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ABSTRACT

Tuberculosis is still a cause of major concern, partly due to the emergence of multi-drug
resistant strains. New drugs are therefore needed. Vancomycin can target mycobacteria with
cell envelop deficiency. In this study, we used a vancomycin susceptibility assay to detect
drugs hampering the lipids synthesis in M. bovis BCG and in M. tuberculosis. We tested three
drugs already used to treat human obesity: tetrahydrolipstatin (THL), simvastatin and
fenofibrate. Only vancomycin and THL were able to synergize on M. bovis BCG and on M.
tuberculosis although mycobacteria could also be inhibited by simvastatin alone. Lipid
analysis allowed to identify several lipid modifications in M. tuberculosis H37Rv treated with
those drugs. THL treatment mainly reduced the phthiocerol dimycocerosate (PDIM) content
in the mycobacterial cell wall, providing an explanation for the synergy, as PDIM deficiency
has been related to vancomycin susceptibility. Proteomic analysis suggested that bacteria
treated with THL, on the opposite to simvastatin, tried to recover, inducing, among others,
lipid synthesis. The combination of THL with vancomycin should be considered as a

promising solution in new strategies to treat MDR-TB.
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INTRODUCTION

Tuberculosis (TB), mainly caused by Mycobacterium tuberculosis, is still killing 1.5 million
people annually in the world (1). Although TB death rate has decreased by 47% since 1990
according to the Millennium Development Goals targets, reaching a 86% treatment success in
2013, the emergence of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
infections (9.7% of MDR-TB) is highly worrisome. In some regions of Eastern Europe, the
percentage of XDR-TB even reached 25% (2). MDR-TB refers to TB with both resistance to
isoniazid and rifampicin and XDR-TB to a subgroup of MDR with additional resistance to
any fluoroquinolone and at least one second line injectable drug. In 2015, the overall cure rate
of the MDR infections, using restricted, expensive, prolonged, second-line treatment regimens
is falling to 50 % (1). There is a growing concern to discover new drugs to fight MDR and
XDR-TB. As such, Bedaquiline and Delamanid have been recently approved for treating

MDR-TB and others are currently in clinical trials (3,4).

It is well established that the M. tuberculosis antibiotic resistance is highly dependent on its
unique waxy cell wall, consisting in a covalently linked skeleton, composed from inside to
outside, of peptidoglycan, arabinogalactan and mycolic acids (5). Unique, extractable lipids,
such as acyltrehaloses, including sulfolipids (SL), trehalose dimycolate (TDM),
diacyltrehalose (DAT) and penta- or poly-acyltrehalose (PAT), but also phthiocerol and
phthiodolone dimycocerosates (PDIM), particularly involved in virulence and antibiotic
resistance, are embedded in an outer membrane. In addition, phosphatidyl-myo-inositol
mannosides (PIM), and hypermannosylated PIM, lipomannan and lipoarabinomannan are
anchored though their phosphatidyl-myo-inositol moieties into the inner and outer membrane

of the cell wall and have been shown to be involved in M. smegmatis antibiotics resistance

(6).
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Recently, we described an innovative approach to identify compounds targeting
mycobacterial lipids biosynthesis that can synergize with glycopeptides to inhibit the growth
of mycobacteria. Interestingly, we showed that the combination of vancomycin with a drug
targeting long-chain lipid synthesis, such as cerulenin, act synergistically against MDR and

XDR clinical strains (7).

In this study, we used our vancomycin susceptibility assay to test commercially available
drugs focusing on one’s that could potentially lower lipid biosynthesis, in order to identify
potential synergistic activity with vancomycin (7). This choice is justified by the importance
of complex lipids composing the mycobacterial envelope, their roles in the cell wall
impermeability, the susceptibility to antibiotics and the virulence of M. tuberculosis (5, 7, 8).
Three drugs commonly used to treat obesity and cholesterol disorders were tested:
tetrahydrolipstatin (THL), simvastatin and fenofibrate (7). THL is an esterase inhibitor well
known for inhibiting pancreatic lipases (9) but also several bacterial enzymes (10-17). Parket
et al. reported that, in M. smegmatis, THL can target Rv3802 acting both as a thioesterase and
a phospholipase on phosphatidylinositol mannoside 2 (18) but also the ES-31 serine protease
(19). Interestingly, Ravindran et al. pointed out 9 lipases and one thioesterase, TesA, as
potential THL targets (20). This last enzyme, TesA, is involved in the synthesis of phthiocerol
dimycocerosate (PDIM) (21). PDIM are lipid compounds in the outer membrane of defined
slow-growing mycobacterial species, including M. tuberculosis and M. bovis BCG, essential
among others for the cell envelope impermeability and antibiotic resistance, in particular
towards glycopeptides (5, 7). Simvastatin is a cholesterol lowering drug that has been recently
reported to enhance phagosomal maturation and autophagy, increasing M. tuberculosis burden
in macrophage and mouse (22, 23). This drug has been reported to improve the efficiency of
first line antituberculous drugs in vivo, probably by lowering lipids in foamy macrophages

(23). Finaly, fenofibrate belongs to the fibrate lipid lowering drugs family. Grabes et al.
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reported some toxicity of fibrates on M. tuberculosis (24). Gemfibrozil has been indeed
shown to inhibit M. tuberculosis growth with a potential action on a mycobacterial enoyl
Coenzyme A (24, 25). More recently, Kim et al. reported that fibrates could lower bacterial
burden and inflammation in a M. smegmatiS macrophage invasion model by a PPAR-a

independent pathway (26).

Here, using three different antibacterial assays, we show the antimycobacterial activity of the
simvastatin and THL and demonstrate that THL synergizes with vancomycin. Lipid and
protein analysis indicated distinct mode of action, with THL inhibiting the cell wall

synthesis, as expected.

MATERIALS AND METHODS

Bacteria and cultures. M. bovis BCG GL2 and M. tuberculosis H37Rv were used.
Mycobacteria were grown in 7H9 medium containing 0.05% Tween 80 supplemented with
10% albumin-dextrose complex (Difco Laboratories) or on 7H11 Middlebrook agar

supplemented with oleic acid-albumin-dextrose complex (Difco Laboratories).

Drug susceptibility tests. Drug susceptibility was investigated using three methods: the
macro-dilution method, the standardized agar proportion method, and the BacT/Alert MP
method (Mycobacteria Process) according to the bioMérieux protocol and previous reports
(27, 28). For M. bovis BCG, in the context of a first assay, we used the macrodilutions
method to determine more rapidly and in a smaller volume the minimal inhibitory
concentration (MIC) and the fractional inhibitory concentration index (FICI). For M.
tuberculosis, we additionally used the standardized agar proportion method. Bact/alert MP

method allowed to perform a fast preliminary test on M. bovis BCG and to evaluate the
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potential synergy of drug combination on M. tuberculosis. For all methods, cultures less than

4 weeks old were used to prepare homogeneous suspension inoculum.

The macrodilution method, used for M. bovis BCG, was done in 7H9 medium without Tween,
supplemented with albumin-dextrose complex in polycarbonate tube to reach a final volume
of 1.2 ml, thus mimicking the BacT/Alert method at a 1:10 scale. A 600 pl inoculum, at an
0.Dgqo of 0.2, diluted 1 in 24, was added to 600 pl serial drug dilutions (one in two). The FICI
of the drug in combination with vancomycin was calculated as follow: FICI= FICa + FICb=
MICab/ MICa + MICba/ MICb. In agreement with the Checkerboard method, synergy is
reached when FICI < 0.5, indifference could be observed when 0.5 < FICI < 2, and an

antagonistic effect is noted when FICI > 2 (29).

For the standard agar proportion method (27), we used mycobacterial suspensions (1
McFarland turbidity) to perform serial dilutions from 10" to 10™, in the presence or absence
of various concentrations of tetrahydrolipstatin (THL), simvastatin, fenofibrate and
vancomycin alone or in combination. The MIC was defined as the lowest drug concentration
that inhibited more than 99% of the bacterial population. Vancomycin, THL, fenofibrate and
simvastatin were purchased from Sigma Aldricht. THL was also commercially obtained from

Sandoz and fenofibrate from Eurogenerics.

The BacT/Alert MP system (Mycobacteria Process), using BacT/ALERT MP bottles (11 ml)
supplemented with restoring fluid was inoculated with drugs and mycobacterial suspensions
as previously described (7). The growth index (GI) values were recorded every 10 min. A
1/100 proportional growth control condition consisted in a 100-fold diluted bacterial
inoculum, injected in a drug-free control vial. The concentration of the drug(s) simultaneously
giving a flagged positive bottle as the 1/100 control vial was considered as the MIC.

Combined drug effect was investigated using concentrations at sub-MICs and previously
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published ‘x/y’ methodology (30-33). Briefly, when the 1:100 control vial was flagged and
the daily AGI of the 1:100 control vial reached at least 30, the GI was read for at least 1
additional day to calculate the AGI from the previous day. In the case of a two-drug
combination, a ‘Ax/Ay’ quotient of < 0.5 indicates synergy with Ax being the AGI value
obtained for the vial with the combination of drugs and Ay being the lowest AGI value

obtained with any of the single drug used within the combination tested (7).

Lipid analysis. Lipids from M. tuberculosis H37Rv (350 ml 7H9 culture without Tween 80 at
ODygo 0.5) treated with THL (50 pg/ml) or treated with same volume of DMSO (as control)
were extracted first with CHCl;/CH3OH (1:2, v/v) for 24h at room temperature, and twice
with CHCI3;/CH3OH (2:1, v/v) for 2 days. Crude extracts were washed twice with distilled

water and evaporated to dryness, according to standard protocols as described previously (34).

The lipid extracts were comparatively analyzed by HPTLC (High Performance Thin-Layer
Chromatography) on HPTLC Silica Gel 60 (Merck), using various solvent systems, mainly
petroleum ether/diethyl ether (9:1, v/v) for phthiocerol dimycocerosates (PDIM) and
CHCI3/CH30H/H,O (30:8:1, 65:25:4 and 60:35:8, v/v/v) for more polar lipids (trehalose
mycolates and phospholipids). Visualizations were performed by immersion of the plates in
primuline solution or by spraying the plates with 10% phosphomolybdic acid and charring for
PDIM or 0.2% anthrone solution (w/v) in concentrated H,SO4 and charring for glycolipids.
The various lipid spots were quantified by either absorption measurement at the specific
wavelength with TLC Scanner 3 using wincats software and/or colorimetric measure using

ChemiDoc XRS+ with Image Lab Sofware (BioRad).

SWATH acquisition LC-MS/MS Analysis. Quantitative proteomic analyses were performed
on proteome extracts of the different M. tuberculosis samples. Cells from 3 biological

replicates were harvested by centrifugation (16,000xg, 10 min, 4°C) when ODgg reached 0.5.
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Proteins were extracted by sonication (3%10 sec, amplitude 40%, IKA U50 sonicator) in 6 M
guanidinium chloride solution. Extracted proteins were reduced, alkylated and precipitated
with acetone. Proteolytic peptides were obtained by overnight enzymatic digestion using

trypsin at a ratio of 1:50 (w/w).

MS experiments were conducted following a label-free strategy on UHPLC-HRMS/MS
plateform (Eksigent 2D ultra & AB Sciex TripleTOF™ 5600) in SWATH data independent
acquisition (DIA) mode. Two micrograms of peptides were separated on a C18 column
(Acclaim PepMap100, 3 um, 150 um % 25 c¢cm, Dionex) with a linear acetonitrile gradient (5
to 35% (v/v), 450 nl.min-1, 30 min) in water containing 0.1% (v/v) formic acid. Each MS
survey scan (400-1500 m/z, 50 ms accumulation time) was followed by 34 SWATH
acquisition overlapping windows of 25 Da with covering the precursor m/z range. For each
window, ions were fragmented using rolling collision energy, and fragment ion spectra were

accumulated for 95 ms in high sensitivity mode.

SWATH spectra were identified by comparison to a reference spectral library obtained with
traditional data-dependent acquisition (DDA) experiments on proteins extracted from the
different M. tuberculosis samples. Sample preparation and separation procedures were
identical to the one previously mentioned. DDA spectra were acquired with the following
parameters: MS scan (400-1500 m/z, 500 ms accumulation time) in high resolution mode
(>35000) followed by 50 MS/MS scans (100-1800 m/z, 50 ms accumulation time, intensity
threshold at 200 c.p.s). The DDA mass spectrometry data were processed with AB Sciex
ProteinPilot™ 4.5 software. Spectra identification was performed by searching against the M.
tuberculosis H37Rv UniProt entries with parameters including carbamidomethyl cystein,
oxidized methionine, all biological modifications, amino acid substitutions and missed
cleavage site. Proteins identified at a false discovery rate below 1% were used as the SWATH

reference spectral library.
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SWATH wiff files were processed by AB Sciex PeakView 2.1 software and his SWATH™
Acquisition MicroApp. Up to 6 peptides with at least 99% confidence were selected with 6
transitions per peptide. XIC extraction windows was set to 25 min, and XIC width to 75 ppm.
XIC peak area was extracted and exported in AB Sciex MarkerView™ 1.2 software for
normalization and statistical analysis. Protein functional classification of tuberculist was used
(http://genolist.pasteur.fr/TubercuList/). Only differentially expressed proteins with a p value
< 0.05 were selected and analyzed using STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) version 9.1 (http://string.embl.de/). STRING uses a score to
define interaction confidence; all interactions with a confidence score >0.9 (highest

confidence) were collected (35).

RESULTS

Preliminary test on M. bovis BCG. We tested tetrahydrolipstatin (THL), simvastatin and
fenofibrate for their ability to weaken the mycobacterial cell wall and consequently to
potentiate the vancomycin inhibitory effect (7). The first experiment was done on M. bovis
BCG using the BacT/ALERT MP method and a fixed 5 pg/ml vancomycin concentration, far
below the vancomycin MIC (> 500 pg/ml), as previously reported (7). We observed that only
THL remarkably increased the susceptibility of the bacteria to vancomycin (Fig. 1). In order
to investigate if this growth inhibition resulted from a synergy or from the effect of THL
alone, we determined the MIC of THL and its FICI in combination with vancomycin. As
shown in Table 1, the MIC of THL alone, determined by the macrodilution method, was 5
pg/ml. The MIC dropped to 0,625-1,25 pg/ml in the presence of vancomycin (10 pg/ml),
revealing that this combination acts synergically (FICI = 0,185-0,31). In contrast, simvastatin

alone showed an MIC of 100 pg/ml and could act with vancomycin but not in synergy
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(FICI=1). Interestingly no synergistic effect of THL was observed in the presence of
amoxicilline/clavulanic acid, suggesting a specific mechanism responsible for the combined

effect of THL with vancomycin (data not show).

Synergistic inhibition confirmation on M. tuberculosis. The BacT/ALERT assay on M.
tuberculosis H37Rv showed an effect of simvastatin 100 pg/ml and THL 50 pg/ml when
combined with vancomycin 5 pg/ml, in contrast to fenofibrate showing no effect to
concentrations up to 100 pg/ml (Fig. 2). We further investigated with the BacT/ALERT
system the combination of THL (25 pg/ml) with vancomycin (5 pg/ml) and obtained a Ax/Ay
= 0,03 showing a synergy for those drugs. To calculate the FICI by the checkerboard method
we performed macrodilution experiments for both THL and simvastatin with vancomycin
(Table 2). THL MIC was 50 pg/ml when tested alone and fell to 3,1 pg/ml when combined
with vancomycin (10 pg/ml). Simvastatin alone showed an MIC of 100 pg/ml decreasing (50
pg/ml) in combination with vancomycin (10 pg/ml). Based on this data the FICI calculation
showed synergism for THL with vancomycin (FICI= 0,31) and a non-synergistic effect for
simvastatin with vancomycin (FICI= 1,5). Finally, the NCCLS agar proportion method
confirmed these data (Table 2). Using this method, THL MIC was 5 pg/ml and fell to 0,625
pg/ml in combination with 2 pg/ml vancomycin. Confirming the BactAlert results,
simvastatin showed an MIC of 100 pg/ml which decreased to 50 pg/ml in the presence of 2
pg/ml vancomycin. The checkerboard allowed us to calculate a FICI of 0,375 for THL with
vancomycin and a FICI of 1 for simvastatin with vancomycin. Fenofibrate was also retested
with the agar proportion method, which confirmed its inefficacy to inhibit the growth of

H37Rv (up to 200 pg/ml) including in combination with 2 pg/ml of vancomycin.

Membrane lipid alteration by THL and simvastatin on M. tuberculosis. Total lipid extract
from treated M. tuberculosis H37Rv were compared to those of untreated to assess the effect

of these drugs on cell wall lipids. As shown in Fig. 3, 24 h after the addition of 50 pg/ml

10
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THL, the amount of phthiocerol dimycocerosates (PDIM A) and phthiodiolone
dimycocerosate (PDIM B) outer membrane lipids clearly decreased, as well as the amount of
triacyl glycerol (TAG) TDM and SL-1. Some compounds, exhibiting a mobility close to those
of trehalose dimycolate (TDM) and the major sulfated compounds (SL-1), were observed only

in THL-treated extracts. Mycolic acids were unchanged (data not shown).

In contrast to THL, treatment with 100 pg/ml simvastatin did not affect the amount of PDIM
A and PDIM B in the cell wall. We also observed increased amounts of phosphatidyl-myo-
inositol dimannosides (Ac,PIM, and Ac,PIMg) and reduced amounts of phosphatidyl glycerol
(PG), phosphatidyl ethanolamine (PE), AcPIM,, DAT/TMM (trehalose monomycolate) and

TAG. Mycolic acids were equally unchanged (data not shown)

Proteomic response to THL and simvastatin in M. tuberculosis. To improve our
comprehension of the drugs action, we compared the proteome of untreated M. tuberculosis
with the proteome of M. tuberculosis treated 24h with two fold reduced sub-MIC
concentration of either THL (25 pg/ml ) or simvastatin (50 pg/ml) and no vancomycin, in
order to study bacteria reaction in condition avoiding cell killing. Differential proteomic data
were obtained using the sequential window acquisition of all theoretical spectra (SWATH)
approach. SWATH-MS is a recent label free, quantitative proteomics based to mass
spectrometric method that combines data-independent acquisition (DIA) and targeted data
analysis. In this way, robust quantitative data of thousands of proteins in a single
measurement was obtained in MS2 mode (36). As shown in Table 3, the THL treatment
induced more protein changes (around 7.5 % of the protein content) in M. tuberculosis than
the simvastatin treatment (around 1.8 % change). THL treatment mainly involved protein
upregulation (97 %), in contrast to simvastatin inducing mainly protein downregulation
(78%). Based on this simple analysis, it is clear that the bacterial response is completely

different after a THL or simvastatin treatment. However, few proteins were commonly

11
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regulated (0.3 %), such as four proteins downregulated from the intermediary metabolism
(e.g. AldC and ProB) and two upregulated ribosomal proteins (RplW and RpmlJ). THL
treatment induced many protein up-regulations, mainly involved in intermediary metabolism
and respiration (34 %), information pathways (16 %) and lipid metabolism (14 %) (Table 3,
Fig. S1 and Fig. S2). Proteins involved in transcription (RpoA, RpoC, Rho, NusG, Mfd, ...),
traduction (RpmJ, RpsM, RplT, RpsR1, RpmD, ...), the metabolic tricarboxylic acid cycle
(MDH, GltA2, CitA, Can, Icd2, Kgd), glutamate metabolism (GItB, GlnAl, Gdh) and
numerous enzymes of FAS I (Fas) and II (AcpM, KasA, FabGl, Pks13, ...) lipid synthesis
were upregulated in THL treated M. tuberculosis (Fig. S2 and Table S3). Simvastatine
downregulated proteins mainly involved in intermediary metabolism and respiration (33 %)

and lipid metabolism (12 %) (Table 3, Fig. S1, Fig. S2 and Table S3).

DISCUSSION

Tetrahydrolipstatin (THL), simvastatin and fenofibrate were tested for their ability to
potentiate the antimycobacterial activity of glycopeptides by weakening the mycobacterial
cell wall (7). Our first approach, using the BacT/ALERT system on M. bovis BCG, identified
an interesting inhibitory effect of THL with vancomycin. A synergy could be identified by the
Checkerboard method from the macrodilution assay. This synergy was also observed on M.
tuberculosis by both the BacT/ALERT method and the Checkerboard method using the
macrodilution and the NCCLS agar proportion results. This synergy suggested that THL
destabilized the outer membrane of the cell envelope and facilitated the action of vancomycin.
The impact of THL on the outer membrane integrity was verified by lipid analysis. As
expected for a drug synergizing with vancomycin against M. tuberculosis and M. bovis BCG

growth, we observed a reduction of PDIM A and PDIM B in THL treated M. tuberculosis.
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The interaction of THL with TesA might explain, at least partly, this result (20). In agreement
with Belardinelli et al., we also observed that the outer membrane SL-1 lipids were strongly
decreased (37). Belardinelli et al. recently described that THL inhibits PAT biosynthesis and
even more SL-1 biosynthesis suggesting a potential action on Chp 1 (37). The amount of
mycolic acids was unchanged by THL treatment. The effect of THL on M. tuberculosis is
therefore different than on M. kansasii, as Kremer et al. describing for the first time the
antimycobacterial activity of this drug in M. kansasii, underlined its partial inhibitory effect
on mycolic acids and meromycolyl-diacylglycerol synthesis (38). It is worth noting that we
also observed 48h and 72h after treatment an accumulation of degradation products of the cell
wall mycolyl-arabinogalactan. These products consisted mainly in di-mycolyl-di-
arabinoglycerol, mono-mycolyl-arabinoglycerol and mono-mycolyl-di-arabinoglycerol (data
not shown). We also observed a reduction of triacylglycerol (TAG). Altogether, our results
suggest that THL induced a loss of cell wall integrity by targeting several cell envelope lipid
pathways, potentially among them, Chp 1, involved SL-1 synthesis as previously reported

(30) and TesA, involved in PDIM synthesis as suggested by Ravindran et al. (20).

Simvastatin, although not able to synergize with vancomycin, inhibited already alone (100
pg/ml) the growth of both M. bovis BCG and M. tuberculosis. This result, observed in three
antimycobacterial drug susceptibility assays, is in contrast with a previous publication in
which no inhibitory effect for the simvastatin alone was detected (23). Our hypothesis is that
it could be due either to the fact that they were using a different macrodilutions method or that
the quality of the simvastatin was not identical (23). Lipid analysis of simvastatin treated M.
tuberculosis confirmed that on the opposite to THL treated cells, PDIM were not reduced, in
agreement with the absence of synergy with vancomycin. The amount of PG, PE and TAG
was reduced, as the amount AcPIM, but Ac,PIM, and Ac,PIMg were increased. The action of

THL and simvastatin on the mycobacterial cell wall was thus clearly different.
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For the fenofibrate, we could not detect any effect, either alone or in combination with

vancomycin, on M. bovis BCG or M. tuberculosis.

It is interesting to understand how the bacteria respond to an antibiotic/drug stress, as it could
give us a clue to the drug tolerance or resistance developed by bacteria. In this study, we
observed that M. tuberculosis treated either by THL or simvastatin have a smaller intracellular
TAG contents than untreated cells. The TAG reservoir could serve as a fatty acyl/carbon
source for recovery, metabolism but could also have been decreased due to the action of these
lipid lowering drugs. Proteomic analyses suggested that M. tuberculosis under THL stress are
trying to recover, expressing more proteins, especially those involved in intermediary
metabolism, respiration and information pathways, probably in order to gain energy. The
protein upregulation observed in FAS I and FAS I lipid synthesis pathway in THL treated M.
tuberculosis suggests that the bacteria is remodeling his cell wall. These modifications in lipid
metabolism were consistent with 3 gene cluster signature profiles (GC82, GC89 and GC120)
out of 6 proposed by Boshoff et al. for inhibitors of cell wall biosynthesis (isoniazid,
ethionamide, cerulenin), in agreement with our lipid results and previous reports as described
above (39). Our proteomic data with THL were compared to the microarray analysis of
Waddell et al. providing gene expression profile for THL treated M. tuberculosis (40). In
agreement with our results, Waddell et al. mostly observed gene upregulation with THL

treatment.

On the opposite, M. tuberculosis under simvastatin, did not seem to try recovering, as very
few change in proteins expression were detected. Interestingly, some downregulated proteins
are listed in three gene clusters, GC29, GC34 and GC76, described by Boshoff et al.
downregulated by the S5-chloropyrazinamide, rifampicin, H,O, (GC29), rifampicin,

pyrazinamide, nicotinamide and benzamide (GC34) and rifampicin, pyrazinamide,
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nicotinamide, H,O, and UV (GC76), respectively (39). It would be therefore interesting to

carry out further studies to investigate whether simvastatin could damage DNA.

In conclusion, we identified a synergy between THL and vancomycin to inhibit M. bovis BCG
and M. tuberculosis growth. Lipids analysis confirmed that THL destabilized the outer
membrane of the cell envelope, among other by reducing the amount of PDIM, facilitating the
vancomycin action. The concordance of the results obtained by the macrodilution method, the
NCCLS agar proportion experiments and the BacT/ALERT MP assays, suggests that the
BacT/ALERT MP system is suitable for antituberculous drugs screening. Simvastatin, by
itself, also seems a promising antimycobacterial drug, as mycobacteria seemed unable to act

in order to recover.

Further studies, especially in vivo assays, should be performed with these drugs, in order to
assess their potential use against TB. New formulations should be developed to allow their

delivery into the lungs.
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Figure Legends

FIG 1 Drug susceptibility assay on M. bovis BCG. Fluorometric reflectance experiment
record the normal and delayed growth of Mycobacterium bovis BCG with or without drugs.
Growth curves were compared to a 1/100 inoculum dilution to evaluate the MIC.
Representative growth curves of the initial inoculum (BCG 1/1), of the dilution (BCG 1/100)
and of the initial inoculum with a fixed 5 pg/ml vancomycin (V5) combined with 10 pg/ml

THL (THL10) or with 10 pg/ml simvastatin (S10) or with 10 pg/ml of fenofibrate (F10).

FIG 2 THL synergizes with vancomycin. Representative growth curves of the initial inoculum
(H37Rv 1/1), the dilution (H37Rv 1/100), and the initial inoculum with a fixed 5 pg/ml
vancomycin (V5) added to 50 pg/ml THL (THLS50) or to 100 pg/ml fenofibrate (F100) or to

100 pg/ml simvastatin (S100).

FIG 3 Lipid modifications detected in M. tuberculosis treated with THL (T) or simvastatin (S)
when compared to the DMSO control (C). A. HPTLC of PDIMs A, PDIMs B and TAG
separated with petroleum ether/diethylether (9:1, v/v) and visualized by primuline. B. HPTLC
of lipids separated with CHCl3/CH3;0H/H,0 (60:35:8, v/v/v), visualized by spraying with a

0.2% anthrone solution (w/v) in concentrated H,SO,4, followed by heating. C. Lipid
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quantification of PDIM A, PDIM B and TAG based on colorimetric and fluorometric analysis
of TLC. D. Lipid quantification of representative lipids based on colorimetric and
fluorometric analysis of TLC. In each graph, means + error bars of three independent
experiments data converted to a percentage, with untreated samples taken as 100%, are
shown. For THL treated or simvastatin treated samples versus untreated samples, three

independent experiments were analyzed by TLC and quantified.
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FTABLE 1 Drug susceptibility results (MIC) obtained in the macrodilution series and analyzed by the

6Xeckboard method for M. bovisBCG

vancomycin THL simvastatin
MIC (pg/ml) / FIC /
MIC (pg/ml) / FIC /FICI ~ MIC (pg/ml) / FIC / FICI
FICI
Alone 250/-/- 5/-1/- 100/-/-
+ 1pug/ml THL 15/0,06/0,185-0,31 -/ -/~ -/ -/ -
+ 25pg/ml simvastatin 125/0,5/1 -/ -/ - -/ -/ -
0,625-1,25/0,125-
+ 10pg/ml vancomycin -/ -1/- 50/0,5/1
0,25/0,185-0,31
529
530
531
532
533
534
535
536
537
538
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TAHBLE 2 Drug susceptibility results (MIC) obtained with the macrodilution series and with the

N&AOLS agar proportion methods, both analyzed by the Checkboard method on M. tuberculosis

vancomycin THL simvastatin fenofibrate
MIC
MIC (pg/ml) / MIC (pg/ml)/ FIC/  MIC (ug/ml) /
(ng/ml)/
FIC/FICI FICI FIC / FICI
FIC / FICI
Alone MS 100/-/ - 50/-/- 100/-/- -/ -/ -
>200/
NCCLS 40/-/- 5/-/- 100/ -/ - /
+ lpg/ml THL MS 25/0,25/0,31 -/ -/ - -/ -/- -/ -/ -
NCCLS 10/0,25/0,375 -/ -/~ -/ -/- -/ -/ -
+ 25pug/ml simvastatin MS 100/1/1,5 -/ -/ - -/ -/- -/ -/ -
NCCLS 20/0,5/1 -/ -/~ -/-/- -/ -/ -
+ 50pg/ml fenofibrate MS -/ -/- -/ -/ - -/ -/- -/ -/ -
NCCLS 40/1/2 -/ -/~ -/-/- -/ -/ -
+ 10pg/ml vancomycin MS -/ -/ - 3,1/0,06/0,31 50/0,5/1,5 -/ -/ -
NCCLS -/ -/~ -/ -/~ -/ -/ - -/ -/ -
+ 2pg/ml vancomycin MS -/ -1/- -/ -1/- -/ -/~ -/ -1/-
NCCLS -/ -/~ 0,625/0,125/0,375 50/0,5/1  >200/1/2
541
542
543
544
545
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546  TABLE 3 Summary of up- and down-expressed proteins after 24 h THL or simvastatin

547  treatment®

THL Simvastatin
Functional classification Up Down Up Down
Intermediary metabolism and respiration 99 6 4 19
Lipid metabolism 40 0 2 7
Information pathways 48 1 4 3
Virulence, detoxification, adaptation 12 0 1 2
Cell wall and processes 26 0 0 4
Regulatory proteins 13 0 0 4
Conserved hypotheticals 55 2 5 19

548  ®Proteinswith a p-value < 0,05

549

550
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