
Proc. Natl. Acad. Sci. USA
Vol. 95, pp. 2481–2485, March 1998
Immunology

Immunization against rabies with plant-derived antigen

ANNA MODELSKA, BERNARD DIETZSCHOLD, N. SLEYSH, ZHEN FANG FU, KLAUDIA STEPLEWSKI, D. CRAIG HOOPER,
HILARY KOPROWSKI, AND VIDADI YUSIBOV*
Biotechnology Foundation Laboratories at Thomas Jefferson University, Philadelphia, PA 19107

Contributed by Hilary Koprowski, December 19, 1997

ABSTRACT We previously demonstrated that recombi-
nant plant virus particles containing a chimeric peptide
representing two rabies virus epitopes stimulate virus neu-
tralizing antibody synthesis in immunized mice. We show here
that mice immunized intraperitoneally or orally (by gastric
intubation or by feeding on virus-infected spinach leaves) with
engineered plant virus particles containing rabies antigen
mount a local and systemic immune response. After the third
dose of antigen, given intraperitoneally, 40% of the mice were
protected against challenge infection with a lethal dose of
rabies virus. Oral administration of the antigen stimulated
serum IgG and IgA synthesis and ameliorated the clinical
signs caused by intranasal infection with an attenuated rabies
virus strain.

Increasing knowledge of the molecular biology of plant viruses
has raised the possibility of using these viruses as antigen
expression systems (1–9). Unlike conventional recombinant
vaccines, which are largely derived from live-recombinant,
live-attenuated, or killed pathogens (10–14), plant viruses are
generally recognized to be nonpathogenic in humans and other
animals. Thus, interest in plant viruses as a system for the
expression and delivery of antigens is growing. Tobacco mo-
saic virus (TMV), cowpea mosaic virus, and tomato bushy
stunt virus have been successfully used to express antigenic
determinants from different human or animal pathogens
(1–9). We have adapted alfalfa mosaic virus (AIMV) coat
protein (CP) to express foreign peptides and have demon-
strated that mice immunized with such engineered virus
produce antibodies specific for the target antigen (7). Impor-
tantly, immunization with recombinant AIMV particles con-
taining antigenic determinants of rabies virus or HIV did not
require coadministration of adjuvant for an effective immune
response (7). Effective immunization with chimeric rabies
peptide alone, however, require coadministration of adjuvant
(15).

Vaccines that are administered parenterally can usually
prevent systemic spread of invasive pathogens, but do not
prevent infection of mucosal tissues (16–24), which is the
primary gateway for many pathogens of humans and animals.
There has been considerable progress in the development of
heterologous expression systems (25–29) for the oral admin-
istration of antigens that stimulate common mucosal–immune
systems. In the late 1980s, plants became part of the vaccine
development process as an effective, inexpensive, and safe
production and delivery system for vaccines. Antigens pro-
duced in plants can be used to generate neutralizing or
protective antibodies in animal models (30–33). Nevertheless,
adjuvant appears to be a requirement for an effective immune
response against those antigens (30–33). On the other hand,
presentation of antigen as a constituent of bacteria or virus

particles significantly enhances the immune response to the
antigen (34, 35). We have demonstrated that vaccine antigens
can be expressed in an immunogenic form using engineered
plant virus (7). This offers us the ability to not only produce
high levels of virus economically, but also to examine whether
virus administered as a constituent of untreated plant tissue
will be more immunogenic via the oral route than the purified
virus alone. Therefore, in this study, we immunized mice
parenterally or orally with recombinant AIMV particles (pu-
rified or nonpurified in virus-infected spinach leaves) contain-
ing a chimeric peptide of rabies virus previously shown to
protect mice immunized intramuscularly (i.m.) against lethal
challenge with rabies virus (15). Our data demonstrate a
similar protection, as well as the generation of a protective
antibody response after the oral administration of virus par-
ticles containing this peptide.

MATERIALS AND METHODS

In Vitro Transcription. In vitro transcripts of recombinant
TMV were synthesized using T7 RNA polymerase (Promega)
and purified plasmid DNA, according to the manufacturer’s
guidelines. Transcripts were capped using the RNA cap struc-
ture analog m7G(5)ppp(5)G (Biolabs, Beverly, MA).

Plant Infection and Virus Isolation. The leaves of Nicotiana
benthamiana and Spinacia oleracea plants were inoculated with
in vitro synthesized RNA products of recombinant TMV
strains as described (7). The virus was isolated from N.
benthamiana plants 12–14 days after the inoculum was applied
(4). Leaf tissue was ground and the sap separated from cell
debris by centrifugation. Virus particles were selectively pre-
cipitated using 5% polyethylene glycol. The leaves of S.
oleracea were not processed prior to mice feeding.

Mice. Eight-week-old female Swiss–Webster mice (Taconic
Farms) were used in these experiments. Mice were housed in
a temperature and light-cycle controlled room at the Thomas
Jefferson University Animal Facility.

Viruses and Cell Culture. CVS-11, CVS-24, and CVS-F3
strain rabies viruses were propagated in baby hamster kidney
cells (BHK)-21 (36). The BHK-21 cell line used for rabies virus
neutralization assay was maintained as described (36).

Immunization of Mice with Engineered Plant Virus. Mice
(10 in each group) were immunized as follows: (i) Intraperi-
toneally (i.p.) with three doses (50 mg per injection) of
recombinant virus particles at 2-week intervals (7). Control
mice received a mixture of wild-type AIMV plus 30BRz (7);
(ii) Orally, by gastric intubation, with four doses of purified
recombinant virus particles (250 mg per dose) at 2-week
intervals. Control mice received a mixture of wild-type AIMV
plus 30BRz (AyTMV); (iii) Orally, by feeding on spinach
leaves containing recombinant virus particles (1 g per dose) for
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7 consecutive days in addition to their normal food, followed
by 7 days of normal diet. This feeding cycle was repeated four
times. Control mice were fed noninfected spinach leaves. In all
groups, serum samples and fecal pellets were collected 2 days
before each immunization.

ELISA. Mouse sera and supernatants from fecal pellets were
analyzed for the presence of antigen-specific antibody by
ELISA as described (7), using 96-well plates coated with 100
ml per well of inactivated ERA strain rabies virus (5 mgyml) or
with AIMV CP (5 mg per ml) overnight at 24°C. Peroxidase-
conjugated goat anti-mouse IgG (g-chain-specific) and IgA
(a-chain-specific) were used as a secondary antibody.

Neutralization Assay and Challenge. Sera from mice inoc-
ulated with recombinant AIMV particles consisting of CP-
Drg24, a fusion of AIMV CP and rabies virus peptide Drg24
(7) or control virus (AyTMV) were heat inactivated at 56°C for
30 min and incubated with CVS-11 strain rabies virus. Pre-
treated virus was used to infect BHK indicator cells (36). The
neutralizing activity of rabies virus-specific serum antibodies
was determined using a rapid fluorescent focus-forming inhi-
bition test as described (36).

Fourteen days after the last immunization, mice immunized
i.p. with purified virus particles were challenged i.m. with a
lethal dose (10 IMLD50) of CVS-24 strain rabies virus and
monitored for the appearance of clinical signs of disease. Mice
immunized orally via gastric intubation or spinach leaf feeding
were challenged intranasally (i.n.) under anesthesia with 10 ml
PBS containing 105 focus-forming units of CVS-F3 strain
rabies virus. Mice were examined for the appearance of clinical
signs of disease and weighed daily.

Statistics. Standard deviation (SD) and Statistical signifi-
cance of differences (P) were calculated. The differences were
considered significant at a 5 0.05.

RESULTS AND DISCUSSION

Intraperitoneal Immunization of Mice with AyTMV Con-
taining Rabies Peptide CPDrg24 Protects Against Lethal
Rabies Virus Dose. Analysis of serum samples collected from
individual mice 12 days after each of three i.p. immuniza-
tions with CPDrg24 (Fig. 1) revealed no rabies virus-specific
antibodies after the first immunization, only a slight differ-
ence in titers between sera of control, and CPDrg24-
immunized mice after the second immunization, and a
significant response following the third administration.
ELISA titers of rabies-specific antibodies in sera of CP-
Drg24-immunized mice were 3-fold higher than background
levels seen with preimmune and control sera AyTMV.
Serum samples collected from CPDrg24-immunized mice
after the third immunization also showed neutralizing ac-
tivity against CVS-11 strain rabies virus, with a mean virus
neutralizing titer of 165 (SD 6 11.7, Table 1). Control sera
from mice immunized with AyTMV or from nonimmunized
mice showed no neutralizing activity (Table 1). Upon i.m.
challenge with a lethal dose (10 IMLD50) of CVS-24 strain
rabies virus at 14 days after the third immunization, all
control mice (nonimmune and mice immunized with
AyTMV) developed the clinical signs of rabies and suc-
cumbed to infection between days 6 and 7 after challenge. All
of the CPDrg24-immunized mice remained alive at days 6 to
7. Forty percent of CPDrg24-immunized mice survived and
never developed the clinical signs of rabies. Sixty percent of
CPDrg24-immunized mice died between days 11 and 15 after
challenge, significantly later than the sham-immunized mice.
Possibly, the serum antibody levels in these mice were not
high enough to protect them against the challenge virus.
These results support the notion that plant viruses can be
developed as a system for the production and delivery of
vaccine antigens.

Oral Administration of Vaccine Antigens. Plant viral CP
can self-assemble into particles displaying antigenic pep-
tides, generating a structure that may be valuable for oral or
i.n. immunization to stimulate mucosal and systemic immu-
nity. Indeed, it was recently shown that immune responses to
polypeptides were significantly enhanced upon their delivery
as particulate vaccines (32, 33). To determine whether the
plant virus particles containing antigen will survive in the
gastrointestinal tract and stimulate mucosal and systemic
immunity, mice were immunized by gastric intubation four
times with recombinant AIMV particles consisting of CP-
Drg24. Serum samples obtained after the fourth immuniza-
tion were assessed by ELISA for the presence of IgG and IgA
specific for both rabies virus and carrier protein (AIMV CP).
The rabies-specific serum IgG and IgA responses of mice
immunized orally with CPDrg24 were 2-fold higher (P 5
0.015) than background levels seen with preimmune and
control sera (Fig. 2 A and B). The serum IgG and IgA

FIG. 1. Rabies virus-specific serum antibody (IgG) response of
mice immunized i.p. with CPDrg24. Serum antibody responses were
measured by ELISA on plates coated with ERA strain rabies virus.
Bars represent mean values obtained using preimmune and sera after
each inoculation of antigen. A serum dilution of 1:160 was used.
CPDrg24–1, -2, and -3 indicate the serum antibody response observed
after the first, second, and third immunizations, respectively.
AyTMV-1, -2, and -3 represent rabies-specific serum antibody re-
sponses from control-immunized mice (AIMV plus TMV).

Table 1. Neutralization titers of sera from mice immunized i.p.
with CPDrg24 and challenge infection of these mice with CVS-24
strain rabies virus

Groups of mice
Neutralization

titers (mean titer)

Challenge with CVS-24 strain
rabies virus

Mortality days after
challenge

Survival6–7 10–11 15–16

Mice immunized
with CPDrg24 165 6 11.7 0y10 5y10 6y10 4y10

Mice immunized
with AyTMV 0 10y10 0 0 0

Nonimmune mice 0 10y10 0 0 0
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responses specific for AIMV CP were similar both in mice
immunized with CPDrg24 and control mice that received
AyTMV (Fig. 2 C and D), whereas the titers of both IgG and

IgA in preimmune sera were 1.8-fold (P 5 0.01) lower.
Together these results suggest that the rabies virus epitope
was effectively displayed on the surface of engineered AIMV

FIG. 2. Rabies- and AIMV-specific serum anti-
body (IgG and IgA) response of mice immunized
with CPDrg24 orally by gastric intubation. Rabies-
specific and AIMV-specific serum antibody re-
sponses were measured by ELISA on plates coated
with a synthetic peptide resembling the linear
epitope (G5–24) of rabies virus glycoprotein and on
plates coated with the AIMV CP, respectively. Data
represent averages obtained using preimmune and
sera after the last (fourth) administration of antigen.
(A and B) Serum IgG and IgA response specific for
the rabies, respectively; (C and D) Serum IgG and
IgA response specific for the carrier molecule AIMV
CP.

FIG. 3. Rabies virus-specific IgA re-
sponse in supernatants of fecal pellets
from mice immunized with CPDrg24
orally by (A) gastric intubation or (B) by
feeding on fresh spinach leaves. Rabies-
specific antibody responses were mea-
sured by ELISA on plates coated with
synthetic peptide resembling the linear
epitope of rabies virus glycoprotein. Data
represent mean values obtained using pre-
immune and supernatants of fecal pellets
after the last (fourth) administration of
the antigen.
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particles. Moreover, the results of gastric intubation of
CPDrg24 suggest that the virus particles survived in the
gastrointestinal tract and stimulated specific immune re-
sponses.

Mucosal rabies-specific responses were compared in mice
receiving AIMV CPDrg24 by gastric intubation and mice
that were fed spinach leaf tissue containing CPDrg24
through infection with chimeric TMV (7). Gastric intubation
of CPDrg24 elicited a rabies-specific IgA response that was
1.6-fold higher (P 5 0.014) than background from superna-
tants of control (AyTMV) fecal pellets (Fig. 3A). In contrast
to gastric intubation, the level of rabies-specific IgA detected
in supernatants of fecal pellets from mice fed CPDrg24-
infected spinach leaves was 2.8-fold higher (P 5 0.01) than
the background seen with control fecal pellets (AyTMV; Fig.
3B). Mice consumed an estimated 25 mg of antigen per dose
by feeding on spinach leaves, which is 10-fold less than the
amount of antigen administered by gastric intubation (250
mg per dose). The higher levels of immune response gener-
ated by the leaf-feeding approach as compared with gastric
intubation raises the possibility that the plant cells enhanced
the delivery of virus particles to the sites of immune re-
sponses. However, we do not exclude the possibility that the
low dose of antigen (25 mg) given to mice during spinach
feeding may have stimulated elevated IgA synthesis. An
important advantage of producing vaccine antigens in plants
is the possible use of plants as a delivery vehicle for oral
immunizations. In contrast to a high level of rabies-specific
IgA, observed in fecal pellets of mice fed CPDrg24-
containing spinach leaves, the serum IgG and IgA responses
of these mice were weak (results not shown).

Protection of Orally Immunized Animals Against CVS-F3
Challenge. Fourteen days after the last oral immunization
(by gastric intubation or by feeding), mice were infected i.n.
with attenuated CVS-F3 strain rabies virus. All infected mice
from both groups showed signs of disease (rough fur) and in
average 23% loss of body weight (Fig. 4). However, CP-
Drg24-immunized mice began to gain body weight 2 days
earlier than the control mice. By day 20, immunized mice
regained 90–95% (P 5 0.015) of their original weight in
contrast to 79–81% of control (Fig. 4). These results suggest
further that oral immunization of mice with virus particles,
especially as a part of food, generates local and systemic
immune responses against rabies virus. It should be noted
that generation of the observed immune responses did not
require use of adjuvants. These data support the potential of
plants as oral delivery vehicles and plant-produced antigens
as vaccine material.
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