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We report the safety and immunogenicity of a double lysine and pantothenate auxotroph of Mycobacterium
tuberculosis in mice. The �lysA �panCD mutant is completely attenuated in immunocompromised SCID and
gamma interferon knockout mice yet induces short-term and long-term protection in immunocompetent and
CD4-deficient mice following single-dose subcutaneous vaccination.

Tuberculosis (TB) remains a major global health problem,
and the increased incidence of TB cases in human immunode-
ficiency virus (HIV)-infected and AIDS patient populations
underlines the need for an improved and safe vaccine (12). The
currently used Mycobacterium bovis BCG vaccine has several
limitations, including variable protective efficacy in adults (1a,
16), waning of protective immunity over time (4, 15), and
safety concerns in immunocompromised individuals (1, 6, 25,
38). In addition, comparative genomic analyses have identified
more than 100 coding sequences that are missing from BCG
but present in M. tuberculosis (5, 8, 26), including the secreted
protein ESAT-6, which has been shown to be a protective
antigen in several animal studies (7, 31). These missing regions
may encode potential antigenic determinants that could in-
crease the immunogenicity of a vaccine if it were derived from
an attenuated strain of M. tuberculosis.

Live, attenuated vaccines offer a powerful means to prevent
several important human diseases; a number of these live prep-
arations are in routine use, including attenuated vaccines for
polio, measles, mumps, and rubella. The advantages of live
vaccines include the ability to replicate within host tissues,
thereby facilitating the generation of prolonged memory T-cell
responses. Several attenuated M. tuberculosis vaccine candi-
dates that were constructed by deleting genes required for
growth in mice (20, 21, 35) have been shown to confer protec-
tion against infection with virulent M. tuberculosis. We have
previously reported the safety and immunogenicity of the sin-
gle M. tuberculosis �lysA (30) and �panCD (32) auxotrophs in
mice. In an attempt to further enhance the safety of a live,
attenuated M. tuberculosis vaccine strain, we introduced the
panCD deletion into an unmarked �lysA mutant of M. tuber-
culosis by specialized transduction (2). The deletions of the
lysA and panCD genes were confirmed by Southern blotting

(Fig. 1A). Strain mc26020 (�lysA �panCD mutant) is strictly
auxotrophic for lysine and pantothenate, and no growth of the
mutant was observed in the absence of lysine and pantothenate
supplementation. No revertants were recovered when 1011

CFU of strain mc26020 were plated on minimal medium or on
medium containing either pantothenate or lysine, demonstrat-
ing the mutations to be highly stable and nonrevertible. Simi-
larly, no revertants were observed following serial passage of
the mutant or when it was cultured from infected mice.

To evaluate the synergistic effect of the �lysA and �panCD
mutations on bacterial virulence, immunocompetent BALB/c
mice (6 to 8 weeks old, purchased from Jackson Laboratories,
Bar Harbor, Maine) were infected intravenously with 5 � 106

CFU of mc26020 or wild-type M. tuberculosis H37Rv. All
mc26020-infected mice survived for �400 days (Fig. 1B), com-
pared to the rapid mortality of H37Rv-infected mice (average,
21 days). At 3 weeks postinfection, no mc26020 bacteria were
recovered from the lungs, spleens, or livers of mice infected
with the �lysA �panCD mutant and only occasional, mild lung
lesions composed of low numbers of macrophages and lym-
phocytic infiltrations in the interstitium were detected in these
animals. By comparison, the mice infected with H37Rv exhib-
ited severe fatal spreading pneumonia, markedly enlarged
spleens with severe diffuse granulomatous splenitis, and hep-
atitis with large numbers of acid-fast bacilli. In mc26020-in-
fected mice, the lung lesions were almost completely resolved
at 8 weeks postinfection. To further evaluate the growth po-
tential of this mutant during the early phase of infection, im-
munocompetent C57BL/6 mice were infected and the growth
kinetics were followed for the first 4 weeks. The mc26020
bacterial numbers steadily declined in the lungs and spleen
following intravenous infection with 105 CFU/ml, which were
cleared from the lungs in 2 weeks but persisted in low numbers
in the spleen until 4 weeks postinfection (Fig. 1C).

HIV-infected individuals have a 10% annual risk of devel-
oping TB; thus, a TB vaccine for this population would be
extremely valuable in controlling the TB epidemic. However,
given their immunocompromised state, any live, attenuated
vaccine for use in the HIV-infected population would have to
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be much attenuated. In order to assess the degree of attenu-
ation of this double-deletion mutant, severe combined immu-
nodeficient (SCID) mice (6 to 8 weeks old, purchased from
The Jackson Laboratory, Bar Harbor, Maine), a highly strin-

gent model for safety, were infected intravenously with 105

CFU of mc26020 or 102 CFU of H37Rv. Mice infected with 102

CFU of H37Rv died within 5 weeks postinfection, whereas all
mice infected with 105 CFU of mc26020 survived for 375 days,

FIG. 1. �lysA �panCD mutant of M. tuberculosis (mc26020) is severely attenuated in immunocompromised and immunocompetent mice. (A) South-
ern blot demonstrating the loss of the panCD loci from an unmarked �lysA mutant of M. tuberculosis. Lane 1 represents the genomic DNA from an
unmarked �lysA auxotroph of M. tuberculosis, and lanes 2 and 3 represent the genomic DNAs from two independent lysine-pantothenate double
auxotrophs of M. tuberculosis. The sizes of the expected hybridization products are shown on the right of the blot. (B) Survival of immunocompetent
BALB/c mice (n � 17) infected intravenously with H37Rv (E) or mc26020 (F). (C) Growth of mc26020 in the spleens (Sp) and lungs of immunocom-
petent C57BL/6 mice during the early phase of infection. (D) Survival of SCID mice (n � 10) infected intravenously with H37Rv (E) or mc26020 (F).
(E) Survival of GKO C57BL/6 mice (n � 10) infected intravenously with H37Rv (E), the mc26020 mutant (F), or M. bovis BCG-P (Œ).
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at which time the experiment was terminated (Fig. 1D). The
mc26020 mutant was completely cleared from the lungs,
spleens, and livers of infected SCID mice in 8 weeks (data not
shown). To further evaluate the safety of this mutant, gamma
interferon knockout (GKO) mice (6 to 8 weeks old, purchased
from The Jackson Laboratory), which are extremely sensitive
to tuberculous infection (11, 18), were infected intravenously
with 105 CFU of M. tuberculosis H37Rv, BCG Pasteur (BCG-
P), or strain mc26020. All of the GKO mice infected with
H37Rv (mean survival time [MST], 21 days) or BCG-P (MST,
94.5 days) succumbed to the tuberculous infection, whereas all
mice infected with mc26020 survived for 400 days (Fig. 1E).
The extreme susceptibility of immunocompromised mice to M.
tuberculosis and BCG infections is consistent with data from
earlier studies with SCID (32, 40) and GKO (11) mice. Our
data clearly demonstrate the enhanced safety of the mc26020
strain in the highly rigorous SCID and GKO mice in compar-
ison with a BCG vaccine strain.

Having assessed the safety and growth kinetics of mc26020 in
immunodeficient and immunocompetent mice, we further
evaluated the ability of this highly attenuated strain to induce
short-term and long-term protection in mice. C57BL/6 mice (6
to 8 weeks old, purchased from The Jackson Laboratory) were
immunized subcutaneously or intravenously with 106 CFU of
mc26020 and then challenged with a low dose of virulent M.
tuberculosis Erdman (50 to 100 CFU) by the aerosol route. The
aerosol challenge was performed at either 3 or 7 months post-
vaccination in order to assess the duration and persistence of
the memory immune response. Following subcutaneous immu-
nization, no mutant bacteria could be cultured from the
spleens or lungs of mice at 8 and 12 weeks postvaccination. At
28 days post-aerosol challenge, mice immunized 3 months ear-
lier with a single dose of mc26020 showed a significant reduc-
tion in bacterial CFU in the lungs (P � 0.001) and spleen (P �
0.05) relative to naive controls (Fig. 2A and B). Interestingly,
in mice vaccinated 7 months prior to challenge, the bacterial
numbers following aerosol challenge were also significantly
decreased in the lungs (P � 0.01) and spleens (P � 0.01) of
mice vaccinated with a single dose of mc26020 relative to those
in the lungs and spleens of naive controls (Fig. 2C and D). In
both of these studies, mice that were vaccinated subcutane-
ously with 106 CFU of BCG-P also showed significant reduc-
tions in organ bacterial burdens relative to those of naive
controls. However, no significant differences in the protective
responses were detected between the mc26020 and BCG vac-
cine groups.

Another measure of vaccine effectiveness is the extent of
pulmonary pathology seen in immunized mice in comparison
to that seen in unvaccinated controls. At 28 days post-aerosol
challenge, mice that had been vaccinated 7 months earlier with
mc26020 displayed greatly reduced lung lesions compared to
those of unvaccinated mice. Mice vaccinated with mc26020
showed multiple peribronchial lesions with limited extension to
the adjacent parenchyma. These localized lesions were com-
posed of intense lymphocytic and mononuclear inflammatory
cell infiltration, with macrophages filling the alveolar spaces.
They lacked the inflammatory cell composition that character-
izes a typical granulomatous response (Fig. 3B and C). The
severity and distribution of lesions were similar in mice vacci-
nated either once or twice by the subcutaneous route or intra-

venously. In comparison, the unvaccinated mice exhibited se-
vere spreading and coalescing granulomatous pneumonia, with
more extensive lung involvement. The areas of pneumonia
were consolidated with infiltration of epithelioid cells accom-
panied by moderate numbers of lymphocytes causing obliter-
ation of air spaces. There were locally intense lymphocytic
infiltrations, particularly around small and larger blood vessels
(Fig. 3D and E). The lung pathology of mice vaccinated with
BCG was similar to that of the mc26020-immunized animals,
with greatly reduced lung lesions seen in the BCG group com-
pared to those seen in unvaccinated controls (data not shown).

An important parameter when estimating the persistence of
vaccine-induced protective immunity is the relative survival
periods for immunized mice following a challenge with virulent
organisms (29). To further substantiate the protective efficacy
of mc26020, mice immunized subcutaneously with a single dose
of mc26020 or BCG-P were challenged with virulent M. tuber-
culosis Erdman by the aerosol route 3 months after the immu-
nization and followed for survival. In these studies, the survival
periods of mice vaccinated with mc26020 (MST, 252 days) or
BCG-P (MST, 268 days) were significantly extended (P �
0.001) relative to those of naive mice (MST, 95 days) (Fig. 3A).
There were no significant differences in survival between the
BCG- and mc26020-vaccinated mice. Earlier studies have
shown that robust protective memory T cells can be generated
in the absence of prolonged antigenic exposure. The initial
antigenic burst and effective recruitment of large numbers of
antigen-specific T cells determine the strength and duration of
the immune response (22, 23, 27). In this regard, the initial
interaction of �lysA �panCD mutant bacteria with appropriate
antigen-presenting cells following subcutaneous vaccination
results in the elicitation of a qualitatively robust protective
immune response. Our data suggest that the elicitation of
long-term protective memory is dependent on the quality of
the initial antigenic encounter rather than the continued per-
sistence of the antigenic stimulus. These results clearly dem-
onstrate the vaccine potential of this highly attenuated strain in
conferring long-term protection and survival against a chal-
lenge with virulent M. tuberculosis.

TB remains the leading cause of death in HIV-infected
individuals in developing countries (41). HIV infection leads to
loss of CD4� T cells, and previous studies have demonstrated
that mice deficient in CD4� T cells are highly susceptible to M.
bovis BCG (24) and M. tuberculosis (10, 28) infections. Since
BCG vaccination can progress to BCG disease in HIV-infected
individuals and therefore is contraindicated for this popula-
tion, we wanted to determine whether mc26020, which is more
attenuated, could protect CD4-deficient mice from experimen-
tal TB. For these experiments, specific-pathogen-free, CD4-
deficient (B6.129S2-Cd4tm1Mak) female mice (obtained from
The Jackson Laboratory) were vaccinated subcutaneously with
106 CFU of mc26020 and then aerogenically challenged with
100 to 200 CFU of M. tuberculosis Erdman 3 months later. At
28 days post aerosol challenge, the bacterial burden in the
lungs (P � 0.001) and spleens (P � 0.01) of the mc26020-
vaccinated mice was decreased by greater than 90% (�2 log10

CFU in the lungs and 1.5 log10 CFU in the spleen) relative to
that of naive controls (Fig. 4A and B). The significant reduc-
tion of the bacterial burden exhibited by the mc26020-vacci-
nated mice is similar and consistent with the protection seen in
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BCG-vaccinated, CD4-deficient mice, as reported previously
(14).

To further evaluate the long-lived protection induced by
mc26020, CD4�/� mice were vaccinated, challenged 3 months
later with virulent M. tuberculosis Erdman by low-dose aerosol
infection, and followed for survival. All naive mice died within
28 days (MST � 27 � 0.9 days) after the challenge. Strikingly,
the MST of the CD4�/� mice vaccinated with a single dose of
mc26020 was 128 � 6.4 days, a nearly fivefold extension of the
survival period compared with that of naive mice (Fig. 4C). In
contrast, the BCG-vaccinated mice survived for 164 � 14 days.
The 36-day extension of the MST of the BCG-immunized mice
relative to mc26020-vaccinated animals represented a signifi-
cantly improved outcome (P � 0.05). This suggests that the
ability of M. bovis BCG to persist longer than the �lysA

�panCD mutant may confer better protection against TB on
CD4-deficient mice.

Since BCG vaccine strains are attenuated but not avirulent,
immunization with live BCG is generally contraindicated for
immunocompromised persons. The results of a recent South
African clinical study in which several cases of mycobacterial
disease in children were attributed to BCG vaccination sup-
ports this increased risk of immunization with BCG in areas
with a significant prevalence of HIV infection (19). By deleting
the panCD genes, which are involved in lipid biosynthesis, in
conjunction with a gene involved in lysine biosynthesis, we
have created an M. tuberculosis mutant that is severely atten-
uated in SCID and GKO mice and thus potentially safer than
the widely used BCG vaccine strains. Importantly, this atten-
uated mutant induced protective responses against an aero-

FIG. 2. Vaccination with mc26020 induces short-term and long-term protection in mice. Immunocompetent C57BL/6 mice were immunized
subcutaneously or intravenously (i.v.) with mc26020 or BCG-P and challenged with virulent M. tuberculosis Erdman by the aerosol route at 3 (A
and B) or 7 (C and D) months after the initial immunization. The CFU numbers reflect the bacterial burden at 28 days post aerosol challenge in
the lungs or spleens of infected mice. The results represent means � standard errors of five mice per group. Asterisks (�, P � 0.05; ��, P � 0.01;
���, P � 0.001) indicate statistically significant differences between the experimental and unvaccinated control groups.
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genic M. tuberculosis challenge in both immunocompetent and
immunocompromised mice. The vaccine-mediated immune
mechanisms involved in the protective response in CD4-defi-
cient mice are of particular interest because several studies

have suggested that CD4� T cells are absolutely required to
generate anti-TB protective immunity (17). Since CD8� T cells
have been shown to play an important role in the control of
acute TB (3, 34, 36) and persistent infection (39), it is possible

FIG. 4. Single-dose immunization with mc26020 protects and prolongs the survival of CD4�/� mice with TB. CD4�/� mice were immunized
subcutaneously with mc26020 and challenged with virulent M. tuberculosis Erdman by the aerosol route at 3 months postimmunization. The CFU
numbers reflect the bacterial burdens at 28 days post aerosol challenge in the lungs (A) and spleen (B). Asterisks (��, P � 0.001; �, P � 0.01)
indicate statistically significant differences between the experimental and unvaccinated control groups. (C) Survival of CD4�/� mice (n � 9 to 11)
immunized subcutaneously with a single dose of mc26020 or BCG-P and challenged 3 months later with virulent M. tuberculosis Erdman by the
aerosol route. Unvaccinated mice served as naive controls.

FIG. 3. Vaccination with mc26020 confers long-term survival and induces milder lung pathology in immunocompetent mice. (A) Survival of
immunocompetent C57BL/6 mice (n � 10) immunized subcutaneously with a single dose of mc26020 (E) or BCG-P (Œ) and challenged 3 months
later with virulent M. tuberculosis Erdman by the aerosol route. Unvaccinated mice served as naive controls (F). (B and C) Lungs of mice
challenged 7 months after vaccination with a single dose of mc26020 by the subcutaneous route. (B) Low-power photomicrograph showing
scattered areas of pneumonia adjacent to bronchioles, with limited localized spread into the adjacent parenchyma. (C) Higher-power magnification
of lung lesions in these mice showing the intense localized lymphocytic perivascular accumulations and infiltration of numerous macrophages filling
the adjacent alveolar spaces. (D and E) More-severe spreading lung lesions in unvaccinated mice compared with those in vaccinated mice.
(D) Low-power photomicrograph showing multiple areas of extensive pneumonia. (E) Affected areas of the lung showed granulomatous
pneumonia and were consolidated with loss of air spaces, caused by the extensive diffuse infiltration of epithelioid cells accompanied by large
numbers of lymphocytes.
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that vaccine-induced stimulation of CD8� T cells is largely
responsible for the protection seen in CD4-deficient mice. Re-
cent evidence suggests that substantial vaccine immunity can
be generated in the absence of CD4� T cells (9, 37, 42).
Consistent with this premise, the secretion of tumor necrosis
factor alpha and gamma interferon by CD8� T cells has been
recently shown to be the primary antimycobacterial protective
immune response generated in CD4-deficient mice by a TB
DNA vaccine cocktail (14). Alternatively, double-negative T
cells could contribute to the anti-TB protective response in-
duced by vaccination of CD4�/� mice with the mc26020 strain.
Interestingly, Cowley and Elkins have recently demonstrated
that a unique population of Thy1� 	
� CD4� CD8� cells
strongly controlled the growth of another intracellular patho-
gen, Francisella tularensis (13). Clearly, further studies are re-
quired to elucidate the immune mechanisms involved in the
protective immunity induced by live, attenuated M. tuberculosis
vaccine strains in CD4-deficient mice.

Our characterization of the lysine and pantothenate auxo-
troph and previous studies with a double leucine and panto-
thenate auxotroph (33) have demonstrated that it is possible to
generate two independent unlinked deletions into M. tubercu-
losis to generate a safe mutant that can remain immunogenic
and induce a long-term memory response against airborne
infection with virulent M. tuberculosis in mice. These findings
provide a paradigm for a live, attenuated vaccine strain against
TB; i.e., a mutant with substantially reduced replication and
persistence in the host can induce considerable and long-last-
ing protective immunity. Importantly, the absence of reversion
and the overall excellent protection and safety data generated
in vaccine studies with the lysine-pantothenate double auxo-
troph makes this double-deletion mutant a viable vaccine can-
didate for humans.
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