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Abstract Interferon alpha 2b (IFNa-2b) is an impor-

tant immune regulator widely used in clinic, for the

treatment of chronic hepatitis, hairy cell leukemia,

chronic myelogenous leukemia and multiple mye-

loma, etc. The clinically used IFNa-2b is generally

produced by E.Coli, which lacks the post-translational

O-glycosylation presents on naturally synthesized

protein, and has a short serum half-life. In this study,

a transgenic cassette pBCN-IFN-pA-CMV-EGFP was

constructed, with a 5.2 kb beta-casein regulation

fragment from Jersey cow and a 69His tagged human

Interferon alpha 2b (hIFNa-2b) gene fragment. By

using pronuclear microinjection technique, transgenic

mice were generated and the expression of IFNa-2b in

the milk was assayed. The hIFNa-2b was correctly

translated in milk of transgenic mice according to

Western blot analysis. The expression level of hIFNa-

2b was varied among the transgenic mice, and the

highest one was about 29.71 lg/L. The recombinant

protein exhibited biological activity in vitro by

increasing the luminescence value and the MxA gene

expression in established WISH cells, and the specific

activity is approximately 2.8 9 107 IU/mg. The

expression of recombinant hIFNa-2b in mammary

glands of transgenic mice constitutes an important step

towards low-cost and full biological activity produc-

tion of this protein drug in mammary gland bioreactor.
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Introduction

There are three variants in the IFN-a2 family,

including IFNa-2a, IFNa-2b and IFNa-2c, and IFNa-

2b being the predominant one detected in human

genomic DNA, especially in Asian (Kaluz et al. 1994;

Gewert et al. 1995; Kita et al. 1997). IFNa-2b is a

polypeptide of 165 amino acids, containing four

cysteine residues involved in the formation of two

disulfide bridges, which can trigger multiple biolog-

ical activities, such as antiviral, antibacterial, anti-

phrastic, antiproliferative and immunomodulatory

activity. Many diseases were treated with IFNa-2b

alone or in combination, including type B (Mohanty

et al. 2006) and C (Vogel 1999) hepatitis, several

cancers such as melanoma (Bajetta et al. 2006;

Terheyden et al. 2000; Eggermont et al. 2005),

kaposi’s sarcoma (Dezube 2000), chronic myeloid

lymphoma (Angstreich et al. 2004), and angioblas-

toma (Marler et al. 2002). In the particular case of

hepatitis B, about 350 million of individuals world-

wide were infected, of which more than 75 % come
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from Asia-Pacific region, and 15–40 % of them will

go on to develop cirrhosis, liver failure or hepatocel-

lular carcinoma (HCC) (Dan et al. 2008), hence the

clinical demand for recombination human IFNa-2b

has been increased rapidly.

Recombinant human IFNa-2b has been expressed

in prokaryotes (Srivastava et al. 2005), yeast (Gho-

salkar et al. 2008), insect cells (Sugyiama et al. 1993),

cultured mammalian cells (Rossmann et al. 1996;

Loignon et al. 2008), chicken eggs (Rapp et al. 2003)

transgenic carrot and rice cell (Luchakivskaya et al.

2011; Chen et al. 2004). However, presently, all

clinical used recombinant human IFNa-2b were

expressed in bacterial systems (Loignon et al. 2008).

After expressed in E. Coli, recombinant human IFNa-

2b protein was found in inclusion bodies. During the

renaturation process, 50 % of the protein would be

lost, which is a bottleneck recognized by the biotech-

nology industry (Beldarrain et al. 2001; Srivastava

et al. 2005). In addition, bacteria produced recombi-

nant human IFNa-2b lacks the post-translational

O-glycosylation presented on the naturally synthe-

sized protein. This non-glycosylated form of recom-

binant human IFNa-2b has a shorter serum half-life

than that of the glycosylated one (Youngster et al.

2002). Another common problem associated with the

use of bacteria expressed refolded IFNa is the

formation of neutralizing antibodies, and the antibod-

ies against IFN-a2 in HCV-infected patients was

found to be associated with treatment failure (van der

Eijk et al. 2006). Human and other mammalian cells

were also used to produce secreted recombinant

proteins such as anti-bodies (Grunberg et al. 2003;

Wurm 2004; Loignon et al. 2008), and possess the

ability of post-translational modifications. However,

the mammalian cell producing system is limited by

low yield, high cost, challenges of scale-up, and the

problems associated with purification (Andersen and

Krummen 2002; Farid 2007; Kozlowski and Swann

2006; Wei et al. 2011). Comparatively, a transgenic

mammary gland bioreactor has great prospects in

producing monoclonal antibodies and protein drugs,

as it could largely circumvent the problems of

production via cell culture and bacteria while helping

to meet enormous market demand (Houdebine 2009;

Wei et al. 2011). Using transgenic mammary gland

bioreactor, several kinds of proteins including IFNs

were expressed, such as IFNc (Lagutin et al. 1999;

Bagis et al. 2011; Dobrovolsky et al. 1993), Ovine

trophoblast IFN (Stinnakre et al. 1991) and IFNb
(Khodarovich et al. 2008), but till now, there were no

reports about the expression of hIFNa-2b.

In 2006, the London-based European Medicines

Agency announced approval of the first drug produced

in an animal mammary gland bioreactor: GTC Bio-

therapeutics’ ATryn, the drug—a recombinant form of

human antithrombin produced in the milk of trans-

genic goats (Schmidt 2006). Three years later, it was

also approved by FDA in the use of patients with

inherited antithrombin deficiency (Recombinant

human antithrombin (ATryn) 2009), which inspired

the researchers in this field. And prospected that more

and more protein drugs would be produced in the milk

of transgenic animals in the future. In this study, a

transgenic cassette pBCN-IFN-pA-CMV-EGFP was

constructed, and transgenic mice model was gener-

ated. The transgenic mice could express biologically

active IFNa-2b in their milk, which constitutes an

important step towards high-yield and scaled-up

production of this protein drug in transgenic livestock.

Materials and methods

Construction of transgene cassette

Primers for the amplification of human IFNa-2b, Jersey

cow beta-casein 50 regulation fragment and 30 regulation

fragments were designed and synthesized with

sequences from Genbank (Accession No.: AY255

838.1 and JN559864). The EGFP expression cassette

was isolated from eukaryotic expression vector pEGFP-

C1 (BD Biosciences Clontech). All detailed information

of the primers was listed in Table 1. The four fragments

stated above were first amplified and inserted into

pMD18-T (TaKaRa) vectors’ T site respectively, and

each fragment was sequenced to be correct. And then,

different fragments were inserted into the pMD18-T

vector one by one to construct the transgene cassette

pBCN-IFN-pA-CMV-EGFP.

Generating and screening of transgenic mice

The pBCN-IFN-pA-CMV-EGFP plasmid was purified

with Endo-free Plasmid Maxi Kit (Qiagen), and

digested with PvuI (TaKaRa) to eliminate the

pMD18-T vector sequence. The target gene-containing

fragment was purified with QIA quick Gel Extraction
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Kit (Qiagen) under the manufacturer’s instruction, and

diluted to 2 ng/lL with endotoxin-free TE buffer. Then

was microinjected into the pronuclear of fertilized SPF

FVB/NJ mouse strain zygotes according to standard

protocols (Hogan 1994). 100 microinjected mouse

zygotes were transferred into five surrogate mothers.

Finally, founder transgenic mice were generated.

Transgenic mice were screened by both PCR and

Southern blot analysis with tail biopsy DNA samples.

Two pairs of different oligonucleotide primers (prim-

ers A and primers B) were used in the PCR analysis

(Table 1). Primers A specific for the IFNa-2b and the

adjacent sequence including the 30 terminate of the

beta-casein promoter and the 50 terminate of the ploy A

signal sequence. Primers B for the CMV promoter

sequence of EGFP expression cassette (Fig. 1a).

Further detection was done by Southern blotting with

the DIG High Prime DNA Labeling and Detection

Table 1 Primers used in this study

Primers name Sequence

5.2 kb promoter primers F: 50-GTCGACGCGCGGCCGCGGAATATTCATTGGAAGGATTGAT-30a

L: 50-GGATCCCTCTCTTGCAAGGGCCAGAGC-30b

1.1 kb ployA primers F: 50-GGTACCAGAGGATTTCAAAGTGAATG-30c

L: 50-GAGCTCCAAAGATAAATTTAAGTTAACAAT-30d

IFNa-2b primers F: 50-GGATCCCACCATCATCATCATCATTCTTCTGGTC

TGGTGCCACGCGGTTCTTGTGATCTGCCTCAAACC-30e

L: 50-GGTACCTCATTCCTTACTTCTTAAACT-30c

EGFP cassette Primers F:50-GTCGACATAACTTCGTATAATGTATGCTATACG

AAGTTATCCTGCGTTATCCCCTGATTC-30f

L: 50-GCGGCCGCATAACTTCGTATAGCATACATTA

TACGAAGTTATAAGATACATTGATGAGTTTGGAC-30g

Primers A F: 50-TACACTATTTCCTCATCTTCCCA-30

L: 50-TCAGTCTGCCTCCAATATCC-30

Primers B F: 50-GTTATCCCCTGATTCTGTGG-30

L: 50-ATAGACCTCCCACCGTACAC-30

IFNa-2b-RT primers F: 50-CCTGGAAGCCTGTGTGATAC-30

L: 50-GATTTCTGCTCTGACAACCTC-30

Mouse ACTB primers F: 50- CATCCGTAAAGACCTCTATGC -30

L: 50- CATCTGCTGGAAGGTGGAC -30

MxA promoter primers F: 50- AGATCTTTTTATTTTCCTTCCACACAC -30h

L: 50- AAGCTTCTGACTTGGGTTTGCTTTC -30i

MxA gene detecting promoter F: 50-GCAGAAGGTCAGAGAGAAGG-30

L: 50-AGGGATGTGGCTGGAGATG-30

Human ACTB Promoter F: 50-CACCACACCTTCTACAATGAG-30

L: 50-GCGTACAGGGATAGCACAG-30

The sequences underlined stands for:
a Restriction endonuclease sites SalI?GC?NotI
b Restriction endonuclease sites BamHI
c Restriction endonuclease sites KpnI
d Restriction endonuclease sites SacI
e Restriction endonuclease sites BamHI and the Italics for the 69his tag and thrombin cleavage sequence
f Restriction endonuclease sites SalI and the Italics for LoxP sites
g Restriction endonuclease sites NotI and the Italics for LoxP sites
h Restriction endonuclease sites BglII
i Restriction endonuclease sites HindIII
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Starter kit II (Roche) under the manufacturer’s instruc-

tion. About 10 lg mice genomic DNA from each

sample was digested by restriction enzyme SalI. the

prospective Southern blotting products were about

8.5 kb. DNA samples from wild type mice used as

negative controls.

Expression analysis of IFNa-2b with RT-PCR

and western blot

The transgenic mice and wild type control mice,

including lactating and non-lactating mice were

sacrificed by cervical dislocation. Mammary gland

and other tissues were separated immediately; total

RNA was isolated with TRIzol reagent (Invitrogen).

Residual genomic DNA in total RNA was digested

with RNase-free DNase I (Tiangen) at room temper-

ature for no less than 10 min. The total RNA was

reverse transcribed with AMV reverse transcriptase

(TaKaRa). PCR was processed with IFNa-2b-RT

primers and mice ACTB primers using the comple-

ment DNA (cDNA) as templates. RNA samples before

reverse transcription were also assayed as control.

Milk from transgenic mice and non-transgenic mice

was collected at day 7 of lactation, diluted 1:10 with

double distilled water, and defatted by centrifugation

(4,0009g, 20 min, 4 �C). The skim milk samples

obtained were mixed with SDS-PAGE 59 loading

Southern blot probe

Transcriptional 

Start site Signal peptide

(17aa)

M1 M2

9.4kb

1kb

11.8kb

B

A

1 2

P S Primer B N Primer A B K Sc

CMVp SV40
ployA

EGFP Beta-casein 
promoter

ATG

IFN 3’ ploy A

E2

6×His tag

Thrombin
digest site

E1

P

Fig. 1 Construction and identification of transgenic cassette.

a The schematic diagram of the transgenic cassette, the EGFP

cassette, CMV is the promoter of EGFP, the casein pro-

mote = Jersey beta-casein promoter, the tagged IFNa-2b = the

codon sequence of IFNa-2b with 69His tag, the polyA = the

terminal fragment of beta-casein of Jersey. Loci of primers and

Southern blot probe in identification transgenic mice were also

illustrated. E1 Fist Exon, E2 second exon encoding the signal

peptide of beta-casein gene. The PvuI(P), SalI(S), NotI(N),

BamHI(B), KpnI(K), SacI(Sc) restriction sites are shown.

b Electrophoresis pattern of the cassette. M1 k DNA/HindIII.1
The electrophoresis result of using PvuI digestion of the

cassette. 2 Supercoiled form of the transgenic cassette plasmid.

M2 the supercoiled DNA ladder marker
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buffer and denatured by boiling for 5 min. After

electrophoresed on 12 % SDS-PAGE, the separated

proteins were electrophoretically transferred to nitro-

cellulose membrane (PALL). And were blocked with

5 % defatted milk/TBS solution overnight at 4 �C.

Then the blocked membranes were incubated with

mouse monoclonal antibody to IFNa-2b (Abcam) and

mouse His-tag monoclonal antibody (Abmart) respec-

tively, for 2 h at room temperature. After that, the

membranes were incubated with HRP conjugated goat

anti mouse IgG (Tiangen) at room temperature for 1 h.

After the membranes were thoroughly washed, the

immunodetection was carried out with Pro-light HRP

Chemiluminescence detection reagent A and B (Tian-

gen) according to the manufacturer’s instructions.

Determination of the concentration and biological

activity of IFNa-2b from mice milk

The concentration of IFNa-2b in transgenic mice milk

was determined with ELISA (enzyme-linked immu-

noassay). The skim milk samples were finally diluted

1:5,000 according to the protocols of (hIFNa-2b)

ELISA Kit (R&D Company). Absorbance value was

measured at 450 nm by lQuant Microplate spectro-

photometer (Bio-Tek). Based on the absorbance

values of the standard samples and the assayed milk

samples, standard curves, regression equation and the

IFNa-2b concentrations were calculated.

To determine the biological activity of recombinant

hIFNa-2b in the transgenic mice milk, WISH-Mxp-

Luciferase system was employed. The MxA promoter

fragment was amplified from Human blood genomic

DNA with MxA promoter primers, and inserted into

the BglII and HindIII sites of pGL3-Basic luciferase

reporter vector (Promega), recombinant plasmid was

named as pGL3-MxAp. Purified pGL3-MxAp and

pRL-TK internal control vector (Promega) (1:1) were

co-transfected into 80 % confluence WISH cells using

the Lipofectamine 2000 (Invitrogen) for 4 h. The

pGL3-Basic/pRL-TK vectors (1:1) were also trans-

fected as negative control. In the following, the

transfected cells were treated with standard different

units of (1,500 IU/mL, 1,000 IU/mL, 500 IU/mL,

250 IU/mL, 125 IU/mL and 0 IU/mL) recombinant

human IFNa-2b Injection used in clinic (Anhui Anke

Biotechnology group, China). The collected milk

samples from transgenic mouse F1-9 and wild type

mice were diluted to final volume of 1 ml by DMEM

containing 10 % FBS and filtered with MILLEXGP

0.22 lm (Millipore). About 300 lL processed milk

samples were added to the transfected WISH cells per

well. 24 h later, luciferase activity was measured with

Centro LB 960 (Berthold technologies, Germany) by

using the Dual-Luciferase Reporter Assay System

(Promega) according to the manufacturer’s instruc-

tions. Three parallel wells were assayed for each

sample, and the non-transfected wells were used as

blank control.

Quantitative real-time PCR (QRT-PCR) analysis

was also used in the biological activity assay. Using this

analysis, the ability of recombinant IFNa-2b in stimu-

lating key IFN-inducible gene MxA (Genbank Acces-

sion No.: NM_001178046) was compared (primers

were illustrated in Table 1). WISH cells were treated

with transgenic milk samples processed as above. 24 h

later, total RNA was isolated from the treated cells, and

cDNA was synthesized by AMV reverse transcriptase.

Milk samples of wild type mice were also analyzed as

control. No treated cells as blank control.

Results and discussion

The aim of this study was to generated transgenic mice

that expressed biologically active recombinant hIFNa-

2b in their milk. Transgene cassette pBCN-IFN-pA-

CMV-EGFP was constructed and digested with PvuI

(Fig. 1). The linearized cassette was microinjected

into FVB mouse zygotes. Finally, 3 survived trans-

genic founder mice were obtained, 2 male (F0-1,

F0-6), and 1 female (F0-7). Transgenic founders were

directly identified by PCR analysis with two pairs of

primers (Fig. 2a) and Southern blotting analysis

(Fig. 2b). These results showed that the transgene

cassette was integrated into the genome of these

transgenic mice. Five F1 transgenic positive mice

were generated after F0-7 crossing with the wild type

of FVB/NJ mice (F0-1 was sterile and F0-6 with poor

reproductive capacity, so all analysis was performed

with F0-7 and its offspring).

The expressions of IFNa-2b in the mammary

glands and other tissues were assessed by RT-PCR.

Results showed that transgene was expressed in the

lactating transgenic mice, but not in the non-trans-

genic and the expression was restricted to mammary

gland of the transgenic mice when lactating (Fig. 3a).

Expression of recombinant IFNa-2b in the milk of
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transgenic mice was detected by western blot. Two

different kinds of anti-bodies (anti-IFNa-2b antibody

and anti-His tag antibody) were used to detect milk

proteins. As a result, specific hybridization bands

having an apparent molecular mass of about 23–25 kD

were detected by both anti-IFNa-2b antibody and anti-

His tag antibody in the western blot. These results

showed that the recombinant hIFNa-2b was expressed

and fused with His tag (Fig. 3b).

To quantitate the expression level of recombinant

hIFNa-2b in the mammary gland, ELISA was per-

formed with hIFNa-2b ELISA Kit. Based on the

absorbance value of the standard samples, standard

curve and regression equation were calculated. Four

milk samples of transgenic mice were assayed, based

on the constructed standard curve; the expression

levels were calculated from 1.8 to 29.71 lg/L. In some

articles, there were also various expression levels were

reported, such as: IFNc regulated by sheep b-lacto-

globulin promoter, expressed at the concentrations of

570 lg/mL (Lagutin et al. 1999), and some were about

20 ng/mL, 22.624 pg/mL and 1 lg/mL (Dobrovolsky

et al. 1993; Bagis et al. 2011; Stinnakre et al. 1991). We

investigated the relation between the expression level

and the transgene copy numbers. But results showed

that no direct association was observed between the

copy number and the amount of recombinant hIFNa-2b

produced by the transgenic mice examined (Table 2).

Different expression levels may be attributed to the

random different integration sites. A fraction of

transgenic animals produced by pronuclear injection

will have multiple integration sites (Nagy et al. 2003).

So, integrated and the genomic context of the transgene

may have the potential to influence the expression level

of transgenic mice (Pillai et al. 2008). Transgene

methylation status may also be an important factor that

Primers A

780bp

Primers B

600bp

M 1 2 3 4 5 6 7
NC

11 BC

A
F0 generation

F1 generation

B

M 1 2 6 4 57

M 1 2 3 4 5 6 7 8 9 10 12 13

Primers B

600bp

Primers A

780bp

F0 generation

2 4 9 10 1211
NC

F1 generation

10kb

8kb
7kb
6kb
5kb

Fig. 2 PCR and Southern blot identification of transgenic mice.
a The PCR detection for founder mice and part of F1 generation.

M, molecular weight marker. Numbers on the top: 1–7 samples

of founder mice. PCR detection of F1 generation mice, BC

stands for blank control. Two pair of different primers was used:

primers A and primers B, with the amplified fragments as 780

and 600 bp respectively. b Southern blot analysis for Founder

generation mice. M for molecular weight marker. 1, 6, 7 stand

for founder F0-1, F0-6, F0-7 respectively. 2, 4 and 5 DNA

samples from wild type mouse. Transgenic mice in F1

generation, F1-2, F1-4, F1-9, F1-10, F1-12, non-transgenic

mice F1-11 and wide type mouse control were all detected by

Southern blot. Results showed that the digested fragment size

were about 9 kb
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affects the transgene expression level (Kong et al.

2009; Park et al. 2010).

WISH-Mxp-Luciferase system was used to deter-

mine the biological activity of recombinant hIFNa-2b

in the milk of transgenic mouse F1-9. It was observed

that the RLU value of transgenic milk treated cell was

2.3 folds higher than that of wild mice milk treated cell

(Fig. 4a). And RLU value increased according to the

increasing of IFNa-2b units. By comparing with the

standard recombinant hIFNa-2b Injection, the stan-

dard curve and regressive equation were calculated.

Based on the standard curve, the biological activity of

the transgenic mice’s milk was calculated as

255.85 IU in 300 lL. And the specific activity is

approximated 2.8 9 107 IU/mg which is similar to

that of mammalian cell produced recombinant hIFN:

2.4 9 107 IU/mg (Rossmann et al. 1996) and

12.2 9 108 IU/mg (Loignon et al. 2008).

MxA gene is a dominant one of the IFN-inducible

genes defense against virus (Borden et al. 2007). In this

study, MxA gene was chosen as an indicator for IFN

bioactivity assay. Using QRT-PCR, the ability of

recombinant hIFNa-2b to stimulate MxA gene expres-

sion was assayed. Results showed that MxA gene in

transgenic milk treated WISH cells was increased

M 1 4 6 PC

IFNα-2b-RT 

162bp

Mouse ACTB

171bp

BCA

M mg h l lg s b ms k i BC

IFNα-2b-RT 

162bp

PCR    with    RNA 

template 

26kD

26kD

B
F1-9 F1-12 F1-10 F0-7 WT

a

b

Mouse

171bp

32 5

ACTB

Fig. 3 Detection of recombinant IFNa-2b expressed in the milk

of transgenic mice by RT-PCR and western blot. a RT-PCR

analysis expression of the IFNa-2b in transgenic mice mammary

gland. M molecular weight marker. 1, 2, 3 samples from

lactating transgenic mice. 4 samples from non-lactating

transgenic mice. 5 wild type of lactating mice. 6 wild type of

non-lactating mice. PC positive control. BC blank control.

Mouse beta-actin gene was amplified as internal control.

Mammary gland (mg), heart (h), liver (l), lung (lg), spleen (s),

brain (b), muscle (ms), kidney (k) and intestine (i) in lactating

transgenic mice were all analyzed. PCR uses RNA as templates

were also performed for confirm the RT-PCR data of transgenic

mice not from the genomic DNA. b Western blot analysis of

recombinant IFNa-2b in the milk of transgenic mice. Milk

samples from transgenic mouse F1-9, F1-12, F1-10 and F0-7
were detected. WT wild type mouse. Two kinds of antibodies

anti-IFNa-2b antibody and anti-His tag Antibody were used in

the analyses. a Anti-IFNa-2b antibody, b anti-His tag antibody

Table 2 Transgene copy number and concentration of

recombinant hIFNa-2b in transgenic milk

Founder

mice

Female offspring

mouse number

Transgene

copy number

Expression

level (lg/L)

F0-7($) – 6 17.2

F1-9 3 29.71

F1-12 2 11.32

F1-10 2 1.8

WT – – –

BLANK – – –

WT wild type; BLANK non-sample added
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significantly approximated 102.2 folds than that of control

(Fig. 4b). These results strongly demonstrate that

recombinant IFNa-2b produced by transgenic mice

confer forceful stimulation the expression of downstream

gene and possesses the profile of biological activity.

To our knowledge, this is the first report describing

the production of biologically active recombinant

hIFNa-2b in transgenic mice milk under the control of

the Jersey cow beta-casein promoter. Thus, we think

that our studies could provide an initial step to produce

recombinant hIFNa-2b for therapeutic purposes using

transgenic livestock in the following investigation.
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