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Abstract

A new approach to the production and delivery of vaccine antigens is the use of engineered amino virus-based vectors. A chimeric peptide
containing antigenic determinants from rabies virus glycoprotein (G protein) (amino acids 253–275) and nucleoprotein (N protein) (amino
acids 404–418) was PCR-amplified and cloned as a translational fusion product with the alfalfa mosaic virus (AlMV) coat protein (CP). This
recombinant CP was expressed in two plant virus-based expression systems. The first one utilized transgenicNicotiana tabacumcv. Samsun
NN plants providing replicative functions in trans for full-length infectious RNA3 of AlMV (NF1-g24). The second one utilizedNico-
tiana benthamianaand spinach (Spinacia oleracea) plants using autonomously replicating tobacco mosaic virus (TMV) lacking native CP
(Av/A4-g24). Recombinant virus containing the chimeric rabies virus epitope was isolated from infected transgenicN. tabacumcv. Samsun
NN plants and used for parenteral immunization of mice. Mice immunized with recombinant virus were protected against challenge infec-
tion. Based on the previously demonstrated efficacy of this plant virus-based experimental rabies vaccine when orally administered to mice
in virus-infected unprocessed raw spinach leaves, we assessed its efficacy in human volunteers. Three of five volunteers who had previously
been immunized against rabies virus with a conventional vaccine specifically responded against the peptide antigen after ingesting spinach
leaves infected with the recombinant virus. When rabies virus non-immune individuals were fed the same material, 5/9 demonstrated signifi-
cant antibody responses to either rabies virus or AlMV. Following a single dose of conventional rabies virus vaccine, three of these individuals
showed detectable levels of rabies virus-neutralizing antibodies, whereas none of five controls revealed these antibodies. These findings
provide clear indication of the potential of the plant virus-based expression systems as supplementary oral booster for rabies vaccinations.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Rabies virus, a rhabdovirus of the genusLyssavirus,
remains a significant threat to human and animal health
throughout much of the world[1]. In the US alone,
25,000–40,000 persons annually undergo rabies prophy-
laxis for possible exposure to the virus[2]. According to
World Health Organization estimates, there are approxi-
mately 50,000 cases of fatal rabies worldwide each year
[3]. Free-ranging wildlife, including bats, raccoons, skunks,
and foxes are the major reservoirs of rabies virus in the US.
In Asia, Africa, and Latin America dogs are important vec-
tors of the virus posing a serious threat to humans. In the
last two decades, the extent of wildlife rabies has increased
considerably. For example, in the US more than 50,000
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cases of rabies among raccoons have been reported to the
Centers for Disease Control and Prevention since 1980[4].
The increase in cases associated with bat rabies is partic-
ularly troubling, since from 1980 to 1996, 21/36 human
rabies cases were attributed to bats in the US alone[3].

Currently, efficacious rabies vaccines are used in humans
for pre- and post-exposure prophylaxis, yet in countries
where rabies is endemic, routine vaccination of the general
population might be an alternative approach if rabies can-
not be contained. The least expensive rabies vaccines, which
are still used extensively, are prepared from animal brain
and thus, potentially hazardous. Affordable and safe rabies
vaccines for humans and animals are needed, preferably uti-
lizing the existing local infrastructure. This is important not
only for rabies but also for other infectious diseases preva-
lent in developing countries.

In the design of a rabies vaccine, representation of both
the rabies virus glycoprotein (G protein) and nucleoprotein
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(N protein) antigens is desirable. The G protein is the major
antigen responsible for the induction of protective immu-
nity [5], while the N protein triggers rabies virus-specific
T cells, facilitating the production of neutralizing antibod-
ies and other immune mechanisms[6]. The only widely
used recombinant vector-based vaccine at present consists
of vaccinia virus expressing the rabies virus G protein[7].
However, the release of genetically modified live viruses,
capable of infecting a variety of species including humans,
may pose a safety threat. Instead, the safe and cost-effective
management of rabies may depend on the introduction of
non-infectious, recombinant vaccines that are effective af-
ter oral administration. In this context, oral vaccination of
raccoons with baculovirus-expressed G protein or with inac-
tivated rabies virus has been shown to induce production of
rabies virus-neutralizing antibodies and protection against
a lethal challenge with rabies virus[8,9]. Moreover, oral
administration of rabies virus ribonucleoprotein complexes
significantly enhanced production of virus-neutralizing an-
tibodies upon subsequent parenteral booster vaccination
of mice with inactivated rabies virus[10]. Those studies
demonstrated that rabies G and N proteins contain deter-
minants that can be used for oral immunization. Indeed,
antigenic determinants of rabies virus G and N proteins
have been mapped, and a chimeric peptide (G5–24-N31D)
containing a linear epitope of the G protein and an epi-
tope of the N protein were synthesized and found to be
immunogenic in mice[11].

Several studies have explored the feasibility of using plant
viruses as expression vectors for vaccine antigens[12–21].
Our studies have focused on the use of alfalfa mosaic virus
(AlMV) [21] and the tobacco mosaic virus (TMV)-based
hybrid vector Av/A4[22] to express the chimeric peptide
G5–24-N31D in virus-infected plants as an in-frame fusion
with the coat protein (CP) of AlMV and assembled into
virions. Previously, we demonstrated synthesis of mucosal
IgA in mice fed on spinach leaves infected with recombi-
nant virus bearing G5–24-N31D[19]. In the present study,
we show that mice immunized with recombinant virions re-
covered from infected tobacco plants are protected against
a lethal challenge infection with rabies virus, and that hu-
man volunteers fed raw spinach leaves containing exper-
imental plant virus-based rabies vaccine develop a rabies
virus-specific immune response.

2. Materials and methods

2.1. DNA constructs

All cloning and cell transformations were performed ac-
cording to Sambrook et al.,[23]. Escherichia coliJM109
competent cells (Promega, Madison, WI) were used for
transformation. Two recombinant plasmids NF1-g24 and
Av/A4-g24 (Fig. 1), were constructed through the in-frame
fusion of chimeric peptide representing rabies G (amino

acids 253–275) and N (amino acids 404–418) proteins
[24] to the N-terminal coding sequences of the AlMV
CP. Sequences encoding chimeric peptide from rabies
virus was PCR-amplified and cloned into pSP�AUG [25],
using 5′CGGCTCGAGATGTCCGCAGTATATACCCGA-
ATTATGATGAACGGAGGACGACTCAAACGACCCCC-
AGACCAACTTGTGAACCTC3′ as 5′- and 5′GCTGTCG-
ACCTCTCTTCCACTACCAGGTGTTCGATCTCATCCG-
ATCGGAAGTCATGGAGGTTCACAAGTTGGTCTGGG-
GGTCGTTT3′ as 3-primers. These primers contain com-
plementary regions and serve as a template for each other.
The resulting PCR product contains introducedXhoI and
SalI restriction sites (5′ and 3′, respectively) for ligation
into the uniqueXhoI site in pSP�AUG. Translation of the
recombinant CP is initiated from the AUG codon introduced
at the 5′ end of the recombinant gene, which is upstream
of nucleotide sequences encoding the chimeric rabies virus
peptide. After sequence confirmation, the recombinant CP
containing sequences for the rabies virus G and N proteins
was subcloned into full-length RNA3 of AlMV to create
NF1-g24 (Fig. 1) or into Av/A4 [22] to obtain Av/A4-g24
(Fig. 1). Expression of the recombinant CP from NV1-g24
and Av/A4-g24 during virus infection of plants is controlled
by subgenomic mRNA promoters specific for AlMV and
TMV CP, respectively.

2.2. In vitro transcription

In vitro transcripts of recombinant molecules were syn-
thesized using T7 RNA polymerase (Promega, Madison,
WI) and plasmid DNA, according to the manufacturer’s
guidelines. Transcripts were capped using the RNA cap
structure analog m7G(5)ppp(5)G (New England Biolabs,
Beverly, MA).

2.3. Plant inoculation and virus purification

All plants used in these experiments were grown and
maintained in a controlled BL2P greenhouse. For animal
experiments, recombinant viral construct NF1-g24 was pro-
duced in transgenicNicotiana tabacumcv. Samsun NN
plants expressing the AlMV P1 and P2 (P12) replicase genes
[26]. Three upper leaves of each plant were inoculated with
a mixture (RNA4:RNA3, 1:1000) of in vitro transcription
products of recombinant constructs in 2 volumes (v/v) of
FES buffer [sodium-pryophosphate 1% (w/v), macaloid 1%
(w/v), celite 1% (w/v), glycine 0.5 M, K2HPO4 0.3 M, pH
8.5, with phosphoric acid]. Inoculum was applied by gen-
tle rubbing on leaves after abrading the leaf surface with
carborundum (320 grit; Fisher, Pittsburgh, PA). Recombi-
nant virus was isolated 12–14 days after the inoculum was
applied as described[18]. Briefly, leaf tissue was homoge-
nized and the sap separated from cell debris by centrifuga-
tion. Virus particles were selectively precipitated using 5%
polyethylene glycol. To study the immunogenicity of the ex-
perimental rabies vaccine administered orally, three lots of
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Fig. 1. Schematic representation of NF1-g24 and Av/CP-g24. NF1-g24 was engineered using AlMV RNA3 and sequences of chimeric peptide representing
rabies virus G and N proteins. P3, cell-to-cell movement protein; CP, coat protein; P, foreign peptide. Av/CP-g24 is based on the genome of TMV-derived
hybrid Av/A4, with systemic movement supported by the introduced AlMV CP. The 126 and 183 kDa proteins are required for replication, the 30 kDa is
the viral movement protein, and CP�AUG indicates the open reading frame of the translation deficient TMV CP gene. T-RNA like structure at the 3′
end of Av/A4-g24 represents a ribozyme for self-cleavage of in vitro-synthesized transcripts. Arrowheads within each construct indicate the subgenomic
promoters for AlMV and TMV CP, respectively. Amino acid sequences fused at the N-terminus are indicated.

spinach plants (3000 plants per lot) were inoculated with in
vitro transcription products of Av/A4-g24, harvested 12–14
days later, washed, analyzed for the presence of rabies virus
antigen, packaged in 150 g doses and fed to human volun-
teers (seeSection 2.4).

2.4. Western blot analysis

AlMV CP produced in virus-infected plants was analyzed
by Western blotting[18] using antibodies specific for AlMV
CP (Agdia, Elkhart, IN) or rabies virus G protein. Proteins
from crude plant extracts or from purified virus particles
were separated electrophoretically on SDS-polyacrylamide
gels and electroblotted onto a nylon membrane overnight
at 33 mA. After blocking with milk (Kirkegaard and Perry;
Gaithersburg, MD), proteins were allowed to react with ap-
propriate antibodies and detected using the Vectastain ABC
kit (Vector Laboratories, Burlingame, CA).

2.5. Immunization of mice with recombinant plant virus
particles and challenge

Eight-week-old C3H mice (10 in each group) were in-
jected intraperitoneally three times at 2-week intervals with
purified particles of NF1-g24 (250�g per injection), in the
presence of Freund’s complete (first injection) or incomplete
(second) adjuvant, while control groups received synthetic
rabies virus peptide (35�g per injection) or AlMV particles
without the rabies insert (250�g per injection). A 250�g
dose of recombinant NF1-g24 contains 35�g of chimeric
rabies peptide. Serum samples were collected on days 0, 28
and 40. At 120 days after the last immunization, mice were
challenged intramuscularly with canine street rabies virus
3374L and observed for clinical signs of rabies infection.
Animals were euthanized by CO2 inhalation. Brains were

removed and tested for rabies by the fluorescent antibody
test.

2.6. Neutralization assay

Sera from mice, inoculated with recombinant AlMV
particles containing chimeric rabies virus peptide, syn-
thetic rabies virus peptide and control virus (AlMV) were
heat-inactivated at 56◦C for 30 min and incubated with
CVS-11 strain rabies virus. The neutralizing activity of ra-
bies virus-specific serum antibodies was determined using
a rapid fluorescent focus inhibition test, as described[27].
Similarly, rabies-specific virus-neutralizing antibody titers
were assessed in sera collected from human volunteers.

2.7. Ingestion of raw spinach leaves containing
experimental rabies vaccine by human volunteers

2.7.1. Group 1
Five individuals of both genders, immunized against ra-

bies virus, were fed with 20 g (0.6 mg of recombinant virus
contains 84�g of chimeric rabies peptide) of raw spinach
leaves containing rabies virus antigen. Each individual re-
ceived three doses of experimental vaccine at 2-week inter-
vals. The control group (five individuals immunized against
rabies virus), received raw spinach leaves only. Blood sam-
ples (10 ml) were obtained by venipuncture on days 0, 14,
28 and 42. Sera were analyzed by ELISA to determine if
there is an increase in rabies virus-specific antibodies result-
ing from experimental spinach feeding.

2.7.2. Group 2
Nine volunteers (non-immunized against rabies virus), be-

tween ages 21 and 60 (both genders) were fed three times
with fresh spinach leaves containing rabies virus antigen at



3158 V. Yusibov et al. / Vaccine 20 (2002) 3155–3164

2-week intervals. Individuals received 150 g of leaf tissue,
equivalent to a medium-size salad, in each feeding. This
amount of leaf tissue contained approximately 5 mg of virus,
which equaled to 700�g of rabies peptide per dose. The con-
trol group (five non-immunized volunteers) was fed spinach
leaves without rabies peptide per dose. Seven days after the
third feeding (day 35), all participants received a single dose
(boost) of commercial rabies vaccine intramuscularly. Blood
samples (10 ml) were obtained by venipuncture at days 0,
35 and 42. Sera were analyzed for rabies virus-specific
antibodies and for any boosting effect of the commercial
vaccine.

2.8. ELISA

Sera were analyzed for the presence of antigen-specific
antibody by solid phase ELISA as described[18], using
96-well plates coated overnight at 24◦C with 100�l per
well of inactivated ERA strain rabies virus or synthetic
peptide G5–24. Peroxidase-conjugated goat anti-mouse
IgG (whole) (Sigma) was used as secondary antibody for
mouse sera, and biotin-conjugated goat anti-human IgG (H
plus L) (Rockland, Gilbertsville, PA) for human IgG as
well as biotin-conjugated mouse monoclonal anti-human
IgA1/IgA2 (Pharmingen, San Diego, CA) for human
sera.

3. Results

3.1. Plant virus-based expression systems

Two plant virus-based expression systems were used. The
first one was based on the full-length infectious cDNA clone
of AlMV RNA3. AlMV is a tri- p[artite] plant positive-strand
ssRNA virus. RNA1 and RNA2 are indispensable for AlMV
replication, while RNA3 is necessary for cell-to-cell and
long distance movement, and also codes for the viral CP.
The CP is expressed from a small subgenomic RNA4. Be-
sides the assembly function, the CP is also involved in the
AlMV genome activation, and thus either CP or its mes-
senger, RNA4, has to be present in the inoculum to initi-
ate normal AlMV genome replication. Therefore, the RNA3
transcripts used for inoculations were always supplemented
with the RNA4 transcript to provide sufficient amount of
the CP to initiate infection[25]. RNA1 and RNA2 code for
replication-associated proteins P1 and P2, and in this partic-
ular system are provided in trans in P12 transgenic tobacco
plants[26].

The second system used is based on an autonomously
replicating TMV-based Vector Av/A4 which lacks the TMV
CP. In this particular system it was replaced by a fusion
between the rabies peptide, g24, and the AlMV CP. The
recombinant virus, a TMV-derivative carrying the AlMV
gene was shown previously to be viable and even able to
utilize AlMV for the long distance movement through the
plant [22].

3.2. Expression of chimeric rabies peptide in plants
inoculated with NF1-g24 of Av/A4-g24

3.2.1. NF1-g24
To express chimeric rabies virus peptide fused to AlMV

CP at the N-terminus, greenhouse-grown transgenic P12
plants at the six-leaf stage were mechanically inoculated
with a mixture of in vitro synthesized transcripts of NF1-g24
(AlMV genomic RNA3) and AlMV RNA4. Within 10–12
days of inoculation, accumulation of recombinant AlMV
CP containing rabies virus antigen was detected in the upper
uninoculated leaves. Amplification of recombinant NF1-g24
in locally inoculated leaves resulted in occasional necrotic
lesions surrounded with concentric rings. Movement of
recombinant virus into the upper uninoculated leaves and
systemic spread of infection resulted in mild mosaic symp-
toms, vein clearing, slight curling of the uppermost leaves,
and stunting of plant growth. As the leaves grew larger,
signs of virus infection began to regress and leaf curling was
reduced, although rare localized areas of vein necrosis, ap-
pearing on systemically infected leaves, as well as necrotic
lesions on locally inoculated leaves remained present
throughout the infection. Over a 2-week period, significant
quantities of recombinant CP accumulated in systemically
infected leaves, with average levels reaching 0.4±0.07 mg/g
of fresh leaf tissue. Up to 70% of expressed recombinant
protein (0.3± 0.03 mg/g of fresh tissue on average) was re-
covered from infected leaf tissue as virus particles. Western
analysis of recombinant virions isolated from locally inocu-
lated and systemically infected leaves revealed a protein of
the expected size (29.3 kDa), which reacted with antibodies
specific for both AlMV CP (carrier molecule) and rabies
virus G protein (Fig. 2). Native AlMV CP reacted only with
AlMV CP-specific antibodies (Fig. 2A) and did not bind
antibodies specific for rabies virus G protein (Fig. 2B). To-
gether, these data demonstrate that when expressed in plants,
recombinant AlMV CP carrying the rabies virus peptide
is assembled into virions that can be recovered efficiently
and at high homogeneity by standard virus purification
procedures.

3.2.2. Av/A4-g24
Leaves of 6-week-old spinach plants were mechani-

cally inoculated with in vitro synthesized transcripts of
Av/A4-g24. Within 10–12 days of inoculation (the time
established as optimal for maximum accumulation of
Av/A4-g24 while plants are still suitable for ingestion),
samples of leaf tissue were randomly collected and ana-
lyzed by Western blotting. Accumulation of recombinant
CP was detected in both inoculated and uninoculated leaves
(Fig. 3), indicating systemic movement of the recombinant
virus in the plants. Protein of the expected size (19.3 kDa)
was detected with antibodies specific for both AlMV CP
and rabies virus G protein (Fig. 3). However, the virus
was not detected in all leaves analyzed. Approximately
70% of the leaves, as determined by Western analysis (data
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Fig. 2. Western blot analysis of recombinant CP in virus particles purified from leaves (locally inoculated (L) and systemically infected (S)) of P12
transgenic plants infected with wild-type AlMV or NF1-g24. Proteins were separated electrophoretically on a 12% SDS-polyacrylamide gel, transferred
to a membrane, and detected with different antibodies. Monoclonal antibodies specific for AlMV CP (panel A) recognized 24.0 kDa (AlMV CP) and
29.3 kDa (NF1-g24) proteins, whereas antibodies specific for rabies virus G protein recognized only NF1-g24 and G protein from rabies virus (ERA
strain, panel B). Wild-type-AlMV did not react with antibodies specific for rabies virus. Extracts from uninoculated (C−) plants showed no reactivity
for AlMV CP-specific antibodies.

not shown), were infected, containing sufficient levels of
recombinant CP to recover up to 50± 12�g of recombi-
nant virus from 1 g of fresh tissue. Amounts of recombinant
Av/A4-g24 recovered from spinach plants were similar to
those of Av/A4 (60± 9�g/g fresh tissue). Infection of only
70% of leaves might reflect the absence of a stem structure
in spinach plants at 6 weeks of age, which might have im-
peded the uniform movement of virus into all uninoculated
leaves. The Av/A4-g24-infected spinach plants showed no
evidence of symptoms or any significant reduction in leaf
growth as compared to that of controls.

Western blot analysis of unprocessed spinach leaves
stored at 4◦C revealed the presence of recombinant AlMV

Fig. 3. Western blot analysis of recombinant CP accumulation in spinach leaves (locally inoculated (L) and systemically infected (S)) infected with
Av/A4-g24. Proteins were separated electrophoretically on a 12% SDS-polyacrylamide gel, transferred to a membrane, and detected with different
antibodies. Monoclonal antibodies specific for AlMV CP recognized 24.0 kDa (AlMV CP) and 29.3 kDa (Av/A4-g24) proteins (panel A), whereas
antibodies specific for rabies G protein recognized Av/A4-g24 and G protein from rabies virus (ERA strain) (panel B). Extracts from uninoculated (C−)
plants were not recognized by AlMV CP-specific antibodies. MWM is molecular weight marker lane.

CP containing rabies peptide, which was detectable in leaves
up to 35 days of storage (data not shown). Thereafter, tissue
degradation became visible and the recombinant protein
was no longer detectable.

3.3. Immunization of mice with recombinant AlMV
particles containing chimeric rabies peptide

C3H mice (10 in each group) were given three doses
of recombinant virus particles intraperitoneally at 2-week
intervals. Each mouse received 250�g of virus per dose
equivalent to 35�g of rabies peptide. Mice in control
groups received either 35�g of synthetic peptide or 250�g
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Table 1
Antibody response and survival of C3H mice immunized with AlMV containing chimeric peptide from rabies virus

Group of mice Codes Dose of antigen (�g per dose) Rabies neutralizing antibodies Survival after challenge with rabies virus

NF1-g24 A 250 4/5 5/5
B 5/5 5/5

AlMV C 250 0/5 2/5
D 0/5 0/5

G5–24-N31D E 25 1/5a 1/3a

F 4/5 2/4b

Mice received three doses of antigen intraperitoneally on days 1, 14 and 28. Serum samples for rabies virus-neutralizing antibody analysis were collected
12 days after the last immunization. At 120 days after the last immunization, mice were challenged intramuscularly with a lethal dose of rabies virus.

a Two mice died before challenge.
b One mouse died before challenge.

of wild-type AlMV particles per dose. At 12 days after the
third immunization, serum samples from 9/10 mice immu-
nized with recombinant NF1-g24 particles showed the pres-
ence of rabies neutralizing antibodies (Table 1). At 120 days
after the last immunization, mice were challenged intramus-
cularly with 50�l of canine street rabies virus 3374L (107.7

MICLD50) and observed for clinical signs of infection.
All 10 mice immunized with NF1-g24 particles survived
the challenge, while 3/7 mice that received the synthetic
rabies peptide and 2/10 that received the wild-type AlMV
survived (Table 1). The remaining mice developed clinical
signs of rabies and succumbed to infection 10–20 days
after rabies virus challenge. No rabies virus was isolated
from the tissue of mice surviving challenge 5 months after
challenge.

Fig. 4. Rabies virus-specific serum antibody (IgG) response generated in human volunteers after injection of spinach infected with Av/A4-g24. Rabies
virus-specific serum antibody responses were measured by ELISA on plates coated with either inactivated rabies strain ERA (panel A) or synthetic
peptide resembling the linear epitope G5–24 of rabies virus G protein. Data are mean values of six replicates obtained using sera collected on day 0 of
trial (pre-F) and after the third (post-F) feeding. Numbers on the axis indicate volunteer designations.

3.4. Immunogenicity of experimental plant virus-based
rabies vaccine consumed in food

As an initial assessment of the immunogenicity of
Av/A4-g24 in humans, five volunteers who had previously
received a full course of conventional rabies virus vaccine
(four intramuscular injections) were fed three doses of raw
spinach leaves containing rabies antigen (each 20 g con-
taining 0.6 mg of recombinant virus equivalent to 84�g
chimeric rabies peptide) at 2-week intervals. Five control
individuals received spinach inoculated with the recombi-
nant Av/A4 vector alone. ELISA analysis of sera collected
before feeding (pre-F) and after the third feeding (post-F)
revealed a significant increase in the already high levels of
rabies-specific antibodies in individuals 4, 7 and 9 (Fig. 4A;
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Fig. 5. Rabies- and AlMV CP-specific serum antibody (IgG and IgA) response generated in immune-naı̈ve human volunteers after ingestion of spinach
infected with Av/A4-g24. Rabies-specific and AlMV-specific serum antibody responses were measured by ELISA on plates coated with inactivated rabies
strain ERA (A and B) and on plates coated with AlMV CP (C), respectively. Data are mean values of six replicates (except in B) obtained using
pre-immune and sera after third administration of antigen. Numbers on the axis indicate volunteer designations.

P = 0.003, 0.001 and 0.005, respectively) at a serum
dilution of 1:164. Increases in rabies-specific serum IgG
antibodies became even more obvious in ELISA performed
using G5–24 peptide-coated plants (Fig. 4B; individuals 4,
7 and 9;P = 0.002, 0.007 and 0.005, respectively). El-
evation in rabies-specific serum IgG levels in these three
volunteers was observed after each dose of spinach infected
with the recombinant virus (data not shown). One of the
two individuals who did not respond to the peptide had
exhibited high levels of peptide-specific antibody prior to
the study. Rabies virus-specific antibodies did not become
elevated in any of the control individuals. Throughout these
studies, there were no instances of nausea, vomiting, mild
cramps, fever or diarrhea among volunteers after ingestion
of Av/A4-g24-infected spinach or spinach only.

Based on the lack of any evident untoward effect on
pre-existing immunity to rabies virus, together with some
evidence of enhanced immunity against the rabies virus
peptide, the immunogenicity of this recombinant virus was
assessed in non-vaccinated individuals who had no rabies
antibodies in their blood. Nine volunteers received three
doses of raw spinach leaves (150 g per dose) infected with
the recombinant virus, while five volunteers received an
equal amount of healthy spinach. Seven days after the third
feeding, all participants received a single dose of commer-
cial rabies vaccine (HDCV). In addition to pre-immune
samples, sera were collected 7 days after the third feeding
and 7 days after administration of the commercial vaccine.

Each serum sample collected before administration of the
commercial vaccine was assessed for antibodies (IgG and
IgA) against rabies virus, AlMV, and for neutralization
(data not shown). At serum dilutions of 1:10, no control
samples showed significant elevations in antibodies reactive
with either AlMV CP or rabies virus. On the other hand,
6/9 volunteers who had ingested spinach infected with the
recombinant virus showed significant elevations in serum
antibodies specific for either AlMV CP or rabies virus
(Fig. 5A–C). Four volunteers produced rabies virus-specific
IgG (Fig. 5A) and two of these four and volunteer 7 also
produced rabies virus-specific IgA (Fig. 5B). Four individ-
uals who produced rabies virus-specific IgG or IgA (volun-
teers 4, 7, 8 and 10) as well as volunteer 15 demonstrated
significant elevations in AlMV CP-specific IgG (Fig. 5C).
While no neutralizing antibody was detected before im-
munization with commercial vaccine, only recipients (3/9)
of Av/A4-g24-infected spinach became positive for rabies
virus-neutralizing antibodies following parenteral adminis-
tration of a single dose of conventional vaccine (Fig. 6).

4. Discussion

The identification of key antigenic determinants respon-
sible for the generation of protective immunity against
corresponding viral or bacterial pathogens has enabled the
development of subunit vaccines. Non-replicating subunit
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Fig. 6. Rabies virus-neutralizing antibody titers in sera of individuals who
received a single dose of commercial rabies vaccine 7 days after the third
feeding with spinach. Sera were collected 7 days (on day 42) after the
administration of the commercial rabies vaccine. Numbers on the axis
indicate volunteer designations.

vaccines are safer than pathogen-based vaccines and can
be readily formulated to contain multiple antigenic deter-
minants from different pathogens. Consequently, subunit
vaccines are preferred for manufacturing purposes. How-
ever, traditional procedures for the development, storage
and distribution of subunit vaccines remain costly, thus
limiting their global accessibility.

In recent years, several groups have begun to investigate
the utility of plants as vehicles for the expression of vaccine
antigens[28–36]. One approach involves the engineering
of plant virus CPs as carrier molecules for fused antigenic
peptides. Such carrier proteins can self-assemble and form
virus particles displaying the desired antigenic peptide on
their surfaces. This may be expected to be more immuno-
genic than synthetic peptide alone. Here, we used AlMV-
and TMV-based plant virus expression vectors to produce
a chimeric peptide from rabies virus as an in-frame fu-
sion with the AlMV CP. We previously have demonstrated
that immunogenic rabies peptide could be expressed using
TMV-based vector 30B[18]. However, the quantities of
recombinant protein obtained using that vector were some-
what limited (5–10% of total viral protein purified). In the

case of AlMV-based NF1-g24 or the hybrid Av/A4-g24,
every subunit of virus CP contains the rabies virus peptide.
Thus, significantly higher quantities of the antigen are pro-
duced. It has been demonstrated by a number of groups
that plant virus particles containing foreign peptides can
be readily purified and used to induce protective immu-
nity in animals[20,21]. Until the present investigation, the
longevity of protective immune responses induced by plant
virus-expressed antigens remained unclear[18–21]. Here,
we demonstrate that mice remain protected against chal-
lenge with a lethal dose of rabies virus for at least 120 days
following parenteral immunization with three doses of re-
combinant NF1-g24 particles. This suggests that the reagent
establishes conventional immunological memory to the ra-
bies virus epitope. Moreover, immunization of mice with
the peptide expressed in the context of the plant virus par-
ticle appeared to be more immunogenic than administration
of an equivalent amount of the same peptide in adjuvant.

While parenteral immunization with a recombinant plant
virus evidently can be effective, the ultimate objective for
such reagents is oral immunization which is more suited for
widespread use. The successful use of transgenic plants to
orally deliver vaccine antigens, such asE. coli heat-labile
enterotoxin[35], Norwalk virus capsid protein[36], and
hepatitis B virus surface antigen[34], to human volun-
teers has been reported. We demonstrate here that the same
goal can be achieved using plant tissue infected with a re-
combinant virus. Fresh spinach leaves infected with virus
expressing rabies antigenic determinants were consumed by
two groups of volunteers, one consisting of individuals who
had previously been vaccinated against rabies virus, and the
second composed of rabies-naı̈ve individuals. Despite the
fact that this could only have resulted in exposure to rela-
tively small doses of antigen, this resulted in elevations of
antigen-specific serum IgG levels in 3/5 of the previously
immunized subjects. Different patterns of reactivity to the
rabies and AlMV antigens were seen in the individuals from
previously rabies non-immune group. Low but significant
elevations in rabies-specific serum IgG levels were seen in
5/9 volunteers after three doses of infected spinach leaves.
Evidence of increased serum rabies-specific IgA antibodies
was detected in 3/5 individuals while two of these and one
other individual also had significantly increased levels of
AlMV CP-specific serum IgG. Although none of these vol-
unteers showed rabies virus-neutralizing antibodies follow-
ing the feeding regimen, 3/9 had significant levels of rabies
virus-neutralizing antibody in sera following receipt of a
single parenteral dose of commercial rabies vaccine. This
contrasts with the fact that one of the five individuals that
received control spinach developed rabies virus-neutralizing
antibodies following similar administration of the commer-
cial vaccine. Taken together, these findings suggest that
engineered plant viruses delivered in edible material may
be a viable approach to the development of vaccines for
widespread distribution. The induction of tolerance to the
peptide antigen expressed in the context of a plant virus
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in plant material was evidently not an issue. While only
low rabies virus-specific antibody levels were detected in
select individuals, this outcome is not unexpected due to
exposure to a low amount of peptide which may differ in
immunogenicity in different individuals. We speculate that
this response may have been facilitated by contact with the
antigen in the oropharynx during the chewing process.

In summary, plant virus vectors can be used as an alter-
native system to express foreign sequences with specific
biological activity. When fused to viral CPs, these peptides
become part of a virus particle which can be easily recovered
from infected plant tissue to a high homogeneity, utilizing
simple virus isolation procedures. The two important points
which deserve noting are: (i) relatively mild symptoms in
inoculated plants allowing high yield of the expressed anti-
gen; and (ii) lack of the adverse reactions in individuals
after oral immunization with spinach expressing the rabies
protective antigen. More importantly in the context of this
investigation, engineered virus particles containing anti-
genic peptides may be developed to induce specific immune
responses upon oral delivery as part of unprocessed food.
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