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Background: Tuberculosis is the leading cause of death by an infectious microorganism
worldwide. Conventional treatment lasts at least six months and has adverse effects; therefore,
it is important to find therapeutic alternatives that reduce the bacterial load and may reduce the
treatment duration. The immune response against tuberculosis can be modulated by several
mechanisms, including extracellular vesicles (EVs), which are nano-sized membrane-bound
structures that constitute an efficient communication mechanism among immune cells.
Methods: The EVs released by the J774A.1 mouse macrophage cell line, both sponta-
neously (S-EV) and after infection with Mycobacterium tuberculosis H37Rv (Mtb-EV), were
purified by ultra-centrifugation and size-exclusion chromatography. The size distribution and
chemical composition of these EVs were evaluated, and their effect on the bacterial load and
the production of cytokines was determined in both in vitro and in vivo models of M.
tuberculosis infection.

Results: Mtb-EV are larger than S-EV, they contain M. tuberculosis-specific antigens (not
detected in EVs released from M. fortuitum-infected J774A.1 cells) and are rich in phospha-
tidylserine, present in their outer membrane layer. S-EV, but not Mtb-EV, reduced the
bacterial load and the production of MCP-1 and TNF-a in M. tuberculosis-infected macro-
phages, and these effects were reversed when phosphatidylserine was blocked with annexin
V. Both S-EV and Mtb-EV significantly reduced the lung bacterial load in mice infected with
M. tuberculosis after 60 days of treatment, but they had no effect on survival or on the lung
pneumonic area of these mice.

Conclusion: J774A.1 macrophages infected with M. tuberculosis H37Rv released EVs that
differed in size and phosphatidylserine content from spontaneously released EVs, and these EVs
also had different biological effects: S-EV reduced the mycobacterial load and the cytokine
production in vitro (through a phosphatidylserine-dependent mechanism), while both EVs
reduced the lung bacterial load in vivo. These results are the basis for further experiments to
evaluate whether EVs improve the efficiency of the conventional treatment for tuberculosis.
Keywords: tuberculosis, extracellular vesicles, phosphatidylserine, macrophages, lung
disease

Introduction

Tuberculosis is the leading cause of death by an infectious microorganism world-
wide. In 2017, 10 million individuals had active tuberculosis and 1.6 millions died
from it. The pharmacological treatment lasts 6 months for drug-susceptible
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tuberculosis and up to 24 months for multi-drug-resistant
tuberculosis,1 and the treatment causes several adverse
effects, including hepatotoxicity.” Mycobacterium tubercu-
losis is the main bacteria that causes this disease.’
Mycobacteria are present in the microaerosols that are
expelled by patients with active pulmonary tuberculosis
when they cough. When the mycobacteria reach the lungs
upon inhalation, they are phagocytosed by alveolar macro-
phages but resist their bactericidal mechanisms, and thus
persist inside these innate immune cells. Dendritic cells
transport mycobacterial antigens to the draining lymph
nodes and drive the activation of antigen-specific T cells,
which return to the lung and promote the containment of
the mycobacteria inside granulomas. Granulomas are spe-
cialized structures formed by macrophages, lymphocytes,
fibroblasts and other immune cells,” and their integrity is
dependent on cellular communication through the cyto-
kines TNF-a® and IFN-y.°

There is another cellular communication mechanism
that has received attention in recent years: through extra-
cellular vesicles (EVs), nano-sized spherical structures
(with diameters less than 1000 nm), surrounded by a
bilayer lipid membrane. EVs derived from multivesicular
bodies are called exosomes, while EVs derived from the
cellular membrane are called ectosomes.’ In addition to
lipids, EVs contain proteins and nucleic acids within
them.® 1% EVs are produced by non-activated cells,'® but
many activation signals increase their production and alter
their composition and consequently alter the effects of
these vesicles on their target cells.'' The EVs that are
released by M. tuberculosis-infected macrophages contain
mycobacterial proteins,'? induce the production of cyto-
kines and chemokines,'® induce macrophage transmigra-
tion in vitro and macrophages recruitment in vivo,'
modify the response of other immune cells to cytokines'
and are an important source of antigens for the activation
of M. tuberculosis-specific CD4 T cells.'® These character-
istics suggest that EVs released by M. tuberculosis-
infected macrophages could be useful for the treatment
of tuberculosis. The low toxicity and high biological bar-
rier permeability of EVs makes them attractive candidates
as therapeutic agents,'””'® but the EVs released by M.
tuberculosis-infected macrophages have not yet been
tested as possible therapeutic agents for the treatment of
tuberculosis.

In a previous study, we demonstrated that EVs released
by M. tuberculosis-infected human neutrophils increase
mycobacterial clearance in human macrophages.'® In this

study, we purified and characterized the EVs released from
mouse macrophages, both spontaneously and after infec-
tion with M. tuberculosis, and we tested the effects of
these EVs on the bacterial load in an in vitro model of
M. tuberculosis infection and in a mouse model of pro-
gressive pulmonary tuberculosis. We found that in both
models, the EVs decreased the bacterial load. An auxiliary
treatment that decreases the bacterial load in vivo could
therefore be used to shorten the duration of the conven-
tional anti-tuberculosis pharmacologic treatment.

Materials and methods

Ethics statement

All our protocols for animal care and use were reviewed
and approved by the Bioethics Committee of ENCB-IPN
(CEI-ENCB 009/2013) or by the Committee for Animal
Research of the Instituto Nacional de Ciencias Médicas y
Nutricion Salvador Zubiran (PAT-1825-16/19-2). All the
animal experiments were carried out according to NOM
062-200-1999 guidelines of the Mexican Constitution.

Mycobacterium tuberculosis culture

M. tuberculosis H37Rv (strain TMC 102) was cultured in
Middlebrook 7H9 medium (Becton Dickinson, Sparks,
MD) with 10% oleic, albumin, dextrose and catalase
(OADC) growth supplement (Becton Dickinson) at 37 °C
for 4 weeks. Bacteria were harvested by centrifugation and
stored in DMEM (Gibco, Carlsbad, CA) with 40% fetal
calf serum (Gibco) at =70 °C.

Mycobacterium fortuitum culture

M.  fortuitum (strain ATCC 6841) was cultured in
Middlebrook medium (Becton Dickinson) with 10% oleic,
albumin, dextrose and catalase (OADC) growth supplement
(Becton Dickinson) at 37°C for 16 h. Bacteria were harvested
by centrifugation and stored in DMEM (Gibco) with 40%
fetal calf serum (Gibco) at —70 °C.

Purification of the EVs released by

J774A.1 macrophages
The J774A.1
Manassas, VA) was cultured to near 100% confluence in
150 cm? culture flasks, at 37 °C and 5% CO,, in DMEM
(Gibco) with 10% fetal calf serum (Gibco). Cells were
washed three times with Hanks’ balanced salt solution

mouse macrophage cell line (ATCC,

(Gibco), and the medium was replaced with 12.8 ml of
DMEM with 2.6% of EV-reduced fetal calf serum. To
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prepare this serum, 12.5 ml of fetal calf serum were
centrifuged at 160,000 xg in an Optima XL-90 ultracen-
trifuge (Beckman Coulter, Brea, CA) with a SW40Ti rotor
for 3 h at 4°C; the upper three-fourths of the serum volume
were recovered. After 4 h at 37 °C and 5% CO,, the
spontaneously released extracellular vesicles (S-EV) were
recovered from the culture supernatants. In some cases,
J774A.1 macrophages were infected with M. tuberculosis
or with M. fortuitum at a MOI of 10. Before infection, the
mycobacteria were washed with Hanks’ balanced salt
solution (Gibco) and harvested by centrifugation. After
4 h at 37 °C and 5% CO,, the extracellular vesicles
released by J774A.1 cells in response to M. tuberculosis
(Mtb-EV) or M. fortuitum (Mf-EV) infection were recov-
ered from the culture supernatants.

Culture supernatants were collected and centrifuged at
10,000 xg for 30 min to remove cells and cell debris, and
at 160,000 xg for 90 min to concentrate the EVs in a final
volume of 1.5 ml. The EVs were purified by size-exclu-
sion chromatography in a Sepharose 4B column (GE
Healthcare, Uppsala, Sweden); EVs were eluted with
endotoxin-free sterile saline solution, and 1 ml fractions
were collected. The fractions that contained EVs were
identified by their absorbance at 230 nm, which has a

° and

higher sensitivity than their absorbance at 280 nm,?
EVs were stored at 4 °C for no more than one week before

use (Figure S1).

Extracellular vesicle characterization
Transmission electron microscopy (TEM)

Ten microliters of EV suspension (stored at 4 °C for
12 h after purification) were placed on Formvar-cov-
ered copper grids (Agar Scientific, Stansted, UK) and
stained with 1% phosphotungstic acid (Electron
Microscopy Sciences, Hatfield, PA) for 30 s. The pre-
parations were observed in a JEM-1010 microscope
(Jeol, Peabody, MA). For cryogenic electron micro-
scopy (Cryo-TEM), 10 pl of EV suspension were
directly observed in a JEM-2100 LaB6 microscope
(Jeol). The Digital Micrograph 2.0x software (Gatan,
Pleasanton, CA) was used.

Nanoparticle tracking analysis

The EV size distribution was determined in a Nanosight
NS300 (Malvern Panalytical, Malvern, UK) with the
488 nm laser and the NTA 3.2.16 software (Malvern).
The average of the results obtained from four one-minute
reads is reported.

Flow cytometry

One milliliter of EV suspension was stained with 1 pl of
rabbit anti-mouse Rab7 antibody (clone ab137029,
Abcam, San Francisco, CA) at 4 °C overnight. The EVs
were washed by ultracentrifugation at 160,000 xg for
90 min in an Optima MAX ultracentrifuge (Beckman
Coulter) with a TLS55 rotor; 200 pl of suspension were
collected from the bottom of the tube and stained with 1 pl
of FITC-labeled anti-rabbit IgG antibody (clone 31,635,
Thermo Fisher Scientific, Waltham, MA) at room tempera-
ture for 1 h. 800 pl of Hanks’ balanced salt solution
(Gibco) were added and the EVs were washed again.
200 pl of suspension were collected from the bottom of
the tube. Ten min before analysis, 1 pl of APC-labeled
annexin V (BioLegend, San Diego, CA) and 200 pl of
annexin V binding buffer (BioLegend) were added
(annexin V is a protein that binds to phosphatidylserine
when this phospholipid is present in the outer membrane
layer). The EVs were analyzed in a FACSCalibur (Beckton
Dickinson, San Jose, CA) flow cytometer previously
washed with 1 L of 0.45 pum-filtered 0.5% sodium hypo-
chlorite and 5 L of 0.45 pum-filtered distilled water. At
least 900,000 events were acquired for each sample. Data
were analyzed with FlowJo 10.4.2 software (FlowJo LLC,
Ashland, OR).

Extracellular vesicle chemical
composition

Protein analysis

Proteins were extracted from EV suspensions with 15%
(final concentration) of trichloroacetic acid, and analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE; 2 nug
of protein per well) with 5/12% polyacrylamide gels and
run with Tris/glycine/SDS (25 mM/192 mM/1%) buffer.
The electrophoresis was performed at 30 mA for 90 min;
the proteins were visualized with silver staining (GE
Healthcare) and analyzed with ImageJ software 1.50i
(National Institutes of Health, Bethesda, MD).
Alternatively, for the Western blot analysis, the proteins
were transferred to a 0.45 um pore nitrocellulose mem-
brane (Amersham Biosciences, Little Chalfont, UK) using
an electrotransfer tank (0.8 mA/cm? for 90 min). The
membrane was blocked with 5% skimmed milk in PBS
for 1 h at 4°C. The membrane was then incubated with
1:7,000 rabbit anti-M. tuberculosis H37Rv soluble extract
(MTSE) serum [which was prepared by immunizing a
rabbit with 1 mg of MTSE mixed 1:1 with incomplete

International Journal of Nanomedicine 2019:14

submit your manuscript

6709

Dove


http://www.dovepress.com
http://www.dovepress.com

Garcia-Martinez et al

Dove

Freund’s adjuvant (Sigma Aldrich, St. Louis, MO); a total
of two immunizations were performed, on day 0 and day
28, and blood was obtained on day 42]. The membrane
was left at 4°C overnight. After extensive washing with
PBS, peroxidase-labeled anti-rabbit IgG antibody (clone
Poly4064, BioLegend), diluted to 1:2,000 was added, and
the bands were visualized with 3,3’-diaminobenzidine
(Sigma-Aldrich) and H,0,.

Lipid analysis

Lipids were extracted from EV suspensions with the Folch
method,?' adding an equal volume of chloroform/methanol
2:1. After chloroform/methanol evaporation, lipids were ana-
lyzed by thin-layer chromatography using Silica gel 60 Fs4
plates (Merck, Darmstadt, Germany) and chloroform/metha-
nol/acetic acid/water 65:25:8:4 as the mobile phase. After
drying for 2 h, the plates were treated with 1% ninhydrin in
ethanol (which reacts to lipids with free amino groups, such
as phosphatidylserine and phosphatidylethanolamine)** or
with 5% sulphuric acid in ethanol (which reveals the total
carbon content of each sample).”> The plates were photo-
graphed and analyzed with Imagel] 1.50i software. Lipids
from 1x10° J774A.1 cells were extracted and analyzed at
the same time as the EV lipids, in order to determine the
position of phosphatidylserine and phosphatidylethanola-
mine on the plates (phosphatidylethanolamine migrates fas-
ter than phosphatidylserine).>*

In vitro model of mycobacterium

tuberculosis infection

J774A.1 cells were cultured to near 100% confluence in
24-well plates (Corning) and infected with M. tuberculosis
H37Rv at MOI =10 for 3 h. Cells were washed, and
extracellular mycobacteria were eliminated with 10
pg/ml amikacin (Bruluart, Tultitldin, Mexico). After 1 h,
the cells were washed and incubated in DMEM with 7% of
EV-reduced fetal calf serum, 200 pl of annexin V binding
buffer (BioLegend) and 2.5 pg (the protein concentration
was determined by absorbance at 230nm) of EVs or
annexin V-blocked EVs. [These EVs were incubated with
1 pl of unlabeled annexin V (BioLegend) for 15 min
before use; the blocking of phosphatidylserine was con-
firmed by adding 1 pl of APC-labeled annexin V
(BioLegend) and analyzing by flow cytometry]. After
44 h, the culture supernatants were collected and stored
at =70°C, and CFU were determined by lysing the cells
with 500 pl of 0.1% Triton X-100 (Sigma-Aldrich) for
7 min and performing serial dilutions in 7H9 broth; 10 pl

of each dilution were plated on Middlebrook 7H10 agar
with OADC growth supplement. Colonies were counted at
days 7 and 15. The culture supernatants were analyzed
with a CBA Mouse Inflammation Kit (BD Biosciences,
San Jose, CA) to determine the concentrations of 1L-6, IL-
10, IL-12p70, MCP-1 and TNF-a; the samples were
in a FACSAria III flow cytometer (BD
Biosciences). Data were analyzed with FlowJo 10.4.2

acquired
software.

Mouse model of pulmonary tuberculosis

BALB/c mice (8 weeks of age, male) were anesthetized and
inoculated intra-tracheally with 2.5x10° CFU of M. tubercu-
losis H37Rv in 100 pl of endotoxin-free sterile PBS.? Thirty
days after infection, each mouse (10 mice per group)
received intra-peritoneal injections of 100 pl of 0.85%
NaCl alone or with 2.5 g of vesicle protein of S-EV or
Mtb-EV, three times per week (as previously reported for
other anti-tuberculosis treatments tested in this mouse
model).?*?” Mice were euthanized after 30 or 60 days of
treatment. The right lung of each mouse was homogenized in
a Fast-prep 24 (MP Biomedicals, Santa Ana, CA) with 1 ml
of sterile 0.05% Tween 80 in PBS, serial dilutions in PBS-
Tween 0.05% broth were performed, and 10 pl of each
dilution were plated on Middlebrook 7H10 agar with
OADC growth supplement; colonies were counted after 14
and 21 days. The left lung of each mouse was perfused with
absolute ethanol for at least 24 h and embedded in paraffin.
Four micrometer-thick slides were obtained and stained with
hematoxylin and eosin, and the pneumonic area in each slide
was determined with the image analysis software Leica
Wetzlar,
Germany). For this analysis, images from different fields of

Application suite 4.2 (Leica Microsystems,
the slide (observed at 25x magnification) were stitched
together to create an image of the whole lung section. The
pneumonic area (the parenchyma that had undergone hepa-
tization) was marked off manually. To determine the total
parenchymal area, the perimeter of the lung was marked off
manually, and the areas corresponding to the blood vessels
and to the respiratory tree were subtracted from this total lung
area. The percentage of the pneumonic area, compared to the
total parenchymal area, was calculated for each case.

Statistical analysis

Data were analyzed with the SigmaPlot 12.2.0.45 software
(Systat Software, San Jose, CA). Wilcoxon signed-rank
test or Mann—Whitney U test were used to compare two
groups, while Kruskal-Wallis test followed by Tukey’s
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test, or one-way analysis of variance (ANOVA) followed
by Tukey’s test, were used to compare more than two
groups. The Kaplan—Meier estimator was used for survival
analysis. A p-value <0.05 was considered significant.

Results

The EVs released by infected |774A.1
macrophages differ in size and chemical
composition from spontaneously-

released EVs

J774A.1 cells spontaneously release EVs to the culture super-
natant. To determine if infection with M. tuberculosis modi-
fies the size and the chemical composition of these EVs, we
purified the EVs released spontaneously from J774A.1 cells
(S-EV) and the EVs released from J774A.1 cells infected
with M. tuberculosis H37Rv for 4 h (Mtb-EV). Figure 1A
shows the absorbance at 230 nm of each fraction obtained
from the size-exclusion chromatography performed on the
ultra-centrifuged culture supernatant of M. tuberculosis-
infected J774A.1 cells. Fraction 26 corresponded to the first
fraction with peak absorbance that contained EVs (Figure
1C); earlier fractions, such as fraction 15, contained no EVs
(Figure 1B), and later fractions were composed mainly of
culture media. For all subsequent experiments, we used the
EV-containing fractions (Figure 1C is a representative
image). Cryo-TEM analysis confirmed that the purified
EVs conserved their integrity and had bilayered membranes
(Figure 1D), and showed that S-EV (Figure 1E) were smaller
than Mtb-EV (Figure 1F). Nanoparticle tracking analysis
confirmed that most S-EV had a size of around 130 nm,
while most Mtb-EV had a size of around 150 nm
(Figure 1G).

SDS-PAGE indicated that S-EV and Mtb-EV had a
similar protein composition. However, a 22 kDa protein is
only found in Mtb-EV (Figure 2A and B, arrows). Western
blot analysis of Mtb-EV showed that they contained M.
tuberculosis H37Rv antigens of 30, 40, 50 and 100 kDa,
which were not present in S-EV. These antigens are specific
of M. tuberculosis, since they were not detected in EVs
released from J774A.1 cells infected for 4 h with M. for-
tuitum (Mf-EV), a mycobacteria with many cell wall com-
ponents similar to those of M. tuberculosis*®*° (Figure 2C).
Mtb-EV tended to have increased phosphatidylserine in
their outer membrane layer and an increased percentage
of phosphatidylserine-containing EVs in comparison with
S-EV (Figure 2D and E). Accordingly, Mtb-EV had a sig-
nificantly higher content of phosphatidylserine, as assessed

by thin-layer chromatography, than S-EV (Figure 2F),
while these two EVs did not differ in their total carbon

content (Figure 2G).

The EVs released by J774A.1
macrophages reduce the bacterial load in
both in vitro and in vivo models of

mycobacterium tuberculosis infection

The expression of phosphatidylserine on the outer layer of
cell membranes has anti-inflammatory effects on immune
cells.’**! To determine if the phosphatidylserine found on
S-EV and Mtb-EV affected the bactericidal capacity or the
cytokine production of mouse macrophages, J774A.1 cells
were infected with M. tuberculosis H37Rv and then treated
with EVs or annexin V-blocked EVs. Figure 3A shows
that unlabeled annexin V prevented the binding of APC-
labeled annexin V to Mtb-EV, confirming that unlabeled
annexin V masks the phosphatidylserine on the outer layer
of the EV membranes. S-EV reduced the bacterial load in
M. tuberculosis-infected J774A.1 cells, and this effect was
not observed when the phosphatidylserine on S-EV was
blocked with annexin V (Figure 3B). S-EV also reduced
the production of MCP-1 and TNF-a by M. tuberculosis-
infected J774A.1 cells, and this effect was reversed when
the phosphatidylserine on S-EV was blocked with annexin
V (Figure 3C). No differences were observed in IL-6
production (Figure 3C), and no IFN-y, IL-12 p70 or IL-
10 production was detected at this time (data not shown).
Mtb-EV did not change the bacterial load or the cytokine
production in M. tuberculosis-infected J774A.1 cells
(Figure 3B and C).

To determine if the reduction in bacterial load also
occurred in vivo, we used a mouse model of pulmonary
tuberculosis, in which mice are infected intra-tracheally
with M. tuberculosis H37Rv. Infected mice were treated
intra-peritoneally with saline solution, with S-EV or with
Mtb-EV three times per week. EVs had no significant
effect on mice survival (Figure 4A), but both S-EV and
Mtb-EV decreased the lung bacterial load after 60 days of
treatment (Figure 4B). However, treatment with S-EV or
with Mtb-EV had no effect on the lung pneumonic area in
M. tuberculosis-infected mice (Figure 4C and D).

Discussion

EVs are released by most cell types and, since they trans-
port lipids, proteins and nucleic acids from the donor cell
to the target cell, they constitute an efficient cellular
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Figure | EVs released by infected J774A.1 macrophages are larger than spontaneously-released EVs. EVs were purified from J774A.1 cells that had been infected with M.
tuberculosis H37Rv for 4 h (Mtb-EV). (A) Absorbance at 230 nm of the fractions obtained from the size-exclusion chromatography performed on the ultra-centrifuged
culture supernatant of M. tuberculosis-infected J774A.1 cells. (B) TEM analysis of fraction 15. (C) TEM analysis of fraction 26. The results are representative of four
experiments. (D) Cryo-TEM analysis of a fraction containing Mtb-EV. (E) Cryo-TEM analysis of EVs released spontaneously from J774A.1 cells (S-EV). (F). Cryo-TEM analysis
of Mtb-EV G. Nanoparticle tracking analysis of S-EV and Mtb-EV, showing the percentage of particles in a sample that are of the indicated size. The result is representative of

four experiments. In TEM and Cryo-TEM, bars =100 nm.

Abbreviations: M. tuberculosis, Mycobacerium tuberculosis; TEM, transmission electron microscopy; EVs, extracellular vesicles.

communication mechanism. Since the composition of EVs
can change in response to the activation signal that leads to
its production,'’ in this work we compared the EVs
released spontaneously from J774A.1 macrophages (S-
EV) with those released from J774A.1 macrophages that
had been infected with M. tuberculosis H37Rv for 4 h
(Mtb-EV). S-EV were smaller than Mtb-EV, and their
protein composition, as assessed by SDS-PAGE, was
broadly similar, differing only in a 22 kDa protein that
was present in Mtb-EV but not in S-EV. As expected, Mtb-
EV contained mycobacterial antigens; the most abundant
of these antigens had molecular weights of 30, 40, 50 and
100 kDa, but not of 22 kDa. These antigens were specific
of M. tuberculosis, since they were not detected in EVs
released from J774A.1 macrophages that had been infected
with M. fortuitum for 4 h (Mf-EV). M. fortuitum has cell
wall components that cross-react with the cell wall com-
ponents of M. tuberculosis,***° but these antigens, or any
other antigen shared between these two mycobacteria,

were not present in the Mf-EV, since these EVs did not
react with an anti-M. tuberculosis H37Rv soluble extract
(MTSE) serum.

Rab7 is a characteristic marker of exosomes, because
these EVs derive from late endosomes. Rab7 is present in
EVs released from mouse macrophages and from human
with M. 3233
Phosphatidylserine is found in the outer membrane layer

neutrophils  infected tuberculosis.
of exosomes,*® ectosomes,>® microvesicles®® and even
synaptic vesicles.?’ It is a phospholipid with anti-inflam-
matory effects, and its transport from the inner to the outer
membrane layer is a characteristic feature of cellular
apoptosis.’® However, the enrichment of phosphatidylser-
ine in EVs is not associated with apoptosis of the EV-
producing cell.>® We confirmed that S-EV and Mtb-EV
contained Rab7 and, as expected, they also contained
phosphatidylserine in their outer membrane layer.>* Mtb-
EV had an increased content of phosphatidylserine, as
assessed by thin-layer chromatography (a method with
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Figure 2 EVs released by infected |774A.1 macrophages contain Mycobacterium tuberculosis antigens and are enriched in phosphatidylserine. EVs were purified from J774A.1 cells (S-EV),
from J774A.1 cells that had been infected with M. fortuitum for 4 h (Mf-EV) or from J774A.1 cells that had been infected with M. tuberculosis H37Rv for 4 h (Mtb-EV). (A) S-EVand Mtb-EV
were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), the arrow indicates a 22 kDa protein exclusive to Mtb-EV. MW, molecular weight marker. (B) Densitometric
analysis of the SDS-PAGE in A, the arrow indicates a 22 kDa protein exclusive to Mtb-EV. MW, molecular weight marker. RF, Running front. (C) S-EV, Mf-EV and Mtb-EV were analyzed by
Western blot, with an anti-M. tuberculosis H37Rv soluble extract (MTSE) serum as primary antibody. The arrows indicate 30, 40, 50 and 100 kDa antigens. MWV, molecular weight marker.
(D) S-EVand Mtb-EV were stained with rabbit anti-mouse Rab7 antibody and FITC-labeled anti-rabbit IgG antibody, and with APC-labeled annexin V [which binds to phosphatidylserine
(PS)] and were analyzed by flow cytometry. (E) The APC-labeled annexin V mean fluorescence intensity (MFl) and the percentage of phosphatidylserine-containing EVs from three
experiments are shown. Wilcoxon signed-rank test. n.s, not significant. (F, G) Lipids were extracted from J774A.1 cells, from S-EV and from Mtb-EV, and analyzed by thin-layer
chromatography, with ninhydrin [which reacts with lipids with free amino groups, such as phosphatidylserine (PS) and phosphatidylethanolamine (PE)] or with sulphuric acid (which
reveals the total carbon content of each sample). One plate representative of three is shown. The spot density is expressed as area under the curve. Graphs represent mean and SEM of
three independent experiments. Mann—Whitney U test.

Abbreviations: M. tuberculosis, Mycobacerium tuberculosis; M. fortuitum, Mycobacterium fortuitum; TEM, transmission electron microscopy; EVs, extracellular vesicles; SD,
standard deviation; n.s., not significant.
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Figure 3 EVs released by J774A.1 macrophages reduce the bacterial load and the production of MCP-1 and TNF-a through a phosphatidylserine-dependent mechanism.
J774A.1 cells were infected with M. tuberculosis H37Rv at a MOI =10 for 3 h; extracellular mycobacteria were eliminated with 10 pg/ml amikacin for | h and 2.5 pg of EVs or
annexin V (AnV)-blocked EVs were added. After 44 h, bacterial load and cytokine concentrations were determined. (A) Left panel: Mtb-EV were stained with APC-labeled
annexin V and analyzed by flow cytometry. Middle panel: Mtb-EV were incubated with unlabeled annexin V and analyzed by flow cytometry. Right panel: Mtb-EV were
incubated with unlabeled annexin V for 15 min and then stained with APC-labeled annexin V and analyzed by flow cytometry. (B) CFU in infected J774A.1 cells, incubated
with medium alone (untreated), with EVs or with annexin V-blocked EVs. (C) Concentrations of TNF-a, MCP-1 and IL-6 in the supernatants of infected J774A.1 cells,
incubated with medium alone (untreated), with EVs or with annexin V-blocked EVs (Mtb-EV-AnV). Graphs represent mean and SEM of three independent experiments.
Dotted lines indicate the limit of detection of the assay. One-way ANOVA with Tukey's test: *, p<0.05; *p<0.01; **p<0.001. S-EV, EVs purified from J774A.1 cells; Mtb-EV,

EVs purified from J774A.1 cells that had been infected with M. tuberculosis H37Rv for 4 h.
Abbreviations: M. tuberculosis, Mycobacerium tuberculosis; EVs, extracellular vesicles; SD, standard deviation.

higher sensitivity than flow cytometry). This increase in
phosphatidylserine content could be caused by the activity
of phospholipid scramblase 1(PLSCR1), since this enzyme
transports phosphatidylserine from the inner to the outer
layer of cellular membranes®® and is overexpressed in
patients with tuberculosis.*’

Liposomes with phosphatidylserine in their outer mem-
brane layer and phosphatidic acid in their inner membrane
layer reduce the bacterial load in in vitro and in vivo models of
tuberculosis,*' and the phagocytosis of apoptotic bodies inhi-
bits the production of TNF-o and induces the release of TGF-f
by macrophages.,>'** The phosphatidylserine receptor stabi-
lin-2 is necessary for these processes.*> Ectosomes derived
from human neutrophils express phosphatidylserine in their

outer membrane layer, and these ectosomes decrease the pro-
duction of TNF-a and induce the release of TGF-B by human
macrophages.*® To determine if S-EV and Mtb-EV had an
effect on the bactericidal capacity or the cytokine production
of mouse macrophages, J774A.1 cells were infected with M.
tuberculosis H37Rv and then treated with EVs or with annexin
V-blocked EVs. S-EV reduced the bacterial load and the
production of MCP-1 and TNF-a in M. tuberculosis-infected
J774A.1 cells, and these effects were reversed when phospha-
tidylserine was blocked with annexin V, indicating that the
anti-mycobacterial and anti-inflammatory effects of S-EV are
phosphatidylserine-dependent. In a previous study, we
reported that EVs released by M. tuberculosis-infected
human neutrophils induce autophagy and reduce the bacterial
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Figure 4 EVs released by J774A.1 macrophages reduce the bacterial load in a mouse model of pulmonary tuberculosis. BALB/c mice were inoculated intra-tracheally with
2.5%10° CFU of M. tuberculosis H37Rv. Thirty days after infection, each mouse (10 mice per group) received intra-peritoneal injections (three times per week) of saline
solution, alone, with EVs purified from J774A.1 cells (S-EV) or with EVs purified from J774A.1 cells that had been infected with M. tuberculosis H37Rv for 4 h (Mtb-EV). Mice
lungs were analyzed after 30 or 60 days of treatment. (A) Mice survival. The arrow indicates the beginning of the indicated treatments. (B) Lung bacterial load. The graph
represents mean and SEM of one experiment (representative of three independent experiments). Two-way ANOVA with Tukey's test: **p<0.001. (C) Lung sections and
lung pneumonic areas at 30 days of treatment. The graph represents mean and SEM of one experiment (representative of three independent experiments). Kruskal-Wallis
test: n.s., not significant. (D) Lung sections and lung pneumonic are at 60 days of treatment. The graph represents mean and SEM of one experiment (representative of three

independent experiments). Kruskal-Wallis test.

Abbreviations: M. tuberculosis, Mycobacerium tuberculosis; CFU, colony forming unit; EVs, extracellular vesicles; SD, standard deviation; n.s., not significant.

load in infected macrophages.'® It remains to be determined if
S-EV also reduce the bacterial load by inducing autophagy in
macrophages. In contrast to S-EV, Mtb-EV had no effect on
the bacterial load or on cytokine production in M. tuberculosis-
infected J774A.1 cells, and the blocking of phosphatidylserine
with annexin V had no detectable effect on the activity of these
EVs. It has been shown that EVs from macrophages' or
neutrophils'® infected with M. tuberculosis contain TLR
ligands, so it is possible that Mtb-EV-induced TLR activation
might cancel the anti-inflammatory effects of the phosphati-
dylserine from these EVs.

As a first approach to evaluate the therapeutic potential of
EVs, we tested the S-EV and Mtb-EV in a mouse model of
pulmonary tuberculosis. In a previous study, membrane vesi-
cles released by M. tuberculosis were administered subcuta-
neously to mice (2.5 pg of vesicle protein per mouse). These
vesicles elicited a protective immune response against an
acrosol infection with M. tuberculosis that was comparable
to the response elicited by immunization with Bacillus
Calmette-Guérin (BCG).** However, when these same
membrane vesicles were administered intra-tracheally to
mice (25 pg of vesicle protein per mouse), they increased
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the bacterial load and the lung pathology after an aerosol
infection with M. tuberculosis.*> In our model, which repre-
sents the treatment of an ongoing tuberculosis infection
rather than a vaccine strategy, we administered 2.5 pug of
vesicle protein per mouse by intra-peritoneal injection, to
achieve faster distribution of the EVs.*® We observed that
S-EV and Mtb-EV had no effect on the survival or the lung
pneumonic area of mice infected intra-tracheally with M.
tuberculosis H37Rv, but both EVs significantly reduced the
lung bacterial load after 60 days of treatment.

Our results indicate that Mtb-EV decreased the bacterial
load in vivo but not in vitro, which suggests that other EV
components, in addition to phosphatidylserine (which is
increased in Mtb-EV, compared to S-EV), also elicit an
anti-mycobacterial effect. EVs released by J774 macro-
phages infected with M. tuberculosis H37Rv contain myco-
bacterial antigens, including the antigen 85 (Ag85) complex
(Rv3804c, Rv1886¢ and Rv0129¢c) and ESAT-6 (Rv3875)."?
These antigens are actively sorted into the exosomes by
Rab27, since the exosomes released from Rab27-deficient
macrophages contain fewer mycobacterial antigens, and
serum exosomes from Rab27-deficient mice induce lower
production of TNF-a by bone marrow-derived macrophages
than serum exosomes from wild-type mice.'® It has been
shown that the presence of mycobacterial antigens in EVs
released by infected neutrophils can lead to mycobacterial
clearance in vitro,'” and antigen-containing exosomes con-
tribute to the T cell anti-mycobacterial response in a mouse
model of M. tuberculosis infection.'®*? T-cell activation by
Mtb-EV, which would occur in vivo but not in vitro, could
explain why Mtb-EV decreased the bacterial load in the
mouse model of pulmonary tuberculosis but not in M.
tuberculosis-infected J774A.1 cells.

In future studies, it will be necessary to evaluate the
efficiency of S-EV and Mtb-EV in combination with the
conventional anti-tuberculosis pharmacologic treatment to
determine if these EVs can shorten the duration of the
treatment. It will also be interesting to evaluate if the
administration of drugs that increase the production of
EVs, such as statins,*’ is beneficial during tuberculosis
treatment, and if EVs are effective against multi-drug-
resistant M. tuberculosis strains.

In conclusion, we report that EVs released by J774A.1
macrophages reduce the bacterial load in in vitro and in
vivo models of M. tuberculosis infection. The effects of
the EVs released spontaneously by J774A.1 macrophages
(S-EV) are partially dependent on the presence of phos-
phatidylserine in the outer membrane layer of these EVs,

but the effects of the EVs released by M. tuberculosis-
infected J774A.1 macrophages (Mtb-EV) are independent
of this mechanism.
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Figure S| EVs are stable at 4 °C for a week. EVs were purified from J774A.1 cells (S-EV), from J774A.1 cells that had been infected with M. fortuitum for 4 h (Mf-EV) or from
J774A.1 cells that had been infected with M. tuberculosis H37Rv for 4 h (Mtb-EV) and stored at 4 °C for one or two weeks. The proteins were purified with trichloroacetic
acid and loaded into a 5/12% polyacrylamide gel, which was visualized with silver staining.

International Journal of Nanomedicine

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology in
diagnostics, therapeutics, and drug delivery systems throughout the
biomedical field. This journal is indexed on PubMed Central,
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine,

Dove

Journal Citation Reports/Science Edition, EMBase, Scopus and the
Elsevier Bibliographic databases. The manuscript management system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2019:14

submit your manuscript 67 I 9
Dove


http://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
http://www.dovepress.com
http://www.dovepress.com

