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ABSTRACT Mpycobacterium tuberculosis infections claim more than a million lives
each year, and better treatments or vaccines are required. A crucial pathogenicity
factor is translocation from phagolysosomes to the cytosol upon phagocytosis by
macrophages. Translocation from the phagolysosome to the cytosol is an ESX-1-de-
pendent process, as previously shown in vitro. Here, we show that in vivo, mycobac-
teria also translocate to the cytosol but mainly when host immunity is compromised.
We observed only low numbers of cytosolic bacilli in mice, armadillos, zebrafish, and
patient material infected with M. tuberculosis, M. marinum, or M. leprae. In contrast,
when innate or adaptive immunity was compromised, as in severe combined immu-
nodeficiency (SCID) or interleukin-1 receptor 1 (IL-1R1)-deficient mice, significant
numbers of cytosolic M. tuberculosis bacilli were detected in the lungs of infected
mice. Taken together, in vivo, translocation to the cytosol of M. tuberculosis is con-
trolled by adaptive immune responses as well as IL-1R1-mediated signals.

IMPORTANCE For decades, Mycobacterium tuberculosis has been one of the deadliest
pathogens known. Despite infecting approximately one-third of the human popula-
tion, no effective treatment or vaccine is available. A crucial pathogenicity factor is
subcellular localization, as M. tuberculosis can translocate from phagolysosome to the
cytosol in macrophages. The situation in vivo is more complicated. In this study, we
establish that high-level cytosolic escape of mycobacteria can indeed occur in vivo
but mainly when host resistance is compromised. The IL-1 pathway is crucial for the
control of the number of cytosolic mycobacteria. The establishment that immune
signals result in the clearance of cells containing cytosolic mycobacteria connects
two important fields, cell biology and immunology, which is vital for the understand-
ing of the pathology of M. tuberculosis.

KEYWORDS Mpycobacterium tuberculosis, Mycobacterium leprae, Mycobacterium
marinum, cytosolic localization, IL-1 receptor 1, phagosome, lysosome, phagolysosomal
fusion, lysosomes, phagosomes

ycobacterium tuberculosis not only is one of the deadliest pathogens in history
but also continues to claim an estimated 1.5 million human lives per year (1) and
is a big threat for the future as multidrug-resistant strains are arising, with no effective
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treatment or vaccine available. The treatment success rate is just 56%, and in approxi-
mately 6.2% of cases, infection is caused by extensively drug-resistant M. tuberculosis
(1). Furthermore, M. tuberculosis is the leading cause of death among HIV-infected
patients. In patients with AIDS, tuberculosis (TB) can thrive because their immune sys-
tem is impaired by CD4* T cell loss, which secondarily affects many other immune
compartments (reviewed in reference 2).

For an effective response to M. tuberculosis infections, both the innate and the
adaptive immune systems are important. The development of an active pulmonary M.
tuberculosis infection is related to a disordered immune balance, which results in the
inability of the host to keep the infection under control (3). The first immune response
is the innate response (reviewed in reference 4), including a series of cells that come
into contact with M. tuberculosis, such as alveolar macrophages. Alveolar macrophages
provide a nutritionally permissive niche (5) and are critical for the dissemination of the
bacteria in the lung, spreading the infection from the alveoli to the interstitium (6).
Here, M. tuberculosis infects other cell types such as neutrophils, monocyte-derived
macrophages, and dendritic cells (DCs). Since DCs present antigens via major histo-
compatibility complex (MHC) classes | and Il to T cells, they function as a connection
between the innate and adaptive immune systems (7, 8). Upon antigen presentation
to T cells, CD4* T cells produce interferon gamma (IFN-y), which is involved in the
enhancement of macrophage killing and plays an important role in granuloma forma-
tion (9). Indeed, in mice (10) and humans (11), the loss of IFN-y or its receptors, acting
as a single nonredundant factor, leads to TB disease. In order to spread to new individ-
uals, M. tuberculosis needs to cause pulmonary lesions (12). Inflammation driven by
interleukin-1 (IL-1) contributes to host resistance to M. tuberculosis (13, 14). Mice that
lack IL-1 receptor 1 (IL-1R1), IL-1q, or IL-1B display high susceptibility to M. tuberculosis
infection (15), with uncontrolled bacterial replication in the lungs, again demonstrating
the nonredundant role of one key host pathway.

We hypothesized that bacterial translocation from the phagosome to the cytosol
might also be regulated by IL-1. In vitro, M. tuberculosis can translocate from the phag-
olysosome to the cytosol (16-23) in an ESX-1-dependent manner (16, 21, 22). This sys-
tem is responsible for the secretion of a number of proteins, including EsxA (ESAT-6)
and EsxB (CFP-10) (reviewed in reference 24). When this secretion system is not pres-
ent, as is the case for Mycobacterium bovis BCG, cytosolic localization is abrogated in in
vitro macrophage systems, rendering the bacteria restricted in a membrane-enclosed
phagolysosome. Reintroducing the extended esx-1 locus in BCG allowed translocation
to the cytosol and increased virulence, providing clear evidence for an essential role of
this type VIl secretion system in escape (16, 25-28). In addition, it has been shown that
virulent M. tuberculosis can form cords in the cytosol and not in the phagosome in
human lymphatic endothelial cells in vitro (23). This cording is dependent on the ESX-1
secretion system and phthiocerol dimycocerosate (PDIM) glycolipids. The formation of
cords in the cytosol rather than in phagosomes suggests a permissive environment for
bacterial replication in the cytosol. When M. tuberculosis is present in the cytosol, its
bacterial DNA is sensed by cyclic GMP-AMP synthase (cGAS) (29-32). This detection is
dependent on the presence of a functioning ESX-1 system, suggesting that it is de-
pendent on pathogen-induced cytosolic localization. Cytosolic bacteria colocalize with
cytosolic ubiquitin, while this is not the case when the mycobacteria are present in the
phagosome (16). Another factor involved in the cytosolic localization is Rv3167¢, which
regulates the escape of M. tuberculosis from the phagosome, since a mutant unable to
produce this protein (M. tuberculosisARv3167c¢) displayed increased cytosolic escape
(33). Other virulence factors involved in escape from the phagosome are PDIM glyco-
lipids located on the outer membrane of M. tuberculosis (19, 25, 34). Mycobacterial
strains that lack PDIM are less capable of damaging the phagosomal membrane, result-
ing in less M. tuberculosis in the cytosol of THP-1 macrophages. Recently, it was shown
that phagosomal rupture causes the activation of NLRP3-dependent IL-1 release and
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pyroptosis, a programmed form of cell death (35), facilitating the spread of bacteria to
other cells.

While most studies focused on in vitro experiments using cultured macrophages,
the subcellular localization of M. tuberculosis and the factors affecting cytosolic localiza-
tion and pathogenesis are less intensively studied in vivo. When macrophages purified
from bronchoalveolar lavage fluids from TB-infected patients were analyzed by elec-
tron microscopy (EM), it was found that M. tuberculosis is primarily localized in phago-
some-like compartments (36, 37). The phagosomal localization does not affect the abil-
ity of M. tuberculosis to proliferate, and it has long been known that when M.
tuberculosis is located in phagosomes, it is able to arrest its maturation (38, 39) up to 5
to 7 days (40). More recently, it was shown in vivo that M. tuberculosis is able to translo-
cate to the cytosol as early as 3 h postinfection using a Forster resonance energy trans-
fer (FRET)-based detection system (41). This study also demonstrated that the pH of
the lysosomes plays a role in cytosolic localization: when the lysosome is more acidic,
less M. tuberculosis is present in the cytosol at 3 days postinfection (dpi) (41).

To examine whether activation via adaptive or innate immunity pathways would
affect the ability of mycobacteria to translocate to the cytoplasm in vivo, we tested the
subcellular localization of different mycobacterial species in zebrafish, armadillo, and
mouse models as well as in patient material. In adult zebrafish and zebrafish embryos,
we used Mycobacterium marinum, a close homologue of M. tuberculosis that is also
known to escape the phagolysosome in an ESX-1-dependent manner (42). M. leprae is
also known to escape to the cytosol (22), probably using a similar mechanism, and
although some of the members of the ESX-1 system (like esxC, esxG, and esxS) are pseu-
dogenes, it has functional ESAT-6 (esxA) and CFP-10 (esxB), the two most important
components needed for cytosolic escape. We used both skin biopsy specimens of lep-
rosy patients and the armadillo model for M. leprae since the armadillo model is known
to exhibit the entire clinical spectrum of leprosy (43). For M. tuberculosis, both severe
combined immunodeficiency (SCID) mice that lack both T and B cells and IL-1R1 knock-
out mice were compared to determine their ability to limit cytosolic escape in vivo in
infected cells. Here, we show that while cytosolic localization is limited by both innate
and adaptive immunity, IL-1 seems to be a key effector pathway in controlling the cy-
tosolic translocation of M. tuberculosis.

RESULTS

The pH of the phagosome and lysosome does not affect the cytosolic
localization of M. marinum. M. tuberculosis blocks the maturation and acidification of
the phagolysosome, promoting its intracellular survival (38, 39, 44-46). Phagosomal
acidification is essential for the increased activity of the lysosomal digestive process
and, thus, for the degradation of its content (47). M. tuberculosis partially avoids acid-
mediated killing by blocking fusion between lysosomes and phagosomes (36, 39) and
the secretion of an antacid known as 1-tuberculosinyladenosine (TbAd) (48). In addi-
tion, it has been shown that the mycobacterial cell wall plays a role in resistance to
acidic environments (reviewed in reference 49). We hypothesized that cytosolic escape
is a fourth mechanism to avoid lysosome-mediated killing. To determine whether these
mechanisms are interdependent, we examine if the phagosomal pH affects transloca-
tion from the phagosome to the cytosol. To exclude the effect of TbAd, we utilized M.
marinum, which does not express TbAd (50) in THP-1 cells. The acidity of the phago-
some and the lysosome was measured by using Lysotracker and by incubation with N-
{3-[(2,4-dinitrophenyl)amino]propyl}-N-(3-aminopropyl)methylamine (DAMP), a weakly
basic amine that will be taken up by acidic organelles in live cells (36). After fixation
and sample preparation, DAMP was visualized by transmission electron microscopy
(TEM) using immunogold labeling with antidinitrophenol (anti-DNP) antibody conju-
gated to a gold particle. The more acidic the phagosome or lysosome, the more DAMP
was present, thus resulting in a higher label density in acidic organelles. As expected,
upon M. marinum infection of THP-1 cells, small amounts of DAMP labeling were
observed surrounding cytosolic M. marinum (see Fig. STA and A’ in the supplemental
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FIG 1 The pH of the phagolysosome does not affect the cytosolic translocation of M. marinum. (A) Electron
micrograph of a THP-1 cell infected with M. marinum for 24 h in the presence of ConB showing M. marinum in
the cytosol without membrane and CD63 labeling. CD63 immunolabeling indicated by 10-nm gold particles is
present on the multivesicular lysosome in the top left corner. (A’) Schematic representation of the micrograph
in panel A, with blue lines representing host membranes, black dots representing CD63 labeling indicated by
10-nm gold particles, and orange representing bacteria. (B) Quantification of the percentage of M. marinum
bacteria in the cytosol 24 and 48h after infection using immunogold labeling for CD63 (see also Fig. S2A in
the supplemental material). Cells were treated with ConB to raise the lysosomal pH, which did not affect the
percentage of cytosolic M. marinum bacteria. Error bars represent the standard deviations from 3 experiments.

material), while more labeling was detected in M. marinum-containing phagosomes
(Fig. S1A and A”). We next blocked acidification with 10 nM concanamycin B (ConB), an
inhibitor of vacuolar ATPases that prevents the acidification of endosomes and lyso-
somes. When cells were treated with ConB and infected with M. marinum, both a lower
label density was measured and the Lysotracker imaged by fluorescence microscopy
confirmed that the pH is less acidic in the phagosome/lysosome when treated with
ConB, as already well described (36, 51) (Fig. S1B). At 1, 24, and 48 h of infection, the
cells were lysed, and the number of CFU per well was calculated. At 48 h, the number
of bacteria in untreated cells increased 25-fold, compared to that at 0 h, while the num-
ber of bacteria in cells treated with ConB increased 9-fold. Thus, in untreated cells, the
increase in viable bacteria is higher than the increase in viable bacteria in ConB-treated
cells, but M. marinum is still replicating. We next examined whether an increasing pH
would affect the efficiency of translocation of M. marinum to the cytosol. The percent-
age of cytosolic bacteria in THP-1 cells treated with ConB or the no-treatment control
was determined both 24 h and 48 h after infection with M. marinum, which is the
known time frame for escape (16) (Fig. 1A and B). The numbers of bacteria present in
CD63-labeled compartments (phagolysosomal), membrane-enclosed but not CD63-
positive compartments (phagosomes), and the cytosol were counted (Fig. S2A). Both
24 h and 48 h after infection, no difference in the percentage of cytosolic bacteria was
detected for untreated or ConB-treated cells. This indicates that a higher pH has no
effect on M. marinum translocation to the cytosol. In conclusion, a raised lysosomal pH
has no effect on the percentage of bacteria translocating to the cytosol in THP-1 cells.
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FIG 2 The cytosolic localization of M. marinum in zebrafish is abundant when the adaptive immune system is not yet developed. Embryo and adult
zebrafish infected with M. marinum were analyzed using TEM. (A) Cytosolic M. marinum in zebrafish embryo tissue. (B) Phagosomal M. marinum AESX-5
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M. marinum translocates to the cytosol in embryonic but not adult zebrafish.
After studying the effect of pH on the ability of M. marinum to translocate to the cyto-
plasm in vitro, we next focused on the subcellular localization in vivo. To address
whether either adaptive or innate immunity was required to limit bacterial cytosolic
escape, we used a zebrafish model combined with M. marinum infection. Among other
age-related differences, zebrafish larvae do not have a fully developed adaptive
immune system, in contrast to adult zebrafish (52). Zebrafish embryos and adult zebra-
fish were infected with M. marinum or an M. marinum Tn::ESX-5 mutant, and tissue was
fixed for TEM analysis. For analysis of adult zebrafish, a specific M. marinum Tn:zESX-5
mutant was used as this infection was shown to cause hypervirulence (53), and thus,
large amounts of bacteria can be detected in vivo using TEM. The following conditions
were analyzed using TEM: whole zebrafish embryos at day 9 and the spleen of adult
zebrafish at day 11 (Fig. 2A and B). In zebrafish embryos, we previously demonstrated
that injected M. marinum with fluorescent tags is present in phagocytic cells in the
proximity of blood vessels and endothelial cells of these blood vessels (54). Here, we
injected the zebrafish with untagged M. marinum and detected bacteria in similar
phagocytic and endothelial cells, close to or part of the blood vessels and in phago-
cytic cells spread throughout the tissue. In these cells, the percentage of cytosolic M.
marinum bacteria was determined by counting the number of mycobacteria in a mem-
brane-enclosed compartment and the cytoplasm. Exclusively mycobacteria that were
present inside a cell were counted. This is based on the presence of cellular organelles
and ribosomes and the electron density of the cytosol or disrupted structures in the
extracellular space. Discrimination between phagosomes and phagolysosomes based on
immunogold labeling with lysosomal markers available in humans or mice (CD63 and ly-
sosome-associated membrane protein 1 [LAMP1]) was not possible as no lysosomal or
cellular markers are available for immunogold labeling in zebrafish. Alternatively, actin
antibodies were used as a cellular cytoskeleton marker. In embryos infected for 9 days,
32% of M. marinum bacteria were present in the cytosol (Fig. 2 and Fig. S2B). Noteworthy,
ESX-1 mutants remain restricted in the lumen of the blood vessels and are not able to
pass the basal lamina of the blood vessel wall (54). As only part of the ESX-1 mutant bac-
teria are intracellular and the majority are restricted in the lumen of the vessels, the ESX-1
mutants were not included in this study. Moreover, there is ample literature on the ESX-1
localization in membrane-enclosed compartments (16, 22, 25-28, 35). Out of the four
adult zebrafish analyzed, one was discarded as no bacteria could be detected. In the
other three fish, ample bacteria were detected and categorized as phagosomal or cyto-
solic based on the presence of membrane. In adult zebrafish, <5% of the bacteria were
found in the cytosol (Fig. S2B). Thus, adult but not embryo zebrafish were able to limit
bacterial cytosolic escape. This outcome suggests that the presence of an adaptive
immune system promotes bacterial containment in the phagolysosome, although other
age-related factors could be at play.

Cytosolic localization of M. leprae is restrained in both armadillo and patient
skin. To examine whether cytosolic localization can be detected only in early, innate
stages of infections, we used another model organism, M. leprae, the causative agent
of leprosy. Like M. tuberculosis, these bacteria have been shown to translocate to the
cytosol in an in vitro model (22). We studied early-stage (day 3) and late-stage (day 21)
infections in armadillos, and in addition, skin biopsy specimens were taken from 4 leprom-
atous leprosy (LL) patients with a well-established infection. The skin of the abdomen of ar-
madillos was infected with both unviable (irradiated) as well as viable M. leprae. At the site
of infection, loss of pigment was visible, which increased during infection progression

FIG 2 Legend (Continued)

mSphere

bacteria in adult zebrafish tissue. (A" and B’) Schematic representations of panels A and B, with black dots indicating actin immunogold labeling, orange
lines indicating M. marinum, blue lines indicating phagosomal and host membranes, and green lines indicating mitochondria. (C) Quantification of the
percentage of cytosolic M. marinum bacteria at embryo day 9 and in the spleen of adult zebrafish at day 11 (see also Fig. S2B in the supplemental
material). Error bars indicate standard deviations between 3 different zebrafish embryos and 3 adult fish, and n represents the total number of bacteria

counted.
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FIG 3 Restrained cytosolic M. leprae localization in armadillo skin biopsy specimens. (A and B) Live M. leprae bacteria were injected into the skin of the
armadillo at the red circle indicated by the white arrow text box. The skin was observed 3days after infection (A) and 21days after infection (B). At
infection sites, loss of pigmentation was detected. (C) TEM image of an infected armadillo skin biopsy specimen 3 days after infection with viable M. leprae.
Immunogold labeling using anti-CWP was used to indicate M. leprae. (C') Enlargement of the upper boxed area in panel C. M. leprae is enclosed by host
membranes and is thus phagosomal. (C") Enlargement of the lower boxed area in panel C. M. leprae was not enclosed by host membranes and was thus
cytosolic. (C” and C") Schematic representations of panels C' and C”, with orange indicating M. leprae, the blue lines indicating host membranes, and
green indicating mitochondrial membranes. The total numbers of bacteria detected were 47 on day 3 and 45 on day 21.

(Fig. 3A and B). No differences were observed in the loss of pigment between the sites
infected with irradiated M. leprae and those infected with viable M. leprae. At the border of
pigment loss, armadillo skin biopsy specimens infected with viable M. leprae were fixed for
TEM analysis to determine if the localization of the bacteria is cytosolic versus phagosomal.
Immunogold labeling against M. leprae-specific anti-cell wall protein (CWP) was used to
verify that these are indeed mycobacteria. Similar to the localization of M. marinum in
adult zebrafish, the majority of the bacteria were present in membrane-enclosed phago-
somes, and cytosolic bacteria were only occasionally detected at both day 3 (Fig. 3C) and
day 21 after infection. In addition, skin biopsy specimens of 4 different lepromatous
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FIG 4 Restrained cytosolic localization of M. leprae in human skin biopsy specimens. Leprosy patient skin biopsy specimens
were analyzed using TEM. Immunogold labeling for cathepsin D was used to label lysosomes and phagolysosomes. (A) TEM

(Continued on next page)
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FIG 5 Early cytosolic localization of M. tuberculosis in SCID mouse lungs. (A and B) Sections of SCID mouse lung
tissue infected with M. tuberculosis H37Rv for 21 days were labeled for LAMP1 using immunogold labeling to indicate
lysosomes. (A" and B’) Schematic representations, with orange indicating M. tuberculosis, blue lines indicating host
membranes, black dots representing gold particles indicating LAMP1-decorated lysosomes, and green indicating
mitochondria. Panel A shows a cross section of M. tuberculosis surrounded by cellular membranes, which is thus
phagosomal. Panel B shows M. tuberculosis present in the cytosol, without cellular membranes surrounding the
bacteria. For information on the number of imaged bacteria and mice, see Table S1 in the supplemental material.

leprosy patients taken from the border of the infection as defined by the depigmentation
line were analyzed using TEM and immunogold labeling for M. leprae-specific anti-cell wall
protein and lysosomal markers such as cathepsin D (Fig. 4 and Fig. S3), LAMP1, and CD63.
Worth mentioning is that based on the ultrastructure of the cells, and more specifically the
ultrastructure of the cell nucleus or the presence of multiple lysosomes, most bacteria reside
in macrophage-like cells. From the 4 patients, individual bacteria were detected and classi-
fied for their subcellular localization based on the presence of a surrounding membrane and
2 or more gold particles detecting cathepsin D (Fig. S2Q). Interestingly, the ultrastructure of
the bacteria in the phagosome is damaged, with an amorphous shape and an irregular cap-
sular layer (Fig. S3), whereas the cytosolic bacterium has a regular intact appearance. Similar
to the armadillo and adult zebrafish, the percentage of cytosolic mycobacteria was low
(1.1%), while over 700 bacilli were assessed. In conclusion, in both armadillo and human
skin, a low percentage of cytosolic M. leprae bacteria is present at all measured stages of
infection.

Immunocompetent BALB/c but not SCID mice can contain M. tuberculosis
inside phagosomes of infected pulmonary cells. After showing that neither M. leprae
nor M. marinum translocates in high numbers to the cytosol even at later stages of

FIG 4 Legend (Continued)

image of a patient skin biopsy specimen with cytosolic M. leprae. The mycobacteria were not enclosed with host membranes.
(A") Schematic representation of panel A. Orange indicates M. leprae, blue lines indicate host membranes, and green
indicates mitochondria. (B) M. leprae present in the phagolysosome. The mycobacterium is enclosed by host membranes and
immunogold labeled for the lysosomal marker cathepsin D. (B’) Schematic representation of panel B. Black dots indicate
cathepsin D labeling, orange indicates M. leprae, and the blue lines indicate phagolysosomal membranes. (C) Quantification
of the average percentage of M. leprae bacteria present in the cytosol. The error bar indicates the standard deviation from 4
different patients, and n represents the total number of intracellular bacteria (see also Fig. S2C in the supplemental material).
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FIG 6 M. tuberculosis preferentially localizes to the cytosol in /[7r17~/~ mice. (A and B) Fluorescence microscopy
of 200-nm sections stained with DAPI (4',6-diamidino-2-phenylindole) for nuclei (white) and anti-cell wall
protein to detect M. tuberculosis (green) in granulomas in lung tissues of WT B6 mice (A) and //1r1~/~ mice (B)
infected with M. tuberculosis for 28days. (C) Immunogold labeling using LAMP1 to indicate lysosomal
membranes in //1r17/~ mice imaged using TEM. (C') Schematic representation of panel C. M. tuberculosis is
depicted in orange, host membranes are in blue, and the host nucleus is in pink. (D) Quantification of the
localization of M. tuberculosis in B6 and Il1r17/~ lungs, here presenting cytosolic localization (see also Fig. S2D
in the supplemental material). The analysis included 897 (WT) or 618 (Il1r1~/") bacteria, and error bars indicate
standard deviations based on in multiple granulomas of 2 WT B6 and 2 I/1r1~/~ mice. KO, knockout.

infection, we next wanted to study the subcellular localization of M. tuberculosis longi-
tudinally in mice. To do so, BALB/c mice were infected with the virulent M. tuberculosis
strain H37Rv, and lung tissue was fixed for EM analysis at days 2, 7, 21, 45, and 120 after
infection. Based on the ultrastructure of the nucleus and/or the high number of lyso-
somes, the intracellular bacteria were detected in macrophage-like cells. These samples
were immunogold labeled for lysosomes using LAMP1 or cathepsin D and imaged
using TEM (Fig. 5). As for M. marinum in THP-1 cells and M. leprae in skin, the numbers
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of bacteria present in LAMP1-labeled phagolysosomes, membrane-enclosed but not
LAMP1-labeled phagosomes, and the cytosol were counted (Table S1). We found that
cytosolic localization was highest at day 7 of infection, with still <5% percent of M. tu-
berculosis bacteria being detectable in the cytosol and most bacteria residing in a
membrane-enclosed compartment. To determine if patient-derived strains behave sim-
ilarly to H37Rv, BALB/c mice were infected with two additional M. tuberculosis strains
from lineage 2, often referred to as Beijing family M. tuberculosis (1998-1500 ancient
Beijing and a multidrug-resistant strain [2002-0230 Beijing]). EM analysis was done at
21, 45, and 120dpi and also demonstrated small amounts of cytosolic bacteria
(Table S1). Thus, as shown previously in immunocompetent mice, different strains of
M. tuberculosis reside primarily inside membrane-enclosed compartments and not
inside the cytosol.

To directly address the potential contribution of the adaptive immune system, we
next quantified M. tuberculosis cytosolic translocation in SCID mice. SCID mice lack
functional T and B cells, key mediators of adaptive immunity in vertebrates, and suc-
cumb rapidly to M. tuberculosis infections. SCID mice were infected with M. tuberculosis
strain H37Rv via aerosol and sacrificed 21 days after infection. Lungs were then fixed
and processed for EM analysis, and sections were labeled for LAMP1 using immuno-
gold labeling to indicate lysosomes and phagolysosomes (Table S1). We detected a 10-
fold increase in M. tuberculosis cytosolic translocation in a SCID mouse compared to
BALB/c mice, arguing that T and B cells are required for optimal clearance of cells with
cytosolic bacilli, although we cannot exclude that in immunocompetent mice, adaptive
responses prevent escape.

M. tuberculosis is preferentially located in the cytosol of infected pulmonary
cells in IL-1R1-deficient mice. IL-1 is a potent innate inflammatory cytokine critically
required for resistance against bacterial infections. Mice deficient in the IL-1 pathway,
such as IL-1a and IL-18, are highly susceptible to M. tuberculosis infection, with
increased mortality and bacterial growth in the lung and spleen and the development
of necrotic granulomatous lesions that more closely resemble human necrotic lesions
(14, 15, 55-57). To investigate the contribution of this innate immune pathway to the
prevention of mycobacterial cytosolic escape, we infected //7r1~/~ and B6 wild-type
(WT) mice with M. tuberculosis and 4 weeks after infection fixed lung tissue and proc-
essed it for TEM analysis. As M. tuberculosis is normally difficult to find, fluorescence mi-
croscopy was first performed, and tissues were sectioned at 200 nm and stained for the
detection of nuclei and mycobacteria (Fig. 6A and B) to be able to select for the
infected area (54). Whereas in B6 mice, only small spots of M. tuberculosis are detected
(as for BALB/c mice), infected //1r1=/~ tissue is heavily labeled and thus heavily
infected. Ultrathin sections were labeled for LAMP1 and CD63 using immunogold
labeling to indicate lysosomes and phagolysosomes for TEM analysis. To determine if
the IL-1 pathway has an effect on the cording of M. tuberculosis, this was monitored by
determining the average number of bacteria per cluster, but no difference was
detected between the cluster sizes in infected //7r1~/~ and B6 tissues. Similar to the
localization of M. leprae in skin biopsy specimens and M. tuberculosis in BALB/c mouse
tissue, M. tuberculosis is mainly detected in macrophage-like cells. The identification of
the cells as macrophages is based on morphological characteristics such as the typical
nucleus and presence on lysosomes as well as ionized calcium binding adaptor mole-
cule 1 (iba1) labeling. As before, the difference between phagolysosomal, phagosomal,
and cytosolic M. tuberculosis was determined based on the presence of immunogold
labeling and a membrane surrounding the bacteria (Fig. 6C and D and Fig. S2D). M. tu-
berculosis was found in the phagolysosome, the phagosome, and the cytosol.
Strikingly, we detected a 14-fold increase in the number of M. tuberculosis bacteria that
translocated to the cytosol in /l1r1=/~ lungs compared to WT B6 lungs infected with M.
tuberculosis. While only 2.5% of M. tuberculosis bacilli were located in the cytosol in the
lungs of infected WT B6 mice, over 30% of the M. tuberculosis bacilli in the lung were
able to escape to the cytosol in the absence of IL-1 signaling. Thus, IL-1-dependent sig-
nals are required to control the cytosolic localization of M. tuberculosis.
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DISCUSSION

The cytosolic localization of mycobacteria has been debated ever since the first
description in the late 1980s (18, 20, 58). Our immunogold TEM analysis of M. tubercu-
losis, BCG, and mutant strains in 2007 (22) restarted the discussion, and several studies
have now confirmed the presence of extraphagosomal M. tuberculosis bacilli (16, 21,
41). In addition, the release of DNA into the cytosol was described and is, like escape
from the phagosomal compartment, dependent on the ESX-1 secretion system (29, 31,
32). In this study, we showed that in vivo, and with an intact immune response, M. tu-
berculosis is present mainly in membrane-bound compartments and not in the cytosol
of infected cells. This is also true for the pathogenic mycobacteria M. leprae and M.
marinum.

Here, we showed that raising the lysosomal pH did not affect the cytosolic localiza-
tion of M. marinum. In THP-1 cells, M. marinum can escape irrespective of the raised pH
of the lysosome. As already well known, maturation of the M. tuberculosis phagosome
is altered (38, 44, 45), and our data suggest that the pH of phagosomes has no effect
on translocation. Simeone and colleagues (41) showed in vivo that when phagosomal
acidification was blocked using bafilomycin, an induction of mycobacterial access to the
cytosol is detected. Therefore, we hypothesized that raising the phagosomal and lysoso-
mal pH by ConB would result in increased cytosolic localization of M. marinum. However,
we found, at a cellular level, no difference in the percentage of cytosolic M. marinum bac-
teria. Our cell culture-derived data demonstrate merely that mycobacteria can translocate
irrespective of the pH, and thus, manipulation of the pH by ConB did not change the sub-
cellular localization in cells under in vitro conditions. Importantly, in vivo, as studied here
and by Simeone et al. (41), subcellular localization of mycobacteria is a highly complex
and dynamic process.

After inhalation in the lung, M. tuberculosis is initially taken up by alveolar macro-
phages and spreads among innate immune cells while delaying the initiating adaptive
immunity (59-61). Importantly, both innate and adaptive immunity are critically impor-
tant for optimal host resistance against M. tuberculosis. Here, we show that while the
lysosomal pH itself has a minimal role, effective adaptive and innate host immunity
play a critical role in regulating the number of cells with cytosolic mycobacteria. The
delicate balance between bacterial replication and containment by the host immune
response is lost when immunity is compromised by either the lack of T and B cells in
SCID mice or, even more dramatically, the absence of innate IL-1R1 signaling. Of note,
the profound increase in IL-1R1-deficient mice exceeds the moderate but significant
increase in SCID mice, even though the former likely has a broader set of immunologi-
cal defects. This may argue that despite increased susceptibility to M. tuberculosis, cer-
tain specific immune pathways like IL-1 may be more directly and preferentially
involved in regulating the clearance of cells containing cytosolic bacteria. It cannot be
excluded that in immunocompetent mice, adaptive immune responses prevent bacte-
rial cytosolic escape, although no mechanism is known. It is known that the activation
of cytosolic immunosurveillance pathways, including those linked to IL-1, promotes
rapid clearance by the immune cells attracted to infected cells.

Cytosolic immunosurveillance pathways are triggered by pathogens directly or by
pathogenic products entering the cytosol and are often linked to antiviral immunity
and type | IFN induction as well as inflammasome activation. Inflammasomes are cyto-
solic signaling complexes that ultimately lead to cytolytic cell death and IL-1 family
cytokine processing. It is now established that bacterial DNA can translocate to the
cytosol, in an ESX-1-dependent manner, where it is detected by cytosolic DNA sensors
such as cGAS and AIM-2 (27, 29, 31, 32). cGAS in turn synthesizes a second messenger,
cyclic guanosine monophosphate-adenosine monophosphate (cGAMP), which acti-
vates stimulator of IFN genes (STING) and type | IFN signaling and the expression of
IFN-a and -8 (reviewed in reference 62). When cytosolic DNA is detected by AIM-2,
the NRLP3 inflammasome is activated and leads to the proteolytic cleavage of IL-13
(27, 29, 31, 32). Thus, the translocation of M. tuberculosis to the cytosol triggers a
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cascade of responses resulting at a cellular level in cell death (22, 63, 64). The connection
between translocation, cellular damage, and cell death has recently been studied in more
detail; plasma membrane lysis caused by M. tuberculosis triggers inflammasome activation,
IL-18 release, and pyroptosis, a form of programmed necrosis (35). Beckwith et al. (35)
demonstrated that ESX-1-mediated phagosomal damage is a requirement for NLRP3 acti-
vation, and although their live-cell imaging demonstrated that inflammasome activation
by M. tuberculosis is independent of lysosomal damage, others have demonstrated that
active cathepsin release from ruptured phagolysosomes is a trigger of NLRP3 inflamma-
some activation (64). Taken together, after rupture of the phagolysosomes by M. tuberculo-
sis, cell death is induced, and with an intact immune response, via IL-1 signaling, these cells
are cleared. This explains the fact that in skin biopsy specimens of leprosy patients and ar-
madillos, lungs of BALB/c mice, and adult zebrafish, the majority of the mycobacteria is
detected in phagolysosomes. We have now demonstrated that in the skin of leprosy
patients, where the infection is well established and possibly ongoing for years, phagolyso-
somal bacteria are degraded, while cytosolic bacteria appear healthy. These effects were
not previously detected in in vitro systems (16, 19, 22, 23, 35) as these systems do not allow
long incubation periods.

We have previously shown that IL-1 and type | IFNs exhibit potent cross-regulation
important for host resistance against M. tuberculosis with excessive type | IFN induction
in the absence of IL-1 signaling (14, 15, 65). The elevated type | IFN expression in the
absence of IL-1 contributed to the increased susceptibility of //7r1=/~ mice, as mice
doubly deficient in IL-1R1 and IFNAR1 displayed increased resistance (14). Our new
findings here of increased cytosolic M. tuberculosis in Il1r1~/~ mice provide a possible
molecular explanation for the increased type | IFN production previously reported. In
this context, our recent study demonstrated that infected cells themselves do not
need to express IL-1R1 in vivo to mediate host resistance and that IL-TR1 expression
coordinates immune responses in multiple cell types (13). Along these lines, it has
been proposed that IL-1R1 on nonimmune cells was required for the ability of infected
alveolar macrophages to leave the airway to establish infection in the interstitial lung
space (6). Thus, cytosolic containment of bacilli in infected cells may not require direct
cell-autonomous antimicrobial signaling pathways but may be the result of dynamic
cellular interactions between infected cells and cells of both nonhematopoietic and
bone marrow origins.

Overall, this study establishes that high-level cytosolic escape of mycobacteria can
indeed occur in vivo but mainly when host resistance is compromised. When the com-
plete adaptive immune system, including B and T cells, is abrogated, like in zebrafish
embryos and SCID mice, a substantial percentage of mycobacteria is detected in the
cytosol compared to immunocompetent hosts. Strikingly, the highest proportion of cy-
tosolic M. tuberculosis was observed in mice lacking IL-1 signaling. This argues that the
IL-1 pathway is crucial for the control of the number of cytosolic mycobacteria and
likely IL-1-mediated resistance to M. tuberculosis.

MATERIALS AND METHODS

Bacteria. The M. marinum E11 strain was grown on Middlebrook 7H10 plates supplemented with
oleic acid-albumin-dextrose-catalase (OADC). A single colony was inoculated into 7H9 liquid medium
(BD) supplemented with 10% albumin-dextrose-catalase (ADC) and 0.05% Tween 80, incubated with
shaking at 30°C, and grown to an optical density at 600 nm (ODy,,) of 0.6 to 1. Before infection, the bac-
teria were centrifuged at 750 rpm to remove clumps, leaving a bacterial suspension.

Inhibiting acidification. Inhibition of acidification of phagosomes/lysosomes in THP-1 cells treated
with concanamycin B (ConB) (catalogue no. 380098C100; Alexis Biochemicals) was assessed by confocal
microscopy. THP-1 macrophages were grown in RPMI 1640 medium supplemented with 10% fetal calf
serum (FCS), and ConB was added to the cells at different concentrations 1 h and 24 h before fixation. A
concentration of 10 nM ConB strongly inhibited acidification and did not affect THP-1 cell viability after
a 48-h incubation period. THP-1 cells were washed 3 times with RPMI 1640-10% FCS medium and kept
as a control or pretreated with 10 nM ConB for 1 h. Cells were infected with M. marinum (multiplicity of
infection [MOI] of 10:1) in the presence or absence of the acidification inhibitor. After an incubation time
of 1h at 32°C, cells were washed 3 times with culture medium without antibiotics and with or without
acidification inhibitors to remove extracellular bacteria. After washing, the cells were further incubated
in culture medium with or without ConB for 24 or 48 h at 32°C prior to fixation. Fixed samples were
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prepared for cryo-immunogold microscopy, sectioned for EM, and immunogold labeled with CD63. To
assess the effect on the number of cytosolic M. marinum bacteria, from 3 independent experiments, 100
to 200 randomly chosen bacteria from one grid were counted, and for each bacterium, it was deter-
mined if it was cytosolic or resided in a phagolysosome.

DAMP assay for measuring lysosomal acidification. Luminal acidification in lysosomes was meas-
ured via the probe DAMP [3-(2,4-dinitroanilino)-3'-amino-N-methyldipropylamine] incubated at 30 uM
for 30 min to allow accumulation in acidic compartments. DAMP was quantified by immunogold stain-
ing using anti-DNP.

Mouse infections. /L1r1~7~ mice were purchased from Jackson Laboratories (catalogue no. JAX 3018)
and backcrossed to C57BL/6 control mice from Taconic Farms (Hudson, NY) for 11 generations. Male and
female mice, 8 to 12 weeks of age, were infected via the aerosol route with M. tuberculosis H37Rv (100 to
200 CFU/mouse) as previously described (13) and sacrificed 27 days later. In short, mice were infected
using a whole-body inhalation system (Glas-Col, Terre Haute, IN) exposing the mice to aerosolized M. tu-
berculosis. Lungs were perfusion fixed in 4% paraformaldehyde and 0.4% glutaraldehyde overnight.
After fixation, tissues were transferred to storage buffer containing 0.5% paraformaldehyde. All animals
were maintained in Association for Assessment and Accreditation of Laboratory Animal Care (AALAC)-
accredited biosafety level 2 (BSL2) or BSL3 facilities at the National Institutes of Health (NIH), and experi-
ments were performed in compliance with an animal study proposal approved by the National Institute
of Allergy and Infectious Diseases Animal Care and Use Committee.

SCID mice. Severe combined immunodeficiency (SCID) mice were purchased from Charles River and
were aerosol infected with M. tuberculosis H37Rv for 21 days, when mice were sacrificed and lungs were
fixed by perfusion fixation as described below.

BALB/c and B6 mice. Pathogen-free male BALB/c mice, 6 to 8 weeks old, were anesthetized with
sevoflurane vapors (Abbott Laboratories, Abbott Park, IL, USA), and 100 ul of phosphate-buffered saline
(PBS) with 2.5 x 10° viable H37Rv bacilli or either Beijing clinical isolate was inoculated intratracheally
using a stainless steel cannula. Groups of 15 animals were then maintained in cages fitted with microiso-
lators in a BSL3 facility. Following infection, three mice were euthanized by exsanguination under anes-
thesia with pentobarbital at days 2, 7, 21, 45, and 120 of infection. Lung tissues were fixed by perfusion
fixation as described below.

Zebrafish. Zebrafish embryos and adult zebrafish (Danio rerio) were microinjected with M. marinum
strain E11 as described previously (53) at 30°C. In short, zebrafish embryos were infected at 28 h postin-
fection with 100 CFU of wild-type M. marinum through microinjection in the caudal vein. Adult zebrafish
were anesthetized in 0.02% MS-222 (Sigma) and injected intraperitoneally with 2 x 10* M. marinum Tn::
ESX-5 bacteria. The embryos were incubated for 6 or 9 days and fixed as described below. For classifica-
tion of the subcellular localization, 3 embryos at 9 days of incubation were used. Three adult fish were
infected with E11 or the E11 ESX-5 mutant (53) and sacrificed at day 11, when the spleen was dissected
and fixed as described below.

Armadillo. Male armadillos were intradermally inoculated in the abdomen with 1 x 107 bacteria of
either live or irradiated M. leprae (0.1 ml). At 3, 11, and 21 days postinoculation, 6-mm punch biopsy
specimens were taken from the border of the depigmented area at the inoculation sites and fixed for
2 h as described below. For classification of the subcellular localization, 1 to 2 punches were used from
day 3 and day 21. As no lysosomal markers suited for immuno-TEM analysis were known, anti-cell wall
protein (CWP) was used to immunolabel the leprosy bacteria.

Human samples. Leprosy skin biopsy specimens were taken at the border of the depigmented
lesions with written consent from 4 different lepromatous leprosy patients. Materials were directly incu-
bated in EM-grade fixatives and transported to the EM laboratory in fixatives.

Fixation of tissues. All tissues were fixed in a combination of 4% paraformaldehyde and 0.4% glu-
taraldehyde in 0.2 M PHEM [240 mM piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES), 100 mM HEPES,
8 mM MgCl,, and 40 mM EGTA] buffer. Fixation for at least 2 h in a fixative containing glutaraldehyde is
essential to kill mycobacteria. After fixation, tissues were transferred to storage buffer containing 0.5%
paraformaldehyde in 0.2 M PHEM buffer.

Embedding and sectioning. After fixation, tissues were washed in PBS, to remove fixatives. The
required structures were dissected using a razor blade and cut into 1- to 3-mm? blocks. Lung tissue was
embedded in increasing percentages of gelatin (2%, 5%, and 12% in 0.1 M phosphate buffer) and incu-
bated at 37°C. After removal from liquid gelatin, blocks were incubated overnight in 2.3 M sucrose at 4°
C. Next, blocks were snap-frozen and stored in liquid nitrogen until sectioned. After trimming at —100°
C, semithin sectioning was performed for analysis by fluorescence microscopy, or ultrathin sectioning at
—120°C was performed using a diamond Diatome cryo-immuno knife on a Leica Ultracut UC6 ultrami-
crotome. Sections were picked up with a loop filled with a 1:1 mixture of 2.3 M sucrose and 1% tylose
(methylcellulose [G1095]) in MilliQ water and placed on a copper, Formvar-coated grid or glass slides.
Grids with sections were stored at 4°C until immunolabeled. Fluorescence microscopy was used to
search the region of infection as described previously (54, 66). In short, semithin sections (200 to 300
nm) of the whole sample were labeled with Hoechst 33342 (Thermo Fisher) to indicate the nuclei of the
tissue, and anti-cell wall protein labeling was used to indicate mycobacteria.

Immunogold labeling. Grids with cryosections were incubated on 2% gelatin in 0.1 M phosphate
buffer plates at 37°C for 30 min. Thereafter, grids were washed with PBS-0.02 M glycine, blocked with
1% bovine serum albumin (BSA), and incubated for 45 min with primary antibody. Various antibodies
were used on different tissues: cathepsin B (clone 1C11; Zymed), lysosome-associated membrane pro-
tein 1 (LAMP1) and LAMP2 (clones H4A3 and H4B3; Pharmingen), and cluster of differentiation CD63
(clone 435; Sanquin) for human skin and sputum; antiactin (clone AC-15; Sigma) for zebrafish; various
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antibodies tested but without specific labeling, including anti-LAMP1 (Pharmingen [clones H4A3 and
H4B3] and Abcam [catalogue no. ab67283]) and anti-CD63 (clone 435; Sanquin); and anti-cell wall pro-
tein (C188, a kind gift from John Spencer and Patrick Brennan, Colorado State University) for M. leprae.
N-{3-[(2,4-Dinitrophenyl)amino]propyl}-N-(3-aminopropyl)methylamine dihydrochloride) (DAMP) detec-
tion was performed using antidinitrophenol (anti-DNP) (polyclonal anti-DNP; Oxford Biomedical
Research). As a macrophage marker, ibal (catalogue no. Ab107159; Abcam) was used. All antibodies
were diluted in 1% BSA in PBS. After washing in PBS-0.02 M glycine and blocking in 0.1% BSA in PBS-
0.02 M glycine, grids were incubated on a bridging antibody when the primary antibody was monoclo-
nal or of goat origin. After washing and blocking, grids were incubated on protein A gold diluted in 1%
BSA in PBS. To remove unbound gold, grids were washed with PBS, fixed using 1% glutaraldehyde in
PBS, washed with MilliQ water, and contrasted with uranyl acetate and methylcellulose at pH 4.

Immunofluorescence labeling. Semithin sections (200 to 300 nm) placed on glass were washed
with PBS-0.02 M glycine and incubated with the primary antibody anti-cell wall protein for 45 min. Next,
the sections were washed with PBS and incubated with the secondary antibody goat anti-rabbit Alexa
Fluor 488 (catalogue no. A32731; Molecular Probes) for 20 min and Hoechst 33342 for 5 min (catalogue
no. H3570; Thermo Fisher). After washing with PBS, samples were mounted with Vectashield. The sec-
tions were imaged using a Leica DM6 wide-field microscope, and images were analyzed using FlJI.

Statistical analysis and subcellular classification. Statistical analysis was performed using GraphPad
Prism 8.0 software. In the figure legends, the averages are given with the standard deviations, and n indicates
the number of bacteria localized in a specific subcellular compartment. Significance was determined by using
an unpaired t test and is defined in the graphs (¥, P < 0.05; **, P< 0.01; ***, P < 0.001). The numbers of biologi-
cal samples and bacteria counted in mice are listed in Table S1 in the supplemental material.

Classification of the subcellular localization of bacteria was performed blindfolded and by 2 individual
counters to establish intercounter reproducibility. Bacteria are classified as cytosolic when 1/3 or less of the bac-
teria or bacterial cluster is surrounded by a visible membrane and 2 or fewer gold particles detecting lysosomal
markers are present. Bacteria are classified as phagosomal when 1/3 or more of the bacteria or bacterial cluster
is surrounded by a visible membrane and 2 or fewer gold particles detecting lysosomal markers are present
and phagolysosomal when 1/3 or more of the bacteria or bacterial cluster is surrounded by a visible membrane
and 3 or more gold particles detecting lysosomal markers are present.

Ethics statement. SCID mouse infections were performed in agreement with European and French
guidelines (directive 86/609/CEE and decree 87-848 of 19 October 1987). The experiments received ap-
proval by the Institut Pasteur Safety Committee (protocol 11.245) and ethical approval by local ethical
committee Comité National de Réflexion Ethique sur 'Expérimentation Animale no. 59 (CNREEA).

Adult zebrafish of the local Free University of Amsterdam (VU) line were handled in compliance with
local animal welfare regulations and approved by the local animal welfare commission (IvD) of the VU/
Amsterdam University Medical Centre. For zebrafish embryo experiments that are performed within the
grace period (i.e., the first 6 days), no special permission is allowed since these experiments fall under
animal experimentation law according to EU animal protection directive 2010/63/EU.

BALB/c mouse infections were approved by the Institutional Ethics Committee of Animal Experimentation
of the National Institute of Medical Sciences and Nutrition Salvador Zubiran in accordance with the guidelines
of Mexican national regulations on animal care and experimentation (NOM 062-Z00-1999).

Experiments using armadillos were performed in accordance with USPHS policy on the humane care
and use of laboratory animals (67) and USDA Animal and Plant Health Inspection Service guidelines. The
Institutional Animal Care and Use Committee reviewed and approved the protocol.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.3 MB.
FIG S2, PDF file, 0.2 MB.
FIG S3, PDF file, 0.3 MB.
TABLE S1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

We thank Wikky Tigchelaar-Gutter, Pekka Kujala, and Hans Janssen for EM analysis
and Gidado Mustapha, Nigeria, for leprosy skin biopsy specimens. We are also grateful
to Wafa Frigui and Alexandre Pawlik for help with infection experiments. We thank
Branch Moody for critically reading the manuscript and the helpful comments.

This work was supported in part by the Intramural Research Program of the NIAID
(K.D.M.-B.). R.B. acknowledges support by ANR-10-LABX-62-IBEID. S.V.D.N., P.J.P., and
N.N.V.D.W. acknowledge NIH grant no. Al116604 and Netherlands Leprosy Relief. The
NIH NIAID funded the armadillo studies through Interagency Agreement no.
AAI15006 with the Health Resources and Services Administration, Healthcare Systems
Bureau, National Hansen's Disease Program.

S.V.D.N, EAAR, KD.M.-B., and N.N.V.D.W. wrote the manuscript; S.V.D.N,, MV.Z, KD.P.,
AG, SRR, SJCF.MM., D.H, and P.J.P. performed EM analysis; AM.V.D.S,, W.B,, R.B., RH.P.,

May/June 2021 Volume 6 Issue3 e00153-21

mSphere

msphere.asm.org

15

Downloaded from https://journal s.asm.org/journal/msphere on 04 November 2021 by 157.99.174.96.


https://msphere.asm.org

van der Niet et al.

mSphere

and M.T.P. performed infection experiments; KD.M.-B. performed and designed

experiments; and N.N.V.D.W. conceived and designed experiments.

We declare no competing interests.

REFERENCES

1.

May/June 2021

World Health Organization. 2019. Global tuberculosis report 2019: fact
sheet. World Health Organization, Geneva, Switzerland. https://www.who
.int/teams/global-tuberculosis-programme/tb-reports/global-report-2019.

. Doitsh G, Greene WC. 2016. Dissecting how CD4 T cells are lost during HIV

infection. Cell Host Microbe 19:280-291. https://doi.org/10.1016/j.chom
.2016.02.012.

. Queval CJ, Brosch R, Simeone R. 2017. The macrophage: a disputed for-

tress in the battle against Mycobacterium tuberculosis. Front Microbiol
8:2284. https://doi.org/10.3389/fmicb.2017.02284.

. Lerner TR, Borel S, Gutierrez MG. 2015. The innate immune response in human

tuberculosis. Cell Microbiol 17:1277-1285. https://doi.org/10.1111/cmi.12480.

. Huang L, Nazarova EV, Tan S, Liu Y, Russell DG. 2018. Growth of Mycobacte-

rium tuberculosis in vivo segregates with host macrophage metabolism and
ontogeny. J Exp Med 215:1135-1152. https://doi.org/10.1084/jem.20172020.

. Cohen SB, Gern BH, Delahaye JL, Adams KN, Plumlee CR, Winkler JK,

Sherman DR, Gerner MY, Urdahl KB. 2018. Alveolar macrophages provide an
early Mycobacterium tuberculosis niche and initiate dissemination. Cell Host
Microbe 24:439-446.e4. https://doi.org/10.1016/j.chom.2018.08.001.

. Marino S, Pawar S, Fuller CL, Reinhart TA, Flynn JL, Kirschner DE. 2004.

Dendritic cell trafficking and antigen presentation in the human immune
response to Mycobacterium tuberculosis. J Immunol 173:494-506.
https://doi.org/10.4049/jimmunol.173.1.494.

. Sayes F, Blanc C, Ates LS, Deboosere N, Orgeur M, Le Chevalier F, Groschel

MI, Frigui W, Song OR, Lo-Man R, Brossier F, Sougakoff W, Bottai D, Brodin
P, Charneau P, Brosch R, Majlessi L. 2018. Multiplexed quantitation of
intraphagocyte Mycobacterium tuberculosis secreted protein effectors.
Cell Rep 23:1072-1084. https://doi.org/10.1016/j.celrep.2018.03.125.

. Muruganandah V, Sathkumara HD, Navarro S, Kupz A. 2018. A systematic

review: the role of resident memory T cells in infectious diseases and their
relevance for vaccine development. Front Immunol 9:1574. https://doi
.org/10.3389/fimmu.2018.01574.

. Flynn JAL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR. 1993. An

essential role for interferon vy in resistance to Mycobacterium tuberculosis
infection. J Exp Med 178:2249-2254. https://doi.org/10.1084/jem.178.6.2249.

. Dupuis S, Déffinger R, Picard C, Fieschi C, Altare F, Jouanguy E, Abel L,

Casanova JL. 2000. Human interferon-y-mediated immunity is a geneti-
cally controlled continuous trait that determines the outcome of myco-
bacterial invasion. Immunol Rev 178:129-137. https://doi.org/10.1034/j
.1600-065x.2000.17810.x.

. Guirado E, Mbawuike U, Keiser TL, Arcos J, Azad AK, Wang SH, Schlesinger

LS. 2015. Characterization of host and microbial determinants in individu-
als with latent tuberculosis infection using a human granuloma model.
mBio 6:02537-14. https://doi.org/10.1128/mBio.02537-14.

. Bohrer AC, Tocheny C, Assmann M, Ganusov VV, Mayer-Barber KD. 2018.

Cutting edge: IL-1R1 mediates host resistance to Mycobacterium tubercu-
losis by trans-protection of infected cells. J Immunol 201:1645-1650.
https://doi.org/10.4049/jimmunol.1800438.

. Mayer-Barber KD, Andrade BB, Oland SD, Amaral EP, Barber DL, Gonzales

J, Derrick SC, Shi R, Pavan Kumar N, Wei W, Yuan X, Zhang G, Cai Y, Babu
S, Catalfamo M, Salazar AM, Via LE, Barry CE, I, Sher A. 2014. Host-
directed therapy of tuberculosis based on interleukin-1 and type | inter-
feron crosstalk. Nature 511:99-103. https://doi.org/10.1038/nature13489.

. Mayer-Barber KD, Andrade BB, Barber DL, Hieny S, Feng CG, Caspar P,

Oland S, Gordon S, Sher A. 2011. Innate and adaptive interferons suppress
IL-1a-and IL-18 production by distinct pulmonary myeloid subsets during
Mycobacterium tuberculosis infection. Immunity 35:1023-1034. https://
doi.org/10.1016/j.immuni.2011.12.002.

. Houben D, Demangel C, van Ingen J, Perez J, Baldedn L, Abdallah AM,

Caleechurn L, Bottai D, van Zon M, de Punder K, van der Laan T, Kant A,
Bossers-de Vries R, Willemsen P, Bitter W, van Soolingen D, Brosch R, van
der Wel N, Peters PJ. 2012. ESX-1-mediated translocation to the cytosol
controls virulence of mycobacteria. Cell Microbiol 14:1287-1298. https://
doi.org/10.1111/j.1462-5822.2012.01799.x.

. Lerner TR, Carvalho-Wodarz CDS, Repnik U, Russell MRG, Borel S, Dledrich

CR, Rohde M, Wainwright H, Collinson LM, Wilkinson RJ, Griffiths G,
Gutierrez MG. 2016. Lymphatic endothelial cells are a replicative niche for

Volume 6 Issue3 e00153-21

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

Mycobacterium tuberculosis. J Clin Invest 126:1093-1108. https://doi.org/
10.1172/)CI83379.

. Leake ES, Myrvik QN, Wright MJ, Carolina N. 1984. Phagosomal mem-

branes of Mycobacterium bovis BCG-immune alveolar macrophages are
resistant to disruption by Mycobacterium tuberculosis H37Rv. Infect
Immun 45:443-446. https://doi.org/10.1128/IAl.45.2.443-446.1984.

. Lerner TR, Queval CJ, Fearns A, Repnik U, Griffiths G, Gutierrez MG. 2018.

Phthiocerol dimycocerosates promote access to the cytosol and intracel-
lular burden of Mycobacterium tuberculosis in lymphatic endothelial
cells. BMC Biol 16:1. https://doi.org/10.1186/512915-017-0471-6.
McDonough KA, Kress Y, Bloom BR. 1993. Pathogenesis of tuberculosis:
interaction of Mycobacterium tuberculosis with macrophages. Infect
Immun 61:2763-2773. https://doi.org/10.1128/IA1.61.7.2763-2773.1993.
Simeone R, Bobard A, Lippmann J, Bitter W, Majlessi L, Brosch R, Enninga
J. 2012. Phagosomal rupture by Mycobacterium tuberculosis results in
toxicity and host cell death. PLoS Pathog 8:e1002507. https://doi.org/10
.1371/journal.ppat.1002507.

van der Wel N, Hava D, Houben D, Fluitsma D, van Zon M, Pierson J,
Brenner M, Peters PJ. 2007. M. tuberculosis and M. leprae translocate
from the phagolysosome to the cytosol in myeloid cells. Cell
129:1287-1298. https://doi.org/10.1016/j.cell.2007.05.059.

Lerner TR, Queval CJ, Lai RP, Russell MRG, Fearns A, Greenwood DJ,
Collins L, Wilkinson RJ, Gutierrez MG. 2020. Mycobacterium tuberculosis
cords within lymphatic endothelial cells to evade host immunity. JCI
Insight 5:136937. https://doi.org/10.1172/jci.insight.136937.

Vaziri F, Brosch R. 2019. ESX/type VIl secretion systems—an important
way out for mycobacterial proteins. Microbiol Spectr 7:PSIB-0029-2019.
https://doi.org/10.1128/microbiolspec.PSIB-0029-2019.

Augenstreich J, Arbues A, Simeone R, Haanappel E, Wegener A, Sayes F,
Le Chevalier F, Chalut C, Malaga W, Guilhot C, Brosch R, Astarie-Dequeker
C.2017. ESX-1 and phthiocerol dimycocerosates of Mycobacterium tuber-
culosis act in concert to cause phagosomal rupture and host cell apopto-
sis. Cell Microbiol 19:e12726. https://doi.org/10.1111/cmi.12726.

Groschel MI, Sayes F, Shin SJ, Frigui W, Pawlik A, Orgeur M, Canetti R,
Honoré N, Simeone R, van der Werf TS, Bitter W, Cho SN, Majlessi L,
Brosch R. 2017. Recombinant BCG expressing ESX-1 of Mycobacterium
marinum combines low virulence with cytosolic immune signaling and
improved TB protection. Cell Rep 18:2752-2765. https://doi.org/10.1016/j
.celrep.2017.02.057.

Kupz A, Zedler U, Stéber M, Perdomo C, Dorhoi A, Brosch R, Kaufmann
SHE. 2016. ESAT-6-dependent cytosolic pattern recognition drives non-
cognate tuberculosis control in vivo. J Clin Invest 126:2109-2122. https://
doi.org/10.1172/JCI84978.

Pym AS, Brodin P, Majlessi L, Brosch R, Demangel C, Williams A, Griffiths
KE, Marchal G, Leclerc C, Cole S. 2003. Recombinant BCG exporting ESAT-
6 confers enhanced protection against tuberculosis. Nat Med 9:533-539.
https://doi.org/10.1038/nm859.

Collins AC, Cai H, Li T, Franco LH, Li XD, Nair VR, Scharn CR, Stamm CE,
Levine B, Chen ZJ, Shiloh MU. 2015. Cyclic GMP-AMP synthase is an innate
immune DNA sensor for Mycobacterium tuberculosis. Cell Host Microbe
17:820-828. https://doi.org/10.1016/j.chom.2015.05.005.

Majlessi L, Brosch R. 2015. Mycobacterium tuberculosis meets the cytosol:
the role of cGAS in anti-mycobacterial immunity. Cell Host Microbe
17:733-735. https://doi.org/10.1016/j.chom.2015.05.017.

Wassermann R, Gulen MF, Sala C, Perin SG, Lou Y, Rybniker J, Schmid-
Burgk JL, Schmidt T, Hornung V, Cole ST, Ablasser A. 2015. Mycobacte-
rium tuberculosis differentially activates cGAS- and inflammasome-de-
pendent intracellular immune responses through ESX-1. Cell Host
Microbe 17:799-810. https://doi.org/10.1016/j.chom.2015.05.003.

Watson RO, Bell SL, MacDuff DA, Kimmey JM, Diner EJ, Olivas J, Vance RE,
Stallings CL, Virgin HW, Cox JS. 2015. The cytosolic sensor cGAS detects
Mycobacterium tuberculosis DNA to induce type | interferons and acti-
vate autophagy. Cell Host Microbe 17:811-819. https://doi.org/10.1016/j
.chom.2015.05.004.

Srinivasan L, Gurses SA, Hurley BE, Miller JL, Karakousis PC, Briken V. 2016.
Identification of a transcription factor that regulates host cell exit and

msphere.asm.org 16

Downloaded from https://journal s.asm.org/journal/msphere on 04 November 2021 by 157.99.174.96.


https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-report-2019
https://www.who.int/teams/global-tuberculosis-programme/tb-reports/global-report-2019
https://doi.org/10.1016/j.chom.2016.02.012
https://doi.org/10.1016/j.chom.2016.02.012
https://doi.org/10.3389/fmicb.2017.02284
https://doi.org/10.1111/cmi.12480
https://doi.org/10.1084/jem.20172020
https://doi.org/10.1016/j.chom.2018.08.001
https://doi.org/10.4049/jimmunol.173.1.494
https://doi.org/10.1016/j.celrep.2018.03.125
https://doi.org/10.3389/fimmu.2018.01574
https://doi.org/10.3389/fimmu.2018.01574
https://doi.org/10.1084/jem.178.6.2249
https://doi.org/10.1034/j.1600-065x.2000.17810.x
https://doi.org/10.1034/j.1600-065x.2000.17810.x
https://doi.org/10.1128/mBio.02537-14
https://doi.org/10.4049/jimmunol.1800438
https://doi.org/10.1038/nature13489
https://doi.org/10.1016/j.immuni.2011.12.002
https://doi.org/10.1016/j.immuni.2011.12.002
https://doi.org/10.1111/j.1462-5822.2012.01799.x
https://doi.org/10.1111/j.1462-5822.2012.01799.x
https://doi.org/10.1172/JCI83379
https://doi.org/10.1172/JCI83379
https://doi.org/10.1128/IAI.45.2.443-446.1984
https://doi.org/10.1186/s12915-017-0471-6
https://doi.org/10.1128/IAI.61.7.2763-2773.1993
https://doi.org/10.1371/journal.ppat.1002507
https://doi.org/10.1371/journal.ppat.1002507
https://doi.org/10.1016/j.cell.2007.05.059
https://doi.org/10.1172/jci.insight.136937
https://doi.org/10.1128/microbiolspec.PSIB-0029-2019
https://doi.org/10.1111/cmi.12726
https://doi.org/10.1016/j.celrep.2017.02.057
https://doi.org/10.1016/j.celrep.2017.02.057
https://doi.org/10.1172/JCI84978
https://doi.org/10.1172/JCI84978
https://doi.org/10.1038/nm859
https://doi.org/10.1016/j.chom.2015.05.005
https://doi.org/10.1016/j.chom.2015.05.017
https://doi.org/10.1016/j.chom.2015.05.003
https://doi.org/10.1016/j.chom.2015.05.004
https://doi.org/10.1016/j.chom.2015.05.004
https://msphere.asm.org

In Vivo Cytosolic Mycobacteria Are Controlled by IL-1R

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

May/June 2021

virulence of Mycobacterium tuberculosis. PLoS Pathog 12:¢1005652.
https://doi.org/10.1371/journal.ppat.1005652.

Quigley J, Hughitt VK, Velikovsky CA, Mariuzza RA, El-Sayed NM, Briken V.
2017. The cell wall lipid PDIM contributes to phagosomal escape and
host cell exit of Mycobacterium tuberculosis. mBio 8:00148-17. https://
doi.org/10.1128/mBi0.00148-17.

Beckwith KS, Beckwith MS, Ullmann S, Szetra RS, Kim H, Marstad A, /f\sberg
SE, Strand TA, Haug M, Niederweis M, Stenmark HA, Flo TH. 2020. Plasma
membrane damage causes NLRP3 activation and pyroptosis during
Mycobacterium tuberculosis infection. Nat Commun 11:2270. https://doi
.org/10.1038/s41467-020-16143-6.

Mwandumba HC, Russell DG, Nyirenda MH, Anderson J, White SA,
Molyneux ME, Squire SB. 2004. Mycobacterium tuberculosis resides in
nonacidified vacuoles in endocytically competent alveolar macrophages from
patients with tuberculosis and HIV infection. J Immunol 172:4592-4598. https://
doi.org/10.4049/jimmunol.172.7.4592.

Russell DG, Mwandumba HC, Rhoades EE. 2002. Mycobacterium and the coat
of many lipids. J Cell Biol 158:421-426. https://doi.org/10.1083/jcb.200205034.
Armstrong JA, D'Arcy Hart P. 1971. Response of cultured macrophages to
Mycobacterium tuberculosis, with observations on fusion of lysosomes with
phagosomes. J Exp Med 134:713-740. https://doi.org/10.1084/jem.134.3.713.
Sturgill-Koszycki S, Schlesinger PH, Chakraborty P, Haddix PL, Collins HL,
Fok AK, Allen RD, Gluck SL, Heuser J, Russell DG. 1994. Lack of acidification in
Mycobacterium phagosomes produced by exclusion of the vesicular proton-
ATPase. Science 263:678-681. https://doi.org/10.1126/science.8303277.
Sundaramurthy V, Korf H, Singla A, Scherr N, Nguyen L, Ferrari G,
Landmann R, Huygen K, Pieters J. 2017. Survival of Mycobacterium tuber-
culosis and Mycobacterium bovis BCG in lysosomes in vivo. Microbes
Infect 19:515-526. https://doi.org/10.1016/j.micinf.2017.06.008.

Simeone R, Sayes F, Song O, Groschel M, Brodin P, Brosch R, Majlessi L.
2015. Cytosolic access of Mycobacterium tuberculosis: critical impact of phag-
osomal acidification control and demonstration of occurrence in vivo. PLoS
Pathog 11:21004650. https://doi.org/10.1371/journal.ppat.1004650.

Stamm LM, Morisaki JH, Gao LY, Jeng RL, McDonald KL, Roth R, Takeshita
S, Heuser J, Welch MD, Brown EJ. 2003. Mycobacterium marinum escapes
from phagosomes and is propelled by actin-based motility. J Exp Med
198:1361-1368. https://doi.org/10.1084/jem.20031072.

Sharma R, Lahiri R, Scollard DM, Pena M, Williams DL, Adams LB, Figarola
J, Truman RW. 2013. The armadillo: a model for the neuropathy of leprosy
and potentially other neurodegenerative diseases. Dis Model Mech
6:19-24. https://doi.org/10.1242/dmm.010215.

Clemens DL, Lee BY, Horwitz MA. 2000. Mycobacterium tuberculosis and
Legionella pneumophila phagosomes exhibit arrested maturation de-
spite acquisition of Rab7. Infect Immun 68:5154-5166. https://doi.org/10
.1128/iai.68.9.5154-5166.2000.

Russell DG, Vanderven B, Glennie S, Mwandumba H, Heyderman R. 2009.
The macrophage marches on its phagosome: dynamic assays of phagosome
function. Nat Rev Immunol 9:594-600. https://doi.org/10.1038/nri2591.

Wong D, Bach H, Sun J, Hmama Z, Av-Gay Y. 2011. Mycobacterium tu-
berculosis protein tyrosine to inhibit phagosome acidification. Proc Natl Acad
Sci U S A 108:19371-19376. https://doi.org/10.1073/pnas.1109201108.

Vieira OV, Botelho RJ, Grinstein S. 2002. Phagosome maturation: aging
gracefully. Biochem J 366:689-704. https://doi.org/10.1042/BJ20020691.
Buter J, Cheng T-Y, Ghanem M, Grootemaat AE, Raman S, Feng X, Plantijn
AR, Ennis T, Wang J, Cotton RN, Layre E, Ramnarine AK, Mayfield JA,
Young DC, Jezek Martinot A, Siddigi N, Wakabayashi S, Botella H,
Calderon R, Murray M, Ehrt S, Snider BB, Reed MB, Oldfield E, Tan S, Rubin
EJ, Behr MA, van der Wel NN, Minnaard AJ, Moody DB. 2019. Mycobacte-
rium tuberculosis releases an antacid that remodels phagosomes. Nat
Chem Biol 15:889-899. https://doi.org/10.1038/s41589-019-0336-0.
Vandal OH, Nathan CF, Ehrt S. 2009. Acid resistance in Mycobacterium tu-
berculosis. J Bacteriol 191:4714-4721. https://doi.org/10.1128/JB.00305-09.
Young DC, Layre E, Pan S-J, Tapley A, Adamson J, Seshadri C, Wu Z,
Buter J, Minnaard AJ, Coscolla M, Gagneux S, Copin R, Ernst JD, Bishai
WR, Snider BB, Moody DB. 2015. Chemical markers of Mycobacterium
tuberculosis infection. Chem Biol 22:516-526. https://doi.org/10.1016/j
.chembiol.2015.03.015.

Volume 6 Issue3 e00153-21

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

mSphere

Crowle AJ, Dahl R, Ross E, May MH. 1991. Evidence that vesicles contain-
ing living, virulent Mycobacterium tuberculosis or Mycobacterium avium
in cultured human macrophages are not acidic. Infect Immun
59:1823-1831. https://doi.org/10.1128/1A1.59.5.1823-1831.1991.
Langenau DM, Ferrando AA, Traver D, Kutok JL, Hezel JD, Kanki JP, Zon
LI, Look AT, Trede NS. 2004. In vivo tracking of T cell development, abla-
tion, and engraftment in transgenic zebrafish. Proc Natl Acad Sci U S A
101:7369-7374. https://doi.org/10.1073/pnas.0402248101.
Weerdenburg EM, Abdallah AM, Mitra S, De Punder K, Van der Wel NN,
Bird S, Appelmelk BJ, Bitter W, Van der Sar AM. 2012. ESX-5-deficient
Mycobacterium marinum is hypervirulent in adult zebrafish. Cell Micro-
biol 14:728-739. https://doi.org/10.1111/j.1462-5822.2012.01755.x.

van Leeuwen LM, Boot M, Kuijl C, Picavet DI, van Stempvoort G, van der
Pol SMA, de Vries HE, van der Wel NN, van der Kuip M, van Furth AM, van
der Sar AM, Bitter W. 2018. Mycobacteria employ two different mecha-
nisms to cross the blood-brain barrier. Cell Microbiol 20:e12858. https://
doi.org/10.1111/cmi.12858.

Juffermans NP, Florquin S, Camoglio L, Verbon A, Kolk AH, Speelman P,
van Deventer SJH, van der Poll T. 2000. Interleukin-1 signaling is essential
for host defense during murine pulmonary tuberculosis. J Infect Dis
182:902-908. https://doi.org/10.1086/315771.

Mayer-Barber KD, Barber DL, Shenderov K, White SD, Wilson MS, Cheever
A, Kugler D, Hieny S, Caspar P, Nufez G, Schlueter D, Flavell RA,
Sutterwala FS, Sher A. 2010. Cutting edge: caspase-1 independent IL-18
production is critical for host resistance to Mycobacterium tuberculosis
and does not require TLR signaling in vivo. J Immunol 184:3326-3330.
https://doi.org/10.4049/jimmunol.0904189.

Yamada H, Mizumo S, Horai R, Iwakura Y, Sugawara I. 2000. Protective role
of interleukin-1 in mycobacterial infection in IL-1 alpha/beta double knockout
mice. Lab Invest 80:759-767. https://doi.org/10.1038/labinvest.3780079.

Myrvik QN, Leake ES, Wright MJ. 1984. Disruption of phagosomal mem-
branes by the H37Rv strain of Mycobacterium tuberculosis. A correlate of
virulence. Am Rev Respir Dis 129:322-328.

Rothchild AC, Olson GS, Nemeth J, Amon LM, Mai D, Gold ES, Diercks AH,
Aderem A. 2019. Alveolar macrophages generate a noncanonical NRF2-driven
transcriptional response to Mycobacterium tuberculosis in vivo. Sci Immunol
4:eaaw6693. https://doi.org/10.1126/sciimmunol.aaw6693.

Samstein M, Schreiber HA, Leiner IM, Susac B, Glickman MS, Pamer EG.
2013. Essential yet limited role for CCR2+ inflammatory monocytes dur-
ing Mycobacterium tuberculosis-specific T cell priming. Elife 2:e01086.
https://doi.org/10.7554/eLife.01086.

Mayer-Barber KD, Barber DL. 2015. Innate and adaptive cellular immune
responses to Mycobacterium tuberculosis infection. Cold Spring Harb
Perspect Med 5:a018424. https://doi.org/10.1101/cshperspect.a018424.
Chen Q, Sun L, Chen ZJ. 2016. Regulation and function of the cGAS-STING
pathway of cytosolic DNA sensing. Nat Immunol 17:1142-1149. https:/
doi.org/10.1038/ni.3558.

Abdallah AM, Bestebroer J, Savage NDL, de Punder K, van Zon M, Wilson
L, Korbee CJ, van der Sar AM, Ottenhoff THM, van der Wel NN, Bitter W,
Peters PJ. 2011. Mycobacterial secretion systems ESX-1 and ESX-5 play
distinct roles in host cell death and inflammasome activation. J Immunol
187:4744-4753. https://doi.org/10.4049/jimmunol.1101457.

Amaral EP, Riteau N, Moayeri M, Maier N, Mayer-Barber KD, Pereira RM,
Lage SL, Kubler A, Bishai WR, D'Império-Lima MR, Sher A, Andrade BB.
2018. Lysosomal cathepsin release is required for NLRP3-inflammasome
activation by Mycobacterium tuberculosis in infected macrophages.
Front Microbiol 9:1427. https://doi.org/10.3389/fimmu.2018.01427.

Ji DX, Yamashiro LH, Chen KJ, Mukaida N, Kramnik I, Darwin KH, Vance RE.
2019. Type | interferon-driven susceptibility to Mycobacterium tuberculo-
sis is mediated by interleuking-1 receptor antagonist IL-1Ra. Nat Micro-
biol 4:2128-2135. https://doi.org/10.1038/s41564-019-0578-3.

van der Wel NN, Fluitsma DM, Dascher CC, Brenner MB, Peters PJ. 2005.
Subcellular localization of mycobacteria in tissues and detection of lipid anti-
gens in organelles using cryo-techniques for light and electron microscopy.
Curr Opin Microbiol 8:323-330. https://doi.org/10.1016/j.mib.2005.04.014.
National Institutes of Health. 2002. Public Health Service policy on
humane care and use of laboratory animals. Office of Laboratory Animal
Welfare, National Institutes of Health, Bethesda, MD.

msphere.asm.org 17

Downloaded from https://journal s.asm.org/journal/msphere on 04 November 2021 by 157.99.174.96.


https://doi.org/10.1371/journal.ppat.1005652
https://doi.org/10.1128/mBio.00148-17
https://doi.org/10.1128/mBio.00148-17
https://doi.org/10.1038/s41467-020-16143-6
https://doi.org/10.1038/s41467-020-16143-6
https://doi.org/10.4049/jimmunol.172.7.4592
https://doi.org/10.4049/jimmunol.172.7.4592
https://doi.org/10.1083/jcb.200205034
https://doi.org/10.1084/jem.134.3.713
https://doi.org/10.1126/science.8303277
https://doi.org/10.1016/j.micinf.2017.06.008
https://doi.org/10.1371/journal.ppat.1004650
https://doi.org/10.1084/jem.20031072
https://doi.org/10.1242/dmm.010215
https://doi.org/10.1128/iai.68.9.5154-5166.2000
https://doi.org/10.1128/iai.68.9.5154-5166.2000
https://doi.org/10.1038/nri2591
https://doi.org/10.1073/pnas.1109201108
https://doi.org/10.1042/BJ20020691
https://doi.org/10.1038/s41589-019-0336-0
https://doi.org/10.1128/JB.00305-09
https://doi.org/10.1016/j.chembiol.2015.03.015
https://doi.org/10.1016/j.chembiol.2015.03.015
https://doi.org/10.1128/IAI.59.5.1823-1831.1991
https://doi.org/10.1073/pnas.0402248101
https://doi.org/10.1111/j.1462-5822.2012.01755.x
https://doi.org/10.1111/cmi.12858
https://doi.org/10.1111/cmi.12858
https://doi.org/10.1086/315771
https://doi.org/10.4049/jimmunol.0904189
https://doi.org/10.1038/labinvest.3780079
https://doi.org/10.1126/sciimmunol.aaw6693
https://doi.org/10.7554/eLife.01086
https://doi.org/10.1101/cshperspect.a018424
https://doi.org/10.1038/ni.3558
https://doi.org/10.1038/ni.3558
https://doi.org/10.4049/jimmunol.1101457
https://doi.org/10.3389/fimmu.2018.01427
https://doi.org/10.1038/s41564-019-0578-3
https://doi.org/10.1016/j.mib.2005.04.014
https://msphere.asm.org

	RESULTS
	The pH of the phagosome and lysosome does not affect the cytosolic localization of M. marinum.
	M. marinum translocates to the cytosol in embryonic but not adult zebrafish.
	Cytosolic localization of M. leprae is restrained in both armadillo and patient skin.
	Immunocompetent BALB/c but not SCID mice can contain M. tuberculosis inside phagosomes of infected pulmonary cells.
	M. tuberculosis is preferentially located in the cytosol of infected pulmonary cells in IL-1R1-deficient mice.

	DISCUSSION
	MATERIALS AND METHODS
	Bacteria.
	Inhibiting acidification.
	DAMP assay for measuring lysosomal acidification.
	Mouse infections.
	SCID mice.
	BALB/c and B6 mice.
	Zebrafish.
	Armadillo.
	Human samples.
	Fixation of tissues.
	Embedding and sectioning.
	Immunogold labeling.
	Immunofluorescence labeling.
	Statistical analysis and subcellular classification.
	Ethics statement.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

