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A B S T R A C T

Tuberculosis (TB) is a dangerous airborne disease caused by Mycobacterium tuberculosis (Mtb) and characterized
by a tight interplay between pathogen and host cells, mainly alveolar macrophages. Studies of the mechanisms of
Mtb survival within human cells during TB disease are extremely important for the development of new stra-
tegies and drugs for TB treatment. We have used the ex vivo cultures of alveolar macrophages and histological
sections obtained from the resected lungs of patients with pulmonary TB to establish the unique features of Mtb
lifestyle in host cells. Our data indicate that Mtb with different virulence, as single and in colonies, with or
without cording morphology, are exclusively intravacuolar pathogens with intact phagosomal membranes in
viable host cells of TB patients andMtb-infected guinea pig. Mycobacteria were detected in the cytoplasm and/or
damaged vacuoles only in alveolar macrophages with morphological signs of cell death after prolonged ex vivo
culture, however Mtb were found inside phagosomes in viable alveolar macrophages or cells with apoptotic/
necrotic morphology in the same ex vivo cell culture. The Mtb phagosomes interacted with human different
endocytic pathways, but inhibited phagolysosomal biogenesis, while intracellular vesicles containing Mtb pro-
ducts were fused with lysosomes in the same host cells.

1. Introduction

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis
(TB), is an extraordinarily successful human pathogen and one of the
leading causes of deaths from infectious diseases worldwide [1]. With
the increasing prevalence of multidrug resistant and extensively drug
resistant Mtb [2], there is a need to develop new diagnostics, vaccines
and drugs based on the peculiarities of Mtb-host interactions in patients
with pulmonary TB. As is well known, Mtb is spread through aerosols
and taken up by alveolar macrophages within the lungs, where the

pathogen is typically internalized in the membrane-bound compart-
ment of macrophages and/or dendritic cells, called the Mtb phagosome
[3–5]. Instead of being eliminated, Mtb demonstrates a remarkable
ability to survive, replicate, and persist for long periods within human
host cells [3–7]. M. tuberculosis inhibits phagosomal maturation and
blocks delivery to lysosomes through the manipulation of host signal
transduction pathways using various strategies and mycobacterial mo-
lecules: lipids, such as glycolipid lipoarabinomannan (LAM) and others
[3–5,8–10], and proteins, such as the 6-kDa early secretory antigenic
target (ESAT-6) protein and the 38-kDa phosphate binding glycoprotein
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PstS-1 (Ag38) [5,11]. These Mtb products (LAM, ESAT-6, and Ag38) are
essential for virulence of Mtb, too [12].

In the past decades, several researcher groups have reported that
Mtb are able to escape from the phagosomal compartment into the
cytoplasm of host cells infected in in vitro cultures [13–18]. The Mtb
vacuole-to-cytosol translocation was identified using both electron
microscopy techniques [13,14] and the CCF-4 based fluorescence re-
sonance energy transfer (FRET) assay [15–18], which is primarily used
to analyze the intracellular localization of Gram-negative bacteria [19].
FRET image analysis of Mtb escape from a phagosomal vacuole is based
on the constitutive expression of endogenous β-lactamases by Mtb
naturally resistant to β-lactam antibiotics, such as ampicillin and mer-
openem [20]. It is also proposed that the β-lactamases ofMtb are always
membrane-associated proteins located in the cell envelope, β-lactamase
activity being presented only on the surface of Mtb [15–18]. Conse-
quently, the loading of host cells with a chemical probe, which is a
substrate for β-lactamases retained only within the host cytoplasm and
sensitive to FRET changes, allows detection of the cytoplasmic contact
of Mtb, suggesting its phagosomal escape [15–18]. It has been de-
monstrated that only pathogenic Mycobacterium species and patient-
derived Mtb strains translocate to the cytoplasm of human cells within
1–7 days after in vitro infection and that cytoplasmic translocation is an
ESAT-6-dependent process and strongly correlates with increased my-
cobacterial virulence, a more pathogenic phenotype, and cell death
induction in human macrophage-like THP-1 cells, monocyte- and bone
marrow-derived macrophages [13–18]. It has been proposed that Mtb
phagosomal rupture and vacuole-to-cytosol translocation are the pro-
cesses that precede and trigger host cellular death and are required both
for Mtb replication and dissemination in humans during the develop-
ment of active pulmonary TB disease [13–18,21,22]. However, other
researchers have observed Mtb only in the membrane-bound compart-
ments of human macrophages and dendritic cells both infected in in
vitro culture and isolated from the bronchoalveolar lavage (BAL) fluid
of TB patients, with both single and multiple Mtb clearly dividing, but
the host cells remaining healthy [7,23–25]. Thus, the questions con-
cerning the location ofMtb in host cells are not yet answered in full. It is
necessary to continue analysis of these fundamental problems in the
context of Mtb-host cell interactions and the biological significance for
Mtb survival, replication and virulence, because this knowledge is very
important for the development of novel vaccines, therapeutic strategies,
and drugs for reduce the burden of TB in the world.

Our interest in these problems arose as early as during the analysis
of Mycobacterium-host cell relationships in granulomas obtained from
various organs of BALB/c mice with latent TB infection caused by in
vivo exposure to the Bacillus Calmette-Guérin (BCG) vaccine [26]. In
those studies, we identified acid-fast BCG mycobacteria actively re-
plicating in some granuloma cells of different types and forming co-
lonies, including those with cording morphology, both within visible
membrane-bound vacuoles and without visible membrane structures
around replicating microorganisms in large colonies [27]. Also, mouse
granuloma macrophages and dendritic cells with from one to up to 100
mycobacteria in each, either as single BCG or as colonies of replicating
bacteria, exhibited no morphological signs of cell death and retained
their capacity for phagocytosis and disposal of damaged lymphocytes
and platelets in ex vivo culture [27,28]. On the contrary, throughout
days 3–5 following in vitro BCG infection, we observed increased death
rates of cells heavily loaded with BCG mycobacteria in the cultures of
mouse bone marrow and peritoneal macrophages [28,29].

Next, we developed a technique to isolate alveolar macrophages
from the resected lung tissues of patients with pulmonary TB [29] and
found, in ex vivo cell cultures, the presence of a large number of viable
alveolar macrophages containing individual Mtb or their colonies, in-
cluding those with cording morphology [30,31]. Also, Mtb belonging
mainly to the Beijing genotype family in the lungs of the patients stu-
died had different virulence in the guinea pig TB model [31]. Although
all the patients received a lot of anti-TB drugs in the preoperative period

[30], we detected alveolar macrophages with more than 20 highly
virulent Mtb in each, the host cells being still viable and having neither
apoptotic nor necrotic morphology in the ex vivo cell cultures from
those patients [31].

This situation prompted us to identify the location ofMtb in alveolar
macrophages obtained from the resected lungs of patients with pul-
monary TB and from Mtb-infected guinea pig with clinical signs of TB
disease. At the first stage, we checked phagosomal integrity by confocal
fluorescence microscopy using digitonin (the substance was originally
used for analysis of Francisella-containing vacuoles [32] and then for
detection of M. marinum escape from the phagosomes [33]) to label Mtb
within the cytoplasm and/or disrupted phagosomes in alveolar mac-
rophages of TB patients in ex vivo culture. At the second stage, we used
light microscopy on the same ex vivo cell cultures as on confocal
fluorescent images re-stained for acid-fast Mtb by the Ziehl-Neelsen
(ZN) method [26–29]. Finally, we compared human cells on confocal
fluorescent images with the same alveolar macrophages re-stained by
the ZN method. Previously, we had used this strategy of re-staining cell
preparations for analysis of immunofluorescent labeled CD markers and
cytokines versus the content of acid-fast BCG mycobacteria in granu-
loma cells of mice with latent TB infection [26–29]. Here, the results
obtained using the proposed strategy indicate that, after hours 16–18 of
ex vivo culture, Mtb with different virulence, as single and in colonies,
including those with cording morphology, were exclusively in-
travacuolar in the alveolar macrophages of the patients with pulmonary
TB and the Mtb-infected guinea pig with clinical and histopathological
signs of TB disease. Mycobacteria were detected in the cytoplasm and/
or damaged vacuoles only in the host cells with morphological signs of
cell death after prolonged ex vivo culture. However, Mtb, as single and
in colonies, were found inside phagosomes in viable alveolar macro-
phages or cells with apoptotic or necrotic morphology in the same ex
vivo culture of cells. Also, here we describe some characteristics of Mtb
phagosomes and human intracellular vesicles in cells from the TB pa-
tients' lungs. As a result, we demonstrated that the maturation of the
Mtb phagosomes into phagolysosomes is arrested, but intracellular ve-
sicles containing Mtb products are fused with lysosomes in the same
host cells. Our findings represent the unique events of Mtb-host cell
interactions in alveolar macrophages from patients with pulmonary TB
and provide further support to the view that Mtb is an intravacuolar
pathogen able to arrest phagosome maturation and to evade delivery to
lysosomes in the TB patients' lung host cells.

2. Materials and methods

2.1. Patients and lung tissue samples

Lung tissue samples were obtained from 26 patients with pulmonary
TB at the Department of Thoracic Surgery of the Ural Research Institute
for Phthisiopulmonology affiliated with the National Medical Research
Center of Tuberculosis and Infectious Diseases of the Ministry of Health
of the Russian Federation (Yekaterinburg, Russia) over the period from
August 2014 to May 2015 (for patients 1÷21) and in July 2017 (for
patients 22÷26) as described in Refs. [30,34]. The patients nomen-
clature used is explained in Ref. [30]. All the patients (age, treatment,
attendant diseases, surgery and other parameters) were characterized in
detail previously in S1 and S2 Tables in Ref. [30] and here in Table 1. In
brief, all the patients had fibrotic and caseotic TB lesions in the lungs
and had been referred for the surgical management of treatment-re-
fractory pulmonary TB. A diagnosis of multidrug-resistant TB was es-
tablished for patients 1, 3, 7÷12, 14÷26, and of extensively drug-re-
sistant TB, for patient 6. Seven patients (6÷10, 22, and 23) had cavities
in the lungs. Based on clinical manifestations, chest radiography, and
computed tomography (see S2 Table in Ref. [30]) all the patients were
divided into three severity groups with different extents of TB disease:
“advanced” (patients 6, 7, and 10), “moderate” (patients 5, 8, 15, 16,
20, 22, and 24÷26), and “minimal” (the others). All procedures
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involving patients were fully reviewed and approved by the Ethical
Committee of the Ural Research Institute for Phthisiopulmonology (27/
2014/07/02) and conducted in accordance with the principles ex-
pressed in the Helsinki Declaration. Written informed consent was ob-
tained from each patient in this study. Immediately after surgery, pieces
of lung tissues (∼10–30 g) obtained from lung parts distant from
macroscopic TB lesions and cavities were collected for producing al-
veolar macrophages for patients 1÷5, 7÷23, and 26, pieces of tu-
berculomas were collected for patients 24 and 25, and the cavity wall of
the resected lung was collected for patient 6.

2.2. Ex vivo production of TB patients' alveolar macrophages

Alveolar macrophages from the samples of surgically resected lung
tissue of the patients were produced as described in Refs. [30,34]. In
brief, samples of lung tissue were cut into small pieces and rubbed
through a metal screen of a sieve with pores of 0.5–2.0mm in diameter
in phosphate-buffer saline (PBS, pH 7.4) for separating cellular sus-
pension containing alveolar macrophages from closed granulomatous-
fibrotic tissue (see here Figs. S8A–C, F-H). Cellular pellets after cen-
trifugation at 400g for 5 min at room temperature were placed to 24-

well plates (Orange Scientific, Belgium) with cover glasses in the
bottom and cultured in 0.5 ml of RPMI 1640 complete growth medium
containing 10% fetal bovine serum, 2 mM glutamine and 50 μg/ml
gentamicin (BioloT, Russia) for 16–18 h at +37 °C in an atmosphere
containing 5% CO2. At hours 16–18 of ex vivo culture, more than 90% of
cells obtained from the cavity wall, tuberculomas, and distant parts of
resected lung tissue of all the patients were found to be alveolar mac-
rophages [30]. Besides the alveolar macrophages, five more cell types
were observed: dendritic cells, lymphocytes, fibroblasts, neutrophils,
and multinucleate Langhans giant cells, but the population sizes of
these cells were much lower: see S3 Table in Ref. [30].

2.3. Mtb genotypic classification

An analysis of Mtb DNA from the tissue samples obtained from the
resected lungs of patients 1÷21 was reported previously in Refs.
[30,31]. Here, analysis of Mtb DNA from the tissue samples obtained
from the resected lung tissues of patients 22÷26 was as described in
Ref. [31]. In brief, DNA extraction from the tissue samples obtained
from the resected lungs of all the patients was done by using M-Sorb-
Tub reagent kits (Syntol, Russia). The DNA obtained was used for PCR

Table 1
The characteristics of patients with pulmonary tuberculosis (TB) and analysis of M. tuberculosis (Mtb) and alveolar macrophages with Mtb obtained from TB patients'
resected lungs after surgery.

Patient no. 22 23 24 25 26
Age (years) 55 28 63 42 57
Sex Male Male Male Male Male
Diagnosis MDR TB MDR TB MDR TB MDR TB MDR TB
Treatment before surgery Drugsa Z E Pas Cs Of K H R Z E Z Pt Cap Pas Cs Lfx Z Pt Cap Pas Lfx Z Pt Pas Cs K Lfx

Monthsb 5 12 7 9 9
Mtb in smear of sputum – – – – –
TB lesions Caseation + + + + +

Fibrosis + + + + +
Macroscopic cavity cavity tuberculoma tuberculoma tuberculoma

Surgeryc S1-2 RL S1-2 LL S1-2 RL UL RL S1-2 RL
HIV infection – – – – –
Attendant diseases – – – – –
Mtb in smear of tissue homogenate – small small small small
Mtb clinic isolated – – – – –
Mtb genotype family group Beijing Beijing Beijing B0/W148 Beijing Beijing B0/W148
TB in guinea pigs – – – – –
Mtb virulence low low low low low
Lung tissue for processing of alveolar macrophagese distant distant tuberculoma tuberculoma distant
Macrophagesf (n) 213552 37836 52812 28368 57852
Alveolar macrophages with Mtbg (%) 0.12 0.17 3.41 0.76 0.56

Mtbh (n) 249 62 1783 214 321
Mtb in coloniesi (%) 28.6 – 63.3 16.7 44.4
Mtb in cordsj (%) – – 29.0 – 25.0
1 Mtbk (%) 71.4 100 32.0 83.3 55.6
2 Mtbk/l (%) 28.6/100 – 24.0/83.3 – 22.2/100
3-9 Mtbk/l/m (%) – – 36.0/100/38.9 16.7/100/0 22.2/100/50
10-20 Mtbk/l/m (%) – – 4.0/100/50 – –
>20 Mtbk/l/m (%) – – 2.0/100/100 – –

(+), is present; (−), is absent.
a H, isoniazid; Z, pyrazinamide; E, ethambutol; Pt, protionamide; Cap, capreomycin; Pas, para-aminosalicylic acid; Cs, cycloserine; Of, ofloxacin; K, kanamycin;

Lfx, levofloxacin.
b Duration of therapy.
c S, segment; UL, upper lobe; LL, left lung; RL, right lung.
d Mtb growth on Lowenstein-Jensen medium.
e Distant, lung tissue far from macroscopic TB lesions, tuberculomas, and cavities.
f The total number of alveolar macrophages produced from lung tissue sample of TB patient.
g Data are presented as percentage of the number of particular cell type out of the total number of examined macrophages stained by the ZN method after ex vivo

culture for 18 h.
h The total number of alveolar macrophages with Mtb (single or as colonies) produced from lung tissue sample of TB patient.
i Data are presented as the percentage of the number of cells with Mtb in colonies out of the total number of macrophages with Mtb.
j Data are presented as percentage of the number of the cells with Mtb cords out of the total number of the macrophages with Mtb in colonies.
k Data are presented as percentage of the number of the cells with different quantity of Mtb (single or as colonies) out of the total number of the macrophages with

Mtb.
l Data are presented as percentage of the number of the cells with Mtb in colonies out of the number of the macrophages with corresponding number of Mtb.
m Data are presented as percentage of the number of the cells with Mtb cording out of the total number of the macrophages with Mtb in colonies.
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analysis using AmpliTube-RV reagent kits (Syntol, Russia). PCR was
performed using a CFX96 analyzer (Bio-Rad, USA). The Beijing and
non-Beijing genetic groups were determined by using a real-time PCR
Amplitub-Beijing kit (Syntol, Russia). Beijing subgroups were identified
using mycobacterial interspersed repetitive unit-variable number
tandem repeat (MIRU-VNTR) analysis.

2.4. Evaluation of Mtb virulence in a Guinea pig TB model

The virulence of Mtb in the tissue homogenates prepared from the
resected lungs of patients 5, 6, 8, and 10÷21 had previously been
detected in guinea pigs in Ref. [31]. Here, the virulence of Mtb in the
tissue homogenates prepared from the resected lung tissues of patients
22÷26 was determined in the guinea pigs as described in Ref. [31]. In
brief, female outbred guinea pigs were infected by subcutaneous ad-
ministration of 0.5 ml of the lung tissue homogenates (∼5–8mm3) in
PBS into the right inguinal fold. After infection, the guinea pigs were
closely monitored, with particular attention to clinical and morphologic
signs of TB disease. After 3 months following TB infection, the animals
were euthanized and examined macroscopically and histologically for
changes and TB lesions in internal organs. The animal studies were
approved by the Ethical Committee of the Ural Research Institute for
Phthisiopulmonology (27/2014/07/02). All animal experiments were
conducted in accordance with the European Convention for the Pro-
tection of Vertebrate Animals used for Experimental and Other Scien-
tific Purposes (ETS no. 123, Strasbourg). As was described in Ref. [31],
a high virulence of Mtb in the lung tissue homogenates in patients with
TB was acknowledged when necrotic TB lesions were detected not only
in the lungs, but also in other organs of the guinea pigs; an intermediate
virulence of Mtb was acknowledged when the homogenized human
lung tissue induced TB lesions only in the guinea pig lungs, while a low
virulence of Mtb was acknowledged if no signs of TB lesions were found
in the lungs and other organs of the guinea pigs.

2.5. Guinea pig infection and ex vivo isolation of animal lung cells

A female outbred guinea pig was infected with 0.5ml of washout
from the hands of the nurse in PBS into the right inguinal fold as de-
scribed in Ref. [35] to determine the degree ofMtb contamination in the
TB hospital departments and to evaluate the efficiency of infection
control measures. At day 79 post infection, the guinea pig with clinical
signs of TB disease were euthanized and examined macroscopically and
histologically for changes and TB lesions in the right lung, liver, and
spleen. Also, the lung piece of this guinea pig was homogenized in PBS
and plated on Lowenstein–Jensen (LJ) medium as described in Ref.
[31]. After 4 weeks of incubation at +37 °C, mycobacterial colonies
were identified and confirmed as being Mtb using standard procedures.

Cells were isolated from the left lung of the infected guinea pig
following the same procedure as for the alveolar macrophages from the
resected lungs of the TB patients and then cultured in 0.5 ml of the
complete growth medium under the same conditions as human cells. At
hour 20 of ex vivo culture, only alveolar macrophages (∼80% of the cell
population) and polymorphonuclear neutrophils (∼20% of the cell
population) were observed in the guinea pig cell cultures.

2.6. Differential permeabilization with digitonin

At hours 16–18 of ex vivo culture, after removal of growth medium
with dead cell debris, monolayer cultures of human and guinea pig cells
on the cover slips were washed twice with PBS for removal of non-
adherent cells. Further, some human cell cultures were cultured in
0.5 ml of the complete growth medium for 5–7 days at +37 °C in an
atmosphere containing 5% CO2 [36], but the other cell cultures were
used for staining with antibodies and other reagents after ex vivo culture
for 16–18 h. Some of the cell preparations obtained from the resected
lungs of patients 5÷8, 10÷26 and the guinea pig were incubated with

PBS containing 25 μg/ml digitonin (Boehringer Mannheim, Germany,
124672) for 1min at room temperature and then washed with de-
tergent-free PBS. Macrophages, whose plasma membranes were selec-
tively permeabilized with digitonin or not processed by any detergent,
were incubated simultaneously with rabbit polyclonal primary anti-
bodies to Mycobacteria LAM (Abcam, England, ab20832) diluted 1:200
to label cytoplasmic mycobacteria and with mouse monoclonal primary
antibodies to human Bcl-2 protein (BD Biosciences, USA, 610538) di-
luted 1:100 to detect delivery antibodies to the macrophage cytoplasm.
This procedure was performed in PBS containing 2% BSA for 12min at
room temperature. Macrophages were then washed with PBS and fixed
with 4% formaldehyde solution in PBS for 10min at room temperature.
Some of the cell preparations were fixed with 4% formaldehyde solu-
tion in PBS for 10min at room temperature, permeabilized with 0.3%
Triton X-100 (triton) for 2min and stained with the appropriate pri-
mary antibodies in PBS containing 2% BSA for 12min at room tem-
perature. For all cell preparations, bound primary antibodies were vi-
sualized with goat polyclonal Alexa 488-conjugated anti-rabbit IgG
secondary antibodies (Thermo Fisher Scientific, USA, A11034) and
Alexa 555-conjugated secondary antibodies to mouse IgG (Invitrogen,
USA, A21422) diluted 1:400 each. The cell preparations were incubated
with the secondary antibodies for 60min at room temperature. Fluor-
escent staining was analyzed using the VECTASHIELD® Mounting
Medium with DAPI (4′,6-diamidino-2-phenylindole) (Vector Labora-
tories, USA, H-1200). Only for the cell preparations of TB patient 10,
alveolar macrophages were incubated for 5 min with the CellMask
Orange plasma membrane stain (Invitrogen, USA, C10045) diluted
1:1000 in PBS at +37 °C in 5% CO2 before permeabilization with dif-
ferent detergents and immunofluorescent staining as described above.

Confocal fluorescent images of human cells were recorded using an
LSM 510 or an LSM 780 laser scanning confocal microscope (Zeiss) and
the LSM Image Browser or ZEN 2010 software (Zeiss) at the Shared
Center for Microscopic Analysis of Biological Objects of the Institute of
Cytology and Genetics (Novosibirsk, Russia). Alveolar macrophages
were analyzed all along the cells' height by confocal microscopy. The
cell preparations incubated with digitonin were washed from VECTA-
SHIELD® Mounting Medium in PBS for 20min and re-stained for acid-
fast Mtb by the ZN method. This procedure was only performed on the
cell preparations obtained from the resected lungs of the guinea pig and
TB patients 6÷8, 10, and 24 with shares of alveolar macrophages with
acid-fast Mtb exceeding 1.5% in the ex vivo cell cultures, as was pre-
viously detected by ZN staining of the other cell preparations in
(Ufimtseva et al., 2018a; 2018b) and here. After ZN staining, the cells
were further counterstained with Mayer's hematoxylin. Then, alveolar
macrophages with acid-fast Mtb were viewed using an Axioscop 2 plus
light microscope. The images of cells were recorded with an AxioCam
HRc camera (Zeiss) and analyzed using the AxioVision 4.7 microscopy
software (Zeiss). Finally, the cells on the confocal fluorescent images
were compared with alveolar macrophages on the ZN images.

The same procedures with digitonin or triton permeabilization,
immunofluorescent staining, re-staining for acid-fast Mtb by the ZN
method, and examination of the cytological preparations were applied
to cells obtained from the resected lungs of patients 22÷24 after ex vivo
culture for 5–7 days.

2.7. Cell staining to characterize the Mtb phagosomes and host cell vesicles

At hour 18 of ex vivo culture, monolayer cultures of human and
guinea pig cells on cover slips were washed with PBS and fixed with 4%
formaldehyde solution in PBS for 10min at room temperature. To vi-
sualize acid-fast Mtb within host cells, some preparations obtained from
the resected lungs of patients 22÷26 and the guinea pig were washed
with PBS and stained by the ZN method. After the ZN staining, the cells
were further counterstained with Mayer's hematoxylin.

In the experiments using Nile red dye (Invitrogen, USA, N1142), the
human and guinea pig cell preparations were incubated with 10 μM of
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the dye for 15 min at +37 °C in 5% CO2 before fixation. The cell
preparations were fixed as described above, washed with PBS, blocked
in PBS solution containing 2% BSA and 50% bovine serum, and finally
incubated first with rabbit polyclonal primary antibodies to
Mycobacteria LAM (Abcam, England, ab20832) diluted 1:200 (for pa-
tients 1÷21) or ESAT-6 (courtesy of E. V. Deineko of the Institute of
Cytology and Genetics, Novosibirsk, Russia [37]) diluted 1:300 (for
patients 22÷26 and the guinea pig), then with Alexa 488-conjugated
goat anti-rabbit IgG secondary antibodies (Thermo Fisher Scientific,
USA, A11034) diluted 1:400.

In the experiments using LysoTracker Red DND-99 dye (Invitrogen,
USA, L7528) or CellROX Deep Red Reagent (Molecular Probes, USA,
C10422) with CellEvent Caspase-3/7 Green Detection Reagent
(Molecular Probes, USA, C10423), the patients' cell preparations were
incubated with 50 nM of the acidotropic dye for 5 min or with 5 μM of
reactive oxygen species (ROS) detection dye and 5 μM of caspase-3/7
activation dye for 30 min, respectively, at +37 °C in 5% CO2 before
fixation. The cell preparations were fixed as described above, treated
within 2min in 0.3% Triton-X100 solution (only the cell preparations
with LysoTracker dye used), washed with PBS, blocked, and finally
stained for Mycobacteria LAM as described above.

Some of the patients' fixed cell preparations were washed with PBS,
then either blocked and incubated with rabbit monoclonal primary
antibodies to human CD14 (Spring Bioscience, USA, M492) or treated
within 2min in 0.3% Triton-X100 solution, blocked and incubated with
rabbit polyclonal primary antibodies to human iNOS (Spring
Bioscience, USA, E374) diluted 1:100 and mouse monoclonal primary
antibodies to the M. tuberculosis 38-kDa protein (Abcam, England,
ab183165) diluted 1:1000. Fluorescent visualization of CD14 or iNOS
and Mtb Ag38 was enabled using secondary goat polyclonal DyLight
488- or Alexa 488-conjugated secondary antibodies to rabbit IgG
(Thermo Fisher Scientific, USA, 35553 or A11034, respectively) diluted
1:400 and Alexa 555-conjugated secondary antibodies to mouse IgG
(Invitrogen, USA, A21422) diluted 1:500.

Some of the patients' fixed cell preparations were washed with PBS,
treated for 2min with 0.3% Triton-X100 solution, blocked, and in-
cubated with Alexa 488-labeled phalloidin (Invitrogen, USA, A12379)
or TRITC-labeled phalloidin (Sigma, USA, P1951) dyes diluted 1:200
and 1:100, respectively, to stain filamentous actin for 20min, and then
with rabbit polyclonal primary antibodies to Mycobacteria LAM diluted
1:200. Fluorescent visualization of Mtb was achieved using goat poly-
clonal secondary antibodies to rabbit IgG conjugated with DyLight 594
(Thermo Fisher Scientific, USA, 35561) or Alexa 488 diluted 1:400.

The cell preparations were incubated with the appropriate anti-
bodies for 60min at room temperature. Fluorescent staining was ana-
lyzed using the VECTASHIELD® Mounting Medium with DAPI.

The same procedures with immunofluorescent staining were applied
to peripheral blood mononuclear cells obtained from three healthy
volunteers (Ural Research Institute for Phthisiopulmonology,
Yekaterinburg, Russia) and cultured in the complete growth medium
under the same conditions as the TB patients' alveolar macrophages.
The healthy volunteers gave their written informed consent for the use
of their blood for scientific purposes. At hour 18 of ex vivo culture, only
monocytes (∼30% of the cell population) and polymorphonuclear
neutrophils (∼70% of the cell population) were observed in these
cultures on cover slips.

The cytological preparations were examined under the light and
laser scanning confocal microscopes as described above. All cells were
analyzed separately on each cover slip for each patient in each test. In
each cell culture, more than 1000 cells were analyzed.

2.8. Histology

The resected lungs of the TB patients were cut into pieces. One
portion of lung pieces was collected for producing alveolar macro-
phages as described above. The other portion of lung pieces was fixed

with 4% formaldehyde solution in PBS (pH 7.4) for 20 h at +4 °C. After
fixation, the lung tissues were washed with PBS, incubated with 30%
sucrose in PBS (pH 7.4) for 20 h at +4 °C, frozen in Tissue-Tek O.C.T.
Compound at −25 °C, and sectioned at 16 μm slides on the Microtome
Cryostat HM550 (Microm, Germany) at the Shared Center for
Microscopic Analysis of Biological Objects of the Institute of Cytology
and Genetics (Novosibirsk, Russia). Sections were air-dried on
SuperFrost Plus slides (Thermo Fisher Scientific, USA) and immuno-
fluorescent stained as described above. The histological sections were
incubated with the appropriate primary antibodies for 20 h at +4 °C.
The histological sections were examined under the LSM 780 laser
scanning confocal microscope (Zeiss) as described above. To visualize
acid-fast Mtb within host cells, sections were stained by the ZN method
and further counterstained with Mayer's hematoxylin.

2.9. Statistics

Statistical data processing was performed using MS Excel 2007
(Microsoft). Differences were tested using Student's t-test.

3. Results

3.1. M. tuberculosis exhibits unique biological features in alveolar
macrophages of TB patients

Using real-time PCR, we assigned Mtb in the lung tissue samples
from patients 1, 2, 6÷12, 14÷20, 22÷26, and 3, 4 to the Beijing and
non-Beijing genotype family groups, respectively (see Table 1 in Ref.
[31] and here Table 1). Also, Mtb in the lung tissues of patients 6, 10,
and 11, 20, 24, 26 were clustered into the A0 and the B0/W148 sub-
lines, respectively. The majority of the patients (without patients 2, 4,
5, and 13) had MDR-TB and XDR-TB (see Table 1 in Ref. [30] and here
Table 1). Nevertheless, the number of Mtb in the alveolar macrophages
of the patients and the number of cells with the different number of Mtb
(single or as colonies, including those with cording morphology) in
them varied significantly between the ex vivo cell cultures obtained
from the resected lungs of different patients with pulmonary TB after ex
vivo culture for 16–18 h (see Table 1 in Ref. [31] and here Table 1). In
most patients, alveolar macrophages with one and two Mtb were found
mainly in the ex vivo cultures of cells (Fig. 1A–E and Fig. S1C). Alveolar
macrophages with more than 2 Mtb, ordinarily in colonies with cording
morphology or as irregular clumps, were detected in the ex vivo cell
cultures obtained from the resected lungs of patients 3÷10, 14,
17÷19, and 24 (Fig. 1A–E and Fig. S1B, C). Cords formed by re-
plicating Mtb which lined up along their longitudinal axes were iden-
tified in alveolar macrophages in one-third of the patients (3, 6, 7, 8,
10, 18, 19, and 24) (Fig. 1A–C and Fig. S1C). All alveolar macrophages
with Mtb (single or as colonies, including those with cording mor-
phology) or without Mtb in them were viable and had neither apoptotic
nor necrotic morphology after ex vivo culture for 16–18 h (Fig. 1A–E
and Figs. S1A-C, S2A). Although Mtb in the lung tissue samples from
most TB patients were mainly in the Beijing genotype family, they had
different potentials to cause TB disease in the guinea pigs, as described
earlier in Ref. [31] and here in Table 1. Finally, distinct Mtb virulence
patterns were discriminated in the guinea pig TB model: Mtb from the
lung tissue homogenates of patients 6, 8, 10, and 20 were highly
virulent; Mtb from the lung tissue of patient 18 displayed an inter-
mediate level of virulence; Mtb from the resected lungs of patients 5,
11÷17, 19, and 21÷26 had low virulence.

3.2. M. tuberculosis resides within intact phagosomes in TB patients'
alveolar macrophages

To determine the intracellular location of Mtb in the alveolar mac-
rophages of patients with pulmonary TB (5÷8 and 10÷26, n=21)
after ex vivo culture for 16–18 h, we checked phagosomal integrity by
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confocal fluorescence microscopy, using digitonin and Triton X-100
(triton) to differentially label Mtb that are cytoplasmic or within a da-
maged phagosomes and those enclosed within intact phagosomes. Next,
we re-stained the cell preparations incubated with digitonin for acid-
fast Mtb by the ZN method and compared the confocal fluorescent and
the ZN images of the same areas to determine Mtb-containing host cells.
As is known [32,33], digitonin is a mild nonionic detergent which
permeabilizes only macrophage plasma membranes, while leaving
phagosomal membranes intact, but triton solubilizes phagosome
membranes as well as plasma membranes. Following permeabilization
with digitonin or triton, alveolar macrophages were incubated si-
multaneously with the antibodies to the major Mtb cell wall component
glycolipid lipoarabinomannan (LAM) to detect cytosolic mycobacteria
and/or microbes in damaged vacuoles and to human Bcl-2 protein to
detect delivery of antibodies to the macrophage cytoplasm. The analysis

of the Bcl-2 protein in human cells was employed, because we had
previously determined a higher amount of this protein in the majority
of granuloma macrophages, with or without BCG mycobacteria in them,
obtained from mice with granulomatous TB inflammatory regions in
the different organs of animals, and their colocalization with mi-
tochondria [29]. As is known, the Bcl-2 protein located in the outer
mitochondrial membrane is one of the main factors that maintain mi-
tochondrial membrane integrity and protect cells from apoptosis
[38,39]. The contribution of the Bcl-2 protein to the survival of TB
patients' alveolar macrophages will be discussed in detail in another
article. Here, the use of Bcl-2 protein staining allowed us to detect di-
gitonin-permeabilized human cells (Fig. 1A–E and Fig. S1A, B).

In all the patients, a very small amount of Mtb LAM and Bcl-2
protein was labeled in the absence of cytoplasmic delivery of the an-
tibodies in the cells not exposed to detergents – this weak staining may

Fig. 1. Mycobacteria reside inside pha-
gosomes in alveolar macrophages ob-
tained from the resected lungs of pa-
tients with pulmonary TB. (A–E) In the
left panels: immunofluorescent staining of
the TB patients' alveolar macrophages by
antibodies reacting with Mtb LAM (green
signal) and Bcl-2 protein (red signal) after
permeabilization with digitonin identifies
Bcl-2 protein and reveals the lack of Mtb in
the cytoplasm of human cells analyzed after
ex vivo culture for 16–18 h. Nuclei are
stained by DAPI (blue signal). In the right
panels: the same fragments as in the left
panels re-stained for acid-fast Mtb by the ZN
method. Acid-fast Mtb, as (D, E) single and
(A-C, E) in colonies, including (A–C) some
with cording morphology, are determined
in the same alveolar macrophages without
Mtb LAM staining that are shown in the left
panels and indicated by the white arrows on
the confocal fluorescent images and the
black arrows on the ZN images. (A*, B*, E*)
Close-ups of the parts of these images that
contain alveolar macrophages infected with
Mtb. (C) Close-ups of the part of this image
with Mtb cording are in the upper right
corner. (D) Fluorescent staining of an al-
veolar macrophage by the CellMask Orange
plasma membrane stain. The images are
representative. The scale bars are 10 μm
each. (For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)
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be caused by endocytosis of primary antibodies by living cells (Fig.
S1A). Only the Bcl-2 protein was identified in the cytoplasm of human
cells after differential permeabilization of macrophage membranes by
digitonin (Fig. 1A–E and Fig. S1A), but Mtb LAM and Bcl-2 were found
in the TB patients' cells permeabilized with triton (Fig. S1A and C).
Remarkably, no LAM-stained Mtb were detected in digitonin-incubated
cells of patient 6 (Fig. 1A and B), although the largest number of in-
fected alveolar macrophages (up to 38% of the cells examined) was
found in the ex vivo culture of cells obtained from the cavity wall of this
patient's lung (see S4 Table in Ref. [30]). Note that LAM-labeled Mtb on
the cell preparations permeabilized with digitonin were detected only
outside the cytoplasm of human alveolar macrophages (Fig. S1B). On
the ZN-re-stained cell preparations from patients 6÷8, 10, and 24, acid-
fast Mtb, as single and in colonies, including those with cording mor-
phology, were recognized in the alveolar macrophages that had not
stained for Mtb LAM after digitonin permeabilization (Fig. 1A–E),
suggesting the presence of Mtb in membrane-bound phagosomes.
Moreover, both Mtb in colonies with a large number of microbes and a
few Mtb detected in the different parts of the same host cells were found
as located only inside phagosomes with intact membranes in the TB
patients' alveolar macrophages (Fig. 1A, B, and E). Noteworthy, the
alveolar macrophages were obtained from resected lung tissues with
different TB lesions: the cavity wall in patient 6, tuberculomas in pa-
tients 24 and 25, and lung parts distant from macroscopic TB lesions
and cavities in the others patients. Furthermore, distinct Mtb virulence
patterns were discriminated in the guinea pig TB model: increased
virulence in the resected lungs of patients 6, 8, 10, 18, and 20, and low
virulence in the lung tissues of other patients.

Thus, after hours 16–18 of ex vivo culture, Mtb with both high and
low virulence, as single and in large colonies, including those with
cording morphology, were exclusively intravacuolar pathogens in al-
veolar macrophages obtained from different TB lesions in the resected
lungs of all the patients with pulmonary TB.

3.3. M. tuberculosis are located in the cytoplasm and/or damaged vacuoles
in some apoptotic/necrotic host cells

Some of the cell cultures obtained from the resected lungs of pa-
tients 22, 23, and 24 were cultured simultaneously in the same com-
plete growth medium under the same conditions for 5–7 days, as de-
scribed in Ref. [36]. After hours 18 of ex vivo culture, only viable cells
were determined in the cell cultures from these patients (Fig. S2A).
After prolonged ex vivo culture, we found the largest number of alveolar
macrophages with morphological signs of cell death (nuclei with in-
tense chromatin condensation, nuclear fragmentation, compromised
cytoplasmic membranes, leakage of cell components, the occurrence of
nucleus-free cells and chromatolysis), both with and without Mtb in
them, in all cell cultures from patient 24 (Fig. 2B–G and Fig. S2A, B),
while only live alveolar macrophages were found in the cell cultures
from the other patients (Fig. S2A). Note that neither the population of
infected alveolar macrophages nor the Mtb populations in host cells
changed in these cell cultures from any of these patients after prolonged
ex vivo culture (Fig. 2A). The virulence ofMtb in the lung tissue samples
from these patients was characterized as low. After ex vivo culture for
5–7 days and the use of the same procedures with digitonin or triton
permeabilization and immunofluorescent Mtb LAM and Bcl-2 protein
staining and re-staining for acid-fast Mtb by the ZN method, Mtb LAM
was detected only in the host cells permeabilized with triton on the cell
preparations from patients 22 and 23. However, we revealed Mtb LAM
staining in alveolar macrophages after both digitonin (Fig. 2A and E-G)
and triton (Fig. 2H) permeabilization in the cell cultures from patient
24. Notably, all these Mtb LAM-stained host cells incubated with digi-
tonin had apoptotic or necrotic morphology (Fig. 2E–G). In addition, on
the same cell preparation re-stained by the ZN method, acid-fast Mtb, as
single and in colonies, including those with cording morphology, were
detected in the same alveolar macrophages, both with lack of Mtb LAM

staining (Fig. 2B–D) and with Mtb LAM staining (Fig. 2E–G), which was
indicative of the presence of Mtb both inside phagosomes with intact
membranes in viable (Fig. 2B and C) or apoptotic/necrotic (Fig. 2D)
host cells and in the cytoplasm and/or damaged vacuoles in alveolar
macrophages only with morphological signs of cell death (Fig. 2E–G).
Interestingly, few host cells with apoptotic/necrotic morphology and
Mtb LAM staining were detected in the cell culture without the use of
detergents (Fig. 2A). Noteworthy, the Bcl-2 protein staining was ob-
served in a lower number of alveolar macrophages from patient 24 after
ex vivo culture both for 18 h and 5 days (Fig. 2B–H and Fig. S1C), but
Bcl-2 was found in the majority of alveolar macrophages from patients
22 and 23 at different times of ex vivo culture (Fig. S1A).

Thus, Mtb were detected in the cytoplasm and/or damaged vacuoles
only in host cells with morphological signs of cell death after prolonged
ex vivo culture. However, Mtb, as single and in colonies, including those
with cording morphology, were found inside phagosomes in viable al-
veolar macrophages and some host cells with apoptotic or necrotic
morphology in the same ex vivo culture of cells. Therefore, the death of
many alveolar macrophages, with and without Mtb in them, for un-
known reasons in the all the cell cultures from patient 24 after pro-
longed ex vivo culture was a preliminary to damaging the phagosome
membranes and then, probably, toMtb vacuole-to-cytosol translocation.

3.4. M. tuberculosis is an intravacuolar pathogen in Guinea pig cells

Using the same procedures with permeabilization with different
detergents, immunofluorescent Mtb LAM and Bcl-2 protein staining and
re-staining for acid-fast Mtb by the ZN method, we characterized Mtb
localization in the departments of host cells obtained from the lung of a
guinea pig with clinical signs of TB disease after ex vivo culture for 20 h.
The guinea pig was infected in a special study to assess the efficiency of
infection control measures in TB hospital departments [35]. The mac-
roscopic and histological examination identified TB lesions in the dif-
ferent organs of the guinea pig, including the lung (Fig. 3A). Myco-
bacteria from a lung tissue sample of this animal were clustered to the
M. tuberculosis of the Beijing genotype family (B0/W148 cluster). In the
ex vivo cell culture obtained from the lung of this guinea pig, we de-
tected 0.72% of alveolar macrophages and 1.29% of neutrophils with
one, two or three acid-fast Mtb in each, either as single or as replicating
microbes (Fig. 3B). All alveolar macrophages and neutrophils, with or
without Mtb in them, were viable and had neither apoptotic nor ne-
crotic morphology (Fig. 3B and C). The lack of Mtb LAM staining in the
cytoplasm of animal cells both permeabilized with digitonin and
without the use of any detergent, the Mtb LAM staining in guinea pig
cells with triton permeabilization, and the identification of acid-fast
Mtb in animal cells incubated with digitonin and then re-stained by the
ZN method demonstrated the presence of Mtb in intact phagosomes
(Fig. 3C). Bcl-2 protein staining in the guinea pig' cells was not observed
in any of the cell cultures (Fig. 3C). According to the Technical Data
Sheet (BD Biosciences), the primary antibodies used identify the Bcl-2
protein in human, chicken, dog, mouse, rabbit, and rat cells, but are
very unlikely to detect the guinea pig Bcl-2 protein.

On the whole, our study established the exclusively phagosomal
localization of Mtb in viable host cells of patients with pulmonary TB
and Mtb-infected guinea pig with clinical and histopathological signs of
TB disease.

3.5. Characteristics of the Mtb phagosomes and human intracellular vesicles
in TB patients' alveolar macrophages

After establishing the phagosomal localization of Mtb, we studied
Mtb-containing vacuoles in human host cells after ex vivo culture for
16–18 h. In a confocal fluorescence microscopy assay using different
antibodies and other reagents, the colocalization of the receptor CD14
with all the Mtb phagosomes in the patients' host cells was revealed
(Fig. 4A and Fig. S3A). At the same time, we identified some quantity of
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ROS and iNOS in many vacuoles containing both single mycobacteria
and Mtb in colonies, including those with cording morphology (Fig. 4B,
C, and Figs. S4A, S5A, B). As is known, the various forms of ROS and
nitric oxide produced by iNOS are efficient antimicrobial agents which
can damage proteins, lipids, and DNA of pathogens in phagosomes [5].

Note that no ROS or iNOS were detected in some Mtb phagosomes in
other host cells of the same TB patients (Figs. S4A and S5C). Also, some
Mtb phagosomes colocalized with lipids (Fig. S6A), but no lipids were
found in the other Mtb-containing vacuoles, including those with
cording morphology, in the alveolar macrophages of the same TB

(caption on next page)
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patients and guinea pig (Fig. 4D and Fig. S6B). Although ROS-, iNOS-,
and Nile red-positive cells were not found in peripheral blood mono-
nuclear cell cultures isolated from healthy human donors and ex vivo
cultured in the same complete growth medium under the same condi-
tions as TB patients' alveolar macrophages (data not shown), we iden-
tified different numbers of ROS-, iNOS- and Nile red-positive alveolar
macrophages, with or without Mtb, in the ex vivo cultures of cells ob-
tained from the resected lungs of each TB patient (Fig. 5A). No statis-
tically significant changes in these parameters were found between the
groups of patients with different extents of TB disease (Fig. 5B). We did
not observe activation of caspase 3/7 in human host cells with Mtb, as
single or in colonies, with or without cording morphology, or in cells
without Mtb (Fig. 4B and Fig. S4A, B). Additionally, we revealed nu-
merous intracellular vesicles containing Mtb products (Ag38, ESAT-6,
or LAM) and, often together with them, the receptor CD14, ROS, iNOS,
and lipids in the TB patients' alveolar macrophages and multinucleate
Langhans giant cells, with or without Mtb in them, in all ex vivo cell
cultures both with the largest number of infected host cells (for ex-
ample, in patients 6, 7, 9 (Fig. S6A), and 24 (Fig. 4A–D and Figs. S4A,
S5D, S6B) with 37.72%, 3.04%, 6.54%, and 3.41% Mtb-infected cells,
respectively) and with a very low number of Mtb-containing alveolar
macrophages (for example, in patients 4 (Fig. S6A), 14 (Figs. S3A, B,

and S5A), 15 (Fig. S5A), 19 (Figs. S3A and S5C, D), 22 (Figs. S4A, B,
S5D, and S6C), 25 (Figs. S3A, B, S4B, S5D, and S6C), and 26 with
0.56%, 0.36%, 0.47%, 0.15%, 0.12%, 0.76%, and 0.56% Mtb-infected
cells, respectively (see S4 Table in Ref. [30] and here Table 1)). Also,
these vesicles were stained by DAPI dye (Figs. S3A, B, S4A, B, S5A-D,
and S6A-C) which labels mostly DNA, but may also stain RNA. Different
Mtb products (Ag38 and ESAT-6) were localized in the same human
intracellular vesicles (Fig. 6C). The markers examined were also found
on the cell surface of alveolar macrophages and multinucleate Langhans
giant cells (Figs. S3B and S5D). Probably, intracellular vesicles trans-
ported cargo to the cell surface, after which the antigens were secreted
by human cells. Noteworthy, no LAM-stained vesicles were detected in
digitonin-incubated cells (Figs. 1A–E, 2B-G, and Fig. S1A, B), and so
human intracellular vesicles were surrounded by intact membranes.

Mycobacterial antigens (Ag 38, ESAT-6, and LAM) and the human
receptor CD14, iNOS, Bcl-2 protein, and lipids were also detected in the
many human alveolar macrophages and multinucleate Langhans giant
cells on the histological sections from the resected lungs of the TB pa-
tients (for example, the patients 10 (Fig. S7A–F) and 24 (Fig. S7G-L)).
We revealed the colocalization of Mtb products with human markers in
a large number of vesicles in alveolar macrophages on the histological
sections (Fig. S7A-L), butMtb-infected cells were rare both in the ex vivo

Fig. 2. Mycobacteria reside both (B–D) inside phagosomes and (E–G) in the cytoplasm and/or damaged vacuoles in TB patient’ alveolar macrophages with
apoptotic/necrotic morphology. (A) The number of alveolar macrophages with Mtb (as single or as colonies) in the cell cultures obtained from the resected lung of
patient 24 and incubated with/without different detergents, and after immunofluorescent (Fluor) or/and ZN staining is expressed as the percentage of the total
number of macrophages in them after ex vivo culture for different periods of time. The x axis represents the ex vivo cultures of cells with (+) or without (−)
permeabilization with different detergents and after some staining. *Analysis was performed in the cell cultures re-stained for acid-fast Mtb by the ZN method. (B-G,
D*) In the left panels: phase-contrasted confocal fluorescent images of alveolar macrophages (after prolonged ex vivo culture) stained by antibodies reacting with Mtb
LAM (green signal) and Bcl-2 protein (red signal) after digitonin permeabilization. In the right panels: the same fragments as in the left panels re-stained for acid-fast
Mtb by the ZN method. The scale bars are 10 μm each. (B-D, D*) In the right panels: acid-fast Mtb, as (B, D) single and (C) as a colony with cording morphology
determined in the same alveolar macrophages without Mtb LAM staining, both (B, C) viable and (D, D*) with the signs of cell death, that are shown in the left panels
and indicated by the black arrows on the confocal fluorescent and ZN images. (B*, D*) Close-ups of the parts of these images that contain alveolar macrophages
infected with Mtb. (E–G) Mycobacteria, as (E–G) single and (E) as a colony, detected in the cytoplasm and/or damaged vacuoles only in host cells with morphological
signs of cell death. (H) An immunofluorescent confocal 3D image shows a viable alveolar macrophage with twoMtb cording structures and Bcl-2 protein staining after
permeabilization with triton. (B-H, D*) Nuclei are stained by DAPI (blue signal). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 3. Mycobacteria localize within va-
cuoles in host cells obtained from the
lung of Mtb-infected guinea pig. (A) The
lungs of the guinea pig with clearly visible
caseous TB lesions. (B) Acid-fast Mtb (as
single or as colonies) after ZN staining are
observed in (left and right panels) alveolar
macrophages and (central panel) neu-
trophil. (C) Immunofluorescent staining of
guinea pig cells by antibodies reacting with
Mtb LAM (green signal) and Bcl-2 protein
(red signal) reveals (left panel) the lack of
Mtb LAM and Bcl-2 protein staining in the
cytoplasm of cells permeabilized with digi-
tonin and (central panel) LAM-labeled Mtb
inside a neutrophil in a cell preparation in-
cubated with triton. Nuclei are stained by
DAPI (blue signal). In the central panel: a
phase-contrasted confocal image. In the
right panel: acid-fast Mtb determined in an
alveolar macrophage in the same cell pre-
paration that had previously been incubated
with digitonin, immunofluorescent stained
and analyzed by confocal microscopy, with
no Mtb detected, and then re-stained by the
ZN method. (B, C) Representative images of
cells analyzed after ex vivo culture for 20 h.
The scale bars are 10 μm each. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
Web version of this article.)

E. Ufimtseva et al. Tuberculosis 114 (2019) 77–90

85



cell cultures (see S4 Table in Ref. [30] and here Table 1) and on the
histological sections of most TB patients (Figs. S7D and J, and S8A-J).

Thus, the TB patients' alveolar macrophages had been producing
ROS and iNOS, and so these macrophages had increased microbicidal
potential, but contained individual and replicating Mtb in membrane-
bound intact phagosomes with the same characteristics as human in-
tracellular vesicles.

3.6. M. tuberculosis arrests phagolysosomal maturation in alveolar
macrophages of TB patients

No colocalization of the acidophilic LysoTracker probe with the Mtb
phagosomes was observed in TB patients' alveolar macrophages, whe-
ther with single or multiple Mtb in membrane-bound vacuoles, after ex
vivo culture for 16–18 h (Fig. 6A). Also, no colocalization of the Mtb
phagosomes with filamentous actin was identified (Fig. S9A). However,
we detected numerous intracellular vesicles containing Mtb LAM which
were positive for LysoTracker and were surrounded by a cortex of fi-
lamentous actin in the same host cells (Fig. 6A, B, and Fig. S9A, B).
Therefore, on the one hand, the TB patients' alveolar macrophages re-
tained their function to regulate the vesicle trafficking pathway. How-
ever, on the other hand, Mtb with different virulence, as single and in
large colonies, including those with cording morphology, manipulated
vesicular traffic, inhibiting phagolysosomal biogenesis, and avoided
host killing in the phagosomes of the TB patients' alveolar macrophages.

4. Discussion

Tuberculosis is a dangerous airborne disease caused by Mtb and
characterized by a tight interplay between Mtb and host cells, mainly
alveolar macrophages. Macrophages are the cells of the primary im-
mune response acting to attack and kill infectious agents, including
Mtb. However, Mtb can survive, replicate, and persist in human lungs
for a long time [6,8–11,30,31]. Studies of the mechanisms of Mtb sur-
vival within alveolar macrophages during human TB disease are ex-
tremely important for the development of new vaccines and methods

for TB treatment. In our study, to locate Mtb in the TB patients' and
guinea pig’ alveolar macrophages in ex vivo culture, we used a confocal
fluorescent microscopy assay of phagosomal integrity, based on the use
of digitonin to label Mtb that are in the cytoplasm or within membrane-
disrupted phagosomes, and then a light microscopy assay of same
macrophages as on the fluorescent images re-stained for acid-fast Mtb
by the ZN method. Our data indicate that Mtb with different virulence,
as single and in colonies, including those with cording morphology, are
exclusively intravacuolar pathogens with intact phagosomal mem-
branes in alveolar macrophages of all the TB patients and guinea pig
with clinical and histopathological signs of TB disease after ex vivo
culture for 16–20 h. Our results are consistent with the findings of many
scientific groups [7,23–25], but differ from several reports that have
documented the escape of Mtb from phagosomes to the cytoplasm of
host cells and increased death rates of these cells usually infected in
vitro and examined by electron microscopy [13,14] and/or in the FRET
image test [15–18] after 2–7 days of infection. Consequently, it was
proposed that the translocation of Mtb into the cytoplasm led to the
induction of host cell death [13,15–18]. In the present study, we found
some Mtb in the cytoplasm and/or, more likely, damaged vacuoles
exclusively in alveolar macrophages with morphological signs of cell
death in the cell culture of only one patient after prolonged (5 days) ex
vivo culture, where many alveolar macrophages with apoptotic or ne-
crotic morphology, with and without Mtb in them, were found.
Nevertheless, in this ex vivo cell culture, we identified Mtb inside intact
phagosomes in other cells with apoptotic or necrotic morphology.
These findings led us to hypothesize that the death of alveolar macro-
phages precedes the damage of phagosomal membranes and then,
probably, the Mtb vacuole-to-cytosol translocation, but not vice versa.
In the our previous study of BCG mycobacterium-host cell relationships,
we had revealed a considerable increase in BCG mycobacteria in the
macrophages of mouse bone marrow and peritoneal cell cultures within
5 days following infection with BCG in vitro and the death of many cells
with increased BCG mycobacterial loads [28]. Here, the causes of the
death of alveolar macrophages, with or without Mtb that demonstrated
a low level of virulence in the guinea pig TB model, remained unknown,

Fig. 4. M. tuberculosis cord-containing vacuoles are characterized by different phagosomal sings in alveolar macrophages of patient 24 after ex vivo
culture for 18 h. (A–D) Representative confocal fluorescent images of cells stained by antibodies reacting withMtb Ag38 (red signal in (A, C)),Mtb LAM (green signal
in the cytoplasm in (B)), Mtb ESAT-6 (green signal in (D)), CD14 (green signal in (A)), iNOS (green signal in (C)) and the CellEvent Caspase-3/7 Green Detection
Reagent (green signal in a nucleus in (B)), the CellROX Deep Red Reagent (red signal in (B)), the Nile red dye (red signal in (D)) demonstrate colocalization of Mtb
antigens with CD14, some ROS, and iNOS (yellow signals) in (A, B, C, respectively) the Mtb phagosomes, but show lack of colocalization of Mtb cord with lipids (lack
of yellow signal) in (D) the Mtb phagosome and lack of active caspase-3/7 (lack of green signal in a nucleus) in (B). Nuclei are stained by DAPI (blue signal). Black
arrows point to Mtb cords on confocal 3D images of host cells. To the right of 3D images: the profile images of the Mtb phagosomes in these cells. Red arrows identify
the areas for construction of profile images. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)
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because no changes in bacterial load were found in the cell cultures of
patient 24 after 18 h and 5 days of ex vivo culture. According to David
G. Russell [7], Mtb escape from its phagosomes into the macrophage
cytoplasm may represent a transient and short-time state that could be
essential for Mtb exit and dissemination under specific host environ-
mental conditions, but the mechanisms of these processes are yet to be
studied. Here, Mtb with different virulence resided only in the phago-
somes of the TB patients' viable alveolar macrophages in all the ex vivo
cell cultures. Consequently, the intravacuolar localization of Mtb is the
most favorable niche for its survival and reproduction in colonies, in-
cluding those with cording morphology, during TB disease.

Note that the FRET assay of Mtb vacuole-to-cytosol translocation
detects the mixing of phagosomal content with the cytosol, when the
presence of β-lactamase activity is determined only on the cell surface
ofMtb in the absence of the secretion of this enzyme by microbes in host
cells, because proteome analyses have identified β-lactamase as a
membrane-associated protein containing a lipobox motif in its signal
sequence, which predicts its membrane-anchored cell envelope locali-
zation [15–18,20,40–42]. However, more research is needed to estab-
lish the biogenesis of Mtb β-lactamase in host cells, both infected in in
vitro cell cultures and obtained from the different tissues of TB patients
and animals. As is known, the complexity of the host environment
during TB disease cannot be reproduced in cell cultures infected in vitro

and, as has been established by many authors, Mycobacterium-host cell
relationships in granuloma cells of people and animals with TB disease
and cells infected in vitro are very different [3,5,6,11,28].

As was previously indicated [13,14,43], the ESX-1 secretion system
and ESAT-6 protein were required for the perforation/lysis of phago-
somal membranes and Mtb escape from the vacuole into the cytoplasm
of host cells after infection in in vitro cell cultures. In the present study,
we identified the ESAT-6 protein and other Mtb products in numerous
membrane-bound intact vesicles in the TB patients' alveolar macro-
phages, with or without Mtb in them. Additionally, we observed many
cells stained for Mtb markers (Ag38, ESAT-6, and LAM) and human
products on histological sections of the resected lungs of TB patients
both with an increased number of Mtb-infected alveolar macrophages
and with single host cells with Mtb in the ex vivo cell cultures. By
common opinion, large amounts of Mtb LAM and other Mtb antigens
frequently revealed in the bodily fluids (for example, in urine [44,45]),
biological clinical samples (for example, BAL fluid [46]), and on anti-
body-stained histological sections of TB patients' lung tissues without
detectable acid-fast Mtb, result from a relatively low sensitivity and
specificity of the ZN staining [47–49]. However, previously [30] and
now, we have determined that the use of the different staining tech-
niques (ZN and Ag38/ESAT-6/LAM immunofluorescent staining) pro-
duce similar numbers of alveolar macrophages with Mtb in all ex vivo

Fig. 5. The number of ROS-positive, iNOS-positive, and foamy alveolar macrophages is different in the ex vivo cell cultures of TB patients. (A) The number
of alveolar macrophages with human markers expressed as the percentage of the total number of the patients' alveolar macrophages analyzed after ex vivo culture for
16–18 h. Alveolar macrophages were considered foamy when more than one-third of the cell surface was stained by the Nile red dye. (B) No difference in the mean
population size of alveolar macrophages with human markers was found between the patient groups with the “minimal” (Min; nROS= 6, niNOS= 9, and nfoamy= 14),
“moderate” (Mod; nROS= 7, niNOS= 8, and nfoamy= 8), and “advanced” (Adv; nfoamy= 3) extents of TB disease. Data are expressed as the means ± SEM.
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cell cultures of each TB patient. Together, the original and others' data
indicate that Mtb antigens are found mainly in the numerous vesicles
stained by Mtb-specific antibodies both on histological sections of the
TB patients' lungs and in the ex vivo cultures of the TB patients' alveolar
macrophages. Moreover, these Mtb products are likely to have been
stored in these vesicular compartments for a long time, even when the
number ofMtb-infected cells in the lungs of the TB patients became very
small as a result of TB treatment. We found that intracellular vesicles,
too, may contain Mtb DNA and/or RNA, probably for a long time, in
many alveolar macrophages of the TB patients. Some researchers de-
tected Mtb DNA and transcripts of Mtb genes in many cells on histolo-
gical sections of TB patients' lung pieces in the absence of acid-fast Mtb

in these tissues [50]. Therefore, the use of histochemistry, with the
immunostaining and/or in situ hybridization for Mtb antigens, as a di-
agnostic tool for identifying the number Mtb-infected cells and the
characteristics of the Mtb population in the lungs of TB patients has
limited value in clinical assays because of the predominant visualiza-
tion of intracellular vesicles with Mtb products in human cells on his-
tological sections. Today, only our technique for isolation of alveolar
macrophages from the resected lung tissues of patients with pulmonary
TB determines rapidly (in two days after surgery) the level of infection
with Mtb in the cells of the resected lungs and, by the presence or ab-
sence ofMtb colonies, the functional status of the TB agent, its virulence
at the time of surgery [30,31] and, here, addresses intracellular lifestyle

Fig. 6. Mycobacteria avoid delivery to lysosomes in TB patients' alveolar macrophages. (A, B) Representative confocal fluorescent images of cells (after ex vivo
culture for 16–18 h) stained by Mtb LAM-specific antibodies (green signal) and the LysoTracker Red DND-99 dye (red signal) demonstrate lack of colocalization of
LAM with host cell lysosomes (lack of yellow signal) in (A) the Mtb phagosomes, however (A–B) numerous host cell vesicles with Mtb products fused with lysosomes
(yellow signal). Nuclei are stained by DAPI (blue signal). (A) Black arrows point to Mtb (as single and in colonies, with or without cording) on the 3D images of host
cells. (A–C) To the right of the 3D images: the profile images of the Mtb phagosomes and human vesicles in these cells. Red arrows define the areas used for
constructing profile images. (C) A representative confocal fluorescent image of an alveolar macrophage (after ex vivo culture for 18 h) stained by Mtb Ag38-specific
(green signal) and Mtb ESAT-6-specific (red signal) antibodies shows colocalization of these Mtb markers (yellow signal) in human vesicles. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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of Mtb in human lungs. This information can be used as the basis for the
development of individual strategies in post-operative case treatment of
patients with pulmonary TB.

In this study, we identified Mtb within intact phagosomes with the
different signs: the presence of the receptor CD14 and ROS, iNOS, lipids
or the lack of these antimicrobial agents and sources of nutrients and
energy, ˗ in the TB patients' alveolar macrophages. No colocalization of
LAM-labeled Mtb (with different virulence, as single and in colonies,
including those with cording morphology) with acidic compartments
positive for LysoTracker dye or filamentous actin was observed in these
cells of all the TB patients. However, it was determined that LAM-
containing vesicles fused with lysosomes in host cells with Mtb and
were surrounded by a cortex of filamentous actin, which is important
for endosome processing, vacuolar intracellular transport and fusions
along the endosomal pathway [9]. While the lack of fusion of the Mtb
phagosomes with the acidophilic fluorescent LysoTracker probe and,
consequently, lysosomes has been pointed out by many researchers who
has been studying Mtb-contained cells infected in in vitro cell cultures
[4,51,52] and during our study of granuloma macrophages isolated
from mice with latent TB infection [27,28], here we have found that
this phenomenon is also observed in TB patients' alveolar macrophages
with different numbers ofMtb, as single and in colonies, including those
with cording morphology. This result is consistent with the data ob-
tained in the study of BAL cells from patients with pulmonary TB ex-
amined by immunoelectron microscopy [23]. In our work, we also
found that the normal process of endosome-to-endolysosome matura-
tion and trafficking pathways of vesicles containing Mtb markers are
maintained in the same host cells with the Mtb phagosomes in them. In
addition, we have determined that the Mtb phagosomes interact with
human different endocytic pathways, for the presence of the receptor
CD14, iNOS, ROS, and lipids in them, in TB patients' alveolar macro-
phages, even though they avoid fusion with lysosomes and filamentous
actin. Thus, the arrest of the biogenesis of phagolysosomes with Mtb in
TB patients' alveolar macrophages is not defined only by the presence of
LAM, Ag38, and/or ESAT-6 in these intracellular compartments, as was
previously thought [4,5]. No accumulation of Mtb LAM on the cyto-
plasmic side of the Mtb phagosomes was found in the TB patients' al-
veolar macrophages, therefore the activity of this Mtb factor was not
thought to interfere with the effects of phosphatidylinositol 3-phos-
phate on the phagosomal membrane and, consequently, to modulate
the recruitment of the vacuolar GTPases to the Mtb phagosome
[4,6,39,53,54]. Overall, further research is required to elucidate the
molecular mechanisms involved in the inhibition of Mtb phagolyso-
somal biogenesis, because the arrest of phagosome-to-phagolysosome
maturation is the key mechanism by which Mtb avoid host killing and
survive within host cells, including alveolar macrophages of patients
with pulmonary TB.

5. Conclusion

In this study, we have developed the ex vivo cultures of alveolar
macrophages obtained from the resected lung tissues of patients with
pulmonary TB to establish the unique features of Mtb lifestyle in human
lung cells. The strategy used allowed us to learn that intact membrane-
bound compartments are the primary intracellular niche for Mtb in TB
patients' alveolar macrophages, where Mtb with different virulence
survive and replicate in colonies, including those with cording mor-
phology, during human TB disease. The results described here also in-
dicate that theMtb phagosomes are not the isolated organelles in the TB
patients' alveolar macrophages, but entities dynamically interacting
with the host endosomal system and communicating with the host
molecular machineries, such as CD14, ROS, iNOS, and lipids, yet
avoiding fusion with host lysosomes. Finally, our findings provide a
crucial insight into Mtb pathogenesis during human TB disease.
Understanding how Mtb survive within host cells and manipulate host
signaling pathways is very important both for identification of novel

therapeutic and pharmacological targets to combat TB disease, in-
cluding the development of host-directed therapies to fight Mtb infec-
tion, and for the comprehension of fundamental eukaryotic and mi-
crobial cellular processes.
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