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Transgenic plants as edible vaccines — reality

and future prospects
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This review describes the recent progress in the construction of transgenic plants for vaccine producti.n
Transgenic plants are an attractive and cost-effective alternative to microbial systems for the productior
proteins with pharmaceutical value. Advances in biotechnology are enabling plants to be exploitea fi

expression of candidate vaccine antigens with the goal of using the edible plant organs for economicat
delivery of oral vaccines. It has recently been shown that genes encoding antigens of bacterial and vira.
pathogens can be expressed in plants in a form in which they retain native immunogenic propertics.
Transgenic potato tubers expressing bacterial antigens stimulated humoral and mucosal immune response,
when they were provided as a food. Although the utility of «edible vaccines» to prevent disease remains I
be established, the successful implementation of this strategy can be the first step on the way to modern

vaccines of new generation.

Introduction. Research on new vaccines has used
molecular biology to identify the antigenic deter-
minants of infectious disease agents and to develop
genetic engineering approaches to produce and deliver
these antigens as subunit vaccines. In recent studies,
tools of plant biotechnology have been added to these
cfforts. It has been found that transgenic plants
provide a novel system for production of recombinant
proteins that act as oral immunogens when the plant
products are consumed as food.

Many infectious agents colonize or invade epi-
thelial membranes; these include bacteria and viruses
that are transmitted via contaminated food or water
or by sexual contact.

Vaccines that are cffective against these in-
fections must stimulate the mucosal immune syster to
produce secretory IgA (S-IgA) at mucosal surfaccs
such as the gut and respiratory epithelia. In general,
a mucosal immune response is more effectively achi-
eved by oral, rather then parenteral, antigen delivery.
Several particulate antigens have proven to be effec-
tive oral immunogens, including live and killed micro-
organisms. By comparison with parenteral immu-
nization, oral immunization using subunit or soluble
antigens is often inefficient at stimulating an immune
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response, and requires larger amounis (mg versus 4g®
of antigen.

Subunit vaccines based upon recombinant cell-
culture expression systems are feasible but, for com-
mercial-scale production, these systems require fet
mentation technology and stringent purification pru
tocols so that sufficient amounts of recombinan
protein can be obtained for oral delivery. Even with
technological improvements, fermentation-based su
bunit vaccine production may be prohibitively ex
pensive technology for developing countries where
novel oral vaccines are urgently needed. Transgenic
plants that express antigens in their edible tlissue
might be possible simply through consumption of a
«edible vaccine».

The concept of vaccine production in transgenic
plants was introduced about 6 years ago by Charles
Arntzen and Hugh Mason at Texas A&M Universitv
[1] greatly stimulating research in this directio:
[2—8].

In general, research in this field falls into toic
general categories. First, experiments have been con-
ducted to determine the capacity of plants to produce
foreign proteins that retain antigenic determinamnts
necessary for effective immunization. Second, the oral
immunogenicity of plant-derived proteins has been
evaluated with special emphasis on ths
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immunogenicity of food samples. Third, research has
been conducted to find an appropriate food crop that
could be used for both production and distribution of
vaccines, with special emphasis on the developing
world.

Hepatitis B surface proteins. The first studies of
candidate vaccine expression in transgenic plants have
been carried out using the gene encoding hepatitis B
surface antigen (HBsAg) [1, 3]. This protein was
chosen because the commercially available vaccine
énd the associated human immune response have
been very well characterized, because the structure of
the immunogenic form of that protein was known, and
because the availability of a cost-cffective recombinant
HBV vaccine is a high priority especially for the
developing countries. Morcover, the existence of com-
mercially available test systems for HBV detection
substantially simplified the procedure of HBsAg de-
tection in plant tissues.

The envelope of hepatitis B virus (HBV) consists
of three polypeptides which comprise the large (L),
middle (M) and major or small (S or HBsAg) protein
components. These three proteins are encoded in a
large open reading frame, which is divided into preSl,
preS2 and the S gene. The S protein or HBsAg is a
major component of the hepatitis B virions and
contains 226 amino acids. The HBV M protein
contains additional 5§ amino acid residues at the
N-terminal of the S protcin, usually called the preS2
antigen. Similarly, the L protein contains additional
108—119 amino acids, depending on the serotype of
the virion, at the N-terminal of the M protein [9].

The S gene was introduced into cells of tobacco
[1] and potato [3] plants and individual trans-
formants were regenerated. When extracts from tran-
sgenic plant tissues were examined the presence of
HBsAg were revealed by ELISA using monoclonal
antibodics directed against human-serum-derived
HBsAg. Further examination of plant-derived HBsAg
purified by immunoaffinity chromatography revealed
the presence of spherical virus-like particles with an
average size of 22 nm. These particles exh’bited
propcrties that were very similar to the subviral
particles obtained from human serum and to the
rzcombinant HBsAg which is formulated in the com-
mercial vaccine produced in yeast cells [1]. Im-
portantly, HBsAg in the particle form was found to be
much more immunogenic than that in the form of the
peptide alone [10].

To evaluate the immunogenicity of plant-derived
HBsAg it was used for parenteral immunization of
mice. Anti-HBsAg antibodies were recovered which
rcacted with authentic HBsAg from human serum.
This was the first indication, that antigenic properties
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of the protein were maintained in transgenic plants
Subsequently, T cells were isolated from mice im-
munized with plant-derived HBsAg. When grown in
culture, these T cells could be activated using ccn

mercial vaccine as well as a synthetic peptide whick:
mimics the «a» epitope determinant of HBsAg. Ia
total, the immunology studies conducted to date show
that the recombinant HBsAg recovered from plant
cells retain both B and T cell epitopes [5].

Although recombinant HBV vaccincs have shown
that HBsAg alone is sufficient to indauce a highly
protective immunity, experimenis in animals have
highlighted the potential benefits which might resul
from the inclusion of the preS2 domain in anti-HBV
vaccines [11]. The preS2 domain is also immunogenic
in humans and elicit anti-preS2 responses during
natural HBV infection, which often occur prior 10 ax
other anti-HBV response [12]. For this reason, in2
HBV M protein gene (preS2 containing HBsAg: na-
been recently expressed in plants [8] and physical
and immunological properties of this protein wcere
evaluated [13]. These studies have demonstrated that
plant cells have the capacity to not only synthesize M
protein but also to allow it to be assembled in ac
immunologically active form.

To evalnate the immune response to plani-de
rived M protein and to compare it tc the response i
HBsAg from serum (preS2 containing HBsAg;, HEV
vaccine and plant-derived HBsAg, Balb/c mice were
immunized intraperitoneally with corresponding an-
tigens. Kinetics of antibody responses were studies 11
to 14 weeks after primary immunization. The results
presented in Fig. 1 indicate that both plant-derived
HBYV proteins can elicit the anti-HBsAg antibodies in
mice and that the plant-derived M protcin is nearly
as immunogenic as the contro! preS2 containing
HBsAg isolated from serum. Moreover, the presence
of anti-preS2 antibodies in the sera of immunized
Balb/c¢ mice was detected in mice immunized with the
preS2 containing proteins (Fig. 2). These result:
suggest that plant system can provide an alternative
method of producing the HBV M protein suitable fo:
vaccination.

Recently, it was also shown that the plaot
derived HBV M protein given to mice by orai inti.-
bation (gavage) stimulated serum antibody responsc
and corresponding specific antibodies were dctecict
[14].

Escherichia coli heat-labile enterotoxin B su
bunit. The choice of which antigens to use in ih
initial studies has been strongly influenced by
desire to determine if transgenic plant materg:s
containing foreign antigens will result in oral immu-
nization and stimulate a mucosal immune response



Fig. 1. Kinetics of anti-HBsAg antibody responses in Balb/c mice:
1 —serum HBsAg; 2 — M protein; 3 — vaccine; 4 — S protein;
5 — negative control. Mice were immunized intraperitoneally with the
same amounts of plant-derived M and S proteins, HBsAg from serum
and Engerix vaccine. Solid arrows indicate the time of vaccination
(0, 2nd and 6th week). The presence of anti-HBsAg antibody were
monitored by ELISA

Fig. 2. Comparison of anti-preS2 antibody responses in mice. 12
weeks post-immunization sera from individual mice immunized with
rlant-derived M protein (M1—M6), plant-derived S protein (S1—
§5), Engerix vaccine (V1—V5) and HBsAg from serum (SR1—
SRS) were tested for the presence of anti-preS2 antibody by ELISA

TRANSGENIC PLANTS AS EDIBLE VACCINES

Thus, antigens with the high mucosal immune res-
ponse have been the early targets for plant-based
expression.

The binding subunit of the heat-labile ente-
rotoxin of E. coli (LT-B) was an obvious candidate
for evaluation in plant expression system since it has
been extensively characterized in structural and im-
munological studies.

The heat-labile enterotoxin (LT) from E. coli is
a multimeric protein that is structurally, functioaally
and antigenically very similar to cholerz toxin (CT>.
It was found that LT has one A subunti {LT-A) and
a pentamer of B subunits (LT-B). Specific binding of
the nontoxic LT-B pentamer to the G,; gangliosiaes
present on epithelial cell surfaces allows entry of th
toxic LT-A subunit into cells [15]. Antibody
terference with binding of the B subuagit o cells, thy-
blocking toxin activity, is the basis of attempts to u.e
the B subunit as a vaccine component. Because 1.T-t
is very similar in structure and immunological pr-
perties to the CT-B, immunization with CT-B Icaas
10 cross-protection against enterotoxigeaic E. coll
LT-B and CT-B are both potent strong oral im-
munogens.

LT-B also has recently been expressed in plan:g
although the levels of expression were low [2]. The
oral immunogenicity of recombinant LT-B was tesit ¢
in mice and compared with bactcrial LT-B. Whe
given orally to mice by gastric intubation, the plani-
derived antigen stimulated humoral and mucosa:
immune responses with titers comparable to the
bacteria-derived LT-B. In addition, the antibodies
produced against the tobacco-derived LT-B were abl
to neutralize LT activity, indicating the potentia’
protective value of the immune response.

The oral immunogenicity of unpurified recom-
binant LT-B was also assessed by feeding raw
transgenic potato tubers to mice. After only four
feedings of 5 g tuber samples to mice, mucosal and
serum antibodies were recovered. No immune res-
ponse was observed in animals that were fed non-
transformed tubers.

It should be also noted that CT and LT are
excellent oral adjuvants, which stimulate immune
responses against co-fed antigens at concentration,
well below those that cause diarrhea.

Norwalk virus capsid protein. Further evidence to
support the concept of edible vaccines have recenily
been obtained in experiments with plant-derived No
walk virus capsid protein (NVCP). Norwalk virus is 4
member of the Caliciviridae family and causes epi-
demic acute gastroenteritis in humans. As in the case
of HBV, expression of NVCP in plant cells yields ..
protein that self-assembles in plant cclls into virus
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like particles. The plant-derived NVCP was orally
immunogenic in mice. Extracts of tobacco leaf exp-
ressing NVCP were given to CDI mice by gavage and
the treated mice developed both serum IgG and
secretory IgA specific for Norwalk virus-like particles.
Furthermore, when potato tubers exprcssing NVCP
were fed directly to mice, they developed serum IgA
specific for Norwalk virus [7].

Vaccines for animal diseases. Edible vaccines can
also provide efficient and humane strategies for
disease prevention in production of companion ani-
mels, as well as feral populations. It is practically
possible to generaie vaccines against viral and bac-
terial infections by expressing corresponding antigens
in plant tissues edible for animals. The already
mentioned LT-B subunit is the most likely candidate
for the first commercial vaccine, as enterotoxigenic F.
coli strains readily infect animals as well. Admittedly,
vaccines for animals are a more likely target for
edible-vaccine technology in the near future thon
vaccines for human as the latter need more detailed
inspections for safety.

Recently, transgenic plants have been generated
that expressed the gene encoding the glycoprotein
(G-protein) that coats the outer surface of the rabies
virus [6, 141].

Although the immunogenicity of these material
has yet to be evaluated, it is encourzging.to note that
ba.t containing some G-protein produced in a more
traditional in vitro system was effective in immunizing
raccoons orally, providing protection against «street
virus» challenge.

Future prospects. The research conducted to date
has demonstrated that transgenic plants have the
capacity to synthesize and accumulate subunit anti-
genic proteins that retain immunological properties of
their native counterparts. In the case of HBV proteins
and NVCP, virus-like particles accumulated in plant
cells. It is very significant as the particulate form is
very important in determining immunogenic pro-
perties and has greater oral immunogenicity than
soluble proteins.

Studies remaining to be conducted will involve
the evaluation of dosage requirements for plant-
delivered vaccines. Successful experiments conducted
thus far have used proteins (LT-B and NVCP) with
very high oral immunogenicity. It will be necessary to
determine if other proteins, which may not be nor-
mally transmitted orally, will be as effective in
inducing an oral response. From this point of view the
results of the oral immunization with the plant-
derived HBV M protein are rather encouraging.
Multi-subunit vaccines, including oral adjuvants such
as LT or CT (or derivatives thereof), and various

fused proteins could be also used for enhancing the
oral response.

It is well recognized that most food proteins do
not trigger an immune response. In general it is due
to the induction of a state of immune tolerance. It wili
be necessary to determine if food-based vaccines also
would induce oral tolerance to the desired antigen If
so, controlled use and dosage will be a requirement
for edible vaccines.

The type of plant material that would best serve
as an edible vaccine also has yet to be determined
First studies has focused primarily on tobacco and
potato, but other plants such as coin, soyoean
bananas and others are currently urder research.

Lastly, a thorough study of the safety o: ihc
future edible vaccines needs to be undei'cken. Re
searches in this area are likely to :crease owl
understanding of the basic mechanisms, which can be
applied to the development of the new generation o
vaccines.

M. M. Jomancokui

‘TpaHcreHHi pocivHM SK ICTIBHI BAKLIMHKM — PEAIBHICTD
Ta MEPCIEKTHUBH

Pesiome

Oznsd cynacHux nimepamypHux 0aHux npo CMEOPCHHA MPCHUCES
HUX POCAuH Onst 8upobruymaea éaxyun. TpanceenHi pociunu € 3y

npusabrudowy ma O€ule80Hd ANbMEPHANLLBDIY ICHYIOMUM MIKDD
bionoeiunum cucmemam 8upobruymaea 6inkié ¢.11 papmayestitu.
Ycnixu cywacHoi 6iomexHonozit 8i0Kpusiu MOXIUGICMb £XCNICCYRy
mu y pOCAUHAX PI3HI QHMUZCHU, WO BUKOLUCMOIBYIOMbCH Ol
BaKyunayil, 3 MeMow GUKOPUCMAHHA ICMIGHUX HACMUH DGCAUN 043
mpaxcnopmy OpanbHuX 6aKyuH. Byno npodemMoncmposano, uo
2eHU, KOompi KOGYiomb aHmuzeHu 6aKkmepianbHux ma GipycHux
namoezenia, mMoxymos Gymu excnpecogaHi y POCRUHAX i3 302peXeri-
HAM IXHIX npupoOHux imMyHOAOzZivHUX @racmudocmein. Tax, byavbiu
mpanczeHHOT Kapmonai, w0 excnpecyeaiu Gaxmepianohi armiiee

HUL, CUMYMIOBANUL ZYMOPALbHY MA MYKO3HY iMYKHI GIONnOARIOL nou
suxopucmanti ix y ixy. Xoua ukopucmanHs ICrmiHuX 8aKyuH oas
3anobicanna xeopob we He 008edene, nodanvuliil PU3EUMOK UbOZO
HANpAMY MOXE CMAMU NEPULUM KPOKOM 1O IUARXY OC 8CKULH
HOB0I zeHepayil.

H. H. JJomanckuii

TpaHCreHHblE PAaCTeHMS KaK CbeROOHbIE BAKLMMbI — PEUNbEOLTL ¥
MEPCNIEKTUBBI

Peswome

0630p cOBpEMENHBIX MuMePAMypPHbIX OaHHbIX O CO30aHuy mpa

CEHHbIX pacmeHull Oas npou3éodcméa GaxkyuHn ‘TpanceenHvie p

MeHust ABAIONICS BECOMA NPUBNEKAMENbHOI U Oewedol a1smepiu
MuBoll Cyuecmeyouwum MuKpoBUONOZUMECKUM CUCINEMAM NPOU3-
8odcmea beaxoé Ons gapmayeemuku. Ycnexu cogpemenou 6uo-
MEXHONOUI OMKPLINL BO3MOXHOCMb 3KCNpECCUpodams 6 pacme-
HUSLX DA3NUMHbIE QHMUZEHbL, UCNONb3YEMBIE NPYU BAKYUHAUUU, Ons
npumeHeHus Cbe006HbLIX wacmeil pacmenuii npu mpamchopme opa-
JIbHbIX GAKYUH. B0 NPOOeMOHCMPUPOBANO, HINO 2EHb!, KOJUPYIO-
wue aHmMuZenbl BAKMEPUATIDHOIX I BUPYCHLIX NAMOZEHOEB, MOCYM.



Obime IKCRPECCUPOBAHbl 8 PACMEHUAX ¢ COXPAMEHUEM UX Npupod-
HbIX UMMYHONOZuuECKUX caoiicma. Tax, KiybHU MPAHCZEHHOZO
Kapmoens, IKChPeccuposasiue Gaxmepuansvible AHMUCEHbl, CIU-~
MYWUPOBANU 2YMOPANbHBUL U MYKOISHUIL UMMYHHbIE OMEEMbl NDU
yncmpeb.aenuu ux 8 rnuwy. Xoms UCHONb308aHUE CHEOODHbIX 8aK-
uur Ona npedomepawierus. boaesneil ewe He duKasano, oanvreliee
DPA36UMUE IMOZ0 HANDASACHUSL MOXEM CMaMmob NEPBbIM WAZOM MHA
nyru Kk C030QHUIQ BAKUILH HOBNZO NOKONEHUS.
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