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Major histocompatibility complex class II (MHC-II) molecules are released by murine macrophages upon
lipopolysaccharide (LPS) stimulation and ATP signaling through the P2X7 receptor. These studies show that
infection of macrophages with Mycobacterium tuberculosis or M. bovis strain BCG enhances MHC-II release in
synergy with ATP. Shed MHC-II was contained in two distinct organelles, exosomes and plasma membrane-
derived microvesicles, which were both able to present exogenous antigenic peptide to T hybridoma cells.
Furthermore, microvesicles from mycobacterium-infected macrophages were able to directly present M. tuber-
culosis antigen (Ag) 85B(241-256)–I-Ab complexes that were generated by the processing of M. tuberculosis Ag
85B in infected cells to both M. tuberculosis-specific T hybridoma cells and naïve P25 M. tuberculosis T-cell
receptor (TCR)-transgenic T cells. In the presence of prefixed macrophages, exosomes from mycobacterium-
infected macrophages provided weak stimulation to M. tuberculosis-specific T hybridoma cells but not naïve P25
T cells. Thus, infection with M. tuberculosis primes macrophages for the increased release of exosomes and
microvesicles bearing M. tuberculosis peptide–MHC-II complexes that may generate antimicrobial T-cell
responses.

Exosomes are 50- to 80-nm membrane vesicles that are
released by many cell types, including reticulocytes, B cells,
and dendritic cells (DCs) (16, 17, 33–35, 40, 42, 49, 53). Invag-
ination of the limiting membrane of late endosomes leads to
the formation of intraluminal vesicles in multivesicular endo-
somes. The intraluminal vesicles are secreted as exosomes
upon the fusion of multivesicular endosomes with the plasma
membrane.

Exosomes from B cells contain major histocompatibility
complex class II (MHC-II) molecules and can stimulate CD4�

T-cell responses in vitro (40), although they may be more
capable of activating primed T cells than naïve CD4� T cells
(27). The activation of naïve CD4� T cells by DC exosomes
occurs via an indirect pathway in which the exosomes and their
constituent peptide–MHC-II molecules are presented in the
context of intact antigen (Ag)-presenting cells (APCs) (e.g.,
DCs that may be MHC-II negative but must bear the costimu-
latory molecules CD80 and CD86 [48]). The presence of
ICAM-1 on exosomes is important for naïve T-cell priming
(43).

While the shedding of exosomes can be constitutive (27, 40),

it can also be significantly enhanced by the stimulation of
certain receptors, e.g., Toll-like receptors (TLRs) and the
P2X7 purinergic receptor (P2X7R), which trigger inflamma-
tory responses (37, 38). P2X7R can be activated by ATP, which
is released into the extracellular milieu following cell death or
injury (50). P2X7R signaling induces the assembly of inflam-
masome signaling complexes (10), which drive the proteolytic
activation of caspase-1 and the maturation of interleukin 1b
(IL-1b). Another P2X7R-induced response is the rapid extra-
cellular release of MHC-II molecules (38), which was previ-
ously observed within 15 min of the addition of ATP and
resulted in the release of �15% of the total MHC-II pool in
macrophages within 90 min (38). Released MHC-II molecules
were contained in two membrane fractions: larger (100- to 1,000-
nm) plasma membrane-derived microvesicles and smaller (50- to
80-nm) exosomes. The ATP-stimulated release of MHC-II
was markedly reduced in macrophages isolated from NLRP3
knockout or ASC knockout mice. Thus, P2X7R activation of
the NLRP3 inflammasome induces the biogenesis and release
of MHC-II-containing membranes. The precedent of synergy
between lipopolysaccharide (LPS) and ATP suggests that
MHC-II shedding might be enhanced in the context of bacte-
rial infection, but this hypothesis has not been explored.

Mycobacterium tuberculosis is a major human pathogen that
infects one-third of the world population. M. tuberculosis and
the related organism Mycobacterium bovis strain BCG infect
host cells and regulate host cell functions by signaling through
innate immune receptors, including TLR2. Cells infected with
M. tuberculosis also secrete exosomes containing mycobacterial
molecules that function as PAMPs (pathogen-associated mo-
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lecular patterns) (2–5, 42) and can stimulate proinflammatory
responses via TLR2, TLR4, and MyD88 (4, 5). The dissemi-
nation of PAMPs by exosomes released from infected cells may
induce innate immune responses by a greater number of cells
than are directly infected, magnifying host responses. M. tuber-
culosis and other mycobacteria can activate the ASC/NLRP3/
caspase-1 inflammasome in macrophages via a mechanism de-
pendent on the mycobacterial RD1 locus (encoding components
of the ESX-1 secretion system, including the ESAT-6 protein)
(9, 20, 26). The ability of M. tuberculosis to stimulate inflam-
masome activity is dependent on increased K� efflux and oc-
curs in macrophages from P2X7 receptor knockout mice (20).
Thus, P2X7 receptor activation and M. tuberculosis infection
may elicit similar signaling pathways that converge on the
NLRP3 inflammasome and, possibly, on the inflammasome-
dependent release of MHC-II membranes.

In the current study, we demonstrate that infection of mac-
rophages with mycobacteria elicits the shedding of MHC-II-
containing membranes. Furthermore, M. tuberculosis increases
the ATP-triggered release of exosomes and microvesicles con-
taining MHC-II. In addition, we demonstrate that MHC-II in
membranes released from mycobacterium-infected macro-
phages can present Ag to T cells. These findings suggest that
exosomes and microvesicles from mycobacterium-infected
cells may broadcast the stimulation of both innate and adaptive
immune receptors beyond the directly infected host cells, con-
tributing to the genesis of CD4 T-cell responses to mycobac-
terial pathogens such as M. tuberculosis.

MATERIALS AND METHODS

Cells and media. All animal protocols were reviewed by the Institutional
Animal Care and Use Committee at Case Western Reserve University. C57BL/6
and CBA/J mice were obtained from Jackson Laboratories (Bar Harbor, ME).
C57BL/6 MHC-II–enhanced green fluorescent protein (EGFP) knock-in mice
were obtained from Taconic (Hudson, NY). P25 T-cell receptor (TCR)-trans-
genic (Tg) mice (C57BL/6 background), generously provided by Kiyoshi Takatsu
(University of Tokyo), express a T-cell receptor that recognizes M. tuberculosis
Ag 85B(240-254) bound to I-Ab (47). Standard medium was composed of Dul-
becco’s modified Eagle’s medium (DMEM) (Life Technologies, Grand Island,
NY) supplemented with 10% decomplemented fetal calf serum (HyClone, Lo-
gan, UT), 5 � 10�5 M 2-mercaptoethanol (2-ME), L-arginine HCl (116 mg/liter),
L-asparagine (36 mg/liter), NaHCO3 (2 g/liter), sodium pyruvate (1 mM), 10 mM
HEPES buffer, and antibiotics (antibiotics were omitted for incubations with M.
tuberculosis or M. bovis). All incubations were carried out at 37°C in 5% CO2. For
the preparation of macrophages, bone marrow cell precursors were harvested
from femurs of mice and cultured in 15-cm2 petri dishes (or tissue culture dishes
for experiments with M. tuberculosis) in standard medium supplemented with
20% LADMAC cell-conditioned medium (containing macrophage colony-stim-
ulating factor [M-CSF]) (46). The medium was replaced on day 5, and by day 7
the resulting cultures were confluent and contained approximately 3 � 107 to 4 �
107 cells/dish. The T-cell hybridoma line BB7 recognizes M. tuberculosis Ag
85B(241-256) bound to I-Ab (30).

Bacteria. M. tuberculosis H37Ra, M. tuberculosis H37Rv, and M. bovis BCG
(all from ATCC, Manassas, VA) were grown to an optical density (OD) of 0.2 to
0.3 in Middlebrook 7H9 broth (Difco, Detroit, MI) supplemented with 1%
glycerol, 0.05% Tween (Sigma) (to prevent clumping), and 10% Middlebrook
oleic albumin dextrose catalase enrichment (Difco). Bacteria were harvested and
used on the same day. Prior to macrophage infection, all mycobacterial prepa-
rations were pelleted, washed in DMEM, and resuspended in DMEM. The cells
were then left undisturbed for 10 min to allow clumps to settle. The supernatant
was then transferred into a new tube and analyzed under a microscope to confirm
the absence of clumps and to determine the concentration of bacteria. M. tuber-
culosis H37Rv was similarly grown in a biosafety level 3 (BSL-3) facility and used
as a frozen stock.

Antibodies. Mouse monoclonal antibody (Ab) KL295 against the MHC-II beta
chain (I-Ab and I-Ad) was obtained from the ATCC. In-1, a rat IgG2b specific for

the cytoplasmic region of the invariant chain, was generously provided as a
hybridoma supernatant by Andrea Sant (University of Rochester). Anti-CD86, a
rat anti-mouse monoclonal Ab (B7-2; clone GL1), was purchased from BD
Pharmingen (San Jose, CA). Anti-ICAM-1, a rat anti-mouse monoclonal Ab
(clone YN1/1.7.4) was purchased from Southern Biotech (Birmingham, AL).
Anti-calnexin and anti-Rab7, both rabbit polyclonal Abs, were purchased from
Abcam (Cambridge, MA). APC-conjugated rat anti-mouse CD4 (clone RM4-5)
was purchased from BD Pharmingen.

Activation and ATP stimulation of macrophages. Macrophages were seeded
into six-well plates at a density of 2 � 106 cells/well or grown in large 155-mm
petri dishes (for LPS priming) or 155-mm tissue culture plates (for M. tubercu-
losis incubations) and were stimulated with 2 ng/ml gamma interferon (IFN-�)
(Genzyme) for 24 h to induce MHC-II expression. Cells were primed with
various concentrations of LPS or infected with bacteria (M. tuberculosis H37Ra,
M. tuberculosis H37Rv, or M. bovis BCG) at a multiplicity of infection (MOI) of
3 for 4 to 16 h at 37°C. Cells were washed once in phosphate-buffered saline
(PBS) and then incubated with 1 ml (six-well plate) or 12 ml (155-mm plates) of
prewarmed basal saline solution (BSS) medium containing 130 mM sodium
gluconate, 5 mM KCl, 20 mM HEPES, 1.5 mM CaCl2, and 1.0 mM MgCl2 (pH
7.5) supplemented with 5 mM glucose, 5 mM glycine, and 0.01% bovine serum
albumin (BSA) for 5 min. Cells were then stimulated with 5 mM ATP (Sigma)
for 15 to 20 min.

Western blotting. For Western blot analysis of extracellular medium (six-well
plates), the medium was centrifuged at 10,000 � g for 30 s to pellet detached cells
and bacteria, and the supernatant was transferred into a new tube. Proteins were
precipitated by the addition of 72 �l of 100% trichloroacetic acid (TCA) and 15
�l of 10% cholic acid per 1 ml of extracellular medium and incubation for 30 min
on ice. The precipitate was pelleted and washed three times with 1 ml of cold
acetone, dissolved in 10 �l of 0.2 M NaOH, and then diluted to a final volume
of 60 �l in SDS-PAGE sample buffer. For Western blot analysis of cell lysates,
cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (1% NP-40,
0.1% SDS, and 0.5% sodium deoxycholate in PBS [pH 7.4]) supplemented with
protease inhibitor cocktail 1 (Sigma) for 30 min on ice. The lysate was spun at
8,000 � g for 10 min at 4°C, and the supernatant was collected and supplemented
with SDS-PAGE sample buffer. Purified microvesicles and exosomes were sus-
pended in SDS-PAGE sample buffer. All samples were boiled and electropho-
resed on 12% SDS-PAGE gels, blotted, and probed using standard procedures.

Purification of microvesicles and exosomes. Extracellular medium from large
155-mm dishes was collected into 50-ml tubes on ice, spun at 300 � g followed
by 2,000 � g at 4°C (to get rid of detached cells and debris), and then spun at
10,000 � g at 4°C to collect microvesicles. The supernatant was then concen-
trated to a volume of 25 ml using Centriprep (Ultracel YM-3 membrane; Mil-
lipore) that had been sterilized using 70% ethanol. The concentrated superna-
tant was centrifuged at 100,000 � g for 15 h (50.2 Ti rotor; Beckman Coulter,
Fullerton, CA) to collect exosomes. The purified microvesicles and exosomes
were subsequently analyzed by electron microcopy, Western blotting, or T hy-
bridoma assay for the presentation of peptide–MHC-II complexes.

Electron microscopy analysis of exosomes and microvesicles. Purified mi-
crovesicles and exosomes were fixed in 0.05 M phosphate buffer (pH 7.4) con-
taining 2% glutaraldehyde and 4% sucrose for 2 h and then postfixed in 1%
osmium tetroxide for 1 h at room temperature. Samples were then block stained
in 0.5% aqueous uranyl acetate, dehydrated in an ascending concentration of
ethanol, and embedded in Epon 812 resin. Ultrathin sections (60-nm thickness)
were cut on an RMC MT6000-XL microtome, stained with 2% uranyl acetate in
50% methanol and with lead citrate, and then examined with a Jeol 1200EX
electron microscope at 80 kV.

Microvesicle and exosome antigen presentation assays. For Ag presentation
assays using T hybridoma cells, microvesicles and exosomes were isolated from
macrophages grown on 16 (for LPS) or 24 (for M. tuberculosis) large 150-mm
petri dishes (tissue culture dishes for M. tuberculosis). Macrophages were acti-
vated with LPS for 4 h or infected with M. tuberculosis H37Ra at an MOI of 1 to
3 for 12 h and then stimulated with ATP for 20 min. Microvesicles and exosomes
were isolated as described above and resuspended in 200 �l of medium. For
direct T-cell presentation assays, microvesicles (50 �l) and exosomes (50 �l)
were incubated with 105 BB7 T hybridoma cells for 24 h at 37°C in U-bottom
96-well plates with or without 10 �M exogenous synthetic peptide [M. tubercu-
losis Ag 85B(241-256)] in a total volume of 200 �l. For indirect T-cell presen-
tation assays, 105 bone marrow-derived macrophages from CBA/J mice (express-
ing I-Ak) were plated into flat-bottom 96-well plates and fixed by using 1%
paraformaldehyde. Exosomes and BB7 T hybridoma cells were added and incu-
bated as described above. Supernatants (100 �l) were harvested and assessed for
IL-2 by using a CTLL-2 proliferation assay, monitored by the addition of Alamar
blue (Alamar Biosciences, Sacramento, CA) as an indicator dye, and measured
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as the difference between absorbances at 550 nm and 595 nm after 24 h. Blanks
for spectrophotometry were provided by wells containing medium alone (added
at the initiation of the CTLL-2 assay) and Alamar blue (added at the same time
as that for the other wells). All analyses were performed in triplicate.

For Ag presentation assays using naïve P25 TCR-Tg T cells, microvesicles and
exosomes were isolated from macrophages grown on 24 large 150-mm tissue
culture dishes. Macrophages were infected with M. tuberculosis H37Ra at an
MOI of 1 to 3 for 12 h and then stimulated with ATP for 15 min. Microvesicles
and exosomes were isolated as described above and resuspended in 200 �l of
standard medium. Untouched CD4� T cells were isolated from spleens of P25
TCR-Tg mice using microbead kits from Miltenyi Biotec (Germany). Naïve T
cells (106 cells/ml) were labeled with carboxyfluorescein succinimidyl ester
(CFSE) (2 �M; Invitrogen) in PBS for 15 min at room temperature and washed
in cold quench buffer (2% fetal bovine serum in PBS) before use. M. tuberculosis-
induced microvesicles (10.8 �g, 5.4 �g, or 2.7 �g) or exosomes (20.8 �g or 10.4
�g) were incubated with 1 � 105 CFSE-labeled naïve T cells in a total volume of
200 �l in round-bottom plates for 6 days. Cells were labeled with an anti-CD4
Ab, and the percentage of CD4� T cells undergoing CFSE dilution was assessed
by flow cytometry.

Confocal microscopy. Bone marrow-derived macrophages (105 cells) from
C57BL/6 MHC-II–EGFP knock-in mice were plated into eight-chamber slides
(Lab-Tek II chamber 1.5 German coverglass system; Nalge Nunc International)
in standard medium (without antibiotics for M. tuberculosis). Macrophages were
stimulated with 2 ng/ml IFN-� for 24 h and then primed with 10 ng/ml LPS or
incubated for 4 h with Bact-Light Red (Molecular Probes)-labeled M. tubercu-
losis H37Ra at an MOI of 3. Cells were washed in PBS, and the chamber slide
was mounted onto a temperature- and CO2-controlled high-speed Leica (Wet-
zlar, Germany) SP5 broadband confocal microscope fitted with an HCX Plan
Apo CS 63� oil immersion objective (numerical aperture [NA], 1.4). The cells
were incubated in stimulation medium and monitored in real-time for vesicular
release using Leica Application Suite software. Postcollection image analysis was
performed by using the Imaris software suite (Bitplane Software, St. Paul, MN).

Statistical analysis. T-cell assays were performed with duplicate samples of
exosomes or microvesicles, and mean values were computed for each condition
and normalized to the maximum CTLL-2 assay response. Normalized values for
each condition from three independent experiments were assessed for statistical
significance by an unpaired Student’s t test using GraphPad software 2002-2005
(GraphPad Software, La Jolla, CA).

RESULTS

Mycobacterial infection promotes ATP-dependent shedding
of MHC-II. We assessed whether mycobacterial infection en-
hances the ATP-induced release of MHC-II from macro-
phages. Consistent with prior results (38), the activation of
macrophages with LPS for 4 h enhanced the subsequent rapid
release of MHC-II molecules upon stimulation with 5 mM
ATP for 20 min (Fig. 1A). Although similar observations can
be seen with lower concentrations of ATP (1 or 3 mM), 5 mM
ATP produces optimum responses (37). The ATP-induced re-
lease of MHC-II was enhanced by concentrations of LPS as
low as 1 ng/ml (Fig. 1B). Overnight infection with virulent M.
tuberculosis H37Rv, avirulent M. tuberculosis H37Ra, or M.
bovis BCG clearly enhanced the ATP-induced release of
MHC-II (Fig. 1C and D) but had no effect on MHC-II levels in
macrophages (Fig. 1C). Since all three strains of mycobacteria
were able to enhance the release of MHC-II in response to
ATP (Fig. 1D), subsequent experiments were done by using M.
tuberculosis H37Ra. Interestingly, M. tuberculosis by itself en-
hanced the release of MHC-II independent of ATP, an effect
that was absent or minimal with LPS alone, but the combina-
tion of M. tuberculosis and ATP induced the greatest level of
MHC-II release (Fig. 1C).

Macrophages from MHC-II–EGFP knock-in mice were
used to analyze the release of MHC-II-containing membranes
by time-lapse confocal fluorescence microscopy (Fig. 2). Mac-
rophages were treated for 4 h with LPS or Bact-Light Red-

FIG. 1. Mycobacterial infection promotes ATP-dependent shed-
ding of MHC-II. C57BL/6 macrophages (2 � 106 cells/well in six-well
plates) were activated with IFN-� (2 ng/ml) for 24 h. Cells were then
primed for 4 h with LPS or infected overnight with mycobacteria (MOI
of 3). Cells were transferred into BSS and stimulated with or without
5 mM ATP for 20 min. Extracellular medium was collected, and
released proteins were precipitated with TCA. TCA-precipitated pro-
teins and cell lysate were analyzed for MHC-II by Western blotting.
(A) Analysis of MHC-II in TCA-precipitated proteins and cell lysates
from macrophages activated with or without IFN-�, primed with or
without LPS (1 �g/ml), and stimulated with or without ATP. (B) Anal-
ysis of MHC-II in TCA-precipitated proteins and cell lysates from
macrophages activated with IFN-�, primed with various concentrations
of LPS, and stimulated with ATP. (C) Analysis of MHC-II in TCA-
precipitated proteins and cell lysates from macrophages activated with
IFN-�, primed with or without LPS (10 ng/ml) or M. tuberculosis
H37Ra (Mtb Ra), and stimulated with or without ATP. (D) Analysis of
MHC-II in TCA-precipitated proteins from macrophages activated
with IFN-�; primed with or without LPS (10 ng/ml), M. tuberculosis
H37Ra, M. bovis BCG, and M. tuberculosis H37Rv (Mtb Rv); and
stimulated with or without ATP. Results are representative of data
from four independent experiments.
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labeled M. tuberculosis H37Ra, and the cells were assessed by
microscopy (see Movies S1A and S1C in the supplemental
material). ATP was then added, and the cells were analyzed
over the following 10 min for the release of MHC-II–EGFP-
containing membranes (Movies S1B and S1D). Approximately
3 min following the addition of ATP, vesicles with green flu-
orescence (indicating the presence of MHC-II–EGFP) were

released from LPS- or M. tuberculosis H37Ra-stimulated mac-
rophages (Fig. 2B and D), and the number of released vesicles
continued to increase for the length of time that the images
were taken (total of 10 min). In the absence of ATP, little or no
release of EGFP-positive vesicles was observed (Fig. 2A and
C). The size of the released vesicles was approximately 1,000
nm, larger than exosomes, which are approximately 50 to 80

FIG. 2. Microscopy reveals ATP-dependent shedding of membrane vesicles. Macrophages from C57BL/6 MHC-II–EGFP mice (green is
MHC-II–EGFP) were plated into eight-chamber slides and activated with IFN-� (2 ng/ml) for 24 h. Cells were incubated with 10 ng/ml LPS for
4 h (A and B) (magnification, �189) or infected for 4 h with Bact-Light Red-labeled M. tuberculosis H37Ra at an MOI of 3 (C and D)
(magnification, �126). Cells were then transferred into BSS and monitored every 30 s for 10 min before and after the addition of 5 mM ATP using
a high-speed Leica SP5 broadband confocal microscope. Images were acquired by using Leica Application Suite software and analyzed by using
the Imaris software suite. Results are representative of data from independent experiments. Movies S1A to S1D in the supplemental material
depict time-lapse microscopy under these conditions. Since Bact-Light Red-labeled M. tuberculosis H37Ra was highly susceptible to bleaching, the
red laser was activated initially to assess M. tuberculosis infection but was not activated when analyzing the release of vesicles over the 10-min
period. For each LPS experiment, five separate chambers of cells were analyzed with or without ATP. Within each chamber, a field containing
approximately 10 cells was analyzed. Since two independent experiments were performed, the analysis included a total of approximately 100 cells,
including those shown in C to E. For each M. tuberculosis experiment, three separate chambers containing cells were analyzed with or without ATP.
Within each chamber, a field containing approximately 20 cells was analyzed. Since two independent experiments were performed, the analysis
included a total of approximately 120 cells, including those shown in C to E.
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nm in diameter (too small to be observed by this imaging
technique). We also observed blebs or irregular bulges appear-
ing on the plasma membrane following ATP stimulation, con-
sistent with prior observations of plasma membrane blebbing
and microvesicle formation following the activation of P2X7R
(1, 6, 24, 36, 51). However, no lysis of cells was observed for up
to 30 min following the addition of ATP. In conclusion, LPS
and mycobacteria promote the ATP-dependent shedding of
microvesicles containing MHC-II.

Shed MHC-II is included in two distinct organelles, mi-
crovesicles and exosomes. Constitutively shed MHC-II from
dendritic cells and B cells is associated predominantly with 50-
to 80-nm exosomes derived by the exocytosis of multivesicular
endosomes, but our confocal microscopy results suggested
the release of MHC-II in larger microvesicles. To investigate the
relative contributions of exosomes and microvesicles in the shed-
ding of MHC-II, shed membrane fractions were purified by
differential centrifugation and analyzed by electron microscopy
and Western blotting.

To define the period of M. tuberculosis infection that was
optimum for the production of microvesicles and exosomes,
macrophages were incubated with M. tuberculosis H37Ra or
LPS for 4, 12, or 16 h and then stimulated with ATP for 15 min.
The extracellular medium was collected and centrifuged at
300 � g and then at 1,200 � g to pellet detached cells, cell debris,
and bacteria. The supernatant was centrifuged at 10,000 � g to
pellet microvesicles and then at 100,000 � g to pellet exo-
somes. MHC-II levels (and pellet sizes) in the 4-h M. tubercu-
losis microvesicles and exosomes were lower (and pellets were
smaller) than in the 4-h LPS microvesicles and exosomes, but
by 12 h the levels of MHC-II (and pellet sizes) in M. tubercu-
losis microvesicles and exosomes were as high or higher than
those of the 12-h LPS microvesicles and exosomes (Fig. 3A).
Levels of MHC-II (and pellet sizes) did not increase in LPS
microvesicles and exosomes following a longer incubation of
macrophages with LPS. We also observed that incubation with
M. tuberculosis for more than 12 h reduced the yield of mi-
crovesicles and MHC-II in microvesicles (data not shown).
Thus, a 12-h incubation with M. tuberculosis was determined to
be optimum for the production of exosomes and microvesicles
containing MHC-II. This time point also avoided other long-
term effects of mycobacterial infection, e.g., the loss of MHC-II
expression after 18 h or more of mycobacterial infection (19,
30–32).

Electron microscopy of the LPS pellet centrifuged at 10,000 �
g showed membrane vesicles of 100 to 1,000 nm in diameter
with electron-lucent internal staining (Fig. 3B), consistent with
the morphological properties of microvesicles (38). The
100,000 � g pellet consisted of membrane vesicles of 50 to 80
nm in diameter with electron-dense internal staining (Fig. 3A),
consistent with the morphological properties of exosomes (16,
17, 35, 40, 53). Additionally, the lack of mitochondria, lyso-
somes, nuclei, and apoptotic bodies in the exosome and mi-
crovesicle preparations demonstrates the purity of the frac-
tions and indicates that ATP is not inducing the apoptosis of
macrophages within the 15-min stimulation period.

Microvesicles and exosomes were further analyzed by West-
ern blotting (Fig. 3D) for molecules involved in MHC-II anti-
gen processing (invariant chain) or antigen presentation
(CD86 and ICAM-1) as well as molecular markers for or-

ganelles, e.g., calnexin (endoplasmic reticulum [ER] marker)
and rab7 (late endosomal marker). Assessment of protein con-
tent of microvesicle and exosome preparations revealed that
macrophages treated with LPS released 4.2 �g of microvesicles
and 3.7 �g of exosomes per plate (40 million macrophages/
plate), and macrophages infected with M. tuberculosis released
3.6 �g of microvesicles and 3.5 �g of exosomes per plate. For
Western blot analysis equivalent amounts (4.5 �g) of mi-
crovesicles and exosomes were analyzed. Western blotting re-
vealed that levels of MHC-II, invariant chain, CD86, and
ICAM-1 were higher in microvesicles than in exosomes. The
higher levels of CD86 and ICAM-1 are consistent with the
derivation of microvesicles from the plasma membrane, where
CD86 and ICAM-1 are localized. The presence of calnexin (an
ER marker) and the absence of rab7 in the microvesicles
suggest that microvesicles may contain membranes derived
from the ER (reflecting either biological trafficking or some
degree of contamination) but not from the late endosomes.
The presence of rab7 and the absence of calnexin in exosomes
are consistent with observations that exosomes are derived
from late endosomes and not the plasma membrane. In con-
clusion, both LPS and M. tuberculosis microvesicles and exo-
somes have molecules involved in antigen processing and pre-
sentation, although these molecules are expressed at higher
levels in microvesicles. This observation suggests that both
organelles may be competent to present antigenic peptide to T
cells although perhaps to various degrees.

Exosomes and microvesicles can present peptide–MHC-II
complexes to T cells. While constitutively shed exosomes have
been demonstrated to present peptide–MHC-II complexes to
T cells, the antigen-presenting capacity of ATP-induced exo-
somes has not been studied. Furthermore, the antigen-pre-
senting capacity of exosomes from M. tuberculosis-infected
cells has not been determined, and it is unknown whether
exosomes from infected cells contain peptide–MHC-II com-
plexes formed by the intracellular processing of M. tubercu-
losis antigens.

To analyze the antigen-presenting capacity of ATP-induced
microvesicles and exosomes, macrophages were incubated with
LPS (10 ng/ml, for 4 h) or M. tuberculosis H37Ra (MOI of 1 to
3, for 12 h) and then stimulated with ATP for 15 min.
Exosomes and microvesicles were isolated by differential centrif-
ugation under sterile conditions. Similar concentrations of
LPS- or M. tuberculosis-induced exosome and microvesicle
preparations were incubated directly with BB7 T hybridoma
cells, which recognize M. tuberculosis Ag 85B(241-256)–I-Ab

complexes. LPS-induced microvesicles and exosomes alone did
not stimulate BB7 T cells, but both were able to present ex-
ogenous Ag 85B(241-256) peptide (Fig. 4A and B). Infection
with M. tuberculosis provided the possibility of the endogenous
processing of Ag 85B to produce M. tuberculosis Ag 85B(241-
256)–I-Ab complexes, and this was confirmed by the incubation
of BB7 T hybridoma cells with intact M. tuberculosis-infected
macrophages (data not shown). ATP-stimulated microvesicles
from M. tuberculosis-infected macrophages were able to di-
rectly present Ag 85B(241-256)–I-Ab complexes to BB7 T hy-
bridoma cells without the addition of exogenous peptide (Fig.
4C), indicating that the microvesicles acquired endogenously
processed Ag 85B(241-256)–I-Ab complexes. ATP-stimulated
exosomes from M. tuberculosis-infected macrophages did not
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directly activate BB7 T hybridoma cells but could do so in the
presence of exogenous Ag 85B(241-256) peptide (Fig. 4D).

We next considered the hypothesis that these exosomes
might stimulate BB7 T hybridoma T cells if their Ag presen-
tation functions were enhanced by an association with the
surface of APCs (so-called “indirect presentation,” although it
is the peptide–MHC-II complexes on the exosomes that are
recognized by the T cells). It was demonstrated previously that

the association of exosomes with the surface of cells (48) or
larger particles (52) provides enhanced T-cell recognition of
exosomal peptide–MHC-II complexes. Exosomes from M. tu-
berculosis-infected C57BL/6 macrophages were incubated with
live or fixed macrophages from CBA/J mice, which express
I-Ak molecules that cannot present the M. tuberculosis Ag
85B(241-256) epitope. When C57BL/6 exosomes were associ-
ated with fixed CBA/J macrophages, they were able to weakly

FIG. 3. Shed MHC-II is included in two distinct released membrane types, microvesicles and exosomes. C57BL/6 macrophages were activated
with IFN-� (2 ng/ml) for 24 h. Cells were then primed with LPS (10 ng/ml) for 4 h (A, left, B, and C) or 12 h (A, right) or infected with M.
tuberculosis H37Ra (MOI of 3) for 4 h (A, left) or 12 h (A, right, and C). Cells were transferred into BSS and stimulated with 5 mM ATP for 20
min. The extracellular medium was collected and sequentially centrifuged at 300 � g, 2,000 � g, 10,000 �g, and 100,000 � g. The 10,000 � g pellet
(microvesicles) and the 100,000 � g pellet (exosomes) were analyzed by Western blotting (A and C) or electron microscopy (B). M, microvesicles;
E, exosomes. Results are representative of data from two or more independent experiments.
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but consistently present endogenously processed M. tuberculo-
sis Ag 85B(241-256)–I-Ab complexes to T hybridoma cells (Fig.
4E). Live CBA/J macrophages were unable to enhance pre-
sentation by exosomes, possibly due to the internalization and
degradation of the exosomes (data not shown).

The capacity of M. tuberculosis-induced exosomes and mi-
crovesicles to activate P25 TCR-transgenic T cells that recog-
nize M. tuberculosis Ag 85B(240-254) bound to I-Ab was addi-
tionally investigated (Fig. 5). Naïve CFSE-labeled P25 T cells
were activated with M. tuberculosis-induced exosomes (20.8 �g
or 10.4 �g per well) or microvesicles (2.7 �g, 5.4 �g, or 10.8 �g
per well). After 6 days of incubation, the percentage of T cells
undergoing proliferation was assessed by CFSE dilution as
determined by flow cytometry. The results demonstrated that
naïve T cells were activated by microvesicles (maximum re-
sponse observed with 5.4 �g), whereas exosomes did not acti-
vate naïve T cells (Fig. 5).

In conclusion, ATP-induced exosomes and microvesicles
from M. tuberculosis-infected macrophages can present pep-
tide–MHC-II complexes to T cells. Their ability to present
endogenously processed MHC-II complexes with M. tubercu-
losis-derived peptides may be enhanced by an association with
APCs, and they may be more efficient at stimulating memory
or activated T cells than naïve T cells. These mechanisms may
allow vesicles derived from M. tuberculosis-infected cells to
traffic to sites distant from the infected cell and stimulate T

FIG. 4. Exosomes and microvesicles can present peptide–MHC-II
complexes to T cells. C57BL/6 macrophages were activated with IFN-�
(2 ng/ml) for 24 h. Cells were then primed with LPS (10 ng/ml) for 4 h
or infected for 12 h with M. tuberculosis H37Ra (MOI of 1 to 3). Cells
were transferred into BSS and stimulated with 5 mM ATP for 20 min.
Microvesicles and exosomes were isolated as described in the legend of
Fig. 3, resuspended in standard medium, and incubated as follows.
(A) LPS-induced microvesicles plus BB7 T hybridoma cells (105)
with or without 10 �M peptide [M. tuberculosis Ag 85B(241-256)].
(B) LPS-induced exosomes plus BB7 T hybridoma cells (105) with
or without 10 �M peptide [M. tuberculosis Ag 85B(241-256)].
(C) BB7 T hybridoma cells (105) alone or with M. tuberculosis-
induced microvesicles. (D) BB7 T hybridoma cells (105) alone, with
M. tuberculosis-induced exosomes, or with M. tuberculosis-induced exo-
somes plus 10 �M peptide [M. tuberculosis Ag 85B(241-256)].
(E) Fixed CBA/J macrophages (105) and BB7 T hybridoma cells (105)
with or without M. tuberculosis-induced exosomes. M, microvesicles; E,
exosomes. Results are displayed as means � standard deviations (SD)
from T-cell assays that were performed with duplicate samples of
exosomes or microvesicles. Statistical analysis was performed by in-
cluding data from three independent experiments. For each experi-
ment, the mean value for each condition was normalized to the max-
imum CTLL-2 assay response, and normalized values from three
independent experiments were assessed for statistical significance by
an unpaired Student’s t test. Differences were statistically significant
for LPS microvesicles without peptide versus with peptide (as in A;
P � 0.001), LPS exosomes without peptide versus with peptide (as in
B; P � 0.005), M. tuberculosis microvesicles without peptide versus
with peptide (as in C; P � 0.005), M. tuberculosis exosomes without
peptide versus with peptide (as in D; P � 0.001), and fixed macro-
phages with or without M. tuberculosis exosomes (as in E; P � 0.001).

FIG. 5. Naïve T cells are stimulated by endogenously processed M.
tuberculosis Ag 85B presented by microvesicles but not exosomes from
M. tuberculosis-infected macrophages. Naïve CFSE-labeled P25 CD4�

T cells were activated with M. tuberculosis-induced microvesicles (10.8
�g, 5.4 �g, or 2.7 �g per well) or exosomes (20.8 �g or 10.4 �g per
well) for 6 days, and the percentage of cells undergoing CFSE dilution
was assessed by flow cytometry. (A) Proliferation of naïve CFSE-
labeled P25 T cells incubated with or without 2.7 �g microvesicles per
well. Limiting amounts of material (and decreased primary T-cell
survival in the absence of a stimulus) limited the number of events that
could be analyzed to 5,116 for T cells stimulated with exosomes and
1,877 for control T cells (CFSE labeled, no stimulus). To compare the
extents of proliferation of the two T-cell populations, event counts are
normalized to the maximum event count under the condition. Since
the experiment was designed to allow ample time for T cells to divide
to enhance sensitivity, peaks for early stages of CFSE dilution are not
present, and proliferating T cells have divided six or more times to
dilute the CFSE label to the background fluorescence level. (B) Pro-
liferation of naïve CFSE-labeled P25 T cells incubated with or without
20.8 �g exosomes per well. Results were analyzed as described above
for A, with 6,654 events for the microvesicle conditions and 1,454
events for the control conditions (CFSE labeled, no stimulus). Results
of both panels represent a single flow cytometry sample from one
experiment that is representative of data from three independent ex-
periments.
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cells in association with APCs at those sites (e.g., lymph
nodes).

DISCUSSION

In contrast to the slow constitutive release of exosomes con-
taining MHC-II by APCs, ATP induces a rapid shedding of
MHC-II in both exosomes and microvesicles. Our prior study
demonstrated that 15% of total cellular MHC-II is shed from
macrophages within 90 min of stimulation with ATP (38).
LPS-induced TLR4 signaling enhances ATP-stimulated shed-
ding of MHC-II (38) (Fig. 1). Infection of macrophages with
mycobacteria (M. tuberculosis H37Ra, M. tuberculosis H37Rv,
or M. bovis BCG) also enhanced a rapid ATP-induced release
of MHC-II (Fig. 1). Interestingly, M. tuberculosis also induced
the release of MHC-II in the absence of exogenous ATP,
although the maximum release was achieved with the combi-
nation of M. tuberculosis and ATP. The mechanism underlying
the M. tuberculosis-induced release of MHC-II in the absence
of an exogenously added ATP stimulus could involve either
autocrine activation of P2X7 receptors by the M. tuberculosis-
stimulated release of endogenous ATP or P2X7-independent
signals entrained by M. tuberculosis infection. The latter pos-
sibility is supported by data reported previously by Kurenuma
et al. (20), who observed that M. tuberculosis infection induced
equivalent NLRP3 inflammasome activities in control and
P2X7 knockout macrophages. Our previous study linked ATP-
induced MHC-II release to the stimulation of the NLRP3
inflammasome. Thus, it is possible that M. tuberculosis infec-
tion is sufficient for MHC-II release via a similar inflamma-
some-related mechanism in the absence of ATP, and the acti-
vation of P2X7 signaling may further stimulate this response.

The recognition of M. tuberculosis by the innate immune
system appears to be mediated by pathogen recognition recep-
tors that include TLRs and nucleotide-binding oligomerization
domain 2 (NOD2). M. tuberculosis-mediated MHC-II release
was not dependent on TLR2, since no decrease in MHC-II
release was observed for macrophages lacking TLR2 (data not
shown). The involvement of other molecules such as NOD2 in
this process needs further investigation.

Our observations demonstrate for the first time the antigen-
presenting capabilities of microvesicles and exosomes released
by ATP stimulation in combination with mycobacterial infec-
tion or LPS. Following stimulation with LPS and ATP, exo-
somes and microvesicles were both able to present exogenous
peptide to T hybridoma cells. Infection of cells with M. tuber-
culosis allowed us to determine whether endogenous M. tuber-
culosis Ag 85B(241-256)–I-Ab complexes (generated by mac-
rophage processing of M. tuberculosis) were presented by
exosomes and microvesicles. Using a direct antigen presenta-
tion assay with organelles derived from M. tuberculosis-infected
cells, BB7 T hybridoma cells detected endogenous M. tubercu-
losis Ag 85B(241-256)–I-Ab complexes in M. tuberculosis mi-
crovesicles but not in M. tuberculosis exosomes. M. tuberculosis
exosomes were, however, able to directly present exogenous M.
tuberculosis peptide Ag 85B(241-256), demonstrating that
these exosomes were capable of antigen presentation but not
with an adequate efficiency to directly present endogenous M.
tuberculosis Ag 85B(241-256)–I-Ab complexes. With the “indi-
rect” antigen presentation assay, the association of M. tuber-

culosis exosomes with fixed, MHC-II-mismatched macro-
phages allowed some T-cell detection of M. tuberculosis Ag
85B(241-256)–I-Ab complexes in M. tuberculosis exosomes,
suggesting that M. tuberculosis exosomes do acquire low levels
of these complexes. As an alternative to the BB7 T hybridoma,
experiments were performed with naïve P25 TCR-transgenic T
cells that also recognize M. tuberculosis Ag 85B(240-254)–I-Ab

complexes. As assessed by proliferation, naïve P25 T cells were
activated by M. tuberculosis-induced microvesicles but not exo-
somes (Fig. 5). In conclusion, both microvesicles and exosomes
from M. tuberculosis-infected macrophages can activate T-cell
responses, although indirect presentation may be important for
boosting responses to exosomes.

The implication that exosomes from M. tuberculosis-infected
cells may contain only low levels of M. tuberculosis peptide–
MHC-II complexes fits with the observation that the late en-
dosomal compartments that generate exosomes are also defi-
cient in levels of these complexes. During the processing of M.
tuberculosis by macrophages, M. tuberculosis Ag 85B(241-256)–
I-Ab complexes were detected in phagosomes but not in late
endosomal compartments (39). M. tuberculosis Ag 85B(241-
256)–I-Ab complexes subsequently trafficked to the plasma
membrane (39), from which microvesicles are derived, con-
sistent with the greater T-cell responses to endogenous M.
tuberculosis peptide–MHC-II complexes presented by mi-
crovesicles. Thus, peptide–MHC-II complexes generated by
the phagosomal processing of M. tuberculosis may target more
inefficiently for incorporation into exosomes than mi-
crovesicles. In addition, the higher levels of expression of co-
stimulatory molecules (CD86 and ICAM-1) on microvesicles
(Fig. 2C) may render them more efficient than exosomes at
activating naïve T cells. Previous studies demonstrated that
exosomes are better at activating primed T cells than naïve
CD4� T cells (27).

These studies have implications for potential physiological
roles of exosomes during bacterial infection. While the role of
the P2X7 receptor in tuberculosis is unclear (28), polymor-
phisms in P2X7 have been associated with an increased risk of
mycobacterial disease (8, 13, 15, 21, 23, 29). The source of a
physiological P2X7R ligand in the context of M. tuberculosis
infection is unknown, but ATP released from infected injured
or necrotic cells is one potential source. In addition, inflam-
matory mediators other than ATP may trigger or potentiate
P2X7R activation; these include NAD (18), lysophosphatidyl-
choline (25), and antimicrobial cathelicidin peptides (11). In-
creased mycobacterial killing has been one hypothesis for the
contribution of P2X7R to host resistance (7, 12, 14, 22, 41, 44,
45), but its involvement in the induction of MHC-II release via
exosomes and microvesicles may also contribute. M. tubercu-
losis induced the release of exosomes even in the absence of
ATP, but the ATP stimulation of M. tuberculosis-infected mac-
rophages resulted in the highest level of MHC-II release in
exosomes and microvesicles. These extracellular membranes
may traffic to sites distant from the infected cell, e.g., lymph
nodes, to generate CD4� T-cell responses. Indirect presenta-
tion may be important, and the potential contributions of both
microvesicles and exosomes should be considered and further
investigated. It is interesting to speculate that microvesicles
and exosomes may influence the differentiation or polarization
of T-cell responses, due to their content of costimulatory mol-
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ecules, potentially driving the differentiation of Th1 responses,
a topic for future investigation (e.g., by studies of polarization
of T-cell cytokine production resulting from the stimulation of
naïve T cells with exosomes and microvesicles).

These studies also have implications for general therapeutic
applications of exosomes. Exosomes are being investigated for
potential use in cancer therapy, and the constitutively released
exosomes used in these studies are generally collected from
dendritic cells over a period of 48 to 72 h. Our studies suggest
that ATP-induced exosomes could serve as an alternative to
conventional exosomes. We have observed that ATP increases
the release of exosomes from dendritic cells as well as macro-
phages (data not shown). ATP-induced exosomes can be gen-
erated very rapidly, and the yield is much higher than that
obtained with the constitutive release of exosomes, potentially
allowing significant time and cost advantages. Thus, ATP-in-
duced exosomes may be an attractive alternative to conven-
tional exosomes for therapeutic purposes.
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