














was influenced by the presence or absence of signal peptide
coding sequences. This was particularly well demonstrated for
the HBsAg-specific IFN-� and IL-4 responses, in which a
marked adjuvant effect was observed for the LT B vector con-
taining the signal peptide coding sequence (Fig. 6A and B).
Interestingly, deletion of the signal peptide coding sequence
resulted in loss of the adjuvant effect, as would be expected
since the LT B subunit needs to be outside the cell in order to
engage its receptors.

As was the case with the LT B subunit vector, the LT A
subunit vector alone also exhibited partial adjuvant activity but
only in the absence of the signal peptide coding sequence (Fig.
6B and D). This was observed for the IL-4 responses to both
HBsAg and HBcAg and is consistent with the need for the
intracytoplasmic production of the ADP ribosyltransferase ac-
tivity in the absence of the cell binding and internalization
activity specified by the B subunit. Taken together, the data
shown in Fig. 5 and 6 demonstrate that the adjuvant effects
imparted by the CT and LT genetic adjuvant vectors are likely
due to both the internal and extracellular production of CT
AB5 and LT AB5 toxins. Moreover, adjuvant activity is exhib-
ited by the LT B-encoding vector in the absence of ADP
ribosyltransferase activity.

In addition to the examination of T-cell responses to HBsAg
and HBcAg, antibody responses to both antigens were also
examined for all mice from the experiments shown in Fig. 5
and 6. Unlike the results from the gp120 and M2 experiments,
no significant effects on antibody responses (magnitude and
subclass ratio) to either HBsAg or HBcAg were observed with
either the CT A � B or LT A � B vectors or individual subunit
vectors (data not shown). The reason for this may be that
IgG1-to-IgG2a ratios for HBsAg and HBcAg-specific antibody
responses in the absence of adjuvant are more balanced and
not wildly skewed toward IgG1 dominance, as they are for the
gp120 and influenza DNA vaccines lacking adjuvants (17, 35).

While effects on T-cell responses were observed for all anti-
gens tested, the effects that these adjuvants had on antibody
responses was clearly antigen dependent.

Preliminary adjuvant vector studies in domestic pigs. While
the adjuvant data reported above were limited to mouse stud-
ies, preliminary data from one trial in domestic pigs indicate
that similar adjuvant effects can be expected in larger animals.
As seen in the mouse M2 experiment (Fig. 4), an M2 DNA
vaccine formulation containing equimolar concentrations of
the M2, CT A, and CT B vectors elicited a sixfold-higher
geometric mean titer to M2 in domestic pigs (P � 0.055, data
not shown). While additional experiments were not performed
to investigate the nature of the pig responses, the similarity in
the degree of enhancement of M2-specific total IgG responses
between mice and pigs using a similar antigen-to-adjuvant vec-
tor ratio indicates that adjuvant effects will not be limited to
rodents. An interesting finding in the pig trial was the absence
of any detectable difference in local reactogenicity between the
M2 alone and M2 � CT vector formulations (data not shown).
Particle-mediated DNA vaccine delivery to the epidermis of
pigs, monkeys, and humans traditionally results in a mild, tran-
sient erythema that resolves in a few days (38), and this was
unchanged in the CT formulation tested in pigs in the above
experiment.

Insofar as the CT vector failed to elicit any detectable tox-
icity or local reactogenicity in pigs when used at a high dosage,
we wanted to further examine the CT and LT vectors in a
parallel experiment, since the LT vectors remained untested in
larger animals and have routinely elicited stronger responses in
rodents. Figure 7 shows the results of a simple local reactoge-
nicity comparison in domestic pigs in which the CT and LT
vector formulations were compared to a control formulation
containing empty-vector DNA. On day 0, a typical mild ery-
thema was observed at all delivery sites with no differences
attributable to the DNA formulation. However, while the er-

FIG. 7. Local skin reactogenicity in domestic pigs following epidermal inoculation of CT and LT vectors. CT and LT vectors, as well as a control
sample of empty vector, were formulated onto gold particles and delivered into the inguinal epidermis of domestic pigs using the PowderJect XR
gene delivery device at a helium pressure of 500 lb/in2. Delivery conditions involved 0.5 mg of gold and 1.0 �g of DNA total per inoculation. Skin
sites were observed on days 0, 2, 7, and 14. Days 0 and 7 are shown in panels A and B, respectively. EV, empty vector; CT, CT A and B subunit
vectors; and LT, LT toxin A and B subunit vectors.
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ythema associated with the empty-vector and CT vector deliv-
eries was completely resolved in a few days, the local reaction
associated with the LT vector transformed into a mild indura-
tion that persisted beyond day 7 (Fig. 7B) but resolved by day
14 (not shown). The enhanced reaction (induration) due to LT
is indicative of a greater level of local infiltration and is con-
sistent with the stronger adjuvant effects observed for the LT A
� B vectors. Interestingly, the differences in local reactogenic-
ity between the CT A � B and LT A � B vectors are also seen
when CT and LT proteins are administered to the skin using an
epidermal powder delivery device (D. Chen, PowderJect Vac-
cines, personal communication). It will be interesting to deter-
mine if the LT vector-associated reactogenicity exhibits a dose-
response relationship when the amount of vector delivered is
reduced. Since strong adjuvant effects can still be seen at the
10-ng vector dose in mice, it might be possible to identify a
reduced adjuvant dose that remains effective in a larger species
but is free of any local reactogenicity attributed to LT.

DISCUSSION

The data presented here demonstrate that the supplemen-
tation of DNA vaccines with plasmid vectors encoding the A
and B subunits of CT or LT results in a strong adjuvant effect
in terms of T-cell responses as quantified by IFN-� and IL-4
ELISPOT assays. In addition, there was an antigen-dependent
effect on antibody responses ranging from no effect to suppres-
sion or enhancement of the total response and suppression of
the IgG1-to-IgG2a ratio. The adjuvant effects with the LT-
encoding vectors were routinely stronger than those observed
with the CT vectors, and this phenomenon was correlated with
the induction of greater levels of cAMP in cultured cells by the
LT A � B than by the CT A � B vectors. While both sets of
vectors enhanced both Th1 and Th2 cytokine production, the
LT vectors generally elicited more Th1-like responses, as ex-
emplified by the greater suppression of the IgG1-to-IgG2a
ratio and the augmentation of HBcAg-specific IFN-� (but not
IL-4) responses. The tendency of the LT vectors to exhibit a
stronger effect than the CT vectors is consistent with reported
differences in adjuvant effects for the protein versions of these
adjuvants (30, 31, 51).

The adjuvant effects of CT and LT, whether in protein or
DNA vector form, are likely due in large part to the ADP
ribosyltransferase activity exhibited by the A subunit of these
closely related toxins. While some adjuvant activity has been
attributed to the B subunits of CT and LT alone (via cell
surface receptor engagement), the strongest adjuvant effects
are routinely observed by wild-type molecules exhibiting the
full enzymatic activity imparted by the A subunits (7, 8). The
data presented here for the CT-encoding vectors are consistent
with this in that adjuvant activity was not observed when the
CT A and CT B subunit vectors were used independently,
indicating that a functionally assembled AB5 CT toxin mole-
cule is required to elicit an adjuvant effect. Consistent with this
was the observation that use of the CT A � B vectors without
the signal peptide coding sequences resulted in loss of the
statistical significance of the adjuvant effect (three of four
experiments [Fig. 5]), implying a role for the release of CT
from transfected cells in vivo. This was demonstrated more
clearly with the LT A � B vectors (Fig. 5) showing a statisti-

cally significant decrease in adjuvant activity, following dele-
tion of the signal peptide coding sequences from both the A
and B subunit vectors.

The LT vectors differed from the CT vectors in that the
individual LT A and LT B subunit vectors exhibited statistically
significant adjuvant activities not seen with the individual CT A
and CT B vectors. Moreover, the activities of the LT A and LT
B vectors were very much dependent on the presence or ab-
sence of signal peptide coding sequences (Fig. 6). Both IFN-�
and IL-4 responses to HBcAg were markedly augmented by
the LT B vector alone, and this effect was entirely dependent
on the presence of the signal peptide coding sequence in the
vector. This is consistent with the need for the B subunit to be
in the extracellular environment in order to engage its cell
surface receptor. In contrast to this, the IL-4 enhancement
activity observed for the LT A subunit vector alone (Fig. 6B
and D) was observed only when the signal peptide coding
sequence was deleted from the vector, consistent with the
intracytoplasmic site of action of the A subunit enzymatic
activity. A further peculiarity of the LT vectors was the ability
of the individual LT A and LT B vectors to separately augment
HBcAg-specific IL-4 responses, while the combined LT A � B
vectors exhibited no enhancement of HBcAg-specific IL-4 ac-
tivity in two separate experiments. This demonstrates that the
LT A and B subunits exhibit different roles in vivo and that one
may be able to control either the quantity or quality of the
adjuvant effect by the choice or ratio of subunit vectors em-
ployed.

It is important that the adjuvant effects demonstrated for the
CT- and LT-encoding vectors are not due to the presence of
immunostimulatory CpG motifs contained within the A and B
subunit coding sequences (nor any other regions) of the CT
and LT vectors. CpG motifs exert their immunostimulatory
potential by a pathway involving receptor-mediated endocyto-
sis of CpG-containing DNA into immune cells (macrophages,
DC, and B cells) followed by endosome acidification and likely
degradation of the DNA into CpG-containing oligonucleotides
(1). Particle-mediated (“gene gun”) DNA vaccines bypass this
signaling mechanism because of the direct intranuclear and
intracytoplasmic deposition of intact plasmid DNA (23). This
is evidenced by the fact that particle-mediated and needle-
inoculated DNA vaccines induce qualitatively different re-
sponses that are dependent on the method rather than the
location of vaccine administration (17, 35). The absence of a
CpG effect in the present work can be seen from the data in
Fig. 5 in which the CT A and CT B subunit vectors exert no
adjuvant effect when administered individually with the anti-
gen vector. Adjuvant effects are only observed when the two
subunit vectors are combined, indicating that adjuvanticity is
due to biological activity of the encoded CT AB5 product. It
should be noted that the CT A and B subunit vectors each
contain 22 canonical CpG motifs (that fit the pattern Pu-Pu-
C-G-Py-Py), with only one motif present in each of the CT A
and CT B subunit coding sequences derived from V. cholerae.
The remaining motifs are in the bacterial vector backbone and
are commonly found in most of our antigen expression vectors,
including the gp120, M2, and hepatitis DNA vaccine vectors
used here.

Efforts to develop mutants of the A subunits of CT and LT
have met with success in the identification of molecules that

4544 ARRINGTON ET AL. J. VIROL.

 on June 16, 2019 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org/


exhibit greatly reduced toxicity while retaining a significant
degree of adjuvant activity (7, 8, 13, 15, 34, 39, 47). Insofar as
the use of mutant toxins is compatible with the technology
described here, it should be noted that the ability to use vectors
encoding the wild-type toxins without significant toxic effects
(see below) allows one to realize the full adjuvant potential
that these molecules have to offer.

The ADP ribosylase activity of the CT A and LT A mole-
cules requires proteolytic cleavage of a trypsin-sensitive loop
(37) separating the N-terminal A1 and C-terminal A2 frag-
ments. This loop is naturally cleaved when CT is produced in
V. cholerae but is uncleaved when toxins are produced in E.
coli. The fact that strong cAMP-inducing activity was observed
in the in vitro Caco-2 cell transfection assay (especially for the
LT vectors) argues that natural proteases in mammalian cells
may effectively cleave this loop at some point following syn-
thesis to allow for the observed enzymatic activity and resultant
adjuvant effects.

The strong adjuvant potential of CT and LT has been known
for many years, but the significant toxicity exhibited by these
molecules following parenteral or mucosal administration has
prevented the realization of this immunological potential in
the clinic. We were thus surprised and encouraged to observe
the remarkable absence of apparent toxicity when vectors en-
coding CT and LT were administered to the epidermis by
particle delivery. Recent studies investigating the phenomenon
of transcutaneous immunization have demonstrated that large
quantities of wild-type CT and LT toxins can be applied di-
rectly to the skin of animals and humans, resulting in signifi-
cant adjuvant effects with no detectable toxicity (21, 22, 41, 42).
This lack of toxicity could be explained by the paucity of pro-
tein delivery through intact stratum corneum by this method. It
was thus surprising to demonstrate strong adjuvant effects and
a lack of toxicity following use of an efficient skin delivery
system employing CT- and LT-encoding vectors. Administra-
tion of the CT vectors to the skin of mice and domestic pigs
was completely devoid of any detectable local skin reactoge-
nicity other than the typical transient erythema that is routinely
associated with epidermal DNA vaccine administration in do-
mestic pigs, monkeys, and humans (38). Thus, it is conceivable
that a DNA-based CT adjuvant for a DNA vaccine could
become a routine part of epidermally administered prophylac-
tic DNA vaccines in healthy individuals. In contrast to CT, the
LT vectors routinely induced a stronger adjuvant effect as well
as a detectable difference in skin reactogenicity characterized
by a transient, but mild, induration that persisted beyond the
immediate erythema associated with gold particle penetration.
This pattern of induration is identical to that observed follow-
ing LT protein administration to the epidermis (D. Chen, per-
sonal communication). Importantly, it should be noted that
strong adjuvant effects with LT were observed with as little as
10 ng of vector DNA. Thus, it is possible that dose titration
experiments could identify an LT vector dosage that minimizes
local reactogenicity while maintaining sufficient adjuvant ef-
fects.

A final point to consider is the known ability of CT and LT
to serve as mucosal adjuvants. Most studies of the mucosal
adjuvant properties of CT and LT deal with mucosal adminis-
tration of these adjuvants with antigen. However, several re-
cent studies have demonstrated the ability of these molecules

to lead to mucosal responses when administered to the skin via
transcutaneous immunization (22) or intradermal inoculation
(16). In the latter case, the use of CT protein is believed to be
responsible for altered migration patterns of activated DC,
resulting in their migration to mucosal sites following delivery
to the skin (16). Based on these reports, it would follow that
DNA vaccine delivery to the epidermis, via powder injection,
in the presence of vectors encoding CT or LT would have a
similar capacity to induce mucosal immunity. Consistent with
this is the recent observation that epidermal powder immuni-
zation of antigen plus CT in protein form results in successful
mucosal immune response induction (6).
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