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Abstract

The mechanisms that regulate the acidification of intracellular compartments are key to host
defense against pathogens. In this paper, we demonstrate that Abl tyrosine kinase, a master switch
for cell growth and trafficking of intracellular organelles, controls the acidification of lysosomes
in human macrophages. Pharmacological inhibition by imatinib and gene silencing of Abelson
(Abl) tyrosine kinase reduced the lysosomal pH in human macrophages by increasing the
transcription and expression of the proton pumping enzyme vacuolar-type H*-adenosine
triphosphatase. Because lysosomal acidification is required for antimicrobial activity against
intracellular bacteria, we determined the effect of imatinib on the growth of the major human
pathogen Mycobacterium tuberculosis. Imatinib limited the multiplication of M. tuberculosis. and
growth restriction was dependent on acidification of the mycobacterial compartment. The effects
of imatinib were also active in vivo because circulating monocytes from imatinibtreated leukemia
patients were more acidic than monocytes from control donors. Importantly, sera from imatinib-
treated patients triggered acidification and growth restriction of M. tuberculosisin macrophages.
In summary, our results identify the control of phagosomal acidification as a novel function of Abl
tyrosine kinase and provide evidence that the regulation occurs on the level of the vacuolar-type
H*-adenosine triphosphatase. Given the efficacy of imatinib in a mouse model of tuberculosis and
our finding that orally administered imatinib increased the ability of human serum to trigger
growth reduction of intracellular M. tuberculosis, clinical evaluation of imatinib as a
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complementary therapy of tuberculosis, in particular multidrug or extremely drugresistant disease,
is warranted.

Lysosomes are subcellular organelles that function to digest cellular debris and aid in the
destruction of microbial pathogens. These functions in cell homeostasis and host defense are
dependent on the acidification of lysosomes, providing the optimal environment for the
activation of degradative enzymes. Definition of the mechanisms that regulate the
acidification of intracellular compartments will provide new insights into host defense
against microbial pathogens.

Recent studies indicate that lysosome function is regulated by the Abelson (Abl) tyrosine
kinase (1). The Abl kinase gene family consists of the Abl tyrosine kinase (Abll), its paralog
Arg, and the oncogenic fusion protein Ber-Abl (2). Abl tyrosine kinase is activated in
response to extracellular or intracellular stimuli. Activation triggers ATP-dependent
interactions with multiple cellular targets including cytoskeletal proteins that coordinate
actin dynamics and cell migration (2). More specifically, Abl tyrosine kinase positively
regulates autophagy by orchestrating the localization and activity of glycosidases,
cathepsins, and lysosomes, suggesting that Abl tyrosine kinase is involved in digestion and
removal of self- and foreign material (1, 3).

Chromosomal translocation of the breakpoint cluster region gene to the ABL gene produces
the Ber-Abl fusion protein resulting in constitutive Abl tyrosine kinase activity and chronic
myeloid leukemia (CML) (4). This sentinel finding has been translated into clinical
guidelines, and pharmacological inhibition of Abl tyrosine kinase by imatinib (ST1571) is
the current standard treatment for early-stage CML (5). Imatinib neutralizes Abl tyrosine
kinase activity by competitive displacement of ATP from the binding pocket. Despite the
broad functional activity of Abl tyrosine kinase, the treatment is generally well tolerated. As
opposed to many other cancer treatments, imatinib does not increase the risk of infections
raising the intriguing possibility that it supports immune effector mechanisms.

Mycobacterium tuberculosis, the causative agent of tuberculosis, exploits the host cell
machinery by manipulating the trafficking of intracellular organelles and avoiding
phagosome acidification (6). Because Abl tyrosine kinase is involved in the movement of
lysosomes, it is conceivable that M. fuberculosis and the host cell kinase interact and affect
the outcome of infection. Recently, it was demonstrated that silencing of ABL1 affects the
growth of the in-tracellular pathogen M. tuberculosis (7) and that inhibition of Abl tyrosine
kinase reduces the bacillary load in a mouse model of tuberculosis (8). Because restriction of
mycobacterial growth requires the acidification of phagosomes, we hypothesized that Abl
tyrosine kinase regulates the acidity in lysosomes and modulates the growth of M.
tuberculosis and human macrophages.

In this study, we demonstrate that Abl tyrosine kinase controls phagosomal acidification by
modulating the expression of the proton pumping enzyme vacuolar-type H*-adenosine
triphosphatase (VATPase). Imatinib—added in vitro or after oral administration—
strengthens the antimicrobial activity of human macrophages against M. tuberculosis and
should be evaluated as an adjuvant therapy against drug-resistant tuberculosis.

Materials and Methods

Cell culture reagents

Cells were cultured in RPMI 1640 medium (Biochrom) supplemented with glutamine (2
mM; Sigma-Aldrich), 10 mM HEPES, 13 mM NaHCO3, 100 pg/ml streptomycin, 60 pg/ml
penicillin (all from Biochrom), and 5% heat-inactivated human AB serum (Cambrex) (=
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complete medium [CM]). For the culture of bronchoalveolar lavage (BAL) cells,
streptomycin was replaced by amphotericin B (5.6 pg/ml) (Sigma-Aldrich). Ten percent
non-heat-inactivated human AB serum was used to optimize the uptake of the bacilli (=
BAL medium).

Abs and reagents

The following Abs were used for immunofluorescence, flow cytometry, or Western blot
analysis: anti-CD1a (HI149; BD Biosciences), anti-CD14-APC (clone Tu"K4), Systems,
and anti-CD68-FITC (clone Y1/82A; BD Biosciences), anti-CD83-APC (clone HB15e; BD
Biosciences), anti-HLA-DR-PerCP (clone L243; BD Biosciences), rabbit polyclonal anti—c-
Abl, anti-rabbit IgG F(ab”), fragment 488 conjugate, anti-mouse 1gG F(ab"), fragment 488
conjugate (all from Cell Signaling Technology), anti-EEA1-FITC (clonel4/EEAL; BD
Biosciences), rabbit polyclonal anti-vATPase, subunit ¢ (9), mouse monoclonal anti-
VATPase, subunit a3 (TCIRG1; Abcam), mouse monoclonal anti—p-actin (AC-15; Abcam),
anti-CD63 (clone CLB Gran/12; Immunotech), and AnnexinVFITC (Responsif, Erlangen,
Germany).

The tyrosine kinase inhibitors imatinib (Gleevec; Novartis) and dasatinib (Tasigna; Bristol-
MyersSquibb) were dissolved inDMSO(Sigma-Aldrich) at 1 mg/ml and stored at —70°C.
The MAPK p38 inhibitor (SB203580) and the Src family tyrosine kinase inhibitor PP2 were
from Calbiochem. The VATPase inhibitor concanamycin A and unlabeled pepstatin were
from Sigma-Aldrich. The fluorescent probes were all purchased from Sigma-Aldrich
(Hoechst 33258), pepstatin A bodipy-FL conjugated (BPF), Lyso-Sensor Green DND189,
and LysoTracker Red DND99. IFN-y was purchased from R&D Systems, and L-AS-(1-
iminoethyl)lysine was from Calbiochem.

Preparation of macrophages

PBMC were isolated by density gradient centrifugation of buffy coat preparations from the
blood of healthy donors. Monocytes were isolated by adherence on plastic and cultured in
the presence of GM-CSF (10 ng/ml; Berlex). Monocyte-derived macrophages (MDM) were
detached with EDTA (1 mM; Sigma-Aldrich) after 4-6 d of culture. Phenotypic
characterization confirmed that the purity of macrophages exceeded 97% (CD68-positive,
HLA-DR-—positive) and were not significantly contaminated by dendritic cells (CDla—
negative and CD83-negative) or T cells (CD3-negative).

Alveolar macrophages (AM) were obtained from the BAL of patients who underwent
bronchoscopy for diagnostic purposes. Patients given a diagnosis of an infectious lung
disease or a disease afflicting the alveolar space were excluded. Lavage fluid was filtered
through a tea strainer (WMF) and centrifuged (1300 rpm, 10 min) at 4°C. Cells were plated
in 6-well plates (2 x 108/ml), and after 1 h, nonadherent cells were removed by vigorous
washing.

LysoSensor staining

Macrophages (0.25 x 106/ml in 250 pl) were plated in 8-chamber slides (Nalge Nunc
International) and incubated with imatinib (5 uM) for 24 h. LysoSensor (4 uM) and the
nucleic acid stain Hoechst 33258 (1 ug/ml) were added for 2 h. Cells were analyzed by
confocal laser (Zeiss 510) or fluorescence (Zeiss Axioskop-2) microscopy. For flow
cytometry, macro-phages or whole blood (250 ul) were incubated with LysoSensor (4 uM)
as above and immediately analyzed by flow cytometry using WinMDI 2.8 software (J.
Trotter, Salk Institute, La Jolla, CA).
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LysoTracker staining

In contrast to LysoSensor, LysoTracker red DND99 is not washed out by Triton X-100 and
was therefore used for fluorescence microscopy (10). MDM were incubated with
LysoTracker (100 nM) for 1 h at 37°C. Para-formaldehyde (4%)-fixed cells were treated
with Triton X-100 (0.3%, 10 min on ice; Sigma-Aldrich) and anti-EEA1 (1:100) or anti-
CD63 (1:100) for 2 h at 4°C. After incubation with anti-mouse 1gG F(ab”), fragment, Alexa
488 cells were analyzed by fluorescence microscopy.

Immunostaining for vATPase

For the detection of vATPase, subunit a3 macrophages were adhered to 8-chamber slides
and treated with imatinib (5 uM) for 24 h. Macrophages were fixed (4% paraformaldehyde),
permeabilized (0.5% Triton X-100), and stained with a polyclonal anti-vATPase Ab (1:500,
1 h). Labeling was detected using anti-rabbit Alexa 488 (1:800). Hoechst 33258 (1 ug/ml)
was added for nuclear staining during the last 10 min. Cells were evaluated by confocal laser
or fluorescence microscopy. For analysis by flow cytometry, cells were detached and stained
exactly as described for immunofluorescence.

Silencing of Abl tyrosine kinase RNA

MDM were transfected with a nontargeted control small interfering RNA (siRNA) or on-
target—specific SiRNA directed to Abl sequences (11) (Santa Cruz Biotechnology): 5’-
UCAACAGUCUGGAGAAACA-3"; 5"-CUUC-AUCCCUCUCAUAUCA-3"; and 5'-
UGUGAAUCCUGGCAAGAAA-3’. MDM were suspended in human macrophage
nucleofector solution (100 pl; Amaxa Biosystems) and siRNA (300 nM). Cells were
electroporated using preoptimized conditions as specified by the manufacturer (program
Y-10).

Immunoprecipitation and Western blot analysis

Modified radioimmunoprecipitation assay buffer (50 mM Tris-HCI [Roth] [pH 7.4], 1%
Nonidet P-40 [Fluka], 0.25% sodium deoxycholate [Fluka], 150 mM NaCl [Roth], 1 mM
EDTA, and protease inhibitor mixture tablets [Roche]) was added in each well. Cell debris
was removed by centrifugation (14,000 rpm, 10 min), and protein content in the supernatant
was determined (bicinchoninic acid protein assay; Pierce). Lysates were incubated with
anti—c-Abl Abs (1:50) Abs overnight at 4°C and immunoprecipitated with 10 pl Sepharose
4B (Invitrogen) for 2 h at 4°C to increase the sensitivity and specificity of detection.
Immunoprecipitates were boiled for 10 min in Laemmli sample buffer (1% [w/v] SDS
[Sigma-Aldrich], 4 mM urea [Roth], 80 mM Tris-HCI [pH 6.8], and 0.1% [w/v] bromphenol
blue [Sigma-Aldrich]) and analyzed by SDS-PAGE (16%) and Western blot. The
membranes were incubated with an anti—c-Abl Ab (1:2000) or an anti-vATPase subunit a3
Ab (1:1000) and incubated with donkey anti-rabbit IgG-HRP (1:1000) (Jackson
ImmunoResearch Laboratories) or anti-mouse 1gG-HRP (1:5000) (Invitrogen). Proteins
were detected by chem-iluminiscence (Amersham Biosciences) following the
manufacturer’s protocol.

Real-time quantitative PCR

MDM were treated with imatinib (5 um, 24 h), and mRNA was prepared following the
instruction of the manufacturer (RNeasy; Qiagen). Contaminating DNA was removed by
DNase | treatment. cDNA was prepared by Random Decamers (Applied Biosystems) as
suggested by the manufacturer. cDNA was analyzed by quantitative real-time quantitative
PCR (gPCR) (ABI step one) using the following primers (selected by Pearlprimer;
synthesized by Metabion): vATPase, subunit ¢, 5'-ATGTCCGA-GTCCAAGAGC-3’
(forward) and 5'-CTACTTTGTGGAGAG-GATGAG-3’ (reverse); VATPase subunit a3, 5'-

J Immunol. Author manuscript; available in PMC 2013 October 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bruns et al.

Page 5

ATCTGGCAGACTTTCT TCAG-3’ (forward) and 5 -AAGATGCTGGTGGCGCGACT-3’
(reverse); and 18S rRNA, 5'-ACCGATT-GGATGGTTTAGTGAG-3" (forward) and 5’-
CCT-ACGGAAACCTTG TTA CGAC-3’ (reverse). Threshold cycle values were quantified
using appropriate software (ABI).

Culture of M. tuberculosis

M. tuberculosis (virulent strain H37R,,) was grown in suspension with constant gentle
rotation in roller bottles containing Middlebrook 7H9 broth (BD Biosciences) supplemented
with 1% glycerol (Roth), 0.05% Tween 80 (Sigma-Aldrich), and 10% Middlebrook oleic
acid, albumin, dextrose, and catalase enrichment (BD Biosciences). Aliquots from
logarithmically growing cultures were frozen in PBS/10% glycerol, and representative vials
were thawed and enumerated for viable CFU on Middlebrook 7H11 plates. Staining of
bacterial suspensions with fluorochromic substrates differentiating between live and dead
bacteria (BacLight; Invitrogen) revealed a viability of the bacteria .>90% and confirmed the
absence of large bacterial aggregates.

Succinimidyl ester labeling of mycobacteria

To detect intracellular mycobacteria, bacilli were labeled with the fluorescein succinimidyl
ester Alexa 647 or Alexa 568 (red) prior to infection (12). Mycobacteria were washed twice
with PBS, 0.5% Tween 80, and 0.2 M sodium bicarbonate (Roth) (pH 8.8) and resuspended
in 1 mM Alexa 647. After 1 h, bacteria were washed three times with PBS/0.5% Tween 80.
Bacterial viability following Alexa 647 labeling was typically >95% as assessed by
comparing the number of CFU between labeled and unlabeled bacilli.

Quantification of mycobacterial growth

Macrophages were infected with single-cell suspensions of M. tuberculosis (multiplicity of
infection [MOI] 5). After 18 h, macrophages were washed three times to remove
extracellular bacteria. The efficacy of infection was determined in each experiment by an
acid fast stain (auramin rhodamine; Merck) and was 45 *+ 17%. The number of bacilli per
infected MDM ranged between 2 and 7, and the viability remained >60% at the end of the
incubation period as determined by Annexin V staining. Importantly, imatinib treatment had
no effect on the viability of the macrophages (data not shown). Even though imatinib had no
effect on the uptake of the bacilli (data not shown), MDM were infected as bulk cultures in
6-well plates, harvested, and redistributed before addition of imatinib. To enumerate the
number of viable bacilli, infected macrophages were lysed with 0.3% saponin (Sigma-
Aldrich) to release intracellular bacteria. Cell lysates were resuspended vigorously,
transferred into screw caps, and sonicated in a preheated (37°C) water bath for 10 min.
Aliquots of the sonicate were serially diluted (1:10, 1:100, and 1:1000) in BAL medium.
Four dilutions of each sample were plated in duplicates on 7H11 agar plates and incubated
for 14 d before determining the number of CFU.

CML patients

Patients with CML were recruited at the University Hospital of Ulm. The study was
approved by the ethical committee of the University of Ulm (number 192/07), and written
informed consent was given by all patients. Patients (n = 19; 11 male, 8 female; mean age,
53 y; range, 25-75 y) presented for routine checkup of their disease between February and
September 2009. Inclusion criteria were as follows: 1) chronic stage of the disease; 2)
imatinib treatment (400 mg) with a once daily dosing regimen; and 3) good treatment
response defined by the presence of complete hephagolysosomes, matologic and cytogenetic
remission.
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Statistical analysis

The results are presented as mean = SD. A Student t test was used to determine statistical
significance between differentially treated cultures. Differences were considered significant
if p<0.05.

Results

Inhibition of Abl tyrosine kinase triggers acidification in MDM

The fusion of lysosomes and endosomes is a key mechanism of cell homeostasis and is
required for the formation of acidic vesicles. Because Abl tyrosine kinase regulates the
mobility and distribution of lysosomes 1, we hypothesized that Abl tyrosine kinase controls
the pH in human macrophages. To test this possibility, MDM were treated with the Abl
tyrosine kinase inhibitor imatinib (100 nm-100 um) and stained with LysoSensor, a dye that
emits green fluorescence when the surrounding pH is lower than 6 (Fig. 1A). In untreated
MDM, LysoSensor staining was weak (data not shown), and this was set as the baseline for
further experiments. Imatinib increased the frequency and fluorescence intensity of
LysoSensor-positive cells in MDM in a dose-dependent manner to 66% at 100 pM,
indicating a decreased pH. In contrast, nonselective inhibition of tyrosine kinases by
dasatinib or the broad Src family tyrosine kinase inhibitor PP2 had no effect on the
frequency of LysoSensor-positive cells (Fig. 1A). The inhibition of other classes of kinases
(MAPKSs and P13Ks) had no effect on the pH (Fig. 1B). At concentrations reached in CML
patients after oral administration (5 um), imatinib was as efficient in inducing acidification
as pretreatment of MDM with IFN-vy, which was used as a positive control (Fig. 1B) (13).
These data, showing that imatinib promotes acidification in human MDM, suggest that Abl
tyrosine kinase is responsible for maintaining a neutral pH under steady-state conditions.

Besides neutralization of Abl tyrosine kinase, imatinib also affects platelet-derived growth
factor, c-kit, and non—kinase-associated enzymes (14). To directly assess whether Abl tyro-
sine kinase controls the pH in MDM, we inhibited the transcription of Abl tyrosine kinase
by siRNA (Fig. 1C) and assessed the intracellular pH by LysoSensor labeling. Silencing of
Abl tyrosine kinase MRNA resulted in significant acidification in MDM as compared with
control cells transfected with scrambled siRNA (Fig. 1D). Taken together, these results
demonstrated that Abl tyrosine kinase is required for maintaining the pH above 6 in human
MDM.

To define the intracellular compartment in which imatinib mediates acidification, we stained
imatinib-treated MDM with specific markers for early endosomes (early endosomeAg
1[EEA1]) (15) or lysosomes (CD63) (16). Analysis by fluorescence microscopy
demonstrated that 74 + 8% of LysoTracker-positive cells were CD63*, but only 8 + 5%
EEAL* (Fig. 2) demonstrating that imatinib preferentially decreases the pH in lysosomes of
MDM.

Mechanism of imatinib-induced acidification

There are at least two mechanisms by which imatinib could induce intracellular
acidification. First, inhibition of Abl tyrosine kinase could increase the frequency of
lysosomes per cell. We excluded this possibility by demonstrating an essentially equal
frequency of CD63-positive vesicles per cell in control- and imatinib-treated MDM (28 + 3
versus 28 + 5%) (data not shown). Alternatively, acidification could be mediated by
enhanced expression of the vVATPase, an enzyme designated for translocating protons across
biomembranes, thereby regulating the pH of vesicles (17). To test this, we compared the
transcription, expression, and cellular distribution of the vATPase in imatinib-treated and
control MDM. Because the subunits a3, c, and d are critical for the function of the enzyme
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(18), we analyzed their transcription by real-time gPCR. mRNA transcripts of the vATPase
subunits a3 and ¢ were significantly increased by imatinib treatment (Fig. 3A), whereas the
mMRNA levels for subunit d were only moderately affected (data not shown). Next, we
measured the protein expression by Western blot analysis and flow cytometry and found that
protein levels were consistently higher in imatinib-treated MDM (Fig. 3B, 3C). Finally,
fluorescence microscopy demonstrated a prominent punctate staining pattern in imatinib-
treated MDM indicative of vacuolar staining (51 £ 4 versus 14 + 2% in control cultures)
(Fig. 3D, 3E). Given the well-known function of vATPase in acidifying intracellular
compartments, this set of experiments provides evidence that Abl tyrosine kinase controls
the phagosomal pH by upregulating the transcription and expression of the vATPase.

Functional relevance of imatinib-mediated lysosomal acidification

To assess whether imatinib-mediated lysosomal acidification is functionally relevant, we
measured 1) the activation of cathepsin D and 2) the induction of antimicrobial activity, both
of which are dependent on an acidic environment. First, we determined the expression of
cathepsin D, an aspartic protease that is targeted to late endosomes where it remains inactive
until it is cleaved to its active form upon endosomal/lysosomal fusion in an acidic
environment (19). Active cathepsin D was detected by the fluorescent substrate pepstatin-
bodipy (.BPF), which selectively binds to proteolytically cleaved cathepsin and is therefore
a biomarker for an acidic environment (20). BPF was readily detected in imatinib-treated
cells (45 £ 4%) but much less in untreated control cultures (9 = 3%) (Fig. 4). Binding of
BPF was specific because it was displaced by unlabeled substrate (data not shown) and was
virtually undetectable when imatinib-mediated acidification was inhibited by concanamycin,
an inhibitor of the vATPase (Fig. 4) (21). Therefore, the effect of imatinib on the lysosomal
pH is reflected by an enhanced activity of digestive proteases.

As a second approach to determine the functional impact of imatinib-mediated acidification,
we measured antibacterial activity, because the acidification of lysosomes is required for
antimicrobial effector functions against intracellular pathogens that reside in phagosomes.
As a model organism, we used the intra-cellular bacterium M. tuberculosis, a major human
pathogen that survives and even multiplies within phagosomes by arresting maturation
before acidification occurs (6). Initially, we sought to establish whether the pharmacological
inhibition of the Abl tyrosine kinase induces acidification of the compartments in which
mycobacteria reside. By infection of MDM with prestained M. tuberculosis (red) and
colabeling with LysoSensor (green), we demonstrated that imatinib mediates acidification of
M. tubercu- losis-containing vacuoles (Fig. 5A, 5B). The colocalization of M. tuberculosis
and LysoSensor increased from 9 + 7 to 24 + 9% (0 < 0.002) by imatinib treatment,
suggesting that inhibition of Abl tyrosine kinase overcomes the pathogen-driven suppression
of acidification. To understand the mechanism of acidification of the mycobacterial niche,
we capitalized on our earlier finding demonstrating imatinib-driven upregulation of
VATPase (Fig. 3) and investigated the level of colocalization of M. tuberculosis and
VATPase (Fig. 5C, 5D). Although only a minority of bacilli stained positively for vATPase
in control cultures (3 + 2%), 38 + 2% of M. tuberculosis were colocalized with the vATPase
in the presence of imatinib.

Because acidification of phagosomes correlates with increased antimycobacterial activity 6,
we hypothesized that inhibition of Abl tyrosine kinase would induce killing of intracellular
M. tuberculosis. To test this possibility, we infected MDM with virulent M. tuberculosis,
added imatinib, and determined mycobacterial viability after 3 d of incubation. Imatinib
reduced the number of viable M. tuberculosis from 2.5 3 10° to 0.6 3 10° on average in nine
independent experiments (p , 0.002; Fig. 5E). This was not due to a direct effect of imatinib
on M. tuberculosis because metabolic activity and viability were not affected by incubation
of extracellular bacilli with imatinib for 5 d (data not shown). Because tuberculosis is
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primarily a disease of the lung, we next examined whether imatinib also affects the
antimicrobial activity of freshly isolated human AM. Imatinib increased the number of
acidic AM as efficiently as in MDM (data not shown) and consequently enhanced killing of
virulent M. tuberculosis in a time-and dose-dependent manner (Fig. 5F). Antimicrobial
activity becomes evident after 3 d of incubation, demonstrating that acidification (detectable
after 18 h) (Fig. 1) precedes killing of the bacilli. To provide a direct link between the low
pH and myco-bacterial growth inhibition, we neutralized imatinib-induced acidification with
concanamycin A. Concanamycin A prevented acidification by imatinib (data not shown) and
significantly reduced mycobacterial growth inhibition from 53 + 3 to 18 + 9% (p, 0.01; Fig.
5G).

Besides phagosomal acidification, the production of NO is an important defense mechanism
against M. tuberculosis (22). To determine whether nitrogen radicals contribute to imatinib-
mediated antimicrobial activity, we measured the release of NO and more importantly the
effect of the specific inducible NO syn-thase inhibitor L-Af-(1-iminoethyl)-lysine on
imatinib-mediated onstrating imatinib-driven upregulation of vATPase (Fig. 3) and
investigated the level of colocalization of M. tuberculosis and vATPase (Fig. 5C, 5D).
Although only a minority of bacilli stained positively for vATPase in control cultures (3 =
2%), 38 + 2% of M. tuberculosis were colocalized with the vATPase in the presence of
imatinib. antimycobacterial activity. In three different donors, imatinib neither induced
detectable levels of NO in infected MDM (data not shown) nor did inhibition of inducible
NO synthase by L-AP-(1-iminoethyl)lysine affect antimicrobial activity (Fig. 5H). Similarly,
IFN-v, which also triggered lysosomal acidification (Fig. 1B), restricted mycobacterial
growth independently of NO confirming our recent findings (Fig. 5H) (23).

Even though apoptotic macrophages as determined by Annexin VFITC staining were
detectable after 72 h of incubation, the frequency did not differ between imatinib-treated and
untreated macrophages (40 £ 5 versus 41 + 4%).

Taken together, we show that Abl tyrosine kinase controls the acidity of intracellular
compartments in human macrophages, thereby regulating the activity of proteases (e.qg.,
cathepsin D) and antimicrobial activity.

Effect of imatinib therapy on antimicrobial activity and the pH of circulating monocytes

To determine whether the therapeutic inhibition of Abl tyrosine kinase would elicit
biological effects in vivo in humans, we recruited patients receiving daily treatment with
imatinib (400 mg) for CML. By this treatment, steady-state serum levels of 4.6 pM imatinib
are achieved, which corresponds to the concentrations used for our in vitro experiments.
First, we incubated MDM from healthy donors with serum (50%) from five patients and
determined the percentage of LysoSensor-positive cells after 18 h of incubation by flow
cytometry (Fig. 6A). The frequency of LysoSensor-positive cells was significantly higher in
MDM cultured in the presence of serum from imatinib-treated patients as opposed to MDM
cultured in control serum (12.2 versus 3.4%; p, 0.05). Importantly, the serum from patients
reduced the survival of in-tracellular M. fuberculosis more efficiently than control serum
(Fig. 6B). These experiments highlight the biological relevance of our initial findings
because the imatinib concentrations achieved by oral therapy in vivo are as effective as the
addition of purified imatinib (5 pM) in vitro.

Up to this point, all experiments were based on observations in macrophages derived from
healthy donors. To evaluate whether the inhibition of Abl tyrosine kinase also affects the pH
of monocytes in vivo, we obtained whole blood from imatinib-treated patients. Levels of
monocyte acidification were estimated by double labeling of fresh blood with LysoSensor
and the monocyte marker CD14 (Fig. 6C, 6D). The mean fluorescence intensity (MFI) of
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Lyso-Sensor staining was significantly higher in monocytes from imatinib-treated patients
(average MFI in nine donors: 1462 + 154) as compared with monocytes derived from nine
healthy donors (average MFI: 434 + 70). These results demonstrated that the neutralization
of Abl tyrosine kinase in vivo increases the acidity of circulating monocytes and may
therefore enhance the antimicrobial response to pathogens.

Discussion

The gradual acidification occurring during the maturation process of phagosomes to
lysosomes is a fundamental cellular homeostatic mechanism that must protect against self-
digestion but at the same time facilitate the elimination of intracellular pathogens. In this
study, we demonstrate that Abl tyrosine kinase controls the acidity of these intracellular
organelles by upregulation and redistribution of the proton pumping enzyme vATPase.
Functionally, the vacuolar acidification triggered the activation of cathepsin D and an
antimicrobial activity against the major human pathogen M. tuberculosis. Importantly, the
anticancer drug imatinib, an established and well-tolerated treatment of leukemia, induced
acidification of circulating monocytes in patients in vivo. It is tempting to speculate that
imatinib could be used therapeutically to decrease the intracellular pH and enhance host
antimicrobial responses in patients with severe forms of tuberculosis.

In monocytes and myeloid progenitor cells, the maturation to macrophages (24) and
dendritic cells (25) is dependent on Abl tyrosine kinase, but information on the
physiological role of Abl tyrosine kinase in resting macrophages is scarce. A key finding of
this study is that the constitutive activity of Abl tyrosine kinase is essential for maintaining
the physiological pH in CD63-positive lysosomes of primary human macrophages. Silencing
of Abl tyrosine kinase induced spontaneous acidification in macrophages, underlining the
specificity of our finding. This homeostatic regulation of lysosomal pH is not related to the
CML-related Bcr Abl mutation because it was observed in macrophages derived from
healthy donors and in imatinib-treated CML patients in complete genetic remission.
Therefore, we describe a novel function for Abl tyrosine kinase in primary human
macrophages.

Our findings provide insight into the mechanism by which Abl tyrosine kinase prevents
acidification of intracellular compartments and how inhibition of the Abl tyrosine kinase
permits acidification. The results support the concept that Abl tyrosine kinase controls
lysosomal acidification by coordinating the activity of the vATPase, which regulates the
phagosomal pH by its proton-pumping activity (17). Along these lines, inhibition of the host
cell kinase AKT1 has been shown to prevent the growth of M. tuberculosis and Salmonella
thyphimurium by interfering with phagosome—lysosome fusion (26). This does not rule out
an additional effect on the dynamics of lysosomal fusion or maturation processes, even
though we failed to detect imatinib-mediated changes in the frequency of lysosomes or
endosomes (data not shown).

The molecular pathway affected by inhibition of Abl tyrosine kinase may involve activation
of the transcription factor FoxO3a, which has been shown to regulate lysosomal functions in
muscle cells (27). Stimulation of FoxO3a could stimulate the vATPase and the chloride
channel CLC-3 because both have binding sites for FoxO3a in their promoter region and are
required for acidification (28, 29). In addition, it is possible that Abl tyrosine kinase could
affect the remodeling of the phagosome, which requires the fusion of secretory lysosomes,
multivesicular bodies, and early phagosomes (6). Abl tyrosine kinase has an actin binding
domain (30), acts on the cytoskeleton (31), and regulates autophagy, which requires directed
movement of lysosomes (1, 3). The possibility that Abl tyrosine kinase affects lysosome
physiology is further supported by a recent report that imatinib promotes the gene
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expression of lysosomal proteins such as lysosome-associated membrane proteins 1 and 2
and cathepsins in human phagocytes (32). In addition, inhibitors of host cell kinases have
been shown to prevent the growth of M. tuberculosisand S. thyphimurium by interfering
with phagolysosome fusion (26).

Even though there is compelling evidence that an acidic environment is unfavorable for M.
tuberculosis (33), there are several lines of evidence that challenge this general assumption.
First, mycobacteria express genes that confer resistance to acid, and this resistance is
essential for virulence (34). Second, morphologically intact mycobacteria were detected in
acidic vacuoles in vitro (35, 36) and in vivo (37). Finally, virulent mycobacteria, including
Mycobacterium marinum, have evolved evasion mechanisms to escape the hazardous
phagolysosomal compartment (38-41). These issues question whether phagolysosomal
fusion and an acidic environment alone are sufficient to result in bacillary death. In
conjunction with our findings that the low pH is required for growth inhibition (Fig. 5G), we
propose a scenario in which the acidic microenvironment promotes antimicrobial
macrophage functions such as the activation of lysosomal hydrolases (Fig. 4), the production
of reactive oxygen, and nitrogen intermediates or increases the susceptibility of M.
tuberculosis to toxic free fatty acids (42). Imatinib has also been shown to regulate
autophagy 1,3, which is an alternative defense mechanism against M. tuberculosis (43). We
also detected an increased frequency of autophagosomes in macrophages after imatinib
treatment using LC3 labeling as a marker (data not shown). Nevertheless, the growth
inhibition by the vATPase inhibitor concanamycin A (Fig. 5G) provides compelling
evidence that acidification is required for imatinib-mediated growth reduction of M.
tuberculosis. We favor the concept that acidification and autophagy are not two independent
effector mechanisms but act in concert to support the antimicrobial activity of macrophages
against intracellular pathogens. The antimicrobial effect of imatinib could hence be based on
both enhanced delivery of mycobacteria to and subsequent acidification of lysosomal
compartments.

In addition to affecting macrophage biology, Abl tyrosine kinase has profound effects on T
cell function. Studies with Abl tyrosine-deficient mice demonstrated striking deficits in the
development, proliferation, and function of T cells (44). In contrast, clinical and
experimental observations in imatinib-treated CML patients show that pharmacological
inhibition of Abl tyrosine kinase promotes the induction of Ag-specific T cell responses
(45-47). An explanation for this paradox is that Abl tyrosine kinase may be required for the
development of T lymphocytes but support activation of mature T cells in an adult organism.
In the context of microbial infection, imatinib could therefore be beneficial to both arms of
the immune system for innate immunity by acidifying lysosomes and activating digestive
enzymes in M. tuberculosis-infected macrophages (Fig. 4, Fig. 5) and for acquired immunity
by stimulating effector T cell subsets, including cytotoxic T cells (48), which have a unique
role in immunity to intracellular pathogens (49).

Imatinib was developed in the 1990s and was approved by the U.S. Food and Drug
Administration shortly after the turn of the millennium (50). The introduction of this
molecular targeted therapy has revolutionized the treatment of CML, and the 5-y survival
rate for newly diagnosed chronic phase patients has reached ~90% (50). Besides its
enormous efficacy, imatinib has a very favorable tolerability. The majority of adverse
effects such as edema, muscle cramps, diarrhea, nausea, skin rash, and myelosuppression are
mild to moderate. Remarkably, the incidence of infections, which frequently complicate
standard anticancer therapies, is low. Case reports describe sporadic infections with
Varicella zoster (51), hepatitis B (52), candida (53), or tuberculosis (54-56). This is even
more surprising because Abl tyrosine kinase has profound effects on the development,
signaling, proliferation, and effector function of T cells (44), especially the CD8* T cell
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compartment (44, 57, 58). Because CD8" cytotoxic T cells play a special role in protection
against human tuberculosis (59-62), it is puzzling why this infection is not observed with
increased frequency during imatinib therapy. One potential explanation is provided by our
finding that monocytes from imatinib-treated CML patients contain acidified intracellular
vacuoles. Acidification of phagosomes provides a hostile environment for M. tuberculosis
with the presence of acidic phagolysosomes, a hallmark of successful elimination of M.
tuberculosis.

Very recently, it was reported that inhibition of imatinib-sensitive kinases limit the growth
of M. tuberculosisin a mouse model of tuberculosis (8). This important study raised several
key questions, including which of several kinases is critical for host immunity, the
mechanism by which imatinib induced an antimicrobial activity, and the potential efficacy
of imatinib in vivo in humans. In this study, genetic knockdown experiments definitively
identify Abl tyrosine kinase as a master switch for controlling the acidity in human
macrophages by regulating the expression of the proton pump vATPase. Importantly, sera
obtained from the blood of imatinib-treated leukemia patients induced acidification and anti-
mycobacterial activity in human macrophages, demonstrating that these effects occur in vivo
at therapeutic imatinib levels. Taken together the in vivo results in the mouse model, and our
mechanistic and translational human studies warrant clinical trials evaluating imatinib as a
complementary treatment for tuberculosis, in particular for disease caused by multidrug-
resistant and extremely drug-resistant disease.
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FIGURE 1.

Inhibition of Abl tyrosine kinase triggers acidification in MDM. (A) MDM were treated
with increasing concentrations of kinase inhibitors for 24 h. LysoSensor (4 pM) was added
for 2 h, and cells were analyzed by flow cytometry. The figure shows the result of one of
two donors analyzed. (B) MDM were incubated with imatinib (5 uM), dasatinib (100 nM),
PP2 (10 pM), SB203580 (10 pM), wortmannin (100 nM), or IFN-y (10 ng/ml) for 24 h and
incubated with LysoSensor (4 uM) for 2 h. Lyso-Sensor-positive cells were enumerated by
flow cytometry. The graph shows the average result of six experiments with different
donors. Error bars show the SD. *p < 0.05, as compared with the medium control. (C) MDM
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were transfected with control siRNA or c-Abl siRNA. After 24 h, lysates were
immunoprecipitated, standardized for protein concentration, and evaluated by Western blot
for the expression of Abl tyrosine kinase protein levels using a c-Abl Ab. The blot shows a
representative result of three independent experiments. (D) MDM were transfected with a
non targeted control sSiRNA (/eft panel) or Abl-specific SIRNA (right panel). Transfected
MDM were incubated with LysoSensor (4 UM, green) and Hoechst 33258 (1 pg/ml, blue)
for 2 h at 37°C and analyzed by fluorescence microscopy (original magnification x630). The
images show representative sections from three independent experiments with different
donors.
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FIGURE 2.

Inhibition of Abl tyrosine kinase induces acidification in lysosomes. (A) MDM were treated
with imatinib (5 pM) for 24 h and labeled with CD63 (green, upper panel) or EEAL (green,
lower panel) and LysoTracker (red). The photographs show representative areas of three
independent experiments. (B) MDM were treated and stained as in (A). At least 100
LysoTracker-positive MDM were analyzed at a original magnification of x400 by
fluorescence microscopy. The graph shows the percentage of MDM coexpressing CD63/
EEA1 and LysoTracker. Error bars present the SD calculated from the results of three
independent experiments.
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FIGURE 3.

Inhibition of Abl tyrosine ki-nase induces upregulation of vATPase. (A) MDM were treated
with imatinib for 16 h. mMRNA was prepared and real-time qPCR for the vATPase, domain
V0, subunits a3 and ¢ and the housekeeping gene (18S rRNA) was performed. The crossing
points for the vATPase curve of the untreated control was standardized to the housekeeping
gene and defined as “1.” The graph shows the average x-fold increase of imatinib-treated
samples compared with the untreated control calculated from 11 independent donors + SEM.
(B) Lysates were prepared from imatinib-treated (24 h) and control MDM and analyzed by
Western blot using a mAb specific for vATPase, subunit a3 (1:1000) or, as a loading
control, B-Aktin (1:1000) and a secondary anti-mouse 1gG, HRP-linked secondary Ab
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(1:5000). The panel shows a typical result of four Western blots with different donors. (C)
MDM were treated with imatinib for 24 h and analyzed by intracellular flow cytometry
using a polyclonal rabbit anti vATPase subunit ¢ Ab (1:500) and a secondary anti rabbit
Alexa 488 Ab (1:800). The figure shows the individual results of four donors expressed as
MFI of untreated and imatinib-treated MDM. (D) MDM were cultured in 8-chamber slides
and stained as described for the flow cytometry. Hoechst 33258 (1 pug/ml) was added for
nuclear staining for the final 10 min of incubation. At least 200 cells per donor were
analyzed by fluorescence microscopy at an original magnification of x630. The panel shows
three representative cells and (E) the average frequency of MDM containing prominent,
punctate VATPase clusters calculated from at least 200 cells in five different donors.
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FIGURE 4.

Inhibition of Abl tyrosine kinase promotes the expression of active cathepsin D. (A) MDM
were treated with imatinib (5 uM) and concanamycin (50 nM) where indicated. To detect
active cathepsin D, cultures were labeled with BPF (1 y,M, green) and analyzed by confocal
laser microscopy. The pictures present representative areas (original magnification x630) as
an overlay phase contrast/green fluorescence. (B) The figure gives the percentage of BPF-
positive cells that was determined by analyzing at least 100 MDM in three independent
experiments. Error bars show the SD of the results from the different donors.
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FIGURE 5.

Inhibition of Abl tyrosine kinase induces acidification of the mycobacterial compartment
and antimicrobial activity. (A) MDM were infected with Alexa 647-labeled mycobacteria
(red, MOQI 5) and treated with imatinib (5 uM) for 24 h. Infected MDM were stained with
LysoSensor (4 uM) and analyzed by confocal laser microscopy. The photographs present
representative areas (original magnification 3630) from one experiment of five performed
with different donors. (B) The figure gives the average percentage of LysoSensor-positive
mycobacteria of five independent experiments. Error bars show the SD of the results from
the five different donors. (C) MDM were infected with Alexa 647-labeled M. tuberculosis
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(red) overnight and treated with imatinib for an additional 24 h. Infected cells were fixed,
permeabilized, and stained with anti-vATPase subunit ¢ (1:500), anti-rabbit Alexa 488
(1:800) Abs, and Hoechst 33258 (1 pg/ml). Slides were analyzed by confocal laser
microscopy or conventional fluorescence microscopy and evaluated for colocalization of
VATPase and M. tuberculosis. The panels show representative areas (original magnification
%600, /nset x1000) from experiments performed with nine donors. (D) gives the average
percentage + SEM of M. tuberculosisivATPase double-labeled MDM calculated from at
least 200 cells from all nine donors. (E) Infected MDM (24 h, MOI 5) were cultured with
imatinib (5 uM), and the number of viable bacilli was determined by plating the cell lysates
after 72 h. The graph gives the individual results of all nine donors investigated. The
horizontal line shows the mean values. (F) AM were infected with M. tuberculosis (MOI 5,
24 h) and treated with imatinib at the concentrations indicated. The number of viable bacilli
was determined by plating the cell lysates directly after removal of extracellular bacilli and
before addition of imatinib (time point 0) and 1, 3, and 5 d after initiation of imatinib
treatment. The figure shows a representative result of three with comparable results. *p <
0.05, as compared with the untreated controls. (G) Infected MDM were treated with
concanamycin A (50 nM) and incubated with imatinib (5 UM, 72 h), and lysates were plated
in 10-fold dilutions on 7H9 agar plates. The graph shows the growth inhibition (percentage)
as calculated by comparison with the untreated control (7= 5). Error bars show the SD of
the results from the different donors. (H) MDM were treated with imatinib (5 pM) or IFN-y
(10 ng/ml) for 3 d in the presence or absence of L-AB-(1-iminoethyl)lysine (1 mM). The
number of viable bacilli was determined by plating cell lysates in serial dilutions on 7H9
agar plates. The figure shows the average reduction of CFU (three different donors tested in
independent experiments) as compared with untreated control cultures.
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FIGURE 6.

Effect of imatinib therapy on antimycobacterial activity and the pH of circulating
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monocytes. (A) MDM were incubated with serum (50%) of imatinib-treated CML patients
or healthy controls for 18 h. MDM were then stained with LysoSensor (4 mM) and analyzed
by fluorescence microscopy. The percentage of LysoSensor-positive cells was calculated

from at least 100 cells/donor. The horizontal line shows the average percentage of
LysoSensor-positive cells (7= 15). (B) MDM were infected with M. tuberculosis and

incubated with serum (50%) of imatinib-treated or healthy control donors. The number of
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CFU was determined after 72 h of incubation. The figure gives the individual results of all
six individual donors. The horizontal line shows the average number of CFU calculated
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from all six donors. (C) Whole blood from imatinib-treated patients or healthy controls was
incubated with LysoSensor (4 mM) for 2 h, stained with anti-CD14-APC Abs, and analyzed
by flow cytometry. At least 5 x 103 CD14* monocytes were analyzed for the expression of
LysoSensor. The histograms show a representative result from nine donors. (D) The graph
shows the MFI from all healthy controls (/7= 9) imatinib treated patients (/7= 9) examined.
The horizontal line shows the average MFI calculated from all donors.
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