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Mycobacteria are the etiologic agents of numerous diseases which account for significant morbidity and
mortality in humans and other animal species. Many mycobacteria are intramacrophage pathogens and
therefore the macrophage response to infection, which includes synthesis of cytokines such as tumor necrosis
factor alpha (TNF-�) and production of nitric oxide, has important consequences for host immunity. However,
very little is known about the macrophage cell signaling pathways initiated upon infection or how pathogenic
mycobacteria may modulate the macrophage responses. Using primary murine bone marrow macrophages, we
established that p38 and extracellular signal-regulated kinases 1 and 2 of the mitogen-activated protein kinase
(MAPK) pathways are activated upon infection with different species of mycobacteria. However, we observed
decreased MAPK activity over time in macrophages infected with pathogenic Mycobacterium avium strains
relative to infections with nonpathogenic mycobacteria. Furthermore, macrophages infected with M. avium
produced lower levels of TNF-�, interleukin 1�, and inducible nitric oxide synthase 2 than macrophages
infected with nonpathogenic species. Inhibitor studies indicate that the MAPKs are required for the Myco-
bacterium-mediated induction of these effector proteins. Our data indicate that MAPKs are activated in
macrophages upon invasion by mycobacteria and that this activation is diminished in macrophages infected
with pathogenic strains of M. avium, resulting in decreased production of important immune effector proteins.
The decreased MAPK activation associated with M. avium infections suggests a novel point of immune
intervention by this mycobacterial species.

Mycobacterium spp. are intramacrophage pathogens and
therefore the engagement of macrophage receptors by myco-
bacteria is one of the initial steps in the infection process. A
macrophage may respond to a mycobacterial infection by se-
creting cytokines such as tumor necrosis factor alpha (TNF-�)
or interleukin 1� (IL-1�) and by producing reactive oxygen
and nitrogen intermediates. These effects, among others, are
the end result of activating various macrophage-signaling path-
ways. However, questions remain regarding which pathways
are initiated and/or modulated by a mycobacterial infection.
Previous studies have shown that mycobacterial components
such as lipoarabinomannan (LAM) can stimulate a macro-
phage response, resulting in the production and secretion of
TNF-� and IL-1� (1). Studies have also indicated that arabino-
furanosyl-terminated LAM isolated from nonpathogenic my-
cobacteria stimulates a stronger cytokine response in treated
macrophages than does mannose-capped LAM (ManLAM)
from pathogenic mycobacteria (50, 52). Furthermore, recent
work by Ting et al. indicates that human macrophages infected
with Mycobacterium tuberculosis are less responsive to gamma
interferon, due to a disruption in STAT1 binding to the tran-
scription factor CREB (55). These experiments suggest that
mycobacteria and mycobacterial components can modulate
macrophage-signaling pathways. A more complete analysis of
these macrophage responses to a mycobacterial infection may
help elucidate the mechanisms underlying mycobacterial
pathogenesis and host response.

We have focused our initial studies on the mitogen-activated
protein kinases (MAPK) because this kinase family is activated
upon engagement of macrophage growth factor and cytokine
receptors and is important in the activation of cytokine gene
transcription. The MAPK family is composed of the extracel-
lular signal-regulated kinase 1 and 2 (ERK1/2), p38, and stress-
activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK)
pathways. Although distinct in their activation (20), there is
considerable cooperation between these kinases, and many
substrates are shared between pathways (14). This family of
kinases is important in a wide spectrum of cellular functions,
including proliferation (43), apoptosis (16), cytokine biosyn-
thesis (34), and cytoskeletal reorganization (27). All MAPKs
are highly conserved serine-threonine kinases that are acti-
vated by upstream MAPK kinases through a Thr-XXX-Tyr
phosphorylation motif (39). The stimuli that activate these
signaling cascades are distinct, and the downstream effects can
vary greatly between cell types. Studies have shown that the
ERK pathway is activated primarily by growth factors, mito-
genic stimuli, and tumor promoters (15), whereas environmen-
tal stress and inflammatory cytokines stimulate the p38 and
SAPK/JNK pathways (5, 34, 58).

Recent studies have implicated the MAPKs as important
cellular targets for infectious organisms. Yersinia enterocolitica
was shown to suppress TNF-� production by inhibiting
ERK1/2, p38, and JNK kinase activities (54). Treating macro-
phages with Leishmania lipophosphoglycans, which are known
to promote parasite survival, resulted in ERK1/2 stimulation
and subsequent inhibition of IL-12 production (24). In neutro-
phils, the activation of p38 was shown to be critical for the
generation of reactive oxygen intermediates, following infec-
tion with the attenuated M. tuberculosis H37Ra strain (44).
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Additional studies have demonstrated the important regula-
tory role MAPKs play in nitric oxide synthase 2 (NOS2) pro-
duction, following RAW 264.7 cell stimulation with M. tuber-
culosis-derived ManLAM (12). More recent studies have
shown that Mycobacterium avium infection of human mono-
cyte-derived macrophages results in p38, JNK, and ERK1/2
activation (49). This activation was inhibited by anti-CD14
antibodies (49). In this study, we found that macrophages in-
fected with M. avium show decreased MAPK activation rela-
tive to cells infected with nonpathogenic mycobacteria, sug-
gesting that the MAPKs are a target for immune intercession
by pathogenic mycobacteria.

MATERIALS AND METHODS

BMM isolation and culture. Bone marrow macrophages (BMMs), used in all
experiments, were isolated from 6- to 8-week-old BALB/c mice as previously
described (51). The isolated macrophages were cultured on 100-mm non-tissue
culture plates in Dulbecco’s modified Eagle’s medium (GIBCO BRL, Grand
Island, N.Y.) supplemented with 20 mM HEPES (Fisher Scientific, Fair Lawn,
N.J.), 10% fetal bovine serum (FBS) (GIBCO BRL), 100-U/ml penicillin and
100-�g/ml streptomycin (both from BioWhittaker, Walkersville, Md.), 1� L-
glutamine, and 20% L-cell supernatant as a source of macrophage colony-stim-
ulating factor (BMM medum). The macrophages were used 7 to 14 days after
isolation or frozen after 7 days of culture in freezing media (50% Dulbecco’s
modified Eagle’s medium, 40% FBS, and 10% endotoxin-tested dimethyl sulfox-
ide (DMSO; Sigma, St. Louis, Mo.). Thawed or fresh macrophages were cultured
on non-tissue culture plates for 3 to 7 days and then replated at approximately 3
� 105 cells per 35-mm tissue culture plate. The cells were allowed to adhere for
24 h prior to treatments with bacteria, zymosan (from Saccharomyces cerevisiae;
Sigma), or 200-ng/ml lipopolysaccharide (LPS) (from Escherichia coli serotype
O55:B5; Sigma). The plates were kept on ice for 10 min after the bacteria,
zymosan, or LPS was added. The plates were then incubated at 37°C in 5% CO2

for various times. For the time points beyond 4 h, the macrophages were incu-
bated for 4 h with the mycobacteria or other reagents and washed with phos-
phate-buffered saline (PBS), and then 2 ml of fresh media was added and
incubated for the additional times. All tissue culture reagents were found to be
negative for endotoxin contamination by the E-Toxate assay (Sigma).

Bacteria culture. To generate M. avium 101 and 724 stocks, the bacteria
(generously provided by David Russell at Cornell University, Ithaca, N.Y., and
Andrea Cooper at Colorado State University, Fort Collins, respectively) were
passaged through a mouse to ensure virulence. A single colony was used to
produce frozen stocks as described (7). Frozen stocks were quantitated by serial
dilution. Mycobacterium phlei ATCC11758, Mycobacterium smegmatis strain
MC2155 (generously provided by Rich Groger, Washington University, St. Louis,
Mo.), and Mycobacterium bovis BCG ATCC 35734 were grown for 4 days (M.
phlei and M. smegmatis) or 10 days (M. bovis BCG) as previously described (7).
Frozen stocks were prepared as described for M. avium. Infection assays evalu-
ated by fluorescence microscopy were performed on each stock of mycobacteria
to determine the infection ratio needed to obtain approximately 80% of the
macrophages infected. The amount of mycobacteria required to obtain the 80%
infection rate varied between species and batch preps of mycobacteria. The ratios
extended from 8:1 to 60:1, and the variation observed is likely due to differences
in the amount of clumping from batch to batch. However, the results were
consistent across the different mycobacteria-to-macrophage ratios when the in-
fection level was kept constant.

Complement opsonization. Appropriate concentrations of mycobacteria were
suspended in macrophage culture media containing 10% normal human serum
as a source of complement components (37) and incubated for 2 h at 37°C as
described (7). The normal human serum came from the same donor for all
experiments. Zymosan was complement opsonized as described previously (42).
Complement-opsonized zymosan was washed three times in PBS before being
added to the macrophages. Ingestion assays were performed to determine the
concentration of zymosan required to obtain approximately 80% of the macro-
phages containing one or more zymosan particles.

Western blot analysis. At designated times, the treated macrophages were
removed from the incubator and placed on ice. The conditioned media were
collected, centrifuged for 15 min at 14 krpm (Eppendorf model 5415C centri-
fuge) to remove nonadherent macrophages and any free mycobacteria, and saved
for subsequent enzyme-linked immunosorbent assays (ELISAs). The cells were

washed three times with ice-cold PBS containing 1 mM pervanadate. The cells
were then treated for 20 min with ice-cold lysis buffer (150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, 1-�g/ml aprotinin, 1-�g/ml leupeptin, 1-�g/ml
pepstatin, 1 mM pervanadate, 1 mM EDTA, 1% Igepal, 0.25% deoxycholic acid,
1 mM NaF, and 50 mM Tris-HCl [pH 7.4]). The cell lysates were removed from
the plates and centrifuged at 14 krpm for 15 min at 4°C. The clarified lysates were
stored at �20°C. Equal amounts of protein, as defined by the Micro BCA Protein
assay (Pierce, Rockford, Ill.), were loaded onto 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels, electrophoresed, and transferred onto
polyvinylidene difluoride membranes (Millipore, Bedford, Mass.). The mem-
branes were blocked in Tris-buffered saline with 0.05% Tween 20 (TBST) sup-
plemented with 5% powdered milk and then incubated with primary antibodies
phospho-p38, total p38, phospho-ERK1/2, or total ERK1/2 from Cell Signaling
(Beverly, Mass.) or with NOS2 primary antibody from Santa Cruz Biotechnology
(Santa Cruz, Calif.) as indicated by the manufacturer. The blots were washed
with TBST and incubated with a secondary antibody, either horseradish perox-
idase-conjugated anti-rabbit or anti-mouse immunoglobulin (Ig) (Pierce) in
TBST plus 5% powdered milk. The bound antibodies were detected using Su-
perSignal West Femto-enhanced chemiluminescence reagents (Pierce). Densi-
tometry was performed with some blots with the LKB Bromma Ultroscan XL
Enhanced Laser densitometer with GelScan XL software (Pharmacia LKB Bio-
technology, Uppsala, Sweden).

TNF-� neutralization. Thirty micrograms of a rat anti-mouse monoclonal IgG
TNF-� blocking antibody (Upstate Biotechnology, Lake Placid, N.Y.) was added
to macrophages immediately following treatment with LPS or infection by M.
avium 101 or M. smegmatis. Ten micrograms of additional antibody was added to
the 24-h samples following the 4-h infection. Equivalent concentrations of nor-
mal rat IgG antibody (Santa Cruz Biotechnology) were added to the control
samples. The culture supernatants and cell lysates were collected for Western
blot and ELISA analysis as described above.

ELISA. The levels of TNF-� and IL-1� secreted into the culture media by
infected macrophages were measured using the OptEia mouse TNF-� ELISA kit
(PharMingen, San Diego, Calif.) and the Biotrak IL-1� mouse ELISA kit (Am-
ersham Pharmacia Biotech, Inc., Piscataway, N.J.). Culture media collected from
the macrophages were analyzed for cytokines according to the manufacturer’s
instructions, and the cytokine concentrations were determined against TNF-�
and IL-1� standard curves. For the experiments with the TNF-� neutralizing
antibody, a large excess of UltraLink Immobilized Protein G (Pierce) was incu-
bated with the culture media to remove the anti-TNF-� antibody and bound
TNF-�. Media alone and culture media with IgG control antibody were also
treated with Protein G. The Protein G was removed from the culture superna-
tants by centrifugation.

Statistical analysis. Data were analyzed by a one-tailed Student t test and a
one-way analysis of variance. Statistical significance was assumed at a P value of
�0.05. For all TNF-� ELISAs, n � 2 for each time point; error bars represent
standard deviation.

RESULTS

Activation of p38 MAPK in M. avium-infected mouse mac-
rophages. In our initial experiments we examined whether
MAPK p38 was activated in mouse BMMs following infection
with M. avium. We were also interested in defining the activa-
tion state of macrophage p38 MAPK upon infection with com-
plement-opsonized and nonopsonized mycobacteria to deter-
mine if the mechanism of invasion results in a differential
regulation of this kinase. LPS and zymosan, an inert yeast
particle that is phagocytosed by macrophages, are known ac-
tivators of MAPK p38 at early time points (13, 29) and were
used as controls. BMMs were incubated with either comple-
ment-opsonized or nonopsonized M. avium 101 or comple-
ment-opsonized zymosan or treated with LPS. Prior studies
were performed to determine the concentration required to
obtain equivalent numbers of ingested mycobacteria and zy-
mosan (data not shown; see Materials and Methods). The
treated BMMs were cultured at 37°C for 1, 4, and 24 h. The
cells were harvested, and protein lysates were separated on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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gels, blotted, and probed with antibodies to the MAPKs as
described in Materials and Methods. Numerous studies have
shown that phosphorylation of the MAPK at a Thr-Tyr motif
define their activation (10, 47), and we used MAPK antibodies
specific for these phosphorylated residues. As shown in Fig. 1,
there is strong phosphorylation of p38 with all BMM treat-
ments at 1 and 4 h, indicating that attachment and phagocy-
tosis of complement opsonized and nonopsonized M. avium
101 or zymosan leads to increased activation of p38 compared
to untreated cells. After 24 h of infection a considerable de-

cline in the level of p38 phosphorylation is seen for all treat-
ments. However, the M. avium-infected cells had significantly
greater p38 phosphorylation after 24 h than zymosan-treated
cells (Fig. 1A). Densitometry of the bands at the 24-h time
point indicates similar levels of p38 phosphorylation in LPS-
treated and M. avium 101-infected cells, but the zymosan-
treated cells have levels of p38 activation similar to those of
resting cells (Fig. 1A).

Previous studies have shown that the MAPKs are required
for the LPS-mediated increase in the expression of inducible
NOS2 (13), a protein known to be important for controlling
mycobacterial infections in mice. Therefore, we tested whether
NOS2 expression was up-regulated in macrophages infected
with M. avium. As shown in Fig. 1B, LPS stimulation of mouse
macrophages led to a marked increase in NOS2 expression at
both early and late time points. However, macrophages in-
fected with M. avium 101 show NOS2 expression at 4 h postin-
fection, but no detectable expression after 24 h. Macrophages
incubated with zymosan show only a small increase in NOS2
expression after 4 h and no detectable expression after 24 h.

Decreased p38 phosphorylation in macrophages infected
with pathogenic compared to nonpathogenic mycobacteria.
Previous studies have shown that infectious organisms of dif-
fering virulence can modulate MAPK activity (46, 54). We
therefore initiated experiments to determine whether patho-
genic and nonpathogenic mycobacteria differ in their ability to
induce p38 and ERK1/2 activity in infected BMMs. We in-
fected BMMs with M. avium strain 101 or 724. Infection stud-
ies indicate that M. avium 724 is approximately 100 times more
virulent than strain 101 in a mouse infection model (data not
shown). We also used the attenuated M. bovis BCG and the
nonpathogenic M. phlei for the infection studies. Initial exper-
iments were performed to determine the number of mycobac-
teria needed to obtain equal infection levels (see Materials and
Methods). BMMs were infected for 4 and 24 h as described
above and analyzed for phosphorylated p38, NOS2 production,
and TNF-� and IL-1� secretion. As shown in Fig. 2A, all 4-h
infection samples showed increased p38 phosphorylation com-
pared to resting cells, but only M. bovis BCG- and M. phlei-
infected BMMs showed high levels of p38 phosphorylation
after 24 h. At this 24-h time point, no detectable p38 phos-
phorylation was seen in BMMs infected with the highly virulent
M. avium 724. Densitometry of the phosphorylated p38 24-h
autoradiograph confirmed the differences in band intensity
(Fig. 2A).

We also tested whether NOS2 expression was up-regulated
in BMMs infected with the different mycobacteria. The pattern
of NOS2 production for BMMs infected with both M. avium
strains showed expression at 4 h but no detectable NOS2 after
24 h. This was in contrast to M. phlei-infected BMMs that
showed detectable NOS2 only at the 24-h time point (Fig. 2B).
TNF-� production is also a downstream effect of MAPK acti-
vation in BMMs treated with LPS (18, 40). As seen previously,
infection of BMMs with M. avium 101 results in TNF-� pro-
duction (3, 11). TNF-� secretion was highest for M. phlei-
infected BMMs after 24 h, followed by M. bovis BCG, M.
avium 101, and M. avium 724 (Fig. 2C). Interestingly, this
inversely correlates with the virulence of the different myco-
bacteria in mice (data not shown and references 3 and 21). The
macrophage-conditioned media were also assayed by ELISA

FIG. 1. Infection of murine bone marrow macrophages with M.
avium 101 activates p38 MAPK. (A) Western blot analysis of p38
phosphorylation (pp38) was performed following treatment of bone
marrow macrophages with LPS or infection with complement-opso-
nized zymosan (COZ), complement-opsonized M. avium 101 (CO101)
or nonopsonized M. avium 101 (NO101) or left untreated as resting
cells (RC). Equal protein, as determined by the Micro BCA assay, was
loaded in each lane. All blots were stripped and reprobed with a p38
antibody to show equal amounts of this protein, but only the 24-h total
p38 blot is shown here. The relative densities of the 24-h phosphory-
lated p38 bands were analyzed by densitometry. AU, arbitrary units.
(B) NOS2 expression from cell lysates was detected by Western blot-
ting. Results are representative of three separate experiments.

3042 ROACH AND SCHOREY INFECT. IMMUN.



for secreted IL-1�, another proinflammatory cytokine down-
stream of p38. IL-1� secretion was observed only with BMMs
infected with M. phlei and, to a lesser extent, M. bovis BCG
(Fig. 2D).

Neutralization of secreted TNF-� does not inhibit the pro-
longed p38 MAPK activation in macrophages infected with M.
avium 101 or M. smegmatis. Previous studies indicate that
BMMs treated with TNF-� can induce p38 phosphorylation
(35, 57). However it is unknown whether BMMs infected with
mycobacteria are capable of p38 activation via the TNF-�
receptor. To determine whether the sustained phosphorylation
of p38 in infected BMMs was due to an autocrine or paracrine
effect of TNF-� secretion, we incubated M. avium 101- and
nonpathogenic M. smegmatis-infected BMMs with a TNF-�
neutralizing antibody. As shown in Fig. 3A, the neutralizing
antibody decreased the available TNF-� by 70 to 80%, but this
had no effect on the levels of p38 phosphorylation or NOS2
production (Fig. 3B and C), suggesting that TNF-� in the

media is not responsible for the prolonged p38 phosphoryla-
tion.

Similar to our results with M. phlei, BMMs infected with M.
smegmatis, another nonpathogenic mycobacterium, showed in-
creased p38 phosphorylation compared to BMMs infected with
M. avium 101 at the 24-h time point (Fig. 3B). Densitometry of
these bands confirmed this difference (Fig. 3B). Similarities
were also observed between M. phlei and M. smegmatis in the
kinetics of NOS2 production (Fig. 3C) and in the secretion of
cytokines TNF-� and IL-1� compared to BMMs infected with
M. avium 101 (Fig. 3A and D).

Kinetic analysis of p38 and ERK1/2 phosphorylation in
macrophages infected with M. avium 724 and M. smegmatis.
The phosphorylation of the MAPK may be transient; there-
fore, a more careful kinetic analysis may reveal additional

FIG. 2. Macrophages infected with pathogenic mycobacteria show
decreased MAPK activation and downstream production of inflamma-
tory mediators compared to macrophages infected with nonpathogenic
mycobacteria. (A) Western blot analysis of p38 phosphorylation
(pp38) following infection with M. avium 724, M. avium 101, M. bovis
BCG, and M. phlei. Noninfected macrophages (RC) were treated the
same as infected macrophages for all incubations. Blots were stripped
and reprobed with a p38 antibody. Densitometry was performed with
the 24-h phospho-p38 blot. AU, arbitrary units. (B) NOS2 expression
was detected by Western blotting. (C and D) TNF-� and IL-1� present
in the culture supernatants at each time point were detected by
ELISA. a, P � 0.001 compared to M. bovis BCG and to M. phlei; b, P
� 0.01 compared to M. bovis BCG and P � 0.001 compared to M.
phlei; c, P � 0.01 compared to M. phlei. Results are representative of
three separate experiments.
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FIG. 3. An autocrine effect of TNF-� is not the cause for the extended p38 phosphorylation seen after 24 h. (A) TNF-� in the culture
supernatants was detected by ELISA for the 4- and 24-h time points. Each supernatant was incubated with Protein G to remove any antibodies
and bound TNF-� prior to the ELISA. (B) Western blot analysis of p38 phosphorylation (pp38) following treatment with LPS or infection with
M. avium 101 or M. smegmatis. Cells were treated with either anti-TNF-� neutralizing antibody (�) or antibody control (�) during the 24-h
infection. Noninfected macrophages, i.e., resting cells (RC), were incubated with the IgG control antibody. Blots were stripped and reprobed for
total p38. Densitometry was performed with the 24-h phospho-p38 blot. (C) NOS2 expression from the cell lysates was detected by Western
blotting. (D) IL-1� in the culture supernatants was detected by ELISA. Results are representative of two separate experiments. AU, arbitrary units;
Smeg, M. smegmatis.
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differences between the ability of pathogenic and nonpatho-
genic mycobacteria to activate the MAPK pathways. There-
fore, we infected BMMs with M. avium 724 and M. smegmatis
and harvested the BMMs at 30 min and 1, 2, 3, 4, 6, 9, 24, and
48 h as described above. Phosphorylation of p38 and ERK1/2
was observed within 30 min of infection with either M. avium
or M. smegmatis (Fig. 4A and B). However, p38 phosphoryla-
tion gradually decreased in M. avium 724-infected BMMs and
was undetectable after 6 h. In contrast, following an M. smeg-
matis infection, BMMs maintained p38 phosphorylation even
24 h postinfection (Fig. 4A). Similarly, ERK1/2 phosphoryla-
tion peaked at 30 min in M. avium 724-infected BMMs and
rapidly decreased to slightly above that of noninfected cells by
2 h, while ERK1/2 phosphorylation remained high in BMMs
even 24 h after an M. smegmatis infection (Fig. 4B). Again, the
data illustrate that BMMs infected with nonpathogenic myco-
bacteria maintain a prolonged activation of the MAPKs com-
pared to BMMs infected with a highly virulent strain of M.
avium.

These differences extend to the production of effector mol-
ecules as well. As described above, the kinetics of NOS2 pro-

duction differed in BMMs infected with M. avium and M.
smegmatis. As shown in Fig. 4C, NOS2 production peaked
after 6 h in M. avium 724-infected BMMs, while its expression
peaked after 24 h following M. smegmatis infection, with little
expression at 4 or 6 h. Finally, the M. avium- and M. smegmatis-
infected BMMs showed detectable TNF-� in the culture su-
pernatants 2 h postinfection, and the cytokine was still detect-
able after 48 h (Fig. 4C). For both M. smegmatis and M.
avium-infected BMMs, the media were replaced after the 4-h
infection; therefore, at later time points we measured only the
TNF-� released from 4 h postinfection onwards. The kinetics
of TNF-� secretion were similar for BMMs infected with M.
smegmatis and M. avium, but the levels were considerably
higher in M. smegmatis-infected BMMs (Fig. 4D). IL-1� was
detected only in the culture supernatants from M. smegmatis-
infected BMMs 24 and 48 h postinfection (data not shown).

TNF-� secretion and NOS2 production are MAPK depen-
dent in mycobacterium-infected macrophages. It is well estab-
lished that early responses to mycobacterial infection in BMMs
are the production of TNF-� and NOS2 (25). The results
above show a potential association between MAPK activation

FIG. 3—Continued.
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and the production of immune effector proteins following a
mycobacterial infection. To determine if p38 or ERK1/2
MAPK activation is indeed necessary for the BMM response to
a mycobacterial infection, we used the p38-specific inhibitor
SB203580 and the MEK1-specific inhibitor PD98059. Both

inhibitors have been well characterized and have been shown
to act with considerable specificity (2, 28, 38). Preliminary
experiments using varying concentrations of both inhibitors
were performed. Treatment of BMMs with SB203580, fol-
lowed by a 4-h M. avium 101 infection, showed nearly complete

FIG. 4. Kinetics of MAPK activation and inflammatory responses differ between M. avium 724 and M. smegmatis infections. Western blot
analyses of phosphorylated p38 (A) and ERK1/2 (B) following infections with either M. avium 724 or M. smegmatis over 48 h are shown. Blots were
stripped and reprobed for total p38 and ERK1/2. (C) Western blot of NOS2 production. (D) The amount of TNF-� in the supernatants was
analyzed by ELISA. a, P � 0.001; b, P � 0.01; c, P � 0.05. The results are representative of two separate experiments.
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inhibition of NOS2 production with 5 �M SB203580 (Fig. 5A),
indicating that NOS2 expression was dependent on the p38
MAPK pathway. Although M. avium 101 shows little stimula-
tion of ERK1/2 phosphorylation at this 4-h time point (Fig.
4A), we observed increased ERK1/2 phosphorylation in M.
avium-infected BMMs treated with the p38 inhibitor SB203580
(Fig. 5A). TNF-� production was decreased significantly with 5
�M SB203580, which is the concentration which showed al-
most complete inhibition of NOS2 production. At a 25 �M
concentration of the p38 inhibitor we observed more than 50%
inhibition of TNF-� secretion (Fig. 5B). LPS-stimulated re-
lease of TNF-� in BMMs was also significantly inhibited with
25 �M SB203580.

Treatment of M. avium 101-infected BMMs with 20 �M
MEK1 inhibitor PD98059 resulted in no detectable ERK1/2
phosphorylation (Fig. 5C). However, treatment with the
MEK1 inhibitor did not affect NOS2 expression levels, signi-
fying that NOS2 production is not dependent on ERK1/2 ac-
tivation (Fig. 5C). Conversely, a marked inhibition of TNF-�

secretion was observed with 20 �M PD98059, indicating that
TNF-� secretion was primarily dependent on ERK1/2 activa-
tion (Fig. 5D). Treatment of macrophages with 20 �M
PD98059 also resulted in a slight but significant inhibition of
TNF-� secretion following LPS stimulation (Fig. 5D).

We next compared the effect of these MAPK inhibitors on
the BMM response to an infection with M. avium 101 and M.
smegmatis. As described above, NOS2 production was mark-
edly decreased in M. avium 101-infected BMMs treated with
the p38 inhibitor (Fig. 6A). No expression of NOS2 in M.
smegmatis-infected BMMs was observed at this 4-h infection
time, as previously noted (Fig. 4C). TNF-� secretion was in-
hibited following both M. avium and M. smegmatis infections
when BMMs were treated with either inhibitor. The combina-
tion of both inhibitors resulted in almost a complete loss of
TNF-� secretion (Fig. 6B). Furthermore, as was observed with
M. avium, ERK1/2 phosphorylation was significantly increased
in M. smegmatis-infected BMMs treated with the p38 inhibitor
SB203580 (Fig. 6A). This suggests some cross talk between the

FIG. 4—Continued.
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two MAPK pathways in BMMs infected with mycobacteria, as
has been shown previously in human umbilical vein endothelial
cells after IL-1� stimulation (30) and in THP-1 cells treated
with bufalin (36).

DISCUSSION

Pathogenic mycobacteria have evolved mechanisms to un-
dermine the host immune response, thereby aiding their intra-
cellular survival. Numerous studies have indicated differences
between pathogenic and nonpathogenic mycobacteria in their
stimulation of host macrophages to produce immune effector

molecules (6, 21, 23). However, the signaling cascades initiated
in macrophages upon mycobacterial invasion, which result in
the production of these important effector molecules, remain
poorly defined. Furthermore, how these processes are differ-
entially regulated in BMMs infected with various species of
mycobacteria is unclear. We have focused our studies on the
MAPKs, since this kinase family is known to be activated by
various bacterial components, including LAM (12).

Our results indicate that the MAPKs p38 and ERK1/2 are
activated in BMMs upon attachment and ingestion of all my-
cobacteria tested. The activation of p38 may not be specific to
a particular BMM receptor, since both complement-opsonized

FIG. 5. p38 and ERK1/2 MAPKs are essential for NOS2 and TNF-� production during M. avium infection. (A and C) Western blot analysis
of NOS2 production and ERK1/2 phosphorylation in cell lysates. Cells were treated with varying concentrations of the p38 inhibitor SB203580
(A) or the MEK1 inhibitor PD98059 (C) (Calbiochem, San Diego, Calif.) at 37°C for 1 h before LPS treatment or M. avium 101 for a 4-h infection.
DMSO vehicle control was added to resting cells (RC) and LPS treated- and M. avium 101-infected cells. Blots were probed with total ERK1/2
antibody to show equal protein loading. (B and D) TNF-� in the respective culture supernatants was analyzed by ELISA. a, P � 0.001compared
to M. avium 101 plus DMSO; b, P � 0.001 compared to LPS plus DMSO; c, P � 0.01 compared to M. avium 101 plus DMSO. The results are
representative of two separate experiments.
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and nonopsonized M. avium induced equivalent p38 phosphor-
ylation in infected BMMs. Our studies did not directly address
which receptors induce p38 activation. However, recent studies
by Reiling et al. indicate that M. avium activation of p38,
ERK1/2, and JNK in human macrophages requires CD14, il-
lustrating the importance of this molecule in BMM signaling
during a mycobacterial infection (49).

Following this initial MAPK activation in macrophages in-
fected with mycobacteria, we found that the p38 and ERK1/2
activity differed depending on the mycobacteria used for the
infection. BMMs infected with nonpathogenic mycobacteria
showed significantly higher p38 and ERK1/2 phosphorylation
rates over time then that observed for M. avium-infected cells
(Fig. 2 to 4). This suggests that either M. avium suppresses the

p38 and ERK phosphorylation in BMMs relative to the non-
pathogenic mycobacteria or the nonpathogenic mycobacteria
are more active in their stimulation of the MAPKs. It is inter-
esting that LAM isolated from M. tuberculosis suppresses
MAPK activity in THP-1 cells and that this is dependent on the
activation of the phosphatase SHP-1 (33). Perhaps M. avium
suppresses p38 and ERK1/2 phosphorylation in mouse primary
macrophages in a comparable manner, since the composition
of LAM is similar in M. avium and M. tuberculosis (i.e., both
are mannose capped) (32). However, this cannot be the only
explanation, since M. bovis BCG also has ManLAM (45). How
this continued p38 and ERK1/2 phosphorylation is maintained
in macrophages infected with nonpathogenic mycobacteria is
unclear. We are presently investigating whether this is through

FIG. 5—Continued.
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the direct effect of a mycobacterial component or the induction
of a macrophage response (e.g., cytokine production) that sub-
sequently induces MAPK activity. Nevertheless, our results
indicate that it is not an autocrine effect of TNF-� release that
triggers this response, since inhibitor antibodies to TNF-� had
no effect on p38 activity (Fig. 3A). Furthermore, differences in
ERK1/2 activation were observed with macrophages 1 h after
the M. avium 724 and M. smegmatis infections, which is prior to
detectable TNF-� secretion. In addition, 48 h after an M.
avium 724 infection BMMs released more than 1,500 pg of
TNF-�/ml, but this did not result in measurable p38 phosphor-
ylation. However, the biological activity of this secreted TNF-�
was not determined. Interestingly, a previous study by Bal-
cewicz-Sablinska et al. has shown that macrophages infected
with virulent M. tuberculosis strain H37Rv release TNF-� re-
ceptor, which functions to bind and inhibit the activity of se-
creted TNF-� (4).

To measure the potential effect of MAPK activation on the

production of various immune mediators, we analyzed the in-
fected BMMs for production of NOS2 and secretion of the
cytokines TNF-� and IL-1�. We chose these particular pro-
teins since previous studies have shown their production in
macrophages to be MAPK dependent after treatment with
various stimuli, including LPS (9, 13). In addition, all three
proteins are known to serve important roles in controlling a
mycobacterial infection (25). We found that TNF-� secretion
occurred in BMMs following each of the different infections,
but as has been shown previously, the levels were highest for
the macrophages infected with the nonpathogenic mycobacte-
ria M. smegmatis and M. phlei (Figs. 2 to 4) (6). These differ-
ences in TNF-� production were noticeable 6 h after infection,
which is similar to what has been described previously in hu-
man monocytes treated with ManLAM and AraLAM, with
AraLAM-treated cells inducing a greater TNF-� response
(17).

IL-1� was also detected in BMM culture supernatants 24

FIG. 6. p38 and ERK1/2 MAPKs are required for NOS2 and TNF-� production by pathogenic and nonpathogenic mycobacteria. (A) Western
blot analysis of NOS2 production and phosphorylated ERK1/2 in macrophages pretreated with 25 �M SB203580 and/or 50 �M PD98059. The
treated and control macrophages were infected for 4 h with M. avium 101 or M. smegmatis. Blots were probed for total ERK1/2 to show equal
protein loading. (B) TNF-� in the culture supernatant was analyzed by ELISA. a, P � 0.01 compared to M. avium 101 plus DMSO; b, P � 0.001
compared to M. avium 101 plus DMSO; c, P � 0.05 compared to M. smegmatis. plus DMSO; d, P � 0.001 compared to M. smegmatis. Results are
representative of three separate experiments.
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and 48 h after an M. smegmatis and M. phlei infection and to a
lesser extent after an M. bovis BCG infection but was not
detected after the M. avium infections (Fig. 2D and 3D). These
results are similar to those seen by Fattorini et al., where
smooth transparent colonial variants (pathogenic) of a clinical
isolate of M. avium were less capable of inducing the release of
IL-1� than their smooth opaque counterparts (less patho-
genic) (22). Other studies have shown IL-1� to play a protec-
tive role for the host during mycobacterial infections (19, 31).
It has been previously reported that M. avium infection induces
an IL-1� response; however, this response has been seen only
after many days of infection (19, 23). Our results show that
nonpathogenic mycobacteria are capable of inducing a much
faster IL-1� response in macrophages than is observed with M.
avium, which might partially account for the delayed clearance
of M. avium during an active infection.

NOS2 expression was not observed or observed at low levels
in BMMs 24 h post-M. avium infection, contrary to BMMs
treated with LPS, which led to a continued production of
NOS2 (Fig. 1B). NOS2 expression in M. smegmatis- and M.
phlei-infected BMMs was also observed at this 24-h time point.
Interestingly, the kinetics of NOS2 production differed for the
various BMM infections (Fig. 2B, 3C, and 4C), suggesting that
the signaling pathways surrounding p38 activation differ. A
number of signaling pathways can lead to activation of the
MAPK cascade in macrophages, including Ras-dependent (8,
26), phosphatidylinositol kinase/protein kinase C-dependent
(56), and ceramide-dependent (41) pathways. However, at
present we do not know what upstream pathways lead to
MAPK activation.

Overall, we observed a diminished response in BMMs in-
fected with M. avium 724 in regards to p38 and ERK1/2 acti-
vation and production of NOS2, IL-1�, and TNF-� (Fig. 4).
This limited response by BMMs infected with M. avium 724
suggests that this strain has evolved to minimize its inflamma-
tory response during an infection. This may be one of the
reasons for the high pathogenicity of strain 724 in mice com-
pared to that of other M. avium strains (data not shown).

Our results indicate that NOS2 production is dependent on
p38; however, TNF-� release is dependent on both p38 and
ERK1/2 activation (Fig. 5 and 6). This is contrary to the results
for RAW 264.7	NO(�) cells, which showed only the require-
ment for ERK activation in the induction of NOS2 expression
following treatment of the cells with M. tuberculosis LAM (12).
The observed differences between our results and those of
Chan et al. (12) may be the use of intact mycobacteria com-
pared to an individual component or differences between pri-
mary macrophages and the RAW 264.7 cell line. Differences in
MAPK activation between macrophage cell lines and primary
macrophages have been noted previously (48). Interestingly,
we found that the addition of the p38 inhibitor markedly en-
hanced the phosphorylation of ERK1/2. This may be due to a
p38 inhibitory effect on the protein kinase B/Akt pathway,
resulting in increased Raf1 activity and subsequent activation
of the MEK-ERK pathway (53).

In summary, our results indicate that the p38 and ERK1/2
MAPKs are activated in mouse macrophages upon infection
with mycobacteria. Furthermore, prolonged activation of p38
and ERK1/2 is observed with BMMs infected with nonpatho-
genic mycobacteria but not with BMMs infected with M. avium

724. The activation of BMM MAPKs upon mycobacterial in-
fection is required for TNF-� secretion and NOS2 production.
These results define the MAPKs as important signaling mole-
cules in the BMM reaction to mycobacterial infection. Fur-
thermore, the decreased MAPK activity associated with M.
avium infections suggests a unique mechanism by which this
mycobacteria can modulate an immune response.
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