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Introduction

Cervical cancer is the most common genital cancer and is the 
major cancer-related cause of death among women in develop-
ing countries. Human papillomavirus (HPV), especially HPV16, 
has been accepted as a major cause of cervical cancer.1 It has 
been proven that the recombinant HPV16 L1 protein, a major 
capsid protein of HPV, can self-assemble into VLPs (virus-like 
particles), which are capable of inducing a high titer of IgG, IgA 
and IgM.2 It has been shown that HPV16L1 protein as VLPs 
induce antibody that can protect the host from virus infection 
and inhibit tumor formation.3-5

Two HPV vaccines, Gardasil and Cervarix, have been com-
mercially available since 2006. Both vaccines have been shown to 
prevent precancerous lesions in the cervix. Gardasil can protect 
women from infection by four common HPV types (16, 18, 6, 
and 11), while Cervarix prevents two high-risk HPV type infec-
tions (16 and 18).6 However, the cost limits the use of these two 
vaccines in developing countries, where most of patients with 
cervical cancer are living. Therefore, reducing vaccine cost is a 
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new challenge in the field of HPV vaccines. In this regard, it has 
been reported that plant-expressed HPV VLPs were able to elicit 
humoral and cytotoxic T-cell activity in mice.5,7

E. coli heat labile enterotoxin (LT) is one of the powerful muco-
sal adjuvants used in animals. It consists of a homo-pentamer 
of cell-binding B subunits associated with a single toxic-active 
A subunit. The A subunit is responsible for toxicity, catalyzing 
ADP ribosylation of Gsa, increasing cyclic AMP (cAMP) levels 
and producing chloride efflux and fluid loss.8 The nontoxic B 
subunit (LT-B) is also a potent immunogen, avoiding tolerance 
induction when administered mucosally and stimulating strong 
secretory and systemic antibody responses.9-13 Therefore, LT-B is 
widely used as an efficient mucosal adjuvant.

Recently, transgenic plants have been recognized as the most 
inexpensive and convenient bioreactor for preparing a variety of 
genetically engineered proteins.14,15 In this study, HPV16L1 and 
LT-B were expressed at high levels in transgenic tobacco plants. 
To demonstrate the immunogenicity of L1 and the efficiency of 
LT-B as an immune adjuvant, the recombinant L1 and LT-B pro-
teins were used singly or in combination to immunize animals. 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

84 Human Vaccines & Immunotherapeutics Volume 9 Issue 1

with reduced activities. However, the intestine of all mice showed 
different degrees of swelling and effusion. Swelling was clearly 
more serious in mice from the unimmunized group. The intestinal 
wall was bright red with a diameter ~2–3mm, indicating that the 
mesenteric vasculature was markedly hyperemic. For the LT-B-
immunized group, the intestinal wall diameter was ~1.5–2.5 mm 
and reddish, while the mesenteric vasculature was filled but not 
hyperemia. The average weight of mice from the immunized group 
was significantly lower than that from the unimmunized group  
8 h after challenge (Fig. 1D). As shown in Figure 1C, the intestinal 
mucosa of mice from the unimmunized group was necrotic with 
edema, but there were no obvious lesions observed in the intestine 
of immunized mice. Taken together, LT-B immunization is able to 
neutralize the effect of LT STa challenge.

Specific antibodies are detected in HPV16L1-immunized 
mice. Serum IgG and IgA levels of mice from the groups immu-
nized with HPV16L1 and HPV16L1/LT-B were determined by 
ELISA. L1-specific IgG and IgA were detected in sera after the 
second, third and fourth immunizations, but not in the non-
transgenic plant protein-immunized group. Although the lev-
els of L1-specific IgG in the L1 and L1/LT-B immunized groups  
(Fig. 2A) were not significantly different, the level of L1-specific 
IgA was increased markedly in both immunized groups, especially 

This study will lay the foundation for the development of a new 
type of vaccine to decrease HPV16 infection, which may lead to 
the prevention of cervical cancer.

Results

Characteristics of HPV16L1 and LT-B expressed by transgenic 
plants. Both HPV16L1 and LT-B were highly expressed in trans-
genic tobacco plants as quantified by ELISA. The yield relative to 
total soluble cell protein reached 0.22–0.31% for L1 and 0.35–
0.76% for LT-B. The yields for both L1 and LT-B were signifi-
cantly increased relative to expression by pBI without SEKDEL 
sequences (data not shown). To demonstrate the assembly of 
HPV16L1, the L1 protein extracted from transgenic plants was 
observed by electron microscopy (EMS). EMS data showed that 
L1 expressed by tobacco plants formed hollow spherical particles 
55 nm in diameter, indicating that the recombinant L1 protein is 
able to self-assemble (Fig. 1A). LT-B expressed by plants also can 
bind with GM1, similar to rLT-B expressed by bacteria (Fig. 1B).

LT-B immunization reduces intestinal damage caused by LT 
STa challenge. Mice challenged with LT STa were apparently nor-
mal in both LT-B-immunized and unimmunized groups and did 
not display any illness symptoms such as diarrhea and shock, but 

Figure 1. Biologic characteristics of transgenic plant-expressed HpV16L1 and LT-B. (A) extracted protein from HpV16L1-transformed plants shows 
50~60 nm hollow spherical particles when observed by electron micrograph (50,000x), which are consistent with HpV16 VLps (arrows). (B) The 
capacity of plant-derived LT-B binding to GM1 ganglioside. (C) The histology of intestine mucous membrane after oral LT administration (He20x). The 
intestinal villus appears normal in the LT-B group, but is heavily swollen and dropsical in the control group. (D) The weight of small intestine from mice 
after administration of LT orally. *p < 0.05 vs. control group.
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of L1/LT-B was significantly higher than that with L1 alone (p 
< 0.05). The percentage of IFN-γ/IL-4 positive CD4+ T cells 
was also detected by flow cytometry after stimulation with PMA. 
As shown in Figure 4B, the percentages of IFN-γ/IL-4 positive 
CD4+ T cells from both L1 and L1/LT-B groups were markedly 

in the L1/LT-B group. Furthermore, the 
IgA level in the L1 group was significantly 
lower than that in the L1/LT-B group 
(Fig. 2B). The dynamic outcome of the 
L1-specific IgG and IgA levels showed 
that the increased rate of IgA in the com-
bined group was greater than that in the 
group immunized with L1 alone (data 
not shown), indicating that the combin-
ing L1 / LT-B elicits significantly higher 
IgA responses compared with L1 alone, 
meaning that LT-B is required for induc-
ing mucosal IgA. The secretion of IgA 
in the intestine was detected 14 d after 
the last immunization. The specific IgA 
levels of both the L1 and the L1/LT-B 
immunized groups were higher than that 
in the control group, and the IgA level 
of the combined group was significantly 
higher than that in the L1 group when 
the intestinal fluid was tested at a 1:5 
dilution (Fig. 2C).

We have found that transgenic plants 
expressed HPV16L1 protein that causes 
murine erythrocyte agglutination, which 
can be specifically abolished by an anti-
HPV16L1 monoclonal antibody.16 To 
determine antibody titers in L1- and L1/
LT-B-immunized mice, antiserum dilu-
tions were evaluated for their ability to 
function in L1-induced hemagglutina-
tion inhibition (HAI). As shown in 
Figure 2D, the diluted sera were showed 
HAI activity to dilutions of < 1:1,000 
for the L1/LT-B group and < 1:500 for 
the L1 group (Fig. 2D), suggesting that 
the anti-L1 antibodies from immunized 
mice were functional with a high titer.

Specific antibody responses to LT-B 
in immunized mice. An ELISA was 
used to detect serum IgG and IgA levels 
of LT-B from mice immunized with L1/
LT-B. In contrast to the nontransgenic 
plant protein immunized group, LT-B-
specific IgG was produced after third 
immunization (Fig. 3A). However, the 
LT-B-specific IgA level was increased 
significantly after the second immuniza-
tion (Fig. 3B). These results show that 
the mucosal immune response to LT-B 
is detected earlier than the humoral response.

Antigen-specific responses of spleen cells. Two weeks after 
the fourth immunization, splenic cells were isolated and stimu-
lated with L1 VLP protein to analyze cell proliferation. As shown 
in Figure 4A, splenic cells from both L1 and L1/LT-B groups 
responded to L1 VLP stimulation, and the stimulation index (SI) 

Figure 2. specific IgG and Iga level of HpV16L1 in immunized mice. (A and B) HpV16L1 specific IgG 
(A) and Iga (B) levels in serum of immunized mice. (C) HpV16L1 specific Iga levels in intestine secre-
tion. *p < 0.05 vs. control group, #p < 0.05 vs. HpV16L1 group. (D) Hemagglutination inhibition assay 
(HaI). The ratios shown below are dilutions of the sera polyclonal antibodies.
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but related to each other. A systemic immunization approach 
usually stimulates the immune system to produce a specific 
antibody and cytotoxic T cells (CTL), but often cannot 
induce a mucosal immune response. The mucosal immune 
system is one of important parts of host immune system, and 
there are many immune cells within the mucosa that provide 
a strong immune protection barrier.

Mucosal vaccination not only can stimulate comprehen-
sive immune responses including mucosal, humoral and cel-
lular immune responses, but also has the potential advantage 
of convenience to users in terms of less pain, improved safety 
and lower cost. Studies have shown that the characteristics 
of mucosal immunity are part of mucosal tissue immune 
responses.

The present report suggests that plant-derived VLPs can 
induce mucosal IgA by the nasal or oral route. Previous stud-
ies indicated that VLPs can produce a higher titer of mucosal 
IgA antibodies only when VLPs are administered together 
with mucosal adjuvants (such as LT or CT);21,22 otherwise it 
can cause immune tolerance.

LT-B has been produced in different expression systems, 
such as bacteria, yeast or plants. Its use as an adjuvant in 
orally delivered vaccine formulations is well documented.9-13 
However, our study is the first to induce mucosal immune 
responses against HPV infection by combining plant-
expressed LT-B and HPV16L1. Clearly the combination was 
able to elicit L1-specific IgA at a remarkably higher level that 
that induced with L1 alone, which demonstrates that LT-B 
functions as an adjuvant in promoting L1-induced muco-
sal immune responses. These results also provide direct evi-
dence that LT-B produced in transgenic tobacco plants is 
biologically active. Therefore, the use of plants for producing 

an immunogen for the oral route could be better accepted than 
needle injection. Also, not as much purification is needed for an 
oral vaccine, which decreases vaccine cost. Furthermore, an oral 
vaccine could elicit strong mucosal immune responses.

The L1-specific IgA level in the intestine fluid of the L1/LT-B 
group was significantly higher than that in the L1-alone group, 
which demonstrates that L1 vaccine could induce protective IgA 
in the intestinal mucosa when administered orally together with 
LT-B. Based on this, we speculate that specific protective anti-
bodies also may be produced in the female reproductive tract, 
which is particularly important for preventing HPV infection.

Furthermore, splenic cell proliferation and the expression of 
IFN-γ and IL-4 in CD4+ T cells and spleen cell supernatants 
indicates that oral immunization with L1 could induce L1-specific 
cellular immune responses with LT-B functioning as an effective 
mucosal adjuvant. It is well known that both IFN-γ and IL-4 
are representative of the cytokines in Th1 and Th2 type immune 
responses. LT-B may shift the Th1/Th2 balance to Th2 by pro-
moting IL-4 secretion, which increases the IgA level.23 Thus, it 
seems that LT-B as an effective mucosal adjuvant can play an 
important role in protection against HPV infection.

Recently, plants have emerged as alternative production sys-
tems for vaccines, since they may contribute to all of the critical 
features of effective vaccines. Plant systems do not harbor human 

increased compared with the control group. The positive cells of 
L1/LT-B were significantly higher than that with L1 alone (p < 
0.05). As expected, the IFN-γ and IL-4 levels were higher in the 
splenic cell media as analyzed by ELISA (Fig. 4C). These results 
demonstrate that LT-B is not only a mucosal adjuvant but also an 
effective adjuvant of systemic response.

Discussion

Using plants as a biological reactor to produce vaccines and 
medicinal proteins has safety, expense and many other advan-
tages.17 Over the past several decades, people have successfully 
expressed more than 100 different antigens in tobacco, tomato, 
potato and other plants.7,18,19 It has been proven that antigens 
expressed by plants are immunogenic and can induce the host to 
produce specific systemic and mucosal immune responses, many 
of which have been shown to protect the host from pathogenic 
microbes.

HPV16 virus mainly invades the ano-genital tract mucous of 
humans and causes infection in the urinary and reproductive areas. 
It is an important goal to stimulate the mucosa to produce an effec-
tive neutralizing antibody against HPV16 and protect the human 
from virus infection at the first line of defense.20 It is well known 
that mucosal immunization and systemic immunity are different 

Figure 3. specific IgG and Iga level of LT-B in immunized mice. (A and B) LT-B 
specific IgG (A) and Iga (B) levels in serum of immunized mice. *p < 0.05 vs. 
control group.
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in the tissues lining the mouth, nose and esophagus 
that provide the first target of opportunity for patho-
gens to enter and infect the human body. In addi-
tion, production in plants reduces the overall cost of 
vaccination, which is often unaffordable in develop-
ing countries.

Our experimental results show that serum anti-L1 
IgG and IgA can be detected after the second immu-
nization. Along with time following immunization, 
the antibody level increases gradually, indicating 
that oral plant-derived L1 vaccine can produce effec-
tive mucosal and systemic immune responses, par-
ticularly with LT-B as adjuvant.

We use electron microscopy to analyze VLP 
assembly and use the HAI assay to detect the 
neutralization ability of HPV16 L1 extracts.25 
Papillomavirus pseudoviruses (PsV) may be use-
ful to study the characteristics of plant-expressed 
HPV16 LI protein.26 In a future study, we will find 
other methods like changing the expression system 
or modifying codons to improve the yield and purity 
of the expressed protein,27 and use licensed HPV vac-
cine as the control.

In conclusion, we demonstrate that HPV16L1 
expressed in transgenic tobacco plants display bio-
logical activity and immunogenicity and are able to 
induce the serum and mucosal antibodies, and to 
some extent strengthen cellular immune responses. 
Similarly LT-B protein expressed in transgenic 
tobacco plants function as an effective mucosal adju-
vant. Therefore, this study lays the foundation for 
the development of new vaccines by using proteins 
expressed in transgenic plants to prevent HPV16 
infection that leads to cervical cancer.

Materials and Methods

Animals. BALB/c female mice, 6–8 weeks of age, 
were housed in the animal experimental center 
in Medical College of Xi’an Jiaotong University. 
All animal care and experimental procedures were 
approved by the Institutional Animal Care and Use 
Committee of the Xi’an Jiaotong University.

Plasmids construction, plant transformation 
and regeneration. Plant transformation vector con-
struction, tobacco plant transformation and regener-
ation were performed with minor modifications.26 In 
brief, HPV16 L1 and LT-B genes with SEKDEL (Ser-
Glu-Lys-Asp-Glu-Leu) sequences at the C-terminal 
were inserted into pBI121 binary vectors as shown 

in Figure 5. The sequence SEKDEL has been shown to be a sig-
nal that leads to retention of at least two proteins in the endo-
plasmic reticulum of eukaryotic cells and to increase the yield of 
expressed protein.28 The tobacco plants (Nicotiana tabacum L. 
cultivar Xanthi) were transformed using the leaf disc method by 
cocultivating with Agrobacterium tumefaciens LBA4404, which 

or animal pathogens and, therefore, do not transmit such patho-
gens alone with the target subunit vaccine. The most important 
advantage of producing vaccines in edible parts of a plant is the 
potential to deliver them orally rather than intramuscularly,24 
thus providing a simple and easy means of administration to 
humans. Moreover, oral delivery stimulates mucosal immunity 

Figure 4. antigen-specific responses of splenic cells. (A) HpV16VLps induced antigen-
specific proliferative assay of splenocytes. (B) The frequency of IL-4+/IFN-γ+cells in 
cD4+splenocytes from immunized mice by flow cytometry analysis. (C) IL-4/IFN-γ 
level in supernatant of HpV16VLp stimulated splenic cells from immunized mice. *p < 
0.05 vs. control group, #p < 0.05 vs. HpV16L1 group.
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Before immunization, mice were fasted overnight 
while water was provided ad libitum.31 Mice were 
immunized four times orally with 50 μg con-
densed plant extraction proteins consisting 0.38 
μg HPV16L1 protein, 0.75 μg LT-B protein, or 
HPV16L1/LT-B mixture. PBS group was used as the 
negative control. The first immunization was at 0–2 
d, the second at 8–10 d, the third at 29–31 d, and the 
fourth at 50–52 d. The animals were sacrificed two 
weeks after the last immunization.

Challenge assay of LT. Mice from LT-B group 
and PBS group were administered 75 μg LT STa 
[heat-labile enterotoxins (LT) and heat-stable entero-
toxins (ST) antigens] (Sigma) orally two weeks after 

the last immunization. The activity of the mice was observed, 
and then mice were sacrificed, respectively, at 4 and 10 h post-
challenge. The small intestine was examined, weighed and fixed 
with 10% formaldehyde to make pathological slides for hema-
toxylin and eosin (HE) staining.

ELISA for determining plant-derived L1- and LT-B-specific 
antibody. ELISA was used to quantify plant-derived HPV16L1- 
and LT-B-specific IgG and IgA levels in sera or intestinal secretions. 
96-well plates were coated with insect cell-derived L1 or bacterial-
derived LT-B11,32 at a concentration of 3 μg/well. Serum or intes-
tinal secretion was incubated with coated proteins in 2-fold serial 
dilution at room temperature for 2 h. Bound antibody was probed 
with goat anti-mouse IgG (1:2,000, DAKO) or IgA (1:4,000, 
Southern Biotech Associates) labeled with HRP, followed by incu-
bation with TMB for 15–30 min and read at A

450
.

Analysis of IFN-γ and IL-4 in spleen cell culture superna-
tants. Supernatant of cultured splenocytes in 96-well flat-bottom 
plates with or without HPV16L1 VLPs were harvested, and 
IFN-γ and IL-4 level were measured by sandwich ELISA. Anti-
mouse-IFN-γ and -IL-4 antibodies were purchased from Jingmei 
Biotech Co. Ltd.

Hemagglutination inhibition (HAI) assay. The HAI assay 
has been described.26 Briefly, an erythrocyte suspension was pre-
pared from the fresh blood of C57BL/6 mice, then 100 c μL plant 
extract was plated on a 96-well U-bottomed plate and mixed with 
an equal volume of 1% (v/v) erythrocyte suspension which was 
pretreated with the sera of different immunized groups. For con-
trols, the murine erythrocytes were mixed with sera from naïve 
mice or with rabbit anti-HPV16L1 polyclonal antibody, which 
was expressed in a baculovirus-infected insect system and puri-
fied in our laboratory.32 After incubation, visualization and pho-
tography were done.

Lymphocyte proliferation assay. Mice were sacrificed 14 d 
after the last immunization. Splenocytes were isolated and resus-
pended in RPMI1640 medium supplemented with 10% fetal calf 
serum (Gibco), then 2 × 104 splenocytes were seeded in triplicate 
in 96-well flat-bottom plates and incubated for 3 d with 2 μg/
mL HPV16 VLPs prepared in our laboratory.32 An amount of  
0.5 mg/mL MTT was added to culture media and incubated at 
37°C for 4 h. DMSO was added, and A

570
 was measured. The 

splenic cell proliferation index (SI) was calculated by the formula: 
SI = stimulated group OD value/control group OD value.

harbored the chimeric vector pBI-L1s or pBI-LTBs respectively. 
The regenerated transgenic tobacco plants of HPV16L1 and 
LT-B were verified as described before.27,29

HPV16L1 and LT-B proteins extraction. One hundred 
grams of mature HPV16L1 and LT-B transgenic tobacco plants 
were mixed with 100 mL of plant protein extraction buffer, 
respectively, then ground rapidly in an organization homogeni-
zation device on ice. Protein extracts were separated by cen-
trifugation at 12,000 rpm, 4°C for 20 min, then dissolved in 
1/5 volume deionized water after freeze-drying, followed by 
dialysis with 0.9% NaCl (pH7.4) at 4°C for 16 h. The quantity 
of extracted proteins were monitored by BCA Protein Assay Kit 
and stored at -80°C.

ELISA quantification of HPV16 L1 and LT-B expression. 
Total soluble leaf protein from transgenic strains was quanti-
fied by the Bradford method. The expressions levels of HPV 
L1 and LT-B in transgenic tobacco leaves were determined by 
ELISA. Briefly, 96 well plates were coated with 100 μL plant 
protein extract or a certain quantity of purified baculovirus-pro-
duced HPV16 VLP or bacteria-expressed LT-B diluted serially 
in bicarbonate-buffered saline (pH 9.6) and kept at 4°C over-
night. After blocking, plates were incubated with anti-HPV16 
L1 monoclonal antibody, HRP-conjugated anti-mouse IgG and 
then with 1,3,6,8-tetramethyl-dianthrone (TMD) substrate solu-
tion. When reactions were complete, the absorbance at 450 nm 
was recorded with ELx800 absorbance microplate reader.

Electron microscopic analysis of HPV16 L1 extracts. The 
HPV16 L1 transgenic plant extract was dropped onto the carbon 
copper-coated grids, which were negatively stained with phos-
photungstic acid and viewed using a H-600 transmission elec-
tron microscope.

ELISA analysis of the binding of LT-B with GM1. Ninety-
six-well plates were coated with GM1 (1 μg / well) in carbonate 
buffer overnight at 4°C. Diluted LT-B was added and incubated 
at 37°C for 2 h. After washing with PBS, rabbit anti-LT-B IgG 
was added and incubated at 37°C for 1 h. Bound antibody was 
probed with mouse anti-rabbit IgG (H+L) labeled with HRP, fol-
lowed by incubated with TMB for 15–30 min, and read at A

450
. 

The LT-B VSP6030 and the protein extraction from non-trans-
genic plant were used as positive and negative controls.

Experiment design and immune program. BALB/c female 
mice were random divided into five groups of eight mice each. 

Figure 5. schematic representation of T-DNa of the binary plasmid pBI-LTBs (A) and 
pBI-L1s (B).
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Flow cytometry. Of each group, 5 × 106 splenocytes were cul-
tured in complete culture medium supplemented with phorbol 
myristate acetate (PMA, 50 ng/mL) and ionomycin (1 μg/mL) 
for 4h at 37°C under a 5% CO

2
 atmosphere, and then cells were 

administered the secretion inhibitor Brefeldin A for 2 h. For anal-
ysis of IFN-γ and IL-4, 50 μL stimulated cells were incubated 
with FITC-labeled anti-mouse CD4 (BD Bioscience) at 4°C for 
30 min, then cells were stained with phycoerythrin (PE)-labeled 
anti-mouse-IFN-γ or -IL-4 after fixation and permeabiliza-
tion according to the manufacturer’s instructions (eBioscience). 
Isotype controls were used to enable correct compensation and 

confirm antibody specificity. Stained cells were run on a Becton 
Dickinson FACS Calibur flow cytometer and data analyzed 
using Flow-Jo software (Tree Star, Inc.).

Data analysis. Data were processed using the SPSS17.0 soft-
ware package for Windows. All results are expressed as mean ± 
SD (standard deviation). One-way analysis of variance (ANOVA) 
was employed to determine the difference among groups. Results 
were considered statistically significant if p < 0.05.
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