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Abstract
The genus Mycobacterium includes obligate pathogens as well as opportunistic and non-pathogenic species ubiquitous in the environment.
Mycobacteria have a unique cell wall abundant in lipids. Here we investigated cytokine production by human peripheral blood mononuclear cells
(PBMC) in response to the opportunistic mycobacteria Mycobacterium avium and Mycobacterium abscessus, the non-pathogenic Mycobacte-
rium gordonae and extracted surface lipids from the three species. The cytokine response elicited by mycobacteria, regardless of their pathogenic
potential, differed distinctly from that induced by control Gram-positive (Enterococcus faecalis, Streptococcus mitis) and Gram-negative
(Escherichia coli) bacteria. Mycobacteria induced no IL-12 and less TNF and IFN-g compared with conventional Gram-positive bacteria.
IL-10 was induced by all the mycobacteria and this production was partly responsible for the down-regulation of IL-12 and IFN-g. The capacity
of the Gram-positive bacterium E. faecalis to induce IL-12, as well as TNF and IFN-g, in human PBMCs was strongly reduced when
mycobacterial lipids were added. The mycobacterial surface lipids down-regulated the production of IL-12 and IFN-g without eliciting IL-10
production. Our results show that mycobacteria evade triggering production of phagocyte activating cytokines (IL-12, TNF and IFN-g) and that
the mycobacterial cell wall surface lipids may play a significant role in this process.
� 2012 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The genus Mycobacterium comprises the obligate pathogens
Mycobacterium tuberculosis and Mycobacterium leprae, two
species capable ofpersisting insidemacrophages of infectedhosts
[1,2]. Other mycobacterial species, the so-called “non-tubercu-
lous mycobacteria”, are ubiquitous in nature, and differ in path-
ogenic potential. Some of them are opportunistic pathogens in
selected patient groups (reviewed in [3]).Mycobacterium avium,
for example, can cause lymphadenitis, soft tissue infections,
chronic pulmonary disease, and bacteraemia [4].Mycobacterium
abscessus is able to cause wound infections, mastoiditis, and
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pulmonary infections, and has more recently emerged as a major
pathogen in patients with cystic fibrosis (a genetic disorder
affecting airway bacterial clearance) [1,4,5]. Still other myco-
bacterial species are considered non-pathogenic, for example
Mycobacterium gordonae, whose presence in clinical specimens
is considered as colonization from environmental sources [1,6].

Though mycobacteria sometimes are referred to the Gram-
positives, their cell wall markedly differs from that of
conventional Gram-positive bacteria [7]. In mycobacteria the
cell wall peptidoglycan layer is covalently linked to the unique
sugar arabinogalactan, which in turn is firmly attached to long
branched lipids, termed mycolic acids [8]. Another class of
unique lipids associated with the mycobacterial cell wall are
the lipoarabinomannans (LAMs) [9,10]. A great variety of
other lipids are located on top of the mycolic acids and held in
sson SAS. All rights reserved.
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place by hydrophobic interactions. Hence, an asymmetric lipid
bilayer is formed, partly resembling the outer membrane of
Gram-negative bacteria, albeit lacking lipopolysaccharide
(LPS) [11]. The outermost layer of the mycobacterial cell wall
consists of a complex protein-carbohydrate matrix loosely
bound to the wall containing both shared and species-specific
lipids [12].

Production of interleukin 12 (IL-12), tumor necrosis factor
(TNF) and interferon gamma (IFN-g) are fundamental in
activating phagocyte-killing mechanisms and thereby of
importance for host defence against intracellular bacteria
[13,14]. Monocytes and dendritic cells produce IL-12 in
response to bacterial danger signals [15]. IL-12 induces IFN-g
production from CD4þ and CD8þ T cells, natural killer cells
and natural killer T cells [16]. IFN-g activates the microbial
killing capacity of monocytes/macrophages together with TNF
produced by T cells or monocytes/macrophages [17]. Genetic
disorders leading to IL-12 or IFN-g deficiencies accelerate
disease in individuals infected by mycobacteria [18e21] and
the importance of TNF is demonstrated by the potentially
disastrous effects of TNF inhibiting drugs in individuals with
latent tuberculosis [22]. Thus, IL-12, IFN-g and TNF can
collectively be regarded as phagocyte activating cytokines.

IL-10 and prostaglandin E2 (PGE2) both counteract macro-
phage bacterial killing and opposes IFN-g production [23].
PGE2 promotes synthesis of IL-10 but inhibits production of
TNF [24]. IL-10 has also been reported to contribute to
mortality in a tuberculosis mouse model [25]. We have previ-
ously shown that intact Gram-positive bacteria in general are
more efficient inducers of the phagocyte activating cytokines
IL12, IFN-g and TNF than are Gram-negative bacteria, which
instead induce production of more IL-10 and PGE2 than the
Gram-positives [23,26]. Phagocyte activation may be required
to digest the thick and sturdy peptidoglycan layer of the Gram-
positive cell wall while the corresponding layer of the Gram-
negative cell wall is thin and may readily be destroyed [23].

Despite the importance of the phagocyte activating cyto-
kines in anti-mycobacterial defence, little is known concerning
production of phagocyte activating and de-activating
Table 1

Bacteria used to stimulate human peripheral blood mononuclear cells.

Bacterial species CCUGa

Strain no

Mycobacterium avium subsp. avium 1 20992

M. avium 2 47945

M. avium 3 47948

Mycobacterium abscessus 1 20 933

M. abscessus 2 50644

M. abscessus 3 50643

Mycobacterium gordonae 1 21811

M. gordonae 2 47949

M. gordonae 3 47 950

Enterococcus faecalis 19916

Streptococcus mitis 31811

Escherichia coli 24

a CCUG: the Culture Collection of the University of Gothenburg, Department o
b ATCC: American Type Culture Collection.
c NCTC: Health Protection Agency Culture Collection.
mediators in response to mycobacteria. The surface structures
are of outmost importance when cells interact. Lipids being
difficult to solubilize in water have been less studied con-
cerning such interaction than proteins and polysaccharides.
Therefore the knowledge in this field is comparatively small.
Mycobacterial cell wall lipids have been reported to stimulate
both Th1 responses and IFN-g production (in mice) but also to
inhibit such responses (in human peripheral blood mono-
nuclear cells (PBMCs)) [27,28].

The aim of the present study was to investigate production
of phagocyte activating cytokines (IL-12, TNF, IFN-g) and
phagocyte de-activating inflammatory mediators (IL-10,
PGE2) by freshly isolated human leukocytes, in response to
mycobacteria and their surface lipids. We investigated two
opportunistic species (M. avium and M. abscessus) and one
species considered to be non-pathogenic (M. gordonae) and
studied the response to intact mycobacterial cells, as well as to
crude surface lipid extracts of the same species. Cytokine
responses were compared to those induced by representative
species of Gram-positive and Gram-negative bacteria. We also
investigated whether the extracted lipid components of the
mycobacterial cell wall were capable of modulating produc-
tion of phagocyte activating cytokines in responses to
conventional non-mycobacterial Gram-positive bacteria.

2. Materials and methods
2.1. Bacteria, bacterial culture and preparation
Three strains each of M. avium, M. abscessus and M.
gordonae representing both human and veterinary isolates
were studied (Table 1). Mycobacteria were cultured aerobi-
cally at 37 �C for five days (M. abscessus) or three weeks (M.
avium and M. gordonae) on Middlebrook 7H10 agar. Media
were prepared at the Department of Bacteriology, Sahlgrenska
University Hospital, Sweden. Bacteria were harvested in
Dulbecco’s endotoxin-free PBS (PAA laboratories, GmbH,
Pasching, Austria). Mycobacterial suspensions were vortexed
vigorously to disrupt bacterial aggregates. Clumps were
Isolation site

Type strain (ATCCb 25 291, NCTCc 13 034), Poultry liver

Human lymph node; cervical lymphadenitis,

Human lung tissue; lung infection

Human knee abscess/Type strain (ATCC 19 977)

Human blood; septicaemia

Human sputum; lung colonization

Human gastric lavage Type strain (ATCC 14 470)

Human bronchial lavage; contaminant

Human bronchial lavage; contaminant

Unknown

Human oral cavity; commensal

Human urine; cystitis

f Infectious medicine, University of Gothenburg, Göteborg, Sweden.
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allowed to sediment for 15 min at room temperature and the
bacterial suspensions (1 ml/well) were UV-irradiated for 1 h in
6-well tissue culture plates (Nunc, Roskilde, Denmark). In
preliminary experiments this treatment gave a negative viable
count after 8 weeks of incubation on Middlebrook agar.
Enterococcus faecalis and Streptococcus mitis were used as
representative Gram-positive species and Escherichia coli as
a representative Gram-negative (Table 1). They were cultured
aerobically overnight at 37 �C on horse blood agar, harvested
in Dulbecco’s endotoxin-free PBS (see above) and inactivated
by exposure to UV-light for 15e18 min. The inactivation
(killing) was confirmed by a negative viable count after 48 h of
incubation on horse blood agar. Bacteria were counted in
a haemocytometer, adjusted to 1 � 109/ml, and stored frozen
at �70 �C, until used. Previous experiments had shown that
freezing of UV-inactivated Gram-positive and Gram-negative
bacteria did not affect their cytokine inducing capacity,
compared to freshly prepared bacteria [17]. Live and UV-
killed mycobacteria were compared and no difference in
cytokine responses could be revealed.
2.2. Mycobacterial cell wall lipids
Mycobacterial surface lipids were extracted by a slight
modification of a method, which yields a mixture of apolar
and polar lipids free of mycolic acids, proteins and pyrogen
[28]. Suspensions of M. avium subsp. avium (CCUG 20992),
M. abscessus (CCUG 20993) andM. gordonae (CCUG 21811)
were inactivated 1.5 h at 60 �C. After washing, lipids were
extracted by treating 2e3 g of mycobacteria (wet weight) with
6 ml of chloroform-methanol (2:1) for 15 min at 55 �C. The
extraction was repeated and the organic phases from both
extractions were pooled and washed twice with 1.25 ml of
water. The solvent was evaporated and the dry lipid was
weighed, dissolved in chloroform, and aliquoted into glass
vials. After evaporation of the chloroform, vials were stored at
4 �C until used. For incubation with PBMC, 1 ml of Dul-
becco’s endotoxin-free PBS (PAA laboratories) was added to
the crude lipid extracts, and a lipid/PBS-emulsion was
obtained by sonication for 60 min.
2.3. Isolation of PBMC
Peripheral blood mononuclear cells (PBMC) were prepared
from healthy blood donor buffy coats (Blood bank, Sahl-
grenska University Hospital) by density gradient centrifuga-
tion on Lymphoprep (Fresenius Kabi, Oslo, Norway).
2.4. Stimulation of PBMC
Human PBMCs were washed � 3 (460 � g, 10 min) in ice-
cold endotoxin-free RPMI 1640 medium with 2 mM glutamine
(Invitrogen, Carlsbad, CA) and suspended at 2� 106/ml inRPMI
-medium with 2 mM glutamine, supplemented with 0.01%
gentamicin (SigmaeAldrich, St. Louis,MO), and 5% inactivated
endotoxin-free foetal calf serum (Invitrogen). The latter medium
had an endotoxin level of<0.1EU/ml [29]. Foetal calf serumwas
used since no commercial human serum was endotoxin-free
(unpublished observations). The cell suspensions were ali-
quoted (200 ml/well, 2 � 106 cells/ml) in flat-bottomed 96-well
microtiter plates (Nunc, Roskilde, Denmark). Bacteria were
added to achieve final concentrations of 5 � 105, 5 � 106 and
5 � 107/ml, corresponding to 0.25, 2.5 and 25 bacteria per
mononuclear cell, respectively. Crude lipid extracts were added
to achieve final concentrations of 4 and 40 mg/ml. We calculated
(considering losses during the extraction process) that 40mg lipid
roughly corresponded to 5 � 107 mycobacteria.

The cultures were incubated at 37 �C in a humidified
atmosphere supplemented with 5% CO2. Supernatants were
harvested after 1, 2, 3, 4, and 5 days to assess the kinetics of IL-
12 and IFN-g production by PBMC. TNF, IL-10 and PGE2 were
measured after 24 h as this time-point previously was found to
be optimal for a range of Gram-positive and Gram-negative
bacteria [23]. All supernatants were stored frozen at �20 �C
until analyzed.
2.5. Cytokine and PGE2 measurement
Concentrations of IL-12 (p70), TNF, IFN-g, and IL-10, in
cell culture supernatants were determined by an in-house
ELISA, as previously described [30], with detection limits of
25, 12, 16, and 12 pg/ml, respectively. Monoclonal antibodies
and recombinant cytokines were all from BD Pharmingen (San
Diego, CA). PGE2 concentrations in cell supernatants were
determined using the Biotrak Enzyme Immunoassay System,
Amersham Bioscience AB (Uppsala, Sweden). The limit of
detection was 50 pg/ml.
2.6. Neutralization of IL-10
For neutralization the action of IL-10, rat anti-human IL-10
or rat anti-human IL-10 receptor (CD210) antibodies were
used with the appropriate isotype control (RTK2758) (all from
BioLegend, San Diego, CA). Antibodies were added to the
PBMC preparations at a final concentration of 10 mg/ml at
4 �C, 45 min prior to addition of bacteria.
2.7. Phagocytosis
PBMCs were prepared from blood donor buffy coats as
described above. Red blood cells were lysed by incubation in
distilled water for 30 s. PBMCs were washed and re-
suspended in complete medium (see isolation and stimula-
tion of PBMCs above) at a concentration of 1 � 106 cells/ml in
24-well plates (Nunc). After addition of 1 � 107 inactivated
bacteria/ml, the mixture was incubated at 37 �C for 30 min or
16 h, in a humidified atmosphere supplemented with 5% CO2.
PBMCs were washed and cyto-centrifuged onto glass slides
(Cytospin, Shandon Southern, Runcorn, UK). Mycobacteria
were visualized by the acid fast staining technique according
to Hallberg [5]. In short; microscopic slides with cells and
bacteria were heated to 80 �C in a solution containing
Nachtblau, cooled to room temperature, rinsed in distilled
water, destained in 8% HNO3 and 70% ethanol, and
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counterstained with fuchsine [5]. Slides were examined in
a microscope at 1,000� magnification (Carl Zeiss AB,
Stockholm, Sweden, supplied with Canon PowerShot G6
camera and software, Canon Inc., Tokyo, Japan). Forty
monocytes on each slide were counted and the percentage of
monocytes with internalized bacteria was calculated. The
slides with control bacteria were Gram stained.
2.8. Statistical analysis
To visualize the overall cytokine response pattern induced
by mycobacteria compared to Gram-positive and Gram-
negative control bacteria, principal component analysis
(PCA) was performed [31] using the SIMCA-P 12.0 software
(Umetrics AB, Umeå, Sweden). This method permits assess-
ment of a large number of response variables simultaneously.
The variables are condensed into compositae variables, termed
“principal components” that contain as much variation as
possible in the data set. The first principal component is
depicted on the x-axis and the second on the y-axis [31].

Univariate statistical analyses were performed using
GraphPad Prism 5.0 software (Graphpad Software, Inc., San
Diego, CA). To compare cytokine production in response to
different groups (mycobacteria, Gram-positives, Gram-nega-
tives) of bacteria, the average response of all tested blood
donors to a bacterial group was calculated and compared using
the Oneway ANOVA test followed by Tukey’s post-test. Paired
t- test was used for comparisons of cytokine responses by
PBMC to intact mycobacterial cells and crude surface lipid
extracts from the same species, the effect of neutralizing
antibodies on cytokine production, as well as the cytokine
production when PBMC were stimulated with E. faecalis with
and without the addition of mycobacterial surface lipids.
Wilcoxon’s matched pairs test was used to evaluate the effect
on cytokine production by PBMCs using different bacterial
concentrations.
2.9. Ethics
This study was approved by The Ethical Committee,
University of Gothenburg, Göteborg, Sweden (S 557-02).

3. Results
3.1. Non-tuberculous mycobacteria induce production of
a specific mediator pattern in human PBMCs differing
from that induced by representative Gram-positive and
Gram-negative bacteria
PBMCs from eight blood donors (PGE2; six donors) were
stimulated with nine mycobacterial strains (3 of each species:
M. avium, M. abscessus, M. gordonae), two representative
Gram-positive (Gþ) bacteria (E. faecalis, S. mitis) and one
Gram-negative (G-) bacterium (E. coli). Mycobacteria and
Gram-positive and Gram-negative control bacteria were used
in graded concentrations. All bacterial strains were UV-
inactivated to leave bacterial cells intact and to avoid
bacterial growth during the experiments. In general, 5 � 106

bacteria/ml (2.5 per mononuclear cell) and 5 � 107 bacteria/ml
(25 per mononuclear cell) induced similar responses, while
5 � 105 bacteria/ml gave low responses. If not otherwise
stated, responses to 5 � 106 bacteria/ml, corresponding to
approximately 2,5 bacteria/PBMC, are reported. The mono-
cyte mediators IL-12 (p70 component), TNF, IL-10, and PGE2

were analysed in 24 h supernatants, while IFN-g was
measured after 5 d. These time-points were previously found
to be optimal when studying responses to intact Gram-positive
and Gram-negative bacteria [23].

Production of four cytokines and PGE2 in PBMC from
eight (PGE2, six) blood donors to each individual bacterial
strain is shown in Fig. 1. (Bacterial concentration: 5 � 106

cells/ml.) There was no significant intra or inter species vari-
ations in response to the mycobacteria except a significant
difference in IL-10 response to the three M. avium isolates
(Fig. 1D). Strain 2 (human isolate) induced higher amounts of
IL-10 compared to strain 1 (avian) and strain 3 (human).
Minor differences in TNF response were also seen towards the
different mycobacterial species (Fig. 1B).

The same data were also analysed by univariate statistics to
compare the mycobacteria as a group with typical Gram-
positive Th1-inducers (Gþ) and a potent Gram-negative
Th2-inducer (G-). Intact Gram-positive bacteria (E. faecalis
and S. mitis) induced production of IL-12p70 in substantial
amounts while the mycobacteria and the Gram-negative (E.
coli) failed to induce IL-12p70 above the cut-off level of
100 pg/ml (Fig. 2A). Thus, the mycobacteria induced at least
20 times less IL-12 than did the conventional Gram-positives
( p < 0.001). Live mycobacteria were also tested and found
to be equally ineffective in inducing IL-12p70 as those inac-
tivated by UV-light (data not shown). Supernatants were also
collected from one strain of each species at 1e5 days but no
IL-12 was seen in response to the mycobacteria at any time-
point (Fig. 2B).

Mycobacteria induced considerably less TNF and IFN-g than
did the classical Gram-positive species tested ( p < 0.001), but
slightly more than the Gram-negative E. coli (Fig. 2C and D).
Supernatants were also collected from one strain of each species
at 1e5 days but at any given time-point the amounts of IFN-g
induced by the mycobacteria were small compared to those
induced by the conventional Gram-positives (Fig. 2E). Thus,
mycobacteria differed from classical Gram-positive bacteria in
inducing no IL-12 and comparatively little IFN-g and TNF, the
three key cytokines activating macrophages to kill ingested
bacteria.

The Gram-negative bacterium E. coli induced more IL-10
(Fig. 2F) and PGE2 (Fig. 2G) than did the classical Gram-
positive bacteria. The mycobacteria induced an intermediate
response to these mediators, higher than that induced by the
Gram-positive bacteria but lower than that by the Gram-
negative.

The overall mediator response induced was compared
between bacterial strains using PCA (Fig. 2H). The analysis
shows that the mycobacteria formed a cluster clearly distinct
from Gram-positive (E. faecalis, S. mitis; right in the diagram)
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Fig. 1. Production of (A) IL-12p70, (B) TNF, (C) IFN-g, (D) IL-10 and (E) PGE2, by human PBMCs in response to M. avium, M. abscessus and M. gordonae, the

Gram-positives (Gþ) E. faecalis and S. mitis, and the Gram-negative (G-) bacterium E. coli, revealed by ELISA analyses. Oneway ANOVAwith Tukey’s post-test.

Each point represents one blood donor (n ¼ 8; PGE2, n ¼ 6). Horizontal bar represent the median.
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and the Gram-negative (E. coli; left in the diagram) bacteria.
The variables causing the separation are superimposed in the
same diagram. High levels of IL-12p70, TNF and IFN-g
characterize bacteria positioned to the right, i.e. the classical
Gram-positive bacteria E. faecalis and S. mitis. Low levels of
these cytokines and/or high levels of IL-10 and PGE2 instead
characterize bacteria positioned to the left, i.e. the Gram-
negative E. coli. The response to the mycobacteria was,
hence, intermediate between that induced by the Gram-
positive and Gram-negative control bacteria.
3.2. Phagocytosis of mycobacteria by human monocytes
in unfractioned PBMC
IL-12 production in response to Gram-positive bacteria
requires internalized bacterial cells [32]. We therefore inves-
tigated whether the failure of monocytes to induce IL-12p70
would be due to poor phagocytosis. UV-inactivated myco-
bacteria or control Gram-positive bacteria were co-incubated
with freshly isolated human PBMCs for 30 min and 16 h.
Co-cultures were then centrifuged onto glass slides and



Fig. 2. Induction of individual mediators by mycobacteria (as a group; Myco) compared to the Gram-positives (Gþ) and the Gram-negative (G-). (A) IL-12p70 at

24 h, (B) The IL-12p70 response during 5 d, (C) TNF at 24 h, (D) IFN-g at 5d, (E) The IFN-g response during 5 d, (F) IL-10 at 24 h, and (G) PGE2 at 24 h.

Oneway ANOVAwith Tukey’s post-test (n ¼ 8, PGE2; n ¼ 6). Error bars represents 95% CI; *p < 0.05, **p < 0.01, ***p < 0.001. Figures B and E; each symbol

represents the mean of 4 blood donors. (H) Overall mediator profile according to principal component analysis, PCA. The variables (cytokine and PGE2 responses)

that determine the position of the bacteria are superimposed in the plot. (I) Phagocytosis of UV-inactivated mycobacteria by human monocytes. Incubation time:

16 h.
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stained. E. faecalis and S. mitis were readily phagocytosed
after 30 min, while only few blood monocytes contained
mycobacteria at that time-point. At 16 h, however, monocytes
had readily internalized the cells of all three mycobacterial
species tested (Fig. 2I).
3.3. Role of IL-10 as modulator of cytokine responses to
non-tuberculous mycobacteria
IL-10 is a strong down-regulator of Th1 responses,
reducing both IL-12 production by macrophages and IFN-g
production by T cells [23]. The fact that mycobacteria were
potent inducers of IL-10 might explain their failure to induce
IL-12, as well as their relative inefficiency in triggering IFN-g
production. To investigate this hypothesis, neutralizing anti-
bodies to IL-10 or its receptor (CD210) were added to the
PBMC cultures before stimulation with bacteria. IL-12p70
and IFN-g were measured in 24 h and 5 d culture superna-
tants, respectively. Some IL-12p70 was produced in response
to M. avium, M. abscessus, and M. gordonae, when the action
of IL-10 was neutralized, especially if the IL-10 receptor was
blocked (Fig. 3A). The IL-12p70 response to E. coli as well as
to the Gram-positive bacteria were however, strongly
increased when IL-10 or its receptor was blocked. Thus, the
inability of mycobacteria to induce IL-12 production could
not be explained solely by their propensity to induce IL-10



Fig. 3. Effect on the (A) IL-12p70 (24 h) and (B) IFN-g (5d) production by human PBMCs after pre-neutralization of IL-10 or the IL-10 receptor (CD210).

Cytokine analyses by ELISA. Paired Student’s t-test (n ¼ 4); error bars represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001.
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responses. Blocking of IL-10 or the IL-10 receptor also
augmented IFN-g production in response to mycobacteria and
Gram-positive/Gram-negative control bacteria (Fig. 3B).
3.4. Role of mycobacterial cell wall lipids
The lipid content makes the mycobacterial cell wall different
from that of conventional Gram-positive and Gram-negative
bacteria. We asked whether mycobacterial cell wall lipids
alone could induce cytokines and/or affect cytokine responses
in the same way as intact mycobacteria. PBMC were exposed
to crude surface lipid extracts from each of the three species:M.
avium, M. abscessus and M. gordonae. Two concentrations
were used, 4 and 40 mg/ml (corresponding roughly to 5 � 106

and 5 � 107 bacteria/ml, respectively). For comparison,
5 � 107 mycobacterial cells/ml was used as stimulant. We
found that the crude lipid extracts failed to induce any IL-12p70
(data not shown). Some IFN-g (Fig. 4A), TNF (Fig. 4B) and
IL-10 (Fig. 4C) were induced by the lipids, but much less than
produced in response to intact mycobacteria.
3.5. Mycobacterial lipids down-regulate IL-12 and IFN-
g responses
We asked whether mycobacterial lipids were negative
regulators of IL-12 production and tested whether mycobac-
terial lipids could inhibit the prominent IL-12 and IFN-g
responses induced by intact Gram-positive bacteria. PBMCs
from 6 blood donors were stimulated with E. faecalis, which
induces strong IL-12, IFN-g, and TNF production [23]. Crude
surface lipid extracts from M. avium, M. abscessus and M.
gordonae were added in a dose (40 mg/ml) equivalent to
approximately 5 � 107 mycobacterial cells per ml. When used
alone, E. faecalis induced large amounts of IL-12p70 and IFN-
g, but when mycobacterial surface lipids were admixed,
production of IL-12p70 was dramatically reduced (Fig. 5A).
The same result was seen regarding the IFN-g response
(Fig. 5B). The TNF response was variably affected (Fig. 5C).
The admixture of mycobacterial surface lipids did not signif-
icantly alter IL-10 responses to the Gram-positive bacterium
E. faecalis (data not shown).
4. Discussion

In this study, the cytokine responses induced by stimulation
of freshly isolated human PBMCs with non-tuberculous
mycobacteria, of varying pathogenic potential, were studied.
Our results show that the mycobacteria induced a cytokine
profile that differed markedly from that triggered by conven-
tional Gram-positive bacteria (E. faecalis, S. mitis) and the
Gram-negative E. coli. The cytokine patterns induced by the
three mycobacterial species did not differ significantly despite
the fact that M. abscessus and M. avium are opportunistic
pathogens while M. gordonae is regarded as non-pathogenic.

Mycobacteria are often considered as more closely related
to the Gram-positives than to the Gram-negatives. Neverthe-
less their cytokine pattern was, in some aspects, more similar
to that induced by E. coli than that induced by conventional
Gram-positive bacteria. Thus, mycobacteria induced no IL-12
and only modest amounts of TNF and IFN-g, similar to E.
coli. However, the mycobacteria induced considerably less IL-
10 and PGE2 than did the conventional Gram-negative
bacterium E. coli. The low production of these cytokines
made that living mycobacterial cells were tested. No differ-
ences between living and UV-inactivated cells were found.

Phagocytosis (i.e. internalization of bacterial cells) is an
absolute prerequisite for the triggering of IL-12 production by



Fig. 4. Cytokine responses to mycobacterial surface lipids. (A) IFN-g at 5 d,

(B) TNF at 24 h, (C) IL-10 at 24 h. Cytokines were analysed by ELISA.

Oneway ANOVAwith Tukey’s post-test (n ¼ 7); error bars represent 95% CI;

*p < 0.05, **p < 0.01, ***p < 0.001.
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monocytes in response to intact Gram-positive bacteria [32].
Lacking internalization could not explain the failure to induce
IL-12, even after 2e5 days of incubation, by the mycobacteria,
since all tested strains were readily ingested, though after
prolonged time (16 h). Pathogenic mycobacteria inhibit
phagosome maturation, a process in which the phagosome
milieu becomes microbicidal by recruitment of proton pumps,
bactericidal enzymes etc. from the endoplasmatic reticulum
[33]. Previous results have shown that pre-treatment with
wortmannin, a substance, which inhibits phagosome matura-
tion, abolishes IL-12 induction by Gram-positive bacteria [32].
It remains to be shown whether inhibition of phagosome
maturation by mycobacteria is responsible for their poor IL-12
inducing capacity. As the failure to induce IL-12 production
characterized intact UV-inactivated mycobacteria, avoidance
of triggering IL-12 production most likely did not require
active bacterial metabolism.

IL-12 is produced by monocytes, macrophages and
dendritic cells and is the key activator of IFN-g production
[34]. IL-12 and IFN-g production is counteracted by IL-10
[23]. In the present study it was shown that neutralization of
IL-10 or the IL-10 receptor with specific antibodies, enabled
the mycobacteria to induce some IL-12, but the amounts were
still negligible compared with those induced by conventional
Gram-positive bacteria such as enterococci and streptococci.
The poor IL-12 inducing capacity, thus, seemed to be an
inherent trait of mycobacteria, although aggravated by their
induction of IL-10 production.

Apart from lipopolysaccharide (LPS) in Gram-negative
bacteria, no microbial structure triggering IL-10 production
has yet been identified. Mycobacteria were almost as efficient
IL-10 inducers as was the Gram-negative bacterium E. coli,
while the Gram-positive bacteria induced very little IL-10, as
previously been reported [23]. The mycobacterial cell wall
differs markedly from that of classical Gram-positive bacteria
in that the surface lipids form a bilayer that partly resembles
the outer membrane of Gram-negative bacteria, albeit devoid
of the classical LPS. Soluble mycobacterial surface lipids
were, however, unable to induce IL-10 [35]. Thus, we could
not identify any particular structure in the mycobacteria that
was responsible for their IL-10 inducing capacity. Interest-
ingly, however, IL-10 induction was a feature of all three
mycobacterial species used in this study, regardless of their
pathogenic potential. Actually, M. gordonae, which has not
been linked to any human pathological conditions (except for
a few anecdotic cases), and whose presence in clinical samples
generally is a sign of environmental contamination, was the
most efficient inducer of IL-10 among the mycobacterial
species examined.

TNF synergises with IFN-g to promote killing of intra-
cellular organisms [36], and the fact that patients receiving
anti-TNF immunotherapy have an increased risk reactivating
latent tuberculosis indicates that this cytokine is of impor-
tance in the defence against mycobacteria [22]. It has earlier
been noted that Gram-positive bacteria induce more TNF
than do Gram-negative bacteria [17], and the present analyses
confirm this result. Furthermore, we found that the
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mycobacteria triggered TNF production in human PBMCs in
levels only slightly above those induced by the Gram-
negative E. coli. This ability to avoid triggering large
amounts of TNF could contribute to the capacity of myco-
bacteria to establish chronic infections.

IFN-g is important in stimulating the bactericidal capacity
of macrophages and combating mycobacterial infection, as
IFN-g deficiencies may underlie susceptibility to mycobac-
teria [37]. Despite being unable to induce any IL-12, the three
non-tuberculous mycobacterial species induced moderate
levels of IFN-g. This IFN-g production probably represents
a recall T cell response, as the production on day 1 was
negligible and thereafter increased up to day 5. A considerable
variation in IFN-g responses to mycobacteria was noted
between individual blood donors, indicating a memory
response to these mycobacteria that are ubiquitous in the
environment. Interestingly, crude surface lipid extracts
induced modest IFN-g responses suggesting that they might
function as antigens. However, we did not assess whether T
cells or NK cells produced this IFN-g.

Addition of crude surface lipids from mycobacteria
strongly inhibited IL-12 and IFN-g in response to conven-
tional Gram-positive bacteria. Hence, these lipids are likely to
play a significant role in reducing IL-12 and IFN-g responses
to mycobacteria, but the mechanism behind this function
remains to be identified. These lipids did not induce IL-10, so
this cytokine cannot be responsible for the down-regulation of
IL-12 production. The capacity of mycobacteria to avoid
triggering IL-12 and their relative inefficiency in triggering
TNF may be an important trait that contributes to their slow
elimination by the immune system, and their capacity to
establish long-term chronic infections. However, the poor
capacity to induce production of phagocyte activating cyto-
kines characterized all mycobacteria, without link to patho-
genicity, showing that additional traits must characterize the
more pathogenic mycobacterial species.
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