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Abstract

Rabies is a viral disease caused by the rabies virus (Lyssavirus) that affects the central nervous system, ultimately leading to death and brain disease. Rabies usually
transmitted through a bite among domestic dogs and wild carnivorous animals. The rabies virus (RABV) infects the central nervous system causing disease in the brain
and death. Rabies is 100% fatal if untreated and ultimately causing more than 70,000 deaths annually worldwide, especially among children in developing countries.
Rabies can be prevented by vaccination and can be cured immediately after infection. Although several human and animal vaccines against rabies are available, they are
expensive, have relatively low immunogenicity and also difficult to produce. Therefore, less expensive, more immunogenic and safe rabies vaccines that can be produced
in the large quantities are urgently needed. The transient plant expression system has become a more attractive and promising platform for the expression of a wide range
of recombinant proteins such as vaccines, antibodies, therapeutic proteins, including mammalian complex proteins. In this study, we engineered and produced a truncated
form of glycoprotein (G protein) of rabies virus in Nicotiana benthamiana (N. benthamiana) plant for the first time, using transient expression system. Plant produced
RG2 protein was purified through Ni-NTA column chromatography. The purification yield of RG2 protein was ~32 mg/ kg plant leaf. The results of immunogenicity
studies showed that the plant produced G-protein elicited significantly high antibody titers in mice. Plant-produced G-protein could be a cost-effective, safe and highly
immunogenic rabies vaccine candidate.
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Introduction after infection. However, after clinical symptoms appear, most
patients die from infection [5]. Basically, rabies prevention can
be performed by two main strategies. The first strategy is the
human vaccination, in which vaccine administrated before or
after an exposure. The second strategy is the vaccinating dogs,
which can prevent transmission of the virus to humans, since
dogs are responsible for 99% of human cases (https:/www.

who.int/activities/human-rabies-prevention-and-management).

It has been well established that rabies virus (RABV), as well
as other lyssaviruses, are transmitted through biting of infected
animals. Rabies is a viral zoonosis, which observed nearly in
100 countries and affect many mammals, including humans [1].
Dogs, rabies are the main source of human infections (99%)
and affects over 3.3 million people [2]. Rabies is 100% fatal if
untreated, killing about 70,000 people each year, mainly among

children in rural areas of Asian and African countries. Infection
with the rabies virus leads to severe neuronal dysfunction [3,4].
Rabies can be prevented by vaccination and be cured immediately
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The rabies human diploid cell vaccine available for human use is
an inactivated type vaccine that has been in use since 1967 and is
an attenuated type vaccine that is derived from the Pitman-Moore
virus strain L503 [6]. In addition, purified Vero cell and chicken
embryo cell rabies vaccines are also now available for human
use. Notably, the purified Vero cell rabies vaccine, developed
by Wistar’s researchers in the 1960s and 1970s uses the Wistar
strain (attenuated) of the RABV. These vaccines are used for
pre- and post-exposure prophylaxis and have been used more
than millions of people around the world. Notable, inactivated,
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and attenuated vaccines have safety concerns because they are
prepared from live viruses. There are other relatively safe vaccines
produced with different production technologies, especially
animal cells produced vaccines are available. However, vaccine
production in cultured animal cells is expensive and difficult to
scale-up [7,8]. A single-stranded RNA genome of rabies virus
encodes five viral, structural proteins including glycoprotein (G),
phosphoprotein (P), nucleoprotein (N), matrix protein (M) and
RNA-dependent RNA polymerase enzyme (L) [9]. It has been
demonstrated that glycoprotein G, the main antigen of RABYV, can
induce protective immunity [10,11]. Glycoprotein G of RABV
assembles the form of homotrimers on the surface of RABV
has been shown a major target for virus-neutralizing antibodies,
elicits immunity response [12]. For this reason, most of the
studied recombinant vaccine candidates are based on the RABV
G protein. Recombinant G protein of RABV has been expressed
using different protein expression systems [ 13-17]. It was reported
that G protein was sufficient to induce high RABV-specific virus-
neutralizing antibody titers in dogs, cats, and mice [18,19] even
after a single vaccine dose. Therefore, G protein is a leading
candidate for a new generation, protein and, subunit vaccine.

Rabies vaccines for humans and animals are currently available,
enabling the effective control of the virus, however, they are
expensive and some of them, especially inactivated vaccines have
relatively poor immunogenicity [20,21]. In addition, high doses of
antigen and multiple immunizations are needed to obtain sufficient
protection. Therefore, cost effective, safer and more immunogenic
rabies vaccines are urgently needed. Currently, several expression
systems such as bacterial, yeast, mammalian have been developed
and are used for expressing various types of recombinant protein.
Transient gene expression became an alternative expression
system particularly for production of difficult to express proteins
[22-25]. This expression system offers several advantages over
other expression platforms, for example, plants have eukaryotic
post-translational modification (PTM) mechanisms and have high
production capacity. In less than a week, hundreds of milligrams
or grams of recombinant protein accumulate per kilogram of
leaf biomass. Other advantages are lower cost, easy scalability,
and safety due to the absence of endogenous human pathogens.
The technology has been demonstrated to be very useful for the
expression of complex proteins. Some pharmaceuticals produced
in plants, such as vaccine antigens, therapeutic human proteins, and
enzymes, have already reached clinical development stages. Using
this technology, we have successfully produced several vaccine
candidates, such as malaria [24,26], anthrax [26] and SARS-CoV-2
antigens [25] and therapeutic proteins such as human Factor IX
and Furin and also bacterial and human enzymes [23,26,27] in
N. benthamiana plant. Recently, using plant transient expression
system, glycosylated (gRBD) and non-deglycosylated (dRBD)
variants of Receptor Binding Domain (RBD) of SARS-CoV-2
have been successfully produced in N. benthamiana plant as a
vaccine candidate against COVID-19, which induced high titer of
RBD-specific antibodies with potent neutralizing activity against
live virus, SARS-CoV-2 infection. Thus, plant transient expression
platform would be also ideal for production low cost, safe, stable,
and highly immunogenic vaccine against rabies. It should be
noted that ERA rabies virus G protein was previously produced
in transgenic plants [28,29] however, the expression level of G
protein was very low. Recombinant G protein was also produced in
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transgenic maize [29]. After oral immunization, this plant produced
recombinant rabies virus G protein could elicit a protective
immune response in sheep [29]. In this study, a truncated form of
the G protein (RG2) as a vaccine candidate against rabies virus was
engineered and expressed in N. benthamiana plant using transient
expression technology. We demonstrate that the RG2 antigen
can be rapidly produced in N. benthamiana plant at a high level.
Furthermore, immunogenicity studies showed that plant produced
RG@G2 protein induced significantly high titers of antibody in mice.
Thus, plant produced RG2 antigen has potential to be developed
as cost-effective and safe subunit vaccine against Rabies virus.

Materials and Methods

Engineering, optimization and cloning of different variants of
G protein

The G protein gene of RABV (ERA strain, GenBank: J02293.1),
has been engineered, codon optimized using N. benthamiana
codons, and two genes were de-novo synthesized at IDT (Iowa,
USA) with the PR-1a signal peptide, His6 tag and ER retention
peptide, KDEL at C-terminal (Figure 1). In this study, we generated
two variants of G protein for expression in N. benthamiana plant:
full length G protein, named RG1 (GenBank accession number:
AAA47204.1,20-524 AA), and truncated version, RG2 (GenBank
accession number: AAA47204.1,20-455 AA). To express G protein
variants in N. benthamiana plants, the signal sequence (SS, amino
acids 1-19) was replaced with the Nicotiana tabacum PR-1a SS
(MGFVLFSQLPSFLLVSTLLLFLVISHSCRA). The schematic
representations of constructs have been presented in Figure 1.

All genes were designed with Age I and Xho I restriction sites
for cloning purposes. For cloning of G protein gene variants,
the genes with restriction enzyme sites, Age I and Xho I, were
cut with Xho I and Age I restriction enzymes and then DNA
fragments run on 1% agarose gel to recovery DNA fragments
(G protein genes). The two G variants were cloned into plant
expression pEAQ vector [30] to generate pPEAQ-RG1-His6-KDEL
or pEAQ-RG2-His6-KDEL. Plasmids were then transformed
into Agrobacterium strain AGL1 for infiltration into plant leaves.

Expression screening of plant-based recombinant G protein
variants in N. benthamiana

To produce recombinant G protein variants (RG1 and RG2) in
N. benthamiana , pPEAQ-RG1-His6-KDEL or pEAQ-RG2-His6-
KDEL plasmids harboring the RG1 and RG2 protein genes were
transferred into Agrobacterium tumefaciens (A. tumefaciens) strain
AGLI1 by electroporation using Gene Pulser Xcell Total System
(BioRad, USA). 4. tumefaciens strain harboring the RG1 and RG2
genes were grown in BBL medium (5 g/L NaCl, 5 g/L yeast extract,
10 g/L soy hydrolysate and 50 mg/L kanamycin) at 280C for
overnight. Grown culture of Agrobacterium harboring RG1 and RG2
genes then introduced into N. benthamiana plant leaves (6-7-week-
old) by manual infiltration by syringe or by vacuum infiltration
using infiltration chamber to produce RG1 and RG2 proteins. Leaf
samples were infiltrated with pEAQ-RG1-His6-KDEL or pEAQ-
RG2-His6-KDEL plasmids, as described previously [23,24,26].

Leaf samples were harvested at 5 day of post infiltration (dpi) and
then ground in a phosphate extraction buffer. Crude extract was
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centrifugated at 13,000 g for 20 minute. 40 pl of clear crude extract
were mixed 10 pl of 5XSDS-Sample buffer and incubated at 100°C
for 5 min and then samples were run on SDS-PAGE and transferred
to hydrophobic polyvinylidene fluoride (PVDF) membrane for
Western blot analysis. Plant produced recombinant plant produced
RG1 and RG2 proteins were visualized on the membrane; anti-
His-tag antibody (cat # 652502, BioLegend) and goat anti-mouse
IgG HRP (minimal x-reactivity) (cat # 405306, BioLegend, USA)
were used as primary or secondary antibodies, respectively.

Purification ofplantproduced RG2proteinfromN.benthamiana

A recombinant RG2 was purified from 25 g of N. benthamiana
plant leaf, infiltrated with the pEAQ-RG2, by affinity Ni-column
chromatography using Ni-NTA Resin (cat.no. 88221, ThermoFisher
scientific) as described elsewhere [26]. The purification yield of
RG?2 purified protein was calculated as described previously [24].

Co-expression of RG2 with PNGase F and Endo H

To co-express RG2 with PNGase F or Endo H deglycosylating
enzymes, N. benthamiana plant was co-infiltrated with AGL1
strain harboring pEAQ-RG2 and pGreenlI-PNGase F or pGreenlI-
Endo H constructs [26].

Immunogenicity studies of plant produced RG2 protein in mice

Immunogenicity studies of plant produced RG2 protein was
assessed in mice. Seven-week-old mice (BALB/c strain, 6 mice
per group) were vaccinated intramuscularly (IM) with two doses
(5 pg each dose) of plant produced RG2 protein adsorbed to 0.3%
Alhydrogel at 0 and 21 days. On study days 21 and 42, serum
samples were collected and then assessed by an IgG ELISA for
anti-RG2 antibody responses. For ELISA, wells were coated
with 200 ng of partially purified RG2 protein, or 200 ng plant
produced His- tagged protein (as a negative control), recombinant
PA83 of Bacillus anthracis in 100 mM carbonate buffer at 40C
for overnight. The next day, after blocking the wells, various
serum dilutions were transferred to the wells and then plate was
incubated at 37°C for 2 hours. After incubation, the plate was
washed three times with 1X PBST and then anti-mouse IgG +
HRP (Cat. no. MBS440122, MyBioSource, USA) was added to
assess the antibody levels. After washing the plate with 1X PBST,
200 pl substrat solution, prepared using o-Phenylenediamine
dihydrochloride (OPD) tablets (Cat. no. P8287, Sigma) was added
to each well. The plate then was incubated in the dark, at room
temperature for 30 minutes. After incubation, the plate was read
at 450 nm. Mice studies were performed at Akdeniz University,
Laboratory Animals Application and Research Centre. The
animal protocol (protocol number: 1156/2020.07.002), we used
for mice studies was approved by the Local Ethics Committee.

Results

Engineering, production, and purification of recombinant RG2
from N. benthamiana plants

In this study, the G protein gene was engineered and produced as
full length (RG1, amino acid residues 19-524) or a truncated form
(RG2, amino acid residues 19-449) in N. benthamiana . When full
length RG1 protein was expressed in N. benthamiana plant no
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specific G protein band was observed in western blot (Figure 1,
lane RG1). Therefore, we engineered a truncated form of G protein
(RG2) to produce a highly soluble and immunogenic recombinant
G protein in N. benthamiana . Western blot analysis (Figure 2)
demonstrates that the RG2 protein is successfully expressed in the
N. benthamiana plant. Plant produced RG2 protein was purified by
Ni column affinity chromatography.

RG1 PR-1a

Figure 1. Schematic representation of the G proteins. A full length (RG1, aa 20-
524 AA) and truncated (RG2, aa 20-455) G protein variants were expressed in N.
benthamiana plant. PR-1a: N. tabacum PR-1a signal sequence; His6: the affinity
purification His6 tag; KDEL: the ER retention signal

Different calonias of RG2, 5 dpi
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Figure 2. Western blot analysis of RG2 produced in Nicotiana benthamiana
plants. Plants were harvested at 5 dpi (day after post infiltration). Samples were
prepared as described in Materials and Methods. Lanes: N - crude extract prepared
from a control, non-infiltrated plant; G1-G5 - crude extracts prepared from plants
infiltrated with various colonies of Agrobacterium (AGL strain) carrying the RG2
gene. RGI1- crude extract prepared from plants infiltrated with Agrobacterium
(AGL strain) carrying the RG1 gene. P- 25 ng recombinant Posi-Tag Epitope Tag
Protein (Positag, BioLegend, cat no: 931301) with ~45 kDa was loaded into a well
as a standard protein

Figure 3 demonstrate SDS-PAGE and Western blot analysis of
partially purified RG2 protein. Plant produced RG2 protein appears
as a single protein with a MM of ~60 kDa (Figure 3). The purity
of RG2 was about 50%. The purification yield of RG2 protein was
~32 mg/ kg plant leaf.

A B

Figure 3. SDS-PAGE (A) and Western blot (B) analysis HisPur™ Ni-NTA Resin
column purified; plant produced RG2 protein. A: SDS-PAGE analysis of purified,
plant produced truncated RG2 protein. F: 10 pg from crude extract fraction (which
was loaded into HisPur™ Ni-NTA Resin column) was loaded into gel. FT: 10
pg from flow through fraction was loaded into gel. W: 10 pg from wash fraction
was loaded into gel. E: 10 pl from eluted, combined fractions was loaded into
gel. C- 2 ng from concentrated eluted fractions were loaded into a gel. M: color
prestained protein standard. B: SDS-PAGE analysis of purified, plant produced
truncated RG2 protein. F: 200 ng from crude extract was loaded into gel. FT: flow
through. W: wash. E-eluted, combined fraction. C: 200 ng from concentrated eluted
fractions was loaded into gel. Plant produced RG2 protein on the membrane was
detected using the purified anti-His Tag antibody (Cat. No. 652502, BioLegend).
M: MagicMark XP Western Protein Standard (ThermoFisher Scientific).
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Invivo co-expressing of RG2 protein with PNGase Fand Endo H

RG2 protein possesses five potential N-glycosylated sites. To test
if plant produced RG2 protein is glycosylated, RG2 gene was co-
expressed with deglycosylating enzymes, PNGase F and Endo H
[26,27]. As can be seen from Figure 4, on Western blot, there are
gel shift of PNGase F (dP) or Endo H deglycosylated (dE) samples
compared to glycosylated RG2 (G) suggesting deglycosylation of
RG@G2 by co-expression with PNGase F or Endo H enzymes. These
results demonstrate that produced RG2 protein is N-glycosylated
when expressed in N. benthamiana plant.

dpP
—

dE G
— —

Deglycosylated - - - Glycosylated

Figure 4. Co-expression of RG2 with PNGase F and Endo H. RG2 gene was in
vivo co-expressed with bacterial PNGase F (dP) or Endo H (dE) deglycosylating
enzymes as described in Materials and Method. Plant produced glycosylated (G)
and deglycosylated variants (dP and dE) on the membrane were detected using the

purified anti-His Tag antibody (Cat. No. 652502, BioLegend)
Immunogenicity studies of plant produced RG2 in mice

Immunogenicity studies of plant produced RG2 demonstrated
that recombinant plant produced RG2 antigen was able to induce
significantly higher titers of antibody in mice (Figure 5).
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Figure 5. Immunogenecity of plant produced RG2 antigen in mice. Mice were
immunized on study days 0 and 21 IM with 5 pg (with alum) of plant produced
RG2 protein. Serum samples were collected on study day 42 (post 2nd vaccination)
and analyzed for anti-RG2 IgG responses by ELISA. For ELISA, 200 ng plant
produced RG2 or 200 ng of plant produced recombinant PA83 of Bacillus
anthracis (as a negative control) were coated into plate. Different dilutions of
serum immunized with RG2 protein were added to test the binding affinity of
plant produced RG2 and PA83 (negative control) to ant-RG2 antibody in serum
immunized with RG2 protein. A: Detection of the RG2-specific IgG in different
dilutions of sera from day 42. B: Detection of IgG titers in the mice serum with
different dilutions specific to RG2 at day 42. Each point on the graph was derived
from three replica for each dilution. One-way ANOVA test was used to compare
antibody response of RG2 induced serums and PBS induced serums as control.

*p<0.05;**p<0.01;***p<0.001 (n=6 mice/group)
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Discussion

Rabies is a zoonotic disease that causes serious health problems
worldwide and severe nerve damage in humans and animals.
As mentioned above, rabies virus genome consists a single-
stranded RNA encoding five proteins including G protein. G
protein has been shown to play a major role of inducing virus-
neutralizing antibodies and conferring protection against
intracerebral challenge. RABV glycoprotein is a trimer [12] and
assembles the form of homotrimers on the surface of virus or of
the infected cells. G glycoprotein has been shown as a target for
binding virus-neutralizing antibodies, and therefore harbors the
major antigenic determinants of the virus. For this reason, most
of the recombinant candidate vaccines studied so far are based
on RABV-G protein. Currently, most of the vaccines prepared
against RABV are produced in animal cells [31,32]. However,
such vaccines have several disadvantages associated with high
cost, scalability,safety and storage. Currently, several recombinant
expression systems have been developed and used for expressing
various types of vaccines, called a protein based, new generation
subunits vaccines. Insect-cell-based systems have also been used
for production of G protein of rabies virus [13,17]. Recombinant G
protein produced in baculovirus expression system was shown to
be immunogenic in mice. Sera of mice immunized with G protein,
produced and purified from S9 cells had a high virus-neutralizing
antibody titers. In addition, Sf9 cells produced recombinant G
protein demonstrated 100% protection upon virulent intracerebral
challenge [17]. The yeast expression system has been also tried
to produce recombinant G protein of rabies virus, however,
probably due to high-mannose glycosylation, this system was not
appropriate for production of immunogenic G protein.

Plant-based transient expression platform has been demonstrated to
provide safe, fast and low-cost production of variety recombinant
pharmaceutical proteins in a short time. Using this expression
strategy, a number of difficult to express proteins such as human
Furin, Factor IX, heptamerized form of PA63 of Bacillus anthracis
[23], full length Pfs48/45 protein of Plasmodium falciparum [24],
human immunodeficiency virus (HIV) type 1 soluble gp140 [33],
receptor binding domains (RBD) of Spike protein of SARS-
CoV-2 [25,34] and other complex proteins including functional
active monoclonal antibodies [22,27,33] have been successfully
produced in N. benthamiana plant. Thus, plant transient
expression strategy would be also ideal expression platform for the
production low cost, safe, stable and highly immunogenic vaccine
against rabies. G protein of RABV is a type-1 transmembrane
protein and assembled as a trimeric spike on the surface of virus.
Since G protein of RABV is known as a major antigen to induce
virus neutralizing antibodies, therefore, in the present study,
we have engineered and produced recombinant G protein in N.
benthamiana plant. G protein of rabies has been produced in plants
using transgenic approach [29,35-37]. However, transgenic plant
approach has several concerns, associated with low target protein
accumulations, long development time and also concerns with the
possibility of gene transfer from transgenic plants to wild types
[38]. Plant transient expression platform has several advantages
over stable expression system. Recently, it was reported that
rabies virus G protein produced in N. benthamiana by transient
expression technology is an immunogenic antigen in mice [39].
In this study, full length G protein (rabies glycoprotein gene from
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virus isolate SKRDG0204HC, acc. No. DQ076093) was expressed
in N. benthamiana plant. Surprisingly, in this work, G protein was
produced in N. benthamiana plant with native signal sequence (not
plant signal sequence). Authors state that two G protein bands with
molecular mass ~ 60 kDa (weak band) and ~50 kDa band (a major
band) were observed on SDS-PAGE. Since in this work full length
G protein was expressed in N. benthamiana plant, the expected
size of the band should be at least~58 kDa. Based on SDS-PAGE
and western blot analysis, presented in this work, two protein
bands were observed is not because of N- glycosylation. The lower
band was regarded as the non-glycosylated glycoprotein, and the
upper as the N-glycosylated protein, please see Park et al., 2021,
p. 30) as stated by authors, it is probably because of cleavage of
full length G protein when expressed in N. benthamiana plant, as
we can see that molecular mass of N-glycosylated G protein that
is the major band is not higher than 50 kDa (protein band without
treatment with Endo H) (Park et al. 2021, Figure 2B) [39].

For expression in plants our strategy was engineering of the RG2
sequence by fusing C-terminus with KDEL (ER retention signal)
to produce of RG2 in ER, which is very well equipped with protein
folding assistants and molecular chaperons for protein folding and
PTMs (posttranslational modifications) of produced recombinant
proteins of interest [33,40]. The other advantages of expression
in ER is that ER provide high level expression of recombinant
glycoproteins including complex proteins such as Pfs48/45 [24];
human Furin and Factor IX [23] with high mannose N-glycan
structure, which is common in human, plants and yeast. In this
study, the G protein gene (rabies glycoprotein gene from the
ERA strain) was engineered and expressed as full length (RGI,
amino acid residues 19-524) or a truncated form (RG2, amino
acid residues 19-449) in N. benthamiana plant. The full-length G
protein was also expressed in the N. benthamiana plant, but no
specific protein produced as confirmed by western blot. Therefore,
we engineered and expressed a truncated form of G protein
(without transmembrane domain) in N. benthamiana plant. RG2
protein migrates as a single protein with a MM of ~60 kDa. The
purification yield of RG2 was about 32 mg/kg plant leaf, which
is satisfactory for commercialization. RG2 has five potential
N-glycosylation sites. It was demonstrated that N-glycosylation
play important role in enhanced virus production [32]. To
determine the glycosylation status, RG2 was in vivo co-expressed
with PNGase F or Endo H [26,27]. These results demonstrate
that, the recombinant RG2 is glycosylated when expressed in a
N. benthamiana plant. Immunogenicity studies have shown that
the plant produced RG2 antigen can induce significantly higher
antibody titers.

Thus, plant transient expression platform would be ideal
expression system to produce cost-effective, safe, stable and
highly immunogenic vaccine against rabies. Based on above
findings plant produced RG2 could a potential vaccine candidate
against rabies.

Conclusion

Our results demonstrate the feasibility of expressing truncated
form of G protein in plants at high level and with high purification
yield. Importantly, purified plant produced truncated form of G
protein elicits significantly higher antibody titers. Thus, our
findings demonstrate that plant produced truncated form of G
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protein could be a promising cost effective highly immunogenic
and safe vaccine candidate against the rabies virus.
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