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transgenic goat model

Elizabeth A. Maga' & James D. Murray'?

ABSTRACT

Background: Transgenic animals have been generated for a variety of purposes including research tools, medical models,
bioreactors (dairy animals producing human pharmaceuticalsin their milk or in the egg whites of chickens) and for production
agriculture (animal swithincreased growth, decreased environmental pollution, diseaseresistance), which includesthe generation
of animal s designed to benefit human health. For example, transgenic goats expressing human lysozymein their milk arebeing
used asamodel method to supply milk with antibacterial propertiesto help fight diarrheal illnessesin children. Lysozymeisa
naturally occurring antimicrobial foundin human milk at much higher levelsthaninthe milk of dairy goatsand cows. Lysozyme
servesaspart of the natural defense system against infection and also helps establish a healthy gut microbiotain theinfant. We
hypothesized that the presence of increased levels of lysozymein the milk of dairy goats could offer several benefitsthat affect
human hedlth, including the promotion of a healthy gut microbiota and associated benefits such as improved growth and
resistance to intestinal infections.

Review: Research with thisline of transgenic goats over thelast 12 years has demonstrated that the presence and expression of
the human lysozyme transgeneis not detrimental to the animalsthemsel ves and that the milk can indeed act in an antimicrobial
fashion when consumed by pigs, amodel anima for human health, and impact the state of theintestinein apositive manner. Pigs
consuming milk from human lysozymetransgeni ¢ goats had significantly lower levels of coliformsand E. coli in their intestine
than did pigs consuming milk from non-transgenic control animals. In addition to bacteria changes, intestinal tissue of pigs
consuming milk from lysozyme transgenic goats had a significantly larger surface areawith significantly fewer intragpithelial
lymphocytesand an elevated leve of expression of theanti-inflammatory cytokine TGF-&l compared to control-fed animals, dl
indicators of a hedthier intestinal tract. Metabolite profile analysis demonstrated significant differences in the levels of 18
metabolitesinthe serum of pigsfedlysozymemilk with thedirection of changesbeneficid tothe health of theanimal. Finally, pigs
consuming milk from lysozyme transgenic goats were more resi stant to infection when challenged with an enteropathogenic E.
coli, indicating aprotective effect of lysozymemilk. Inthe semi-arid northeast of Brazil, 89 of 1000 children diebeforethey reach
the age of 2 years and 17% of these deaths can be attributed to diarrhea. The use of genetically engineered animals containing
increased levelsof lysozymein their milk isanovel and simple approach to fight thisproblem. Work will be presented outlining
the characterization of these animalsand theimpact of consuming the milk with the goal of oneday having themilk availableas
apreventative or trestment agent for diarrheal illnesses.

Conclusions: Genetic engineering is a viable approach to produce animal food products that can be used to improve human
heslth. Brazil’ sacceptance of thistechnology has positioned itsdlf at theforefront to demonstrate to theworld anew tool to help
fight common diarrhea and itsimpact on the growth and development of children.
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I.INTRODUCTION

The goal of genetic engineering (GE) of
domesticated livestock is the same as breeding and
selection: the introduction and propagation of adesired
trait. Inthisapproach, thegenetic changeisintroducedin
theform of atransgene consisting of the DNA encoding
thegeneof interest coupled to regul atory elementswhich
aredesigned to expressaspecific proteinin atissue- and
temporally-specificfashionto givetheanimal thedesired
trait. Thefirst demonstration of an altered phenotypein
ananimal viatransgenesiscamein 1982 whenincreased
growth was reported in transgenic mice expressing arat
growth hormone (GH) transgene [24]. The first reports
of GE livestock soon followed in 1985 [13]. Since that
time, the use of GE food animals has been focused on
two main areas, namely the development of improved
animasfor production purposesincluding growth[1,7,13],
decreasing the environmental footprint by reducing
phosphorous pollution [12] and engineering disease
resistance [28,35] and specialized non-agricultural
purposes such as using dairy animals and chickens as
bioreactorsto produce human pharmaceuticals[8,9,15,26]
or pigsto produce competibleorgansfor human transplant
[25,34]. Alsoincluded iswork designed toimprove human
health through the GE of animal food productsincluding
increased protein levels in milk [2], healthier fat
composition of milk and meat [ 16,27], andtheexpression
of antimicrobialsin milk [18,19]. We have generated a
lineof transgenic dairy goatsexpressing increased levels
of the antimicrobial human lysozymein their milk with
theintent of using themilk asatrestment or preventative
agent againgt debilitating childhood diarrhea. Here, we
will review work with our human lysozyme transgenic
goat model with respect to the health and well-being of
the transgenic line as well as work demonstrating the
potentia of themilk toimproveintestinal health.

II.HUMANLYSOZYMEAND THE PROTECTIVE
PROPERTIESOF HUMAN MILK

Lysozymeisanaturally occurring antimicrobial
protein found in avian egg whites and the tears, sdiva
and milk of all mammals[reviewed by 22]. Lysozymes
arepart of thenatura defense mechanism againg bacterial
infection and assigt in digestion of intestinal bacteria
Lysozyme specifically catalyzes the cleavage of the
glycosidiclinkage between the C-1 of N-acetylmuramic
acid and the C-4 of N-acetylglucoseamine that make up
the peptidoglycan component of bacterial cell walls.
Cleavage of the protective peptidoglycan layer by
lysozyme causes leakage of the cell’s interior
components and results in cell lysis. Lysozyme is
more effective againgt gram positive bacteria but aso
has been demondtrated to kill gram negative bacteria
Lysozyme is naturally present in human milk at
concentrations 1600 times greater than in goat milk
[5]. Human milk maintains high levels of lysozyme
(400 pg/mL) throughout lactation, as opposed to the
milk of dairy animals which has high levels of
lysozyme at parturition and involution, corresponding
to when the animal is most susceptible to infection,
thereby offering protection, with bovine milk
averaging only 0.130 pg/mL and goat milk 0.250
pug/ml of lysozyme.

Lysozyme, along with lactoferrin and secretory
IgA, are considered to be responsible for the passive
immunity of human milk and play an important role for
theinfant by offering defense against bacterial infection
by pathogeni c organisms, promoting thedevel opment and
maturation of the intestinal tract, acting as anti-
inflammeatory agents, and stimulating a beneficial gut
microbiota[reviewed by 11,17]. Breast-fed humaninfants
tend to have a more ssimple gut microbiota comprised
primarily of Bifidobacteria, along with Lactobacilli and
Saphylococci, whilethefecd floraof formula-fedinfants
is more complex, with Coliforms, Enterococci,
Bacteroides, Clostridia and Sreptococci all being
prevalent [29]. One reason for the growth of fewer
facultative anaerobesin breast-fed infantsis believed to
be the antimicrobia factors in human milk such as
lysozyme and lactoferrin [23]. A probiotic intestinal
micrabiota is thought to confer a number of positive
benefitsincluding growth, protection against diarrheaiand
other gastrointestinal illnesses [reviewed by 32] and
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indeed, breast-fed infants are less afflicted by acute and
chronic diseases, including infections of the
gastrointestingl, respiratory, and urinary tract than are
formula-fed infants[30].

Diarrhea is one of the leading causes of death
of children worldwide. According to the WHO, two
million children under the age of five die each year
from common diarrheal illnesses. In addition, multiple
episodes of acute and persistent diarrhea can leave
lasting nutritional and cognitive shortfalls. In the semi-
arid Northeast region of Brazil, childhood mortality
rates are 3 times higher than the rest of the country
(89 deaths/1000 births by the age of 2) with death
due to diarrhea accounting for 15-20% of the overall
deaths. Breastfeeding is the recommended
interventionfor prevention of diarrheain young children.
A seriesof studiesdocumented thereduction of diarrhea
episodes and also afast recovery in breast-fed children.
If theamountsof important human antimicrobial proteins
could beincreased inthe milk of common dairy animals
such asthe goat, there would be a continuous supply of
milk that mimicstheantimicrobid function of humanmilk.

Onemeansof providingthebeneficial properties
of lysozymeto human consumersisto GE dairy animals
to producemilk with higher level sof lysozymethroughout
lactation. The consumption of increased amounts
lysozyme would pose little risk to human consumers of
the milk as lysozyme is naturally present in saliva and
thus dready consumed. By producing the human form
of lysozyme, no dlergic reactions would be anticipated
and lysozymesin general are not known to berelated to
any known dlergens or toxins. Indeed, lysozyme from
hen egg whites is currently used with Generally
Recognized As Safe (GRAS) status as a preservativein
thefoodindustry (sprayed on cheesesand meats, inedible
filmsandin cosmetics) to prevent product spoilage caused
by bacteria[22]. Lysozymeisalso ableto retain activity
at pasteurization temperatures [31], survive transit, and
be active in the environment of the gastrointestinal tract
[10].

If lysozyme were expressed at a higher leve in
a goat mammary gland throughout the duration of
lactation, we hypothesized that several benefitscould be
cong dered that affect both anima and human healthwhile
posing little risk. Because of its antimicrobia nature,
lysozyme in milk could reduce the growth of bacteria
contaminants in milk that cause disease in humans
(Listeria) making for a safer product for consumption
and aso reduce the growth of bacteria that case the

spoilage of milk thereby increasing the shelf-life of milk
and thustheavailability of the nutrients. The presence of
an antimicrobial in the udder could also decresse the
incidenceand severity of madtitis, thereby improving ani-
mal health and welfare. Furthermore, due to its
purported role in human breast milk, consumption
of lysozyme-rich milk could promote a healthy gut
microbiota in individuals consuming the milk, thereby
imparting health benefits such as improved growth,
reduction or cessation of illness, and resistance to new
infections. We therefore propose a strategy to improve
human health based on local agriculture, whereby
milk from GE dairy goats producing increased levels
of human lysozyme can be used to treat and/or
prevent diarrhea in children of all ages. The work
described bel ow directly addressesthese possibilities.

. THEHUMANLYSOZYME (HLZ) TRANSGENIC LINE

A line of transgenic dairy goats of Alpine and
Toggenburg origins was generated using standard
pronuclear microinjectionwith abovineo -casein-HLZ
cDNA transgene [18]. To date we have produced, by
natural breeding, atotal of 82 (37 femae and 45 male)
hemizygous transgenic goats through the 5" generation
carrying and expressing thistransgene. Thislineof animals
transmits the transgene in a Mendelian fashion, stably
expresses the transgene at the mRNA and protein level
across generations, and the HLZ in milk isbiologicaly
active[19]. HLZ proteinexpressoninmilk of theseHLZ
transgenic goats averages 270 + 84 pg/mL [19]. This
represents a 1000 fold increase over the mean levd of
lysozyme normally present in goat milk and is
approximately 68% of that normally foundin human milk.
The percentage of milk yield that representstotal fat and
protein was the same range as the means for our non-
transgenic control dairy goat herd [19], indicating that
expression of the transgene did not disrupt the gross
composition of milk. Basic functionssuch asgrowth and
reproduction of the transgenic animalsthemselveswere
not adversely impacted by either the presence or
expression of the transgene, or by consumption of the
HLZ-containing milk [14].

IV.ANTIMICROBIALACTIVITY OFHLZ TRANSGENIC
GOAT MILK

Severa strains of bacteria important to animal
health and food safety were susceptible to HLZ
transgenic goat milk in vitro [20]. When incubated
with variousbacterid isolates, milk fromHLZ transgenic
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animals significantly dowed the growth of S aureus, E.
coli and P. fragi as demongtrated by an overal lower
mean number of colony forming units (CFU)/mL after
incubation than milk from non-transgenic controls. The
growth of a lactic acid bacteria (L. lactis) was not
affected by the presence of HLZ in milk. Milk from
HLZ transgenic animals was aso capable of dowing
thegrowth of bacteriainvivo. Milk fromHLZ transgenic
animaswasfoundto haveadifferent bacteria population
corresponding to alonger shelf life[20]. Fewer bacteria
grew inmilk of transgenic animalsand milk survived at
room temperature for longer periods than control milk
beforebacteria growth occurred. Thedifferential growth
of bacteriain milk from transgenic animalsindicatesthat
HLZ expressed in milk isableto act in an antimicrobia
fashion to alter the growth of bacteriain vivo.
V.IMPACT OF CONSUMING HLZ TRANSGENIC GOAT
MILK

Asthe efficacy of HLZ in milk was confirmed
asdescribed above, the biological action of HLZ milk at
theleve of theintestine after consumptionwaseva uated
by ng thegrowth of coliform bacteriainthesmall
intestineintwo animal models, thegoat and thepig. Pigs
represent a monogastric animal with a digestive tract
similar to humans. The use of pigs asarelevant human
medical model is well documented [33] as pigs are
frequently used in cardiovascular and nutritional research.
Dueto theantimicrobia propertiesof HLZ and evidence
that natural components of milk result in different intes-
tinal microbiotaand overal intestinal development, itis
our hypothesisthat the consumption of milk containing
active HLZ will impact intestind microbiota, and thus
intestinal health, and resistanceto intestinal iliness. The
first part of this hypothesis was shown to be correct as
pasteurized milk from HLZ transgenic animals was
capableof modulating intestinal bacteriain both ruminant
and non-ruminant anima mode s[21]. Inthemorehuman-
relevant moddl, weanling pigsreceiving pasteurized milk
fromHLZ transgenic anima sfor 16 dayshad sgnificantly
lower numbersof coliformsand E. coli intheir intestine
than did pigsfed milk from non-transgenic control animals
[21]. Thesedataindicatethat HLZ expressed inthemilk
of dairy animalscan indeed bebiologically activein the
intestine and modul ate gut microbiota, much likehuman
milk.

Further work in pigs confirmed the second
part of our hypothesis by demonstrating that
consumption of pasteurized milk from HLZ transgenic

goatsresulted in beneficial changesin gut histology and
protection againgt intestinal infection [3]. Pigsfed HLZ
milk had fewer numbersof coliformsand E. coli in both
the duodeneum and ileum than did pigs fed milk from
non-transgenic contrals, repeating thefindings of our first
Sudy. Animalsreceiving HLZ milk had significantly wider
villi in the duodenum indicating a healthier gut with
increased absorptive area. The number of intragpithelia
lymphyocytesper micron of villi height wassignificantly
decreased in the duodenum of HLZ-fed animals, an
additiond indicator of increased gastrointestinal tract
health. Animals fed HLZ milk for a period of 4 weeks
and then challenged with a porcine-specific
enteropathogenic Escherichia coli (EPEC) had
significantly lower levelsof coliformsand E. coli intheir
ileum than did thosereceiving milk from non-transgenic
control animals, indicating a protective effect of HLZ
milk against EPEC infection. In addition, standard CBC
andysisindicated that no alergic responsewas occurring
upon consumption of HLZ milk. Furthermore, therewas
no significant difference in the expression of key pro-
inflammeatory cytokines (TNF-a. and IL-8) in intestinal
tissue of pigsconsuming HLZ or control milk, indicating
that an inflammatory response is not induced upon
consumption of HLZ milk [6].

Serum from non-challenged pigs was also
subjected to ametabolite profiling analysis[4]. A total of
234 metaboliteswerequantified (178 known, 56 unknown)
with levels of 18 known metabolites and 4 unknown
metabolitesbeing significantly differentin pigsrearedon
HLZ milk compared to pigs that received control milk.
These differences could be broken down into effects of
bacteria, increased growth, healthier gastrointestind tract,
and modulation of theimmune systemwith thedirection
of changes indicative of a headlthier gut. In addition,
consumption of HLZ milk significantly increased the
expression of theanti-inflammatory cytokine TGF-&lin
thesmall intestine[6], againindicative of ahedthier gut.
Takentogether, these datastrongly suggest that milk from
HLZ transgenic goats can be used to improve human
health by fighting the high childhood mortality rates
associated with common diarrheal illnesses.

VI.CONCLUSIONS

Data collected over the years on most
applications of transgenic animals for agriculture
indicate that the implementation of GE animals can
indeed have a positive impact on animal productivity
and sustainability as well as animal and human hedlth.
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TheHLZ transgenic goat moddl hasproduced convincing  model of infection and generating lactoferrin transgenic
datathat the adoption of GE livestock hasthepotentialto  goats. Our hopeisto contribute anew solutionto an old
benefit human health with little risk. Future work with  problem and prevent the suffering and desths associated
this approach will revolve around trandating theuseof ~ withcommon diarrheain Brazil and throughout theworld.
HLZ milk to treat/prevent diarrhea by developing a pig
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