
HAL Id: hal-02646757
https://hal.inrae.fr/hal-02646757

Submitted on 29 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Mycobacterial lipolytic enzymes: A gold mine for
tuberculosis research

Luc Dedieu, C. Serveau-Avesque, L. Kremer, Stéphane Canaan

To cite this version:
Luc Dedieu, C. Serveau-Avesque, L. Kremer, Stéphane Canaan. Mycobacterial lipolytic enzymes: A
gold mine for tuberculosis research. Biochimie, 2013, 95 (1), pp.66-73. �10.1016/j.biochi.2012.07.008�.
�hal-02646757�

https://hal.inrae.fr/hal-02646757
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Dedieu, L., Serveau-Avesque, C., Kremer, L., Canaan, S. (Auteur de correspondance) (2013).

Mycobacterial lipolytic enzymes: A gold mine for tuberculosis research. Biochimie, 95 (1), 66-73. ,
DOI : 10.1016/j.biochi.2012.07.008

M
an

us
cr

it 
d’

au
te

ur
 / 

A
ut

ho
r m

an
us

cr
ip

t 
M

an
us

cr
it 

d’
au

te
ur

 / 
A

ut
ho

r m
an

us
cr

ip
t 

M
an

us
cr

it 
d’

au
te

ur
 / 

A
ut

ho
r m

an
us

cr
ip

t 
 

Version définitive du manuscrit publiée dans / Final version of the manuscript published in :  
Biochimie (2013), Vol. 95, p. 66-73, DOI: 10.1016/j.biochi.2012.07.008 
Journal homepage : www.elsevier.com/locate/biochi

Review

Mycobacterial lipolytic enzymes: A gold mine for tuberculosis research

L. Dedieu a, C. Serveau-Avesque a, L. Kremer b,c, S. Canaan a,*

aCNRS UMR7282-Aix-Marseille Université e Enzymologie Interfaciale et Physiologie de la Lipolyse, SDV, 31 chemin Joseph Aiguier, 13402 Marseille Cedex 20, France
b Laboratoire de Dynamique des Interactions Membranaires Normales et Pathologiques, Universités de Montpellier 2 et 1, CNRS UMR 5235, case 107, Place Eugène Bataillon,
34095 Montpellier Cedex 05, France
c INSERM, DIMNP, Place Eugène Bataillon, 34095 Montpellier Cedex 05, France

a r t i c l e i n f o

Article history:
Received 4 April 2012
Accepted 10 July 2012
Available online 20 July 2012

Keywords:
Localization
Cell wall
Physiopathology
Immunogenicity
Diagnosis
Mycobacterium

a b s t r a c t

Tuberculosis (TB) is one of the deadliest infectious diseases worldwide with a strong impact in devel-
oping countries. Mycobacterium tuberculosis, the etiological agent of TB, has a high capacity to evade the
host immune system and establish a chronic, asymptomatic and latent infection. In a latent TB infection,
persistent bacilli are present in a non-replicating dormant state within host granulomas. During reac-
tivation, bacilli start replicating again leading to an active TB infection that can be highly contagious.
Mycobacterial lipids and lipolytic enzymes are thought to play important physiological roles during
dormancy and reactivation. The role of lipolytic enzymes in the physiology of M. tuberculosis and
physiopathology of the disease will be discussed in this review, with an emphasis on the secreted or cell
wall-associated, surface exposed lipolytic enzymes characterized to date. Studies on the localization,
enzymatic activity and immunological properties of these enzymes highlighted their possible usefulness
as new diagnostic markers in the fight against TB.

� 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

With 8.8 million new infections and 1.5 million deaths in 2010
[1], tuberculosis (TB) continues to be one of the most threatening
and deadly diseases in the world. The lack of reliable control
measures, emergence of multi-drug resistant strains of the causa-
tive bacterium, Mycobacterium tuberculosis, and the ability of the
latter to remain undetected in a dormant stage in infected indi-
viduals, are some of the principal reasons for the global TB
epidemic. Therefore, there is an urgent need for alternative
methods of diagnosis, vaccination, and treatment. In this context,
enzymes involved in mycobacterial lipid metabolism have gener-
ated considerable interest because of the increasing evidence of
their role in the physiopathology of the disease.

Indeed, a large number of chemically complex lipids with
unique characteristics are associated with the cell envelope of
M. tuberculosis, which distinguishes it from other bacteria [2].
Despite numerous studies on the chemistry, biological functions,
and biosynthetic pathways of the cell wall lipids, the intricate
architecture of the envelope remains enigmatic. Characteristic

mycobacterial (glyco)lipids including mycolic acids, phosphatidyl
inositol mannosides, phthiocerol dimycocerosates, as well as lip-
oglycans such as lipomannan and lipoarabinomannan, that have
been the focus of extensive research are considered as major
virulence determinants in mycobacteria [3].

In contrast to the cell wall-associated lipids, intracytoplasmic
lipids have been largely neglected. It is only in the last decade that
the link between intracellular lipids and physiopathology of the
disease has been investigated. It was shown that during infection,
M. tuberculosis accumulates intracellular lipid inclusions (ILI) [4]
that are probably derived from lipids of the host cell membrane
[5e8]. By this way, M. tuberculosis stores fatty acids in the form of
triacylglycerol (TAG) [9e12] for use as a source of carbon and
energy during dormancy. In this non-replicating stage, bacilli could
persist for several decades and are particularly recalcitrant to
treatment. In reactivation cases, TAGs are used to fuel the
resumption of cellular replication causing an active infection [13].
However, this reactivation of latent infection usually occurs more
frequently in immunocompromised individuals.

Accumulation of lipids derived from host cells and their
consumption have been demonstrated in several bacteria [14], and
in mycobacterial species such as M. tuberculosis [4,9,12,15e17],
Mycobacterium bovis BCG [13,18], Mycobacterium leprae [19] and
Mycobacterium smegmatis [4,10].

Typically, the tubercle bacilli enter the body by inhalation of
aerosols, and reach the lungs where they are phagocytosed by

Abbreviations: TAG, triacylglycerol; FM, foamy macrophage; LB, lipid body; ILI,
intracellular lipidic inclusion; TB, tuberculosis; PPD, protein purified derivative.
* Corresponding author. Tel.: þ33 4 91 16 40 93; fax: þ33 4 91 71 58 57.

E-mail address: canaan@imm.cnrs.fr (S. Canaan).
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pulmonary alveolar macrophages. The subsequent host response
consists of recruitment of macrophages, lymphocytes and dendritic
cells, leading to the formation of a highly organized cellular
structure, termed granuloma, a major histopathological hallmark of
TB. In this structure, macrophages containing bacilli accumulate
intracytoplasmic lipid bodies (LB), mainly composed of neutral
lipids surrounded by a phospholipid layer, that gives the macro-
phages their characteristic foamy appearance (Fig. 1A) [12]. Within
the foamy macrophages (FM), phagocytosed bacteria preferentially
metabolize lipids rather than carbohydrates [20], a view that is
supported by evidence of up-regulation of several mycobacterial
genes involved in lipid metabolism [17]. At this stage, the intra-
phagosomal bacteria acquire and accumulate ILI in their cytoplasm
(Fig. 1B and C) and persist in a non-replicating state, ultimately
leading to dormancy, i.e., a latent infection. As demonstrated in an
in vitro model of human granulomas [12], these lipid droplets (LB
and ILI) serve as sources of carbon and energy for the dormant
bacilli within granulomas, thereby aiding reactivation that can lead
to an active TB infection [21]. In addition to FM, ILI accumulation
has also been reported in M. tuberculosis-infected adipocytes [7]
and in M. leprae-infected macrophages and Schwann cells [22].

Biochemical analyses have revealed that M. tuberculosis ILIs are
mainly composed of TAGs. The latter are derived from free fatty
acids that may be imported from the host or synthesized de novo
[9]. TAGs accumulate during mycobacterial growth and the amount
of intracellular TAGs peaks in the late exponential growth phase
[23] and the non-replicating phase [15]. Further, it has been shown

that expression of M. tuberculosis-specific lipase genes is strongly
elevated during dormancy [16], and that in the reactivated bacilli,
a reduction in TAG levels coincides with an increase in TAG lipase
activity [13]. Thus, enzymes involved in lipid degradation appear to
serve important physiological functions and contribute to the
extraordinary capacity of survival of M. tuberculosis within the
infected host.

Despite lipolytic activities have been described in mycobacteria
many years ago, the associated enzymes, lipases and phospholi-
pases, have only been the focus of intense research for the last few
years [24e27]. Lipases and phospholipases are peculiar molecules
that provide a metabolic turnover of lipids and can be defined as
essential biocatalysts for the hydrolysis of esters containing long-
chain fatty acids. Lipases have been well characterized in the
animal kingdom [28e30], particularly inmammals where they play
important roles in fat digestion, lipoprotein metabolism, as well as
in mobilization of fat stored in adipocytes. Because of their
fundamental role in lipid metabolism, lipolytic enzymes have
received attention in human health as therapeutic agents against
obesity, cardiovascular diseases or as adjuvants in treatment of
chronic pancreatitis or in cystic fibrosis. In case of mycobacterial
lipases, an interesting aspect that has recently come to light, is their
immunogenicity, which has prompted their use as biomarkers of
active TB [31,32].

In this review, we will discuss the recent advances in under-
standing of the biological properties of mycobacterial lipolytic
enzymes, which have opened up exciting possibilities of their

Fig. 1. Intracellular lipid bodies (LB) and phagosomes in M. tuberculosis-infected foamy macrophages. Granulomas were obtained in vitro by infection of peripheral blood mono-
nuclear cells with M. tuberculosis H37Rv, and processed for electron microscopy at day 11 post-infection. (A) A typical foamy macrophage carrying LBs and phagosomes containing
M. tuberculosis. Inset: arrows indicate the phagosomal membrane around the bacterium. (B) LB surrounded by several M. tuberculosis bacilli. Some of the bacteria display intra-
cytoplasmic lipid inclusions (ILIs). (C) Enlarged view of (B) showing M. tuberculosis bacilli containing large ILIs (Adapted from Ref. [12]).

L. Dedieu et al. / Biochimie 95 (2013) 66e73 67
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applications in more accurate methods of diagnosis of active TB and
as putative therapeutic targets.

2. In silico identification of lipolytic enzymes in
M. tuberculosis

The analysis of M. tuberculosis genome revealed that this
bacterium possesses an unusually large number of genes encoding
putative enzymes involved in lipid metabolism [33]. Indeed,
M. tuberculosis genome contains 250 genes encoding putative
enzymes involved in the synthesis or degradation of lipids
compared to 50 genes in Escherichia coli, which has a similar
genome size. This feature, combined with the extremely high
amount of lipids, representing 30e40% of the dry weight of
M. tuberculosis, suggests that lipids and lipolytic enzymes play an
important role in the mycobacterial life cycle and perhaps in
virulence. In silico analyses identified the presence of around 30
putative genes encoding lipolytic enzymes (enzymes involved in
lipids degradation), including 24 lipid/ester hydrolases, belonging
to the so-called “Lip” family (LipC to LipZ). These have been
annotated as putative esterases or lipases based on the presence of
the consensus sequence GXSXG, which is a characteristic feature of
members of the a/b hydrolase-fold family [34]. Based on their
primary sequences, 28 of the 31 M. tuberculosis lipolytic enzymes
are classified into different families: 1 belonging to the Candida
parapsilosis lipase family,1 to the human Bile Salt-Stimulated Lipase
(BSSL) family, 12 to the human Hormone-Sensitive Lipase (HSL)
family, 7 to the Fusarium solani cutinase (Cut) family, 3 to the
monoglyceride lipase family, 3 not belonging to the above
mentioned lipase family and 4 to the phospholipases C (PLC) family.
Except for the PLCs, all other enzymes possess an active site
comprising the characteristic catalytic triad Ser-His-Glu/Asp.
However, biochemical characterization of these enzymes using
specific substrates is a prerequisite to establish their true activities
and physiological functions.

3. Lipolytic enzymes in the mycobacterial cell wall
architecture

Immunolocalization studies have revealed the association of
several M. tuberculosis lipolytic enzymes with the cell wall, thus
raising the possibility of these proteins as structural components of
the membrane and/or their potential role in enzymatic degradation
of host cell lipids. Surface-exposed localization also suggests that
they may participate in modulation of the immune response
[35,36] and/or in invasion of host cells [5,8]. This chapter will focus
on the three enzymes discovered up to date, involved in the
architecture of the cell wall and able to trigger a specific humoral
response during infection.

3.1. LipY: dual intra and extracellular localization and hydrolytic
activity

The primary sequence of LipY (Rv3097c) clearly identified this
protein as a member of the HSL family, while the presence of an
additional N-terminal PE domain also qualified it as a member of
the PE family of protein [16]. Biochemical characterization
demonstrated that LipY is able to hydrolyze ILI-containing TAGs
[16,35]. In M. tuberculosis under nutrient-deprived conditions, lipY
expressionwas highly induced, accompanied by efficient utilization
of accumulated TAGs in the absence of another source of carbon. In
a lipY-deleted mutant of M. tuberculosis, TAG hydrolysis was
severely impeded in vitro (Fig. 2A). From these results, it can be
inferred that LipY is responsible for the utilization of TAGs

accumulated in the bacterial cytoplasm during dormancy and/or
during exit from dormancy, leading to the reactivation.

However, the activity of LipY on ILIs has been difficult to
reconcile with its localization on the bacterial surface as demon-
strated by immunogold electron microscopy [35]. Recent work by
Daleke et al. [37] demonstrated that in Mycobacterium marinum,
LipY was secreted extracellularly, which agreed with the presence
of a PPE domain (similar to PE domain in M. tuberculosis) and the
activity of the ESX-5 secretion pathway in this species (Fig. 2B).
Recently, this ESX-5 has also been identified as the system for
secretion of proteins carrying PE/PPE_PGRS domains in
M. tuberculosis [38]. Interestingly, Zeng et al. [39] identified intra-
cellular proteins capable of physical interactions with LipY, which
may explain the retention of the lipase in the cytoplasm of the
bacteria. These results suggest a dual cellular localization of LipY,
intracytoplasmic or cell surface-associated following the cleavage
of the PE/PPE N-terminal domain via ESX-5 machinery. Both
localizations are in agreement with the action of LipY in the
degradation of TAGs within ILIs and the hydrolysis of lipids from
host LBs, respectively. Importantly, the observation of surface
exposure of LipY led to the hypothesis that it may be accessible to
the host immune system and may trigger a specific humoral
response. This hypothesis has been confirmed by the detection of
a robust anti-LipY antibody response in TB patients [35].

Fig. 2. Physiological function and dual localization of LipY. (A) LipY is a TAG hydrolase.
Thin layer chromatography of lipids isolated from hypoxic cultures of M. tuberculosis
wild type (WT) strain or LipY-deficient (D-lipY) mutant strain, processed for visuali-
zation of TAGs. Levels of intracellularly accumulated TAGs (indicated by arrow) were
similar in the two strains (lanes 1 and 3; controls, C); when cells were nutrient-
deprived in phosphate-buffered saline (PBS) for 6 h (lanes 2 and 4), the WT strain
utilized TAGs far more efficiently than the LipY-deficient mutant (Adapted from
Ref. [16]). (B) LipY is exposed on mycobacterial surface. Electron microscopy showing
immunogold localization of LipY on the cell surface in a M. marinum WT strain (left
panel) but not in a M. marinum ESX-5 mutant strain (type 7 secretion system) (right
panel) (Adapted from Ref. [37]).

L. Dedieu et al. / Biochimie 95 (2013) 66e7368
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Collectively, these results validate the central role of LipY in TAG
hydrolysis. Because LipY emerges as the major long-chain TAG
hydrolase involved in TAG hydrolysis during nutrient starvation,
one may postulate that LipY plays a key role in the acquisition of
host lipids, by degrading TAGs present in the LBs in the FM.

3.2. LipC: an immunogenic cell surface esterase

Many antigenic proteins expressed during the early stages of
active TB play important roles in hostepathogen interactions. Shen
et al. [32] reported the strong immunogenicity of LipC, another
member of the Lip family [33] belonging to the HSL family. Using an
epitope mapping strategy, 6 immunodominant epitopes were
identified, 5 of which mapped to residues exposed at the surface of
the protein. Although predicted to be a cytoplasmic enzyme, it was
demonstrated that LipC is a cell surface protein present in both the
cell wall and the capsule of M. tuberculosis (Fig. 3A). In an effort to
understand its biological relevance, recombinant LipC was purified
and characterized biochemically, revealing an esterase activity on
short-chain esters (Fig. 3B). A M. tuberculosis LipC-deleted strain
was not affected in its growth rate or viability in vitro, and repre-
sents a useful tool to investigate whether LipC hydrolyzes fatty acyl
chains on ester substrates from the host. In addition, LipC was
capable of stimulating pro-inflammatory cytokines and chemo-
kines in macrophages and pulmonary epithelial cells [32]. Taken
together, these studies demonstrate that LipC is a novel, cell
surface-associated esterase of M. tuberculosis that is highly immu-
nogenic and possibly involved in the modulation of the host
immune response.

3.3. Rv0183: a monoglyceride lipase involved in degradation of host
cell lipids

Rv0183 shares 34% and 36% amino acid sequence identity with
the monoglyceride lipases from rat and human, respectively, and
represents the only monoglyceride lipase identified in mycobac-
teria [6]. Immunolocalization studies revealed the presence of

Rv0183 in the cell wall, leading to the hypothesis that it is likely
involved in hydrolysis of host cell lipids. From an enzymatic point of
view, Rv0183 exhibits a strong substrate preference for mono-
acylglycerols compared to diacylglycerols or TAGs, raising the
possibility that it provides free fatty acids to mycobacteria. To
address the in vivo role of this enzyme, a disrupted mutant of its
ortholog in M. smegmatis, MSMEG_0220, was generated (Fig. 4A)
[40]. This mutant displayed an unexpected colony morphotype
compared to the parental strain (Fig. 4CeF). Its liquid culture was
found to be more homogenous with less clumping of cells,
presumably due to an alteration in the intercellular interactions
(Fig. 4GeJ). Both phenotypes were partially restored by comple-
mentation with a gene encoding either an active or an inactive
MSMEG_0220 enzyme. Moreover, growth studies performed in
medium supplemented with monoolein (MO) indicated that
growth of the MSMEG_0220-disrupted mutant was impaired
(Fig. 4B). Notably, Rv0183 could be detected in the serum of infected
patients [31]. Moreover, heterologous expression of Rv0183 in
mouse macrophages was found to induce cell apoptosis and to
trigger expression of inflammatory factors such as IL-6, NF-kB, TLR-
2, TLR-6, TNF-a [41]. These results imply that Rv0183 is a structural
component of the mycobacterial cell wall, hydrolyzes exogenous
lipids and may strongly induce the immune response of the host.

4. Cutinases: broad-range activity and cytotoxicity

Cutinases are extracellular serine esterases able to degrade
a large panel of substrates such as cutin, which is a polyester pro-
tecting plant leaves but also TAGs and phopholipids. Even if cuti-
nases are mainly found in phytopathogenic organisms, seven genes
related to the cutinase family have been found in theM. tuberculosis
genome [33,42]. Among these 7 putative cutinase-like proteins,
two secreted enzymes, Cfp21 (Rv1984c) and Cut4 (Rv3452) appear
structurally related, sharing 52% identity and 66% homology.
However, biochemical characterization showed that these enzymes
exhibit marked differences with respect to their substrate and
enzymatic specificities. While Cut4 behaves similar to a typical

Fig. 3. Localization and enzymatic activity of LipC. (A) Mycobacterial cell surface localization of LipC. Immunoelectron microscopy of ultrathin sections of M. tuberculosis H37Rv
(upper panel) and M. tuberculosis CDC1551 (lower panel) from in vitro cultures, probed with rabbit anti-LipC antibodies. (B) LipC has preference for short-chain esters. Enzymatic
activity of recombinant LipC was measured using 8-p-nitrophenyl (PNP) esters with carbon chain lengths ranging from C2 to C10 as substrates. These PNP esters were mixed in
a buffer containing 0, 1 or 4 mM sodium taurodeoxycholate (NaTDC). NaTDC is a bile salt used to solubilize insoluble lipids bearing fatty acid with long carbon chain. The activity on
substrates of carbon lengths �12 was undetectable. The mean values of specific activity corresponding to 1 mmol PNP released per min and per mg protein, are plotted (Adapted
from Ref. [32]).

L. Dedieu et al. / Biochimie 95 (2013) 66e73 69
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phospholipase A by specifically hydrolyzing phospholipids, Cfp21
exhibits a lipolytic activity on triolein and showed a preference for
C8 fatty acyl chains monoester substrates [8]. In vitro cytotoxic
assays on macrophages demonstrated that Cut4 induces macro-
phage lysis, presumably as a consequence of its phospholipase
activity. These observations support the view that cutinases
interact with the host membranes and participate in the virulence/
infection process by degrading host lipids. Another member of the
cutinase family, Cut6 (Rv3802) and its homologs inM. smegmatis or
Corynebacterium, have been found to be essential for in vitro
viability [43,44], and the lipid analysis associated with their

thioesterase activity suggested these enzymes may participate to
mycolic acid biosynthesis [45]. Moreover, Cut6 was able to trigger
a specific T-lymphocyte response and was able to protect mice from
a challenge with M. tuberculosis, and hence is regarded as a poten-
tial vaccine antigen [36].

5. Phospholipase C

In infected macrophages, M. tuberculosis resides within
a vacuole that exhibits characteristics of an early endosomal vesicle.
It has been shown that mycobacterial phospholipids can mimic

Fig. 4. Localization and physiological function of monoglyceride lipase, MSMEG_0220 of M. smegmatis and its homolog Rv0183 from M. tuberculosis. (A) MSMEG_0220 produced in
M. smegmatis mc2155. MSMEG_0220 protein in cell wall fractions from different strains was visualized by immunoblotting using purified polyclonal antibodies against recombinant
Rv0183. Total protein (120 mg) from cell wall fractions and purified recombinant proteins (100 ng) were loaded as follows: 1, recombinant Rv0183; 2, M. smegmatis mc2155 WT; 3,
M. smegmatis MSMEGD0220 mutant strain; 4, MSMEGD0220 strain complemented with corresponding gene (ComMSMEGD0220); 5, strain complemented with gene encoding
catalytically inactive, MSMEG_0220S110A (ComMSMEGD0220S110A; S110 corresponds to the catalytic serine of MSMEG_0220); 6, recombinant MSMEG_0220 purified protein
(100 ng). (B) Comparison of growth of the above strains ofM. smegmatis on 7H9 agar supplemented with monoolein (MO). Colony forming units (CFU) were counted after 3e5 days of
incubation at 37 �C. (CeJ) Comparison of cultures of above M. smegmatis strains after 5 days of incubation at 37 �C on 7H11 solid medium: WT (C and G), MSMEGD0220 (D and H),
ComMSMEGD0220 (E and I), and ComMSMEGD0220S110A (F and J). (CeF) Comparison of colony morphologies after 5 days of incubation at 37 �C on 7H11 solid medium. Top view of
the colonies showing rough (C, E, and F) or smooth (D) morphologies. (GeJ) Optical microscopy (magnification, �63) observation of M. smegmatis cells grown in Tween 80-free 7H9
broth. Cultures ofMSMEGD0220 strain (H) were a homogeneous cell suspension in this medium, while those of the other strains showed bacterial aggregates (Adapted fromRef. [40]).
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host lipids and inhibit full endocytic maturation of the pathogen-
containing vacuole [46]. Phospholipase C, phospholipase D, and
sphingomyelinase activities have been detected in M. tuberculosis
[47]. M. tuberculosis phospholipases resemble those encoded by
Pseudomonas aeruginosa plcH and plcN genes, which contribute to
the virulence of this pathogen. The role of phospholipase in intra-
cellular survival and as a virulence factor has been demonstrated in
bacterial species such as Listeria monocytogenes [48].M. tuberculosis
genome carries three adjacently located phospholipase C (PLC)
genes (plcA, plcB and plcC) that are similar to the P. aeruginosa plc
genes and a fourth truncated gene (plcD), separated from this
cluster [49]. Bakala N’goma et al. [5] were able to obtain high yields
of all four pure recombinantM. tuberculosis PLCs and demonstrated
that all four enzymes are cytotoxic tomousemacrophages owing to
their hydrolytic activity on cell membrane phospholipids. Previous
work from Raynaud et al. has shown that triple and quadruple
M. tuberculosis plc-knock-out mutants were attenuated in the late
phase of infection in a mouse model [50]. On the other hand,
M. bovis, the causative agent of bovine TB, naturally lacks the plcABC
gene cluster which is a part of the RD5 genomic deletion in this
strain, and the remaining gene, plcD gene is inactivated by an IS6110
insertion [51]. PLC enzymes may contribute to TB infection through
their contact-dependent cytolytic activity, possibly by lysing the
phagolysosomal membrane [52]. However, several studies devoted
to mycobacterial PLCs have failed to identify the exact function of
these enzymes in pathogenesis.

6. Lipolytic enzymes as new TB diagnostic biomarkers

Several reports have highlighted the failure of conventional
diagnostic tools in the precise detection of TB, and this problem is
more acute in the diagnosis of newly infected patients where the
immune system may not be fully primed against antigens [53].
Some of the purified antigens that have been tested, showed highly
variable sensitivity and specificity in serological tests for TB [54].
The localization of the mycobacterial lipolytic enzymes in the cell
wall or at the cell surface, and their involvement in the host cell
lipid degradation discussed above prompted investigators to
hypothesize that these proteins may also participate in the
modulation of the immune response [35,36] and/or in the invasion
of host cells [5,8]. These enzymes may therefore be considered as
biomarkers of active TB.

The use of LipYas a serodiagnostic marker was first suggested in
a study reporting the induction of a strong anti-LipY humoral
response in TB patients living in an endemic area [35]. These initial
observations were recently extended to LipY, Rv0183, Cfp21, and
Cut4, and evaluated in European patients with either active TB or
latent TB compared to non-infected population groups (Fig. 5A and
5B) [31]. Strong IgG-specific humoral responses were detected in TB
patients against these antigens, compared to a low background in
healthy volunteers and in BCG-vaccinated healthy individuals.
Among these four markers, Cut4 presented the best performance
with a specificity of 94.6% and a sensitivity of 90.5% in a study
population including 149 healthy individuals and 105 active TB
patients. In addition, 87% of smear-negative but culture-positive
patients were positive for Cut4 serological test, indicating an
excellent sensitivity of this assay. The Cut4-based ELISA also
allowed discriminating patients with active TB from those with
a latent infection. This may be related to higher expression levels of
Cut4 during the active phase of the disease when bacilli are actively
replicating.

Immunoscreening of an expression library of M. tuberculosis
genomic DNA showed that LipC was expressed during the early
stages of active infection. Consistent with its localization at the
bacterial surface, LipC was found to induce an antibody response in

patients with active TB co-infected or not with HIV (Fig. 5C), which
helped to distinguish TB patients from TB-uninfected individuals.
Lastly, immunodominant epitopes of LipC that are exposed on outer
surface of the protein were identified and proposed as ingredients
for future peptide-based serodiagnostic tests [32]. M. tuberculosis
possesses an additional cell wall-associated protein, LipF, exhibiting
phospholipase C activity. The recombinant enzyme was shown to
hydrolyze phosphatidylcholine in vitro [55] and induce a significant
humoral B cell response in children suffering from TB. Therefore,
together with LipF, PLCs should be evaluated for their potential in
TB diagnosis.

The above studies suggest that these strongly immunogenic
lipolytic enzymes would allow distinguishing active from latent TB
infections with high sensitivity and specificity. Further studies,
including larger numbers of sera are now required to confirm these
initial observations. This is particularly warranted for a better TB
control, and in endemic countries, where application in simple
immunoassays may allow rapid, sensitive, and inexpensive detec-
tion of cases missed by standard sputum smear microscopy.

7. Summary and future prospects

A key feature in the success of M. tuberculosis as a pathogen is
its ability to evade host immunity and to establish a chronic and
persistent infection. Based on the observation of an unusually
large number of lipases/phospholipases inM. tuberculosis, and the
studies on their biological properties, this family of enzymes
appears to play a central role in the virulence and survival
strategies employed by this bacterium to persist in the host.
During the infection process, secreted mycobacterial lipolytic
enzymes catalyze the hydrolysis of host cell lipids. The released
fatty acids are then taken up by intracellular mycobacteria and
stored in the form of TAGs to be used as sources of carbon and
energy during the persistent stage. Conversely, intracellular TAG
hydrolases may be required for assimilation of ILIs to exit
dormancy. Thus, these enzymes seem to be involved throughout
the life-cycle of the pathogen as catalytic and perhaps also as
structural entities.

Lipolytic enzymes may hence be considered as potent thera-
peutic targets for developing future anti-TB drugs. Indeed, specific
inhibitors that would interfere with the consumption of host cell
lipids by the infecting mycobacteria may be able to prevent or
shorten the persistent state. As an example, tetrahydrolipstatin,
also known as Orlistat, an inhibitor of digestives lipases used to
treat obesity, was found to significantly impact the growth of
M. smegmatis [10] and exhibits potent anti-mycobacterial activity
on several species, including M. tuberculosis [23]. Tetrahydrolip-
statin is not the only candidate and other drugs are being tested
right now in academic and industrial laboratory. However, unde-
sirable effects may occur due to possible interactions between
these inhibitors and human lipases, thus raising important safety
issues that must be taken into consideration in such therapeutic
approaches. Lipolytic enzymes could also be considered as poten-
tial vaccine candidates as demonstrated by West et al. [42]. Indeed,
authors showed that cutinases delivered as DNAvaccines were able
to induce a significant protection in a mouse model of M. tubercu-
losis infection.

In view of their important role in the pathogenesis of the
disease, and the occurrence of seroreactivity in patients, lipolytic
enzymes are being considered as new diagnostic markers. In
particular, these markers allowed to override the background
signals arising from prior BCG vaccination and appear as potent
candidates to distinguish active TB from latent TB infections. These
enzymes may be exploited for diagnosis of TB in smear-negative,
HIV-infected individuals in countries highly afflicted by HIV and
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TB infections. The potential of lipolytic enzymes in diagnosis should
also be investigated in infants, as their immune responses to a TB
infection can be different from that in adults.

Because these enzymes are shared by several mycobacterial
species, they represent a huge field of exploration not only for TB
but also for other mycobacterial diseases. These include, for
instance, Buruli ulcer caused by Mycobacterium ulcerans and
pulmonary infections caused by Mycobacterium abscessus, an
emerging pathogen in patients with underlying lung disorders such
as cystic fibrosis. M. tuberculosis expresses a plethora of lipolytic
enzymes, of which only a limited number have been studied so far
and much remains to be learned about the diversity of their bio-
logical functions. The mycobacterial lipolytic enzymes are thus
a gold mine for research in understanding and combating TB.
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