
In recent years the development of new methods for

cost�effective production of pharmaceuticals has become

increasingly important. Use of plant expression systems

for recombinant protein production has a number of

advantages such as inexpensive cultivation, possibility of

simultaneous production of a large amount of raw mate�

rial and comparatively easy storage and transportation. In

addition, the technology of human protein production in

plants is usually safe because there are no common

pathogens. Present knowledge demonstrates that recom�

binant proteins expressed in plants are biologically active

and can be used as pharmaceuticals [1, 2].

Earlier, we developed a system for expression of for�

eign proteins in Nicotiana benthamiana leaves using phy�

toviral vectors [3]. Application of plant viral vectors chal�

lenges such gene expression methods as use of stably

transformed or transiently modified plant tissues. Due to

extremely high rate of viral RNA replication, high copy

number of foreign genes transcripts is achieved in cyto�

plasm of infected cells. Therefore, the efficiency of a viral

expression system is two degrees higher comparing with

stably transformed plants [1]. In addition, viral infection
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Abstract—An effective system for expression of human granulocyte and granulocyte macrophage colony�stimulating factors

(hG�CSF and hGM�CSF) in Nicotiana benthamiana plants was developed using viral vector based on tobacco mosaic virus

infecting cruciferous plants. The genes of target proteins were cloned into the viral vector driven by actin promoter of

Arabidopsis thaliana. The expression vectors were delivered into plant cells by agroinjection. Maximal synthesis rate was

detected 5 days after injection and was up to 500 and 300 mg per kg of fresh leaves for hG�CSF and hGM�CSF, respective�

ly. The yield of purified hG�CSF and hGM�CSF was 100 and 50 mg/kg of fresh leaves, respectively. Recombinant plant�

made hG�CSF and hGM�CSF stimulated proliferation of murine bone marrow and human erythroleucosis TF�1 cells,

respectively, at the same rate as the commercial drugs.
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in plants is commonly fully developed after 1�2 weeks,

while development, control, and cultivation of transgenic

plants take about 2 years.

Using viral expression systems, such proteins as

somatotropin [4], hepatitis B viral antigen [5], the anti�

gens of tuberculosis [6] and plague [7] bacteria, and some

monoclonal antibodies [8] have been produced in plants.

Granulocyte colony�stimulating factor (hG�CSF)

regulates formation and maturation of functionally active

neutrophilic granulocytes [9]. Recombinant hG�CSF

(rhG�CSF) is widely used in oncology since chemother�

apy often leads to the depletion of neutrophils. In addi�

tion, hG�CSF activates various infection protective sys�

tems of an organism as well as being applied in stimula�

tion of stem cell release from bone marrow [10].

Granulocyte macrophage colony�stimulating factor

(hGM�CSF) regulates proliferation and maturation of

myeloid cell precursors as well as functions of mature

neutrophils, eosinophils, and monocytes. It is used in

clinics for treatment of myelodysplastic syndromes,

myelosuppression resulting from chemotherapy and bone

marrow transplantation, aplastic anemia, etc. [11].

We have developed a method for expression of

human hG�CSF and hGM�CSF in N. benthamiana

plants. The genes hG�CSF and hGM�CSF were cloned

into a viral vector based on the tobacco mosaic virus

genome infecting cruciferous plants (crTMV). The vector

was introduced into plants by the agroinjection method.

Nicotiana benthamiana leaves were inoculated using a sus�

pension of agrobacteria transformed with crTMV genome

constructions containing target protein (hG�CSF or

hGM�CSF) genes. To stimulate productivity and increase

the replication rate of the viral vector, the experiments

were carried out under conditions of co�agroinjection of

a mixture of agrobacteria carrying viral vector genome

and agrobacteria containing viral p19 gene of tomato

bushy stunt virus. Protein p19 is a suppressor of antiviral

response of the host plant cells, i.e. a suppressor of gene

silencing of viral RNA. Co�agroinjection of p19 gene

increases the stability of the viral vector RNA [12]. This

expression system is shown to increase the synthesis of

both target proteins to 0.1�1.0 g/kg of fresh leaves. We

elaborated a method of target protein extraction and

purification from plant leaves that provides the biologi�

cally active rhG�CSF and rhGM�CSF.

MATERIALS AND METHODS

Strains Escherichia coli XL�1 Blue (Stratagene,

USA) and SG13009[pREP4] (Qiagen, Germany) as well

as Agrobacterium tumefaciens GV3101 strain from the col�

lection of the Department of Virology (Moscow State

University) were used in the present research.

Oligonucleotides were synthesized by Sintol (Russia).

Recombinant DNA was cloned in E. coli XL�1 Blue using

standard methods [13]. Restrictases, DNA ligase, Taq�

and Pfu�polymerases from Fermentas (Lithuania) and

enteropeptidase purified in the Laboratory of Protein

Engineering of the Institute of Bioorganic Chemistry

(Russian Academy of Sciences) were used [14].

Cloning of the target genes into expression vectors.
For amplification of the hG�CSF gene by PCR, the DNA

of pGGF8 plasmid [15] as a template and primers G�

CSF�NcoI�p 5′�CTAGCCATGGATGACACCATTAG�

GTCCTGCTTCG and G�CSF·6His�m 5′�CTAGTCTA�

GATTAGTGATGGTGATGGTGATGGGGCTGGG�

CAAGGTGGCGTAG were used. Under the conditions

recommended by producer of the enzyme, PCR was car�

ried out using Taq/Pfu (100 : 1) mixture of DNA poly�

merases. The resulting PCR product 1 containing the hG�

CSF gene with six histidine codons at the 3′�end was

cloned into the crTMV:GFP viral vector based on crTMV

described earlier [3]. The GFP (green fluorescent protein)

gene in this vector was replaced with hG�CSF at NcoI�

XbaI restriction sites.

The hGM�CSF gene was amplified under the same

conditions on DNA template of pFGM17 plasmid [16]

using the following primers: GM�CSF�p 5′�GACGAC�

GACAAGGCACCTGCTAGATCTCAAA and GM�

CSFSalI�m 5′�GATCGTCGACTTACTCCTGCACG�

GGTTCCC (PCR product 2). The hexahistidine

sequence together with an enteropeptidase cleavage site

(PCR product 3) was obtained by PCR using the follow�

ing primers: Ent�p 5′�GATCTGTACAATGCACCAT�

CACCATCATCATCCAGATCTG and Ent�m 5′�GTA�

GTAGGTCTAGACCCATGGCTGCTGCTGTTC�

CGTG. Ent�m and GM�CSF�p primers contain overlap�

ping regions, therefore PCR products 2 and 3 were joined

through an additional PCR round using Ent�p and GM�

CSF�SalI�m primers.

The resulting PCR product containing the hGM�CSF

gene with the enteropeptidase cleavage site and six histi�

dine codons at the 5′�end (6His·Ent·GM�CSF) was

cloned into the crTMV:GFP vector in place of the GFP

gene at the BsrGI�SalI restriction sites. The structure of

the resulting plasmid was confirmed by restriction analy�

sis and sequencing (Genome Multiple Access Center,

Russia).

Extraction of rhG�CSF from E. coli. An rhG�CSF

producing strain was obtained by cloning the hG�CSF syn�

thetic gene into pQE30 plasmid (Qiagen) from the

pGGF8 plasmid [15] at the BamHI�SalI sites. Escherichia

coli SG13009[pREP4] cells transformed by pQE30:hG�

CSF plasmid were incubated in LB medium containing

ampicillin (100 mg/liter) overnight at 37°C. The overnight

culture was diluted with the same medium, incubated to

A600 = 0.7, isopropyl�β�D�thiogalactopyranoside (IPTG)

was added to the final concentration 1 mM, and the cul�

ture was incubated for 4 h at 37°C. The biomass was sus�

pended in buffer A (50 mM Tris�HCl, pH 8.0, 1 mM

EDTA, 100 mM NaCl), and the cells were disrupted by
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ultrasonication. After centrifugation, the pellet was

washed with buffer A containing 0.5% Triton X�100 and

2 M urea and diluted with B buffer (20 mM sodium phos�

phate, pH 7.4, 6 M guanidine chloride) and kept for 16 h

at room temperature. The rhG�CSF·6His was isolated

using metal affinity chromatography on Ni2+�NTA

agarose (Qiagen). Supernatant of dissolved inclusion bod�

ies was applied onto the column equilibrated with B buffer.

Gradually increasing imidazole concentration (from 10 to

500 mM) in the same buffer, rhG�CSF was eluted. The

resulting rhG�CSF carrying 10 extra amino acid residues

(including the six histidine residues) at the N�terminal

end came as a result of cloning into the pQE30 vector.

Agroinjection. Strain GV3101 of the A. tumefaciens

was transformed by pA10523 and pA12633 plasmids sep�

arately and then incubated overnight at 28°C in LB medi�

um containing 50 mg/liter rifampicin, 50 mg/liter

kanamycin, and 25 mg/liter gentamycin. The overnight

culture was centrifuged at 3000g for 5 min. The pellet was

resuspended in agroinjection buffer containing 10 mM

MgSO4 and 10 mM MES�NaOH (pH 5.5). The agrobac�

terial suspension was diluted with agroinjection buffer to

A600 = 0.4. Before infiltration, equal amounts of agrobac�

teria containing target protein gene (hG�CSF or hGM�

CSF) and agrobacteria containing p19 protein gene

known as suppressor of post�transcriptional transgene

silencing were mixed. N. benthamiana leaves were infil�

trated with such suspension using a syringe without a

needle. After infiltration, the plants were grown at 16 h

long daylight at 22°C.

Expression analysis. To analyze the expression, the

injection zones (2 mg) were ground with celite (Serva,

Germany), and 40 µl of loading buffer (60% glycerol,

5 mM β�mercaptoethanol, 10% SDS, 250 mM Tris�HCl,

pH 6.8) was added. The resulting extracts were heated for

5 min at 95°C. The total amount of protein was measured

using a Protein Assay Kit (Bio�Rad, USA), and 50 µg

protein was applied to each well of an electrophoresis gel.

As a control, a known amount of recombinant protein

from E. coli was applied on the gel. The proteins were

fractionated using electrophoresis in 15% polyacrylamide

gel using the Laemmli method [17] and then transferred

to Hybond�P membrane (Amersham, Sweden). After

transfer, the membrane was incubated with blocking solu�

tion of 5% skim milk (Difco, USA). To detect hG�CSF,

primary murine antibodies purified using affinity chro�

matography and secondary antibodies conjugated with

peroxidase (Sigma, Germany) were used. Primary goat

antibodies to hGM�CSF (R&D Systems, USA) and sec�

ondary peroxidase�conjugated antibodies (R&D

Systems) were used to detect hGM�CSF. The reaction

products were visualized by the chemiluminescence

method using the ECL system (Amersham). To estimate

quantitatively the expression, the blot was scanned and

band intensities were compared using TotalLab 1.10 soft�

ware (Nonlinear Dynamics Ltd., Great Britain).

To analyze preparations of total soluble protein after

electrophoresis, the polyacrylamide gel was stained with

0.05% Coomassie R�250 solution (Serva) in a mixture of

2% trichloroacetic acid and 20% ethanol for 1 h and then

washed by boiling in distilled water.

Extraction and purification of proteins from plant
leaves. On the fifth day after infection, 5 g of leaves were

homogenized in 15 ml of buffer H (100 mM Hepes�

NaOH, pH 7.4, 10 mM EDTA, 100 mM NaCl, 5 mM

dithiothreitol, 25 mM sucrose, 0.4 mM phenylmethylsul�

fonyl fluoride (PMSF)) (Amresco, USA). The extraction

was carried out as described by Yamamoto et al. [18]:

homogenate was centrifuged at 10,000g for 10 min, and

the resulting pellet was suspended in 15 ml of buffer S

(50 mM Tris�HCl, pH 8.0, 6 M guanidine hydrochloride,

20% glycerol, 1 mM β�mercaptoethanol, 10 mM imida�

zole) and incubated for 1 h at room temperature. The

sample was centrifuged at 12,000g for 20 min to remove

cell debris and insoluble material. The supernatant was

added to 2 ml of Ni2+�NTA agarose (Qiagen), carefully

mixed for 1 h at room temperature, and then loaded onto

a column. The column was washed with 40 ml of S buffer

and then with 120 ml of buffer S with decreasing gradients

of guanidine hydrochloride (from 6 to 0 M), glycerol

(from 20 to 0%), and β�mercaptoethanol (from 1 to

0 mM). Then the column was equilibrated with buffer L

(50 mM Tris�HCl, pH 8.0, 50 mM NaCl, 5% sorbitol)

containing 10 mM imidazole, eluted with buffer L con�

taining 40 mM imidazole, and then the protein was elut�

ed by increasing the concentration of imidazole in buffer

L to 250 mM. The eluate was analyzed by electrophoresis

in 15% polyacrylamide gel and stained by Coomassie R�

250. Fractions containing the largest amount of protein

were dialyzed against buffer containing 10 mM Tris�HCl,

pH 8.0, 50 mM NaCl and kept at 4°C.

Hydrolysis by enteropeptidase. The hexahistidine tag

was cleaved by enteropeptidase [14]. Three units of the

enzyme per mg protein were added, and the mixture was

incubated for 16 h at room temperature. The rate of

hydrolysis was monitored by electrophoresis in 15% poly�

acrylamide gel by the Laemmli method. To inactivate the

enzyme, PMSF was added to final concentration

0.4 mM, and then chromatography on Ni2+�NTA agarose

was repeated.

Biological activity of hG�CSF was determined by the

rate of stimulation of cell proliferation of murine bone

marrow. For this assay, 4·105 cells in 100 µl medium were

applied into 1 well of a 24�well plate (four wells per variant)

in 1.12 ml medium of the following composition: 600 µl

fetal calf serum (FCS), 120 µl concentrated nutrient medi�

um (see further), 200 µl medium containing colony�stim�

ulating factor, 100 µl erythropoietin (50 U/ml; Boehringer

Mannheim, Germany), 0.8% methyl�cellulose (ICN,

USA). Concentrated nutrient medium contained 2% glut�

amine, 0.075% bovine serum albumin (Gibco, USA),

10 µM β�mercaptoethanol, 20 mM Hepes�NaOH,
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100 U/ml penicillin, and 50 µg/ml streptomycin. As a pos�

itive control, 200 µl mixture of conditioned media of

WEHI 3B and L929 lines (2 : 1 v/v) [19, 20] and 200 µl

hG�CSF (Neupogen; F. Hoffmann�La Roche,

Switzerland) in 20 ng/ml concentration were used. As test�

ing samples, 200 µl of purified hG�CSF from plants in var�

ious concentrations were used. After seven days of cultiva�

tion (37°C, 5% CO2), colony number for each variant was

counted using an inverted microscope (Nikon, China).

Biological activity of hGM�CSF was determined by

stimulation of proliferation of TF�1 cell line of human ery�

throleucosis [21]. TF�1 cells (No. CRL�2003; ATCC,

USA) were cultivated in RPMI 1640 medium supplement�

ed with 10 mM Hepes�NaOH, 1 mM sodium pyruvate,

4.5 g/liter glucose, 1.5 g/liter sodium bicarbonate,

2 ng/ml recombinant hGM�CSF (rhGM�CSF) [16], 10%

FCS, 100 U/ml penicillin, and 100 µg/ml streptomycin.

Before the experiment, the cells were washed with serum�

free RPMI 1640 medium. Then the cells were applied into

96�well plates (Corning, USA) at 15,000 per well in RPMI

1640 medium containing 2% FCS, and hGM�CSF was

applied in concentrations from 0.4 pg/ml to 10 ng/ml. The

cells were incubated for 72 h, and then 3H�labeled thymi�

dine (1 µCi per well; Izotop, Russia) was added. After 18 h,

the cells were collected on filters using an automatic cell

collecting device, and radioactivity was measured using a

liquid scintillation counter (Rackbeta, USA; LKB, USA).

Stimulation index was calculated in the cells containing

hGM�CSF and without it as the ratio of radioactivities and

presented in percent. Inclusion of 3H�labeled thymidine

into the control (non�stimulated) cells was taken as 100%.

Biological activity of hGM�CSF (ED50) was determined as

hGM�CSF concentration at which 50% of the maximal

proliferation stimulation was observed.

RESULTS AND DISCUSSION

In recent years transgenic plants producing a wide

range of hormones, cytokines, growth factors, and

enzymes having potential pharmacological application

have been created in a number of biotechnological cen�

ters [1, 2]. Recombinant proteins produced in plants are

shown to have the same biological activity with the pro�

tein analogs produced in other expression systems.

Despite very effective promoters, the level of foreign gene

expression in plants, however, is usually low. Thus, the

amount of human serum albumin in transgenic tobacco

tissues was 0.02% of total protein [22]. Even lower values

were obtained for erythropoietin (0.003%) and β�inter�

feron (0.001%) [23, 24]. The low productivity of the tar�

get proteins in the transformed plants might be caused by

the plant defense reaction – gene silencing [25].

To increase the level of target protein accumulation

in plants, transient expression of transgenes using phy�

toviral vectors is also used. Use of viral vectors together

with agroinjection is one of the most promising methods

of gene expression [26]. Proteins were earlier demonstrat�

ed to show the most effective expression using tobacco

mosaic virus (TMV). For instance, the amount of GFP

protein synthesized using TMV30B vector was 10% of

total soluble protein of infected N. benthamiana leaves

[27]. A vector based on TMV was also used for production

of HIV replication inhibitor α�trichosanthin in N. ben�

thamiana with yield of 2% of total soluble protein [28].

As mentioned earlier, vectors based on crTMV with

very high productivity were used in the present work [29].

The technology of viral vector agroinjection is optimal for

inexpensive and rapid expression of target proteins since

the higher protein concentration in cells simplifies the

purification process. This is particularly significant in the

case of pharmaceutical proteins requiring high level of

purification.

Human colony�stimulating factors hG�CSF and

hGM�CSF were chosen for expression in plants using

crTMV. At present, imported recombinant cytokines,

which, along with granulopoiesis (hG�CSF, hGM�CSF)

and monocytopoiesis (hGM�CSF) stimulation, possess

immunomodulatory effect, are registered and available

for sale in Russia. Protein hG�CSF proved to be effective

in prevention and treatment of purulent septic infections

in surgery, including oncosurgery, as well as treatment of

patients with refractory chronic infections. High prices of

colony�stimulating factor pharmaceuticals significantly

restrict their wide application. Use of viral vectors for

hG�CSF and hGM�CSF synthesis in plants might signif�

icantly lower production cost and, consequently, make

the treatment of various diseases including oncological

ones less expensive.

Up to the present, hG�CSF expression in plants was

achieved only using cell cultures of transgenic plants with

low product output (105 µg/liter) [30], and hGM�CSF

expression was achieved only using transgenic tobacco

seeds [31] with output 0.03% of soluble protein, and using

other cell cultures of transgenic plants [32�34]. High

expression rate was achieved using a vector based on pota�

to X virus, and hGM�CSF yield in leaves was up to 20 mg

per g of fresh leaves. However, isolation and characteriza�

tion of the purified recombinant cytokine preparation was

not shown in the work [35].

To express colony�stimulating factors in plant cells,

we have cloned hG�CSF and hGM�CSF genes of target

proteins into a vector based on crTMV (Scheme). To

make purification easier, their 3′� and 5′�end regions,

respectively, contain sequences encoding six histidine

residues. In some cases, the hexahistidine tag is known to

affect negatively the structure and biological activity of

recombinant proteins [36]. In addition, the extra amino

acids are undesirable if used as pharmaceuticals since it

can promote pathologic immune response of the organ�

ism. Therefore, in the case of hGM�CSF, the enteropep�

tidase cleavage site was integrated between the gene
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sequence and histidine codons to study the possibility of

hexahistidine fragment cleavage. As a result, pA10523

and pA12633 plasmids containing crTMV polymerase

gene, transport protein gene, target gene, and 3′ NTR,

were cloned into binary vector pCambia 1300. Expression

of this cassette was driven by the actin promoter from

Arabidopsis thaliana and nopaline synthase gene termina�

tor from A. tumefaciens.

To deliver the viral vectors into plant leaves, a

method of agroinjection of A. tumefaciens cell cultures

transformed with pA10523 and pA12633 constructs was

used. To suppress the effect of posttranslational gene

silencing (PTGS), an equal number of bacteria contain�

ing p19 gene of tomato bushy stunt virus – PTGS sup�

pressor – was added to the suspension. The PTGS inhibi�

tion effect is due to the ability of p19 protein to form

Scheme of crTMV based vector for expression of target proteins. LB and RB, left and right borders of T�DNA; Arab. Act2, actin promoter;

crRdRp (cruciferous RNA�dependent RNA polymerase), crTMV replicase gene; crMP (cruciferous movement protein), crTMV movement

protein gene; hG�CSF and hGM�CSF, cytokine genes; NTR, 3′�non�translatable region; Tnos, terminator of nopaline synthase gene

Arab. Act2 crRdRp crMP hG�CSF NTR Tnos

Arab. Act2 crRdRp crMP hGM�CSF NTR Tnos

Fig. 1. Expression of hG�CSF in N. benthamiana leaves. a) Lanes: 1) positive control, rhG�CSF produced in E. coli; 2) negative control, non�

inoculated leaf; 3) Western blot of extract from leaf agroinjected with pA10523 construct. On the left, protein molecular weight markers in kDa

(Fermentas). The arrow shows a protein band corresponding to phG�CSF. Putative hG�CSF dimers are shown with an asterisk. b)

Electrophoresis using the Laemmli method of hG�CSF produced in E. coli (1) and of purified phG�CSF (2).
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complexes with small interfering RNAs, which blocks the

system of PTGS signal transduction [37].

Expression of hG�CSF in N. benthamiana leaves. To

estimate the efficiency of hG�CSF gene expression in

plants, protein was extracted from leaves and recombi�

nant cytokine yield was measured by protein elec�

trophoresis and Western blot. At the same time, we com�

pared the band intensity corresponding to phG�CSF

(rhG�CSF synthesized in plants) and a known amount of

E. coli rhG�CSF. To determine the time of maximal pro�

tein accumulation in leaves, the amount of phG�CSF in

infected leaves was determined every 24 h after agroinjec�

tion. It was shown that 5 days after the infection, accu�

mulation of phG�CSF reached a maximum of 500 mg/kg

of fresh leaves weight (Fig. 1a). An additional band withFig. 2. Biological activity of phG�CSF.
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Fig. 3. Expression of hGM�CSF in N. benthamiana leaves. a) Western blot: 1) a sample of rhGM�CSF produced in E. coli (positive control);

2) a non�inoculated leaf (negative control); 3) a leaf agroinjected with pA12633 construct. Protein molecular weight markers (in kDa) are

shown on the left. Protein bands corresponding to phGM�CSF are shown with arrows. Putative phGM�CSF dimers are shown by an aster�

isk. b) Laemmli electrophoresis of hGM�CSF produced in E. coli (1) and of purified phGM�CSF (2). c) Western blot of phGM�CSF sam�

ples after enteropeptidase treatment (2�4), purified phGM�CSF before enteropeptidase treatment (5), and hGM�CSF produced in E. coli

(1).
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molecular mass of 34 kDa detected with anti�hG�CSF

antibodies seems to be dimerized protein. The reason

might be that the high level of expression in the heterolo�

gous system leads to misfolding of some recombinant

protein molecules. Their exposed hydrophobic regions

tend to form the aggregates.

Ni2+�NTA agarose chromatography was used to

extract proteins from plant cells. After extraction and

purification of phG�CSF, one band with molecular mass

17 kDa corresponding to the target protein with the hexa�

histidine tag was detected by electrophoresis (Fig. 1b).

The yield of the purified protein was 100 mg/kg of fresh

leaves, which significantly exceeds the yield obtained in

earlier studies [30].

To determine the biological activity of the phG�

CSF, murine bone marrow cells were treated with purified

phG�CSF, and then newly formed neutrophil colonies

were counted. Proliferation of murine myeloblasts is a

standard test for hG�CSF biological activity, since the

murine and human proteins are cross�reactive [38, 39].

As a positive control, hG�CSF (Neupogen) (Hoffmann�

La Roche) was used. It has been demonstrated that con�

trol hG�CSF and phG�CSF have similar biological activ�

ities (Fig. 2). Consequently, the purification methods that

we used do not affect the biological activity of hG�CSF.

Expression of hGM�CSF in N. benthamiana.
Expression of the hGM�CSF gene in the pA12633 plas�

mid, the rate of target protein accumulation, phGM�CSF

extraction, and purification were carried out similarly to

pA10523 and phG�CSF. According to Western blot,

phGM�CSF yield in leaves was up to 300 mg/kg of fresh

leaves on the fifth day after infection (Fig. 3a). An addi�

tional band with molecular mass of 45 kDa detected with

anti�hGM�CSF antibodies also seems to be protein

dimers. Using Laemmli PAGE, one band, corresponding

to estimated molecular mass of hGM�CSF with the hexa�

histidine tag and enteropeptidase cleavage site (24 kDa;

Fig. 3b), was found. After purification, the protein yield

was 50 mg/kg of fresh leaves.

To obtain recombinant hGM�CSF with the native

amino acid sequence, conditions of protein treatment by

enteropeptidase were chosen and preparative protein

hydrolysis was carried out. To isolate hydrolysis products,

Ni2+�NTA agarose chromatography was repeated. At this

time, hydrolysis products containing the hexahistidine

sequence (uncleaved hybrid protein and hexahistidine tag)

as well as extrinsic proteins possessing nonspecific affinity

to Ni2+�NTA were retarded by the resin. As a result of

hydrolysis and re�purification, recombinant phGM�CSF

with molecular mass similar to that of the rhGM�CSF iso�

lated from E. coli producent was obtained (Fig. 3c).

Biological activity of phGM�CSF was determined by

the ability to stimulate the proliferation of TF�1 human

erythroleucosis cells. Recombinant rhGM�CSF isolated

from E. coli with activity similar to that of recombinant

hGM�CSF (Sargramostim Leukine; Immunex, USA)

produced in yeast was used as a control [16]. The rate of

proliferation stimulation was determined by inclusion of
3H�labeled thymidine. Protein activity ranges are demon�

strated to slightly differ (Fig. 4a). Maximal proliferation

stimulation is achieved when 1 ng/ml phGM�CSF is

added, and the dose necessary for 50% stimulation (ED50)

is 86 pg/ml, which is about five times higher than that of

the control preparation (18 pg/ml). However, ED50 values

of phGM�CSF and rhGM�CSF are practically the same

(11 and 10 pg/ml, respectively) (Fig. 4b) when the hexa�

histidine tag is cleaved by enteropeptidase (Fig. 3c). This

result might be explained by the fact that the presence of

a quite long charged N�terminal peptide (hexahistidine

tag and enteropeptidase cleavage site) of phGM�CSF

molecule somehow interrupts formation of the native

protein spacial structure necessary for interaction with

the cell receptor. After enteropeptidase treatment, the

native amino acid and, presumably, spacial structures of

the cytokine are restored, and, as a result, colony�stimu�

lating ability of the protein increased to the control rate.

Fig. 4. Biological activity of phGM�CSF. a) Activity of phGM�

CSF (curve 2) compared with rhGM�CSF (curve 1). b) Activity

of phGM�CSF treated by enteropeptidase and purified (curve 2)

compared with rhGM�CSF (curve 1). The curves are drawn to fit

the equation SI = 100 + (SIlim – 100)/(1 + ED50/[M]), where SI

is stimulation index, SIlim is limiting value of SI, and [M] is mye�

locytokine concentration. Values of ED50 (18, 86 (a) and 11, 10

(b) for curves 1 and 2, respectively) and SIlim were determined by

nonlinear regression.
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Thus, we have obtained viral vectors producing

recombinant cytokines hG�CSF and hGM�CSF, which

have as effective colony stimulating activity as analogous

pharmaceuticals currently used in medicine. The synthe�

sis rate achieved using the viral expression system is quite

high – 300�500 mg/kg of fresh leaves. Further increase

might be possible through optimization of codon usage of

the target genes and careful selection of cultivation and

purification conditions. The elaborated method of pro�

tein isolation from plant leaves provides pure biologically

active cytokines. This makes the usage of viral�based sys�

tems for expression of recombinant cytokines in plants a

fascinating alternative to existing methods.
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