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DNA vaccines are a new approach to
vaccination. Plasmids containing genes
from a variety of pathogens have been used
to induce protection from a variety of bacterial. viral. a protozoal and helminth infections in animal models ( 7 ). In mouse models
of tuberculosis (TB) and Mycobacterium
arium infection, plasmid vaccination has
shown an equivalent protective efficacy
equal to that of BCG against virulent mycobacterial infection.
The mouse foot pad model of leprosy infection has been used to measure the vaccine potential of various candidate leprosy
vaccines over the past 30 years. In this
model, a limited self-healing infection is
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prevented by BCG, live and heat-killed M.
leprae 20 ), various mycobacterial species
(''). and leprosy fractions (H. ' 5 ). This model
is the only practicable method for assessing
new vaccines for leprosy or for assessing
new tuberculosis vaccines for possible
cross-protection against leprosy. The mycobacterial antigen 85 (Ag85) family is a
group of three closely related proteins that
are secreted, bind to fibronectin and are
highly conserved across mycobacterial species ('). Vaccination with the 8513 gene
protects against tuberculosis infection in the
mouse ( 9 ). It has been previously demonstrated that immunization of mice with
Ag85B DNA was able to elicit a strong
immune response. High titers of anti-85Bspecific antibody and antigen-specific cytotoxic T cells were generated by Ag85B
DNA immunization, while antigen-specific
T-cell proliferation was characterized by the
production of interferon-gamma (IFN-y)
and not interleukin-4 (IL-4) ("). The ability
of Ag85B DNA to protect against challenge
with M. leprac was investigated since
vaccination with this vector had protected
mice against virulent M. atherculosi.s infection ( 9 ).
(
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1.^Median AFB counts in mouse Pot pads in each vaccine group.
Median AFB per
AFB count/foot pad (x105)^
foot pad

Vaccine group

Significance of
difference relative
to control PBS"

Experiment I
Control (PBS)
DNA control
Ag85B
BCG

6.9, 4.7, 0.1. 1.3, 9.6, 2.1, 0.2. 37. 2.65, 0.8, 0.4. O. I,
0.2, 0.4, 0.8, 0.1, 0.4, 33, 48, 0.1 , 0.4, 1.3, 3.75, 0.1, 0.4
3.1, 0.2, 8.8, 15.6, 0.6, 4.6, 4.2. 0.9, 0.4, 2.4, 1.8, 2.7.
2.2, 0.1, 0.1, 0.9, 0.9
0.1, 0.2, 0.1, 0.7, (1.1. 0.1, 0.1, 0.1, 2.9, 3.9, 0.1, 0.1,
0.1, 0.1, 0.1. 0.1
0.1,^1.98, 0.2, 0.4.^1.7, 0.4, 0.6, 0.1, 0.1, 0.1. 0.2, ^1.1,
0.1, 0.2, 0.1. 0.1, 0.1. 0.1, 0.1, 0.1, 0.8, 0.1, 0.6, 0.4,
0.1, 0.1, 0.1, 0.1, 0. I. 0.2, 0.1, 0.1, 0.4, ^1.3, 0.8, 0.1,
0.1. 0.1.^1.2.^1.2

80,000
180,000

p 0.616

10,000

p0.001

10.000

p0.0001

Experiment 2
Control (PBS)
Ag85B DNA
BCG

18.6, 5.2, 40, 30, 89.8, 12.7. 5.3. 7.2, 5.4, 3.4, 45.7,
12.5, 20.8, 20.8
16.9, 3.5, 5.4. 0.16, 0.3, 0.8, 8.6, 37.2, 2.4, 8.8, 9.9,
20.3, 14.2, 10.8, 3.5, 5.9. 6.5, 13.6, 0.1, 0.8
1.9, 0.9. 1.1, 0.1, 0.8, 0.4, 3.8, 0.6, 0.48, 0.48. 0.1, 0.1.
0.1. 0.1. 0.8, 0.3, 0.1. 0.1, 0.48, 0.32. 0.16, 0.1. 0.1. 0.1.
0.1. 0.1,^1.2,^1.9,1).1, 0.1, 0.1, 0.1, 0.1. 0.1, 0.1. 0.1.
0.3. 0.48

1,565,000
620,000
10,000

p 0.018
p0.0001

"Mann-Whitney U test.

MATERIALS AND METHODS
Production of DNA vaccines. The Ag85B
gene was amplified from the M. nibeeculosis genome using the ag85b specific
primers 5', GTCCGAAGCTTATGACAGACGTGACGGGA and 3' TAATAGGATCCTCAGCCGGCGCCTAACGA, and
cloned into the vector pJW4303, as previously described ( 9 ). The expression of the
gene was driven by the cytomegalovirus
immediate early promoter with intron A.
For immunization, the vector was purified
using caesium chloride ultracentrifugation
( IS) and resuspended in phosphate buffered
saline (PBS) at 1 mg/ml. The parental vector
pJW4303 was used as the negative control.
Immunization of animals. Swiss albino
outbred mice were immunized three times
intramuscularly in both hind flanks at 3
weekly intervals with DNA (100 pg per injection). Control mice were immunized
three times with PBS or once with 10 6 of
live BCG vaccine intradermally.
Four weeks after the last injections, mice
were infected in both hind foot pads with

10 4 M. leprae in a 30 l_t1 volume. Unvaccinated mice were inoculated with the same
strain to measure the growth of the organisms over 4 to 8 months. Two complete experiments were performed with two strains
of M. leprae.
Measurement of M. leprae growth. Foot
pads were harvested 6 months after infection
with M. leprae and each month thereafter
until a growth of 1.5 logs over the inoculum
in control mice was reached. The number of
bacilli in each foot pad was enumerated by
homogenizing the foot pad in 0.1% bovine
serum albumin (BSA) in PBS and smearing
a calibrated loopful over a slide in an area 8
mm in diameter. The slides were stained by
the Ziehl-Nielsen technique. The number of
acid-fast bacilli (AFB) in eight 100x oil objective fields was counted and the number of
AFB per foot pad was calculated by multiplying the count by the loop volume ('"). The
lower level of detection was 10,000 AFB.
RESULTS

Results of the two experiments are shown
in Table 1 and in The Figure. Vaccination
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T11E FIGURE. Vaccination with DNA protects again ill. leproe growth in the mouse foot pad. I = Vaccine group
unimmunized mice: 2 = group 2, mice immunized with plasmic] p.INV4303 only; 3 = group 3, mice immunized
with 85B gene; 4 = group 4, mice immunized with live BCG.

with control plasmid DNA did not inhibit
the growth of M. leprae in the mouse foot
pad. By contrast, growth was strongly inhibited in the foot pads of mice vaccinated
with either Ag85B DNA or with live BCG.
The mean/median AFB counts for each
group are shown in Table 1, and show a significant reduction of 61 %-88% in bacterial
2rowth. Vaccination with Ag85B DNA was
less than the protective efficacy of BCG in
the same experiments.
DISCUSSION
DNA vaccines consist of a circular plasmid with a number of important characteristics which influence the immune potency
of the vaccines. The gene of interest is under the control of a strong promoter which
drives expression of the protein in host
cells. Plasmids persist in muscle cells for
long periods and provide a strong, sustained
stimulus to the immune system. DNA vaccines containing unmethylated CpG dinucleotides within the plasmid are potent adjuvants. DNA vaccines cause polyclonal
activation of B cells, macrophages, dendritic cells and a T-helper- I immune response characterized by cytotoxic T cells

and high levels of IFN-7-producing T cells
C". 2 "). These kinds of immune responses are
important in protection from mycobacterial
diseases, including leprosy.
This is the second demonstration of a
protective effect of DNA vaccines in the
mouse foot pad model of leprosy infection.
The first demonstration, also from this laboratory (' 3 ), used the gene for the 35-kDa
protein in a similar plasmid. The use of the
present plasmid has demonstrated that the
use of the Ag85B plasmid vaccine has a bidirectional protective efficacy against leprosy and tuberculosis ( 9 ). The protection
from leprosy infection is equivalent to that
obtained by BCG. Our results are in contrast with those of Gillis, et al. (') who
found that vaccination with the closely related A285A DNA gave only marginal protection against M. leprac infection in the
foot pads of BALB/c mice. The same
Ag85A DNA vaccine, however, protected
C57/B6 mice against infection with M. luberculosis (s).
Two reports of DNA vaccines using M.
/eprae genes to protect against tuberculosis
have been published. The MLhsp65 in a
transfected macrophage line ( 22 ) and as
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TABLE 2. Summary of candidate leprosy
vaccines tested in the mouse foot pad
model.
Vaccine^Protection^Reference
Mycobactk.'ria
M. leprae^Yes^20
BCG^Yes^20
M. dm a/i^No^20
Mycobacterium 1006 I 6 No^21
M. tuberculosis 1-137Ra No^71
M. habana^No^21
M. Nimble^No^21
M. nonchromogenimm Yes"^21
M. vaccae^Yes"
Mycobacterium w^No^21
M. simiae TMC5 I 35^Yes^23
M. vaccae^No^23
,

Subcellular fractions
M. leprae CWP^Yes^5, 16
MLSA-LAM''^Yes^14
MLCwA' ^Yes^14
Proteins (10 pg in FIA)
I 0-kDa M. leprae hsp Yes^6
65-kDa M. leprae^Yes^6
M. leprae SOD^Yes^6
35-kDa protein^No^6
22-kDa protein^No^6
18-kDa protein^No^6
10-kDa hsp^No^6
N-terminal
27-aa peptide
Recombinant Vaccinia No^1
virus expressing
I 8-kDa M. leprae
protein
DNA
35-kDa gene^Yes^13
"Protection at 6 months only (M. nonchromogenicum) or 9 months only (M. vaccae).
hMLSA-LAM = M. leprae soluble antigen (cytoplasmic) minus lipoarabinomannan; MLCwA = M.
leprae cell wall antigen. Both protect in incomplete
Freund's adjuvant.

DNA ( 25 ) protected against TB challenge.
Protection was also achieved with DNA vaccines containing the gene for the M. leprae
36-kDa protein ( 25 ). Although hsp65 protein
in Freund's complete adjuvant (FCA) protects the mouse foot pad against leprosy in-

fection ("), neither of the DNA vaccines
have to our knowledge been tested against
leprosy in the mouse foot pad model.
In murine models of tuberculosis infection, a number of DNA vaccines have been
tested for protective efficacy. DNA vaccines containing M. tuberculosis genes for
the 38-kDa ("), PstS-3 ("), and MTB39A
( 2 ) have a protective effect against virulent
tuberculosis challenge. However, not all
anti-TB DNA vaccines are effective. Vaccines containing genes for the M. tuberculosis 19-kDa lipoprotein ( 3 ) and Ag85C ( 12 )
fail to provoke T-cell responses to the respective proteins, while vaccination with
the DNA of the PstS-1 protein generates a
cellular immune response but not protection
against virulent challenge ("). Recent work
has demonstrated a consistent hierarchy in
protective efficacy among DNA vaccines
made with three TB protein genes. The present construct was shown to be more effective than vaccines containing the ESAT6
gene which, in turn, was more effective
than vaccines containing the MPT64 gene
('). Interestingly, a recent report has shown
that DNA vaccines in mouse models of tuberculosis can also have a therapeutic effect, stimulating immune responses in infected animals which can cause the clearance of bacteria from the lungs (").
While the mouse foot pad model of leprosy infection may provide only an indirect
measure of the protective efficacy of these
candidate vaccines against human leprosy,
the experiments can be done in mouse foot
pad laboratories wherever they continue to
be active. A review of the results in the
mouse foot pad model obtained with various vaccine candidates is presented in Table
2. Although not a disease model, the mouse
foot pad infection is prevented by a select
range of mycobacteria and some but not all
leprosy proteins. As a screening tool, the
mouse foot pad model provides us with
some important information on the relative
importance of different mycobacterial exposures or leprosy proteins in inducing protective immunity. For example, while BCG
vaccination prevents infection of the mouse
foot pad, vaccination with the M. tuberculosis H37Ra strain does not, despite the close
genetic relatedness of these mycobacteria.
While immunization with the gene for the
Ag85A antigen gave only marginal protec-
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tion ( 4 ), we have demonstrated strong protection induced by the gene for Ag85B,
which has more than 75% sequence identity; this points to the specificity of the protective immune response and the utility of
the mouse foot pad model to detect differences in the protective efficacy of closely
related antigens. The variability in the protective efficacy of the DNA vaccine seen
between the two experiments and between
individual mice in each experiment is likely
due to the variable IFN-y produced on immunization (").
New vaccines against tuberculosis are
considered a high research priority against
the background of the HIV pandemic and
outbreaks of multidrug-resistant TB (IS). In
addition to DNA vaccines, subunit vaccines, recombinant BCG, avirulent mycobacterial vectors and other approaches are
being actively pursued. Since there is considerable relatedness between the two
causative organisms of tuberculosis and
leprosy, any new TB vaccine may have protective efficacy against leprosy as well.
With this report, we have established the
first, bi-directional DNA vaccine against
leprosy and tuberculosis. Now other new
candidate TB vaccines should also be examined for leprosy protective effects.

SUMMARY
A DNA vaccine composed of the gene
for the common mycobacterial secreted
protein antigen 85B was demonstrated to
protect the mouse foot pad against infection
with Mycobacterium leprae. The protective
effect was demonstrated by a 61 %-88% reduction in the bacterial number, a protective
effect less than that of BCG. The same
DNA vaccine has been shown to protect
mice against M. tuberculosis infection, and
the importance of testing other candidate
tuberculosis vaccines for their potential to
protect against leprosy is discussed.

RESUMEN
Se demostró que una vacuna de DNA preparada
con el gene de la protelna micobacteriana de secretion
85B, protegiO al main contra Ia infección por Mycobacterium leprae en el modelo de la almohadilla
plantar del ratan. El efecto protector se demostrO por
una reducción del 61% al 88% en el numero de bacterias, un efecto protector menor al encontrado con
BCG. La misnm
aBla de DNA protegió al ration
contra la infecciOn por Mycobacterium tuberculosis.
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Se discute Ia importancia de probar otros candidatos de
vacuna contra Ia tuberculosis, como inductores potenciales de protección contra Ia lepra.
RÉSUMÉ
Un vaccin a ADN, compose du gene codant pour
antigene proteinique secrete common aux mycobacteries 85B, a genere one protection contre ('infection de Mycobacterium leprae evaluee par le test
d' inoculation a la plants de patte de souris. Leffet
protecteur etait quantifiable: one reduction de 61 a
88% du nombre de batteries fat observee, ce qui
represents un effet protecteur inferieur a celui genere
par le BCG. Ce mate vaccin a ADN a montre tine
protection contre M. tuberculosis, et l'importance de
verifier experimentalement (lames candidats de vaccins anti-tuberculaux pour lour potential a proteger
contre la lepre, est discutt.
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