people’s values and to develop empirical tools to get a truly
informative picture of them. They also point to the need to utilize inno-
vative participatory schemes to engage segments of the public in a rational
discourse about ethics related to S&T development. Ultimately, practical
ethics and the governance of science need to engage much more directly
with people’s values.

However, all of this does not belittle the significance of contributions
based on knowledge and competence within different philosophical tradi-
tions and normative disciplines. Indeed, detailed ethical argument need to
be an input to the wider ethical societal deliberations. In our experience
such a contribution is widely appreciated as a stimulus to normative change
and critical testing of one’s values. Ethical arguments thus provide a cor-
nerstone in our conception of ethics as a value-based public discourse.

Some Pitfalls

One of the shortcomings of existing societal debates about S&T is the often
held assumption that most people will readily accept a “progress narrative”
on science and technology. This narrative is based on the conception that
advances of knowledge invariably bring about a social good that we need to
pursue because of its future benefits. In addition, this narrative often also
includes the assumption that we are part of a global competitive market
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where others will pursue a certain development if we do not, and that we
will loose out economically in this competition unless we act quickly and
decisively. One has seen several indications that this narrative has lost its
grip on large parts of the populace, e.g., in relation to biotechnology. One
has seen that alternative narratives are simultaneously present in the minds
of people and form a powerful counterweight to the assumed one-dimen-
sional scientific progress. Fictional narratives such as the Frankenstein sto-
ryline or the Brave New World of Aldous Huxley are very much present in
the minds of people when scientific advances are debated in the media. In
this way, a fundamental positive outlook on the role of science is balanced
against a view on the limits of scientific and technical expertise (cf. CEC
2007).

Several factors play into this view and add to the complexities of our
views on the role of science. Firstly, many people have realized that quite a
number of the problems that science is set to solve were produced by other
applications of science in the first place. This applies, e.g., to matters of pol-
lution and technological risks. Secondly, people are also generally aware of
the fact that large-scale new technologies effectively turn the whole soci-
ety into a laboratory. The effects of these technologies will not be known
before they have actually been applied on larger scales in our societies (see
also, e.g., Latour 1987). Thirdly, people are also to some degree aware of the
fact that at least parts of the techno-scientific community are dependent on
outside interest-based funding, e.g. by industry. This reflects negatively on
the assumed independence of science and may affect the ideal of objectiv-
ity. It also undermines trust. Fourthly, those with some first hand knowl-
edge of the societal debates of risk also appreciate that risks are basically a
social construct (e.g., see Bayerische Rück 1993), and that risk concerns are
fundamentally a political expression that invites pro and con argumenta-
tion. Fifth, some people who are well acquainted with, e.g., debates about
biotechnology, have come to realize that “more science” is not necessarily
the answer to our quest to have prognostic knowledge. New knowledge also
produces new uncertainties, and many areas of our surrounding world dis-
play a degree of complexity that severely impairs our predictive capacities.
Finally, it is more and more recognized that even the best science is infected
with value judgements that cannot easily be separated out of the science.
But value judgements are no domain in which science holds a supremacy
over other, alternative value judgements.

It is the negligence of these factors that explains why scientific contribu-
tions often fail to make an impact on the societal debates that they purport
to address. The so-called “deficiency view” (i.e. the view that if the pub-
lics had the knowledge and understanding provided by science, then they
would readily accept certain technologies) is still common among scientists
since the above factors do not sufficiently inform their contributions. This
is also the reason why many scientific contributions to the risk discussions
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commit what some people have called “the type 3 fallacy”: excellent science,
but altogether addressing the wrong problem.

Thus, arguing for an extended public debate about ethical values con-
nected to new technologies, such as genetically engineered animals, presup-
poses a mutually shared framework of dialogue that is not one-sided in its
overriding narratives and that recognizes the complexities of factors that
play into the conceptions of science. It is the task of philosophers and social
scientists to work towards such a common, shared framework for public
debate.

Scientists in particular need to realize that ethical debates cannot be
limited to evaluating the possible benefits of a given technology. A ben-
efit alone just will not do. Evaluating the ethical aspects of a new (risky)
technology should be based on a comprehensive assessment that includes a
number of critical questions that people want answers to. A simple check-
list could for instance look like this:

What is the core of the problem that needs to be solved in the first–
place?
Who is actually in a position to formulate the problem adequately, i.e.–
who is a potentially affected party?
Which aspects of the problem would be solved by the proposed techni-–
cal solution?
Could the problem alternatively be solved by simple changes of practice–
and behaviour?
Are there any other, technical or non-technical solutions that also would–
solve at least some aspects of the problem? And what are the pros and
cons of these other solutions?
What would be the costs/risks of non-action?–
What counts as a measure of the quality of the proposed solutions?–
What are the side-effects and the long-term effects of the proposed tech-–
nical solution?
What are the risks, uncertainties, and areas of ignorance that accom-–
pany the technical solutions?
Who takes on responsibility and who carries the costs if harm should–
occur along the way?
Who will be consulted and what is the proper decision procedure in or-–
der to decide on the applicability of a technical solution and its access to
markets?
Are all possible regulatory mechanisms, spanning from unconditional–
approval, via approval under certain conditions, via non-approval un-
less certain special conditions obtain, to unconditional non-approval,
included in the list of options?
What are the relevant ethical values, principles and arguments that–
would obtain in regard to the different technical solutions?
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How are these values, principles and arguments perceived and specified–
when seen from the different perspectives of stakeholders involved?

All these issues will have to be addressed on a case-by-case basis. Thus,
practical ethics will not hold in store generic ethical positions on generic
technologies. This applies in particular also to the question of genetic engi-
neered livestock. Specific ethical assessments need to be performed in order
to do justice to the involved complexities. Before addressing the last two
points of the checklist in some more detail, I shall first comment on the
institutional and regulatory settings.

Regulatory Settings

Ethics is usually not an element in regulatory legal frameworks for new
technologies, including biotechnologies. Traditionally, it is implicitly
assumed that a legal framework as such already reflects ethical positions
and basic value perspectives. Parliaments in functioning democracies are
the proper platform for value debates that result in laws and regulations.
However, since science and new technologies within the realm of genetic
engineering have been met with public scepticism, criticism and opposi-
tion, many have come to realize that traditional forms of government and
representative democracy are not that well adjusted to changed societal
conditions, and that governance in a wide and inclusive sense is indicated.
Within the EU the matter of good governance is a high priority of S&T
policy (CEC 2007).

There is a remarkable difference between Europe and the USA in this
respect. It is often noted that relevant regulatory frameworks within the
US do not accept ethics as an element of assessments of new technologies.
In fact, many of the political differences between Europe and the US hinge
on the fact that the American side wants to restrict all relevant consider-
ations to what they deem as strictly scientific facts. Thus the Precaution-
ary Principle and other ethical considerations would fall outside the sphere
of relevant arguments recognized by the US. This does, of course, not sig-
nify that the USA would readily accept unethical technologies or scientific
applications. Also within the USA, laws on such issues as, e.g., animal pro-
tection or environmental protection reflect basic values and ethical com-
mitments. Arguably, in some areas they may even be stronger than similar
legal frameworks in Europe. However, to the best of my knowledge within
none of these US regulatory frameworks do ethics figure as an independent,
relevant factor that needs to be specially assessed case-by-case.

In rough outline, this situation is not so different within the EU either.
Also within the EU the assessments that have to precede the introduction of
a new technology are largely scientific risk assessments focussing on safety.
However, in some areas and to some extent there are some significant open-
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ings for ethical assessments. For instance, the EC Directive on deliberate
release, 2001/18, mentions in its Preamble, consideration no 9, the possibil-
ity of including ethical principles in the assessment of GMOs. This may in
particular refer to the protection clause in article 23 relating to health and
environment. One should also note that article 29 opens for the possibility
of consultations of the EGE or other ethical bodies.

A similar point applies to the regulation of medicinal products within
the EU where ethics is also a significant consideration. More indirectly, the
EU position on the Precautionary Principle implies a further distance to
the purely science-based evidence in traditional risk assessments (see, e.g.,
CEC 2000, endorsed in the 2001 Treaty of Nice, article 174, section 2, and
especially mentioned in the Presidency conclusions of the Nice European
Council Meeting 2000, Resolutions annex III). Furthermore, the endorse-
ment of the Aarhus convention (1998) implies public consultations on all
matters that affect the common environment.

Opinions of the European Food Safety Agency (EFSA) do not gener-
ally enter into ethical considerations. However, one should note that, for
instance, the EFSA opinion on cloned animals is supplemented by an opin-
ion of the European Group of Ethics in Science and New Technologies to
the European Commission (EGE) on the same matter, and that both assess-
ments together provide the advisory input to European policy in this field
(EGE 2008). This may be seen as an indication that European governance of
S&T is ready to supplement safety assessments with ethical argumentation.

In sum, it seems to me that there are significant openings to let ethics
play an important role in European policy decisions. Ethical assessments
are still not a matter of routine and many aspects of them remain unclear.
However, given the public scepticism on new technologies, there is a real
chance that even the few openings for ethical considerations might prove
important in the near future.

Considering Ethical Arguments

Ethical concerns about genetic engineering of animals are often divided
into two basic types. Genetic engineering of a living organism may for a
variety of reasons be thought of as being morally problematic in itself, i.e.
due to its mode of production or to its source of genetic material be per-
ceived as wrong or morally at least dubious. In that case we shall talk of
intrinsic concerns. But genetic engineering may also be thought of as mor-
ally problematic because of its consequences. In that case we shall talk of
extrinsic concerns. When discussing the ethical issues of genetically engi-
neered livestock it is important to keep these two categories apart. Risk con-
siderations, for instance, have no force whatsoever if fundamental intrinsic
worries are brought to the fore.
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Comstock (2002) argues that all variants of intrinsic arguments against
(animal) biotechnology could be summarized in the following claim:

It is unnatural to genetically engineer plants, animals and foods.

The commonly most well-known argument of this sort is the so-called
“Playing God-argument” (cf., e.g., Chadwick 1989, Häyry and Häyry 1998).
Some people hold that it is ethically questionable to transfer genes from one
species to another species. This attitude is sometimes grounded in a reli-
gious belief that it is not up to humankind to violate boundaries that are set
by God. Any design of nature through the insertion of new genes is, accord-
ing to this argument, morally unacceptable. The argument does not occur
in the Bible (in fact one may cite places to the opposite), but is based on an
interpretation of God’s will.

If one would accept the Playing God-argument, it would amount to an
unconditional rejection of the genetic modification of all livestock, disre-
garding what species we deal with and what the purposes and benefits of
the modification are.

The basic assumptions of the argument are the following: God has drawn
up invisible boundaries between the realm of God and the realm of humans.
Those that transcend this boundary are guilty of hybris, i.e. excessive pride.
Obviously any such argument would also be dependent on the more spe-
cific assumptions of a religion concerning the relation of God, humans and
animals. Typically the argument is proposed by adherents of a Christian
religion. The problem is to know where this boundary is.

The only safe assumption would be not to interfere with the course of
nature at all. But this would arguably exclude all systematic breeding efforts,
i.e. all agriculture, particularly all selective breeding of animals. If one, how-
ever, wants to allow for breeding, then one assumedly regards some changes
of genetic outfit of species as ethically acceptable. In this regard the results
of selective breeding and the results of recombinant DNA-techniques are
on a par. They differ in only two main respects: first in the way offspring
is conceived, and second, in the case of recombinant DNA techniques the
source of the inserted genetic information is not necessarily taken from
the same species. Are these differences ethically relevant for the Playing
God-argument? If the first differences were ethically relevant, then it would
equally rule out artificial insemination or test-tube offspring. Since most
people, including strongly religious people apparently accept both, this line
of reasoning would not affect transgenic animals specifically. In fact, artifi-
cial insemination of livestock is the rule rather than the exception for most
livestock production.

The second difference is somewhat more tricky. However, one would
then have to clarify what the ethically relevant difference is between genetic
information obtained from a distant species and genetic information that
occurs through natural mutation. Both are nothing but a certain sequence
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of adenin (A), thymin (T), cytosin (C), and guanin (G) in the DNA mole-
cule. The mutant genetic information is, when expressed in an individual,
an important tool for selective breeding. In principle, the results of recom-
binant DNA-techniques could equally well be the results of mutation, given
sufficient time. After all, according to evolutionary theory, all species have
developed from a common core. The dimension of time would become a
morally relevant feature for ethical considerations. While time may indeed
play a crucial role in regard to the risks (i.e. extrinsic viewpoint) involved in
genetic modification (e.g., concerning the “disrupting” effects of the spread
of a genetic modification to the environment), it is difficult to conceive of
time as an intrinsic ethical consideration. Therefore we do not believe that
we could construe this difference as ethically relevant without a number
of questionable ad hoc assumptions, or without rejecting the most basic
assumptions of evolutionary theory.

In sum, we do not believe that the Playing God-argumention can be
backed by weighty rational argument. It would imply that, for instance,
breeding programmes in agriculture or introductions of new plant species
in a given ecosystem are morally unacceptable. The domestication of ani-
mals and their “design” for human production purposes is celebrated as
a cultural achievement. The proponents of this argument should then be
equally critical to traditional agricultural practices. Thus it seems incoher-
ent to restrict such an objection to gene technology. We therefore suspect
that the argument is based on ad hoc reasoning.

Alternatively, proponents of the Playing God-argument could reject the
demand of rational justification. Instead they could rely on personal feel-
ings. One would then accept the basic argument and add that one somehow
intuitively feels that the dividing line should be drawn precisely at the point
when it comes to transgenic animals. As a consequence, the argument is
then restricted to explaining one’s personal preferences, without attempt to
convince others. Empirically speaking, this may be precisely what explains
the scepticism towards gene technology that is common among certain
(but not all) groups of people in European societies (cf. Hviid Nielsen 1997).
If the argument is framed in this way, the proponents retreat from rational
social debate with groups that hold different opinions. This does, how-
ever, not imply that these sceptics be disregarded in an attempt at build-
ing up social consensus. Their attitude should still demand respect from
those who disagree. As a consequence, the ethically correct way to deal
with those sceptics would be to provide for informed consumer choices and
participatory decision-making, i.e. to stress procedural ethics rather than
purely substantive ethics.

There are other variants of the Playing God-argument. One version
holds that it is morally wrong to break down naturally occurring bound-
aries between different species, and another holds that it is morally wrong
to commodify living nature. We shall not pursue these arguments in detail
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here. Let it suffice to say that similar counter arguments as to the Playing
God-argument – mutatis mutandis – apply to them as well.

It seems there is no really convincing intrinsic argument against animal
biotechnology. The proposed intrinsic arguments seem apparently to point
in the direction of some important ethical considerations, but in the end
they fail to establish their case. Yet there are two important provisos here.
First, the strong initial intuitive appeal of some of these arguments should
count as sufficient reason not to disregard them out of hand, but to re-eval-
uate their relevance in every qualitatively new case. Perhaps an unrestricted
and extensive use of animal biotechnology at some point indeed crosses
borders that are unprecedented and thus let us forget the basic respect for
life that is essential to our moral nature. Second, the mere fact that some
of these intrinsic arguments are apparently strongly felt by many people,
i.e. represent what sometimes is called their gut-feelings, should count as
sufficient reason to not force upon them products that they find morally
unacceptable. Even if we are unable to detect sufficient rationality in these
reasons to accept them for ourselves, we should, out of respect for other
humans – humans that apparently operate with a different sense of ration-
ality –, provide them with choices that make a moral life possible for them.
This would mean two things: there should be alternatives to food from ani-
mal biotechnology on the market, and there should be clear labelling of
products from animal biotechnology.

This leaves us to consider the extrinsic arguments against animal bio-
technology, i.e. arguments that relate to the consequences rather than the
nature of our technology. One such line of argument is animal welfare
considerations, another one is environmental considerations. All extrin-
sic considerations call for a case-by-case assessment including among oth-
ers the risks, costs and benefits of the proposed technology. Typically such
an assessment will provide for making trade-offs between several aspects.
We shall argue that ethical assessments can – and should – in principle be
included, provided they are done in a systematic, methodical manner that
allows for transparency and quality assurance.

Remarks on Extrinsic Ethical Concerns

Animal Welfare

There are different schools in regard to animal welfare, some being more
restrictive than others. Some take as their only reference point the animal’s
own feelings, so that the ability to feel pain becomes the crucial property
(e.g., Duncan 1996). Others look at animal health and physiological func-
tion (e.g., Broom 1996) as crucial anchor for defining animal welfare. Some
other people (e.g., those propagating biodynamic farming practices) regard
the conditions of the animal’s natural living environment as the foundation
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of animal welfare, so that the ability to follow natural instincts in a biolog-
ically preferred environment becomes crucial. These differences between
competing conceptions are only partly based on science. To a considerable
extent the differences are due to different philosophical outlook, and they
may not be reconcilable with each other. This is not completely surprising,
since the consideration of animal welfare obviously is dependent on a vari-
ety of implicit value assumptions.

In Europe, the UK report an animal welfare from 1965 that became
known as the Brambell report, was highly influential. The Brambell report
(1965) included the well known “five freedoms”:

1. Freedom from hunger and thirst by ready access to fresh water and a diet
to maintain full health and vigour.

2. Freedom from discomfort by providing an appropriate environment
including shelter and a comfortable resting area.

3. Freedom from pain, injury or disease by prevention or rapid diagnosis
and treatment.

4. Freedom to express normal behaviour by providing sufficient space,
proper facilities and company of the animal’s own kind.

5. Freedom from fear and distress by ensuring conditions and treatment
which avoid mental suffering.

While it would be certainly wrong to claim that these freedoms have
actually been translated into national law, one might still hold that they set
a soft-law standard that is often referred to and that some countries have
aimed at including in their national regulations for farm animals. As all
such general principles, these freedoms are not very precise and they leave
room for different interpretations. Therefore, many activities are aimed at
specifying what such clauses as “sufficient space” could mean for specific
species in animal production, e.g. for battery hens. It is not too far fetched
to say that these animal freedoms function in much the same way as the
Charter of Human Rights does for humans. They define a prima facie ethi-
cal standard that inform our judgements of particular cases.

It is difficult to say anything specific about animal welfare of transgenic
animals in general. In principle it may be better or worse than the welfare
of the original, non-transgenic animal. Obviously, a lot will depend on the
kind of modification that has been made, i.e. which genes have been modi-
fied. Thus one will need research to document the effects of such modifica-
tions. One difficulty regarding livestock production is that even the choice
of comparator is not unproblematic. If one takes as standard the welfare
conditions in industrial intensive production systems to which the trans-
genic animal is then compared, then obviously one may be reinforcing a
practice that is already considered ethically problematic by some people.
This only underlines the fact that in all such assessments, including animal
welfare, the choice of standard is not beyond discussion.
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Even though the principal responsibility to document welfare effectsmay
rest with the company that seeks to market the product, one may assume
that the availability of independent research scrutinizing the effects will be
crucial. This will be a consequence of the lack of trust that the public now
expresses towards industrial research.

However, there are already some experiences and data available in
regard to transgenic fish that may provide an indication of welfare effects
in transgenic animals in general. It has been claimed that unexpected phe-
notypical disadvantageous changes are the rule rather than the exception
in the genetic modification of fish (Royal Society of Canada 2001). More
specifically, deformities of the head and other parts of the body have been
documented for transgenic salmon (Devlin et al. 1995). The documented
deformities have obviously serious welfare implications for the fish. Also
morphological changes and changed allometry have been documented for
the same fish, leading to reduced swimming abilities (Ostenfeld et al. 1998;
Farrel et al. 1997; McLean et al. 1997). Furthermore, it seems that transgenic
salmon shows deviant behaviour in the sense that there is an increased level
of activity in regard to feed-intake and swimming (Abrahams and Sutter-
lin, 1999; Devlin et al. 1999). Thus, one can claim that the scientific litera-
ture documents significant changes in morphology, physiology and behav-
iour in transgenic salmon.

On the background of these experiences one may claim that the welfare
aspects of biotechnology in animal production deserve a close case-by-case
and step-by-step evaluation in order to avoid negative impacts of the tech-
nology. There are still many unknowns in our use of genetic biotechnology,
and without more research on these issues one seems well advised to opt
for a precautionary practice that would give the animal the benefit of the
doubt. Indeed, a precautionary approach to the welfare issue in animal bio-
technology would seem to be justified if not implied by our assumed ethical
responsibility for the stewardship of production animals. I shall deal with
this point a bit further down in the paper.

Environmental Concerns

Some animal biotechnology may have negative effects on the environment
and biodiversity. As a rule of thumb one may hold that the larger the ani-
mal and the better the containment, the lesser the danger of unintended
environmental effects. This has to do with our ability of control. Since eco-
logical interaction of species may be quite complex and not always easily or
quickly detectable, such a rule cannot be totally general.

Leaving aside other environmental effects of feeding and containing the
animals in appropriate surroundings – effects that may not be specific to
animal genetic biotechnology – the main concern today is the spread of the
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geneticmaterial towild relatives. This is particularly relevant for those species
whose escape into the environment cannot easily be controlled. Disturbances
in our ecosystem raise ethical concerns, especially when some of the affected
species and populations may already be threatened by extinction. Again, the
main studies of these effects have been done in regard to transgenic fish. One
way to approach the possible gene flow from one population to another is to
assess the net fitness of a specific type of fish (Pew Initiative on Food and Bio-
technology 2003). Muir and Howard (2001, 2002) provide six traits for deter-
mining the net fitness of any animal, including a transgenic fish:

juvenile viability (chances of surviving to sexual maturity);–
adult viability (chances of surviving to procreate);–
fecundity (number of eggs produced by a female);–
fertility (percent of eggs successfully fertilized by male sperm);–
mating success (success at securing mates); and–
age at sexual maturity.–

Instead of regarding these as independent or associated factors, scien-
tists now develop mathematical models to combine these parameters of the
organisms’ net fitness that could say something about the genetic conse-
quences of escapes of a transgenic organism into the environment. Three
possible scenarios or hypotheses can be discerned (Pew Initiative on Food
and Biotechnology 2003).

The Purge scenario: When the net fitness of a transgenic organism is
lower than that of its wild relatives, natural selection will work to purge any
transgenes that the wild relatives may inherit (Hedrick 2001). Some trans-
genic fish may indeed fall under this scenario, depending on the kind of
modification that has been done. It is claimed, though, that this scenario
need not be without any long term effects. In small populations even tem-
porary declines in net fitness are said to potentially threat the survival of
the population.

The Spread scenario: “When the net fitness of a transgenic fish is equal
to or higher than the net fitness of a wild mate, gene flow is likely to occur
and the genes of the transgenic fish will spread through the wild popula-
tion.” (Pew Initiative on Food and Biotechnology 2003). Some transgenic
fish, e.g. growth enhanced coho salmon, reach sexual maturity earlier than
their wild counterparts, and this has a large effect on net fitness. In this sce-
nario there is a lasting genetic effect of the invasion by transgenic fish on
the wild counterparts.

The Trojan gene scenario: In this model it is suggested that enhanced
mating success coupled to reduced adult viability would result in a rapid
decline of the wild population. The transgenes would introduce their
genetic material into the wild population rapidly, while the lower viabil-
ity would reduce population sizes. Thus, interbreeding of transgenic organ-
isms with wild relatives would cause a rapid decline in total population.
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Again one faces a situation with a number of significant uncertainties
relating to the effects on the environment and biodiversity. Obviously, no
general and no definite answer is possible at this stage of our knowledge.
One may point out that, e.g., the introduction of transgenic species with ste-
rility could change the potential environmental threats significantly. Yet,
even in these cases instability and uncertainty are factors to be taken seri-
ously in our assessments. While transgenic fish may pose an environmental
threat of serious proportions due to our lack of control of escapes, the prin-
cipal points made here apply to all animal biotechnology. The exotic species
experiences can serve as a rough model for some of the potential threats
one may have to face.

It should be pointed out, though, that some of the risks mentioned here
are equally posed by organisms obtained from traditional selective breed-
ing. It would thus be wrong to restrict these considerations one-sidedly to
genetic biotechnology. As we are talking from an extrinsic point of view, it
is the consequences that matter, and not the technology that brings them
about. Therefore, one consequence of ethical clarification on these issues
would be to argue for a stricter regime of control and license for all new
breeds that are brought to production and market, including the non-trans-
genic variants.

There is now a widespread agreement that the environment deserves our
moral consideration. Several different positions have been propagated in
environmental ethics, ranging from more moderate anthropocentric posi-
tions (Shrader-Frechette 1981), to biocentric, ecocentric and deep ecology
positions (Pojman 2001). The discussion on these issues is currently char-
acterized by a very basic and assumedly unavoidable pluralism. Yet, in spite
of this there is recognition that some moral concern and value has to be
assigned to environmental factors, regardless of how we argue for it, and
how far we are willing to go with it. Even with a minimalist anthropocen-
tric account one cannot morally defend many of the environmental harms
that result from our technologies, given that the natural resources turn out
to be scarcer than we thought. Therefore, the ethical assessment of animal
biotechnology needs to take account of this, and include these considera-
tions explicitly. Current practices seem to indicate that mankind falls short
on any ethical measure that one may apply to environmental concerns. The
inclusion of these concerns in our ethical assessments thus appears as a
moral imperative.

The above considerations on animal welfare and environment will prove
relevant when evaluating the ethical aspects of some genetically engineered
animals.We shall not go into all the details here, but mention just two cases:
production animals for zoopharming and xenotransplantation.

In general, public acceptance of using animals for zoopharming seems
widespread. Surveys such as various Eurobarometers on biotechnology
reveal little principled objections against this technology due to a percep-
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tion of important benefits. The envisaged benefits mostly relate to human
health, though they might also include animal health. People are ready to
accept the genetic engineering of animals if it is an effective – if not the
only – way of securing important medicinal products. Behind such attitude
is what is commonly called a gradualistic view of moral standing. Even if
one is not accepting a fully anthropocentric view of moral standing, one is
often inclined to differentiate among various species to the extent that some
“higher” species are assumed to be more worthy our moral concern than
others. This can, e.g., be based on our conception of sentience. If one, how-
ever, endorses a strong biocentric viewpoint, basically assuming equal moral
standing of all living beings, then one may still have objections against this
technology. Yet, in all European countries our agricultural practice is built
upon the view that demonstrated important human uses override animal
welfare and other ethical concerns. Legal regulations ensure that animal
welfare and environmental concerns are taken care of in due measure.

Similar considerations apply to the area of xenotransplantation. As with
zoopharming, the important envisaged medical uses provide for weighty
arguments in favour of this technology, especially since the availability of
donor organs is significantly less than the perceived demand in most coun-
tries. However, in this case the ethical dilemmas are significantly more com-
plex. It is not only the animal welfare considerations of the donor animals
and the considered risks to the recipient patient that have to be included
in our ethical assessment. Now we also have to consider the risks to public
health as well. This is due to the fact that all xenotransplantation will carry
a certain risk of xenosis, i.e. a special case of zoonosis – a transferral of
infectious material from animals to humans. A focus has been on so called
porcine endogene retrovirus (PERV) in the case of using pig organs, e.g.
hearts, for implantation into humans. PERVs are unproblematic for pigs,
but we do not know how they or some mutations of them might behave in
a human organism. The worst case scenario would be when PERVs become
virulent with easy transferral of infections between humans through, e.g.
drop infections, with a long period of latency and eventual fatal outcome.
Now one has to deal with a situation where patient risks and benefits also
have to be weighed against societal risks. Furthermore, attempts to mini-
mize societal risks will typically include measures and control regimes that
seriously infringe on people’s autonomy and privacy, for instance through
demands on monitoring sex-partners after surgery (cf. Kaiser 2004).

In sum, while the ethical discussions about zoopharming are mainly
dependant on whether or not one is willing to defend a strong biocentric
viewpoint, the ethical issues in xenotransplantation are much more com-
plex and far from evenminimal societal consensus. The question is whether
scientific advances will be able to significantly reduce the involved uncer-
tainties. Many proponents of xenotransplantation believe that this can real-
istically be achieved. However, many would argue to the opposite, namely
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that the total eradication of all scientific uncertainty is an impossibility on
philosophical and methodological grounds. The occurrence of scientific
uncertainty raises in any case a particular challenge for the ethical assess-
ment of a technology.

Dealing with Scientific Uncertainty

All assessments of new technologies look at possible outcomes and conse-
quences of the uses of the technology in question. Thus the availability of
prognostic knowledge is crucial for any assessment of risks, benefits or oth-
erwise. Yet, it is well known that fully reliable prognostic knowledge is rarely
available, given the complexities of a technology in use. There is always a
certain degree of uncertainty concerning possible outcomes. Given exten-
sive testing over long periods of time some uncertainties will diminish, but
they may not totally disappear. For instance, proponents of gm crops would
argue that the scientific uncertainties relating to the safety risks of gm Bt-
maize, gm soya and gm herbicide tolerant oilseed rape have been signifi-
cantly reduced after intensive testing and cultivation in various countries
(Sandvido et al. 2007; ACRE 2007). However, even then one may conclude
that the assessments have been somewhat incomplete since the evaluation
of the benefits, falling outside the range of purely scientific criteria, still
contains significant uncertainties (De Melo-Martin and Meghani 2008).

From a decision-maker’s point of view, uncertainties are as important as
scientific certainties. Ethically speaking, managing the uncertainties of a
given technology directly relates to the concepts of responsibility and fair-
ness, i.e. distribution of benefits and risks. A decision-maker will be held
responsible for judging the available information at the time of the deci-
sion with respect to the balance of evidence, including unknowns and the
degrees of confidence related to evidence. Thus, it is vitally important for
decision-makers to be provided not only with information on what is defi-
nitely known, but also with what is still uncertain even though it may be a
possible, realistic outcome.

Typically, scientists are good in communicating what they know with
a reasonable degree of confidence, but they are not as good in communi-
cating those aspects that are still uncertain, nor how uncertain they might
be. Since it is totally unrealistic to strive for zero-risk technologies (in spite
of some political rhetoric to the opposite), the real challenge is to improve
our communication of complex risks and scientific uncertainties. Efforts to
work out indicators and communication schemes for scientific uncertainty
have been intensified since the groundbreaking work of Silvio Funtovicz
and Jerome Ravetz (1990) and have led to a variety of interesting contribu-
tions (cf. especially Walker et al. 2003; see also Cooke 1991; Lemons 1996;
van der Sluijs 1997; van Asselt 2000; Fjelland 2002; Krayer von Krauss et
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al. 2008). Many of the mentioned scholars note that uncertainty is a last-
ing feature of scientific knowledge, so that hopes of eliminating all uncer-
tainties through more research are essentially in vain. More knowledge and
research will typically also generate new uncertainties, though some spe-
cific uncertainties may disappear.

Communicating uncertainties is crucial also because they play a decisive
role in evaluating whether or not a precautionary approach (i.e. the applica-
tion of the Precautionary Principle; hereafter referred to as PP) is indicated.
While there has been an extensive discussion about precaution, in Europe
at least there is a widespread consensus that the PP is important (cf. CEC
2000). There is, however, an ongoing debate about how to formulate the PP
in terms that are suitable for risk management.

The classic definition stems from the Rio Declaration of 1992, §15:
In order to protect the environment, the precautionary approach shall be widely
applied by States according to their capabilities. Where there are threats of serious
or irreversible damage, lack of full scientific certainty shall not be used as a reason
for postponing cost-effective measures to prevent environmental degradation.

The shortcomings of this formulation are apparent. Among others it
contains a triple negation: Not having knowledge is not a reason for not act-
ing. Various other attempts have been made to rectify these shortcomings
later (for a more comprehensive discussion see UNESCO COMEST 2005).

Personally I think the new definition endorsed by UNESCO is a signifi-
cant advance:

When human activities may lead to morally unacceptable harm that is scientifically
plausible but uncertain, actions shall be taken to avoid or diminish that harm.
Morally unacceptable harm refers to harm to humans or the environment that is

threatening to human life or health, or–
serious and effectively irreversible, or–
inequitable to present or future generations, or–
imposed without adequate consideration of the human rights of those affected.–

The judgment of plausibility should be grounded in scientific analysis. Analysis
should be ongoing so that chosen actions are subject to review.
Uncertainty may apply to, but need not be limited to, causality or the bounds of
the possible harm.
Actions are interventions that are undertaken before harm occurs that seek to avoid
or diminish the harm. Actions should be chosen that are proportional to the se-
riousness of the potential harm, with consideration of their positive and negative
consequences, and with an assessment of the moral implications of both action
and inaction. The choice of action should be the result of a participatory process.
(UNESCO COMEST 2005)

Whatever version of the PP one adheres to, the occurring of scientific
uncertainty is crucial for all such application of precaution. In our context
it is important to note that the PP has an ethical underpinning, relating to
the concept of culpable ignorance that makes it part and parcel of an eth-
ical approach to the ethics of livestock engineering. The PP, though still
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the object of heated discussions between the USA and the EU, is widely
interpreted as an ethically responsible way to deal with an uncertain future
where great harms may be lurking. The PP is essentially designed to man-
age scientific uncertainties in such a way that one rather errs on the side of
nature than on the side of expected benefits.

A Proposal For Ethical Assessments

The above deliberations are meant to show that an ethical assessment of
livestock genetic engineering needs to consider a variety of viewpoints and
value perspectives. In a pluralistic society, different values are brought to
the fore, and it is supposedly seldom that one may be in a position to take a
stand on purely intrinsic grounds. Thus, assessments need to be made on a
case-by-case and supposedly also on a step-by-step basis. We have argued
that different values need to be respected and that ethical considerations
need to be clarified for each new animal product. Risks and benefits are
only part of this assessment. Other considerations, e.g., justice and equity
and dignity of the creature, need to be included. The challenge is to make
such an ethical assessment in a transparent, systematic and methodical
manner that is adapted to an open democratic debate. Several such possi-
bilities were explored in an EC-funded project (see http://www.ethicaltools.
info/, July 2008).

One such method for ethical evaluations originates in principle-based
ethics. It starts not with ethical theory, but with a selection of principles
that can find a broad degree of support from different ethical theories or
cultural beliefs. The principles are selected in such manner that they can be
seen as roughly representative of whole families of values. They capture the
relevant plurality of ethical concerns that are brought to the fore. The ori-
gin of this method is Beauchamps and Childress’ (1994) approach in medi-
cal ethics. Inspired by medical ethics, Ben Mepham from the University of
Nottingham was the first to transfer Beauchamps and Childress’ principles
from medical ethics to a practical approach for addressing broader policy
related problems, modifying them slightly (Mepham 1996). This was then
termed an “ethical matrix”.

The challenge with this approach consists in moving from the general
level of the principles down to the level of practical questions. The first stage
of the method is thus the setting up of a two-dimensional ethical matrix
where chosen ethical principles are specified in regard to stakeholders’
interest-constellation. Who the relevant stakeholders are needs to be deter-
mined beforehand. In general all those groups who are affected one way or
the other by the new technology count as candidates for stakeholders. One
way to capture the relevant ethical principles would mirror the 4-principle
approach known from medical bioethics: Risks, Benefits, Dignity, and Fair-
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ness (Justice). The principle of respect for dignity seems more appropriate
than the alternative principle autonomy when dealing with animal stake-
holders or the environment, or at least I would claim so (cf. Kaiser 2003; see
also FAO/WHO Report 2004).

There are competing conceptions of how the list of basic ethical prin-
ciples is introduced and justified. Mepham tends to refer to what he calls
common morality for justifying his list of principles. Others see the princi-
ples and the resulting matrix as being informed by some version of pragma-
tist philosophy (Forsberg 2007). For our current purposes we believe it suf-
fices to view the ethical matrix as a rough framework for ethical assessment
that needs to prove its usefulness in practical contexts and that eventually
may be improved upon as concrete experience accumulates.

It must then, in the next step, be determined how the technology at stake,
in our example the genetic modification of animals, will affect the values
described in the ethical matrix. This state of affairs can be structured in
a consequence matrix, which will consist of the same cells as the ethical
matrix. The consequence matrix gives a brief description of the assumed or
possible consequences of a decision upon every affected cell as specified in
the ethical matrix. With an ethical matrix and a consequence matrix filled
in, it is possible to see whether the different consequences amount to a vio-
lation (expressed, e.g., as a minus) of certain specified norms or whether
they seem to be in accordance (expressed, e.g., as a plus) with the values.
These relations of consequences to specified norms are noted in an evalu-
ation matrix. An evaluation matrix is thus a matrix that provides an over-
all picture of the ethical status of the issue at stake, where individual may
assign special weights to particular cells, i.e. considerations. There is no
deduction of the correct ethical answer from the evaluation matrix since
weighing is essential; the best ethical solution is essentially a moral judg-
ment on the totality of considerations expressed in the matrix.

Assume we want to assess the ethical aspects of a certain genetic modi-
fication of an animal species for food production in a region. Following the
ethical matrix approach one would first address the issue of who the rel-
evant stakeholders are, for example small scale producers and consumers.
We also need to agree on potentially affected organisms and their compo-
nents of the environment. A proper set of ethical principles then needs to
be established, as, e.g., justice/fairness, dignity/autonomy, and the obliga-
tion to avoid risks and produce benefits. Once a common understanding of
these principles is ensured, it is important that the principles are specified
for each interest perspective. The result is an ethical matrix that represents
the starting point of the ethical assessment. It is clear that some of the cells
in table 1 [here marked in dark grey] directly relate to the scientific descrip-
tion in the safety and benefit assessments of gm animals. Thus, there is an
overlap between the ethical assessment and the risk assessment and man-
agement. Scientific data will provide information on how the technology
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relates to the qualities described in the various cells of the matrix. This is
termed the consequence matrix. One can now mark whether specific con-
sequences of the new technology promote, inhibit or remain neutral to each
of the specifications in the cells. At the same time we need to mark the sig-
nificant uncertainties in our matrix. In the end one is prepared to issue
recommendations that are informed by the totality of ethical considera-
tions and conflicts. Table 1 below depicts one such tentative basic matrix.
The next step would then be to evaluate how the consequences of a specific
product would affect the considerations expressed in the different cells.

Several applications of this method have been conducted and analyzed
by several research groups (see: http://www.ethicaltools.info/, July 2008).
Once one acknowledges the need for a tool or framework to assist the ethi-
cal evaluation in decision making, it seems indicated to work with a prac-
tical framework of the kind presented here. The absence of such formal-
ized ethical decision frameworks invites accusations of ad hoc-ness or bias
in the ethical evaluation, hinders transparency of the involved process, and
makes international comparison and mutual learning difficult. The ethi-
cal matrix is a possible tool to facilitate quality assurance in practical ethics.
In particular in the decision-making context addressed here, i.e. a context
where a decision-maker is faced with competing value claims in society and
a plurality of ethical theories appealed to by various groups, several con-
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Table 1: Simplified Ethical Matrix for the hypothetical case of gm-fish

Ethical
matrix for
gm-fish

Risk Benefit Dignity Justice /
fairness

Small
producers

Dependencies
on nature and
corporations

Adequate
income and
work security

Freedom to
adopt or not
to adopt

Fair treatment
in trade

Consumers Safe food Nutritional
quality;
price

Respect for
consumer
choice
(labelling)

General afford-
ability of food
product; access

Treated
fish

Proper animal
welfare

Improved dis-
ease resistance

Behavioural
freedom

Respect for
natural capaci-
ties (telos)

Biota Pollution and
strain on nat-
ural resources;
Reduction of
biodiversity

Increasing
sustainabil-
ity; Maintain-
ing threatened
biodiversity

Respect for
ecological
systems
interactions

No additional
strain on
regional natu-
ral resources;
equal value
for future
generations
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siderations enter the picture. The main properties of good ethical frame-
works, as the one suggested here, are, I believe, the following (cf. Kaiser et
al. 2007):

Inclusion of all values at stake;–
Transparency;–
Multiplicity of viewpoints;–
Exposition of case-relevant and ethically-relevant facts ;–
Inclusion of ethical arguments.–

When ethical assessments need to be made in a practical setting, an
explicit framework or tool to assist this task should be employed in order to
allow for greater transparency and quality control. In this article we have
attempted to show that explicit ethical and welfare assessments in regard to
animal biotechnology are a necessity, and in spite of their value-dimensions
they are far from only being delegated to the realm of the mere subjective
and idiosyncratic. Science and ethics go together in making this task practi-
cal and transparent. Hopefully this can pave the way for ethics and animal
welfare aspects to become solid and permanent features of our regulatory
systems and integrated in routine quality assessments of animal biotech-
nology for farm production.

Matthias Kaiser
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Assessing the Welfare of Transgenic Farm Animals

Cornelis G. Van Reenen

1 Introduction

The application of transgenic technologies in (farm) animals has raised a
number of concerns, both within the scientific community and the larger
public (e.g., Mench 1999; Rhind et al. 2003b; Einsiedel 2005; Gjerris and
Sandøe 2007). An important concern is related to the welfare of transgenic
animals. For one thing, unless any negative effects on animal welfare out-
weigh the benefits of the technology – for example, in terms of human health
– animal transgenesis would not be acceptable from an ethical point of view
(Olson and Sandøe 2004; Lassen et al. 2006). In addition to a moral dimen-
sion, animal welfare concerns also encompass more practical matters such
as, for example, the impact of animal welfare on animal health and viabil-
ity, and, thereby, on the efficiency and feasibility of a transgenic technology
(Wilmut 2002; Rhind et al. 2003b; Campbell 2007). Thus, assessing the wel-
fare of transgenic farm animals is a matter of great relevance. Indeed, ani-
mal health and welfare considerations play a central role in risk assessments
of animal cloning (a technology also used in farm animal transgenesis) that
were recently carried out in the United States (FDA 2006; Rudenko et al.
2007) and the European Union (EFSA 2007). However, not in the least due
to the relative novelty of the technology, there is a lack of systematic and
comprehensive studies addressing animal welfare effects of transgenesis. In
the current paper I will revisit and update the main assumptions and prin-
ciples underlying the evaluation of the welfare of transgenic farm animals,
as previously reported (Van Reenen et al. 2001). Next, in the light of these
principles, I will briefly review some existing studies associated with the
assessment of risks of transgenic technologies.

2 Technologies and Applications

In order to appreciate the animal welfare risks involved in transgenesis, it is
necessary to briefly address the main experimental methods that are used
to create transgenic farm animals and to summarize the most important
applications of farm animal transgenesis. More extensive and detailed infor-
mation is provided elsewhere (e.g., these proceedings; Clark and Whitelow
2003; Vajta and Gjerris 2006; Niemann and Kues 2007; Robl et al. 2007).
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2.1 Technologies

For the production of transgenic farm animals the currently most common
technologies are pronuclearmicroinjection and somatic cell nuclear transfer
(SCNT). With pronuclear microinjection, multiple copies of a foreign gene
(transgene or DNA construct) are introduced into the pronucleus of in vitro
fertilized eggs. Subsequent experimental steps prior to the birth of offspring
include in vitro embryo culture and the transfer of embryos to the uterus
of recipients. Pronuclear microinjection is now increasingly being replaced
by SCNT, because it has the disadvantage of a low transgenic efficiency and
it does not allow for gene targeting by homologous recombination. SCNT-
mediated transgenesis involves the transfection of cultured somatic (often
fetal) cells with a DNA construct by electroporation, the isolation, selec-
tion and propagation of transgenic cells, the introduction of the nucleus of a
transgenic cell into an enucleated oocyte, the fusion of recipient cytoplasm
and donor nucleus, and the activation of the reconstructed embryo with the
use of various mechanical, electrical or chemical agents. Similar to micro-
injected embryos, embryos reconstructed in this manner are transferred to
a recipient after a period of in vitro embryo culture. In addition to electro-
poration, lentiviral transduction could be an effective method for transfect-
ing cultured cells prior to SCNT (Dieckhoff et al. 2008). With SCNT, it has
been shown that it is possible to generate for example transgenic sheep, pigs
and cattle that carry the same genetic modification, including a selective
deletion of genes (gene knockout), at a predetermined site of the genome
(McCreath et al. 2000; Dai et al. 2002; Kuroiwa et al. 2004).

Transgenic founder animals resulting from the actual manipulation of
early embryos (via microinjection or SCNT) generally carry exogenous
DNA at a single site in one of the host chromosomes, giving so-called
hemizygous transgenic individuals. According to recently proposed guide-
lines on the nomenclature of transgenic rodents (FELASA Working Group
2007), hemizygous transgenic animals should be denoted in general as +/Tg
or +/tm, in case of non-homologous (i.e., random) or homologous recom-
bination, respectively. The ‘+’ sign indicates either the corresponding wild
type allele or the unaffected (wild type) insertion locus of the partner chro-
mosome. Similarly, hemizygous transgenic founders carrying a gene knock-
out are denoted as +/-, where the ‘-’ sign refers to the deficient allele.

2.2 Applications

There are several (potential) applications of transgenesis in farm animals,
described in more detail by Niemann (these proceedings). One application
aims at the production of recombinant human pharmaceutical proteins in
transgenic animals – transgenic animals as bioreactors (see Schnieke, these
proceedings). For example, by using promoter sequences of milk protein
genes, transgene expression can be targeted to the mammary gland, with

Cornelis G. Van Reenen
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the foreign protein being expressed in the milk. Harvesting the desired pro-
teins involves the collection and subsequent purification of the milk. So far,
a wide range of recombinant proteins have been successfully produced in
the mammary gland of transgenic sheep, goat, cattle, pigs and rabbits.

Transgenic animalsmay also be used as donors of xenografts. Xenografts
from domestic pigs are considered a potentially useful source of trans-
plants (e.g. hearts or kidneys) for humans. To try to overcome the rejection
of a porcine xenograft resulting from the activation of complement factors
belonging to the human immune system, transgenic pigs have been gener-
ated that either express transgenes encoding for human complement inhib-
itory factors, or lack genes that are responsible for the presence of anti-
genic structures on the porcine organ that cause the transplant rejection
response.

Transgenic approaches to improve production traits in farm animals
have remained largely experimental so far. Traits of interest include growth
and body composition, quality of wool production, and disease resistance.
Suggested strategies are based on the introduction into the germline of spe-
cific disease resistance genes, or genes that encode for growth promoting
substances, biochemical substrates critical in the synthesis of wool, and var-
ious factors modulating the immune response. Following an approach sim-
ilar to that used in generating transgenic animals as bioreactors, transgenic
dairy cows were produced with a substantially altered milk casein compo-
sition (Brophy et al. 2003), or expressing recombinant lysostaphin (an anti-
bacterial agent) in their milk, which protected them to some extent against
Staphylococcus aureus mastitis (Wall et al. 2005).

3 Factors That May Affect the Welfare of Transgenic
Farm Animals

Three separate sets of factors may, potentially, affect the welfare of trans-
genic farm animals (table 1).

3.1 Insertional Mutations

Common gene transfer techniques, including pronuclear microinjection,
electroporation and lentiviral transduction, result in the random inser-
tion of the transgene (Robl et al. 2007). Random transgene integration may
take place within or close to an endogenous gene, creating a so-called inser-
tional mutation with a resultant loss of host gene function (Woychik and
Alagramam 1998). Depending on the function of the disturbed gene, this
may harm animal welfare. Phenotypic abnormalities associated with inser-
tional mutations frequently express themselves in homozygous transgenic
(Tg/Tg) individuals only, which points to a recessive trait (e.g., Ballester et
al. 2004; Mukai et al. 2006).

Assessing the Welfare of Transgenic Farm Animals
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3.2 Transgene Expression

The expression of a transgene could be harmful in at least two (interde-
pendent) ways. First, transgene regulation can be inappropriate because
the recombinant regulatory elements do not provide sufficient control over
the site (cell-type, tissue), level and time of expression of the transgene.
This problem can be exacerbated by so-called ‘position effects’, when reg-
ulatory elements of neighbouring endogenous genes override those situ-
ated within the transgene itself (Wells and Wall 1999). Second, transgene-
derived proteins may have biological properties per se that pose a risk to
animal welfare, particularly when they enter the general circulation in rel-
atively high or even supra-physiological levels. Salient examples of these
include several powerful growth-promoting or immune-stimulating fac-
tors which, in the absence of rigorous transgene regulation, were the cause
of deleterious side-effects (e.g., Fattori et al. 1994; Pinkert et al. 1994; Mas-
soud et al. 1996; Park et al. 2006). It should be noted that, similar to milk
proteins (McFadden et al. 1988; Stelwagen et al. 1997), recombinant pro-
teins secreted into milk may enter the general circulation (e.g., Carver et
al. 1992). Thus, transgenic dairy animals as bioreactors may be exposed
to transgene-derived proteins irrespective of proper transgene regulation,
and plasma levels of a recombinant protein synthesized in the mammary
gland could become unacceptably high beyond a certain intensity of trans-
gene expression.

Cornelis G. Van Reenen

Table 1: Factors that may affect the welfare of transgenic farm animals (mod-
ified from Van Reenen et al. 2001)

Factor Actual or potential welfare hazard

Insertional mutations Random transgene insertion

Loss of host gene function

Transgene expression Lack of control of transgene expression (level, site,
developmental control, temporal control)

Exposure of host to biologically active transgene-
derived proteins

Perturbation of homeostasis

In vitro technologies Disturbances of regulation of early gene
expression

Incomplete or aberrant epigenetic reprogramming

Inappropriate gene expression and developmental
abnormalities

Large offspring syndrome (LOS), abnormal
offspring syndrome, cloning syndrome
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3.3 In Vitro Technologies

In vitro technologies employed in the process of generating transgenic
farm animals (e.g., in vitro embryo culture and SCNT) have been associ-
ated with a host of deleterious side-effects, including placental abnormal-
ities, high incidences of abortion throughout pregnancy, prolonged gesta-
tion, increased birth weights, and high rates of stillbirth, congenital malfor-
mation and perinatal and pre-weaning mortality, accompanied by a range
of pathological conditions and abnormalities such as neonatal weakness,
respiratory failure, incomplete development of the vascular and the uro-
genital tract, malformations in liver and brain, immune and digestive dys-
function, anemia, and an increased proneness to infections (Kruip and den
Daas 1997; Cibelli et al. 2002; Rhind et al. 2003a; McEvoy et al. 2006). Some
of these characteristics have been collectively referred to as the large off-
spring syndrome (LOS), although symptoms are unpredictable (Young et al.
1998; Cibelli et al. 2002). To account for this, alternative terms such as ‘clon-
ing syndrome’ (Wells et al. 2004) or ‘abnormal offspring syndrome’ (Farin
et al. 2006) have been proposed.

There is now increasing evidence that LOS symptoms result from envi-
ronmentally induced disturbances in the regulation of early gene expres-
sion. More specifically, in vitro manipulations are believed to interfere
with epigenetic modifications (e.g., demethylation and de novo remethyla-
tion of DNA) of developmentally important genes during early embryonic
development (Young and Fairburn 2000; Farin et al. 2006). Reconstructed
embryos generated by SCNT may be particularly liable to epigenetic errors
since somatic donor nuclei introduced into enucleated oocytes are required
to go through the sensitive process of complete genetic reprogramming
(Dean et al. 2001; Wilmut et al. 2002; Rhind et al. 2003b; Dindot et al. 2004).
More recently, in addition to epigenetic errors, aberrant nuclear-mitochon-
drial interactions have also been implicated as a possible factor underlying
LOS symptoms following SCNT (St John et al. 2004; Hiendleder et al. 2005;
Lloyd et al. 2006).

4 Assessment of Effects of Transgenesis on Animal Welfare

Given the potential risks outlined above, it seems appropriate to devote a
reasonable effort to the study of welfare of transgenic farm animals. In this
respect, I strongly advocate an evidence-based approach ultimately aimed
at the unequivocal identification of risk factors for animal welfare through
scientifically valid and meaningful studies (e.g., Whay 2007). Such an
approach may, for example, complement prospective and tightly controlled
experiments that were suggested to disentangle the effects of embryomanip-
ulation from specific effects of SCNT on genetic and physiologic mecha-
nisms essential for (pre- and postnatal) survival (Wilmut 2002; Rhind et
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al. 2003b). Basic assumptions are, first, that research efforts are adjusted to
the objectives and stage of a transgenic program (i.e., a research program
aimed at generating transgenic farm animals) and, second, that effects of
transgenes should be distinguished or separated as much as possible from
effects of in vitro technologies (e.g. in vitro embryo culture, SCNT).

4.1 Welfare Evaluation in Successive Stages of a
Transgenic Program

Successive and partially overlapping stages in a transgenic program are
listed in table 2, together with corresponding animal welfare research
efforts. Each stage in this sequential process poses its own set of conditions
and resources available for research into animal welfare and, correspond-
ingly, its own scope of answers that can be provided. The main objectives
of the first stage of a transgenic program are, first, to innovate and vali-
date experimental procedures and, second, to demonstrate that the produc-
tion of an improved or novel type of transgenic farm animal is technically
feasible. At this stage, the number of transgenic animals is generally low,
and the assessment of animal welfare risks should, therefore, be primarily
based on descriptive and anecdotal data with regard to both animal health
and abnormalities as well as various molecular biological determinants of
transgenesis, including site of integration, integrity of the transgene, trans-
gene expression (level, temporal pattern and tissue specificity) and char-
acteristics of the transgene product (e.g., Kuipers et al. 1997; Brink et al.
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Table 2: Risk assessment and welfare evaluation in successive stages of a trans-
genic program (modified from Van Reenen et al. 2001)

Stage Objectives Transgenic
animals

Basis for risk as-
sessment and
welfare evaluation

1. First-time genera-
tion of transgenic
founders

Innovate experi-
mental procedures
and test feasibility

Low numbers
of (unique)
founders

Desk study
Treatment with
recombinant
proteins
Descriptive animal
data and anecdotal
information

2. Increasing num-
bers of animals

Determination of
transgene expres-
sion and pheno-
typic properties

Groups of
clones or
transgenic
offspring

Quantitative re-
search and accu-
rate comparisons

3. Establishment of
production herds

Utilization of de-
sired animals or
harvesting desired
(gene) product

Many
animals

Epidemiological
surveillance and
meta-analyses
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2000; Kues and Niemann 2004). For some transgenic approaches, the treat-
ment of non-transgenic animals with the (homologous analogue of the)
recombinant protein could be important for the early detection of possibly
deleterious side-effects of the intended gene-product. For example, prob-
lems observed in transgenic pigs or fish expressing growth hormone trans-
genes could be induced in normal animals by the administration of exoge-
nous growth hormones (Pinkert and Murray 1999; Hallerman et al. 2007).
Finally, animal welfare risks could be initially assessed even in the absence
of actual animals by performing a desk study where information of similar
transgenic models in other animals is evaluated (e.g., Dahl et al. 2003).

In the second stage of a transgenic program a dependable protocol to gen-
erate transgenic animals has been established, and, thus, increasing num-
bers of transgenic animals may become available, both founders and trans-
genic offspring produced by mating founders with non-transgenic animals.
This is the appropriate stage to commence comprehensive and quantitative
research into the health and welfare of transgenic animals.

In the final stage of a transgenic program, production herds of trans-
genic farm animals would have been established, and the animals and/or
their desired organs or (gene) products would be utilized. Until now, com-
pletion of this stage has rarely been achieved. Theoretically, large numbers
of transgenic animals may become available, allowing for epidemiological
surveillance and meta-analyses concerning the effect of transgenesis on
farm animal welfare.

4.2 Breeding and Testing

For the efficient and unbiased estimation of the effects on animal wel-
fare of those potential risk factors that are relevant in the context of farm
animal transgensis, the following breeding and testing schemes might be
appropriate.

4.2.1 Effect of Transgenesis

To reliably assess the effects of transgenesis, some essential characteristics
of transgenic animals have to be taken into consideration (table 3). Random
transgene insertion (with regard to both the number of integrated trans-
gene copies and the site of integration), as occurs with microinjection and
electroporation (or lentiviral transduction), has a most crucial methodolog-
ical implication: each of the resulting transgenic founders (following micro-
injection) or group of identical founders (following electroporation/SCNT)
is unique in terms of its genetic makeup and the expression pattern of the
transgene and, consequently, in terms of the nature of any defects that may
arise from transgenesis. Therefore, possible deleterious effects of trans-
genesis must be evaluated for each transgenic founder or group of identi-
cal founders separately, case by case. Gene targeting, on the other hand, is
expected to result in similar transgene expression patterns among inde-
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pendently generated transgenic founders and their offspring. Here, the wel-
fare assessment in one group of founders may have predictive value for the
welfare assessment in another group of founders carrying the same modifi-
cation at the same site of the genome. However, in view of the likelihood of
profound interactions between transgenic status, gender and genetic back-
ground or strain (e.g., Doetschmann 1999), effects of targeted transgenesis
should be evaluated in both sexes and in different genotypes.

Steps in the breeding and testing of transgenic farm animals generated
by microinjection or electroporation/SCNT are outlined in table 4. Using
the same transgene (Tg), unique hemizygous founders (+/Tg1 to +/Tgk) or
groups of founders (n1+/Tg1 to nk+/Tgk) are generated at generation 0 (G0).
Each individual founder (+/Tgi), or one of multiple founders from each
SCNT-derived group of clones, is mated with non-transgenic (+/+) animals,
to produce first-generation (G1) non-transgenic (+/+) and hemizygous (+/
Tgi) offspring, in equal proportion on the assumption of a Mendelian inher-
itance of the transgene. The comparison between hemizygous transgenic
half-sibs, each carrying the same genetic modification on the same site
of the genome, with their non-transgenic counterparts provides an unbi-
ased estimate of the effect of the transgene. When a transgenic program
would aim at the production of purebreeding homozygous transgenic stock,
the detection of reduced viability or lethality among homozygous trans-
genic animals (e.g., because of a deleterious recessive insertional mutation)
becomes pertinent. Homozygous transgenic animals (Tg/Tg) can be pro-
duced by intercrossing of hemizygous ones. The number of transgenic ani-
mals can be increased, and the level of inbreeding can be reduced before
the intercrossing, by several generations of backcrossing of hemizygous
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Table 3: Essential characteristics of transgenic founder animals when eval-
uating effect of transgenesis on animal welfare (modified from Van
Reenen et al. 2001)

Technology Transgene
insertion

Phenotypic
properties

Evaluation
of welfare

Microinjection Random Unique in each
founder

Case by case
for each unique
founder

CNT (Cell nuclear
transfer)

Random Each cycle of
SCNT-mediated
transgenesis
creates unique
group of founders

Case by case for
each unique group
of founders

Gene targeting Specific site Each cycle of gene
targeting creates
similar group of
founders

In both sexes and
in different genetic
backgrounds
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transgenic to non-transgenic animals (e.g. for two generations, see table
4). Comparisons between homozygous and hemizygous animals, and
between homozygous and non-transgenic ones, provide the estimation of
the homozygous transgene effects.

Steps in the breeding and testing of transgenic farm animals produced
by gene targeting are given in table 5. Application of the same targeted
event during independent nuclear transfer trials is assumed to result in
the generation of multiple hemizygous male or female transgenic found-
ers that either carry the same transgene at the same site of the genome
(+/tm), or are deficient in one of two alleles of the same endogenous gene
(+/-). In addition to those steps described for transgenic animals produced
by microinjection or electroporation/SCNT (table 4), gene targeting offers
the possibility to create lines of homozygous transgenic animals (tm/tm
or -/-) at the earliest possible occasion while completely avoiding inbreed-
ing by crossing independent male and female groups of identically tar-
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Table 4: Steps in the breeding and testing of transgenic farm animals pro-
duced by microinjection or electroporation/SCNT (modified from
Van Reenen et al. 2001)

Step Generation Creation of founders and breedinga Testing

Microinjection SCNT

1 G0 +/Tg1, +/Tg2, ... , +/
Tgk
Mating +/Tgi x +/+

n1+/Tg1, n2+/Tg2,
... , nk+/Tgk
Mating +/Tgi
x +/+

Identify character-
istics in each unique
individual founder
+/Tgi or group of
founders ni+/Tgi

2 G1 50% +/Tgi and 50% +/+
Mating +/Tgi x +/+

Comparison
between +/Tgi and
+/+

3 G2 50% +/Tgi and 50% +/+
Interbreeding +/Tgi x +/Tgi

Comparison
between +/Tgi and
+/+

4 G3 25% Tgi/Tgi, 50% +/Tgi
and 25% +/+

Comparisons
between Tgi/Tgi and
+/Tgi, and Tgi/Tgi
and +/+

a A single hemizygous transgenic founder animal produced by microinjection is indi-
cated by +/Tgi, and a single group of identical hemizygous transgenic founder ani-
mals, created in the same nuclear transfer trial, is indicated by ni+/Tgi, with ni the
number of individuals (clones). Ti represents the transgene inserted at a unique site in
one of the host chromosomes. Non-transgenic animals are indicated by +/+. Mating
the transgenic founder +/Tgi with non-transgenic animals produced non-transgenic
(+/+) and hemizygous (+/Tgi) in equal proportions. Homozygous transgenic animals,
harbouring the same transgene at the same site of both chromosomes within a pair,
are indicated by Tgi/Tgi and are produced by intercrossing of hemizygous transgenic
animals.
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geted hemizygous transgenic animals (see table 5, step 1). Comparisons
at G1 between homozygous transgenic, hemizygous transgenic and non-
transgenic animals provide an unbiased estimation of hemizygous and
homozygous transgene effects.

4.2.2 Effects of In Vitro Reproductive Technologies

The effects on animal welfare of in vitro reproductive technologies that
are employed in the process of generating transgenic farm animals (e.g.,
SCNT) are most efficiently studied in separate experiments, i.e. without
the application of transgenesis. To investigate the effect of nuclear trans-
fer on animal welfare, SCNT-derived clones should be compared with in
vivo-produced controls. A limitation in this respect is the fact that in a
group of identical clones, derived from the same nuclear donor cell line,
the effect of SCNT is completely confounded with donor genotype. A com-
parison between non-cloned animals and any number of identical clones
will, therefore, merely indicate the extent to which that particular cloned
group differs from normal controls, but will not provide insight into the
risk of SCNT as a treatment. Notably, the genetic background of nuclear
donor cells may markedly affect the outcome of SCNT in cattle (Batchelder
et al. 2005; Poehland et al. 2007). The true replicate (or experimental unit)
in a population of cloned individuals is represented by the average per-
formance of a group of clones with the same genotype. Thus, an unbiased
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Table 5: Steps in the breeding and testing of transgenic farm animals pro-
duced by microinjection or electroporation/SCNT (modified from
Van Reenen et al. 2001)

Step Generation Creation of founders and breedinga Testing

Targeted
insertion

Gene knockout

1 G0 ni+/tm♀ and
nj+/tm♂
Mating +/tm♀ x
+/tm♂

nk+/-♀ and
nl+/-♂
Mating +/-♀ x
+/-♂

Identify character-
istics in each group
of identical male
or female founders
(clones) +/tm and +/-

2 G1 25% tm/tm, 50%
+/tm and 25% +/+

25% -/-, 50% +/-
and 25% +/+

Comparisons be-
tween tm/tm and +/
tm, and tm/tm and
+/+, or between -/-
and +/-, and -/- and
+/+

a Multiple (ni, nj, nk, nl) identical hemizygous transgenic male and female founder ani-
mals produced by gene targeting either carry the same transgene on the same site of the
genome, denoted +/tm, or are deficient in one of the two alleles of the same endoge-
nous gene, denoted +/-. Homozygous transgenic animals are indicated by tm/tm and
-/-, in case of targeted transgene insertion and selective gene knockout, respectively.
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estimate of the effect of SCNT can only be obtained when groups of clones
are generated frommany independent nuclear donor cell lines. Steps in the
creation of groups of clones to study side-effects of SCNT are given in table
6. Multiple groups, say k groups, of male and female clones (n1C1 to nkCk,
with n1 to nk the respective numbers of identical clones generated in each
group) could be derived from multiple lines of nuclear donor cells L1 to
Lk, which were supplied by multiple fetuses F1 to Fk. Natural mating or AI
could be used to produce many half-sib or unrelated fetuses F1 to Fk. The
appropriate in vivo counterparts of groups of clones would be half-sibs of
fetuses F1 to Fk, or a random sample of in vivo controls from the same pop-
ulation as the parents that provided the fetuses F1 to Fk. Multiple fetuses F1
to Fk could also be obtained from a limited number of females or mating
pairs, using multiple ovulation and embryo transfer (MOET). In groups of
clones derived from fetuses produced by the same mating pair, individuals
across groups are full-sibs. Here, testing multiple groups of clones against
control animals produced by the same females or mating pairs that gen-
erated the fetuses F1 to Fk provides an unbiased estimate of the effect of
nuclear transfer. The generation of adequate numbers of in vivo control
animals per female or per mating pair (i.e., full-sibs of groups of clones)
will also require the use of MOET. Although MOET involves some embryo
manipulation, it lacks in vitro fertilization and in vitro embryo culture and
has been shown to produce calf and calving characteristics that are highly
similar to those obtained with AI (Van Wagtendonk-de Leeuw et al. 2000).
In order to examine the possibility that side-effects of SCNT may be trans-
mitted from parent to offspring (e.g., Roemer et al., 1997), observations on
the welfare of SCNT-derived farm animals could be extended to multiple
generations.

Prior to larger-scale experiments as described above, controlled stud-
ies within the same (potential) nuclear donor cell line could be performed,
looking at various individual experimental factors involved in the process
of SCNT, including, for example, cell culture conditions or agents intended
to facilitate fusion between nucleus and recipient cytoplasm and to promote
appropriate oocyte activation (Wilmut 2002; Rhind et al. 2003b; Batchelder
et al. 2005; Poehland et al. 2007).
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Table 6: Steps in the creation of groups of clones to study side-effects of SCNT
(modified from Van Reenen et al. 2001)

Step Reproductive technology Result

1 Natural mating, AI or MOET ♀,♂ Fetuses F1, F2, ..., Fk

2 Cell culture ♀,♂ Nuclear donor cell lines L1, L2, ..., Lk

3 SCNT ♀,♂ Groups of clones n1C1, n2C2, ..., nkCk

AI: Artificial Insemination; MOET: Multiple Ovulation and Embryo Transfer
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4.2.3 Welfare Protocol

In order to be truly effective, research into the welfare of transgenic farm
animals should not only be based on sound and efficient breeding and test-
ing procedures, but should also make use of an appropriate protocol in
terms of the measures that are recorded, the stages (pre- or postnatal) of the
life of a farm animal observations take place, and the number of animals
(independent replicates) involved. Relevant measures of animal welfare
include clinical symptoms of health and disease, measures of growth and
(re)production, measures of immunocompetence and measures of behav-
ior (Broom 1993; Crawley 1999, 2008; Mertens and Rülicke 1999; Van der
Meer et al. 1999). Generally speaking, a basic welfare protocol may encom-
pass a cross-section of these latter types of measures, the scope of which
could then be adjusted, either extended or reduced, according to the stage
of a transgenic program, the treatment under observation, or specific char-
acteristics of the genetic modification (e.g., expected site of expression of
the transgene, properties of transgene-derived proteins, biological function
of endogenous gene inactivated after knockout, etc.). Protocols used for the
evaluation of in vitro reproductive technologies should involve observations
appropriate for detecting LOS symptoms, such as specific measures of neo-
natal vitality and viability, or ultrasound measurements to investigate dis-
proportionate organ development (e.g., Garry et al. 1996; VanWagtendonk-
de Leeuw et al. 2000; Batchelder et al. 2007a,b; Buczinski et al. 2007). A com-
prehensive and detailed examination of animal welfare aspects, including
the application of certain breeding procedures (e.g., tables 4 and 5), should
be made particularly in offspring of those transgenic founders, or in those
groups of transgenic clones, that are intended to serve as foundation stock
for transgenic herds. The stages of life of a transgenic farm animal at which
to monitor welfare aspects should at least include gestation and birth, the
developmental phase from birth to puberty, and a representative period of
adult life, including the stage of (re)productive performance. Most impor-
tantly, observations on the welfare of transgenic farm animals should be
carried out during the period(s) when expression of a transgene or the exer-
tion of the desired effect of the genetic modification are expected to occur.
As far as the number of animals (or replicates) required for a welfare study
is concerned, it will be relatively easy to identify genetic modifications or
in vitro embryo manipulations with extremely unfavourable effects. Large
numbers of animals will be needed to detect smaller, but biologically rele-
vant, harmful effects of transgenesis (see Smith et al. 1987, Gama et al. 1992,
and Blasco 2008, for quantitative considerations on sample sizes in the con-
text of farm animal transgenesis).
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5 Recent Experiments on the Assessment of Effects
of Transgenic Technologies

In table 7 and table 8, I have attempted to provide an overview of papers
published so far dealing with the effects on measures related to animal wel-
fare of transgenesis and SCNT, respectively. It may be particularly worth-
while to briefly consider the experimental approaches taken, since this may
permit the suggestion of improvements.
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Table 7: Recent studies examining effects and risks of transgenesis
(ANOVA = analysis of variance)

Reference Species Technology
used to create
transgenic
animals

Animals and/or
groups compared

Measures
recorded

Statistical
analysis

Damak et
al. 1996

Sheep Micro-
injection

Offspring produced
by AI of a single male
transgenic founder.
Comparison of trans-
genic (n = 22) with
non-transgenic half-
sibs (n = 30).

Wool characteris-
tics, growth

ANOVA
Unit:
animal
Effects:
transgenic
status,
gender

Hughes et
al. 1996

Sheep Micro-
injection

Female offspring pro-
duced by AI of a sin-
gle male transgenic
founder. Comparison
of transgenic (n = 25)
with non-transgenic
half-sibs (n = 25).

Behaviour ANOVA
Unit:
animal
Effect:
transgenic
status

Baldas-
sarre et
al. 2008

Goats Micro-
injection

Female offspring pro-
duced by AI of a single
G1 male hemizygous
transgenic animal de-
rived from a female
founder. Compari-
son of transgenic (n =
3–50) with non-trans-
genic half-sibs (n =
3–50). Numbers of ani-
mals depending on the
measure examined

Milk produc-
tion, milk com-
position, milk so-
mato cell count,
histopathology of
mammary gland
wall

ANOVA
Unit:
animal
Effect:
transgenic
status

Behboodi
et al. 2005

Goats SCNT 2 clones derived from
cell line A, and 2 clones
derived from cell line
B, compared with 4
matched controls

Birth and wean-
ing weight, blood
chemistry, estrus

Students
t-tests
Unit:
animal
Effect:
transgenic
status

Van
Reenen
and
Blokhuis
1997

Cattle Micro-
injection

Offspring of sin-
gle male transgenic
founder produced by
AI. Comparison of
transgenic (n = 23)
with non-transgenic
half-sibs (n = 32)

Birth weight,
health status,
growth, behav-
iour, clinical bio-
chemical analytes
in blood, meas-
ures of reproduc-
tion and immu-
nocompetence

ANOVA
Unit:
animal
Effect:
transgenic
status,
gender

Continued on next page
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Reference Species Technology
used to create
transgenic
animals

Animals and/or
groups compared

Measures
recorded

Statistical
analysis

Tucker et
al. 2002

Pigs Micro-
injection

Transgenic offspring
from different lines

Hematology and
serum biochemis-
try, body weight,
weights and sizes
of organs

Descriptive
Comparison
with refer-
ence values

Carter et
al. 2002

Pigs SCNT 2 cloned transgenic lit-
ters derived from cell
line A, and 1 cloned
transgenic litter de-
rived from cell line
B (total of 10 cloned
pigs), compared with
matched controls

Birth weight,
growth, hematol-
ogy, serum chem-
istry, serum IgM,
IgG, blood cell
counts and differ-
entiation, mortal-
ity, necropsy data

Descriptive
as well as
ANOVA
Unit:
animal
Effect:
transgenic
status

Deppen-
meier et
al. 2006

Pigs Micro-
injection

Comparison of
hemizygous transgenic
offspring from 9 dif-
ferent lines (n = 19, 1–4
animals per line) with
matched non-trans-
genic controls (n = 9)

Health sta-
tus, measures of
pathomorpholog-
ical analysis

Descriptive

Park et al.
2006

Pigs Micro-
injection

Offspring of sin-
gle male transgenic
founder. Compari-
son of transgenic pigs
(n = 7) produced by
interbreeding of G1
hemizygous transgenic
animals with non-
transgenic controls
(n = 2)

Health status,
white blood cell
count, hemo-
globin, hema-
tocrit, platelet
count

Descriptive

Chrenek
et al. 2007

Rabbits Micro-
injection

Offspring of four male
transgenic founders ob-
tained by breeding with
normal non-trans-
genic animals. Com-
parison of hemizygous
transgenic rabbits (n
= 10) with non-trans-
genic matched controls
(n = 5)

Ejaculate charac-
teristics, repro-
ductive capabili-
ties, histological
structure of testis

ANOVA
Unit:
animal
Effect:
transgenic
status
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Table 8: Recent studies examining risks of in SCNT

Reference Species Animals and/or groups
compared

Measures recorded Statistical
analysis

Archer et
al. 2003

Pigs 2 cloned litters derived from the
same cell line, compared with
2 matched control litters

Behaviour ANOVA
Unit: animal
Effect: cloning

Batch-
elder
et al.
2007a,b

Cattle 3 clones derived from cell line A
(Hereford donor), and 5 clones
derived from cell line B (Holstein
donor), compared with 3 Her-
eford and 3 Holstein calves ob-
tained after embryo transfer

Carbohydrate pa-
rameters in blood,
clinical chemical
measures of kid-
ney, liver and mus-
cle function, hema-
tology, electrolytes,
minerals, blood
gases

ANOVA
Unit: animal
Effects: cloning,
breed

Chavatte-
Palmer et
al. 2002

Cattle 6 clones derived from cell line A,
1 clone derived from cell line B,
14 clones from cell line C, com-
pared with various numbers of
Holstein controls, depending
on the measure examined (total
number of controls: 196, 20 pro-
duced after IVP, 176 by AI)

Body temperam-
ture, hematology,
clinical biochemis-
try, IGF’s

ANOVA
Unit: animal
Effect: cloning

Constant
et al.
2006

Cattle 18 clones, derived from four cell
lines, compared with 16 controls
(6 produced after IVP, 10 by AI)

Measures of pla-
cental development

ANOVA
Unit: animal
Effect: cloning

Coulon et
al. 2007

Cattle 1 clone derived from cell line A,
1 clone derived from cell line B,
and 3 clones derived from cell
line C, compared with 5 matched
controls

Behaviour Kruskal Wal-
lis test, Mann
Whitney test
Unit: animal
Effect: cloning

Enright et
al. 2002

Cattle 4 clones derived from the same
cell line, compared with matched
controls produced by AI (n = 4)

Reproductive
characteristics

ANOVA
Unit: animal
Effect: cloning

Estrada et
al. 2007

Pigs 23 cloned litters (143 piglets) gen-
erated from 5 cell lines, compared
with 112 matched control litters
(1,300 piglets) produced by AI

Birth and wean-
ing weight, mortal-
ity rate

ANOVA
Unit: animal or
litter
Effect: Cloning

Govoni et
al. 2002

Cattle 4 clones derived from the
same cell line compared with 4
matched controls

Measures of soma-
totropic axis

ANOVA
Unit: animal
Effect: cloning

Heyman
et al.
2004

Cattle 8 female clones derived from cell
line A, 6 female clones derived
from cell line B, and 9 female
clones derived from cell line C,
compared with 20 matched con-
trols. Three male clones derived
from the same cell line, compared
with nuclear donor. Offspring of
one male clone (63 inseminations)
and of 10 female clones

Growth, milk
production and
milk quality (fe-
male clones), se-
men quality (male
clones), gestation
length and birth
weight (offspring of
clones)

ANOVA (data
female clones)
and descrip-
tive (data male
clones, off-
spring of
clones)
Unit: animal
Effect: cloning

Heyman
et al.
2007a

Cattle 17–21 clones derived from 4 cell
lines, compared with 17–19 con-
temporary controls produced
by AI

Health status,
measures of milk
and meat quality

ANOVA
Unit: animal
Effect: cloning

Continued on next page
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Reference Species Animals and/or groups
compared

Measures recorded Statistical
analysis

Heyman
et al.
2007b

Cattle 37 clones derived from 5 cell
lines, compared with 38 contem-
porary controls produced by AI

Wide range of
measures of health
status, hematology,
blood biochemes-
try, physiological
status, milk pro-
duction and milk
quality, muscle
characteristics

ANOVA
Unit: animal
Effect: cloning

Kasai et
al. 2007

Cattle 1 clone derived from cell line A
(male), 1 clone derived from cell
line B (female), compared with 2
matched controls

Clinical health,
hematology, blood
biochemistry

Descriptive

Laible et
al. 2007

Cattle 3 clones derived from cell line
A (Holstein donor), 3 clones de-
rived from cell line B (Holstein
donor), and 3 clones derived from
cell line C (Jersey donor), com-
pared with 3 Holstein and 2 Jer-
sey controls

Milk production,
milk composition

Descriptive

Lanza et
al. 2001

Cattle Clones (n = 24) derived from un-
known number of cell lines (110
initiated pregnancies)

Pre- and post-
natal mortality
rates, health sta-
tus, necropsy data,
physical examina-
tion, body condi-
tion score, behav-
iour, reproductive
performance, blood
chemistry, hema-
tology, immuno-
logical measures

Descriptive

Ortegon
et al. 2007

Cattle Offspring of single cloned bull,
produced after AI (n = 30), com-
pared with a group of normal
matched controls

Clinical and
growth parameters,
hematology, repro-
ductive parameters

ANOVA
Unit: animal
Effect: cloning

Pace et al.
2002

Cattle Clones derived from 34 cell lines
(535 initiated pregnancies)

Pre- and post-
natal mortality
rates, health status,
necropsy data

Descriptive

Panarace
et al. 2007

Cattle Clones derived from a range of
cell lines, produced in three coun-
tries (calves born: n = 388)

Production and re-
production features

Descriptive

Savage et
al. 2003

Cattle 4 clones derives from the same
cell line, compared with 4
matched controls

Behaviour ANOVA
Unit: animal
Effect: cloning

Shibata et
al. 2006

Pigs 1 clone derived from cell line A,
4 clones derived from cell line B,
and 1 clone derived from cell line
C, compared with 50 matched
controls. Offspring of 6 female
clones (3 derived from cell line A,
3 derived from cell line B) com-
pared with matched controls

Growth, reproduc-
tive performance,
meat quality

T-tests
Unit: animal
Effect: cloning

Continued on next page
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5.1 Effect of Transgenesis

Studies focused on the effects of transgenesis onmeasures of animal welfare
are listed species-wise in table 7. In addition to the animal species involved,
there are columns indicating the technology used to create transgenic ani-
mals, the animals that were studied and/or the groups that were compared
(design), the measures that were recorded, and the statistical analysis that
was performed. Information about the statistical analysis includes: the
main statistical test, i.e. analysis of variance (ANOVA) or Students t-test,
the experimental unit (replicate) used by the authors, and the effects (i.e.,
fixed effects or experimental factors) that were considered.

Four out of the total of 10 studies I was able to identify two in sheep
(Damak et al. 1996; Hughes et al. 1996), one in goats (Baldasarre et al. 2008)
and one in cattle (Van Reenen and Blokhuis 1997), report on a comparison
of half-sibs produced from a transgenic founder generated with microin-
jection. This would be in line with the approach suggested above (see table
4, steps 1–3). From a methodological point of view the design employed by
Park et al. (2006) mainly falls short in the lack of proper controls in the
form of half-sibs of the transgenic pigs (see table 7). Moreover, in the sample
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Reference Species Animals and/or groups
compared

Measures recorded Statistical
analysis

Shiga et
al. 2005

Cattle 4 clones (bulls) derived from the
same cell line, compared with
contemporary controls. Semen
from 1 cloned bull and from
donor sire was used for AI

Birth weight,
growth, reproduc-
tive performance

ANOVA,
chisquare
Unit: animal or
ejaculate
Effect: cloning
or animal

Tecirli-
oglu et al.
2006

Cattle 2 male clones derived from cell
line A, and 1 male clone derived
from cell line B, compared with
nuclear donors of cell lines A
and B

Reproductive
characteristics

ANOVA
Unit: ejacu-
late or embryo
produced
Effect: anima

Tian et al.
2005

Cattle 4 female clones derived from
the same cell line, compared
with 4 matched controls. 2 male
clones derived from the same cell
line, compared with 8 matched
controls

Milk production
and milk qual-
ity (females), meat
quality (males)

ANOVA and
descriptive
Unit: animal
Effect: cloning

Walker et
al. 2007

Pigs Offspring of 4 male clones (n =
242), compared with offspring of
normal boars (n = 162)

Meat composition Descriptive

Williams
et al.
2006

Pigs 3 male clones derived from cell
line A, and 1 male clone derived
from cell line B, compared with
nuclear donors of cell lines A and
B, and 2 half-sibs of the nuclear
donor of cell line B

Reproductive
performance

ANOVA
Unit: ejaculate
or gilts bred
Effect: animal

Yonai et
al. 2005

SCNT 6 female clones derived from cell
line A (Holstein donor) and 4 fe-
male clones derived from cell line
B (Jersey donor)

Growth, reproduc-
tive and lactation
characteristics

Descriptive
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of transgenic pigs produced by interbreeding of hemizygous transgenic ani-
mals, both hemizygous and homozygous transgenic pigsmay exist (see table
4, steps 3 and 4). However, consistent with a confounded design and a lim-
ited number of (transgenic) animals, only descriptive statistics were applied.
Similarly, the descriptive comparisons made by Tucker et al. (2002) and by
Deppenmeier et al. (2006) seem appropriate in view of the fact that trans-
genic offspring from different transgenic lines generated by microinjection
were pooled and compared with matched controls rather than the appro-
priate half-sibs. The pooling of such hetereogenous data (i.e., offspring of
essentially unique transgenic founders) may, in fact, resemble a clear case of
comparing “apples and pears”. For this same reason, I suggest that the out-
come of the ANOVA performed by Chrenek et al. (2007) is biased and not
very informative (see table 7).

The effect of a transgene incorporated into the genome with the use of
SCNT was examined by Behboodi et al. (2005) in goats, and by Carter et
al. (2002) in pigs. In both studies, the effects of transgenic status, SCNT
and genotype of the donor cell line were confounded, and the numbers of
nuclear donors and cloned transgenics were low (table 7). Thus, the results
of ANOVA performed here do not refer to the unbiased estimation of a
treatment effect.

5.2 Effect of SCNT

Table 8 summarizes, in alphabetical order, based on the name of the first
author, the contents of recent studies looking into possible side-efects of
SCNT. The prevailing experimental design (employed in 22 out of the total
of 25 studies I was able to identify) seems to consist of the comparison
between relatively small numbers of clones derived from a limited number
of nuclear donor cell lines (between 1 and 5) and contemporary matched
controls. None of these studies took into account the effect of genotype of
the nuclear donor, and this introduces a pertinent element of pseudorepli-
cation into the experimental design. An even higher level of pseudorepli-
cation is obtained when repeated measures within the same cloned animal,
such as ejaculates, embryos produced or gilts bred (Shiga et al. 2005; Tecir-
lioglu et al. 2006; Williams et al. 2006), are used as the experimental unit
(see table 8).

In a study aiming at the assessment of risks of SCNT for animal welfare,
the average performance of a group of identical clones (i.e. with the same
genotype) rather than the individual animal constitutes the independent
experimental unit (see above). Thus, on a critical note, the failure to observe
this latter principle would render an experiment invalid or incomplete (see,
for example, Shutler et al., 2005, for a critical discussion of the experiment
by Archer et al. 2003, looking at cloned litters derived from a single nuclear
donor cell line, see table 8). Some authors recognize this methodological
limitation, and explicitly mention that their findings should be interpreted
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cautiously (e.g., Tecirlioglu et al. 2006; Heyman et al. 2004, 2007b). Corre-
spondingly, other authors primarily resort to descriptive rather than ana-
lytical statistics, including the comparison of various measures as observed
in (groups of) cloned individuals with published reference values obtained
in normal subjects (Lanza et al. 2001; Pace et al. 2002; Heyman et al. 2004;
Yonai et al. 2005; Kasai et al. 2007; Laible et al. 2007; Panarace et al. 2007;
Walker et al. 2007). This is a useful first approach to characterize particu-
lar groups of clones as to whether they are within the normal range. Suffi-
cient and convincing evidence on the risks of SCNT only comes from stud-
ies involving large numbers of clones derived from many different donor
cell lines (e.g., Pace et al. 2002; Panarace et al. 2007).

6 Concluding Remarks

The current paper intended to provide a structured approach for the assess-
ment of animal welfare risks of transgenesis in farm animals. This approach,
however, does not necessarily apply to any project, or any stage of a project,
concerned with the generation of transgenic farm animals. It particularly
refers to those situations where explicit claims are made, or should be made,
about the safety of the technology for the animals. From the review of exist-
ing studies it is suggested that, at present, there is a definite lack of reliable
and sufficiently comprehensive data on the effects of transgenic status and
of technologies used in the process of generating transgenic farm animals,
such as SCNT, on the welfare of the animals involved. Much of the current
knowledge about the animal welfare risks of transgenesis in farm animals
seems to be based on inconclusive and small-scale experiments. This might
sound a cautionary note for those engaged in risk assessment in the field of
farm animal transgenesis. Interestingly, whereas some authors emphasize
the preliminary nature of reviewed data on possible side-effects of cloning
(e.g., Chavatte-Palmer et al. 2004), others are prepared to draw more far-
reaching conlusions (e.g., Yang et al. 2007).

Reiterating our previous conclusion (Van Reenen et al. 2001), the sys-
tematic research into the welfare of farm animals involved in transgenesis
may facilitate the identification of safe experimental protocols as well as the
selection and propagation of healthy animals and, thereby, enable techno-
logical progress that could be ethically justified.
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