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Sequential immunization with mycobacterial antigen Ag85B-expressing DNA and Mycobacterium bovis ba-
cille Calmette-Guerin (BCG) was more effective than BCG immunization in protecting against Mycobacterium
tuberculosis infection. Depletion of the CD8" T cells in the immunized mice impaired protection in their
spleens, indicating that this improved efficacy was partially mediated by CD8* T cells.

The incidence of tuberculosis (TB) is increasing due to the
human immunodeficiency virus/AIDS pandemic and the emer-
gence of multidrug-resistant strains of Mycobacterium tubercu-
losis. There is a significant need for more effective vaccines to
prevent the transmission of M. tuberculosis. The only vaccine
presently available for human use against TB is Mycobacterium
bovis bacille Calmette-Guerin (BCG). Although the protective
efficacy of BCG is variable in humans (2), it is effective at
reducing the bacterial load in murine TB and serves as a
benchmark for the evaluation of new TB vaccines in animal
models. To date, the level of protection conferred by BCG
vaccination has not been achieved by any other subunit vac-
cine, including DNA vaccines.

Although protective immunity against TB is essentially me-
diated by CD4™ T cells (1, 8), CD8™ T cells are also required
for resistance against M. tuberculosis infection (17). It is plau-
sible that immunization strategies stimulating both CD4* and
CD8™ T cells should lead to an improved protection against M.
tuberculosis infection. In general, immunization with soluble
proteins stimulates mostly CD4" T-cell responses, whereas
DNA or viral vaccines induce stronger CD8™ T-cell responses.
Recently, a heterologous immunization strategy consisting of
priming with plasmid DNA and boosting with recombinant
vaccinia virus (VV) has been developed in order to enhance
immune responses, particularly the CD8" T-cell responses,
against malaria, and infections caused by simian and human
immunodeficiency viruses (7, 12, 13, 15). Further characteriza-
tion of this heterologous immunization strategy has revealed
that the type of immune response induced by a prime-boost
strategy is dependent mainly on the nature of the boosting
agent. For example, while boosting with proteins or peptides
generally stimulates a Th2-driven humoral response, viral
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boosting enhances primarily a Th1-type cell-mediated immune
response (11). We (6) and others (9) previously showed that
immunization with a DNA vaccine expressing Ag85B, a major
secreted mycobacterial protein, protected mice against M. fu-
berculosis infection. However, the reduction in bacterial load
was lower than that conferred by BCG immunization. The
present work was designed to develop an immunization strat-
egy that is more effective than current vaccines, and we hy-
pothesized that a DNA vaccine-based heterologous prime-boost
immunization with a suitable boosting agent may enhance pro-
tection against M. tuberculosis infection.

To examine the influence of the boosting reagents on the
outcome of the immune response, C57BL/6 female mice
(ARC, Perth, Western Australia, Australia) were primed with
an intramuscular injection of 100 g of a DNA vaccine ex-
pressing Ag85B (DNA-85B) and then boosted with different
agents. DNA-85B contained the gene encoding Ag85B, as am-
plified from M. tuberculosis H37Rv genomic DNA (9). Boosts
included intramuscular immunization with the same dose of
DNA-85B, intravenous injection of 107 PFU of an Ag85B-
expressing recombinant VV (VV-85B), subcutaneous inocula-
tion of 10 pg of recombinant Ag85B protein (P-85B) in incom-
plete Freund’s adjuvant, or 10° CFU of BCG (Table 1). BCG
(Tokyo strain, ATCC 35737), recombinant P-85B, DNA-85B,
control DNA (6), VV-85B, and control VV (16) were prepared
as previously described. Mice were immunized twice at 6-week
intervals. Six weeks after the last immunization, mice were
exposed to M. tuberculosis H37Rv (ATCC 27294) in a Middle-
brook airborne infection apparatus (Glas-Col, Terre Haute,
Ind.). Each mouse received approximately 10> viable bacilli per
lung. Lungs, spleens, and blood were collected 4 weeks post-
infection.

In agreement-with a previous study (6), immunization with
two injections of DNA-85B conferred partial protection
against M. tuberculosis challenge (Table 1). Although prime-
boost with DNA-85B and VV-85B also conferred protection in
one of two experiments, the protective efficacy of this strategy
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TABLE 1. Sequential immunization with DNA-85B and BCG protects mice against aerosol M. tuberculosis infection

Immunization®

Bacterial load (log,, CFU = SEM [n = 5])°

Expt 1 Expt 2

Prime Boost Lung Spleen Lung Spleen
None None 6.30 = 0.15 4.54 £0.21 6.49 = 0.04 4.65 = 0.29
Control DNA Control VV ND ND 6.43 £0.05 4.99 +0.25
DNA-85B P-85B 6.05 = 0.07 3.92 £0.17 ND ND
DNA-85B VV-85B 6.10 = 0.06 3.94 +0.23 5.77 £ 0.08:: 3.89 + 0.32%
DNA-85B DNA-85B 5.87 = 0.15% 4.07 £0.14 5.97 £ 0.095x 4.51 = 0.18
DNA-85B BCG 5.18 £ 0.09s 2.64 £ 0.26%x 5.18 £ 0.22:% 2.60 £ 0.12:8%
BCG None 5.63 = 0.13%xx 3.88 £ 0.32x 5.48 = 0.07xxx 3.78 = 0.11%*
BCG BCG 5.53 £ 0.09sx 3.25 £ 0.32::% ND ND

“ Mice were primed and boosted with the vaccines at 6-week intervals and challenged 6 weeks after the last injection with aerosol M. tuberculosis infection.
® The differences in CFU between groups were assessed by analysis of variance. Differences between nonimmunized mice and each of the immunized groups are

reported (¥, P < 0.05; #+, P < 0.001; ##*, P < 0.0001). ND, not determined.

was lower than for BCG immunization alone, indicating that
viral boosting may not be suitable for vaccination against TB.
This finding was not surprising since the prime-boost immuni-
zation with DNA and viral vaccines was initially designed to
protect against viral infection and the hepatic phase of malaria
where CD8™" T cells are the predominant protective cells (11,
14). Interestingly, targeting CD4™" T cells alone may not be
sufficient, since boosting with soluble Ag85B protein in adju-
vant did not protect mice against TB. Mice which were sequen-
tially immunized with DNA-85B and BCG had significantly
lower CFU in their lungs than mice immunized with DNA-85B
alone (Table 2). Most importantly; the protection conferred by
this strategy was significantly greater than the immunization
with one or two injections of BCG (Table 2). While immuni-
zation with DNA-85B vaccine was less effective at preventing
dissemination of the bacilli to the spleens, immunization with
BCG significantly reduced the M. tuberculosis load in the
spleen compared to nonimmunized animals (Table 1). The
combination of DNA-85B and BCG immunization further im-
proved the protective efficacy of BCG vaccine, with an approx-
imately 100-fold reduction in bacterial load in the spleens,
compared to a 10-fold reduction in CFU conferred by immu-
nization with BCG alone (Table 2). Immunization with control
DNA or viral vaccines had no effect on the growth of M.
tuberculosis in the organs of infected mice (data not shown).
In an attempt to define the immune mechanism leading to
this improved protection, CD8" T cells of mice primed with
DNA-85B and boosted with P-85B, VV-85B, DNA-85B, or

TABLE 2. Sequential immunization with DNA-85B and BCG is
superior to vaccination with BCG alone

P value for differences in *:

Groups (prime/boost) compared®

Lungs Spleens

DNA-85B/BCG and none/none <0.0001 5% <0.00071 33

DNA-85B/BCG and DNA-85B/DNA-85B  0.0003:x 0.0003:x
DNA-85B/BCG and BCG/none 0.0104 0.0011=

DNA-85B/BCG and BCG/BCG 0.0389: 0.0765™
BCG/none and BCG/BCG 0.5427™ 0.0650NS

“ Mice were primed and boosted at 6-week intervals as described for Table 1
and challenged 6 weeks after the last injection with aerosol M. tuberculosis
infection.

® Differences in CFU between groups as assessed by analysis of variance
(™S, nonsignificant; * P < 0.05; =, P < 0.001; s, P < 0.0001).

BCG were depleted during M. tuberculosis infection. The time
schedule for vaccination and immunization route were similar
as to those in the experiment described above. Mice were
injected intraperitoneally with 1 mg of protein G-purified
depleting anti-CD8" T-cell monoclonal antibody (MAD)
YTS169.4 at days -2, -1, 0, 7, 14, 21, and 28 (relative to chal-
lenge with M. tuberculosis on day 0). The bacterial loads of
MAb-treated and untreated mice were compared at day 30
postinfection (Fig. 1). The MADb treatment significantly re-
duced the number of CD8" T cells in the peripheral blood,
with 89% =+ 0.64% reduction compared to immunized, in-
fected animals not treated with MAb YTS169.4 (n = 3). The
extent of reduction in peripheral CD8™ T cells was comparable
to that in infected spleens (data not shown) (10). This reduc-
tion was associated with a significant increase in the CFU in
the spleens of the treated mice (P < 0.05) (Fig. 1), showing
that CD8™" T cells stimulated by DNA priming and BCG boost-
ing immunization protected mice against M. tuberculosis infec-
tion. In contrast to peripheral blood and spleen, the depletion
of CD8™" T cells was less efficient in the M. fuberculosis-infected

Prime Boost Lung Spleen
DNA-85B  P-85B )
_‘
DNA-85B  VV-85B
-
DNASS5B  DNA-85B mmm.
[ =
DNA-85B  BCG H J!"}‘
i %
T T

T T
0 0510 15 0 0510152025

Reduction of M. tuberculosis load
(Log1g CFU per organ)

FIG. 1. Improved protection against dissemination of M. tubercu-
losis to spleens is partially mediated by CD8" T cells. Immunized mice
were left untreated (OJ) or treated with anti-CD8" T-cell MAb
YTS169.4 (m) during the course of M. tuberculosis infection. Thirty
days postinfection, the bacterial load in lungs and spleens was deter-
mined. Reduction of bacterial load was expressed as the mean log,,
difference in CFU in the organs of immunized and nonimmunized
mice (n = 5). The differences in CFU between untreated and anti-
CD8" T-cell MAb-treated animals were compared by Student’s ¢ test
(*, P < 0.05).
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lungs (75% = 2.52% reduction; n = 3), and the bacterial loads
in the lungs of MAb-treated and untreated mice were not
significantly different. This could be a result of reduced effi-
ciency in the depletion of CD8" T cells in lungs or of the
increased proliferation of CD8™ T cells at the site of infection.
Alternatively, this may reflect the difference in the immune
response between lungs and spleens (4, 5).

The success of the novel heterologous prime-boost immuni-
zation with DNA and BCG demonstrates that protective effi-
cacy of the current BCG vaccine can be improved by use of a
more effective immunization regimen. Several factors may ac-
count for this improved efficacy. First, priming with a DNA
plasmid may focus the immune responses to one of the dom-
inant mycobacterial antigens. Second, DNA vaccines may con-
tribute to the improved protection against M. tuberculosis
infection by priming both CD4" and CD8" T cells. DNA
immunization can stimulate both T-cell subsets (19) and is
more potent than mycobacteria at priming naive CD8" T cells
(3, 20). Third, BCG immunization may effectively amplify my-
cobacterium-specific CD8" T-cell responses primed by DNA
immunization, as the requirements for activation of effector/
memory T cells are less stringent than those for their naive
counterparts (18). Finally, in contrast to viral boosting, boost-
ing with BCG vaccine greatly enhances the Thl-type CD4"
T-cell response that is essential for immunity against M. tuber-
culosis.

In conclusion, sequential immunization with DNA-85B and
BCG was superior to immunization with either DNA or BCG
vaccine alone in this C57BL/6 murine model of tuberculosis.
Improved protection was partially dependent on CD8™ T cells,
and further reduction of bacterial load may be achieved by
incorporating immune adjuvants such as interleukin-12 and
CpG oligodeoxynucleotides (5) into BCG boosting. Impor-
tantly, these findings suggest that a combination of immuniza-
tions with DNA vaccines and BCG may be more effective than
BCG in the control of TB in humans.
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