1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochem J. Author manuscript; available in PMC 2019 August 17.

-, HHS Public Access
«

Published in final edited form as:
Biochem J. ; 476(14): 1995-2016. doi:10.1042/BCJ20190324.

The Mycobacterium tuberculosis capsule: a cell structure with
key implications in pathogenesis

Rainer Kalscheuerl, Ainhoa Palacios?, Itxaso Anso?, Javier Cifuente?, Juan Anguita?:3,
William R. Jacobs Jr4°, Marcelo E. Guerin?:3, Rafael Prados-Rosales24:6

Linstitute for Pharmaceutical Biology and Biotechnology, Heinrich-Heine-University Diisseldorf,
Dusseldorf, Germany

2CIC bioGUNE, Bizkaia Technology Park, Ed. 801A, Derio 48160, Spain
SIKERBASQUE, Basque Foundation for Science, Bilbao 48013, Spain

4Department of Microbiology and Immunology, Albert Einstein College of Medicine, New York, NY
10461, U.S.A

SHoward Hughes Medical Institute, Albert Einstein College of Medicine, New York, NY 10461,
US.A

6Department of Preventive Medicine and Public Health and Microbiology, Autonoma University of
Madrid, Madrid 28029, Spain

Abstract

Bacterial capsules have evolved to be at the forefront of the cell envelope, making them an
essential element of bacterial biology. Efforts to understand the Mycobacterium tuberculosis (Mth)
capsule began more than 60 years ago, but the relatively recent development of mycaobacterial
genetics combined with improved chemical and immunological tools have revealed a more refined
view of capsule molecular composition. A glycogen-like a-glucan is the major constituent of the
capsule, with lower amounts of arabinomannan and mannan, proteins and lipids. The major Mtb
capsular components mediate interactions with phagocytes that favor bacterial survival.
Vaccination approaches targeting the mycobacterial capsule have proven successful in controlling
bacterial replication. Although the Mtb capsule is composed of polysaccharides of relatively low
complexity, the concept of antigenic variability associated with this structure has been suggested
by some studies. Understanding how Mtb shapes its envelope during its life cycle is key to
developing anti-infective strategies targeting this structure at the host—pathogen interface.
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Introduction

The configuration of the bacterial cell surface architecture is a product of evolution or co-
evolution, including the fixation of genes involved in the synthesis of the macromolecules
composing the different layers [1]. This is true for the capsule, the outermost layer of the
bacterial cell, and indicates that this compartment is key for the survival strategy of bacteria.
Although some exceptions exist, like the proteic poly-y-glutamate (PGA) capsule of
Bacillus anthracis, bacterial capsules are typically composed of high-molecular-weight
acidic polysaccharides covalently linked to the cell surface [2]. Bacteria can also release
exopolysaccharides (EPS) that associate with the surface and eventually encapsulate the
whole cell to form slime. A clear example of this is the alginate released by Pseudomonas
aeruginosa, representing an important virulence factor during chronic infection [3].
Nevertheless, some EPS have been shown to be closely associated with the cell surface and
can also be released to the growth medium [4]. A more systematic definition of bacterial
capsules has been provided by considering physicochemical parameters such as rigidity and
strength of attachment to the cell [5]. As proposed by Costerton et al. [5], bacterial capsules
can be classified into: (a) rigid (excludes particles); (b) flexible (does not exclude particles);
(c) integral (intimately associated with the cell surface); or (d) peripheral (may be shed into
the growth medium).

Bacterial capsules are usually revealed by light and/or electron microscopy techniques [2].
The fact that water accounts for up to 90% of the capsule weight is responsible for the
difficulty of its visualization in a native state. The majority of the procedures to visualize
bacterial capsules introduce artifacts, making it difficult to come to an accurate interpretation
of such micrographs. For instance, light microscopy often requires the use of dyes that
precipitate at the capsule layer to provide contrast relative to the whole cell and the
surrounding medium [6]. Ferritin has been used to stabilize capsules, with the aim to
visualize the ultrastructure by transmission electron microscopy (TEM) [7]. Common
methods of fixation for TEM of whole cells can compromise the preservation of key
components of the capsule, altering the overall organization [8]. To minimize the damage of
conventional sample processing techniques, innovative cryogenic approaches have been
developed including high-pressure freeze-substitution [9] or cryo-electron microscopy (cryo-
EM) [10].

Bacteria typically organize the capsular synthetic machinery coding sequence in operons
including both the genes encoding the polysaccharide synthesizing enzymes, which define
the capsular serotype, and the secretion machinery that deposits the polymer at the outer
surface of the cell [11]. There are three general mechanisms for bacterial capsule
biosynthesis: (i) capsule synthesis mediated by the Wzx/\Wzy-dependent pathway is initiated
at the inner part of the membrane by the linking of the oligosaccharide unit to an
undecaprenyl acceptor by glycosyltransferases (GTs), which could be transported across the
membrane by a flippase (Wzx) and polymerized by the polymerase Wzy [12]; (ii)
polymerization of oligosaccharides can occur in the cytoplasm before the linkage to the
acceptor and the transport through the membrane conducted by an ATP-binding cassette
(ABC) transporter-dependent pathway [13]; (iii) alternatively, some bacteria rely exclusively
on a Wzy polymerase to synthesize the capsule, depending on export systems distinct from
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the canonical Wzx (synthase-dependent pathway) [14]. Fluctuations in the synthesis of
capsular polysaccharides are dependent on external conditions influencing the interaction of
bacteria with other bacteria or with their hosts [15]. Bacteria have developed diverse
strategies to regulate capsule production that function at transcriptional level [2]. Notably,
capsular polysaccharides can also be modified by the action of hydrolases removing
functional groups, leading to variations in polysaccharide composition [16].

Capsular polysaccharides have been explored as targets for vaccine development due to their
location at the forefront of the bacterial cell surface and their differences from human
glycans. Most of the capsular polysaccharides are considered poor immunogens and need to
be conjugated to proteins or carriers to elicit an appropriate immune response. The
development of capsular antigenic variability by some bacteria has challenged conjugate
vaccine development for many years, requiring the generation of multivalent vaccines [17].
Many functional roles have been attributed to the bacterial capsule, usually connected with
colonization and persistence. The presence of the capsule in bacteria has been shown to
prevent desiccation [18], promote adherence [3], provide resistance to host immunity,
including complement-mediated killing [1] or down-regulate the production of pro-
inflammatory cytokines [19]. A recent computational analysis seeking to identify capsular
systems in prokaryote genomes revealed that half of those analyzed possess one of the
canonical capsular biosynthesis systems, with some species even including more than one
biosynthesis system [11].

Mycobacterium tuberculosis (Mtb) is a facultative intracellular pathogen with the ability to
infect and persist in humans for decades despite the presence of a completely functioning
immune system. Mtb is responsible for causing the death of almost 1.4 million people every
year from tuberculosis (TB) and it is believed that one-fourth of the world population is
latently infected with this bacillus [20]. One of the hallmarks of the mycobacterial survival
program is the complexity of the cell envelope, which is rich in lipids and polysaccharides of
unique chemical structure [21,22]. It is accepted that the intrinsically low permeability of the
Mtb cell wall is partially explained by the intricate organization of its cell envelope
components [23]. The mycobacterial cell envelope comprises four main layers: (i) the
plasma membrane or inner membrane (IM), (ii) the peptidoglycan—arabinogalactan complex
(AGP), (iii) an asymmetrical outer membrane (OM) or ‘mycomembrane’, that is covalently
linked to AGP via the mycolic acids, and (iv) the outermost capsule [24] (Figures 1 and 2).

As previously demonstrated, the mycobacterial capsule is weakly bound to the cell wall and
can be shed to the growth medium while retaining similar physicochemical properties [25].
Under laboratory conditions, the major Mth capsule components are neutral

polysaccharides, followed by proteins and lower amounts of lipids [25,26]. Therefore, the
mycobacterial capsule could be defined as a peripheral capsule consisting of an EPS with the
ability to remain weakly attached to the cell surface.

This review will cover the unique structure and biosynthetic pathways of the major
mycobacterial capsular components and their implication in host—pathogen interactions and
vaccine development.
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Structure and biosynthesis of Mtb capsule

Historical perspective on the existence of a mycobacterial capsule

The quest to elucidate the mycobacterial capsule started with the discovery of Mtb and
Mycobacterium leprae or Mycobacterium lepraemurium as etiologic agents of prevalent
human infection diseases. Initially, this task was mostly assisted by approaches based on
light and electron microscopy examining the bacillus in axenic cultures and host-infected
tissues, which was associated with artifacts due to the techniques available at that time
[9,24,27]. In those early studies, the presence of an “‘extracellular material’ or ‘amorphous
matrix’ surrounding individual bacilli was reported [28,29]. In addition, groups of bacilli
were found within a limiting membrane of unknown origin in host-infected cells [29].
Interestingly, this material was referred to as an ‘electron transparent zone’ in electron
micrographs [30]. The nature and significance of this ‘extracellular material’ remained
unknown and a matter of debate [27-29]. Ultra-thin sections of spleens from mice infected
with M. lepraemurium clearly demonstrated the existence of a ‘capsule space’ separating a
‘capsule enclosing membrane’ and the cell wall of the bacillus [24,31,32]. This ‘capsule
space’ was interpreted as a capsule of mycobacterial origin and the “capsule enclosing
membrane’ as the phagocytic membrane of an infected host cell [24,31,33-36]. Subsequent
studies using light microscopy and dyes further confirmed the presence of a capsule as an
‘unstainable halo’ surrounding several pathogenic mycobacteria, including Mtb and
Mycobacterium bovis BCG [33]. The improvements in the preservation of cellular
morphology through the embedding by freeze-substitution also provided additional evidence
of the existence of this mycobacterial compartment [34,37]. It is worth mentioning that the
visualization of the mycobacterial capsule greatly depends on growth conditions, since the
mycobacterial capsule is only weakly bound to the cell wall and it is easily detached by
agitation or addition of detergent [38]. More recent ultrastructural studies utilizing Cryo-EM
aimed to visualize the mycobacterial capsule in a close-to-native state and demonstrated its
existence not only in Mtb but also in the nonpathogenic strain Mycobacterium smegmatis
[38].

Chemical composition and biosynthesis of the Mtb capsule

The fact that early studies on mycobacterial capsule were performed in two host-grown
species, M. leprae and M. lepraemurium, and the fact that both species are known to release
large amounts of specific lipids, such as glycopeptidolipid (GPL), suggested that the capsule
was an accumulation of those lipids within the phagosomal membrane. However, this was
later ruled out when the presence of capsule could be confirmed in other mycobacterial
species growing in axenic cultures, which exhibit an impaired or highly reduced ability to
release these lipids [39]. Importantly, the use of ruthenium red and peroxidase-conjugated
concanavalin A in these studies suggested the polysaccharide nature of this compartment
[39,40]. More recent work, pioneered primarily by Daffe’s group, demonstrated that the
mycobacterial capsule consists of neutral polysaccharides, proteins and lower amounts of
lipids [25,26]. It was determined that polysaccharides are the major capsular components in
slow-growing mycobacterial species while proteins seem to be the main constituents in fast-
growers such as M. smegmatis [25,26,41].
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Capsular polysaccharides—Three main capsular polysaccharides were identified in
Mtb’s capsule: (i) a-p-glucan is a branched high-molecular-weight homopolysaccharide
composed of a-p-glucose (a-p-Glc) residues connected by a—1,4-linkages to form a linear
core, partially substituted at position 6 with additional a-p-Glc residues [42] and an apparent
molecular mass of 100 kDa [26,43,44] (Figure 3A); (ii) p-arabino-p-mannan (AM) is a
heteropolysaccharide that exhibits an apparent molecular mass of 13 kDa, comprising p-
mannan linked to an p-arabinose-branched polysaccharide containing a-1,3, a-1,5 and -1,2
glycosidic linkages [25,26,43] (Figure 4); (iii) b-mannan, is a homopolysaccharide that
exhibits an apparent molecular mass of 4 kDa, composed of a-p-mannose (a-p-Man)
residues connected by a-1,6-mannosidic linkages, substituted at some of the two positions
with an a-p-Man residue [26,43] (Figure 4).

a-p-glucans are found in bacteria and eukaryotes as discrete, mostly spherical, intracellular
cytoplasmic particles of different size serving as a carbon storage compound, commonly
referred to as glycogen [45]. The classical biosynthetic pathway of bacterial a-glucan
involves the action of three enzymes. First, ADP-glucose pyrophosphorylase (AGPase,
9lgC) converts ATP and glucose-1-phosphate (G1P) into the activated nucleotide sugar
donor ADP-glucose. Importantly, AGPase senses cell metabolic energy reporters to exert an
allosteric control of the reaction [46]. The second step is carried out by the glycogen
synthase (GS, g/gA), a GT that employs ADP-glucose to generate linear a.-1,4-linked
glucose chains [47]. Finally, the branching enzyme (BE, g/gB), a glycoside hydrolase (GH),
promotes the formation of a-1,6-linked branches in the linear polymer [48]. a-Glucan
degradation involves the action of two enzymes: the glycogen phosphorylase (GP, g/gP),
which functions as a depolymerizing enzyme, and the debranching enzyme (DBE, g/g.X)
that catalyzes the removal of a-1,6-linked branches [46,47]. Interestingly, several bacteria
organize all these enzymes in a single operon, such as glgBXCAPin Escherichia coli [49].
The uniqueness of Mycobacterial glycogen synthesis is reflected by the fact that genes
encoding the biosynthetic enzymes are not structured in a single operon and, besides its
intracellular localization, mycobacterial a-p-glucan is also deposited extracellularly as a
capsular component [42].

In Mth, a-1,6-branched a-1,4-glucans are produced by iterative cooperation of two essential
enzymes, the maltosyltransferase GIgE and the branching enzyme GlgB [50]. The
maltosyltransferase GIgE is the only enzyme responsible for producing linear a-1,4-p-
glucan chains in mycobacteria as mycobacterial GIgA has a different function, to be
discussed below. GIgE uses the phosphosugar maltose 1-phosphate as the activated donor
substrate, which is unusual since most known GTs rely on nucleotide-sugars as donor
substrates [51,52]. As soon as GIgE has formed a linear chain of ~16 glucosy! residues,
GlgB introduces an a-1,6 branch of ~7-8 glucosyl residues in length employing a strictly
intrachain transfer mechanism. GIgE then preferentially extends the newly formed branch
until it is long enough to undergo branching again by GlgB. Only occasionally, GIgE also
extends previous branches so that they might become long enough to allow a second branch
to be introduced by GlgB. Therefore, each branched chain mostly carries just one further
branch. These specificities of GIgE and GlgB promote an iterative process that results in a
glucan polymer which differs from glycogens produced by other bacteria by exhibiting a
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significantly lower degree of branching, resulting in a less pronounced arboreal structure
compared with glycogen from other bacteria and from mammals [50] (Figure 3A). It is
unknown whether these distinct structural features of mycobacterial glucan are important for
export of the polymer across the different layers of the cell wall or for interaction with the
host’s immune response. However, a monoclonal murine antibody raised against Mtb
capsular glucan also recognizes mammalian glycogen, indicating that glucans from different
sources are antigenically similar despite structural differences [53]. The substrate of GIgE,
maltose 1-phosphate, is provided by two alternative, intertwined routes. In the first pathway,
the disaccharide trehalose (a-1,1-diglucose) is isomerized to maltose (a-1,4-diglucose) by
trehalose synthase TreS, followed by ATP-dependent phosphorylation of maltose to maltose
1-phosphate catalyzed by the maltokinase Pep2 [51]. The second route is a variant of the
classical GIgC-GIgA pathway, which is used for the direct formation of glycogen in other
bacteria but has a different specificity and function in Mth. Mycobacterial GIgA is not a
glycogen synthase, but produces maltose 1-phoshate by transferring glucose from ADP-
glucose to glucose 1-phosphate. Thus, GIgA has been suggested to be renamed GIgM to
reflect this different substrate specificity and enzymatic activity (to reflect this peculiarity,
we have named GIgA as GIgM through the text) [54]. ADP-glucose, in turn, is synthesized
from glucose 1-phosphate by the ADP-glucose pyrophosphorylase GIgC as in other bacteria.
ADP-glucose is also used as a precursor for trehalose biosynthesis by the trehalose 6-
phosphate synthase OtsA, which transfers glucose from ADP-glucose to p-glucose-6-
phosphate. The shared use of the intermediate ADP-glucose by GlgM (GIgA) and OtsA
links the TreS—Pep2 and GIgC-GIgA pathways and allows for flexibility in generating the
maltose 1-phosphate building block for GIgE-mediated a-glucan production in
mycobacteria [54] (Figure 3B). Of note, biosynthetic genes of this pathway are distributed
into three different clusters. A first gene cluster includes g/gC and glgM (g/gA) together
with gpgs, the latter involved in a-1,4-methylglucose lipopolysaccharide biosynthesis
[55,56]. A second cluster of genes includes g/lgB, glgPand glgE [57]. Finally, treX (Mtb
homolog of g/gX) is located in a third cluster with #reYand treZand is implicated in
trehalose synthesis from a-1,4-glucan.

The structural identity of the intra- and extracellular polymers implies that capsular a-
glucans have an intracellular biosynthetic origin. This is supported by the fact that disturbed
activity of the sole polymerase GIgE results in intracellular accumulation of its substrate
maltose 1-phosphate [51]. Furthermore, the incubation of purified GIgE and GlgB proteins
with maltose 1-phosphate /n vitrois sufficient to yield an a-glucan polymer that is
structurally identical with glycogen and capsular glucans isolated from Mtb cells [50]. This
Mtb a-glucan displays a lower degree of branching resulting in a less pronounced arboreal
structure compared with glycogen from other bacteria and eukaryotes [44] (Figure 3A).
Thus, a dedicated transporter for a-glucan secretion likely exists in Mth, which has not yet
been identified. The recent full elucidation of the complex biochemical network underlying
a-glucan production in mycobacteria has allowed the creation of an Mtb double mutant that
is defective in both routes of maltose 1-phosphate biosynthesis. This double mutant lacked
the glucan capsule and showed reduced virulence in mice, suggesting an important role for
capsule in virulence. However, this mutant is also defective in intracellular glycogen
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production, making it difficult to determine the specific contribution of capsular glucans to
virulence of Mtb [54].

The structure of capsular AM and mannan appear to be identical with the carbohydrate
moieties of two of the major mycobacterial cell envelope-associated lipopolysaccharides,
lipoarabinomannan (LAM) and lipomannan (LM), respectively [25,26,43]. Consequently,
the biosynthetic machinery of these capsular polysaccharides shares most of the genes with
that of LAM and LM [22] (Figure 4). Importantly, LAM is modified as its most terminal part
by mannosyl caps (Figures 2 and 4) and, technically, this molecule should be named as
ManLAM. In fact, this modification is exclusive of slow-growing mycobacteria as fast-
growing mycobacteria such as M. smegmatis produces phosphatidyl-myo-inositol capped
lipoarabinomannan (PILAM) [58]. There is another variation of LAM consisting of a
polysaccharide devoided of any mannosyl cap, which is named AraLAM. It has been also
reported that LAM can also be modified with a 5-methylthio-d-xylofuranose (MTX) [59,60].
Although this substitution is very rare (one MTX per LAM molecule), it seems to have
implications in the improvement of LAM immunodetection assays by the inclusion of MTX-
binding monoclonal antibodies (mAbs) [61].

In order for LAM and LM to be transformed into capsular AM and mannan, an additional
and unknown enzymatic step involved in the removal of the lipid tail should exist [62].
Several reports indicate that the exposure of LAM and LM is restricted to either the
periplasmic space [63,64] or the OM [65]. How LAM reaches this later compartment is
currently unknown. Interestingly, two independent studies proposed a role for the lipoprotein
LprG in assisting the transfer of LAM from the cell membrane to the cell surface [66,67]
(Figure 2). This scenario positions the missing enzyme in two different locations, suggesting
that AM and mannan could be generated either at the membrane level or at the
mycomembrane. There is a complementary hypothesis regarding the synthesis of these two
capsular PS, which is related to the ability of Mtb to release extracellular vesicles (EVS)
[68]. In a manner similar to other bacteria, Mtb and many other mycobacterial species
produce EVs. Mycobacterial EVs from pathogenic strains are enriched in lipoproteins,
which are well-known immunomodulatory molecules, and induce a TLR-2-dependent
inflammatory response /n vitro and in vivo. Lipidomic analysis indicated that these
structures are originated at the cell membrane and vesiculation was observed while Mth was
confined within the phagosomes of bone marrow macrophages (BMMSs). This suggests that
EV production may provide an alternative mechanism for transport of immunomodulatory
compounds, leading to the distribution of these compounds to various compartments within
infected host cells or to exosomes. Although the mechanism by which such vesicles are
exported across the mycobacterial cell wall is not known, similar vesicles have been
described in other microbes with dense cell walls such as Gram-positive bacteria and fungi
[69]. In addition to lipoproteins, EVs are loaded with LAM. Considering the surface
exposure of LAM in these EVs, it is possible to hypothesize that the action of the missing
enzyme could be happening at the vesicle level (Figure 2). As mentioned above, the
potential exposure of LAM could also be influenced by the use of detergent in the growth
medium. Unencapsulated mycobacteria would expose cell wall-associated LAM and LM,
contrary to what would occur in the absence of detergent, where most probably capsular AM
and mannan could be present at the outermost surface of the cell [26,41]. The route by
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which capsular AM and mannan are produced and deposited has key implications in the
study of the initial interaction between Mtb and cells of the innate immune system.

In vitro studies have demonstrated time-dependent changes of a-glucan, AM and
mannosylated lipoglycans such as LAM [53,70,71]. Under laboratory conditions a-p-glucan
appears to be the major capsular component [53]. However, it is unknown, whether this is
true under different growth conditions, including /n vivo growth. Taking into consideration
the proposed general mechanisms for bacterial capsule biosynthesis, it is conceivable that
AM and a-glucan could have different mechanisms of synthesis and transport. AM synthesis
could be performed via a type (i) Wzx/Wzy-dependent pathway, which initiates at the inner
part of the membrane, where the precursor glycolipid phosphatidyl inositol mannoside 4
(PIMy) is believed to be flipped by an unidentified flippase such that its sugar moiety is
extended at the other side of the membrane by several integral glycosyltranferases to
generate LAM. Subsequently, LAM would be processed to form AM. a-glucan synthesis
could fit into a type (iii) pathway where polymerization of oligosaccharides occurs in the
cytoplasm prior to the export of the mature polysaccharide. Nevertheless, more studies are
needed to gain insight into the dynamics of Mtb capsule synthesis and the relative
configuration of its main components.

Capsular proteins and lipids—It is assumed that the association of proteins and lipids
in the mycobacterial capsule occurs during their secretion or release. This is because the
composition of the culture filtrate extract and that of capsular extract is very similar [26].
Early attempts to characterize the molecular composition of the capsule included the
proteomic and lipidomic analysis of the material mechanically extracted by glass beads from
Mtb cells grown in the absence of detergent. Although this analysis was restricted to a
comparison of SDS—-PAGE protein profiles between culture filtrate, cytosol and capsule
extracts, some proteins were enriched in the latter compartment, including the lipoproteins
LpgH and PstS1. Similarly, some proteins from the Ag85 complex were found to be
associated with the Mtb capsule [26]. The same group reported in a different study the
association of proteins such as BlaC, Ald, Adh, KatG, GInA1, PncA and SodA with the
capsule extract of Mtb through the measurement of their corresponding enzymatic activities
[72]. More recently, as part of a study aiming to visualize the mycobacterial capsule in a
native state, high-throughput proteomics was performed on capsule extracts of different
mycobacteria such as Mth, Mycobacterium marinum or M. smegmatis [38]. Of note,
ESAT-6 secretion system-1 (ESX-1) associated proteins were found in high amounts only in
a detergent-extracted capsule of M. marinum and were absent from extracts from Mth and
M. smegmatis. The ESX-1 secretion system is essential for Mtb pathogenesis and it seems to
be dedicated to the delivery of very active proteins whose primary function is to alter some
critical steps of the innate immune response [73,74]. The presence of ESX-1-associated
proteins in the capsule of M. marinum would suggest that the capsule itself is a reservoir of
virulence-related molecules.

Experiments are needed to determine whether this variability in capsular protein
composition among mycobacterial strains is due to differential sensitivity to detergent
extraction, which could be attributed to differences in the avidity with which proteins are
associated with the capsule.
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The composition of capsular lipids of Mth and other mycobacterial species was initially
determined by the progressive removal of the cell envelope using different mechanical and
chemical methods and analysis by thin-layer chromatography [41]. This study showed that
the Mtb lipid species most exposed to the extracellular space were phosphatidyl-myo-
inositol mannosides (P1Ms), diacyl trehaloses (DATS), phthiocerol dimycocerosates
(PDIMs) and phosphatidylethanolamine (PE). Similar to the proteomic study mentioned
above, species-specific differences in the lipid composition of the capsule were found among
different mycobacterial strains. Although some of these differences could be attributed to the
presence of some species-specific lipids, additional studies are needed to ascertain the
degree of association of these lipids with the outermost compartment. Notably, a high-
throughput lipidomic analysis of the mycobacterial capsule using the current technologic
capabilities, including liquid chromatography coupled to mass spectrometry (LC-MS),
would help define the molecular composition of the mycobacterial capsular lipids.

The mycobacterial capsule in the context of host—pathogen interaction

Many intracellular pathogens have developed strategies to invade phagocytic cells that
enable intracellular survival and persistence. Part of Mtb’s survival strategy depends on the
initial mode of interaction with host cells, where the outermost compartment of the
mycobacterial cell envelope plays a key role. Early studies clearly demonstrated that the
capacity of Mtb to restrict phagolysosomal fusion, a cellular function which is essential to
destroy intracellular pathogens, is lost when the bacterium is marked for ingestion
(opsonized) prior to the entry to macrophages [75]. Conversely, the nonopsonic or direct
internalization of Mtb by phagocytes favors the intracellular survival of the bacillus [76].
According to this, the mycobacterium infection is a dynamic process and results in a
changing environment including different type of lung cells with the capacity to internalize
Mtb or modulate the function of other immune cells. The repertoire of lung cells with the
capacity to internalize Mtb in the alveolar space includes professional phagocytes like
alveolar macrophages and submucosal and interstitial dendritic cells (DCs) and also
nonphagocytic cells like epithelial cells [77]. Mtb can enter phagocytes nonopsonically or
after being opsonized through a variety of phagocytic receptors including mannose receptor
(MR), complement receptors (CR, CR1, CR3 and CR4), surfactin protein A (Sp-A) receptor,
the DC-specific intercellular adhesion molecule (ICAM)-3-grabbing nonintegrin (DC-
SIGN), Fc receptors (FcRs), scavenger receptors, CD14 and CD44 (Table 1) [78].
Alternatively, Mtb can also stimulate lung cells by engaging nonphagocytic receptors
inducing distinct immunomodulatory programs.

The biological properties of encapsulated and unencapsulated mycobacteria may diverge
extensively and the array of possible ligands on display to readily interact with the also
varied repertoire of host receptors may be different. This is particularly important when
assessing the role of receptors in mycobacterial uptake by phagocytes; therefore, conclusions
derived from studies including unencapsulated mycobacteria should be taken with caution.
Supporting this notion, several studies have demonstrated that manipulation of
mycobacterial cultures in the context of vaccination studies influences the outcome of the
interaction with the host [79,80]. Inconsistencies between different studies addressing the
role of specific Mtb cell envelope ligands in the outcome of the interaction with phagocytic
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cells might have several different explanations: (1) the growth conditions of Mtb can
influence the composition of its cell envelope. For instance, growing the infecting strain with
detergent renders the bacterium unencapsulated, exposing cell wall lipids or lipoglycans
[41,81]; (2) the chosen method to disrupt mycobacterial aggregates will have an effect on the
preservation of the mycobacterial capsule, with the use of glass beads or sonication
distorting the mycobacterial cell envelope to a greater extent [41,82]; (3) even in the absence
of detergent the Mtb’s cell surface is most probably not homogeneous (Figure 1) and this
creates multiple scenarios of interaction with phagocytic cells via different receptors; and (4)
little attention was given to the purity of isolated capsular or cell wall Mtb ligands as
contaminants in these preparations have been reported [83]. From the host’s perspective, the
availability of functional receptors on the surface of resident and recruited lung cells as well
as the abundance of opsonins (markers for ingestion) at the site of interaction should be
taken into consideration since they can dictate the mode of entry of Mtb.

Role of the capsule in the binding and uptake of Mtb by lung cells

Several studies have demonstrated that the outermost capsular layer of the mycobacterial cell
envelope modulates the uptake of Mtb by lung cells. The antiphagocytic capacity of the
Mtb’s capsule during the interaction with different types of primary macrophages and
THP-1 macrophage-like cells in the absence of opsonins has been demonstrated [82]. In a
more recent study, it was shown that the presence of the mycobacterial capsule enhances the
uptake of serum-opsonized encapsulated Mtb and induces an enhanced pro-inflammatory
response by human monocyte-derived macrophages (HMDM) relative to unencapsulated
Mtb [38]. These and other examples, including the modulation of macrophage functions
such as binding and phagocytic capacity for Mth by capsular components, are discussed
below. It is worth to highlight here the recent development of a resource consisting of a
glycan array including a set of representative chemically synthesized Mtb-derived sugars,
some of them capsule-related, which was used to study their specific interaction with a set of
soluble receptors from innate immune cells [84]. Results from this study validated
previously established interactions, and reported overlapping interactions for several
glycans. Importantly, no interaction between any receptor and furanoses was found, even
though this residue is recognized by Mtb-specific antibodies (Abs) [85].

Capsular polysaccharide-mediated binding and uptake by macrophages—
Regarding the role of capsular mycobacterial polysaccharides as ligands for phagocytic
receptors, both CR3 and MR have been extensively studied. Of particular interest is the
finding that capsular a-glucan is the mediator for the direct binding of Mtb to the CR3 lectin
site of this integrin as shown in experiments using Chinese hamster ovary (CHO) cells
expressing CR3 at the membrane [86,87]. Importantly, nonpathogenic strains of
mycobacteria or unencapsulated Mtb required previous opsonization for their internalization
via CR3 and binding was restricted to the CR3bi site [87]. It is well documented that many
intracellular pathogens chose to gain access to phagocytic cells via direct binding to CR3 to
avoid their clearance, indicating that the a-glucan-mediated binding and entry to phagocytic
cells via CR3 may represent a favorable route of entry for Mth. These studies show clear
evidence for the key role of the capsular glucan during the initial interaction with
macrophages, yet the use of CHO cells solely expressing a single receptor does not offer the
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possibility of interrogating such interactions in the context of the multiple receptors.
Although these studies were confirmed by similar experiments using bone marrow-derived
macrophages (BMDMs) [88] or alveolar and resident macrophages [89] from CR3-/- mice,
they showed no role for CR3 in the intracellular fate of Mtb after infection. In addition, they
showed no differences in mycobacterial uptake at higher multiplicities of infection or when
prolonging the initial interaction between Mtb and macrophages, suggesting that multiple
receptors can be used to gain entry to phagocytes in the absence of CR3 [88,90]. In a similar
study, it was shown that Mth, when opsonized with fresh serum, was preferentially ingested
via CR4 by human alveolar macrophages, whereas CR1 and CR3 played a major role in
blood monocytes [91] (Table 1). Although these studies were performed with bacteria grown
in the presence of detergent, it clearly shows that the macrophage environment may
determine the mode of interaction with Mth. /n7 vivo experiments using up to three mouse
strains with different susceptibility to Mtb showed no defects in controlling Mtb infection of
CR3-/- mice relative to WT mice [88]. Of note, however, no details about whether the
infecting Mtb strains were encapsulated were provided in these studies and, more
importantly, the development of a potential compensatory effect upon CR3 deletion was
never investigated. Nevertheless, considering that in the alveolar space of a quiescent lung
active complement components are scarce, direct binding of Mtb to lung macrophages may
represent an important path of entry [92]. Further investigation is required to clarify the role
of CR3, considering the questioned availability and functionality of CR3 on resident lung
macrophages during the initial and subsequent stages of infection [91,93]. Although mouse
studies have shed light on the molecular interaction between Mtb and phagocytic cells, these
studies should be taken with caution since differences in the expression, activity and
availability of complement receptors between mouse and human macrophages exist.

Mtb can also be phagocytosed by macrophages either opsonically or nonopsonically via the
MR. Typically, this C-type lectin receptor recognizes mannose, fucose and N-
acetylglucosamine exposed sugars and is prevalently expressed on mature non-activated
phagocytes. The molecular interaction of Mth mannosylated ligands with phagocytes has
been a topic of intense investigation (reviewed in [73]). Several studies demonstrated the
direct engagement of unencapsulated Mtb with the MR in human macrophages via LAM
[94], leading to the subsequent blocking of macrophage phagosome—lysosome function [95].
Importantly, the downstream signaling events leading to the limiting of phagosome-—
lysosome fusion after the engagement of LAM with human MR have recently been
identified [96]. Similarly, it has been shown that engagement of Mtb to MR via LAM
triggers an anti-inflammatory program including suppression of I1L-12 [97] and reactive
oxygen species production [98]. As previously mentioned for CR3, several facts should be
considered in evaluating the importance of MR during the interaction of phagocytes with
Mtb: (i) the expression of MR is high in resident differentiated macrophages in a quiescent
lung [99] and (ii) activation of macrophages leads to the down-regulation of MR [100]. This
suggests that MR might have key roles during the initial stages of the infection process and a
minor role after macrophage activation. Considering that LAM is not physically located at
the outermost space of the Mtb’s cell envelope [26,41], capsular polysaccharides including
AM or mannan could be natural ligands for MR. This hypothesis, however, awaits further
experimental evaluation.
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Another set of lung components with capacity to bind the surface of Mtb are the collectins,
including the surfactant binding proteins A and D (SP-A and SP-D) and the mannose-
binding lectin (MBL) [101]. The importance of collectins relies on their ability to not only
mediate the uptake of pathogens but also to influence the inflammatory status of the lung.
SP-A mediates the uptake of mycobacteria by alveolar mononuclear phagocytes [102] and
HMDM or alveolar macrophages [103] and shows similar binding selectivity to MR,
suggesting that similar ligands might be targeted by these molecules. Indeed, both terminal
mannose residues and the lipidic anchor of LAM were shown to be required for binding to
SP-A [104]. It was speculated that the lipid portion of LAM was required to create a
supramolecular LAM structure that could favor the interaction with SP-A. This scenario
opens the discussion about the potential interaction of SP-A with similar ligands such as
capsular AM or mannan as the way these polysaccharides are organized within the capsule is
currently unknown.

Similar to SP-A, the binding of SP-D to Mth LAM has also been demonstrated [105].
Moreover, SP-D could not directly bind M. smegmatis cells and only bind poorly to PILAM
from this species, suggesting a preference of SP-D for virulent mycobacteria. However, it
cannot be ruled out that aspects related to the spatial orientation of LAM as well as
differential exposure of these molecules on the surface of avirulent mycobacteria could
account for these differences. Contrary to SP-A, SP-D seems to promote mycobacterial
aggregation and reduction in phagocytosis by human macrophages, possibly by blocking the
access of Mtb to MR, which suggests a protective role of SP-D against Mtb.

MBL is another collectin, predominantly found in serum [106] and has been shown to
enhance mycobacterial phagocytosis by human neutrophils [107] or endothelial cells [108]
through binding to LAM or PIMs, respectively. The capacity of MBL to activate
complement could be used by Mtb to gain access to macrophages to its own benefit.
Consequently, high levels of MBL could promote bacterial phagocytosis and establishment
of the infection. Several reports support this hypothesis as high levels of MBL have been
found in sera from TB patients [109].

Two independent reports have shown the role of FcR-mediated internalization and growth
inhibition of Mtb by macrophages via immunoglobulins G [110,111]. Interestingly, in one
report, the association of human Abs to capsular AM with an enhanced ability of human
macrophages to uptake Mtb and reduce its intracellular growth was established [111]. In
agreement with this, the induction of AM-specific Abs via vaccination could contribute to an
enhancement in the control of bacterial dissemination in Mtb-infected mice [112].

Capsular polysaccharide-mediated binding and uptake by dendritic cells—
Other professional phagocytes with capacity to ingest Mtb at the site of infection include
lung submucosal and interstitial DCs. These cell populations express CRs and MR like
macrophages, but it appears that the receptor playing the major role in the direct binding of
Mtb to DC is DC-SIGN, and Mtb ligands mediating this binding have been identified as
LAM and a-Glc [113,114]. Both lipid and mannosy! caps of LAM seem to be required for
binding to DC-SIGN [58]. However, as discussed above, the binding of similar delipidated
molecules such as capsular AM could depend on its supramolecular organization and
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exposure on the cell. In addition, the lack of exposure of LAM to the mycobacterial surface
suggests that other Mtb mannosylated exposed ligands might be responsible for such
interaction. Supporting this notion is the fact that mannan, another capsular polysaccharide,
is able to block the binding of Mth to DC-SIGN [113]. However, similarly to the scenario
with CR3, studies including different mycobacterial strains displaying LAMSs with distinct
mannosylation patterns or strains deficient in terminal mannosylated LAM could not show
any profound impact in the binding of Mtb to DC-SIGN [115].

In addition to mannose-capped LAM, Mtb’s purified capsular a-glucans have been shown to
function as potential ligands for DC-SIGN, and recognition by this lectin seems to be
mediated by internal glycosy! residues of the polymer [114]. Since neither AM-deficient nor
LAM-deficient strains were available at the time of this study (AM- and LAM-deficient
mutants remain unavailable today), it is unclear to what extent the mentioned potential
ligands each contribute to the DC-SIGN-mediated binding and phagocytosis by DC in the
context of whole bacterial cells. Conversely, the recent development of an Mtb double
mutant that is defective in capsular a-glucan and that has reduced virulence in mice [54]
could help to understand the role of one of the major capsular components during the
interaction of Mtb with host cells.

Role of nonpolysaccharide capsular antigens in the binding and uptake of Mtb by
phagocytic cells

Capsular proteins—It was shown that the proteinaceous fraction of the Mtb capsule, and
not the polysaccharide one, is responsible for the nonopsonic binding of Mtb to
macrophages [116]. Subsequent studies demonstrated that most of the binding capacity of
the Mtb capsule is associated with the chaperone GroEL2 and is mediated by the
mammalian glycoprotein CD43 [117]. Discrepancies with previous studies regarding the
contribution of the polysaccharide fraction of the capsule to the binding of Mtb by
phagocytes could be related to the use of CHO cells expressing solely CR3 [87]. Additional
studies have shown that other capsule-associated proteins could have a role in the binding of
Mtb to phagocytes, such as the lipoprotein 19 kDa [118], the Ag85 complex [119] or the
mycobacterial adhesion protein HbhA [120,121].

Capsular lipids: PDIMs, DATs and PIMs have been identified as the major Mtb capsule-
associated lipids after glass-bead extraction of the capsule material [41]. Among them, the
specific lipid PIM5 has been implicated in the nonopsonic binding of Mtb to macrophages
via CR3 [122]. Furthermore, an unidentified PIM species was shown to mediate the opsonic
( possibly by the mannose-binding protein) and nonopsonic binding of Mtb to CHO cells
through an identified receptor [108]. The ability of PIMs to mediate direct binding to CHO
cells is inversely correlated to the abundance of the capsule, as it was demonstrated using
Mtb clinical isolates with different degrees of encapsulation [87]. In addition, both high
order PIMs (PIM5 and PIM6) were shown to bind to cell lines expression DC-SIGN [123].

Modulation of lung cell nonphagocytic functions by capsular components—

The interaction of capsular components with nonphagocytic receptors has been shown to
have an impact on other immune-related cellular process than phagocytosis. According to

Biochem J. Author manuscript; available in PMC 2019 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kalscheuer et al.

Page 14

the current literature, Mtb capsular polysaccharides could induce both inhibitory and
stimulatory effects when interacting with lung phagocytic cells. Mtb a-glucan appears to
interfere with the complete maturation of monocyte-derived dendritic cells (MDDCs) by
blocking CD1. CD1 molecules are prominently expressed by MDDCs and mediate
presentation of lipid and glycolipid antigens to T cells, suggesting that a.-glucan-stimulated
DCs are deficient in presenting lipid antigens to T cells in a CD1-dependent manner [124].
In addition, capsular a-glucan has been shown to interact with DC-SIGN on DCs,
modulating functionality by inducing the immunosuppressive cytokine IL-10 [114].

Early studies showed the capacity of H37Ra AM to inhibit lymphocytic functions /in vitro
[125]. Other immunological effects of AM have been reported in the cancer field by showing
that AM from the Aoyama B strain could inhibit pulmonary metastasis by restoring the
balance between Th1/Th2 cell response [126]. Of note, capsular AM and cell wall-
associated LAM have some parallels in their immunomodulatory effect on macrophage and
DCs. As previously commented, engagement of LAM with MR in human macrophages
prevents phagosome-lysosome fusion [95]. It is well documented that the induction of IL-10
in LAM-stimulated macrophages is an inhibitory mechanism. LAM immunosuppression can
also be achieved by its interaction with DC-SIGN and SIGNR3 [113,127,128]. Conversely,
LAM can also induce a pro-inflammatory response [129] through its binding to the
scavenger receptor CD36, leading to an enhancement of TNF production in LPS-stimulated
macrophages [130]. It was recently demonstrated that LAM provides both anti- and pro-
inflammatory signals when interacting with DCs via Dectin-2 [131].

The most recent proteomics analysis of Mycobacterium capsule demonstrated the presence
of ESX-1 secreted proteins in M. marinum [38]. Capsular proteins such as ESAT-6 and
CFP-10 have been implicated in the translocation of Mtb from the phagolysosome to the
cytosol of myeloid cells [132]. However, these proteins could not be found in the Mtb
capsule in the same analysis. Other capsule-associated proteins including the lipoprotein
LpgH have been shown to induce apoptosis and the release of IL-1p during Mtb infection
[133]. Of note, this lipoprotein has also been shown to interfere with the antigen presentation
process in macrophages [134]. The proteolytic processing of GroEL2, another capsule-
associated protein, has been suggested to contribute to the suboptimal antigen presentation
during mycobacterial infection [135].

The role of capsule-associated lipids in modulating phagocyte responses has been
extensively studied. Although no signaling receptor has been identified for capsular PDIMs,
their presence in the mycobacterial cell envelope is associated with the protection against
reactive nitrogen species [136]. Moreover, PDIM-deficient Mtb mutants are impaired in the
infection of human macrophages [137]. Also, the association of PDIMs with the protein
ESAT-6 to perform membrane damage in infected macrophages has been reported [138].
Several reports have demonstrated the recognition of PIMs by TLR-2 and TLR-4 [139] and
their role in the induction of host granuloma-associated molecules including matrix
metalloproteinase 9 (MMP-9) and cyclooxygenase 2 (Cox-2) [140]. A recent study
demonstrated that the C-type lectin receptor DCAR in collaboration with FcRy is an
activated receptor for PIMs in monocyte-derived inflammatory cells promoting a protective
Th1 immune response [141].
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Antigenic variability associated with mycobacterial capsular
polysaccharides

Many encapsulated bacteria have evolved to produce antigenically and chemically distinct
capsule types (serogroups). There have been up to 80 different serogroups described in £.
coliand 97 in the Gram-positive bacterium Streptococcus pneumoniae. However, only a
minor fraction of these serogroups accounts for the majority of invasive infections and
consequently represent the main targets of conjugate vaccines. In the case of Haemophilus
influenzae, among six identified capsular serotypes, type b is considered the most virulent
[142]. Conversely, chemically identical capsular polysaccharides can be synthesized by
different bacterial species [143]. The ability to classify isolates, based on differences in
capsular polysaccharides, into serotypes is based on antibody reagents. Despite the fact that
several reports have acknowledged the potential existence of Mtb surface antigenic
variability associated with capsular polysaccharides, the concept of serogroup has never
been explored in this pathogen in a global approach. It was reported that the Mth AM-
specific mAb 9d8 reacted differently to whole Mtb cells from a panel of 11 isolates from a
hospital in the Bronx [71]. Results from a recent study highlighted the complexity of the
antibody response against LAM and consequently the heterogeneity of the antigenic
properties of this lipoglycan. Combination of different mAbs against LAM resulted in a
more highly sensitive immunodetection assay capable of detecting LAM in urine of TB
patients in the absence of HIV-1 coinfection [85]. Recently, differential recognition of
isolated AM from a panel of 14 isolates representing six different lineages by an Mtb AM-
specific polyclonal serum, generated through conjugate vaccination in mice, was
demonstrated [112]. In that study, differential reactivity could be measured between isolates
belonging to the same lineage, suggesting variability in the surface distribution of AM
within the same geographic region. In another report, two Mth H37Rv strains were shown to
bind differently to CHO cells expressing CR3. The strain harboring a more prominent
capsule showed an enhanced nonopsonic binding relative to the other strain [87], indicating
that differences in capsular polysaccharides between encapsulated mycobacteria impact the
recognition by phagocytic cells. Similarly, another study reported the altered capacity of two
clinical isolates to bind human macrophages due to the production of truncated LAM [144].
These two isolates were drug-sensitive, despite the fact that the existence of a similar
truncated LAM has previously been associated with ethambutol resistance [145]. This
suggests that other mechanisms of generating structurally diverse surface polysaccharides
different from the one induced by antitubercular drugs exist. Of note, the majority of
mutations associated with the production of truncated LAM by Mtb have been shown to map
to genes encoding arabinofuranosyltransferases, including EmbC or AftC [146,147].

Encapsulated bacteria generate capsule diversity through genomic variation associated with
the polysaccharide biosynthetic locus. However, in Mtb, the genes associated with capsule
synthesis are randomly distributed throughout the genome. A study including 4800 clinical
isolates integrating homoplasic, non-synonymous and deleterious single-nucleotide
polymorphisms associated with AM and a-glucan biosynthetic genes showed a high degree
of clustering within the different genetic lineages (R.P.-R., unpublished data). Further
experimental validation of such clusters in terms of AM and a-glucan chemical structure
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and reactivity to different AM and a-glucan specific antibody reagents will reveal the
current picture of the capsule antigenic variability.

Another potential source of cell surface antigenic variability could be associated with the
function of LrpG, which regulates the exposure of LAM to the cell surface [52,53].

Mechanisms of regulation of capsule production in Mtb

Little information is available about the ability of Mtb to modulate capsule production.
Screening of a transposon mutant library identified several mutants in an ABC phosphate
transporter gene with defects in capsule, indicating that phosphate could regulate capsular
polysaccharide production [148]. Another report showed that the Esx-5-specific substrate
PP10 is involved in capsule regulation in M. marinum [149]. At the level of maltose 1-
phosphate synthesis as a building block for a-glucan production, the flux of intermediates
through the two alternative pathways GlgC-GIgA and OtsA-OtsB-TreS—Pep2 might be
subject to allosteric regulation of GIgC by phosphoenolpyruvate and glucose 6-phosphate as
well as of OtsA by fructose 6-phosphate [150]. However, these observations rely on
enzymatic /n vitro characterizations only, so it is unclear whether these mechanisms play any
role in regulating a-glucan biosynthesis in living cells. Activity of GIgE as the key enzyme
in a-glucan synthesis is negatively regulated by phosphorylation via protein kinase PknB
[151]. The occurrence of GIgE phosphorylation and its negative impact on overall
conversion of maltose 1-phosphate to a-glucan has been observed /in7 vivo in mycobacteria
cells [151]. However, it is unknown what factors and conditions might control GIgE
phosphorylation by PknB.

Targeting the capsule to the benefit of the host

Many successful preventive and therapeutic strategies against encapsulated bacteria rely on
the use of polysaccharide-conjugate vaccines [152]. To properly cover the repertoire of
clinically important serogroups, such conjugate vaccines include several polysaccharides.
For instance, the current anti-pneumococcal conjugate vaccine confers protection against 23
different serogroups [153]. The protection provided by polysaccharide-conjugate vaccines is
known to be mediated by Abs, since capsular polysaccharides are well-known T-cell
independent antigens. The concept of a vaccine against Mtb whose mechanism of protection
is based on Abs has not been exploited and it is not currently contemplated in the TB
vaccine development pipeline. In fact, all current vaccine candidates are immunologically
similar in the sense that they promote an enhanced T-cell-mediated protection relative to
BCG [154]. The idea of targeting the bacterial capsule through vaccination in Mtb has been
previously attempted by several groups. Several LAM-derived AM conjugate vaccines were
developed, including both Mtb-related (Ag85b) and unrelated (tetanus toxin) protein carriers
and these vaccines demonstrated protective efficacy in different animal models of infection.
Generation of AM-binding immunoglobulin G (IgG) and T-cell proliferation upon purified
protein derivative (PPD) stimulation was associated with protection [155]. Similarly, an
enhanced control of bacterial replication in lungs was registered during the first week of an
aerosol Mtb infection in mice previously immunized with an AM (secreted and extracellular
AM) conjugate including a secreted protein from £, aeruginosa [71]. AM conjugates have
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also been tested as a boost in BCG-primed mice using the intranasal route, demonstrating
reduced lung inflammation after intravenous infection with Mtb [156]. More recently, it was
demonstrated that the passive transfer of AM-immune serum from native capsular AM-
Ag85b conjugate vaccinated mice to naive mice prior to an aerosol infection enhances the
control of bacterial dissemination to the spleen [112]. Similarly, adoptive transfer of T cells
from the same mice showed a protective effect in both lungs and spleen. Animals
immunized with AM-Ag85b lived significantly longer than BCG-vaccinated mice. This
suggests that both antibody and T-cell-mediated protection is key to provide a more efficient
protection and validate previous conjugate vaccine approaches targeting the Mtb capsule.
There is a single report on a-glucan conjugate vaccine, but no protection data were derived
from such study [53].

Several groups have demonstrated that administration of mAbs with specificity for capsular
AM or LAM can modify the course of experimental mycobacterial infection in mice to the
benefit of the host [155,157]. Moreover, we have recently demonstrated an association
between the presence of AM-binding IgGs in human sera and the capacity of such sera to
perform opsonophagocytosis and reduce Mtb intracellular growth in human macrophages
[111]. Regarding the role of Abs in natural protection against Mtb, one recent report showed
the production of protective Abs by latently and uninfected healthcare workers exposed to
TB with specificity for surface exposed proteins [158]. Interestingly, one of these proteins
(Rv0242c) was previously found in the capsule of Mtb [38].

As the capsule is the outermost compartment of the cell wall, any strategy targeting the
capsule may interfere with the initial interaction of the bacterium with the host. In the case
of Mtb, this is particularly important since this pathogen has developed immune evasion
strategies to remain alive inside the host despite a fully functioning immune system.
Encapsulated Mtb can access host cells in the absence of opsonins, which favors bacterial
survival inside host cells. Conversely, an antibacterial response is activated in infected host
cells when this entry occurs in the presence of opsonins, such as immunoglobulins.
Consequently, a protective vaccine directed to the capsule could promote the targeting of the
bacterium to elimination.

Concluding remarks

The capsule of Mtb is the outermost structure of the tubercle bacillus and has a significant
impact on the initial infection program. The evolution of the concept of the Mtb capsule has
been determined by key seminal works beginning with early observations of a surrounding
layer on the host-grown species of M. leprae and M. lepramurium [29], to the subsequent
studies on other mycobacterial species, including Mtb, that were accompanied with
improvements in both sample preparation and technological advances in electron
microscopy [28,31,33,36,38,82]. Subsequent biochemical studies to determine the molecular
composition of the capsule demonstrated that the Mth capsule is weakly bound to the cell
wall and is mostly composed of polysaccharides [26,43]. More importantly, it was
determined that the capsule is easily detached from the cell by agitation or by the presence
of detergents, suggesting that culturing Mtb with detergent could render the bacterium
unencapsulated, leaving other cell-wall-associated components exposed. Although many of
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the controversies regarding the role of some cell-wall components, including LAM, in the
mediation of uptake and activation of host cells [94,95,101] upon interaction with Mth could
be explained by the absence of the capsule, it is important to highlight that the mycobacterial
cell envelope is heterogeneous and dynamic (Figure 1). Consequently, we cannot rule out
that LAM could be exposed at some regions of the cell and masked in others when the
capsule is present. The study of the heterogeneity in the dynamics of the Mtb cell envelope
is an important area of research that should be expanded and could offer some clues about
the relative role of each of the surface components during infection. The relatively recent
development of mycobacterial genetics, particularly the ability to generate precisely defined
mutants that delete one or more specific pathways, provides unprecedented opportunities to
dissect these systems [50]. More work needs to be done to determine how a-glucan reaches
the extracellular space and how it is linked to the cell wall. The same is true for AM.
Although it is clear that LAM and AM follow similar biosynthetic pathways, the divergent
final steps are still unknown. How Mtb spatially organizes capsular components is still an
open question and understanding this will help to define the concept of surface antigenic
variability, which has been suggested in the field but never investigated using a global
approach. The fact that this compartment can be targeted through vaccines [21,112] suggests
that it has an important role during infection. In summary, improved understanding of
capsule biogenesis in Mtb will illuminate part of the physiological complexity of this
bacterium and will contribute to the development of novel anti-infective strategies.
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Abbreviations

ABC ATP-binding cassette

Abs antibodies

AGP peptidoglycan—arabinogalactan complex
AM p-arabino-b-mannan

BMDMs bone marrow-derived macrophages
BMMs bone marrow macrophages

CHO Chinese hamster ovary

cryo-EM cryo-electron microscopy

DATs diacyl trehaloses

DBE debranching enzyme
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DCs dendritic cells
EPS exopolysaccharides
ESX-1 ESAT-6 secretion system-1
EVs extracellular vesicles
FcRs Fc receptors
GB glass beads
GH glycoside hydrolase
GP glycogen phosphorylase
GPL glycopeptidolipid
GS glycogen synthase
GTs glycosyltransferases
HMDM human monocyte-derived macrophages
ICAM intercellular adhesion molecule
IM inner membrane
LAM lipoarabinomannan
LM lipomannan
mAbs monoclonal antibodies
MBL mannose-binding lectin
MDDCs monocyte-derived dendritic cells
MMP-9 matrix metalloproteinase 9
MR mannose receptor
MTX 5-methylthio-d-xylofuranose
OM outer membrane
PDIMs phthiocerol dimycocerosates
PE phosphatidylethanolamine
PGA poly-y-glutamate
PILAM phosphatidyl-myo-inositol capped lipoarabinomannan
PIM4 phosphatidyl inositol mannoside 4
PIMs phosphatidyl-/myo-inositol mannosides
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Figure 1. Visualization of Mtb capsule by electron microscopy.
(A) Micrograph of ultra-thin sections of Mtb grown in the absence of detergent for 24 h

processed for transmission electron microscopy (TEM) [82]. Scale bar is 100 nm. (B) Model
of the Mtb cell envelope as observed from (A). Note the trilaminar appearance of membrane
organization. (C) Micrograph of ultra-thin sections of Mtb grown in the absence of detergent
for 5 days processed for TEM. Note the capsule enlargement when compared with (A).
Scale bar is 500 nm. (D) Electron micrograph of an Mtb cell immunostained with an anti-
LAM monoclonal antibody processed for negative staining. Secondary nano-gold antibody
size is 10 nm. The capsule appears as fragmented clusters of electron-dense material
surrounding the bacterium. Scale bar 500 nm. (E) Scanning electron micrograph of Mtb
grown in the absence of detergent. Arrow indicates the capsular material adhered to the
bacterial clump. Scale bar 500 nm. (F) Cryo-electron micrograph of Mth grown in the
absence of detergent. Scale bar 100 nm. Reproduced with permission from [38].
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Figure 2. The Mtb cell envelope.
The cell envelope of Mth comprises four main layers: (i) the plasma membrane or inner

membrane, (ii) the peptidoglycan-arabinogalactan complex (AGP), (iii) an assymetrical
outer membrane or ‘mycomembrane’, that is covalently linked to AGP through the mycolic
acids, and (iv) the external capsule [22]. The inner leaflet of the outer membrane is
composed of long chain (C60-C90) fatty acids, with the outer leaflet mostly consisting of a
variety of non-covalently attached (glyco)lipids and lipoglycans, including trehalose mono-
(TMM) and dimycolates (TDM), sulfoglycolipids (SGL), phosphatidylinositol mannosides
(PIMs), lipomannan (LM) and lipoarabinomannan (LAM), and lipoproteins/proteins some of
which are glycosylated [63,64,159]. The structural organization of this matrix is responsible
for the low permeability of the Mtb cell envelope [23,24]. LAM is presumed to be non-
covalently associated with the cell membrane, although it has also been found in the
mycomembrane. Different studies indicate that the lipoprotein LprG could be assisting the
transfer of membrane-associated LAM to the mycomembrane [66,67]. The capsule is mostly
made of neutral polysaccharides including a major glycogen-like a-glucan and lower
amounts of arabinomannan (AM) and mannan. Both AM and mannan are structurally and
chemically similar to the cell-wall-associated LAM and LM. We hypothesize that the action
of a missing enzyme could be responsible for the conversion of LAM and LM into AM and
mannan, respectively. This enzyme could function at the level of the mycomembrane or the
extracellular vesicles, which were shown to be carriers of LAM [68].
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Figure 3. Chemical structure and biosynthetic pathway of a-glucan from Mtb.
(A) Structure of intracellular (=glycogen-like) and extracellular (=capsular) a-glucan from

Mtb. The polymer consists of linear a-1,4-glucan chains comprising ca. seven glucose units,
each bearing mostly only one a-1,6-branch. This results in a polymer that exhibits a
significantly lower degree of branching, and hence a less arboreal structure, compared with
glycogen from other bacteria or mammals. (B) Pathway for biosynthesis of glycogen-like
and capsular a-glucan in Mtb (adopted from [54]). The two essential enzymes GIgE and
GlgB co-operate in an iterative process to produce a structurally distinct a-glucan as
depicted in A using maltose 1-phosphate as substrate. The polymer is produced
intracellularly and then partially secreted to build the capsule. The substrate maltose 1-
phosphate is synthesized on two alternative routes which are interconnected by the shared
use of ADP-glucose and allows rechanneling of ADP-glucose and buffering of total maltose
1-phosphate formation.
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Figure 4. Chemical structure of Mtb mannan (M) and arabinomannan (AM).
Details on the biosynthetic pathway can be found in [21,22].
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