












transferase [3]), can confer in the definitive guinea pig model
increased survival compared to appropriate controls and pre-
vention of caseating disease that gradually develops 10 to 20
weeks after aerosol infection. Instead, infected animals immu-
nized with both vaccines developed lung disease similar to that
seen in BCG-vaccinated control animals, characterized by a
lymphocytic form of granulomatous response. Hence, while
these new vaccines did not prevent mortality in a manner
comparable to that conferred by BCG, these results generate
optimism that a new generation of nonliving vaccines can be
developed in the near future.

It was noticeable that with one exception other than BCG,
bacterial counts in the lungs of both animal models were not

reduced below those of placebo controls 30 days after aerosol
challenge (the “gold standard” in most studies published to
date). However, at least two vaccines showed evidence of caus-
ing prolonged survival compared to controls. This may be pro-
viding an important lesson, namely, that short-term reduction
in bacterial counts may not, in fact, be the most important
criterion and that survival/pathology data in the guinea pig
model may in fact give a better picture of the long-term effec-
tiveness of a vaccine. We believe our results suggest that the
survival data in this model is influenced by the type of lesion
produced. While lesion severity is undoubtedly a critical com-
ponent of survival, the cytological character of the lesion within
the DNA-Ag85A group, particularly the degree of lymphocytic

FIG. 5. Representative photomicrographs of lungs from vaccinated guinea pigs infected via the aerosol route with M. tuberculosis H37Rv at least 15 weeks
previously. (A) PBS control euthanized due to rapid weight loss after 15 weeks. Granulomatous pneumonia replaces the vast majority of the parenchyma. (B)
MPL-CFP-vaccinated animal that died 18 weeks postinfection. The lesions are similar to those seen in the PBS control (A). (C) DNA-vector control animal that died
18 weeks postinfection. The lesions are similar to those seen in the PBS control (A). (D) BCG-vaccinated animal euthanized at 31 weeks postinfection (study
termination). Smaller, discrete granulomas affect approximately 40 to 50% of the pulmonary parenchyma. (E) MPL–CFP–IL-2-vaccinated animal euthanized at 31
weeks (study termination). The extent of the lesions is very similar to that in the BCG-vaccinated animal (D). (F) DNA-Ag85A-vaccinated animal euthanized at 31
weeks (study termination). The lesions are extensive, involving 75 to 80% of the parenchyma. Hematoxylin and eosin stain; magnifications, 33.5.

TABLE 3. Bacterial load data for long-term survivors

Group
Time to death (days)/bacterial load (log) in animal:

1 2 3 4

PBS 98/7.84 103/7.45 138/5.87 NDa,b/NAg

MPL 61/8.01 74/8.46 94/7.04 221d/4.84
MPL-CFP 126/7.46 126/7.62 136/7.07 221d/4.45
MPL–CFP–IL-2–IL-12 79/NDc 82/6.43 109/NDc 140/5.93
MPL–CFP–IL-12 70/7.05 109/7.41 139/6.71 172/NDc

MPL–CFP–IL-2 131/8.24 181/NDc 221d/6.58 221d/4.79
DNA-Ag85A 89/NDc 194e/7.82 221d/6.69 221d/6.16
DNA-vector NDb/NA 55/7.61 127/7.15 177/NDc

BCG 221d/3.31 221d/4.19 221d/6.54f 221d/4.77

a ND, not determined.
b Animal died before aerosol challenge for unknown reasons.
c Animal died overnight and the tissues autolysed.
d Animal survived length of experiment [221 days].
e Animal had extensive lymphadenopathy or lymphoma.
f Animal was starting to lose weight.
g NA, not applicable.
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infiltration, may have a better correlation with survival in this
model.

This concept was best illustrated by the results obtained with
formulations containing IL-12. When IL-12 was given with
IL-2, day 30 protection was seen in both models. However, 8 to
10 weeks after aerosol challenge of guinea pigs, these animals
all began to die. The reason for this is not known, but our
speculation at present is that IL-12 enhances an initial gamma
interferon response by T cells but in the process drives these
antigen-reactive cells into a short-lived mode. As a result, these
cells are absent when the infection begins to progress or reac-
tivate a few weeks later.

Much better survival and less severe lung disease (charac-
terized by increased lymphocyte infiltration) were seen if IL-2
alone was added to the MPL-CFP vaccine. These data suggest
the hypothesis, therefore, that IL-2 was sufficient to drive a
long-lived memory T-cell response to this vaccine formulation.
This is certainly an approach worthy of further investigation,
especially considering the almost identical lung disease seen in
these animals and BCG controls (Fig. 5D and E).

Similar disease, although with more lung consolidation, was
seen in animals given the DNA vaccine. In contrast to earlier
studies in the mouse in which some degree of protection was
observed (11), the DNA-Ag85A did not reduce bacterial num-
bers at day 30 in the guinea pig; nevertheless, there was long-
term lymphocytic granulomatous disease similar to (but more
extensive than in) the BCG controls. Whether this observation
reflects strong generation of memory immunity or prolonged

stimulation of the immune system through expression of Ag85
antigen by host muscle cells is not currently known.

There was no apparent association between an increase in
bacterial numbers in the surviving groups and lung consolida-
tion; if anything, bacterial numbers were reduced. This implies,
therefore, that it was the continuing host granulomatous re-
sponse to the infection, rather than the infection per se, that
was responsible for the progressive infiltration of lung tissue
and the eventual death of the animals, a process which would
probably eventually kill the BCG-vaccinated group. This in
turn implies, therefore, that dampening the inflammatory re-
sponse in the lungs (without reactivating the remaining bacte-
ria) should further lengthen survival times.

To the very limited extent to which they can be compared,
the findings of this study are similar to those of Horwitz et al.
(9), who showed that various components of CFP delivered in
a different (Syntex) adjuvant resulted in small reductions in
bacterial load in the lungs and protected these animals for 10
weeks after aerosol challenge. An appropriate BCG control
was not included in that study, but even so we would argue that
the experiments were curtailed long before any pulmonary
caseation had fully developed, hence preventing demonstra-
tion of this central tenet of the guinea pig model.

Our different tactic, to use a mild adjuvant rather than a
potent one and then enhance it by the use of IL-2, not only was
successful in the guinea pig model but had the additional
benefit of not inducing a skin test reaction to PPD. As a result,
this vaccine should not disable the clinical diagnosis test. (We

FIG. 6. Higher-magnification photomicrographs of some of the lesions depicted in Fig. 5, demonstrating cytological detail. (A) PBS control (same animal as in Fig.
5A). Areas of fibrosis (arrow) surround a zone of necrosis, characterized by cytolysis (indistinct cells and cell margins) and karyolysis, with a central core of dystrophic
calcification (deeply basophilic deposits [arrowhead]). Magnification, 3103.5. (B) Higher magnification of the specimen in panel A. Note the vast predominance of
epithelioid macrophages and a multinucleated giant cell. Magnification, 3172.5. (C) BCG-vaccinated animal (same animal as in Fig. 5D). Note the decreased fibrosis,
increased number of lymphocytes, lack of necrosis, and excellent granuloma organization compared to PBS controls (A). Magnification, 3103.5. (D) Higher
magnification of the specimen in panel C. A typical section with abundant lymphocytes and numerous macrophages is shown. Magnification, 3172.5. (E) DNA-
Ag85A-vaccinated animal (same animal as in Fig. 5F). Note the extensive granulomatous pneumonia, similar in cytological makeup to that in the BCG-vaccinated
animal (C) and the MPL–CFP–IL-2-vaccinated animal (higher magnification not shown). Magnification, 3121. (F) Higher magnification of the specimen in panel E.
A typical section similar to that for the BCG-vaccinated animal is shown. Magnification, 3224. All panels stained with hematoxylin and eosin.
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should emphasize, however, that these animals still gave small
reactions to purified CFP, indicating that they are not actually
anergic.)

Turning to practical matters, how could these new vaccines
be used in the clinical setting? The majority of the worldwide
population has been given BCG or is otherwise sensitized by
exposure to environmental mycobacteria. As we have dis-
cussed elsewhere (18), perhaps a more realistic use of these
new vaccines (given the fact that their capacity to confer sur-
vival was less than that conferred by BCG) would be to boost
individuals already previously vaccinated or those who may be
at risk of reactivation disease due to latent tuberculosis or
drug-resistant tuberculosis that is refractory to treatment. To
address these questions, we are conducting experiments with
guinea pigs vaccinated in early life with BCG to see if boosting
with the new vaccines in midlife will prolong survival over that
obtained with BCG alone, as well as experiments with inbred
strains of mice prone to reactivation tuberculosis to see if this
event can be prevented or delayed.
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