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Abstract Genetic engineering, which was first
developed in the 1980s, allows for specific additions
to animals’ genomes that are not possible through
conventional breeding. Using genetic engineering to
improve agricultural animals was first suggested when
the technology was in the early stages of development
by Palmiter et al. (Nature 300:611-615, 1982). One of
the first agricultural applications identified was gen-
erating transgenic dairy animals that could produce
altered or novel proteins in their milk. Human milk
contains high levels of antimicrobial proteins that are
found in low concentrations in the milk of ruminants,
including the antimicrobial proteins lactoferrin and
lysozyme. Lactoferrin and lysozyme are both part of
the innate immune system and are secreted in tears,
mucus, and throughout the gastrointestinal (GI) tract.
Due to their antimicrobial properties and abundance in
human milk, multiple lines of transgenic dairy animals
that produce either human lactoferrin or human
lysozyme have been developed. The focus of this
review is to catalogue the different lines of genetically
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engineered dairy animals that produce either recom-
binant lactoferrin or lysozyme that have been gener-
ated over the years as well as compare the wealth of
research that has been done on the in vitro and in vivo
effects of the milk they produce. While recent
advances including the development of CRISPRs
and TALENs have removed many of the technical
barriers to predictable and efficient genetic engineer-
ing in agricultural species, there are still many political
and regulatory hurdles before genetic engineering can
be used in agriculture. It is important to consider the
substantial amount of work that has been done thus far
on well established lines of genetically engineered
animals evaluating both the animals themselves and
the products they yield to identify the most effective
path forward for future research and acceptance of this
technology.

Keywords Transgenic - Lactoferrin - Lysozyme -
Genetic engineering - Milk - Antimicrobials

Introduction

The mammary gland is highly efficient at producing
protein during lactation, so as genetic engineering
(GE) became possible in livestock species, one of the
first agricultural applications people proposed was
generating transgenic dairy animals that could pro-
duce altered or novel proteins in their milk (Jimenez-
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Flores and Richardson 1988). In particular, lactoferrin
and lysozyme were identified as ideal candidate
proteins to produce in ruminant milk with the goal of
improving milk functionality (Maga and Murray
1995). Human milk provides infants with substances
that protect and promote maturation of the gut and the
mucosal immune system (Walker 2010), such as
lactoferrin and lysozyme, which are antimicrobial and
immune modulating proteins that are very abundant in
human milk. In human milk, lactoferrin concentra-
tions range from 1 to 3 g/L, while the average
concentration of lysozyme is 0.420 g/L. (Montagne
etal.2001) (Table 1). In contrast, ruminants including
cows and goats produce very low levels of lactoferrin
and lysozyme in their milk (Hettinga et al. 2011).
Cows average 0.115 g/L of lactoferrin in their milk
(Cheng et al. 2008) and goats average 0.0175 g/L
(Campanella et al. 2009). For lysozyme, cows produce
on average 0.0013 g/L in their milk (Krol et al. 2010)
and goats average 0.0025 g/L (Chan\dan et al. 1968).

The first transgenic bovine contained a gene for
human lactoferrin (Krimpenfort et al. 1991). Expres-
sion levels of lactoferrin were low in this line, thus
another line of transgenic cattle expressing human
lactoferrin in their mammary glands were produced by
the same group (van Berkel et al. 2002; Table 2). As a
proof of principal transgenic mice producing human
lysozyme in their milk were generated (Maga et al.
1995) and in 1999 the Artemis line of transgenic goats
that produce human lysozyme in their milk was
established (Maga et al. 2006a). Since the generation
of these first two herds many other lines of cows and
goats producing either lactoferrin or lysozyme have
been founded (Yang et al. 2008, 2011; An et al. 2012;
Goldman et al. 2012). A great deal of research has
been performed to characterize the fitness of these
different lines of transgenic animals (Yang et al. 2008;
Jackson et al. 2010), as well as the recombinant
proteins they produce (Yang et al. 2011; Thomassen
et al. 2005; Yu et al. 2011). Recently, many reports

Table 1 Average production of lactoferrin and lysozyme in
human, cattle, and goat milk

Species  Lactoferrin ~ Lysozyme (mg/L)  LF:LYZ ratio
Human 1-3 g/L 420 2.4

Cows 115 mg/L 0.13 850

Goats 17.5 mg/L 0.250 70
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have emerged reporting the effects of consumption of
milk containing these recombinant proteins in both
healthy animal models (Brundige et al. 2010; Zhou
et al. 2011; Cooper et al. 2012) and as a treatment in
animal models of disease (Wang et al. 2012; Cooper
et al. 2013).

Proteins
Lactoferrin

Lactoferrin is an 80 kDa iron binding protein found in
various secretions such as milk and tears, as well as in
neutrophil granules. Lactoferrin is part of the host
defense system and has a wide range of functions
including acting as an antimicrobial, immunomodula-
tory, and antioxidant agent (Wakabayashi et al. 2006).
Its role in host immunity predates mammals as birds
and reptiles express an ortholog protein known as
ovotransferrin which exhibits comparable antimicro-
bial properties and is abundant in egg white and serum
(Ibrahim et al. 1998; Xie et al. 2002). Part of
lactoferrin’s antimicrobial activity is due to its highly
cationic N-terminal region. This region confers bac-
tericidal action by interacting with the negatively
charged part of bacterial membranes, which is
lipopolysaccharide (LPS) in Gram-negative bacteria
and lipoteichoic acid (LTA) in Gram-positive bacteria
(Yen et al. 2009). Lactoferrin can also compete with
LPS for binding of CD14, a part of toll like receptor
(TLR) 4, thus preventing LPS from activating a pro-
inflammatory cascade that can lead to tissue damage
(Actor et al. 2009). Lactoferrin’s ability to bind iron not
only promotes growth of beneficial low iron requiring
bacteria like Lactobacillus and Bifidobacteria (Yen
et al. 2009), but sequestering iron also reduces cellular
oxidative stress, thus lowering pro-inflammatory
cytokines (Actor et al. 2009). Finally, lactoferrin has
targeted control of some cellular processes and can act
as a transcription factor and regulate granulopoiesis
and DNA synthesis in certain cells types (Kanyshkova
et al. 2001).

Lactoferrin has distinct properties that make it an
ideal molecule for promoting healthy gut maturation
and establishment of a beneficial GI-tract microbiota.
Lactoferrin is resistant to enzymatic proteolysis in the
stomach (Davidson and Lonnerdal 1987), and partial
degradation of lactoferrin by stomach pepsin frees the



Transgenic Res (2015) 24:605-614

607

Table 2 Transgenic lines of lactoferrin- and lysozyme- producing cattle and goats

Species First reported Promoter

Generation method

Production level

Lactoferrin

Cow 2002 Bovine asl-casein Microinjection 1.5-2.0 g/L van Berkel et al. (2002)
Cow 2008 B-casein Microinjected BAC 2.5 and 3.4 g/ Yang et al. (2008)
Goat 2012 Bovine asl-casein SCNT Data not available An et al. (2012)

Goat 2012 Goat B-casein (pbcl) SCNT 30 g/L rhLF Yu et al. (2012)

Goat 2012 Goat B-casein (pbcl) Microinjection 10 g/L hLf Goldman et al. (2012)
Lysozyme

Cow 2011 Bovine B-casein SCNT 0.0259 g/L Yang et al. (2011)
Goat 2006 Bovine asl-casein Microinjection 0.270 g/L Maga et al. (2006a)

lactoferricin domain, which may be an even more
potent antimicrobial (Yen et al. 2009). The lacto-
ferricin domain is also key to lactoferrin’s ability to
bind cell surface proteins and DNA (Baker and Baker
2009). During the first hours of life the gut is
permeable to many immunologically relevant proteins
such as IgA and growth factors necessary for gut
development (Commare and Tappenden 2007). After
the first few days of life the gut becomes impermeable
to most proteins, however there is a 105 kDa lacto-
ferrin receptor (also known as intelectin) that special-
izes in mediating uptake of lactoferrin into enterocytes
and crypt cells (Kawakami and Lonnerdal 1991; Liao
et al. 2007, 2012), so infants can transport lactoferrin
past gut closure. Once lactoferrin is taken up by
enterocytes at the brush border, is internalized into
compartments in the apical cytoplasm, where it can
have effects on cellular proliferation and directing
immune responses (Nielsen et al. 2010).

Lysozyme

The protein lysozyme is an important non-specific
antimicrobial factor in many body secretions includ-
ing milk, saliva, and intestinal mucus (Schenkels et al.
1995), and is very resistant to hydrolysis by acids and
proteases in the gut (Eschenburg et al. 1990), allowing
it to survive intact all the way through the GI tract
(Schanler et al. 1986). Different forms of lysozyme
have evolved and are found in organisms ranging from
T4 lysozyme in bacteriophages (Jespers et al. 1992) to
the various G and C type lysozymes which are found in

fish (Irwin and Gong 2003); salamanders (Yu et al.
2013); birds (Short et al. 1996); marsupials (Nicholas
et al. 1989; Piotte et al. 1997) rodents (Yeh et al. 1993)
and ruminants (Hettinga et al. 2011) to name a few.
Lysozyme acts as a N-acetylmuramidase that is able to
cleave 1,4-beta-linkages between N-acetylmuramic
acid and N-acetyl-D-glucosamine residues found in
the peptidoglycan layer of bacterial cells (Wiesner and
Vilcinskas 2010). The N-terminal helix portion of
lysozyme can kill Gram-negative bacteria by crossing
the outer membrane and interfering with membrane
potential-dependent respiration (Ibrahim et al. 2011).
Lysozyme also possesses the ability to modulate the
inflammatory response through several mechanisms
(Goldman et al. 1986). Lysozyme binds LPS and LTA,
preventing them from interacting with receptors on
intestinal epithelial cells (IEC’s) and intestinal
macrophages (Ginsburg 2002; Ohno and Morrison
1989a). Sequestration of LPS by lysozyme suppresses
pro-inflammatory effects, including production of
TNF-o (Ohno and Morrison 1989b; Kurasawa et al.
1996; Takada et al. 1994a, b). Using a porcine model
of chemically induced colitis, investigators were able
to decrease expression of pro-inflammatory cytokines,
including TNF-o and IL-8, as well as increase
expression of anti-inflammatory cytokines, including
TGF-f1, through oral administration of hen egg white
lysozyme (Lee et al. 2009). Lysozyme also has
significant immunomodulatory effects on neutrophils,
decreasing several responses to pro-inflammatory
agents and oxidative metabolism in neutrophils with-
out suppressing phagocytosis (Gordon et al. 1979).
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Lactoferrin and lysozyme

Both lactoferrin and lysozyme are found in high
concentrations in human milk (Montagne et al. 2001).
There are many health benefits that breastfed infants
experience and lactoferrin and lysozyme in breast milk
help to confer these positive effects (Mountzouris
et al. 2002; Newburg and Walker 2007). When
lactoferrin and lysozyme are together they have
synergistic antimicrobial properties. Lactoferrin has
a cationic domain that allows it to increase lysozyme’s
ability to kill bacteria. Lactoferrin binds to LPS on
the outer membrane which aids in disrupting of
the membrane and allows lysozyme better access the
peptidoglycan layer underneath in Gram-positive
bacteria (Leitch and Willcox 1999), and the proteo-
glycan matrix of Gram-negative bacteria (Ellison and
Giehl 1991). In conjunction lactoferrin and lysozyme
demonstrate a synergistic ability to inhibit growth of
both Gram-positive and Gram-negative bacteria (van
der Linden et al. 2009). They also demonstrate
additive effects against amoebas (Ledn-Sicairos
et al. 2006). Given the relationship between lactoferrin
and lysozyme, transgenic milk containing both antimi-
crobials has the potential to have an even more
pronounced positive effect on health.

Transgenic animals
Lactoferrin

Cows produce relatively little bovine lactoferrin in
their milk, however Pharming Group BV, a Dutch-
based biotechnology company, used microinjection to
genetically engineer a herd of transgenic cows that
express approximately 1.5-2.0 g/ recombinant
human lactoferrin (rhLF) in their milk, a concentration
within the range normally found in human milk
(Thomassen et al. 2005). Natural hLF from human
milk and rhLF from cows milk had identical iron-
binding and -release properties, however natural hLF
and rhLF underwent differential N-linked glycosyla-
tion (van Berkel et al. 2002). Natural hLF contains
complex-type glycans and rhLF contains oligoman-
nose- and hybrid-type N-linked glycans, but the
overall structures are identical (Thomassen et al.
2005).
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A second group in China employed a different
transgenesis technique to produce human lactoferrin
transgenic cows. Bovine fibroblast cells were co-
microinjected with a 150 kb BAC (bacterial artificial
chromosome) carrying the human lactoferrin gene and
a marker gene (Yu et al. 2011). Two transgenic cows
were generated that secreted rhLF at high levels, 2.5
and 3.4 g/L, respectively. The rhLF had a similar
proteolytic susceptibility as the natural human lacto-
ferrin and biochemical analysis revealed that the iron-
binding and releasing properties of thLF were iden-
tical to that of native hLF (Yang et al. 2008).
Glycosylation patterns between native hLF and rhLF
were compared and N-glycans from hLF are com-
prised entirely of highly branched, highly sialylated
and highly fucosylated complex-type structures, while
N-glycans from rhLF are of the high mannose-,
hybrid- and complex-type structures, with less
N-acetylneuraminic acid and fucose. However hLF
and rhLF appear to be glycosylated at the same two
sites (Yu et al. 2011). A comparison of milk
constituents showed that other than rhLF, milk from
lactoferrin cattle has the same composition as milk
from non-transgenic cows (Zhang et al. 2012).

Multiple lines of goats containing the human
lactoferrin transgene have also been generated (An
et al. 2012; Goldman et al. 2012; Yu et al. 2012). One
line of rhLF transgenic goats was generated in China
through somatic cell nuclear transfer using a 3.3 kb
hLF minigene and the regulatory elements of the -
casein gene (Yu et al. 2012). One transgenic goat
produced more than 30 mg/mL rhLF in its milk, and
rhLF expression was stable during the entire lactation
cycle. Compared with natural hLF, the rhLF from the
transgenic goat had similar a molecular mass, N-ter-
minal sequence, isoelectric point, immunoreactivity
and digestive stability (Yu et al. 2012). Another herd
of lactoferrin transgenic goats were generated in
Russia through microinjection, which produce up to
10 g/L hLF in their milk (Goldman et al. 2012). The
hLF was identical to the native protein in its physical
and chemical properties including electrophoretic
mobility, isoelectric point, and recognition by poly-
clonal and monoclonal antibodies (Goldman et al.
2012).

Non-traditional dairy animals have also been
generated that produce lactoferrin in their mammary
glands. A recombinant adenovirus vector carrying
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human lactoferrin ¢cDNA was injected into rabbit
mammary glands (Han et al. 2008). After viral vector
infection rabbits exhibited a high level of expression
of human lactoferrin in their milk, reaching up to
2.3 mg/mL. However this injected adenoviral vector
method is more suited for transient high-level expres-
sion of recombinant proteins.

Effect of lactoferrin milk

Multiple studies have been conducted investigating
the effects of milk containing recombinant hLF
produced in the mammary glands of transgenic
animals. Zhang et al. (2001) showed in an experiment
with neonatal mice that feeding rhLF-containing milk
from a transgenic mouse strain improved intestinal
growth. When comparing rhLF-milk fed pigs to non-
transgenic milk fed pigs, rhLF-milk fed pigs had
beneficial changes in systemic health and GI villi
architecture (Cooper et al. 2012). There was a
significant decrease in neutrophils and increase in
lymphocytes, which is an indicator of decreased
systemic inflammation. There were also changes in
intestinal villi architecture and rhLF-milk fed pigs had
taller villi, deeper crypts, and a thinner lamina propria.

During a 90 day rat feeding trial, no negative
effects were observed from consuming a diet that
included rhLLF milk powder compared to standard milk
powder (Zhou et al. 2011). Higher mean ferritin and
Fe(+) concentrations were observed in both male and
female rats fed the rhLF milk powder diets, as
compared to rats fed non-transgenic milk diets or the
commercial diet. Another study investigated the
effects of rhLF on anemia and found that rhLF can
improve iron status of rats with anemia more than
supplementation with ferrous lactate alone (Wang
et al. 2012).

Lactoferrin is an antimicrobial protein with in vitro
bactericidal activity against Escherichia coli and
Listeria monocytogenes, and fungicidal activity
against Candida albicans, as well as the ability to
increase in the activity of antibiotics when used in
combination in vitro (Goldman et al. 2012). Using an
in vivo model, thLF beneficially modulated the
intestinal flora composition and improved the growth
of young pigs (Hu et al. 2012). Pigs fed rhLF had
decreased Salmonella spp. in the colon and E. coli
throughout the intestine and increased concentrations
of Bifidobacterium spp. in the ileum and of

Lactobacillus spp. throughout the intestine. These
pigs also had improved average daily weight gain.
Experimental infection models have also been tested.
Transgenic cows producing rhLF in their milk and
non-transgenic cows were infected with Staphylococ-
cus chromogenes and all transgenic cows became
infected but showed no clinical signs, while the
control cows developed mild clinical mastitis (Simo-
joki et al. 2010). Transgenic cows producing rhLF in
their milk eliminated bacteria faster from their quar-
ters than did the controls and seemed to be protected
from clinical disease and from prolonged inflamma-
tory reaction caused by intramammary infection
induced by S. chromogenes.

Lysozyme

A herd of transgenic goats that produced hLLZ in their
milk was produced through pro-nuclear microinjec-
tion of a 23 KB construct that included the bovine as1
casein promoter and 5'UTR and human lysozyme
cDNA. These goats produce 270 mg/L of hLZ in their
milk, which is approximately 65 % of what humans
produce. Other than the hLZ protein milk from
transgenic and non-transgenic goats had the same fat
and protein composition (Maga et al. 2006a). The
overall fitness of these transgenic goats was evaluated
(Jackson et al. 2010). In males, none of the parameters
of semen quality, including semen volume and
concentration, total sperm per ejaculate, sperm mor-
phology, viability and motility, were significantly
different between hLZ transgenic bucks and non-
transgenic full-sib controls. The hLZ transgenic
females did not significantly differ in the reproductive
traits of gestation length and litter size compared to
their non-transgenic counterparts. Neither the pres-
ence of the transgene nor the consumption of milk
from transgenic animals significantly affected birth
weight, weaning weight, overall gain and post-wean
gain. This indicates that reproductive and growth traits
are not impacted by the presence or expression of the
transgene (Jackson et al. 2010). Furthermore, the
presence and expression of the transgene had no off-
target effects on lactating animals of the transgenic
line as indicated by lack of differences in circulating
metabolites (Clark et al. 2014).

Transgenic cows expressing recombinant human
lysozyme (hLZ) were generated using somatic cell
nuclear transfer (Yang et al. 2011). These cows
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produce up to 25.96 mg/L hLZ in their milk, which is
approximately twice the amount of endogenous
bovine lysozyme produced; a concentration that is
still only around 6 % of what is found in human milk
(Montagne et al. 2001; Table 1). The purified recom-
binant hLZ showed the same physicochemical prop-
erties, such as molecular mass and bacterial lysis, as its
natural counterpart and both recombinant and natural
lysozyme had similar pH and temperature stability
during in vitro simulations. The gross composition of
transgenic and non-transgenic milk, including levels
of lactose, total protein, total fat, and total solids was
the same (Yang et al. 2011), and a more complete
assessment of milk composition found that other than
the hLZ, transgenic and non-transgenic milk have the
same composition (Zhang et al. 2012).

Effects of lysozyme milk

Goats producing hLZ-milk have a significantly lower
somatic cell counts than control goats, indicating an
overall healthier udder environment and less stimula-
tion of the immune system by pathogens (Maga et al.
2006a). Looking at the relative abundance of micro-
bial populations in milk from hLZ transgenic goats
and control goats across the course of lactation,
lysozyme in milk had some positive and some neutral
effects on the bacteria present in the milk throughout
the course of lactation, and overall the presence of the
lysozyme does not appear to be disrupting the natural
evolution of the microbiota during the course of
lactation (Mcinnis et al. 2015). In vitro, hLZ-milk
slows the growth of mastitis-causing strains of E. coli
and Staphylococcus aureus as well as the cold-
spoilage organism Pseudomonas fragi (Maga et al.
2006b). The growth of an organism involved in
cheese-making, Lactococcus lactis, was not affected
by the presence of lysozyme in milk. Cheese made
from hLLZ goats’ milk had significantly stronger curd
and less clotting time, attributed to hLZ’s positive
charge because the addition of polycations can
promote faster curd precipitation through the
increased number of positive—negative bonds forming
(Maga et al. 2006b).

When fed to young pigs the hLZ goat milk had a
variety of effects. These effects include reducing
numbers of coliforms and E. coli in the intestine
(Maga et al. 2006¢; Brundige et al. 2008). The hL.Z
goat milk also increases the abundance of bacteria
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associated with gut health (Bifidobacteriaceae and
Lactobacillaceae) and decreases abundance of those
associated with disease (Mycobacteriaceae, Strepto-
coccaceae, Campylobacterales) (Maga et al. 2012).
The hLZ goat milk also positively impacts intestinal
health, increasing villi surface area (Brundige et al.
2008), decreasing lamina propria thickness, and
increasing expression of the anti-inflammatory cyto-
kine TGFB1 (Cooper et al. 2011). Systemic effects
have also been observed including increased levels of
serum metabolites that are associated with health
including myo-inostitol, co-enzyme Q10, and taurine
(Brundige et al. 2010).

The hLLZ goat milk has also been tested in in vitro
and in vivo experimental infection models. In an
in vitro model, intestinal epithelial cell migration was
significantly decreased in the presence of enteroag-
gregative E. coli (EAEC) alone but was restored in the
presence of milk (Carvalho et al. 2012). Milk from
hLZ transgenic goats improved migration significantly
more than control milk. Both milks significantly
reduced EAEC adhesion to Caco-2 cells and trans-
genic milk resulted in less colonization than control
milk using a HEp-2 cell line assay. While normal goat
milk is able to repair intestinal barrier function
damage induced by EAEC the hLZ transgenic goat
milk provides further protection (Carvalho et al.
2012). In an in vivo model of diarrhea using young
pigs infected with enterotoxigenic E. coli (ETEC),
pigs consuming hLZ-milk recovered from clinical
signs of infection faster than pigs consuming control
milk, with significantly improved fecal consistency
and activity level (Cooper et al. 2013). Circulating
monocytes, neutrophils, and lymphocytes returned
faster to pre-infection proportions in hLZ-milk fed
pigs, while control-fed pigs had significantly higher
hematocrit, indicating continuing dehydration. In the
ileum, pigs fed hLZ-milk had significantly lower
expression of pro-inflammatory cytokine IL-8, longer
intestinal villi, deeper crypts, and a thinner lamina
propria. Thus consumption of hLZ-milk helped pigs
recover from infection faster, making hLZ-milk an
effective treatment of E. coli-induced diarrhea
(Cooper et al. 2013).

Effects of lactoferrin and lysozyme in conjunction

There are no transgenic ruminants that produce both
human lactoferrin and human lysozyme in their
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mammary gland. However a study has been conducted
combining milk from lactoferrin transgenic cows and
milk from lysozyme transgenic goats (Cooper et al.
2014). Pigs fed a combination of rhLF and hLZ milk
had significantly thinner lamina propria layer and
significantly deeper crypts. Hematological parameters
were also changed. Pigs fed hLZ with control milk,
rhLF with control milk and rhLF with hLZ had
significantly reduced mean corpuscular volume
(MCYV) and increased red blood cells compared to
control milk only fed pigs. These results support
previous research that shows milk containing rhLLF
induces proliferation of intestinal crypt cells, and that
pigs fed milk containing thLF and hLZ had decreased
intestinal inflammation, particularly in the lamina
propria. The increased RBC’s shows animals fed these
antimicrobials had higher numbers of RBC’s and that
the RBC’s were more mature since as RBC’s mature
the volume (MCV) decreases (Cooper et al. 2014).

Future research

There are now many transgenic dairy animals pro-
ducing either human lactoferrin or lysozyme, and a
growing body of research about the basic effects of
these types of milk, both in vitro and in vivo. As
research continues the effects of various milk pro-
cessing techniques, such as powdering, on the bioac-
tivity of lactoferrin and lysozyme in milk will likely be
investigated, since powdering allows for extended
shelf life and easier shipment of the milk. Also, it has
already been shown that milk containing different
concentrations of lactoferrin and lysozyme can induce
different physiological changes (Cooper et al. 2014),
thus more in-depth dose-response studies could be
done to determine the threshold concentrations needed
to induce specific changes. Additionally investigations
into the effects of long term consumption as well as
monitoring how long after the cessation of consump-
tion the effects on parameters such as intestinal
architecture, immune response, and microbiota per-
sist. Knowledge about these factors will be vital in
enabling the design of future studies, as more research
teams transition from testing the general effects of
lactoferrin or lysozyme milk, to testing the efficacy of
these milks against specific diseases such as E.coli
infections (Cooper et al. 2013), and other GI tract
disturbances.

Lactoferrin and lysozyme are the most abundant
antimicrobial proteins in human milk, but many other
antimicrobial proteins besides these two exist in
human milk, and there are groups in the process of
engineering dairy animals to make other antimicrobial
proteins in their milk, such as B-defensin (Jia et al.
2001; Liu et al. 2013). As knowledge about the role of
endogenously produced antimicrobial proteins in
innate and adaptive immunity increases it is possible
that transgenic dairy animals will be used to produce a
wider variety of antimicrobial proteins. Another trend
in antimicrobial protein research is the design of
specific proteins and peptides that target specific
bacteria and viruses (Polcyn et al. 2009; Mao et al.
2013; Ma et al. 2013), and genetically engineered
dairy animals represent a possible production system
for these novel proteins and peptides.

While there are many possible uses for genetically
engineered dairy animals, as well as genetically
engineered animals in agriculture in general, a key to
continuing progress in the field of transgenic animal
research is the streamlining of the regulatory process.
Many lines of transgenic agricultural animals have
been engineered to help solve specific problems
around the world including bacterial diseases (Cooper
et al. 2013), environmental pollution (Golovan et al.
2001), and food security (Du et al. 1992; Wheeler et al.
2001). Despite decades of research into both the safety
and benefits that these animal that could provide, no
transgenic animals have been approved for use in
agriculture (Murray and Maga 2010). To effectively
face current and future issues around the globe, we
must be willing to objectively evaluate and implement
new technologies, including genetic engineering of
animals used in agriculture.
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