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Sherry Kurtz,1 Karen P. McKinnon,1 Marschall S. Runge,2 Jenny P.-Y. Ting,1 and Miriam Braunstein1*
Department of Microbiology and Immunology, University of North Carolina, Chapel Hill, North Carolina 27599-7290,1 and

Department of Medicine, University of North Carolina, Chapel Hill, North Carolina2

Received 29 June 2006/Returned for modification 3 August 2006/Accepted 28 September 2006

The SecA protein is present in all bacteria, and it is a central component of the general Sec-dependent
protein export pathway. An unusual property of Mycobacterium tuberculosis is the presence of two SecA proteins:
SecA1, the essential “housekeeping” SecA, and SecA2, the accessory secretion factor. Here, we report that a
�secA2 mutant of M. tuberculosis was defective for growth in the early stages of low-dose aerosol infection of
C57BL/6 mice, a time during which the bacillus is primarily replicating in macrophages. Consistent with this
in vivo phenotype, we found that the �secA2 mutant was defective for growth in macrophages from C57BL/6
mice. The �secA2 mutant was also attenuated for growth in macrophages from phox�/� mice and from
NOS2�/� mice. These mice are defective in the reactive oxygen intermediate (ROI)-generating phagocyte
oxidase and the reactive nitrogen intermediate (RNI)-generating inducible nitric oxide synthase, respectively.
This indicated a role for SecA2 in the intracellular growth of M. tuberculosis that is independent of protecting
against these ROIs or RNIs. Macrophages infected with the �secA2 mutant produced higher levels of tumor
necrosis factor alpha, interleukin-6, RNI, and gamma interferon-induced major histocompatibility complex
class II. This demonstrated a function for M. tuberculosis SecA2 in suppressing macrophage immune responses,
which could explain the role of SecA2 in intracellular growth. Our results provide another example of a
relationship between M. tuberculosis virulence and inhibition of the host immune response.

Mycobacterium tuberculosis, the causative agent of tubercu-
losis, is one of the most successful bacterial pathogens of all
time. The global burden of tuberculosis is at its highest level
ever and includes an increasing number of multiple-drug-re-
sistant M. tuberculosis infections (74). Novel antituberculosis
prevention and treatment measures are needed to control this
health crisis, and a complete understanding of M. tuberculosis
pathogenesis will help achieve this goal.

M. tuberculosis is inhaled and taken up by unactivated host
macrophages, where it is able to replicate and survive. Much
remains to be learned about how M. tuberculosis avoids host
defenses in these macrophages. The processes involved are
likely complex and multifactorial. Among the properties im-
plicated in M. tuberculosis survival in macrophages are the
abilities of the bacillus to block acidification of the phagocytic
vacuole, to block phagosome-lysosome fusion, and to resist
reactive oxygen intermediates (ROI) and reactive nitrogen in-
termediates (RNI) (34, 67).

The early innate immune response to M. tuberculosis in-
cludes Toll-like receptor (TLR) stimulation of macrophages
(35, 55). TLR signaling leads to the secretion of RNI and
proinflammatory cytokines that include tumor necrosis factor
alpha (TNF-�) and interleukin-6 (IL-6). Later in infection,
activation of host macrophages by an adaptive TH1 immune
response occurs, leading to the inhibition of intracellular
growth and control of M. tuberculosis infection. Gamma inter-

feron (IFN-�) is an important mediator of this response; it
upregulates antimycobacterial processes and antigen pre-
sentation by macrophages (22). One of the antimycobacte-
rial effectors induced by IFN-� is RNI, which is produced by
the inducible nitric oxide synthase (NOS2), although other
IFN-�-dependent effector mechanisms exist (13, 39, 40).
TNF-� is another cytokine that plays an integral role in host
control of M. tuberculosis infection (6, 8, 23). Among the
many properties reported for TNF-� is that it can synergize
with IFN-� to induce potent antimycobacterial activity of
macrophages (13, 21, 22).

It is increasingly apparent that M. tuberculosis can limit the
host immune response and macrophage activation and that this
inhibition is likely to be important for survival in macrophages
(34). Although results are dependent on experimental condi-
tions, there are several reports of macrophages infected with
more-virulent M. tuberculosis producing lower levels or activi-
ties of TNF-� and/or RNI than macrophages infected with less
virulent or attenuated mycobacteria (2, 7, 20, 58, 65). In a more
direct fashion, M. tuberculosis has been shown to suppress
expression of Escherichia coli-induced proinflammatory IL-12
(45). M. tuberculosis is also known to inhibit IFN-� upregula-
tion of genes, including the major histocompatibility complex
(MHC) class II genes (25, 43, 50, 53). Inhibition of MHC class
II reduces antigen presentation, which has implications for the
development of an effective TH1 response in vivo.

A common theme in bacterial pathogenesis is the impor-
tance of protein export and secretion pathways of the pathogen
to virulence. These pathways export proteins beyond the cyto-
plasm to the cell surface or secrete proteins out of the bacte-
rium. Both surface and secreted proteins are exposed to the
external environment. As a result, these proteins are ideally
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positioned to protect the bacterium from macrophage attack
or to modify the host immune response to the bacillus (14, 36).
Like all bacteria, M. tuberculosis has the conventional Sec path-
way and Sec proteins for exporting proteins beyond the cyto-
plasm (36). More unusual is the presence of two SecA proteins
(SecA1 and SecA2) in M. tuberculosis (9). We have shown that
the SecA2 protein of M. tuberculosis is an accessory secretion
factor that promotes secretion of a subset of proteins that
include superoxide dismutase (SodA) and catalase peroxidase
(KatG) (10). Both of these enzymes detoxify oxygen radicals:
SodA converts superoxide to hydrogen peroxide and oxygen,
and KatG converts hydrogen peroxide to water and oxygen.
KatG is also able to break down peroxynitrite, which is a
dangerous reaction product of superoxide and nitric oxide
(72). SecA2 contributes to the virulence of M. tuberculosis, as
shown previously using a �secA2 mutant of M. tuberculosis in a
high-dose murine model of tuberculosis (10).

Here, we describe our studies of the �secA2 mutant of M.
tuberculosis in an aerosol model of murine infection and in
murine bone marrow-derived macrophages. Our results with
the two models were consistent and revealed a role for SecA2
in promoting M. tuberculosis growth early in murine infection
and in unactivated macrophages. Using macrophages from
phox�/� and NOS2�/� mice, we further showed that the role
of SecA2 is not simply explained by a failure to resist ROI
produced by the phagocyte oxidase or RNI produced by the
inducible nitric oxide synthase. In comparing macrophage re-
sponses to infection with the �secA2 mutant and the parental
M. tuberculosis strain H37Rv, we discovered that macrophages
infected with the �secA2 mutant were more activated on the
basis of several criteria: increased TNF-�, IL-6, RNI, and IFN-
�-regulated MHC class II. This indicated a role for SecA2 in
M. tuberculosis inhibition of the immune response, which is
likely important for survival in the host and pathogenesis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The Mycobacterium tuberculosis
strains used in this study, H37Rv, mc23112 (�secA2 mutant, stock derived from
a single colony), and mc23116 (�secA2, attB::secA2) (10), were grown in Middle-
brook 7H9 broth (Difco) with 0.2% glycerol, 1� albumin dextrose saline (ADS),
and 0.05% Tween 80 (Tw). When appropriate, the medium was supplemented
with the antibiotic kanamycin (20 �g/ml).

Animals. Female C57BL/6 mice were purchased from Charles River Labora-
tories. p47phox�/� mice were generated and maintained as described previously
(4). gp91phox�/� mice and NOS2�/� mice were purchased from Jackson Labo-
ratories. All mice were housed in sterile microbarrier cages and were given
autoclaved food and water ad libitum. Both strains of phox�/� mice were main-
tained on an antibiotic oral suspension of sulfamethoxazole (200 mg/5 ml) and
trimethoprim (40 mg/5 ml) (Hi-Tech Pharmacal) in their water to prevent op-
portunistic infections.

Aerosol infection. Female C57BL/6 mice aged 38 to 45 days were used for the
aerosol studies. The M. tuberculosis strains were cultured to mid-log phase
(optical density at 600 nm of �0.5 to 1.0). The cultures were washed one time
and resuspended in phosphate-buffered saline (PBS) with 0.05% Tween 80
(PBS-Tw) to a concentration of 1 � 107 CFU/ml. The bacterial suspension was
placed into the nebulizer jar of a whole-body exposure aerosol chamber (Me-
chanical Engineering Workshop, Madison, WI). Mice were exposed for 15 min
with a chamber purge time of 20 min. At specific time points, four mice were
sacrificed from each group by CO2 asphyxiation and the lungs, livers, and spleens
were removed and homogenized in PBS-Tw with 100 ng/ml cycloheximide and 50
�g/ml carbenicillin. The homogenates were plated onto 7H10-ADS-glycerol
plates with 10 mg/ml cycloheximide for CFU enumeration.

Macrophage infections. Bone marrow-derived macrophages were prepared
from C57BL/6, p47phox�/�, gp91phox�/�, and NOS2�/� mice as follows. Mice

were sacrificed by CO2 asphyxiation, and the femurs were removed. The cells
were flushed out of the femurs by using supplemented Dulbecco modified Eagle
medium (DMEM; Sigma) containing 10% heat-inactivated fetal bovine serum
(FBS), 2 mM glutamine, and 1� nonessential amino acids. The cells were
washed twice and cultured in supplemented DMEM for 6 days in the presence
of 20% L929-conditioned medium (LCM). After 6 days, the cells were removed
using 5 mM EDTA (in PBS), washed twice with supplemented DMEM, and
resuspended in supplemented DMEM with 10% LCM. The cells were then
seeded into the wells of either an 8-well chamber slide (2 � 105 macrophages/
well) or a 24-well plate (8 � 105 macrophages/well) and were allowed to adhere
overnight before infection. In some experiments, the macrophages were pre-
treated for 24 h with 10 ng/ml recombinant murine IFN-� (rmIFN-�; Chemicon)
before infection. M. tuberculosis strains were taken from mid-log growth phase
and washed one time in PBS-Tw. Cells were resuspended in PBS-Tw and further
diluted to the appropriate number of CFU/ml in supplemented DMEM. The
bacteria were added at the appropriate concentration to the cell monolayers to
achieve a multiplicity of infection (MOI) of 1 or 10. Macrophages were infected
for 4 h, at which time the monolayers were washed three times with supple-
mented DMEM to remove any non-cell-associated bacteria, and then fresh
medium with 10% LCM was added back. At various time points, the medium was
removed from the wells and the cells were lysed with 0.1% Tween 80 and
vigorous pipetting. Lysates were diluted in PBS-Tw and plated onto 7H10-ADS-
glycerol-0.05% Tw plates for enumeration of CFU.

RNI measurements. To measure RNI, we used Griess reagent (Molecular
Probes) and followed the manufacturer’s protocol. Briefly, supernatants from
infected macrophage monolayers were filter sterilized twice using a 0.2-�m
low-protein binding filter and mixed 1:1 with Griess reagent. Samples were
measured at 548 nm, and the values were converted to �M nitrite by using a
standard curve generated with sodium nitrite.

In vitro sensitivity assays. Bacteria were grown to mid-log phase in 7H9-ADS-
glycerol-Tw, washed, and diluted to a density of approximately 1 � 106 CFU/ml
in PBS-Tw. Percent killing was determined for each strain by comparing the
number of CFU from treated samples to that from untreated samples. The
following treatments were employed: heat shock (53°C for 45 min) and acid pH
(pH 4.0 for 24 h). In vitro ROI killing assays were performed using various
compounds. We tested sensitivity to hypoxanthine-xanthine oxidase (0 and 3 h;
250 �	 hypoxanthine [Sigma] and 0.1 U/ml xanthine oxidase [Roche]) in the
presence or absence of catalase (1 U/ml; Sigma), added to detoxify the hydrogen
peroxide generated (16, 54). Other ROI-generating compounds tested include
hydrogen peroxide (0, 5, and 10 mM for 4 h), plumbagin (0.2 mM for 3.5, 7.5, and
10.5 h), pyrogallol (2 mM for 0, 1, and 4 h), and cumene hydroperoxide (0.5 mM
for 0, 1, and 4 h) (Sigma). In vitro sensitivity to RNI was tested using spermidine
NONOate (SPER/NO; 200 �M for 0 and 4 h; Alexis Biochemicals). All in vitro
ROI and RNI assays were performed at 37°C.

CBA. Infection of bone marrow-derived macrophages was performed as de-
scribed above, with cells being infected at an MOI of 1. Supernatants were
collected from the infected macrophages at 24 h postinfection, filtered twice
through a 0.22-�m low-protein binding filter, and stored at �80°C. Cytometric
bead array (CBA) was performed using a mouse inflammation CBA Kit (BD
Biosciences) according to the manufacturer’s protocol. Samples were analyzed
on a BD Biosciences FACSCalibur flow cytometer. The triplicate samples for
each strain were averaged, and the data are shown as means 
 standard devia-
tions.

Quantitative real-time PCR (qRT-PCR) to measure IFN-� responses of in-
fected macrophages. Murine bone marrow-derived macrophages were prepared
and infected as described above at an MOI of 10 for 3 h, at which time unin-
corporated bacteria were washed off and fresh medium was added back to the
monolayers. At 21 h postinfection, the medium was removed from the mono-
layers and replaced with fresh medium containing 2 ng/ml rmIFN-�. After 15 h
of rmIFN-� treatment, the supernatants were removed and the monolayers lysed
with TRIzol reagent (Invitrogen). The human monocytic cell line THP-1 (ATCC
TIB-202) was maintained in supplemented RPMI with 10% heat-inactivated
FBS. To prepare the THP-1 cells for infection, we washed them twice in fresh
RPMI with FBS, resuspended them in RPMI with FBS containing 50 ng/ml
phorbol myristate acetate (Sigma), and seeded them into six-well tissue culture
plates at 2 � 106 cells/well. After 24 h of phorbol myristate acetate treatment, the
cells were infected at an MOI of 10 in the presence of 200 ng/ml recombinant
human IFN-� (rhIFN-�; Pierce) for 4 h. After uptake, the cells were washed and
fresh medium with rhIFN-� was added. At 24 h postinfection, the supernatant
was removed from the infected monolayers and the cells were lysed with TRIzol.
TRIzol lysates were processed for RNA extraction. RNA samples were reverse
transcribed, and real-time PCR was performed on cDNA using the TaqMan
sequence detection system with ABsolute QPCR mix (Applied Biosystems).
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Values were calculated based on the standard curves generated for each gene.
The normalization of samples was determined by dividing the number of copies
of MHC class II mRNA by the number of copies of 18S rRNA. The following
primers were used with the indicated probes: 18S probe (5�-tetrachloro-6-car
boxyfluorescein-CAAATTACCCACTCCCGACCCG-6-carboxytetramethylrho
damine [TAMRA]-3�), primers F (5�-GCTGCTGGCACCAGACTT-3�) and R
(5�-CGGCTACCACATCCAAGG-3�); murine MHC class II (I-Ab) probe (5�-6-c
arboxyfluorescein-CGCAGCGCATACGATATGTGACCA-TAMRA-3�), primers
Rev (5�-CTGTCGTAGCGCACGTACT-3�) and For (5�-GGCGAGTGCTACTT
CACCA-3�); human MHC class II (HLA-DRA) probe (5�-6-carboxyfluorescein-
CTGGACCCTTTGCAAGAACCCTTCCC-TAMRA-3�), primers F (5�-TCCAAT
GAACGGAGTATCTTGTGT-3�) and R (5�-TGAGATGACGCATCTGTTGCT-
3�) (28, 73).

RESULTS

The �secA2 mutant is attenuated in the murine low-dose
aerosol infection model. Previously, we demonstrated that an
in-frame and unmarked �secA2 deletion mutant of M. tuber-
culosis is attenuated in mice following high-dose intravenous
administration (10). To better characterize the phenotype of
the �secA2 mutant, we used a more natural low-dose aerosol
exposure model, infecting C57BL/6 mice with approximately
200 bacilli to the lungs, and included earlier time points than
previously analyzed. Following infection with the �secA2 mu-
tant or the virulent M. tuberculosis parent H37Rv, groups of
mice were sacrificed at various times postinfection and the
bacterial burden in the lungs, livers, and spleens was enumer-
ated by plating homogenates for CFU. We observed a typical
growth pattern for H37Rv in the lungs of the mice: significant
growth during the early phase of infection, followed by a pe-
riod of persistence in which the number of bacilli remained
constant over time (Fig. 1A) (52). The transition between the
growth and persistence phases correlates with the establish-
ment of the TH1 response, a central feature of which is mac-
rophage activation by IFN-� (49, 52). The �secA2 mutant was
defective in the early growth phase of the infection compared
to H37Rv. As early as 9 days postinfection, the �secA2 mutant
had 1 log fewer bacilli in the lungs than H37Rv (Fig. 1A). This
difference was maintained throughout the experiment, al-
though both strains continued to grow to day 16. We also
observed fewer CFU for the �secA2 mutant in livers and
spleens (0.5 to 1.0 log less) than for H37Rv (data not shown).
During the later phase of infection, the �secA2 mutant resem-
bled H37Rv in persistence, although at the final 80-day time
point, the CFU burden in the lungs of the �secA2 mutant-
infected mice had dropped slightly. In addition to reduced
bacillary load, mice infected with the �secA2 mutant exhibited
an increase in length of survival (372 
 29 days) in comparison
to mice infected with H37Rv (173 
 16 days) (Fig. 1B).

The �secA2 mutant has an attenuated phenotype in unac-
tivated macrophages but not in activated macrophages. The
observed in vivo phenotype of the �secA2 mutant indicated a
role for SecA2 in the early phase of infection, during which M.
tuberculosis is growing in macrophages. We hypothesized that
the �secA2 mutant is defective for growth in unactivated mac-
rophages. We tested this hypothesis by comparing the abilities
of the �secA2 mutant and H37Rv to replicate within unacti-
vated bone marrow-derived macrophages from C57BL/6 mice.
The macrophages were infected ex vivo, and after 4 hours of
uptake, the monolayers were washed and fresh medium was
added back. The growth of each strain was evaluated over a

5-day period by plating macrophage lysates for viable CFU.
The �secA2 mutant showed diminished growth in the macro-
phages and displayed up to 1 log fewer CFU by day 5 (Fig. 2A).
The intracellular growth defect of the �secA2 mutant was
complemented by introduction of a wild-type copy of secA2 on
an integrating plasmid, which indicated that the mutant phe-
notype was due to the absence of secA2 (Fig. 2B).

In contrast to unactivated macrophages, which are permis-
sive for M. tuberculosis growth, activated macrophages inhibit
M. tuberculosis growth due to enhanced antimycobacterial ac-
tivities (13, 21, 22). We compared the �secA2 mutant and
H37Rv in murine bone marrow-derived macrophages activated
by 24 h of pretreatment with rmIFN-�. In the IFN-�-treated
macrophages, H37Rv failed to grow but survived over time,
and the �secA2 mutant behaved similarly (Fig. 3A). Infection
of unactivated macrophages was performed in parallel and
again revealed an intracellular growth defect of the �secA2
mutant (Fig. 3B).

These results revealed a role for SecA2 in promoting M.
tuberculosis growth in unactivated macrophages but no appar-
ent role for SecA2 in M. tuberculosis survival in activated mac-
rophages. They are consistent with the pattern of growth in

FIG. 1. The �secA2 mutant of M. tuberculosis is attenuated in a
low-dose aerosol infection of C57BL/6 mice. Immunocompetent
C57BL/6 mice were exposed in a whole-body aerosol chamber to either
M. tuberculosis H37Rv (■ ) or the �secA2 mutant (E), with each mouse
receiving approximately 200 CFU per lung. (A) Mice were sacrificed at
various time points postinfection, and the growth of the strains was
assessed by plating for CFU from lung homogenates. The results are
representative of two experiments. *, P values compared to the �secA2
mutant are �0.005 by Student’s t test. (B) Groups of four mice infected
with either strain were monitored for survival.
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vivo, where the �secA2 mutant exhibited reduced growth in
the lungs of infected mice in the early growth phase of
infection and then behaved similarly to H37Rv after the
onset of the TH1 immune response and concomitant mac-
rophage activation.

The �secA2 mutant has an attenuated phenotype in oxida-
tive burst-deficient macrophages. We previously reported that
the �secA2 mutant of M. tuberculosis is defective in secreting
the antioxidant enzymes SodA and KatG (10). M. tuberculosis
is relatively resistant to ROI (13), which could be an important
property for intracellular survival in the face of the macro-
phage oxidative burst, and the SecA2-dependent secreted
SodA and KatG are among the M. tuberculosis molecules im-
plicated in this resistance (67). We tested whether the sole role
of SecA2 in macrophage growth is to protect the bacillus from
the oxidative burst during intracellular infection. Bone mar-
row-derived macrophages from p47 phox�/�, gp91phox�/�, and
C57BL/6 mice were prepared and infected in parallel with the
�secA2 mutant or H37Rv. These phox�/� mice lack different

components of the phagocyte oxidase complex, which is re-
sponsible for the oxidative burst of macrophages (46). In these
oxidative burst-deficient macrophages, the �secA2 mutant
showed the same growth defect as that observed in wild-type
C57BL/6 macrophages (Fig. 4A and B). This indicated that
SecA2 contributes to intracellular growth even in the ab-
sence of an oxidative burst. Consequently, SecA2 must have
a function in intracellular growth other than just protecting
the bacillus from ROI generated during the oxidative burst.

As an independent assessment of the role of SecA2 in pro-
tecting against oxygen radicals, we compared in the vitro sen-
sitivities of the �secA2 mutant and H37Rv to those of a variety
of ROI species. Among the compounds tested were pyrogallol
and hypoxanthine-xanthine oxidase; both of these treatments
generate extracellular superoxide. Plumbagin (cytoplasmic su-
peroxide generator), hydrogen peroxide, and cumene hy-
droperoxide were also tested. In all cases, the ROI treatments
showed equivalent degrees of killing for the �secA2 mutant
and H37Rv (data not shown). We further tested the strains for
their sensitivity to other stresses, including acid pH and heat
shock, and again saw no differences in killing. The unaltered in
vitro sensitivities of the �secA2 mutant in combination with the

FIG. 2. The �secA2 mutant of M. tuberculosis is attenuated in un-
activated murine bone marrow-derived macrophages. Unactivated mu-
rine bone marrow-derived macrophages from C57BL/6 mice were in-
fected at an MOI of 1 with (A) M. tuberculosis H37Rv (■ ) or the
�secA2 mutant (E) and (B) the �secA2 mutant (E) or the �secA2-
complemented mutant (�secA2, attB::secA2) (Œ). The numbers of
CFU were determined by plating macrophage lysates at various time
points postinfection. The infection was performed with triplicate wells
for each strain per time point, and the error bars represent standard
deviations for the triplicate wells. The data shown are representative of
more than 20 experiments for the wild type and the �secA2 mutant and
5 experiments for the complemented strain. *, P values compared to
the �secA2 mutant are �0.05 by Student’s t test.

FIG. 3. Survival of the �secA2 mutant in IFN-�-treated murine
bone marrow-derived macrophages. In parallel experiments, we exam-
ined the survival and growth of the �secA2 mutant and H37Rv in
(A) activated and (B) unactivated murine bone marrow-derived mac-
rophages from C57BL/6 mice. Macrophages were activated by 24 h
pretreatment with 10 ng/ml rmIFN-�. The macrophages were infected
at an MOI of 1 with H37Rv (■ ) or the �secA2 mutant (E) as described
above. Graphs are shown as the averages from five experiments 

standard errors of the means. *, P values compared to �secA2 mutant
are �0.05 by Student’s t test.
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data for phox�/� macrophages suggested that the role of
SecA2 in promoting growth in macrophages is not solely to
protect the bacteria from damaging ROI but involves other
mechanisms.

Macrophages infected with the �secA2 mutant release
higher levels of proinflammatory cytokines and RNI. To de-
termine whether the SecA2-dependent secretion pathway con-
tributes to M. tuberculosis inhibition of host immune responses,
we compared levels of cytokine production in macrophages
infected with the �secA2 mutant and H37Rv. Bone marrow-
derived macrophages from C57BL/6 mice were infected as
described before, and at 24 h postinfection, supernatants were
assayed for cytokine production using the cytometric bead
assay (BD Biosciences). Macrophages infected with the
�secA2 mutant produced more TNF-� and IL-6 than those
infected with H37Rv (Fig. 5), with an average difference of
2.5-fold for TNF-� and 3.5-fold for IL-6. The introduction of
an integrated plasmid expressing wild-type secA2 comple-
mented the increased cytokine production phenotype of the
�secA2 mutant.

We also assayed the production of RNI in the supernatants

of infected macrophages by using Griess reagent, which mea-
sures nitrite, the oxidation product of nitric oxide. Measure-
ments were taken at 48, 72, and 96 h postinfection. The mac-
rophages infected with the �secA2 mutant produced more RNI
at all time points than the macrophages infected with H37Rv
(Fig. 6A), with an average difference of 1.5-fold. In the same
experiments at 0, 4, and 24 h postinfection, we also measured
the levels of ROI in the cells and saw no differences in levels of
ROI between cells infected with the �secA2 mutant and
H37Rv (data not shown). We also tested the levels of RNI
production in infected cells pretreated with IFN-� 24 h prior to
infection which upregulates RNI production. As expected,
there was an overall increase in RNI production in cells pre-
treated with IFN-� compared to that in untreated cells. At 24 h

FIG. 4. The �secA2 mutant is attenuated in bone marrow-derived
macrophages from mice defective in components of the phagocyte
oxidase (phox�/�). Unactivated bone marrow-derived macrophages
from C57BL/6 mice and from either (A) p47phox �/� or (B) gp91phox�/�

mice were infected in parallel at an MOI of 1 with M. tuberculosis
H37Rv (■ , in C57BL/6 macrophages; �, in phox�/� macrophages) and
the �secA2 mutant (F, in C57BL/6 macrophages; E, in phox�/� mac-
rophages). Graphs are shown as the averages from multiple experi-
ments (six for p47phox�/� mice and three for gp91phox�/� mice) 

standard errors of the means. *, P values compared to the �secA2
mutant are �0.05 by Student’s t test.

FIG. 5. Cytokine release from infected bone marrow-derived mac-
rophages. Cytokines were measured using the cytometric bead array
kit (BD Biosciences). Bone marrow-derived macrophages from
C57BL/6 mice were infected at an MOI of 1 in triplicate. Supernatants
were collected at 24 h postinfection and assayed for cytokines. The
graphs present levels of cytokine for (A) TNF-� or (B) IL-6 in unin-
fected macrophages (black bars) or those infected with H37Rv (gray
bars), the �secA2 mutant (white bars), or the �secA2-complemented
strain (hatched bars), with error bars depicting standard deviations for
triplicate samples. The data shown are representative of eight experi-
ments. *, P values compared to the �secA2 mutant are �0.05 by
Student’s t test.
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postinfection, macrophages infected with the �secA2 mutant
again exhibited higher levels of RNI in the supernatant (Fig.
6B). The increased RNI production observed following infec-
tion with the �secA2 mutant in the absence and presence of
IFN-� was complemented by the introduction of a wild-type
copy of secA2.

It is important to note that in these experiments, the num-
bers of CFU in macrophage lysates following the 4-h infection
period were equivalent for both strains. The above results
suggest that, in comparison to H37Rv, the �secA2 mutant is
defective in the ability to inhibit macrophage production of
immunostimulatory molecules, resulting in more highly acti-
vated macrophages upon infection with the �secA2 mutant.

The �secA2 mutant has an attenuated phenotype in NOS2�/�

macrophages. Given the antimycobacterial activity of RNI, we
considered the possibility that the increased levels of RNI
observed were alone responsible for the growth defect of the
�secA2 mutant in macrophages. To test this idea, we examined
the growth of the �secA2 mutant and H37Rv in unactivated
macrophages from NOS2�/� mice, which lack the inducible
nitric oxide synthase and are defective for the nitrosative burst
(38). The �secA2 mutant still exhibited a growth defect in
NOS2�/� macrophages that was equivalent to the defect ob-
served in macrophages from C57BL/6 mice (Fig. 7). These
data indicated that the role of SecA2 in intracellular growth
involves functions other than protecting against reactive nitro-
gen intermediates.

As was done for ROI, we also assayed in vitro sensitivity of
the �secA2 mutant and H37Rv to NO generated by SPER/NO.
Treatment with SPER/NO led to equivalent degrees of killing
of the �secA2 mutant and H37Rv (data not shown). The in
vitro sensitivity result taken together with the observed growth
defect of the �secA2 mutant in NOS2�/� macrophages sug-
gests that the role of SecA2 in intracellular growth is not solely
to protect against RNI.

The �secA2 mutant is associated with higher IFN-�-induced
MHC class II expression. Having demonstrated that macro-

phages infected with the �secA2 mutant produced higher levels
of cytokine and RNI in comparison to H37Rv-infected mac-
rophages, we set out to see whether the inhibition of other
macrophage responses was altered by the �secA2 mutation.
Multiple laboratories have demonstrated that M. tuberculosis
inhibits the expression of several IFN-�-regulated genes of the
host. Among these genes are the IFN-�-induced MHC class II
genes required for antigen presentation (43, 50, 53). To test for
a role of SecA2 in M. tuberculosis inhibition of IFN-� re-
sponses, we employed two different systems previously used to
study this IFN-� inhibition: primary murine macrophages and

FIG. 6. RNI produced by infected bone marrow-derived macrophages. RNI was measured using Griess reagent. Infections were performed at
an MOI of 10, and samples were collected at 72 h postinfection for unactivated macrophages (A) and at 24 h postinfection for IFN-�-activated
macrophages (B). Bars show the averages of triplicate samples for uninfected cells (black bars) or those infected with H37Rv (gray bars), the
�secA2 mutant (white bars), or the �secA2-complemented strain (hatched bars), with error bars depicting standard deviations for triplicate
samples. The data shown are representative of three experiments. *, P values compared to the �secA2 mutant are �0.05 by Student’s t test.

FIG. 7. The �secA2 mutant is attenuated in bone marrow-derived
macrophages from mice defective in inducible nitric oxide synthase
(NOS2). Unactivated bone marrow-derived macrophages from
C57BL/6 mice and from NOS2�/� mice were infected in parallel at an
MOI of 1 with M. tuberculosis H37Rv (■ , in C57BL/6 macrophages; �,
in NOS2�/� macrophages) and the �secA2 mutant (F, in C57BL/6
macrophages; E, in NOS2�/� macrophages) as described above.
Graphs are shown as the averages from four experiments 
 standard
errors of the means. *, P values compared to the �secA2 mutant are
�0.05 by Student’s t test.
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the human monocytic cell line THP-1. Murine bone marrow-
derived macrophages were preinfected with the �secA2 mu-
tant, H37Rv, or the complemented strain at an MOI of 10 for
24 h, followed by stimulation with rmIFN-�. After 15 h of
IFN-� treatment, expression of MHC class II (IA-b) transcript
was measured by qRT-PCR. As expected, IFN-� treatment of
uninfected cells increased MHC class II transcript and H37Rv
inhibited the IFN-� induction of MHC class II. In contrast,
infection with the �secA2 mutant did not reduce the level of
MHC class II to the same degree as infection with H37Rv (Fig.
8A). This difference between the �secA2 mutant and H37Rv in
the level of IFN-�-induced MHC class II was at least twofold
greater with the �secA2 mutant in five separate experiments
(P  0.008 by the Mann-Whitney U test). Similar experiments
were performed with human THP-1 cells. In these experi-
ments, rhIFN-� was added to the cells at the time of infection
with either the �secA2 mutant, H37Rv, or the complemented
strain. Expression of MHC class II (HLA-DR) transcript was
measured by qRT-PCR of samples collected at 24 h postinfec-
tion. Again, infection with the �secA2 mutant did not reduce
the level of MHC class II to the same degree as infection with
H37Rv. This difference between the �secA2 mutant and
H37Rv in the level of IFN-�-induced MHC class II was repro-
ducible with the �secA2 mutant, exhibiting an average 1.5-fold
difference in HLA-DR transcript level over five independent
experiments (P  0.00003 by Student’s t test). The phenotypes
of the �secA2 mutant in both murine macrophages and THP-1
cells were complemented by the introduction of a wild-type
copy of secA2. These data provided another example of SecA2

functioning in the process(es) of M. tuberculosis inhibition of
host immune responses.

DISCUSSION

The accessory secretion factor SecA2 contributes to M. tu-
berculosis virulence. Here, we showed with a natural low-dose
aerosol model of infection that as early as 9 days postinfection,
the �secA2 mutant had a lower bacterial burden in the lungs of
mice than the parental M. tuberculosis strain H37Rv. The at-
tenuated phenotype of the mutant occurred during the early
growth phase of infection, when M. tuberculosis is primarily
growing in unactivated macrophages. Consistent with this re-
sult, we showed that the �secA2 mutant had a growth defect in
unactivated murine bone marrow macrophages in comparison
to H37Rv. It should be noted that the �secA2 mutant does not
display any significant growth defect when grown in broth
media (10). In contrast to the phenotype in unactivated murine
macrophages, the �secA2 mutant did not exhibit a phenotype
in IFN-�-activated macrophages. Our experiments in vitro with
primary murine macrophages appear to reflect the phenotypes
observed in vivo in the murine model of infection.

Since SecA2 is an accessory secretion factor, the role of
SecA2 could be the proper secretion or surface localization of
M. tuberculosis proteins required for intracellular growth. Pre-
viously, we identified SodA and KatG as proteins whose secre-
tion into culture media depends on SecA2 (10). Since both of
these proteins are antioxidants, we considered the simple hy-
pothesis that SecA2 promotes detoxification of ROI and

FIG. 8. Inhibition of MHC class II expression measured by quantitative real-time PCR. Host mRNA expression was determined by qRT-PCR
of cDNA made from murine bone marrow-derived macrophages or THP-1 cells. Cells were infected with M. tuberculosis strains at an MOI of 10
and stimulated with recombinant IFN-�, and uninfected cells were similarly treated with recombinant IFN-�. For murine macrophages, the cells
were infected with M. tuberculosis strains and allowed to sit for 21 h prior to the addition of 2 ng/ml rmIFN-�. RNA was sampled at 15 h
post-recombinant IFN-� addition. For THP-1 cells, the cells were simultaneously infected with M. tuberculosis and treated with 200 ng/ml rhIFN-�.
RNA was sampled at 24 h postinfection. The qRT-PCR samples were normalized to an internal 18S control. Bars represent the normalized MHC
class II levels of triplicate infections performed on a single day, with error bars showing standard deviations. Data are representative of five
experiments for (A) murine bone marrow-derived macrophages and (B) THP-1 cells. Samples are shown as uninfected cells (black bars) or cells
infected with H37Rv (gray bars), the �secA2 mutant (white bars), or the complemented (compl.) strain (hatched bars). *, P values compared to
the wild-type and complemented strains are �0.003 by Student’s t test. Attmol, attomoles.
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thereby protects the bacillus from the oxidative burst of mac-
rophages to promote intracellular growth. Macrophage-gener-
ated ROI could have direct antimicrobial effects or indirect
effects involving alterations in host cell signaling pathways (44,
69). There is a precedent for exported superoxide dismutases
contributing to virulence in bacterial pathogens (5), and vari-
ous experiments suggest roles for M. tuberculosis SodA, KatG,
and a surface-localized superoxide dismutase, SodC, in patho-
genesis and protection against the oxidative burst of macro-
phages (17, 18, 41, 47, 54). However, when we tested the
�secA2 mutant in phox�/� macrophages, it exhibited a growth
defect equivalent to that observed in wild-type C57BL/6 mac-
rophages. In addition, our efforts to detect altered in vitro
sensitivity of the �secA2 mutant to ROI species, including
extracellularly generated superoxide, were unsuccessful. Taken
together, these experiments do not reveal a role for SecA2 in
protecting against the oxidative burst and they indicate an
alternate function of SecA2 in intracellular growth.

Yet, we cannot entirely rule out the possibility that SecA2
contributes to ROI resistance. A role in protecting against
ROI in macrophages and in vitro could have been masked by
the another function(s) of SecA2 in intracellular growth and/or
redundant ROI resistance mechanisms of M. tuberculosis. Fur-
thermore, even in the absence of phagocyte oxidase, there are
still reactive oxygen species generated in the cell through mi-
tochondrial electron transport. Our experiments cannot rule
out the possibility that mitochondrion-generated ROI contrib-
ute to the phenotypes of the �secA2 mutant.

In our studies, we also assessed the role that SecA2 plays in
modulating the immune response. It is becoming evident that
virulent M. tuberculosis inhibits innate and adaptive immune
responses. In regard to innate immune responses, M. tubercu-
losis has been shown to inhibit macrophage production of
IL-12 in a coinfection assay (45). In addition, there is an
emerging trend that virulent M. tuberculosis strains elicit re-
duced levels of proinflammatory cytokines (including TNF-�
and IL-6) and RNI from macrophages compared to less viru-
lent M. tuberculosis strains. This phenomenon has been de-
scribed for the hypervirulent HN878 strain of M. tuberculosis
and the hypervirulent mce1 mutant of M. tuberculosis (42, 58,
65). There are also reports of virulent M. tuberculosis eliciting
lower levels or activities of cytokines and RNI from macro-
phages than attenuated and avirulent mycobacteria (2, 7, 20,
26). However, it must be noted that for TNF-�, a correlation
between increased mycobacterial virulence and reduced cyto-
kine production has not been a universal finding (12, 19, 57,
66). With regard to adaptive responses, M. tuberculosis inhibits
macrophage responses to IFN-� stimulation, such as the up-
regulation of MHC class II (25, 43, 50, 53). MHC class II and
presentation of mycobacterial antigens to CD4� T cells are
essential components of the adaptive immune response to M.
tuberculosis (22).

In this study, we found that macrophages infected with the
�secA2 mutant produced significantly greater levels of TNF-�,
IL-6, and RNI than macrophages infected with H37Rv. This
suggested a function for SecA2 in inhibiting the innate immune
response. We were unable to detect IL-12 production by our
infected macrophages. The increased level of IFN-�-induced
MHC class II message observed with the �secA2 mutant versus
H37Rv suggested an additional role for SecA2 in suppressing

the adaptive immune response. To our knowledge, this is the
first report of an M. tuberculosis mutant with a defect in the
inhibition of IFN-� responses.

These immunomodulatory activities of SecA2 are likely im-
portant for M. tuberculosis virulence. All of the host molecules
that we identified to be regulated by SecA2 are demonstrated
to contribute to the control of tuberculosis in the mouse
model. Mice deficient in TNF-�, IL-6, NOS2, or CIITA (MHC
class II transcriptional regulator) are all more permissive for
M. tuberculosis infection, as shown by increased bacterial bur-
den in organs and decreased length of survival, in comparison
to wild-type mice (6, 23, 39, 60, 62). Immunosuppression by
SecA2 may influence the course of M. tuberculosis infection in
many ways, including by establishing a permissive environment
for intracellular growth in macrophages and limiting antigen
presentation in the host. By infecting NOS2�/� macrophages
with the �secA2 mutant, we demonstrated that suppression of
RNI was not the only important factor regulated by SecA2 for
promoting intracellular growth. We believe the attenuated
phenotype of the �secA2 mutant in macrophages and mice is a
reflection of an imbalance in multiple cytokines and effector
mechanisms, possibly including molecules that we have yet to
identify.

Interestingly, all four of the molecules we found to be up-
regulated by macrophages infected with the �secA2 mutant are
associated with Toll-like receptor 2 (TLR2) and myeloid dif-
ferentiation factor 88 (MyD88) signaling pathways in host
cells. To various degrees, TNF-�, IL-6, and RNI are induced
by mycobacterial stimulation of TLR2-dependent, MyD88-de-
pendent pathways (11, 30, 32, 48, 59, 63, 64, 70). Thus, an
increased ability of the �secA2 mutant to signal through TLR2-
MyD88-dependent pathways could account for the increased
macrophage responses. However, there are alternate explana-
tions given the complexities of cell signaling. Interestingly,
there is also a role for TLR2 in the process of M. tuberculosis
inhibition of IFN-�-induced MHC class II (25, 27, 51). How-
ever, our observation that infection with the �secA2 mutant led
to higher IFN-�-induced MHC class II message than infection
with H37Rv is opposite to what would be predicted by in-
creased TLR2 signaling. TLR2-independent pathways of M.
tuberculosis inhibition of IFN-� responses have also been iden-
tified in which SecA2 could be involved (25, 55). Alternatively,
increased TNF-� levels generated by the �secA2 mutant could
synergize with IFN-� to promote the observed increase in
MHC class II (71).

Modification of the immune response is a strategy used by
other bacterial pathogens to survive in the host, and the bac-
terial factors involved are often secreted and surface proteins
localized by specialized secretion systems (14). Currently, there
are two known specialized secretion systems in M. tuberculosis:
the SecA2-dependent system and the ESAT-6/Snm system
(36). Interestingly, the ESAT-6/Snm system, which localizes
the small ESAT-6 and CFP-10 proteins, has also been reported
to contribute to immunosuppression (37, 68). M. tuberculosis
mutants lacking the snm4 (Rv3877) and snm9 (Rv3615c) com-
ponents of the ESAT-6 system elicit increased levels of TNF-�,
RNI, and IL-12 by macrophages. Further, M. tuberculosis snm
mutants exhibit a growth defect in unactivated macrophages
and an early growth phenotype in mice (24, 29, 31, 37, 68).
There is no immediate explanation for the similarity in snm
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and �secA2 mutant phenotypes, since the �secA2 mutant se-
cretes ESAT-6 (data not shown).

Because SecA2 is a secretion factor, its role in immuno-
modulation is most likely related to proper secretion or cell
wall localization of an immunosuppressive factor. However, all
of the proteins localized by SecA2, particularly cell wall pro-
teins, are not yet known. The mycobacterial cell wall is a
complex structure that contains many diverse molecules with
reported immunomodulatory properties (33). These include
several surface molecules reported to influence the production
of inflammatory TNF-�, IL-6, and/or RNI, such as surface
lipoproteins, lipoarabinomannan and its precursor, lipoman-
nan, phthiocerol dimycocerosates, and modified trehalose di-
mycolate (1, 3, 11, 15, 35, 55–57, 61). The increased immune
response elicited by the �secA2 mutant could be explained by
different amounts of immunoregulatory molecules in the cell
wall or an altered cell wall structure with greater exposure of
stimulatory molecules that interact with host receptors, such as
TLR2. Thus, we are considering the possibility that the immu-
nosuppressive effect of SecA2 is due to a role in localization of
cell wall synthetic enzymes that influence cell wall architecture.
A final possibility is that the �secA2 mutant phenotypes actu-
ally represent increased release of a stimulatory molecule (10).
Future efforts will be aimed at identifying the SecA2-depen-
dent factors that suppress innate and adaptive immune re-
sponses.
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