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We have recently described an effi-
cient transient expression system 

mediated by Agrobacterium tumefaciens 
for the production of HIV-1 Nef pro-
tein in Nicotiana benthamiana plants. 
In order to enhance the yield of recom-
binant protein we assayed the effect of 
three gene-silencing viral suppressor 
proteins (P25 of Potato Virus X, P19 
of Artichoke Mottled Crinckle virus 
and Tomato Bushy Stunt virus) on Nef 
expression levels. Results demonstrated 
that AMCV-P19 gave the highest Nef 
yield (1.3% of total soluble protein) 
and that this effect was correlated to a 
remarkable decrease of Nef-specific small 
interfering RNAs (siRNAs) indicating 
an effective modulation of RNA silenc-
ing mechanisms. Here we report addi-
tional data on the production of different 
heterologous proteins including human 
immunoglobulin heavy and light chains 
and a virus coat protein that demonstrate 
the robustness of this co-agroinfiltra-
tion expression system boosted by the 
AMCV-P19 gene-silencing suppressor.

Plants represent an ideal host for the pro-
duction of complex heterologous proteins 
and in the last decade many examples of 
the expression of vaccine components, 
antibody fragments and full-size immu-
noglobulins have been reported in litera-
ture.1 The major advantages of plants over 
traditional expression systems based on 
bacterial and mammalian cells are gen-
erally represented by the limited risks of 
contamination by human pathogens and 
the low production costs, although the lat-
ter is only true if high expression yields of 
the heterologous protein are obtained.2 A 
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major disadvantage of using plant cells for 
the production of biopharmaceuticals can 
be also represented by the unwanted post-
translational glycan modifications affect-
ing the quality of the final product.3

Two different expression strategies 
are generally employed for the expres-
sion of biopharmaceuticals in plants: 
stable transformation of the nuclear/
chloroplast genome or transient transfor-
mation mediated by recombinant viral or 
Agrobacterium vectors. Transient expres-
sion systems proved to offer several such 
as yields. The use of Agrobacterium tume-
faciens (A. tumefaciens) for epichromo-
somal expression of heterologous proteins 
is generally obtained by the infiltration 
of bacterial suspensions in fresh plant tis-
sues. This technology, known as agroin-
filtration, allowed the production of 
different biopharmaceutical proteins such 
as viral antigens for vaccine formulations 
and immunoglobulins for both therapy 
and diagnosis.4-10 The expression yield of 
heterologous proteins in agroinfiltrated 
tissues can be dramatically diminished 
by the activation of post-transcriptional 
gene silencing (PTGS) in the plant host. 
The use of plant virus suppressors of gene 
silencing was demonstrated to greatly 
reduce this response, increasing by several 
folds the expression levels of heterologous 
proteins in agroinfiltrated leaves.11,12

In a recent work we assayed the effect 
of three gene-silencing viral suppressor 
proteins [P25 of Potato Virus X (PVX), 
P19 of Artichoke Mottled Crinckle virus 
(AMCV) and Tomato Bushy Stunt virus 
(TBSV)] in vacuum co-agroinfiltration 
experiments on the expression levels of the 
HIV-1 Nef antigen. A positive influence 
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for TSP concentration. Expression levels 
reported as % TSP (Table 1) were cal-
culated by ELISA performed on three 
biological replicas (bottom leaves col-
lected from three agroinfiltrated plants). 
The anti-human γ chain (I6010, Sigma-
Aldrich) or anti-human λ chain (L6522, 
Sigma-Aldrich) were used as capture 
antibodies while, the anti-human γ chain 
HRP-conjugated (A8419, Sigma-Aldrich) 
or anti-human λ chain HRP-conjugated 
(A5175, Sigma-Aldrich) as secondary anti-
bodies. As internal standard, a human 
IgG1-λ (I5029, Sigma-Aldrich) at known 
concentrations (ranging from 1 to 100 
ng) spiked in wild type N. benthamiana 
extract was used.

Maximum expression levels in plants 
infiltrated with just the LC construct were 
obtained at 5 d.p.i. with a decrease from 
day 5 to day 9 post-infiltration as showed 
by quantitative ELISA results (Fig. 2A). In 
the case of plants co-infiltrated with both 
LC and AMCV-P19 the expression peak 
was observed at 7 d.p.i. with a decrease at 

harboring the sequence encoding the HC 
or LC under the trascriptional control of 
Cauliflower Mosaic Virus (CaMV) 35S 
promoter and the translational enhancer 
omega (Ω) of the Tobacco Mosaic Virus.14 
Plants were also co-infiltrated with either 
two A. tumefaciens clones harboring HC 
and the AMCV-P19 gene silencing sup-
pressor or LC and AMCV-P19 as previ-
ously described.7 Leaves from the fifth 
node (bottom leaf ) were collected at 
3, 5, 7, 9 days post infiltration (d.p.i.) 
and expression was assayed by Double-
Antibody-Sandwich (DAS)-ELISA.

Quantitative ELISA was performed to 
evaluate expression levels of HC, LC and 
AMCV-CP using agroinfiltrated leaf tissue 
(100 mg) ground in liquid nitrogen and 
homogenized in PBS with the addition of 
0.2% Tween 20 (Sigma-Aldrich) and pro-
tease inhibitors (CompleteTM Roche). The 
supernatants were recovered and quanti-
fied for TSP using the Bradford colorimet-
ric assay (Bio-Rad, Hercules, CA, USA) 
and the leaf extracts were normalized 

on Nef production yield was observed 
for all three suppressor proteins, but best 
results were obtained using AMCV-P19, 
reaching an accumulation level of 1.3% 
of total soluble protein (TSP). This rep-
resented a 4.4 fold increase of Nef yield 
compared to agroinfiltrated plant tissues 
with Nef alone. Moreover, a fine analy-
sis of agroinfiltrated plants showed that 
young top leaves exhibited a significant 
reduction in expression yield.13

To demonstrate that this transient 
expression system, based on the use of 
AMCV-P19 gene-silencing suppres-
sor, can be successfully employed for 
the high-yield production of different 
proteins, three constructs encoding a 
human immunoglobulin heavy (HC) 
or light chain (LC) and the AMCV 
coat protein (AMCV-CP) were tested  
(Fig. 1). Six weeks old N. benthamiana 
plants were infiltrated with A. tume-
faciens strain LBA 4404 containing 
the binary vectors carrying p35:HC or 
p35:LC expression cassettes (Fig. 1), 

Figure 1. Schematic representation of the constructs used in this study. All genes are under the control of the CaMV 35S promoter (35S) and the  
Tobacco Mosaic Virus (TMV) 5’ leader sequence omega (Ω). L: murine secretory leader peptide. amcv-p19: cDNA encoding AMCV p19 silencing sup-
pressor; amcv-cp: cDNA encoding AMCV coat protein; hc and lc: cDNAs encoding a human immunoglobulin heavy chain and light chain respectively.

Table 1. Expression yield of recombinant proteins by transient  agroinfiltration using the AMCV-
P19 gene silencing suppressor

Recombinant protein Yield (% TSP) (- AMCV-P19) Yield (% TSP)a (+ AMCV-P19)

Nef 0.3* ± 0.03 1.3* ± 0.23

IgG Heavy Chain (HC) 1.25 ± 0.05 10.0 ± 0.5

IgG Light Chain (LC) 5.0 ± 0.15 15.0 ± 0.25

AMCV coat protein (AMCV-CP) 0.5 ± 0.08 1.5 ± 0.12

aExpression yield of recombinant proteins calculated by quantitative ELISA is reported as per-
centage of total soluble proteins (% TSP). Values are the mean ± SD of three biological replicas 
(protein extraction performed on leaves from three agroinfiltrated plants). In the case of Nef and 
AMCV-CP, maximum expression levels were obtained at day 9 post infiltration. HC and LC highest 
levels were obtained 7 days post infiltration. *Data reported by Lombardi et al.13
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Similar results were obtained in N. 
benthamiana leaves co-agroinfiltrated 
with mixed Agrobacterium cultures carry-
ing P35:AMCV-P19 and P35:AMCV-CP 
expression cassettes (Fig. 1). AMCV-CP 
expression levels were evaluated by 
ELISA, using plant extracts derived from 

9 d.p.i. reaching maximum levels of 15% 
TSP (Table 1). Plant extracts expressing 
HC and LC, normalized for TSP content, 
were also analysed by western blot analysis. 
The results showed the presence of a band 
of the expected size (∼25 kDa) in plants 
agroinfiltrated with and without the P19 
silencing suppressor and confirmed a three-
fold increase of LC yield in the plants with 
P19 (Fig. 2B). Plants infiltrated with the 
HC construct, revealed a similar expression 
behaviour to those infiltrated with LC. In 
fact, also in this case maximum expression 
levels were observed at 5 d.p.i. with HC 
alone and at 7 d.p.i in the plants co-infil-
trated with P19, reaching levels of 10% TSP 
(Fig. 2C, Table 1). Western blot analysis of 
plants agroinfiltrated with or without P19 
silencing suppressor showed the presence of 
a band of the expected size (∼50 kDa) and 
about a eight fold increase of HC expres-
sion levels was detected in the plants co-
infiltrated with the P19 silencing suppressor  
(Fig. 2D).

agroinfiltrated tissues. The amount of TSP 
was estimated by Bradford assay and leaf 
extracts were normalized for TSP concen-
tration. As primary antibody the mouse 
monoclonal antibody mAb F8,15 was 
used and an anti-mouse HRP-conjugated 
(GE Healthcare NXA931) as secondary 

Figure 2. Transient expression analysis of 
human immunoglobulin heavy (HC) and light 
(LC) chains and AMCV coat protein. Plant 
extracts collected at different time points [3, 
5, 7, 9 days post infiltration (d.p.i.)] expressing 
the LC, were analysed either by DAS-ELISA (A) 
or western blot on reducing SDS-10% (w/v) 
PAGE using an anti-λ antibody (B). (A) LC: 
plants agroinfiltrated with LC only; LC/AMCV-
P19: plants co-agroinfiltrated with LC and 
AMCV-P19; C+: 20 ng of purified IgG1 human 
antibody used as a positive control; C-: mock 
infiltrated plants. Plant extracts were normal-
ized for total soluble proteins (TSP) (200 ng of 
TSP were loaded in each well). (B) C+: 50 ng of 
purified IgG1 human antibody used as a con-
trol; C-: mock infiltrated plants; MWM: Protein 
molecular weight marker used as reference. 
Plant extracts were normalized for TSP (20 
µg TSP were loaded). Extracts expressing the 
HC, were also analysed by DAS-ELISA (C) or 
western blot using an anti-γ antibody (D) at 
exactly the same conditions used for LC.  
(E) ELISA of plant extracts expressing the 
AMCV-CP. CP: plants agroinfiltrated with 
AMCV-CP only; CP/AMCVP19: plants co-
agroinfiltrated with AMCV-CP and P19; C-: 
mock infiltrated plants used as a control; C+: 
100 ng of purified AMCV virus particles. Plant 
extracts were normalized for TSP content (50 
µg TSP were loaded). Here we report repre-
sentative ELISA results for each construct (HC, 
LC and AMCV-CP) obtained analysing leaves 
from a single agroinfiltrated plant and values 
are the mean ± standard error of the mean 
(SEM) of three technical replicates.
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antibody. Plant recombinant CP levels 
were estimated using a standard curve 
obtained from serial dilutions of purified 
AMCV virus particles. In this case the 
expression peak of the virus coat protein 
was observed at 9 d.p.i. and expression lev-
els were increased three times in the pres-
ence of AMCV-P19 reaching 1.5% TSP 
(Fig. 2E, Table 1).

In conclusion, we have demonstrated 
that the Agrobacterium-based transient 
expression system boosted by AMCV-P19 
strongly enhances the production of dif-
ferent types of proteins including HIV-1 
Nef antigen, human immunoglobu-
lin heavy and light chains as well as a 
plant virus coat protein, offering several 
advantages over the generation of trans-
genic plants represented by higher pro-
tein yields, rapidity of production and 
cost-effectiveness.
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