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Abstract— Expression in milk of transgenic farm animals is one of the most effective ways to produce eukary-
otic recombinant proteins. In this review, we discuss the problems of the appropriateness of selecting this
expression system for the production of proteins and the development characteristics of appropriate produc-

tion processes.
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Preparations based on recombinant proteins, such
as hormones, enzymes, blood factors, growth factors,
and monoclonal antibodies (monaABs), are increas-
ingly used in modern medicine. Global sales of biop-
harmaceuticals, which are mainly represented by
recombinant proteins, have doubled in the period
from 2004 to 2009 and amounted to 92 billion USD.
By 2015, this figure is predicted to increase to 167 bil-
lion USD [1]. Growth in sales is mainly expected due
to an increase in the share of drugs based on monoABs
up to 79 billion USD in 2015. At the same time, the
patent protection of many successful drugs is expiring,
which leads to increased competition among manu-
facturers. In these circumstances, more and more
attention is paid to the reduction in the primary cost of
recombinant proteins and improvement of their qual-
ity by selecting new more efficient expression systems.

The technology of industrial production of recom-
binant proteins (RPs) is a complex multistep process
that involves the creation of a producer, development
of RP purification technologies, organization of mon-
itoring systems for the parameters of the production
process, and quality control of preparations. Today,
the establishment (or extension) of production based
on cultures of eukaryotic cells requires a lot of time
(two to five years) and financial expenditures (50 to
500 million USD), depending on the production vol-
ume [2]. A very important step on the way of an RP-
based therapeutic agent to the market is the approval

Abbreviations: GEC, genetic engineering construct; G-CSF, gran-
ulocyte colony-stimulating factor; monaAB, monoclonal anti-
bodies; RP, recombinant protein; EDTA, ethylenediamine tet-
raacetic acid; CaP technology, calcium phosphate technology;
CHO, Chinese hamster ovary cell line; FDA, Food and Drug
Administration (United States); GAP, Good Agricultural Practice.
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of the production technology by regulatory authori-
ties, which require the technological process stability
and the resulting product biosafety.

The development of a technological process that
meets these requirements is greatly simplified if earlier
approved technologies for RP production are used,
because, in this case, the requirements for the produc-
tion process and the approaches to solving technical
problems are already known. When fundamentally
new approaches for RP production are used, the time
and financial expenditures associated with the official
approval of the technological process increase mani-
fold. This can largely explain the fact that new techno-
logical platforms for protein production, such as those
based on the use of transgenic animals and plants,
practically have not been used earlier despite their
economic attractiveness. For example, all ten biophar-
maceuticals approved in 2008 in the United States and
Europe were obtained using E. coli or yeast cells or
mammalian cell cultures (CHO) [3].

However, the situation has begun to change
recently. For example, a vaccine obtained in a bacu-
loviral expression system and a recombinant human
antithrombin produced in the milk of transgenic goats
was first approved for use in the United States in 2009.
The production of the recombinant C1 inhibitor, iso-
lated from the milk of transgenic rabbits, was approved
for use in Europe in 2010. Thus, it is seen that the use
of transgenic animals is a competitive modern
approach to the industrial production of recombinant
proteins.

This review provides a comparison of different RP
expression systems, discusses the advantages and dis-
advantages of RP expression in the milk of transgenic
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animals, and considers the characteristics of the cre-
ation of such production.

MODERN SYSTEMS FOR RECOMBINANT
PROTEIN PRODUCTION

At present, there are many different approaches to
obtain RPs; however, only some of them are used in
industrial production. The main characteristics of indus-
trial expression systems are summarized in Table 1. The
first RPs were obtained using bacteria. The bacterial
expression system is considered to be the least expensive
for the production of ordinary RPs without posttransla-
tional modifications. Today, approximately half of RPs
are produced on the basis of bacterial cells [4].

Under the conditions of strong competition among
producers, even a slight effect of posttranslational
modifications on the protein function can improve its
quality and therefore provide a competitive advantage
for the manufacturer of the given preparation. For
example, the absence of glycosylation of human inter-
feron-beta produced with the use of bacteria leads to a
tenfold decrease in the specific activity. This disadvan-
tage is compensated by administering patients with
higher doses of the protein produced by bacteria with
a greater frequency. According to the available data
[5], there are no significant differences in the out-
comes of treatment with interferon-f3 of bacterial and
eukaryotic origins. However, although the prokaryotic
interferon-3 appeared on the market earlier, its cur-
rent sales are less than a quarter of the world market of
interferons- [6]. In general, there is a tendency
toward gradual replacement of the production of
recombinant therapeutic proteins by using bacteria
with production based on the use of eukaryotic, yeasts,
and mammalian cell cultures.

The yeast expression system allows for the obtain-
ing of glycosylated proteins. However, in yeast cells,
long oligomannose glycosylated chains are synthe-
sized, which do not always ensure sufficient biological
activity of RPs in the case of glycosylation. In addi-
tion, in the human body, proteins with oligomannose
chains bind to the mannose receptor and undergo
rapid clearance. Typically, although not always, the
level of RP expression in a yeast system is lower than in
a bacterial system. For example, in Pichiapastoris,
yeast cells often allow for the obtaining of RPs at a
concentration of 10 g/L of culture medium.

Recombinant proteins obtained in insect cells have
the majority of posttranslational modifications char-
acteristic of higher eukaryotes. However, in this
expression system, posttranslational modifications,
adversely affecting the biological activity and immu-
nogenicity of the protein, may also take place. This is
a relatively new technology, and companies, such as
Pfizer, Wyeth-Ayerst (United States), Bayer (Ger-
many), and Human Genome Sciences (United
States), are working on improving it. In particular, the
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problem of removing some of the approximately
100 genes constituting the baculoviral genome (which
is used to infect insect cells for RP expression) is stud-
ied with the purpose of simplifying the product purifi-
cation process. Currently, baculoviral infection is a
rare component of the expression system, which is
basically tried to be used for the production of vac-
cines, because, in this case, the immunogenicity of the
protein determined by the posttranslational modifica-
tions is not an obstacle to the use of the drug.

An interesting system from the economic point of
view is the expression system based on transgenic
plants, which makes it possible to obtain a very inex-
pensive RP. The organization of production in this
case is cost- and time-effective. The main obstacles in
using this technology are the difficulties associated
with the isolation of RPs from the plant mass, the fact
that posttranslational modifications in plant and
mammalian cells are different, and the unresolved
problems of the biosafety of products. The last issue is
the most important for the development of this tech-
nology. There are already several cases of the acciden-
tal introduction of transgenes into food products. For
example, in 2000, the genetically modified Starlink
corn (Aventis, France), which was not approved for
human consumption, was found in foodstuff in the
United States. It required about 1 billion USD to
recall these products, clean storages, and pay all claims
[7]. In 2002, the ProdiGene company (United States)
paid a fine of 250000 USD for getting genetically
modified maize on fields with conventional crops and
1 million USD for the remediation of soil pollution.
Currently, genetically modified plants are used in agri-
culture; however, there is no single drug protein
derived from transgenic plants. Apparently, it will take
time to solve the problems of biosafety, allergenicity,
posttranslational modifications, and organization of
RP production from transgenic plants. Apparently, the
most promising medical use of this technology in the
near future will be the production of various edible
vaccines.

The expression of proteins in mammalian cell cul-
tures makes it possible to produce complex RPs with
posttranslational modifications, which are the closest
to the modifications of human proteins. Such proteins
usually exhibit biological activity and low immunoge-
nicity and can therefore be used as a medicine for a
long period of time (sometimes for a lifetime). For
many proteins, it is practically the only expression sys-
tem that can yield products of the desired quality. For
example, all antibodies for therapeutic administration
are produced using mammalian cell cultures.

Besides the above, there are other less common
expression systems of recombinant proteins. Expres-
sion systems of recombinant proteins based on the use
of new microorganisms are developed, and cell-free
synthesis systems are improved. From the above exam-
ples, it is clear that any expression system has not only

No.9 2013
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attractive characteristics (simplicity and low cost of
the protein, etc.) but also disadvantages. At the current
level of molecular biology development, these defects
can almost always be corrected. For example, numer-
ous papers describing changing the nature of glycosy-
lation have been published. Various methods for
increasing the expression level of the target protein in
different systems, etc., have been proposed [8—10].
Thus, the current scheme of selecting a platform for
the expression of RPs can change dramatically in the
near future.

CREATION OF TRANSGENIC ANIMALS
PRODUCING RECOMBINANT PROTEINS

The idea of using the milk of transgenic animals for
the production of RPs emerged in the mid-1980s
almost simultaneously with obtaining the first trans-
genic animals. Since that time, this approach has been
well studied. It has been shown that transgenic animals
can thus produce virtually all proteins in a functionally
active state and can therefore serve as an alternative to
the use of mammalian cell cultures. A lactating mam-
mary gland is a natural bioreactor that consumes the
nutrients of the animal and uses them for the synthesis
and secretion of the protein. This allows for a very high
level of expression of RP (40 g per liter of milk) to be
reached [11].

The first step in obtaining animals producing RPs
in milk is the development and creation of an appro-
priate genetic engineering construct (GEC). The
GEC structure determines the level of RP expression
in milk. The main objective is to reach a high level of
RP expression only in mammary gland cells, because
the expression in other organs and tissues may affect
the animal’s health. For this reason, the regulatory
regions of the genes that encode the major milk pro-
teins (caseins and lactoglobulins) are usually used for
the expression of RPs. Insulators are also often used in
GECs, which are supposed to increase the level of
transgene expression, provide independent expression
regardless of the transgene integration site into the
genome of an animal, and prevent corepression in case
of multicopy insertions of the transgene into the
genome [12, 13].

It should also be noted that there are constraints
imposed by regulatory authorities on the presence of
certain DNA sequences in a plasmid that is used for
obtaining transgenic animals. For example, the AgRe-
search company (New Zealand) was allowed in 2002
to create transgenic animals that should not contain
the following types of DNA: (1) viral sequences other
than the replication origin site of SV40 or Epstein—
Barr viruses, (2) bacterial sequences other than marker
genes and their promoters, (3) genes of known recep-
tors that interact with viruses, (4) genes conferring
resistance to antibiotics of medical importance, and
(5) genes associated with the transmitted form of
encephalopathy (bovine spongiform encephalopa-

APPLIED BIOCHEMISTRY AND MICROBIOLOGY Vol. 49

715

thy). In the future, these stringent requirements for the
composition of GECs were relaxed. For example, in
2005 AgResearch received permission to use the puro-
mycin resistance gene in GECs, and in 2007 the pres-
ence of recombinase recognition sites (LoxP-sites)
and the polyadenylation signal of the SV40 virus in
GECs was allowed [14].

Commercially available expression vector pBS1,
which carries the regulatory region of the goat beta
casein gene, including the tissue-specific enhancer
and two first noncoding exons, are most often used for
the production of transgenic mice, goats, and cows.
Two copies of the insulator (1.2 kb) isolated from the
chicken beta-globin locus are inserted upstream of the
regulatory region of this vector. The construct also
contains the 7-kb 3'-end region of the beta-casein
gene. For the RP expression, cDNA of a gene is used,
which is inserted at the XAol restriction endonuclease
site, localized in the second exon of the gene. In some
cases, an entire RP-encoding gene with introns can be
inserted if this gene is small. Usually, transgenic ani-
mals obtained using full-length genes show a more
efficient expression of the RP than those obtained with
the use of cDNA.

Currently, there are no standard vectors and
approaches that provide a stable high level of RP
expression in the mammary gland of transgenic ani-
mals. In view of this, an optimal strategy is to create a
series of GECs differing in the regulatory elements
that control the transcription and the presence
(absence) of introns in the coding region, which show
different efficiency when tested in transgenic mice.
This approach makes it possible to identify any poten-
tial negative effect of RP expression on animals' viabil-
ity and lactation. An optimal GES variant, selected
with the use of transgenic mice, will with a high prob-
ability be the most effective in the production of large
transgenic farm animals.

An RP concentration in milk greater than
1 mg/mL is generally considered commercially attrac-
tive. Numerous cases of RP production in the milk of
large animals when the RP concentration exceeded
10 mg/mL were described. Table 2 shows examples of
production of different RPs in the milk of transgenic
goats. It can be seen that, in some cases, the level of RP
in the milk was relatively low. Typically, this is due to
either an inappropriate integration site of GEC or the
absence of testing in transgenic mice. In some cases
(e.g., G-CSF), a high level of RP expression can
reduce the survival of animals. As a result, only trans-
genic animals with a low level of RP expression can
survive and produce offspring. It should be borne in
mind that, after each RP reaches a certain level of
expression, lactation is disturbed. Recombinant pro-
teins can “clog” the secretory apparatus of mammary
gland cells, cause cell death, or affect the development
of the mammary gland as an organ. In view of this, the
main task is to reach an optimal, rather than a maxi-
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Table 2. Efficiency of production of different recombinant
proteins with milk of transgenic goats:

Gene Promoter Expression | Refer-
level, mg/mL| ence

MonoAB Goat B-casein 14 [16]

Lactoferrin Same 10 [13]

Antithrombin | " 0.09—12.5 [17]

Butyrylcho- 0.1-5.0 [18]

line esterase

a-Phetoprotein | " 0.6—1.1 [19]

Lactoferrin " 0.77 [20]

Lysozyme Cows alpha-sl- 0.27 [21]
casein

G- CSF -Casein of goats 0.07 [22]
and cows

Growth hor- | Goat 3-casein 0.07 [23]

mone

G- CSF Same 0.05 [24]

Factor IX Cow B-casein 9.5x 107 | [25]

mum, level of RP expression, at which the animal is
healthy and stably produces milk [15]. For example, to
produce human albumin, transgenic cows with an
albumin concentration in milk varying from 1 to
40 mg/mL were obtained [11]. In all cows with higher
levels of albumin expression, the lactation period was
reduced, whereas in animals with an RP production
level of 1 mg/mL lactation did not differ from the
norm.

The next task is to choose an optimal animal pro-
ducer of RP and a method for the introduction of rel-
evant DNA into its cells. Table 3 shows the time
required for creating a herd of transgenic animals of
different species and the average annual milk yield per
one such animal. Although the greatest amount of
milk in domestic animals can be obtained from cows,
the time spent on the creation of a herd of transgenic
cows producing RPs is too long. Usually, transgenic
goats are obtained, which provide an optimal ratio
between the consumed time and the milk yield. In the
case of small production volumes, transgenic rabbits

KHODAROVICH et al.

can be used, which reduces the time required to create
a herd.

The creation of large transgenic animals itselfis still
a technically difficult, time consuming, and risky pro-
cedure. Many different methods for producing trans-
genic animals were proposed, including the use of
viruses, transformation of spermatogonia and sperma-
tozoids, use of transposons and homologous recombi-
nation proteins, etc. [26]. All these methods have cer-
tain disadvantages. For example, when using lentivi-
ruses, it is impossible to work with genes containing
introns; the gene size cannot exceed 8000 bp. In addi-
tion, only one GEC copy is usually integrated into the
genome, which may be insufficient to reach the
desired level of expression. The incubation of DNA
with spermatozoids gives poorly reproducible results,
and the DNA sequence in the genetic construct
inserted into the genome is often changed.

In practice, the method of DNA microinjection into
the pronucleus of a zygote is still used for large farm ani-
mals. The effectiveness of this method significantly
differs for different animal species: it gives good results
in mice, rabbits, and pigs but is much less effective in
large animals [28]. This phenomenon can be
explained by the following: the smaller number of ani-
mals in a litter hampers collecting a sufficient amount
of zygotes for injections; it is difficult to “catch” the
proper stage of zygote development; and the pronuclei
of large animals can often hardly be distinguished, and
the centrifugation of zygotes may require their visual-
ization. Moreover, the efficiency of transgene integra-
tion in large animals is less than, for example, in mice.
As a result, to obtain two or three transgenic cows, at
least one year of work with a herd of about a thousand
heads may be required, which is particularly intensi-
fied during periods of estrus. Various methods existed
for increasing the efficiency of the microinjection
method for producing transgenic animals, but all of
them were either ineffective or poorly reproducible
[29.30] and are not used today.

In recent years, large transgenic farm animals have
been obtained using the reproductive cloning method. 1t
is based on the possibility of creating an animal from
an enucleated oocyte, into which the nucleus of a
somatic cell is transferred. The insertion of a transgene
into the oocyte using standard techniques (transfec-

Table 3. Time required to obtain herds of different transgenic animals and annual volume of milk derived from them [27]

Index Rabbit Pig Sheep Goat Cow
Gestation period, months 4 5 5 9
Age of puberty, months 5 6 8 8 15
Time elapsed between the gene transfer 7 16 18 18 33
and the first lactation, months
Number of offspring, heads 8 10 1-2 1-2 1
Average annual milk yield per animal, L 15 300 500 800 8000
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tion or electroporation) before the nucleus transfer
yields a transgenic animal. The cells in which the
transgene was inserted are selected using antibiotics:
the expression vector carries a gene conferring resis-
tance to an appropriate antibiotic as a selection
marker. The negative consequence of this approach is
the expression of the antibiotic resistance gene in the
derived transgenic animals.

The most important parameter that determines the
method efficiency is the selection of cell donors of
nuclei for transfer. Firstly, the nuclei of different cells
vary in their ability to undergo reprogramming in the
oocyte cytoplasm. In the experiments on the nucleus
transfer described in literature, the number of born
animals relative to the number of transplanted
embryos ranged from less than 1 to 83%, which was
mostly determined by the difference in the type of cells
used as donors of nuclei and the conditions of their
cultivation. Secondly, the selected cells should have a
high ability to form a culture from a single cell,
because individual cells must be able to develop in col-
onies during the selection of the clones stably trans-
formed by the transgene. The most commonly used
cells are fetal fibroblasts, which can undergo 30—50
divisions.

The main problem of the reproductive cloning
method for obtaining transgenic animals is a high
death rate of zygotes and embryos developing from
them. This is apparently due to an incomplete repro-
gramming of the genome of the nucleus transplanted
into the oocyte cytoplasm; currently, there is no solu-
tion to this problem [31]. The effectiveness of obtain-
ing transgenic animals by this method can be esti-
mated by the typical results presented in [32]: 2961
reconstructed zygotes were transplanted into 18 pigs.
Six females were pregnant and gave birth to 15 piglets,
11 of which carried the transgene. It should be noted
that the animals born as a result of a nuclear transfer
often have lethal developmental deviations which fur-
ther reduces the efficiency of the method. However,
transgenic sheep [33], cows [34], and pigs [32] have
been obtained to date using this method.

The main advantages of the method of obtaining
transgenic animals by nuclear transplantation are the
possibility of preselection of cell donors of nuclei that
effectively express RPs, as well as a high percentage of
transgenic animals in the progeny, which makes it pos-
sible to significantly reduce the number of recipient
animals and, accordingly, the cost of obtaining trans-
genic animals. As a result, despite the fact that the
nuclear transplantation procedure is labor-consuming
and requires specialized equipment and highly skilled
personnel, it is more preferable than the microinjec-
tion method and is today the basic technique to obtain
large transgenic animals in many companies.

In recent years, reports on the development of
promising new methods for producing transgenic ani-
mals have been published. One of them is stable trans-
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Jformation with the transgenic of stem cells that are pre-
cursors of oocytes. After the transplantation of these
cells into the ovaries of adult mice, 30% of born trans-
genic mice contained the transgene [35]. A similar
approach is the transformation of stem cells that are
precursors of sperm cells and their subsequent trans-
plantation into the seminiferous tubules of infertile
males [36]. At present, the prospect of using these new
methods is unclear.

Another interesting approach that has emerged in
recent years is to increase the efficiency of the transgene
integration using highly active transposases. The gene
encoding the transposase and the transgene flanked by
the terminal repeats of the transposon are coinjected
into the zygote. As a result of the reaction catalyzed by
transposase, a single copy of the transgene is inserted
into one or more sites in the genomic DNA of an ani-
mal. It is believed that, to simplify the control of inher-
itance, it is necessary to obtain animals whose genome
contains only one transgene integration site; this can
be ensured by crossing transgenic and nontransgenic
animals. This approach has already been used to pro-
duce transgenic pigs [37]. The efficiency of the trans-
gene integration in this case depends on the transpo-
son type, the transgene length, the injected DNA con-
centration, and the injection site. It is noteworthy that
the use of high-activity transposases yields a high per-
centage of integration (approximately 50%) even in
the case of coinjection of plasmids into the zygote
cytoplasm, which greatly facilitates the obtaining of
transgenic animals [37]. At present, it is unclear how
this method can be used for animals producing RPs in
milk, since there is no clear evidence which level of RP
production in milk can be reached when a single copy
of the transgene is used.

PRODUCTION CREATION
CHARACTERISTICS

Currently, there are only two enterprises producing
RPs from the milk of transgenic animals. These data
can provide a general idea regarding ??the organiza-
tion of such facilities.

Much attention is paid to the health of animals
producing RPs. First of all, animals should not have
diseases caused by prions [38]. Prions are a special
class of infectious agents composed of proteins only
and containing no nucleic acids, which cause severe
diseases of the central nervous system of some farm
animals. This disease can be transmitted from animals
to humans; since the infectious agent has a protein
nature, the complete purification of RPs from prions is
a difficult problem. Since the incubation period in this
disease ranges from one to four years, the most appro-
priate approach is to work with animals that are guar-
anteed to be healthy. Australia and New Zealand are
countries in which there are no scrapie (a disease of
goats and sheep caused by prions), and transgenic
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goats producing RPs are obtained in these countries or
from herds of animals brought from these countries.

After obtaining a herd of animals that produce RPs,
there is a risk of failure of the entire project because of
their infection. To prevent such cases, the work with
animals is performed according to the standards of
Good Agricultural Practices (GAP). Transgenic ani-
mals are fed a standardized feed which does not con-
tain animal products, their health is regularly moni-
tored, and the visits of such animals by people are also
controlled. A complete vaccination of animals is also
performed, and a double fence around such a farm is
constructed to prevent the entry of wild animals [39].

The regulatory authorities in Europe and the
United States require manufacturers to meet certain
biosafety measures. All animals that were used to gen-
erate transgenic animals and/or target product pro-
duction cannot be used as a source of meat, milk, or
other food [39]. There is also a danger of a horizontal
transfer of a transgene (e.g., to a blood-sucking insect
or soil bacteria). This primarily applies to antibiotic
resistance genes, the transfer of which may lead to the
development of bacterial resistance. In this regard, for
example, the AgResearch company must perform peri-
odic analyses of bacteria from soil near the habitat of
transgenic animals for the presence of transgenes [14].

The process for milk collection is also standard-
ized. It is known that the glycosylation profile of a pro-
tein in milk may depend on the lactation stage and
somewhat vary among different animals in a herd.
Therefore, to increase the homogeneity of the final
product, batches of milk obtained on different days of
lactation and from different animals are pooled.

There are several industrial protocols for the purifi-
cation of RPs from milk, developed by different com-
panies. The applicability and effectiveness of different
protocols strongly depends on the RP properties. For
the effective purification of a new product, modifica-
tion of the existing methods or even the development
of new ones may be required. At first, as a rule, fat is
removed from milk by low-speed centrifugation
(5000—10000 g). The resulting aqueous phase, called
plasma, comprises casein micelles, water, lactose, and
soluble noncasein proteins. Casein micelles can be
removed by high-speed centrifugation; however, it
should be borne in mind that they are the main protein
fraction of milk and may contain the RP. If a signifi-
cant portion of the target protein is included in the
casein micelles, the latter should be destroyed to
increase the yield of the RP. For example, the Bio-
Sante company (United States) proposed a procedure
for the purification of the RP from casein that is based
on the use of calcium phosphate particles (CaP tech-
nology). Casein micelles are destroyed by introducing
EDTA, after which new micelles are formed by adding
calcium phosphate particles under conditions when
the RP is removed. Caseins are precipitated from the
mixture by high-speed centrifugation. This process of
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micelle removal ensures a target product yield of about
90%; it can be easily performed on a mass scale and is
inexpensive.

Another scheme was developed by PPL Therapeu-
tics Ltd. (Great Britain) for the purification of the a.1-
proteinase inhibitor from milk [40]. In this protocol,
the stage of destruction of casein micelles is absent.
Caseins are precipitated with polyethylene glycol and
pelleted from the serum by centrifugation. Then, the
remaining protein is concentrated by precipitation
with polyethylene glycol. The final purification is per-
formed by column chromatography in five stages. As a
result, an almost pure target protein with a total yield
0f44% is obtained. It is noteworthy that most substan-
tial losses (30%) occur at the stage of removal of casein
micelles. This method was also used for the purifica-
tion of fibrinogen from milk [41]. However, in the last
case, the RP coprecipitated with casein micelles and
was rapidly damaged, apparently because proteolytic
enzymes also coprecipitated with caseins. This prob-
lem was solved by breaking the association between
casein micelles and proteolytic enzymes by the addi-
tion of lysine or another basic amino acid at a concen-
tration of 10—200 mM.

The third method of RP purification from milk was
developed by GTS Biotherapeutics (United States) for
antithrombin III and includes flow filtration [42].
Unlike the previous case, it is not necessary to remove
fat and casein micelles, which simplifies the process
and increases the yield of protein. Flow filtration of
milk removes caseins, fat, viruses, bacteria, and
somatic cells. The purification process can be made
continuous by constantly adding starting material and
collecting the filtered liquid. The filtered liquid is then
subjected to a series of chromatographic procedures.
With this purification scheme, the yield of antithrom-
bin I1I was 75—90%.

Note that the remaining steps of the production
process, such as the control of purification of the prep-
aration and the quality of the final product, do not dif-
fer substantially from similar procedures used in the
production of RPs from eukaryotic cell cultures. Thus,
owing to the already existing facilities, it can be
assumed that many problems associated with obtain-
ing RPs from the milk of transgenic animals have been
solved.

ADVANTAGES OF THE PRODUCTION
OF RECOMBINANT PROTEINS
FROM THE MILK OF TRANSGENIC ANIMALS

Recombinant proteins, the properties of which are
very similar to the properties of human proteins, can
be derived from the milk of transgenic animals. Cur-
rently, these proteins are almost always produced using
mammalian cell cultures. Table 4 shows a comparison
of the key parameters of the production of recombi-
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Table 4. Comparison of the production characteristics of recombinant antithrombin antibodies in the amount of 100 kg/yr
using a mammalian cell culture and the milk of transgenic goats

Index

Time required to create production, years
Reactor volume; number of animals

Costs of establishing production, million USD

Cost of 1 g of protein, USD

Mammalian cell culture Milk of transgenic animals
3-5 5-7L
8500 L 35 goats
50—300 (strongly vary in different sources) 10—-50
300—3000 105

nant proteins using transgenic animals and mamma-
lian cell cultures [43, modified].

The data summarized in Table 4 show that the use
of transgenic animals makes it possible to derive RPs at
a lower cost and with a less cost of establishing produc-
tion. In some cases, the cost of driving RPs is not sig-
nificant. For example, the drug Rebif (human beta
interferon) is sold in pharmacies of Russia at a price of
14000 rubles for 132 pg. Note that the cost of 132 pg
of the protein (based on 2000 USD per gram) is eight
rubles, and the total sales of this drug are approxi-
mately 2 billion USD/yr, which far exceeds the costs
of establishing its production. When the price of a drug
is much higher than its cost, it is expedient to use a
standard mammalian cell culture for its expression,
which will make it possible to rapidly and reliably
establish production.

A somewhat different situation arises in the case of
drugs with a high (milligram) dose. For example, the
drug Herceptin® (monoclonal “humanized” (delib-
erately close in structure to human) antibody Her2) is
priced at 70000 rubles for 440 mg, while the produc-
tion cost of 440 mg of protein can be estimated (calcu-
lated as 2000 USD/g) to be 27000 rubles, which con-
stitutes a significant proportion of the cost of the drug.
In this case, the use of transgenic animals for protein
production may be attractive. According to experts of
the GTC Biotherapeutics company, the use of trans-
genic animals for the production of the drug Hercep-
tin® will make it possible to reduce its final value by
30% [15]. The majority of proteins, the products of
which in the milk of transgenic animals are currently
established by biotechnological companies, are gener-
ics of the most widely sold drugs with a high contribu-
tion to the cost of RP production to the final cost of
the therapeutic.

The relatively low cost of production organization
in some cases may be a decisive argument in favor of
deriving RPs using transgenic animals. This index
becomes decisive at a low volume of sales of a drug
(Iess than about 50 million USD a year) which hap-
pens where it takes several years of sales to recover the
cost of establishing the corresponding production
using cell cultures. Typically, this refers to drugs used
to treat rare diseases. In this case, a drug can get the
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status of an “orphan drug.” The US law provides for
the granting of tax benefits and the exclusive right to
sell the developed drug for several years to pharmaceu-
tical companies that produce such drugs. Similar
projects also usually expect to receive approval from
regulatory authorities in a simplified manner, which is
important when using a nonconventional technologi-
cal platform.

It is possible to use transgenic rabbits to produce
small amounts of RP in milk, which reduces the time
and costs for its creation in comparison to transgenic
goats. This approach was used to derive the drug
Ruconest™/Rhucin® by the Pharming NV company
(the Netherlands), which is used to treat a rare dis-
ease—hereditary angioedema.

Another factor that may affect the choice of trans-
genic animals to express proteins is the need for an RP
with slightly different immunological properties than
those characteristic of the existing drugs. This can be
important for drugs used for a long time (lifetime),
such as insulin. An immune response may develop in
patients with time even to very highly purified drugs.
In this case, the transition to a drug produced by
another manufacturer and preferably obtained in
another expression system will be required.

RISKS ASSOCIATED WITH THE
ESTABLISHMENT OF PRODUCTION
OF RECOMBINANT PROTEINS BASED
ON TRANSGENIC ANIMALS

The organization of production of RPs from the
milk of transgenic animals may fail for several reasons.

The creation of a large transgenic animal produc-
ing an RP is an expensive and unreliable process. In
the case of both the microinjection method and the
reproductive cloning technique, the low percentage of
live transgenic animals relative to the number of trans-
planted embryos may lead to a project failure, espe-
cially when there is a time limit for carrying out such
work. An animal may die without giving offspring, or it
can secrete a low amount of protein with milk because
of a poor integration site of the transgene. For exam-
ple, the state-owned AgResearch company has
stopped the work on the creation of transgenic animals
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Table 5. Major biotechnological companies developing RP production from the milk of transgenic animals

Company (country) Selling preparations

Formulations currently

tested in clinical trials Drugs in development

Ruconest™—
Human C1 inhibitor

Pharming NV (Netherlands)
www.pharming.com

GTC Biotherapeutics Inc
www.gtc-bio.com (France)

ATryn—human antithrombin

AgResearch No data
www.agresearch.co.nz

(New Zealand)

Bio Sidus
www.biosidus.com.ar
(Argentina)

No data

Human lactoferrin

Human growth
hormone

Fibrinogen and type 1 collagen

No data Blood coagulation factors: Vlla, IX,
and VIII; albumin, a-1-antitrypsin;
monoABs: anti-CD 137 and anti-
CD20

No data MonoABs: herceptin and erbitux

Bovine growth hormone; human
insulin, monoABs retuksimab, and
etanercept

using therapeutic cloning because of a high mortality
rate among the born animals [44].

The long process of production creation leads to
uncertainties associated with the emergence of new
more advanced systems for RP expression. For exam-
ple, recent “humanization” of the yeast glycosylation
machinery made it possible to obtain anti-Her2
monoAB in this expression system, which in the glyc-
osylation profile and pharmacokinetics and biological
activity is not inferior to a similar antibody obtained in
mammalian cell cultures [45]. This development, in
the case of successful completion of clinical trials, may
reduce the appeal of projects on the production of
similar monoABs in the milk of transgenic animals,
launched several years ago by a number of companies.

Finally, a better drug may appear on the market
during the time required to create a production based
on the use of transgenic animals. For example, it has
been found recently that the cellular cytotoxicity of
antibodies with a glycochain increased approximately
100 times after the removal of fucose [46, 47]. The
therapeutic properties of defucosylated antibodies are
currently being studied, and, quite probably, some
monoABs will be displaced in a while by defucosylated
analogues. Thus, because of the long process of pro-
duction creation, preparations from the milk of trans-
genic animals may not have time to pay off before the
appearance of more advanced analogues.

Other risks of using transgenic animals for obtain-
ing RBs include the uncertainty associated with the
requirements of regulatory authorities for production.
Although after the approval of the Ruconest and
ATgup drugs (human antithrombin) relevant produc-
tion was organized, there is a high probability of failure
or a delay in the consideration of an application for the
production of the drug using transgenic animals
because of the small number of precedents.
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MAJOR BIOTECHNOLOGICAL COMPANIES
ENGAGED IN THE CREATION
OF TRANSGENIC ANIMALS FOR OBTAININNG
HUMAN RECOMBINANT PROTEINS

Relatively few biotechnology companies are
engaged in the development of production of RBs
from the milk of transgenic animals. The major com-
panies and their products under development are
listed in Table 5. Apparently, the company that works
most actively in this field is GTC Biotherapeutics Inc.
(formerly Genzyme Transgenics Corporation, in 2010
was purchased by LFB Biotechnologies, France). This
company has launched the first drug derived from the
milk of transgenic goats—recombinant human anti-
thrombin (ATryn)—to the market. This drug is used to
prevent blood clots in patients with hereditary anti-
thrombin deficiency. Today, the GTC Biotherapeutics
company is developing the production of a large set of
RBs from milk; many of these works are carried out by
orders of third-party organizations.

Pharming NV is the second company that was able
to bring a drug derived from the milk of transgenic ani-
mals to the market. The drug Ruconest, produced by
this company, is the recombinant human C1 inhibitor
derived from the milk of rabbits. This drug, as men-
tioned above, is used to treat a rare disecase—heredi-
tary angioedema. Currently, the company is develop-
ing the production of a relatively small number of new
drugs derived from the milk of transgenic animals. The
main efforts of this company are focused on expanding
the indications for the use of the drug Ruconest. The
Argentinian biotechnological company Bio Sidus
obtained transgenic cows producing the human
growth hormone (somatotropin) from milk to a con-
centration of 5 g/L. Currently, the comparative effec-
tiveness of this drug is tested in a group of children with
growth delays. Another company engaged in the
development of RB production in milk of transgenic
animals is New Zealand’s state-owned company
AgResearch. It has signed an agreement with GTC
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Biotherapeutics and Pharming NV on deriving ana-
logues of the drug Herceptin (humanized monoclonal
antibody to the Her2 receptor) from cow milk and
Erbitux (humanized monoclonal antibody to the
human epidermal growth factor) from goat milk.
Other activities of the AgResearch company are aimed
at improving the composition of milk for human con-
sumption and the development of a technology for the
directional insertion of genetic engineering constructs
into the genome of transgenic animals by using site-
specific endonucleases.

In addition to the successful companies operating
at present, there are also examples of companies that
have stopped the use of transgenic animals. The most
famous example is the PPL Therapeutics company,
which is known by the fact that it has funded the work
on the cloning of Dolly the sheep. PPL Therapeutics
has created a flock of 4000 sheep producing human
alpha 1-antitrypsin. However, in 2003, a partner of this
company—the Bayer firm—stopped funding this
project in connection with the discovered side effects
of the drug [48]. PPL Therapeutic was unable to fund
the continuation of the project independently and
ceased to exist. Another example is the development of
the drug Protexia® by the PharmAthene company
(Greece); the drug is a recombinant butyrylcholinest-
erase derived from the milk of transgenic goats, the
expression levels of which in milk reach 5 g/L [49].
The main problem faced by this company is the impact
of butyrylcholinesterase on the lactation of goats. In
2009, phase I of the clinical trials of the drug was com-
pleted. However, no reports of further trials have been
published, which apparently means the cessation of
work in this direction.

CONCLUSIONS

The expression of proteins in the milk of transgenic
animals is a fairly well-studied technique that allows
for the production of large amounts of RPs similar in
properties to human proteins. The main competitive
advantage of this technology is that the production
cost is sufficiently low, and the most significant draw-
backs are the unsolved problems of the organization of
some stages of production and the long time required
for its creation. Until recently, biotechnological com-
panies have almost never used this technology for the
production of RPs. However, currently, this situation
is changing. The creation of production facilities
obtaining RPs from the milk of transgenic animals has
removed many issues associated with their organiza-
tion. On the other hand, the expiration of patents for
many therapeutics that are based on RPs has increased
the competition among manufacturers. In this situa-
tion, the production cost of drug has become a much
more important parameter than before. Today, more
effective methods for obtaining large transgenic ani-
mals are being developed, which will reduce the time
required for the establishment of production. Thus, it
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is possible that the technology of deriving RPs from
the milk of transgenic animals will be widely used on
an industrial scale in the near future.
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