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Disease resistance in farm animals
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Abstract. Genetic variations in disease resistance of farm animals can be observed at all levels of defence against
infectious agents. In most cases susceptibility to infections has polygenic origins. In domestic animals only a few
instances of a single genetic locus responsible for disease resistance are known. A well-examined example is the Mx1
gene product of certain mice strains conferring selective resistance to influenza virus infections. Attempts to improve
disease resistance by gene transfer of different gene constructs into farm animals include the use of monoclonal
antibody gene constructs, transgenes consisting of antisense RNA genes directed against viruses and Mx1 cDNA

containing transgenes.
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Introduction

The control or elimination of infectious agents in farm
animals has always depended on the use of vaccines and
drugs, quarantine safeguards and eradication. However
these measures have failed to eradicate some of the major
infectious diseases of livestock. Basic research into the
mechanisms of disease defences will provide new ap-
proaches for eliminating these diseases.

In domestic animals disease resistance can be achieved by
vaccination and/or genetic improvement. It has been
shown that vaccination programmes can be very success-
ful, but in a number of instances they have been impossi-
ble due e.g. to the non-availability of appropriate vac-
cines, or logistic or management problems in extensive
animal agriculture. Some programmes have also been
unfavourable because of immunosuppressive effects of
vaccines, or outbreaks of disease despite vaccination. In
some cases progress has not been made because vaccina-
tion programmes have been declared to be illegal, as was
the case, for example, with vaccination against foot-and-
mouth disease in the US.

Differential genetic disease resistance in farm animals has
been known for a long time*5. The impetus to study the
genetic control of immune responsiveness in farm ani-
mals was provided over 25 years ago by the discovery of
‘immune response’(Ir) genes '’

Continuation and enhancement of research towards im-
proving disease resistance of livestock is justified not only
on the ground of animal welfare and economical reasons
but also by recent advancements in molecular biology
promising higher success rates. The costs of disease have
been estimated to account for 10-20% of total produc-
tion values!!. Genetic improvement leading to disease
resistance may therefore contribute considerably to re-
duce these costs. Recently developed techniques in
molecular biology allow mechanisms of disease resis-
tance and linkage of known genetic loci with disease
susceptibilities to be studied in detail. Such techniques
can be used also to clone specific disease resistance genes,
which will be a prerequisite to the improvement of genet-
ic disease resistance by employing new breeding strate-

gies such as marker assisted selection or gene transfer
strategies.

This paper discusses conventional breeding strategies for
disease traits and outlines the principles underlying the
genetics of disease resistance in farm animals with special
regard to principle mechanisms of disease resistance and
to infectious agents (non-infectious diseases and genetic
disorders are not included). A brief survey of methods
allowing identification of disease resistance genes will be
presented and an example of a distinct resistance pheno-
type caused by a single genetic locus, i.e., the Mx1 gene
product of certain mice strains conferring selective resis-
tance to influenza viruses, is discussed. This review con-
cludes with an overview of attempts to improve disease
resistance of livestock by the application of modern gene
transfer techniques.

Problems encountered with conventional disease resistance
breeding programmes

For practical purposes investigators will normally focus
their attention on two phenotypic disease susceptibility
classes (afflicted/not afflicted animals) in which continu-
ous variation is disregarded. However, due to the exis-
tence of unknown continuity-causing factors which be-
come noticeable above a certain threshold level disease
susceptibility may vary discontinuously, thus necessitat-
ing genetic analyses to be carried out quantitatively
rather than qualitatively. The continuous variable under-
lying these phenomena has been termed liability. Fal-
coner 3° has calculated the correlation of liability be-
tween relatives of any specified sort and the heritability.
If a trait like disease resistance must be included in a
breeding programme animal breeders will have to con-
sider the four criteria which they already use when deal-
ing with productive or reproductive traits:

— Genetic variability and heritability

— Economic value

— Possibilities and costs for recording data

— Usage of marker traits and genes

Shook !!! has discussed these four criteria with special
attention given to disease resistance traits. Although dis-
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ease trait heritabilities are normally low, the genetic vari-
ation of disease incidences is economically important and
justifies the inclusion of disease traits in breeding pro-
grammes. Unfortunately standards for recording and ac-
cumulating field data for disease have not yet been set
up ', However, several systems for collecting disease
data in breeding populations have been developed and
tested recently 12-25:26,

Improvement of disease resistance in livestock by genetic
means is a difficult and time-consuming task requiring
long-term strategies. Progress in resistance breeding is
limited and delayed by at least two factors:

— Inadvertent enhancement of susceptibility to a disease
by selection for specific resistance to another disease;
— lack of strategies allowing selection for overall resis-
tance.

Selection for disease resistance by employing convention-
al breeding strategies has at least two advantages:

1) All genetic host factors influencing resistance or sus-
ceptibility are automatically included, and 2) selection
for the resistant trait is independent of shifts in environ-
mental factors and disease profiles over time.

The principal disadvantages of direct breeding methods
are introduced by the following factors:

— low heritability of disease traits (especially when
recorded as all-or-nothing responses), thus necessitating
expensive progeny testing with prolonged generation in-
tervals;

— age and sex restriction of disease traits, which may also
affect the generation interval;

— heterogeneity of disease traits which may also be mod-
erately defined; — genotypes which result in high produc-
tive yield but which may increase susceptibility to severe
diseases (e.g. slight correlation between milk yield and
“mastitis).

Genetics of disease resistance in farm animals

The first studies indicating the existence of genetic varia-
tions in resistance or susceptibility to infections can be
dated back to the beginning of this century *¢'*7. Almost
fifty years ago evidence for specific disease resistance was
deduced from findings that mice being highly resistant to
one infectious pathogen were highly susceptible to other
infections.

It has been observed that generalized disease resistance is
relatively independent of the nature of the infectious
agent. It is caused by the cooperative effects of many
genes and is strongly influenced by environmental fac-
tors. Antigenic drift of the pathogens usually only has
minor or no effects on this polygenic type of defence
mechanisms which include a variety of different physio-
logical and anatomical characteristics acting together to
invoke resistance. An example of such polygenic traits
are trypano-tolerant cattle breeds (e.g., N'Dama and
West African Shorthorn) which, in addition to their dis-
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ease resistance also possess the capacity to tolerate heat,
the ability to conserve water, and low maintenance re-
quirements 84,

Disease resistance or susceptibility to a certain disease or
pathogen is usually controlled by a major single locus.
The defence mechanism may be modulated however by
unidentified loci, including genetic regulatory elements,
and by environmental factors. The expression of the re-
sistance locus may be a specific predisposing or condi-
tioning factor among a series of other factors. The mech-
anism underlying resistance can frequently be explained
by the presence or absence of certain molecules in the
host which are critical for infection, recognition, or elim-
ination of the pathogen. Thus, in contrast to general
disease resistance, the trait depends more on genetic and
antigenic drift of the pathogen. Typical examples are the
major histocompatibility complex and disease associa-
tions 23, the resistance to neonatal diarrhoea due to E.
coli K88 in pigs!%8, and the susceptibility of mice to
influenza viruses ®°.

It is obvious that there are types of resistance or suscep-
tibility which may not conform to the two types defined
above. Examples are non-specific defence mechanisms
influenced by the expression of major genes such as the
activity of lysozymes, interferons, phagocytes etc. and
also monogenic deficiencies leading to general suscepti-
bility.

Defence mechanisms against infectious diseases and their
involvement in differential disease resistance of farm ani-
mals

The defence against pathogens starts at the sites of entry.
The surface protection mechanisms can be grouped into
two caregories: physical-chemical (desiccation, desqua-
mation, pH extremes, secretion of mucus or other fluids
containing, for example acids and enzymes, and body
temperature) and biological (competition of pathogens
with resident microflora and antibiosis). An example for
these types of resistance mechanisms is the defence of
dairy cattle against microorganisms causing mastitis ’®
and the variation in tick resistance in cattle breeds!®”.
The second level of defence mechanisms is characterized
by the presence or absence of pathogen receptors. Recep-
tor proteins are mostly membrane-bound, but also exist
as soluble proteins with high specific affinities for hor-
mones, antibodies, enzymes, and other biologically ac-
tive compounds. Pathogens take advantage of existing
receptor proteins to facilitate opportunistic penetration
in hosts. Only a few instances exist where genetic varia-
tion in receptors for pathogens is known to occur in farm
animals. Receptors providing access to the host (or host
cells) were found in chicken for avian leukosis viruses
(ALV) and Rous sarcoma viruses (RSV)?2, and in pigs
for enterotoxic Escherichia coli'®®.

Defences preventing the establishment and reproduction
of pathogens are caused mainly by general immune re-
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sponse mechanisms and the expression of the major his-
tocompatibility complex (MHC). Resistance mecha-
nisms at this level are very complex and have been re-
viewed extensively elsewhere 32100,

Macrophages frequently serve as accessory or effector
cells and are thus involved in numerous immune reac-
tions. The activation and action of macrophages is com-
plex and depends on the stage of maturation, the pres-
ence of exogenous and endogenous stimuli, and the sus-
ceptibility of pathogens to the toxic reaction of macro-
phages® 3% The existence of genetic variations in the pha-
gocytic activities of macrophages were shown by Meyer
et al.”® who selected mice for high and low clearance
rates of injected high-molecular-weight carbohydrates.
After infection by a pathogen macrophages activate di-
verse T- and B-lymphocytes which eventually initiate a
variety of humoral and cellular responses.

A plethora of molecules that modulate immune reactions
have been identified. They include interferons>2, neu-
ropeptides 5°, hormones 3°, and interleukins 24 34 70- 112,
The principle function of the B-cell population is the
production of immunoglobulin antibodies directed to
protein or carbohydrate moieties of antigens. T-cells ei-
ther function as effector cells that are involved in cyto-
toxic mechanisms on target cells and in delayed hyper-
sensitivity. reactions, or regulatory cells that stimulate or
downregulate both B- and T-cells. The effector molecules
involved in pathogen destruction are, for example, oxida-
tive components, enzymes (¢.g. arginase) and tumour
necrosis factors (TNFs) 85 93-100,

Humoral responses to antigens of restricted specificity
appear to be controlled by specific single immune re-
sponse genes (Ir genes), whereas responses to het-
erologous antigens are mediated in each instance. by
about ten independent genetic loci 1°. Extensive selection
studies in mice have indicated that antibody production
is negatively correlated with the microbicidal activities of
macrophages, whereas cell-mediated immunity is not af-
fected. These findings can be extended to other species
including chicken *3, guinea pig, rat, swine, and Japa-
nese quail 1*%,

Following the discovery that major histocompatibility
complex (MHC) gene products play an important role in
directing and controlling the immune response, and that
they influence resistance and susceptibility to disease >',
several associations of MHC haplotypes with diseases
have also been found in farm animals 6 6089149 Ip
vertebrates the MHC consists of several closely linked
genetic loci which encode cell-surface glycoproteins and
serum proteins known as histocompatibility antigens. In
mammals the MHC locus consists of genes divided into
class I, TI, and III and in chicken they are known as class
I, II, and IV.

Class I MHC antigens play a key role in cell-mediated
immunity (i.e., antiviral and antitumorigenic receptor re-
sponses). Class I molecules serve as ‘restriction elements’
for cytotoxic T-tymphocytes (CD8" CTLs); i.e., the re-
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ceptor on the effector T-cell recognizes an antigen only in
association with a MHC class I gene product *2. Class I
molecules are found on almost all surfaces of nucleated
cells; however, expression at the highest concentration
takes place on the membranes of T- and B-cells and
macrophages 32,

Class I molecules are important for humoral immunity,
determining the concentration of serum antibodies, and
are also involved in helper/inducer T-cell functions
(CD4™" cells) in the presentation of foreign antigens.
Recognition of the antigen-MHC class I complex by
helper T-cells results in the synthesis and secretion of a
variety of glycoproteins, known as lymphokines and cy-
tokines. These soluble mediators enhance and modify the
immune response by regulating proliferation and differ-
entiation of a series of lymphoid and hematopoietic
cells !, Expression of class II molecules is restricted to
specific cell types such as macrophages, B-cells, dendritic
cells, certain activated T-cells, and specialized ephithelial
cells 2.

Class III MHC genes code for serum proteins of the
complement system (C2, C4, factor B, and steroid 21-hy-
droxylases) 138,

Other mechanisms provoking resistance against the es-
tablishment and reproduction of pathogens include natu-
ral killer cells that are present in the host regardless of its
prior exposure to antigens against which they are active.
Natural killer cells seem to play a role in resistance to
Marek’s disease in poultry 11°. In cattle a major gene has
been shown to regulate the lysozyme system, a general
bacteriolytic mechanism 3.

Examples for disease resistance in farm animals

The genctic complexity of the specific and unspecific,
humoral and cellular defence mechanisms against patho-
gens explains the variation in resistance to infectious
agents between breeds and within breeds. Indeed, there
are a lot of well-documented examples of genetic varia-
tion in hosts for susceptibility to pathogens. In farm
animals genetic variation in resistance to nearly all kinds
of infectious agents has been described for ecto- and
endoparasites, bacteria, viruses, and the unusual patho-
gen(s) causing scrapie in sheep.

Wakelin *#? has reviewed the genetic control of suscepti-
bility and resistance to parasitic infections.

Examples of differential resistance against bacterial in-
fections are resistance to mastitis in dairy cattle %, resis-
tance to neonatal scours in swine>7 195198 and resis-
tance to pullorum disease in fowl*’, or resistance to fowl
cholera °. The genetic control of resistance to Brucellae
spp. infections has been studied in swine *® and cattle '>°.
Genetic variations in the protection against viruses have
been observed for Marek’s disease*, avian leukosis virus
(ALV), and Rous sarcoma virus (RSV) in chick-
en'? 96117 equine sarkoidosis®®, caprine arthritis en-
cephalitis (CAE)!*4, African swine fever®*, bovine
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leukosis virus (BLV)11-6%-62 and myxomatosis in rab-
bits 115,
The resistance of certain mice strains and other mammals

to orthomyxo- and rhabdoviruses!!® 124 will be dis-

cussed below in greater detail.
Scrapie susceptibility in sheep also shows genetic varia-
tions 4279,

Identification of disease resistance genes

Gavora 3 has specified the essential steps in the study of
genetic resistance to disease (fig. 1). The first step is to
define the phenotype of disease resistance. The choice
and definition of disease resistance parameters should be
as simple as possible because large numbers of individu-
als will have to be screened. Important elements in the
detérmination of resistance characteristics are the symp-
toms and the time course of the disease, the impairment
of productive capacity, titration of pathogen doses in
challenge experiments, and the measurement of the basic
components of the immune response. In the absence of
more detailed knowledge, challenge experiments with a
pathogen may be the best starting point for research and
selection for disease resistance improvement, because it
provides a complete spectrum of the disease susceptibility
in the examined species or breed.

Festing and Blackwell®*! have reviewed the methods
available for the establishment of the mode of inheritance
of resistance to pathogens.

The identification of marker traits — DNA and protein
polymorphisms in particular — associated with genetic
resistance is an important step in research on disease
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Figure 1. Essential steps in the study of genetic resistance to disease and
strategies for improvement of disease resistance {after Gavora 3%),

Reviews

resistance. The use of genetic markers allows genetic link-
age studies, and such studies will simplify the selection of
disease-resistant animals by circumventing most of the
problems of conventional breeding strategies. Marker-
assisted selection (MAS) %4 is carried out by using single
markers for well-defined defence mechanisms under the
influence of a major locus. The study of polygenically
controlled disease resistance (probably accounting for
the majority of cases) requires the use of a series of
markers for so-called quantitative trait loci (QTL)?>®.
Molecular markers can be identified by DNA analysis
employing restriction fragment length polymorphisms
(RFLPs) "4 DNA-fingerprinting with highly informa-
tive locus-specific polymorphic probes, e.g., variable
number of tandem repeats (VNTRSs), or minisatellite
DNAs !, polymerase chain reaction (PCR)*® and other
techniques of modern molecular biology *7. The strategy
of dissecting quantitative traits into several discrete
Mendelian factors facilitates mapping of economically
important traits in farm animals, including disease resis-
tance loci ® 8, The progress of this approach will depend
on the availability of physical genomic maps 3387,

A classical example of linkage between disease suscepti-
bility and a genetic marker in livestock is the resistance
of the B2* haplotype of the chicken MHC to the neural
lymphoma, Marek’s disease (MD)!3*?. MHC associa-
tions with farm animal disease candidates have been
found in many species (table 1). Reviews of the MHC
and its disease resistance associations in livestock have
been published elsewhere %+ %0-8%: 140 Marker associa-
tions are also useful in mapping and cloning of single
genes or gene clusters involved in defence or pathogene-
sis 114, An impressive example is the identification of the
cystic fibrosis gene in humans !°.

Table 1. MHC associations of mammalian livestock with disease resis-
tance

Various species MHC association with disease References
defence traits

Cattle (BoLA) Enzootic bovine leukosis 11, 61, 62
Lymphosarkoma and persistent
lymphocystosis 41, 60, 61
Mastitis 78, 88, 116, 118
Bovine virus diarrhoea 20
Respiratory diseases 89
Ticks (Boophilus microplus) 131
Worms
(Cooperia spp., Haemonchus placel) 130
Ocular carcinoma 129

Sheep (OLA)  Scrapie 79
Differential immune response
to vaccinations 90

Goat (CLA) Caprine arthritis encephalitis 104

Horse (ELA) Sarcoids 28, 59
Allergic diseases 58

Pig (SLA) Piglet mortality 98
Differential immune response
to vaccinations 103, 139
Sinclair swine cutaneous
malignant melanoma 136
Trichinella spiralis 68
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The involvement of a single genetic locus responsible for
disease resistance or pathogenesis has been demonstrated
for a few infectious diseases. Well-known examples in
livestock are the dominant alleles responsible for recep-
tors providing access to host cells for certain retroviruses
in chicken !, and for enterotoxic E. coli in swine>’,

Mx system

The Mx (myxovirus-resistant °®) system of mice is one of
the rare examples of a distinct resistance phenotype
linked to a single genetic locus®’ ™ ®7. Mx proteins be-
long to a variety of interferon-stimulated proteins.

A large number of RNA and DNA viruses induce the
synthesis of interferons (IFNs) after infection of verte-
brate cells >*. IFNs mediate a transient antiviral state by
increasing the expression of a number of IFN-dependent
proteins °* 119, Little is known about the actions of
IFN-induced cellular genes that cause the antiviral state.
The double-stranded RNA-dependent enzymes (2'-5)-
oligoadenylate [2,5-A,] synthetase and the P1/elF-2a
protein kinase may play important roles in the regulation
of viral macromolecular synthesis (inhibition of initia-
tion of mRNA translation) and degradation (mRNA,
rRNA)®# 119 The extent to which these enzymes are
involved in the antiviral actions of IFN in vivo has yet to
be resolved. At present the Mx protein is the best exam-
ple of an IFN-induced protein which can be attributed to
a specific IFN function.

Mx system of mice

Genetic analysis has established that in mice the antiviral
state directed against influenza A and B viruses is con-
trolled by the autosomal dominant Mx1™* allele. The
Mx1*" mRNA is mainly induced by interferons « and
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protein?’. The Mx1" gene comprises at least 55 kb of
chromosomal DNA and consists of 14 exons*>.

Mice strains with the Mx17~ alleles are sensitive to in-
fluenza virus infections. The Mx1~ genotype is charac-
terized either by large deletions or a nonsense mutation
within the Mx1 gene that abolish synthesis of functional
Mx1 protein 122,

It is well established that Mx1 protein is both necessary
and sufficient to promote resistance to influenza virus
infections. Constitutive expression of Mx1 protein in in-
fluenza-susceptible cells lacking the protein is sufficient
to protect against influenza viruses 8% 12, Moreover, mi-
cro-injection of anti-Mx1 antibodies into Mx™ cells
blocks the antiviral state of IFN-treated cells2. Mx1*
inhibits influenza virus replication at an early step; how-
ever, the precise mechanisms by which Mx1 protein is
acting are not known. It has been reported that Mx1*
inhibits primary transcription of the virus>* or alterna-
tively prevents translation of viral proteins””.

The Mx1 gene is located on the distal portion of mouse
chromosome 16°7-126. It is closely linked to a related
gene called Mx2127, IFN-treated cells from influenza
resistant mouse strains fail to express Mx2 transcripts.
The Mx2 protein has not yet been characterized.
Haller et al. 3° have tested the susceptibility of wild mice
to influenza virus. The authors have shown that approx-
imately 75% of tested mice were resistant to influenza
virus infections and were able to synthesize Mx1 protein,
as expected for mice carrying the dominant Mx1™* allele
in either homozygous or heterozygous form.

Mx homologues in other organisms

Southern analysis has indicated that Mx homologues
exist in all examined eukaryotes (table 2) 82 11°, Mx-re-
lated structures have been described in greater detail in

120,125 1,44 43 - .17,83 72 128
B (type I IFNs) and encodes a 72kD nuclear  humans! 4, cattle 3, pigs , rats 72, fish 128 and even
Table 2. Mx systems in eukaryotes
Species Mx gene(s) Protein Function References
localization
Human MxA ¢cDNA Cytoplasm Inhibition of orthomyxo- and rhabdovirus replication 1, 44
MxB cDNA Cytoplasm Unknown 1, 44
Mouse Mx1* cDNA/genomic Nucleus Inhibition of orthomyxovirus replication 45, 125
Mxt~ 122
Mx2 cDNA Cytoplasm (?) Unknown 127
Rat 3 cDNAs Mx1: nucleus Inhibition of orthomyxo- and rhabdovirus replication 72
Mx2: cytoplasm Inhibition of orthomyxovirus replication
Mx3: cytoplasm Unknown
Hamster Cytoplasm Unknown 82
Cattle 2 Mx-related Correlation with action of IFN on orthomyxovirus 43
cytoplasmic proteins replication
Goat Cytoplasm Unknown 82
Pig Mx1 and 2 Cytoplasm Unknown 17, 82, 83
(partial genomic clones)
Horse Cytoplasm Unknown 119
Fish Mx gene Unknown Unknown (inducibility by dsRNA) 128
Yeast Mx cDNA Cytoplasm Essential function in protein sorting 102
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in yeast 1°2. All well examined mammals express at least
two Mx-related genes. Unlike the murine Mx1 protein,
most of the other known MX proteins are located in the
cytoplasm. In humans two cytoplasmic Mx proteins have
been identified !*4% 123, Human MxA protein protects
cultured cells both against orthomyxoviral and rhab-
doviral infections, whereas murine Mx1 protein fails to
inhibit rhabdovirus replication®!.

Human MxA, like murine Mx1, appears to act at an
early stage of the viral infection cycle. The human MxB
protein does not appear to be involved in the inhibition
of viral infections °. :

Little is known about the function of Mx proteins in farm
animals. The antiviral action of bovine [FN-« on influen-
za virus has been found to be correlated with the induc-
tion of two Mx-related proteins in bovine cells. Both
proteins are located in the cytoplasm, as are the ho-
mologous human proteins *3.

DNA, RNA and protein studies in IFN-treated porcine
peripheral blood lymphocytes have indicated the exis-
tence of two Mx genes in pigs. Polyclonal anti-mouse
Mx1 antibodies !?! immunoprecipitate in [IFN-stimulat-
“ed porcine cells a protein of approximately 75 kD ®>.
DNA sequence analysis of some exons of the porcine Mx
genes has revealed an overall homology of about 80 % to
known Mx sequences of other mammals 7 (Miiller et al.,
unpublished data). The involvement of the porcine Mx
system in specific defence of viral infections has not yet
been studied.

The ubiquity of Mx proteins and the lack of involvement
in viral defence of some Mx proteins suggest that Mx
family members may carry out functions that are funda-
mental to cellular physiology in addition to providing
resistance to viruses°2.

Gene transfer strategy

Five classes of mammalian genes are currently seen as
possible candidates for gene transfer experiments be-
cause they have been implicated in regulating disease
resistance:

— MHC genes

— T-cell receptor genes

— immunoglobulin genes

— genes encoding lymphokines !®

— specific disease resistance genes

The detailed aspects of the transfer of immune system
genes into the germ line of laboratory animals are out-
lined in the reviews by Bluethmann and Iglesias (this
issue). Thus some attempts at improving disease resis-
tance via gene transfer in livestock will be discussed in the
following.

Intracellular immunization of mammals against virus in-
fections

An interesting approach to the establishment of resis-
tance to virus infections in mammals is known as ‘intra-
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cellular immunization’ . Studies involving the use of cul-
tured cells infected with herpes virus32 and HIV-1137
have shown that endogenously produced viral proteins
and also their mutated forms that dominantly interfere
with the corresponding wild-type virus proteins protect
against infections by the cognate virus. By using trans-
genic chicken that express the avian leukosis virus enve-
lope glycoprotein Salter and Crittenden '°® have demon-
strated the defence against ALV. Baltimore ° has suggest-
ed to apply the strategy of intraceilular immunization for
gene therapy in order to overcome viral diseases against
which conventional immunization has proven to be diffi-
cult.

Monoclonal antibodies expressed in transgenic animals
A further possibility for protection of animals against
infectious diseases could be a strategy called ‘in vivo
immunization’. It is based on the expression of definitive
antibody genes in transgenic livestock. As shown by
many investigations, cloned genes of monoclonal anti-
bodies can be expressed in large amounts in transgenic
mice after transfer of suitable gene constructs into the
germ line. These mice produce antibodies against specific
antigens without any prior immunization or contact 33,
Most experiments in mice cited above have focussed at-
tention only on genes for heavy or light chains of anti-
bodies and the primary events induced at the genomic
level rather than a full study of the exact composition of
secreted antibodies. In an attempt to extend these inves-
tigations to other animals genes for the light and the
heavy chain of a mouse monoclonal antibody directed
against 4-hydroxy-3-nitro-phenylacetate were intro-
duced not only in mice but also into the germ line of
rabbits and pigs. Serum antibody titers have been
achieved in transgenic rabbits and pigs, respectively of
100 pg/ml and 1000 pg/ml14¢. Unfortunately, only a few
bands observed in isoelectric focussing gels were identical
to those of the purified mouse antibody. One possible
explanation may be that the levels of x chain expression
were insufficient for complete allelic exclusion. The in-
corporation of additional sequences in the corresponding
gene constructs, e.g., downstream light chain enhancer
elements 7>, might be helpful in overcoming this low ex-
pression level. In principle it should be possible in the
future to develop gene constructs allowing expression in
transgenics sufficient to protect animals against the
severe attack by viruses or bacteria in a manner equiva-
lent to immunization. This strategy would be particularly
useful for protection against diseases where vaccination
is not allowed, difficult or impossible.

Transgenic animals with antisense RNA genes directed
against viruses

The use of antisense polynucleotides provides another
powerful possibility for the protection against viral infec-
tions 73 143,

In prokaryotes a large number of natural antisense
RNAs (asRNA; also complementary RNA, cRNA) have
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been found to regulate among other things the replica-
tion of plasmids, or the translation of mRNA of bacteria,
bacteriophages, and transposons*®°>. In eukaryotic
cells asRNA molecules have been discovered in both
nuclear and cytoplasmic extracts *°. The functional im-
portance of these RNAs is still unknown and genes en-
coding asRNA have not yet been identified. Natural or
artificial antisense polynucleotides are capable of specifi-
cally suppressing the expression of corresponding genes.
The modulation of gene activity in eukaryotic cells by
antisense transcription is associated both with the inhibi-
tion of mRNA translation and with the disruption of
splicing and transport of mRNA into the cytoplasm. In
prokaryotes, of course, only the first of these mechanisms
is relevant*%- 73,

The ability of asRNAs and complementary oligodeoxy-
nucleotides to inhibit replication of viral genomes and
expression of their genes has been demonstrated for a
number of animal, plant, and bacterial viruses in cell
culture experiments 8. The attempts to create an antivi-
ral state in animals based on asRNA transgenes seems to
be a logical consequence of the cell culture experi-
ments 2% 8% 134 Ernst et al. 2% have described the genera-
tion of transgenic rabbits expressing an asRNA gene
directed against adenovirus h5 (AdS). The asRNA gene
was controlled by the murine metallothionein-1 (MT-1)
promoter. Despite rearrangements, deletions, amplifica-
tions, and a reduction of copy numbers observed during
the generation of transgenic founder animals and trans-
genic offspring, some rabbits had integrated intact
asRNA gene copies and stably transmitted the transge-
nes to their offspring. The resistance to AdS infections
was tested in primary kidney cell cultures of transgenic
rabbits and non-transgenic control animals. Cell lines
correctly processing the asRNA transgene have been esti-
mated to be 90—98 % more resistant to Ad5 than normal
kidney cell lines.

Ernst et al. 2% have demonstrated the feasibility of using
asRNA genes to protect against viral replication. How-
ever the gene constructs used so far have to be improved
to guarantee their stability in the host genome. In addi-
tion the use of regulatory elements which are naturally
active during defence against infections (e.g., promoters
of IFN genes or IFN-dependent genes) may be preferable
to constitutive or house keeping gene promoters such as
the metallothionein promoter.

Transgenic animals with the murine influenza resistance
gene Mx1

Orthomyxovirus infections are common and occasional-
ly cause epidemic diseases, not only in man, but also in
a number of domestic animals, such as chicken (fowl
plaque), horse (epizootic cough, equine influenza), and
swine (hog flu, swine influenza)'°°. In the mid eighties
the cloning and functional characterization of the ‘anti-
influenza’ gene Mx1 in mice 12° and the progress made in
the transfer of genes into farm animals 3 *° has present-
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ed the promising possibility of attempting to improve
disease resistance characteristics in farm animals by gene
transfer. In the first series of gene transfer experiments in
pigs, the gene constructs consisted of the murine Mx1
cDNA placed behind the human metallothionein II,
promoter or the SV40 early enhancer/promoter (Weiss-
mann and Noteborn, 1986, pers. communication). The
result of these experiments indicated that high expression
of the Mx1 protein during embryogenesis may be delete-
rious: the efficiency of gene transfer with the constitu-
tively or highly expressing Mx1 gene constructs de-
creased dramatically in comparison to results obtained
with other gene constructs'#. All transgenic pigs har-
bouring the Mx constructs either had extensive rear-
rangements that abolished Mx1 protein expression or did
not express Mx1 protein despite the fact that the inser-
tion was intact and stable (Miller et al., unpublished
data). Arnheiter et al.® have made similar observations
in their attempts to generate transgenic mice constitutive-
ly expressing Mx1 protein.

The use of a virus-responsive regulatory element — the
murine Mx1 promoter itself*> — linked to the Mx1
cDNA (fig. 2) for micro-injection into pronuclei of fertil-
ized porcine oocytes has yielded eight transgenic pigs.
The efficiency of the gene transfer (transgenic piglets/em-
bryos transferred) was 0.5% %,

The correct integration of the gene construct and the
stable transmission to progeny has been examined by
differential restriction analysis, Southern blotting (fig. 2),
and PCR. The transgenic founder animals contained 10—
30 intact integrated copies and transmitted the transge-
nes stably to their offspring.

The inducibility of the transgenes has been determined in
vitro by culturing peripheral blood lymphocytes (PBLs)
which had been treated with native porcine IFNs or dou-
ble-stranded RNA (pol[I}-poly[C]), and in vivo by intra-
venous application of porcine IFNs (2-5 x 10° IFN/m?
body surface) (Miiller et al., unpublished data). After
IFN induction, total RNA of PBLs was prepared and
subjected to Northern analysis using probes of the gene
construct (fig. 3). Two founder animals and their off-
spring showed an IFN-inducible increase of transgene
mRNA levels.

Protein analysis of Mx1 gene constructs have been car-
ried out by methionine labelling of cultured blood cells,
followed by immunoprecipitation of proteins with anti-
mouse Mx antibodies and by indirect immunofluores-
cence of tissue sections derived from piglets treated in
vivo by IFN (Miiller et al., in cooperation with O. Haller,
unpublished data). To date, an increase of murine Mx1
protein in the examined transgenic cells and tissues has
not been detected. The most probable reason is that the
response of the transgenes to IFN is too low to result in
detectable amounts of protein. In murine Mx1™* cells Mx
mRNA induction leads to levels corresponding to ap-
proximately 0.1% of the polyadenylated mRNA in the
cells, or about 1000 Mx mRNA molecules per cell !1°.
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Figure 2. Structure of the injected Mx1 gene construct and Southern
analysis of a transgenic pig. 4 Structure and restriction pattern of the
Mx1 gene construct. The gene construct contains 2.4 kb of the mouse
Mx1 promoter *® (grey box) linked to the mouse Mx1 ¢cDNA !2% (open
box), and the intron-containing mouse f-globin sequences providing the
polyadenylation signal 3* (hatched box). The fat lines show the expected
bands after cleavage with the indicated endonucleases and hybridization
with the mouse Mx1 ¢cDNA (BamHI/HindIII fragment). B Southern
analysis of 30 ug Mx1 transgenic porcine DNA cleaved with the appropri-
ate endonucleases. The hybridization probe is described above. The au-
toradiogramme was developed after 18 h of exposure.
Abbreviations: B = BamHI; E = EcoRI; H = HindlIl;
Pv = Pvull; S = Sall.

Ps = Psil;

The estimated mRNA levels in transgenic cells are con-
siderably lower.
Arnheiter et al.® have compared the accumulation of
" transgenic Mx1 RNA and protein with the correspond-
ing levels in naturally Mx1* cells. The authors have
found in addition to non-expressing transgenics, high-
and low-responder animals. The high-responder animals
had RNA and protein levels corresponding to 60—-70%
of Mx1" mice, whereas the low-responders had levels
about 10—~20% or below. These data indicate that trans-
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gene expression and inducibility depends on the position
of the transgene in the genome. What is important for the
resistance to influenza virus in transgenics are the levels
to which Mx1 protein can be induced. High-responders
are protected against virus infection, while low-respon-
ders are not protected, or are protected only when infect-
ed with high virus doses. This indicates that only the
efficient transgene induction is capable of producing the
desired effect.
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Figure 3. Expected transgene RNAs and RNA analysis of transgene
expression. 4 The double-hatched boxes represent the promoter region
(lower box) and the 5’ untranslated region of the Mx1 cDNA (upper box),
the upper box the encoding Mx1 region, the hatched upper box translated
mouse f-globin regions, and the hatched lower boxes the mouse B-globin
intron or the 3' untranslated sequences. Top panel: injected gene con-
struct; middle panel: pre-mRNA; bottom panel: mRNA. B Northern
analysis of total RNA (25 ug per lane) from peripheral blood lympho-
cytes of control and transgenic pigs either left untreated (IFN—) or
induced with interferon (IFN + ). Total RNA (25 pg per lane) from mouse
Mx* embryo fibroblasts (Mx*-MEF) was used as positive control. The
blot was probed with the Mx1 cDNA probe (BamHI/HindIII fragment).
The autoradiogramme was developed after 18 h of exposure.
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Conclusions

Our knowledge of the biological and molecular basis of
infectious agents and of the defences against infectious
diseases has increased considerably during the past
decade and now provides means to modify disease resis-
tance by employing genetic techniques in a more direct
approach than has previously been possible. While con-
ventional breeding programmes have mainly concentrat-
ed on ‘classical’ productive and reproductive traits, the
new strategies for improving disease resistance will allow
direct selection for disease resistance traits by using
molecular markers (e.g. RFLPs, VNTRs, minisatellite
DNAs) and transgenic animals.

The transfer of ‘resistance’ genes into farm animals is a
good example for the potential of these new approaches.
The studies reported here demonstrate the general feasi-
bility of gene transfer. Further gene mapping and cloning
and especially studies on the mechanisms of regulation of
gene expression, defence molecules, interplaying mecha-
nisms, network of pathogenesis etc. will be required. A
landmark in livestock gene transfer would be the genera-
tion of transgenic chimaeras by injection of genetically
manipulated embryonic stem (ES) cells into embryos. In
mice this technique has already been established '**. In
farm animals it is probably only a question of time until
the first ES-cells will be available. Phenomenons such as
extensive rearrangements, non- or aberrant expression of
the integrated genes, or deleterious effects of transgene
expression could be avoided by the use of precisely de-
fined regulatory elements and extensively tested gene
constructs.

Despite the great advances in molecular animal breed-
ing !* much molecular biological research will be needed
before such systems can be implemented routinely. Social
and ethical issues associated with the use of these new
techniques will also have to be discussed.
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Transgenic vertebrates in basic and applied research

Generation of transgenic animals is a fascinating way to
examine the effect of genes and their products on devel-
opmental, morphogenetic and physiological processes in
the live animal. This kind of research is in part dependent
on the feasibility to control the level of expression of the
transgene. As summarized by Rusconi in this review,
much has been learned in the past few years about regu-
lation of transgenes. New control regions have been
found and several (to some extent) inducible transcrip-
tion systems have been developed. Nevertheless, gene
expression of most gene constructs used at present in
transgenics cannot be controlled at will. This circum-
stance hampers research at the basic level and more seri-
ously at the applied level. For example, in studying B cell
development in transgenic mice it would be helpful if the
transcriptional onset of the transgenes (such as H chain
genes) could be predicted or, still better, be induced at a
specific developmental stage. On the other hand, studies
in which the effects of (over)expression of transgenes
(such as interleukin genes) are examined in vivo may still
yield useful information in spite of varying expression
levels of the transgenes (see Iglesias, this issue). The
same is true of studies on allelic exclusion which denotes
the phenomenon of only the maternal or paternal allele
of a gene being expressed in any given cell. This is the
case for genes that encode T cell receptor (TCR) proteins.
Transgenic mice having integrated a productively rear-

ranged TCRf transgene show different levels of expres-
sion of the transgene. This variation helped to interpret
the process of allelic exclusion. When transgene expres-
sion was high, the endogenous TCRf genes were sup-
pressed. When it was low, both transgenic and endoge-
nous TCRJ chains could be detected on the surface of the
same cell, indicating that allelic exclusion is a regulated
event and not a matter of probability (see Bluethmann,
this issue).

An important new method in the field of gene transfer is
the possibility of gene targeting by homologous recombi-
nation. This demanding technique (emphasized in the
chapters by Rusconi, Bluethmann and Wilmut et al.)
may solve many of the problems of varying expression of
transgenes and also become the method of choice for
gene disruption, alteration or replacement. It is hoped
that in the future the efficiency of this method can be
improved and that it can be applied to animal species
other than mice as well.

A considerable number of investigations on transgenesis
in vertebrates deals with fish (cf. Houdebine and Chour-
rout, this issue). Generation of transgenic fish seems not
to be a major problem in spite of the invisibility of the
pronuclei in most (yolk-rich) fish eggs. However, expres-
sion of the transgenes is usually poor, probably due to
the fact that most of the transgenes used so far were
constructed for work with mammals and contain mam-



