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A plasmid vector encoding the cholera toxin B subunit (pCtB) was evaluated as an intradermal genetic
adjuvant for a model DNA vaccine expressing the human papillomavirus type 16 L1 capsid gene (p16L1) in
mice. p16L1 was coadministered with plasmid pCtB or commercial polypeptide CtB as a positive control.
Coadministration of pCtB induced a significant increment of specific anti-L1 immunoglobulin A (IgA) anti-
bodies in cervical secretions (P < 0.05) and fecal extracts (P < 0.005). Additionally, coadministration of pCtB
enhanced the production of interleukin-2 and gamma interferon by spleen cells but did not affect the produc-
tion of interleukin-4, suggesting a Th1-type helper response. Furthermore, improved CD8� T-cell-mediated
cytotoxic activity was observed in mice vaccinated with the DNA vaccine with pCtB as an adjuvant. This
adjuvant effect was comparable to that induced by the CtB polypeptide. These results indicate that intradermal
coadministration of pCtB is an adequate means to enhance the mucosa-, Th1-, and CD8�-mediated cytotoxic
responses induced by a DNA vaccine.

Cholera toxin (CT), the enterotoxin produced by Vibrio chol-
erae, is a potent immunoadjuvant (26). CT is composed of two
structurally and functionally different subunits, the toxic A
subunit (CtA) and the cell-binding B subunit (CtB). Biologi-
cally active CtB assembles into pentamers and binds with a
high affinity to the cellular receptor GM1 ganglioside (35),
which is expressed by a wide range of nucleated cells, including
epithelial cells, lymphocytes, and antigen-presenting cells
(APCs). CtB is recognized as a mucosal adjuvant itself (12).
When CtB is applied simultaneously with heterologous anti-
gens, it induces the stimulation of a mucosal response to the
admixed antigen (15).

The adjuvant capacity of CT for orally administered antigens
has long been recognized (26). More recently, CtB has been
used to enhance immune responses to antigens delivered by
novel immunization routes (16, 20). In particular, application
of CtB onto mouse skin has been proved to induce potent
humoral and cellular responses against the coadministered an-
tigen (1).

The use of DNA vaccines represents a novel strategy for the
induction of specific mucosal immune responses. Like tradi-
tional vaccines, the ability of DNA vaccines to elicit mucosal
responses can potentially be improved by the use of adjuvants.
Coadministration of CT has been used to increase the specific
immunoglobulin G (IgG) (8) and mucosal IgA (24) responses
mediated by DNA vaccines. However, the use of CtB alone as
an adjuvant for DNA vaccines is still limited. In addition, use
of the CT-coding sequences as genetic adjuvants for DNA

vaccines has recently been proposed as an innovative approach
that has produced promising results (2) and that deserves fur-
ther investigation.

Plasmid DNA encoding suitable antigens can readily and
economically be constructed and produced in large quantities.
The final product retains an intrinsic characteristic of DNA:
stability. This is of particular interest for vaccines meant to be
applied in developing countries, since it would reduce the need
for costly cold storage. For that reason, designing and testing
of plasmids containing coding sequences with the potential of
enhancing responses against DNA vaccines is an attractive
approach nowadays.

In the present work we investigated the capacity of the
CtB-coding sequence to enhance the humoral and cellular
responses mediated by a DNA vaccine. To do this, a plasmid
containing the CtB gene was constructed and used as an
adjuvant for a model DNA vaccine containing the L1 gene
from human papillomavirus (HPV) type 16 (HPV-16) (32).
Mice were immunized intradermally with the DNA vaccine
and the plasmid expressing CtB (pCtB), commercial CtB
polypeptide, CT holotoxin, or a translational fusion plasmid
expressing a biologically inactive CtB. Our study showed
that coadministration of pCtB enhances the production of
fecal and genital IgA antibodies. Furthermore, pCtB in-
duced a Th1-type response associated with an increment on
CD8�-T-cell-specific cytotoxic activity against L1-expressing
cells. The adjuvant capacity of pCtB was comparable to that
of the CtB polypeptide. The fusion plasmid did not show
adjuvant activity. These results suggest that the plasmid
expressing the CtB gene can be used as a strong adjuvant for
intradermally administered DNA vaccines not only to en-
hance mucosal responses but also to improve Th1-mediated
cellular responses.
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MATERIALS AND METHODS

Construction of plasmids. All reagents used for the isolation and amplification
of DNA were purchased from Gibco BRL (Life Technologies Inc., Gaithersburg,
Md.). Genomic DNA was isolated from cultures of the V. cholerae El Tor biotype
and was used as the template for PCRs. The complete sequence coding for the
enterotoxin B-subunit mature polypeptide was amplified with the following oli-
gonucleotides: CtBF (5�-TCA GGC GGC CGC CAT ATG CAC ATG AGG
CAC CT-3�) and CtBR (5�-TCA GTC TAG ATT AAT TTG CCA TAC TAA
TTG C-3�). To facilitate cloning, NotI and XbaI restriction sites were incorpo-
rated into primers CtBF and CtBR, respectively; the sequences are shown in
italics. The primers were designed to amplify a fragment spanning from position
187 to position 512 (GenBank accession no. K01170) (25). Amplified fragments
were digested with NotI and XbaI to generate cohesive ends and inserted into
the NotI and XbaI sites of the pCDNA3 expression vector (Invitrogen Co., La
Jolla, Calif.), under the control of the human cytomegalovirus immediate-early
promoter, to generate plasmid pCtB.

The L1 gene was amplified from a wild-type HPV-16 genome by PCR with the
following oligonucleotides: L1F (5�-CGG TAC CTA GTT CCA GGT CTC
CAC-3�) and L1R (5�-CCT CGA GAT ATA CAC AAC CAA ACA AC-3�).
Primers L1F and L1R amplify a 1,672-bp fragment containing the entire L1-
coding sequence. Recognition sites for KpnI and XhoI were incorporated into
primers L1F and L1R, respectively, and are indicated in italics. Amplified L1
fragments were digested with KpnI and XhoI and inserted into the correspond-
ing sites of the pCDNA3 vector to create the p16L1 expression construct.

The L1 gene was also amplified with the L1F and L1R� oligonucleotides. Use
of primer L1R� (5�-CGC GGC CGC GCGT TTA GCA GTT GTA GAG-3�)
leads to the amplification of a truncated L1 sequence (1,612 bp) that lacks the
natural termination signal. A NotI site was incorporated into L1R� and is indi-
cated in italics. The truncated L1 fragment was subcloned into the KpnI and NotI
sites of plasmid pCtB to generate translational fusion plasmid pL1tB.

The integrity of the DNA of the CtB and L1 inserts from all constructs was
corroborated by sequencing with an ABI PRISM 310 Genetic Analyzer PE
(Applied Biosystems, Foster City, Calif.).

In vitro plasmid expression. B16FO cells (a murine melanoma-derived cell
line) were transfected with plasmid p16L1, pCtB, or pL1tB (all of which express
a neomycin [G418] resistance gene) by using the FuGENE 6 transfection reagent
(Roche Diagnostics, Mannheim GmbH, Germany). B16FO cells (3 � 105) were
cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 10%
heat-inactivated fetal calf serum, 100 U of penicillin per ml, and 100 �g of
streptomycin per ml at 37°C for 24 h. The FuGENE reagent (10 �l) was mixed
with 200 �l of serum-free DMEM and incubated for 5 min at room temperature.
Plasmid DNA (1.5 �g) was diluted in 100 �l of serum-free DMEM, gently mixed
with the FuGENE reagent solution, and incubated for 15 min at room temper-
ature. Supplemented DMEM (200 �l) was added to the FuGENE reagent-DNA
mixture and added dropwise to the cells growing in 2.5 ml of supplemented
DMEM. The cells were incubated for 48 h at 37°C in a 5% CO2 atmosphere.
G418 was then added at a final concentration of 2 mg/ml. Transfected cells were
maintained under continuous selective pressure for 3 to 4 weeks. Expression of
the L1 and CtB proteins was studied by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis on 10 and 14% polyacrylamide gels, respectively. A total of
106 cells were washed with ice-cold phosphate-buffered saline (PBS) three times.
The cell pellets were diluted 1:1 in double-strength sample buffer 120 mM Tris
[pH 6.8], 0.1% sodium dodecyl sulfate, 10% glycerol, 1% bromophenol blue, 100
mM dithiothreitol ([DTT]) and boiled for 3 min. Samples along with molecular
weight markers were resolved by electrophoresis (Life Technologies Inc.). After
electrophoresis, the proteins were electroblotted onto nitrocellulose membranes.
Nonspecific binding sites were saturated by incubating the membrane overnight
at 4°C in Tris-buffered saline (TBS; 10 mM Tris [pH 7.5], 0.9% NaCl) containing
3% bovine serum albumin (BSA) and 0.01% sodium azide. The L1 protein was
detected by using a rabbit antipapillomavirus antibody (Dako Co., Carpinteria,
Calif.) and the CT B subunit was detected with a rabbit anti-CT antibody (Sigma,
St. Louis, Mo.), which was used as a probe to react with the B subunit of CT
(Sigma), by enzyme-linked immunosorbent assay (ELISA). After incubation with
alkaline phosphatase-conjugated swine anti-rabbit secondary antibody (Dako
Co.), the bands were developed by incubation with Sigma Fast 5-bromo-4-chloro-
3-indolylphosphate–Nitro Blue Tetrazolium alkaline phosphatase substrate
(Sigma).

In vivo plasmid expression. B16FO (H-2b) cells (105) were inoculated intra-
dermally into the backs of C57BL/6 (H-2b) mice, and the mice were monitored
for tumor formation. Twenty days after inoculation, the tumors were transfected
by injection with 100 �g of plasmid p16L1, pCtB, or pL1tB. The mice were killed
48 h after plasmid injection, the tumors were recovered, and 100-mg tumor

samples were obtained and homogenized in 1 ml of Trizol reagent (Life Tech-
nologies Inc.) with a power homogenizer. Total RNA was purified by phenol-
chloroform separation and isopropyl alcohol precipitation. Specific RNA se-
quences were reverse transcribed to cDNA and then amplified by PCR with the
SuperScript One-Step RT-PCR system (Life Technologies Inc.). The mRNA
sequence specific for HPV-16 L1 was amplified with primers L1f (5�-CTA GTT
CCA GGT CTC CAC-3�) and L1r (5�-CAT ATA CAC AAC CAA ACA AC-3�),
and the CtB mRNA sequence was amplified with primers CtBf (5�-TCA CAT
ATG CAC ATG AGG CAC CT-3�) and CtBr (5�-TCA GTT AAT TTG CCA
TAC TAA TTG C-3�). mRNA from pL1tB-transfected cells was amplified by
using primers L1f and L1r, primers CtBf and CtBr, or primers L1f and CtBr.

GM1 ganglioside-binding assay. For the GM1 ganglioside-binding assay, cul-
tures of pCtB- and pL1tB-transfected B16FO cells, which had been maintained
continuously under selective pressure with G418 for more than 4 weeks, were
used. The cells (106) were washed three times with ice-cold PBS. The cells were
resuspended in lysis buffer containing protease inhibitors (50 mM Tris-Cl, 150
mM NaCl, 0.02% sodium azide, 1% Triton X-100, 0.5 mM phenylmethylsulfonyl
fluoride, 10 �g of aprotinin per ml, 10 �g of pepstatin per ml, 100 �g of leupeptin
per ml). Cell lysates were concentrated with an Amicon Centriprep-10 concen-
trator (Millipore Corp., Billerica, Mass.) and diluted in PBS to a final concen-
tration of 5 �g/ml. The binding assay was performed basically as described
elsewhere (40). Ninety-six-well low-binding polystyrene plates were coated with
100 �l of 2 �M GM1 ganglioside (Sigma) in PBS at room temperature overnight.
During this time the plates were covered to avoid evaporation. After the plates
were washed four times with PBS, nonspecific binding sites were blocked with
200 �l of 2% BSA in PBS for 2 h at 37°C. After the plates were washed,
increasing concentrations of either cell lysates or CtB polypeptide (Sigma) di-
luted in PBS containing 2% BSA were added. Nontransfected cell lysates were
included as negative controls. To inhibit the assembly of B subunits into pen-
tamers, the reducing agent DTT was added to samples of cell lysates and CtB
before the samples were added to the plates. After incubation at 37°C for 2 h,
bound proteins were detected by using a rabbit anti-CT antibody (Sigma), fol-
lowed by an anti-rabbit alkaline phosphatase-conjugated secondary antibody
(Dako Co.). The color reaction was stopped by the addition of 50 �l of 3 M
NaOH, and the absorbance at 450 nm was determined and recorded. The mean
values from four independent experiments are reported.

Mice, immunization, and sample collection. Animals were used in accordance
with the Research Animals Use and Care Guidelines of the Institute of Biomed-
ical Research. Groups of female C57BL/6 mice (age, 6 to 8 weeks) were immu-
nized intradermally on days 0 and 14 with p16L1 (100 �g), pCtB (100 �g), pL1tB
(100 �g), commercial CtB polypeptide (10 �g; Sigma), or commercial CT holo-
toxin (10 �g; Sigma). An additional group was immunized with 100 �l of sterile,
contaminant-free PBS (Roche Diagnostics) as a negative control. For the adju-
vant capacity study, mice received 100 �g of p16L1 coadministered with either
different concentrations of pCtB (1, 10, 100, 250, or 500 �g), 10 �g of CtB
polypeptide, or 10 �g of CT. Cervical secretions were collected by washing the
genital tract three times with 30 �l of sterile, contaminant-free PBS. Secretions
were cleared of cell debris and tissue fragments by centrifugation at 13,000 � g
for 5 min and were stored at �70°C. Fecal pellets were collected and weighed;
the final volume was adjusted to 100 mg/ml with PBS containing 0.01% sodium
azide. Fecal pellets were suspended by shaking with a vortex mixer (Barnstead/
Thermolyne, Dubuque, Iowa) and cleared of fecal debris by centrifugation at
13,000 � g for 5 min, and the supernatants were collected and stored at �70°C.
Spleens were obtained from mice that had been killed by cervical dislocation, and
spleen cells were extracted by perfusion with RPMI 1640 medium supplemented
with 10% heat-inactivated fetal calf serum, 100 U of penicillin per ml, and 100 �g
of streptomycin per ml and used immediately.

Detection of antibodies by ELISA. The presence of antibodies was determined
by ELISA with either baculovirus-derived HPV-16 virus-like particles (VLPs;
kindly provided by John Schiller, National Institutes of Health, Bethesda, Md.)
or commercial CtB. Extraction and purification of VLPs have been described
elsewhere (7). Plates were coated overnight at 4°C with 500 ng of either purified
VLPs or CtB diluted in 100 �l of PBS per well. The plates were washed four
times with TBS-T (6.5 g of Tris base per liter, 27.5 g of NaCl per liter, 0.1%
Tween 20). Nonspecific binding sites were blocked by adding 200 �l of blocking
solution (TBS-T containing 2% BSA) to each well for 2 h at 37°C. Cervical
secretions and fecal samples were diluted 1:10 in blocking solution. All samples
were serially diluted twofold down the microtiter plate. Bound antibodies were
detected with anti-mouse IgA-alkaline phosphatase-conjugated secondary anti-
body (Dako Co.). Endpoint titers were defined as the reciprocal of the highest
dilution with an absorbance value greater than three times the mean absorbance
value for the control mice vaccinated with PBS. Samples from nonresponders
were assigned a value of one-half the lowest dilution tested.
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Determination of IL-2, IFN-�, and IL-4 production. A total of 106 spleen cells
were stimulated with purified HPV-16 VLPs for 48 h in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal calf serum, 100 U of penicillin per
ml, 100 �g of streptomycin per ml, and 2 mM L-glutamine. Conditioned medium
was collected at 12, 24, and 48 h poststimulation. Medium was cleared from the
particulate matter by centrifugation and was assayed immediately. The concen-
trations of interleukin-2 (IL-2), gamma interferon (IFN-�), and IL-4 were de-
termined with a ChemiKine Human Interleukin-2, IFN-�, or Interleukin-4 sand-
wich ELISA kit (Chemicon International, Temecula, Calif.), according to the
instructions of the manufacturer. All medium samples were assayed in duplicate.
Conditioned medium from nonstimulated cells was included as a negative con-
trol.

CTL assay. Spleen cells were cultured at 37°C in RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal calf serum, 100 U of penicillin per ml,
100 �g of streptomycin per ml, 10 U of IL-2 (Life Technologies Inc.) per ml, and
2 mM L-glutamine. A total of 108 splenocytes were restimulated with purified
HPV-16 VLPs for 5 days. The cytotoxic T-lymphocyte (CTL) assay was per-
formed in 96-well round-bottom plates with HPV-16 L1-expressing B16FO cells
as the target; untransfected B16FO cells were used as controls. Restimulated
splenocytes were incubated with 104 target cells for 4 h at different effector
cell/target cell ratios. Cytotoxicity was evaluated by measuring the activity of
cytosolic lactate dehydrogenase, which is released upon cell lysis, by the Cytotox
96 nonradioactive cytotoxicity assay (Promega Co., Madison, Wis.), according to
the instructions of the manufacturer. The maximum levels of release of lactate
dehydrogenase from effector cells and target cells were measured for inclusion in
cytotoxicity calculations. The absorbance values for the background control (cul-
ture medium) were subtracted from all experimental and control values. Cor-
rected absorbance values were used to calculate the percent cytotoxicity by the
following formula: [(experimental release � effector cell spontaneous release �
target cell spontaneous release)/(target maximum release � spontaneous re-
lease)] � 100. The final cytotoxicity value represents the mean for 10 individual
mice per group.

Proliferation assay. A total of 2 � 105 spleen cells were seeded in triplicate
wells of 96-well round-bottom plates in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, 100 U of penicillin per ml, 100 �g of
streptomycin per ml, and 2 mM L-glutamine and incubated in the presence or
absence of purified HPV-16 VLPs for 5 days at 37°C. During the final 18 h of
culture the cells were pulsed with 1 �Ci of tritiated thymidine (Amersham,
Arlington Heights, Ill.) per well. The cells were harvested onto fiberglass filters
(Schleicher & Schuell, Inc., Keene, N.H.), which were left to dry overnight before
liquid scintillation counting (EcoLume; ICN, Costa Mesa, Calif.). The stimula-
tion index was calculated as the mean number of counts for the VLP-stimulated
cells divided by the mean number of counts for the nonstimulated cells.

Depletion of T-lymphocyte subpopulations. Columns and reagents were pur-
chased from Miltenyi Biotech GmbH (Gladbach, Germany), and antibodies were
purchased from Pharmingen (Becton Dickinson Co., San Jose, Calif.). Paramag-
netic microbeads conjugated to either monoclonal rat anti-mouse CD8a (Ly-2)
or rat anti-mouse CD4 (L3T4) antibodies were used to deplete CD8� and CD4�

cells, respectively. A total of 108 antigen-activated splenocytes were resuspended
in 90 �l of PBS supplemented with 2 mM EDTA and 0.5% BSA (column buffer),
and the mixture was incubated with 10 �l of paramagnetic microbeads for 15 min
at 4°C. Magnetically labeled cells were washed with 2 ml of column buffer by
centrifugation at 2,500 � g for 5 min, and 107 cells were resuspended in 500 �l
of degassed column buffer. LS� columns were attached to a magnet and acti-
vated with 3 ml of degassed column buffer; cells were applied to the column, and
effluent was collected and considered either a CD4�- or a CD8�-depleted
population.

The efficiency of cell depletion was assessed by flow cytometry with a FACS-
Calibur flow cytometer (Becton Dickinson Co.). Subpopulations were deter-
mined by using APC–anti-mouse CD3e (CD3 ε chain), phycoerythrin–anti-
mouse CD8a (Ly-2), or biotin–anti-mouse CD4 (L3T4) antibodies. Cytometry
analysis was performed with the CellQuest program. Only samples with deple-
tion efficiencies �99% were used for the cytotoxicity assays.

Statistical analysis. The Wilcoxon signed-rank test and Student’s t test were
used to analyze the significance of the differences between the experimental and
the control groups. All tests were two-tailed, and basic significance was consid-
ered a P value of 0.05.

RESULTS

In vivo and in vitro expression of plasmids. Plasmids were
constructed to encode and deliver the CtB polypeptide from

V. cholerae and the HPV-16 L1 protein into mammalian cells,
separate or as part of a fusion. The integrities of the cloned
sequences were verified by sequencing the entire genes and
flanking vector sequences. In vivo expression of the plasmids
was evaluated upon transfection of murine melanoma tumors
with either p16L1, pCtB, or pL1tB. RNA was isolated, reverse
transcribed into cDNA, and then amplified. A fragment of 325
bp, which corresponded to the expected size of the CtB se-
quence, was amplified from pCtB-transfected cells (Fig. 1A,
lane 2), whereas the entire 1,672-bp L1 gene was amplified
from p16L1-transfected cells (Fig. 1A, lane 3). Fragments of

FIG. 1. Analysis of L1 and CtB gene expression in mammalian
cells. pCtB, p16L1, or pL1tB was injected directly into B16FO cell-
induced tumors in mice (A) or transfected into B16FO cells in vitro
(B). Production of specific mRNAs and proteins were analyzed 48 h
later. (A) Total RNA was isolated from injected tumor cells; reverse
transcribed to cDNA; and then amplified by PCR with CtB-specific
(lanes 2 and 4), L1-specific (lanes 3 and 5), or L1 forward-CtB reverse
(lane 6) oligonucleotides. Lanes 1 and 7, DNA size markers; lane 2,
reverse transcription-PCR products from tumors transfected with
pCtB; lane 3, product from tumors transfected with p16L1; lanes 4, 5,
and 6, products from tumors transfected with pL1tB. (B) Protein
extracts from B16FO cells transfected in vitro with pCtB (lane 1),
p16L1 (lane 2), or pL1tB (lanes 3 and 4) were separated by electro-
phoresis; and proteins were detected after Western blotting with an-
tibodies against the L1 protein (lanes 2 and 3) or the CtB polypeptide
(lanes 1 and 4).
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the expected molecular size for CtB and L1 were amplified
from pL1tB-transfected cells by using primers specific for CtB
(Fig. 1A, lane 4) or L1 (Fig. 1A, lane 5). Furthermore, a
fragment of approximately 2,000 bp was amplified from pL1tB-
transfected cells (Fig. 1A, lane 6) by using a combination of
L1-specific forward primers and CtB-specific reverse primers,
indicating that the L1 and CtB genes are transcribed as a single
sequence. Expression of the L1 protein and CtB polypeptide
was investigated in cells transfected in vitro and was demon-
strated by Western blotting. Bands of the expected molecular
mass for monomeric CtB (11 kDa) and L1 (55 kDa) were
detected in protein extracts from cells transfected with plas-
mids pCtB (Fig. 1B, lane 1) and p16L1 (Fig. 1B, lane 2), which
indicates that the proteins were translated in vitro. Protein
extracts from cells transfected with pL1tB showed the presence
of a 66-kDa product that reacted with both anti-L1 (Fig. 1B,
lane 3) and anti-CtB (Fig. 1B, lane 4) antibodies, suggesting
that the proteins were expressed as a fusion.

GM1 ganglioside-binding assay. In order to bind to its cel-
lular receptor, GM1 ganglioside, CtB must assemble into pen-
tamers; interestingly, only this biologically active pentameric
molecule expresses adjuvant activity (35). The capacity of plas-
mid-expressed CtB to bind to GM1 ganglioside was evaluated
in the present study. Increasing concentrations of whole-cell
protein extracts from cells transfected with plasmid pCtB or
pL1tB were assessed in a GM1 ganglioside-binding assay.
Commercial CtB polypeptide was included as a positive con-
trol. As shown in Fig. 2A, CtB produced by pCtB-transfected
cells bound to GM1 ganglioside, suggesting that plasmid-pro-
duced CtB assembles into pentamers. In this assay, the maxi-
mum levels of binding were detected with commercial CtB at
a concentration of 100 ng and protein extracts from cells trans-
fected with pCtB at 500 ng. Unlike pCtB, pL1tB-derived CtB
showed a significantly lower capacity of binding to GM1 gan-
glioside; this suggests that the conformation of the CtB poly-
peptide was modified by the presence of the fused L1 protein,
hampering the expression of a biologically active CtB. As ex-
pected, no binding was detected in protein extracts form non-
transfected cells. It is known that binding of CtB to GM1

ganglioside can be inhibited in vitro by addition of the reducing
agent DTT (5). Therefore, to demonstrate the biological ac-
tivity of pCtB-derived CtB, a GM1 ganglioside-binding assay
was performed in the presence or absence of DTT with 100 ng
of commercial CtB and 500 ng of protein extract from trans-
fected cells. These protein concentrations yielded the maxi-
mum levels of binding in the previous assay (Fig. 2A). Binding
of both commercial and plasmid-derived CtB was inhibited by
the presence of DTT (Fig. 2B). This observation indicates that
the CtB produced by the plasmid is biologically active.

Evaluation of mucosal antibody responses. Antibodies pro-
duced on mucosal surfaces are believed to be the major line of
defense against viruses infecting mucosal membranes. HPV-16
infects the anogenital mucosa. Therefore, we first investigated
the development of mucosal antibodies in cervical secretions
and fecal extracts after intradermal administration of a DNA
vaccine against HPV-16. Specific antibodies were not detected
in PBS-vaccinated controls (data not shown). Figure 3 shows
that IgA antibodies were produced in mice after the initial
vaccination. The level of antibodies increased following a
boosting inoculation, reaching maximum levels in cervical se-

cretions and fecal extracts at days 28 and 32, respectively. IgG
antibodies were produced concurrently with the IgA antibody
response. Maximal titers of IgG antibodies were detected at
day 28, although the magnitude of the response was signifi-
cantly lower than that of IgA antibodies (for cervical secre-
tions, P � 0.001; for fecal extracts, P � 0.0001). Our results
indicate that vaccination with p16L1 mainly elicits a mucosal
IgA response. Therefore, we next evaluated the adjuvant po-
tential of pCtB for the induction of IgA antibodies in cervical
secretions and fecal extracts of vaccinated mice. Mice were
vaccinated with p16L1 alone or with p16L1 coadministered
with commercial CtB, CT, or different concentrations of pCtB.
A group of mice was immunized with plasmid pL1tB. As ex-
pected, the presence of commercial CtB polypeptide or CT
protein induced a significant increment of IgA titers in both

FIG. 2. GM1 ganglioside binding of CtB produced by plasmids
pCtB and pL1tB. (A) Increasing concentrations of either whole-cell
protein extracts from cells transfected with pCtB (closed circles),
pL1tB (open squares), or commercial CtB (closed squares) were tested
by a GM1 ELISA. Protein extracts from nontransfected cells (open
circles) were used as negative controls. (B) The biological activity of
plasmid-produced CtB was analyzed by a GM1 ganglioside-binding
assay. A total of 500 ng of protein extracts from cells transfected with
plasmid pCtB or pL1tB was tested in the presence or absence of DTT,
as indicated. Commercial CtB (100 ng) was included as a positive
control. Each point represents the mean of four independent assays.
Error bars represent the standard errors of the means. O.D., optical
density.
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cervical secretions (P � 0.0001) and fecal extracts (P � 0.0001)
(Fig. 4). A dose-dependent adjuvant effect of pCtB was ob-
served. Coadministration of 100 �g of pCtB prompted a sig-
nificant increment in the mean antibody titer induced by plas-
mid p16L1 alone in both cervical secretions (P � 0.0001) and
fecal extracts (P � 0.0001). At this concentration, pCtB dem-
onstrated an adjuvant capacity comparable to those of the CtB
polypeptide and the CT protein (Fig. 4).

It has been demonstrated that bacterial elements of plasmid
vectors, such as CpG sequences, have adjuvant effects (23).
Therefore, to address the question of whether the adjuvant
effect observed was due to these bacterial components, we
constructed plasmid pL1tB, which drives the expression of a
biologically inactive L1-CtB fusion. Accordingly, the IgA re-
sponse elicited by the pL1tB fusion plasmid was significantly
lower than that produced by coadministration of pL1tB and
pCtB, CtB, or CT (P � 0.0001). In fact, the response elicited by
pL1tB was similar to that produced by immunization with
p16L1 alone (P 	 0.05). These results indicate that the adju-
vant effect was due to the presence of functional CtB expressed
by pCtB rather than to bacterial adjuvants.

It is known that CtB is a potent mucosal immunogen that
induces strong urogenital antibody responses in humans (33,
34). Thus, to determine if vaccination with pCtB was able to
induce mucosal antibody responses in mice and to investigate

if the presence of anti-CtB antibodies could affect the response
against the coadministered antigen, mice were immunized with
adjuvant pCtB, CtB, or CT alone or with each adjuvant to-
gether with plasmid p16L1. The titers of antibodies against L1
and CtB were evaluated. As shown in Table 1, IgA antibodies
against CtB were detected in all vaccinated animals. Neverthe-
less, antibodies against L1 were observed only in animals im-
munized with p16L1 and an adjuvant. Interestingly, anti-L1
antibody titers remained high regardless of the presence of
anti-CtB antibodies. This observation suggests that in our
model intrinsic CtB immunogenicity does not alter the produc-
tion of antibodies against the product of the coadministered
plasmid DNA.

Analysis of cell-mediated immune responses. To assess the
effect of pCtB on the generation of a cell-mediated immune
response, we first evaluated the specific proliferation of lym-
phocytes derived from vaccinated mice. Spleen cells were iso-
lated after intradermal vaccination. The lymphoproliferative
responses after restimulation with HPV-16 VLPs are shown in
Fig. 5. Vaccination with plasmid p16L1 or pL1tB induced a
proliferative response significantly higher than that observed in

FIG. 3. Kinetics of IgA and IgG responses in cervical secretions
and fecal extracts after intradermal immunization with plasmid p16L1.
C57BL/6 mice were immunized with 100 �g of plasmid p16L1 at the
indicated times (arrows). Cervical secretions and fecal extracts were
obtained every 4 days and were assayed for the presence of anti-L1 IgA
and IgG antibodies by ELISA. Each point represents the mean for 10
mice assayed independently. Error bars indicate standard errors of the
means.

FIG. 4. Adjuvant effect of plasmid pCtB. Mice were vaccinated
with 100 �g of p16L1 in the presence and absence of the following
adjuvants: commercial CTB polypeptide (p16L1 � CTB), commercial
CT (p16L1 � CT), or different concentrations of plasmid pCtB (p16L1
� pCtB), as indicated. A group of mice received 100 �g of plasmid
pL1tB. All mice were given a booster immunization at day 14. IgA
responses were measured in cervical secretions and fecal extracts col-
lected at day 28. Bars represent the mean values for 10 mice assessed
independently. Error bars indicate the standard errors of the means.
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pCtB-immunized mice (P � 0.01). Lymphoproliferation was
significantly increased by the presence of both commercial and
plasmid adjuvants (P � 0.0001). This observation indicates that
CtB potentiates not only antibodies but also T-cell immune
responses. We have previously demonstrated that DNA vacci-
nation evokes a CD8�-T-cell response against cells expressing
L1 (32). To examine the potential effect of the coadministra-
tion of pCtB on CTL activity, we evaluated the cytolysis of
target cells expressing L1 by CD4� and CD8� lymphocytes
from immunized and control mice using a nonradioactive as-
say. Lysis of L1-expressing cells was not mediated by CD4�

lymphocytes (Fig. 6). On the other hand, specific lysis of target
cells by CD8� lymphocytes was not observed in mice immu-
nized with PBS or pCtB alone (Fig. 6). A low level of CD8�-

mediated CTL activity was observed in mice immunized with
fusion plasmid pL1tB. As expected, CTL activity was induced
by immunization with p16L1. Interestingly, a significant in-
crease in the level of specific lysis was observed in mice that
received p16L1 coadministered with either pCtB (P � 0.005)
or commercial CtB (P � 0.004). Our results show that CTL
activity is mediated by CD8� cells and that it is augmented by
the presence of pCtB. We next investigated the type of Th
response induced by the vaccine with an adjuvant. Vaccination
with p16L1 or pL1tB caused moderate levels of secretion of
IL-2 and IFN-� (Fig. 7), which seems to be in accordance with
the modest CTL response observed. The levels of production
of IL-2 and IFN-� were significantly increased in spleen cells
from mice vaccinated with p16L1 and pCtB (P � 0.005), CtB
(P � 0.005), or CT (P � 0.001). In contrast, neither pCtB nor
CtB induced the secretion of IL-4 (Fig. 7). These results sug-
gest that DNA vaccination against L1 antigen induces a Th1-
type response concomitant with CD8� CTL activity and that
both responses are enhanced by coadministration of pCtB.
Interestingly, coadministration of CT stimulated the produc-

FIG. 5. Specific lymphoproliferative response induced by intradermal
coadministration of p16L1 with adjuvants. Mice were given two intrader-
mal immunizations with pCtB, pL1tB, or p16L1 alone or coadministered
with either CT, CTB, or pCtB, as indicated. Spleen cells were collected 14
days after the second immunization. Proliferation was assessed after re-
stimulation with HPV-16 VLPs. The results express the mean values for
10 mice per group and are representative of two independent experi-
ments. Error bars indicate the standard errors of the means.

FIG. 6. Induction of CTL activity by the DNA vaccine with adjuvants.
Spleen cells were obtained from mice vaccinated with p16L1, pL1tB,
pCtB, or a combination of p16L1 with pCtB or commercial CTB and CT.
Splenocytes were stimulated with HPV-16 L1 antigen for 5 days, CD4� or
CD8� lymphocytes were depleted, and the remaining cells were tested for
CTL activities. Specific lysis of HPV-16 L1-expressing B16FO cells was
evaluated at different effector cell/target cell (E:T) ratios, as indicated.
Data represent the mean values for 10 mice per group assayed individu-
ally and are representative of two independent experiments. Error bars
represent the standard errors of the means.

TABLE 1. Evaluation of induction of mucosal antibodies against
CtB and L1 by plasmid vaccination

Inoculum
Log10 titer(P valuea)

IgA anti-L1 IgA anti-CTB

Cervical secretions
pCtB 0.5 1.9
pCtB � p16L1 3.2 (0.001) 1.8 (0.2)
CtB 0.4 2.6
CtB � p16L1 3.5 (0.0008) 2.4 (0.07)
CT 0.5 3.5
CT � p16L1 4.1 (0.0005) 3.1 (0.05)

Fecal extracts
pCtB 0.3 2.1
pCtB � p16L1 3.5 (0.004) 1.8 (0.1)
CtB 0.2 3.8
CtB � p16L1 4.0 (0.0007) 3.4 (0.07)
CT 0.2 4.0
CT � p16L1 4.9 (0.001) 4.4 (0.07)

a P values were calculated by Student’s t test to compare antibody titers
induced by vaccination with the different adjuvants alone versus vaccination with
the adjuvants plus plasmid p16L1.
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tion of IL-4, suggesting that the holotoxin is able to activate
both Th1- and Th2-type responses.

DISCUSSION

In the present work we have investigated the effect of the
coadministration of the CtB-coding sequence on humoral and
cellular immune responses after intradermal immunization
with a DNA vaccine. The results indicate that the inclusion of
pCtB enhances not only the humoral mucosal response but
also the response mediated by Th1-type cells and CTLs.

Commercial CtB polypeptide or CT holotoxin was used as
the positive control in all experiments. They induced significant
increments in fecal and cervical IgA antibody titers compared

with the antibody titers in animals vaccinated with plasmid
p16L1 alone. The capacity of CtB to induce high levels of
serum IgG (4, 9, 10, 19, 38), fecal IgA (19, 20), and cervical IgA
(14, 38) antibodies against different antigens has been demon-
strated extensively. However, the effects of CtB and CT as
adjuvants for a DNA vaccine have been less well documented.
CT has been administered intranasally before DNA vaccina-
tion (21) and as an intramuscular booster (39) or an intranasal
booster (44). Additionally, coadministration of CT has been
demonstrated to increase the specific IgG (8) and mucosal IgA
(24) responses mediated by DNA vaccines. However, most of
those studies focused on the use of the whole CT. Here we
demonstrated that the use of CtB subunit alone during both
priming and booster intradermal immunizations strongly en-
hances the immune responses mediated by a DNA vaccine. In
comparison with whole CT, which is a powerful toxin in hu-
mans, the CtB subunit is considered safe for administration to
humans (17, 18); therefore, it may be a suitable adjuvant for
DNA vaccines meant to activate human mucosal immunity.

DNA vaccines may afford a series of advantages over tradi-
tional vaccines, including greater stability. To be in conso-
nance, the adjuvants used for DNA vaccines should offer equal
advantages. Accordingly, the use of plasmids encoding mole-
cules with demonstrated adjuvant capacities would be a suit-
able alternative to improve the efficacies of DNA vaccines
without decreasing their advantages for commercial develop-
ment. Previous work (32) indicated that application of an L1
gene-based DNA vaccine was able to induce genital IgA anti-
bodies. Here we demonstrated that coadministration of a plas-
mid containing the CtB-coding sequence significantly in-
creased specific IgA antibody titers in cervical secretions and
fecal extracts. Earlier studies have established that DNA vac-
cine-mediated IgG responses can be enhanced by the use of
plasmid vectors encoding the CT A and B subunits (2) or
expressing the catalytic A subunit of CT (3). However, the
adjuvant capacity of the CtB sequence alone for mucosal IgA
responses has not been previously documented. The adjuvant
effect of CtB for IgA antibodies observed herein might be
associated with the capacity of CtB to stimulate isotype switch-
ing (27, 42). Interestingly, experimental evidence shows that
induction of IgA switching by CtB depends on the presence of
IL-2 as a cofactor (22). Accordingly, in this work we found that
coadministration of pCtB prompted the production of IL-2 by
antigen-stimulated spleen cells. Hence, we assume that en-
hancement of IL-2 production might be assisting IgA switching
in our model. To corroborate this hypothesis the study of other
factors involved in CtB-mediated IgA switching, such as trans-
forming growth factor 
1 (22), is warranted.

Bacterial vector backbones usually contain CpG motifs,
which are acknowledged to possess immunostimulatory prop-
erties (23). Interestingly, it has been documented that the
addition of either CpG or CT produces a similar specific fecal
IgA response (19). Thus, to address the question of whether
the adjuvant effect observed in this work was due to the pres-
ence of CpG sequences rather than to the CtB gene, we con-
structed a translational fusion plasmid to drive the expression
of the L1 protein fused to the N terminus of the CtB polypep-
tide. The fused genes were properly transcribed and translated,
but the fusion protein was demonstrated to have lost its ca-
pacity to bind to GM1 ganglioside. Concurrently with this, it

FIG. 7. Production of cytokines by spleen cells from vaccinated
mice. Spleen cells were isolated from mice vaccinated with pCtB,
pL1tB, or p16L1 alone and in combination with pCtB or commercial
CTB and CT. Cells were stimulated with HPV-16 L1 antigen for 48 h;
and the production of IL-2, IFN-�, and IL-4 was evaluated in spleen
cell cultures by quantitative ELISA. Error bars represent the standard
errors of the means of duplicate experiments.
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has been demonstrated that fusion of oligonucleotides to the
N-terminal fragment of the CtB gene not only modifies the
affinity of CtB for GM1 ganglioside but also decreases the oral
immunogenicity of the B subunit, suggesting a loss of biological
activity (11). In accordance with this, we observed that coad-
ministration of the fusion plasmid failed to induce an adjuvant
effect, indicating that the enhancement of the immune reaction
was not a consequence of the presence of bacterial CpG mo-
tifs.

Along with the IgA response, addition of pCtB had an ad-
juvant effect on specific lymphoproliferative responses, to-
gether with the production of IL-2 and IFN-� by stimulated T
cells, but had no effect on the production of IL-4, which sug-
gests the development of a Th1-type cellular response. Unlike
pCtB and CtB, CT stimulated the production of IL-4. Our
observations are in agreement with those from recent work in
which coadministration of CtB onto skin favored the develop-
ment of a vigorous Th1 cellular response (1), while the CT
holotoxin was associated with the induction of a Th2-type
response (13, 43). Nevertheless, more recent findings propose
that Th1-Th2 polarization may depend not only on the adju-
vant but also on the antigen coadministered (36). Consistent
with this, administration of the HPV-16 L1 antigen, in the form
of VLPs, prompts both Th1 and Th2 responses in mice (28),
chimpanzees (29), and humans (31). In contrast, immunization
of rhesus macaques with a plasmid DNA expressing the
HPV-16 L1 antigen favors a strong Th1 response (41). The
latter observation coincides with our finding that vaccination
with plasmid p16L1 induces Th1 responses but seems to con-
tradict the idea of the antigen as a regulator of the Th1-Th2
profile. Instead, our data appear to indicate that, at least in this
case, the vaccine delivery system in combination with the ad-
juvant, rather than the antigen, balances the Th1-Th2 profile
toward a Th1 response. This is an interesting observation, since
it has been established that a Th1 cytokine pattern is strongly
associated with the natural clearance of cervical HPV infec-
tions in women (37). Thus, we consider that the potential of
p16L1 with pCtB as an adjuvant as a tool for the elimination of
already established infections deserves further studies.

Cytotoxic cell-mediated immunity is likely to play a central
role in eliminating HPV-infected cells, hindering disease pro-
gression. A previous study (32) provided evidence that DNA
vaccination induces the generation of a cytotoxic response me-
diated by CD8� cells. Here we found that coadministration of
pCtB enhances such a cytotoxic response. To our knowledge,
there are no previous reports on the enhancing effect of the
CtB gene on CD8�-cytotoxic-cell activity mediated by DNA
vaccination. In an earlier work (2) an increase in CTL re-
sponses was reported to be mediated by coadministration of
the A and B subunit-coding sequences together; however, the
effect of the CtB gene alone was not tested. Inasmuch as IL-2
is known to stimulate activation of CD8� cells, the adjuvant
effect of pCtB on CD8� CTL responses may be associated with
the higher concentrations of IL-2 produced in mice immunized
with the DNA vaccine and pCtB. However, we cannot under-
estimate the participation of other cytokines; hence, a better
characterization of the stimulatory molecules produced as a
response to the vaccine would be necessary to understand the
mechanism involved in CTL activation.

The mechanisms by which plasmid DNA is expressed and

the gene product is presented to the immune system are not
completely understood. It has been proposed that a small num-
ber of professional APCs are directly transfected with the
injected DNA (30). Transfected APCs may traffic to regional
lymphoid tissue, where they can activate B and T cells. Ac-
cordingly, it has been reported that plasmid DNA can be iso-
lated from lymph node-derived and skin-derived dendritic cells
after intradermal immunization (6). These observations lead
us to assume that the adjuvant effect of pCtB might be medi-
ated by the transfection of dermal APCs, which might have
expressed the gene and transported the product to lymphoid
tissue, where it might have interacted with its receptor on B
and T cells, inducing the effects described. Further experi-
ments are being conducted to determine the feasibility of the
proposed mechanism.

In conclusion, our results indicate that the CtB-coding se-
quence can be used as an adjuvant to enhance immune re-
sponses to intradermally coadministered DNA vaccines. In
particular, we have demonstrated that the adjuvant effect elic-
ited by plasmid pCtB is comparable to that elicited by the CtB
polypeptide. Therefore, pCtB is a good candidate as a genetic
adjuvant of DNA vaccines meant to target the mucosal and
cellular immune systems.
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