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Tuberculosis remains a major global health threat, claiming more lives
than any other bacterial infection1. The etiologic agent, M. tuberculosis,
survives within phagosomes of macrophages and persists even after T-
cell immunity has been established. A major survival strategy of this
pathogen is the arrest of phagosome maturation toward the phagolyso-
some stage2. This early endosomal habitat shields the pathogen from
host effector mechanisms and secludes its antigens from processing
pathways. Although CD4 T cells have a central role in immunity to 
M. tuberculosis, other T-cell populations contribute to protection against
this pathogen, including MHC-I-restricted CD8 T cells and T cells
restricted by CD1a, CD1b and CD1c (group I CD1 molecules)3–7. The
role of CD8 T cells in protection against tuberculosis has been estab-
lished by infection experiments in mice lacking CD8 T cells4,7. Not only
do these T cells produce interferon (IFN)-γ for activation of
macrophages, but they can also kill mycobacteria upon lysis of the
infected host cell3,5,8. In contrast to conventional T cells, which recog-
nize antigenic peptides, group I CD1-restricted T cells respond to
mycobacterial glycolipids such as glucose monomycolate, lipoarabino-
mannan (LAM) and isoprenoids5,6. The mechanisms underlying anti-
gen delivery to the CD1 and MHC-I pathways remain unresolved.
Macrophages, the primary host cells for mycobacteria, are CD1-nega-
tive; CD1 molecules are mainly expressed on dendritic cells. These cells,
which also express high levels of MHC-I, MHC–II and costimulatory
molecules, represent the key APCs for the induction of a specific T-cell
response. Based on in vitro studies, a membranolytic activity similar to
that of Listeria monocytogenes has been postulated for M. tuberculosis9.

This would allow antigen delivery into the cytosol, where classical
MHC-I antigen processing takes place. However, we provide compelling
evidence that M. tuberculosis does not penetrate the phagosomal mem-
brane to access the cytosolic compartment, but intracellular mycobacte-
ria released antigens that were transferred within apoptotic vesicles to
uninfected bystander APCs. Subsequently, bystander APCs presented
mycobacterial antigens to CD8 T cells through MHC-I and CD1b.
Transfer of antigens from infected cells to potent APCs such as dendritic
cells represents an alternative pathway, involving infection-mediated
apoptosis of the host cell, by which CD8 T cells can recognize antigens of
the phagosomally secluded tubercle bacillus.

RESULTS
M. tuberculosis phagosomes are secluded from the cytoplasm
CD8 T cells are activated by M. tuberculosis in mice and humans, rais-
ing the question of how mycobacterial antigens are delivered to the
respective processing and presentation pathways. We found that mem-
brane-impermeant fluorescent molecules (8-hydroxypyrene-1,3,6-
trisulfonic acid (HPTS)10, dextran–Texas Red and LLO91-99-FITC)
engulfed by macrophages together with M. tuberculosis did not leak
out of the phagosome into the host cell cytoplasm for up to 48 h after
infection (Fig. 1a,b). Experiments were not extended to later time
points because infected cells succumbed to apoptosis at 48 h after
infection (see below). These dyes were retained in phagosomes labeled
for either the early (transferrin) or late (ovalbumin) endosomal and
lysosomal stages11. Thus, mycobacterial phagosomes did not access the
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host cell’s cytoplasm independently of their maturation stage (Fig. 1c).
In contrast, these dyes were released from the L. monocytogenes phago-
some early during phagosome maturation (<10 min after infection;
Fig. 1a)10. Moreover, upon infection of macrophages labeled with
mycobacteria containing [14C]amino acids, < 4% of the total radioac-
tivity was detected in the cytosolic fraction within 48 h (Fig. 1d).
Although we cannot formally exclude transfer of antigenic material
into the cytosol, such a small amount of radioactivity was probably
released during cell lysis, and the vast majority was retained in the
phagosomes. Thus, the membrane of the mycobacterial phagosome
was virtually impermeable to macromolecules, including peptides
(Fig. 1b). This is corroborated by recent electron microscopy studies
showing that the phagosomal membrane remains intact during infec-
tion12,13. Microinjected dextran was found in close association with
bacillus Calmette-Guérin (BCG) phagosomes14. BCG is less efficient at
blocking phagolysosome fusion, however, and therefore may intersect

with the host cell autophagous system for cytoplasmic material, as
shown for late endosome-like leishmania phagosomes15.

Mycobacteria release antigens for transport to bystander cells
Seclusion of mycobacteria from the classical MHC-I processing pathway
(from cytoplasm to endoplasmic reticulum) suggests an alternative path
for delivery of mycobacterial antigens to MHC-I molecules16,17.
Phagosomal mycobacteria release antigens that are transported to lyso-
somes and uninfected bystander APCs11,18–21. We purified extracellular
vesicles from the culture supernatants of mycobacteria-infected APCs by
differential centrifugation. Extracellular vesicles from APCs
(macrophages and dendritic cells) infected with live Alexa
568–hydrazide-labeled mycobacteria transferred, upon coculture,
labeled glycolipids to uninfected APCs (Fig. 2a)11. We did not observe
glycolipid transfer upon infection with labeled, heat-killed mycobacteria
(Fig. 2a). The main cell wall lipids labeled by Alexa 568–hydrazide were

LAM and phosphatidyl-inositol mannosides
(PIMn)11. To define the nature of the mycobac-
terial material in extracellular vesicles,mycobac-
teria were labeled with either [14C]palmitic acid
for lipids and lipoproteins or [14C]amino acids
for proteins. Extracellular vesicles from APCs
infected with labeled, heat-killed mycobacteria
did not transfer significant amounts of antigen
(Fig. 2b; data not shown). Extracellular vesi-
cles, phagosomes and lysosomes were purified
from infected APCs and analyzed for antigenic
content. Extracellular vesicles from APCs
infected with [14C]palmitic acid–labeled
mycobacteria contained several mycobacterial
lipids, including mycoside B, lysocardiolipin
and PIMn, which were also present in lyso-
somes and phagosomes (Fig. 2b)11,18,20.
Vesicles from APCs infected with mycobacteria
labeled with [14C]amino acids carried proteins
in the molecular mass range below 38 kDa,
which was lower than that of most proteins
present in lysosomes and phagosomes 
(Fig. 2c). These low molecular mass proteins
were also detected using a polyclonal rabbit
antiserum to BCG, but not by a preimmune
rabbit serum (Fig. 2c). The band of approxi-
mately 18 kDa stained with an antibody spe-
cific for the p19 lipoprotein (data not
shown)21. Extracellular vesicles also contained
CD1b, the macrophage mannose receptor and
MHC-II, but not the early endosomal antigen-
1 or the late endosomal and lysosomal marker
cathepsin D (Fig. 2c; data not shown). Thus,
extracellular vesicles drag along APC-derived
plasma membrane proteins. Electron
microscopy of extracellular vesicles from
mycobacteria-infected APCs revealed a hetero-
geneous population consisting mainly of large
vesicles reminiscent of apoptotic blebs, multil-
amellar bodies and smaller vesicles resembling
exosomes (Fig. 2d)18,22,23. Immunoelectron
microscopy using specific monoclonal anti-
bodies to mycobacterial antigens detected tre-
halose dimycolate (TDM), PIMn, LAM and
p19 in these vesicles (Fig. 2e,f).
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Figure 1 M. tuberculosis phagosomes remain segregated from the cytoplasm. (a) Mouse macrophages
were incubated with M. tuberculosis or L. monocytogenes in the presence of HPTS. HPTS transfer was
followed in living cells (arrows indicate bacteria-containing phagosomes). (b) Mouse macrophages were
infected with M. tuberculosis in the presence of LLO91-99-FITC and stained using a BCG-specific
antibody (rabbit anti-BCG). (c) Phagosomes (arrows) are not leaky for coloaded tracers even at 48 h
after infection. Mouse macrophages infected with M. tuberculosis in the presence of Ova-Cy3 (red)
were incubated for 48 h. Late endosomes and lysosomes or early endosomes were labeled using Ova-
Cy2 or transferrin-FITC (green), respectively11. Confocal laser scanning microscopy revealed that both
phagolysosomes and early phagosomes, as indicated by yellow fluorescence, retain the coloaded tracer.
(d) Mycobacteria do not release significant amounts of material into the cytosol. Shown is the mean
percentage of cytosolic versus total radioactivity from macrophages infected with BCG [14C]amino acids
(three measurements from one representative experiment out of three).
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Antigen transfer by apoptotic vesicles for CD8 T-cell activation
To analyze the source of the extracellular vesicles from mycobacteria-
infected APCs, we used annexin-V as a marker for phosphatidylserine
exposure on the membranes of apoptotic cells. This analysis, together
with electron microscopy, showed that APCs (macrophages and den-
dritic cells of both human and mouse origin) infected with M. tuber-
culosis underwent programmed cell death and released or
disintegrated into apoptotic vesicles by 48 h after infection (Fig. 3a,b).
Cells also became apoptotic at 48 h after BCG infection, but at a lower
frequency (∼25%). Apoptosis was not seen in uninfected APCs 
(Fig. 3a,b). Treatment of infected cells with the caspase inhibitor
zVADfmk, which inhibits apoptotic blebbing24, blocked transfer of
Alexa 568–hydrazide-labeled cell wall material through extracellular
vesicles to uninfected dendritic cells (Fig. 4a). Hence, the majority of
transferred antigens were shuttled by apoptotic blebs. Moreover, trans-
fer of cell wall material from infected to uninfected APCs was inhibited

by treatment of recipient cells with RGD-peptide (55%), soluble CD14
(40%) or cytochalasin D (>90%; Fig. 4a; data not shown). RGD specif-
ically blocks uptake of apoptotic blebs or cells through the cell binding
site of β3 integrins such as the vitronectin receptor; CD14 serves as a
receptor for apoptotic blebs or cells and cytochalasin D inhibits actin-
based engulfment25–27. Extracellular vesicles engulfed by uninfected
APCs were transported within 1 h of observation into compartments
that were positive for the late endosomal and lysosomal tracer, manno-
sylated BSA-FITC (30-min pulse, 2-h chase), or lysosome-associated
membrane protein-1 (Fig. 4b; data not shown).

To assess the relevance of apoptosis in the activation of mycobacte-
ria-specific CD8 T cells, CD8 T cells from purified protein derivative
(PPD)-positive donors were cultured together with uninfected autolo-
gous dendritic cells in the presence of untreated macrophages or
macrophages infected with M. tuberculosis for 6 d. T-cell proliferation
depended on addition of uninfected bystander dendritic cells to the
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Figure 2 Extracellular vesicles from
mycobacteria-infected cells transfer antigens to
uninfected bystander cells. (a) Extracellular
vesicles purified from human macrophages were
treated with either live or heat-killed (HK) BCG
labeled with Alexa 568–hydrazide, and were
incubated with uninfected CFDA-SE–labeled
dendritic cells (green). Engulfed cell wall
material is shown in red. (b) Left three panels
show two-dimensional HPTLC analysis of lipid
extracts from phagosomes, lysosomes and
extracellular vesicles from macrophages infected
with [14C]palmitic acid–labeled BCG. Positions
of the respective lipids were determined using
known standards: lysocardiolipin (LCL),
mycoside B (MycB), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG);
phosphatidylinositol (PI), PIMn and TDM20.
Extracellular vesicles from comparable numbers
of macrophages infected with either live or heat-
killed [14C]palmitic acid–labeled BCG were
separated by one-dimensional HPTLC (second
panel from right) or measured for radioactivity
(far right panel; c.p.m., counts per minute),
revealing that almost no radioactivity was
released from cells infected with dead
mycobacteria (*, P < 0.05). (c) Proteins from
phagosomes (Phag), lysosomes (Lys) and
extracellular vesicles (Ex) from macrophages
infected with mycobacteria containing 
[14C]amino acids were separated by SDS-PAGE
and analyzed by phosphoimager (left) or western
blotting using a rabbit polyclonal BCG-specific
antiserum [middle) and rabbit preimmune serum
(middle, last lane), or antibodies to CD1b or
cathepsin D (right). 
(d) Electron microscopy of vesicles from APCs
infected with mycobacteria, showing
morphological heterogeneity. Scale bar = 2 µm.
(e) Immunoelectron microscopy of extracellular
vesicles from macrophages infected with 
M. bovis BCG, using a monoclonal antibody to
TDM (anti TDM). Control was an irrelevant
monoclonal antibody. (f) Quantification of gold
labeling for LAM, PIMn, TDM and p19 in
extracellular vesicles from infected
macrophages, compared with background
labeling. Gold particle counts are shown as mean
± s.d. from eight or nine independent pictures.
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cultures and was only observed in the presence of infected
macrophages (Fig. 4c). Consistent with this observation, macrophages
infected with M. tuberculosis lost their capacity to present antigens to
CD8 T cells within 2 d of infection (Fig. 4d). In contrast, pretreatment
of M. tuberculosis–infected macrophages with zVADfmk, before T cells
and dendritic cells were added, abrogated the CD8 T-cell response to
bystander dendritic cells cocultured with infected macrophages (Fig.
4e). However, zVADfmk-treated T cells still responded to staphylococ-
cal enterotoxin B (SEB) or phytohemagglutinin (PHA), confirming no
direct effect by this treatment (Fig. 4e; data not shown). We conclude
that extracellular vesicles derived from M. tuberculosis-infected
macrophages undergoing cell death targets antigens to proficient, unin-
fected bystander dendritic cells for presentation to CD8 T cells.

Antigen targeting for MHC-I- and CD1b-mediated T cell activation
To examine the importance of the detour pathway (involving extracellu-
lar vesicles) in CD8 T-cell activation, we stimulated CD8 T cells from
PPD-negative or PPD-positive healthy donors (Fig. 5a,b) or tuberculo-
sis patients (Fig. 5c) with autologous dendritic cells pulsed with extra-
cellular vesicles from mycobacteria-infected APCs. These CD8 T cells
responded by proliferating and secreting IFN-γ only when vesicles from
infected cells were used (Fig. 5a–c; PHA-response: PPD+/11,065 (±795)
c.p.m., PPD-/8,200 (±1,228) c.p.m.). Fluorescence-activated cell sorting
(FACS) showed that CD8 T cells only expanded in the presence of extra-
cellular vesicles from infected APCs (Fig. 5b). Extracellular vesicles from
autologous and heterologous infected APCs activated T cells equally well
(Fig. 5b). This, together with the findings that mycobacteria-infected

macrophages, which disintegrate into apoptotic blebs, were inefficient in
antigen presentation in the absence of bystander dendritic cells (Fig. 4c),
and that extracellular macrophage-derived vesicles alone did not acti-
vate T cells (data not shown), implies that antigen-presenting molecules
on recipient APCs, rather than those on extracellular vesicles, are
responsible for presentation. No response was seen with CD8 T cells
from PPD-negative donors, which nevertheless responded normally to a
polyclonal stimulus (PHA; Fig. 5a). Proliferation of CD8 T cells was
specifically blocked by MHC-I- and CD1b-specific monoclonal anti-
bodies by >90 % and ∼20%, respectively, but not by CD1a- or CD1c-
specific antibodies (Fig. 5a). IFN-γ production was reduced by 70–80%
and by 30–50% after blocking of MHC-I or CD1b, respectively (Fig. 5b).
CD8 T cells from patients hospitalized because of clinical tuberculosis,
despite higher background activation, responded specifically (prolifera-
tion and IFN-γ production in six of eight patients tested) to extracellular
vesicles from mycobacteria-infected macrophages (Fig. 5c). To more
precisely examine the processing pathway of antigen-containing extra-
cellular vesicles, we used bafilomycin, an inhibitor of the vesicular H+

ATPase, to block acidification of late endosomes, lysosomes and lysoso-
mal enzymes, and MG132, a proteasome inhibitor. Inhibition of protea-
somes had a small but dose-dependent effect on antigen presentation,
but was not statistically significant (Fig. 5d). In contrast, inhibition of
endosomal acidification almost completely blocked presentation of
mycobacterial antigens from extracellular vesicles to CD8 T cells. Thus,
mycobacterial antigens delivered by extracellular vesicles to bystander
cells require an intact, acidified late endosomal and lysosomal compart-
ment for presentation by dendritic cells.
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Figure 3 Induction of apoptosis and extracellular vesicles in cells infected
with M. tuberculosis. (a) Apoptosis of infected, but not uninfected, APCs
was detected by annexin-V (Annexin-V-Biot). Higher magnification (far right
panels) shows infected cells disintegrating into annexin-V-positive apoptotic
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The minor contribution of CD1b-restricted T cells to the responses
of bulk cultures is consistent with the small proportion of this T-cell
population in the peripheral blood5. To verify the relevance of antigen
delivery by extracellular vesicles in CD1b-mediated T-cell responses,
we used a CD1b-restricted T-cell line specific for mycolic acid from M.
tuberculosis28,29. This T-cell line responded in a dose-dependent man-
ner, with proliferation and IFN-γ production, to extracellular vesicles
from infected APCs but not to those from uninfected cells (Fig. 5d).
These responses were completely blocked by the addition of an anti-
body to CD1b (Fig. 5d)30. These data also corroborate the findings by
high-performance thin-layer chromatography (HPTLC) and immu-
noelectron microscopy that mycolic acid or antigenically related struc-
tures such as TDM are present in extracellular vesicles from infected
cells (Fig. 2b,e)28. We conclude that extracellular vesicles from
mycobacteria-infected APCs carry antigens to bystander dendritic
cells for presentation to T cells by MHC-I and CD1b.

DISCUSSION
Our experiments indicate that upon infection with mycobacteria, APCs
release extracellular vesicles during their progression towards apoptotic
cell death. These vesicles carry enclosed mycobacterial antigens (lipids as
well as proteins) to uninfected bystander APCs, thus promoting presen-
tation to MHC-I- and CD1b-restricted T cells. This alternative pathway
for the activation of CD8 T cells is biologically significant, as small mol-
ecules including peptides did not traverse from the phagosome into the
cytoplasm of the host cell (Fig. 1). Although transfer of minute amounts
of mycobacterial material cannot be formally excluded, the vast majority
of mycobacterial antigens are virtually secluded from the classical
MHC-I processing pathway in the cytoplasm. Moreover, our data show
that macrophages lose their capacity to present mycobacterial antigens
and to activate CD8 T cells immediately after infection with M. tubercu-
losis. Macrophages, the primary host cells infected with mycobacteria
in vivo, do not, a priori, express appreciable amounts of CD1a, CD1b
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and CD1c5,17. Although these molecules are expressed by dendritic cells,
which can serve as host cells for mycobacteria, expression of CD1b is
also downregulated after mycobacterial infection, and infected dendritic
cells become less potent in inducing T-cell responses31,32.

The addition of uninfected dendritic cells to mycobacteria-infected
macrophage cultures was indispensable for potent stimulation of CD8
T cells. Dendritic cells express high levels of MHC, CD1 and costimu-
latory molecules for optimal T-cell priming, and possess a lysosome-
to-cytosol antigen delivery pathway33,34. We observed delivery of
extracellular vesicles into late endosomal and lysosomal compart-
ments of bystander APCs. The integrity of these compartments is a
prerequisite for presentation of antigenic cargo from extracellular
vesicles, whereas proteasomal processing seems to be of minor impor-
tance. Ultimately, activated CD8 T cells secrete IFN-γ, which is central
in the control of mycobacterial growth through activation of
macrophages. IFN-γ, though ineffective in activating cells that are
already infected with mycobacteria, promotes antimycobacterial effec-
tor mechanisms in uninfected bystander macrophages17.

The finding that apoptotic vesicles serve as a source of mycobacterial
antigens for presentation by bystander APCs, to induce MHC-I- and
CD1b-restricted T cells, establishes a new function for apoptosis in
tuberculosis. During infection with M. tuberculosis, apoptosis has been
observed in a variety of host cells and has also been observed in 

tuberculous lesions35–37. These results, together with findings that only
those Salmonella strains that induce apoptosis stimulate CD8 T cells in
mice38, provide compelling evidence that cross-priming by extracellu-
lar vesicles is a vital prerequisite for CD8 T-cell-dependent host defense
against intracellular bacteria, both in mice and humans. This is in
agreement with M. tuberculosis being superior to BCG in terms of both
induction of apoptosis (Fig. 3a) and stimulation of CD8 T cells1.

As shown in other experimental systems, such as antitumor
immunity, apoptotic cells and vesicles thereof are an important
source of antigens for MHC-I-mediated cross-presentation by den-
dritic cells27,39. Our data shed new light on infection-induced apop-
tosis by adding a significant new function to this physiological
process, namely the allocation of microbial antigens to bystander
APCs for T-cell stimulation. In addition to apoptotic blebs, small
extracellular vesicles, called exosomes, from infected macrophages
also contain mycobacterial glycolipid antigens and may therefore
also participate in antigen delivery to bystander cells18. Exosomes
derived from peptide-pulsed dendritic cells have been successfully
used to vaccinate mice against tumors23.

Taken together, this is the first report showing that phagosome-
enclosed M. tuberculosis stimulates inflammatory, IFN-γ-secreting
CD8 T cells by inducing in their host cells apoptotic blebs that
deliver antigens to both the MHC-I and CD1 processing and 
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Figure 5 Activation of MHC-I- and CD1b-restricted T cells by
extracellular vesicles from mycobacteria-infected cells. (a) Proliferation
of CD8 T cells (TC) from PPD-positive (�) and PPD-negative donors (�)
upon coculture with autologous dendritic cells (DC) pulsed with
extracellular vesicles from infected (Ex-inf) or noninfected (Ex-ni)
APCs. (b) Dose-dependent IFN-γ production of CD8 T cells (PPD-
positive donor) stimulated with autologous dendritic cells pulsed with
different concentrations of extracellular vesicles from heterologous
APCs (1×, 70 µg/ml protein). a,b, We used blocking antibodies (anti-
CD1a, anti-CD1b, anti-CD1c and anti-MHC) in both assays. Shown are
means ±s.d. of triplicate measurements from one representative
experiment done with cells from one donor (n = 6). *, P < 0.01; 
**, P < 0.001. FACS analysis (upper right) shows predominant
expansion of CD8 T cells. (c) CD8 T cells from tuberculosis (Tb)
patients proliferate and produce IFN-γ in response to extracellular
vesicles from mycobacteria-infected or noninfected APCs, presented by
autologous dendritic cells. Data shown are from two of six patients. 
*, P < 0.01; **, P < 0.001. α-MHC-I, antibody to MHC-I. 
(d) Presentation of extracellular vesicle–derived mycobacterial antigens
by dendritic cells treated with bafilomycin (Bafilo) or MG132. Shown is
one representative experiment out of three. **, P < 0.001. 
(e) Proliferation and IFN-γ secretion in the CD1b-restricted T-cell line
LCD4.6 upon stimulation with CD1+ APCs and M. tuberculosis extract
or extracellular vesicles from noninfected or mycobacteria-infected
macrophages. CD1b restriction was evaluated using a CD1b-blocking
antibody (bottom). Shown are means ± s.d. of triplicate measurements
from one representative experiment out of three.
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presentation pathways of bystander APCs. We consider infection-
induced cell death to be a crucial step in cross-priming of CD8 T cells
in tuberculosis. Elucidation of this new detour pathway for antigens
to MHC-I and CD1 can explain how M. tuberculosis activates a broad
spectrum of T cells despite being secluded within the early phago-
somes of macrophages. Our data will provide guidance for the
rational design of new vaccination strategies against this pathogen,
such as inclusion of apoptosis-inducing properties40 to target, in
addition to CD4 T cells, MHC-I- and CD1-restricted CD8 T cells.

METHODS
Bacteria. M. tuberculosis (Erdman) and Mycobacterium bovis BCG
(Copenhagen) grown in 7H9 medium and L. monocytogenes (EGD) in brain-
heart infusion were used to infect cells at a multiplicity of infection of five.

Labeling of bacteria and cells. Mycobacteria were labeled with Alexa
568–hydrazide (Molecular Probes), [14C]palmitic acid or a [14C]amino acid
mix (NEN); APCs were labeled with carboxyfluorescein-diacetate-succin-
imidylester (CFDA-SE; Molecular Probes) as described11,20. Phagosomes,
lysosomes and extracellular vesicles purified from APCs were separated by
SDS-PAGE, blotted and probed with antibodies or extracted in chloroform
and methanol and separated by HPTLC as described11,20. Vesicular and
cytosolic material from macrophages infected with radioactively labeled
mycobacteria was separated from lysed cells by centrifugation at 1,800 g for
15 min and 100,000 g for 1 h.

Antibodies, tracers, inhibitors and microscopy. We used antibodies to
cathepsin D (Dako), macrophage mannose receptor (PharMingen), early
endosomal antigen-1 (Transduction Laboratories), lysosome-associated
membrane protein-1 (ID4B; Developmental Hybridoma Bank) and MHC-II
(L238; American Type Culture Collection); rabbit BCG-specific antiserum
(Dako); rabbit preimmune serum; peroxidase-labeled secondary antibodies
(Jackson Laboratories); and rabbit CD1b-specific antiserum (kindly pro-
vided by M. Sugita, Harvard Medical School). Enhanced chemiluminescence
was used for detection (NEN).

HPTS (100 mM), dextran–Texas Red (100 µg/ml; Molecular Probes) and
mannosylated BSA-FITC (50 µg/ml; Sigma) were applied in Ringer solution.
Cy2- and Cy3-labeled ovalbumin (Ova-Cy2 and Ova-Cy3, respectively; 100
µg/ml) and transferrin-FITC (5 µg/ml) were prepared as described11. LLO91-
99-FITC (MHC-I epitope of L. monocytogenes listeriolysin) was kindly pro-
vided by H. Wendschuh (Jerini). HPTS, dextran–Texas Red, Ova-Cy3 and
LLO91-99-FITC were used for coloading into phagosomes, together with
mycobacteria. Ova-Cy2 (fluid-phase uptake; 2-h pulse, 16-h chase) and man-
nosylated BSA-FITC (mannose receptor–mediated uptake; 30-min pulse, 2-h
chase) were used to label late endosomes and lysosomes; transferrin-FITC 
(15 min) was used to label early endosomes11. Cells were cultured on cover
slips. Upon binding of the bacteria to the cells in the cold (4 °C), dyes were
added for 5 min at 37 °C. Cover slips were washed, sealed to slides and
observed on a heated microscope stage (Leica DMIRB) under low-light condi-
tions for up to 60 min. For longer time periods, cover slips were incubated at
37 °C in 7% CO2, fixed and embedded in Mowiol for confocal laser scanning
microscopy (Leica TCS-NT). Annexin-V-biotin and streptavidin-Cy2 (Becton
Dickinson) were used according to the manufacturer’s protocol. The concen-
trations of the inhibitors were 50 µM for zVADfmk, 10 µg/ml for RGD, SIIN-
FEKL (Bachem) and antibodies, and 5 µg/ml for soluble CD14 (kindly
provided by R.S. Jack, University of Greifswald). Uptake was estimated by
counting cells from five different microscopic fields that were positive for
label. APC membranes were labeled with Pkh26 according to the manufac-
turer’s protocol (Sigma).

Macrophages and dendritic cells. Monocytes from peripheral blood were iso-
lated by consecutive Ficoll and Percoll gradients, adhered to cell culture
dishes in PBS for 2 h and cultured for 2 d in RPMI with 10% FCS. Dendritic
cells were generated using recombinant human IL-4 and GM-CSF (200 U/ml;
Preprotech)11. Mouse macrophages were generated from bone marrow cells
of C57BL/6 mice15.

Extracellular vesicles. Extracellular vesicles were purified from culture super-
natants of infected APC by consecutive centrifugations at 800 g, 1,800 g,
25,000 g and 100,000 g. High-speed pellets were free of mycobacteria as veri-
fied by culture. Phagosomes and lysosomes were purified as described15,20.
Samples were fixed in 4% paraformaldehyde and 2.5% glutaraldehyde and
embedded in Spurr resin according to the manufacturer’s protocol, and sec-
tions were contrasted using lead citrate and analyzed in a Zeiss EM10 micro-
scope. Immunoelectron microscopy was done on cryosections using
monoclonal antibodies to TDM (T1.8), LAM (CS35), PIMn (3D6) and p19,
and secondary reagents labeled with 10-nm gold. Antibodies were kind gifts
from D.G. Russell (Cornell University), J. Belisle (Colorado State University),
M. Ehlers (University of Cape Town) and D.B. Young (Imperial College
London).

T-cell assays. This study was approved by the ethics committee of the Free-
University Berlin and informed consent was obtained from donors. Peripheral
blood lymphocytes from PPD–negative and PPD-positive donors and tuber-
culosis patients (Asklepios Clinic, Gauting, Munich) were enriched for CD8 T-
cells by CD4-specific negative selection on magnetic cell sorting (MACS)
columns (Miltenyi Biotec). T cells (5 × 104) were cultured together with irradi-
ated autologous dendritic cells (5 × 104; 5,000 rad) and extracellular vesicles
isolated from autologous or heterologous macrophages, for 3 d in triplicate
microtiter wells at 37 °C in 5% CO2. Uninfected or mycobacteria-infected
macrophages were cultured for 1–6 d. We added zVADfmk on days 2 or 4
before adding T cells and dendritic cells. Extracellular vesicles were purified
from either uninfected or M. bovis BCG–infected macrophages cultured for 
6 d in the absence of FCS. FCS deprivation induced apoptotic blebs in both
groups of APCs. Vesicle preparations were adjusted to a protein content of 70
µg/ml. T cells were pulsed with [3H]thymidine (1 µCi per well for 18 h) for liq-
uid scintillation counting. Blocking antibodies (American Type Culture
Collection, or kind gifts from S. Porcelli, Albert Einstein College for Medicine)
specific for CD1a (OKT6), CD1b (BCD1b3.1), CD1c (F10/21A3) or MHC-I
(WG132; all 10 µg/ml) were added 1 h before addition of T cells. Positive con-
trols were PHA (1 µg/ml; Sigma) or SEB (Sigma). MG132 (0.2 or 0.05 µM)
and bafilomycin (0.05 µM; Calbiochem) were added to the APCs 1 h before
addition of extracellular vesicles. The compounds were nontoxic at these con-
centrations. Flow cytometry (FACSCalibur, Becton Dickinson) was done using
monoclonal antibodies to CD4 (TT1) and CD8 (GN11/134.D7; Becton
Dickinson). The CD1b-restricted T-cell line LCD4.6 (105 cells per well; refs.
28,29) was cultured with 105 CD1+ APCs in the presence of M. tuberculosis
extract or extracellular vesicles, and [3H]thymidine uptake and IFN-γ release
were measured at 24 h (refs. 29,30).

Statistics. Tukey’s multiple-comparison test was used to compare individual
data groups or columns.
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