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Abstract Given that local cell-mediated immunity (CMI)
against the human papillomavirus type 16 E6 (HPV16 E6)
protein is important for eradication of HPV16 E6-expressing
cancer cells in the cervical mucosa, the HPV16 E6 protein
may be a target for the mucosal immunotherapy of cervical
cancer. Here, we expressed the HPV16 E6 antigen on
Lactobacillus casei (L. casei) and investigated E6-specific
CMI following oral administration of the L. casei-PgsA-
E6 to mice. Surface expression of HPV16 E6 antigens
was confirmed and mice were orally inoculated with the
L. casei-PgsA or the L. casei-PgsA-E6. Compared to the
L. casei-PgsA-treated mice, significantly higher levels of
serum IgG and mucosal IgA were observed in L. casei-
PgsA-E6-immunized mice; these differences were signifi-
cantly enhanced after boost. Consistent with this, systemic
and local CMI were significantly increased after the boost,
as shown by increased counts of IFN-y-secreting cells in
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splenocytes, mesenteric lymph nodes (MLN), and vaginal
samples. Furthermore, in the TC-1 tumor model, animals
receiving the orally administered L. casei-PgsA-E6 showed
reduced tumor size and increased survival rate versus mice
receiving control (L. casei-PgsA) immunization. We also
found that L. casei-PgsA-E6-induced antitumor effect was
decreased by in vivo depletion of CD4" or CD8" T cells.
Collectively, these results indicate that the oral administration
of lactobacilli bearing the surface-displayed E6 protein
induces T cell-mediated cellular immunity and antitumor
effects in mice.

Keywords HPV16 E6 - Lactobacillus casei - Antitumor
effect - PgsA - Cell-mediated immunity

Abbreviations
HPV Human papillomavirus

PgsA Poly-gamma-glutamic acid synthetase
complex A

IFN-y Interferon gamma

ELISA Enzyme-linked immunosorbent assay

ELISPOT Enzyme-linked immunospot

SD Standard deviation

Introduction

Cervical cancer is the second leading cause of cancer death
among women worldwide [1], and human papillomavirus
(HPV) infection is closely associated with cervical cancer
[2-4]. More than 100 HPV genotypes have been identified
[5], but the HPV type 16 (HPV16) has been associated with
more than 50% of the HPV-related cervical cancer cases
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studied [6-8]. The E6 protein physically interacts with p53,
leading to its dysfunction, while the E7 protein binds to the
retinoblastoma protein (pRb) and activates cell cycle-
associated genes [9-11]. Because the E6 and E7 proteins
are consistently expressed in cervical cancer cells [12],
these two oncoproteins represent attractive targets for
developing vaccines and immunotherapeutic strategies
against HPV-associated diseases. Recently, Nakagawa
et al. [13-15] demonstrated the presence of E6-specific
memory T cells in women whose HPV infection had been
cleared and concluded that the cytotoxic T lymphocyte
(CTL) response to HPV16 E6 antigens was more important
than that to E7 antigens for controlling HPV16 infection.
Thus, E6-specific CTL activity may be a major immune
response for controlling persistent HPV16 infection.
Because HPV infects the epithelium of the lower
female genital tract, where it can lead to cervical carci-
noma [16], one strategy against cervical cancer might be
to induce effective mucosal immunity with an aim toward
inhibiting genital HPV transmission/infection and eradi-
cating HPV-infected cells. Several studies have demon-
strated that oral immunization with viral antigens can
induce antigen-specific humoral and cellular immunity
[17-21]. Oral administration is not only the way to
increase mucosal immunity, but it is generally more
convenient than parenteral administration. Lactic acid
bacteria (LAB), which are relatively safe and exhibit an
adjuvant effect in modulating the immune responses, may
be a good delivery vehicle for mucosal immunization [22—
24]. In addition, surface-displayed antigens on lactobacilli
were reportedly efficient for inducing antigen presentation
in dendritic cells [23], and surface localization of HPV16
antigens on lactococci was reported to induce greater
cellular immunity compared to the intracellular or secre-
ted forms [25]. Furthermore, we previously demonstrated
that oral administration of viral antigens displayed on
Lactobacillus casei (L. casei), such as the severe acute
respiratory syndrome-associated coronavirus S protein and
the HPV16 E7 protein, effectively induces antigen-spe-
cific neutralizing antibodies [18] and antitumor responses
in mice [19]. In this study, we used the pgsA gene
product, a transmembrane protein derived from the poly-
y-glutamic acid synthetase complex (the Pgs-BCA system)
of Bacillus subtilis [26, 27], as a surface anchoring motif
for surface display of antigens on L. casei. Here, we
examined whether oral administration of E6 antigens
expressed on L. casei could elicit E6-specific cellular
immunity. The induction of effective immunity was
assessed by production of antigen-specific serum IgG and
mucosal IgA, and by quantification of antigen-specific
IFN-y-secreting CD8™ cells in splenocytes or local lym-
phocytes by the enzyme-linked immunospot (ELISPOT)
assay. Finally, we tested the in vivo tumor regression
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effect of HPV16 E6-expressing L. casei in a mouse tumor
model seeded with the E6-expressing tumor cell line
(TC-1).

Materials and methods
Construction of HPV16 E6-expressing L. casei

We generated the expression vector, pKV:PgsA-E6 (Fig. 1a),
encoding PgsA fused to the E6 protein of HPV type 16.
The HCE promoter of pHAT:PgsA-E7 [20] was replaced
with a promoter of the fructose-bisphosphate aldolase
(Pald) gene originating from L. casei, and the E7 protein-
encoding gene downstream of the poly-y-glutamic acid
synthetase A (PgsA) gene was replaced with that encoding
the E6 protein of HPV16. Briefly, the gene encoding the E6
protein of HPV16, was amplified by reverse transcription-
PCR from the CaSki cell line [28], using forward (5'-CAG
GGA TCC ATG CAC CAA AAG AGA ACT GC-3') and
reverse (5'-CGC TCT AGA TCA TTA CAG CTG GGT
TTC TCT ACG TG -3') primers that contained BamHI and
Xbal sites, respectively. The E7 gene of pHAT:PgsA-E7
was then replaced with the HPV16 E6-encoding fragment
using these restriction enzyme sites. The plasmids were
first established in E. coli JM83 and then transformed into
L. casei BLS by electroporation. E. coli IM83 cells were
grown in Luria—Bertani medium with erythromycin
(150 pg/ml) at 37°C. Recombinant and expression host
L. casei BLS cells were grown in MRS medium with
erythromycin (16 pg/ml) at 30°C. The collected cells were
washed with PBS and killed by boiling for 10 min followed
by lyophilization.

Western blot analysis

Lactobacillus casei cells (2 x 10” cells) were washed
thrice with 700 pl of PBS and resuspended and sonicated
in 500 pl of PBS containing 1 mM phenylmethylsulfonyl
fluoride (PMSF). The samples were placed on ice (all
subsequent steps were performed on ice), and 100 pl of
cell lysate was mixed with 30 pl of 5x sample buffer
and boiled for 10 min. The samples were centrifuged at
13,000 rpm for 3 min at 4°C, and the supernatants were
resolved by 12% SDS-PAGE and transferred onto poly-
vinylidene fluoride (PVDF) membranes (Millipore, MA,
USA). HPVI16 E6 protein bands were detected by
labeling with a polyclonal anti-pgsA antibody or a
polyclonal goat anti-HPV16 E6 antibody (Santa Cruz
Biotechnology, CA, USA), followed by the addition of
horseradish peroxidase (HRP)-conjugated anti-goat IgG
antibody (Cell Signaling Technology, MA, USA) diluted
in 5% skim milk in PBS. The blots were visualized by
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Fig. 1 Surface expression of HPV16 E6 on L. casei. a A schematic
diagram of the pKV-HPVI6GE6 plasmid used for HPV16 E6
expression on the surface of L. casei. b E6 protein expression in
L. casei, as demonstrated by Western blot analysis using anti-pgsA3D
(left) and anti-HPV16 E6 (right) polyclonal antibodies. M molecular
weight markers, lane / L. casei-PgsA, lane 2 L. casei-PgsA-E6.
A ~61-kDa protein band corresponding to the expected size of the

chemiluminescence using an ECL Detection Kit (GE
Healthcare, Uppsala, Sweden).

Flow cytometry and immunofluorescence microscopy

Lactobacillus casei cells (1 x 10% cells) were harvested,
washed twice with PBS, and resuspended in TE buffer
containing polyclonal anti-HPV16 E6 antibody. The cell
suspensions were incubated for 16 h at 4°C, washed twice
with PBS and then incubated on ice for 2 h with Alexa
Fluor 594-conjugated anti-goat IgG antibody (Molecular
Probes, OR, USA) in TE buffer. The cells were then
washed twice with PBS. After centrifugation, the cell
pellets were resuspended in PBS and examined either with
a BD FACSCalibur flow cytometer and analyzed by the
CELLQuest software (Becton-Dickinson, CA, USA) or
with a fluorescence microscope (Carl Zeiss Microlmaging
Inc., NY, USA) and photographed with an Axiocam HRC
(Carl Zeiss Microlmaging Inc.).

Immunization and sample collection

Female 6- to 8-week-old C57BL/6 mice were purchased
from Dae Han BioLink (Chung-ju, Korea) and housed in
the specific pathogen-free animal facility at the Korea
Research Institute of Bioscience and Biotechnology
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PgsA-E6 fusion protein is present in lane 2. ¢ FACS histogram of
L. casei-PgsA (open) and L. casei-PgsA-E6 (filled) cells probed with
polyclonal anti-HPV16 E6 antibodies, followed by an Alexa Fluor
594-conjugated anti-goat IgG antibody. d Representative immuno-
fluorescence images of L. casei-PgsA and L. casei-PgsA-E6 (right)
and corresponding differential interference contrast images (DIC)
(left) are shown (x 1,000)

(Daejeon, Korea). Recombinant L. casei cells constitu-
tively expressing fusion proteins (PgsA or PgsA-E6) were
harvested, washed thrice with PBS and resuspended in PBS
at 10° cells/ml. Oral doses of 5 x 10° of recombinant
lactobacilli diluted in PBS (200 pl of the cell suspension)
were administered daily via the intra-gastric route on days
0-4, 7-11, 21-25, and 35-39. Immune sera were taken at
14, 28, and 42 days and stored at —20°C until use. Intes-
tinal lavages were obtained by washing intestine with
0.5 ml of ice-cold saline containing protease inhibitors;
these samples were centrifuged at 13,000 rpm for 20 min
at 4°C, and the supernatants were stored at —20°C until
analysis. Blood was collected by eye bleeding, and spleens
and mesenteric lymph nodes (MLNs) were harvested
aseptically. Vaginal secretions were collected by washing
the vaginal tracts with 250 pl of sterile PBS containing
1 mM PMSF; these samples were cleared by centrifugation
at 13,000 rpm for removal of tissue and cellular debris and
stored at —20°C until use. Vaginal lymphocytes were
isolated as described by Dupuy et al. [29]. Briefly, mouse
vaginas were excised, the cervix was removed, and the
vaginal tissue was minced in Hank’s buffered salt solution
(HBSS), washed 4 times with 1 mM EDTA in HBSS and
digested for 1 h 37°C in RPMI 1640 (Invitrogen-GIBCO,
CA, USA) supplemented with 5% (vol/vol) FBS, 1 mg/ml
collagenase type 4, and 1 mg/ml dispase. The remaining
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cells were filtered through a sterile gauze mesh and washed
with RPMI 1640 containing 10% FBS. Lymphocytes were
purified using Ficoll-histopaque (Sigma—Aldrich, MO, USA).
Purified vaginal lymphocytes from five mice were pooled
for the IFN-y ELISPOT analysis.

ELISA

For quantification of antigen-specific IgG and IgA antibody
levels, a MaxiSorp 96-well plate (Nunc, Denmark) was
incubated overnight at 4°C with purified His-HPV16 E6
(200 ng/well) in coating buffer (0.1 M sodium carbonate,
0.02% sodium azide, pH 9.6). For use as an ELISA coating
antigen, the recombinant His-E6 protein was produced
in E. coli. Briefly, the HPV16 E6 gene was inserted into
the pET-28 vector (Novagen, Darmstadt, Germany) and
transformed into E. coli. The induced His-E6 protein was
isolated from cell lysates, purified using Ni-NTA affinity
columns (QIAGEN, CA, USA) and used for coating the
plate. The coated plate was blocked with 5% skim milk in
PBS for 1 h at 37°C, washed twice with PBS containing
0.01% Tween-20, loaded with serially diluted serum sam-
ples for detecting IgG and tissue wash samples for
detecting local IgA and incubated for 2 h at 37°C. HRP-
conjugated goat anti-mouse IgG or IgA (Sigma—Aldrich)
(1:5,000 in 3% skim milk in PBS) was added for detection
of antigen-specific antibodies. Following incubation, plates
were washed and TMB substrate reagent (Sigma—Aldrich)
was added to the wells. After incubation for 20 min at
room temperature in the dark, the reaction was stopped
with 1 M sulfuric acid. Finally, OD,s, was measured using
an ELISA reader (Victor3, Perkin Elmer, USA).

IFN-y ELISPOT

The IFN-y ELISPOT assay was performed using a mouse
IFN-y ELISPOT kit (BD Biosciences, CA, USA), accord-
ing to the manufacturer’s instructions. Briefly, 1 day before
single cell preparation, anti-mouse IFN-y capture antibody
(5 pg/ml) in PBS was distributed (100 pl/well) to a BD™
ELISPOT 96-well plate, and the plate was incubated at 4°C
overnight. After washing, 200 pl/well of blocking solution
containing complete RPMI 1640 media was added, and the
plate was incubated for 2 h. Freshly isolated lymphocytes
were added at 2 x 10° cells per well in a medium con-
taining 10 pg/ml HPV16 E6 peptide (amino acid 48-57;
containing the MHC class I epitope). The plate was incu-
bated for 3 days, the cells were discarded, and the plate
was sequentially treated with biotinylated anti-mouse
IFN-y antibody, streptavidin-HRP, and substrate solution.
The plate was washed with deionized water and dried for at
least 2 h in the dark. The spots were automatically counted
using an ImunoScan Entry analyzer (Cellular Technology
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Ltd., OH, USA). As a negative control, the number of spot-
forming cells (SFC) per 10° cells was counted in the
absence of the peptides which was less than 50 SFC/
10° cells.

Intracellular cytokine staining

Single cell suspensions were prepared from spleen and
MLN. For experiments, 5 x 10° cells were incubated in
media containing 1 pg/ml of E6 48-57 peptide (EV-
YDFAFRDL) and 1 pl/ml GolgiPlug (BD Biosciences) at
37°C overnight. Cells were then washed and stained with
phycoerythrin (PE)-conjugated monoclonal rat anti-mouse
CDS8 antibody (BD Biosciences), followed by the intra-
cellular cytokine staining with FITC-conjugated IFN-y
antibody (BD Biosciences) using the Cytofix/Cytoperm
kit (BD Biosciences), according to the manufacturer’s in-
structions. The fluorescence intensities were measured by
the FACSCalibur flow cytometry and analyzed using the
CELLQuest software (Becton—-Dickinson).

In vivo tumor challenge experiment

For preventive experiments, C57BL/6 mice (eight per
group) were orally administered with Lactobacillus
expressing the HPV16 E6 antigen as described above. One
week after first administration, C57BL/6 mice were chal-
lenged with TC-1 tumor cells (2 x 10* cells per mouse)
that had been co-transformed with the HPV16 E6 and E7
and activated by the ras oncogene [30]. The tumor chal-
lenge was performed by subcutaneous injection in the left
inguinal region. To measure the therapeutic efficacy, oral
administration of the recombinant L. casei-PgsA-E6 or
L. casei-PgsA was initiated 3 days after TC-1 challenge on
days 0—4 and 7-11, and the boost was performed on days
21-25 and 35-39. The TC-1 cells (kindly provided by T.C.
Wu, Johns Hopkins University, Baltimore, MD) were
cultured in RPMI-1640 supplemented with 10% (vol/vol)
FBS (Hyclone, Logan, UT, USA), 1% antibiotics—an-
timycotics, and 2 mM nonessential amino acids at 37°C
with 5% CO,. Tumor size was expressed as the tumor area
(mm?) determined by monitoring 2 perpendicular diame-
ters of the tumors 3 times a week using a caliper.

In vivo antibody depletion experiment

To examine the role of CD4" and CD8' T cells in the
antitumor effects of L. casei-PgsA-E6, we performed in
vivo antibody depletion as previously described [31], fol-
lowed by tumor challenge. The anti-CD4 monoclonal
antibody (MADb), GK1.5, and the anti-CD8 MAb, 2.43,
were used for CD4 " and CD8™ T cell depletion, respectively.
The initial depletion was performed by intraperitoneal
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injection with 100 pg of the MADb per day for 3 days. To
check the role of T cells in the preventive antitumor model,
the depletion was initiated simultaneously with the first oral
administration of recombinant L. casei, which was a week
before tumor challenge and the depletion continued to be
done once a week for 5 weeks. For the therapeutic antitumor
model, the initial depletion started 3 days before tumor
challenge and the depletion continued to be done once a
week for 5 weeks.

Statistical analysis

Statistical analyses were performed using Student’s ¢ tests
for data. A p value of <0.05 was taken as indicating a
statistically significant difference.

Results
HPV16 E6 protein was expressed on L. casei-PgsA-E6

We first constructed a Lactobacillus expression vector,
pKV:PgsA-E6, where PgsA was used as an anchoring
protein for direct surface expression of the HPV16 E6
protein on L. casei (Fig. 1a). After transformation, L. casei
cells harboring the pKV:PgsA or the pKV:PgsA-E6 were
grown overnight at 30°C for induction of recombinant
protein expression. To confirm proper expression of the
HPV16 E6 protein, equal amounts of whole cell lysates
from the recombinant L. casei harboring the pKV-PgsA or
the pKV-PgsA-E6 were resolved by SDS-PAGE and sub-
jected to Western blot analysis using both anti-HPV16 E6
and anti-PgsA antibodies (Fig. 1b). The lane containing the
L. casei-PgsA-E6 (Fig. 1b, lane 2) contained a ~61 kDa

Intestinal IgA

immunoreactive band that most likely represents the fusion
protein comprising the 17-kDa E6 protein and the 44-kDa
PgsA surface display motif. A smaller band representing
expression of the PgsA anchor protein was detected in
L. casei-PgsA lysates (Fig. 1b, lane 1). The surface local-
ization of the HPV 16 EG6 protein on L. casei was confirmed
by flow cytometry and immunofluorescence microscopy,
using a polyclonal anti-HPV16 E6 antibody and Alexa
Fluor 594-conjugated anti-goat IgG antibody. FACS anal-
ysis revealed a significant increase in fluorescence intensity
of the L. casei-PgsA-E6 [mean fluorescence intensity
(MFI) = 33.42] compared to that of L. casei-PgsA (MFI =
4.16) (Fig. 1c). The immunofluorescence microscopy
analysis showed that the L. casei-PgsA-E6 was immuno-
stained positive for HPV16 E6, while the control L. casei-
PgsA was not (Fig. 1d). These data demonstrate that our
recombinant HPV16 E6 protein was efficiently expressed
on the surface of L. casei-PgsA-E6.

Oral immunization with L. casei-PgsA-E6 induces
E6-specific humoral immunity

To determine whether recombinant Lactobacilli possess
the ability to induce antibody production to surface-
displayed E6 antigens, female C57BL/6 mice were orally
immunized with the L. casei-PgsA-E6 or the L. casei-PgsA
(5 x 10° CFU) on days 0—4 and 7-11 and then boosted on
days 21-25 and 35-39. E6-specific serum IgG and mucosal
IgA levels were determined on days 14, 28, and 42 by
ELISA using the purified His-E6 protein as the coating
antigen (Fig. 2). The mean E6-specific IgG log; titer in
sera from mice immunized with the L. casei-PgsA-E6 was
2.33 £ 0.21, compared with 1.14 £ 0.56 in serum samples
from the L. casei-PgsA-immunized control group. On days
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Fig. 2 HPV16 E6-specific serum IgG and mucosal IgA production
in mice following oral immunization with L. casei-PgsA-E6. a E6-
specific serum IgG collected from mice orally immunized with
L. casei-PgsA or L. casei-PgsA-E6 was determined by ELISA using
recombinant His-E6 as a coating antigen. b E6-specific intestinal IgA

L. casei-pgsA L. casei-pgsA-E6

s

o
w

e
(%]

o
-

E6 specific Vaginal IgA (450,

o
o

L. casei-pgsA L. casei-pgsA-E6

and c vaginal IgA were determined in lavage fluids. Asterisks represent
statistically significant differences relative to the L. casei-PgsA control
(*p < 0.05; **p < 0.01). Data are given as mean £ SD of duplicate
experiments
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28 and 42, the mean log titers of the serum IgG in mice
immunized orally with the L. casei-PgsA-E6 were
3.20 £ 0.43 and 3.67 % 0.42, respectively, indicating that
the mean titer of serum IgG in L. casei-PgsA-E6-immu-
nized mice was increased ~7- and ~22-fold after the first
and second boosts, respectively. In contrast, the IgG titers
of L. casei-PgsA-immunized mice were not significantly
increased on days 28 or 42 (Fig. 2a). These results suggest
that a significant E6-specific humoral response was induced
by oral immunization with the L. casei-PgsA-E6.

To examine E6-specific mucosal immune responses, we
detected the production of mucosal IgA antibodies in
intestinal and vaginal lavage fluids collected from orally
immunized mice on days 14, 28, and 42 post-immunization
(PI). The results revealed that mice immunized with the
L. casei-PgsA-E6 developed significant IgA antibody lev-
els in both the intestinal and vaginal mucosa (Fig. 2b, c).
Compared with the mean optical densities (ODs) of intes-
tinal IgA in the L. casei-PgsA-immunized mice, those in
the L. casei-PgsA-E6-immunized mice were significantly
higher (p < 0.01). The mean OD value of the intestinal
fluids after immunization with the L. casei-PgsA-E6 was
0.28 £ 0.05, and it was significantly enhanced after the
first and second boosts (0.41 £ 0.09 and 0.49 + 0.18,
respectively). In contrast, the level of intestinal IgA in
the L. casei-PgsA-immunized mice was not significantly
different following the initial immunization or the first
and second boosts (Fig. 2b). On day 14 PI, the mean
ODs of vaginal washes from L. casei-PgsA- or L. casei-
PgsA-E6-immunized mice were similar (0.13 £ 0.02 vs.
0.18 £ 0.01, respectively). In contrast, compared to the
L. casei-PgsA-immunized mice, those immunized with the
L. casei-PgsA-E6 demonstrated higher E6-specific vaginal

IgA responses following both the first (0.26 £ 0.05 vs.
0.14 = 0.01) and second (0.34 £ 0.07 vs. 0.20 £ 0.03)
boosts (Fig. 2c). The vaginal IgA levels in the L. casei-
PgsA-E6-immunized mice were significantly increased
after each boost (p < 0.05), but this response was not
observed in the L. casei-PgsA-treated mice. These data
indicate that both systemic (serum IgG) and mucosal
(intestinal/vaginal IgA) E6-specific humoral immune
responses were induced by oral administration of the
L. casei-PgsA-E6.

Oral administration of L. casei-PgsA-E6 induces
E6-specific cellular immune responses in spleen

To investigate E6-specific CMI responses generated by oral
administration of the L. casei-PgsA-E6 in C57BL/6 mice,
we performed flow cytometric analysis and ELISPOT
assay. After vaccination with the L. casei-PgsA or the
L. casei-PgsA-E6, murine splenocytes were prepared on
days 14, 28, and 42 PI. The E6-specific IFN-y-expressing
CDS8™ T cell response was observed after stimulation with
the class I-restricted E6 48-57 peptide (EVYDFAFRDL).
As shown in Fig. 3a, we observed a significantly higher
number of E6-specific IFN-y-expressing CD8™ T cells in
mice immunized with the L. casei-PgsA-E6 compared to
mice vaccinated with the same dose of the L. casei-PgsA.
In the L. casei-PgsA-E6 vaccinated mice, the E6-specific
IFN-y-expressing CD8% T cell response was increased
approximately threefold after the first boost and fivefold
after the second boost (p < 0.05); such effects were not
seen in the L. casei-PgsA-immunized mice. As previously
reported, the population of IFN-y-expressing CD8 negative
T cells was observed in response to E6 CTL peptide
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Fig. 3 Systemic CMI response induced by oral administration of
L. casei-PgsA-E6. a To evaluate the E6-specific IFN-y* CD8™ T cell
response, splenocytes were collected from mice orally dosed with the
L. casei-PgsA or the L. casei-PgsA-E6 and stimulated with 1 pg/ml of
the class I-restricted E6 peptide (EVYDFAFRDL) and 1 pl/ml Golgi-
Plug. The fluorescence intensities were measured by FACSCalibur flow
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cytometry. b E6-specific IFN-y-secreting splenic T cells stimulated with
1 pg/ml of the E6 peptide were measured by ELISPOT assay. Asterisks
represent statistically significant differences relative to the L. casei-PgsA
control (*p < 0.05; **p < 0.01). Data are given as mean + SD of
triplicate experiments
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(Fig. 3a) [32, 33]. Next, E6-specific IFN-y-secreting cells
were evaluated in splenocytes from the L. casei-PgsA or
the L. casei-PgsA-E6-immunized mice, using the ELSPOT
assay. Consistent with the above findings, the L. casei-
PgsA-E6-treated mice showed a significant CMI response
(589.41 + 114.59 spot-forming cells (SFC)/10° cells) after
second boost (p < 0.01). In contrast, mice orally dosed
with the L. casei-PgsA showed a moderate response
(103.23 £ 57.32 SFC/10° cells) (Fig. 3b) that was similar
to that seen in preimmunized mice (data not shown). Taken
together, these results indicate that E6-specific CMI
responses were induced in the splenocytes of mice orally
immunized with the L. casei-PgsA-E6.

Oral administration of L. casei-PgsA-E6 induces
mucosal E6-specific cellular immune responses

As the local E6-specific cellular response is important for
elimination of HPV16-infected cells located in mucosa, we
investigated local E6-specific CMI responses in mesenteric
lymph nodes (MLN) and vaginal lymphocytes from mice
orally treated with the L. casei-PgsA or the L. casei-PgsA-
E6 (Fig. 4). By the ELISPOT assay, the number of E6-
specific IFN-y-secreting cells in MLN cells was increased
approximately 2.6-fold after the second boost in the
L. casei-PgsA-E6-vaccinated mice compared to the control
mice (p < 0.01) (Fig. 4a). In contrast, no such effect was
seen in the L. casei-PgsA-immunized mice. In vaginal
lymphocytes, the number of E6-specific IFN-y-secreting
cells was increased approximately sevenfold after the
second boost in the L. casei-PgsA-E6-vaccinated mice
(p < 0.05) (Fig. 4b). These results indicate that oral
immunization with the L. casei-PgsA-E6 appears to be a
very effective method for inducing local CMI responses in
the MLN and vagina of mice.
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Fig. 4 Mucosal CMI response induced by oral administration of
L. casei-PgsA-E6. MLN cells and vaginal lymphocytes were isolated
from L. casei-PgsA- or L. casei-PgsA-E6-immunized mice and
examined for local E6-specific cellular responses. a MLN cells and
b vaginal lymphocytes were analyzed for the presence of IFN-y-

Preventive effect of orally administered
L. casei-PgsA-E6 on TC-1 tumor

To determine whether the orally administered L. casei-
PgsA-E6 elicits an effective protective immunity against
progressive tumor cells, C57BL/6 mice were orally treated
with the L. casei-PgsA or the L. casei-PgsA-E6 on days
0-4 and 7-11, and boosted on days 21-25 and 35-39. On
day 6, mice were challenged with TC-1 tumor cells
(2 x 10* cells per mouse) by subcutaneous injection in the
left inguinal region (Fig. 5). All mice that had been orally
dosed with the L. casei-PgsA developed tumors within
3 weeks after tumor injection. In contrast, 50% of mice
immunized with the L. casei-PgsA-E6 remained tumor free
at 5 weeks post-challenge, and 37.5% of this group
remained tumor free at 40 days post-challenge (Fig. 5a).
Thirty-seven days after tumor cell injection, the average
tumor size (48.08 mmz) in the L. casei-PgsA-E6-immu-
nized mice was significantly (p < 0.05) smaller than that
(227.83 mmz) in the L. casei-PgsA-immunized mice
(Fig. 5b). Consistent with this finding, all mice immunized
with the L. casei-PgsA succumbed to their tumors within
62 days after tumor inoculation, whereas mice immunized
with L. casei-PgsA-E6 exhibited 62.5% survival over the
same time period and 12.5% survival 90 days after tumor
inoculation (Fig. 5c). These results indicate that oral
administration of the L. casei-PgsA-E6 elicits antitumor
effects against E6-expressing TC-1 tumor cells in C57BL/6
mice.

Therapeutic effect of orally administered
L. casei-PgsA-E6 on established TC-1 tumor

We further analyzed the therapeutic potential of the orally
administered L. casei-PgsA-E6 in mice with established
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secreting cells following stimulation with the E6 peptide, using an
IFN-y ELISPOT assay. Asterisks represent statistically significant
differences relative to the control L. casei-PgsA (*p < 0.05;
**p < 0.01)
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Fig. 5 Preventive effect of orally administered L. casei-PgsA-E6 on
TC-1 tumor. C57BL/6 mice (eight per group) were orally treated with
L. casei-PgsA or L. casei-PgsA-E6 and then injected s.c. with
2 x 10* TC-1 tumor cells in the left inguinal region. a The percent
rate of tumor-free mice, and b tumor size, and ¢ survival rate of TC-1

Days after tumor cell injection
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tumor-bearing mice were checked. Tumor size was periodically
monitored by measurement of two perpendicular diameters of the
tumors, and the tumor size was expressed as the tumor area (mmz).
Asterisks represent statistically significant differences relative to the
L. casei-PgsA control (*p < 0.05; **p < 0.01)
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Fig. 6 Therapeutic effect of orally administered L. casei-PgsA-E6 on
TC-1 tumor. TC-1 tumor cells (2 x 10* cells) were injected
subcutaneously into C57BL/6 mice (ten per group) 3 days before
the oral immunization of the L. casei-PgsA or the L. casei-PgsA-E6.
a The percent rate of tumor-free mice, and b tumor size, and

tumor. C57BL/6 mice were orally treated with the L. casei-
PgsA or the L. casei-PgsA-E6 on day 3 after subcutaneous
inoculation of TC-1 tumor cells. All mice that had been
orally dosed with the L. casei-PgsA developed tumors
within 3 weeks after tumor injection. In contrast, 40% of
mice immunized with the L. casei-PgsA-E6 remained
tumor free at 3 weeks after tumor injection and 10% of this
group was still tumor free at 27 days after TC-1 tumor
challenge (Fig. 6a). Thirty-four days after tumor cell injec-
tion, the average tumor size (289.1 mmz) in the L. casei-
PgsA-E6-immunized mice was significantly (p < 0.01)
smaller than that (494.4 mmz) in the L. casei-PgsA-
immunized mice (Fig. 6b). Finally, none of mice immu-
nized with the L. casei-PgsA survived at 48 days after
tumor injection, whereas half of the mice immunized with
the L. casei-PgsA-E6 survived; the remaining mice sur-
vived until 75 days after inoculation of the TC-1 tumor
(Fig. 6¢). Thus, in the therapy experiments, we observed
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¢ survival rate of TC-1 tumor-bearing mice were checked. Tumor size
was periodically monitored by measurement of two perpendicular
diameters of the tumor and expressed as the tumor area (mm>).
Asterisks represent statistically significant differences relative to the
L. casei-PgsA control (*p < 0.05; **p < 0.01)

that oral administration of the L. casei-PgsA-E6 elicits
antitumor effects against E6-expressing TC-1 tumor cells
in C57BL/6 mice.

The antitumor effects of L. casei-PgsA-E6 are
dependent on CD4" and CD8* T cells

The cellular immunity is mediated by both CD4" and
CD8* T cells, often through the action of secreted cyto-
kines and cytolytic activity, respectively. To determine the
subsets of T lymphocytes that are important for the anti-
tumor effect against E6-expressing tumor cells, we per-
formed in vivo antibody depletion experiments. Depletion
of CD4% or CD8" T cells was accomplished by intra-
peritoneal injection of GK1.5 or 2.43 antibodies, respec-
tively. As shown in Fig. 7, preventive antitumor effects
were abrogated through either CD4" or CD8" T cells
depletion in the L. casei-PgsA-E6-treated mice. In addition,
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Fig. 7 The depletion of CD4" or CD8" T cells eliminates the
preventive antitumor effect of L. casei-PgsA-E6. In vivo antibody
depletion experiments were performed to determine the effects of T
lymphocyte subsets on the tumor protection of the L. casei-PgsA-E6.
MADb GKI1.5 was used for CD4 depletion, MAb 2.43 was used for
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Fig. 8 The depletion of CD4" or CD8" T cells eliminates the
therapeutic antitumor effect of L. casei-PgsA-E6. In vivo depletion of
CD4" or CD8" T cells (3 days before tumor challenge) was per-
formed as mentioned in “Materials and methods”. a The percent rate
of tumor-free mice, and b tumor size, and ¢ survival rate of TC-1

in the therapeutic model, the L. casei-PgsA-E6-treated
mice that had been depleted of CD4+ or CDS8™ T cells
prior to tumor challenge consistently developed tumor
regardless of L. casei-PgsA-E6 treatment (Fig. 8). Taken
together, these results indicated that both CD4" and CD8"
T cells were essential for the antitumor effect generated by
oral administration of the recombinant L. casei-PgsA-E6
against TC-1.

Discussion

Considering that cervical cancer occurs in the vaginal
mucosa and has been highly associated with HPV16, a
vaccine capable of inducing CMI against the HPV16 E6
antigen might prove effective for eradicating cervical
tumor cells. Here, we developed an effective recombinant

Days after tumor cell injection

Days after tumor cell injection

tumor-bearing mice were examined. Tumor size was periodically
monitored by measurement of two perpendicular diameters of the
tumor and expressed as the tumor area (mm?). Asterisk represent
statistically significant differences relative to the L. casei-PgsA
control (*p < 0.05)

Lactobacillus-based oral vaccine and tested its ability to
induce systemic and local immune responses and thera-
peutic effects against HPV16 E6-expressing tumor.
Mucosal (in this case, oral) immunization has several
advantages over other routes of antigen delivery, including
convenience, cost-effectiveness, and more importantly,
induction of both local and systemic immune responses, as
opposed to parenteral vaccines that only elicit systemic
immune responses [34, 35]. For mucosal vaccination pur-
poses, lactic acid bacteria are attractive delivery vehicles
because they are considered safer than many other live
vaccine carriers (e.g. Salmonella, E. coli, Vaccinia) [23]. We
chose L. casei because it is a good agent for oral vaccination
due to its high intrinsic adjuvant effect and ability to increase
innate immunity [36, 37]. The L. casei strain we used as the
vaccine vehicle in this study can activate immature human
bone marrow dendritic cells through upregulation of IL-12
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secretion and surface expression of costimulatory molecules
(CD40) (unpublished data).

Cell-mediated immune responses play a crucial role in
protecting the host from invading pathogens. In this study,
we investigated the feasibility of targeting the HPV16 E6
oncoprotein for vaccine development to control HPV-asso-
ciated lesions. We showed that oral treatment of mice with
HPV 16 E6 proteins displayed on L. casei could induce E6-
specific serum IgG and mucosal IgA production, and E6-
specific T cell responses in both the systemic and mucosal
immune systems. There was a significant increase of E6-
specific IFN-y-secreting cells in vaginal lymphocytes from
L. casei-PgsA-E6-immunized mice only after the second
boost. The mucosal immune system has both inductive and
effector sites [35]. This vaccine was orally administered,
meaning that its inductive site was mainly in the intestinal
regions, which is somewhat distant from the effector site
(vaginal region). Therefore, it is possible that the CMI
response at this distant effector site could be delayed.
However, we found that the number of E6-specific IFN-y-
secreting cells in the L. casei-PgsA-E6-immunized mice was
significantly higher than that in the L. casei-PgsA-immu-
nized mice. More importantly, in an in vivo mouse tumor
model, the orally administered L. casei-PgsA-E6 showed
antitumor effects against HPV16 E6-expressing murine
tumors, as evidenced by reduced tumor size and increased
survival rate versus mice receiving control (L. casei-PgsA)
immunizations. In accordance with the observation, in vivo
depletion of CD4™" or CD8™ T cells by MAb GK1.5 or MAb
2.43 completely abrogated anti-TC1 tumor activity in mice
orally administration with the L. casei-PgsA-E6. These
results showed that both CD4" and CD8" T cells were
essential for antitumor immunity against E6-expressing
tumor. The human clinical study using L. casei expressing
HPV16 E7 on patients of cervical intraepithelial neoplasia 3
(CIN3) to check the safety and efficacy is currently in pro-
gress. The additional administration of recombinant L. casei
expressing HPV16 E6 may enhance its therapeutic efficacy.
Collectively, our findings suggest that recombinant L. casei
expressing HPV16 E6 antigens may be a promising thera-
peutic vaccine candidate against cervical cancer. In addition,
our surface display system could be used to design vaccines
against other mucosally transmitted pathogens.
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