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Human papillomaviruses are the etiological agents of cervical cancer, one of the two most
prevalent cancers in women in developing countries. Currently available prophylactic vaccines
are based on the L1 major capsid protein, which forms virus-like particles when expressed in
yeast and insect cell lines. Despite their recognized efficacy, there are significant shortcomings:
the vaccines are expensive, include only two oncogenic virus types, are delivered via intramuscular
injection and require a cold chain. Plant expression systems may provide ways of overcoming
some of these problems, in particular the expense. In this article, we report recent promising
advances in the production of prophylactic and therapeutic vaccines against human
papillomavirus by expression of the relevant antigens in plants, and discuss future prospects
for the use of such vaccines.
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The so-called ‘high-risk’ human papilloma
viruses (HPVs) are responsible for causing cancer of the cervix in women, and are implicated
in anogenital cancers and a significant percentage (25%) of head and neck tumors in men and
women. Globally, HPVs can be considered the
causative agents of 5% of all cancers. Cervical
cancer is the second most prevalent cancer in
women worldwide, and was the first cancer
recognized by the WHO to be 100% attributable to an infectious agent [1,2] . In 2007, the
American Cancer Society estimated an annual
incidence of more than 500,000 new cervical cancer cases and approximately 300,000
deaths [3] . Prevention and early detection of
cervical cancer relies on cytology screening
programs, which, whenever available, have
markedly reduced cervical cancer death rates.
However, more than 80% of cervical cancer
occurs in the developing world, where neither
population screening nor optimal treatment is
available. Furthermore, present treatments and,
to a large extent, present screening strategies
often do not acknowledge the viral etiology of
this common cancer.
For early-stage cervical cancer, two radically
different yet equally efficacious treatments can
be offered to the patients: surgery and radiation
therapy. Pelvic radiation in combination with
chemotherapy represents the current standard
therapy for the treatment of locally advanced
disease [4] . However, despite technological
10.1586/ERV.10.84

advances, more than a third of patients will
develop recurrence/metastatic disease, for which
treatment results are poor.
The most efficient and cost-effective method
for fighting human and animal infectious
diseases over the years has been vaccination
against the infectious agents. This can potentially prevent infection from occurring at all,
or prevent spread of the agent in the infected
host, through neutralization of infection mediated by antibodies as well as clearing infections
via the cell-mediated immune response [5] .
Traditional viral vaccines are based on live,
killed or otherwise attenuated/modified pathogens or their components. Owing to the firm
association of cervical cancer and HPV infection, the rapid development of a vaccine that
could counteract the viral infection and consequently the associated cancer was expected.
However, the fact that replication of HPV
requires epithelial cell differentiation [6] has
been a major hindrance in the in vitro production of virus, preventing conventional
approaches for vaccine production.
With the development of DNA recombinant
methodologies, traditional vaccines have now
been frequently supplanted by recombinant
subunit vaccines. This approach consists of the
expression in a heterologous system of a gene
encoding a protective antigen followed by purification of the resulting protein, which is then
used as the vaccine [7] .
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Prophylactic vaccines against HPV infection

The history of prophylactic vaccines against HPV starts when the
L1 viral protein, the principal component of the viral capsid, was
shown to self-assemble to form structures resembling viral particles, the so-called virus-like particles (VLPs) [8] . After many years
of research, two prophylactic vaccines are now available: these are
the yeast-produced Gardasil® from Merck (NJ, USA), protecting against HPV types 16, 18, 6 and 11, and GlaxoSmithKline’s
Cervarix® (London, UK), made in insect cells via recombinant
baculoviruses, and protecting against HPV-16 and -18. The two
high-risk HPV types, HPV-16 and -18, are together responsible
for approximately 70% of all cervical cancers [9] . Vaccines have
shown excellent protective efficacy against the development of
high-grade cancer intraepithelial neoplasia (CIN) 2/3 associated
with HPV-16 and -18 [10,11] . Nevertheless, there are issues with
both vaccines [12] : the VLP-based vaccines are expensive, making their use in developing countries problematic; they include
only two oncogenic virus types; they are not efficacious against
already established infections; they are delivered via intramuscular injection; and they require a cold chain. The challenges for
second-generation vaccines will be the following. They should:
• Broaden coverage to elicit protection against not only HPV-16
and -18, but most of the other genital oncogenic HPV types
as well;
• Induce long-term protection (for decades) at mucosal surfaces, while maintaining almost 100% efficacy of the
current products;
• Be cheap, thermostable and, hopefully, deliverable via
noninjectable methods;
• Provide therapeutic as well as prophylactic efficacy.
Moreover, if vaccination could also be extended to men and
to older women, the eradication of HPV would be significantly
accelerated [13] .
There are a number of second-generation prophylactic HPV
vaccines under investigation, made via bacterial and yeast fermentation, and via recombinant baculoviruses in insect cells. These
include mixtures of more types of yeast-made VLPs from Merck
that are already in trial, as well as more experimental vaccines in an
earlier phase of development, such as capsomere-based products,
chimeric L1 proteins designed to broaden the spectrum of protection, and vaccines including all or parts of the L2 minor capsid
protein [14,15] . While DNA vaccines have also been investigated,
their application seems to lie more in the province of therapy than
prophylaxis, as they elicit only weak antibody responses.
Therapeutic vaccines against HPV-associated lesions

Therapeutic vaccines have a very different application to prophylactic vaccines: they are given to people already infected by the
disease agent rather than healthy individuals, and so are designed
to combat infection already established or disease progression,
rather than preventing it. For this reason, they will generally seek
to elicit cell-mediated immunity preferentially, as this is associated with clearance of infection rather than neutralization of the
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infectious agent. Therapeutic vaccines provide certain advantages
over conventional therapeutic approaches: they are very specific,
are generally well tolerated and usually have long-term effects.
Moreover, immunotherapies could be combined with the conventional therapeutic approaches, leading to a more effective therapy
against HPV-related cancer lesions.
A general immunotherapeutic approach against cancer consists
of stimulating the immune system against target antigens present
in the cancer cells. In the case of HPV-induced cancers, the viral
target antigens are the E6 and E7 proteins, which are necessary to
initiate and maintain the cell’s transformed state [16] , and which
are accordingly constitutively expressed in tumors [17] .
These proteins contribute to the events leading to cellular
malignant transformation by interacting with their cellular
target proteins with the ultimate effect of deregulation of cell
cycle control, apoptosis control, terminal cell differentiation and
antiviral defense [18,19] . These strategies are linked to evasion of
the host immunosurveillance, so as to allow viral persistence,
and facilitate the accumulation of chromosomal rearrangements
[20] . The possibility of using viral antigens as therapeutic vaccines is attractive, because the induced immune response can be
expected to be both potent and specific, given that the proteins are
unrelated to the host repertoire. Several vaccine platforms specifically targeting E7 and/or E6 have been developed over the last
decade [21,22] , including peptide/protein-based therapies [23,24] ,
viral vector-based therapies [25] , DNA vaccines [26] , dendritic cell
(DC)-based immunotherapies [27,28] and chimeric VLPs [29,30] .
Numerous challenges have to be addressed for the development
of immune-based therapies for HPV-associated diseases. Among
these are the development of more targeted adjuvants, strategies for
better delivery and presentation of tumor antigens, and improvement of trafficking of effector T-cell populations at noninflamed
mucosal sites and clinical translation [22] . Vaccines evaluated up
until now in clinical trials have been shown to be moderately successful in eliciting cell-mediated immune responses to E6 and E7
in patients with a spectrum of HPV-associated diseases; however,
the immune response was shown to not always correlate with clinical response [22,31] . Recently, the achievement of clinical responses
in women with HPV-16-positive, grade 3 vulvar intraepithelial
neoplasia (VIN3) by vaccination with a synthetic long-peptide
vaccine against the HPV-16 oncoproteins E6 and E7 has been
reported. Importantly, the complete responses were correlated with
induction of HPV-16-specific immunity [24] . At present, however,
there are no therapeutic vaccines against HPV licensed for use in
humans. While this may be partially due to the preliminary nature
of some of the investigations into their efficacy, it is also at least
partially due to the uneconomic prospect for the exploitation of
vaccines that will very probably be highly expensive if produced
by conventional methods.
Vaccine antigen expression in plants

Parenterally administered vaccines such as the currently available
HPV products are expensive to produce and costly to admini
ster, which hampers their use especially in poor countries. A
promising strategy for producing affordable vaccines involves
Expert Rev. Vaccines 9(8), (2010)
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the expression of recombinant immunogens in plants. The principal justifications of this strategy are that antigen production
in plants is safe and potentially very cheap, it can be very quick,
and it is infinitely scalable [32–34] . Moreover, this strategy offers
the possibility to express the vaccine antigens in food plants, or
to formulate lightly processed antigen, potentially allowing oral
vaccination; this strategy could help overcome present logistical
and infrastructural problems of vaccine delivery and preservation, especially present in the poor regions where vaccines are
needed most. Plants are a potential source of a very wide range
of biopharmaceuticals [35] , and a distinct advantage over bacterial
fermenter-produced molecules is that protein products generally
do not need downstream processing technology to ensure protein
folding, particle assembly and stability. In consequence, a plantbased biopharmaceutical expression system makes oral dosing
for prophylactic and/or therapeutic vaccination possible, either
by simply feeding with edible plant tissues, or with only partially
purified preparations, both of which would significantly reduce
processing costs.
A number of prospective vaccine antigens from different origins
have been successfully expressed in various plants: these include
several animal virus proteins used in protection experiments
(e.g., rabbit hemorrhagic fever virus and foot-and-mouth disease
virus antigens), as well as human virus antigens such as hepatitis B
surface antigen and – very recently – human norovirus capsid protein [33,36,37] . HPV antigens have been no exception: indeed, these
were quite early targets of expression in plants, and both structural
and nonstructural proteins have been successfully expressed, and in
several cases used in model systems to prove efficacy. This article
will cover the production and use of plant-derived prophylactic and
therapeutic papillomavirus vaccine candidates, and will discuss
future prospects for combined vaccines.

The first literature reports of the making of HPV VLPs in
plants, and the testing of their immunogenicity, were in 2003:
three groups more or less simultaneously published accounts of
the investigation of HPV L1 expression in transgenic plants.
Varsani et al. expressed a full-length native HPV-16 L1 gene in
transgenic N. tabacum cv. Xanthi. They achieved a maximum
of approximately 4 µg/kg wet weight (ww) of leaves of HPV16 L1 protein as assayed by enzyme immunoassays: this protein
assembled into recognizable VLPs (Figure 1) , reacted with conformation-specific monoclonal antibodies (mAbs) and was immuno
genic, albeit weakly, when injected into rabbits with Freund’s
incomplete adjuvant (FIA) [41] . The second group also reported
the production of relatively low levels of protein, approximately
20 µg/kg, from a putatively plant codon-optimized HPV-11 L1
protein gene in transgenic potato tubers: this assembled into
recognizable VLPs, and was weakly immunogenic as an unconcentrated orally delivered vaccine in mice [42] . The third group
took advantage of the previously reported fortuitous discovery
that the use of human codon preferences for a HPV-16 L1 gene
yielded significantly better than either native or plant codonoptimized versions, to express HPV-16 L1 protein in transgenic
tobacco and potato to levels of approximately 12 mg/kg in potato
tubers and approximately 20 mg/kg in tobacco [43] . This was also
A

Production in plants of HPV capsid proteins for the
development of prophylactic vaccines

Possibly the first published evidence that HPV L1 could be produced so as to assemble in transgenic plants came in the form
of a US patent from Genomine Inc., Korea [101] , filed in 2000:
these authors claimed the production of L1 and L2 proteins of
HPV‑16 and -18 in transgenic tobacco (Nicotiana tabacum) and
tomato (Lycopersicon esculentum), and assembly of (presumably
L1-only) VLPs in both plants, and successful demonstration of
immunogenicity in mice of both intraperitoneally injected and
orally administered purified VLPs. No demonstration of L1+L2
VLP assembly was given, no description of the yields was given
and the material was never published in another form.
While it did not involve production in plants, the next develop
ment of importance to second-generation and especially orally
delivered HPV vaccines was the demonstration that HPV VLPs
were orally immunogenic in mice [38] , and that simple mucosal
adjuvants significantly enhanced oral immunogenicity of HPV
VLPs in mice [39] , allowing a tenfold reduction in dose, from 100
to 10 µg or less. An important development from this has been
the finding that insect cell-produced capsomers are also orally
immunogenic [40] .
www.expert-reviews.com
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Figure 1. Comparison of plant- and insect-cell-produced
human papillomavirus-16 L1 by electron microscopy.
(A) Virus-like particles formed by human papillomavirus (HPV)-16
L1 protein expressed in Sf9 insect cells via recombinant
baculovirus and purified by cesium chloride gradient
centrifugation [42] . (B) Virus-like particles formed by HPV-16 L1
protein expressed in transgenic Nicotiana tabacum [38] and
partially purified by cesium chloride gradient centrifugation.
Both preparations were stained with phosphotungstate.
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correctly assembled, and again was only weakly immunogenic
when the potato product was used as an oral vaccine in mice. The
tobacco-produced version, however, was highly immunogenic
when injected as a cesium chloride gradient-purified product.
Another report of HPV-16 L1 production in transgenic
tobacco [44] , effectively, added nothing to the previous work:
yields were very low (~0.05% of the total soluble protein [TSP]),
and no new data on optimization or immunogenicity were
provided. An attempt to increase the yield of HPV-16 L1 in
Nicotiana benthamiana by use of a recombinant tobacco mosaic
virus (rTMV)-derived vector system [45] was only partially successful: while yields of approximately 40 µg/kg could be obtained
using the native gene, which represented a tenfold increase over
transgenic production from the same gene, these were still too
low for a viable production system.
Two important proofs of efficacy for plant-produced nonhuman
papillomavirus vaccines were published just 3 months apart in 2006.
The first described how rabbits could be completely or partially protected against cottontail rabbit papillomavirus (CRPV) infection by
parenteral immunization with purified rTMV particles displaying
CRPV or rabbit oral papillomavirus (ROPV) L2 protein-derived
peptides, respectively, on their surfaces [46] . This was an important
finding in that it demonstrated not only the utility of TMV as an
antigen display vector, but also vaccine efficacy in an important
preclinical disease model for papillomavirus infection, and that L2
protein could be an effective and at least partially cross-protecting
vaccine. This study was also one of the first to use a novel technology
for demonstration of antibody-based neutralization of papillomavirus infectivity: this is the transfected cell-produced pseudovirion
system [47] , which is now a necessary part of any papillomavirus
vaccine investigation. The second proof of efficacy was of a more
conventional CRPV L1-based vaccine: this described complete protection against CRPV elicited by intramuscular injection with FIA
of CRPV L1-containing concentrated plant extracts derived either
from transgenic N. tabacum cv. Xanthi, or from N. benthamiana
infected with rTMV expressing the whole native L1 gene [48] . This
investigation was interesting for a number of reasons, all involving
novel findings: first, the native gene expressed at levels up to 1 mg/kg
in transgenic tobacco; second, use of a transient virus-based expression system did not increase yield, as the CRPV’s gene was unstable
in TMV; third, the expressed CRPV L1 protein did not detectably
assemble into VLPs, while it did form conformationally relevant
capsomeres; fourth, the vaccine protected against CRPV infection in
the absence of any detectable neutralizing antibodies being elicited.
Other work from the same laboratory on another papilloma
virus demonstrated that the native HPV-11 L1 gene could be
expressed at relatively high levels, and form capsomers and
VLPs, in transgenic N. tabacum cv. Xanthi and Arabidopsis
thaliana (2 and 12 mg/kg of L1 protein, respectively) and via
rTMV expression in N. benthamiana (10 mg/kg) – but only via
transgenic plants if the L1 open reading frame was truncated so
as to remove the 3´-terminal 34 codons, encoding the nuclear
localization signals (NLSs) [49] [Kohl T, Hitzeroth I, Stewart D et al.,
Unpublished Data] . Moreover, the N. tabacum product was significantly proteolytically degraded compared with the Arabidopsis- or
916

N. benthamiana-produced L1, and antibodies elicited by injection of rabbits or guinea pigs with adjuvated concentrated plant
extracts from the latter containing NLS-L1 cross-reacted only
weakly with full-length insect cell-produced L1, and were not
neutralizing in pseudovirion infection assays. Thus, while the
work showed that another vaccine-relevant HPV L1 could be
produced at reasonable levels in plants, it further showed that
results obtained using HPV-16 could not necessarily be extrapolated to other papillomavirus L1 proteins – which may have
important implications for making mixed VLP-type vaccines in
plants. While the work reported above demonstrated important
proofs of concept and, indeed, of vaccine efficacy, none of the
reported yields of total L1 protein were above 20 mg/kg ww:
this corresponds approximately with a value of 0.5% of the TSP,
which is half of the often-quoted lower limit for commercially
viable production of antibodies [50] and does not take into account
the far lower yield of assembled VLPs. Accordingly, the Rybicki
group systematically investigated differently codon-optimized
versions of the HPV-16 L1 gene, and differential intracellular
targeting, by transient production via infiltration of N. benthamiana plants with recombinant Agrobacterium tumefaciens, in an
effort to determine optimum conditions for production [51] . Of
the three gene versions tried, native, plant and human codon
usage-optimized – with tomato spotted wilt virus nonstructural
small silencing suppressor protein coexpression – the human version (hL1) was by far the best; chloroplast targeting of L1 was
also consistently the best option (>500 mg/kg; 17% of the TSP),
although cytoplasmic expression of hL1 also gave acceptable yields
(380 mg/kg; 15% of the TSP). Characterization of the products
by electron microscopy and mAb binding showed appreciable
accumulation of appropriately formed VLPs, and that most of the
total L1 bound to an assembly-dependent. conformation-specific
mAb. Moreover, parenteral immunization of mice with centrifugally concentrated plant extracts elicited as high-titer antisera
(1:40,960) as could be achieved using insect-cell-produced VLPs,
which had neutralizing antibody titers as assessed by inhibition of
pseudovirion infectivity (1:1600–1:6400) that were in the same
range as those reported for human trial subjects injected with
commercial vaccines [Schiller J, Pers. Comm.] . Moreover, the test vaccine was stable after lyophilization, and neither the serum titers
nor their neutralizing titers were improved by use of FIA. This
work represented the best evidence to date that plant-based HPV
L1-based vaccine production at exploitable levels was a feasible
prospect, and that a candidate HPV vaccine could be successfully
reconstituted after lyophilization.
An important sequel to this investigation was the proof that
transgenic N. tabacum cv. Petit Havana plants duplicated the transient expression pattern, with plants expressing chloroplast-targeted
L1 accumulating up to 650 mg/kg (11% of the TSP) of L1 – but
that this happened only in the first (T1) generation [51] ; from T2
onward, expression had apparently been silenced in all lines [Maclean
J, Rybicki EP, Koekemoer M, Unpublished Data] . While this was disturbing,
the fact that transient expression was so successful was encouraging,
as this is also a feasible and increasingly exploited means of routine
production of ‘pharmed’ proteins [33,37] . Further work in this regard
Expert Rev. Vaccines 9(8), (2010)
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showed that a geminivirus-derived expression vector, introduced
to N. benthamiana or potentially, a wider range of dicotyledonous
plants via agroinfiltration, is also routinely able to enhance HPV-16
hL1 gene production levels in the cytoplasm by 50% or more [52] .
While transgenic production of L1 via nuclear transformation
has been problematic in terms of achieving and maintaining yield,
transplantomic expression has apparently been far more successful. For example, Lenzi et al. [53] showed that either native or a
chloroplast-optimized HPV-16 L1 gene could be produced at levels
up to 1.5% of the TSP, and that protein both folded properly and
formed capsomeres and VLPs. However, in order to achieve this
result they found necessary to translationally fuse the N-terminus
of the L1 protein with the first 14 amino acids of the N-terminal
domain of the ATPase b-subunit or the Rubisco large subunit,
and to remove the 22-amino acid C-terminal NLS. Another group
achieved contrasting results; they found that no modification of
the HPV-16 L1 gene was necessary to achieve what is, presently,
the highest plant-produced L1 yield ever recorded. FernandezSan Millan and colleagues used a native HPV-16-derived L1 gene
transformed into tobacco chloroplasts to achieve yields of 3 g/
kg ww (24% of the TSP) of L1 protein [54] . This assembled into
VLPs, bound conformation-specific mAbs, and elicited neutralizing antibodies when mice were injected intraperitoneally with
concentrated plant extracts together with Freund’s or aluminium
hydroxide adjuvants.
The expression of minor capsid HPV protein L2 in plants have
been paid very little attention; it was reported in passing in the
2002 Korean patent [101] . Also reported was the production of a
TMV-displayed rabbit papillomavirus L2 peptide [46] . With the
increasing attention being paid to L2 protein as an important factor in broadening the otherwise highly type-specific protection
elicited so efficiently by L1 assemblies, this may soon change. The
HPV-16 L2 protein has been successfully expressed via agroinfiltration in N. benthamiana, as well as in transgenic N. tabacum: it
was necessary to use a human codon-optimized gene rather than
plant-optimized or the native version, as for HPV-16 L1, but the
protein accumulated equally well via transient expression in chloroplasts, cytoplasm and endoplasmic reticulum, to a level of approximately 30 mg/kg [55] [Pereira R, Hitzeroth I, Rybicki EP, Unpublished
Data] . Given that L2 protein coassembles with L1 at a molecular
ratio of between 1 and 6:30 (i.e., a maximum of one L2 molecule
per L1 capsomer [55] ) and L1 yields are approximately 10–20-times
higher, it is entirely feasible to suppose that coexpression via agroinfiltration of the two proteins could result in efficient assembly
of L1+L2 VLPs.
The recent demonstration that concatenated multitype L2
fusion polypeptides, derived from known cross-protective
epitopes of several divergent HPVs [56] , elicited highly crossneutralizing antisera, builds on other evidence that L1:L2 chimeric
assembled molecules elicit more broadly cross-reactive antibodies
than L1-only or even L1+L2 VLPs [42,57] , and should spur much
further research on chimeric L1:L2 protein expression. The former
paper reports the investigation of insect cell-produced HPV‑16
L1 molecules with a 13-residue HPV-16 L2-derived peptide
(LVEETSFIDAGAP; L2 108–120) as second-generation HPV
www.expert-reviews.com

Review

vaccines: production of these and other L1:L2 chimeras in plants is
currently being investigated, with significant preliminary success
[Whitehead M, Hitzeroth I, Rybicki EP, Unpublished Data] . A summary
of the plant-expressed HPV antigens for the development of a
prophylactic vaccine is reported in Table 1.
Production of HPV oncoproteins in plants for
development of therapeutic vaccines

Plant-made therapeutic vaccines against challenging chronic
diseases such as cancer have received little research attention. A
notable exception, however, was the human Phase I clinical trial of
plant-produced idiotype vaccines from Large Scale Biology Corp.
(CA, USA) for the treatment of non-Hodgkin’s lymphoma [58] ,
demonstrating the safety and to some extent the efficacy of the
individually tailored vaccines. The concept has been taken over
by Icon Genetics and further trials are planned [36] .
An ideal vaccine against HPV-associated cancer has to overcome
the problem caused by the fact that the virus creates an immunosuppressive environment, leading to ineffective immune responses.
A therapeutic cancer vaccine should trigger effector T-cell trafficking, overcome immunosuppression and generate acute inflammation at the tumor site [59] . Such requirements could be fulfilled
by linking the tumor-specific antigen (TSA) to molecules able to
increase its immune ‘visibility’. Thus, one of the challenges for the
development of HPV-specific therapeutic vaccines is the production
and the delivery of the oncoproteins E6 and/or E7 in a suitable form
to be recognized as TSAs in virus-associated neoplasia.
Few studies have been performed in this field with viral onco
proteins expressed in plants. In the first report, from 2002,
HPV-16 E7 was transiently expressed in tobacco plant using a
‘first-generation’ viral vector based on potato virus X (PVX) [60] .
Because foreign proteins are produced to very different levels in
different PVX-susceptible plants [61] , Franconi and colleagues
examined E7 expression in the well-known PVX hosts N. benthamiana, Nicotiana rustica, N. tabacum, Chenopodium quinoa
and the miniature Lycopersicon esculentum cultivar Micro-Tom.
The E7 protein was expressed at highest levels in N. benthamiana,
at 3–4 µg/g in fresh leaves [60] .
In most of the plant expression systems the E7 of approximately
17 kDa appeared in high-molecular-mass forms that were resistant
to sodium dodecyl sulfate treatment and boiling, suggesting its
close interaction with plant components. A similar pattern was seen
for E7 also in reconstituted samples containing uninfected N. benthamiana extracts and Escherichia coli His–E7 purified protein: in
these samples, the formation of the high-molecular-mass forms
was prevented only by an extensive heat treatment (100°C for
10–15 min) of the extract prior to the addition of purified His–E7,
suggesting the involvement of heat-stable plant components.
The E7-containing crude foliar extract from N. benthamiana
leaves infected with E7–PVX was used as vaccine in a mouse
model [60] . Animals were immunized several times with a vaccine
dose containing 0.5 µg of E7; control mice were immunized with
0.5 µg of E. coli-made recombinant His–E7 plus the adjuvant QuilA
[62] . E7-specific humoral and cell-mediated immune responses were
induced in the mice. The antitumor activity of the vaccine was
917
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Table 1. Plant-derived human papillomavirus antigens for the development of prophylactic vaccines.
Antigen

Production system and yield

Efficacy data

HPV-16 L1

Agrobacterium-transformed Nicotiana tabacum cv. Xanthi plants
Assembled in VLPs
4 µg/kg ww

Weakly immunogenic in rabbit

[41]

HPV-11 L1

Transgenic potato tubers
Assembled in VLPs
20 µg/kg

Weakly immunogenic in orally vaccinated mice

[42]

HPV-16 L1

Transgenic potato tubers
Assembled in VLPs
12 mg/kg

Weakly immunogenic in orally vaccinated mice

[43]

HPV-16 L1

Transgenic tobacco plants
Assembled in VLPs
20 mg/kg ww

Highly immunogenic in mice injected with
purified product

[43]

HPV-16 L1

Protein expressed in Nicotiana benthamiana by TMV-derived vector ND
40 µg/kg wet leaves

[45]

HPV-11 L1

Transgenic N. tabacum 2 mg/kg ww
Transgenic Arabidopsis thaliana 12 mg/kg ww
N. benthamiana via rTMV 10 mg/kg ww

ND

[48]

HPV-16 L1

Agroinfiltrated N. benthamiana, human codon usage-optimized
gene; protein targeted to chloroplasts, assembled in VLPs
500 mg/kg ww

Antibodies elicited in mice by injection of crudely
purified extracts neutralized HPV-16 pseudovirion
transfection of HEK293TT cells

[51]

HPV-16
Protein produced in chloroplasts of transplantomic tobacco
L1-Rubisco/
plants from native or chloroplast-optimized genes
ATPase
60 mg/kg ww
peptide fusion

ND

[53]

HPV-16 L1

Mice injected intraperitoneally with partially
purified VLPs with Freund’s or aluminium hydroxide
adjuvants produced neutralizing antibodies

[56]

Protein produced from unmodified genes in chloroplasts of
transplantomic tobacco plants 3 g/kg ww

Ref.

HPV: Human papillomavirus; ND: No data; PVA: Potato virus A; PVX: Potato virus X; rTMV: Recombinant tobacco mosaic virus; TMV: Tobacco mosaic virus;
VLP: Virus-like particle; ww: Wet weight.

evaluated by challenging vaccinated mice with C3 cells, an embryonic mouse cell line expressing the HPV-16 E7 oncoprotein [63] .
Both vaccine preparations inhibited the tumor growth in 40% of
vaccinated mice, whereas the control mice and mice vaccinated with
foliar extract from plants infected with wild type PVX were all
tumor-affected 7 days after the challenge. The antitumor activity
of this vaccine preparation was improved by increasing the amount
of E7 in the foliar crude extract. If PVX-expressed E7 was fused
to a plant-derived secretory pathway signal sequence [64] , the E7
protein expression level was enhanced fivefold. A total of 80% of
mice immunized with this extract (2.5 µg of E7 per dose) were
tumor-free 50 days after challenge with C3 cells; the protection
was associated with a strong Th1 cell response. It was interesting
that 100% of animals could be protected using a vaccine containing
10 µg – four-times the plant-derived dose – of E. coli His–E7 with
QuilA adjuvant. These results strongly suggested an adjuvant-like
activity of the foliar extract.
The E7 protein expressed in this system was also stable for at
least 18 months when stored in lyophilized N. benthamiana leaves
at room temperature. Freeze-dried E7-containing N. benthamiana
leaf extract mixed with feed was used to vaccinate mice in an oral
vaccination regimen [Franconi R et al., Unpublished Data] . The extract
918

was not toxic and a high titer of anti-E7 antibodies was induced
in the animals, suggesting the possibility of an oral immunization
approach. This is being further followed-up.
The adjuvant-like activity of the plant extract and the possible
use of an E7-containing plant extract in the immunotherapy of
HPV-related lesions were investigated using human DCs, antigen-presenting cells that are major players in the induction of
immune responses in the target tissues [65] . The extract was not
toxic for the cells, did not influence E7 uptake into the cells, did
not affect DC differentiation, but did induce DC maturation.
This effect was not caused by lipopolysaccharide (LPS) but rather
to the presence in the foliar extract of heat-resistant products
mimicking the effect of LPS. Importantly, the E7-containing
extract was able to prime naive lymphocytes to produce an
E7-specific T-cell response. While this study gives some valuable
insights about the immunomodulatory activity of the N. benthamiana plant extract in a preclinical model, its possible use
and application in humans requires the characterization of the
compounds present in the foliar extract – in terms of protein
aggregates, protein folding differences, protein post-translational
modifications, lectins, heat-shock proteins and lipids – that could
contribute to its activity.
Expert Rev. Vaccines 9(8), (2010)
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The effectiveness of chimeric constructs of E7 fused to other
proteins and expressed in plants has also been reported. A mutant
of E7, E7GGG, lacking the retinoblastoma protein-binding site
and, thus, the native transformation potential [66] , was fused to
the Clostridium thermocellum b-1,3–1,4-glucanase (LicKM) as
a carrier molecule for expression in plants. The fusion protein
was expressed in N. benthamiana using a ‘second-generation’
viral vector (‘launch vector’) [67] . In this way, a yield of 400 µg
purified protein per gram of leaf was obtained. Injection of the
purified LicKM–E7GGG fusion protein into mice induced both
E7-specific IgG and cytotoxic T-cell responses, and protected
vaccinated mice against challenge with E7-expressing tumor
cells [68] . Furthermore, therapeutic vaccination of a large number of animals (50 per treatment) with this antigen reproducibly
prevented tumor growth, even in the presence of fully established
tumors [69] . This antigen is being expressed in tobacco hairy root
cultures, exploiting a virus-based approach [70,71] . The results of
therapeutic vaccination indicate that LicKM–E7GGG fusion
protein, purified from plants or from in vitro hairy root cultures
could represent a powerful therapeutic formulation, opening the
way to the possibility of a Phase I clinical trial in the near future.
We note that the latter expression system is fully contained and
more akin to recognized good manufacturing practice (GMP)
protocols already accepted by regulatory agencies.
The plant yield- and immune-enhancing properties of the
11-kDa Zera® zein-derived peptide (Era Biotech, Barcelona,
Spain), which promotes aggregation and sequestration of coupled proteins into in large (>1 µm) endoplasmic reticulum membrane-enveloped protein bodies in a variety of expression systems
[72] , have been tested in conjunction with a shuffled, inactive
form of the HPV-16 E7 protein [73] . Preliminary results indicate that immunization of mice with purified Zera-conjugated
shuffled E7, produced at high levels in N. benthamiana via agroinfiltration, protected them against challenge with tumor cells
expressing E7, and caused regression of established tumors, at
least as well as a DNA vaccine expressing shuffled E7 alone
[Whitehead M et al. Unpublished Data] .
Plant virus coat proteins (CPs) are often able to self-assemble
into highly immunogenic structures, resembling pathogens.
The PVX CP in particular has been shown to trigger antigenspecific CD4 + T-cell responses [74,75] . Taking advantage of this
capacity, the PVX CP gene was translationally fused to E7GGG,
and tested as a DNA vaccine [76] . Vaccination of mice with this
DNA construct induced a significantly increased cell-mediated
immune response, reduced growth of tumors induced by TC-1
cells [77] and enhanced mouse survival in therapeutic experiments
compared with vaccination with the E7GGG gene alone. This
novel design may represent an innovative way to enhance immunogenicity of the encoded product, reducing concerns about
inappropriate immune responses or autoimmunity in therapeutic
vaccination regimens designed to treat cervical cancer.
The expression in tobacco chloroplasts of HPV-16 E7 fused
with the PVX CP has been recently reported [78] . The expression of the fusion protein in this system was higher than that
of E7 alone, even though the transcript accumulation was
www.expert-reviews.com
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lower. This suggests that the PVX CP could stabilize E7 in
the chloroplast stroma, opening the way for its possible use as
a therapeutic vaccine.
Besides plant virus CPs, other plant-derived sequences might also
offer safe means of activating immunity against HPV. Ribosomeinhibiting proteins (RIPs), plant enzymes that depurinate rRNA
inhibiting protein synthesis, could be just such carriers. The toxicity
of RIPs has previously been exploited in medicine in order to prepare
conjugates with antibodies that act as immunotoxins. However, the
biological activity of RIPs is very wide, and much of this is independent of the inhibition of protein synthesis [79] . Features such as their
ability to induce production of cytokines causing inflammation, to
promote immune responses, their antiviral activity, their antigenicity, their apoptotic and necrotic potential, could make RIPs new,
useful tools in tumor therapy. A mutagenized, single-chain type-I
RIP, derived from Saponaria officinalis (SAP-KQ) and used as a
carrier for HPV-16-derived E7GGG protein in a DNA vaccine,
interfered with tumor growth by triggering E7-specific antibodies
and cytotoxic T lymphocytes (CTLs) and delayed-type hypersensitivity [102] . These data open the way for the use of plant-derived
carriers to improve antigen immunogenicity in the development of
anticancer vaccines.
A summary of the plant-expressed antigens for the development
of a therapeutic vaccine is reported in Table 2.
Combined prophylactic & therapeutic vaccines:
an attractive possibility

Since the benefits of the actual prophylactic vaccination will only
be visible after decades and since present preventive vaccines have
no therapeutic effect, an important goal could be the development of anti-HPV vaccines with both prophylactic and therapeutic
properties. These vaccines would probably have to contain epitopes
from the viral CPs (L1 and/or L2) and from the oncoproteins (E6
and/or E7).
Cerovská and collaborators have recently proposed plant-based
production of HPV antigens for the development of prophylactic
and therapeutic vaccines [80] . They succeeded in expressing a recombinant potato virus A (PVA) CP carrying two different HPV-16
epitopes: an epitope of the minor CP L2 and an epitope of E7 oncoprotein were fused to the N-terminus and to the C-terminus of the
PVA CP, respectively. The construct was cloned into a PVX-based
vector and transiently expressed in plants using A. tumefaciensmediated inoculation. Synergistic infection of host plants with PVX
carrying the construct and potato virus Y increased the expression
of L2-ACP-E7 in N. tabacum and in transgenic N. benthamiana.
In another study, Paz de la Rosa and collaborators reported
the construction of a recombinant HPV-16 L1 protein fused to a
string of three E7 and one E6 epitopes known to mediate CTL
activity, and its expression in transgenic tomato [81] . This protein assembles into VLPs, even though its expression level is not
high (0.05–0.1% of the TSP). VLP intraperitoneal immunization of mice elicited both neutralizing antibodies and CTL activity against the E6 and E7 epitopes. This is a good preliminary
indication for the development of a combined prophylactic and
therapeutic vaccine based on this construct (Table 2) .
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Table 2. Plant-derived human papillomavirus antigens for the development of therapeutic vaccines.
Antigen

Production system and yield

Efficacy data

HPV-16 E7

Nicotiana benthamiana tobacco leaves
infected with PVX–E7
3–4 µg/g fresh leaves

40% of mice immunized with E7containing crude leaf extract were
protected from growth of cancer induced
by E7-expressing C3 cells

[60]

HPV-16 E7

N. benthamiana tobacco leaves infected
with PVX–E7; protein targeted to
secretory pathway
15–20 µg/g fresh leaves

80% of mice immunized with E7-containing
crude leaf extract were protected from
growth of cancer induced by E7-expressing
C3 cells

[64]

HPV-16 E7

N. benthamiana tobacco leaves infected
with PVX–E7; protein targeted to
secretory pathway

Mice vaccinated orally with freeze-dried
E7-containing leaf extract mixed with feed
produced high titer of anti-E7 antibodies

HPV-16 E7

N. benthamiana tobacco leaves infected
with PVX–E7

Dendritic cells pulsed with E7-containing leaf
extract were able to prime naive
lymphocytes to induce E7-specific CTLs

LicKM–E7GGG

N. benthamiana tobacco leaves infected
with LicKM–E7GGG, using a launch vector
expression system
400 µg purified protein per gram of
fresh leaves

Purified protein injected into mice induced
IgG and CTL response and protected them
against challenge with E7-expressing tumor
cells in both prophylactic and therapeutic
vaccination regimen

[68,69]

11-kDa Zera zein-derived
peptide–E7 mut

N. benthamiana via agroinfiltration

Mice vaccinated with the protein were
protected against tumor cells expressing E7

[Whithead et al.,
Unpublished Data]

PVX CP–HPV-16 E7GGG

DNA vaccine

DNA vaccine was able to protect vaccinated
mice from the growth of tumors induced by
E7-expressing TC-1 cells

[76]

PVX CP–HPV-16 E7

Tobacco chloroplast

ND

[78]

SAP-KQ–E7GGG

a) DNA vaccine

a) DNA vaccine tested in therapeutic setting
was able to block tumor growth in the 40%
of challenged mice
b) Not performed

b) Expressed in N. benthamiana

Ref.

[Franconi R et al.,
Unpublished Data]
[65]

[102]
[Franconi et al.,
Unpublished Data]

HPV-16 L2–PVA
CP–E7 epitope fused
protein

Expressed by PVX in Nicotiana tabacum,
N. benthamiana using Agrobacterium
tumefaciens-mediated inoculation

ND

[80]

HPV-16 VLPs carrying L1
fused to a string of
epitopes from E6 and E7

Tomato seedling cotyledons HPV-16 VLPs
carrying L1 fused to string of epitopes
from E6 and E7 using A. tumefaciensmediated inoculation

Mice injected with chimeric VLPs were able
to develop neutralizing antibodies and
specific CTLs

[81]

CP: Coat protein; CTL: Cytotoxic T lymphocyte; HPV: Human papillomavirus; ND: No data; PVA: Potato virus A; PVX: Potato virus X; SAP-KQ: Mutagenized type I
ribosome inhibiting proteins from Saponaria officinalis; VLP: Virus-like particle.

Conclusion

There is now abundant evidence that HPV and other papilloma
virus L1 VLPs can be expressed in plants by several routes and
at high yields, and that these are ‘biosimilars’ in terms of their
morphology, immunogenicity and even efficacy in animal
models, compared with the commercial yeast and insect cellproduced VLP-based prophylactic vaccines. There is evidence
that plant-made preparations can be lyophilized, without losing their immunogenicity with or without adjuvant. Evidence
that insect cell-produced VLPs and even capsomers are orally
immunogenic lends weight to the use of the plant-made product
in similar ways, probably at far lower expense, given the rapidly
improving regulatory landscape for plant-made pharmaceuticals.
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These considerations can also be applied to the production of
L2 protein in plant, alone or combinations with L1 in chimeric
proteins that are viable candidate second-generation vaccines.
The production in plants of a variety of candidate therapeutic and even combined prophylactic/therapeutic has also been
amply investigated, with significant proofs of efficacy in accepted
animal model systems. The case for development and human
trial of these vaccines is possibly stronger than for prophylactic
L1/L2 VLP or chimeric vaccines, given that the major incidence
of HPV infection and related diseases is in developing countries,
which requires the means of production to be as cheap as possible.
In the case of HPV therapeutic vaccination, since no ‘reference’
vaccines are available at the moment and due to the complex
Expert Rev. Vaccines 9(8), (2010)
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responses that a therapeutic vaccine should evoke, plants can be
considered not only as potential biofactories but also as a source of
immunomodulating molecules, which can create the proinflammatory environment necessary for the clearance of persistent HPV
infection and related lesions. In this possible application, the use
of plant-derived molecules should not provoke the safety concerns for clinical use that exist for some animal-derived immune
response modifiers currently being tested in experimental studies.
Finally, it is evident that the breadth and depth of the investigation
of the feasibility of production in plants of both prophylactic and/or
therapeutic vaccines against HPV infection and HPV-caused cancer lesions, and the immunogenicity and efficacy of these vaccines,
represents an excellent case study for the vaccine industry. Effective
products have been made; immunogenicity and efficacy has been
demonstrated; it requires only human trials to cement the need for
this means of production to provide cheap vaccines.

poultry. Thus, the idealistic vision of a plant-provisioned arsenal of
vaccines and therapeutics for poor people may still be far from realization, due to problems linked to production and processing of the
products, and to industry and public acceptance. However, the recent
decisions of a big tobacco company to invest in the production of the
seasonal and H5N1 influenza vaccines, and the acquisition by Pfizer
(NY, USA) of the company making a niche mitochondrial‑defect
therapeutic, are very encouraging developments.
It is likely that the plant-derived vaccines that will be developed in the near future will not be copies of the existing ones
such as that against hepatitis B virus infection that are already
cheap, already licensed as generics and already included free in the
Expanded Program for Immunization offerings of many countries,
but will be generics or biosimilars directed against disease agents
such as HPV and rotavirus, given the currently very high price of
proprietary vaccines.
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the use of food plants could allow edible and/or oral vaccines to be
locally and more cheaply produced.
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Key issues
• The second generation of human papillomavirus (HPV)
prophylactic vaccines will have to be inexpensive as well as
immunogenic, safe, stable and easy to administer.
• Therapeutic vaccines against HPV-associated lesions have to be
able to induce specific, cell-mediated immune response against E6
and E7 viral oncoproteins.
• Plant molecular farming provides exciting new methods for the
production of vaccines.
• Antigens expressed in food plants could allow the production of
edible or at least oral vaccines.
• HPV antigens have been successfully expressed in different
plant-based systems.
• HPV antigens present in plant extracts or purified from plants are
immunogenic in animal models.
• Plant-produced HPV vaccines have been shown to be effective in
preventing or limiting disease in model systems.
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