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ABSTRACT

The production of large quantities of complex proteins with biopharmaceutical purposes is the main drawback for their
more extensive use. Here we demonstrated that through the direct transduction of the mammary glandular epithelium
by means of adenoviral vectors it is possible to promote high expression levels of recombinant proteins in the milk of
non-transgenic animals. Through this approach we were able to express high levels of human growth hormone and
human erythropoietin in the milk of both mice and goats. We found that the expression levels were closely dependent
on both the degree of differentiation of the secretory epithelium and the adenoviral dose used. Direct transduction of
the mammary gland seems to be a suitable alternative to express high levels of complex proteins in milk and it may
eventually constitute a platform for the development of new biotechnological processes.

Introduction

The mammary gland has been identified as a suitable
alternativeto produce biopharmaceutical and nutritional
proteins [1, 2], that are synthesized in the mammary
epithelial cells and secreted into the milk from which
thepurification processisréelatively simple. Transgene-
sishasbeen extensively used for thegenetic modification
of farm animal sto produce human recombinant proteins
in milk [3]. However, drawbacks in this technology
include the technically difficult procedure required, its
inefficiency when applied to largelivestock, thelength
of time between the incorporation of foreign DNA and
harvesting the exogenous protein, and the health risk
for animal s dueto the ectopi c expression of transgenes.
Thedirect invivo transfection of themammary gland
has been proposed as a faster and more inexpensive
alternative to target the expression of a heterologous
geneto the secretory mammary epithelid cdlls[4, 5].In
thisway, the mammary epithelium has been transduced
by polyion complexes[6], receptor-mediated endo-
cytosis [7], gene-gun devices [8, 9], retrovira vectors
[10-12] and adenovira vectors[13-17]. Only in afew
of these studies the recombinant protein was expected
to be secreted in milk [6, 7, 11, 16], however the
expression levelsin all of them was very low, reaching
inthe best case hundreds of nanogramsper milliliter [6,
16]. Although these expression levels may be enough
for certain basic studies, they must be improved when
large amounts of recombinant proteins are required.
Herewe show that through the direct infection of the
secretory mammary epithelium with a replication-
defective adenoviral vector, itispossibleto obtain high
expression levelsof foreign proteinsin milk. Thedirect
intramammary infusion of anadenovira vector, harboring
the human growth hormone gene (hGH), promoted the
expression of the recombinant hormone at levels above
2mg/mL inthemilk of miceand upto 0.3 mg/mL ingoat
milk. Through the use of an adenoviral vector carrying
the human erythropoietin (hEPO) cDNA it waspossible
to produce the recombinant protein at levelshigher than
2mg/mL inmousemilk and up to 2 mg/mL ingoat milk.
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Materials and methods

Recombinant adenovirus

The replication defective adenoviral vectors were
generated using the AdEasy system [18]. For the
construction of the adenoviral vector containing the
hGH expression cassette, the 2.2 kb BamH 1/EcoR |
hGH genomic fragment was cloned on the Bgl 11 and
EcoR V sites of the pAdtrack-CMV vector. For the
vector containing the hEPO expression cassette, a
0.6 kb Xho I/Hind I11 fragment containing the hEPO
cDNA was cloned on the Sal | and Hind 111 sites of
the pAdtrack-CMV vector. The resulting plasmids
wererecombined in BJ5183 el ectrocompetent bacteria,
with the pAdEasy-1 vector containing the adenovirus
type 5 genome deleted for E1 and E3 regions, yielding
the AdhGH and the AdhEPO recombinant adenoviral
genomes. Primary viral stocks were prepared by
transiently transfecting the recombined AdEasy
plasmids into host HEK-293 cells. The resulting
vectors was named AdhGH and AdhEPO. Both
vectors contain the gene of interest (hGH or hEPO)
and agreen fluorescent protein (GFP) coding sequence
under the separate control of two cytomegalovirus
(CMV) promoters. Adenovirus stocks were further
amplified in HEK-293 cells, purified by a double
cesium chloride gradient, titred by GFP expression
on semi-confluent HEK-293 cells and expressed in
gene transfer units (GTU). The concentrated stock
was stored at -70 °C for later use.

In vitro expression assay

Mammary epithelial HC-11 cells were seeded in 12-
well plates at a density of about 2.5 x 10° cells/em? in
DMEM supplemented with 10% fetal calf serum,
epidermal growth factor (10 ng/mL) andinsulin (10 pg/
mL). After three days of confluence, the medium was
replaced with fresh DMEM supplemented with insulin
(5pg/mL), andthecellswereinfected with the adenoviral
vector at the desired multiplicity of infection (MQI).
Seventy-two hours later the medium was collected and

Biotecnologia Aplicada 2005; Vol.22, No. 1

Keyword: adenovirus, recombinant protein, milk, mammary gland

1. Clark Al. The mammary gland as a
bioreactor: expression, processing, and
production of recombinant proteins. J.
Mammary Gland Biol 1998; Neoplasia 3:
337-50.

2. Colman A. Production of therapeutic
proteins in the milk of transgenic livestock.
Biochem Soc Symp 1998;63:141-7.

3. Houdebine LM. Transgenic animal
bioreactors. Transgenic Res 2000;9:
305-320.

4. Patton S, Welsch U, Singh S. Intrama-
mmary infusion technique for genetic en-
gineering of the mammary gland. J Dairy
Sci 1984;67:1323-6.

5. Schanbancher FL, Amstutz MD. Direct
transfection of mammary gland: Oppor-
tunities for modification of mammary
function and the production, composi-
tion and qualities of milk. In: Welch RAS,
Burns DJW, Davis SR, Popay Al, Prosser CG
(eds.), Biotechnology in Agriculture Series,
No 18. Milk Composition, Production,
and Biotechnology, CAB International,
NY (1997): 243-64.

6. Hens JR, Amstutz MD, Schanbacher FL,
Mather IH. Introduction of the human
growth hormone gene into the guinea pig
mammary gland by in vivo transfection
promotes sustained expression of human
growth hormone in the milk throughout
lactation. Biochim Biophys Acta 2000;
1523:161-71.

7. Sobolev AS, Rosenkranz AA, Smirnova
OA, Nikitin VA, Neugodova GL, Narodits-
ky BS, Shilov IN, Shatski IN, Ernst LK. Re-
ceptor-mediated transfection of murine
and ovine mammary glands in vivo. J
Biol Chem 1998;273:7928-33.

8. Furth PA, Shamay A, Wall RJ, Hennig-
hausen L. Gene transfer into somatic tis-
sues by jet injection. Anal Biochem
1992;205:365-8.

9. Kerr DE, Furth PA, Powell AM, Wall RJ.
Expression of gene-gun injected plasmid
DNA in the ovine mammary gland and in
lymph nodes draining the injected site.
Animal Biotechnology 1996;7:33-45.



Reportes

Reports

the supernatant tested for hGH content by SDS-PAGE,
Western blot and ELISA.

Adenovirus infusion

Female mice were bred and the presence of a vaginal
pug marked day O of gestation. Mice were anesthetized
for adenovirusinfusion by intraperitoneal injection of
80 pL of 25 mg/mL of pentobarbital sodiumin saline.
The four ventral mammary glands were cleaned with
70% ethanol and infused with 100 pL of a solution of
PBS containing the desired amount of the adenoviral
vector. For the infusion we used a glass micropipette,
with atip of about 50 pum, connectedto a1 mL syringe.
At least three mice were used in each experimental
group. They were milked on the indicated days, and
milk letdown was induced by the injection of 0.3 U
oxytocin. Milk samples from the same experimental
group were pooled for anaysis. The milk collected
wasdiluted fivetimesin the separation buffer (10 mM
TrissHCI pH8, 10 mM CaCl,), after centrifugation at
12000 rpmfor 15 minutes, themilk serumwasextracted
and stored at -70 °C for later use.

Saanen goats were subjected to a two-week
hormonal regime to induce mammogenesis and
lactation [19]. Prior to adenoviral infusion, each half
of the udder was flushed with PBS at 37 °C through
the teat canal until the udder was full, the solution
was removed by milking and the flushing step was
repeated one or two more times until the solution was
clear. The volume of the adenoviral vector infused
was variable according to udder capacity. The day of
adenoviral infusion aswell asthe adenoviral dose used
is specified in the paper. Twenty-four hours after
adenovirusinstillation, udderswere extensively milked
to remove the infused solution. Milk collection began
48 hours after adenovirus inoculation and it was
collected daily for eight to nine days.

Protein detection

Protein sampleswere separated on SDS-PAGE (13.5%
acrylamide), then transferred onto nitrocellulose
membranes on a semi-dry transfer. The membranes
were subjected to Western blot analysis. The levels of
hGH were determined using an hGH ELISA kit
(Boehringer Mannheim, Germany), according to the
manufacturer’s protocol. The levels of hEPO were
determined using hEPO ELISA (manufactured at the
CIGB, Cuba), according to the manufacturer’ sprotocol.

Results and discussion

In vitro expression assay in mammary
epithelial cells

As afirst step we constructed the adenoviral vectors
AdhGH and AdhEPO. Both vectors contain simul-
taneously the gene of interest (hGH or hEPO) and a
GFP coding sequence under the separate control of
two cytomegalovirus (CMV) promoters. The
incorporation of a GFP protein in this vector was
designed to serve asalive marker for tracking infected
cellsor tissuesin animal studies. It should be noted,
however, that, with this dual cassette vector
configuration, interference between the two expression
unitsmay lead to decreased levels of hGH expression
relative to single-cassette vectors.

63

To assess the ability of this vector to transduce
mammary epithelial cells, the murine HC-11 cell line
wasinfected with the AdhGH vector at aMOl of 5, 25
and 125. Twenty-four hours after infection, GFP
expression was detected in almost 100% of thecellsin
al the MOI assayed (data not shown); however the
intensity of the fluorescence was variable and directly
correlated with the viral load. Transduction of HC-11
resulted in high expression levelsof hGH inthe culture
medium, both Coomassie blue-stained SDS/polya-
crylamide gels and western blot revealed its presence
astwo protein bands, one major band of 22 kDaand a
minor band migrating at 20 kDa (Figures 1A, B).

Although theexpression levelsof hGH inthe culture
medium was found to depend on the amount of the
adenoviral vector used, anon-linear relationship was
found between the adenoviral loads and the amount
of hGH secreted in the medium (Figure 1C). The hGH
levels dropped when the viral load was increased to
125 viral particles per cell. This slight fall in the
expression level, seems to be the result of the high
cell death observed during the medium harvest (data
not shown). Cellular death, apparently associated to
the cytopathic effect caused by the high viral dose, or
by GFP accumulation, suggests the existence of an
optimal viral dose over which cell damage precludes
the expression of the foreign protein.

Murine HC-11 cells that are otherwise difficult to
transfect by standard and commercial transfection
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Figure 1. hGH expression after the infection of murine HC-11
cells with AdhGH. (A) Coomassie blue-stained SDS/polyacryla-
mide gel. (B) Western blot. (C) hGH expression levels as deter-
mined by ELISA. In both A and B Trichloroacetic acid-precipitated
proteins from 150 ul of cell culture medium were loaded in each
well. Lanes: 1)- Bacterially produced hGH, 2)-medium from non
infected cells, 3)-MOI of 125, 4)-MOIl of 25,
5)-MOI of 5, 6)-molecular weight marker.
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methods, became easily transduced with the adenoviral
vector used in our experiments. Thisfact can berelated
to the wide expression of the coxsackievirus and
adenovirus receptor (CAR) in these cells, which
suggested that the same phenomenonislikely to occur
in vivo in the mouse mammary gland.

Transduction of mouse mammary gland in vivo

Determination of the optimal time for
adenovirus infusion

To determine the optimal period for adenovirus ad-
ministration, we created four experimental groups
according to the day of adenovirus ingtillation. The
ventral mammary glands of mice were infused with
1x10” GTU per MG on days 13, 16, or 18 of gestation
or on day 1 postpartum. Milk was collected on days 2,
5, 8 and 12 after parturition. Pectoral mammary glands
were milked at theindicated days asanegative control.

To have a preliminary idea of the infection effi-
ciency, amouse was slaughtered on day 2 post-partum
and small piecesof themammary glandular tissuewere
observed under a fluorescence microscope. The pre-
sence of a high number of cells intensely fluorescent
and arranged in form of bunch suggested that the
infection occurred efficiently and that the secretory
cellsin the alveoli constitute the main target for viral
transduction (Figure 2A).

The hGH was expressed in all four experimental
groups (Figure 2B). Higher expression levels were
obtained in the groups infused with the adenoviral
vector during late pregnancy. In these animals, hGH
wasexpressed at over 100 pg/mL, reaching 301 pg/mL
on the second day of lactation in miceinstilled on day
16 of pregnancy. Animalsinfused with the adenoviral
vector at day 13 of pregnancy and day 1 post-partum
showed the lowest expression levels. In these groups
hGH was expressed within an order of magnitude lower
than that obtained in the groups instilled during late
pregnancy. None of the mice used in this experiment
showed symptoms of mastitis. No hGH was detected
in the milk from uninfected mammary glands.

In al four experimental groups the concentration
of hGH gradually declined with time. Thisdropinthe
expression levelsisin accordance with previousreports
showing that the use of the DE1DE3 adenoviral vector
only allow for a short-term expression, basically due
to theimmune response against theinfected cells[20].

Correlation of the adenoviral vector dose
with hGH expression levels

To investigate whether an increase of the viral dose
could lead to an increase in the expression levels of
hGH, the ventral mammary glands of mice on day 17
of pregnancy wereinfused with 1x107, 1x108 or 1x10°
GTU/MG. Following parturition, milk was collected
from day 2 to day 10 of lactation and tested for the
presence of hGH. Pectoral mammary glands were
milked astheintra-animal negative control.

The human growth hormone was detected in milk
by both the Coomassie blue-stained SDS/polya-
crylamidegelsand Western blot in all three dosestested
(Figure 3A-F). Asjudged by Western blot, hGH ex-
pressed in milk migrated asamajor band of 22 kDaand
two minor bands of about 19 and 12 kDa. The presence
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Figure 2. Adenoviral transduction of the mammary glandular
epithelium. (A) GFP expression in the mammary gland of mice
infused with AdhGH. The fluorescent cells are arranged in an
aggregated form, which resemble the alveoli. (B) Time-course
expression of hGH in mouse milk depending on the moment of
adenoviral instillation.

of these immunoreactive bands is in agreement with
previous studies showing that mRNA of hGH is
differentially spliced when it is expressed in the
mammary gland of transgenic mice[21].

The concentration of hGH in milk was clearly
dependent on the adenoviral dosage (Figure 3G). Mice
that received 10° GTU/MG expressed hGH in their
milk at an average of 1.316 mg/mL, whereasthe groups
infused with 10° GTU/MG and 10" GTU/MG
averaged 0.464 and 0.221 mg/mL respectively. In mice
intilled with 10° GTU/MG, an hGH expression peak
of 2.852 mg/mL was obtained at day 4 of lactation,
thiswas about 8 times higher than that obtained on the
sameday in miceingtilled with 10° GTU/MG. Infusion
of 10° GTU/MG did not improvethe expression levels
of hGH. The highest expression detected in thisgroup
was of 1.642 mg/mL on day 2 of lactation and after
that, the concentration of hGH dropped drastically
between days 3 and 5 of lactation. This abrupt fall
seemed to be aresult of amassive death of theinfected
epithelium due to the cytopathic effect associated to
the viral infection or to the strong cytotoxic response
of the immune system against the infected cells.

Expression of hEPO in mouse milk

To assessthe ahility of theadenoviral vector to promote
the expression of high complex glycoproteins in the
milk of non-transgenic mice, 108 GTU of theAdhEPO
vector wereinfused in thefour ventral mammary glands
of miceon day 17 of pregnancy. Following parturition,
milk was collected from day 2 to day 8 of lactation and
tested for the presence of hEPO. Pectoral mammary
glandswere milked asintra-animal negative control.
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The hEPO was expressed at high levelsin all the
mice infused with the adenoviral vector AdhEPO
(Figure 4A, B). The protein followed an expression
pattern similar to that shown by hGH. An expression
peak was observed on day six post-partum when the
hEPO level reached 3.5 mg/mL. However, the
concentration of hEPO gradually declined with time,
and on day 8 of lactation it was aslow as 0.1 mg/mL.
TheWestern blot assay revealed that mhEPO migrates
as a compact band with a molecular weight of about
32-33 kDa, smaller than the acid fraction of CHO
derived hEPO (CHO-hEPO), which migrated asabroad
band ranging from 37 to about 42 kDa (Figure 4C).

The high electrophoretic mobility showed by
mhEPO was in accordance with previous reports
when the bovine b-lactoglobulin/hEPO fusion protein
was produced in the milk of transgenic mice and
rabbits [22]. The total N-deglycosylation assay
showed that the difference in molecular weight was
due to lower carbohydrate content in the molecule.
Partial deglycosylation demonstrated that all three
potential sites for N-glycosylation were occupied,
which suggests that the underglycosylation observed
in the mhEPO was due to asmall size of the N-linked
glycan chains (data not shown).

Transduction of the goat mammary gland

in vivo

In order to determine whether the results obtained in
mice could be extended to species of productive
interest, weinfused the AdhGH vector inthe mammary
gland of goats. One lactating and two hormonally
induced to lactate goats were used. In the goats with
the hormonally induced lactation, viral infusion was
made in the late stage of the hormonal regime, a
moment at which milk production was low, not
exceeding 20 mL per mammary gland. After the
treatment with corticosteroids [19] milk production
increased up to 6-fold and it kept increasing gradually
during the course of the experiment.

The expression of hGH in goat milk followed an
expression kinetics very similar to that previously
observed in mice (Figure 5B). The expression of hGH
was transient and showed a significant dependence on
both the viral dose and the degree of differentiation of
the mammary epithelium. In goats with hormonally
induced lactation, infusion of 10° GTU/mL alowed
theexpression of hGH at around 0.3 mg/mL at the start
of milking, which was an order of magnitude higher
than that obtained in the milk from mammary glands
infused with 10 GTU/mL for the same time period.
Between days 2 to 7 of milking, goatswith hormonally
induced lactation produced an average of 430 mL of
milk/animal/day, and in mammary glandsinfused with
10° GTU/mL the total hGH expressed in this period
was 530 mg. The infusion of a viral solution at 10°
GTU/mL into the mammary gland of agoat in thethird
month of lactation allowed for the expression of about
tenfold less hGH than that obtained in hormonally
induced goatsthat weretreated withasimilar viral dose.

Thelower expression level observed inthe actively
lactating goats seems to be the result of either the
lower affinity of the adenoviral vector for the goat
CAR, or of the lower permeability of the secretory
epithelium during vira infusion. It isnot clear whether
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Figure 3. Effect of the adenoviral dosage on the expression levels of hGH. (A-C) Coomassie blue staining
SDS gel electrophoresis. (D-F) Western blot of the same samples. Mice were infused with 107 GTU/MG
(A, D); 108 GTU/MG (B, E) or 109 GTU/MG (C-F). Five microliters of milk serum were loaded in each well.
Lanes: 1) Milk serum from uninfected mammary glands, 2-10)-milk serum samples from infected mammary
glands of mice from day 2 to 10 post-partum, 11)-molecular weight marker, 12)-bacterially produced hGH.
(G) Time-course of hGH expression on mice infused with different doses of AdhGH.

the CAR are present on the apical surface of polarized
mammary epithelial cells, however, previous studies
have demonstrated that in polarized airway cells, CAR
resides primarily on the basolateral membrane [23]
and as a component of tight junctions [24]. During
|ate pregnancy, progesterone withdrawal triggers the
tight junction closure [25], with this impermea-
bilization, adeficiency of viral receptorson the apical
cell surface may be considered as a barrier to the
adenovirusinfection from the apical side.

Temporal disruption of tight junctions

Since the low permeability of the secretory epithelium
seems to be a determining factor for the inefficient
infection of lactating goats; a temporal disruption of
tight junctions through an EGTA treatment [26], may
be apotential solution to thisproblem. With the aim of
proving this hypothesis, four heifer goats were
hormonally induced to lactate. Once concluded the
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Figure 4. Effect of the adenoviral dosage on the expression levels
of hGH. (A-C) Coomassie blue staining SDS gel electrophoresis.
(D-F) Western blot of the same samples. Mice were infused with
107 GTU/MG (A, D); 108 GTU/MG (B, E) or 109 GTU/MG (C-
F). Five microliters of milk serum were loaded in each well.
Lanes: 1) Milk serum from uninfected mammary glands, 2-10)-
milk serum samples from infected mammary glands of mice from
day 2 to 10 post-partum, 11)-molecular weight marker, 12)-
bacterially produced hGH. (G) Time-course of hGH expression in
mice infused with different doses of AdhGH.

hormona induction, the animals were milked for 30
daysand the udderswere massaged severa timesaday.
During this period there was anoticeableincrease both
in udder size and in milk yields. Theright half of the
mammary glands were filled with PBS solution
containing 10° GTU/mL of the ADEPO vector whereas
theleft half were infused with the same viral dosein a
solution of PBS supplemented with 36 mM of EGTA.

In both experimental groups the hEPO expression
followed an expression kinetic similar to that shown
by hGH. As in mice, hEPO ran as a compact band
dightly lower than the CHO-hEPO. Further analyses
showed that the differencesin size, as ocurringinmice,
were due underglycosylation in the milk derived
molecule (Figure 6A). The half of the mammary gland
infused with the viral inoculums containing EGTA
showed an expression of hEPO about two fold higher
than that of its counterpart infused with a solution
devoid of EGTA (Figure 6B). Although there was a
noticeable difference on the hEPO expression levels
between both groups during the first days of milking,

blot of milk serum from a goat mammary gland infused with a
solution containing 109 GTU/mL of the adenoviral vector AdhGH.
Five microliters of milk serum were loaded in each well. Lanes:
1) Milk serum from uninfected mammary glands, 2-10)-milk
serum samples from infected mammary glands of goats from
day 2 to 10 post-infusion, 11)-molecular weight marker, 12)-
bacterially produced hGH. (B) Time-course of hGH expression
in goats infused with different doses of AdhGH.

in both of them the hEPO expression showed adrastic
drop reaching below 10 nmg/mL by day eight.
Independently of the expression time these results

A
1 2 3 4 5 6 7 8 9 10
B B With EGTA
2.5 1 A Without EGTA

2 3 4 5 6 7 8 9
Days of milking

Figure 6. Expression of hEPO in the milk of goats. (A) Western
blot of milk serum from a goat mammary gland infused with a
solution containing 109 GTU/mL of the adenoviral vector
AdhEPO. Five microliters of milk serum were loaded in each
well. Lanes: 1) Milk serum from uninfected mammary glands,
2-9) Milk serum samples from infected mammary glands of
goats from day 2 to 9 post-infusion, 10) CHO-hEPO. (B) Time-
course of hEPO expression in goats infused with AdhEPO in the
presence (A) or absence (m) of EGTA.
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demonstrate that, in fact, the formation of the tight
junctionin the mammary epithelium congtitutesabarrier
preventing the accessibility of the adenoviral vector to
its receptor presumably localized on the basal side of
the secretory epithelium, and through the use of a
chelating agent it ispossibleto overcomethis problem.

Discussion

Several groups have explored the direct gene transfer
to the mammary glandular epithelium as a way of
producing recombinant proteins in the milk of non-
transgenic animals. The use of retroviral vectors[11],
yielded a maximum expression of 118.6 ng/mL at the
start of lactation, after which it dropped drastically
below 20 ng/mL until the end of the experiment. In
another study [7], receptor-mediated endocytosiswas
used to introduce a plasmid containing the gene of a
secretable luciferase in the mammary tissue. In this
experiment, the mammary gland wasinstilled with an
insulin-polylysine-DNA complex; however, the
expression levelsobtained did not exceed 1 ng/mL. In
a separate study, a plasmid DNA was introduced into
themammary gland of guineapigsby complexesbased
on ADN/polyion interactions [6]. In this experiment,
hGH was used as a secretable protein and it was
expressed throughout the lactation period; neverthel ess
the highest expression levels of hGH detected in milk
did not exceed 550 ng/mL. Fan W, et al. [ 16] reported
levels of up to 1 pg/mL of the lysostaphin gene in
vivo in the dry mammary glands of goats. Although
higher than in previous reports, these expression levels
were noticeably lower than what we show here. Fan
and coworkers used an adenoviral vector and the same
animal model aswedid, but they infused only 1 mL of
the viral solution into dry mammary glands, which
seems to be the main reason for their low expression
levels. In contrast to these earlier studies, we were
ableto reproducibly obtain hGH and hEPO in milk at
levels above 1 mg/mL in both mice and goats, which
exceedsin more than one thousand timethat obtained
in any of the previous reports.

Here we used an adenoviral vector based on human
serotype5 and devoid of the E1, E3 regions. Thisvector
belongs to the early generation of adenoviral vectors
for which awealth of preclinical and clinical experiences
have documented short-term expression and immune
mediated destruction of transduced cells, due to the
expression of viral proteins encoded in the remaining
viral genome[20]. The short-term expression mediated
by DE1DE3 adenovird vectors may beadrawback when
large scale hiotechnological processes are require. In
thisregard, the use of helper-virusindependent E/E3/
E4 deleted adenovira vector seems to be a promising
aternative; these vectors have provided a long term
expression in gene therapy assays [27]. For such
vectors, immunological response against a circulating
antigen may be avoided by restricting antigen expression
to the parenchymal cells of the organ involved [28] and
in the absence of an immunological response against
the transgene product, the main determinant of
persistence of transgene expression is not an
immunological response against viral epitopes but the
episomal persistence of the recombinant adenoviral
transgene product per se [27, 29, 30]. One of the
determinants of episomal persistenceisthe expression
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cassette [27, 29]. Decrease of transgene expression of
lessthan 20 % in thefirst 6 months have been achieved
with these vectors [30].

Although awaiting further improvements, thereis
no doubt that the possibility of expressing high levels
of recombinant proteins in milk through the use of
adenoviral vectors offers noticeabl e advantages over
traditional transgenesis. First, the method is simple
and can be simultaneously applied to a large groups
of animals, which would allow usto adjust, in ashort
time, the production capacity to the specific need of
agiven protein. Themethod isvery flexible, allowing
for the simultaneous transfer of multiple genes to
attain immediate expression in the milk of multiple
recombinant proteins. This fact is particularly inte-
resting when multimeric proteins such as antibodies
or protein complexes such as those formed by coa-
gulationfactor VI1I and the Von Willebrand factor are
desired. The expression of high levels of hEPO inthe
milk of mice and goats demonstratesthe feasibility of
the system to express proteinsthat duetoitsintrinsic
toxicity it can not be expressed in transgenic animals.
The high degree of structural conservation of ery-
thropoietin and its receptor across species, makes
this protein an especially difficult growth factor to
be produced in the milk of transgenic animals. The
ectopic expression of even small amounts of hEPO
and itslater releaseinto the blood stream causes severe
polycythemiain these animals with alethal effect in
the high expressing founders.

Another outstandingfeature of thetechnology relates
to the mammary gland anatomy that allows for the
exposure of the secretory epithelium to the infection
by adenoviral vectors instillated through the teat
channel. In this way, the epithelial cells covering the
alveolar lumen congtitutesthe main target for infection;
this fact opens the opportunity for the use of cons-
titutive promoters such as CMV for the targeting
expression restricted to the alveolar epithelium. The
use of constitutive promoters, undoubtedly simplifies
vector design, although this does not preclude the use
of tissue specific promoters for special applications.

As a complement to transgenesis, the direct
transduction of the mammary gland with adenoviral
vectors could be avery useful tool to study the power
of mammary-specific promoters to avoid variables
associated to the position effects or to the copy
numbers. The method may be also used to assess the
functionality of gene constructs prior to the generation
of atransgenic animal, and may be a viable approach
to study the physical, chemical and biological
characteristics of recombinant proteins expressed in
milk of different species at the same time.

In summary, here we found that adenoviral vectors
are ableto successfully infect the mammary glandular
epithelium and to promote the secretion of high amounts
of arecombinant protein in the milk of non transgenic
animals. Thisfinding may constitute aplatform for the
development of new biotechnological processes
directed to the production of recombinant complex
proteins in milk. Ethical, regulatory and biosafety
aspects regarding the use of the adenoviral vector in
live animals must still be solved, although the
innocuousness of such a vector in gene therapy trials
seems to offer a promising future for this approach.
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