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ABSTRACT

Tuberculosis, caused by Mycobacterium tuberculosis, remains one of the deadliest infections in humans. Because
Mycobacterium bovis Bacillus Calmette-Guérin (BCG) share genetic similarities with Mycobacterium tuberculosis, it
is often used as a model to elucidate the molecular mechanisms of more severe tuberculosis infection. Caveolin-1
has been implied in many physiological processes and diseases, but it’s role in mycobacterial infections has
barely been studied. We isolated macrophages from Wildtype or Caveolin-1 deficient mice and analyzed hall-
marks of infection, such as internalization, induction of autophagy and apoptosis. For in vivo assays we intra-
venously injected mice with BCG and investigated tissues for bacterial load with colony-forming unit assays,
bioactive lipids with mass spectrometry and changes of protein expressions by Western blotting. Our results
revealed that Caveolin-1 was important for early killing of BCG infection in vivo and in vitro, controlled acid
sphingomyelinase (Asm)-dependent ceramide formation, apoptosis and inflammatory cytokines upon infection
with BCG. In accordance, Caveolin-1 deficient mice and macrophages showed higher bacterial burdens in the
livers. The findings indicate that Caveolin-1 plays a role in infection of mice and murine macrophages with BCG,
by controlling cellular apoptosis and inflammatory host response. These clues might be useful in the fight against

tuberculosis.

1. Introduction

Tuberculosis, caused by Mycobacterium tuberculosis, remains one of
the most serious global diseases affecting human, with nearly two
million people dying annually [1,2]. Thus, even in recent years it is the
deadliest infection in humans behind SARS-CoV-2-infection [3]. About
one-third of the world’s population has latent tuberculosis (TB) and
5-10% of people with latent TB will develop active disease sometimes
during their lives underlining the high significance of this infection.
Although Tb is predominantly a respiratory infection, extrapulmonary
or disseminated M. tuberculosis infection may enhance the risk of latent
infection, thereby impairing successful drug prophylaxis or medical
treatment [4,5]. It is therefore important to understand the circum-
stances of mycobacterial dissemination and persistence in more detail.
Mycobacterium bovis Bacillus Calmette-Guérin (BCG), a species
belonging to the Mycobacterium tuberculosis complex, induces
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predominantly zoonotic diseases and is the main cause of bovine and
deer tuberculosis [6]. It can also infect immune-incompetent humans,
which have been in close contact with infected animals or their prod-
ucts. Human tuberculosis and zoonotic BCG infections have co-evolved
with a similar disease profile and host immune response [6]. Mycobac-
terium bovis Bacillus Calmette-Guérin (BCG), the current vaccine strain
against tuberculosis was attenuated by serial passages of virulent
Mycobacterium bovis, which share >99% genetic identity to Mycobacte-
rium tuberculosis [7]. Taken advantage of this, BCG is often used as a
model to elucidate the molecular mechanisms of more severe
tuberculosis.

Host macrophages and neutrophils of the innate immune system
provide a first line of defense against Mycobacterium tuberculosis and
BCG. Both pathogens are internalized by macrophages through phago-
cytosis and subsequently located within phagosomes, which undergo a
series of fusion events to mature and achieve anti-microbial properties
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[8,9]. This initial inflammatory response leads to the recruitment of
neutrophils, monocytes, and further macrophages, which then differ-
entiate into epithelioid cells, multinucleated giant cells and foamy
macrophages, providing the basic components of granuloma, which is a
hallmark of tuberculosis and generally known to promote the persis-
tence of bacteria [10]. Mycobacteria are highly adapted to macrophages
and have multiple mechanisms to resist the host immune responses [11].
Consequently, host innate immune mechanisms have co-evolved with
the pathogen to better counter mycobacterial infections [12].

Caveolae form a subgroup of distinct membrane domains, often
named lipid rafts, and stabilize and concentrate lipids, including
cholesterol, sphingomyelin, glycosphingolipids, and the caveolin pro-
teins [13-15]. Accordingly, caveolar functions are very diverse and
range from cholesterol homeostasis, vesicular trafficking to signal
transduction processes and cell death [16-18]. The main component of
caveolae is Caveolin-1 (Cav-1), a small, 24 kDa integral membrane
protein, associated with cell signaling cascades through direct interac-
tion with multiple proteins such as Src family tyrosine kinases, endo-
thelial NO synthase (eNOS) and the insulin receptor [19-21].
Stress-induced changes in rafts lead to altered receptor tyrosine kinase
signal transduction through a modulation of Caveolin-1 by acid
sphingomyelinase-derived ceramide [22]. Caveolin-1 has been also
linked to cell death signaling pathways and apoptosis [23-27]. Recent
studies demonstrate that Caveolin-1 expression negatively correlates
with tumor cell apoptosis of different cell types [23,24] and that
enhanced apoptosis sensitivity of Caveolin-1-deficient endothelial cells
was linked to acid sphingomyelinase/ceramide signaling [27].

Caveolin-1-deficient mice show a complete ablation of morphologi-
cally identifiable caveolae in almost all cell-types examined and display
higher bacterial burdens, decreased phagocytosis ability, higher pro-
duction of inflammatory cytokines and increased mortality upon infec-
tion with Pseudomonas aeruginosa [28], Salmonella enterica serotype
Typhimurium [29] and Klebsiella pneumonia [30]. Additionally, several
studies have demonstrated, that bacteria and viruses, including echo-
virus [31], respiratory syncytial virus [32], Simian virus 40 [33],
HIV-virus [34], Salmonella enterica serotype Typhimurium, and certain
FimH-expressing bacteria [35] are internalized via a caveolae-mediated
endocytic pathway. In vitro studies have demonstrated that lipid rafts
play a crucial role in the entry of Mycobacterium tuberculosis [36],
Mycobacterium avium [37] and Mycobacterium kansasii [38] in macro-
phages. Cholesterol depletion inhibits uptake of these microorganisms
[39], which may in turn influence the course of infection. BCG infection
of monocytic myeloid-derived suppressor cells (M-MDSCs), which are
massively activated in TB patients, leads to an upregulation of
Caveolin-1, which induces TLR2 signaling, required for T cell suppressor
functions [40].

These few studies on mycobacteria and Caveolin-1 suggest an
important role of Caveolin-1 for mycobacterial infections of macro-
phages; however, molecular details are unknown and require definition.

We therefore investigated whether infection of murine macrophages
and mice with BCG is regulated by Caveolin-1. We examined internali-
zation, hallmarks of signal transduction processes in phagocytosis,
autophagy and apoptosis, inflammatory cytokines and involvement of
sphingomyelinase/ceramide-system after BCG infection in Wt and
Caveolin-1 deficient mice and macrophages. The sphingomyelinase/
ceramide-system is also involved in the organization of membranes:
Formation of ceramide upon sphingomyelin hydrolysis via sphingo-
myelinases leads to the formation of large lipid platforms domains,
which serve to sequester proteins such as cell surface proteins in a dy-
namic membrane environment [41-43]. Further, ceramide-enriched
membrane domains have been shown to be involved in infection of
mammalian cells, for instance by Pseudomonas aeruginosa, Staphylo-
coccus aureus and Rhinovirus [44-46]. It is therefore very interesting to
study the interaction of caveolae and ceramide-enriched membrane
domains during BCG infections.

Our findings revealed that internalization of BCG by macrophages
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was independent of Caveolin-1. Instead, Caveolin-1 was involved in
killing of BCG early after in vivo and in vitro infection, and controlled
acid sphingomyelinase (Asm)-dependent ceramide formation, apoptosis
and inflammatory cytokines upon infection with BCG. In accordance,
Caveolin-1 deficient mice displayed higher bacterial burdens in infected
macrophages and livers of mice. These studies provide insights into the
functional role of Caveolin-1 in BCG infection of murine macrophages.

2. Materials and methods
2.1. Mice and cells

C57BL/6JOlaHsd Wildtype (Wt) mice and Caveolin-1 (Cav-1) defi-
cient mice (Cavl ™™/5 Cavl ") were generated by Dr. Marek Drab
[47] and kindly provided by Prof. Dr. Verena Jendrossek and Prof. Dr.
Diana Klein from the Institute of Cell Biology, University of
Duisburg-Essen. Mice were re-derived by embryo transfer prior to use in
our animal facility to guarantee highest standards of a pathogen-free
environment. All mice were housed under specific pathogen-free con-
ditions in the animal facility at the University of Duisburg-Essen ac-
cording to the criteria of the Federation of Laboratory Animal Science
and used aged 6-12 weeks. The genotype was verified by polymerase
chain reaction (PCR) analysis before experimentation. In vivo infections
were approved by the Landesamt fiir Natur, Umwelt und Ver-
braucherschutz (LANUV), animal grant G 1691/18; permission number
81-02.04.2018. A192.

The in vitro experiments were performed with bone marrow-derived
macrophages (BMDMs) obtained from Wt and respective knock-out
mice. The culture of bone marrow-derived macrophages has been pre-
viously described in detail [48]. Briefly, mice were sacrificed, and fe-
murs and tibias were flushed with minimum essential medium (MEM;
Gibco, Paisley, UK) supplemented with 10% fetal bovine serum (Gibco),
10 mM HEPES (Roth GmbH, Karlsruhe, Germany; pH 7.4), 2 mM
L-glutamine, 1 mM sodium pyruvate, 100 pM nonessential amino acids,
100 U/mL penicillin, and 100 pg/mL streptomycin (Gibco). Isolated
cells were passed through a 23-G needle to obtain single cells, which
were cultured for 24 h in small tissue-culture flasks. Cells were washed,
and 3 x 10* or 1.2 x 10° non-adherent cells were cultured in 24- or
6-well plates in MEM with 20% L-cell supernatant as a source of
macrophage colony-stimulating factor (M-CSF). Fresh MEM/L-cell su-
pernatant medium was applied after 4 days of culture. Macrophages
matured within the next 6 days and were used on day 10 of culture.

2.2. Infection experiments

All in vivo and in vitro infections were performed with green fluo-
rescent protein (GFP)-expressing BCG (GFP-BCG) [49,50]; background
is the BCG Vaccine SSI, BCG-Danish strain 1331. The GFP-BCG strain
was constructed by transforming BCG with the dual reporter plasmid
pSMT3L x EGFP [50]. For infection experiments, bacteria were gently
shaken in Erlenmeyer flasks with 10 ml Middlebrook 7H9 Broth with
Glycerol (BD Biosciences, Heidelberg, Germany), supplemented with 50
pg/mL Hygromycin B for maintaining GFP-plasmids. Bacteria were used
for infection experiments after 5-7 days of culture. Bacteria were
collected by centrifugation at 880xg for 10 min. The bacterial pellet was
resuspended in HEPES/Saline buffer (H/S) consisting of 132 mM NaCl,
1 mM CaCly, 0.7 mM MgCl,, 20 mM HEPES (pH 7.3), 5 mM KCl, and 0.8
mM MgSO4 and was vortexed for 5 min. Samples were bath-sonicated
for 5 min at 4 °C and were passed 10 times through a syringe with a
needle 0.8 mm in diameter. Clumps of bacteria were removed by
centrifugation for 2 min at 220xg. The supernatant containing single
cells of GFP-BCG was carefully collected. The bacterial number was
calculated by measuring the optical density and a standard curve prior
to infection.

For in vitro assays, bone marrow-derived macrophages were left
uninfected or infected with GFP-BCG in MEM/10 mM HEPES at a
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bacteria-to-host cell ratio (multiplicity of infection, MOI) of 10:1 to 50:1.
Synchronous infection conditions and enhanced interactions between
bacteria and host cells were achieved by 8-min centrifugation (55xg) of
the bacteria onto the cells. The end of the centrifugation was defined as
the starting point of infection. The infection was terminated by fixation
or lysis, as described below. For in vivo infections, bacteria were pre-
pared as above and then pelleted at 2240xg for 10 min. BCG were
resuspended in 0.9% NaCl, and 1 x 107 bacteria in 100 uL were intra-
venously injected into mice. After the indicated time, the animals were
sacrificed by cervical dislocation. Serum was taken, respectively, livers
were removed for further processing.

2.3. Quantification of colony-forming units

To quantify BCG colony-forming units (CFU) in tissues, we removed
the livers and spleens from infected mice, added 5 mg/mL saponin
(Serva Electrophoresis GmbH, Heidelberg, Germany) in H/S to lyse
mammalian cells, but not the bacteria, and homogenized the tissues in a
loose Dounce homogenizer (Braun, Kronberg, Germany). The homoge-
nates were incubated for 30 min at 37 °C on a thermomixer for the
release of intracellular bacteria. Samples were centrifuged for 2 min at
220x g and resuspended in PBS. Supernatants were diluted in PBS and
plated on Middlebrook 7H10 agar supplemented with oleic acid (OADC)
(BD Biosciences, Heidelberg, Germany). For colony forming unit (CFU)
assays with bone marrow-derived macrophages, infected cells were
washed once with MEM/10 mM HEPES after indicated infection times to
remove non-adherent bacteria and were then lysed in 3 mg/mL saponin
for 30 min at 37 °C to release intracellular bacteria. We plated 100-pL
aliquots and counted bacterial CFU, after an incubation time for
approximately 2 weeks in a humidified 37°C atmosphere.

2.4. Assay for neutral and acid sphingomyelinase activity

Acid and neutral sphingomyelinase activities were determined as
recently described [51] with green-fluorescent BODIPY FL C;-sphin-
gomyelin (Thermo Fisher Scientific, Waltham, MA, USA) as a substrate.
Briefly, cells were infected or left untreated, harvested and lysed in 250
mM sodium acetate (Sigma) with 1% Nonidet P-40 (Sigma), pH 5.0 for
acid sphingomyelinase or pH 7.4 for neutral sphingomyelinase for 5 min
on ice. Cells were further disrupted by sonication for 10 min in an ice
bath sonicator (Bandelin Electronic, Berlin, Germany). The protein
concentration was measured by a Bradford protein assay (BioRad,
Feldkirchen, Germany), and 5 pg of protein in 20 pL lysis buffer was
added to 250 mM sodium acetate (pH 5.0) containing 100 pmol BODIPY
FL Cj2-sphingomyelin for acid sphingomyelinase or to a buffer of 100
mM HEPES (pH 7.4), 5 mM MgCl,, 0.2% NP40, and 10 pg/mL each of
aprotinin and leupeptin containing 100 pmol BODIPY FL C;5-sphingo-
myelin for neutral sphingomyelinase. The samples were incubated at 37
°C for 1 h with shaking at 300 U. The reaction was stopped by the
addition of 1 mL chloroform:methanol (2:1, v/v) followed by centrifu-
gation for 5 min at 10,510xg. The lower phase was dried in a SpeedVac
Concentrator (Thermo Fisher Scientific) and resuspended in 20 pL
chloroform:methanol (2:1, v/v). The samples were spotted on a 20-cm
thin-layer chromatography (TLC) plate (Merck, Darmstadt, Germany)
in 3-pL steps. After all spots were dried, the samples were separated with
chloroform:methanol (80:20, v/v), scanned with a Typhoon FLA 9500
laser scanner (GE Healthcare Life Sciences, Freiburg, Germany), and
analyzed with Image Quant software (GE Healthcare Life Sciences).

2.5. Sphingolipid quantification by liquid chromatography tandem-mass
spectrometry (LC-MS/MS)

Liver tissue homogenates were subjected to lipid extraction using
1.5 mL methanol/chloroform (2:1, v/v) as described before [52]. The
extraction solvent contained dy-sphingosine (d;-Sph), d7-sphingosine
1-phosphate (d7-S1P), C17 ceramide (Cl7 Cer) and ds3;-C16
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sphingomyelin (d3;-C16 SM) (all Avanti Polar Lipids, Alabaster, USA) as
internal standards. Chromatographic separations were achieved on a
1260 Infinity II HPLC (Agilent Technologies, Waldbronn, Germany)
equipped with a Poroshell 120 EC-C8 column (3.0 x 150 mm, 2.7 pm;
Agilent Technologies). MS/MS analyses were carried out using a 6490
triple-quadrupole mass spectrometer (Agilent Technologies) operating
in the positive electrospray ionization mode (ESI+). Sph, S1P, Cer and
SM were quantified by multiple reaction monitoring (qualifier product
ions in parentheses): m/z 300.3 — 282.3 (252.3) for Sph, m/z 380.3 —
264.3 (82.1) for S1P, [M-H50 + H]" — m/z 264.3 (282.3) for all Cer and
[M+H]' - m/z 184.1 (86.1) for all SM subspecies (C16, C18, C20, C22,
C24 and C24:1) [53]. Peak areas of Cer and SM subspecies, as deter-
mined with MassHunter Quantitative Analysis software (version 10.1,
Agilent Technologies), were normalized to those of the internal stan-
dards (C17 Cer or d3;-C16 SM) followed by external calibration in the
range of 1 fmol-50 pmol on column. Sph and S1P were directly quan-
tified via their deuterated internal standards d;-Sph (0.25 pmol on
column) and d-S1P (0.125 pmol on column). Determined sphingolipid
amounts were normalized to the actual protein content (as determined
by Bradford assay) of the tissue homogenate used for extraction.

2.6. Western blotting

Bone marrow-derived macrophages (BMDMs) were left uninfected or
were infected for the indicated times, washed in cold H/S-buffer and
lysed for 5-10 min on ice in a lysis buffer, consisting of 25 mM HEPES
buffer (125 mM NaCl, 0.1% SDS, 0.5% deoxycholate, 1% Triton, 10 mM
EDTA, 10 mM sodium pyrophosphate and 10 mM NaF supplemented
with 10 pg/mL Aprotinin/Leupeptin (A/L) and removed from plates
with a cell scraper. For in vivo assays, about 5 mg tissue samples were
added to 500 pL of the lysis buffer and homogenized with Tissue Lyser
(Qiagen) in an Eppendorf tube. Tissue lysates and cell lysates were
centrifuged for 10 min at 10,510xg at 4 °C. The supernatants were
collected, added to 5 x sodium dodecyl sulfate (SDS) sample buffer, and
boiled for 5 min at 95 °C. Proteins were separated by 8.5%-12.5% so-
dium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Samples were blotted on nitrocellulose membranes (Amersham Protran
Premium 0.2 pm, product code 10600005; GE Healthcare, Freiburg,
Germany) with 80 V at 4 °C for 2 h. Blots were washed with phosphate-
buffered saline (PBS) and blocked for 1 h at room temperature in Block
Tris-buffered saline (TBS) buffer (Thermo Scientific, Grand Island, NY,
USA; supplier number 37542). After another washing step in TBS/
Tween (Tris-buffered saline supplemented with 0.1% Tween 20, the
membranes were incubated with specific primary antibodies against
LC3B (Sigma Aldrich L7543, rabbit IgG), Beclin-1 (BECN1 [H-300],
Santa Cruz Biotechnology, Dallas, TX, USA; catalog number, sc-
11427), phospho-Akt (Ser 473) (193H12) (Cell Signaling 4058, rabbit
IgG), phospho-mTOR (Ser 2448) (D9C2) (Cell Signaling 5536, rabbit
IgG), phospho-p38 MAPK (Thr180/Tyr182) (Cell Signaling 9211, rabbit
polyclonal), phospho-SAPK/JNK (Thr183/Tyr185) (Cell Signaling
9251, rabbit polyclonal), Cathepsin D (C-20) (Santa Cruz sc-6486, goat
polyclonal), Bax (Cell Signaling 2772, rabbit polyclonal), P62/SQSTM1
(Sigma P0067, rabbit polyclonal), cleaved Caspase-3 (Asp 175) (Cell
Signaling 9661, rabbit polyclonal) and Caspase-9 (Abcam ab25758,
rabbit IgG) overnight at 4 °C in TBS/Tween supplemented with 10%
Blocking Buffer. After six washing steps in TBS/Tween, blots were
incubated for 1 h at room temperature in TBS/Tween supplemented
with 25% Blocking Buffer with alkaline phosphatase (AP)-conjugated
secondary antibodies (Santa Cruz Biotechnology). Samples were washed
extensively and developed with CDP Star (PerkinElmer, product number
NEL616001KT). For normalization of proteins, detection of actin was
performed after six washing steps in TBS/Tween as above and incuba-
tion for 20 min with anti f-actin antibodies conjugated with HRP (anti-
B-actin (C4) HRP; Santa Cruz, sc-47778, mouse IgG). After another 6
washing steps blots were developed with ECL Select Western Blotting
Detection Reagent (Amersham, RPN2235).
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2.7. TUNEL-assay

Bone marrow-derived macrophages were grown on coverslips,
infected or left uninfected. They were then fixed in 4% para-
formaldehyde (PFA; Sigma-Aldrich), buffered in PBS consisting of 137
mM NacCl, 2.7 mM KCl, 7 mM CaCly, 0.8 mM MgSO4, 1.4 mM KH3POy,,
and 6.5 mM Nao,HPO4 (pH 7.2-7.4) for 30 min at 4 °C, washed in PBS
and permeabilized with 0.2% Triton X-100/PBS for 30 min at room
temperature. After a washing step in PBS, the TUNEL reaction was
performed exactly as instructed by the vendor (ABP Biosciences, #A051)
using Biotin-11-dUTP and Streptavidin conjugated Andy Flour ™594
red fluorescent dye. Samples were counterstained with acid Mayer’s
Hamalaun (Roth, #T865.1) for 20 s to stain nuclei and washed six times
with tap water to bluing for a total of 20 min. Samples were mounted on
glass microscope slides with antifading Mowiol (Kuraray Specialities
Europe GmbH, Frankfurt, Germany). For positive controls, non-infected
cells were incubated with DNase I (2 U/pL) for 30 min at room tem-
perature before the TUNEL reaction. Samples were imaged by Leica
DMIRE2 microscope with a 100 x objective lens and apoptotic cells
were analyzed by counting at least 100 visual fields/sample. Repre-
sentative picture was taken with a Keyence, BZ-X810 xmicroscope, 100
x objective lens, Software: Keyence, BZ-X810 Analyzer 1.1.2.4.

2.8. pl-integrin immunoprecipitation

To demonstrate activation of Bl-integrin on the surface of bone
marrow-derived macrophages (BMDMs), we infected cells for various time
periods, removed the medium, and incubated macrophages on ice for 30
min with 1 pg of anti-pl-integrin antibodies, clone 9EG7 (BD), which de-
tects the active conformation of pl-integrin. The samples were washed
extensively and lysed in 125 mM NacCl, 25 mM Tris HCI (pH 7.4), 10 mM
EDTA, 10 mM sodium pyrophosphate, 3% Nonidet P-40, and 10 pg/mL A/
L for 5 min at 4 °C. They were then centrifuged at 10,510xg. The immu-
nocomplexes were immobilized with protein A/G agarose (Santa Cruz
Biotechnology, Heidelberg, Germany, sc-2003) for 45 min, washed 6 times
in lysis buffer, resuspended in 1xSDS Laemmli Sample buffer, and boiled
for 5min at 95 °C. Proteins were separated on 8.5% SDS-PAGE gels, blotted
with pl-integrin antibody clone MB1.2 (Merck Chemicals GmbH, Darm-
stadt, Germany, MAB1997) and developed with an AP-coupled secondary
antibody and a chemoluminescence system (Thermo Fisher Scientific).

2.9. Immunohistochemisty

Mice were sacrificed, and tissues were extracted, embedded in
Tissue-Tec (Sakura Finetek USA, Torrance, CA, USA), and rapidly frozen
in liquid nitrogen. Subsequently, 6 pm thick sections were carefully
sliced using a cryotome (CM1850 UV, Leica Microsystems). For the
staining procedure, the sections were thawed, allowed to air-dry for 5
min, and then fixed in ice-cold acetone for 10 min. Following this fixa-
tion, the samples were washed with PBS and then subjected to blocking
for 30 min at room temperature using a solution comprising PBS, 0.05%
Tween 20 (Sigma), and 5% fetal calf serum (FCS). The samples were
then incubated with monoclonal mouse anti-ceramide antibody (clone
$58-9, #MABO0011, Glycobiotech) at a dilution of 1:100 in H/S buffer
(containing 132 mM NaCl, 20 mM HEPES [pH 7.4], 5 mM KCIl, 1 mM
CaCly, 0.7 mM MgCl,, and 0.8 mM MgSO,4) supplemented with 1% FCS
at room temperature for 45 min. Following the primary antibody incu-
bation, the samples underwent three washes with PBS containing 0.05%
Tween 20 and an additional wash with PBS. The tissue sections were
subsequently subjected to secondary labeling for 30 min using Cy3-
coupled anti-rat/rabbit/mouse F (ab), fragments (Jackson Immunor-
esearch) in H/S buffer supplemented with 1% FCS. Post-labeling, the
samples were washed three times with PBS containing 0.05% Tween 20,
followed by a final wash with PBS. Finally, the stained tissue sections
were embedded in Mowiol. The samples were then evaluated by
confocal microscopy. Images were quantified with ImageJ.
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2.10. Determination of cytokines

Blood samples were collected from mice and then centrifuged at
1000xg for 10 min at 4 °C to separate the plasma. The levels of cytokines
were determined using the LEGENDplex mouse inflammation panel
(BioLegend, #740446), following the manufacturer’s instructions. The
analysis was carried out on an Attune NxT machine, and the LEGEND-
plex data analysis software provided by BioLegend was used for data
analysis.

2.11. Statistical analysis

All data were obtained from at least 3 independent experiments and
expressed as arithmetic mean + standard deviation (SD). We tested all
results for normal distribution using the David Pearson-Stephens test.
Statistical analysis was performed using Student’s t-test for single
comparisons or with analysis of variance (ANOVA) for multiple com-
parisons. GraphPad Prism 9 statistical software (GraphPad Software, La
Jolla, CA, USA) was used for the analysis. P-values <0.05 were regarded
as statistically significant.

3. Results

3.1. Caveolin-1 deficiency leads to reduced killing of BCG by
macrophages and to higher bacterial burden during acute phase of
infection in mice

To elucidate the relevance of Caveolin-1 in mycobacterial infection,
we intravenously injected Wt or Caveolin-1 deficient mice (Cavl™")
with 1 x 107 bacteria to obtain a systemic infection and determined
bacterial numbers by colony forming unit (CFU) assays in tissues after 1
week (acute phase) or 3 weeks (advanced phase) of infection. We
focused on the analysis of livers, because, in comparison to splenic
macrophages/peritoneal macrophages, liver macrophages (Kupffer
cells) have been shown to play a critical role in mycobacterial infections
[54]. We found an approximately 30% lower hepatic burden of BCG in
Wt mice compared to Caveolin-1 deficient mice (Cavl ~/7) after 1 week
of infection (Fig. 1A), but no significant difference after 3 weeks of
infection (Fig. 1B). To validate bacterial killing in vitro, we infected
bone marrow-derived macrophages with BCG for 6 h with a
bacteria-to-host cell ratio (multiplicity of infection, MOI) of 50:1. Bone
marrow-derived macrophages have been reported to have similar bio-
logical functions as Kupffer cells [55]. The colony forming unit (CFU)
assays revealed that cells from Caveolin-1 (Cavl™ ") deficient mice
contained about 20% more bacteria than macrophages from Wt mice
(Fig. 1C). This suggests that the absence of Caveolin-1 leads to reduced
killing of BCG by macrophages and a reduced control of the mycobac-
teria during acute phase of infection in vivo.

3.2. Caveolin-1 deficiency does not affect internalization or activation of
neutral sphingomyelinase after BCG infection in vivo and in vitro

To clarify the mechanisms, how Caveolin-1 deficiency leads to
increased susceptibility during early infection, we tested whether the
internalization upon BCG infection was altered in Caveolin-1 deficient
macrophages. To this end, we infected bone marrow-derived macro-
phages with BCG for 5 or 30 min with a bacteria-to-host cell ratio
(multiplicity of infection, MOI) of 10:1 and determined bacterial uptake
by performing colony-forming unit (CFU) assays. As shown in Fig. 2A,
no difference in BCG internalization between Wt and Caveolin-1 defi-
cient (Cavl ") cells was observed (Fig. 2A).

We have previously shown that BCG infection is promoted by the
expression of neutral sphingomyelinase-2 (Nsm2), which regulates a
signaling cascade via the p38-mitogen-activated protein kinase (p38 K)
and c-Jun N-terminal kinases (pSAPK/JNK), leading to the activation of
surface pl-integrin and triggering granuloma formation, which is crucial
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Fig. 1. Caveolin-1 deficiency leads to reduced killing of BCG by macro-
phages and to higher bacterial burden during acute phase of infection in
mice. (A-B) Wt or Caveolin-1 deficient (Cavl™~) mice were intravenously
infected with 1 x 107 BCG for 1 week (A) or 3 weeks (B), mice were sacrificed,
livers were removed and colony-forming units (CFU) were determined after 2
weeks of culture. (C) Bone marrow-derived macrophages obtained from Wt or
Caveolin-1 deficient (Cavl ") mice were infected with BCG for 6 h with a
bacteria-to-host cell ratio (multiplicity of infection, MOI) of 50:1, cells were
lysed with saponin and colony-forming units (CFU) were determined (C).
Shown are the means + standard deviation (SD) of the numbers of bacteria, n
= 4-6, t-test, *p = 0.039 (A), **p = 0.0047 (C).

for mycobacterial infection in vitro and in vivo [56]. We therefore
determined the activity of neutral sphingomyelinase-2 (Nsm2), the
activation of surface pl-integrin and the phosphorylation of p38 K and
JNK in Wt and Caveolin-1 deficient (Cavl™") macrophages upon BCG
infection at various time points after infection with a bacteria-to-host
cell ratio (multiplicity of infection, MOI) of 10:1 and compared them
with non-infected cells. The results show a slight, but not significant
increase of the neutral sphingomyelinase-2 (Nsm2) activity and of active
Bl-integrin on the surface of the cells after 1-5 min (summarized)
infection with BCG (Fig. 2B and C), but no difference between Wt and
Caveolin-1 deficient (Cavl ") bone marrow-derived macrophages
(Fig. 2B and C). We then determined mitogen-activated protein kinase
(MAPK) cascades, which are key signaling pathways that regulate a wide
variety of cellular processes [57]. To this end, we detected p38-kinase
(p38 K) and c-Jun-N-terminal kinase (pSAPK/JNK) by Western blot-
ting at various time points after infection with a bacteria-to-host cell
ratio (multiplicity of infection, MOI) of 10:1 and compared them with
non-infected cells. The results showed marked phosphorylation of p38 K
after 5 min of infection, which persisted until 90 min of infection, but
phosphorylation was similar in Wt and Caveolin-1 deficient (Cavl™")
cells after BCG infection (Fig. 2D). Likewise, the results from Western
blot studies of SAPK/JNK also demonstrated a strong increase upon BCG
infection after 5 and 30 min of infection compared to non-infected cells,
in both Wt and Caveolin-1 deficient (Cavl /") macrophages without
difference (Fig. 2E).

3.3. Autophagy is not critical for BCG infection in Caveolin-1 deficient
mice and macrophages

We and others have previously demonstrated that autophagy serves
as an important host immune defense mechanism during infection with
Mycobacterium tuberculosis and BCG and functions as a key regulator of
inflammation [58-61]. Therefore, autophagy-associated proteins were
investigated in vivo and in vitro. For in vitro examination, we infected
bone marrow-derived macrophages from Wt and Caveolin-1 deficient
(Cavl~/7) mice for the indicated times with BCG or left them uninfected,
and performed Western blotting for the autophagy-associated proteins
phosphorylated mammalian target of rapamycin (pmTOR), phosphory-
lated AKT (pAKT), microtubule-associated protein 1 light chain 3 beta
(LC3B), p62 and cathepsin D (CTSD). Results revealed that the levels of
phospho-mTOR did not significantly change upon infection with BCG,
neither in Wt, nor in Caveolin-1 deficient (Cavl ) macrophages
(Fig. 3A). Phosphorylation of AKT was significantly upregulated after
30 min of infection with BCG, similar in both genotypes (Fig. 3B). The
analysis of LC3B, p62 and CTSD in bone marrow-derived macrophages

Tuberculosis 147 (2024) 102493

revealed no significant changes upon infection with BCG (Fig. 3C-E).
In vivo, we again focused on liver and determined the levels of LC3B,
phosphorylated Beclin (pBeclin), p62 and cathepsin D (CTSD) in Wt and
Caveolin-1 deficient (Cavl ") mice after systemic infection with BCG
for 1 or 3 weeks. The results reveal that LC3B was significantly increased
in Caveolin-1 deficient (Cavl /") and Wt livers 3 weeks after infection
compared to non-infected controls, but not after 1 week of infection
(Fig. 3F-S1). The increase of LC3B expression was more pronounced in
Caveolin-1 deficient (Cavl ") livers than in Wt mice (Fig. 3F-S1). In
contrast, we did not detect differences in the expression of pBeclin
(Fig. 3G-52), p62 (Fig. 3H-S3) and CTSD (Fig. 31-S4) between non-
infected and infected samples, as well as between both genotypes.

3.4. Caveolin-1 regulates cell death upon BCG infection

Caveolin-1 has been linked to cell death signaling pathways and
apoptosis [23-27]. It has been described that BCG infection of murine
macrophages effectively induces apoptosis by stimulation of Caspase 3,
9 and 12, thereby controlling intracellular bacteria [62]. To elucidate, if
interference of apoptosis is responsible for higher susceptibility of
Caveolin-1 deficient mice to early BCG infection, we first determined the
number of apoptotic cells in infected bone marrow-derived macro-
phages Wt and Caveolin-1 deficient (Cavl ") cells upon BCG infection
for 6 or 24 h with a bacteria-to-host cell ratio (multiplicity of infection,
MOI) of 50:1 via TUNEL-assay. The results revealed that the number of
apoptotic cells increased with time in both, Wt and Caveolin-1 deficient
(Cavl™") cells (Fig. 4A). However, much more apoptotic cells were
detected after 24 h in Caveolin-1 deficient macrophages compared to Wt
cells. Uninfected cells of both genotypes showed no notable apoptosis
(Fig. 4A). To follow up the evidence for increased cell death in
Caveolin-1 deficient mice upon mycobacterial infection, we detected the
expression of different markers, which are important in apoptotic pro-
cesses in vitro and in vivo. To this end, we infected bone marrow-derived
macrophages from Wt and Caveolin-1 deficient (Cavl ™) mice with
BCG for the indicated time, lysed the cells and performed Western
blotting for cleaved Caspase 3, Caspase 9 and Bax proteins. The results
revealed that Caspase 9, which is involved in key step in the intrinsic
pathway of apoptosis [63], was significantly upregulated upon infection
with BCG over time, with a maximum at 5 min of infection only in
Caveolin-1 deficient (Cavl ™" 7), but not in Wt cells (Fig. 4B). Western
blot analysis of Bax revealed, that Bax expression moderately increased
in Caveolin-1 deficient (Cavl /") macrophages, which was significantly
different from Wt macrophages since these show no differences at all
(Fig. 4C). The expression of cleaved Caspase 3 was neither different
between both genotypes, nor upregulated upon infection with BCG in
both genotypes (Fig. 4D).

For in vivo detection of apoptotic markers, we infected Wt or
Caveolin-1 deficient (Cavl /") mice intravenously with 1 x 107 BCG for
1 and 3 weeks or left them uninfected, sacrificed them, removed tissues
and performed Western blots from mouse liver lysates for Bax, cleaved
Caspase 3 and Caspase 9. The results revealed that Caveolin-1 deficient
(Cav1~") mice showed a remarkable upregulation of Bax expression in
the livers upon infection with BCG for 1 week, which normalized within
3 weeks (Fig. 4E-S5). In contrast, Wt livers did not show any increase of
Bax during infection, neither after 1 nor after 3 weeks of infection
(Fig. 4E, S5). We did not measure any notable expression of cleaved
Caspase 3 in uninfected livers, and as observed in macrophages, the
expression of cleaved Caspase 3 also did not change upon infection in
Caveolin-1 deficient (Cavl™/") and Wt mice (Fi g. 4F-S6). Instead,
Caspase 9 expression increased in Caveolin-1 deficient (Cavl /=) mice
after 1 week of infection, compared to non-infected controls or Wt tis-
sues, and then normalized after 3 weeks of infection to the level of un-
infected controls (Fig. 4G-S7). In summary, these examinations indicate
that, compared to Wt mice, cell death pathways are enhanced in
Caveolin-1 deficient mice upon mycobacterial infection.
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Fig. 2. Caveolin-1-deficiency does not affect internalization or activation of neutral sphingomyelinase after BCG infection in vivo and in vitro (A) Bone
marrow-derived macrophages from Wt or Caveolin-1 deficient (Cavl ~/~) mice were infected with BCG for the indicated times with a with a bacteria-to-host cell ratio
(multiplicity of infection, MOI) of 10:1 and colony-forming unit (CFU) assay was performed. (B) Macrophages from Wt or Caveolin-1 deficient (Cavl ~/~) mice were
infected with BCG for 1-5 min (summarized) or left uninfected and of neutral sphingomyelinase 2 (Nsm2) activity was determined. Shown are means + SD, n = 7
(A), n = 3 (B), ANOVA, followed by Bonferroni’s multiple comparisons test. (C) Active pl-integrin expression of macrophages from Wt or Caveolin-1 deficient
(Cavl™") mice was determined in uninfected cells or after BCG infection (MOI 10:1) for 30 or 60 min by immunoprecipitation. Shown is the quantitative analysis of
Westernblots (n = 3) as determined by ImageJ and presented in arbitrary units (a.u.), ANOVA, followed by Bonferroni’s multiple comparisons test and a repre-
sentative blot. (D-E) Wt or Caveolin-1 deficient (Cavl™ ™) bone marrow-derived macrophages were infected with BCG (MOI 10:1) for the indicated times or left
uninfected. Cells were lysed and Western blots were performed for pp38 (D) or pSAPK/JNK (E) as described. Shown are the means + SD of the quantitative analyses
of the blots from 3 to 4 experiments, p-values were calculated by ANOVA followed by Bonferroni’s multiple comparisons test (D-E), *p < 0.1, **p < 0.01, ***p <

0.001, ****p < 0.0001, and representative blots.

3.5. Acid sphingomyelinase-derived ceramide is increased in Caveolin-1
deficient mice upon BCG infection

A variety of studies demonstrated a central role for the acid sphin-
gomyelinase (Asm) and ceramide in several forms of cell death [64-67].
Ceramide seems to induce and regulate the activity of certain proteins,
which act as apoptosis regulators in several cell types, including mac-
rophages [68,69]. To find out, if Caveolin-1 expression regulates acid
sphingomyelinase (Asm) prior and/or upon infection, we determined
the activity of acid sphingomyelinase (Asm) in non-infected bone
marrow-derived macrophages from Wt and Caveolin-1 deficient
(Cavl™/") mice and after infection with BCG for the indicated time
points (Fig. 5A). The results showed, that acid sphingomyelinase activity
was generally higher in Caveolin-1 deficient (Cavl /") macrophages
than in syngenic Wt cells, also before infection, and increased similarly
in both, Wt and Caveolin-1 deficient (Cavl™") macrophages, after
infection with a maximum of 30 min (Fig. 5A).

The acid sphingomyelinase (Asm) hydrolyzes sphingomyelin to form
ceramide [reviewed in 70 and 71], which continues to be metabolized
into bioactive sphingolipids, such as sphingosine, respectively sphin-
gosine 1-phosphate [reviewed in 72]. To follow the indication of
increased acid sphingomyelinase activity in Caveolin-1 deficient
(Cavl™") macrophages, we infected Wt and Caveolin-1 deficient
(Cavl™/") mice systemically with BCG for 1 and 3 weeks or let them
uninfected, sacrificed the mice, removed livers and determined cer-
amide, sphingomyelin (SM), sphingosine (Sph) and sphingosine 1-phos-
phate (S1P) by LC-MS/MS (Fig. 5B-E). The results reveal that livers from
Caveolin-1 deficient (Cavl ") mice exhibited a strong increase of cer-
amide after 3 weeks, but not after 1 week of infection with BCG
compared to non-infected controls (Fig. 5B). This was in contrast to Wt
livers, which did not show a significant increase of ceramide upon BCG
infection, although we observed a trend of an increase of ceramide in Wt
livers 3 weeks after infection (Fig. 5B). Measurement of sphingomyelin
(SM) demonstrated, that livers from Wt mice exhibited a slight increase
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Fig. 3. Autophagy is not critical for BCG infection in Caveolin-1 deficient mice and macrophages (A-E) Bone marrow-derived macrophages from Wt or
Caveolin-1 deficient (Cavl ") mice were infected with BCG for the indicated times with a with a bacteria-to-host cell ratio (multiplicity of infection, MOI) of 10:1 or
left uninfected. Cells were lysed and Western blots were performed for pmTOR (A), pAKT (B), LC3B (C), p62 (D) or CTSD (E) as described. Shown are the means + SD
of the quantitative analysis of the blots from 3 to 4 experiments, p-values were calculated by ANOVA followed by Bonferroni’s multiple comparisons test (A-E), *p <
0.1. (F-I) Wt or Caveolin-1 deficient (Cavl ™ ") mice were systemically infected with 1 x 107 BCG for 1 or 3 weeks or left uninfected, mice were sacrificed, livers were
removed, lysed and Westernblots for LC3B (F), pBeclin (G), p62 (H) and CTSD (I) were performed. Expression of proteins was normalized to actin levels and
quantification of the densities given as arbitrary units (a.u.) was performed using ImageJ. Displayed are the means =+ SD of 3-4 experiments, p-values were calculated
by ANOVA followed by Bonferroni’s multiple comparisons test (F-I), *p < 0.01, **p < 0.01.

in the level of sphingomyelin (SM) after 3 weeks of infection with BCG,
whereas Caveolin-1 deficient (Cavl ™) mice did not show any changes
(Fig. 5C). The level of sphingosine (Sph) and sphingosine 1-phosphate
(S1P) did not differ between infected and uninfected livers, or be-
tween both genotypes (Fig. 5D and E). To summarize the consumption of
sphingomyelin (SM) to ceramide upon infection with BCG, the sphin-
gomyelin (SM)/ceramide (Cer) ratio was calculated. This analysis
demonstrates that Caveolin-1 deficient (Cavl ") livers exhibited a
strong reduction of sphingomyelin (SM)/ceramide (Cer) ratio compared
to non-infected controls 3 weeks after BCG infection (Fig. 5F), while the
sphingomyelin (SM)/ceramide (Cer) ratio in livers of Wt mice did not
show significant changes upon infection (Fig. 5F). Ceramide stainings in
livers confirmed the data measured by LC-MS/MS. In comparison to
uninfected controls or Wt tissues, Caveolin-1 deficient (Cavl =/ 7) livers
exhibited a significant increase of ceramide already after 1 week of
infection with BCG, which was even more evident upon 3 weeks of
infection (Fig. 5G). These results indicate that Caveolin-1 regulates acid
sphingomyelinase (Asm)-induced ceramide formation upon mycobac-
terial infection.

3.6. Inflammatory cytokines are dysregulated in Caveolin-1 deficient mice
upon BCG infection

Inflammatory cytokines play a major role in host defense against
Mycobacterium tuberculosis or other mycobacteria. Particularly inter-
feron y (IFNy) and tumor necrosis factor a (TNFa) are essential for sur-
vival following Mycobacterium tuberculosis infection, by coordinating
and maintaining mononuclear inflammation, induction of innate cyto-
kine and chemokine responses and phagocyte activation [73,74]. To
investigate if Caveolin-1 regulates the production of inflammatory cy-
tokines during BCG infection in mice, we infected Wt and Caveolin-1
deficient (Cavl™ ") mice systemically with BCG for 1 and 3 weeks or
left them uninfected, obtained blood serum and determined the con-
centrations of different cytokines. The results reveal an increase of
interferon y (IFNy) (Fig. 6A) and tumor necrosis factor o« (TNFa) (Fig. 6B)
after 3, but not after 1 week of infection in both genotypes compared to
non-infected controls (6 A-B). Of note, compared to Wt mice, Caveolin-1
deficient (Cavl™ ") mice exhibited a remarkable weaker increase of
IFNy (Fig. 6A) and TNFa (Fig. 6B) 3 weeks after infection. Determination
of interleukin-6 (IL-6) showed that compared to non-infected controls
Wt mice exhibited a strong increase of interleukin-6 (IL-6) upon



Y. Wu et al. Tuberculosis 147 (2024) 102493

A B
-
251 o W ** —* s
) = Cavi™” u = 2.5 ek = Cavi”
= 20 3
3 S 20 fo o
% 15 . ) % e = Genotype Cav/* Cav/
. i
§ 10 g 5 Infectiontime[min] 0 5 30 60 120 0 5 30 60 120 kDa
T 5 3 [ g 10 - -
= 0 © 34
== g sl i i i I — —
Infection time [h] 6 24 2 Actin [ w500 s S Sae . - —] 3

0 5 30 60 120

Wt 24 h infected

= Genotype Wt Cavl’/
S, Infection time [min] 0 5 30 60 120 0 5 30 60 120 kDa
o
g —— - o 25
8 =TT T
% .
©
[
Cav1-- 24 h infected ACHN | — o — v —— —— —-|—43
2um Infection time [min]
D
Pos. uninfected : ‘g’t 1
av
= 2.0 °
B ] =
23— 15
93 .
, O ®©
7 : 3‘: 1.0 i
Neg. uninfected @ 5 m| . o
|
%“ 0.51 (%% o] o] [®| H
20umfis S g o| [=| [o] m
0.0 T T T r r
0 5 30 60 120
Infection time [min]
E
o Wt o Wt
= cavi’ = cavi” o Wt
25 15" Cavl”
';:' 2.0 n =) ?
S, . S, S 1.0 -
c 15 = £
g g g
© g
x 10 * % 05
© < ©
0.0 K 0.0
Uninfected 1 wpi 3 wpi
F G
o Wt o Wt %
e o C =
5 = Cavi 5 av1 . Wt *%
3 3 = Cavi’ o
g g
g = g ,;, ~ 20 %
O © O m ] z . Ll
2c 1 5 E 1 = 18 -
23 23 £ . !
2 © -] 8 10
@ ® s ™
8 8 @ o o Ll
©
0 0 s 054(0 o [ "
1 wpi 3 wpi & 7y
0 q 3

Infection time [weeks]

Fig. 4. Caveolin-1 regulates cell death upon BCG infection (A) Bone marrow-derived macrophages derived from Wt and Caveolin-1 deficient (Cavl /") mice were
infected with BCG for 6 or 24 h with a with a bacteria-to-host cell ratio (multiplicity of infection, MOI) of 50:1 and the number of apoptotic cells was determined via
TUNEL-assay. Shown are the means + standard deviation (SD) (n = 4-7), ANOVA, followed by Bonferroni’s multiple comparison test, **p = 0.0061 and a representative
picture, scale bar is 20 pm. (B-D) Bone marrow-derived macrophages from Wt and Caveolin-1 deficient (Cavl™") mice were infected with BCG (MOI 10:1) for the
indicated times or left uninfected, lysed and Westernblots on Caspase 9 (B), Bax (C) or cleaved Caspase 3 (D) were performed. (E-G) Wt and Caveolin-1 deficient (Cavl )
mice were intravenously infected with 1 x 107 BCGfor1or 3 weeks, sacrificed, livers were removed and lysed. The apoptotic markers Bax (E), cleaved Caspase 3 (F) and
Caspase 9 (G) were detected via Western blotting. Shown is the quantitative analysis of Westernblots (n = 3-6) as determined by ImageJ and presented in arbitrary units
(a.u.), ANOVA, followed by Bonferroni’s multiple comparisons test (B-G) and representative blots (B, C), *p < 0.1, **p < 0.01, ***p < 0.001.



Y. Wu et al. Tuberculosis 147 (2024) 102493
D A
A G Wit Cavl”
ok o Wt o Wt '
= Cavi™ = Cav1™
ok = 60
[} [ ]
= 20 s 3 . = k]
g & . = &
23 15 N o 40 T ' - 3]
Z5 N = E <
z 210 . . g = 3 = | o [wm| |® c
= . £ 204 [® u ® ‘c
0n =
<% s m ) * 5 =)
= £
0 T T T T 7] 0
0 30 45 60
Infection time [min] 0 1 3
Infection time [weeks]
B s
*%
*kk E 3
:g 30001 © Wi e Wt -
° = Cav1’ * T 157 = Cavi”
5 : s
E’ 2000 : 2
E 2 10 °
o f=2]
£ n £
2 1000 3 =
2 L : E os5{|°| A= (°
) = °l|a a
g - r*] |‘F=.| ﬂ & . ° ;
8 ® 00 0
0 1 3 .
Infection time [weeks] 0 1 3
Infection time [weeks]
¢ F
= 150007 ——* e Wt oW = = =
N * = Cav1 = Cav1™” g i’; £
2 20 * . H o
S 10000 s g 5
£ i o| & *k*x £ z E
3 '} [ ] . ° _ > - o
g 5000 . s 15 - g 3 3
2 = £ £ £
Z 6‘3 104 [e . u L] g : g s
0 o Uninfected © o
s ] o0
0 1 3 5 sl
Infection time [weeks] [] :
0
0 1 3

Infection time [weeks]

Fig. 5. Acid sphingomyelinase-derived ceramide is increased in Caveolin-1 deficient mice upon BCG infection (A) Bone marrow-derived macrophages from
Wt and Caveolin-1 deficient (Cavl ") mice were infected with BCG with a bacteria-to-host cell ratio (multiplicity of infection, MOI) of 10:1 for the indicated time,
lysed and the activity of acid sphingomyelinase (Asm) was measured with green fluorescent BODIPY FL C;,-sphingomyelin. Shown are the means + SD of the acid
sphingomyelinase activity from 4 independent experiments, ANOVA, *p < 0.1, **p < 0.01. (B-F) Wt and Caveolin-1 deficient (Cavl /") mice were systemically
infected with 1 x 107 BCG for 1 or 3 weeks or left uninfected, sacrificed, livers were removed, homogenized and subjected to lipid extraction. Ceramide (B),
sphingomyelin (SM) (C), sphingosine (Sph) (D) and sphingosine-1-phosphate (S1P) (E) were quantified by liquid chromatography tandem-mass spectrometry (LC-
MS/MS), normalized to proteins and displayed as pmol/mg protein. The sphingomyelin (SM)/ceramide (Cer) ratio (SM/Cer ratio) was calculated (F). Shown are the
means + SD from 3 to 4 independent experiments, p-values were determined by ANOVA followed by Bonferroni’s multiple comparisons test, *p < 0.1, **p < 0.01,
p < 0.001. (G) Wt and Caveolin-1 deficient (Cavl ™) mice were systemically infected with 1 x 107 BCG for 1 or 3 weeks or left uninfected, sacrificed, livers were
removed and subjected to histopathologic assessment of ceramide. Shown is the quantitative analysis of 3 stainings, ANOVA followed by Bonferroni’s multiple
comparisons test *p < 0.1, **p < 0.01, ***p < 0.001. Representative pictures are taken with a Leica SP5 confocal microscope, scale bar is 100 pm. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

infection for 3 weeks, but not for 1 week of infection. This increase of
IL.-6 was absent in Caveolin-1 deficient (Cavl ") mice (F ig. 6C). Other
cytokines, as Monocyte chemoattractant protein-1 (MCP-1),
interleukin-12p70 (IL-12p70), interleukin-1p (IL-1p), interleukin-23
(IL-23), interleukin-la (IL-1ax), interleukin-10 (IL-10), interleukin-27
(IL-27), interleukin-17 A (IL-17 A), interferon f (IFNB) or granulocyte
macrophage-colony stimulating factor (GM-CSF) showed no difference
between both genotypes (not shown). These results suggest that
Caveolin-1 expression is necessary to adequately induce prominent in-
flammatory cytokines upon infection of mice with BCG.

4. Discussion

To elucidate the role of Caveolin-1 in mycobacterial infections, we

determined a variety of parameters in the course of bacterial infection in
Wildtype (Wt) mice compared to Caveolin-1 deficient (Cavl ~/~) mice
and macrophages after infection with Mycobacterium bovis Bacillus
Calmette-Guérin (BCG), as model for tuberculosis. We show that,
compared to Wt mice, the infection of Caveolin-1 deficient mice with
BCG leads to moderately higher bacterial burdens in the acute phase of
infection in the livers and observed a tendency to more bacteria during
the advanced/sub-chronic course of infection. Notably, the absence of
Caveolin-1 also results in a reduced early killing of BCG in macrophages.
To better understand the circumstances of extrapulmonary or dissemi-
nated M. tuberculosis infections and to be consistent with previous
studies of our group, we chose intravenous instead of intranasal infec-
tion, and although information on organs other than the liver would also
be of interest, we limited our study to the liver, as it has been shown that
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Fig. 6. Inflammatory cytokines are dysregulated in Caveolin-1 deficient mice upon BCG infection (A-C) Wt and Caveolin-1 deficient (Cavl~~) mice were
intravenously infected with 1 x 107 BCG for 1 or 3 weeks or left uninfected, sacrificed, serum was taken, and interferon v (B y) (A), tumor necrosis factor a (TNFa) (B)
and interleukin 6 (IL-6) (C) were determined using the LEGENDplex mouse inflammation kit. Displayed are the means + SD from 3 to 5 experiments, p-values were
calculated by ANOVA followed by Bonferroni’s multiple comparisons test, **p < 0.01, ****p < 0.0001. Note on INFy,1 week: Some values were extremely high/out
of range, so we only included values that were within the measurement range of the LEGENDplex inflammation panel in the statistical analysis.

hepatic macrophages (Kupffer cells), in contrast to spleen macrophages/
peritoneal macrophages, play a critical role in mycobacterial infections
[54]1.

A typical hallmark of mycobacterial infection is the formation of
granulomas, composed mainly of epitheloid macrophages, multinucle-
ated giant cells and foamy macrophages, which are recognized to be host
defense mechanisms [75,76]. The constitution of granuloma differs
during acute and persistent phases of infection. In the early stage, the
formation of granuloma is characterized by the development of in-
flammatory infiltrates in host tissues, accompanied by a clear predom-
inance of T-helper 1 (Th1) cells [77]. This is followed by a chronic or
advanced phase, starting at 3 weeks, manifested by the appearance of
matured granuloma and histopathological changes, indicative of more
severity and associated with enhanced CD4" T-cell priming [78]. The
transition from the acute to the chronic phase of infection is also asso-
ciated with a shift in cytokine production. During early mycobacterial
infection, high concentrations of interleukin-2 (IL-2), interleukin-1
(IL-1), and tumor necrosis factor o« (TNFa), low levels of transforming
growth factor p (TGF-B), as well as an incremental increase of interferon
v (IFNy) have been described, whereas the persistent or chronic infection
is characterized by a decrease in interleukin-1 (IL-1), interleukin-2
(IL-2), and tumor necrosis factor o (TNFa), accompanied with very
high levels of transforming growth factor p (TGFp) and interferon y
(IFNy) [77,79,80]. The measurements of cytokines in our studies also
revealed a shift in cytokine production from the early to the advanced
course of infection with BCG. We observed an increase of interferon y
(IFNy), tumor necrosis factor a (TNFa) and interleukin-6 (IL-6) upon
infection only after 3 weeks infection, but not after 1 week of infection.
This pattern was observed in Wt mice as well as in Caveolin-1 deficient
(Cavl~/~) mice. However, cytokines increase after 3 weeks of infection
was much lower for Caveolin-1 deficient (Cavl /") mice than for Wt
mice. These results indicate a delayed activation of the immune system
upon infection with BCG for the prominent cytokines IFNy, TNFa and
IL-6 in our model, in particular in Caveolin-1 deficient mice.

Previous studies demonstrated an increased sensitivity of Caveolin-1
deficient (Cavl™/") mice to Pseudomonas aeruginosa [28], Salmonella
enterica serovar Typhimurium [29], and Klebsiella pneumonia [30] in-
fections, as indicated by an increased mortality rate, elevated bacterial
burdens recovered from lungs and spleens, and elevated inflammatory
responses. In addition, Caveolin-1 deficiency has been shown to impair
the infection of murine monocytic myeloid-derived suppressor cells with
BCG due to a selective defect of intracellular Toll-like receptor (TLR)2
levels, which leads to reduced capacity to generate various cytokines, to
upregulate surface markers and to induce nitrogen oxide (NO) produc-
tion [40]. Further, in a sepsis model Caveolin-1 deficient (Cav1 /) mice
exhibited decreased mortality due to decreased levels of inflammation
mediated by interactions with nitric oxide [81]. These studies indicate
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multi-faceted roles for Caveolin-1 in infectious diseases. Our findings of
moderately elevated BCG burden in Caveolin-1 deficient (Cavl ~/~)mice
in the early course of the infection and in macrophages are consistent
with the observations for Pseudomonas aeruginosa, Salmonella enterica
serovar Typhimurium and Klebsiella pneumonia. However, in our ex-
periments Caveolin-1 deficient (Cavl ~/~) mice showed less inflamma-
tory responses than Wt mice to BCG. A reasonable explanation might be
that in contrast to the mentioned bacteria, mycobacteria have to sup-
press the immune system to survive and therefore aim to delay the
initiation of innate and adaptive immunity to resist immune clearance.
Multiple reports previously described that pathogenic mycobacteria
inhibit several aspects of the innate and adaptive immune response
during infection, including phagosome maturation or cytokine produc-
tion [82-86]. Thus, it could be, that the impaired defense of Caveolin-1
deficient (Cavl™") mice and macrophages to BCG, compared to Wt
mice, is due to insufficient formation of cytokines required for effective
killing. After 3 weeks of infection, numbers of BCG in livers from Wt- and
Caveolin-1 deficient mice did not differ anymore, because immune
response was increased and, although weaker in Caveolin-1 deficient
mice, sufficient enough to eliminate mycobacteria.

The increased bacterial load in livers of Caveolin-1 deficient mice
and in macrophages during the early phase of the infection was not due
to impaired internalization of BCG by host macrophages (see Fig. 2A),
which are the major cell type infected by Mycobacterium tuberculosis and
BCG [87]. This is consistent with the findings of other groups chal-
lenging macrophages from Wt or Caveolin-1 deficient mice with Sal-
monella enterica serovar Typhimurium or murine monocytic suppressor
cells with BCG [29,40].

Sphingomyelinases are enzymes characterized by their pH de-
pendency: acid, neutral, and alkaline sphingomyelinases have been
identified [88]. Sphingomyelinases catalyze the hydrolysis of sphingo-
myelin to generate ceramide [reviewed in 70 and 71] which is a central
molecule in modulating membrane biophysical properties and involved
in various cellular process, such as apoptosis or inflammation, as well as
several pathologies and diseases [48,65,69,89,90]. The acid sphingo-
myelinase/ceramide system, which has been shown as a crucial factor in
the internalization and killing of various pathogens [45,46,91-96],
modulates both the proinflammatory response and the state of myco-
bacteria in macrophages [97-102]. Our measurements of acid sphin-
gomyelinase activities in macrophages revealed an activation of the
enzyme in both, Wt- and Caveolin-1 deficient cells, during infection with
BCG. However, Caveolin-1 deficient macrophages showed a higher ac-
tivity of the acid sphingomyelinase, both basally and upon infection. In
accordance, the generation of ceramide was increased after systemic
infection for 3 weeks in the livers of Caveolin-1 deficient mice. Ceramide
levels were higher in the livers of Caveolin-1 deficient mice compared to
the livers of Wt mice. Finally, the level of sphingomyelin in Wt livers was
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decreased after 1 and 3 weeks of infection. In summary, this resulted in a
strong decrease of sphingomyelin/ceramide ratio in Caveolin-1 deficient
mice upon infection with BCG. These data suggest a regulation of the
acid sphingomyelinase (Asm)/ceramide system by caveolin-1, but the
exact function of the acid sphingomyelinase in Caveolin-1 deficient cells
remains to be determined.

Our in vitro studies demonstrated that Caveolin-1 deficient macro-
phages undergo more apoptosis 24 h after BCG infection compared to Wt
cells (see Fig. 4A). Further, we show a higher expression of Bax and
Caspase 9, but not Caspase 3 in macrophages and in livers of Caveolin-1
deficient mice after 1 week compared to Wt mice suggesting induction of
intrinsic apoptosis in Caveolin-1 deficient cells and mice upon BCG
infection. Mycobacterial infections trigger apoptosis via the extrinsic or
the intrinsic pathway [103-105]. It needs to be determined whether the
stronger induction of cell death in Caveolin-1 deficient cells depends on
the stronger activation of the acid sphingomyelinase in these cells or
whether other mechanisms mediate cell death upon BCG infection of
Caveolin-1 deficient cells. A meaningful future approach to link these
events, would be to cross Caveolin-1 deficient mice with acid
sphingomyelinase-deficient mice and determine apoptosis upon BCG
infection.

It has been described that BCG infection of murine macrophages
effectively induces apoptosis by stimulation of Caspases 12, 9 and 3
thereby controlling intracellular bacteria. The infection induces an
activation of interferon regulatory factor 3 (IRF3) and cytoplasmic Bax,
leading to mitochondrial damage [62]. Bax is widely recognized as the
most representative proapoptotic protein of the Bcl-2 family proteins
and its localization and control on mitochondria are essential for the
intrinsic pathway of apoptosis [106]. Several research groups also
demonstrated Caspase 3 independent death pathways in mycobacterial
infections. For example, IL-32y induces death of Mycobacterium tuber-
culosis-infected macrophages through other mechanisms including those
mediated by Caspase 1 and lysosomal cathepsins, thereby contributing
to control of infection [107,108]. In addition, in response to apoptotic
stimuli, mitochondria can also release Caspase-independent cell death
effectors such as apoptosis-inducing factor (AIF) and Endonuclease G
[109]. Another report describes, that apoptosis of macrophage upon
BCG infection is independent of Caspase 3, 8 or 9 activation, but
accompanied by translocation of apoptosis-inducing factor (AIF) [110].
Our research revealed no remarkable expression of apoptosis-inducing
factor (AIF) in bone marrow-derived macrophages (not shown), sug-
gesting, that at least mitochondrial protein AIF does not play a role in
our model; Future studies on other mechanisms of Caspase 3 indepen-
dent apoptosis, such as involvement of caspase-1, interferon regulatory
factor 3 (IRF3), IL-32y or various cathepsins could provide further in-
sights into the nature of BCG-induced apoptosis in macrophages. We
restricted ourselves to the measurement of cathepsin D (CTSD), which
was induced independently of Caveolin-1 in our infection model.
Although apoptosis is widely considered as host defense mechanism
against bacterial infections, thus protecting the host from disease
[reviewed in 111], it has been described, that apoptosis could also be
disease-promoting if it eliminates key host defense cells, facilitates
penetration of epithelial barriers, or spreads infection through effer-
ocytosis [75,112]. Besides, several mycobacterial species, including
BCG, Mycobacterium tuberculosis and Mycobacterium avium release
distinct membrane vesicles containing lipids and proteins that subvert
host immune response in a Toll-like receptor 2-dependent manner [113,
114].

A recent publication demonstrated differences in death mode in
M. tuberculosis-infected murine macrophages, dependent on bacteria-to-
host cell ratio (multiplicity of infection, MOI). The primary death mode,
using high doses of infection (MOI >25:1) was apoptosis, based on nu-
clear morphology, although the apoptotic cells progressed rapidly to
necrosis. The authors concluded that the presence of high numbers of
intracellular bacteria triggers a macrophage cell death pathway that
could promote the extracellular spread of infection and contribute to the
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formation of necrotic lesions in tuberculosis [115]. We used both, high
multiplicity of infection (MOI) for detection of killing (CFU) and cell
death (TUNEL) in macrophages (MOI 50:1) and low multiplicity of
infection (MOI) for Western blots to measure apoptotic markers (MOI
10:1). For systemic infection of mice, we injected 1 x 107 bacteria,
which represents a physiological dose. Based on literature reviews, we
cannot rule out that our results represent a combination of apoptosis and
necrosis, thus explaining the absence of Caspase-3 activation.

The results of the present work on the role of Caveolin-1 in auto-
phagy upon BCG infection, revealed no notable involvement of this
process in infection. It seems, that BCG could induce the autophagy
pathway PI3K-AKT-mTOR and stimulate pBeclin, p62 and LC3B in Wt
and Caveolin-1 deficient mice and macrophages in a more or less similar
way upon mycobacterial infection.

5. Conclusions

Our studies demonstrate that Caveolin-1 is involved in infection of
mice and murine macrophages with Mycobacterium bovis Bacillus
Calmette-Guérin (BCG) by controlling acid sphingomyelinase (Asm)
dependent ceramide production, apoptosis and inflammatory host re-
sponses. The deficiency of caveolin-1 leads to moderate higher bacterial
burdens in the early phase of infection in livers of Caveolin-1 deficient
mice and macrophages. These clues might be important in the fight
against tuberculosis.
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