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mycobacteria: evidence for an involvement
of lipomannan
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ABSTRACT

Despite the critical role that TNF-a plays in the contain-
ment of mycobacterial infection, the mechanisms in-
volved in regulation of its expression by mycobacteria are
poorly defined. We addressed this question by studying
MAP, which causes a chronic enteritis in ruminants and is
linked to human Crohn’s disease. We found that in MAP-
infected macrophages, TNF-a gene expression was sub-
stantially lower than in macrophages infected with non-
pathogenic MS or stimulated with LPS. TNF-« transcrip-
tion alone could not fully explain the differential TNF-«
mMRNA expression, suggesting that there must be a sub-
stantial contribution by post-transcriptional mechanisms.
Accordingly, we found reduced TNF-a mRNA stability in
MAP-infected macrophages. Further comparison of
MAP- and MS-infected macrophages revealed that lower
TNF-a mRNA stability combined with lower mRNA and
protein expression in MAP-infected macrophages corre-
lated with lower p38 MAPK phosphorylation. Theses find-
ings were independent of viability of MAP and MS. We
demonstrate that the major mycobacterial cell-wall lipo-
glycan LM of MAP and MS induced TNF-a mRNA tran-
scription, but only the MS-LM induced p38 MAPK-depen-
dent transcript stabilization. Overall, our data suggest
that pathogenic mycobacteria cause weak p38 MAPK
activation and TNF-a mRNA stabilization as a result of
their structural cell-wall components such as LM and
thereby, restrict TNF-a expression in macrophages. J.
Leukoc. Biol. 87: 173-183; 2010.

Abbreviations: ARE=adenosine-uridine-rich element, LAM=
lipoarabinomannan(s), LM=lipomannan(s), MAA=M\ycobacterium
avium subspecies avium, ManLAM=mannose-capped LAM, MAP=
Mycobacterium avium subspecies paratuberculosis, MK2=MAPK-
activated protein kinase 2, MOI=multiplicities of infection, MS=
Mycobacterium smegmatis, MTB=Mycobacterium tuberculosis,
ODgg0 nm=0D at 660 nm, PILAM=phosphoinositol-capped LAM,
PT=primary transcript, gRT-PCR=quantitative RT-PCR, ssp.=subspecies
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Introduction

Pathogenic mycobacterial species, such as Mycobacterium avium
ssp., Mycobacteriwm bovis, Mycobacterium leprae, and MTB, persist
in macrophages, causing granuloma formation or granuloma-
tous inflammation in different host tissues. One of the key
players of this host reaction is the proinflammatory cytokine
TNF-a [1-3]. As a central factor of inflammatory responses,
TNF-a also contributes to pathogenesis of other chronic in-
flammatory diseases such as rheumatoid arthritis and Crohn’s
disease [4-6].

In mycobacterial infection, TNF-« is involved in the regula-
tion of apoptosis and dendritic cell maturation and together
with IFN-vy, in the induction of antimicrobial activity of macro-
phages [6]. Furthermore, TNF-a plays an important role in
the inhibition of mycobacterial growth in vitro [7, 8]. How-
ever, TNF-a responses of macrophages infected with patho-
genic mycobacteria seemed to be reduced when compared
with nonpathogenic or attenuated mycobacteria [9-13]. This
might be a result of structural differences of mycobacterial
cell-wall components. LAM and LM are integral parts of the
mycobacterial cell wall recognized by cells involved in the in-
nate immune response and have been found to modulate the
cytokine response [14]. LAM and LM have been shown to in-
duce TNF-a release in macrophages; however, LM is more po-
tent [15, 16].

Despite the critical role that TNF-a plays in the containment
of mycobacterial infection, the mechanisms involved in regula-
tion of its expression by pathogenic mycobacteria are poorly
defined. Biosynthesis of TNF-«a is tightly controlled at the tran-
scriptional [17-21] and post-transcriptional level [22-24]. The
transcriptional initiation of the TNF-a gene serves as the pri-
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mary control of the regulation of TNF-a production, and
many transcription factors are known to be recruited to the
TNF-a promoter [17-21]. However, it was reported that activa-
tion of macrophages with LPS results in an increase of tran-
scription of only approximately threefold, and protein synthe-
sis is increased ~10,000-fold [4]. Thus, the regulation of
TNF-a expression in LPS-treated macrophages is regulated, to
a large extent, post-transcriptionally [4].

The TNF-a 3'-untranslated region contains an ARE, which is
involved in control of mRNA translation and stability as a re-
sult of the binding of specific trans-acting proteins [25]. The
regulation and the coordinated interaction of these transact-
ing proteins with the TNF-a ARE, leading to modulation of
mRNA stability, are incompletely understood. The p38 MAPK
and the downstream kinases MK2 are of major importance.
TNF-a mRNA stabilization in LPS-stimulated macrophages is
abolished when p38 MAPK is inhibited by its specific inhibitor
SB203580 [26]. Nevertheless, the precise mechanisms of p38-
dependent regulation of TNF-a mRNA stability remain to be
fully elucidated.

Among pathogenic mycobacteria, the ruminant pathogen
MAP is frequently hypothesized as the etiological agent of
the chronic inflammatory bowel condition of humans called
Crohn’s disease [27]. In ruminants, MAP causes paratuber-
culosis (Johne’s disease), a chronic granulomatous inflam-
mation of the small intestine. The disease occurs worldwide,
causing substantial economic losses in farms as a result of
premature culling and production losses [28]. In paratuber-
culosis, TNF-a expression seems to be reduced specifically
at the sites of MAP infection through unknown mechanisms
[29]. Furthermore, the activity of TNF-« in cell culture su-
pernatants of bovine macrophages was lower in MAP-in-
fected cell cultures compared with IFN-y and LPS-stimu-
lated control cultures [30]. We showed recently that MAP,
in contrast to other closely related M. avium ssp., specifi-
cally suppressed the proinflammatory defense mechanisms
of infected macrophages [31]. These results suggest that an
insufficient TNF-a response in bovine paratuberculosis
might favor mycobacterial persistence in macrophages and
progression of disease.

In the present study, we show that reduced TNF-a transcript
stability is responsible for lower TNF-a expression in MAP-in-
fected macrophages. TNF-a transcript stability correlated with
lower p38 MAPK activation in response to viable and heat-inac-
tivated MAP as well as MAP-LM. These results provide evi-
dence that the structural cell-wall composition of pathogenic
mycobacteria restricts TNF-a expression in macrophages.

MATERIALS AND METHODS

Reagents

All chemicals were purchased from Sigma (Munich, Germany) unless
otherwise stated. Mycobactin | was from Synbiotics (Stuttgart, Germany).
LPS, purified from Salmonella Typhimurium (L6143), was obtained from
Sigma. Actinomycin D and SB203580 were purchased from Calbiochem
(Schwalbach, Germany). Oligonucleotide primers were obtained from
MWG-Biotech (Ebersberg, Germany), [a**P]-dCTP from Perkin-Elmer
(Rodgau-Juegesheim, Germany), the phosphospecific anti-mouse p38
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MAPK [pTpY'®*/'*2] antibody from BioSource (Solingen, Germany),
and the anti-mouse p38 MAPK antibody from New England Biolabs
(Frankfurt, Germany).

Bacterial strains

The MAP strain DSM 44135 and the MS strain mc®155 (ATCC 19420) were
cultured and prepared for infection as described previously [32]. For some
experiments, mycobacteria were inactivated by incubation for 15 min at
85°C as described [32].

Preparation of the LM from MAP and MS

LM preparations were performed according to the procedures of Chat-
terjee and coworkers [33-35], with some modifications. Briefly, the MAP
strain 6783 was grown to confluence on Watson Reid medium (supple-
mented with Mycobactin J) in 600 ml tissue-culture flasks (6-12 weeks).
The MS strain mc”155 was conventionally grown in Middlebrook 7H9
broth to late log-phase (4 days). Bacteria were collected by centrifuga-
tion and washed with PBS (pH 7.5). Approximately 30 g (wet weight)
was suspended in PBS containing 4% Triton X-114, protease inhibitor
cocktail, DNasel, and RNaseA (Sigma). The bacteria were disrupted by
French Press, and lipids were extracted for 18 h at 4°C and overhead
shaking. The insoluble material was removed by centrifugation for 1 h
at 27,000 g at 4°C and was extracted subsequently with PBS containing
4% Triton X-114 extracts. The Triton X-114 extracts were combined,
incubated at 37°C until biphasic partitioning, and centrifuged at 27,000
g for 30 min at 25°C. The detergent layer was collected, and macromol-
ecules including LM were recovered by precipitation at —20°C with 95%
ethanol (10 vol). The precipitates were suspended in endotoxin-free
H,O, and proteins were removed by phenol extraction. The material
was dialyzed against H,O. The crude carbohydrate mixture was fraction-
ated by size-exclusion chromatography through Sephacryl S-200/S-100
columns (GE-Healthcare, Freiburg, Germany). Elution profiles were
monitored by SDS-PAGE and silver-staining [36]. The LM-containing
fractions were pooled and buffer contaminants removed by extensive
dialysis against endotoxin-free H,O. The solution was lyophilized, and
the LM was resolved in endotoxin-free H,O to a concentration of 1 mg/
ml. Amounts of MAP- and MS-LM were visualized by SDS-PAGE, fol-
lowed by periodic acid Schiff staining.

The endotoxin content of the preparations was controlled in the quality
assurance department of IDT Biologika GmbH (Dessau-Rosslau, Germany)
with a kinetic turbidimetric Limulus amoebocyte lysate assay (Charles River,
Erkrath, Germany), according to the instructions of the European Pharma-
copoeia (Ph. Eur. 2.6.14). The LM preparations contained insignificant
amounts of endotoxin (=0.2 EU/ug LM).

Macrophage cell culture and infection

The murine macrophage-like cell line RAW264.7 (ATCC, TIB-71) was
maintained in complete medium [DMEM, supplemented with 10% (v/v)
FCS, 1% (w/v) L-glutamine, 100 units/ml penicillin, and 100 pg/ml strep-
tomycin, all from Invitrogen, Karlsruhe, Germany] at 37°C in the presence
of 8% CO, in a humidified incubator. Infection of macrophages with my-
cobacteria and stimulation with LPS were performed as described [37].
Briefly, macrophages were incubated with a mycobacterial suspension of an
indicated ODgg ,,,, in antibiotic-free medium for 2 h. Then, the medium
was removed, and cells were washed with PBS and fed with fresh antibiotic-
free medium. In some experiments, macrophages were stimulated with LPS
(5 mg/ml) or with LM (0.25—-4 ug/ml) and harvested at indicated time-
points.

In the titration experiments, macrophages were infected with mycobacte-
ria by adding suspensions of ODgg ,,,,, 0.2, 0.1, 0.05, 0.025, or 0.0125, rep-
resenting MOI of ~20:1, 10:1, 5:1, 2.5:1, or 1:1, respectively, as described
above.

For determination of mRNA-decay, macrophages were infected with
mycobacteria or stimulated with LPS or LM for 2 h or 5 h and then
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treated with actinomycin D (5 wg/ml) for up to 90 min. Where indi-
cated, SB203580 (10 uM) was added simultaneously with actinomycin D.

Bacterial adhesion assay and flow cytometry

Adhesion of mycobacteria was assayed by flow cytometry as described previ-
ously [38] with some modifications. Briefly, mycobacteria were fluores-
cently labeled using PKH26 from Sigma. CFU (6X10%) of bacteria were
incubated in 5% glucose solution with 0.4% (v/v) PKH26 for 3 min. Excess
dye was blocked by the addition of 1% FCS, and labeled bacteria were
washed thoroughly before infection. To measure mycobacterial adhesion to
RAW 264.7 macrophages, confluently grown cells were pretreated with cy-
tochalasin D (3 ug/ml) for 30 min to inhibit phagocytosis and subse-
quently incubated with the indicated MOI of MAP and MS for 1 h. Then,
bacteria-containing medium was removed, and cells were scraped off in
PBS, washed for 5 min with PBS by overhead shaking at 4°C, and pelleted
by centrifugation at 250 g for 5 min. Washing was repeated twice. Thereaf-
ter, the cells were analyzed with a BD FACSCalibur. Results are expressed
as means = sp of the mean fluorescence intensities.

RNA isolation and Northern analyses

Whole cell RNA was isolated using the RNeasy™ kit (Qiagen, Hilden, Ger-
many), according to the manufacturer’s instructions. Northern analyses
were performed as described [39]. Hybridization was performed with
[a®2P]-labeled plasmid DNA containing TNF-oo and GAPDH c¢DNA frag-
ments.

To illustrate differential mRNA decay and as TNF-a mRNA levels in
MAP or MAP-LM-stimulated cells were much lower than in MS or in MS-
LM-stimulated cells, in all mRNA stability experiments after hybridization
with the TNF-a probe, the membranes from the MAP or MAP-LM groups
were exposed longer to X-ray films to reach the TNF-« signal intensities of
the MS or MS-LM groups. For detection of GAPDH mRNA as a loading
control, equal exposure times were chosen to indicate that comparable
amounts of mRNA from the MAP and MS macrophages were loaded on
the membranes.

To quantify mRNA expression and decay, hybridization signals on X-ray
films were scanned and digitally processed using the Imager MultiAnalyst
(Bio-Rad, Hercules, CA, USA) for densitometric analyses. TNF-« signal in-
tensities were normalized to the respective GAPDH signals from the same
membrane. For each time-point of actinomycin D treatment, transcript
abundance was referred to that obtained from macrophages at the time of
actinomycin D addition, which was set to 100%. TNF-a mRNA half-life was
calculated by regression analysis.

qRT-PCR and qPT-PCR

Before RT, 2 ug whole cell RNA was treated with DNasel. cDNA was gener-
ated with random oligonucleotide primers and Superscript®II (Invitrogen),
as described by the manufacturer. Identical samples from each group were
processed in the absence of RT and served as controls for genomic DNA
contamination. qRT-PCR was performed in a Mx3005P instrument (Strat-
agene, Heidelberg, Germany) using the oligonucleotide primers for tnf (5'-
TACAGGCTTGTCACTCGAATT-3', 5'-ATGAGCACAGAAAGCATGATC-3")
and 7ps9 (5’-TGACGTTGGCGGATGAGCACA-3', 5'-CTGGACGAGGGCAA-
GATGAAGC-3"). PT-PCR was performed with oligonucleotide primer pairs
recognizing the PTs of TNF-a as described by Murray [40]. Expression of
7ps9 served as control. For all PCR assays, 12.5 ul SYBR Green Supermix (Qia-
gen) was added to primers (final concentration, 250 nM) and ¢cDNA in a total
volume of 25 ul. The PCR conditions were 95°C for 10 min, 95°C for 20 s,
58°C for 30 s, and 72°C for 20 s, followed by a melting curve of the product as
a control. Results were analyzed by the 2-(A4comparative threshold) method as de-
scribed [41]. 7ps9 served as the control gene, and noninfected cells served as
the calibrator.
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ELISA analyses

TNF-a protein in cell culture supernatants was determined using an ELISA
kit from R&D Systems (Wiesbaden-Nordenstadt, Germany), according to
the manufacturer’s instructions.

Protein extraction and immunoblot analyses

Confluent RAW264.7 cells were incubated with LPS or infected with myco-
bacteria as described above. After indicated time-points, cells were placed
on ice, the medium was removed, and the cells were washed once with ice-
cold PBS, and scraped in ice-cold PBS. Cells were collected after centrifuga-
tion for 15 s at 10,000 g and lysed in whole cell lysis buffer (10 mM Tris,
pH 7.4, 30 mM NaPP;, 50 mM NaCl, 1% Triton X-100, 2 mM Na,VO,, 50
mM sodium fluoride, and freshly added 0.5 mM PMSF, 0.5 ug/ml leupep-
tin, 0.5 pwg/ml pepstatin, 10 mM para-nitrophenyl phosphate, 400 nM oka-
daic acid). After 10 min on ice, lysates were cleared by centrifugation for
15 min at 10,000 gand 4°C. Protein concentration of supernatants was de-
termined by the Bradford method using Bio-Rad protein assay reagent, and
samples were stored at —80°C. For immunoblot analyses, proteins (~50 ug)
were separated by SDS-PAGE (10% acrylamide) and blotted onto polyvinyli-
dene difluoride membranes (Millipore, Schwalbach, Germany). Equal load-
ing and protein transfer were controlled by staining with Coomassie bril-
liant blue. Protein expression was detected by chemiluminescence with an
alkaline-phosphatase-labeled secondary antibody.

RESULTS

TNF-« expression is weakly induced in MAP-infected
macrophages

In paratuberculosis and other mycobacterial diseases, TNF-a
expression at the sites of infection seems to be reduced
through unknown mechanisms [29]. Macrophages are major
TNF-a-producing cells, and several studies revealed that mac-
rophages infected with pathogenic mycobacteria expressed
lower TNF-a levels than macrophages infected with nonpatho-
genic mycobacteria [11-13, 42].

To gain more insights into the molecular mechanisms that
contribute to TNF-a expression in MAP-infected macrophages,
we first performed Northern analyses of TNF-a mRNA.
Amounts of mRNA were compared in RAW264.7 macrophages
infected with MAP or nonpathogenic MS or stimulated with
LPS from S. Typhimurium (designated as MAP-macrophages,
MS-macrophages, and LPS—-macrophages, respectively). In the
MS-macrophages, TNF-a mRNA expression was considerably
higher than in MAP-macrophages at 2 h and 8 h after infec-
tion. The highest expression was observed in LPS-macrophages
(Fig. 1A). Pretreatment of macrophages with cytochalasin D, a
potent inhibitor of actin polymerization, did not influence dif-
ferential TNF-o mRNA expression in mycobacteria-infected
macrophages, indicating that it is not dependent on phago-
cytic uptake (data not shown). To analyze the molecular
mechanisms underlying the different levels of TNF-a mRNA
expression, we determined the amount of TNF-a primary RNA
transcript as a parameter for transcriptional activation of the
TNF-a gene and compared it with the levels of fully processed
mRNA. Macrophages were stimulated with LPS or infected
with MAP or MS. After 30 min, 2 h and 5 h RNA was isolated
and analyzed by real-time qRT-PCR using an oligonucleotide
primer pair that amplifies an exon-intron-overlapping cDNA
fragment from the TNF-a PT [40] and an oligonucleotide
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Figure 1. Differential TNF-a mRNA and PT expression kinetics in
LPS-stimulated and MAP- or MS-infected macrophages. (A) Northern
analyses of RAW264.7 cells infected with MAP or MS (MOI 10:1) or
stimulated with LPS (5 ug/ml) as described in Materials and Methods.
Cells were lysed at indicated time-points, and total RNA was isolated.
Fifteen micrograms was separated by denaturating agarose gel electro-
phoresis, transferred onto nylon membranes, and subsequently hybrid-
ized with [a*®P]-labeled probes specific for TNF-a and GAPDH. The
figure is representative of two experiments with similar results.

(B) Total RNA was extracted from macrophages that had been stimu-
lated with LPS or infected with MAP or MS (MOI 10:1) for 30 min,

2 h, and 5 h. After treatment with DNasel, RNA was reverse-tran-
scribed into cDNA with random oligonucleotide primers. qRT-PCR
was performed with oligonucleotide primer pairs recognizing cDNA,
obtained from TNF-a mRNA (TNF-q, solid bars) and from the PTs of
TNF-a (PT-TNF-o, open bars). Results are given as fold changes of
mRNA compared with untreated macrophages after normalization of
cach sample to 7ps9. Means * sp of triplicates from one representative
experiment of three are shown.

primer pair that amplifies an intron-spanning cDNA for TNF-a
mRNA. As shown in Figure 1B, the amounts of the TNF-« pri-
mary RNA strongly increased after 30 min in LPS-macro-
phages, whereas the increase was approximately twofold lower
and similar in MAP- and MS-macrophages. A similar expres-
sion pattern was observed after 2 h. After 5 h, levels of the
TNF-a PT decreased in all groups to similar levels. At all times
and in all groups, the amounts of TNF-a mRNA exceeded
those of the PT, indicating that transcript stabilization oc-
curred in LPS-, MAP-, and MS-macrophages. This effect was
pronounced especially after 5 h when TNF-a PT expression
was similar in all groups. However, although the decrease in
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PTs from 2 h to 5 h was associated with decreasing TNF-«
mRNA levels in MAP-macrophages, the mRNA levels in LPS-
and MS-macrophages increased, suggesting that the extent of
TNF-o mRNA stabilization was considerably higher in LPS- and
MS-macrophages than in MAP-macrophages.

Differences in TNF-oo mRNA expression in LPS-
stimulated and MAP- and MS-infected macrophages
correlate with p38 MAPK activation

It has been shown that p38 MAPK signaling is involved in in-
creased expression of TNF-a in LPS-stimulated macrophages.
This is partially a result of a p38 MAPK-dependent stabilization
of the TNF- mRNA [26]. In addition, p38 MAPK signaling
seems to be involved in induction of TNF-a expression in mac-
rophages infected with MTB [43, 44]. Furthermore, dimin-
ished activation of p38 MAPK in primary bone marrow-derived
macrophages was found after infection with pathogenic MAA
as compared with macrophages infected with nonpathogenic
MS [11, 13].

Therefore, we investigated p38 MAPK activation in cell ly-
sates obtained from macrophages that were left untreated,
stimulated with LPS, or infected with MAP or MS for the indi-
cated times. Phosphorylation of p38 MAPK, as determined
with a phospho-p38 MAPK-specific antibody, was maximally
increased by LPS within 15 min and remained elevated for at
least 120 min (Fig. 2A). Phosphorylation in response to MS at
early time-points was less pronounced but similar to LPS at 60
min and 120 min. Phosphorylation in response to MAP was
lowest at all time-points. The differences of p38 MAPK phos-
phorylation in MAP- and MS-macrophages were present for up
to 8 h, however at much lower intensities (data not shown).

To analyze the differences of p38 MAPK phosphorylation in
MAP- and MS-macrophages in more detail, we infected
RAW264.7 macrophages with increasing amounts of MAP and
MS and analyzed p38 MAPK phosphorylation after 30 min. As
shown in Figure 2B, the amount of phosphorylated p38 MAPK
in macrophages increased with increasing MOI of MAP,
whereas in MS-infection, it reached a plateau at the second-
lowest concentration tested. At each MOI, the magnitude of
phosphorylation in MS-macrophages was higher than in MAP-
macrophages. Lower phosphorylation levels of p38 MAPK in
MAP-infected cells correlated with lower TNF-& mRNA and
protein expression as determined by Northern blot and
ELISA, respectively (Fig. 2, C and D). To rule out that a lower
response of the cells to MAP was caused by decreased host-
pathogen binding, adhesion assays were performed. At each
MOI tested, adhesion of MAP to macrophages was markedly
higher than of MS (Fig. 2E).

MAP-infected macrophages lack pronounced p38
MAPK-dependent TNF-a mRNA stability

To test if low p38 MAPK activation could account for a rapid deg-
radation of TNF-a mRNA in MAP-infected cells, RAW264.7 mac-
rophages were stimulated with LPS or infected with MAP or MS
for 5 h. Then, decay kinetics of TNF-o mRNA was determined in
the presence of actinomycin D, without or with addition of
SB203580, a specific inhibitor of p38 MAPK. Based on the results
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Figure 2. Differential activation of p38 MAPK in RAW264.7 cells stimulated with LPS or infected with MAP or MS correlates with differential
TNF-« expression. (A) The amounts of p38 MAPK (p38) and phosphorylated p38 MAPK (P-p38) in RAW264.7 cells that had been infected with
MAP or MS (MOI 10:1) or stimulated with LPS for indicated time-points were determined by immunoblotting using specific antibodies to phos-
phorylated and nonphosphorylated p38 MAPK. (B) The amount of p38 MAPK and phosphorylated p38 MAPK of RAW264.7 cells that had been
infected with decreasing amounts of MAP or MS (MOI, from left to right 20:1, 10:1, 5:1, 2.5:1, 1:1) for 30 min was determined as in A.
(C) RAW264.7 cells were infected with MAP or MS with indicated MOI for 6 h, and RNA was isolated for Northern analyses of TNF-o and GAPDH
mRNAs as described in the legend to Figure 1. (A-C) Representative of at least two experiments with similar results. (D) Culture supernatants of
RAW264.7 cells from the experiment shown in C were diluted 1:10 with PBS and analyzed for production of TNF-a by ELISA (means*sp of tripli-
cates). Results were confirmed in two additional assays. (E) Flow cytometric analysis of adhesion of MAP and MS to RAW 264.7 macrophages. Cells
treated with PKH26 (PKH)-labeled MAP or MS at a MOI of 20:1, 10:1, or 5:1 in the presence of cytochalasin D (3 ug/ml) were analyzed. At the

left, a histogram of a representative experiment with labeled mycobacteria (PKH26) in a MOI of 10:1 is depicted. In the graph on the right,
means * sp of fluorescent cells relative to nonfluorescent cells from three independent experiments are shown.

shown in Figure 2, we performed mycobacterial infections at a
MOI of 2.5:1, as at this MOI, clear differences in p38 MAPK were
observed. As shown in Figure 3A, in LPS- and MS-macroph-
ages, inhibition of p38 MAPK decreased TNF-a mRNA sta-
bility. SB203580 inhibited p38 MAPK in MAP-infected mac-
rophages; however, inhibition was not as pronounced as in
LPS- or-MS-macrophages. Densitometric analyses of this ex-
periment revealed that the relative TNF-a transcript half-life
was 40, 20, and 12 min in LPS-, MS-, and MAP-macroph-
ages, respectively. In the presence of SB203580, we found a
half-life of 14, 10, and 9 min in LPS-stimulated or MS- or
MAP-macrophages, respectively. Similar results were ob-
tained at different time-points (2 h or 8 h) and in experi-
ments performed with higher MOI (10:1; data not shown).
Thus, in MAP-macrophages, p38 MAPK-dependent TNF-«
transcript stabilization occurred but to a much lesser extent
than in LPS- and MS-macrophages. This suggested that p38
MAPK in MAP-macrophages was not activated sufficiently to
confer substantial TNF-o mRNA stabilization, which resulted
in lower TNF-a mRNA expression.

p38 MAPK activation and TNF-a mRNA stabilization
are independent of mycobacterial viability

The structural components of the mycobacterial cell wall have
been shown to induce TNF-a expression. In a previous study,

we have shown that murine macrophages infected with viable
and heat-inactivated MAP produce similar amounts of TNF-a
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[45], indicating that heat-stable mycobacterial structures might
be responsible for its induction. Thus, we analyzed p38 MAPK
phosphorylation and TNF- mRNA transcript stability in
RAW264.7 macrophages that were infected with viable and
heat-inactivated MAP and MS. As shown in Figure 4A, after a
15-min treatment of the cells, p38 MAPK phosphorylation was
similar in macrophages infected with viable (live) or heat-inac-
tivated (dead) bacteria of MAP and MS. In agreement with the
results shown in Figure 2A, live and dead MS induced stronger
p38 MAPK phosphorylation than live and dead MAP.

Next, we determined TNF-a mRNA stability in RAW264.7
macrophages infected with heat-inactivated MAP and MS and
compared it with that in macrophages infected with viable my-
cobacteria. Corresponding to the observations with live bacte-
ria, TNF-a mRNA decay was faster in MAP-macrophages (Fig.
4B). These results indicated that differences in heat-stable my-
cobacterial components are responsible for different extents of
p38 MAPK activation and TNF-a mRNA stabilization in MS-
and MAP-macrophages.

MS-LM but not MAP-LM induces p38 MAPK-
dependent TNF-« transcript stabilization

LAM and LM are heat-stable, integral components of the
mycobacterial cell wall and are recognized by cells involved
in the innate immune response [14]. In contrast to LAM,
LM has been shown to induce strong TNF-a release in mac-
rophages [15, 16]. Therefore, we extracted highly pure LM
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from the MAP and MS strains of this study (Fig. 5) and both times, TNF-o mRNA expression was induced after
used it for stimulation of RAW264.7 macrophages and anal- treatment with MS- or MAP-LM, but the induction of
ysis of TNF-a mRNA expression. As shown in Figure 6A, MS-LM was more pronounced and clearly exceeded that of
MAP- as well as MS-LM induced TNF-a mRNA expression in MAP-LM-treated macrophages. The amounts of TNF-a PT
a concentration-dependent manner. Importantly, at each induced by MS-LM exceeded that in MAP-LM-treated cells
concentration, TNF-a mRNA expression was higher in MS- approximately four- and eightfold after 30 min and 2 h, re-
LM-treated than in MAP-LM-treated macrophages, which spectively. The data in Figure 6B show that in MS-LM-
corresponded to the differences in TNF-a induction by treated macrophages, the amounts of TNF-a mRNA in-
whole bacteria (Fig. 2C). Next, we stimulated macrophages creased between 30 min and 2 h, whereas they remained
with 4 ug MS- or MAP-LM and analyzed TNF-a mRNA and constant in the MAP-LM-treated macrophages. On the other
TNF-a PT expression after 30 min and 2 h (Fig. 6B). At hand, PT levels decrease slightly in both cases. This suggests
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Figure 4. p38 MAPK activation and TNF-o mRNA stabilization are independent of mycobacterial viability. (A) RAW264.7 cells that had been
treated with viable (live) or heat-inactivated (dead) MAP or MS (MOI 10:1) for 15 min were lysed and analyzed by immunoblotting using specific
antibodies to phosphorylated and nonphosphorylated p38 MAPK. (B) RAW264.7 cells treated with heat-inactivated (dead) MAP or MS (MOI 10:1)
for 2 h (=) were subsequently treated with actinomycin D (5 pug/ml) for the indicated times. For comparison, cells were infected with viable (live)
MAP or MS for 2 h. Total RNA was isolated, and Northern analyses for TNF-a and GAPDH were performed as described in the legend to Figure
1. Autoradiographs are given on the left. For better comparison of TNF-o mRNA decay kinetics, the X-ray film for MAP-macrophages was exposed
longer to obtain signal intensity similar to that for MS-macrophages. Semi-logarithmic data demonstrating TNF-o mRNA decay kinetics obtained
by the densitometric analysis of the autoradiographs are depicted on the right. Broken line, Treatment with heat-inactivated MAP; solid line, treat-
ment with heat-inactivated MS. The figure shows the results from a representative experiment of two.
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MAP-LM MS-LM

4pg 2pg 4ug 2ug

Figure 5. SDS-PAGE analysis of LM from MAP and MS. Similar
amounts (2 ug/4 pg) of LM prepared from MAP (MAP-LM) and MS
(MS-LM) were separated on a 15% SDS-PAGE gel and visualized by
periodic acid silver-staining. Positions of molecular mass marker pro-
teins are indicated.

that in MS-LM-treated macrophages, stability of the mRNA
is higher as compared with the MAP-LM-treated cells.

As shown in Figure 6C, the amount of phosphorylated p38
MAPK in cells treated for 15 min with MS-LM exceeded that
in cells treated with MAP-LM. To analyze TNF-a transcript sta-
bilization in MS- and MAP-LM-treated macrophages, we deter-
mined the decay kinetics of TNF-o mRNA in the presence of
actinomycin D, without or with addition of SB203580 mRNA.
As shown in Figure 6D, left, in MAP-LM-treated macrophages,
TNF-o mRNA stability was significantly lower than in MS-LM-
treated macrophages and was not influenced by SB203580. For
MS-LM-treated cells, densitometric analysis (Fig. 6D, right) re-
vealed a TNF-a transcript half-life of 26 min, which was re-
duced to 12 min in the presence of SB203580. In contrast, in
MAP-LM-treated macrophages, TNF-« transcript half-lives of 9
min and 8 min were obtained in the absence and presence of
SB203580, respectively. Thus, MAP-LM-induced p38 MAPK ac-
tivation seemed not to be sufficient to induce TNF-a transcript
stabilization.

In summary, these data indicate that the LM of pathogenic
and nonpathogenic mycobacteria seems to be involved in the
induction of TNF-o mRNA expression. The LM of nonpatho-
genic MS, however, is the more potent activator of p38 MAPK,
which leads to increased TNF-« transcript stabilization and
TNF-a mRNA expression as compared with macrophages
treated with the LM from pathogenic MAP.

DISCUSSION

TNF-a is considered a key factor for host control of mycobac-
terial infection, as underlined by the findings that it can in-
hibit mycobacterial growth in vitro, TNF-a-deficient mice are
more susceptible to aerosol MTB infection, and anti-TNF-«

www jleukbio.org

Regulation of TNF-« in mycobacteria-infected macrophages

treatment of individuals latently infected with MTB exacer-
bates disease [6]. Several lines of evidence indicate that TNF-«
production in mycobacterial diseases is insufficient and that
this might favor persistence of mycobacteria [9-13]. Corre-
spondingly, in bovine paratuberculosis, TNF-a expression
seems to be reduced at sites of MAP infection [29]. As macro-
phages are major TNF-a producers and likewise, are the target
cells of mycobacterial survival, it is plausible to assume that
pathogenic mycobacteria subvert regulatory mechanisms in
macrophages affecting TNF-a expression.

In the present study, we provide evidence that macrophages
infected with pathogenic MAP, compared with macrophages
stimulated with LPS or infected with nonpathogenic MS, ex-
hibit reduced TNF-o mRNA and protein expression. We could
show that these differences resulted, to a large extent, from
different p38 MAPK-dependent TNF-oo mRNA stabilization.
Furthermore, our results suggest that these differences were
caused, at least in part, by differences in the properties of LM,
heat-stable cell-surface components, which can trigger TNF-a
formation. LM of MAP induced only low levels of TNF-a and
activation of p38 MAPK as compared with LM of the non-
pathogenic MS.

As a model of TNF-a regulation in mycobacteria-infected
macrophages, we used the murine RAW264.7 macrophage cell
line, which has been used extensively to study mechanisms
controlling TNF-« expression [23, 24, 26, 46, 47]. Thus, it has
been shown that strong induction of TNF-o mRNA by LPS in-
volved increased transcription of the TNF-a gene as well as
stabilization of TNF-a« mRNA [24, 48]. We could show that
transcriptional activation and post-transcriptional p38 MAPK-
independent mRNA stabilization contribute to differential
gene expression of the immune-responsive gene irgl in LPS-,
MS-, and MAP-macrophages [37].

In contrast to pathogenic MAP, nonpathogenic MS did not
survive in murine macrophages and did not inhibit phagoso-
mal acidification and phagosome-lysosome fusion [32]. In the
present study, we observed lower TNF-a mRNA expression in
RAW264.7 macrophages infected with MAP than in cells in-
fected with MS or activated by LPS (Fig. 1). Transcriptional
initiation of the TNF-a gene serves as the primary control
point of the regulation of TNF-a production [20, 21, 49], and
it is proposed that stimulation with LPS and MTB may recruit
the same “enhanceosome” to the TNF-a promoter region [50].
Determination of TNF-a PT levels as a parameter for transcrip-
tion revealed two- and fourfold higher expression in LPS-stim-
ulated than in mycobacteria-infected macrophages after 30
min and 2 h, respectively. There was no significant difference
after 5 h. Interestingly, no major differences in transcription
were found between MAP- and MS-macrophages. Therefore,
the differences in TNF-a mRNA expression shown by North-
ern and RT-PCR (Fig. 1) should result, to a major extent,
from TNF-a mRNA stabilization, which we confirmed with
the experiments shown in Figure 3. Thus, lower TNF-a ex-
pression in MAP-macrophages was accompanied by lower
mRNA stability.

Studies with specific inhibitors have indicated that MAPK
signaling is essential for TNF-a expression in LPS-stimulated
macrophages [51]. p38 MAPK is implicated in macrophage
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Figure 6. MS-LM induces p38 MAPK-dependent TNF-« transcript stabilization. (A) qRT-PCR of TNF-«a gene expression in macrophages treated for
2 h with increasing amounts of MAP (solid bars)- and MS (shaded bars)-LM. Means of triplicates from one representative experiment of three are
shown. Results are given as fold changes of mRNA compared with untreated macrophages after normalization of each sample to rps9. (B) Total
RNA was extracted from macrophages that had been stimulated with 4 ug/ml MAP- or MS-LM for 30 min and 2 h. qRT-PCR for TNF-a mRNA
(TNF-a, solid bars) and the PTs of TNF-a (PT-TNF-«, open bars) were performed as described for Figure 1. Results are given as fold changes of
mRNA compared with untreated macrophages after normalization of each sample to 7ps9. Means of the triplicates from one out of three experi-
ments with similar results are shown. (C) RAW264.7 cells that had been treated without or with 4 ug/ml MAP- or MS-LM for 30 min were lysed
and analyzed by immunoblotting using specific antibodies to phosphorylated and nonphosphorylated p38 MAPK. (D) RAW264.7 cells were stimu-
lated with 4 pg/ml MAP- or MS-LM for 2 h (-), and then, macrophages were treated with actinomycin D (5 ug/ml) or with actinomycin D and 10
uM SB203580 for the indicated times. Total RNA was isolated and Northern analyses for TNF-a and GAPDH performed as described in the leg-
end of Figure 1. Autoradiographs are shown on the left. For better comparison of TNF-a mRNA decay kinetics, the X-ray film for MAP-LM-treated
macrophages was exposed longer to obtain signal intensity similar to that for MS-LM-treated macrophages. Semi-logarithmic data demonstrating
TNF-a mRNA decay kinetics obtained by the densitometric analysis of the autoradiographs are depicted on the right. Solid lines, Treatment with
actinomycin D; broken lines, treatment with actinomycin D and SB203580. (C and D) Representative of at least two experiments with similar re-
sults.

signaling, leading to LPS-induced mRNA stabilization [26]. The enzyme activity of p38 MAPK is reversibly inhibited by
There is evidence that p38 MAPK signaling also contributes to pyridinyl imidazole compounds such as SB203580, which com-
TNF-a expression in mycobacteria-infected macrophages [43, pete with ATP for access to the catalytic site [52]. SB203580
44]. Furthermore, low TNF-a expression in MAA- as compared does not affect TNF-a mRNA transcription in RAW264.7 mac-
with MS-infected primary bone marrow-derived macrophages rophages [53]. To clarify the role of active p38 MAPK for

has been attributed to diminished activation of p38 MAPK in TNF-a mRNA stability in mycobacteria-infected macrophages,
MAA-infected cells [11-13, 42]. We found that the lower TNF-a mRNA decay was monitored in the absence or presence
TNF-a mRNA expression in MAP-macrophages, as compared of SB203580 5 h after infection or stimulation with LPS. In
with MS-macrophages, correlated with lower p38 MAPK activa- agreement with Brook et al. [26], TNF- mRNA in LPS-macro-
tion by MAP (Fig. 2). phages was degraded more rapidly upon inhibition of p38
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MAPK (Fig. 3). Similar results were obtained for MS-macroph-
ages, indicating a central role of p38 MAPK for TNF-a tran-
script stability, also in mycobacteria-infected macrophages.
However, only a weak increase in the rapid degradation of
TNF-o mRNA in MAP-macrophages could be detected (Fig. 3).

Based on our results, we conclude that p38 MAPK activation
is critical for TNF-a mRNA expression in mycobacteria-in-
fected macrophages. Lower TNF-a production in MAP-mac-
rophages than in MS-macrophages can be attributed to low
P38 MAPK activation, which is insufficient to increase stability
of the TNF-oo mRNA to an extent that elevates TNF-a expres-
sion substantially. However, the precise mechanisms of p38
MAPK-dependent regulation of TNF-a mRNA stability are still
incompletely understood. A major role is played by the p38
MAPK downstream target MK2. Mice deficient in MK2 exhibit
impaired production of TNF-a [54]. p38 MAPK and MK2 con-
trol the expression and function of tristetraprolin [55-57],
which destabilizes TNF-a mRNA through interaction with its
ARE. The TNF-a ARE also interacts with the destabilizing pro-
tein, KH-type splicing regulatory protein, which is phosphory-
lated by p38 MAPK itself, leading to mRNA stabilization [58].
In addition, other ARE-binding proteins might be involved.

The mechanism of how pathogenic mycobacteria manage to
circumvent TNF-a induction is still unclear. Several biological
effects of mycobacteria on their host cells depend on the via-
bility of the mycobacteria. For example, only viable MAP is
able to inhibit phagosomal maturation [32]. Furthermore, it
has been shown that MAP expresses an active phosphatase,
which was identified in the cytosol of infected macrophages,
where it could probably interfere with signaling processes
[59]. In addition, we showed that the antigen-specific stimu-
latory capacity of murine macrophages for a CD4" T cell
line was inhibited significantly after infection with viable but
not with heat-inactivated MAP; however, the production of
TNF-a was similar [45]. The latter result prompted us to
analyze whether mycobacterial viability had an effect on p38
MAPK activation and TNF-« transcript stabilization. In
agreement with results obtained with macrophages infected
with viable MAP or MS, macrophages infected with heat-
inactivated mycobacteria also displayed the typical mycobac-
teria-dependent p38 MAPK activation and TNF-a transcript
stabilization profile (Fig. 4). This indicated that heat-stable
surface components of the mycobacteria mediate the TNF-«
mRNA expression and the differences in TNF-a mRNA ex-
pression.

Two of the most abundant heat-stable components of the
mycobacterial cell wall are the lipoglycans LAM and LM [60].
These structures are expressed on the mycobacterial cell sur-
face [61] and can induce granuloma formation [62]. The bio-
logical activities of these lipoglycans depend on their structural
features [15, 16, 63]. LM is composed of a phosphatidyl-myo-
inositol anchor, which is polymannosylated to different de-
grees, according to the mycobacterial species, the so-called D-
mannan core [60]. LAM corresponds to LM, in which the D-
mannan core is supplemented further with a D-arabinan
domain [60]. Depending on the mycobacterial species, the
nonreducing termini of the D-arabinan domain can be capped
with phosphatidyl-myo-inositol units (PILAM) or with oligom-
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annosyl units (ManLLAM), such as in nonpathogenic mycobac-
teria and pathogenic mycobacteria, respectively [64-67]. The
terminal phosphatidyl-myo-inositol caps enable PILAM to in-
duce TNF-a expression of macrophages, whereas ManLLAM has
only little TNF-a-inducing capacity, which has been attributed
to its terminal mannose caps. The LM of pathogenic and non-
pathogenic mycobacteria has been shown to induce TNF-a
release in macrophages [15, 16, 63]. However, the TNF-a-in-
ducing activity differs between different LM and seemed to be
determined directly by their D-mannan core length [63].

Here, we demonstrated that MAP-LM and MS-LLM induced
TNF-o mRNA expression in RAW264.7 macrophages in a con-
centration-dependent manner (Fig. 6). MS-LM, at low concen-
tration, already induced considerably higher amounts of
TNF-a mRNA than MAP-LM. Similar results were obtained in
experiments performed in the presence of polymyxin B to ex-
clude LPS contamination (data not shown). The most interest-
ing finding was that in macrophages treated with MAP-LM, the
amounts of TNF-o mRNA were only slightly higher than that
of the PT, which was associated with weak p38 MAPK activa-
tion, whereas in macrophages treated with MS-LM, the
amounts of TNF-a mRNA clearly exceeded those of the PTs.
This correlated with a higher p38 MAPK activation and TNF-«
mRNA stabilization. These results indicate that in MAP-LM-
treated macrophages, p38 MAPK activation is insufficient to
induce transcript stabilization and increase TNF-oo mRNA lev-
els. Different TNF-a transcript stabilization by LM from differ-
ent mycobacterial species has not yet been reported. Whether
this may result from a different D-mannan core length or
other structural differences awaits further studies.

Little is known about the receptors that mediate LM-in-
duced signals in macrophages. As stated above, LM from dif-
ferent mycobacterial species has been shown to induce TNF-«
production to a similar extent. Thus, comparable amounts of
TNF-a were produced by macrophages stimulated with LM
from Mycobacterium chelonae, Mycobacterium kansasii, or MS. A
CD14-TLR2-MyD88-dependent mechanism has been postulated
for this [15, 16]. It appears likely that this pathway is involved
in MAP-LM-induced TNF-a expression. The lower TNF-a pro-
duction in MAP-LM compared with MS-LM-stimulated macro-
phages, however, indicates that other receptors, most likely
recognizing structural differences in the LM, might be in-
volved.

In conclusion, our results suggest that the structural features
of pathogenic mycobacteria lead to insufficient activation of
p38 MAPK and a higher TNF-o mRNA turnover and as a con-
sequence, to lower TNF-a expression, as compared with non-
pathogenic mycobacteria. The impact of the described mecha-
nism on mycobacterial survival and virulence needs to be elu-
cidated in future studies.
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