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A B S T R A C T

The exploration of emerging host organisms for the economic and efficient production of protein microbicides
against HIV is urgently needed in resource-poor areas worldwide. In this study, the production of the novel HIV
entry inhibitor candidate, griffithsin (GRFT), was investigated using Nicotiana benthamiana as the expression
platform based on a non-viral vector. To increase the yield of recombinant GRFT, the RNA silencing defense
mechanism of N. benthamiana was abolished by using three gene silencing suppressors. A transient expression
system was used by transferring the GRFT gene, which encodes 122 amino acids, under the control of the
enhanced CaMV 35S promoter. The presence of correctly assembled GRFT in transgenic leaves was confirmed
using immunoglobulin-specific sandwich ELISA. The data demonstrated that the use of three gene silencing
suppressors allowed the highest accumulation of GRFT, with a yield of 400 μg g−1 fresh weight, and this amount
was reduced to 287 μg g−1 after purification, representing a recovery of 71.75%. The analysis also showed that
the ability of GRFT expressed in N. benthamiana to bind to glycoprotein 120 is close to that of the GRFT protein
purified from E. coli. Whole-cell assays using purified GRFT showed that our purified GRFT was potently active
against HIV. This study provides the first high-level production of the HIV-1 entry inhibitor griffithsin with a
non-viral expression system and illustrates the robustness of the co-agroinfiltration expression system improved
through the use of three gene silencing suppressors.

1. Introduction

Human immunodeficiency virus (HIV) infection has been con-
sidered a major threat to global public health since it was first deci-
phered in 1981 in the United States [1]. According to the World Health
Organization, approximately 36.7 million people were living with HIV
at the end of 2015 (WHO) (http://www.who.int/mediacentre/
factsheets/fs360/en/), and HIV remains the leading cause of death in
sub-Saharan Africa and was responsible for the death of 1.1 million
people throughout the world in 2105 [World Health Organization;
Global Health Observatory (GHO) data, The Top 10 Causes of Death;

http://www.who.int/mediacentre/factsheets/fs310/en/ (accessed
March 31, 2017)]. The current predictions suggest that 5753 people
will become infected with HIV every day, and this corresponds to ap-
proximately 240 people every hour. Macrophages, T cells, and dendritic
cells are the preferred destination of HIV. The viral glycoprotein 120
(gp120) binds to the CD4 receptor to initiate a series of conformational
changes in gp120 that induce fusion of the virus with the host cell
membrane. The viral infection progresses by transformation of the viral
RNA genome into a proviral DNA, and the integrated provirus is
eventually transcribed by cellular RNA polymerases into a set of mRNAs
that generate progeny genomic mRNA and spliced mRNA encoding
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viral proteins [2].
The production and manufacturing of HIV entry inhibitors via re-

combinant DNA technology has been reported [3], but despite the
discovery of potent HIV prophylactics, their high production costs have
prevented the development of corresponding manufacturing processes
in the resource-poor areas of the world. In this context, application of
microbicides that would efficiently prohibit the initiation transmission
of HIV virus is promising tool. As microbicides show significant po-
tential for control and prevention of HIV transmission, they are alter-
native approach to prevent the heterosexual transmission of HIV [4].
The mechanism of protection against spread of sexually transmitted
pathogens included in prohibition of viral replication, creation of
physical barriers between HIV virus and cell membrane, boosting de-
fense mechanism of vagina and cervix and etc. [5]. Griffithsin (GRFT) is
a lectin HIV entry inhibitor that targets the terminal mannose residues
on HIV N-linked glycan as long as the HIV is in contact with GRFT.
GRFT was structurally characterized [6,7]. The anti-HIV activity of
GRFT derived from red algae has been estimated to have an EC50 value
of 40 pM [8,9]. The antiviral activity of GRFT, the fact that it lacks in
vitro and in vivo toxicity, and its environmental stability, such as its
stability in media with a broad range of pH values and temperatures,
even temperatures close to the boiling point, indicate that GRFT is a
good anti-HIV microbicide candidate [10,11].

The large-scale production of high-quality GRFT is required for the
development of this recombinant protein as an anti-HIV microbicide. As
a result, plant and bacterial platforms have been used for the expression
and accumulation of GRFT [6,12]. The formation of insoluble inclusion
bodies (33%), the high manufacturing cost and the presence of bacterial
endotoxin have been considered factors that limit the production of
GRFT using an E. coli system [13]. Moreover, the production of re-
combinant GRFT has been reported in Nicotiana benthamiana using a
vector based on tobacco mosaic virus (TMV) [3] and transgenic seeds of
Oryza sativa [14]. Regardless of these findings, the high cost of in vitro
RNA transcription is a marked problem with virus-based system and
also the purification of GRFT based on tobacco mosaic virus (TMV) is
considered to show some contamination with TMV coat protein and
protein degradation [6]. In addition, seed-based expression systems
have been shown to exhibit a high degree of versatility regarding the
production of recombinant proteins due to protein stability at ambient
temperature [15], but the long-term process of seed production and
space requirements might be preclusive [16]. In this study, we used a
transient expression system based on a non-viral vector to improve the
large-scale production of GRFT.

In comparison to stable expression, transient gene expression dis-
play considerable advantages in term of overall protein accumulation as
well as an improved time of protein production, as protein will be ex-
tracted approximately 1–2 weeks after agroinfiltration [17]. The most
efficient method for the high-level expression of heterologous protein is
a transient expression system based on vectors derived from RNA plant
virus due to the ability of RNA viruses to replicate to high titers within
infected cells. As research and development of plant virus expression
vectors progress, the means of introducing them to the host plant has
also advanced [18]. However, this method cannot be used for the in-
sertion of foreign genes without affecting replication and compromising
the fidelity of the transcripts due to the lack of RNA-dependent RNA
polymerases for proofreading and the movement of viral replicons
throughout the plant, resulting in biocontamination problems and
yielding undesirable features [19–21]. In this context, a recent sig-
nificant development in the area of agroinfiltration is using “decon-
structed” viral vectors. In this new type of vector, unnecessary viral
genome components for the function of plasmid expression are re-
moved, which leads to the assembly of larger transgenes while keeping
viral replication and transcription. The MagnICON system represents an
efficient and robust gene transferring technology for the transient ex-
pression of biopharmaceuticals in plant platforms. Using this system,
the need for plasmid delivery based on complicated methods of

generating RNA is eliminated. The MagnICON system provides an ef-
ficient system without functional infectious proteins because of the
deletion of the CP gene, whereas the yield and speed of viral system are
maintained [22].

Non-viral gene delivery systems were developed as an alternative to
viral-based systems. One of the most important advantages of these
systems is that they develop transfection [23]. Moreover, lower in-
duction of the immune system and no limitation in terms of the size of
transgenic DNA add versatility to this system. In addition to its speed
and high yield, the transient expression platform presents versatility in
terms of the expression and accumulation of personalized recombinant
proteins, including therapeutics for patient-specific cancers and vac-
cines for viruses that show rapid antigenic drift and/or multiple strains
with unpredictable outbreaks [24,25].

However, restricted protein production based on transient expres-
sion system remains a significant drawback in term of economic pro-
duction. In this context, the gene silencing is major limitation for ex-
pression of genes by Agrobacterium-mediated transient system as the
foreign nucleic acids recognized and subsequently degraded through
mRNA stability process or translational levels [26]. RNA silencing (also
known as post-transcriptional gene silencing) is considered an adaptive
defense mechanism by eukaryotic organisms whereby foreign trans-
genes and/or viruses eliminate through highly conserved mechanism.
This mechanism starts with formation of the double stranded (ds)RNA
and subsequently processing of dsRNA to small (s) 20–26-nt dsRNAs
with staggered ends and finally terminate with inhibitions of selected
sRNA strand within effector complexe RISC (RNA Induced Silencing
Complex) acting on partially or fully complementary RNA or DNA [27].
However, this mechanism can be inhibited by gene silencing sup-
pressors derived from viruses. In this case viruses are developed as
beneficial tool to counteract gene silencing by viral protein [28]. RNA
silencing suppression activity of viral protein of virus stems from its
ability to bind siRNA as well as proteins involved in antiviral silencing
([42,43]. The P19 suppressor from the Tomato bushy stunt virus (TBSV)
has been widely used to boost transient or constitutive expression level
of recombinant proteins in the plant as it selectively inhibits the 21-nt
and 22-nt classes of siRNA and also reduce the availability of free siRNA
for RISC loading [58,61].

In the present study, a high production level of recombinant GRFT
was obtained from transgenic plants seven days after gene delivery. Our
transient expression significantly shortened the timeline of GRFT pro-
duction, i.e., 7 days compared with 12 days, as was previously reported.
Additionally, in comparison with a stable transgenic seed of O. sativa,
our transient assays with agroinfiltration showed high levels of trans-
gene expression. Therefore, the short timeline and higher production of
GRFT based on our transient expression could be considered advanta-
geous for GRFT development and commercialization.

2. Material and methods

2.1. Expression vector construction

A 369-bp sequence encoding GRFT (accession number FJ594069)
was optimized using the N. benthamiana codon usage table, synthesized
by Epoch Life Science, Inc. (Missouri City, TX, USA) and then cloned
into the pBin61 plant expression vector under the control of the double-
enhanced Cauliflower mosaic virus (CaMV) 35S promoter and the no-
paline synthase (NOS) terminator sequence. A hexahistidine tag (His)
was included to facilitate protein detection and purification from
transgenic N. benthamiana leaves. The p35:GRFT construct was in-
troduced into Agrobacterium tumefaciens strain GV3101 via electro-
poration [29].

2.2. Plant material and agroinfiltration

Plants of N. benthamiana were grown in controlled greenhouse
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conditions consisting of 25 °C/16-h light and 20 °C/8-h dark and
40–65% relative humidity for four to six weeks. At this stage, the plant
has at least six fully developed true leaves and no visible flower buds. A.
tumefaciens strains were grown in LB medium supplemented with
50mg/L kanamycin, 50mg/L gentamycin and 50mg/L rifampicin
overnight at 28 °C with shaking at 200–250 rpm. The following day, the
A. tumefaciens strains were centrifuged at 5000× g and 4 °C for 15min,
resuspended in induction medium containing 10mM MgCl2, pH 5.7,
and 100–200 μM acetosyringone to an OD600 of 0.5 and maintained at
room temperature for 2–4 h before infiltration into the intercellular
space of N. benthamiana leaves. Agrobacterium GV3101 cultures carrying
the pBin61:GRFT gene and the silencing suppressors pBin61: P19,
pBin61:P0 and pCambia1300:P1 were mixed at a ratio of 3:1 and in-
filtrated into plants.

2.3. Protein extraction

Agroinoculeted leaves were homogenized with Tissue Lyser Adapter
Set 2×24 (QIAGEN, Germany) according to the protocol re-
commended with the kit. We modified the protocol for the preparation
of protein extraction buffer that was previously described [30]. Briefly,
400mg of grounded material was extracted with 2ml of ice-cold 20%
TCA/acetone supplemented with 20mM DTT. The samples were
maintained at −20 °C for 30min and subsequently centrifuged at
16,000 rpm and 0 °C for 20min. The supernatant was discarded, and
the pellet was gently resuspended on 2ml of ice-cold acetone supple-
mented with 20mM DTT. The washing process with acetone was per-
formed twice at −20 °C for 30min, with centrifugation at 16,000 rpm
and 0 °C for 20min. Finally, the collected pellet that was deprived of
chlorophyll was air-dried, and the total protein were extracted with
700 μl of protein extraction buffer (50mM sodium phosphate (pH 7),
50 mM ascorbic acid, 10mM di-sodium EDTA, and 1mM PMSF). The
protein concentration was assayed based on the method developed [31]
using a SpectraMax® 190 Absorbance Plate Reader (Molecular Devices,
USA).

2.4. SDS-PAGE and Western blot analysis

To identify the 121-amino-acid sequence of GRFT, 50 μg of soluble
protein was resuspended in loading buffer containing 200mM Tris (pH
6.8), 10% glycerol, 10% SDS, 10mM dithiothreitol, and 0.05% bro-
mophenol blue, and the samples were then heated at 95 °C for 10min
and separated by 16% glycine-SDS-PAGE at 0.02mA and 80 V. The
nitrocellulose membrane (Amersham Protran 0.45 NC 300mm×4m,
GE Healthcare Life Sciences) and filter papers were incubated in 5ml of
transfer buffer (125mM Tris base, pH 8.3, and 960mM tricin), 35ml of
H20 and 10ml of methanol for 15. The proteins were subsequently
transferred electrophoretically using a Trans-Blot® SD Semi-Dry
Transfer Cell (Bio-Rad, USA) at a constant 2mA/cm2 for 25min. The
proteins transferred to a nitrocellulose membrane were then blocked
overnight at room temperature in 3% non-fat dry milk and Tris-buffered
saline (TBS) (50mM Tris and 150mM NaCl, pH 7.4) containing 0.05%
Tween (TBST). The following day, after three washes with TBST, the
membrane was probed with primary anti-GRFT rabbit polyclonal an-
tibody (National Cancer Institute-Frederick Cancer Research and
Development Center, USA) at a dilution of 1:1000 for 4 h at room
temperature and secondary horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG antibody at a dilution of 1:5000 for 1 h at room tem-
perature. Finally, the membrane was developed with developing buffer
(CAS No. Nr77861, Bio-Rad, USA), buffer A (10mM HEPES, 1.5mM
MgCl2, 10mM Kcl, 0.5mM DTT and 0.05% NP-40, pH 7.9) and buffer B
(5mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5mM DTT, 26% gly-
cerol) prior to signal detection based on the manufacturer’s instruc-
tions.

2.5. Enzyme-linked immunosorbent assay (ELISA)

The accumulation of GRFT in transgenic plants was determined by
ELISA using a previously described protocol [32]. Briefly, a 96-well
plate was coated with 100 ng of the protein extracted from transgenic
plants and incubated in carbonate/bicarbonate buffer (15mM Na2CO3

and 35mM NaHCO3, pH 9.6) overnight at 4 °C. The wells were rinsed
with phosphate buffered saline PBS containing 0.1% Tween-20 (PBST)
and then blocked with 1% bovine serum albumin (BSA) for 2 h at 37 °C.
The plates were then incubated with the primary anti-GRFT rabbit
polyclonal antibody at a dilution of 1:1000 for 2 h at 37 °C and then
with the secondary horseradish peroxidase (HRP)-conjugated anti-
rabbit IgG antibody at dilution of 1:5000 for 1 h in 1% PBST. Finally,
the substrate 3,30,5,50-tetramethylbenzidine (TMB) was added to the
reaction, and the reaction was stopped with 5M H2SO4. The absorbance
was read at 450 nm.

2.6. Purification by affinity chromatography

Transgenic leaves of N. benthamiana were ground in liquid nitrogen
and extracted at 4 °C into lysis buffer (50mM sodium phosphate, 50mM
ascorbic acid, 10mM disodium EDTA, and 1mM PMSF, pH 7.4). The
insoluble material was removed by centrifugation at 14,000 rpm and
4 °C for 30min, and the extract was passed through a 0.45-μm filter and
loaded onto a Profinity IMAC column at the rate of 1ml/min. The
column was washed with washing buffer (50mM NaH2PO4, 300mM
NaCl, and 20mM imidazole, pH 7.4), and the GRFT protein was eluted
from the column twice with elution buffer (50mM NaH2PO4, 300mM
NaCl, and 500mM imidazole, pH 7.4). Fractions containing GRFT were
mixed and concentrated by ultrafiltration using spin columns with a 10-
kDa molecular weight cut-off (Amicon Ultra, EMD Millipore,
Darmstadt, Germany). The purity of the concentrated GRFT was con-
firmed by SDS-PAGE and Western blot analysis. Additionally, to further
assessment of NT-GRFT activity the protein sample was exchange into
PBS buffer by ultrafiltration using spin columns with a 10-kDa mole-
cular weight cut-off (Amicon Ultra, EMD Millipore, Darmstadt,
Germany) based on manufacturing instruction.

2.7. In vitro gp120-binding assay

To detect the specific antigen-binding activity of GRFT, 100 ng of
HIV-1 gp120 protein (groupM, subtype CRF07_BC) (Sino Biological
Inc., China) was coated onto 96-well ELISA plates, and the plate was
incubated overnight at 4 °C. The plates were washed three times with
PBST-0.05% and blocked with 1% bovine serum albumin (BSA). After
washing with PBST-0.05%, serial dilutions of plant-produced GRFT
were added to the plates, and the wells were subsequently incubated
with GRFT anti-rabbit primary antibody (1:1000 in PBST) and HRP
anti-rabbit secondary antibody (1:2000 in PBST). The plates were wa-
shed with PBST, and the TMB substrate was added to each well. The
reaction was stopped with 5M H2SO4, and the absorbance was read at
450 nm.

2.8. Whole-cell HIV neutralization assays

A whole-cell cytopathicity assay was conducted to evaluate the
protective effect of the GRFT preparations as described previously, but
modified for a 384-well assay plate format [33]. Briefly, a quantity of
2000 exponentially growing CEM-SS cells, maintained in RPM1 1640
medium (Lonza) without phenol red and supplemented with 5% fetal
bovine serum (FBS) (Hyclone), 2 mM t-glutamine and 50 μg/ml genta-
micin (Gibco), were combined with serial dilutions of GRFT in assay
medium and incubated with or without HIV-1RF in a final volume of
50 μl. After six days incubation, cellular viability was assessed spec-
trophotometrically by measuring the reduction of XTT to the chromo-
genic formazan product at 450 nm. Experiments were carried out in
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quadruplicate. The tetrazolium reagent XTT was kindly supplied by the
Developmental Therapeutics Program at the NCI-Frederick. The CEM-
SS cell line was obtained through the NIH AIDS Reagent Program, Di-
vision of AIDS, NIAID, NIH: CEM-SS Cells from Dr. Peter L. Nara
[34–36]. To evaluate functional activity of NT-GRFT-450mM NaCl at
ambient temperature, purified NT-GRFT-450mM NaCl in PBS solution
was subject to lyophilisation process by Alpha 1-4 LD plus freeze-dryer
(Martin Christ, Germany) based on manufacturing instruction and
whole -cell cytophathicity assay was conducted for lyophilized GRFT
(Lyo-GRFT-450mM NaCl).

3. Results

3.1. A combination of P19, P0 and P1 suppressors highly improves the
expression efficiency

In this study, we investigated the effect of the use of three gene-
silencing viral suppressors (P19, P0 and P1) with the syringe co-
agroinfiltration method on the expression of GRFT protein. To de-
monstrate that, the widely and classically used P19 protein from TBSV
was selected to boost gene expression level [37,38]. We further selected
the P1 suppressor from the Rice yellow mottlevirus (RYMV) [39] and the
P0 suppressor from Beet western yellows virus (BWYMV) to inhibit the
accumulation of 24 nt siRNA [39–41] and RISC activity on RNA silen-
cing pathways [42,43], respectively in combination of P19. To figure
out that our transient expression system based on three gene-silencing
suppressors could be successfully used to boost the expression level of
GRFT, six-week-old N. benthamiana plants were infiltrated with A. tu-
mefaciens strain GV3101 containing the pBIN61 vector harbouring the
sequence encoding GRFT under the control of the double-enhanced
Cauliflower mosaic virus (CaMV) 35S promoter (Fig. 1). The plants were
also co-infiltrated with either three A. tumefaciens clones carrying the
pBIN61:P19, pBIN61:P0 and pCambia1300:P1 gene silencing sup-
pressors together and also separately. We also studied the expression
efficiency obtained using the syringe co-agroinfiltration method with
the addition of Tween-20 at concentration of 0.015% and 0.03%
without any suppressor application. Leaves from the infiltrated plants
were harvested at 7 days’ post-infiltration (d.p.i.), and the protein
production level was analysed.

To detect the expression level of soluble GRFT, agroinfiltrated
leaves (200mg) were ground in liquid nitrogen for quantitative ELISA.
The well-grounded leaves were then homogenized in PBS buffer sup-
plemented with 1mM PMSF as a protease inhibitor. The proteins ex-
tracted from the leaves were then centrifuged at 14,000 rpm and then

quantified using the Bradford colourimetric assay [31]. The ELISAs
included three biological replicas. Primary anti-GRFT rabbit polyclonal
antibody (at a dilution of 1:1000) and the secondary horseradish per-
oxidase (HRP)-conjugated anti-rabbit IgG antibody were used for de-
tection. The ELISA results showed that the maximal expression level
was obtained with the combination of three gene-silencing suppressors
and demonstrated that the application of Tween-20 at different con-
centrations without any suppressors did not increase the expression
efficiency, suggesting the importance of suppressor application in
agroinfiltration (Fig. 2). We then excluded the plant extracts that ex-
pressed GRFT at a low level from the subsequent experiments.

To confirm the presence of a band of the expected size (14.9 kDa) of
GRFT, the plant extracts were analysed by SDS-PAGE and Western
blotting analysis. The presence of GRFT with the size corresponding to
that of His6‐tagged GRFT (14.9 kDa) was confirmed by Western blot
analysis, showing that the soluble form of the protein was expressed by
our transient expression system (Fig. 3).

3.2. One step-protocol for purifying GRFT from crude extract

The recombinant GRFT protein was purified from the total soluble
protein (TSP) of N. benthamiana using an immobilized metal affinity
chromatography (IMAC) and the AKTA™ Prime Plus system (GE

Fig. 1. Schematic representation of the
expression cassette and viral silencing
suppressors used for the agroinfiltra-
tion of N. benthamiana leaves. (a) The
expression cassette contained the
double-enhanced Cauliflower mosaic
virus (CaMV) 35S promoter (35S Pr),
the Kozak consensus sequence to in-
fluence the initiation of the translation
process, (SP) the signal peptide of the
tobacco PR1a protein, the GRFT coding
sequence, His-tag6, and the NOS ter-
minator (t-NOS). (b) 35S Pr, (P19)
Tomato bushy stunt virus P19 gene and
(t-nos) NOS terminator (c) 35S Pr, (P1)
Sweet potato feathery mottle virus P1
gene (t-nos) NOS terminator and (d)
35S Pr, (P0) the beet-infecting pole-
roviruses beet chlorosis virus (BChV) P0
gene and (t-nos) NOS terminator. All
plasmids were based on the vector

pBin61 backbone except P0, which was based on pCambia1300.EcoRI, BlnI and HindIII are restriction enzymes.

Fig. 2. Analysis of the effects of 0.015% and 0.03% Tween-20 separately and
three gene silencing suppressors (p19+p1+p0) together and separately on
syringe agroinfiltration efficiency by GRFT expression. C−=NT leaves
without expression construct as negative control. GRFT=NT-GRFT without co-
agroinfiltration with suppressors and Tween-20. Values are the average of three
experiments ± SD.
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Healthcare Bio-Sciences, Uppsala, Sweden). The protein was captured
with a 1-ml His Trap FF column (GE Healthcare Bio-Sciences, Uppsala,
Sweden) and eluted with buffer containing 500mm imidazole. The final
yield of purified GRFT was 238 μg/g FW, which represent a recovery of
59.5%. The presence of purified GRFT was confirmed by SDS-PAGE and
immunoblotting analysis (Fig. 4). The immunoblotting analysis results

for purified GRFT in comparison with His6‐tagged GRFT revealed that
the protein was correctly folded and of the correct size. No degradation
was observed, indicating that the protein remained stable during up-
stream and downstream processes.

Fig. 3. Production and detection of anti-HIV inhibitor GRFT in N. benthamiana. The presence of expected recombinant GRFT was detected by western blot analysis. a)
SDS page analysis of expressed GRFT in leaf of N. benthamiana harvested at 7 dpi. Lane M, 4 μl of the benchmark protein ladder (Thermo Scientific); lane C+=GRFT
expressed from E. coli as the positive control; Lane NT-GRFT=30 μg of total soluble protein extracted from N. benthamiana plants agroinfiltrated with the
pBIN61:GRFT construct and three gene-silencing suppressor proteins (P19, P0 and P1); and lane C−=30 μg of total soluble protein extracted from N. benthamiana
plants agroinfiltrated with pBIN61 construction and three gene-silencing viral suppressor proteins (P19, P0 and P1) as a control. b) Western blot analysis of
expressed GRFT in N. benthamiana plants co-agroinfiltrated with three gene-silencing viral suppressor proteins. Lane M, BenchMark Pre-stained Protein Ladder
(Thermo Scientific); lane C+=GRFT expressed from E. coli as the positive control; Lane NT-GRFT=30 μg of total soluble protein extracted from N. benthamiana
plants agroinfiltrated with the pBIN61:GRFT construct and three gene-silencing viral suppressor proteins (P19, P0 and P1); and lane C−, 30 μg of total soluble
protein extracted from N. benthamiana plants agroinfiltrated with pBIN61 construction and three gene-silencing viral suppressor proteins (P19, P0 and P1) as a
control.

Fig. 4. (a) Separation of purified NT-GRFT under denaturing condition by SDS-page showing a 14.9-kDa band representing GRFT. Lane M=5 μl of the PageRuler
Prestained Protein Ladder (Thermo Scientific); lane c+=500 ng of GRFT purified from E. coli, lane 1= 1.5 μg of NT-GRFT; lane 2=3.5 μg of NT-GRFT; (b) Western
blot analysis of expressed GRFT in N. benthamiana plants co-agroinfiltrated with three gene-silencing viral suppressor proteins. lane c+=500 ng of GRFT purified
from E. coli; lane 1=1.5 μg of NT-GRFT; lane 2= 3.5 μg of NT-GRFT.
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3.3. Effect of salt concentration on GRFT extraction

To study the effect of various salt concentrations on the recovery of
GRFT, NaCl was added at different concentrations to the extraction
buffer (50mM sodium phosphate (pH 7), 50mM ascorbic acid, 10mM
di-sodium EDTA, and 1mM PMSF). As shown in Fig. 5, increasing the
concentration of NaCl to 450mM improved the GRFT content from
238 μg/g FW to 287 μg/g FW, representing a recovery of 71.75%.
However, the GRFT yield was decreased by the addition of salt at a
concentration above 450mM, suggesting that the optimal concentra-
tion of salt for GRFT recovery was 450mM.

3.4. The purified GRFT showed gp120 binding activity comparable with that
of GRFT produced in E. coli

The in vitro binding activity of the purified GRFT from leaves of N.
benthamiana harvested at 7 d.p.i. was analysed by ELISA against HIV
gp120. In this experiment, purified GRFT from E. coli (EC-GRFT) and
PBS were used as the positive and negative controls, respectively. The
ELISA results showed that purified NT-GRFT had higher gp120-binding
activity than the wild type as negative control, and the gp120-binding
activity of NT-GRFT was consistent with that obtained with the same
concentration of purified EC-GRFT, suggesting that its activity was
nearly identical to that of GRFT produced in E. coli (Fig. 6). Our results
demonstrate that the assembled GRFT protein that accumulated in
leaves of N. benthamiana was functional.

3.5. Purified GRFT showed potent activity against HIV in whole-cell HIV
neutralization assays

A whole-cell cytopathicity assay was conducted to evaluate the
protective effect of the purified GRFT in aqueous solution and lyophi-
lized form against HIV-1 in CEM-SS (Fig. 7). The result showed potent
and similar concentration-dependent protection against HIV-induced
cell death. The activity of purified NT-GRFT-450mM NaCl (EC50 value
of 0.0128 μg/ml or 0.9 nM) was comparable to that of GRFT protein
produced using a TMV-based vector (TMV-GRFT; EC50 value of
0.0169 μg/ml or 1.3 nM) [49]). In addition, the activity of lyophilized
NT-GRFT-450mM NaCl (LYO-GRFT-450 mM NaCl; EC50 of 0.0167 μg/
ml or 1.2 nM) against HIV-1 was comparable to both non-lyophilized
NT-GRFT-450mM NaCl and to TMV-based vector GRFT, suggesting the
functional activity of GRFT can withstand the lyophilization process.

4. Discussion

The lectin griffithsin is one of the potent HIV inhibitory candidates
isolated from red algae that effectively binds to the HIV envelope
protein gp120 and prevents virus infection [44,45]. A cellular analysis
revealed that GRFT exerts inhibitory effects against HIV infection at

Fig. 5. Effect of salt concentration in extraction buffer on GRFT recovery from
TSP of N. benthamiana extracts. Wild type (WT) was used as negative control.
The extraction buffer (pH 7.4) contained 50mM sodium phosphate, 50mM
ascorbic acid, 10mM di-sodium EDTA, 1mM PMSF and different concentra-
tions of NaCl. Values are the average of three experiments ± SD.

Fig. 6. Antigen-binding activity of crude extract from leaves of N. benthamiana
harvested at 7 d.p.i. and purified GRFT from E. coli. To detect the specific an-
tigen-binding activity of plant GRFT, plates were coated with 100 ng of HIV-1
gp120 protein, and bound of purified GRFT was detected with GRFT anti-rabbit
primary antibody (1:1000 in PBST) and HRP anti-rabbit secondary antibody
(1:2000 in PBST). NT-GRFT-450mM NaCl=GRFT expressed by extraction
buffer contained 450mM NaCl; NT-GRFT=GRFT expressed by the
pBIN6:GRFT cassette in N. benthamiana; C+=GRFT expressed from E. coli as
the positive control; WT=wild-type plants; C−=negative control (PBS). OD,
optical density at 450 nm. Both purified NT-GRFT and NT- GRFT 450mM NaCl
showed higher binding activity compared with PBS as the negative control and
WT. Values are the average of three experiments ± SD.

Fig. 7. Anti-HIV activity of NT-GRFT-450mM NaCl, Lyo-GRFTand TMV based
vector GRFT. The activity of purified GRFT was analysed based on CEM-SS
cellular viability infected with HIV-1RF. The activity of NT-GRFT was compar-
able to that of GRFT protein produced using a TMV-based vector [49]. In ad-
dition, the activity of lyophilized NT-GRFT-450mM NaCl against HIV-1 was
comparable to both non-lyophilized NT-GRFT-450mM NaCl and to TMV-based
vector GRFT. The cell viability was assessed using the XTT assay as described in
the method section. All data points are averages (± SE) of quadruplicate
(N=4) measurements.
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picomolar concentrations (EC50 of ∼50 pM) [32]. With the aim of as-
sessing the inhibitory activity of GRFT against HIV viral entry, the
antiviral activity of GRFT against several glycosylated viruses, such as
the murine herpes simplex virus type 2 [46], the Japanese encephalitis
virus [47], the hepatitis C virus [48], and the coronavirus responsible
for SARS [49], were demonstrated. GRFT shows no toxicity and no
immunogenicity, is thermostable under a wide range of conditions, and
has a low cost, and these features make GRFT an interesting candidate
for the development of antiviral therapies [3,11,50]. The production
and purification of native GRFT from red algae have been reported, but
only a low concentration has been obtained [32]. Therefore, the large-
scale production of GRFT using a plant platform might open up a new
avenue for the commercialization of this protein as a potent HIV in-
hibitory candidate. A previous study demonstrated the production and
purification of GRFT in the cytoplasm of an E. coli system [13]. The
production of GRFT into inclusion bodies of E. coli is the main challenge
in the development of an E. coli system for the large-scale production of
GRFT because the use of various detergents and highly polymerized
cycloamylose as a refolding agent or the co-expression of His-GRFT
with chaperone components, such as DnaK-DnaJ-GrpE and/or GroEL-
GroES, have not yielded sufficiently high recovery of biologically active
GRFT [13]. The production of GRFT using N. benthamiana based on a
viral vector and the O. sativa endosperm was previously investigated by
[3] and [14], respectively. Even so, the purification of GRFT based on a
viral vector showed contamination with the TMV coat protein [6],
protein purification and protein degradation [14] because the protein
produced was decreased from 1mg/g FW to 0.3mg/g after purification.
Although a seed-based expression system has been shown to exhibit a
high degree of versatility for the production of recombinant proteins
due to protein stability at ambient temperature [15], potential cross-
contamination, the long-term process of seed production, space re-
quirements, unintentional mixing of transgenic and non-transgenic
seeds, and public and food industry concerns regarding the production
of biopharmaceuticals using food crops might preclude the im-
plementation of this system [16,51].

We investigated the production of GRFT in a non-viral-vector-based
transient expression system using N. benthamiana as a convenient
platform for the accumulation of biopharmaceuticals. This study pro-
vides the first demonstration of the expression and production of GRFT
using a non-viral-vector-based transient expression system with N.
benthamiana and three gene-silencing suppressors. A high level of re-
combinant GRFT was recovered from transgenic plants seven days after
gene delivery. Thus, our transient expression significantly shortened the
time for GRFT production compared with the previously reported
timeline of 12 days. Additionally, in comparison to that of stable
transgenic seeds of O. sativa, our transient expression with agroinfil-
tration yielded high levels of transgene expression. Therefore, the short
timeline and higher production of GRFT obtained with our transient
expression system could be considered advantageous for GRFT devel-
opment and commercialization.

Transient gene expression based on agroinfiltration is an efficient,
cost-effective and time-saving strategy for obtaining high amounts of
recombinant proteins, as stable genetic transformation is a slow process
and requires months or years to generate transgenic plants due to re-
generation protocols. In addition, transient expression is genome in-
tegration-independent strategy, which will not be affected by position
effects existing in stable transformation, once that the expression vector
remains an episomal DNA molecule [22]. Our result is in accordance
with previous works, which indicated that agroinfiltration could effi-
ciently resulted in transferring of Agrobacterium into the plant leaves
and robust expression of recombinant proteins [24,52–54]. In our
study, the infiltration of agrobacterium into the intercellular space of
the leaf was performed with syringe method (Fig. 2b). Syringe in-
filtration has demonstrated as favorable tool that provides remarkable
advantages such as simple procedure without requiring any specialized
equipment, possibility of either infiltrating the whole leaf with one

transgene construct or transferring multiple constructs into different
areas of one leaf and multiple assessment in one leaf [53,55]. However,
syringe infiltration just can be used for production, purification and
preclinical functional investigations of recombinant protein in labora-
tory scale and this method is not affordable in large scale production of
recombinant protein. In this context, agroinfiltration with vacuum
method was established to produce pharmaceutical protein in terms of
scalability, economically and safety.

GRFT production was previously shown with a yield 819mg/L, but
the formation of insoluble inclusion bodies (33%), the low recovery of
66% soluble protein, the high manufacturing cost and the presence of
bacterial endotoxins are considered limitation factors for the produc-
tion of GRFT using an E. coli system [13]. Moreover, the production of
recombinant GRFT has been reported in N. benthamiana [3] and O.
sativa [14]. Even so, a recovery of 30% GRFT protein from N. ben-
thamiana after purification, contamination with TMV coat protein [6],
and degradation are considered some drawbacks. [14] achieved a yield
of 301 μg/g dry seed weight, and this amount was reduced to 223 μg/g
dry seed weight after purification, representing a recovery of 74%. In
this case, as described above, the long-term process of seed production
and space requirements might be preclusive [16].

Transient expression systems have proven to obtain several similar
yields. For the transient expression of recombinant protein by agroin-
filtration, bacterial suspension could be infiltrated into fresh tissue via
vacuum or syringe infiltration, which allows the production of different
biopharmaceutical proteins in a large scale and within a short time.
However, the expression of recombinant protein could be notably de-
creased by post-transcriptional gene silencing (PTGS) in the plant host.
In this work, we studied the addition of three gene-silencing viral
suppressor proteins (P19, P0 and P1) combined with the syringe co-
agroinfiltration method for high GRFT protein expression. We also as-
sayed the effect of syringe co-agroinfiltration method with Tween-20 at
concentrations of 0.015% and 0.03% and without any suppressor ap-
plication on expression efficiency. The results illustrated herein de-
monstrated that leaves co-agroinfiltrated with the three gene-silencing
suppressors exhibited the highest level of GRFT at 7 d.p.i. compared
with the application of P19, P1 and P0 individually as well as in the
absence of suppressors. Our results suggest that suppressing the post-
transcriptional gene silencing mechanism with three gene silencing
suppressors in N. benthamiana increased the number of GRFT gene
transcripts and subsequently elevated the transient expression of re-
combinant GRFT.

RNA silencing is critical process involved in decreasing of foreign
genes expression in plant system. In this context, using of plant virus
encoding suppressors of RNA silencing is considered as an applicable
strategy to counteract RNA silencing mechanism and subsequently
boost protein expression content in plants [37,56,57]. Use of RNA si-
lencing suppressors has been widely reported for increasing of re-
combinant proteins content in plant. In this context P19 from TBSV
involved in siRNA sequestration has been gained more attention. The
P19 protein is a strong silencing suppressor protein and can selectively
inhibits the 21-nt and 22-nt classes of siRNA [58]. The P1 protein from
Rice Yellow Mottle Virus has own mechanism to inhibit the accumula-
tion of the 22-nt and 24-nt siRNA [59]. P0 protein is a silencing sup-
pressor which inhibits local and systemic RNA silencing through AGO1
degradation [60]. Our result is similar to that of Lacombe et al. [61],
who recently showed the effect of the combination of P19, P1 and P0 to
enhance expression levels of anti-leishmaniasis vaccine candidate by
transient expression system in N. benthamiana. The synergetic effect of
P0 and P1 on RNA silencing suppression was shown in combination
with P19. It is hypothesized that the P1suppressor could affect system
RNA silencing suppression via inhibition of 24 nts siRNA production. As
24 nts siRNA might induce the formation of systemic RNA silencing
signal and the combination of the P1 suppressor with P19 and P0 would
strongly affect the RNA gene silencing, and consequently increase re-
combinant protein production in plant not only locally but also on
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systemic level through viral based tool [61]. Based on our data, we can
speculate that combination of P19, P0, and P1 suppressors could be
efficiently applied to boost expression level of other recombinant pro-
tein by transient expression in N. benthamiana. However, the use of the
three P19, P0, and P1 gene suppressors together might not be re-
commended for stable transgenic plants since the combination of gene
silencing suppressors could trigger harmful developmental damage on
plant cell [61,62].

The effect of Tween-20 on GRFT production through syringe
agroinfiltration was investigated. In the present study, the application
of Tween-20 did not improve the expression efficiency. Our result
contrasts those reported by Zhao et al. [63], who found that Tween-20
increased GUS expression by influencing the agroinfiltration efficiency.
Co-agroinfiltration with Tween-20 caused fast tissue necrosis and cell
death, potentially due to the induction of damage by Tween 20 to plant
cells in the agroinfiltration system.

To confirm the expression of GRFT by our transient expression
system, SDS-PAGE and immunoblotting analyses were performed. The
results demonstrated the specific band of His-tagged GRFT, re-
presenting the expression of GRFT under the control of the strong CaMV
35S promoter and in the presence of gene silencing suppressors. Our
results are in agreement with those reported previously [3,14]. Vam-
vaka et al. [14] recently showed the results of an immunoblotting
analysis for GRFT detection, which showed a pair of intense bands at
14.6 kDa and 16–17 kDa, and concluded that incomplete removal of the
rice α‐amylase (RAmy3D) signal peptide might have resulted in the
presence of additional band at 16–17 kDa. The result of our im-
munoblotting using primary anti-GRFT rabbit polyclonal antibody did
not show this additional band under denaturing conditions, suggesting
complete removal of the signal peptide used in our transient expression
system.

Purification of the His-tagged GRFT was performed by one-step
purification through affinity chromatography. The purification of GRFT
was performed under native conditions and without ammonium sul-
phate precipitation. We first obtained a calculated yield of 238 μg/g
FW, which represent a recovery of 59.5%. The number and nature of a
purification step are considered significant factors affecting the viabi-
lity of recombinant proteins produced in plants [14]. The GRFT pro-
duced based on a viral vector in N. benthamiana decreased from 1mg/g
to 300 μg/g after purification, representing 30% recovery. The presence
of the TMV vector coat protein required further purification to remove
the coat protein, resulting in a low recovery of GRFT [3]. Vamvaka
et al. [14] demonstrated that protein extraction using a phosphate
buffer combined with IMAC achieved 74% recovery of GRFT expressed
in the rice endosperm based on a stable expression system, and this
value is slightly higher than the recovery obtained using our system. To
study the effect of the salt concentration on GRFT recovery, we added
different concentrations of NaCl to the extraction buffer, and the results
clearly illustrated that the yield of GRFT was significantly increased by
the addition of salt at a concentration of 450mM. After salt treatment,
the yield of GRFT increased from 238 μg/g to 287 μg/g, representing a
recovery of 71.75%. This result is in agreement with Mayani et al. [64],
who showed that the addition of salt at a concentration of 450mM to
the extraction buffer can improve the recovery of recombinant protein
in N. benthamiana. The protein extraction process is as essential step of
the recovery process because it tailors the total extract volume, con-
centrations and purity of the recombinant protein as well as the isola-
tion of the desired protein from impurities or/and contaminations that
should be removed during the purification process [65,66]. Our data
demonstrate that protein recovery increases after salt treatment due to
the combination of a reduction in electrostatic interactions between the
recombinant protein and plant protein components, such as cellulose
that carry a negative charge, and/or increases in osmotic pressure in the
extraction buffer, which would result in the dehydration of tissue
components [64]. However, increasing the salt concentration in the
extraction buffer to a concentration above 450mM decreased the GRFT

yield. It is possible that the solubility of GRFT was reduced at a high salt
concentration, which would subsequently increase the hydrophobic
interactions with plant tissue components, and this mechanism can
feasibly occur in the presence of a higher concentration of salt. Our
results demonstrate that optimization of the early steps in the recovery
and purification processes are crucial for obtaining viable plant-based
recombinant protein production. We used a non-viral-vector-based
transient expression system to eliminate the step for purifying the ex-
pressed GRFT. The expression of GRFT in the non-viral vector was
prepared under non-denaturing conditions to maintain the native form
of GRFT and thus avoid an additional refolding step. The GRFT protein
expressed by our system was obtained at a yield of 287 μg/g FW, which
is higher than that obtained in transgenic seed rice (223 μg/g dry seed
weight). Our transient expression system significantly shortened the
timeline of GRFT production compared with the previously reported
timeline of 12 days. Therefore, the short timeline and the higher pro-
duction of GRFT obtained with our transient expression could be con-
sidered advantageous toward GRFT development and commercializa-
tion.

GRFT is a potent HIV inhibitor candidate that tightly binds to high
mannose-saccharides on the surface of the glycoproteins gp120, gp41
and gp160 and efficiently inhibits virus infection [45,48]. GRFT has
been shown to bind the HIV glycoprotein by blocking CD4 binding as
well as by binding other anti-HIV antibodies [67]. GRFT has a smaller
recognition epitope and lower binding stoichiometry compared to other
HIV lectin. The suitable content of GRFT for binding to a single gp120
glycoprotein has been reported approximately to equal 10 GRFT units
[49]. In this study, we therefore analysed the biological activity NT-
GRFT- 450mM NaCl protein exhibits a comparable EC50 value of
0.9 nM to tobacco-produced GRFT transduced with a viral vector (TMV-
GRFTEC50 1.3 nM). Our analysis showed that the ability of GRFT ex-
pressed in N. benthamiana to bind to gp120 was close to that of the
protein purified from E. coli. Similarly, O’Keefe et al. and Vamvaka et al.
[3,14] showed that the binding characteristics of plant-based GRFT
exhibited similar or even better gp120-binding activity than GRFT ex-
pressed in E. coli.

We also estimated the anti-HIV activity of GRFT through a whole-
cell HIV cytopathicity assay. We found that GRFT produced in E. coli
presented whole-cell HIV cytopathicity with an EC50 value of 0.089 nM
as well as EC50 values of 0.054 nM for native GRFT. Additionally,
O’Keefe et al. [3] reported an EC50 value of 0.156 nM for GRFT. But in
our experiments, we report the anti-HIV activity of TMV-GRFT at an
EC50 value of 1.3 nM. In this case, the discrepancy in EC50 values is the
result of reformatting the whole-cell neutralization assay from a 96-well
to a 384-well higher throughput format, as described in the material
and methods section. Recently, an EC50 value of 0.27 was obtained for
GRFT expressed in the rice endosperm. The differences among the EC50

values obtained in these studies reflect the variability of the syncytium
inhibition assay, which is used as a comparison tool in an experiment.
In vivo safety and efficacy are two critical issues related to potential
anti-HIV microbicide activity. The HIV neutralization activity observed
in this study confirmed that GRFT is correctly folded in plants and
maintains its biological activity.

Physico-chemical modifications such as modification of amino acid
side chain in aqueous solution can extremely affect stability and/or
functional activity of protein, and subsequently influence the risk of
adverse side effect in term of protein drug. Therefore, the inherent in-
stability protein-based pharmaceuticals as well as product storage and
shipping condition preclude the preparation of protein as shipping and
storing product at controlled condition are not technical and econom-
ically practicable [68]. Lyophilisation process was used to prepare de-
hydrated GRFT. In this context lyophilized GRFT showed functional
activity in room temperature. This characteristic allow the product to
be handled and stored conveniently to wider market.
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5. Conclusion

In conclusion, here series of experiments were carried out to boost
GRFT transient production in N. benthamiana leaves, and to demon-
strate that this protein maintained its immunogenic properties. In this
study, RNA silencing suppression with combination of three gene si-
lencing suppressors as well as the effect of the salt concentration on
GRFT recovery were performed to establish the most effective situation
to effectively accumulate the recombinant immunogenic GRFT protein
in a rapid, efficient, and low-cost way for further its development and
commercialization.
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