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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 comsiruction of transgenic plants for vaccite producti
Transgenic plants are an attractive and cost-effective alternative to microbial systems for the productior K
proteins with pharmoceutical value. Advances in biotechnology are enabling plawis to be expivited !

expression of candidate vaccine antigens with the goal of using the edible plan? nrgans for econotuoi
delivery of oral vaccines. It has recently been shown that genes encoding antigens of bacterial and vivu.
pathogens can be expressed in plants in a form in which they refain native fwmunogenic properiios.
Transgenic potato tubers expressing bacterial antigens stimulated humoral and mucosul imrihie respoase.
when they were provided as a food. Although the utility of «edible vaccines» fo prevent disease remans b
be established, the successful implementation of this strategy can be the first step on the way fo modcrs.

vaccines of new generation.

Introduction. Research on new vaccines has used
molecular biology to identify the antigenic deter-
minanis of infectious disease agents and to develop
genetic engineering approaches to produce and deliver
fhese anligens as subunif vaccines. In recent studies,
tools of plant biotechnology have been added to these
efforts. It bas been found that transgenic plants
provide a novel systemn for production of recombinani
proteins that act as oral inmunogens 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 conlaminated food or water
or by sexual contact.

Vaccinzs that are offective against these in-
fectioss must stimulate the mucosal immune syste:» to
produce secretory IgA (3-IgA) at mucosal surfac.s
such as the gut and respiratory epithelia. In genaral,
a4 mucosal immune response 15 more effectively achi-
eved by oral, rather then parenteral, antigen delivery.
Several particulate anmtigens Yave proven to be effec-
tive oral immunogens, inclading 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 amouriis (Mg versus sy
of antigen.

Subunit vaccines based upon recombinant celi-
culture expression systems are feasible but, for cori
mercial-scale production, these sysiems rcequire jer
mentation technology and stringent purification pro
tocols so that sufficient amounts of recombinan
protein can be obtained for oral delivery. Fven witt
technological improvements, fermentation-based su-
bunit vaccine production may be probhibiwely ox
pensive technology for developing conairics where
novel oral vaccines are urgently needed ‘Transgenio
plants that express antigens in their edibic lissw
might be possible simply through consumpion of a-
«edible vaccines.

The concept of vaccine produciicen in frars2enic
plants was introduced about 6 ycars ago hy Uhavies
Arntzen and Hugh Mason at Texas A&M University
[1] greatly stimulating research . tiiy dirvectio:n
[2—8 1.

In general, research in this tieid falls fuio oo
general categories. First, experiments have be-n o3
ducted to determine the capacity of plants 1o proaas:
foreign proteins that retain antigenic determinosae
necessary for effective immunization. Second, the orid
immunogenicity of plant-derived proteins has besn
evaluated with special emphasis on 1he
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immunogenicity of food samples. Third, research has
been conducted to find an appropriate food crop that
tould be used for both production and distribution of
vaccines, with special ¢mphasis 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 (HBsAgy [1, 3]. This protein was
chosen because the commercially availabie vaccine
and 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-cifective recombinant
HBV vaccine is a high priority especially for the
ceveloping countries. Moreover, the existence of com-
racrcially available test systems for HBV detection
substantially simplified the procedure of HBsAg de-
tection in plant tissues.

The envelope: of hepalitis B virus (HBV) consists
of three polvpeptides which comprise the large (L),
middle (M) and major or small (5 or HBsAg) protcin
components. These three proteins are encoded in a
large open reading frame, which is divided into preSl,
preS2 and the 5 gene. The § protein or HBsAg is a
major component of the hepatitis B virions and
contains 226 amino acids. The HBV M protein
contains additional 55 amino acid residues at the
N-terminal of the S protcin, usually calied the preS2
antigen. Similarly, the L protein contains additional
108-—11% amino acids, depending on the serotype of
the virion, at the N-terminal of the M protein [9].

The § gene was introduced into celis of tobacco
f1} and potato [3] plants and individual trans-
formants were regenerated, When extracts from tran-
sgenic plant tissues werc examined the presence of
HBsAg were revealed by ELISA using monoclonal
antibodics dirccied 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 exhibited
propertvies that were very similar to the subviral
particles obtained from human serum and to the
recombinant 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 mere 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 HIBsAg from human serum.
This was the first indication, that antigenic properiies

)

of the protein were maintained in transgenic plant:
Subsequently, T cells were isolated from mice imn-
munized with plant-derived HBsAg. When grown i
culture, these T cells could be activated using <o
mercial vaccine as well as a synthetic peptide which
mimics the «a» epitope determinani of HBsAg. [u
total, the immunology studies conducted fo daic ~how
that the recombinant HBsAg recovercd from plant
cells retain both B and T cell epitopes 13 .

Although recombinant HBV vaccites have shown
that HBsAg alone is sufficient to inuuce a highly
protective immunity, experiments in z2nimals hav},
highlighted the poiential benefits whan might resil
from the inclusion of the preS2 domain in anti-HEY
vaccines [11]. The preS2 domain is alse immunegenis
in humans and elicit anti-preS2 responses during
natural HBV infection, which often occw: puici 1o &
other anti-HBY response [12]. For this reasos o
HBV M protein gene (preS2 containing HBsAg &
been recenily expressed in planis [8] and physica!
and immunological propertics of this protein wore
evaluated [13]. These studies have demonstrated thet
plant cells have the capacity 10 not only synthesize 3.
protein but also to allow it to be assembicd in 2r
immunologically active form.

To evaluate the immune responsc to plani-do
rived M protein and 1o compare it 1~ he respostae
HBsAg from serum (preS2 containing HBsAg;, Py
vaccine and plant-derived HBsAg, Balb/¢ mice were
immunized intraperitoneally with corresponding za
tigens. Kinetics of antibody responses were studies g
to 14 weeks after primary immunization. The resnliy
presenied in Fig. | indicate that both plant-derives
HBYV proteins can elicii the anti-HBsAg antibodies in
mice and that the plant-derived M protcin s nearly
as immunogenic as the contro! pseS2 conlaining
HBsAg isolated from serum. Moreover, the presencc
of anti-preS2 antibodies in the scra of wmmumized
Balb/c mice was detected in mice immunized with ihe
preS2 containing proteins (Fig. 2). These cesuity
suggest that plant system can provide an alternative
method of producing the HBV M protcin suitable f
vaccination,

Recently, it was also shown that the piant
derived HBV M protein given 1o wicc by orai iate-
bation (gavage) stimulated serum =uiibedy responss
and corresponding specific antibodizs were dotueos
[141].

Escherichia coll heat-labile enterotoxin & si-
bunit. The choice of which antigens 1o use b
initial studies has been strongly influenced vy .
desire to determine if transgenic plant materie's
containing foreign antigens will result in oral fnunu-
nization and stimulate a mucosal fmmune response
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Fig. 1. Kinetics of anti-HBsAg anfibndy responses in Balb/c mice:
t —serum HBsAg; ! — M prowein: 3 — vaccine; 4 — S protein;
4 — negative control, Mice were immunized intraperitoneally with the
same amounts of plant-derived M and S proting, HBsAg from serum
and Engerix vaccine Solid arrows indicate the time of vaccination
t0, 2nd and 6ih week). The presence of anti-HBsAg aantibody were
monitored by ELISA
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Fig. 2. Comparison of anti-preS2 antibody responses in mice. 12
weeks post-immanizalion sera Tram individuzl mice immunized with
plant-derived M protein (M1--M6), plani-darived S protein (§]—
35), Engerix vaccire (V1—V5) and HBsAg from serum (SR1—
SRS were tested for the presence of anti-preS2 antibody by ELISA

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

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

The heat-labile enterotoxin (L.T) from E. coli is
a multimeric protein that is structurally, functionaly
and antigenically very similar to cholerz toxri (U7
It was found that LT has one A subunri (LT-A) and
a pentamer of B subunits (LT-B). Speciric binding o
the nontoxic LT-B pentamer to the G,; gangiiosiaes
present on epithelial cell surfaces allows eatrv of
toxic LT-A subunit into cells [15] Avusibody &
terference with binding of the B subuniy i veis, i
blocking toxir activity, is the basis of atlempts 0w
the B subunit as a vaccine component. Because 1.7 -1
1s very similar in structure and immunological m-
perties to the CT-B, immunization with CT-B feass
to cross-protection against enteroterigeaic . oyl
LT-B and CT-B are both potent strong orai s
munogens.

LT-B also has recently been expressed i plar
although the levels of expression “vere low [2]
oral immunogenicity of recombinant L7-B was tesu
in mice and compared with bactcrial LT-B. Whey,
given orally to mice by gastric intubation, the plani-
derived antigen stimulated humoral and mucos:
immune responses with titers comparable to the
bacteria-derived LT-B. In addition, the antibodics
produced against the tobacco-derived LT-B were bl
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 ard
serum antibodies were recovered. No immune vos-
ponse was observed in animals thal were fed nor
transformed tubers.

It should be also noted that CT and T are
excellent oral adjuvants, which stimuiate imanen
responses against co-fed antigens al concentration.
well below those that cause diarrhes.

Norwalik virus capsid protein. Further evidence -
support the concept of ediblc vac:ices have receni
been abtained in experiments with plant-derived Nov
walk virus capsid protein (NVCP). Norwalk virus is
member of the Caliciviridae family and causes epi-
demic acute gastroenteritis in humans. As in the cas:
of HBV, expression of NVCP in plant cells yiclds =
protein that self-assembles in plant cclis inio virae -

i
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like particles. The plant-derived NVCP was orally
immunogenic in mice. Exiracts of tobacco leaf exp-
ressing NYCP were given to CD1 mice by gavage and
the treated mice developed both serum igG and
secretory IgA specific for Norwalk virus-like particles.
Furthermore, when potato tubers expressing NVCP
were fed directly to mice, thev developed serum IgA
spiecific for Norwalk virus [7].

Vaccines for animal diseases. Edible vaccines can
also provide cfficient and humane strategies for
disease prevention in production of companion ani-
meals, as well as feral populations. [t is practically
possible to generale vaccines against viral and bac-
terial infections by expressing corresponding antigens
in plant tissues cdible for animals. The already
mentioned LT-B subunit is the most likely candidate
for the first commercial vaccine, as enterotoxigenic &,
cofi strains readily infect animals as well. Admittedly,
vaccines for animals are a more likcly target for
edible-vaccine technology in the near future than
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-proicin) that coats the outer surface of the rabics
virus [6, 14 ].

Although the immunogenicity of these material
has yet to be vvaluated, it is encourzging.to note that
bait cortaining 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 1o synthesize and accumulate subunit anti-
genic proteins that retain immunological propertics 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 proteips.

Studies remaining to be conducted will invelve
the evaluation of dosage requirements for plant-
delivered vaccines. Successful experiments condusied
thus far have used proteins (LT-B and NVCP) with
very high oral immunogenicity. 1t will be necessary 1o
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 HBY M protein are rather encouraging.
Multi-subusit vaccines, including oral adjuvants such
as LT or CT (or derivatives thercof), and various

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

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

The type of plant material that woul:? bost sarse
as an edible vaccine also has yet to be scicrmiag
First studics has focused primarily «n icbrcco mno
potato, but other plants such as oo sovovan”,
bananas and others are currenily urzier rescarch.

Lastly, a thorough study of thce safety o
future edible vaccines needs 1o be unfociien. W
searches in this area are likely 1o ~oroare ou
understanding of the basic mechanisms, which ¢ by
applied to the development of the nocw generathion o
vaccines.
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TpancreHn! POCAMHM Sk ICTIBHI BAKIMHH — peiimiicy
Ta NEPCNEKTHBH

Pesiome

0zaad cywacHux AIMepamyprux OauuX NPC CMGOR. M3 RIS
HUX POCARH ORR GUPOBHULMSEA SaKUUH. TDac o poe i L vy

npiucabrueoio Ma 0ewesons QALMEPHAM . (aled ICHPE MIKD
GIONOCIMHUM CUCMEMAM SRDOOHUUIMBA BIAKIG (.1 (DUp raiesiau
Venixu cynackol Biomexnonoeit GIOKDIN MOk "HEICH J 5 ClIU
My Y pocaunax pigwl aHmMuZenu, WO BMKOTHCYIGEVIGPIUR U
GAKYUHAKET, 3 MEMOIO BUKOPUCTIARAKA ICHIBHUX MGG PR 000
MIPAHCNOPMY OPAAbHUX SQKUun. BYAO npodcsoucinpeiand
2EHN, KOMPL KOGYIOMb QRMMZEHN OAKMEPId bl nid Givirt <
namoeenia, MOXyMob GYIU eKCRPECOGAHT ¥ POCHUINAX T3 JICp R -
HAM [XHIX RPUPOBHUX IMYHOROZINHUX GAACHUacen. T, Syiel
mpanczerkol Kapmonal, wWo eKcRpecysain Huxmepia ten (iBLile-
HU, CRULMYTUIOGATN YMOPAALHY Ma MYKOZHY (MYF 1L clthoRici o
suropucmarii Ix y Dxy. Xouq sukopuCmeiist [Cnoni s soid (.
sanobicanua xaopob we we dosedene, NOOLABIRTL PO Bu
Hanpnmy MOXKEe cmiamu Replunm KpOKom g et (R 22} HL".'C{{.A’.‘H
HOBOT 2eHEpayil.

L
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TpPaHCTCHHBIE PACTEHMS KAK Cbefofuble BAKLM I — PREabba i
NepPCReKTUBEI

Peaiome

O620p COBPEMENRHBIX AUMEPAMYPHBIX OaHNbIX © CO30QHIY Ny
ZeMHBIX pacmenudd drs nponsdodcmea eakuyur. 'paricentibie f

HEHUS AGARIOMER GECOMI NDUBTEKAMERALHOU t JeLHeBO il
MUBOH CYULCIEYIOLUM MUKPOTLROAOZUMECKILM CUTIRLAOM RS-
sodcmea Benxos Ona apmayesmuxu. Yenexu coapeMmunuoi Hin-
MEXHOROCIL OMKPHIAL BOSMOXHOCHB IKCHNCCCP0SUNY & PUCIO-
HUAX PAIULIHBIE QHMUZEHb, UCNOBIVEMBIC N GAKIUHAN, A5
RPUMEHCHUA CHedObRLIX wacmell pacmenuil npr mpancnopme opa-
NbHbIX Gakyliit. Bbiio NPOOEMOHCMPUPOSANRD, WiNO CeHb, KODUDYH!-
e QRMUZCHB BaKmepUanbHbIX B SUPYCHBLIY RUNOCCHRA, MOV,
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Obine JKCRPECCHpIGaM bl 8 PACMENIUAX € COXPUMPHUEM WX NPUPOD-
HbLl UMMYHOROXUHECKUX  caoticha, Tak, knybuu mMpaHceenHozo
KARMOPens, IKONPECCupoeasuie EAKMepuansine aHmuceret, CH-
MYLIUPOBATL CYMOPANGHBUL & MYILOZHOIL UMMYHHEE OMEEMbl Hpu
yroempebagnun ux 8 nuwy. Xoms ucnoae3cadnie ceedchnbix eak-
uir dan apedomapauenus Boresnell ewle e dOKASaHo, Oaabueliuee

PA3GUINUE IMNZD HANPASACHUS MOKENT CMAms REPEbLM Wazom Ha

YU K CO30aNUIC SaKIt HOBDZO ROKNIAEHUS.
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