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Abstract. Cervical cancer, resulting from infection with 
human papillomavirus (HPV)16, remains the fourth most 
common cancer in women worldwide. Recently, three 
prophylactic HPV vaccines targeting high-risk HPVs 
(particularly HPV16 and HPV18) have been implemented 
to protect younger women. However, individuals with 
pre-existing infections have no benefit from prophylactic 
vaccines. Thus, there is an urgent need to develop thera-
peutic vaccines. HPV16 E7 has been widely utilized as a 
target for immune therapy of HPV16-associated lesions 
or cancers, reflecting the sustained existence of this virus 
in cancerous cells. We developed mannosylated HPV16 
E7 (mE7) expressed from Pichia pastoris as a therapeutic 
vaccine against HPV16-associated cancer. Unmannosylated 
E7 (E7) was also generated from Pichia pastoris as a control. 
Mannosylation enhanced the uptake of mE7 by mannose 
receptors of bone marrow-derived dendritic cells (BMDCs), 
while the uptake of E7 was unaffected. mE7-uptake BMDCs 
in vitro induced more IFN-γ secretion by splenocytes of 
immunized mice than E7. Vaccination of C57BL/6 mice 
with mE7 combined with adjuvant monophosphoryl lipid A 
(MPL) elicited stronger Th1 (type 1 T helper cell) responses 
and E7-specific T cell responses than E7. The mE7 vaccine 
induced the increased production of IFN-γ, IL-2 and TNF-α, 
elicited more E7-specific IFN-γ-secreting CD8+ T cells in 
spleen and peripheral blood mononuclear cells (PMBCs) 

and promoted stronger E7-specific cytotoxic CD8+ T cell 
responses compared with E7. Furthermore, TC-1 tumor chal-
lenged mice were used to confirm the antitumor activity of 
the vaccines. As a result, mE7 generated complete antitumor 
activity against TC-1 tumors, while E7 only provided partial 
antitumor activity. Taken together, mE7 can be a promising 
immunotherapy for treating cervical cancer.

Introduction

Cervical cancer is the fourth most common cancer in women, 
with an estimated 527,600 new cases and 265,700 deaths 
worldwide (1). Infection with high-risk types of human papil-
lomavirus (HPV) leads to nearly all types of cervical cancers. 
HPV16 is the predominant HPV, causing 47.7% of cervical 
cancer cases in sub-Saharan Africa to 69.7% of cervical 
cancer cases in Europe/North America (2). In addition to 
cervical cancer, HPV infection is also associated with other 
anogenital and oral cavity cancers in the penis, vulva/vagina, 
anus, mouth, and oropharynx (3). To date, some prophylactic 
HPV vaccines have been administered to young women 
prior to the age of onset of sexual activity to protect against 
high-risk HPV infections (4,5). Although these prophylactic 
vaccines have made great success in protecting younger 
women, individuals with pre-existing infections have no 
benefit from prophylactic vaccines (6). Thus, the research 
and development of therapeutic HPV16 vaccines are intensely 
required (7).

E6 and E7, two oncogenic HPV16 proteins, are required 
for the transformation of infected cells and maintenance of 
the transformed state (8,9). Cervical cancers continuously 
express E6 and E7 as a result of the selective integration of the 
HPV16 genome into transformed cells (9). Thus, E6 and E7 
represent promising targets for therapeutic HPV16 vaccines. 
Accordingly, numerous therapeutic HPV16 vaccines that elicit 
strong anti-E6/E7 cellular immunity or tumor regression have 
been reported, including peptide immunization, DNA immu-
nization, E6/E7 fusion protein immunization, immunization 
with recombinant E7-expressing vaccinia virus, and E7-pulsed 
dendritic cells (7).

Dendritic cells (DCs) play a central role in the induction 
of adaptive immune responses (10). An effective manner of 
improving vaccination is targeting the receptor-mediated 
endocytosis of DCs. Herein, mannose receptors (MRs), the 
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C-type lectins containing mannose receptor (MR, CD206), 
DC-SIGN (CD209), dectin-1 and langerin, have a high 
affinity for mannosylated antigens (11,12). The uptake of 
mannosylated antigens by these C-type lectins has great 
advantages over other approaches (e.g., pinocytosis) in antigen 
presentation and T cell stimulation (13-16). Based on these 
advantages, antigen mannosylation represents a promising 
strategy for therapeutic vaccines in inducing cell-mediated 
immune responses (17,18).

As previously reported, the mannosylation of the 
HPV16 E7 peptide enhanced the proliferation and activation 
of antigen-specific CD8+ T cells and the cytotoxic T cell 
response and increased antitumor activity in mice (19,20). In 
the present study, we exploited Pichia pastoris to generate 
recombinant mannosylated HPV16 E7, which efficiently 
stimulated Th1 (type 1 T helper cell) and cell-mediated 
immune responses in the presence of monophosphoryl 
lipid A (MPL). In addition, mannosylation enhanced the 
uptake of mE7 by MRs of peripheral blood mononuclear 
cells (BMDCs) which then in vitro stimulated IFN-γ 
secretion by splenocytes of immunized mice. Compared 
with E7, vaccination with mE7 combined with MPL of 
C57BL/6 mice increased the production of cytokines 
(IFN-γ, IL-2 and TNF-α), induced more E7-specific IFN-γ-
secreting CD8+ T cells in the spleen and PMBCs, promoted 
E7-specific cytotoxic CD8+ T cell responses, and improved 
antitumor effects against HPV16 E7-expressing tumors. 
Hence, recombinant mE7 provides a promising immuno-
therapy for treating cervical cancer.

Materials and methods

Cells and culture. TC-1 cells, generated by the co-transfor-
mation of C57BL/6 mouse lung epithelial cells with HPV16 
E6 and E7 oncogenes and the human ras oncogene (21), were 
purchased from the Cancer Hospital, Chinese Academy of 
Medical Sciences (ATCC no. CRL-2785). TC-1 cells were 
cultured in RPMI-1640 medium (HyClone, Logan, UT, 
USA), containing 10% fetal bovine serum (FBS; Gibco, 
Grand Island, NY, USA), 100 U/ml penicillin, and 100 U/ml 
streptomycin (Beyotime, Shanghai, China). R10 medium, 
used for culturing BMDCs, contains standard RPMI-1640 
plus 50 nM β-mercaptoethanol (Biosharp, Hefei, China). All 
cells were cultured at 37˚C in humidified air supplemented 
with 5% CO2.

Mice. Specific pathogen-free (SPF) 6- to -8-week-old female 
C57BL/6 mice were maintained at the Laboratory Animal 
Center of Wuhan Institute of Virology, Chinese Academy of 
Sciences (CAS). All mouse studies were performed according 
to Regulations of the Administration of Affairs Concerning 
Experimental Animals in China (WIVA25201304), and the 
protocols were reviewed and approved by the Laboratory 
Animal Care and Use Committee at the Wuhan Institute of 
Virology, CAS. Briefly, all the mice were fed in an indepen-
dent ventilated cage (IVC) and the IVCs were kept within 
an experimental animal barrier environment. The food was 
sterilized by Co60-irradiation and the water was sterilized 
using an autoclave. We replenished the food and water twice 
or three times a week.

Cloning, expression and purification of mE7 and E7 in Pichia 
pastoris KM71. mE7 was generated from the oncogenic E7 
gene of HPV16 (GenBank accession no. AF125673) synthe-
sized at Sangon Biotech (Shanghai, China) and a linker 
encoding 15-amino acids containing two N-X-S/T motifs 
(GGGGSNGTGGGNASC) with two potential N-linked 
glycosylation sites. In contrast to mE7, E7 was generated from 
the site-directed mutagenesis of the two potential N-linked 
glycosylation sites in the linker region. NGT and NAS were 
conservatively mutated to AGT and AAS, respectively.

The mE7 and E7 were cloned into plasmid pPICZαA. 
Subsequently, recombinant plasmids pPICZαA-mE7 and 
pPICZαA-E7 were linearized using SacI (NEB, Ipswich, 
MA, USA), purified, transfected into electrocompetent 
Pichia pastoris KM71 (pulsed 1.5 kV, 200 Ω, and 25 µF) 
and subsequently incubated for 2 h in yeast extract peptone 
dextrose medium (YPD). Recombinant clones were selected 
on YPD agar plates, containing 75 µg/ml Zeocin (Invitrogen, 
San Diego, CA, USA), and identified using colony PCR. The 
expression and purification of recombinant protein in KM71 
was conducted according to Lam et al (15).

Generation of BMDCs. BMDCs were generated according 
to Lutz et al (22). Briefly, bone marrow cells from the tibiae 
and femurs of one 8-week-old C57BL/6 mouse were cultured 
in R10 medium supplemented with 200 U/ml rmGM-CSF 
(PeproTech, Rocky Hill, Nj, USA). The cells were fed with 
fresh medium on days 3, 6, and 8 and matured with fresh 
R10 medium containing 100 U/ml rmGM-CSF and 500 U/ml 
TNF-α (PeproTech) on day 10.

BMDCs uptake of recombinant protein and T cell polariza-
tion. The mature BMDCs were cultured in 6-cm plates and 
co-incubated with 10 µg/ml mE7 or E7 in the presence or 
absence of 10 mg/ml yeast mannans (Sigma, St. Louis, MO, 
USA) for 45 min. Subsequently, the cells were collected and 
washed using PBS. The collected cells were lysed using RIPA 
lysis buffer (Beyotime), and centrifuged at 10,000 x g for 5 min 
to remove the debris. The supernatants were precipitated with 
4 volumes of acetone, incubated at -20˚C overnight, centri-
fuged at 13,000 x g for 15 min and subsequently analyzed by 
western blotting.

T cell polarization assays were performed following the 
method of Satchidanandam et al (23). Briefly, the mE7- or 
E7-preincubated BMDCs were cultured for 24 h and then 
treated with 50 µg/ml mitomycin C (Sigma) for 1 h followed by 
extensive washing. The above BMDCs were co-cultured in a 
96-well plate with one million splenocytes from C57BL/6 mice 
immunized with mE7, E7 or PBS, at the BMDC:splenocyte 
ratio of 1:10 for 72 h. The supernatants were collected for IFN-γ 
measurement using capture ELISA (BioLegend, San Diego, 
CA, USA), according to the protocol for Mouse IFN-γ ELISA 
MAX Standard Sets.

Vaccination of mice with recombinant proteins. The 6- to 
8-week-old C57BL/6 mice were grouped and subcutaneously 
(s.c.) vaccinated with 40 µg mE7, 40 µg E7 or 100 µl PBS in 
the presence of 5 µg adjuvant MPL (Sigma, L6895) on days 0, 
5 and 10. On day 15, the mice were sacrificed by cervical 
dislocation under aseptic conditions. Eyeball enucleation was 
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conducted for blood collection. The sera and splenocytes were 
collected and harvested from blood.

Cytokine quantification. Four million splenocytes from each 
immunized mouse were cultured for 48 h in 24-well plates 
in the presence of 10 µg/ml E7 or phorbol-12-myristate-
13-acetate (PMA) plus ionomycin (Dakewe Biotech Co., 
Shenzhen, China). The supernatants were collected, and the 
concentrations of IFN-γ, IL-2 and TNF-α were measured 
using capture ELISA (BioLegend), according to the proto-
cols for Mouse IFN-γ/IL-2/TNF-α ELISA MAX Standard 
Sets.

Antibody determination. The sera were collected from each 
immunized mouse at 5 days after the last immunization 
to determine specific IgG using ELISA. Polyvinylchloride 
96-well plates (Nunc, Rochester, NY, USA) were coated with 
E7 at 2 µg/ml in PBS and incubated overnight at 4˚C. The plates 
were subsequently blocked with 10% FBS in PBS, washed, 
and incubated with the two-fold diluted serums, followed by 
detection with HRP-conjugated Affinipure Goat Anti-Mouse 
IgG (Proteintech, Wuhan, China).

FACS staining. One million splenocytes from each immunized 
mouse and PBMCs from each group were cultured for 24 h in 
96-well plates in the presence of 10 µg/ml E7 or PMA plus 
ionomycin as positive control. For surface staining, cells were 
incubated with the following antibodies (BD Biosciences, 
Franklin Lakes, Nj, USA): PE-Cy7 anti-CD3e (145-2C11), 
FITC anti-CD4 (RM4-5), PE anti-CD8a (53-6.7) and 7-AAD 
Viability Staining Solution (BioLegend). For intracellular 
IFN-γ staining, APC anti-IFN-γ (XMG1.2, BD Biosciences) 
was used. All the staining procedures were according to 
BD Biosciences protocols. Data were acquired using a BD 
FACS flow cytometer and analyzed by Flowjo software 
(Tree Star, Ashland, OR, USA).

Cytotoxicity assays. Sixteen million splenocytes from each 
immunized mouse were cocultured with one million mito-
mycin C-pretreated TC-1 cells in RPMI-1640 supplemented 
with 10% FBS, 50 µg/ml concanavalin A (Con A; Sigma) 
and 20 U/ml IL-2 (PeproTech) at 37˚C in 5% CO2. After 
5 days, the viable splenocytes were collected and used as 
effector cells, and TC-1 cells were used as target cells. The 
Pierce LDH Cytotoxicity assay kit (Thermo Fisher Scientific, 
Waltham, MA, USA) was used to measure the effector cells 
against TC-1 at ratios of 2.5:1 and 5:1 according to the 
manufacturer's instructions. Specific lysis was calculated 
as percent specific lysis = [(Experimental value - Effector 
cell spontaneous control - Target cell spontaneous control)/
(Target cell maximum control - Target cell spontaneous 
control)] x100.

Tumor challenge. On day 0, the 6- to 8-week-old C57BL/6 mice 
were injected (s.c.) with 2x105 TC-1 cells in the right flank. 
Vaccination with mE7, E7 and PBS with MPL was performed on 
days 3, 8, and 13. Tumor growth was measured using a caliper, and 
tumor size was calculated as volume = (length x width2)/2 (24). 
For survival analysis, the mice were considered as dead when 
the tumor reached 1000 mm3. When the tumor size of the 
immunized mice exceeded 1000 mm3, the mice were sacrificed 
and dissected. Tumors were separated by ophthalmic scissors 
and tweezers, and kept in formalin. Tumor-free mice vaccinated 
with mE7 were challenged with 2x105 TC-1 cells again on 
day 31. The percentage of tumor-free mice was recorded.

Statistical analysis. Statistical analysis was performed using 
Prism software version 6.0 (GraphPad, San Diego, CA, USA). 
All data are presented as the means ± SD. The cytokine 
concentration, antibody titers and FACS results were assessed 
using an unpaired two-tailed t-test. Cytotoxicity assays and 
tumor sizes were assessed using two-way ANOVA multiple 
comparisons. Survival percentages were assessed using the 

Figure 1. Construction, expression and purification of mE7 and E7 in KM71. (A) Schematic representation of mE7 and E7. All proteins comprised HPV16 E7, a 
15-amino acid linker, the c-Myc epitope and a 6X His tag. The linker region of mE7 contains two potential N-linked glycosylation sites: NGT and NAS, which 
were mutated to AGT and AAS (E7). (B) Western blotting and Coomassie blue staining analysis of purified mE7 and E7. The samples were analyzed using 
15% SDS-PAGE, followed by western blotting and Coomassie blue staining. Mouse mAbs anti-His tag and anti-E7 were used to detect the purified mE7 and 
E7, with a molecular weight between 22 and 40 kDa.
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log-rank test. P-values of <0.05 were considered to indicate 
statistically significant differences.

Results

Construction and expression of mE7 and E7. As previously 
reported, Pichia pastoris has been widely used to express 
mannosylated recombinant proteins (25). To express a 
mannosylated recombinant E7 (defined as mE7), a 15-amino 
acid linker containing two N-X-S/T motifs representing 
potential N-linked glycosylation sites was fused to the 
C-terminal of HPV16 E7. As a control, E7 was subjected to 
the site-directed mutagenesis of the two potential N-linked 
glycosylation sites in the linker region of mE7. NGT and 
NAS were conservatively mutated to AGT and AAS, respec-
tively (Fig. 1A).

The mE7 and E7 recombinant proteins were efficiently 
expressed by Pichia pastoris KM71 in secreted forms, and 
mE7 showed a molecular weight between 22 and 40 kDa, 
while E7 showed a molecular weight of ~22 kDa (Fig. 1B), 
indicating the considerable glycosylation of mE7 in KM71 
and the unglycosylation of E7, since the unglycosylated E7 
expressed from BL21 (DE3) cells was 22 kDa (data not shown). 
The optimum time for mE7 expression (72 h) was longer than 
that for E7 (36 h).

Mannosylation enhances uptake of mE7 by the MRs of 
BMDCs and T cell polarization. To detect whether manno-
sylated proteins are more efficiently taken up by DCs via 
MR-mediated endocytosis, BMDCs were incubated with 
equal mE7 or E7 in the presence or absence of yeast mannans, 
which block MR and DC-SIGN (26). BMDCs endocytosed 
more mE7 than E7, and yeast mannans inhibited the uptake 
of mE7, while E7 was not apparently affected (Fig. 2A). As 
shown in Table I, the relative amount of mE7 ranged from 
2.25 (without mannans) to 1.02 (with mannans) while that 
of E7 ranged from 1.38 (without mannans) to 1.25 (with 
mannans). This result indicates that MR or DC-SIGN plays 
a dominant role in the uptake of mannosylated proteins by 
BMDCs, and mannosylation can promote the uptake of mE7 
by BMDCs, which is crucial to activate downstream immune 
responses. Subsequently, we co-cultured antigen-uptake 
BMDCs with splenocytes of immunized mice for 72 h. As a 
results, mE7-uptake BMDCs induced more IFN-γ secretion by 
splenocytes than E7, while the levels of IFN-γ were reduced 
with mannans, respectively (Fig. 2B). Taken together, manno-
sylation enhances the ability of BMDCs to take up mE7 and 
increases T cell polarization.

Vaccination with mE7 induces strong Th1 responses. We 
measured the E7-specific antibody titers in the sera of immu-
nized mice using ELISA. The results showed that vaccination 
with mE7 developed higher antibody titer than E7 (Fig. 3A).

To assess the level of cytokines generated by vaccina-
tion with mE7, the splenocytes from vaccinated mice were 
harvested and stimulated with E7 or a positive control 
PMA plus ionomycin. Subsequently, the supernatants were 
collected and measured using ELISA. Under equal doses of 
mE7 and E7, vaccination with mE7 induced more cytokines, 
including IFN-γ, IL-2 and TNF-α, than vaccination with 
E7 (Fig. 3B-D). Compared with E7, mE7 induced almost six 
times more IFN-γ (Fig. 3B), which is an important activator 
of macrophages, inducer of MHC II expression and indicator 
of Th1 responses. Compared with E7, mE7 also induced 
approximately twice as much IL-2 (Fig. 3C), which stimu-
lates the differentiation of regulatory T cells, promotes T cell 
growth and NK cytolytic activity, and mediates activation-
induced cell death (27). In addition, compared with E7, mE7 
induced approximately twice as much TNF-α (Fig. 3D), which 
induces fever, apoptotic cell death, cachexia, inflammation 
and inhibition of tumorigenesis. Moreover, the E7-specific 

Figure 2. Mannosylation enhances uptake of mE7 by BMDCs and T cell 
polarization. BMDCs were incubated with 10 µg/ml mE7 or E7 in the 
absence (-) or presence (+) of 10 mg/ml mannans for 45 min. (A) BMDCs 
were lysed and subjected to western blotting. Mouse mAbs anti-E7 and anti-
β-actin were used to detect intracellular mE7 or E7 and β-actin. (B) T cell 
polarization. Antigen-uptake BMDCs were cultured for another 24 h, then 
killed by mitomycin C, and co-cultured with splenocytes of immunized mice 
for 72 h. IFN-γ of the supernatants was measured by ELISA. Each group 
comprised 3 mice. The values marked with asterisks in this figure: *P<0.05; 
**P<0.01 (comparing PBS with mE7 or E7, and comparing mE7 with E7).

Table I. Relative quantification of bands in the different lanes 
(Fig. 2A).

 PBS PBS+M E7 E7+M mE7 mE7+M

β-actin  1.0 0.76 1.03 1.08 0.89 1.05
Antigen 0 0 1.42 1.35 2.00 1.07
Antigen/β-actin 0 0 1.38 1.25 2.25 1.02

All antigens contain two portions in the same lane. M in the above 
table represents mannans. The band area and gray value of different 
lanes were normalized when the values of β-actin and PBS were set 
as 1.0, respectively.
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IFN-γ-secreting CD8+ T cells in the spleen and PBMCs were 
analyzed by flow cytometry (Fig. 3E and F). Compared with 
E7, mE7 induced more E7-specific IFN-γ-secreting CD8+ 
T cell within the spleen and PBMCs. These results suggested 
that vaccination with mE7 generated stronger Th1 responses 
which are crucial for tumor regression and considerable 
E7-specific antibody responses.

Vaccination with mE7 promotes E7-specific cytotoxic CD8+ 
T cell response. The above results that vaccination with 
mE7 promoted Th1 responses (Fig. 3B-F) represents potent 
E7-specific T cell responses. To examine whether vaccina-
tion with mE7 primes more effective E7-specific cytotoxic 
CD8+ T cells than E7, the splenocytes of vaccinated mice 
were collected and cocultured with mitomycin C-pretreated 
TC-1 cells for 5 days. Viable effector cells were measured 
for cytotoxic activity against TC-1 cells. As shown in Fig. 4, 

Figure 3. Vaccination with mE7 induces strong Th1 responses. (A) E7-specific antibody determination. The sera of vaccinated mice were collected and sub-
jected to ELISA to determine E7-specific antibody titers. The results show a dilution of 1:640. Cytokine quantification of IFN-γ (B), IL-2 (C) and TNF-α (D). 
The mice were immunized with mE7, E7 or PBS on days 0, 5, 10 and sacrificed on day 15. The splenocytes and PBMCs of the vaccinated mice were harvested 
and co-cultured with E7 for 48 h. The supernatants were evaluated via ELISA for IFN-γ, IL-2 and TNF-α quantification. Analysis of E7-specific IFN-γ-
secreting CD8+ T cell within the spleen (E) and PBMCs (F) with flow cytometry. The above splenocytes and PBMCs were stimulated with E7 for 24 h, and then 
stained for CD8 and intracellular IFN-γ. The values marked with asterisks in these figures: *P<0.05; **P<0.01 (comparing PBS with mE7 or E7, and comparing 
mE7 with E7). Each group comprised 3 mice.

Figure 4. Vaccination with mE7 promotes E7-specific cytotoxic CD8+ T cell 
response. The mice were immunized with mE7, E7 or PBS on days 0, 5, 
and 10 and sacrificed on day 15. The splenocytes of vaccinated mice were 
harvested and cocultured in vitro with mitomycin C-treated TC-1 cells. 
E7-specific cytolytic activity was assayed against TC-1 cells. The values 
marked with asterisks in this figure: *P<0.05; **P<0.01 (comparing mE7 with 
E7, and comparing PBS with mE7). Each group comprised 3 mice.
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the effector cells from mice immunized with mE7 showed 
stronger cytolytic effects on TC-1 cells (65.4%) than those 
from mice immunized with E7 (19.8%) and PBS (27.9%) when 
the effector:target ratio was 5:1.

Mannosylation enhances mE7 antitumor activity against 
TC-1 tumors. To assess the antitumor activity generated 
using the mE7 vaccine, we performed an in vivo tumor chal-
lenge assay with HPV16 E6 and E7-expressing TC-1 cells. 
C57BL/6 mice were injected with 2x105 TC-1 cells in the 
right flank. After 3 days, tumor-challenged mice (5 per group) 
were vaccinated with three doses of mE7, E7 or PBS in the 
presence of MPL every 5 days. Tumor growth was measured 
using a caliper every 2 or 3 days. As shown in Fig. 5A, the 
mice vaccinated with mE7 showed lower average tumor sizes 
than mice vaccinated with E7 and PBS. All mice vaccinated 
with mE7 eliminated tumors at 26 days after tumor challenge, 
while only 20% of the mice vaccinated with E7 eliminated 
tumors at more than 37 days after tumor challenge. All mice 
vaccinated with PBS failed to inhibit tumor growth and 
were sacrificed after 40 days, when the tumor sizes reached 
1000 mm3. Additionally, all mice vaccinated with mE7 
survived after 51 days. In contrast, 40% of the mice vaccinated 
with E7 and 100% of the mice vaccinated with PBS died after 
51 days (Fig. 5B and C). After 31 days, the mice vaccinated 
with mE7 were rechallenged with 2x105 TC-1 cells, and no 
mice developed tumors until 51 days (Fig. 5C), indicating 

immunological memory. At 40 and 51 days, the mice vacci-
nated with PBS, mE7 and E7 were sacrificed and dissected, 
and 5 PBS tumors and 3 E7 tumors were observed (Fig. 5D). 
Taken together, mE7 represents an effective therapeutic 
vaccine against TC-1 tumors.

Discussion

In the present study, we reported that mE7, expressed by 
Pichia pastoris, is an effective therapeutic vaccine candi-
date against HPV16 E7-expressing tumors. Mannosylation 
enhanced the uptake of E7 in BMDCs by MRs and T cell 
polarization. As a result, the vaccination of C57BL/6 mice 
with mE7 induced more cytokines (IFN-γ, IL-2 and TNF-α), 
more E7-specific IFN-γ-secreting CD8+ T cells in the spleen 
and PBMCs, and more E7-specific cytotoxic CD8+ T cell 
responses, suggesting the activation of E7-specific T cell 
responses. In tumor challenge assays, immunization with 
mE7 significantly inhibited tumor growth and prolonged the 
lifespan of tumor-challenged mice.

HPV16 E6 and E7 are often the only viral genes expressed 
in cancerous cells. Thus, E6 and E7 represent promising 
targets for the immune therapy of HPV-associated lesions 
or cancers. Therefore, numerous therapeutic vaccines have 
focused on E6 and E7, pursuing E6/E7-specific cellular 
immunity or tumor regression. Traditionally, vaccinations 
with peptide(s), including minimal or maximal epitopes, 

Figure 5. Mannosylation enhances mE7 antitumor activity against TC-1 tumors. C57BL/6 mice were injected with 2x105 TC-1 cells in the right flank on day 0. 
Vaccination with mE7, E7, and PBS (5 per group) in combination with MPL was performed on days 3, 8, and 13. (A) The tumor sizes were monitored for 
51 days. Mice vaccinated with PBS were sacrificed when all the tumor sizes reached 1000 mm3. (B) Survival analysis of the vaccinated mice. (C) The per-
centage of tumor incidence was recorded. Black arrow in this figure: mice vaccinated with mE7 were re-challenged with 2x105 TC-1 cells on day 31. (D) The 
tumors of the challenged mice were removed on days 40 and 51. The countermark in the image represents tumor regression. Values marked with asterisks in 
these figures: **P<0.01; ****P<0.0001 (comparing mE7 with E7, and comparing PBS with mE7 and E7). Each group comprised 5 mice. The experiments were 
repeated twice with similar results.
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have been considered a convenient method to elicit cellular 
immunity. However, some limitations remain, as peptide 
vaccines may result in T cell tolerance and become rapidly 
degraded (28). In contrast, immunization with deleted (29) or 
chemically synthesized (30) E7 protein induces T cell immu-
nity in the presence of Quil A or CpG. In addition, the fusion 
of E7 proteins with heat shock proteins, virus-like particles, 
or listeriolysin, elicits E7-specific CD8+ T cell responses (7). 
Moreover, E6/E7-containing DNA and viral vector vaccines 
have been exploited to promote T cell immunity (7). However, 
the DNA and viral vector vaccines present risks for the 
integration of exogenous E6 or E7 genes into host cells. In 
contrast, protein vaccines have some advantages: ⅰ) exogenous 
proteins have no expected access to host cells for carcinogenic 
effects; and ⅱ) exogenous proteins transiently exist and avoid 
persistently transforming host cells. Taken together, these facts 
indicate the promising application of E6 or E7 protein-based 
vaccines. Pichia pastoris has been used to produce therapeutic 
glycoproteins (25). Since glycosylation is of the high-mannose 
type, we exploited Pichia pastoris to produce mE7 to augment 
the immunogenicity of E7, as mE7 utilizes the immune recog-
nition of exposed mannoses as pathogen-associated molecular 
patterns.

MRs play an important role in the immune system and 
connect innate to adaptive immunity (31). Previous studies 
have shown that MRs participate in the uptake, processing and 
presentation of glycosylated antigens as the immune response 
to foreign pathogens (32). DC maturation occurs after manno-
sylated antigens bind to MRs and trigger the internalization of 
the mannosylated antigens. We observed that Pichia pastoris 
mannosylation enhanced the uptake of mE7 by the MRs of 
BMDCs and promoted T cell polarization. These data indicate 
the involvement of MR and DC-SIGN in the uptake of mE7, 
as the uptake activity was inhibited when yeast mannans were 
added.

Studies have reported that the mannosylation of antigens 
enhances MHC I- and MHC II-restricted antigen presenta-
tion and T cell stimulation (13,14,17,33,34). Furthermore, 
the immunization of mice with mannosylated vaccines 
induced Th1 cytokine production and antigen-specific CTL 
responses (17,35,36). In the present study, vaccination with 
mE7 improved the production of Th1 cytokines and the level 
of E7-specific IFN-γ-secreting CD8+ T cell in the spleen 
and PBMCs, such as IFN-γ, IL-2 and TNF-α, and enhanced 
E7-specific CTL responses.

In conclusion, mannosylated yeast-derived antigens more 
effectively induce antigen-specific T cell proliferation than 
their unmannosylated counterparts. In the present study, mE7 
showed more potent induction of E7-specific and cytotoxic 
T cell responses and antitumor activity than E7, providing a 
promising immunotherapy for treating cervical cancer.
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