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We compared the growth levels and pathogenicities of the Mycobacterium tuberculosis MT103 clinical strain
with those of the ApurC mutant strain MYC1551, which is auxotrophic for purine in wild-type and gamma
interferon receptor (IFN-yR)-deficient mice. The ApurC strain MYC1551 grew initially in both wild-type and
IFN-yR-deficient mice upon aerosol infection, but it grew much less than strain MT103 did. Despite the
comparable bacterial burdens of the mice, IFN-yR-deficient mice succumbed to infection with ApurC strain
MYC1551 from necrotic pneumonia within 6 weeks of those infected with MT103. In conclusion, the ApurC
mutant MYC1551 displays reduced growth but retains pathogenicity. Therefore, the use of mutant strains of
M. tuberculosis as live vaccines may not be recommended.

Tuberculosis (TB) remains a major global public health is-
sue, with a projected mortality of 90 million cases over the next
3 decades without any further interventions (7). Vaccination
with the attenuated strain of Mycobacterium bovis BCG has
been effective against severe forms of TB in children, but the
levels of protection vary in different geographical locations,
and the strain is not effective against the adult form of TB (3).
Considerable efforts have been made to identify specific my-
cobacterial antigens involved in the protective immune re-
sponse to TB (8, 15). The possibility of using live mutant
strains of mycobacteria as vaccines has also been explored (1,
11, 12, 17). An advantage of using attenuated live vaccines
instead of subunit vaccines is that the former may provide a
greater complement of antigens, since live vaccines produce
most antigens that are normally expressed in vivo. Live atten-
uated strains of Mycobacterium tuberculosis should express an-
tigens which the BCG vaccine lacks and which may be impor-
tant in the immune response to TB (10). Attenuated
auxotrophic mutants of bacterial pathogens have already
shown potential as live vaccine candidates (5, 19). Further,
severely immunodeficient mice have survived BCG auxotro-
phic infection, although they succumbed to wild-type (WT)
BCG infections (1, 12, 14). It was therefore proposed that
attenuated BCG strains could present potentially safe and use-
ful vaccines against TB infection (10) and, specifically, that
they could be used in patients infected with human immuno-
deficiency virus. Strain BCG and M. tuberculosis ApurC and
AleuD mutants that are auxotrophic for purine have been
tested with animal models (1, 12, 14), confirming reduced
virulence after intravenous infections in mice.

Here, we determined the pathogenicity of MYC1551, the
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ApurC mutant from clinical strain MT103, with a physiological
model of aerosol infection, aiming to understand whether the
mutant strain has reduced pathogenicity in an immunosup-
pressed host. In view of the critical role that gamma interferon
(IFN-v) plays in controlling mycobacterial infections (4, 6, 9),
we used immunodeficient IFN-y receptor-deficient (IFN-
yR /™) mice (13).

The M. tuberculosis ApurC strain MYC1551 is lethal in IFN-
yR™'~ mice. Since the auxotrophic ApurC strain MYC1551 is
attenuated and does not grow in in vitro-cultured macrophages
(14), we wanted to determine whether this mutant has reduced
pathogenicity in an immunodeficient host. Therefore, IFN-
YR/~ mice were infected with WT MT103 or the ApurC
mutant MYC1551 by aerosol exposure (100 CFU per lung) and
compared to WT mice. The immunodeficient IFN-yR ™/~ mice
infected with MT103 started to lose body weight within 2 weeks
(data not shown) and succumbed to infection between weeks 4
and 6 (Fig. 1A), and those infected with the ApurC mutant
MYCI1551 lost weight within 4 weeks and survived slightly
longer but succumbed to infection in weeks 5 through 7 (Fig.
1B). By contrast, most of the WT mice (8 of 10) infected with
either MT103 or the ApurC mutant MYC1551 survived (Fig.
1). As MYC1551 has a reduced capacity for in vitro intracel-
lular growth in resting macrophages (14), we wanted to deter-
mine whether MYC1551 has a reduced capacity for growth in
the host in vivo.

Reduced bacterial burdens in M. fuberculosis ApurC strain
MYC1551-infected mice. Organs of infected mice were as-
sessed for mycobacterial growth at 4 weeks of infection. My-
cobacterial loads of MT103 in the lungs, spleens, and livers of
IFN-yR ™/~ mice were higher (for lungs and livers, P < 0.05;
for spleens, P < 0.001) than those in WT mice (Fig. 2). The
ApurC mutant MYC1551 grew much less in vivo upon aerosol
infection, but some growth was preserved, unlike after intra-
venous infection (17). The bacterial counts in these lungs,
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FIG. 1. The M. tuberculosis ApurC mutant MYC1551 causes rapid lethality in IFN-yR ~/~ mice. WT mice and IFN-yR /" mice were exposed
to aerogenic infections (100 CFU) with the WT MT103 (A) and ApurC mutant MYC1551 (B) strains. Each group contained 10 mice. The values

on the y axes indicate percent survival.

spleens, and livers were significantly lower than the bacterial
counts in those with MT103 infections (P < 0.01) (Fig. 2).
The bacterial loads in lungs and especially in spleens and
livers of IFN-yR™/~ mice infected with the ApurC mutant
MYC1551 were significantly higher than those in the organs of
WT mice (lungs, P < 0.05; spleens and livers, P < 0.01) (Fig.
2). Indeed, MYC1551 CFU counts in organs were 3 (in lungs)
and 10 (in spleens and livers) times higher in IFN-yR ™/~ mice,
which suggests that there is residual growth, not an absence of
growth as reported previously (17), which is IFN-y sensitive.
Therefore, the data suggest that the mutant mycobacteria have
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FIG. 2. MYC1551 mutant mycobacteria have reduced growth in
vivo. The bacterial burdens in the lung, spleen, and liver were deter-
mined 4 weeks after aerosol infection of WT (A) and IFN-yR ™/~
(B) mice infected with the WT MT103 (open bars) and the ApurC
mutant MYC1551 (filled bars). Bars represent mean CFU values (n =
5), with error bars indicating standard deviations. The data are repre-
sentative of two independent experiments.

a reduced capacity for growth in normal and IFN-yR '~ hosts,
and we wanted to determine whether the inflammatory
changes might be reduced.

The M. tuberculosis ApurC mutant MYC1551 causes acute
pneumonia in IFN-yR™~ mice. The inflammatory and gran-
uloma responses were investigated by light microscopy at 4 and
8 weeks after aerosol infection. In MT103-infected WT mice,
typical lung granulomas consisting of activated macrophages
and abundant lymphocytes were found at 4 weeks after infec-
tion, a response that increased slightly at 8 weeks (Fig. 3A).
MT103 infections in IFN-yR /" mice caused necrotic pneu-
monia with abundant extracellular growth of mycobacteria in
the absence of proper granuloma formation (Fig. 3A). In ad-
dition, there were many small granulomas in the liver (data not
shown).

The infection of WT mice with the M. tuberculosis ApurC
mutant MYC1551 induced an increase in peribronchial cellu-
lar infiltration, with the formation of small granulomas, be-
tween weeks 4 and 8 (Fig. 3B). By contrast, MYC1551 caused
extensive pneumonia in IFN-yR™/~ mice at 4 weeks, with
diffuse mononuclear cellular infiltration in the absence of gran-
uloma and necrosis, which was lethal. Therefore, the
MYC1551 mutant strain retained pathogenicity, as observed in
the immunodeficient IFN-yR ™'~ mice, even with lower organ
bacterial burdens.

Reduced iNOS expression in the absence of IFN-yR signal-
ing. Mycobacterial infection causes activation of inducible ni-
tric oxidase (iNOS) in infected macrophages. Activated mac-
rophages can be detected in organs by staining them for their
iNOS immunoreactivity. At 4 weeks, WT mice infected with
the MT103 strain, or to a lesser extent, the ApurC mutant
MYCI1551, displayed iNOS immunoreactivity in the lungs (Fig.
4A), as well as in the liver and spleen (data not shown). iNOS
expression was reduced in IFN-yR ™/~ mice infected with ei-
ther strain (Fig. 4B). Nitrotyrosine, which is the end product of
the iNOS reaction, was detected in the lungs of WT mice, and
the level detected was very similar to that obtained from iNOS
staining of these tissues (data not shown). As expected, in
IFN-yR /™ mice, nitrotyrosine immunoreactivity was dimin-
ished, concomitant with reduced iNOS expression. Therefore,
the ApurC mutant MYC1551 has an attenuated capacity to
induce iNOS expression. In the absence of IFN-yR signaling,
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FIG. 3. Diminished inflammatory and granuloma responses in the lungs of WT mice compared to IFN-yR ™/~ mice upon infection with the WT
MT103 (A) and the mutant MYC1551 (B). Shown are images of confluent inflammation and necrosis in IFN-yR '~ mice infected with the MT103
and MYC1551 strains. These images are representative micrographs of the lungs from WT mice at 4 and 8 weeks and IFN-yR ™/~ mice at 4 weeks
after infection. Sections were stained with hematoxylin and eosin and are representative of five mice each. Magnification, X80.
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FIG. 4. Mice infected with the mutant MYC1551 display reduced activation of pulmonary macrophages compared to mice infected with the WT
MT103. Expression levels of iNOS in the lungs of WT and IFN-yR ™/~ mice at 4 weeks after infection were determined as described previously
(8, 18). WT and IFN-yR '~ mice were infected with the MT103 (A) and MYC1551 (B) strains, and representative immunohistochemistry sections
from five mice each are shown. Magnification, X80.
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reduced activation of macrophages occurred and no proper
granulomas were formed.

In conclusion, we demonstrated here that the M. tuberculosis
ApurC mutant MYC1551 displayed reduced growth in WT
mice but had 0.5- to 2-log-higher growth levels in the lungs and
in the livers and spleens, respectively, of IFN-yR ™/~ mice.
Although the organ CFU counts of the ApurC mutant
MYC1551 were about 2 logs lower than those of the parent
strain in IFN-yR ™/~ mice, the mutant mycobacteria were still
pathogenic in the immunodeficient host. The heightened sen-
sitivity of IFN-y ™'~ or IFN-yR ™/~ mice to mycobacteria is well
documented (4, 6, 9). Therefore, the use of such an immuno-
deficient model to test reduced pathogenicities of mycobacte-
rial mutants is justified. Our data indicate that the ApurC
MYC1551 auxotrophic mutant displays a growth disadvantage
in vivo but causes death in IFN-yR ™/~ mice. These findings are
relevant for the extrapolation of recombinant vaccine strate-
gies for the use of live vaccines in immunodepressed patients.

Grants from The Wellcome Trust, NRF, and MRC of South Africa
supported this work.
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