REVIEW ARTICLE

Mycobacterium tuberculosis and lipids: Insights

virulence

Ciamak Ghazaei
Department of Microbiology, University of Mohaghegh Ardabili, Ardabil, Iran

into molecular mechanisms from persistence to

Med Sci 2018;23:63.

How to cite this article: Ghazaei C. Mycobacterium tuberculosis and lipids: Insights into molecular mechanisms from persistence to virulence. J Res

INTRODUCTION

An important reason of death due to lung diseases
includes tuberculosis." One of the major causative
agents of lung disease is Mycobacterium tuberculosis
that has the tag of one of the world’s most successful
human pathogens because nearly 10 million new cases
are reported every year®? and more than 2 billion people
possess a latent infection. The disease affects one-third
of the global population causing death of 3 million
people in a year.! There are several outcomes to an
exposure to the bacterium: the pathogen is cleared
instantly, or a latent infection is established, or the
disease can be manifested quickly, or the symptoms may
be reactivated. Looking at the statistics, >90% of healthy
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people do not manifest an active disease. On the other
hand, six out of 10 individuals do not clear the pathogen
that could cause a lifelong infection.®!

The pathogen is a slow-growing bacillus that is
associated with transmission through respiration. The
bacterium is inhaled in the form of droplets to pass
through the respiratory tract and deposited in the
alveoli.**! Although it mainly targets the pulmonary
tissue, it can also infect other parts of the body. Following
infection, the innate immunity springs into action to
phagocytose the bacterium. A slew of cells can ingest
these pathogens including neutrophils,”® macrophages,
and dendritic cells.® This is followed by a cell-mediated
response by CD4+and CD8+ cells with the formation of
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granulomas. The latent infection is caused by the presence
of the pathogen within the granulomas, but such immune
competent patients do not clear the bacillus.

FORMATION OF GRANULOMA: A CHARACTERISTIC
FEATURE OF MYCOBACTERIAL PATHOGENESIS

A characteristic feature of mycobacterial pathogenesis
involves the formation of granulomas. These granulomas
called tuberculoid granulomas are composed of infected
phagocytes in the form of a “nidus” with a layer of active
giant cells and macrophages surrounding them. The
outermost layer comprises lymphocytes and fibrosis."”!

The formation of granuloma is linked to the limitation of
the disease as various cells associated with inflammation
protect by surrounding the pathogens to quell the spread
and subsequent transmission of the bacterium. In addition,
it is seen that the arrangement of granuloma allows for the
living bacteria to be kept away from immune cells such
as macrophages that activate cytotoxic T-cells. This also
facilitates the constant development and evolution of the
pathogens within such granulomas.!"!

LIPID PROFILE OF MYCOBACTERIUM TUBERCULOSIS
CELL WALL

A characteristic feature of mycobacteria is the presence of a
cell envelope that has a high content of lipids and comprises
40% of the cell envelope weight!"!! [Figure 1]. All the species
of mycobacteria produce a class of a-alkyl, B-hydroxy fatty
acids that have a high molecular weight (60-90 carbons).!'!
Mycolic acids, 2-alkyl, 3-hydroxy long-chain fatty acids, are
the distinctive feature of the M. tuberculosis cell envelope.
The mycolic acids are arranged in the form of a bilayer
in association with cell wall lipids to serve as a low fluid
permeability barrier. The properties of the mycolic acids is
reflected in the fluidity and flexibility of the envelope. The
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Figure 1: The lipid-rich cell wall of Mycobacterium tuberculosis
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chemical nature of the mycolic acids includes a-myecolic
acid that shows the presence of unsaturation as well as
cyclopropane rings. In addition, mycolic acids can also
present in the oxygenated form in majority of the bacteria.
Apart from the attenuated species, while Mycobacterium
bovis bacillus Calmette-Guérin (BCG) Pasteur possesses
o-myecolic and ketomycolic acids, the other species produce
methoxy mycolic acids in addition to the mentioned two
acids.?

Figure 1 shows the lipid-rich cell wall of M. tuberculosis.™
There isno true outer membrane in M. tuberculosis. The cell
wall complex contains peptidoglycan, arabinogalactan,
mycolic acid, and lipoarabinomannan (LAM). Over
60% of the mycobacterial cell wall is lipid mycolic
acid and 50% of the dry weight of the cell wall. It is
strongly hydrophobic and is observed to be important
determinant of virulence.

MYCOBACTERIUM TUBERCULOSIS PERSISTENCE IN
HOST AND COGNATE LIPID METABOLISM

The persistence of M. tuberculosis inside a host has been
linked to its beta-oxidation and glyoxylate metabolic
pathways.[®! If the metabolism of the pathogen is studied,
the use of lipid metabolism has been documented. For
instance, in mice, the source of carbon for the pathogen
is fatty acids. This encompasses the use of beta-oxidation
where fatty acids with an even number of carbon atoms are
processed into acetyl-coenzyme A (CoA) while fatty acids
with an odd number of carbon atoms are metabolized into
acetyl-CoA and propionyl-CoA.!"4

Further research has shown that the pathogen converts
propionyl-CoA into methyl malonyl-CoA-lipids such as
sulfolipid-1 (SL-1), polyacyltrehalose (PAT), and phthiocerol
dimycocerosate (PDIM).I"! It was shown that acetyl-CoA
produced is either converted into intermediates of tricarboxylic
acid (TCA) cycle or to mycolic acid.'! Thus, either of the
pathways accordingly enables the lipid metabolism of lipids
to help the mycobacteria persist in a host.

MYCOBACTERIAL CELL MEMBRANE LIPIDS AND
MODULATION OF RESISTANCE

The role of lipids of the cell envelope and modulation
of immune responses has been demonstrated in several
studies. This is of utmost importance as the lipids of the
cell wall play an important role in the development of
resistance of the pathogen. Multidrug-resistant strains
show resistance to at least two first-line tuberculosis
drugs (isoniazid and rifampicin), while there are extensively
drug-resistant (XDR) strains that show resistance to
fluoroquinolones and to one or more injectable second-line
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drugs that include capreomycin, kanamycin, and amikacin.
XDR cases have been reported in all the continents, which
is a disturbing news.!"”!

Another study showed that a polyketide synthase-derived
phenolic glycolipid (PGL) produced by Beijing family
moderates the clinical outcome of the disease in a
mouse model. The lipids specific to the Beijing family
were abolished when pks1-15 locus, which encodes a
polyketide synthase, was disrupted. Genotyping studies
reveal that the locus is mutated in non-Beijing strains
but intact in the Beijing strains. Apart from the loss of
hypervirulent phenotype, the disruption of PGL causes
increased production of pro-inflammatory cytokines
tumor necrosis factor (TNF)-alpha and interleukin (IL)-6
and IL-12 in vitro.1819

MYCOBACTERIAL CELL MEMBRANE LIPIDS AND
PATHOGENESIS

Trehalose-6,6"-dimycolate

Trehalose-6,6"-dimycolate (TDM) is amycolicacid-containing
glycolipid that is known as cord factor associated with
virulence. It is composed of trehalose sugar linked to two
mycolic acid residues via an ester bond. The number of
residues differs across species to species with 20-80 carbon
atoms being most common. Bekierkunst, in 1968, showed
for the first time that injection of TDM caused an acute
granulomatous reaction! and a C-type lectin called minacle
on macrophage serves as a recognition receptor for TDM.
The activation of the receptor causes production of nitric
oxide that in turn induces the production of TNF to cause
granulomas.

TDM has been found in Gram-positive and Gram-negative
bacteria where it has been implicated in several functions
such as resistance toward infectious agents and promotion
of angiogenesis and anti-cancer activities.[! The role of
myecolic acids in the pathogenesis of M. tuberculosis has been
demonstrated in several studies. The levels of cholesterol
inside the macrophages of the peritoneum and alveoli
are increased by myecolic acid. Such derivatives of the
cells are visualized in the granulomas associated with the
pathogen.®’!

TDM has several functions associated such as inhibition of
fusion of phospho-bilipid layers by the introduction of stearic
hindrance to the fusion. The lipid has also been implicated
to possess ability to break down nicotinamide adenine
dinucleotide (NAD), hence lowering its concentration
in the cell. Such an activity brings down a dip in the
activities of NAD enzymes, especially in lung, liver, and
spleen.’! Certain studies have shown that cyclopropane
ring of mycolic acids has an important role in virulence
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and persistence of the bacterium.’*?*! In mice models, it has
been shown that oxygenated mycolic acids are essential for
virulence of the pathogen.?

Other studies have reported the association of mycolic acid
in its free form with a biofilm formation. At the stage of
infection when free mycolic acid is generated from TDM,
the pathogen reduces its ability to cause induction of
pro-inflammatory responses along with an increase in the
uptake of nutrients to overcome starvation induced by the
host and also displays resistance to drugs.!'>*"!

Phthiocerol dimycocerosate

Another lipid implicated in the pathogenesis of Mycobacterium
is PDIM. A 1974 study suggested a role of this lipid in the
pathogen survival in the host. It was observed that an
M. tuberculosis H37Rv mutant strain that lacked PDIM
could not replicate successfully and caused lesser number
of tubercule formation. The lipid has also been associated
with permeability of the cell wall. Certain mutants where
generated with an inability to generate PDIM were found
to be more permeable compared to the wild type.l*
Another study examined the presence or absence of PDIM
in the pathogen on the manifestations of the disease.
PDIM-deficient M. tuberculosis showed a reduction of
bacterial load in the lungs over a period of 4 months when
compared to that of the wild-type bacterium used for
infecting mice. It was also seen that the PDIM of the bacterial
cell envelope does not affect the formation of phagosomes.
Instead, they confer protection to the pathogen from
reactive nitrogen intermediates produced as part of immune
response as the PDIM mutants caused increase in the activity
of cytokines by dendritic cells and macrophages.?

Sulfolipids

Apart from the above-mentioned lipids, another notable
candidate is sulfolipids, theacylated trehaloses that are
present in the mycobacterial cell wall.®! SL-1 is the most
165 abundant lipid on the surface of M. tuberculosis and is not
present in nonpathogenic mycobacterium species. SL-1 and
its precursor, Ac2SGL, can serve as candidates in biomarker
studies!!! Although these lipids were initially associated
with inhibiting phagosome-lysosome fusion, subsequent
work showed that they inhibit phagosome and enhance
the survival of the pathogen in an intracellular milieu.[®
Sulfolipid was suggested as an inhibitor of phagosomes in
the cultured mouse peritoneal macrophages by affecting
the membranes.”® The lipid was implied in the inhibition of
macrophages, thereby preventing the release of superoxides
and affecting phagocytosis and cytokines along with
interfering with the signaling pathways of neutrophils.!!

However, subsequent work suggested that SL-1 affects
the mitochondria along with TDM. When murine models
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were administered SL-1 alone, there was no adverse
reaction or toxicity observed. Subsequent work on mmpL8
and pks2 mutants cast a light on the functions of SL-1.
MmpLS8 is a candidate that is associated with a family
of transporters of lipids. A mutant of M. tuberculosis
deficient or lacking MmpL8 could not synthesize SL-1
and showed accumulation of its acylated precursor in
the cytoplasm. Pks2 is highly similar to mycocerosic acid
synthase (mas) gene that codes for an enzyme involved
in the synthesis of multiple methyl-branched fatty acids.
Mutants of M. tuberculosis for pks2 did not produce either
SL-1 orits acylated precursor however showed growth rates
comparable with that of wild-type bacterium.

Despite studies on this lipid, the results have been
controversial. Apart from its above effects, genetic
manipulation studies suggest the role of this molecule in
host-pathogen interactions, but a more lucid explanation
of its role is yet to be established.?*?

MYCOBACTERIAL CELL WALL GLYCOLIPIDS AND
THEIR ROLES IN PATHOGEN PERSISTENCE AND
VIRULENCE

Lipomannan

Other lipids of the cell wall having a role in the host
immune system modulation include lipomannan (LM): a
glycolipid of the cell wall that causes an induction of IL-12
and ultimately cell death of macrophages.’ An opposite
effect is shown by LAM, another glycolipid of the cell wall
that hampers the production of IL-12 by dendritic cells to
control the apoptosis induced in macrophages! [Figure 2].

Lipoarabinomannan

LAM has been implicated as a virulence factor of
M. tuberculosis by occupying a major portion of the cell
wall. The glycolipid has also been observed to possess
modulatory functions of the bacterial resistance and the host
immune systems.’> LAM also causes dephosphorylation
of tyrosine kinase and inactivates the kinase activity
and eventually the functions of T-cells and phagocytic
cells such as macrophages.® A 2003 study reviewed the
functions of LAM in altering signaling activities due to its
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Figure 2: The timeline model of bacterial lipid-regulated host immunological
response to infection
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insertion in the membrane and association with Toll-like
receptors.'! A study in 2000 showed LAM in blocking of
calcium signaling to enhance the survival of M. tuberculosis
inside the host cells. The pathways blocked by the
inhibition of calcium signaling include calmodulin and
phosphatidyl-inositol-3-kinase hsp34.%”1 The virulence of
M. tuberculosis involves a role of LAM as it blocks the activity
of phosphatidyl-inositol-3-kinase to limit the maturation of
phagosomes. LAM also hampers the association of early
endosome autoantigen that plays a key role in phagosome
maturation.!

Diacyltrehaloses

Diacyltrehaloses (DAT) have been implicated in the
inhibition of T-cells in a murine model. A 2001 study
found that DAT purified from two strains of mycobacteria
M. tuberculosis H37Rv and M. fortuitum ATCC 6841 exerted a
negative effect on T-cells.”® Another derivative of glycolipid
called mannose-capped LAM (Man-LAM) is associated
with host defense. These glycolipids show the presence of
mannosyl moieties on D-arabinan. These lipids were shown
to possess anti-inflammatory activities following the
attachment of mannose to inhibit TNF or IL-12 to facilitate
survival of the pathogen inside the host.* In a mammalian
cell, the lipid derivative serves to mimic a receptor of
mannose. This dampens the production of cytokines such
as TNF and IL-12, while on the other hand, this increases
the production of IL-10 by monocytes or dendritic cells to
cause an inhibition of phagosome.®!

Figure 2 shows the timeline model of bacterial
lipid-regulated host immunological response to infection.
In the latent phase, a proper homeostasis of cell wall lipid
allows M. tuberculosis and thrives in the host. When this
homeostasis is upset, it either leads to tuberculosis due to
the unregulated expression of pro-inflammatory lipids (the
red region) or removal/clearance of bacteria (the green
region) due to continued subdued response, which
happens mainly when the drugs against M. tuberculosis
are administered The role of the ratio of LM and LAM
in the cell envelope of M. tuberculosis has also been
examined. The former activates co-stimulatory molecules
such as CD40 and CD86 to activate macrophages and
the inflammation pathways. This glycolipid was also
implicated in a Toll-like receptor 2 based-pathway to
activate signaling of cells.[**

ROLE OF CHOLESTEROL AND HOST RESPONSE

It has been reported that cholesterol is associated as a
nutrient for M. tuberculosis and also aids in the response of
the host.*" The role of cholesterol includes the providing
precursors such as propionyl-CoA for PDIM or methyl
malonyl-CoA for sulfolipids. M. tuberculosis can also
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utilize the molecule as a central pathway as it can supply
precursors such as pyruvate. The signaling occurring
inside the cell and trafficking of components have been
associated with the catabolism of cholesterol. A 2015
study showed the essential role of cholesterol metabolism
in the infection of dendritic cells by M. tuberculosis.
The study revealed low fitness costs for mutants in the
catabolism of cholesterol, mutations in the transporters of
cholesterol, and enzymes associated with breaking down
the cholesterol side chains and suggested an important
role of metabolism of cholesterol and the generation of
precursors such as propionyl-CoA for the generation of
PDIM and SL-1 [Table 1].!

STUDIES ON MCE: A PUTATIVE TRANSPORTER

Mce is a putative mycobacterial transporter that is
associated with the quantity of mycolic acid in the
cell wall. It has been indicated that there are four mce
operons: Mcel-4 that code for ATP-binding cassette
transporters.[*!! The levels of free mycolic acids show
an increase in mce mutants of M. tuberculosis."*? A
2015 study examined the quantities of lipids that were
differentially expressed in wild-type bacterium versus
mce mutants. Twenty-six acylated forms of lipids were
identified whose levels were up/downregulated. The
forms of 260 lipids that were decreased in the mce
mutants were DAT, diacylated sulfoglycolipids (Ac2SGL),
PDIM, and phosphatidylethanolamine, while the levels
of alpha-, keto-, and methoxy mycolic acids (MA) and
hydroxyphthioceranic acid increased in the mutants
compared to that in the wild type. These observations
suggest that mutations in putative lipid transporters can
be linked to lipid content of the cell wall of the pathogen
which in turn affects its pathogenicity.*’

MYCOBACTERIUM BOVIS AND HUMAN
TUBERCULOSIS

The pathogen M. bovis causes tuberculosis in bovine species.
However, it can be a causative agent of zoonosis whereby,
it can induce the disease in humans too. Although the
incorporation of certain practices such as pasteurization of
milk, sequestering of infected or contaminated cows, and
management of infected animals has reduced the incidence
of the disease, it has not been eradicated completely.[' A
case study has been presented in a 2010 paper where the
misdiagnosis of tuberculosis disease caused a fatal outcome
in a patient. A patient from Belgium was diagnosed with TB
in May 2001 observing all the tests and was administered
tritherapy: isoniazid, rifampicin, and pyrazinamide.
Although the sputum became negative, the patient was
readmitted with lesions in the lung and positive sputum.
The causative agent was identified as M. bovis that resulted

from an outbreak of the disease in a farm that spreads to
the human as in this case.!"”!

LIPIDS OF MYCOBACTERIUM BOVIS CELL WALL

Researchhasshown thatglycolipidsof M. bovis BCGarecapable
of maneuvering inside a host macrophage and infect other
macrophages in the vicinity of 5281.1*1 A subsequent study
showed the glycolipids involved to be phosphatidylinositol
dimannosides (PIM2), phosphatidylglycerol,
cardiolipin (CL), phosphatidylethanolamine, trehalose

Table 1: The effects of the various lipids in the

mycobacterium cell wall

Mycobacterium tuberculosis
cell envelope lipid
Mycolic acid involved with beta
oxidation and utilizes substrates
such as acetyl CoA

TMD

Phthiocerol dimycocerosate
involved with beta-oxidation and
is generated from malonyl-CoA
and methylmalonyl-CoA

Glycolipids

DAT/PAT involved in beta-
oxidation and is generated from
the substrates propionyl-CoA
and methyl malo nyl-CoA
Diacylated sulfoglycolipid:
Aprecursor of SLs involved with
beta-oxidation and is generated
from the substrates propionyl-
CoA and methyl malonyl-CoA
SL-Tinvolved with beta-
oxidation and is generated from
the substrates propionyl-CoA
and methyl malonyl-CoA

Cholesterol

Effect on the host

Increases the levels of
cholesterol inside the host
macrophages; not identified by
Toll-like receptors; activates
T-cells that are limited to CD-1
Activates the formation of
granulomas and leads to
stimulation of macrophages
through receptors such as C-type
lectin

This lipid also negatively affects
the migration of leukocytes

Associated with the regulation
of cell wall permeability and
restriction of the antibacterial
actions generated or applied

Phosphatidylinositol is associated
with recognition by toll like
receptor 2

Lipomannan induces the
production of IL-12 and
macrophage apoptosis
Lipoarabinomannan suppresses
the formation of IL-12 and is

a modulator of macrophage
apoptosis

Suppresses the proliferation of
T-cells and also negatively affects
the uptake of the pathogen by
macrophages

Offers recognition by the

CD1b receptor and boosts the
expression of interferon or IL-2
by cytotoxic T-cells

Inhibits the fusion of the
phagosome and lysosome, also
associated with suppression of
phagocytosis and priming of
macrophages

Further clear elucidation
concerning its role is required

The metabolism of cholesterol

is essential for the synthesis of
precursors such as propionyl-CoA
for the generation of PDIM or SL-1

TMD=Trehalose dimycolate; PDIM=Phthiocerol dimycocerosate;
DAT=Diacyltrehaloses; PAT=Polyacyltrehalose; SL-1=Sulfolipid-1
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monomycolate (TMM), TDM, and mycoside B (MycB).l*!
It has also been observed that these molecules and their
effects are similar in both M. tuberculosis and M. bovis.
A research team in 2005 examined the nature of the
glycolipids such as PIM2, CL, phosphatidylglycerol,
phosphatidylethanolamine, TMM, TDM, and MycB
associated with the responses in a mouse model using
lipid-coated beads.

They observed that a slew of molecules of the immune
system was elicited by M. bovis BCG that include TNF-o,
IL-1a, IL-1 B, IL-6, macrophage chemotactic protein-1, and
IEN-y-inducible protein-10 that were also associated with
the recruitment of polymorphonuclear and mononuclear
leukocytes and lymphocytes. They observed that among the
molecules checked, TDM caused the highest production of
cytokines such as IL-1 , IL-6, and TNF-o. and also caused
greatest recruitment of neutrophils in matrices, suggesting
the role of these glycolipids in the formation of granulomas.™”!

GENES AND MUTATIONS INVOLVED IN
MYCOBACTERIAL VIRULENCE

The pathogenic strains M. tuberculosis, Mycobacterium
africanum, M. bovis, and Mycobacterium microti of the
M. tuberculosis complex comprise similar combinations of
mycolic acids. These pathogenic species are composed of
o-mycolic acids, ketomycolic acids, and methoxy mycolic
acids. However, the attenuated variety is M. bovis BCG
that lacks the methoxy mycolic acids. Several pathogens
inclusive of the mycobacterial family depend on cell wall
for their virulence [Table 2]. For instance, the role of lipids
in pathogenicity of the bacterium has been demonstrated
by inactivating the genes coding for cell wall lipid,
resulting in the loss of replication ability of the bacillus.™®!

The genes fbpA, fopB, and fbpC are associated with mycolyl
transferase property demonstrated in vitro. Certain
experiments that involved inactivation of the gene fopC
caused a dip of nearly 40% in the content of the mycolic
acid in the cell wall. This altered cell wall mycolate level
caused an elevation in the permeability of the cell wall.
A subsequent study showed that these bacilli with mutated
fbpC gene did not show diminished activities or attenuation
in macrophages. A similar experiment with fbpB where
the gene was mutated did not affect the properties of the
bacterium in macrophage cell lines of both murine and
human origin. However, there is an argument in favor
of alteration of the cell wall mycolic acid content when
compared to that of the parent though actual measurements
in the altered cell wall composition were not studied.!”

It is interesting to note that a study in 2000 showed that
complementation studies could restore the levels of altered
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Table 2: List of cell wall lipid deletion experiments and
their effect on Mycobacterium tuberculosis virulence

Lipid of the Gene and product Effect of attenuation
cell wall
PDIM fadD26 and fadD28: Fatty It was seen that reduced
acid-CoA synthase numbers of colonies
were formed in lungs in
mice models
pks15 and pks1: Putative Apart from increase
polyketide synthases in the survival of mice
models, there was a
decrease in the numbers
of colonies in animal
models
pks10: Associated with There was a decrease in
putative synthesis of the numbers of colonies
chalcones formed in mice models
Fatty acid kasB: 3-oxoacyl-[acyl- In murine models, an
metabolism  carrier protein] synthase 2 increased survival was

seen in the animal along
with reduced effects of
disease manifestations

The pathogen showed
attenuated effects

Mycolic acids Methoxy mycolic acid
synthase 4, cyclopropane
synthase, trehalose
synthases

PDIM=Phthiocerol dimycocerosate

permeability of cell walls. The team worked on a gene csp1 of
Corynebacterium glutamicum that is similar to M. tuberculosis
phylogenetically. The gene codes for PS1, a secreted protein,
whose N-terminal portion showed similarity with the fbp
products and was demonstrated to transfer mycolic acid
moieties to trehalose. On inactivating the cspl gene, the
resulting mutants showed a decrease of cell wall mycolate
content to nearly half. These mutants also showed an altered
permeability of the cell wall envelope and a dip in levels of
trehalose dicorynomycolate with an increase in trehalose
monocorynomycolate. The authors also showed that when
these mutants were complemented with cspl gene, there
was a restoration of the wild-type function. When the csp-1
mutants were given a copy of fbpA, fbpB, or fbpC, it was
seen that the cell wall regained its content of mycolic acid
and its permeability was restored.”]

These studies indicate the role of lipids of the cell wall
that functions to regulate the permeability which in turn
contributes to the survival of the bacterium inside the
cell. The role of mycolic acid in the maintenance of the
permeability of the cell wall is suggestive that such lipids
can be changed by the cell to control the permeability and
hence structure and functions of the cell wall.

METABOLISM OF LIPIDS AND MYCOBACTERIUM
TUBERCULOSIS VIRULENCE

The composition of the lipids of the cell envelope in
M. tuberculosis is regulated by the pathogen to exert an

Journal of Research in Medical Sciences 6
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effect on the immune system of the host. The examination of
various components of the beta-oxidation pathway reveals
the role of the immune system in recognizing several lipids.
The role of several lipids such as SL-1, PDIM, and DAT/
PAT has been implicated in the suppression of the immune
reaction launched at the pathogen.!"!

The role of beta-oxidation of fatty acids over the TCA cycle
during the phase of infection is suggested by the research
done in 2007. There is a metabolic coupling of PDIM and
SL-1 both implicated in virulence of the pathogen using
methyl malonyl-CoA that serves as a common precursor
for both the lipids. The levels of methyl malonyl-CoA
mutated which converts succinyl-CoA of the TCA cycle
to methyl malonyl-CoA were increased by upregulation.
This caused a dip in the levels of PDIM and SL-1 in vivo
that points out to the role of methyl malonyl-CoA.!" Lipids
such as SL-1, DAT, or PDIM possess an odd number of
chains. The beta-oxidation pathway has two outcomes; the
metabolism of odd chain fatty acids causes the production
of both acetyl-CoA and propionyl-CoA while a run of even
chain fatty acids yields only acetyl-CoA. A 2015 study
revealed that M. fuberculosis is able to survive in dendritic
cells by utilizing several genes such as those associated
with the catabolism of cholesterol and the synthesis of cell
envelope lipids such as SL-1 and PDIM.P! Thus, quelling of
immune responses is linked to the effects of these lipids that
are synthesized by the beta-oxidation pathway to generate
these odd-chain fatty acids. Such alterations in the pathways
associated with lipids and cholesterol play an important
role in encouraging the persistence and virulence of the
pathogen in intracellular conditions.

Studies performed on putative transporters of lipids
have suggested the change in composition of cell wall in
M. tuberculosis. A 1998 study has previously shown that
the cell wall of the pathogen shows a thickening during the
stationary phase of growth."¥! Certain studies performed
showed the increase in the levels of free mycolic acids in the
cell wall when a putative transporter of lipid was mutated.
Mutations in the mce loci that are associated with transport
of lipids reported an increased level of fatty acids and
associated thickness.[**#! This increase in thickness of the cell
wall due to changes in composition of lipids can have a role
in conferring protection to the pathogen from the immune
system. A study in 2007 examined the role of a regulator
that affects mcel operon. A repressor: McelR shuts down
the transcription of the mcel operon of M. tuberculosis in a
mouse model. This suppression of the putative transporter
was observed in the initial 2 months of infection that
shows an effect akin to that in a mcel-mutant model.”" It
was suggested that the synthesis of SL-1, DAT, and PAT was
decreased due to repression of the pathway associated with
its precursors either propionyl-CoA or methyl malonyl-CoA.

7 Journal of Research in Medical Sciences

This downregulation is combined with an upregulation of
mycolic acids to limit the level of inflammation markers
such as TLR-2 generated by the host.® The role of mycolic
acid transport for the mcel locus is also suggested. During
a phase of limited nutrient availability experienced by the
pathogen, the cell wall increases in thickness which in turn
causes a downregulation of the mcel operon to allow the
cell to transport free mycolic acids for use as a source of
energy. Alternatively, mycolic acid may be produced by
the pathways involving acetyl-CoA triggered by stimuli
such as starvation.”™ A comparison of metabolic profiles of
mcel operon mutant against that of wild-type M. tuberculosis
revealed a decrease in the levels of precursors of SL-1,
DAT, and PAT while the levels of mycolic acids showed an
elevation. This study is indicative of the role of the 385 mce
locus in the maintenance of the pathogen and encouraging
its persistence under unfavorable conditions in the cell by
exerting an effect on the levels of various lipids of the cell
envelope, especially mycolic acids.*!

QUESTIONS YET TO BE ADDRESSED

The regulation of the composition of the cell wall in response
to various requirements as the pathogen progresses its
infection requires further elucidation and work. The role
of the dynamic change in content of cell wall in response to
time to meet stimuli may involve the role of other molecules
that are associated with signaling. For instance, a study in
2001 evaluated the role of a bacterial signal transduction
system called Pho. This system comprising two components
has been linked to response systems toward various external
signals. Mutations or damage to the PhoP and PhoR system
can damage M. tuberculosis to multiply and maintain itself
in in vitro and in vivo conditions.’ The lipids of the cell
envelope such as SL-1, DAT, and PAT are increased by the
PhoP component. Another role for the PhoP component
came from a study in 2013 where a model was proposed
that PhoP is involved in the regulation of the lipids of
the cell wall of M. tuberculosis, especially during hypoxic
conditions. The network comprises PhoP that regulates
another component called WhiB3, a regulator of fatty acid
metabolism, which in turn can exert an effect on SL-1, DAT,
and PAT.b

CELL WALL LIPIDS AND THEIR INHIBITORY
ACTIVITY ON SURFACTANTS ON THE LUNG

M. tuberculosis transmits itself by destruction of the lung
tissue so that the pathogen can reach the respiratory tract
to facilitate its release from the system. A study in 2008
examined the effect of several cell wall lipids that were
extracted from M. tuberculosis on lavaged bovine lung
surfactant (LS) and a clinically relevant calf LS extract. The
authors reported that TMM and TDM (cord factor) both
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exert inhibition of the surface activity of the tested LSs.
Moreover, the total lipid content of the bacterium caused a
dip in the activity of the bovine surfactant.®” Such studies
point out to an additional role of the lipids of M. tuberculosis
in hampering the activity of the surfactants of the lung.
During the course of infection, the lungs already show a
decrease in activity of the surfactants due to the activities
of the slew of molecules associated with inflammation. The
activity of the lipids of cell wall could further exacerbate
and diminish the activity of the surfactants to facilitate the
release of the bacterium and its transmission.®!

FUTURE RESEARCH

The above studies on the roles of various lipids of the
cell wall of M. tuberculosis along with the gene deletion
experiments pave the way for more research as to the exact
roles of lipids in pathogenesis of the organism. An important
branch is the modulation of immune response by the
bacterium as well as the role of lipids in altering surfactant
levels in the lungs. With further research into these ang]les,
the virulence can be discussed more in detail to arrive at
a potential solution of looking at a complete picture of the
organism’s virulence. The role of lipids in pathogenesis of a
deadly organism with a potential of latency opens up new
avenues of research and possible drug targets in the future.

CONCLUSION

According to the WHO, tuberculosis is one of the top ten
killer diseases that was diagnosed in a million children
and caused the death of 170,000 children.® In addition,
the ability of the pathogen to form granulomas or
establish latent infections gives it an added advantage.
This review examined the role of various lipids and their
derivatives in the maintenance of structure and virulence of
M. tuberculosis. Several lipids such as mycolic acids, TMD,
PMIDs, DATs, SLs, and cholesterol contribute to the survival
of the pathogen or the suppression of immune responses
of the host. Glycolipids such as LM, LAM, and Man-LAM
modulate the host immune system and enhance the survival
of the pathogen. The bacterium is also thought to regulate
the composition of its cell wall lipids in a temporal fashion
to facilitate its respond to various stimuli.

Of the several factors of virulence the bacterium has
developed, the role of lipids of its cell envelope in the
survival, persistence, and virulence has proof. Further
detailed elaboration of the roles of the lipids can serve to
use them as potential drug targets in the control of this
destructive disease.
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