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Abstract

Mycobacterium tuberculosis uses sophisticated secretion systems, named 6 kDa
early secretory antigenic target (ESAT6) protein family secretion (ESX) or
type VII secretion systems, to export a set of effector proteins that helps the
pathogen to resist or evade the host immune response. Since the discov-
ery of the esx loci during the M. tuberculosis H37Rv genome project, struc-
tural biology, cell biology and evolutionary analyses have advanced our
knowledge of the function of ESX systems. In this Review, we highlight the
intriguing roles that these studies have revealed for ESX systems in bac-
terial survival and pathogenicity during infection with M. tuberculosis and
discuss the diversity of ESX systems that has been described among myco-
bacteria and selected non-mycobacterial species. Finally, we consider the
potential for the application of our knowledge of ESX systems in the devel-
opment of novel or alternative strategies for the treatment and prevention
of disease.
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Key points

• 6 kDa early secretory antigenic target (ESAT6) secretion systems (ESX;
also known as type VII secretion systems) are sophisticated secretion
systems that are present in a wide variety of mycobacterial and non-
mycobacterial members of the phylum Actinobacteria.

• The ESX-1 system of Mycobacterium tuberculosis is the most well-studied
ESX system, owing to its important function in virulence, which is
linked - at least in part - to the ability of one of its secreted effector
proteins, EsxA, to induce phagosomal rupture in host phagocytes.

• ESX-1 systems are also present in many non-pathogenic, rapid-growing
mycobacteria, such as Mycobacterium smegmatis, in which they are in-
volved in conjugal DNA transfer between donor and recipient strains.
Interestingly, the ESX-1 effectors EspA, EspC and EspD, which are
present in slow-growing, pathogenic mycobacteria, are absent from
these non-pathogenic species.

• Besides ESX-1, M. tuberculosis, which causes tuberculosis, has four ad-
ditional ESX systems: ESX-3 is involved in iron acquisition; ESX-5 is
involved in the secretion of members from two large mycobacterial
protein families, named PE and PPE according to their Pro-Glu and
Pro-Pro-Glu amino-terminal motifs; and ESX-2 and ESX-4 are sys-
tems for which the functions are currently unknown.

• ESX systems are thought to have evolved from ESX-4 or ESX-4-like
systems by gene duplication and diversification, as well as plasmid-
mediated horizontal gene transfer.

• ESX-like systems are secretion systems that are similar to mycobac-
terial ESX systems but that are found in Gram-positive bacteria in the
phylum Firmicutes, rather than in Actinobacteria. Similarly to ESX
systems, ESX-like systems contain Esx proteins that have a highly
conserved WXG motif, contain an Ftsk-SpoIIIE-like ATPase, and, in
some cases (for example, in Staphylococcus aureus), can be involved in
pathogenicity.
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2.1 Introduction

ESAT-6 secretion (ESX; also known as type VII secretion) systems are bac-
terial secretion systems that are named after the first identified effector,
the 6 kDa early secretory antigenic target (ESAT6; also known as EsxA), of
Mycobacterium tuberculosis, the aetiological agent of human tuberculosis1,2.
ESX systems are found in mycobacteria and various other genera in the
phylum Actinobacteria3,4, such as Streptomyces, Corynebacterium, Nocardia
or Gordonia, and more distantly related ESX-like systems also exist in Gram-
positive bacteria in the phylum Firmicutes, including in Bacillus anthracis5,
Bacillus subtilis6,7, Staphylococcus aureus8,9 and Listeria monocytogenes10 (see
the dedicated section on page 41). In mycobacteria, ESX systems function
as specialized secretion systems that enable the transport of selected sub-
strates across the complex, thick mycobacterial cell envelope that forms a
structural barrier to protein export11. The thickness and complexity of the
envelope, which provides protection to mycobacteria under harsh environ-
mental conditions, are due to the presence of mycolic acids that are linked,
usually covalently, to an arabinogalactan-peptidoglycan matrix, as well as
various extractable lipids, polysaccharides, lipoglycans and proteins that
are not covalently attached to the matrix and that may vary among species12.

Two characteristics unify all esx loci across the different phyla. First,
the presence of genes that encode small secreted proteins of approximately
100 amino acids that have a conserved Trp-X-Gly (WXG) motif, which con-
tributes to the formation of helix-turn-helix structures13, in the centre of
the polypeptide; and, second, the presence of genes that encode transmem-
brane proteins of the FtsK-SpoIIIE-like ATPase family14. The most well-
known proteins that contain the WXG motif are EsxA of M. tuberculosis
and its adjacently encoded heterodimerisation partner EsxB (also known
as CFP10)15. Apart from these core characteristics, ESX systems are quite
diverse, which suggests that they have been shaped by a long evolution-
ary process that has involved gene duplication and diversification3,16,17, as
well as horizontal gene transfer between chromosomes and plasmids of
different bacterial species and genera4,18 (see figure 2.2 on page 32 and the
corresponding section on page 33).

Of the five ESX systems that have been described in M. tuberculosis
(ESX-1, ESX-2, ESX-3, ESX-4 and ESX-5; figure 2.1a), at least three are re-
quired for full virulence. The first ESX system (ESX-1) was identified in
parallel by different comparative and functional genomic studies that in-
volved M. tuberculosis and the attenuated vaccine strains Mycobacterium
bovis bacille Calmette-Guérin (BCG) and Mycobacterium microti19-24. The
vaccine strains lack EsxA, owing to spontaneous deletions of different sized
portions of the esx-1 locus, each of which is known as region of difference 1
(RD1) for the respective strain25,26 (figure 2.1a). ESX-1 in M. tuberculosis has
subsequently been shown to be essential for resistance to, and evasion of,
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host responses. One of the key functions of ESX-1 is its role in the induction
of phagosomal rupture, which releases bacteria and/or bacterial products
into the cytosolic compartment of host phagocytes. The sensing of bacterial
products, such as DNA, triggers a complex signalling cascade of the innate
immune system, with a major effect on host-pathogen interactions and im-
munity. Although to a lesser extent than ESX-1, the functions of ESX-3 and
ESX-5 have also been studied, with reports describing ESX-3 as a secretion
system that is involved in mycobactin-mediated iron acquisition27-29 and
ESX-5 as a secretion system for two families of proteins that are specific to
mycobacteria (Pro-Glu (PE) and Pro-Pro-Glu (PPE) proteins)16,30-33.

As an alternative to ’ESX systems’, the nomenclature ’type VII secre-
tion systems’ is commonly used in the literature34,35, although an initial de-
bate questioned the semantic appropriateness of a nomenclature derived
from that of the type I-VI secretion systems, which are found in Gram-
negative bacteria36-37. However, although mycobacteria are considered to
be Gram-positive bacteria, the presence of a mycolic acid-containing outer
membrane (figure 2.1b) makes them more comparable, for the purposes of
secretion, with Gram-negative bacteria, which require specialised systems
to ensure the secretion of specific substrates across their diderm cell envel-
ope. In contrast to the well-studied type I-VI secretion systems, for which
functions and structures have largely been deciphered38, high-resolution
structural data on the more recently discovered ESX systems are only now
starting to be generated. As such, the current model of the structure and
function of the ESX apparatus is still hypothetical and many questions
about specific details of the biology of ESX systems remain (figure 2.1c).
As ESX systems have numerous roles in the physiology, cell envelope in-
tegrity, conjugation and host-pathogen interactions of mycobacteria, future
work on these systems may reveal new discoveries that have the potential
to broaden our understanding of many tuberculosis-related features of my-
cobacterial biology. In this Review, we describe the five ESX systems that
are found in M. tuberculosis and use select examples to illustrate known and
predicted functions of these systems and their effector molecules, including
the proposed role of ESX-1 and its EsxA effector in phagosome rupture and
establishing bacterial contact with the host cytosol. Finally, we discuss the
evolution of these systems, as well as the diversity of ESX and ESX-like sys-
tems that are found among different mycobacterial species and in certain
Gram-positive bacteria.

2.2 Loci that encode ESX systems

One of the highlights of the first report of a whole-genome sequence for M.
tuberculosis, which analysed the well-characterised H37Rv reference strain,
was the identification of multigene families, such as those associated with

29 2.2. Genetic Organization

Figure 2.1: Genetic and structural architectures of ESX systems.
(Legend continued on the following page.)
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Figure 2.1: Cont’d: a) Genetic organisation of the five esx loci and the es-
pACD operon in M. tuberculosis H37Rv showing spontaneous deletions
in esx-1 found in the vaccine strains M. bovis bacille Calmette–Guérin
(BCG; red shading) and M. microti (MIC; blue shading). b) Electron mi-
croscopy image showing the inner and outer membranes of the mycobac-
terial cell envelope. The composition of the outer membrane, also called
mycomembrane, is notable for the presence of mycolic acids and a set of
non-covalently bound lipids that may include sulfatides, acyltrehaloses,
trehalose mycolates, phthiocerol dimycocerosates and phosphatidyl-myo-
inositol mannosides12,168,169. c) Model of the secretion apparatus and
secreted substrates of ESX systems. In this model, the conserved compon-
ents EccB, EccC, EccD and EccE, which each contain one or more trans-
membrane domains (an example number is shown), form the core structure
of ESX systems32, which is located in the inner membrane. EccC is thought
to be a translocase that provides the energy for the secretion of an effector
known as EsxB, with which it interacts at the carboxy-terminal signal se-
quence (denoted as C in the figure)45,51. EsxB is the putative chaperone for
EsxA, which is a major ESX-1 effector protein that is thought to be translo-
cated through co-secretion with EsxB52. EccA is a cytosolic AAA+ ATPase
that interacts with the C terminus of EspC61. The exact role of EspC, which
also interacts with EspA, in the ESX secretion process is not described, but
it is known that the secretion of EspC and EspA is co-dependent, similarly
to the co-dependent secretion of EsxA and EsxB59,60. Heterodimers that are
formed from a PE family protein and a PPE family protein are also sub-
strates for secretion, and the recruitment of these dimers to the core com-
plex involves interaction with the putative cytosolic chaperone EspG67,68,69.
EspB is an ESX-1-secreted protein that adopts a PE–PPE-like fold and con-
tains a C-terminal domain that is processed by the MycP1 protease during
secretion57,58.

31 2.2. Genetic Organization

ESX systems1,16. Further analyses confirmed the presence of five paralog-
ous ESX clusters in the genome of M. tuberculosis3,17, each of which en-
coded a tandem pair of WXG proteins, an ATPase with an Ftsk-SpoIIIE mo-
tif and several proteins with predicted transmembrane domains. Detailed
comparisons of the different loci identified a core set of proteins that were
present in most of the five ESX systems, which were named ESX-conserved
components (Ecc)35. In the locus that encodes the ESX-1 system of M. tuber-
culosis, which is often used as a model for ESX systems, the genes that en-
code the secreted proteins EsxA and EsxB are flanked directly upstream
by pe35 and ppe68, which encode locus-specific PE and PPE proteins; fur-
ther upstream of pe35 and ppe68 are the genes that encode the two com-
ponents of the Ftsk-SpoIIIE-like ATPase (EccCa and EccCb), a membrane
protein that has two transmembrane domains (EccB) and an AAA+ ATPase
(EccA). Downstream of esxA and esxB are genes that encode two transmem-
brane proteins (EccD, which has at least 11 transmembrane domains, and
EccE, which has two transmembrane domains). The esx-1 locus encodes a
subtilisin-like protease (MycP) and several ESX-1 secretion-associated pro-
teins (Esp), some of which are specific to ESX-1, whereas others (such as
EspG) have homologues in other ESX systems (figure 1a). Genomic ana-
lyses of esx loci and the core components contained therein have also sug-
gested a possible evolutionary history for the origin of ESX systems. In M.
tuberculosis, the esx-4 locus has the smallest number of genes of the five esx
loci and seems to encode the least complex system (figure 2.1a). Systems
that are orthologous to ESX-4 are also present in various mycobacterial and
non-mycobacterial species in the phylum Actinobacteria3,4. Together, these
findings led to the hypothesis that the ancestral ESX system was an ESX-4-
like system from which the other ESX systems emerged by gene duplica-
tion, gene diversification and horizontal gene transfer3,4,18,39 (see dedicated
section on evolution on page 33). The location in the phylogeny of ESX-2
provides an example of the roles of these processes in the evolution of ESX
systems. Although the genomic region that encodes ESX-2 is proximal to
esx-1 in M. tuberculosis16, esx-2 does not correspond to an ancient duplica-
tion of the M. tuberculosis esx-1 locus. Instead, phylogenetic analyses sug-
gest that slow-growing mycobacteria acquired ESX-2 by plasmid- mediated
horizontal transfer after the emergence of ESX-1 (REF. 4) (see page 33). A
similar scenario may have also led to the acquisition of ESX-5, which, sim-
ilarly to ESX-2 but unlike other ESX systems, is restricted to slow-growing
mycobacteria. The restricted distribution of ESX-2 and ESX-5 suggests that
these are the two ESX systems that arose most recently in evolution (see
page 33).
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Figure 2.2: Maximum-likelihood tree based on EccB, EccC and MycP show-
ing that a subgroup of ESX-4, ESX-4-bis, branches deeper in the evolution
than previously thought; for further description see corresponding para-
graph.

33 2.3. Evolution of ESX Components

2.3 Evolution and horizontal gene transfer of
ESX components

The discovery of five loci that encode ESX-systems in the genome of M.
tuberculosis H37Rv3,14,16,17 raised interesting questions regarding the ori-
gin, distribution and evolution of these systems and the expansion of the
PE and PPE gene families39. ESX-4 systems are thought to represent the
simplest and earliest ESX systems, from which others evolved by gene du-
plication and diversification3,35. Indeed, ESX-4 systems have also been
identified in numerous non-mycobacterial Actinobacteria and show the
most similarity to ESX-like systems in the Firmicutes phylum. Further-
more, a recent mycobacterial pan-genome analysis, which constructed a
phylogeny based on concatenated sequences of EccB, EccC and MycP us-
ing a maximum-likelihood method with 250 bootstrap replicates (see the
figure; branch lengths are drawn to scale and indicate the number of sub-
stitutions per site), identified a subgroup of ESX-4 systems, ESX-4-bis, that
branches deeper in the phylogeny than previously described systems and
that is present in some non-mycobacterial Actinobacteria, such as Nocardia
farcinica and Gordonia bronchialis (see figure 2.2, green boxes), in addition
to a subset of mycobacterial species4. This analysis also identified large
plasmids that encoded novel esx loci (see figure 2.2, red circles) or putative
esx loci (see figure 2.2, red circles with dashed lines) in both rapid-growing
mycobacteria (see figure 2.2; RGM) and slow-growing mycobacteria (see
figure 2.2; SGM), which suggests that plasmids might have been major fa-
cilitators of the radiation and evolution of mycobacterial ESX systems4, as
was also proposed in a second, independent study18. One of the plasmids
that encodes an esx locus, pRAW from M. marinum, is a conjugative plas-
mid that also encodes proteins that have some similarity to components of
type IV secretion systems144, which generally only exist in Gram-negative
bacteria. The ESX system that is encoded on pRAW, ESX-P1, is similar to
ESX-P systems that are encoded on plasmids from M. kansasii145 and M.
yongonense146, and the genes that encode all three of these systems form
branches at the root of the phylogeny of chromosomal ESX-5 systems4 (see
the figure). This location in the ESX-5 phylogeny suggests that plasmids
that encode ESX-P1 systems were involved in conjugation-mediated trans-
fer of ESX-5 precursors to slow-growing mycobacteria, which is consistent
with the high sequence similarity among the Ecc and MycP proteins from
ESX-P1 and ESX-5 systems4,144. Other deep-branching ESX-P-containing
plasmids might have had similar roles in the transfer of other ESX systems4,18.
ESX systems have also been shown to enable non-plasmid-mediated hori-
zontal transfer of chromosomal DNA fragments. Laboratory-based conjug-
ation experiments in the non-pathogenic, rapid-growing species M. smeg-
matis showed that DNA could be transferred to a recipient strain that ex-
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Figure 2.2: Maximum-likelihood tree based on EccB, EccC and MycP show-
ing that a subgroup of ESX-4, ESX-4-bis, branches deeper in the evolution
than previously thought; for further description see corresponding para-
graph.
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pressed the ESX-1 system from a donor strain of the same species, whereby
the obtained transconjugants had highly mosaic genomes that were remin-
iscent of products of eukaryotic meiosis147. Similarly, genome analyses of
tubercle bacilli from the M. canettii clade, which is proposed to be the clade
from which M. tuberculosis originated, showed numerous traces of putat-
ive interstrain recombination events148-150. These findings were recently
confirmed and extended through the use of mycobacterial mating assays
combined with whole-genome sequencing, which provided evidence of
transfer of large chromosomal DNA fragments between two strains of M.
canettii151, which suggests that such genetic transfer may have had a role in
the emergence of M. tuberculosis and other M. tuberculosis complex (MTBC)
strains. Further studies are required to obtain more comprehensive insights
not only into the potential role of ESX systems in horizontal gene transfer
in tubercle bacilli, but also into how this mechanism of horizontal trans-
fer might lead to the dissemination of ESX systems and/or components
among other mycobacteria, including non-pathogenic species. Indeed, the
wide distribution and the observed diversity of ESX systems that are en-
coded by chromosomes and plasmids suggest that our current knowledge
of ESX systems, which has focused on pathogenicity, probably only repres-
ents a very small portion of the biological functions that might be carried
out by these systems in the diverse rapid-growing and slow-growing my-
cobacteria in which they are found.

2.4 Mechanisms and functions of ESX systems

The protein repertoires that are encoded by the different esx loci are thought
to consist of various components of the translocating complex, secreted
substrates and accessory proteins, such as chaperones. Although global
mechanistic insights into the structure and function of the core ESX secret-
ory apparatus are still lacking, numerous studies have now reported details
on some aspects of these systems, notably protein-protein interactions, se-
cretion motifs and circuits of transcriptional regulation, which has led to a
better understanding of the putative roles of the individual components of
ESX systems and their interplay with one another.

The ESX-1 system

The most well-known ESX-1 substrates, EsxA and EsxB, have a character-
istic helix-turn-helix hairpin organisation that is due to a high α-helical
content and the presence of a WXG motif. Nuclear magnetic resonance
(NMR) studies on recombinant EsxA and EsxB proteins of M. tuberculosis
that were expressed in Escherichia coli have revealed a 1/1 EsxA-EsxB four-
helical bundle heterodimer in which high-affinity binding between the two
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Figure 2.3: a) The structures of several ESX substrates have recently been
solved, including the EsxA–EsxB heterodimer, an EspB monomer and the
PE25–PPE41 heterodimer in complex with the EspG5 chaperone. b) The
domain organisation of PE and PPE proteins, many of which form het-
erodimers that are substrates for secretion by ESX systems, comprises a
conserved amino-terminal region that contains the PE or PPE motifs, which
have approximate sizes of 120 amino acids and 180 amino acids, respect-
ively, fused to diverse central and carboxy-terminal sequences that may
contain repeated motifs (such as polymorphic GC-rich-repetitive sequences
(PGRS)16,170 or major polymorphic tandem repeats (MPTR)), an GXXS-
VPXXW motif or unique sequences. The domain organisations shown here
are based on references16,30. aa, amino acids.
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proteins is mediated by hydrophobic interactions13,40, and these findings
were recently confirmed by structural analyses that were based on X-ray
crystallography41 (figure 2.3a on page 35). Previous studies in tubercle ba-
cilli have shown that the last 3-12 amino acids of the carboxyl terminus
of EsxA are required for biological function and virulence, but not secre-
tion40,42-44. By contrast, the last seven amino acids of the C terminus of EsxB
were found to be essential for EsxB secretion, owing to an interaction with
EccCb (REF. 45), although an additional sequence motif (Tyr-XXX-Asp/Glu
(YXXXD/E)) that is adjacent to these residues is also required for full ESX
secretion46. The YXXXD/E motif has been defined as a general secretion
motif of ESX pathways and has been postulated to interact with the WXG
motif, which probably promotes protein-protein interactions between (or
within) ESX system proteins41,47. Intriguingly, PE35 and PPE68 of the ESX-
1 system are predicted to also form a four-helical complex that is similar
to the structure that has been solved for PE25-PPE41, which, in M. tuber-
culosis, are encoded by genes outside of a defined esx locus48 (figure 2.3a).
PE35, which, similarly to EsxB, contains a YXXXD/E motif, is required for
the expression of esxA and esxB49,50. By contrast, the function of PPE68,
which contains a WXG motif, remains unclear: transposon analyses iden-
tified PPE68 as essential for the full virulence of M. tuberculosis24, whereas
truncation of its C terminus did not decrease the secretion of EsxA and EsxB
or attenuate virulence of recombinant tubercle bacilli49.

To better understand and/or predict the underlying mechanisms that
drive ESX secretion, we believe that it is helpful to consider the core Ecc
proteins separately from the accessory Esp proteins. The core ESX-1 com-
ponents that are predicted to transport substrates across the inner mem-
brane include the putative translocase EccC and at least three other Ecc
proteins: EccB, EccD and EccE35 (figure 2.1c). Homologues of these pro-
teins that are encoded by the esx-5 locus were shown to form a 1,500 kDa
protein complex that could be purified from the cell envelope fractions of
Mycobacterium marinum, which is a fish pathogen that is closely related to
M. tuberculosis32. As these core components of ESX-5 share approximately
30% amino acid identity with ESX-1 paralogues, the presumed structure
for the ESX-1 membrane complex might resemble that shown for ESX-5.

New insights into the function of ESX core components were recently
obtained in a study of the secretion system of the thermophilic actinobac-
terial species Thermomonospora curvata, which is closely homologous to other
actinobacterial ESX systems and contains homologues of EsxA, EsxB, EccC,
EccD, EccB and MycP51. Structural analyses using recombinant proteins
from this model organism suggested that binding of the C-terminal signal
sequence of the EsxB substrate to an empty pocket of the third of three
ATPase domains stimulates multimerisation of EccC51. By contrast, the ad-
dition of EsxA to the T. curvata EccC-EsxB multimeric complex led to co-
operative disassembly and inhibition of the ATPase51, which suggests that
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binding of the substrate might modulate the assembly and activity of ESX
secretion machineries. These in vitro experiments assume a role for EsxB
homodimers, whereas EsxA and EsxB have previously been described as
forming a tightly complexed 1/1 heterodimer13 that might only become
dissociated outside of the bacterial cell (under appropriate conditions, such
as low pH)51,53. Further studies are required to decipher the exact mechan-
isms of EccC-mediated translocation processes, and these may benefit from
comparisons with type IV secretion coupling proteins, which phylogenetic
analyses have shown to be related to EccC ATPases51,54.

Another conserved protein of the esx-1 locus of M. tuberculosis is my-
cosin 1 (MycP1; figure 2.1c), which is a subtilisin-like serine protease with
a domain architecture that comprises a canonical signal sequence followed
by a protease domain and a C-terminal transmembrane region55. Dele-
tion of MycP1 in M. tuberculosis led to the loss of ESX-1 secretion func-
tions, whereas mutagenesis of the active sites and consequent loss of pro-
tease activity resulted in increased secretion, which suggests a putative
dual role of MycP1 in substrate processing and the regulation of ESX-1
secretion56. One known substrate of MycP1 is EspB, which is also indis-
pensable for ESX-1 function56. Structural analyses of EspB, which contains
a YXXXD/E secretion motif, have revealed PE-PPE-like domains, the or-
ganisation of which resembles those of the PE25-PPE41 heterodimer, des-
pite only limited sequence similarity between these proteins and EspB (fig-
ure 2.3a). The PE-PPE-like domains mediate oligomerisation into what
seems to be a symmetrical heptameric barrel or donut-shaped complex
with a central pore57,58.

Aside from EspB, numerous other Esp proteins have been described
as ESX substrates35,59-64, including EspA, EspC and EspD (also known as
Rv3616c, Rv3615c and Rv3614c), which are encoded by an operon more
than 260 kb upstream of esx-1. This operon is of particular interest as it
has been suggested to be a pathogenicity-associated genomic island42,65,
owing to its distribution in the genomes of certain slow-growing, oppor-
tunistic or obligate mycobacterial pathogens (M. marinum, Mycobacterium
liflandii, Mycobacterium kansasii, Mycobacterium haemophilum, Mycobacterium
leprae, Mycobacterium lepromatosis, Mycobacterium canettii and the different
members of the M. tuberculosis complex), in which it is often present in dif-
ferent chromosomal regions and not in synteny with flanking sequences.
The presence of espACD operons in these genomes might therefore be the
result of independent horizontal gene transfer events that might have con-
tributed to pathogenicity. EspA, EspC and EspD were the first proteins
that are not encoded by the esx-1 locus to be shown to be involved in ESX-1
function59,60, and these proteins also provided the first evidence of inter-
dependence between ESX-1 substrates, as the secretion of EspA and EspC
requires EsxA and EsxB and vice versa60. By contrast, although EspD is not
co-secreted with EsxA, complete depletion of EspD from bacterial cells res-
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ults in the loss of EsxA secretion66. EspD also has a role in the maintenance
of cellular levels of EspA that seems to be independent of its role in EsxA
secretion66.

EspA, EspC and EspD have sequence similarity to three Esp proteins
that are encoded by the esx-1 locus: EspE, EspF and EspH, respectively.
EspF and EspH are YXXXD/E motif-containing proteins, as are the ESX-1
proteins EspC and EspJ. Another Esp protein in ESX-1 is EspG1, which is
encoded by a gene that is located between espF and espH at the 5’ end of
the esx-1 core locus (figure 1a). EspG1 shows some resemblance to EspG
proteins of other esx loci and is thought to function as a chaperone that
protects domains from aggregation or polymerization, similarly to chap-
erones in other bacterial secretion systems11. In ESX-1, EspG1 binds to the
PE35-PPE68 complex, which seems to also be a feature that is conserved for
the EspG homologue in ESX-5, EspG5, which binds to the corresponding
PE-PPE heterodimers that are secreted by ESX-5 (REFS 67-69) (figure 2.3a).
Although this conserved substrate specificity suggests that EspG proteins
might be responsible for selecting substrates for secretion by their corres-
ponding ESX systems, it should be noted that EspG proteins do not bind
to EsxA or EsxB, and therefore the secretion of Esx proteins does not seem
to generally involve selection by EspG chaperones11. Similarly, EccA, a
cytosolic AAA+ ATPase that interacts with the C terminus of EspC61, might
also be a chaperone for EspC (figure 2.1c).

In addition to regulation through co-dependent export with other ESX-
1 substrates, such as the co-dependency between EspA or EspC and EsxA
or EsxB, ESX-1 secretion is tightly regulated at the transcriptional level by
WhiB6 (also known as Rv3862c), which is encoded by a gene that is located
at the 5’end of the esx-1 locus. The role of WhiB6 in regulating the tran-
scription of ESX-1 components was revealed by comparing M. tuberculosis
H37Rv with clinical isolates, which showed that clinical isolates expressed
ESX-1 components at substantially higher levels than H37Rv70. Transcrip-
tome analysis identified a single-nucleotide insertion in the promoter re-
gion of whiB6 that results in the downregulation of whiB6 expression and,
consequently, of numerous esx-1-encoded genes70,71. The insertion was loc-
ated in the binding site of PhoP, which, as the response regulator of the
PhoP–PhoR two-component system, has an important role in the regula-
tion of virulence and immunogenicity in M. tuberculosis72-74. Another key
regulator of ESX-1 that has been shown to be regulated by PhoP-PhoR is
EspR (also known as Rv3849)75,76. Although EspR was initially described
as being a substrate for, in addition to a regulator of, ESX-1 secretion75, a
later study could not confirm the secreted nature of EspR and provided
compelling evidence that EspR is a nucleotide-associated protein that reg-
ulates the expression of a wide range of virulence-associated transcripts
in M. tuberculosis76. Indeed, among other regulatory functions, EspR was
shown to regulate transcription of espACD, which, in turn, controls the se-
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cretion of EsxA and EsxB, owing to the co-dependent export of these sub-
strates with EspA and EspC. EspR is not the only transcriptional regulator
of espACD, as the operon has been shown to be transcriptionally repressed
by MprA-MprB (a two-component transcriptional regulatory system that
is associated with mycobacterial persistence; also known as Rv0981 and
Rv0982), for which binding sites have been described in the putative es-
pACD promoter region77. Interestingly, the requirement for PhoP-PhoR
in the cascade that leads to the secretion of EsxA and EsxB can be by-
passed through the deletion of the genomic region upstream of espACD,
which contains binding sites of the different regulatory systems75,77,78. This
regulation escape mechanism was discovered by transcriptome analysis of
tubercle bacilli that lacked region of difference 8 (RD8)79, which is adjacent
to the espACD operon80, and experimental transfer of the espACD allele
from RD8-deletion strains into a M. tuberculosis mutant that lacked PhoP-
PhoR. The expression of EspACD and the secretion of EsxA were restored
in the recombinant strains79, which explains the secretion of EsxA in lin-
eages of tubercle bacilli that have fitness-diminishing mutations in PhoP-
PhoR but in which RD8 has been deleted (Mycobacterium africanum lineage
6 and animal-adapted strains, such as M. bovis)81-84. These findings suggest
an evolutionary scenario in which the emergence of fitness-diminishing
mutations in PhoP-PhoR has been compensated by the deletion of RD8 in
these lineages (REF. 79), which enables the network that is regulated by
PhoP-PhoR to be bypassed and thus restores the secretion of EsxA.

Other ESX systems

ESX-5 is the most recent ESX system to emerge in evolution and is present
only in slow-growing mycobacteria3 (see dedicated section on page 33).
The eccB5-eccC5 region of the esx-5 locus in M. tuberculosis (rv1782-rv1798;
figure 2.1a) is essential for viability under standard in vitro growth condi-
tions85. However, this essential role can be circumvented through the de-
letion of the gene cluster that is responsible for the biosynthesis of phthio-
cerol dimycocerosates, which are lipids that are found in the mycobacterial
cell envelope of certain slow-growing mycobacteria, or through the hetero-
logous expression of MspA-like porins, which are not naturally present in
the outer membranes of slow-growing mycobacteria, from M. smegmatis86.
Based on these data, a model was proposed in which the ESX-5 system is
responsible for the export of cell envelope proteins that are required for nu-
trient uptake86, as a mechanism that compensates for the lack of MspA-like
porins in slow-growing mycobacteria86. Such a function is also supported
by the finding that ESX-5 seems to be regulated at a transcriptional level by
the Pst-SenX3-RegX3 system, which comprises a phosphate uptake com-
ponent and a two-component regulatory system that collectively control
gene expression in response to the availability of phosphate87.
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The role of ESX-5 in the secretion of mycobacterial proteins has been
studied extensively using the model mycobacterium M. marinum88-90. The
first experimental evidence of ESX-5 secretion by M. marinum was obtained
by cloning the full esx-5 locus of this species into M. smegmatis, which res-
ulted in the efficient secretion of heterologously expressed PPE41 (REF.
88). Later, in M. marinum and M. tuberculosis, ESX-5 was shown to be re-
sponsible for the export of a large number of PPE and PE proteins of di-
verse subtypes (figure 2b), many of which were not encoded by the esx-5
locus33,88,89,91, which suggests that export by ESX-5 is a major pathway for
the secretion of PE and PPE proteins. Thus, functional analysis of ESX-
5 might help to decipher the biological functions of PE and PPE proteins,
which, at present, remain mysterious despite the 18 years that have elapsed
since their first identification in the M. tuberculosis H37Rv genome project16.

Genes that encode the ESX-3 system (rv0282-rv0292) are conserved among
different mycobacteria, which suggests an important role for ESX-3 in vi-
ability for environmental and pathogenic mycobacterial species24,28,92. Ex-
pression of esx-3 genes is regulated by iron and zinc, and increases during
the chronic phase of infection in the lungs of mice93,94, which suggests a role
for ESX-3 in metal homeostasis27,28. Efforts to define the function of ESX-3
in M. tuberculosis had, for many years, been limited by an inability to re-
cover M. tuberculosis mutants that were deficient in ESX-3 components, ow-
ing to the essential requirement of some esx-3-encoded proteins for in vitro
growth in standard media, but this limitation was recently overcome by
supplementing the growth medium with various iron complexes, such as
haemin29. Subsequently, the use of deletion mutants that lacked PE5-PPE4,
EsxG (also known as Rv0287) or EsxH (also known as Rv0288 or TB10.4;
figure 2.1a) in proteomic analysis screens and mouse infection experiments
revealed that PE5-PPE4 has an essential role in the siderophore- mediated
iron-acquisition functions of ESX-3 (REF. 29). EsxH and EsxG, which have
been described as being secreted by ESX-3 as a 1/1 heterodimer95, have also
been shown to be required for iron metabolism; however, this role might be
indirect, through promoting the secretion of PE5-PPE4 (REF. 29). Indeed,
EsxG-EsxH seems to be a more general regulator of secretion rather than
a specific regulator of iron metabolism, as shown by its iron-independent
role in virulence that is thought to be mediated by promoting the ESX-3-
mediated secretion of PE15-PPE20 (REF. 29). Furthermore, a role for EsxG-
EsxH in host-pathogen interactions is also suggested by the findings that
EsxH strongly induces interferon-γ (IFN-γ) secretion in T cells from pa-
tients with tuberculosis and BCG-vaccinated donors96, and in CD4+ and
CD8+ T cells from mice infected with M. tuberculosis97,98, and that EsxH
interacts with, and inhibits, the endosomal sorting complex required for
transport (ESCRT), which has important roles in membrane trafficking in
mammalian host cells99. Finally, EsxH is a potent protective antigen when
used as a subunit vaccine fused with M. tuberculosis antigen 85B (a recog-
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nised T cell antigen that is encoded by rv1886c) and formulated with an ap-
propriate adjuvant100. Together, these observations have led to a growing
appreciation of the importance of ESX-3 in the infection process, although
the roles of ESX-1 and ESX-5 in the pathogenesis of M. tuberculosis currently
remain better characterised.

In contrast to ESX-1, ESX-5 and ESX-3, the functions of ESX-2 (rv3895c-
rv3884c) and ESX-4 (rv3444c-rv3450c) are wholly unknown. High-density
transposon screens have demonstrated that neither of these systems seems
to be required for in vitro growth nor for virulence of M. tuberculosis in
mice, and proteomic approaches have not been able to detect active secre-
tion of the putative ESX-4 substrates EsxU or EsxT, which leaves an un-
certainty as to the functionality of ESX-4 in M. tuberculosis24,90,101. Interest-
ingly, analysis of the genomes of M. leprae and M. lepromatosis, which have
been streamlined into minimal genomes by a process of extensive genome
decay102,103, showed that these pathogens have lost the esx-4 locus and have
non-functional ESX-2 systems103. Together, these observations suggest that
the functions of ESX-2 and ESX-4 in mycobacteria my be non-essential and
not host-oriented.

2.5 ESX-like systems in Gram-positive bacteria in the
firmicutes phylum

The genome sequences of several species in the low-GC phylum Firmicutes
are predicted to encode ESX-like systems, based on the presence of genes
that are predicted to encode an FtsK–SpoIIIE-like ATPase and associated
small proteins that have conserved Trp-X-Gly (WXG) motifs in the centre
of a 1̃00 amino acid polypeptide14, which are the two characteristic features
that are found in all ESX and ESX-like systems. For example, ESX-like sys-
tems have been identified in Bacillus anthracis5, Bacillus subtilis6,7, Listeria
monocytogenes10 and Staphylococcus aureus8.9. The ESAT6 secretion system
(ESS) of S. aureus is probably the best-characterised ESX-like system, ow-
ing to its role in virulence, and can thus be considered as a model for the
study of ESX-like systems in members of the Firmicutes. The ess locus in
S. aureus encodes 11 genes (see the figure, part a)8,137, some of which show
recognisable, but low, similarity to genes from mycobacterial esx loci. For
example, the ess locus encodes two WXG100 proteins, EsxA and EsxB, that
share 21% and 18% sequence identity with EsxA and EsxB in M. tubercu-
losis, respectively. Similarly to the mycobacterial proteins, EsxA and EsxB
in S. aureus are secreted substrates that are involved in host–pathogen in-
teractions. However, the heterodimeric complexes that are formed by EsxA
and EsxB in mycobacteria are not observed in S. aureus; instead, a homod-
imer formed by EsxA was revealed by X-ray crystallography138. Further-
more, biochemical evidence shows that the dimeric complexes EsxA–EsxA,
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EsxC–EsxC, EsxA–EsxC and EsxB–EsxD are all secreted by the ESX-like
system in S. aureus137; similarly to EsxA and EsxB, EsxC and EsxD are bac-
terial effectors that are involved in host–pathogen interactions9,137,139. The
secretion of EsxA and EsxB depends on other genes that are located in the
ess locus8,140.

Figure 2.4: Genetic organization and
working model of the ess locus in S.
aureus

Although the mechanistic roles
of these other genes are unclear,
a model has been proposed in
which esaA encodes a protein that
is involved in substrate secretion
across the membrane and essA,
essB, essC and essD (also known as
esaD) encode transmembrane pro-
teins that together form a complex
with EsaA9,137,139,141,412 (see the fig-
ure, part b). In support of this
model, recent work has shown that
mutants that lack essD are defect-
ive in the secretion of EsxA141. essC
is another example of an ess gene
that shows sequence similarity to
a mycobacterial esx gene, as it re-
sembles, to some extent, eccC of M.
tuberculosis; both essC in S. aureus and eccC in M. tuberculosis encode
Ftsk–SpoIIIE-like ATPases8. ESX-like secretion in S. aureus has an import-
ant role in abscess formation and staphylococcal persistence in host tissues,
but it is dispensable for bacterial growth8,9. For example, compared with
wild-type S. aureus, mutant strains of S. aureus that do not secrete EsxA or
EsxB were associated with a substantial decrease in bacterial load in the
liver and kidneys in mouse models8, and intravenous inoculation of mice
with S. aureus essD-deletion mutants generated fewer abscesses and a lower
bacterial load141. ESX-like secretion was also found to be required for nasal
colonisation in a murine lung pneumonia model, both for RN6390 and COL
strains of S. aureus139. Finally, EsxA in S. aureus inhibits apoptotic path-
ways in human epithelial cells, as shown by the increased rate of apoptosis
in cells that were infected with esxA-deletion mutants compared with cells
that were infected with wild-type S. aureus143. Together, these observations
suggest that ESX-like systems in S. aureus fulfil key functions during the
infection process.
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2.6 ESX systems in pathogenesis

Mycobacterial ESX systems have been known to be associated with patho-
genicity and host-pathogen interactions since their discovery19-23,32,33,88,89,104,105,
although pan-genome analyses show that ESX systems are also widely present
in non-pathogenic actinobacterial species4. ESX systems are thus thought
to have diverse functions that may include roles in cellular physiology and
horizontal gene transfer between strains. These roles may be linked to sur-
vival in different environments, and in some cases have been adapted by
certain pathogenic bacteria to survive under the harsh conditions that they
can encounter in the host. The ESX systems that have been best character-
ised as associated with host-pathogen interactions are ESX-1 and ESX-5.

Phagosomal rupture by ESX-1

ESX-1 is the most intensively studied ESX system, which is probably ow-
ing to its important roles in virulence and other host-pathogen interactions.
The biological implications of ESX-1-mediated host-pathogen interactions
are remarkable. Furthermore, the presence of a functional ESX-1 system
is essential for virulence in the obligate human pathogens M. tuberculosis
and M. leprae, as well as in the facultative human pathogens M. marinum
and M. kansasii. Mutant mycobacterial pathogens that lack ESX-1 have
defects that include attenuated pathogenicity and decreased intracellular
replication23,104,106 compared with wild-type strains.

Following phagocytosis by a macrophage, pathogenic mycobacteria in-
terfere with phagosome maturation and phagolysosome biogenesis to fa-
cilitate their survival107, which M. tuberculosis has been shown to do by
various means108, such as by inhibiting the proton-ATPase activity that
is responsible for phagosomal acidification109. ESX-1 is required for sub-
sequent phagosomal rupture, as was first reported in M. marinum110. Later
studies that used cryo-electron microscopy suggested that, during the later
stages of infection, intact cells of ESX-1-positive strains of M. tuberculosis
and M. leprae may translocate into the cytosol of the infected phagocyte111.
These observations challenged the long-standing view that pathogenic my-
cobacteria remain exclusively enclosed in the phagosome112, and, as such,
are subject to ongoing scientific discussion113,114. Following phagosomal
rupture, contact with bacterial components, or perhaps the bacterium it-
self, leads to sensing by the innate immune system and the activation of
associated defence mechanisms (figure 2.5). The development and use of a
fluorescence resonance energy transfer (FRET)-based phagosomal rupture
assay, which is based on cleavage of coumarin-cephalosporin-fluorescein
(CCF) by the mycobacterial β-lactamase42, enabled cytosolic contact of M.
tuberculosis to be demonstrated in various phagocyte types, with contact
detectable using a flow cytometry readout as early as three hours post-
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infection115. This technique can reliably distinguish between strains that
establish cytosolic contact and strains that remain enclosed in an intact
phagosome; however, it cannot provide a more precise measurement of
the subcellular location of the pathogen42,114. Studies of phagosomal rup-
ture by mycobacteria have also demonstrated a link between the ability of
a strain to establish ESX-1-mediated cytosolic contact and the induction of
host cell death42,43. Notably, the absence of most of the esx-1 locus in the
BCG vaccine strain has been shown to underlie the consequent inability of
this strain to establish cytosolic contact, which is fundamental to the atten-
uation of virulence that is observed for BCG compared with virulent M.
bovis or M. tuberculosis21,42. The role of ESX-1 in phagosomal rupture seems
to be mediated by the secreted substrate EsxA, which has been shown to
be able to disrupt artificial lipid bilayers21 and the plasma membranes of
red blood cells116. Furthermore, EsxA, but not EsxB, lyses liposomes52. The
two helices of EsxA each measure around 50 Åin length, which corresponds
approximately to the thickness of biological membranes and thus suggests
that the helix-turn-helix motif of EsxA might form insertions that span the
phagosome membrane117.

The biological and immunological repercussions of contact between my-
cobacteria and the host cell cytosol are numerous and represent an excit-
ing emerging field of research into host-pathogen interactions. Possible
interactions include those between bacterial pathogen-associated molecu-
lar patterns (PAMPs) and cytosolic sensors in the host cell, similarly to the
role of various cytosolic receptors of the host immune system in detect-
ing molecular components (such as DNA) of other intracellular pathogens.
Indeed, three independent studies have described a central role for the
cytosolic DNA sensor nucleotidyltransferase cyclic GMP-AMP synthase
(cGAS) in the detection of mycobacterial DNA that has entered the cytoso-
lic compartment118-120. The precise pathways by which DNA is released
from live M. tuberculosis into the cytosol remain unknown but may involve
the formation of extracellular vesicles that are secreted from the mycobac-
terial membrane or export by secretion systems, although mechanistic in-
sights are still lacking65,121. The sensing of DNA by cGAS leads to the syn-
thesis of the second messenger cyclic GMP-AMP (cGAMP), which activ-
ates the endoplasmic reticulum-associated stimulator of interferon genes
(STING) and the downstream serine/ threonine-protein kinase (TBK1)-inter-
feron regulatory factor 3 (IRF3)-IFNβ signalling pathway (figure 2.5). This
process leads to the expression of type I IFNs, such as IFNβ, which is a
strategic event in the interactions of M. tuberculosis with the host, as type
I IFNs are thought to be detrimental to the host in the context of myco-
bacterial infection. Indeed, infection experiments in mice revealed a de-
crease in bacterial load when type I IFN signalling was abrogated122,123

and patients with active tuberculosis have an upregulated type I IFN tran-
scriptional profile that is correlated with disease severity and that is down-
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Figure 2.5: Downstream effects of phagosomal membrane rupture medi-
ated by ESX-1 (Legend continued on the following page.)
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Figure 2.5: (Cont’d) A fundamental role of ESX-1 in the infection of mac-
rophages by M. tuberculosis is the membrane rupture of the phagosome in
which mycobacteria reside following phagocytosis. Rupture of the phago-
somal membrane leads to contact between mycobacterial components, or
perhaps even intact mycobacteria, and the host cell cytosol. Recent research
has suggested that membrane rupture is mediated by the membranolytic
action of EsxA, which is secreted in a heterodimeric complex with EsxB
into the phagosomal lumen. Subsequent detection of the bacterium and
bacterial-derived molecules (such as DNA) by sensors of the host innate
immune system has important consequences for signalling in the infected
cell. DNA is sensed by cyclic GMP–AMP synthase (cGAS), which synthes-
ises the second messenger cyclic GMP–AMP (cGAMP) from ATP and GTP.
cGAMP, which can also disseminate to bystander non-infected cells, ac-
tivates the endoplasmic reticulum (ER)-associated stimulator of interferon
genes (STING) pathway and the downstream serine/threonine-protein
kinase (TBK1)–interferon regulatory factor 3 (IRF3) signalling axis, which
leads to the production of interferon-β (IFNβ). Activation of TBK1 and
bacterial ubiquitylation may initiate selective autophagy of the pathogen
through recruitment of the autophagosome-associated lipidated isoform of
microtubule-associated protein 1 light chain 3 (LC3-II) to ubiquitylated my-
cobacteria and/or phagosomal membrane fragments (also see section on
page 48). Mycobacterial DNA in the host cytosol can also be sensed by ab-
sent in melanoma 2 (AIM2), which partially contributes to the activation of
the NOD-, LRR- and pyrin domain-containing 3 (NLRP3)–inflammasome,
leading to the activation of caspase 1 and cleavage of the precursor of the
protective cytokine interleukin-1β (IL-1β) followed by secretion of mature
IL-1β. The mechanisms shown in this figure are based on those described
in Refs118,119,120,171,172. Similarly, in CD11c+ immune cells (such as dendritic
cells), NLRP3–caspase 1 activation was also shown to induce the matura-
tion of pro-IL-18 into IL-18, which induces the production of IFNγ in CD8+

T cells and natural killer (NK) cells44. Ub, ubiquitin.
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regulated following successful treatment124. Aside from cGAS, mycobac-
terial DNA is also sensed by absent in melanoma 2 (AIM2), which leads
to the activation of NOD-, LRR- and pyrin domain-containing 3 (NLRP3)-
inflammasome signalling125-127 and, in turn, increased activation and secre-
tion of protective cytokines, such as interleukin-1β (IL-1β)126 (figure 2.5).
We note that M. tuberculosis had previously been reported to prevent in-
flammasome activation128, but this finding was probably due to the use of
the BCG strain, which lacks ESX-1, in most experiments125,126,128.

ESX-1-mediated cytosolic contact is also essential for NLRP3-inflamma-
some-mediated secretion of IL-18 by infected CD11c+ immune cells (such
as dendritic cells), which leads to the rapid, non-cognate production of
IFNγ by M. tuberculosis-antigen-independent memory CD8+ T cells and
natural killer (NK) cells, as was recently shown in various M. tuberculosis
infection mouse models44 (figure 2.5). Similarly, cytosolic access of myco-
bacteria is instrumental for the accumulation of the lipidated isoform of
microtubule-associated protein 1 light chain 3 (LC3-II) in dendritic cells129,
which is an isoform that is associated with autophagosomes. However, the
exact role of autophagy during infection with M. tuberculosis is a matter of
debate (see dedicated section on page 48).

Finally, the effects of ESX-1 on host-pathogen interactions also concern
granuloma formation and bacterial dissemination. For example, granu-
loma formation that is induced by M. marinum in zebrafish larvae was
found to depend on a functional ESX-1 system130,131. In the same model,
ESX-1 was also required for the induction of matrix metalloproteinase 9
(MMP9) in epithelial cells that were proximal to infected macrophages. The
induction of MMP9 enhanced the recruitment of macrophages to the granu-
loma site, which contributed to nascent granuloma maturation and bac-
terial growth132. Thus, it is plausible that ESX-1-mediated induction of nec-
rotic and/or apoptotic host cell death42,133 might contribute to granuloma
formation and/or cell-to-cell spread, which are generally not observed dur-
ing infection with BCG or other ESX-1-deficient strains.

Evidence for ESX-5 mediated pathogenesis

ESX-5 was the second ESX system to be shown to have an important role in
host-pathogen interactions. The first evidence for such a role was obtained
from studies on M. marinum, which showed that ESX-5 was required for the
induction of caspase-independent cell death and spread of infection, but
was dispensable for intracellular growth31,88. ESX-5 was found to modulate
innate immune responses90,134 by inhibiting induction of the production of
key cytokines in infected type I macrophages in human blood90. Similarly
to ESX-1 (REF. 135), ESX-5 contributes to the activation of the inflamma-
some and the secretion of IL-1β31,90. However, unlike ESX-1 (REFS 42,43),
no evidence for a role of ESX-5 in phagosomal rupture, which would lead
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to cytosolic contact of the mycobacterium, was found31.
Detailed investigation of the roles of the ESX-5 system and its PE and

PPE substrates in M. tuberculosis virulence, immunogenicity and host-pathogen
interactions have relied on M. tuberculosis deletion mutants and comple-
mented strains32,33,105. In vivo infection models showed that an M. tuber-
culosis deletion mutant that lacked five esx-5-encoded PE and PPE proteins
(PPE25, PPE26, PPE27, PE18 and PE19) showed attenuated virulence in
both a mouse model of severe combined immunodeficiency (SCID) and
in immune-competent C57BL/6 mice33,105, and an M. tuberculosis deletion
mutant that lacked EccD5 displayed a small colony phenotype and de-
creased intracellular growth capacity in cell culture and mouse models33,105.
Importantly, the reduced virulence of these two strains was not due to any
obvious interference with the production and/or secretion of the ESX-1-
associated virulence factor EsxA or ESX-3-associated EsxH105. Therefore,
ESX-5-associated PE and PPE proteins and EccD5 seem to have essential
roles in the pathogenic potential of M. tuberculosis, although the mechan-
isms by which these roles are mediated are currently unknown. The ESX-5
system in M. tuberculosis has been shown to be involved in the export of
a plethora of PE and PPE proteins that are encoded outside of the esx-5
locus33,105, including PE PGRS proteins32. For example, the M. tuberculosis
deletion mutant that lacked five esx-5-encoded PE and PPE proteins (see
above) remained able to induce T cell immunity against a large number of
PE and PPE proteins that are encoded outside of the esx-5 locus. By con-
trast, the export of these PE and PPE proteins was abolished in the M. tuber-
culosis eccD5-deletion mutant105, in accordance with reports that described
EccD5 as a conserved component of the ESX-5 secretion machinery32. Ana-
lysis of individual ESX-5-exported PE and PPE proteins is ongoing and
may reveal novel functions, such as the recent demonstration that PPE10
is essential for the integrity and stability of the mycobacterial capsule136.
Finally, deletion of the ESX-5 component EspG5 resulted in hypervirulence
of M. marinum in zebrafish, which suggests that ESX-5-mediated secretion
might help to establish a moderate and persistent infection134, although
further studies are required to understand the mechanistic basis for this
phenotype.

2.7 The role of autophagy following ESX-1 mediated
phagosomal rupture

ESX-1-mediated phagosomal rupture is instrumental for the cytosolic con-
tact that is required for mycobacteria and/or mycobacterial products to re-
cruit the lipidated isoform of microtubule-associated protein 1 light chain
3 (LC3-II)129,152, which is associated with autophagosomes. Selective auto-
phagy, in which the ubiquitin-mediated targeting of intracellular patho-
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gens to autophagosomes is followed by delivery to the lysosome, is an
evolutionarily conserved process that is used by eukaryotes to sterilise the
cytosol152,153. Ruptured membranes of Mycobacterium tuberculosis-containing
phagosomes can usually be labelled with antibodies against ubiquitin, which
suggests that these components might represent a potential substrate for
autophagic processes43. Selective autophagy was first shown to be a mech-
anism of the innate immune system for infections with group A Strepto-
coccus153, with later studies suggesting that autophagy has a similar role
during infections with M. tuberculosis154. Different pathogen-derived lig-
ands can trigger antibacterial autophagy, including sugar molecules, which
are recognized by the host protein galectin 8 (REF. 155), or double-stranded
DNA, which is detected by the stimulator of interferon genes (STING) path-
way152. Indeed, a study that showed that mycobacterial DNA may interact
with components of the STING pathway found that M. tuberculosis cells
were subsequently ubiquitylated for selective autophagy152. This study
also found that mouse cells that lacked the essential autophagy factor auto-
phagy protein 5 (Atg5) were highly sensitive to infection with M. tuber-
culosis, which led the authors to conclude that Atg5-mediated autophagy
might be a crucial innate immune mechanism against mycobacteria152. How-
ever, a function for Atg5 that is essential for cellular immunity to intracel-
lular pathogens but independent of autophagosomes has previously been
reported156. Furthermore, a recent study concluded that the increased sus-
ceptibility of Atg5-deficient mice to infection with M. tuberculosis could be
attributed to altered neutrophil recruitment and associated immune sys-
tem pathologies, rather than the impairment of autophagy. This conclusion
was based on experiments in which mice that had substantial autophagy
defects, owing to germline deletions in the autophagy pathway (Ulk1, Ulk2,
Atg4b or p62) or cell lineage-specific deletions of other essential autophagy
genes (Atg14l, Atg12, Atg16l, Atg7 or Atg3), were not more sensitive to in-
fection with M. tuberculosis than control mice157. Thus, the results of this
study seriously question the previously postulated importance of auto-
phagy in the control of mycobacterial infections.

2.8 ESX systems in therapeutics and disease prevention

Vaccines that are more effective and new therapeutic options will both be
required if the long-standing global health goal of eradicating tuberculosis
is to be achieved. Currently, Mycobacterium bovis bacille Calmette–Guérin
(BCG) is the only licensed anti-tuberculosis vaccine. However, although
BCG has an excellent safety record and efficiently prevents serious forms
of childhood tuberculosis (that is, meningitis and miliary tuberculosis), it
generally confers only poor protection against the most contagious form of
tuberculosis, which is pulmonary tuberculosis, in adolescents and adults.
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The limitations of the BCG vaccine are further enhanced by the heterogen-
eity of BCG strains, each of which has evolved in vitro in different institu-
tions worldwide158,159. However, one common feature of all BCG strains is
the absence of the ESX-1 system, owing to the deletion of RD1. However,
the presence of a functional ESX-1 system may improve the efficacy of live-
attenuated vaccine strains. For example, vaccination with a recombinant
strain of BCG that expresses ESX-1 has been shown to increase protection
against disseminated tuberculosis in mouse and guinea pig models20. Al-
though BCG recombinants that have the intact esx-1 locus of pathogenic
M. tuberculosis are more virulent than BCG in the severe combined im-
munodeficiency (SCID) mouse model of disease19, and thus are associated
with vaccine safety concerns, the generation of BCG recombinant strains
that have mutations in the esxA gene may resolve this limitation160. Sim-
ilarly, engineering BCG strains for heterologous expression of ESX-1 pro-
teins that are from less virulent mycobacteria than M. tuberculosis also has
promising potential for increasing vaccine efficacy without compromising
vaccine safety161. Aside from ESX-1, another ESX system that might be-
neficially be applied to vaccine design is ESX-3. The high-dose intraven-
ous administration of recombinant Mycobacterium smegmatis that expressed
the ESX-3 system from M. tuberculosis, but not endogenous ESX-3, was ef-
fective in protecting mice from challenge with M. tuberculosis162. Another
putative vaccine candidate is the attenuated M. tuberculosis ∆ppe25–pe19
strain, which lacks the ESX-5-encoded PE and PPE family proteins PE18,
PE19, PPE25, PPE26 and PPE27 (REF. 33). This strain, which retains nor-
mal ESX-1 functions, shows improved protective capacity against infec-
tions with M. tuberculosis in mice, compared with BCG105, and has recently
enabled the characterisation of the significant contribution of PE-specific
and PPE-specific T helper 1 (TH1) effector cells in anti-mycobacterial pro-
tective immunity163.

In parallel to improved vaccines, the identification of new therapeutic
agents is also urgently required to cope with the increasing emergence of
drug-resistant M. tuberculosis strains. A report that showed the extent of
acquired drug resistance, including resistance to two novel drugs for the
treatment of tuberculosis (Bedaquiline and Delamanid)164, underlines the
need to complement current therapies that are used to fight tuberculosis
with alternative strategies. In this respect, compounds that target bac-
terial virulence factors might conceivably provide additional therapeutic
possibilities. For the intracellular pathogen M. tuberculosis, screens that
test antimycobacterial drug efficacy inside host cells have the potential to
identify such molecules165-167. One of the compounds that already has
been identified, BTP15, indirectly inhibits ESX-1 secretion by targeting the
two-component regulatory system MprA–MprB166, which regulates the
espACD operon77. Another molecule, BBH7, increases outer membrane
permeability, as shown by increased ethidium bromide uptake166. RNA
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sequencing showed that infection with M. tuberculosis was associated with
the upregulation of genes with functions in metal-ion metabolism, which
results in metal-ion toxicity and upregulation of components of the ESX-1
secretion system. However, ESX-1 secretion is blocked by BBH7 and thus
bacteria remain trapped inside phagosomes166.

2.9 Conclusions and Outlook

The nearly 20 years of research that have followed the discovery of ESX
systems in M. tuberculosis have greatly contributed to our understand-
ing of the biological functions of selected ESX systems in mycobacterial
physiology and, even more importantly, the effects of these systems on
various aspects of host-pathogen interactions. The original finding that
EsxA and EsxB were prototype proteins for a very large family of then
unknown, small, WXG motif-containing proteins opened a new field of
research, which has produced numerous insights into diverse aspects of
bacterial physiology and infection biology. Notably, the study of these pro-
teins has led to the description of functions for ESX-1, ESX-3 and ESX-5 sys-
tems. Crucially for our understanding of host-pathogen interactions, ESX-1
systems, in conjunction with horizontally acquired espACD loci, have been
shown to mediate the rupture of phagosomal membranes inside host pha-
gocytes, whereas the function of the widely distributed ESX-3 system has
been described as metal ion homeostasis and ESX-5 has been shown to
secrete an extremely large and diverse set of PE and PPE proteins. Recent
pan-genome analyses have further elucidated the probable evolutionary
history of ESX systems and suggested an important role for plasmids in
the radiation of esx loci across mycobacterial species. Furthermore, struc-
tural biology studies have started to solve and interpret several of the pro-
tein complexes that are involved in ESX secretion. However, the biology
and structure of ESX secretion systems nevertheless remain far less well
understood than those of the type I-VI secretion systems that are found in
Gram-negative bacteria. Solving the structure of the ESX complex in the
mycobacterial cell envelope will be key to obtaining a more comprehens-
ive mechanistic understanding of observations such as the interdepend-
ence of certain secreted substrates and questions such as whether secreted
substrates might also function as structural elements of ESX systems. Such
insights are also expected to better explain the roles of ESX systems in my-
cobacterial biology. As the activities of certain ESX systems have been re-
ported to have profound effects on host-pathogen interactions, advances in
the field may also help to inform improved vaccine design and alternative
therapeutic intervention opportunities (see corresponding section on page
49). In summary, we expect that ESX systems will remain a highly anim-
ated field of research, with many exciting features still to be discovered.
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shown to mediate the rupture of phagosomal membranes inside host pha-
gocytes, whereas the function of the widely distributed ESX-3 system has
been described as metal ion homeostasis and ESX-5 has been shown to
secrete an extremely large and diverse set of PE and PPE proteins. Recent
pan-genome analyses have further elucidated the probable evolutionary
history of ESX systems and suggested an important role for plasmids in
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Gram-negative bacteria. Solving the structure of the ESX complex in the
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ive mechanistic understanding of observations such as the interdepend-
ence of certain secreted substrates and questions such as whether secreted
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insights are also expected to better explain the roles of ESX systems in my-
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