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Plants as platforms for the production of vaccine antigens
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Abstract The expression of vaccine antigens in transgenic
plants has the potential to provide a convenient, stable, safe
approach for oral vaccination alternative to traditional
parenteral vaccines. Over the past two decades, many dif-
ferent vaccine antigens expressed via the plant nuclear
genome have elicited appropriate immunoglobulin responses
and have conferred protection upon oral delivery. Up to date,
efforts to produce antigen proteins in plants have focused on
potato, tobacco, tomato, banana, and seed (maize, rice,
soybean, etc). The choice of promoters affects transgene
transcription, resulting in changes not only in concentration,
but also in the stage tissue and cell specificity of its
expression. Inclusion of mucosal adjuvants during im-
munization with the vaccine antigen has been an important
step towards the success of plant-derived vaccines. In animal
and Phase I clinical trials several plant-derived vaccine anti-
gens have been found to be safe and induce sufficiently high
immune response. Future areas of research should further
characterize the induction of the mucosal immune response
and appropriate dosage for delivery system of animal and
human vaccines. This article reviews the current status of
development in the area of the use of plant for the devel-
opment of oral vaccines.
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A Al Az o] WAl FYE FE5] Husto] ol 2 54 BE AAlste A2 thEo] "YRkeS Elskal
SEAEA i A A2 A wd "HzxAo = =0, FEAS H-F Y CTB= 949 &Eafjol= 2+
=98 5 QA et (Carter and Langridge 2002). ofm] Ao A A7) 7F His e gAdo] {2 Eof wAlo
ol FHEH= B oM E EFEIN ALY & BAY ARRo] 7hedE HoRdth AEolA EH
Al, AGH-EY] &9 A7l L Aloj® F3be] ofd oA FS HAANL o 2 EAFS UElle el o
o Aujd A R FAAEFAESC] A= & =, ol AEY Aol 54 aasRE Q8 5o]4<
7 SleiAdel tiet 374 S 22 sjdsior & wAlSo DHMP (glycosylation) Hg-& A WA dojrp= AZL
=SEEA Fokal Qlvk EE, A 279 AEA Al Y& ATk (Warzecha et al. 2007). A& A dojuh= &
olgh= M-S oWt 7hy = AR G FUY Jﬁﬂ A Al Al ik BEs) & o At
e Ak 71 2 AR WAeR ek Zelgoy o] Folxof dHi= Rio|ct
FUY ¥ AR YT BEHI} ofFrte F 5
o] 82 FZo= &4EYAAE H|FES v A T LTB (heat labile enterotoxin B subunit)
g zgele o FEAT e Aol
2 =roAe Ae7A] daEd A WAE A g A54a (ETEC)= 3 o]4e =45 A4k
T UHEES IE-FUEE B UE-gd AEAE £ v 7444 Aol o]& ¥ sturh LR AEFQl heat
FoUEES wol7] 9% 4% WEHEY AlE e, | labile toxin (LT)QIE], o] A2 E#2t =4 (CT)9F w5 ¢
o U FFE AT olFHEESY a3, £O08 YR A ARSI LTBA] CTBS} wpb7kA| = 9] Aful A2 9
FRE Gsto] APH AFAAES A AE3E o EATH= GM-1 7= 2 Ao =0f B subunit HEFH 2]
of gutut 7p7to] Tttt QU=AE 7HE & 4 de 7l S ATAE o Adsi " d oz #uk ofy
& AFstaa stgon, vorh A dAGES  # 3F Fol FHUe AT HYHEARAY 7|e= F
Ao RN goro Ay 7|t o thate] = A s
HiAp shqlc Haq -5 (1995) LTBE AR} HHfoll A A

He2y o3 Zch (Table 1). Arntzen (2003)«] H 10
o5 20036717 oF 45 o1 50] 5] Ao £
Hojglon, 1 ol 32 o W Welol Ayew s
Solghh. 2 review SN 1 5 % 714 Wol A7 5
ool GAL Yelahelr

CTB (cholera toxin B subunit)
Feets AA S sk V. cholera o 27 914
Agoz dvteh AAAL 02 5500 Bol Feen, %
2 obAlol, ohzelst 5 Aol 125 Yol B4E o
L Yot} Sy gt AuiAlo g 7}, EntE & tf
oFst ZE oA A|Z=E =1 (Jani et al. 2002), ZFA}of A
Z 84 ol (TSP)9) 0.3% (Arakawa et al. 1997), &

Hj Oﬂ/ﬂ 0.095% (Wang et al. 2001), E0}E 2] Qo] A 002%
TS0 A 0.04% (Jani et al. 2002)%] Z+7F EE = A o7
RaEgch e, Bele Sl wAR A4S vl A
o4 Felehiol Soldom wes BAsL ANEL
=
=

2ol ATt (Arakawa et al. 1998). Nochi 5 (2007)2 =g

M-1 72 e @Al =0 A%
*ﬂlo‘ 11.6 kDa®| #HEfH &4
o] Qe Uoid 4 UeL Hol FUth Mason 5
(1998)2 LTBO] &< = l7l 9lste] A=A Hol
AFg-El= FX= (plant optimized codon)o. 2 W3SIA] 7],
RNAMYA F7HE flsto] AHAE AlA Al7le 59
e AEE B BUTAe] wHE SR
Chikwamba % (2002)& ZZ}Eo|9Fd (seed specific) T2
2EE e Saso] FURBAA urelelob )
LTB&} fAFSHA GM-1 Z= 2] Ao =of Agtsf ¢Hg 4
ol A FAL sttt LTBSF CTBY] A =3} th4|
& (Mason et al. 1998)3} A}=F (Tacket et al. 1998)°f A
TR0l sHoS W A WARkgo] frEThal B
= | Qloh

bt 9]

19] 0.02%7H2] W H& Haskgl
i G

A

o>"

U{o

Boox i

HBV (hepatitis B surface antigen)

A AEEE BY 7Y AR WS GwE
HBV 74 @12k} S-AFSE 17 nm 27 9] QJALE AJAF
WAl O & AFE-SL=Y] (Wampler et al. 1985), A&7+
< o9t FARRE JAE A=A THAAA A2
A2 AFEstt) o] & 5l 7] Ao A Mason S (1992
o) Bifel | WDV 419) 1 2 F4 (1DsApE =
Qla) 31 Tl A o] AAF W A B A Y FYUTk

E e o q

w25k
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Table 1 Target species for the plant-derived vaccines

Pathogen Antigen vaccines Plant References
V. cholerae CTB Potato, Arakawa et al. 1997, 1998;
Tobacco, Yu and Langridge 2001;
Tomato, Jani et al. 2004,
lettuce, Rice, Kim et al. 2006; Li et al. 2006;
Peanut Oszvald et al. 2008; Matoba et al. 2009;
Nozoye et al. 2009
E. coli LTB Potato, Mason et al. 1998; Lauterslager et al.
Maize, 2001; Chikwamba et al. 2002;
Tomato, Walmsley et al. 2003;
Tobacco, Rigano et al. 2004; Tacket et al. 2004;
Soybean, Carrot  Karaman et al. 2006; Moravec et al. 2007
Hepatitis B virus HBV Tobacco, Mason et al. 1992; Thanavala et al. 1995,
Potato, 2005; Richter et al. 2000;
Lettuce, Kong et al. 2001; Gao et al. 2003;
Banana, Joung et al. 2004; Huang et al. 2005;
Tomato, Kumar et al. 2005; Youm et al. 2007;
Cherry Guetard et al. 2008;
tomatillo Thanavala et al. 2010
Norwalk virus (NV) Norwalk virus Potato, Mason et al. 1996; Tacket et al. 2000;
capsid protein Tomato Zhang et al. 2006; Santi et al. 2008
Rota virus Capsid of rotavirus Potato, O’Brien et al. 2000; Wu et al. 2003;
glycoprotein Alfalfa Yu and Langridge 2003;
Li et al. 2006; Choi et al. 2006
Human papillomaviruses (HPV) Cervical cancer Arabidopsis, Biemelt et al. 2003; Warzecha et al. 2003;
Tobacco, Varsani et al. 2003;
Potato Liu et al. 2005; Kohl et al. 2007
Transmissible Glycoprotein S Arabidopsis, Gomez et al. 1998, 2000;
gastroenteritis coronavirus (TGEV) Tobacco Tuboly et al. 2000
Foot-and-mouth disease (FMDV) VP1 Arabidopsis, Carrillo et al. 1998;
Alfalfa, potato, Wigdorovitz et al. 1999;
tobacco Lentz et al. 2010
Rabies virus RGP Tomato, McGarvey et al. 1995;
Tobacco Ashraf et al. 2005
Measles virus Measles Tobacco, Huang et al. 2001; Marquet-Blouin et al.
Carrot 2003; Webster et al. 2005, 2006
Coronavirus spike glycoprotein epitope Human SARS Tobacco, Li et al. 2006;
Tomato Pogrebnyak et al. 2006
Vaccinia virus Smallpox Tobacco, Golovkin et al. 2007,
Collard Portocarrero et al. 2008
Human immunodeficiency virus (HIV) AIDS Tobacco, Ramirez et al. 2007
Arabidopsis
Avian influenza virus Avian flu Avian flu Spitsin et al. 2009;
Shoji et al. 2009
Human beta-amyloid (A5) Alzheimer’s Potato, Kim et al. 2003;

Tomato, Tobacco Youm et al. 2005, 2010

21 HBVol 2978 A2 A3A Sl L2l
S o F AN FAL FT0| TGO TS
BT A= (T Cell) Honkgo] AHor fEges Hil
S} 1T} (Thanavala et al. 1995). Youm 5 (2007)2 o} & <

7o} 2e] Aol pes2® Eakli HBV 7 ghuld
(middle protein)& =¢8] HBVO] tidt A FA Fx=7}

o Q433 4

L 9 o ek 1 o FEE REF

Z¥2} (Joung et al. 2004; Youm et al. 2007), E9}E (Gao et

al. 2003), HFYt (Kumar et al. 2005)%
EEo] ot Aol Wy W wiAl O F A9 AFR-TISA] 0]

ol zhzofA Al
o|

o] =% ¢t (Richter et al. 2000; Thanavala et al. 2005;
Shchelkunov et al. 2006; Kumar et al. 2007).
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Rota 3! Norwalk HIO[A capsid THE4E

Hho|{ A4 AR S £ <l mojgaz g2 =
e} wholzl 2o} Norwalk Hholelai HBATUA ATz
1$E1 23] o] o] R0zl ot Mason 5 (1996)
2 Norwalk H}o]2 2 9] capsid -F-AXE Gl 7o &
ARG AA ZFz2F 0.23%, 0.37%2] TSPE dojWit|, o]
capsid EHIES gujo)at kTl Aol A we] whgof
o5t 38 nm 2] 1INV (Norwalk virus like particle) QI AHS
Atk o) % FolA] Hol Welurg A A

A 166 A7 AHAoR WEolPS SHAsc

Zepabo] 22 JA o] ooyt FE o AN FEEE
AApgo R 9% capsid S e] F8 Rgjel VRIS 7}
Aol Al A A, 2 717Ee] 7 W-A e g F AT
£ 23 BP0 IR §ABE TR0
$= Welure o AL AATL Tl 4
(Li et al. 2006).
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HPV (human papillomavirus)

A3 H A AN A ool A F HAR RIHs] LAy
ot Yo, sfjutrt 50k gof A sk, fiek 5
ool olo] Al A= 5 Aol B roltt (Kling
and Zeichner 2010). AF-g7d 5-2] 212 human papillomavirus
Z QG E2 "oy A 7ol 93t A, A2 80% o
38} 757t o] Hiolg{A7} Yglo] Eof W gttt Warzecha
% (2003)2 HPVE] 113} 16¥1 AE9 Ll @A 7}
oA WEAA Wedo] 223 7]%S G VLPs (virus
like particles)7} A& 0. &2 dt5o] AthE ZS B
th o AF2ENA s AR olQel®= EHfolA Hd
AL HPV FYUGAAE FolA 9ol A3 T A w
o doju} WAutgo] Atz Fr=dS gk vt 9l
(Liu et al. 2005; Fernandez-San et al. 2008).
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ofdl2ol=7l ZAloA gAFOoR HFHEL Kim

(2003)e] AFE AFoZ Auf-mdl F AlF
A RAT o] o S0 Balart Zashs o
c} (Youm et al. 2005). 217+ HelolH 2olE FHAE &
WA EOPEE Y B A Hel § weuee
TES A, EutE-2EHe 9ol FollA A FA
0] I AT (Youm et al. 2008). 1 Hpojl &= #|Efold
2o|=9] XS ulj7lst= BACE-1 (beta-site APP-cleaving
enzyme 1) Q=24 FAAS A AEHS o] &3] Thujol
Q97 o) FALS B AHoIA TSPerEo] 20071
A wobd g B shglon], mu, ZHxjol A2} ohai)
A= HE o8 AoA = WA =AY a7}
o] %9t (Youm al 2010).
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TGEV (transmissible gastroenteritis virus), Rabies virus

TGEVE 9Ae] A S doslt 2as solel
AEA YA dlo|H AR coronaviridaeo]] <5}
§2 A RO A Aokl AT SR AAIE
g AL SHH 2Ye A7 B @
A9k, = 7HA I HAE A

1998), 33 A" (McGarvey et al. 1995) 52}
Zo|E B¢ BRHoR olgE & grh

= b1y

30 1T oX o

A (Gomez et al.
T se Y

A Bod QAo oLz y)o gyl At

AFEE QoL F o= EtE, Hiyy, W2 g
s Loy Y4 Tk K25HA] Pl viE
g0 JHT 4 9l A wle] o] o]=ofx
1T} (Table 2). 3}A| gk, A 80| 7}5381A] oke Al &9

44l oY #20 HAE Fotel WAoo o)
Z20l ot o] WP L
] Zastoz g7 wAlol A}
AX E ) (Stevens et al. 2000;
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Table 2 Selection of plants for recombinant antigen

Plant/tissue Antigenic protein

References

Tobacco/leaf HBV

Norwalk virus
HPV

CTB

LTB

Norwalk virus
Rota virus
HBV

Potato/leaf, tuber, hairy root

CTB

HBV

Norwalk virus
Rabies virus

Tomato/leaf, fruit

Mason et al. 1992;

Thanavala et al. 1995;

Varsani et al. 2003

Liu et al. 2005; Zhang et al. 2006
Mason et al. 1996;

Varsani et al. 2003; Liu et al. 2005

Arakawa et al. 1997

Mason et al. 1998; Lauterslager et al. 2001; Tacket al. 2004
Mason et al. 1996; Tacket et al. 2000

Yu and Langridge 2003

Richter et al. 2000; Kong et al. 2001; Joung et al. 2004; Kumar et al.

2006; Youm et al. 2007

Jani et al. 2002; Jiang et al. 2007
Shchelkunov et al. 2006; Luo et al. 2007
Zhang et al. 2006

MaGarvey et al. 1995

AIDS Ramirez et al. 2007
Cherry tomatillo/leaf HBV Gao et al. 2003
Lettuce/leaf CTB Kim et al. 2006
HBV Kapusta et al. 2001
Carrot/leaf, root LTB Rosales-Mendoza et al. 2007
Measles Marquet-Blouin et al. 2003
Banana/fruit HBV Kumar et al. 2005
Arabidopsis/leaf LTB Rigano et al. 2004
HPV Kohl et al. 2007
Alfalfa/leaf Rota virus Dong et al. 2005
FMDV Wigdorovitz et al. 1999
Rice/seed CTB Nochi et al. 2007,
Oszvald et al. 2008; Nozoye et al. 2009
Maize/seed LTB Streatfield et al. 2001; Chikwamba et al. 2002; Lamphear et al. 2002;
Tacket et al. 2004; Karaman et al. 2006; Beyer et al. 2007
Soybean/seed LTB Moravec et al. 2007
Siberian ginseng/somatic embryos LTB Kang et al. 2006
Collard/leaf Smallpox and SARS Pogrebnyak et al. 2005
AR Al ek g S So]4 ZZEFE (E8 promoter)2 Y
ARG ol Amt ABFo|n, $3 F b AH e
F9 ARF ShutoluA FUATo] Solsti, YAE  glo] miE WS 4 gk o) Ho] qlo} ABATMA AT
o] 4 (tuber specific) U ZRHE S o] &3t W& Sl of Wol o] &H ). whH ol TS Frefo] o9
E Vbt a8 & FAAE B AYRE Hol7l A ZYelAe Zsddo] o2l To] gith
Aol ek Az T daof gol o] & &k, o
2 EFe A A AAE dfotok dohs HolM & 1R (S, 4 9
WA g Aol AE
S50 B T AL oA SRk FA H =T
snps oJAS Az AH = SotElo] A HA7HA AR
A 4 ek Rulsk A3 PR s o HE
FURARE EvbE g3} 2 4§Rgo] BHA]  BAX 2] wbo] M5 ke Lamphear et al. 2002). E3H
HomA AZ Amuol Al UL FH sl  Hawe] Aur 2 A At e AEo AR
Felo] £AEA b1 WY HeE o) BEE 4 9 o] 89 A vl AAHolh A Foluh A} gL
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2005; Huang and Mcdonald 2009).

Table 3 Selection of expression system

MEH BUMES Y3t Z2DEO| Myt

NEgd 2T BRAS YNT O, g FasH 1
el3 Aol T A waAsFolth of® X2RHE A
Shovkl ure AR Y E0] G FaL, o) Th
A o] HHH0R wolsly] ol 4EH FuA
3 4] 7bg Bl o 85 Ee e Aed W CaMV

(cauliflower mosaic virus) 35S T2 HE L o]& Al &Aoo W
EE o7 HY A7l TE R EE0|t} (Kim and Langridge
2003; Mishira et al. 2006; Chaturvedi et al. 2007). ZLH}o]
octopine©] L} mannopine synthase 5 -2 AMA|EFE g
HEEo| AFEE I It (Kwon et al. 2003; Aviezer et al.
2009). E3E, A& vpo]g A (TMV, PVX, AIMV)E 2 A] &
o2 WAl WEE ARESto] it AlEA o FHAIA
A EAste FAFAAE AL 5 Sl ol
g AlE dpolg| A WME A|AEE chulE] Wb ol 4 Q &
£ ATHE Eolil, FYAAtel FTtElE Aol Atk
(McCornick et al. 1999; Marusic et al. 2001; Srinvas et al.
2008). A&EA Td wlolAEE o AEe 4t AlEA
o 1 WA o el At (Table 3).

o= 224 ER)TH 54 AU (KDEL)E ¥
Well dojdoz Adgte = A ehild o] St AdS =0l
1! (Sojikul et al. 2003), AEH] EX 2o Tt E =
2RE, = 2 (seed specific), 1] 73S (tuber specific),
T (fruit specific) TREE S AR FHEHA

F= =9 Aol Y=L Tt (Perrin et al. 2000;
Phillip et al. 2001; De Jaeger et al. 2002; Moravec et al. 2007,
Jiang et al. 2007; He et al. 2008).

o &

Promoter Plant/tissue Expression level Reference
CaMV358 Tobacco/leaf 500 pg/g Ma et al. 1998
Alfalfa/leaf 1.0% TSP Khoudi et al. 1999
CaMV35S (TMV leader sequence) Tobacco/leaf 1.0 ug/g Fischer et al. 1999
CaMV'35S (Aalfalfa mosaic virus) Tomato/fruit Not given Sharma et al. 2008
Enhanced CaMV35S (KDEL) Rice/leaf 27.0 ug/g Stoger et al. 2000
Soybean 2.4% TSP Moravec et al. 2007
Maize ubiquitin (KDEL) Rice/seed 32.0 ug/g Torres et al. 1999
Tuber specific patatin Potato/tuber 0.09% TSP Mason et al. 1996;
Joung et al. 2004
Fruit specific ES, 2Al11 Tomato/fruit 0.081% TSP Luo et al. 2007;
Ramirez et al. 2007;
He et al. 2008
Ubiquitin and seed specific glutelin Rice/seed Not given Yang et al. 2007
Ubq3 and ethylene forming enzyme (EFE)  Banana /leaf 19.92 ng/g Kumar et al. 2005
Plastid rRNA operon (Prrn) Tobacco/chloroplast 4.1% TSP Daniell et al. 2001,
Rosales-Mendoza et al. 2008
PsbA Tobacco/chloroplast 14.8% TSP Arlen et al. 2008
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Table 4 Application of mucosal adjuvants in plant derived vaccines

Origin Adjuvant Antigenic protein Reference
Bacteria products CTB HBV Kong et al. 2001;
Davoodi-Semiromi et al. 2010
LTB HCV Nemchinov et al. 2000
LTB Chikwamba et al. 2003;
Karaman et al. 2006
CpG ODN Rotavirus VP6 Dong et al. 2005
Plant products Saponin FMDV Xiao et al. 2007

E (adjuvant)= &3] WAl H2A, WY HIA| E
AAR e B, WAl Ge 2eute
A2 A Gt ol 44 B 4 UES @

, O]FHEE= HE leukocyte®| £A|3}= immune receptor
of Agsl At 7*“?’*4& A& A8 i
2 g 3tE o] WA H oS Z74A 71t} (Lambrecht et al. 2009;
Reed et al. 2009). B iAol 7 HZA B E HIEA]
QISR = kx|t Az WAle] AL oil, aluminum salts,
virosomes 59| olFHEES o7 -Eroﬂlﬁn OS2 A HYo] A
sHom $AHES Ak 24T A Do o)
e BHRAZE ANFolA TRYE V. cholarae toxin B
subunit (CTB)Q} E. coli heat labile enterotoxin B subunit (LTB)
5O At Ha9 e 95T 15 72429 toxoid 7t &
3] 583 Juk B2 = de] AR-ETH (Wu and Russell
1998; Tiwari 2008; Davoodi-Semiromi et al. 2010). 7 % CTB
by mabAel detwel Badlz gl oxl oA
G o] UE &3 1 Ao dig 49 Wel e
FEAE A G & H A Al A
I Q3 Aot} (Table 4). FLEo] AA 9 HIHS

oz AeloR el A=A —TL"“*HOJ AbLd o] ofF
ME FH54o] Qo] ATHIL gy, AX EEAY
off A5 2 AT ) WA Ao A W AR 2 2 A
o] 9ot 2B 3= Ao F et (Huber et al
2002; Song and Hu 2009)

HzAle & EE}
|

O o rr
'y
2
=

mkr

A9 of
AEA Az3 wWAlo] §71E ol AlgEy Q= A
2 M7= glek shAE A AT wale] FF £

Table 5 Examples of plant derived vaccine for clinical trials

Antigen Plant (dosage) Reference
HBV Lettuce Kapusta et al. 1999
(100-200 g FW/dose)
Potato Thanavala et al. 2005
(100-110 g FW/dose)
scFV Tobacco McCormick et al. 2008

(0.2-2.0 mg/dose)
Norwalk virus Potato
capsid protein (150 g FW/dose)

Tacket et al. 2000

LT-B Not given Tacket et al. 1998

g ol @43 E Flofzk= Zo] Az Q] oot o
T 7Y A A R e ATAE
o] &rEo] =W FDAS & ol A&& &3t
of HAbe wiqlo] AEst E 4 Qs A=t A o
A7AA Hig JGAE A8 Aes AvEd A
& e 2E XA (volunteer)o] A| gH3}of 50-100 g
O] AAE AFSHA A 12 A/FAIF 0] 1997 Al AHE]

A=t AZRG o] xTHE ARE Ao Z A=
Houkgol Yehdths A& EoF3lth (Tacket et al.

1998; Tacket et al. 2004). B& 7+g99 AL, oA 1 @A =2
A 19 A4 HaE 3 48 G A
= 2223 67 A
Aeo] B ATt (Kapusta et al. 2001, Thanavala et al.
/\% uH/‘\_] olALA]Eg] S]] Eﬂh

2} sl At} (Table ) 4% b AR A4 aAe %
W) A ok $7 Rl vlolel 2ol gt wAlel
o, @A )4 ol g3t Wz o YA

AEAE
Al
2]

744 gt

g

Aegd A2 AT 714 A2 S
& A=A AR HEA oA Do B2
88 A7 4 9o, 1 baAT 584 WA A
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