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Host and bacterial factors that regulate Mycobacterium
tuberculosis infection and persistence

Mamiko Niki and Sohkichi Matsumoto

1. Introduction

Tuberculosis (TB) is one of the most common and deadliest in-
fectious diseases caused by Mycobacterium tuberculosis. While the
overall number of new TB cases in developed world has declined, TB
is still a serious health threat. TB is transmitted by airborne droplet
nuclei containing M. tuberculosis cells. After inhalation, the bacilli in
the droplet nuclei are deposited within the terminal airspaces of the
lung. Some of these cells are killed by the immune system or cause
primary TB, while some become dormant. Approximately one-third of
the world’s human population is infected with M. tuberculosis, the
majority of which is in the dormant state. The dormant bacilli are
thought to halt active metabolism and persist without replication. Usu-
ally, these cells do not cause any symptoms in their host in what is
called a latent infection. After the latency period, dormant M. tubercu-
losis cells become active when the host is weakened by factors such as
stress, aging, malnutrition, and lowered immunity. Annually, approxi-
mately 2 million people die from TB worldwide, which contain caused
by reactivation of previously infected M. tuberculosis.

M. tuberculosis has no environmental or animal reservoir, and it
is believed to have coevolved with humans. Thus, the eradication of
persisting dormant bacilli has been thought to be the most successful
action against TB. However, current drugs for the treatment of TB
have little effect on dormant M. tuberculosis. Currently, at least 6
months are required to treat TB patients. These lengthy treatments are
costly in terms of patient time and money. Whereas, with abbreviated
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treatment, M. tuberculosis cells that have developed mechanisms of
evading the drugs can escape killing and proliferate as a resistant
strain.

Before the discovery of anti-TB drugs, the attenuated M. bovis
Bacillus Calmette-Guérin (BCG) vaccine was the only available ther-
apy against TB. The BCG vaccine exhibits high efficacy against TB in
newborns but variable efficacy against adult pulmonary TB and other
mycobacterial diseases. It is also claimed that BCG does not prevent
the establishment of latent TB or the reactivation of pulmonary TB in
adults. Therefore, the development of a novel, effective, and improved
BCG vaccination strategy is indispensable for the eradication of TB.
One of the current attempts to develop a novel BCG strategy involves
replacing the existing strain with a more effective vaccine. This is
generally thought to demand an improved, attenuated mycobacterial
vaccine strain obtained by reintroduction of important antigens into
the existing BCG vaccine strain. Thus, it is important to identify the
molecules and mechanisms that regulate the dormancy of mycobacteria
for the development of novel, effective BCG-replacement vaccines. In
this chapter, we introduce current studies of host and bacterial factors
that regulate the dormancy of mycobacteria.

2. Slow growth, dormancy, longevity, and latent infection

Bacteria are simple prokaryotic single cell organisms, most of
which replicate quickly compared to eukaryotic cells, which require
12-18 h for duplication. For example, the model organism Escherichia
coli and the human pathogen Streptococcus aureus multiply within
0.5-1 h. By contrast, the doubling times of M. tuberculosis complex
and M. leprae are 15-24 h and 2 weeks, respectively. These pathogens
cannot compete with rapidly growing competitors for the struggle for
survival. However, such a slow growth rate is suited to parasitism.
Reflecting the growth rate, all mycobacterial diseases, excluding toxin-
related-Buruli ulcer, are chronic and progress sluggishly.

Pathogenic mycobacteria survive in the host. M. tuberculosis
have adapted to humans since the modern Homo sapiens evolved from
its predecessor in east Africa and have spread across the world along
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the movement of human being.'? Even after being engulfed by phago-
cytic cells, such as macrophages, M. tuberculosis prevents the recruit-
ment of vesicular proton-ATPase and in turn inhibits the acidification
of phagosomes and lysosomal fusion.® A recent report suggested that
several days after infection, M. tuberculosis enters the cytoplasm from
phagosomes by utilizing a pore-forming toxin, ESAT6, and then mul-
tiplies.* Host immune responses cannot eradicate such virulent M. fu-
berculosis strains from the body. Instead, the host suppresses M. fuber-
culosis growth largely by the formation of granuloma, which blocks
the oxygen supply to M. fuberculosis.

Most commonly, M. tuberculosis infection remains latent (over
90% of infections). Five to ten percent of those who initially control
the infection later develop active disease at some point in their lifetimes
(Figure 1). The development of disease is critical for preservation of
the species because persisting M. tuberculosis will die upon the death
of the host. Therefore, frequent disease progression is not beneficial,
since the pathogen loses its harboring place. Mathematical models
calculate that an approximate 5% rate of disease onset is optimal for
species preservation of parasitic pathogens. Thus, it appears that M.
tuberculosis maintains a desirable onset ratio, which may have facili-
tated the wide spread of this pathogen.

2.1. Models of dormancy in vitro

Although latent TB is clinically defined as a state in which the
host exhibits no symptoms of disease, the conditions under which the
dormant cells form and the actual state of the bacterium in human la-
tency remain unknown. Based on the concept that dormancy is re-
garded as a stable but reversible and nonreplicating state, many scien-
tists have attempted to mimic dormancy in vifro. As the morphology
and staining pattern of persistent bacilli can be obtained by starving
cells on nutrient-depleted agar plates,® starvation is one of the most
extensively studied dormancy models. Loebel ef al. investigated the
effect of nutrient deprivation on the metabolism of persistent M. tuber-
culosis in a granuloma using a starvation model.® They found that nu-
trient deprivation resulted in a gradual shutdown of respiration to
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minimal levels, but the bacilli remained viable and recovered when
returned to a rich medium. Smeulders ez al. observed that nutrient-de-
prived M. smegmatis remained viable for over 650 days and displayed
increased stress resistance, mRNA stability, and an overall decrease in
protein synthesis.” Another study using microarray and proteome
analysis revealed that slowdown of the transcriptional apparatus, en-
ergy metabolism, lipid biosynthesis, and cell division occurred in re-
sponse to starvation, suggesting that the cells adapted to the nutrient-
starved state to maintain their viability.® Owing to its simplicity, ease
of handling, and reproducibility, the starvation model may be useful
for studying the metabolic activity of dormant bacilli.

Because tubercle bacilli are thought to persist in hypoxic areas
such as granulomas and caseous lesions, oxygen depletion is also used
to induce dormancy. Wayne established an in vifro model of dormancy
by gradual oxygen depletion in M. tuberculosis cultures.® In this model,
at least two stages of nonreplicating persistence were observed.® The
first stage, designated as nonreplicating persistence 1 (NRP1), occurred
when the declining dissolved oxygen level approached 1% saturation.
When the oxygen content of the culture dropped below 0.06% satura-
tion, the bacilli shifted to the second stage, designated as NRP2. NRP1,
which is equivalent to a microaerophilic condition, was characterized
by increased production of glycine dehydrogenase (GDH) and sus-
tained ATP concentrations without a corresponding increase in the
numbers of colony forming units or synthesis of DNA. On the other
hand, marked decreases of GDH concentrations were observed in cells
in NRP2 (equivalent to an anerobic condition). The upregulation of
GDH production suggests that mRNA synthesis occurred at least dur-
ing the NRP1 stage, and this enzyme is thought to provide a mechanism
for regenerating essential nicotinamide adenine dinucleotide (NAD) as
an adaptation to hypoxia. This model is now widely used to study the
mechanism of dormancy and provides substantial information such as
gene expression'' or metabolism'? in dormant mycobacteria.

Although the hypoxia model is used extensively, this model does
not reflect the situation where M. tuberculosis cells survive the stress
generated by surrounding activated macrophages, acidic pH, and high
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concentrations of reactive oxygen intermediates. In an attempt to
mimic additional host environmental conditions, other models such as
treating M. tuberculosis cells with nontoxic levels of nitric oxide (NO)
to model activated immune cells'® or exposing cells to mildly acidic
conditions that reproduce necrotic tissue'* have been developed. In
addition, combinations of such stresses were used recently to reflect
more accurately the complex of host milieu in studies of mycobacte-
rial responses.'>¢

Although these in vitro models are artificial, there is some evi-
dence that they accurately predict events in humans. For example, an
RNA polymerase inhibitor, rifampin, is critical for short-course che-
motherapy in humans'’ and is effective against latent TB."® Rifampin
also possesses the unique ability to kill M. tuberculosis cells in many
of these in vitro dormancy models. Similarly, metronidazole, a drug
specific for anerobes, kills dormant tubercle bacilli under anerobic
conditions, but it has no effect on actively growing aerobic cultures."
These phenomena suggest that the dormant cells in these models are
not metabolically inert but maintain active transcription for select cel-
lular processes. Thus, these models are likely to prove very useful in
future studies.

2.2. Experimental models in animals

Animal models have played an important role in evaluating the
effect of new anti-TB agents and vaccine candidates since Robert Koch
first used mouse as an experimental model. Subsequently, a variety of
animals have been used for TB research, and each animal model has its
strengths and weaknesses.

The most preferred and commonly used animal models for
studying the pathogenesis of M. tuberculosis is the murine model, ow-
ing to the advantages such as availability of immunologic reagents and
low costs. However, it is claimed that the murine model differs from
human TB in several ways. The most crucial difference is the ability of
mice to tolerate relatively large numbers of bacilli within their lungs.?
Further, unlike humans, they develop noncaseous granulomas in re-
sponse to infection.?! However, the immune response in mice has been
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shown to have direct correlates in the human system, including the
importance of CD4" T cells,*? interleukin (IL)-12,>** and tumor ne-
crosis factor (TNF)-0..26%7

Guinea pigs are well suited to study airborne TB transmission
due to their sensitivity to infection with a small number of M. fubercu-
losis bacilli.”® This model has an advantage of replicating many aspects
of TB in humans, such as lung tissue necrosis, loss of weight, and
death caused by disease. Unlike the murine model, the granuloma
formed in the guinea pig model contains Langhans multinucleated gi-
ant cells that can often be observed within human granulomas.?’ On the
other hand, infected guinea pigs are unable to sustain the M. tubercu-
losis infection and rapidly succumb to disease.’® This extreme and in-
herent sensitivity suggest that this model lacks the stage of latency.
Although a latency model of guinea pigs has recently been published,
it requires the use of a streptomycin-dependent strain and may not re-
flect the pathological condition of wild-type M. tuberculosis in a
host.*!

The rabbit model of TB has been extensively used by many re-
searchers because it appears to resemble the pathology of TB infection
in humans more closely because of the innate resistance of rabbits to
M. tuberculosis.®* M. tuberculosis-infected rabbits form organized
granulomas with caseous necrotic cores. Recently, it was reported that
rabbits serve as a model by which to study latent TB in humans, as
defined by the low bacterial burden and lack of clinical symptoms.*
However, unliké human latent TB, rabbits tend not to exhibit spontane-
ous reactivation unless they are experimentally immunosuppressed.**
In addition, compared with murine and guinea pig models, rabbit
models are expensive and require larger space to maintain. It is also
claimed that the rabbit model has a disadvantage of paucity of com-
mercial immunologic reagent relative to those available for mice.

Nonhuman primates such as the cynomolgus macaque may be
more reliable experimental animals that reproduce human TB infec-
tion.***” The macaque can be infected with a low-dose inoculum of M.
tuberculosis by aerosol and manifest latent TB and reactivation as ob-
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serveq in humans.» In addition, granulomas in latent TB macaques are
fibrotic and contain a caseous core that is similar to the lesion in hu-
mans.’® Recent investigation demonstrated that all macaques chal-
lenged by low-dose aerosol exhibited evidence of infection by either
the tuberculin skin test or lymphocyte proliferation assays to PPD.
Roughly half of these macaques progressed to primary TB, whereas
others developed a clinically latent infection. Moreover, about 40% of
animals with latent TB spontancously developed reactivated TB
months after infection, whereas the others maintained a dormant state
of infection.* Although macaques are costly and limit the number of
potential experiments, they can be a useful model for the study of hu-
man latency.

2.3. Molecules that are involved in the regulation of dormancy

During long-term persistence in the host, M. tuberculosis cells
are thought to change their surface antigen and metabolic pathways to
adapt to the host immune system. Many studies have identified mole-
cules that may be involved in dormancy using various approaches.
Barry et al. identified a protein remarkably expressed under several
stress conditions such as hypoxia and named it Acr or HspX.” Acris a
homolog of the small heat-shock protein a-crystallin and is induced
under a variety of conditions such as in the stationary phase,” hypoxia®,
and by phagocytosis of macrophages.*! Acr is a molecular chaperon
and thus is thought to prevent protein degradation after infection in
macrophages® and in the dormant state. The expression of Acr is
controlled by a transcriptional factor, DosR, which is essential for ini-
tiating mycobacterial dormancy.* Expression of this protein is now
used as a marker of dormancy regulation under hypoxia.

GDH was also identified as a protein induced in tubercle bacilli
during adaptation to anerobic conditions as previously described.! A
gene encoding NarX, a putative fused nitrate reductase, was found to
be strongly induced in anerobic bacilli by a comparative Northern
analysis performed by Hutter and Dick.* Other nitrate reductases,
NarG, NarH, NarJ, and Narl, which are enzymes involved in nitrate
respiration, were found to be important for the persistence of M. tuber-
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culosis in the lungs, kidneys, and livers of mice.*

Histone-like protein (Hlp), one of the histone-like proteins in M.
smegmatis, is present in low abundance in exponentially growing cells
(about 120 molecules per cell) but is upregulated during cold shock or
anerobiosis-induced dormancy.* Hlp is an ortholog of mycobacterial
DNA-binding protein 1 (MDP1) as described in the middle of this
chapter. Interestingly, one of the Hlp homolog, HupS in Streptomyces
coelicolor, was found to be upregulated specifically during sporula-
tion.”” HupS is nucleoid-associated in spores and is considered to affect
nucleoid architecture and the protection of spores. Hlp is also nucleoid
associated and binds DNA in vitro with very high affinity. However,
mutants lacking Hlp could grow normally and were not affected by
cold shock®® or oxygen depletion.* These results suggest that addi-
tional proteins must be involved in organizing the chromatin structure
in mycobacteria such as Dps* and Lsr2.%

Transcriptional regulators are also regarded as playing a role in
the responses of mycobacteria under environmental stresses. Sigma
factors are reported to be important during sporulation in other bacte-
ria. There are some sigma factors reported to be upregulated in dormant
cells, although their role in dormant bacilli is unclear. For example,
SigF was only observed in the slow growing pathogenic mycobacteria.
It is also reported that the transcription of sigF increased after exposure
to stresses such as entry into macrophages and in the stationary phase.
However, a sigF-knockout mutant exhibited no differences in survival
during microaerophilic or stationary-phase incubation. In addition, the
mutant exhibited no loss of ability of growth within macrophages, al-
though the sigF" knockout could not produce Acr, which was thought to
be important for its survival in macrophages.*?

2.4. Dormancy and sporulation

Because M. tuberculosis can persist in the host for a long time, it
has often been claimed that the bacilli may be able to form spores.>"*
Recently, Ghosh ef al. reported the possibility of mycobacteria form-
ing spores.*® They observed that spore-like structures were found in
stationary cultures of M. marinum that germinated into vegetative cells
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upon exposure to fresh medium. These “spores” exhibited many of the
usual characteristics of well-known endospores, such as resistance to
heat and the presence of dipicolinic acid. It was also revealed that old
cultures of M. bovis BCG contained the same structures. However,
another group, Traag et al., protested against these results.’ They
performed genome sequence analysis of 15 mycobacterium genomes
and found that they lack orthologs of many highly conserved genes
diagnostic of endospore formation. They also failed to detect the pres-
ence of spore-like particles by light microscopy and by testing for
heat-resistant colony forming units. They concluded that the possibili-
ties of mycobacterial spore production under unknown conditions still
remain, whereas spore-like inclusions previously reported have turned
out to be neutral lipid bodies*** or contaminated particles.’’” Further
studies are required to investigate the mechanism of dormancy and the
possibilities of spore formation.

3. The role of MDP1 in the regulation of mycobacterial growth and
pathogenesis

Under tough competitive conditions, living organisms tend to
maximize their rates of reproduction, while in relatively safe condi-
tions they maximize competitive forces to survive in crowded ecologi-
cal environments. Organisms that follow the latter pattern utilize a
strategy of slow growth, low-frequency reproduction, and host mainte-
nance that results in longevity. Mycobacteria resist bactericidal devices
of the host organs or cells that eliminate other competitive organisms.
Thus, mycobacteria are classified as organisms that use a slower pat-
tern of growth, although this is uncommon among bacteria. Mycobac-
teria grow slowly and can downshift to a nonreplicating dormant state
to persist for long periods. These characteristics are closely related
with the clinical states of mycobacterial diseases. The coordination of
growth is a central mechanism in biology, but in mycobacteria, its
precise mechanism is still largely unknown. In this section, we present
one of key proteins involved in the coordination of mycobacterial
growth and longevity.
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3.1. Identification of MDP1

One of the major factors responsible for the shift from a growing
to a dormant state is considered low oxygen tension.’® Because M. fu-
berculosis is an aerobic bacterium, hypoxia is sufficient to cause
growth arrest.® Similarly, it was reported that NO® and carbon mon-
oxide® induce mycobacterial dormancy depending on the inhibition of
respiration. Overall, the protective immune response to M. tuberculosis
infection induces a dormancy program iz vivo.6!

We postulated that regulation of gene expression is critical to
coordinating growth and dormancy in mycobacteria. We proceeded to
identify such proteins under the condition when Acr is expressed. We
found that Acr is expressed when BCG is cultured on Sauton media.®?
When BCG was cultured on Sauton media, a 28-kDa protein was the
most abundant cellular protein. Soon thereafter, we revealed that this
protein possesses DNA-binding activity.®® We purified this protein
from BCG and also cloned the gene. Because this protein was distrib-
uted among mycobacteria,* we designated it mycobacterial DNA-
binding protein 1(MDP1) (Figure 2). In the current DNA database,
however, a gene encoding a homologous protein to MDP1 can be
found in the Nocardiaceae genome as well.

The N- and C-terminal regions of MDP1 have similarity with the
histone-like protein HU and eukaryotic histone H1, respectively. The
structure of the bacterial chromosome is different from the chromatin
of eukaryotic cells and is associated with bacterial Hlp. Histone-like
protein coordinates the chromosomal structure and gene expression in
bacterial cells. MDP1 can be categorized as an histone-like protein,
and it might play pivotal roles in the fundamental process of DNA
functions.

3.2. Orthologs of MDP1

Dick ez al. found a protein that was remarkably upregulated in
O,-depleted dormant M. smegmatis (Wayne’s model) and designated it
Hlp.® Hlp is an ortholog of MDP1 in M. smegmatis. Furthermore, two
groups identified MDP1 orthologs in M. tuberculosis® and M. leprae.5
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Prasad et al. identified the protein as an immunodominant protein in
healthy humans who are exposed to TB patients through a T-cell blot
assay. They designated this protein as the Hlp of M. mberculosis
(Hlp,,), which is the same molecule as MDP1. M. leprae infects
Schwann cells by interacting with the laminin-a 2 chain on the axon
units.® Rambukkana et al. identified a protein adhesin in the cell wall
fraction of M. leprae that binds to laminin. They designated it 21-kDa
laminin-binding protein (LBP-21). LBP-21 is an ortholog of MDP1 in
M. leprae. Hlp/MDP1 also localizes on the cell wall of mycobacteria
and acts as an adhesin upon infection in nonprofessional phagocytes,
such as lung epithelial cells, through interactions with glycosamino-
glycans (GAGs).*"* MDP1 (HupB) is also observed in the extracellular
biofilm of M. ulcerans.”* However, Mukherjee et al. demonstrated that
HIp/MDP1 is associated with nucleoids but not with the cell wall.”
MDP1/Hlp does not possess a secretion signal. Thus, it is not clear
whether MDP1 in/on the cell wall originated from dead bacteria or was
actively secreted by undiscovered machinery.

3.3. MDP1 suppresses macromolecular biosyntheses

Syntheses of macromolecules, such as DNA, RNA, and protein,
are critical for the replication of cells. We examined the effect of MDP1
on macromolecular biosyntheses. The in vitro data demonstrated that
MDP1 has suppressive activities on the syntheses of DNA, RNA, and
proteins (Figure 3).

The effect of MDP1 on the syntheses of DNA and RNA is depen-
dent on its binding activity to nucleic acids, which is inhibited by ex-
ogenously added DNA. The synthetic peptide corresponding to the
31-50-amino acid region of MDP1 possesses strong DNA-binding
activity.” Based on the sequence of the 31-50-amino acid region, we
determined the DNA-binding motif to be TIxx AVxxGxxVTIxxFxxx
(x can be substituted by alanine).” This motif was perfectly conserved
in MDP1 orthologs but was not observed in any other nucleic acid-
binding proteins in the database. MDP1 binds to GC-rich DNA, while
almost all histone-like proteins bind to the AT-rich region. This dis-
crepancy of binding to DNA is one of the differences between MDP1
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and other bacterial histone-like proteins. The MDP1-specific motif
interacted with poly dG and dC, suggesting the important role of this
region in the interaction between MDP1 and DNA. Synthetic peptide-
based studies also disclosed that the C-terminal 111-130- and
186-205-amino acid regions have DNA-binding activity, although
their affinities are lower than that of the 31-50-amino acid region. The
DNA-binding activities of these three regions may participate in the
nucleic acid-binding activity of MDP1.

By contrast, our preliminary data showed that translational sup-
pression by MDP1 was not inhibited by exogenously added DNA. We
showed that MDP1 is a component of the purified 50S subunit of ribo-
somes,® suggesting that MDP1 localized on the ribosome similarly as
nucleoids. Recombinant MDP1 lacking ribosome-binding activity fails
to suppress translation. Thus, it is conceivable that translational sup-
pression by MDP1 is mediated by direct binding of MDP1 to ribo-
somes.

3.4. MDP1 coordinates bacterial growth

Next, we examined the effect of MDP1 on the growth rate of
bacteria. We expressed MDP1 in both E. coli and M. smegmatis. The
growth of each bacterium was retarded by MDP1 expression (Figure
3). MDP1 (HupB) is presumably essential in slow growing mycobac-
teria, such as BCG and M. tuberculosis.”*™ In 2008, Lewin et al. con-
structed an antisense plasmid targeting MDP1, which reduced the ex-
pression level of MDP1 by approximately 50% compared to that of
parental BCG. They demonstrated that downregulation of MDP1 in-
creased the growth of BCG in both culture media and macrophages.”
Taken together, these reports suggest an important role of MDP1 in
controlling the growth rate in slow growing mycobacteria.

As mentioned above, several groups including ours revealed that
MDP1 localizes in/on the cell walls of mycobacteria.®’"7 Because
MDP1 is retained in the cell wall but is not exported to the extracellular
milieu, we hypothesized that MDP1 tightly bound to some unknown
molecules in the cell wall. We found that MDP1 can bind glycolipids,
such as trehalose 6-monomycolate (TMM).”® TMM-derived mycolic
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acids are transferred to other TMM to synthesize trehalose-6,6'-
dimycolate and also to peptidoglycan-linked arabinogalactan to con-
struct the inner layer of the envelope, which is critical for cell wall
biogenesis in acid-fast bacilli.”” Antigen 85 (Ag85) complex proteins
(A, B, and C) are mycolyltransferases that catalyze the transfer of
mycolic acids to TMM and arabinogalactan.®*** We found that MDP1
has a dual concentration-dependant regulatory activity on the mycolyl-
transferase functions of the Ag85 complex.[78] High doses of MDP1
suppressed mycolic acid transfer to trehalose. MDP1 accumulates in
the cell wall fraction in the growth-retarded state and participates in
the cessation of cell wall biogenesis by inhibiting mycolic acid transfer.
Thus, MDP1 has a role to link cell wall biogenesis to the growth
state.

3.5. The possible role of MDP1 in dormancy

MDP1 plays significant role in coordinating the growth of myco-
bacterial cells, and Hlp/MDP1 was found to be remarkably upregulated
in the oxygen-depleted dormant state.® These reports suggested a sig-
nificant role of MDP1 in the dormancy of mycobacteria. MDP1/HupB
is presumably essential for slow growing mycobacteria,”*" but it can
be dispensable in rapidly growing organisms, such as M. smegmatis.5>%
Hlp-knockout M. smegmatis retained the ability to shift to the dormant
state in response to oxygen depletion and acquired phenotypic resis-
tance to isoniazid.> However, we recently found that dormant Hlp-KO
M. smegmatis gradually loses viability during the dormant phase.
Furthermore, Lewin et al. demonstrated that an approximate 50% re-
duction in MDP1 expression induced by an antisense plasmid remark-
ably influenced the protein expression and cell wall glycolipids consti-
tutions in the oxygen-depleted dormancy model.” These results suggest
that the biological role of MDP1 is much more significant in slow
growers and has great impact on the viability of dormant mycobacte-
ria.

3.6. Longevity-related enzymatic activity of MIDP1

Mycobacteria have acquired long life spans. Dormant mycobac-
teria presumably live as long as their human hosts. Reactive oxygen
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species (ROS) is one of the factors that promote the aging of cells.®
Accordingly, the ability to detoxify ROS is related to aging. Iron is an
essential metal for almost all living organisms.®*® The most active
ROS is the hydroxyl radical, which is generated through the nonenzy-
matic Fenton reaction in the presence of H,0, and Fe*". We recently
discovered that MDP1 has ferroxidase activity and can prevent the
Fenton reaction by converting Fe?* to Fe**.¥ MDP1 is a major compo-
nent in dormant mycobacteria. This newly identified enzymatic activ-
ity of MDP1 may contribute to the longevity of mycobacteria during
the dormant state.

3.7. Antigenicity and vaccine efficacy

Prasad et al. reported that Hlp,,/MDP1 is a highly immunogenic
antigen in M. tuberculosis-infected individuals.®® We examined the
antigenicity of MDP1 in mice and found that the immunogenicity of
MDP1 is stimulated in the presence of DNA. Coadministration of
MDP1 and CpG-DNA stimulated the production of proinflammatory
cytokines, such as TNF-a and IL-6, from macrophages and induced
host protection against M. fuberculosis infection.’” Thus, MDP1 and
CpG DNA are a disadvantageous combination for the parasitism of
mycobacteria. Despite this fact, M. tuberculosis must produce MDP1
because it is essential to their survival and probably to their longevity.
Based on this consideration, we think that the biological significance
of antigens as well as their antigenicity should be considered in the
development of TB vaccines and MDP1 is one of vaccine candidates
against TB.

4. Conclusion and future perspectives

Instead of rapid multiplication, mycobacteria have acquired a
slow growth pattern that promotes longevity. Host immunity affords a
desirable noncompetitive environment for M. tuberculosis in human
lungs, where this pathogen slowly grows or arrests growth, which
prevents the rapid death of the host. The adaptation of mycobacteria to
environmental stress may require the coordination of gene expression
and metabolic activity. Given the complexity of human TB, both in
vivo and in vitro models of latent TB models offer a vast resource for
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vaccine development and evaluation. Deeper investigation of the
mechanism of dormancy will lead to the improvement of anti-TB vac-
cination strategies.
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