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An estimated one-third of the world’s population is latently infected
with Mycobacterium tuberculosis, the etiologic agent of tuberculosis.
Here, we demonstrate that, unlike wild-type M. tuberculosis, a strain
of M. tuberculosis disrupted in the mce1 operon was unable to enter
a stable persistent state of infection in mouse lungs. Instead, the
mutant continued to replicate and killed the mice more rapidly than
did the wild-type strain. Histological examination of mouse lungs
infected with the mutant strain revealed diffusely organized granu-
lomas with aberrant inflammatory cell migration. Murine macro-
phages infected ex vivo with the mutant strain were reduced in their
ability to produce tumor necrosis factor «, IL-6, monocyte chemoat-
tractant protein 1, and nitric oxide (NO), but not IL-4. The mce 1 mutant
strain complemented with the mce1 genes stimulated tumor necrosis
factor a and NO production by murine macrophages at levels stim-
ulated by the wild-type strain. These observations indicate that the
mce1 operon mutant is unable to stimulate T helper 1-type immunity
in mice. The hypervirulence of the mutant strain may have resulted
from its inability to stimulate a proinflammatory response that would
otherwise induce organized granuloma formation and control the
infection without killing the organism. The mce? operon of M.
tuberculosis may be involved in modulating the host inflammatory
response in such a way that the bacterium can enter a persistent state
without being eliminated or causing disease in the host.

pproximately 60% of people who become infected with My-

cobacterium tuberculosis develop asymptomatic latent infec-
tion (1). This reservoir of latently infected individuals has a 2-23%
lifetime risk of developing active disease, referred to as reactivation
tuberculosis (1). How M. tuberculosis establishes and maintains
latent infection in an animal host is poorly understood. Several
candidate M. tuberculosis genes have been recently reported to be
important for persistence in the mouse model of tuberculosis. They
include the isocitrate lyase gene (ic/), mycolic acid cyclopropane
synthase gene (pca), and a two-component response regulator
called mprA (2-4). In each case, the disruption of the gene led to
attenuation of the mutant strains in the mouse model of infection,
whereas their in vitro growth kinetics remained similar to that of the
respective wild-type strain (2-4).

We reported previously the identification of a M. tuberculosis
gene mcelA (Rv0169, Sanger Centre genome sequence designa-
tion) that conferred on a nonpathogenic Escherichia coli strain an
ability to enter nonphagocytic cells (5). The encoded product
facilitated uptake of synthetic microspheres into nonphagocytic
cells, and an active domain of the protein was recently shown to
cause cytoskeletal rearrangement in HeLa cells that was both
microfilament- and microtubule-dependent (6, 7). The gene mcelA
is located in a putative operon called mcel containing 12 genes in
the M. tuberculosis H37Rv genome (8) (Fig. 14). The genome of M.
tuberculosis contains four mce operons (mcel-4), each with a
similar arrangement of the genes within the operon (8). Six of the
mcel genes (mcelA-F) encode proteins with hydrophobic stretches
at their N terminus, indicative of surface-exposed proteins. They
were recently shown to localize to the cell wall fraction of M.
tuberculosis (Fig. 9, which is published as supporting information on
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the PNAS web site), and McelA has been shown to be surface
expressed (6).

The observed effect of the mcelA gene product on cytoskeletal
rearrangement in HeLa cells and the presence of the Mce1 proteins
in the mycobacterial cell wall suggest that the products of the mcel
operon may affect the interaction of the pathogen with mammalian
cells. We reasoned that in macrophages, the natural target of M.
tuberculosis, such an interaction might alter host immune responses
that determine the fate of both the organism and the host. In this
report, we provide evidence that the mcel operon plays a major role
in disease progression and outcome in mice infected with M.
tuberculosis.

Materials and Methods

Disruption of the mce1 Operon. First we disrupted mcelA4 (Rv0169)
in Mycobacterium bovis bacillus Calmette—Guérin and M. tubercu-
losis (Erdman) strains by homologous recombination by using a
previously described method (9). To disrupt mcelA, we cloned a
3.9-kb DNA fragment encompassing the mcelA gene into pBlue-
script (nonreplicative in mycobacteria) and replaced 1,040 bp of the
mcelA gene with a hyg cassette conferring resistance to hygromycin.
The resulting plasmid pMce:hyg was amplified in E. coli DH5¢«, and
the sequence of the mcelA upstream and downstream region was
confirmed. Five micrograms of pMce:hyg was pretreated with 100
mJ UV light cm~2 and electroporated into M. fuberculosis strain
Erdman or bacillus Calmette—Guérin. The electroporated bacteria
were kept in nonselective 7H9 medium with 10% ADC for 24 h and
then plated onto 7H11 plates containing 10% oleic acid, albumin,
dextrose, catalase, and 50 ug/ml hygromycin.

Next we disrupted another gene in the operon upstream of
mcelA called yrbE1B (Rv0168) in M. tuberculosis strain H37Rv by
using the two-step counter selection strategy described by Parish
and Stoker (10). Briefly, the knockout vector was constructed by
first inserting a hygromycin resistance cassette into p2NIL. Second,
2-kb regions upstream and downstream of Rv0168 were amplified
from H37Rv DNA and cloned into the multicloning site flanking
the hygromycin resistance gene. Finally, the lacZ-sacB counter-
selection cassette from pGOAL17 was inserted. Vector DNA was
pretreated with 100 mJ UV light cm~2 and electroporated into M.
tuberculosis strain H37Rv. Single crossovers were selected on 7H11
plates with 40 pg/ml 5-bromo-4-chloro-3-indolyl B-D-galactoside
(X-Gal), 50 ug/ml hygromycin, and 20 pug/ml kanamycin. Double
crossovers were selected on 7H11 plates containing 40 pg/ml
X-Gal, 2% sucrose, and 50 ug/ml hygromycin. The candidate
double crossover mutants were screened by PCR and then con-
firmed by Southern blot hybridization.

We performed immunoblot analyses of the Mcel proteins using
available antibodies and found that the mcelA and yrbE1B mutants
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did not express the products of mcelA, C, E, and F (Fig. 1B). Thus,
allelic exchange of mcelA or yrbE1B led to the disruption of the
downstream mcel genes. Henceforth, mcelA or yrbE1B mutants
will be referred to as mcel operon mutants. All of these mutants
showed in vitro broth (7H9) growth kinetics indistinguishable from
that of the respective wild-type strains (data not shown). The studies
described below were performed with the mcel operon mutants
and their respective parent wild-type strains.

Complementation of the mce? Mutant Strain. Despite numerous
attempts, it was not possible to complement the mcel operon
knockout mutants by expression of the missing genes from an
alternative locus or plasmids. Thus, we adopted a knockin strategy,
whereby the disrupted genes were replaced at the original locus.
The knockin vector contained a 5.6-kb fragment of the mcel
operon encompassing Rv 0167-Rv 0171. In the first cloning step,
the upstream 3.6-kb fragment containing a C-terminal 6 X histidine
(HIS) tag was cloned between HindIII and Xbal sites of p2NIL (10)
(see Fig. 10, which is published as supporting information on the
PNAS web site). In the second step, the remaining 2 kb was cloned
between the Xbal and Pacl sites. Cloning the entire fragment in two
steps allowed us to engineer the 6X HIS tag immediately preceding
the stop codon for mcelA and the start codon for mcelB. The
placement of a 6X HIS tag and an Xbal restriction site between
mcelA and mcelB was confirmed by sequencing and used to
distinguish the complemented from the wild-type strain. Last, a
lacZ-sacB cassette was cloned into the Pacl site of p2NIL for
two-step counter selection of knockin mutants (10). The Erdman
and H37Rv mcel operon mutants were transformed with the
knockin construct. Single crossovers were selected on 7H11 plates
with 40 ug/ml 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal)
and 20 ug/ml kanamycin. Double crossovers were selected on 7H11
plates with 40 ug/ml X-Gal and 2% sucrose.

The Erdman mutant strain could not be complemented, most
likely due to poor transformation efficiency. Colonies representing
potential double crossovers in H37Rv were screened by PCR, and
knockin strains were confirmed by Southern blot analysis and
sequencing. Expression of Mcel proteins was demonstrated by
Western blot analysis (see Fig. 11, which is published as supporting
information on the PNAS web site).

Mouse Infection. M. tuberculosis H37Rv, Erdman, M. bovis bacil-
lus Calmette—Guérin, and their mutant constructs were each pas-
saged once in mice before use. They were grown in 7H9 broth for
animal inoculation or 7HI11 agar for colony-forming unit (cfu)
enumeration.

We infected 8-wk-old female BALB/c mice (The Jackson Lab-
oratory) via tail vein with 0.1 ml of PBS, pH 7, suspension
containing ~3 X 10° cfu of the wild-type or mcel mutant bacillus
Calmette—Guérin or 3.5 X 10° cfu of the wild-type or mcel mutant
M. tuberculosis Erdman. Each infection group included 42-50
animals. At regular intervals (2, 4, 10, 16, 25, and 41 wk), four
animals from each group were killed and lungs, spleen, and liver
were removed and examined grossly, histologically, and microbio-
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o Fig. 1. (A) mcel operon based on M. tuberculosis
o i Ote O L137Ry genome sequence (8). (B) Western blot analysis
of wild-type M. tuberculosis H37Rv (lane 1) (Rv 0169),
Anti-McelF yrbE1B (Rv0168) H37Rv mutant (lane 2), and mcelA
T Erdman mutant (lane 3). The immunoblot analysis was
) performed with a rabbit polyclonal antibody raised
against Mce1A, Mce1C, Mce1E, or Mce1F. The antibod-
ies recognize the respective mcel operon proteins en-
coded by the wild-type strain only. Disruption of yrbE1B
or mcelA by the hygromycin resistance gene cassette
led to loss of expression of downstream genes in the
operon.

logically. Histology slides were made commercially, and they were
examined by a veterinary pathologist specializing in mouse pathol-
ogy. We enumerated bacterial recovery from each organ by com-
paring cfu on 7H11 agar plates.

Murine Macrophage Infections. Peritoneal exudate cells were ob-
tained from an uninfected mouse peritoneal cavity washed with 8
ml of Hanks’ balanced saline solution (HBSS) 3 days after the
administration of 2 ml of 3% thioglycolate (Difco). The cells were
suspended at a concentration of 5 X 10° cells per ml in culture
medium consisting of RPMI medium 1640 supplemented with 10%
FCS and 100 pg/ml ampicillin. They were cultured in 24-well plates
overnight at 37°C. Nonadherent cells were then removed by gentle
washing with warm HBSS, and adherent cells were used as mac-
rophages. Macrophages were infected with wild-type bacillus
Calmette-Guérin (3.5 X 105 cfu/ml) or mcel mutant bacillus
Calmette—Guérin (1.8 X 10° cfu/ml), wild-type Erdman (7.5 X 10°
cfu/ml) or mcel mutant Erdman (1.5 X 10° cfu/ml), wild-type
H37Rv (1 X 10° cfu/ml) or mcel mutant H37Rv (1.5 X 10° cfu/ml),
or PBS alone for 24 h. The culture supernatant of macrophages was
collected, filtered through a 0.2-uM pore membrane, and stored at
—80°C until analysis. Tumor necrosis factor o (TNFa) levels were
measured by ELISA (R & D Systems).

Kinetic analyses were performed with RAW 264.7 murine
macrophage-like cell line (American Type Culture Collection),
which was cultured and maintained in DMEM (GIBCO) supple-
mented with 10% FBS (Omega Scientific, Tarzana, CA) and
1% penicillin/streptomycin (BioWhittaker) in a 5% CO, humidi-
fied incubator at 37°C. Cells were plated at 1 X 103 cells per ml in
24-well tissue culture plates and incubated overnight until they
were ~70% confluent. Viability of cells was monitored for all
experimental conditions by trypan blue exclusion. In addition,
culture supernatants were harvested, and cell death was assessed by
the lactate dehydrogenase-release assay (Roche, Gipf-Oberfrick,
Switzerland).

We incubated 10* or 10° bacteria with 10° RAW macrophages in
triplicate wells of a 24-well plate for a multiplicity of infection (mot)
of 1:10 or 1:1, respectively. After 2 h of infection, macrophages were
washed three times with DMEM to remove extracellular bacteria.
Lipopolysaccharide (1 pg/ml) (Sigma) was used as a positive
control, and uninfected or mock-infected (PBS) macrophages
served as negative controls for each experiment. For some exper-
iments, RAW macrophages were activated with 30 units/ml re-
combinant IFN-y (R & D Systems) 24 h before infection. At least
three independent experiments were performed for each strain,
and macrophages were infected in triplicate for each experiment.
For some of the cytokines, we repeated the infections with primary
murine bone marrow macrophages to confirm our observations
with RAW cells.

TNFa, IL-4, IL-6, and monocyte chemoattractant protein 1
(MCP-1) produced by RAW macrophages in response to infection
with the M. tuberculosis strains were measured by ELISA (R & D
Systems). The amount of nitric oxide (NO) produced by macro-
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Fig.2. Time course of infection after tail vein injection of bacillus Calmette-
Guérin wild-type and mceT mutant (A) and M. tuberculosis Erdman wild-type
and mce1 mutant (B). Recovery of the bacteria is enumerated by cfu per organ
ato, 2,4, 10, 16, 25, and 41 wk after injection. The curve for cfu recovered from
mice infected with the M. tuberculosis mce1 mutant stops at ~27 wk, because
all of the initially infected mice were dead by this time point.

phages in each experimental infection was assessed in culture
supernatant by the Griess colorimetric assay (Promega).

Murine bone marrow macrophages were plated at 5 X 10° cells
per well in 24-well plates and incubated overnight. The next day, 300
units of IFN-y was added to each well, and 24 h later, mycobacteria
were added at a moi of 1:1. TNFa and NO levels were measured
24 h after infection.

To control for the effect of potential differences in the number
of bacterial organisms interacting with macrophages, we compared
intracellular uptake or survival of the organisms by lysing macro-
phages with 200 ul of PBS/0.1% Triton X-100 and plating serial
dilutions on 7H11 agar to enumerate cfu. This was performed at2 h
postinfection (day 0) through day 4. cfu were enumerated after 3—4
wk of plate incubation.

Statistics. Data are presented from representative experiments as
the mean = SE of triplicate infections. Differences between the
means of each treatment group were analyzed by Student’s f test and
were considered significant at P < 0.05.

Results

Mouse Virulence Studies. No difference in bacterial cfu recovery
from spleen or liver was observed at any time point in mice infected
with wild-type or mutant bacillus Calmette—Guérin (Fig. 24).
However, the number of cfu recovered from lungs of mice infected
with wild-type bacillus Calmette—Guérin was significantly higher
than that recovered from lungs of mice infected with the mcel
mutant bacillus Calmette—Guérin, especially after 20 wk of infec-
tion (Fig. 24). Unexpectedly, in mice infected with M. tuberculosis,
the number of cfu recovered even after 2 wk of infection from each
of the organs was significantly greater for mice infected with the
mcel mutant strain compared with that in mice infected with the
wild-type strain (Fig. 2B). Most importantly, in the lungs, the cfu
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Fig. 3. Survival kinetics of BALB/c mice infected with M. tuberculosis Erd-
man. Ten mice each were initially infected via tail vein and followed for the
indicated number of weeks. By 41 wk, all mice infected with the mce? mutant
strain were dead.

continued to increase over time in mice infected with the mcel
mutant Erdman strain until the animals died, whereas in mice
infected with the wild-type Erdman strain, the number of recovered
organisms reached a plateau after ~17 wk and remained un-
changed up to 41 wk of follow-up (Fig. 2B). The mutant-infected
mice started to die as early as 27 wk after infection, and by 41 wk,
100% of a group of 10 initially infected mice were dead, whereas all
10 of the wild-type-infected mice remained alive at 41 wk (Fig. 3).

Mouse Pathology Studies. Gross organ examinations revealed that as
early as 16 wk after infection, the lung surface of mice infected with
the wild-type bacillus Calmette—Guérin showed a greatly increased
number (>500) of discrete well-circumscribed granulomas (Fig.
4Aa) compared with the lungs of mutant-infected mice (<20) (Fig.
4A4b). In Erdman M. tuberculosis-infected mice, the lungs infected
with the wild-type strain showed progressively enlarging granulo-
mas with sharp circumscribed borders (Fig. 44c), whereas the lungs
of mutant-infected mice showed progressively enlarging granulo-
mas that were diffuse, poorly circumscribed, and coalescing (Fig.
4A4d). Differences in the gross pathology changes between the
Erdman mutant and wild-type-infected mice were evident as early
as 10 wk of infection.

Histologic examination revealed that around 12 wk, the lungs of
mice infected with the mutant bacillus Calmette—Guérin were
typically characterized by granulomatous pneumonia with multifo-
cal small granulomas consisting of macrophages containing eosin-
ophilic cytoplasm, and occasional granulomas consisting of epithe-
lioid binucleated macrophages with peripheral infiltrate of
lymphocytes and plasma cells (Fig. 4BD). In the wild-type bacillus
Calmette—Guérin-infected mice, there was moderate to severe
granulomatous pneumonia characterized by multiple foci of gran-
ulomas of varying degrees of severity (Fig. 4Ba). At 16 wk, lungs of
mice infected with the wild-type Erdman strain contained a higher
density of lymphocytes and fewer coalescent granulomas (Fig. 4Bc),
whereas lungs infected with the mutant Erdman strain contained
large epithelioid granulomas with intralesional cholesterol clefts
and lymphocytic and plasma cell infiltration affecting 25-50% of
the lung parenchyma (Fig. 4Bd).

In bacillus Calmette—Guérin-infected mice, despite nonsignifi-
cant differences between wild-type and mutant strain-infected mice
in the number of cfu recovered from lungs up to 15 wk, there were
dramatic gross and histologic differences in the number and size of
granulomatous lesions detected. Although it is difficult to attribute
the differences in the extent of lung pathology in Erdman-infected
mice to the number of organisms present in the lungs vs. the effect
of mcel products, the observation we made with bacillus Calmette—
Guérin-infected mice, controlling for the number of organisms
recovered, suggests that the absence of mcel expression contributes
to an aberrant host cell response that leads to less well-organized
granuloma formation.

Shimono et al.



Fig.4. (A) Gross examination of lungs of BALB/c mice infected with bacillus
Calmette-Guérin or M. tuberculosis. Lungs of mice were examined after 16
wk of infection with the wild-type bacillus Calmette-Guérin (a) or bacillus
Calmette-Guérin mce1 mutant (b). Lungs of mice were examined after 32 wk
of infection with wild-type M. tuberculosis Erdman (c) or M. tuberculosis
Erdman mcel mutant (d). Lung lesions with discrete well circumscribed bor-
ders are evident in wild-type-infected lungs, whereas lungs infected with
either of the mce1 mutants show coalescing poorly circumscribed lesions. (B)
Histological examination (hematoxylin/eosin stain) of lung sections of BALB/c
mice infected with bacillus Calmette-Guérin or M. tuberculosis Erdman. At 12
wk of infection, there is greater and denser lymphocyte infiltration in lungs
infected with the wild-type bacillus Calmette-Guérin strain (a), whereas the
lungs infected with the mutant bacillus Calmette-Guérin show many foamy
macrophages with sparse migration of lymphocytes (b). At 16 wk of infection
with M. tuberculosis, lungs infected with the wild-type strain show densely
packed lymphocytes surrounded by macrophages (c), whereas lungs infected
with the mutant strain show mostly macrophages with diffuse distribution of
the lymphocyte population (d). (Magnification in B, xX400.)

Cytokine Production by Infected Murine Macrophages. Because
TNFa is essential for granuloma formation (11, 12), we analyzed
TNFa production by thioglycolate-stimulated murine peritoneal
macrophages infected ex vivo with bacillus Calmette—Guérin,
Erdman, or H37Rv. The levels of TNFa expression as measured by
ELISA were significantly less in cells infected with the bacillus
Calmette—Guérin, Erdman, or H37Rv mcel operon mutant strains
compared with those infected with the respective wild-type strains

(Fig. 5).
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Fig.5. TNFa determinations in BALB/c peritoneal macrophages infected ex
vivo with bacillus Calmette-Guérin or M. tuberculosis. TNFa levels were
measured in cells infected with live bacillus Calmette-Guérin wild-type or
mcel mutant (A), M. tuberculosis Erdman or mce1 mutant (B), and M. tuber-
culosis wild-type H37Rv or mceT mutant (C). Control cells were mock-infected
with PBS in each experiment.

To further characterize the interaction of mcel mutants with
macrophages, we performed kinetic studies with RAW macro-
phages. Similar to the observation made with peritoneal macro-
phages, RAW macrophages infected with H37Rv mcel mutant
produced ~4- to 6-fold less TNF« than macrophages infected with
wild-type H37Rv after 24 h of infection. (P < 0.05) (Fig. 64). The
H37Rv mcel mutant was significantly reduced in its ability to
stimulate early TNFa production (P < 0.05) (8 h postinfection), and
by 72 h postinfection, the H37Rv mcel mutant still failed to elicit
significant TNFa production (Fig. 6A4).

In addition to a defect in TNFa production, RAW macrophages
infected with H37Rv mcel mutant produced very little IL-6 or
MCP-1 over a 72-h period (Fig. 6 B and C). IL-6 production peaked
at 72 h for H37Rv wild-type-infected RAW cells, reaching >2,000
pg/ml. However, cells infected with H37Rv mcel mutant produced
levels of IL-6 equivalent to that of uninfected cells (<100 pg/ml)
(Fig. 6B). After 24 h, RAW macrophages produced ~11-fold less
MCP-1 when infected with H37Rv mcel mutant compared with the
cells infected with wild-type H37Rv. MCP-1 expression by H37Rv
wild-type-infected cells peaked at 48 h postinfection to >30,000
pg/ml, whereas the mcel mutant-infected cells produced signifi-
cantly less MCP-1 (3,000 pg/ml) (P < 0.05) (Fig. 6C). 1L-4
expression was measured in RAW cells infected for 24 h for
comparison. IL-4 was produced by RAW cells at detectable levels
but showed no significant difference between cells infected with the
Erdman mcel mutant (80 pg/ml, SE 6.9) or the wild-type (74
pg/ml, SE 4.8) strain (P > 0.05).

NO Production and Intracellular Growth. We also measured the
kinetics of NO production in infected RAW macrophages up to
72 h. Over the course of the infection, H37Rv mcel stimulated
significantly less nitrite production than did H37Rv wild type
(P < 0.05, Fig. 74). NO production by RAW macrophages in
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Fig. 6. Kinetic analysis of TNFa (A), IL-6 (B), and MCP-1 (C) production by
RAW macrophages infected with H37Rv wild-type (green) or mce! mutant
(blue) strains at a moi of 1:1. Controls included uninfected RAW cells (maroon)
or lipopolysaccharide-treated cells (red).

response to infection with H37Rv mcel was 3- to 4-fold less than
that stimulated by H37Rv wild type after 24 h of infection.
Moreover, by 72 h postinfection, the mcel mutant failed to
induce NO at levels induced by wild-type H37Rv as early as 24 h
postinfection. Similar differences in NO production were also
observed between Erdman wild-type and Erdman mcel mutant-
infected macrophages (data not shown).

When equal cfu for each strain were added to macrophages, there
was no significant difference in the number of bacteria recovered
(2.1-3.9 X 10* cfu/ml) from infected RAW cells 2 h postinfection,
indicating that there were no differences in the ability of the strains
to invade RAW macrophages (see graphs in Fig. 124, which is
published as supporting information on the PNAS web site).
However, after 2 days of infection, there was a greater number of
bacteria recovered from cells infected with H37Rv mcel mutant
(1.3 X 10° cfu/ml) than cells infected with H37Rv wild type (2.5 X
10* cfu/ml) (P < 0.05). The mcel mutant continued to proliferate
up to day 4, at which time the experiment was terminated due to
decreased cell viability. In contrast to the mcel mutant, the cfu
recovered from the wild-type-infected cells remained constant (2 -
2.5 % 10*cfu/ml) over 4 days, although after 4 days, the cfu recovery
of the wild-type strain increased. This difference in intracellular
proliferation was also observed when RAW cells were infected with
the Erdman wild-type and mcel mutant strains (data not shown).

Because macrophages infected with the mcel mutant strains
produced significantly less NO than wild-type-infected cells, and
because NO has been shown to be bacteriostatic to M. tuberculosis
in vitro, we tested whether pretreatment of the macrophages with
IFN-vy could enhance the NO production of macrophages infected
with the mcel mutant and thus inhibit its intracellular growth.
Pretreatment of macrophages with IFN-vy did increase the nitrite
levels of H37Rv mcel mutant-infected RAW cells to that of
wild-type-infected RAW cells (but the levels were still significantly
reduced compared with wild-type-infected RAW cells also pre-
treated with IFN-vy) (Fig. 7B). Treatment of the RAW cells with
IFN-vy enabled the macrophages to suppress the growth of the mcel
mutant strain intracellularly (see Fig. 12B).

Coinfection with H37Rv Wild-Type and mce1 Mutant Strains. To test
whether the mcel mutant strain directly inhibited macrophage
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activation rather than failed to induce the macrophage’s response
to infection, we coinfected RAW cells with the H37Rv wild-type
and H37Rv mccel strains at a moi of 2:1. Coinfected macrophages
produced TNFa (9,600 = 910 pg/ml) and NO levels (11.9 = 0.6
uM) equal to that induced by infection with wild-type H37Rv alone
(8,840 =+ 642 pg/ml and 11.1 = 0.7 uM, respectively). Furthermore,
growth and survival of each strain were determined on 7H11 plates
with and without 40 ug/ml hygromycin at days 0, 2, and 4. In
coinfected macrophages, a similar number of cfu (2-3.8 X 10*
cfu/ml) were recovered for each strain over the infection period,
and no growth was observed, suggesting that the activated response
of the macrophage to the wild-type strain was sufficient to inhibit
the growth of the mcel mutant strain (Fig. 12C). However, it should
be noted that the possible suppressive effect of the mutant strain,
even if it had such an effect, may not have been detectable at the
moi used in this experiment.

Complementation of the H37Rv mce1 Mutant. [IFN-y-stimulated bone
marrow macrophages derived from the femurs of 6- to 8-wk-old
BALB/c mice were infected with 1 X 10° H37Rv wild-type, mcel
mutant, or the complemented M. tuberculosis H37Rv strain. The
levels of TNFa and NO production by macrophages infected with
the complemented strain were equivalent to that observed with the
wild-type strain, supporting the causal role of the mcel operon
products in the observed phenotype of the mutant (Fig. 8).

Discussion

The disruption of the mcel operon in M. tuberculosis led to
hypervirulence of the mutant strain and aberrant granuloma for-
mation in mice. Furthermore, murine macrophages infected ex vivo
with the mcel mutant strains, compared with the corresponding
wild-type strains, were reduced in their ability to express TNF,
IL-6, MCP-1, and NO, but not IL-4. The mcel mutant comple-
mented with the mcel operon genes was restored in its ability to
induce the proinflammatory response by the macrophages. These
observations are consistent with the suggestion that the mcel
operon products are associated with the induction of a proinflam-
matory response or T helper 1-type immunity in mice.

In the mouse infection, we observed that M. tuberculosis and M.
bovis bacillus Calmette—Guérin disrupted in the mcel operon failed
to elicit well organized granuloma formation. Lungs of M. tuber-
culosis wild-type and bacillus Calmette—Guérin wild-type-infected
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Fig. 8. TNFa (A) and nitrite (B) production by IFN-y-treated murine bone
marrow-derived macrophages infected with H37Rv wild-type, mutant, or
mce1 operon-complemented strain of M. tuberculosis. The cells were infected
with 1 X 105 bacilli atamoi of 1:10, and the TNFa or nitrite measurements were
made at 24 h of infection. Each bar represents a mean value *+ SD of infection
done in triplicate per strain.

mice showed numerous well organized granulomas that appeared
to be associated with control of the proliferation of the bacilli, as
evidenced by the plateau in the cfu recovery curve after 15-17 wk
of infection (Fig. 2B). In contrast, the absence of organized
granulomas in the M. tuberculosis mcel mutant-infected mice was
associated with a significantly greater number of bacilli in the lungs,
which eventually killed the mice (Figs. 2B and 3). The observed
granuloma formation in mice infected with the mcel-disrupted M.
tuberculosis or bacillus Calmette—Guérin strains resembles that
observed in TNFa-deficient mice infected with M. tuberculosis
(13-17). These observations suggest that a certain level of proin-
flammatory response is necessary for M. tuberculosis to establish a
stable nonproliferative state of infection in the animal.

The observed differences in proinflammatory response could be
related to the differences in the number of intracellular organisms.
However, the results from the in vivo study with bacillus Calmette—
Guérin-infected mice as well as the ex vivo macrophage infection
studies that controlled for the number of recovered organisms show
that the proinflammatory cellular and cytokine responses depend
more on the presence of the mcel operon in the infecting strain than
the differences in the number of organisms. That is, the diminished
proinflammatory response appears to allow the enhanced prolif-
eration of the intracellular mutant strain.
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At this time, we do not know which product or set of products of
the mcel operon mediates the hypervirulence and macrophage
cytokine expression patterns we describe above. The comple-
mented strain was able to stimulate TNFa and NO expression in
murine macrophages in vitro, which provides evidence for the causal
role of the operon in the induction of a T helper 1-type immune
response. Furthermore, we found that all of the independent mcel
mutants (bacillus Calmette—Guérin mcelA, M. tuberculosis Erdman
mcelA, and M. tuberculosis H37Rv yrbE1B) we have constructed
yielded the same pattern of cytokine response by the mouse
macrophages. The disruption of cell wall proteins encoded by some
of the mcel genes (mceA-F) may alter the structure of nonprotein
cell wall components, which in turn may have an immunomodula-
tory effect. Or, the Mcel proteins themselves may form a complex
in the cell wall that transports products extracellularly that have a
proinflammatory effect. One of the mcel proteins (McelE) is a
putative lipoprotein, which may induce proinflammatory responses
by macrophages via toll-like receptor 2 (18, 19).

Manca et al. (20) recently examined the differential response of
mice to infection by using clinical M. tuberculosis isolates (20). One
isolate HN878 was found to be hypervirulent in mice, and they
found that this phenotype was associated with 2- to 4-fold lower
levels of TNFe, IL-6, IL12, and IFNy mRNA in lungs of mice
infected with this strain (20). They suggested that the hyperviru-
lence of this strain may be due to failure of the strain to stimulate
T helper 1 type immunity (20). Our findings are consistent with this
view and raise an intriguing possibility that the different clinical
manifestations, latent infection, rapidly progressive disease, and
reactivation tuberculosis, after M. tuberculosis infection may be
influenced by a regulated expression of the Mce products.

Hypervirulence has recently been reported with another human
intracellular pathogen, Leishmania major (21). Cunningham et al.
(21) reported that L. major disrupted in pteridine reductase 1
express low levels of tetrahydrobiopterin, which is needed to control
differentiation of the parasite into the metacyclic promastigote.
Such mutants were arrested in the amastigote stage, were highly
infectious to mice, and produced larger cutaneous lesions. More
recently, four M. tuberculosis strains with mutations in distinct
two-component regulatory system genes were shown to become
hypervirulent in the SCID mouse model, suggesting that M. tuber-
culosis has a set of genes that enables the organism to keep its in vivo
proliferation in check even in an immunocompromised animal (22).
These observations suggest that the disruption of genes of patho-
gens associated with persistent infection may unmask the organ-
ism’s full virulence potential. The M. tuberculosis mcel operon may
have evolved to “fine-tune” the host immune response to the
bacillus’ advantage to establish latent infection without causing
active disease in the host.
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