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Summary of Recent Advances

Mycobacterium tuberculosis is the causative agent of the global tuberculosis epidemic. To combat
this successful human pathogen we need a better understanding of the basic biology of mycobacterial
pathogenesis. The use of mycobacterial model systems has the potential to greatly facilitate our
understanding of how M. tuberculosis causes disease. Recently, studies using mycobacterial models,
including M. bovis BCG, M. marinum and M. smegmatis have significantly contributed to
understanding M. tuberculosis. Specifically, there have been advances in genetic manipulation of
M. tuberculosis using inducible promoters and recombineering that alleviate technical limitations in
working with mycobacteria. Model systems have helped elucidate how secretion systems function
at both the molecular level and during virulence. Mycobacterial models have also led to interesting
hypotheses about how M. tuberculosis mediates latent infection and host response. While there is
utility in using model systems to understand tuberculosis, each of these models represent distinct
mycobacterial species with unique environmental adaptations. Directly comparing findings in model
mycobacteria to those in M. tuberculosis will illuminate the similarities and differences between
these species and increase our understanding of why M. tuberculosis is such a potent human pathogen.

Introduction

The global tuberculosis (TB) epidemic annually accounts for more than 3 million deaths
worldwide. Because of the capacity of Mycobacterium tuberculosis to cause latent disease, an
estimated 1-2 billion people worldwide are infected with M. tuberculosis. Immunodeficiency
caused by malnutrition, old age or HIV infection enhances development of active disease, either
from a primary infection or by reactivation of a latent infection. The global TB epidemic is
greatly exacerbated by insufficient public health measures to detect, prevent and treat TB, and
the lengthy antibiotic course required to treat active TB results in non-adherence and
development of bacterial resistance. The rising incidence of multi- and extremely-drug resistant
(MDR and XDR) TB is worrisome, indicating that more effort should be directed towards
understanding the basic biological pathways that underlie mycobacterial virulence. To thisend,
mycobacterial model systems have the potential to facilitate our understanding of M.
tuberculosis pathogenesis. In this review, we highlight how models have been used over the
past two years to study important aspects of M. tuberculosis biology, including virulence factor
secretion, dormancy and host response.
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Why are mycobacterial models useful?

The direct study of M. tuberculosis is vital to understanding its pathogenesis. However, use of
this pathogen in the laboratory is labor-intensive for several reasons. First, M. tuberculosis is
a Category three human pathogen, requiring dedicated biosafety level three laboratory and
animal facilities, substantial training prior to handling, and carries with it a risk of accidental
exposure [1]. Second, M. tuberculosis grows slowly, doubling every 22 hours in liquid culture.
Thus, colony formation requires two to three weeks, making each experiment time consuming.
While many laboratories successfully study M. tuberculosis, using mycobacterial model
systems to gain insight into M. tuberculosis virulence mechanisms is becoming more common.

While multiple mycobacterial species have been harnessed in the past to understand M.
tuberculosis virulence, three very different mycobacterial species, Mycobacterium bovis (BCG
strain), Mycobacterium smegmatis and Mycobacterium marinum now predominate the recent
literature as models for studying M. tuberculosis. M. bovis (BCG) is a member of the TB
Complex that was attenuated by serial passage in the laboratory. While it grows slowly like
M. tuberculosis, it is a Category 2 organism. M. smegmatis is a soil dwelling saprophytic
mycobacterial species that is a distant relative of M. tuberculosis. This avirulent mycobacterial
species is fast growing, with adoubling time of approximately four hours and colony generation
in two to three days. M. smegmatis is a particularly convenient model due to its ease of genetic
manipulation (due to much effort on the part of the mycobacterial community). M. marinum
is an occasional human pathogen that causes a TB-like infection in ectotherms. It doubles every
10-12 hours, resulting in colony formation from one to two weeks, and is amenable to similar
genetic manipulations as M. smegmatis. Importantly, M. marinum causes caseating granulomas
in zebrafish, which resemble those formed by M. tuberculosis in humans (reviewed in [2]).
Moreover, known virulence determinants are conserved between M. marinum and M.
tuberculosis such that genes from M. tuberculosis can complement mutations in orthologous
M. marinum genes [2].

Increasing the genetic tractability of M. tuberculosis using model
mycobacteria

The use of M. smegmatis has greatly contributed to genetic tractability of pathogenic
mycobacteria, beginning with the advent of plasmids for mycobacterial transformation in the
late 80's and early 90's, and the isolation of transformation permissive M. smegmatis strains
[3]. Recently, a technique known as “recombineering” was developed for both M. smegmatis
and M. tuberculosis, through the exploitation of mycobacteriophage genes that promote
recombination from PCR products [4,5]. Recombineering allows for direct manipulation of
the mycobacterial chromosome, which formerly represented a major technical limitation [4,
5].

Another important advance was the development of inducible mycobacterial promoters. By
directly controling gene expression, researchers can study the role of essential genes in both
viability and virulence, and can fine tune expression of genes during infection. The best
developed inducible systems in mycobacteria are the Tet-ON and Tet-OFF systems, allowing
for regulation of gene expression in the presence of anhydrotetracycline (atc) [6¢¢], [7] and
[8<]. In one example, the Tet-ON and Tet-OFF systems were used in M. smegmatis to make a
conditional secAl mutant [7] (Fig. 1). Moreover, the essential nature of the mycobacterial
proteosome during growth of M. tuberculosis on agar, in liquid media, and in mice was
characterized with this system [6e¢]. In another creative application of the Tet-inducible system,
aplasmid was constructed that allows for tunable expression of multiple mycobacterial proteins
in vivo [9¢] (Figure 1). Both the Tet-ON, Tet-OFF and one-plasmid expression vectors were
initially optimized in M. smegmatis and/or BCG and then applied to M. tuberculosis [7,9¢].
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Virulence factor transport

One of the most active areas of mycobacterial research is the regulation, selection and transport
of protein virulence factors that likely interact with the host cell during infection. Two systems
being studied are the accessory Sec system and the ESX systems (known as Snm, Ess, and
Type VII secretion systems).

The general secretion pathway (or Sec) functions to translocate proteins from the bacterial
cytosol to extracytosolic compartments. In many Gram-positive bacteria and mycobacteria,
there exists a second, non-essential copy of the SecA ATPase, called SecA2. SecA2 and the
accessory Sec system mediate secretion of proteins that are usually glycosylated, thereby
precluding secretion by the Sec pathway. (reviewed in [10¢]). Thus far, a handful of SecA2-
dependent substrates have been identified in both M. tuberculosis and M. smegmatis [10e,11]
and the molecular workings of the SecA2 ATPase have been elucidated in M. smegmatis [12,
13]. Interestingly, the role of SecAz2 in secreting virulence factors has recently been exploited
to develop a new HIV/MTB vaccine platform [14+]. Deletion of the M. tuberculosis secA2
gene in combination with lysA deletion and expression of HIV envelope protein induced a
strong CD8* T cell response in mice that was greater than that elicited by a BCG strain
expressing the same HIV envelope protein [14e].

The ESX secretion systems (ESAT-6 secretion systems) are alternative secretion machines that
are duplicated multiple times in the chromosome of both pathogenic and non-pathogenic
mycobacterial species [15]. The most well studied system is ESX-1, which is required for
mycobacterial virulence and is absent from the genome of the BCG strain(reviewed in [16¢]).
Both M. smegmatis and M. marinum have been used to elucidate the molecular mechanisms
of ESX-1 secretion, and to decipher its role in mycobacterial virulence (Recent examples
include [17-20]). In the past year, studies using M. marinum to understand ESX-1 have
identified two novel substrates (Mh3864 and EspF) [18,21e¢]. How are substrates secreted?
Champion et al. showed that multiple ATPases function to select and transport ESX-1
substrates [18]. Additionally, Carlsson et al. showed that the ESX-1 system localizes at the
poles of the bacterial cell, and provided the first visualization of the ESX-1 system in vivo
[21e<]. Finally, studies in M. smegmatis have suggested that ESX-1 regulates DNA conjugation
in non-pathogenic mycobacteria [17,22].

Two additional ESX systems (ESX-3 and ESX-5) have been studied, primarily in non-
tuberculous mycobacteria. First, the presumed ESX-3 genes were found to be regulated by iron
in both M. tuberculosis and M.smegmatis, and by zinc in M. tuberculosis [23,24]. Using both
M. smegmatis and BCG, Siegrist et al. demonstrated that ESX-3 is required for growth during
iron deprivation, for iron acquisition, and for survival in the macrophage [25¢¢]. Moreover they
provide the first demonstration that ESX-3 functions as a secretion machine, reporting the
secretion of the ESAT-6 ortholog, EsxH [25e¢]. Further, the Tet-inducible system was used to
create a conditional mutant of the ESX-3 system, showing that it is essential for growth in M.
tuberculosis [26]. ESX-5 has solely been studied in M. marinum, and was the focus of a recent
review [27¢]. ESX-5 functions to secrete a novel class of mycobacterial proteins, the PE/PPE
and PGRS proteins, and appears to modulate the response of macrophages to infection [28e,
29°].

Since most people exposed to M. tuberculosis develop latent (dormant) infection,
understanding the molecular basis of this stage is critical. Recent experiments using model
organisms have elucidated many important features of dormancy, but not all characteristics
are shared. Nonetheless, model organisms are well-suited to in vitro dormancy systems as many
known triggers of dormancy, including nutrient deprivation, hypoxia, nitric oxide, carbon
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monoxide and acid pH lead to similar responses in M. tuberculosis and non-tuberculous
mycobacteria.

Three of these signals, hypoxia (Reviewed in [30]), NO [31,32] and CO [32,33], operate via
the highly conserved two-component system, DosS-DosR (DevS-DevR) [34¢]. The DosR
transcriptional regulator and most of the dormancy regulon genes are shared in M.
tuberculosis and BCG, M. marinum and M. smegmatis [34¢]. Thus, further characterization of
the dormancy response in model organisms is likely to yield important and comparable results
to studies in M. tuberculosis, possibly accelerating development of drugs to inhibit or modulate
the dormancy response [35].

Recently, both M. marinum and BCG grown into stationary phase for 6 months were found to
sporulate at a low rate [36e¢]. Interestingly, when M. smegmatis was cultured in nitrogen-
limited conditions, “spore-like” forms were observed that exhibited antibiotic resistance,
diminished metabolic activity and diminished viability by CFU [37e¢]. These surprising
observations remain untested in M. tuberculosis, and the majority of predicted sporulation
genes are not required for virulence in macrophages [38]. However, since many sporulation
genes are conserved, it seems plausible that sporulation may be a general pathway for
mycobacterial dormancy.

Latent cells need to exit dormancy, and recent work in both M. smegmatis and M.
tuberculosis has identified the Iytic transglycosylases known as resuscitation promoting factors
(rpfs) [39] as vital for revival and virulence [40-42]. Rpfs also interact with the RipA
endopeptidase, an essential gene in M. tuberculosis [43]. Using the Tet-inducible system
described above, Hett et al. depleted RipA in M. smegmatis, and showed that RipA cleaves
peptidoglycan and is essential for cell division [44¢]. Interestingly, mutation of a M.
marinum homologue of ripA resulted in a filamentation phenotype, and in attenuated growth
in macrophages [45]. Thus, Rpf/RipA mediated reemergence from dormancy appears to be a
conserved mechanism in mycobacteria.

Host response

A vital component of M. tuberculosis pathogenesis is its ability to parasitize macrophages.
Accordingly, much effort has been devoted to understanding this process, including critical
experiments with non-tuberculous mycobacteria. Recently, a novel macrophage antimicrobial
mechanism mediated by ubiquitin derived peptides has been described for both M.
tuberculosis [46+¢] and M. marinum [47] (Fig. 2). Interestingly, while both organisms appear
to be targeted for lysosomal degradation by cell-surface ubiquitination, destruction of M.
tuberculosis is enhanced by autophagy [46+¢] while destruction of M. marinum is autophagy
independent [47]. Further suggesting an important role for ubiquitin in mycobacterial infection,
when M. smegmatis infected Drosophila S2 cells were depleted of the ESCRT machinery, M.
smegmatis colocalized with ubiquitin and were readily killed [48].

How might ubiquitination kill mycobacteria? A ubiquitin-derived peptide, Ub2 was shown to
impair the membrane integrity of both M. smegmatis and M. tuberculosis [49] (Fig. 2). While
screening for M. smegmatis strains resistant to Ub2, Purdy et al. found that mycobacterial porins
mediate Ub2 resistance by decreasing cell wall permeability. Surprisingly, Ub2 resistance was
independent of porin function. In a complementary study, M. smegmatis mutants bearing
deletions in one or more porins (including MspA) were found to be more resistant to killing
by J774 macrophages and also to nitric oxide in vitro [50]. Thus, a plausible model is that host
ubiquitination alters mycobacterial membrane permeability, allowing nitric oxide to kill more
readily.
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Conclusions

Given the dire need to understand the basic biology of mycobacterial pathogenesis, it is
important that researchers use all available tools to study M. tuberculosis. We have focused on
a small sample of recent studies in which mycaobacterial models have significantly contributed
to understanding M. tuberculosis. Despite the obvious utility of these models, it is crucial to
remember that model organisms such as BCG, M. smegmatis and M. marinum are themselves
unique species that have adapted to distinct environments (Table 1). It will be interesting to
compare the findings in these models to similar studies in M. tuberculosis. This assessment is
invaluable, as direct comparison of model organisms and M. tuberculosis will reveal both
shared and divergent pathways. Ultimately, this information will provide a better understanding
of how M. tuberculosis has evolved to be such a highly successful human pathogen.
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Figure 1. Recent Advances in Mycobacterial Tool Development

A. The Tet-ON and Tet-OFF inducible mycobacterial promoter systems, for example driving
the essential secAl gene. For the Tet-ON system, the TetR repressor occupies the tetO operator
in the absence of anhydrotetracycline (atc) repressing transcription. This is relieved upon atc
addition. Tet-OFF allows for transcription in the absence of atc, and transcriptional repression
or silencing in the presence of atc. B. Mycobacterial strains lacking the essential secAl gene.
Strains with Tet-ON secAl are only viable in the presence of atc, while strains with Tet-OFF
secAl are only viable in the absence of atc. C. The pTetCoex system. The inducible Tet-ON
promoter drives expression of gfp, while the Py, constitutive promoter drives expression of
rfip, a newly discovered red fluorescent protein. Black boxes represent terminators, and the
black arrow represents a stabilizing gene. D. Tunable expression of GFP and co-expression of
RFIP using TetCoex. Left, increase of GFP expression in M. smegmatis over time in the
presence of 200ng/ml atc relative to co-expression of RFIP (RFU, relative fluorescent units).
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Right, tunable expression of GFP in an atc dose-dependent manner, compared to constitutive
expression of RFIP. From [9] with permission.
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Figure 2. Mycobacterial killing by Ubiquitinated Peptides

Left, Model for killing of M. tuberculosis by ubiquitin peptides by macrophages. In IFNy
activated macrophages, the M. tuberculosis phagosome is thought to fuse with ubiquitin (Ub)
-containing vesicles including MVBs (multivesicular bodies generated by the ESCRT
complex) and LC-3 positive (red line) autophagosomes, and the ubiquitin coated bacteria are
targeted to the lysosome. Right, M. marinum differs from M. tuberculosis in that a population
of M. marinum escape the phagosome. Cytosolic M. marinum are coated with ubiquitin in an
autophagy-independent manner. The coated M. marinum have two possible fates. First, they
can be targeted to the lysosome. Second, the bacteria can shed the ubiquitin coated cell wall
(which itself is sent to the lysosome). It is possible that this population then forms actin tails,
the actin tail population is not ubiquitinated.
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