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Although plasmid DNA (pDNA)-based immunization has proven efficacy, the level of immune responses that
is achieved by this route of vaccination is often lower than that induced by traditional vaccines, especially for
primates and humans. We report here a simple and potent method to enhance pDNA-based vaccination by
using two different plasmids encoding viral or bacterial antigens. This method is based on coadministration of
low concentrations of a recently described immunopotentiating, Schiff base-forming drug called tucaresol
which has led to significant augmentation of antigen-specific humoral and cellular immune responses. Our
data suggest that enhancement of the immune response with tucaresol might provide a powerful tool for the
further development of pDNA-based immunization for humans.

Successful plasmid DNA (pDNA) immunization is charac-
terized by induction of an immune response that occurs via in
vivo gene transfer into somatic cells (6, 10, 15, 36, 39, 42). The
transfer of genetic information can be achieved by means that
employ viral or nonviral vectors. Both types have problems that
limit their potential application in the vaccination process.
Viral vectors may possibly be infectious, integrate and disrupt
the DNA of normal cells, or induce antivector immune re-
sponses, whereas nonviral pDNA vectors have the advantage
of being simple and safe, and generally lack immunogenic
components, but are readily degraded in vivo (12). pDNA-
based immunization is relatively inefficient and depends,
among other things, on the frequency of CpG motifs and the
ability of a very small amount of the pDNA administered, or
the protein that it encodes, to be taken up by costimulatory
antigen-presenting cells, survive degradation in the lysosomes,
and generate the antigen of interest (15, 26, 34, 44). Further-
more, the relatively poor immune response induced by pDNA
vaccination in primates and humans is a major problem (11).

Several strategies have been used to increase the pDNA
delivery rate and to enhance the immune response to encoded
gene products of interest. These strategies include modifica-
tion of the mode of delivery, targeting of the antigens, and
coadministration of immunostimulatory genes or DNA se-
quences (3, 5, 8, 11, 12, 15, 20, 25, 26, 34, 41, 43).

Administration of Schiff-base-forming drugs, such as tuca-
resol, to animals has been reported to potentiate the immune
response (30). In this study we investigated the possibility of
enhancing immune responses following pDNA injection by

combining this mode of immunization with systemic costimu-
lation provided by tucaresol. We detected significant enhance-
ment of antigen-specific humoral and cellular immune re-
sponses. Whereas coadministration of plasmids encoding
granulocyte-macrophage colony-stimulating factor (GM-CSF)
and gamma interferon (IFN-�) was able to enhance antigen-
specific antibody and T-cell responses, respectively, tucaresol
was able to exert both effects simultaneously, with levels of
induction comparable to or even better than that of either of
these potent cytokines.

MATERIALS AND METHODS

Plasmid construction and testing. All genes were inserted into the pCDNA3
vector (Invitrogen BV, Groningen, The Netherlands). Genes used in this study
included the Epstein-Barr virus (EBV) nuclear antigen 4 (EBNA-4) and myco-
bacterial heat shock protein 65 (Mhsp65) genes, which were used as antigens,
and mouse GM-CSF and IFN-�, which were chosen as immunostimulatory
cytokines. Details about the subcloning and testing of these plasmids have been
published elsewhere (3, 5).

Mice. HLA-A�0201/Kb transgenic mice (kindly provided by L. Sherman,
Scripps Laboratories, San Diego, Calif.) used in this study have been described
previously (40). This strain was used to enable the measurement of the cytotoxic
T-cell response to a defined T-cell epitope restricted by HLA-A2 (4, 5). The
surface expression of HLA-A�0201/Kb was confirmed by using an HLA-A�0201-
specific fluorescein isothiocyanate-conjugated monoclonal antibody (One
Lambda, Canoga Park, Calif.) and assessed by flow cytometry using FACScan
(Becton Dickinson & Co., Mountain View, Calif.). ACA (H-2f) mice were pur-
chased from Jackson Laboratory, Bar Harbor, Maine. This strain was used
because it was previously used successfully for measurement of the immune
response to EBNA-4 induced by DNA immunization (3). These mice were
propagated and maintained in our specific-pathogen-free environment in the
Microbiology and Tumor Biology Center (MTC) animal house at the Karolinska
Institute.

Immunization. DNA immunization was accomplished by intramuscular (i.m.)
immunization. Mice were injected in the regenerating tibialis-anterior muscle
according to the work of Davis et al. (9) and others (3, 5, 14) by using 20 �g of
pDNA/100 �l of phosphate buffered-saline (PBS)/muscle. Mice received either a
control plasmid (P3), a plasmid encoding EBNA-4 plus the control plasmid P3
(E4), a plasmid containing an Mhsp65 gene plus the control plasmid P3
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(P3M.65), P3M.65 plus GM-CSF expression plasmids (P3M.65 G), or P3M.65
plus IFN-� expression plasmids (P3M.65 �). Plasmids were mixed in equal molar
quantities. Mice treated with tucaresol [4-(2-formyl-3-hydroxy-phenoxymethyl)
benzoic acid; kindly provided by John Rhodes, Glaxo SmithKline, Stevenage,
United Kingdom] were immunized with E4 or P3M.65 plasmids (E4, T and
P3M.65, T, respectively). Tucaresol was injected subcutaneously (s.c.) separately
from the DNA in the flank opposite the site of DNA injection. Different sched-
ules of tucaresol injection were used, as follows: (i) one single injection of 1 mg
of tucaresol/100 �l of PBS at the same time as the DNA injection (experiments
in Fig. 1 to 4 and four out of six experiments reported in Table 1) or (ii) daily s.c.
injection of tucaresol (200 �g/100 �l of PBS per mouse) for 4 days, beginning
24 h after pDNA immunization (two of the six experiments reported in Table 1).
Mice received boosting 2 weeks after priming with the same schedule of plasmid
and tucaresol.

Cell lines. Jurkat A�0201/Kb (Jk-A2/kb) (40), a human T-cell leukemia HLA-
A�0201-negative cell line stably transfected with an HLA-A�0201/Kb chimeric
gene (kindly provided by W. M. Kast, Loyola University, Maywood, Ill.) was
used. The S6C cell line was derived from a spontaneous mammary adenocarci-
noma that originated in an ACA mouse (21). S6C-gpt and S6C-E4 cells are
control plasmid and EBNA-4 transfectants, respectively (38) (kindly provided by
George Klein, MTC, Karolinska Institute, Stockholm, Sweden). The S6C-gpt
and S6C-E4 cell lines were maintained in vivo by passage in syngeneic ACA mice
and in vitro in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U of
penicillin/ml, 100 �g of streptomycin/ml, 50 �M 2-mercaptoethanol, and 2 mM
L-glutamine. Vaccinia virus-infected stimulator cells were prepared by infecting
the S6C-E4 and S6C-gpt tumor cell lines with vaccinia viruses expressing the
EBNA-4 gene (V-E4) or control vaccinia viruses (V-TK), respectively. Infection
was carried out using a multiplicity of infection of 4 for 4 to 6 h. This was
followed by treatment of cells with 50 �g of mitomycin C (Sigma, St. Louis,
Mo.)/106 cells/ml of PBS for 45 min at 37°C, after which the infected cell lines
were washed and then incubated with splenocytes from the immunized mice as
described below. Details about vaccinia viruses (kindly provided by M. G. Mas-
suci, MTC, Karolinska Institute) and their use in the infection of these cell lines
have been published earlier (27).

T-cell proliferation and cytokine production assay. Splenocytes harvested
from immunized mice were used throughout this study as a source for T cells.
Details about the assays have been published elsewhere (3, 5). The proliferation
test was performed with triplicate samples, and the stimulation index (SI) was
calculated as splenocyte proliferation in response to S6C-EBNA-4 transfectants
(V-E4 infected) divided by splenocyte proliferation in response to S6C-gptV
control transfectants (V-TK infected). The experiment was repeated twice.

Generation of antigen-specific CTLs and cytotoxicity assays. Peptide epitope-
specific cytotoxic T-lymphocyte (CTL) lines were prepared as described recently
(4) by using the Mhsp65 (9.369) 9-mer peptide starting at position 369 (KLAG
GVAVI). The influenza virus MP (9.58) 9-mer peptide epitope starting at posi-
tion 58 (1) was used as a control HLA-A2 binding peptide. The 51Cr release assay
was performed as described earlier (5). The experiment was done using pooled
splenocytes from four mice per group. The experiment was performed twice.

ELISA procedures. Sera from injected mice were collected and used in direct
enzyme-linked immunosorbent assays (ELISAs) as described earlier (16). Re-
combinant Mhsp65 was used at a concentration of 4 �g/ml in carbonate buffer to
coat the wells of 96-well plates (Maxisorp; Nunc, Roskilde, Denmark) overnight
at �4°C. Sera were then added in duplicate at a 1:100 dilution and incubated
overnight at �4°C. Binding antibodies were detected by using alkaline phos-
phatase-conjugated goat antisera specific for mouse immunoglobulin G (IgG)
(preabsorbed against mouse IgM), IgG1, and IgG2a (Southern Biotechnology,
Birmingham, Ala.).

RESULTS

Tucaresol enhances the specific T-cell proliferative response
induced by pDNA injection. In order to assess the effects of
tucaresol in a model system involving T-cell responses, we
measured proliferative T-cell responses following i.m. injection
with 20 �g of pDNA encoding EBNA-4. Groups of mice were
injected i.m. with P3, E4, or E4, T. Following in vitro stimu-
lation with a syngeneic EBNA-4-transfected carcinoma line,
S6C-E4, only a minimal proliferative response was detected in
splenocyte cultures from E4-immunized mice. Interestingly, a
much stronger proliferative response to S6C-E4 cells was ob-

tained among splenocytes from mice injected i.m. with E4 and
injected s.c. with tucaresol (Fig. 1a). V-E4-infected stimulator
cells (S6C-VE4) also induced a higher proliferative response
than S6C-E4 cells from splenocytes of either E4- or E4, T-
immunized mice. In contrast, there were no detectable prolif-
erative responses among splenocytes from control (P3)-in-
jected mice against S6C-E4 or S6C-VE4 cells, as assessed by
using S6C-gpt or V-TK-infected (S6C-gptV) controls respec-
tively (Fig. 1b). This specific proliferative response, which has
been induced by E4, T immunization, was similar to or of a
higher magnitude than that obtained from splenocytes of mice
immunized with E4 administered in equimolar combination
with either a GM-CSF-encoding or an IFN-�-encoding plas-
mid (J. Charo, unpublished data).

Tucaresol enhances production of IFN-�. To assess the ca-
pacity of tucaresol to enhance a Th1 cytokine response, mice
were injected i.m. with either P3, E4, or E4, T. Little, if any,
IFN-� was produced by splenocytes from mice injected with E4
alone following in vitro stimulation with S6C-E4 cells, com-
pared to the levels of IFN-� produced by control splenocytes
from P3-injected mice following in vitro stimulation with
S6C-E4 cells (Fig. 2). Interestingly, splenocytes from mice in-
jected i.m. with E4 and s.c. with tucaresol produced the great-
est amounts of IFN-� following in vitro stimulation with
S6C-E4 cells but did not do so in response to control stimula-
tion with S6C-gpt cells (Fig. 2). We were unable to detect the
Th2 cytokine interleukin-4 (IL-4) in any of the experimental
groups (data not shown). The magnitude of the IFN-� re-
sponse by splenocytes of E4, T-immunized mice was higher
than that obtained from splenocytes of mice immunized with
E4 administered in equimolar combination with either a GM-
CSF-encoding or an IFN-�-encoding plasmid (J. Charo, un-
published).

Augmentation of the specific CTL response by tucaresol. To
investigate the effect of tucaresol on the specific CTL response

FIG. 1. Tucaresol coadministration enhances antigen-specific
T-cell proliferative responses. Splenocytes from pDNA-injected mice
were cultured in the presence of S6C-E4 cells either alone (a) or
infected with V-E4 (S6C-VE4) (b) or in the presence of S6C-gpt
control tumor cells either alone (a) or infected with V-TK (S6C-gptV)
(b). The SI was calculated as splenocyte proliferation in response to
S6C-EBNA-4 transfectants (V-E4 infected) divided by splenocyte pro-
liferation in response to S6C-gptV control transfectants (V-TK infect-
ed). Mice were injected twice with 20 �g of pDNA per injection as
described in Materials and Methods. Mice from the group treated with
tucaresol received 1 mg of tucaresol s.c. simultaneously. The experi-
ment was repeated twice with similar results.
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induced by pDNA injection, we immunized HLA-A2 trans-
genic mice i.m. twice with either P3M.65, P3M.65 in equimolar
combination with an IFN-�-encoding plasmid (P3M.65 �), or
P3M.65 plus 1 mg of tucaresol injected s.c. (P3M.65, T). Two
weeks after the last administration, splenocytes from injected
mice were stimulated once with an HLA-A2-restricted peptide
epitope derived from Mhsp65. Six days later, these in vitro
cultures were tested for antigen-specific CTL activity against
HLA*A0201/Kb� Jurkat (Jk-A2/kb) cells either alone or
pulsed with either the cognate peptide epitope Mhsp65 (9.369)
or a control HLA-A2-restricted influenza virus MP (9.58) pep-
tide epitope. As shown in Fig. 3, splenocytes from mice in-
jected with P3M.65, T developed high CTL activity against
target cells pulsed with the cognate Mhsp65 epitope, while
their lytic activity against Jk-A2/kb cells alone or pulsed with
the control influenza virus peptide epitope was much lower. In
contrast, splenocytes from mice immunized with P3M.65 with-
out any costimulatory agent were almost totally inactive (Fig.
3). P3M.65 � also enhanced the level of CTL activity relative to
that of splenocytes derived from mice injected with P3M.65
alone (Fig. 3). However, this population displayed 30 to 50% of
the level of cytotoxicity observed with splenocytes from mice
that also received tucaresol. We therefore conclude that tuca-
resol is a very efficient agent that enhances the development of
antigen-specific CTLs when it is given together with the ap-
propriate pDNA.

Tucaresol enhances the production of antigen-specific anti-
bodies induced by pDNA vaccination. We also analyzed the
ability of tucaresol to enhance the antibody response induced
by pDNA-based immunization by utilizing a plasmid contain-
ing the Mhsp65 gene, and we compared the effect of tucaresol
addition to that of coadministration of plasmids encoding GM-
CSF or IFN-�.

Groups of mice were injected i.m. with 20 �g of P3M.65 or with
the same amount of a control plasmid (P3). Significant amounts
of Mhsp65-specific antibodies could be detected in sera from
P3M.65-immunized mice but not in sera from P3-injected mice

(Fig. 4a). In addition, antibody titers were significantly increased
when 1 mg of tucaresol was coadministered in conjunction with
the i.m. injection, and also when tucaresol was administered as
four daily injections of 0.2 mg s.c beginning 24 h after injection
with P3M.65 (P3M.65, T) (Fig. 4a; Table 1). In contrast, no
increase in the antigen-specific antibody response was detected in
a group of mice that received the control plasmid and tucaresol
(P3, T), thus excluding the possibility that a general increase in
nonspecific cross-reactive antibodies, due to the high degree of
immunopotentiation associated with tucaresol administration, ac-
counted for the effect observed (Fig. 4a).

We also compared the effect of tucaresol coadministration
with that of the P3M.65 plasmid administered either alone or
in equimolar combination with either a GM-CSF-encoding
plasmid (P3M.65 G), an IFN-�-encoding plasmid (P3M.65 �),
or a mixture of GM-CSF- and IFN-�-encoding plasmids
(P3M.65 G �). Mhsp65 antibody titers were increased when
the GM-CSF-encoding plasmid was included, with levels com-
parable to those induced by tucaresol inclusion (Fig. 4a and
Table 1). In contrast, the degree of antibody induction ob-
served in mice that also received the IFN-� plasmid was de-
creased, suggesting a suppression of antibody production by
IFN-� (Table 1). Combining both cytokine plasmids seemed to
antagonize the enhancing effect of the GM-CSF plasmid and
resulted in a reduction of the humoral response to levels es-
sentially similar to those observed in mice that received
P3M.65 alone (Fig. 4a and Table 1). Collectively, these results
demonstrate that tucaresol has the capacity to enhance the

FIG. 2. Coadministration of tucaresol enhances IFN-� release.
Groups of mice were injected i.m. with P3, E4, or E4, T, and spleno-
cytes were stimulated in vitro with either S6C-E4 tumor cells, S6C-gpt,
or medium for 72 h. IFN-� titers were determined by ELISA. Mice
were injected twice with 20 �g of pDNA per injection as described in
Materials and Methods. Mice in the group treated with tucaresol
received 1 mg of tucaresol s.c. simultaneously. The experiment was
repeated twice with similar results. FIG. 3. CTL responses are markedly enhanced by tucaresol.

Groups of HLA-A2/Kb transgenic mice were immunized twice with
either P3M.65, P3M.65 �, or P3M.65, T. Splenocytes were cultured
with the HLA-A2 binding peptide Mhsp65 (9.369) for 5 to 6 days and
thereafter were used as effectors in conventional 51Cr release assays
using as target cells Jk-A2/kb cells pulsed with either Mhsp65 (9.369)
(M.65 pep), an irrelevant influenza virus peptide (Infl. pep), or me-
dium, as described in Materials and Methods. Mice were injected twice
with 20 �g of pDNA per injection as described in Materials and
Methods. Mice in the group treated with tucaresol received 1 mg of
tucaresol s.c. simultaneously. The experiment was repeated with sim-
ilar results.
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antibody response induced by genetic immunization with the
Mhsp65 antigen and that this effect is comparable to the effect
of the GM-CSF plasmid.

Tucaresol enhances the Th1 antibody response. To character-
ize the antibody response in terms of the helper effects that
stimulated it, we analyzed the isotypes of the anti-Mhsp65
antibodies that were induced. Although P3M.65-immunized
mice produced significantly elevated amounts of Mhsp65-spe-
cific IgG2a, these titers were significantly increased (P � 0.001)
in mice that received tucaresol as well (Fig. 4b and Table 1).
This clear enhancement of a Th1 type antibody response was
unique, as immunization with P3M.65 G, P3M.65 �, or P3M.65
G � did not exert such an effect (Fig. 4b and Table 1). Inclusion
of a plasmid encoding a Th1 cytokine, IFN-�, in the immuni-
zation did not enhance the levels of anti-Mhsp65 IgG2a that
were produced. Instead, IFN-� inclusion resulted in the sup-

pression of both Th1- and Th2-associated antibody responses
(Fig. 4b and c; Table 1). Interestingly, a Th2-associated anti-
Mhsp65 IgG1 antibody response induced in mice receiving
P3M.65 was not suppressed in mice receiving P3M.65, T (Fig.
4c and Table 1). Taken together, our data indicate that a
significant increase in the antigen-specific antibody response as
a result of genetic immunization could be achieved by coad-
ministration of tucaresol. Not only did the coadministration
enhance the Th1-associated antibody response; it also main-
tained a Th2 type antibody response.

DISCUSSION

We present a simple and very effective approach to enhance-
ment of pDNA-based immunization, by providing a costimu-
latory signal that acts upon T cells via Schiff base formation.

FIG. 4. Tucaresol enhances the specific antibody response to Mhsp65 following administration of pDNA encoding Mhsp65. Mice (five per
group) were injected twice with 20 �g of pDNA per injection as described in Materials and Methods. Mice from the group treated with tucaresol
received 1 mg of tucaresol s.c. simultaneously. Two weeks later, the mice were bled, and antigen-specific IgG (a), IgG2a (b), and IgG1 (c) were
detected by ELISA.

TABLE 1. Effects of tucaresol and cytokine-encoding plasmids on specific antibody responses

Immunization

IgG IgG2a IgG1

Responsea
P relative tob:

Response
P relative to:

Response
P relative to:

P3 P3M.65 P3 P3M.65 P3 P3M.65

P3 0.23 0.05 0.08
P3M.65 0.42 �0.05 0.54 �0.001 0.32 �0.001
P3M.65, T 0.67 �0.001 �0.01 0.97 �0.001 �0.001 0.42 �0.001 �0.05
P3M.65 G 0.61 �0.001 �0.05 0.70 �0.001 �0.05 0.54 �0.01 �0.05
P3M.65 � 0.28 �0.05 �0.05 0.25 �0.05 �0.01 0.08 �0.05 �0.001
P3M.65 G � 0.39 �0.05 �0.05 0.90 �0.01 �0.05 0.52 �0.05 �0.05

a Each response value is a mean based on the optical densities at 405 nm of individually tested, 1:100-diluted serum samples from six experiments using four to six
mice per group. Mice were injected twice with 20 �g of pDNA per injection as described in Materials and Methods. Sera were collected and tested for the presence
of Mhsp65-specific antibodies by using isotype-specific ELISA.

b Values in each immunization group are compared to those obtained in the P3 and P3M.65 immunization groups. Statistical significance was calculated as P values
by using Student’s t test.
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This has been demonstrated in two models for DNA vaccina-
tion previously established for induction of specific immune
responses against viral (3) and mycobacterial (4, 5) antigens.
The immunopotentiating effect of tucaresol has been reported
to be mediated by delivery of costimulatory signals involved in
the priming of T-cell responses through the substitution of
carbonyl groups naturally provided by antigen-presenting cells.
This costimulatory function results in a covalent and reversible
reaction that works via binding to the amine-rich groups on T
cells, which leads to T-cell-receptor-independent signaling (7).
The effect of tucaresol is thought to be CD2 mediated (7, 29,
32, 33). Our observations demonstrate that this approach is
able to overcome the low efficacy commonly associated with
pDNA-based vaccination (11).

It is clear that induction of an adequate immune response
requires the participation of multiple components of the im-
mune system and that pDNA-based immunization is capable
of fulfilling this requirement, because it can induce both hu-
moral and cellular responses, including CTL responses (22).
While other modes of enhancing pDNA immunization have
generally led to either an antibody- or a T-cell-biased immune
response (15, 43), coinjection of tucaresol resulted in a general
enhancement of both, involving enhancement of a Th1-associ-
ated antibody response without decreasing the Th2-associated
antibody response. Combined administration of pDNA and
tucaresol might therefore be considered under conditions
where either a cellular or an antibody-based immune response
would be beneficial for the host.

Tucaresol has been suggested to have many potentially use-
ful therapeutic applications, including treatment of infectious
diseases caused by intracellular pathogens and therapy for
certain types of cancers. Several clinical studies have been
performed involving injection of tucaresol in healthy volun-
teers and in sickle cell anemia patients, focusing on its ability
to modify hemoglobin, and recently it has also been studied for
treatment of other conditions, such as metastatic melanoma (7,
29, 32, 33). Therefore, a therapeutic strategy that combines
DNA vaccination and tucaresol administration, e.g., in immu-
notherapy for melanoma patients, may benefit not only from
the indirect adjuvant effect of tucaresol but also from its direct
therapeutic effect.

The general utility of this approach is readily apparent and
equally efficient when applied to genes of bacterial (Mycobac-
terium bovis) or viral (EBV) origin. Both M. bovis and EBV
genes are derived from pathogens which are involved in infec-
tious and/or neoplastic diseases of considerable importance
from both a clinical standpoint and a global health perspective
(2, 13, 18, 24), and there is currently an urgent need for pro-
phylactic vaccines against these pathogens. hsp65 is an immu-
nodominant component of both tuberculosis and leprosy (19).
Data indicate that Mycobacterium leprae-derived hsp65 can
induce prophylactic and therapeutic immunity against experi-
mental tuberculosis (2, 23, 37). Furthermore, EBNA-4-based
pDNA vaccination enhanced by tucaresol as a costimulant is of
considerable interest in relation to the development of new
therapeutic or prophylactic vaccination protocols to be tested
clinically. EBV infection is associated with pathological condi-
tions that include infectious mononucleosis and cancer (24). It
has recently been reported that pDNA vaccination using a

plasmid encoding EBNA-4 could protect mice from the out-
growth of tumors expressing this gene (3).

The marked ability of tucaresol to enhance pDNA-induced
specific T-cell responses to hsp65 and EBNA-4, as detected by
proliferation, cytokine production, and generation of antigen-
specific CTLs, is of particular importance. Protective and ther-
apeutic immunity to mycobacterial infection, EBV infection,
and other infectious diseases as well as cancer is dependent on
both CD4� helper cells and cytotoxic CD8� cells (17, 28, 31,
35). Since pDNA vaccination combined with tucaresol favors
both CD4- and CD8-mediated T-cell responses, as shown here,
this would be an attractive mode of vaccination to be further
explored for new T-cell-targeted vaccines against intracellular
bacteria and viruses.

Tucaresol is a chemically well defined molecule that is not
overtly toxic and has already been clinically tested. This pro-
vides an advantage in the application of this drug in pDNA
vaccination protocols. Furthermore, since tucaresol has been
shown to be systemically active (30, 33), there may be no need
for local coadministration of pDNA and tucaresol, as shown
here by combining i.m. pDNA injection with s.c. injection of
tucaresol.

Since tucaresol is an orally bioavailable drug (29), the com-
bination of intradermal “ballistic” delivery of pDNA with oral
administration of tucaresol may prove to be a very attractive
mode of immunization, particularly under conditions where
parenteral immunizations should be avoided due to risks of
blood-borne infections from contaminated needles or cultural
stigmata associated with injections (33, 36). It is therefore
noteworthy that tucaresol also significantly enhances the spe-
cific immune response induced by gene gun-based pDNA vac-
cination (J. Charo, J. A. Lindencrona, J. Hinkula, and R.
Kiessling, unpublished data).

Production of antigen-specific antibodies was significantly
increased by tucaresol coadministration, as indicated by the
data presented in Fig. 4 and Table 1 as well as by the obser-
vation that the highest IgG/IgM ratio among the experimental
groups was achieved by coinjection of tucaresol (data not
shown). The induction of a generalized immune response by
combining pDNA vaccination with tucaresol administration
points out the potential advantage of using this procedure for
production of monoclonal antibodies.

In summary, the data presented here show for the first time
the utility of using a Schiff-base-forming drug as an adjuvant
for induction of both humoral and cellular, antigen-specific
immune responses induced by pDNA injection. These data
indicate that this strategy may be valuable in the clinical setting
for augmenting responses to DNA-based prophylactic and
therapeutic vaccines.
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