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RESEARCH ARTICLE

Construction of bicistronic cassette for co-expressing hepatitis B surface antigen
and mouse granulocyte-macrophage colony stimulating factor as adjuvant in
tobacco plant

Sara Mohammadzadeha, Hamideh Ofoghib, Mina Ebrahimi-Radc and Parastoo Ehsanid

aMedical Biology Research Center, Kermanshah University of Medical Sciences, Kermanshah, Iran; bDepartment of Biotechnology, Iranian
Research Organization for Science and Technology (IROST), Tehran, Iran; cBiochemistry Department, Pasteur Institute of Iran, Tehran, Iran;
dMolecular Biology Department, Pasteur Institute of Iran, Tehran, Iran

ABSTRACT
Context: The co-delivery of adjuvant and antigen has shown to be more effective for targeting the
immune response than antigen alone. Therefore, designing an efficient bicistronic system is more assur-
ing for production of both elements in the same tobacco cells as a plant model system.
Objective: Comparing the efficient transient co-expression of hepatitis B surface antigen (HBsAg) and
mouse granulocyte macrophage colony stimulating factor (mGM-CSF) in tobacco leaves by designing
either mono or bicistronic cassettes.
Materials and methods: Four expression cassettes containing tobacco etch virus (TEV) leader sequence
were constructed with and without above genes in different orders. The cassettes were transferred into
tobacco, Nicotiana tabacum L. (Solanaceae), leaves by agroinfiltration technique. The expression levels
were compared using ELISA and western blotting and bioactivity of cytokine was assessed by in vitro pro-
liferation of mouse GM-CSF-responsive progenitor cells.
Results: Agroinfiltrated leaves contained recombinant HBsAg protein at 20–50ng/mg and mGM-CSF at
0.2–4 ng/mg in both nonglycosylated and glycosylated forms. The highest expression obtained in HBsAg
and mGM-CSF monocistronic co-agroinfiltrated leaves. The expression of mGM-CSF was 1.1 and 0.2 ng/
mg in two different orders of bicistronic cassettes. The growth frequency of GM progenitors was approxi-
mately 1/187 cells for standard rGM-CSF and 3.2 times less activity for the plant produced.
Discussion and conclusions: The recombinant mGM-CSF was produced less in bicistronic cassette than
other forms; however, co-presenting of both vaccine candidate and adjuvant is confirmed and could be
promising for amelioration of plant expression system as a means for vaccine production.
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Introduction

Through the last decades, vaccines have been a major part of
pharmaceutical proteins produced in plants to address global
growing demand for the production of inexpensive and effective
vaccines. The ability of plant-produced antigens to induce muco-
sal and systemic immune responses in laboratory animals as well
as clinical trials has been confirmed by various studies (Margolin
et al. 2018). Several virus-based vaccine candidates including
hepatitis B core antigen (HBcAg) and hepatitis B surface antigen
(HBsAg) were expressed in transgenic plants (Ehsani et al. 1997;
Joung et al. 2016). However, there are also limitations associated
with the transgenic expression, such as complexity of transform-
ing process, time needed for regeneration of stable transformed
plant cell, gene positional effects, low expression level and envir-
onmental concerns have shifted the studies to transient expres-
sion system (Kopertekh and Schiemann 2019). Transient
expression systems could be attractive for their rapid expression,
high yield, cost-effectiveness, no transgene release into the
nature, as well as ease of scalability and monitoring during their
biological manufacturing in plants (Mohammadzadeh et al. 2017;
Kopertekh and Schiemann 2019). Preliminary experiments on

the plant as edible vaccine have been indicated to be promising
but due to low expression yield it often needs larger amount of
recombinant plant material to be administrated (Criscuolo et al.
2019). Restriction of plant cells for high expression of some
heterologous genes such as HBsAg has enhanced researchers to
improve low expression. Furthermore, co-delivery of adjuvants is
essential strategies to improve the immunogenicity of antigens
and prevent induction of host immune tolerance especially in
oral administration route or in persistent infections. Some adju-
vants have been used through as mixture with plant produced
proteins or as fusion proteins such as cholera toxin (Pniewski
et al. 2018). In this regard, several cytokines as adjuvant have
been considered because of safety and efficiency to promote of
immune response to vaccine (Decker and Safdar 2011; Li
et al. 2016).

Granulocyte macrophage colony stimulating factor (GM-CSF)
is a naturally occurring growth factor and proinflammatory cyto-
kine that is produced by a variety of cells in response to various
immune or inflammatory stimuli. GM-CSF was able to signifi-
cantly improve anti-HBs antibody titer when administrated with
a booster dose of hepatitis B virus (HBV) vaccine in
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haemodialysis patients (Roozbeh et al. 2015). Combined therapy
with GM-CSF can also promote immune response of HBV vac-
cine in HIV-infected individuals (Sasaki et al. 2003). GM-CSF
increases the secretion of IL-2 and the proliferation of T cells. It
is also important in upregulation of MHC class II and costimula-
tory molecules (Lin et al. 2010) and enhancing the activation of
antigen-presenting cells and the cytoactivity of CTL and NK.
Therefore, GM-CSF is able to promote the humoral and cellular
immune responses to the hepatitis B vaccine. Despite contradict-
ory results, GM-CSF is safe and well-tolerated that has shown
promise to be a potential HBV vaccine adjuvant specially in indi-
viduals with lymphopenia and a defect in immunocompetent
cells (Lin et al. 2010; Catherine and Piroth 2017). Furthermore,
the fusion of GM-CSF with HBV-S in DNA vaccine format
strengthened the immune responses of the HBV DNA vaccine
both in normal and HBV-transgenic mice. The results demon-
strated that GM-CSF could be used as adjuvant in prophylactic
and therapeutic vaccination strategy to HBV (Qing et al. 2010).
In another study, co-administration of HBsAg and GM-CSF
using biodegradable hydrogel delivery system elicited greater Th
cell proliferative and specific antibody responses compared to the
conventional HBsAg vaccine (Chou et al. 2010).

In several studies, the production of biologically active human
GM-CSF has been reported in plant cell suspensions (James
et al. 2000; Shin et al. 2003; Kim et al. 2008), transgenic plants
(Sardana et al. 2002) and in transient expression systems (Zhou
et al. 2006; Vojta et al. 2015). Moreover, the expression of mouse
GM-CSF in transgenic tobacco plants in its bioactive and glyco-
sylated form was reported recently (G�ora-Sochacka et al. 2010).
However, the present study is a first to evaluate transient co-
expression of mouse GM-CSF (mGM-CSF) and HBsAg in a
bicistronic vector in tobacco, Nicotiana tabacum L.
(Solanaceae), leaves.

In order to be able to co-express both antigen and costimula-
tory cytokine in the plant cell in non-fusion form to keep the
native form of proteins a bicistronic vector was used. This vector
contains tobacco etch virus (TEV) 50-untranslated region (UTR)
leader sequence: The 143 nt of 50-leader is one of the most com-
pact elements that directed cap independent translation in 50

proximal position in a monocistronic mRNA (Zeenko and Gallie
2005). Previous work demonstrated that the TEV leader sequence
enhances in vivo translation of mRNAs 8-21 fold in tobacco pro-
toplasts (Carrington and Freed 1990). It also promotes transla-
tion of the second ORF when placed into the intercistronic
region of a bicistronic construct, suggesting its internal ribosome
entry site (IRES) activity. In bicistronic mRNA, TEV leader was
able to enhance translation of the downstream cistron twofold of
the control sequence (Niepel and Gallie 1999). One of the struc-
tural elements in TEV leader sequence is 50-pseudoknot 1 (PK1)
that is necessary to promote cap-independent translation.
Mutational studies showed that interrupted stems or loops of PK
1 caused the loss of translational activity up to about 90%
(Zeenko and Gallie 2005).

We cloned specific species murine GM-CSF in plant expres-
sion vector in order to characterize the biochemical and bioactiv-
ity of the cytokine. In this study, the expression of mGM-CSF
was investigated in monocistronic and bicistronic expression cas-
settes in presence of noncoding TEV leader sequences to
improve expression yield. Furthermore, the mGM-CSF was co-
expressed along with HBsAg because of its adjuvant importance
to improve the immunological response against HBsAg in vac-
cine formulation.

Materials and methods

Cell culture

The J774A.1 cells (ATCC no.: TIB-67; Rockville, MD, USA) were
maintained in tissue flasks in complete medium RPMI-1640
(Biochrom AG, Berlin, Germany) with low content in phenol red
supplemented with 2mM L-glutamine, 10mM Hepes, 24mM
NaHCO3, 50mM 2-mercaptoethanol, 100U/mL penicillin,
100 mg/mL streptomycin and 10% v/v heat-inactivated foetal
bovine serum (FBS; Gibco, Paisley, UK). The J774A.1 cells were
sub-cultured in 25 cm2 cell culture flasks (CellStar, Greiner Bio-
one, Germany) at 37 �C with 5% CO2 in air. After incubation for
2 h, the flasks were washed three times with medium at 37 �C to
remove the unattached cells, and the remaining attached cells
were used as the macrophage monolayer. J774A.1 macrophages
were detached from monolayer cultures by scraping, washed and
pelleted twice at 500�g (Beckman GPR Centrifuge, Krefeld,
Germany) for 10min, resuspended in complete RPMI-1640 cul-
ture medium and counted in Malassez chambers. Cell suspen-
sions at an appropriate concentration (2� 105 cells/mL) were
added to 24-well culture plates (Sarstedt, Numbrecht, Germany)
and allowed to adhere for 2 h at 37 �C under 5%
CO2 atmosphere.

Expression vector construction

The pRTL Plasmid (a kind gift from Dr. H. Ofoghi, IROST,
Tehran, Iran) (Ofoghi et al. 2000) that carries the CaMV 35S
dual promoter-enhancer followed by the TEV leader and the
CaMV 35S RNA polyadenylation signal sequences was used for
construction of monocistronic and bicistronic vectors. This plas-
mid contains restriction sites for Xho I, EcoR I and BamH I and
Xba I upstream and downstream of the TEV leader sequence,
respectively (Figure 1). The genes encoding mGM-CSF and
HBsAg were PCR-amplified using primers listed in Table 1
which contained EcoR I, Xho I and BamH I and Bgl II sites as
required. All recombinant DNA manipulations were performed
according to standard methods (Sambrook and Russell 2001).

mGM-CSF and HBsAg genes were amplified from pEF/myc/
cyto/D7GM (kindly provided by Dr. H.J. Arteaga, Karolinska
Institute, Stockholm, Sweden) and pCMV-S2S (a kind gift from
Dr. Marie Louise Michel, Pasteur Institute, Paris, France),
respectively. Amplification was performed at 94 �C for 5min fol-
lowed by 30 cycles of 94 �C for 1min, 58 �C for 30 s and 72 �C
for 1min, and final extension at 72 �C for 10min.

The amplified products were digested using either EcoR I
(HBsAg gene) or Xho I (mGM-CSF gene) for upstream of TEV
leader and BamH 1(mGM-CSF gene) or Bgl II (HBsAg gene) for
downstream of the TEV leader in the configurations as shown in
Figure 1. The plasmids carrying the expression cassette were
sequenced (MWG Biotech AG, Ebersberg, Germany) for authen-
tication of the PCR products and arrangement of the genes in
the cassettes.

The modified pRTLs containing the expression cassettes were
transformed to the Sure electroporation-competent Escherichia
coli (Stratagen, Redmond, WA, USA) and transformants were
selected on Luria Bertani (LB) agar plates containing 100 mg/mL
ampicillin (Sigma, St. Louis, MO, USA). The expression cassettes
were digested by Hind III, purified using gel extraction kit
(Qiagen, Hilden, Germany) and ligated with Hind III digested
binary vector pDE1001 (kindly provided by Dr. Ann Depicker,
Ghent University, Belgium) (Denecke et al. 1992) as shown in
schematic Figure 1.
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After verification of the cloned pDE1001 vectors by sequenc-
ing, the recombinant vectors were used for transformation of
electro-competent Agrobacterium tumefaciens C58CI RifR (a kind
gift from Dr. G. De Jaeger, Ghent University, Belgium) using
electroporation method.

Agroinfiltration of tobacco leaves

Young leaves of Nicotiana tabacum cultivar Xanthi were agroin-
filtrated (Kapila et al. 1997). Briefly, an isolated colony of trans-
formed agrobacteria containing the cloned pDE1001 binary
vectors was separately grown in 5mL YEB medium supple-
mented with 50 mg/mL spectinomycin and 50 mg/mL rifampicin
for 48 h at 28 �C in a shaker incubator (250 rpm). Subsequently,
the 5mL bacterial cultures of Agrobacterium harbouring the spe-
cific plasmid construct were used to separately inoculate 50mL
fresh YEB media containing 10mM 2-(N-morpholino) ethane
sulfonic acid (MES) (Merck, Darmstadt, Germany) adjusted pH
to 5.6, and then 20mM acetosyringone (Sigma, St. Louis, MO,
USA) and the antibiotics were added to autoclaved media. The
cultures were grown overnight at 28 �C to log phase

(OD600¼0.8 – 1.0) and centrifuged independently at 5000 rpm for
10min at 4 �C. The pellets were resuspended in MMA medium
containing Murashige and Skoog salts, 10mM MES, 20 g/L
sucrose, pH 5.6 and 200 mM acetosyringone to a final OD600 2.4
and kept at 22 �C for 1 h and then used for infiltrations. Tobacco
leaves were submerged in bacterial suspension and vacuumed at
0.1–1 mbar twice each for 10–15min. Leaves must be kept in
solution by shaking or heavy metallic material. The vacuum was
broken rapidly each time to allow the agrobacteria-containing
media to fill the interstitial spaces of the leaves replacing the vac-
uumed air. The infiltrated leaves were washed briefly with sterile
water and kept on wet Whatman paper no. 40 with adaxial side
upwards. Petri dishes were sealed with parafilm and placed at
22 �C under 16 h light/8 h dark condition.

Preparation of agroinfiltrated plant leaf extract

After 3–5 days of incubation, the plant leaf extract was prepared. For
the preparation, the leaves were frozen in liquid nitrogen and then
crushed into fine powder and extracted with one volume of extrac-
tion buffer containing 20mM sodium phosphate; pH 7.5, 0.15 M
NaCl, 1% Triton X-100 and 2mM PMSF. The samples were clarified
by centrifugation at 17,000�g for 15min at 4 �C. The supernatant
was aliquoted and kept in freezer –80 �C for further experiments.

SDS-PAGE and Western blot analysis

The samples were resuspended in sample buffer. The electro-
phoresis was done in 12% SDS PAG. After blotting, the

Figure 1. Schematic presentation of the gene arrangements in TEV-mediated bicistronic and monocistronic constructs used for co-expression of mGM-CSF and
HBsAg genes.

Table 1. List of primers used for amplification of murine GM-CSF and
HBsAg genes.

Primer Sequence (50–30) Product (bp)

F-GM AGCATATGCCTCGAGGATCCATGGCCCACGAGAG 513
R-GM TATACTATTCTCGAGGATCCCTATGCGGCCCC
F-HBS TTTTATAGATCTGAATTCATCTTCTCGAGGATTGGGGAC 783
R-HBS TTTTTGGAATTCAGATCTAGAGTAACCCCATCTC
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nitrocellulose paper was put in BSA 3% overnight at 4 �C. The
paper was put in 0.5 mg/mL biotinylated rabbit anti-GM-CSF
antibody (Pharmingen, San Diego, CA, USA) for 2 h at 37 �C.
After washing, the paper was incubated with 1:15,000 streptavi-
din conjugated peroxidase at room temperature for 1 h. The
immunoblot was visualized using ECL Plus detection reagents
(Amersham Pharmacia Biotech, Little Chalfont, UK) and devel-
oped on autoradiography film (HyperfilmTM ECL).

HBsAg expression assays

Transient expression of HBsAg in agroinfiltrated leaves was
measured using Monolisa kit according to manufacturer’s
instruction (BioRad, Irvine, CA, USA) and sandwich ELISA. The
test was done by monoclonal anti-HBsAg antibody 112A26 as
coating and rabbit L3a_S2S antibody as secondary antibody
(kindly donated by Dr. Marie-Louise Michel, Pasteur Institute,
Paris, France). Goat affinity purified anti-rabbit IgG (Hþ L) per-
oxidase labelled antibodies (Vector Laboratories, Burlingame,
CA) added at 1:3000 dilution in PBS.

mGM-CSF expression assays

Transient expression of mGM-CSF was measured by sandwich
ELISA assay. ELISA plates were coated with 1mg/mL in PBS (pH
7.5) mouse anti-GM-CSF antibody (Pharmingen, San Diego, CA,
USA) at 4 �C overnight. After three washes with PBS, the coated
plates were blocked with 1% gelatin in TPBS (PBS containing 1%
Tween-20) for 90min at 37 �C. Plates were then washed and
incubated with 100 mL of leaf extracts for 90min at room tem-
perature followed by three washes with TPBS. Then, 0.5 mg/mL
biotinylated anti-GM-CSF was added to each well and further
incubated for 90min at room temperature followed by three
washes with TPBS. Finally, 100 mL of 1:3000 dilution of strepta-
vidin-peroxidase-conjugated goat anti-mouse antibody was added
as the secondary antibody for 1 h. The plates were processed and
developed by addition of OPD (1,2-phenylenediamine dihydro-
chloride; Dako, Santa Clara, CA, USA) and the reaction was
stopped by 3 N HCl solution and colour development read
at 492 nm.

Tobacco plant extract cytotoxicity

Filter-sterilized soluble extract of tobacco leaves infiltrated by
empty vector-engineered. Agrobacterium were passed through
22 mM filter and serially diluted to 1:128. The dilutions were
incubated with 105 cells of the immortalized mouse macrophage
cell line J774A.1 overnight at 37 �C under 5% CO2. The cells
were counted and cell viability (97%) was determined by Trypan
blue exclusion dye. Minimum cytotoxicity was observed at the
plant extract 1:32 dilution, so further experiments were done
using the sterilized Agrobacterium infiltrated tobacco leaf soluble
extract diluted to 1:40.

Biological activity assay of mGM-CSF

BALB/c bone marrow cell suspensions were swiftly prepared
from BALB/c mouse femurs (Lebastard et al. 1984), such bone
marrow cell suspension being known to contain GM-CSF-
responsive granulo-monocyte/GM progenitors. Different dilu-
tions of the bone marrow cell suspensions were seeded in
Terasaki plates in presence of soluble extract of tobacco leaves

transformed with either control construct or with the mGM-
CSF-engineered constructs and mouse rGM-CSF was used as
positive control. Minimal frequency of GM progenitors was
determined by limiting dilution analysis. The number of negative
wells for each plated bone marrow cell dilution is counted. After
the determination of negative wells percentage and its confidence
limits the values were plotted on semi-log graph versus the num-
ber of cells plated. Assuming that the distribution of non-
responding wells follows the Poisson distribution, the number of
cells giving 37% negative wells contains a single progenitor
(Lefkovits and Waldmann 1979).

Results

Expression cassettes’ construction

The amplified genes were digested by restriction enzymes and
ligated into pRTL. The expression cassettes were sequenced and
compared with original gene bank EMBL sequence using
ClustalW multiples alignments program. The expression cassettes
were introduced into TDNA of Binary vector pDEl00l (Figure 1)
and the resulted vectors were introduced into electro-competent
agrobacteria.

Characterization of transient expressed
recombinant proteins

The presence of the recombinant mGM-CSF and its molecular
weight in agroinfiltrated tobacco leaves has been shown by west-
ern blotting (Figure 2). In the present study, the plant recombin-
ant mGM-CSF has shown two specific bands; one is 27 kDa that
corresponds to the glycosylated protein and other one corre-
sponds to 14 kDa in un-glycosylated form. The results of ELISA
tests indicated that the highest concentration of the plant-pro-
duced mGM-CSF is about 0.2–4 ng/mg of soluble proteins in
tobacco leaf extract. In other ELISA assays for determining the
HBsAg concentration, the expression level was varying from 20
to 50 ng/mg of tobacco leaf soluble protein.

Figure 2. Western blot analysis of plant-produced mouse GM-CSF. Lane 1:
tobacco leaves transformed by pDE1001 vector without mGM-CSF gene as nega-
tive control; lane 2: leaves were agroinfiltrated with the vector contained mGM-
CSF gene; lane 3: E. coli derived GM-CSF.
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Frequency of GM-CSF-responsive progenitors in cell
suspensions of mouse bone marrow by limiting
dilution analysis

BALB/c mouse bone marrow cells were grown in microcultures
in limiting dilution conditions containing transient expressed
mGM-CSF plant extract or empty vector plant extract and stand-
ard GM-CSF. Following a growth period of seven days, the plates
were scored for negative and positive wells. According to the
Poisson distribution, the growth frequency of GM progenitors
was approximately 1/187 cells for standard rGM-CSF and the
plant produced mGM-CSF had 3.2 times less activity (Figure 3).
The toxicity of the control plant extract for J774A.1 cells was
diminished at 1:40 dilution.

Analysis of the expression levels of mGM-CSF

The expression levels of mGM-CSF of different constructs were
compared by ELISA (Figure 4). The leaves transformed by
pDE1001 were used as negative control. The results indicated
that the expression level of mGM-CSF was significantly higher in
co-agroinfiltrated monocistronic constructs. It was followed by
monocistronic mGM-CSF and bicistronic GM-TEV-HBS. While
the least expression was seen in HBS-TEV-GM bicistronic con-
struct carries mGM-CSF in second cistron and HBsAg gene in
first cistron.

Discussion

WHO’s emphasis on the mucosal and oral administration of vac-
cine and the potential of plant systems as host led to extensive

studies on plant-based vaccine. Worldwide importance of hepa-
titis B infection with 350 million chronic carriers and almost
2 billion infected people has prompted scientists to search for a
more applicable and effective vaccine. There are several publica-
tions on the capability of plant to produce precise conformation
of HBsAg (Domansky et al. 1995; Mohammadzadeh et al. 2016).

Figure 3. Identification of positive wells based on the ability of committed progenitor cells to form colonies of mature cells. A: empty vector plant extract as negative
control; B: the bone marrow microcultures containing the plant produced mGM-CSF; C: the microplate containing the plant produced mGM-CSF; D: standard GM-CSF
as positive control.

Figure 4. ELISA on plant extract to assess the expression level of GM-CSF in dif-
ferent bicistronic and monocistronic constructs. TEV indicates the leaves trans-
formed by pDE1001 as negative control; TEV-GM, GM-TEV-HBs and HBs-TEV-GM
are the leaves transformed by the monocistronic and bicistronic constructs,
respectively (TEV-GM, TEV-HBs) indicates the leaves co-agroinfiltrated with both
the GM-CSF and HBsAg monocistronic constructs.
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Furthermore, incorporation of adjuvants such as co-stimulatory
portions in vaccine formulation is an effective strategy to break
host immune tolerance and improve the immunogenicity of anti-
gens especially in persistent infections or in oral administration
rout. In oral delivery, plant expression systems are considered in
bioencapsulation of biopharmaceuticals by the plant cell walls
which provide a protecting layer during the digestive process in
gastrointestinal tract (Criscuolo et al. 2019).

Beside HBsAg that has been shown to be correctly expressed
and folded in transgenic plants, we tested transient co-expression
of the functional bioactive mGM-CSF along with HBsAg by
tobacco leaves because of its adjuvant importance to improve the
immunological response against HBsAg in vaccine formulation.

The presence of mGM-CSF cytokine and HBsAg was checked
by ELISA. The concentration of transient expressed HBsAg was
varying from 20 to 50 ng/mg of soluble protein in the leaf
extract. The expression level in different preparations was varied
because there are several parameters that influence the expres-
sion level in transient expression such as competency of the
leaves, position of the leaves in the agrobacteria solution, and the
parameters involved in the preparation of Agrobacterium culture
and infiltration condition. The highest expression level of mGM-
CSF is about 4 ng/mg of leaf soluble protein which is higher in
comparison to the expression level of human GM-CSF in opti-
mized sterile suspension culture with 43 ng/g of callus (James
et al. 2000). The low activity of the plant mGM-CSF (3.2-fold
less compared to standard GM-CSF) (Figure 3(C)) in compari-
son to supernatant of rGM-CSF culture (Figure 3(D)) could be
due to the presence of sub lethal concentration of some inhibi-
tors in plant extract that interferes with normal metabolic path-
ways of progenitor cells or lower activity of plant produced
recombinant cytokine that needed to be further investigated.

The molecular weight of the mGM-CSF in unglycosylated
form is below 15 kDa. Due to post-translational glycosylation,
the transient expressed mGM-CSF in tobacco leaves observed in
western blot analysis is 27 kDa (Figure 2) that corresponds to
glycosylated form of mouse GM-CSF purified 23 kDa glycopro-
tein (Nicola et al. 1979). The mouse GM-CSF protein produced
by plant cells has been reported to be glycosylated and the possi-
bility of N-glycosylation on in silico predicted sites (positions 66
and 75) was verified (G�ora-Sochacka et al. 2010; Liu et al. 2012).
As shown in Figure 3, the growth of GM-CSF-reactive progeni-
tors cells was actively stimulated by the plant produced mGM-
CSF. In vitro analysis of the biological activity has already shown
that nonglycosylated and glycosylated forms of the plant pro-
duced mouse GM-CSF have the same activity (G�ora-Sochacka
et al. 2010). However, the glycosylation is essential to increase
in vivo stability of GM-CSF that could vary according to host
cell type (Kim et al. 2008).

In order to be able to co-express both the antigen and costi-
mulatory cytokine in the plant cell in non-fusion form, we eval-
uated the monocistronic and bicistronic expression cassettes in
the presence of noncoding TEV leader sequences (Figure 1). The
comparison of the mGM-CSF expression levels indicated that
inserting TEV leader sequence in the upstream of the mGM-CSF
gene in TEV-GM construct increased the expression level signifi-
cantly compared to GM-TEV-HBs construct that TEV placed in
the downstream of the gene (Figure 4). This finding is based on
the study by James et al. (2000) showing that the addition of the
TEV leader sequence upstream of the human GM-CSF transgene
increased the protein production more than twofold compared
to non-TEV controls due to translational efficiency enhancement
(James et al. 2000). The lower level of mGM-CSF expression in

plants received HBs-TEV-GM bicistronic construct (Figure 4)
may be due to the formation of a strong stem-loop structure at
the end of HBsAg mRNA that is located in the upstream of the
TEV leader. Niepel and Gallie (1999) have shown that the for-
mation of the stable stem-loop structure led to the blockage of
ribosomal scanning and decreased its translational ability signifi-
cantly (Niepel and Gallie 1999). Therefore, an accessible 50 end
for optimal translation is required and should be considered.

The ELISA results indicated that the greatest mGM-CSF
expression level was gained in plants co-agroinfiltrated with both
HBsAg and mGM-CSF monocistronic constructs having pro-
moter and TEV leader (Figure 4). It was 1.5-fold higher than the
amount of mGM-CSF produced in plants received monocistronic
construct solely. It seems that the two constructs containing TEV
sequence have synergistic effect on the ribosomal recruitment
and enhancement of mGM-CSF translation.

Therefore, transient expression systems show several applica-
tions in research such as comparative analysis of plant promoters
and regulatory elements, quick production of protein of interest
for verification of the stability and functionality of plant pro-
duced recombinant proteins. Moreover, it is deduced that the
secondary structure of the mRNA of the whole construct affects
the second cistron using TEV-based cassettes.

Acknowledgements

The authors wish to thank Ms. Mai Lebastard and Dr. Genevi�eve
Milon (Pasteur Institute, Paris, France) for their valuable support in
cell culture work and the completion of this manuscript; Dr. Aime
Nato (University of Orsay) for providing plant facilities for this
research, as well as Farida Nato (Pasteur Institute of Paris) for
molecular advice.

Disclosure statement

The authors report no conflict of interest.

References

Carrington JC, Freed DD. 1990. Cap-independent enhancement of translation
by a plant potyvirus 50 nontranslated region. J Virol. 64(4):1590–1597.

Catherine F-X, Piroth L. 2017. Hepatitis B virus vaccination in HIV-infected
people: a review. Hum Vaccin Immunother. 13(6):1–1313.

Chou HY, Lin XZ, Pan WY, Wu PY, Chang CM, Lin TY, Shen HH, Tao
MH. 2010. Hydrogel-delivered GM-CSF overcomes nonresponsiveness to
hepatitis B vaccine through the recruitment and activation of dendritic
cells. J Immunol. 185(9):5468–5475.

Criscuolo E, Caputo V, Diotti R, Sautto G, Kirchenbaum G, Clementi N.
2019. Alternative methods of vaccine delivery: an overview of edible and
intradermal vaccines. J Immunol Res. 2019:13.

Decker WK, Safdar A. 2011. Cytokine adjuvants for vaccine therapy of neo-
plastic and infectious disease. Cytokine Growth Factor Rev. 22(4):177–187.

Denecke J, De Rycke R, Botterman J. 1992. Plant and mammalian sorting
signals for protein retention in the endoplasmic reticulum contain a con-
served epitope. EMBO J. 11(6):2345–2355.

Domansky N, Ehsani P, Salmanian A-H, Medvedeva T. 1995. Organ-specific
expression of hepatitis B surface antigen in potato. Biotechnol Lett. 17(8):
863–866.

Ehsani P, Khabiri A, Domansky NN. 1997. Polypeptides of hepatitis B sur-
face antigen produced in transgenic potato. Gene. 190(1):107–111.

G�ora-Sochacka A, Redkiewicz P, Napi�orkowska B, Gaganidze D, Brodzik R,
Sirko A. 2010. Recombinant mouse granulocyte-macrophage colony-stim-
ulating factor is glycosylated in transgenic tobacco and maintains its bio-
logical activity. J Interferon Cytokine Res. 30(3):135–142.

James EA, Wang C, Wang Z, Reeves R, Shin JH, Magnuson NS, Lee JM.
2000. Production and characterization of biologically active human GM-

674 S. MOHAMMADZADEH ET AL.



CSF secreted by genetically modified plant cells. Protein Expr Purif. 19(1):
131–138.

Joung Y, Park S, Moon K-B, Jeon J-H, Cho H-S, Kim H-S. 2016. The last ten
years of advancements in plant-derived recombinant vaccines against
hepatitis B. Int J Mol Sci. 17(10):1715.

Kapila J, De Rycke R, Van Montagu M, Angenon G. 1997. An agrobacte-
rium-mediated transient gene expression system for intact leaves. Plant
Sci. 122(1):101–108.

Kim TG, Lee HJ, Jang YS, Shin YJ, Kwon TH, Yang MS. 2008. Co-expression
of proteinase inhibitor enhances recombinant human granulocyte-macro-
phage colony stimulating factor production in transgenic rice cell suspen-
sion culture. Protein Expr Purif. 61(2):117–121.

Kopertekh L, Schiemann J. 2019. Transient production of recombinant
pharmaceutical proteins in plants: evolution and perspectives. Curr Med
Chem. 26(3):365–380.

Lebastard M, Milon G, Marchal G. 1984. A new assay suitable for enumer-
ation of murine progenitors of granulo-monocytes and for rapid auto-
mated assessment of granulo-monocyte growth factors. J Immunol
Methods. 67(1):173–183.

Lefkovits I, Waldmann H. 1979. Limiting dilution analysis of cells in the
immune system. Cambridge, UK: Cambridge University Press.

Li X, Liu X, Tian L, Chen Y. 2016. Cytokine-mediated immunopathogenesis
of hepatitis B virus infections. Clin Rev Allergy Immunol. 50(1):41–54.

Lin C, Zhu J, Zheng Y, Chen Y, Wu Z, Chong Y, Gao Z. 2010. Effect of
GM-CSF in combination with hepatitis B vaccine on revaccination of
healthy adult non-responders. J Infect. 60(4):264–270.

Liu YK, Huang LF, Ho SL, Liao CY, Liu HY, Lai YH, Yu SM, Lu CA. 2012.
Production of mouse granulocyte-macrophage colony-stimulating factor
by gateway technology and transgenic rice cell culture. Biotechnol Bioeng.
109(5):1239–1247.

Margolin E, Chapman R, Williamson AL, Rybicki EP, Meyers AE. 2018.
Production of complex viral glycoproteins in plants as vaccine immuno-
gens. Plant Biotechnol J. 16(9):1531–1545.

Mohammadzadeh S, Rahimi S, Ebrahimi-Rad M, Ofoghi H, Ehsani P. 2017.
Transient expression of virus-like particles in plants: a promising platform
for rapid vaccine production. Vac Res. 4:72–80.

Mohammadzadeh S, Roohvand F, Memarnejadian A, Jafari A, Ajdary S,
Salmanian AH, Ehsani P. 2016. Co-expression of hepatitis C virus poly-
tope-HBsAg and p19-silencing suppressor protein in tobacco leaves.
Pharm Biol. 54(3):465–473.

Nicola N, Metcalf D, Johnson G, Burgess A. 1979. Separation of functionally
distinct human granulocyte-macrophage colony-stimulating factors. Blood.
54(3):614–627.

Niepel M, Gallie DR. 1999. Identification and characterization of the func-
tional elements within the tobacco etch virus 50 leader required for cap-
independent translation. J Virol. 73(11):9080–9088.

Ofoghi H, Moazami N, Domonsky N, Ivanov I. 2000. Cloning and expression
of human calcitonin genes in transgenic potato plants. Biotechnol Lett.
22(7):611–615.

Pniewski T, Milczarek M, Wojas-Turek J, Pajtasz-Piasecka E, Wietrzyk J,
Czy_z M. 2018. Plant lyophilisate carrying S-HBsAg as an oral booster vac-
cine against HBV. Vaccine. 36(41):6070–6076.

Qing Y, Chen M, Zhao J, Hu H, Xu H, Ling N, Peng M, Ren H. 2010.
Construction of an HBV DNA vaccine by fusion of the GM-CSF gene to
the HBV-S gene and examination of its immune effects in normal and
HBV-transgenic mice. Vaccine. 28(26):4301–4307.

Roozbeh J, Bagheri-Lankarani K, Mohaghegh P, Raeesjalali G, Behzadi S,
Sagheb M, Vossoughi M, Bastani B. 2015. A randomized pilot trial on the
effect of granulocyte-colony stimulating factor on antibody response in
hemodialysis patients who had not responded to routine hepatitis B virus
vaccine. J Nephropathol. 4(1):13–17.

Sambrook J, Russell DW. 2001. Molecular cloning: a laboratory manual. New
York: Cold Spring Harbor Laboratory Press.

Sardana RK, Alli Z, Dudani A, Tackaberry E, Panahi M, Narayanan M, Ganz
P, Altosaar I. 2002. Biological activity of human granulocyte-macrophage
colony stimulating factor is maintained in a fusion with seed glutelin pep-
tide. Transgenic Res. 11(5):521–531.

Sasaki MG, Foccacia R, de Messias-Reason IJ. 2003. Efficacy of granulocyte-
macrophage colony-stimulating factor (GM-CSF) as a vaccine adjuvant for
hepatitis B virus in patients with HIV infection. Vaccine. 21(31):
4545–4549.

Shin YJ, Hong SY, Kwon TH, Jang YS, Yang MS. 2003. High level of expres-
sion of recombinant human granulocyte-macrophage colony stimulating
factor in transgenic rice cell suspension culture . Biotechnol Bioeng. 82(7):
778–783.

Vojta L, Ljuma-Skupnjak L, Budimir A, Vuki�cevi�c S, Fulgosi H. 2015. Rapid
transient expression of human granulocyte-macrophage colony-stimulating
factor in two industrial cultivars of tobacco (Nicotiana tabacum L.) by
agroinfiltration. Biotechnol Rep (Amst). 7:81–86.

Zeenko V, Gallie DR. 2005. Cap-independent translation of tobacco etch
virus is conferred by an RNA pseudoknot in the 50-leader. J Biol Chem.
280(29):26813–26824.

Zhou F, Wang M-L, Albert HH, Moore PH, Zhu YJ. 2006. Efficient transient
expression of human GM-CSF protein in Nicotiana benthamiana using
potato virus X vector. Appl Microbiol Biotechnol. 72(4):756–762.

PHARMACEUTICAL BIOLOGY 675


	Abstract
	Introduction
	Materials and methods
	Cell culture
	Expression vector construction
	Agroinfiltration of tobacco leaves
	Preparation of agroinfiltrated plant leaf extract
	SDS-PAGE and Western blot analysis
	HBsAg expression assays
	mGM-CSF expression assays
	Tobacco plant extract cytotoxicity
	Biological activity assay of mGM-CSF

	Results
	Expression cassettes’ construction
	Characterization of transient expressed recombinant proteins
	Frequency of GM-CSF-responsive progenitors in cell suspensions of mouse bone marrow by limiting dilution analysis
	Analysis of the expression levels of mGM-CSF

	Discussion
	Acknowledgements
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/ImageMemory 1048576
	/LockDistillerParams true
	/AllowPSXObjects true
	/DownsampleMonoImages true
	/PassThroughJPEGImages false
	/ColorSettingsFile (None)
	/AutoRotatePages /All
	/Optimize true
	/MonoImageDepth -1
	/ParseDSCComments true
	/AntiAliasGrayImages false
	/GrayImageMinResolutionPolicy /OK
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/AutoPositionEPSFiles true
	/PreserveOPIComments false
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/EmbedJobOptions true
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EncodeGrayImages true
	/ColorImageDownsampleType /Bicubic
	/EmitDSCWarnings false
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/ColorImageDepth -1
	/DetectCurves 0.1
	/PDFXTrapped /False
	/ColorImageFilter /DCTEncode
	/TransferFunctionInfo /Preserve
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/DSCReportingLevel 0
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/PreserveCopyPage true
	/UsePrologue false
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


