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1. ABSTRACT

Tubercle bacillus has remarkable ability to persist
in the human host and has caused latent infection in one
third of the world population. The current tuberculosis (TB)
chemotherapy while effective in killing growing bacilli is
largely ineffective in killing persistent or dormant bacilli,
leading to prolonged therapy. There is considerable recent
interest to study mechanisms of persistence and dormancy
in mycobacteria. Meanwhile, there is also confusion about
the use of terminology of dormant and persistent bacilli.
Different models of mycobacterial persistence have been
established. Various mycobacterial factors have recently
been identified that may be involved in persistence or
dormancy and resuscitation of dormant organisms. The
phenotypic resistance to antituberculosis drugs in persistent
and dormant bacilli presents a major challenge for effective
control of the disease. The host immune system is critical
in controlling latent TB infection from reactivation. A
recent interesting observation is the reactivation of latent
TB infection by anti-TNF-alpha antibody used as a
treatment for rheumatoid arthritis and Crohn’s disease. The
role of psychoneuroendocrinological factors in TB, which

is often ignored in the era of modern chemotherapy but
could be important for controlling latent infection, is also
briefly reviewed. There is recent interest to develop new
TB drugs that target persistent and dormant bacilli and also
immunotherapeutic agents that enhance chemotherapy and
better control latent infection. The complex interaction
between the bacteria, drugs, host and the environment
underscores the need for a combined approach that
incorporates chemotherapy, immunotherapeutic agents,
improved socioeconomic, nutritional and even conducive
psychological factors for more effective control of TB and
latent TB.

2. INTRODUCTION

Tuberculosis (TB) remains a leading infectious
killer worldwide, with 8 million new TB cases and 2
million deaths a year (1,2). The causative agent
Mycobacterium tuberculosis is a remarkably successful
pathogen that latently infects one third of the world
population (1,2). The HIV infection, which weakens the
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immune system and allows reactivation of latent TB infection,
and the increasing emergence of multidrug-resistant TB
(MDR-TB), pose a significant threat to the control of TB (1,2).
Although the current TB treatment is "effective", it takes a
lengthy period of at least 6 months (2). The reason for the
lengthy therapy is thought to be due to the presence of
persistent bacilli that cannot be killed by the current TB drugs,
and that the host immune response does not appear to be
sufficiently effective in ridding the host of the persistent bacilli.

Natural TB infection can become latent without any
apparent symptoms that can last from a few weeks to a
lifetime. Both bacterial and host factors come into play during
latent infection, where the tubercle bacilli residing in the
lesions in a quiescent state could reactivate when the host
immune system is compromised. Dormant or persistent bacilli
persist in the tissue despite immune response and
chemotherapy. The ability of M. tuberculosis to persist in the
host is primarily a feature of the tubercle bacillus itself largely
independent of host immune response or drugs. It must be
stated at the outset that the latency and dormancy phenomena
are not unique to tubercle bacillus, as they also occur in other
chronic and persistent infections such as streptococcal
infections, syphilis, and H. pylori (3,4). The dormancy
phenomenon is not even unique to bacteria. Plant, grass, and
perhaps even tumor, have the ability to become dormant and
reactivate or resuscitate later when the conditions are
appropriate (5). Thus the ability to form dormant cells appears
to be a property of all cells when there is a sufficiently large
cell population, and certain factors such as starvation, aging,
and low oxygen may facilitate the formation of dormant cells.

The topic of bacterial dormancy has received a
lot of attention in recent years because of its medical and
public health significance. Several reviews in this area are
available (5-9). In addition, several reviews on
mycobacterial latency have also been recently published
(10-18). The purpose of this review is to mainly focus on
M. tuberculosis with emphasis on new developments in
mycobacterial dormancy and persistence and on host
factors in the control of latent TB infection.

3. MYCOBACTERIAL DORMANCY AND
PERSISTENCE

Interest in mycobacterial dormancy and persistence
is primarily for two reasons. One is the frustration that the
current TB drugs are unable to kill persistent or dormant
tubercle bacilli leading to a lengthy chemotherapy, which
frequently contributes to development of drug resistance due to
poor compliance. The other reason is that tubercle bacilli have
remarkable ability to persist in vivo and become dormant for
years only to reactivate when the host immune response is
compromised, thus posing a significant problem for effective
TB control. Before moving onto the mycobacterial and host
factors that are involved in persistence or dormancy, it is useful
to define some of the terminology to avoid any confusion in
this area.

3.1. Definitions of dormancy, persistence and latency
There is a great deal of confusion concerning the

term dormancy, persistence, latency, and latent infection.

The term dormant TB bacteria has been used without
clearly or carefully defining its meaning. The imprecise use
of the terminology has generated inconsistencies and
confusion in this field. For example, bacilli in the Wayne
model of "dormancy" have been called "dormant" bacteria
when plenty of CFU-forming bacteria are present (19-21).
To avoid any further confusion, the authors are encouraged
to define the meaning of the terms when using the term
dormant or persistent TB.

3.1.1 Definition of dormancy
Dormancy can be defined as a reversible state of

bacterial metabolic shutdown (5,7). The term "dormant
bacteria" refers to bacteria in a state of dormancy, where
the bacteria with low metabolic activity remain viable but
do not form colonies directly or immediately on solid
medium but can be resuscitated to form colonies on plate
under appropriate conditions (5,7). Important features of
dormant bacteria include inability to grow directly on plates
and resistance to various stresses and antimicrobial agents.
The term "dormant bacteria" has been used carelessly by
various workers and has created considerable confusion in
the field. In many studies, "dormant" mycobacteria are not
dormant at all as they are still CFU-forming (19-21). It
must be emphasized that the definition of dormant bacteria
requires resuscitation from non-CFU forming to CFU
forming under appropriate conditions. Only recently the
presence of dormant tubercle bacilli have been
demonstrated in vitro in aged cultures (22-24), or in
macrophages (25) using resuscitation procedures involving
spent culture supernatant (22) or components derived from
the supernatant (23,24). The "dormant" bacilli in all
previous studies that did not involve the resuscitation may
not be appropriately called dormant bacilli. The only
exception is perhaps the persistent bacilli (may be called
dormant in this case) in the Cornell mouse model after 3
month INH and PZA treatment (27), which did not form
colonies on plates but caused relapse by
immunosuppressive steroids. Dormancy phenomenon is not
unique to M. tuberculosis, and various bacterial species
also form dormant bacteria under appropriate conditions
such as starvation, aging, low oxygen or low temperature
(5-8). Although these are some of the conditions that can
eventually induce the formation of dormant bacteria, the
bacteria may not immediately become dormant under these
conditions. The molecular basis of dormancy is not
understood but its elucidation requires appropriate
experimental models of dormancy (see below).

3.1.2. Definition of persistence
According to Walsh McDermott, a pioneer and

expert in microbial persistence, the term persistence refers
to "the phenomenon whereby otherwise drug-susceptible
microorganisms have the capacity to survive indefinitely
within mammalian tissues despite continued exposure to
the appropriate drug or drugs" (27). McDermott and his
colleagues tested 10 antituberculosis drugs singly or in
combination as pairs of 2-3 drugs, which all failed to alter
the persistence phenomenon. They went on, "Even the
administration of pyrazinamide and a companion drug, a
chemotherapy which rendered the tuberculous infection
truly latent, i.e., hidden beyond the limits of diagnostic
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reach, did not abolish the phenomenon of microbial
persistence" (27). However, the above definition does not
deal directly with whether the tubercle bacilli not killed by
the drugs could form colonies on plate or grow in liquid
medium. It can be inferred, however, that the bacilli in the
persistence phenomenon could be CFU forming in the case
of other drug combinations not containing PZA, or non-
CFU forming in regimens that contain PZA, which could
relapse spontaneously after cessation of therapy or induced
with immunosuppressant steroids. Tubercle bacilli in the
persistence phenomenon are often called persistent bacilli,
which can be CFU forming or non-CFU forming. However,
persistent bacilli cannot be equated with or called dormant
bacilli. While the non-CFU forming persistent bacilli can
be called dormant bacilli, the CFU-forming persistent
bacilli in the persistence model cannot be called dormant
bacilli. Here is a potential source of confusion and can
create problem for people who study bacterial dormancy. In
various studies with or without antibiotics, when the bacilli
are not eliminated and remain at a low level in the host for
a significant period of time, they were also called persistent
bacilli, which are CFU-forming in this case. The distinction
between persistent and dormant bacilli may be less
important from the host point of view (since whether CFU-
forming or not bacteria can cause reactivation of disease
when the immune system is weakened). However, this
distinction is important for the study of bacterial dormancy,
because it deals with CFU-forming versus non-CFU
forming bacteria, which are distinct entities that have
different physiological basis in bacteriology.

3.1.3. Definition of latency.
To avoid confusion with the term dormancy,

which is used to describe a bacterial property, the term
latency should refer to in vivo situation where bacteria and
the host have established a balanced state without causing
apparent symptoms in the host, as in latent infection (28).
Latent infection is commonly detected by tuberculin skin
test (TST) and more recently also by detecting interferon-γ
(QuantiFERON-TB test) produced by blood lymphocytes
in response to specific M. tuberculosis antigens (29,30). It
is worth noting that latent infection does not say anything
about the metabolic or growth status of the tubercle bacilli
in the host. It simply indicates the host is infected but has
not developed symptoms. It could be that a small number
of bacteria are actively multiplying but are controlled by
the host so that an equilibrium is established between the
bacteria and the host. Alternatively, it could also be that
bacteria are just not growing or remain dormant in the host.
Such distinction is important for understanding the role of
INH in the prophylaxis of TB (see below). Latent TB
infection can be treated with 6-9 months of INH, 4 months
of RIF or 2 months of RIF and PZA (31,32).

INH has been used for prophylaxis to prevent
recently infected individuals from developing into active
TB (33-36). In the past, this use of INH has been called
"preventative therapy" or "chemoprophylaxis" (34,35). To
avoid confusion, the terminology has been recently
changed to treatment of "latent TB infection" (LTBI) by an
expert group organized by American Thoracic Society and
CDC (31,32). However, the term LTBI is equally if not

more confusing and misleading (a misnomer?) (28,37). The
adoption of LTBI was perhaps also influenced by the use of
INH to treat "inactive TB" (38). However, the author went
back to the old paper and found that the term "inactive TB"
really refers to a group of patients who had no active TB
but with X-ray evidence of pulmonary disease very
suggestive of TB and of longer duration without prior TB
chemotherapy (38). It must be emphasized that tubercle
bacilli in the "inactive TB" patients does not necessarily
mean that the bacilli in the lesion are dormant or inactive.
Similarly, LTBI does not necessarily indicate the residing
bacteria in vivo are in a state of dormancy, since lack of
apparent symptoms in the macro-organism (host) cannot be
translated into lack of metabolic activity in the
microorganism (bacteria) as being latent or dormant. INH
is a drug that is active only against actively growing bacilli
but not effective against non-growing bacilli (39). The
proven usefulness of INH in the prophylaxis of TB strongly
suggests that during LTBI there must be a small number of
actively metabolizing bacilli that can be killed by INH.
The LTBI during the early infection can be different from
the latent infection by a small number of residual bacilli not
eliminated by chemotherapy, which may not be growing
and have slow metabolism. Yet, in both cases, the infected
individuals appear healthy without apparent symptoms.
However, INH while active against the small number of
actively growing bacilli in the former case, would be
expected to be totally ineffective against the small number
of residual bacilli in the latter situation. Thus it is probably
more appropriate to call the former case " recent or early
TB infection" where there are actively growing bacteria
rather than "latent TB infection", which gives the false
impression that bacteria in LTBI are also latent or dormant,
which is not the case. By avoiding the use of LTBI in the
context of INH prophylaxis, it may help to avoid the
peculiarity of INH being active against latent or dormant
tubercle bacilli, as some would incorrectly assume.

3.2. Dormant and Persistent Bacteria as Part of
Bacterial Life

Bacteria lead a life of “feast and famine”. We
know quite well about how bacteria behave during growth
phase, but know little about how bacteria behave during the
latent phase of the bacterial growth cycle. We all know the
typical growth curve has 4 phases, the lag phase, log phase,
stationary phase, and death phase (40). The study of
bacterial growth certainly appears to evolve in the same
sequence of bacterial growth curve. When a bacterial
inoculum is transferred to a fresh medium, growth does not
occur immediately but only after a lag phase, bacteria start
to replicate exponentially and bacteria in this phase are
sensitive to antibiotics and stresses. When a batch culture (a
closed system) is grown to stationary phase, bacterial
growth halts because of exhaustion of essential nutrients
and accumulation of toxic products where the bacteria
become resistant to various stresses and antibiotics. Upon
extended incubation in stationary phase, bacterial cells are
beginning to die exponentially (death phase) (40), though
nobody knows how they die. It is unclear whether the death
phase is due to some active genetic program that triggers
the death of bacteria or due to passive death as a result of
lack of nutrients or starvation or toxic metabolic products
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(9). It is increasingly appreciated that the bacterial cell
populations upon entering stationary phase become more
heterogeneous in morphology and metabolic states, while
some populations die, others survive and remain viable and
still others could even grow (cryptic growth) at the expense
of dead cells (41-44).

The current bacterial viability (and of course the
growth curve) is defined by culturability as in colony
forming units (CFU) on plates or growth in liquid medium
(5-7). The degree of bacterial viability depends on the time
of incubation of a batch culture: the older the bacterial
culture, the less viable bacterial cells. The number of CFU
of an aged stationary batch culture is in general orders of
magnitude less than the total number of bacterial cells in
the culture (5). The difference in the total number of cells
and CFU-forming viable cells, i.e., the nonculturable cells,
could be due to dead cells or dormant cells. Whether a
nonculturable cell is dormant or dead is not always easy to
tell and has to be determined retrospectively by
operationally or experimentally testing the bacteria under
highly specific conditions that facilitate the resuscitation of
the dormant cell. Kell and colleagues showed that an old
(3-6 month) batch culture of the Gram-positive
Micrococcus luteus while having very poor viability as
judged by direct plating actually contained about 50% cells
that were not dead and could be resuscitated to form
colonies with a conditioned medium consisting of fresh
medium and late log phase culture supernatant (45). Kell
and co-workers identified a 16-17 kD protein secreted into
the culture supernatant by Micrococcus luteus that has
resuscitation activity and could increase the viability of the
aged culture by about 100 fold (46). We have found similar
resuscitation activity in the culture supernatant of M.
tuberculosis (22). Therefore, it appears that bacteria can
release autocrine factors into the culture supernatant that
help to maintain viability. Besides resuscitation factors,
bacteria also produce toxic or inhibitory factors into the
culture supernatant, so that the viability of bacterial cells in
a culture is controlled by two opposing activities much like
Yin and Yang.

3.2.1. Formation of dormant bacteria
Not only the conditions that resuscitate the

dormant bacteria are not clearly defined (see next section),
but also the conditions under which the dormant cells form
are not completely understood. Nutrient starvation, aging,
low temperature, and oxygen depletion could induce or
facilitate the formation of dormant cells in bacterial
populations (22,24,45). Extended incubation or aging is
often needed to facilitate the formation of dormant cells. It
is not easy to obtain homogenous population of dormant
bacteria without dead or live bacteria. More often than not,
dormant cells are found in a mixture with dead and live
cells in aged bacterial cultures. There is considerable
debate as to whether dormant cells form through a pre-
determined genetic developmental program akin to that in
sporulating bacteria (8) or through a stochastic
deterioration (47). Colwell and colleagues proposed that
starvation and low temperature trigger a genetic program in
Vibrio cholera that induces a viable but non-culturable state
(VBNC) (8,48). The VBNC hypothesis has generated

considerable debate about meaning of viability, dormancy
and resuscitation. For a more detailed discussion of this
topic please refer to references 5-8.

Although it is difficult to find dormant cells in
young cultures, we have found that even young cultures
contain dormant bacteria albeit in small numbers (Zhang Y,
unpublished observations). It is well known that the
number of viable bacteria (that can form CFU) even in
young log phase cultures is always somewhat less than the
total number of bacteria (49). For example, Wilson found
that log phase E. coli always had less viable cells than the
total number of cells, i.e. about 90% of the total number of
bacteria (49). This in the past has been interpreted either as
due to dead bacteria or to human errors. It is quite likely
that this discrepancy could at least partly be due to the
presence of small numbers of dormant bacteria that do not
form CFU on plates. We have found that log phase cultures
also contain dormant organisms, though in small numbers
(Y. Zhang, unpublished observation). We hypothesize that
all cultures contain dormant bacteria to some degree, even
fresh stationary phase cultures, and the number of dormant
cells increases as the culture ages.

3.2.2. Dormant bacteria and morphological changes
Bacteria undergo morphological changes, i.e.,

become smaller and coccoid or ovoid, upon extended
starvation in old cultures (5,8, 50). While dormant bacteria
may indeed have altered morphology, not all small and
coccoid cells are dormant.  Shleeva and colleagues obtained
small ovoid coccoid tubercle bacilli in a 4 month old oxygen-
starved culture with zero CFU (Shleeva et al., 2002).
Histological studies have indicated that tubercle bacilli in the
lesions can have varying morphology, ranging from rod,
ovoid, to granular shaped (51). The number of CFU formed
from various types of lesions in many cases was considerably
lower than the total bacterial counts (51). In some instances,
tubercle bacilli resected from lesions in patients that had
chemotherapy, could not grow initially but some of them
showed growth only upon prolonged incubation of 9-12 weeks
instead of 3-4 week usual incubation time (52). Yet in some
other instances, tubercle bacilli are clearly visible in the lesions
but failed to grow in normal culture medium (53-56). It is not
clear whether these observable bacilli are dead or dormant. In
addition, filterable ultra-fine tubercle bacilli, non acid-fast, also
called, Much's granules  or Much's bacillus originally
discovered by Hans Much in 1908 (57), were often found in
the tuberculous lesions (58-60) and from patients that had
undergone TB chemotherapy (60). Inoculation of the guinea
pigs with the ultra-fine forms did not cause typical TB but led
to development of a peculiar granulomatous inflammation
characterized by macrophages, mononuclear cells and
epithelioid and giant cells (60). Cell wall deficient, non-acid-
fast (NAF) tubercle bacilli could be formed in vivo in lesions
or by treatment with cell wall hydrolase in vitro (61,62).
Interestingly, the cell wall deficient forms were considerably
less immunogenic (61) and thus may be responsible for the
long term persistence without being cleared by the immune
response. Do the coccoid forms revert to normal bacilli and
cause disease? Some do and some do not (63). The idea of
pleomorphic forms of bacteria as part of the bacterial life
cycle (58,59,64,65) has been largely forgotten or ignored
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by the mainstream bacteriologists but remains an
interesting possibility that needs to be re-examined in the
context of modern molecular biology and bacterial
dormancy.

3.2.3. Location of dormant organisms in vivo
It is not clear where dormant bacilli are located in

vivo, but it would be quite surprising if dormant bacilli should
have a different location than non-dormant bacilli. Therefore, it
is conceivable that dormant tubercle bacilli could reside both
intracellularly inside host cells and extracellularly in the
lesions. Interestingly a recent study in-situ PCR has shown that
apparently normal lung tissue of patients without tuberculous
lesions harbored tubercle bacilli in both macrophages as well
as non-professional phagocytes such as type II pneumocytes,
endothelial cells, and fibroblasts (66). TB DNA could also be
detected by PCR in mouse spleen and lung tissues in the
Cornell model (67). However, it is not clear whether the DNA
is from dead bacilli or dormant bacilli in both studies. Reverse-
transcription PCR (RT-PCR) is useful to determine if the
bacilli are dormant or dead. Using RT-PCR, it was shown that
the nonculturable or dormant tubercle bacilli in the Cornell
mouse model had mRNA transcript for Antigen 85 (68),
indicating that the dormant bacilli may still have some
metabolic activity.

3.3. Models of Persistence
3.3.1. The mouse model of mycobacterial persistence

Although various circumstantial evidence suggests
that M. tuberculosis can persist or remain dormant in vivo in
humans for long periods of time (69), the most convincing
evidence of dormant M. tuberculosis was demonstrated by
McDermott and McCune and colleagues at Cornell University
in New York in the 1950's and 1960's in a mouse model, called
the Cornell model (70,71). In this model, mice were infected
with virulent M. tuberculosis and the infection was allowed to
establish for two weeks, followed by treatment with a
combination of INH and PZA for 3 months. No bacilli could
be demonstrated in the mouse spleen as assessed by plating
tissue homogenates on agar medium after 3-month treatment
with INH and PZA. However, one third of the mice relapsed
with culture-positive tubercle bacilli when the treatment was
discontinued for 3 months (70). Almost all mice relapsed with
TB when immunosuppressive steroids were given (71).
Clearly, dormant tubercle bacilli persisted in the tissue and
were insensitive to antibiotic treatment. This indifference of the
dormant bacilli to the drug treatment was not due to
development of stable drug resistance, as these bacilli were still
susceptible to the drugs upon subculture. This phenomenon of
mycobacterial persistence is thought to be the cause for the
lengthy TB chemotherapy. There are variations of the Cornell
model that basically show the same disappearance and
reappearance phenomenon of tubercle bacilli in mice with
different infectious dose, route of infection (aerosol or
intravenous), different drug combinations (72,73), and
different agents other than steroids used in inducing the
reactivation of the disease.

3.3.2. The Wayne model of TB "dormancy"
Because tubercle bacilli in vivo are thought to be

located in low oxygen environment such as inside
macrophages, granulomas or caseous lesions, Wayne

established an "in vitro model of dormancy" where in vitro
grown TB cultures are subjected to gradual oxygen
depletion to mimic tubercle bacilli in vivo (74-76). Using
this model of low oxygen tension, Wayne proposed a two
stage nonreplicating persistence for M. tuberculosis in vitro
(76). The first stage designated NRP 1 (nonreplicating
persistence stage 1), occurred when the declining oxygen
level reached 1% saturation (equivalent to microaerophilic
conditions) and this stage is characterized by increased
production of glycine dehydrogenase and steady ATP
generation. The second stage, NRP 2, happened when the
oxygen level reached 0.06% saturation (equivalent to
anaerobic conditions) and this stage is characterized by a
marked decline of glycine dehydrogenase and susceptibility
to metronidazole (76). Nitrate reduction was increased in
hypoxic shiftdown in non-replication persistence and was
proposed as a marker for monitoring the shiftdown (77).
The protein synthesis in the bacilli was shutdown in the
Wayne model but remained responsive to heat shock and
the bacterial viability remained unchanged (78,79).
However, the bacilli in NRP 1 or NRP2 stage of the Wayne
model were fully viable and gave about 108 cfu/ml (76),
presumably because the relatively short time 10-14 days
employed is not sufficient to convert most bacilli to
dormant stage yet. (76). According to the definition of
dormancy (which refers to bacteria unable to form colonies
on direct plating but can be resuscitated under appropriate
conditions), the Wayne TB "dormancy" model does not fit
this criterion and appears to be more like a model of low
oxygen adaptation. Nevertheless, the Wayne model has led
to the identification of several factors such as isocitrate
lyase (ICL) and glycine dehydrogenase that are related to
persistence in vivo (80,81). Thus the Wayne model may
represent a stage on the way towards dormancy and would
still be a useful model to study dormancy as low oxygen
may trigger dormancy upon extended incubation. Indeed, a
recent study showed that longer incubation time of several
months in the Wayne model appears to produce significant
numbers of dormant bacilli (50). Despite the susceptibility
to metronidazole by the bacilli under anaerobic condition in
the Wayne model (76), metronidazole had little or no
activity in the mouse model of persistent TB (82,83),
indicating that the persistent bacilli in vivo may not be the
same as those in the Wayne persistence model.

3.3.3. The rifampin “persister” model
This model was recently developed by Hu et al.

(79), where a 100 day old stationary phase M. tuberculosis
culture was subjected to incubation with high dose of
rifampin (RIF) at 100 µg/ml for 5 days. The bacilli exposed
to RIF treatment failed to form colonies on 7H11 agar
plates but were able to grow in fresh 7H9 liquid medium.
These authors went on to show the persistent bacilli still
had the ability to metabolize C14-palmitate and produce
mRNA for sigB, rpoB and hspX (79)  The inability of the
rifampin persisters to form colonies on plates but still grew
in liquid medium is analogous to the dormant bacilli found
in the Cornell model. A modification of the rifampin
persister model is to add PZA along with RIF to old
cultures, eliminating a further bacterial population and the
residual bacilli more resemble dormant bacilli (79, see
Mitchison review in this issue). The nonculturable or
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persistent cells from RIF or PZA treated bacilli still had
mRNA transcripts and incorporated radioactive uridine into
their RNA, indicating that persistent bacilli still had
transcriptional activity (79).

3.3.4. The resuscitation model
We have recently found resuscitation activity in

the early stationary phase culture supernatant of M.
tuberculosis that could resuscitate dormant bacilli in old
batch cultures (22). We developed an in vitro dormancy
model, where a liquid culture of M. tuberculosis is allowed
to age for several months without shaking. Old cultures
when plated out on plates formed few or no CFUs and the
dormant bacilli in the old culture could be resuscitated with
culture supernatant of M. tuberculosis or components
derived from it to form more colonies on plates (22,23).
Although CFU formation is the most reliable measure of
viability, it takes lengthy incubation time especially for the
slow growing M. tuberculosis. To circumvent this problem,
we have used fluorescein diacetate/ethidium bromide
double staining to rapidly monitor the resuscitation process
(22).

3.4. Mechanisms of Dormancy and Resuscitation
3.4.1. Mycobacterial factors that may be involved in
dormancy or persistence

It is quite likely that tubercle bacilli can actively
manipulate the host immune system to its own advantage to
allow for long term persistence in the host through
secretion of bacterial factors or by changing its surface
antigenic properties to avoid immune attack. However,
these bacterial factors that modify the host immune
response and the mechanism of mycobacterial persistence
or dormancy are poorly understood, especially regarding
how TB bacteria get into and maintain a dormant state or
how persist in the host. Below is a list of mycobacterial
factors identified using various approaches that may be
involved in dormancy or persistence. However, it must be
said that the role of many of these factors is putative and
needs to be further assessed in a generally accepted model
(such as the Cornell model) of dormancy and persistence.

3.4.1.1. SigF and SigB
In an attempt to identify mycobacterial sigma

factors that might be involved in virulence and dormancy
regulation, oligonucleotide primers were designed based on
the conserved region of sigma 37 like sigma factors. PCR
amplification revealed several PCR products from M.
tuberculosis genomic DNA and partial sequencing analysis
of one cloned PCR product revealed sequence homology to
SigF of Streptomyces coelicolor (84). The complete M.
tuberculosis sigF gene was obtained from a genomic library
using the PCR product as a probe. The M. tuberculosis sigF
forms an operon with an upstream gene usfX (85),
encoding an anti-SigF (86). Interestingly, the inhibitory
activity of UsfX can in turn be negatively regulated by two
novel anti-anti-sigma factors, which appear to be regulated
by redox potential and phosphorylation (86). SigF is
present only in the slow growing mycobacteria and is
induced in stationary phase and a variety of stress
conditions such as nitrogen depletion, oxidative stress and
cold shock (84), and anaerobic conditions and antibiotic

exposure (87). Although there was no difference in in vitro
growth and survival in macrophages compared with the
parent strain, mutation in SigF caused reduced virulence in
a mouse mode of TB infection (88). sigB was induced  2.5
fold under low aeration when the other sigma factor gene
transcripts were lowered (89).  sigJ was shown to be
strongly up-regulated in the late stationary phase cultures
(90), but further functional study to address the role of SigJ
in the Wayne model is not available. However, none of the
above sigma factors was induced in the Wayne model in a
microarray study (91). It is unclear if there is any
persistence or dormancy specific sigma factor or multiple
sigma factors are required for dormancy formation.

3.4.1.2. ICL
Isocitrate lyase (ICL) is an essential enzyme for

metabolism of fatty acids in the glyoxylate shunt pathway
and was found to be induced earlier in the Wayne model
(75). The icl gene is induced inside macrophages in tissue
culture (92,93) as well as in macrophages in the non-
necrotic lesion in human lungs but not expressed in the
central necrotic lesion of granulomas in the lung (94). Its
involvement in the persistence of M. tuberculosis in mice
was initially identified by complementation of a M.
smegmatis icl mutant with an M. tuberculosis genomic
DNA library (80). ICL is not essential for the viability of
tubercle bacilli in normal cultures or in hypoxic conditions,
but important for long-term persistence in mice. Similarly,
ICL from Candida albicans has also been shown to be
important for persistence in a mouse model (95).

3.4.1.3. PcaA (cyclopropane synthetase)
PcaA was identified to be involved in persistence

of M. tuberculosis in mice by a transposon mutagenesis
approach based on changes in colony morphology and loss
of cording (96). This gene pcaA (proximal
cyclopropanation of alpha-mycolates) encodes a novel
methyl transferase involved in the modification of mycolic
acids in mycobacterial cell wall (96). PcaA knockout
mutants grew normally in vitro and replicated in mice like
the parent strain initially but were defective in persisting in
mice. In the mouse survival experiment, mice infected with
the PcaA mutant were still alive by 219 days whereas mice
infected with the parent strain died (96). Several other
cyclopropane synthetases such as CmaA1 and CmaA2 were
also found in M. tuberculosis (97,98), but their role in
persistence is not clear.

3.4.1.4. 16 kD-alpha crystallin (HspX, Acr)
The 16 kD alpha crystallin was originally

identified as a 14 kD immunodominant protein antigen and
was cloned by screening a lambda gt11 expression library
using monoclonal antibodies (99). Sequence analysis
revealed that the 14 kD or 16 kD protein is homologous to
the small heat shock protein alpha crystallin (Acr) (100).
Subsequent studies have shown that Acr is induced under a
variety of conditions, such as by stationary phase (101),
low oxygen conditions as in the Wayne model of dormancy
(102-104), reactive nitrogen (105), and inside macrophages
(106).  The 16-kDa protein has been proposed to play a role
in stabilizing cell structures during long-term survival in
low oxygen conditions (102), and a marker of hypoxic
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dormancy (91,107). Mutant of M. tuberculosis deficient in
the 16 kD protein had decreased survival inside
macrophages (103), though its role in persistence in mice
remains to be determined.

3.4.1.5. RelA
Nutrient starvation induces stringent response in

bacteria (108). In E. coli, the stringent response is a broad
transcriptional program involving at least 80 genes (108).
The stringent response is mediated by the signaling
molecule hyperphosphorylated guanine (ppGpp)
synthesized by RelA (ppGpp synthase I) and SpoT (ppGpp
synthase II) (108). In M. tuberculosis however, there is
only a single RelA homolog (98), which is a protein of
738 amino acids that is an ATP:GTP/GDP/ITP 3'-
pyrophosphoryltransferase and an Mn2+-dependent
(p)ppGpp 3'-pyrophosphorylhydrolase (109). RelA
mutation caused significant defect in long term survival in
vitro and reduced ability to survive at anaerobic conditions,
although the mutant appeared to behave as the parent strain
in the initial growth phase and also survival inside
macrophages (110). In a more recent study, it was shown
that mice infected with RelA mutant had impaired ability to
sustain chronic infection compared with the wild type strain
H37Rv (Dahl et al., 2003). In addition, significant
histopathologic differences were noted in lungs and spleens
of mice infected with RelA mutant compared with control
strain H37Rv (111). Microarray analysis showed that the
RelA mutant had a generalized alteration of the
transcriptional apparatus, and also specific changes in the
expression of virulence factors, cell-wall biosynthetic
enzymes, heat shock proteins, and secreted antigens that
may change immune recognition of the organism (111).
These studies suggest that the M. tuberculosis RelA plays
an important role in establishing persistent infection in
mice.

3.4.1.6. PE-PGRS family
By examining mycobacterial genes that are

preferentially expressed in macrophages in a frog
granuloma model of tuberculosis caused by M. marinum,
Ramakrishnan and colleagues found two homologs of the
M. tuberculosis PE-PGRS family, that are involved in
virulence and persistence (112).  Mutation in the two PE-
PGRS genes rendered M. marinum unable to replicate in
macrophages with decreased persistence in granulomas
(112). There are about 100 members of the PE-PGRS
family in the M. tuberculosis genome with unknown
biological function (98), but some of them have been
shown to bind fibronectin (113) and be localized in the cell
wall and cell membrane of M. tuberculosis (114,115). It has
been proposed that the variable PE-PGRS proteins may be
a form of antigenic variation that may provide an advantage
for the bacilli to avoid detection and clearance by the
immune system and allow long-term survival of tubercle
bacilli in vivo. However, the role of PE-PGRS in
persistence of M. tuberculosis in vivo needs to be more
vigorously assessed.

3.4.1.7. Glycine dehydrogenase (GDH)
GDH encoded by gvcB, was induced during the

early phase (NRP1) of adaptation of tubercle bacilli to

anaerobic conditions in the Wayne dormancy model
(75,117). Although the role of GDH in persistence of M.
tuberculosis in vivo remains to be demonstrated, a recent
study with Brucella abortus has found that GDH of B.
abortus is required for the long term chronic persistence in
a mouse model (81).

3.4.1.8. DevR-DevS/DosR-Rv3133
The two-component system DevR-DevS was

initially identified as being preferentially expressed in
virulent strain H37Rv over avirulent strain H37Ra in a
subtractive hybridization analysis (118). In subsequent
studies aimed at characterizing mycobacterial genes that
are induced in the Wayne model, the same two-component
response regulator pair was identified by microarray
analysis and named Rv3133c/Rv3132c (91). Disruption of
the Rv3134c located upstream of Rv3133c/Rv3132c
eliminated the hypoxic regulation of alpha-crystallin acr
(91), probably due to a polar effect on the downstream gene
Rv3133c/DosR, which was later shown to be a
transcription factor that controls the hypoxic related genes
in tubercle bacilli, since inactivation of Rv3133c or DosR
abolished the rapid induction of hypoxia induced gene
expression (107,119). This suggests that DosR is a key
regulator in the hypoxia-induced mycobacterial
"dormancy" response (107). Although the mutant of DosR
or Rv3133c grew as well as the wild type strain initially in
a 5 day incubation, it survived significantly less well upon
extended incubation up to 40 days in the Wayne model
(107). However, conflicting data were obtained in a recent
study involving DevR (DosR or Rv3133c) in SCID mice or
immunocompetent  DBA mice (120), where it was shown
that DevR deletion caused "hyper-virulence" compared
with the parent strain. This was demonstrated by reduced
survival time for infected mice (30.5 days in DevR mutant
infected mice versus 40.5 days for the parent strain infected
mice), higher CFU in macrophages and infected organs,
though the difference in bacterial numbers was modest,
about 8-10 fold in organ CFU count and a 13% increase in
the growth of devR∆ mutant in 24 h compared to a
reduction of 50% in wild-type bacteria (120). The fast
growing mycobacterium M. smegmatis has homologs of
DevR/Rv3133c and Acr, and the same findings obtained
for M. tuberculosis as above have also been found to be
true for M. smegmatis (21,121). In addition, DevR or DosR
mutant of M. smegmatis was not only more sensitive to
hypoxia but also more sensitive to heat stress than the wild
type bacteria (121).

3.4.1.9. NarX and NarK2, and NarG
In a comparative Northern analysis of 23 genes

identified in M. tuberculosis genome that might play a role
in energy metabolism under anaerobic conditions, Hutter
and Dick found the mRNA level for narX, a putative 'fused
nitrate reductase' absent from  other bacteria, was strongly
induced in anaerobic BCG bacilli (122). NarX was
proposed as a possible useful marker for monitoring the
persistent bacilli in infected animals. Using lacZ reporter
promoter construct, narK2, encoding a putative nitrite
extrusion protein, was identified that was induced in the
hypoxic conditions in the Wayne "dormancy" model (123).
M. bovis BCG lacking anaerobic nitrate reductase
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(NarGHJI), an enzyme essential for nitrate respiration,
failed to persist in the lungs, liver, and kidneys of mice
(124).

In a whole genome microarray analysis, more
than 100 genes whose expression is altered by hypoxia
(0.2% oxygen) (91) were identified. Forty seven genes
were induced including the 16 kD alpha-crystallin, NarX,
NarK2 (nitrate extrusion protein), ferrodoxin (fdxA),
bacterioferritin (bfrB), pfkB (phosphofructokinase II), ctpF
(probable cation transport ATPase), glpQ1(phosphodiesterase),
AhpC, and the response regulator Rv3132/Rv3133/Rv3134,
and many other genes of unknown function. Several of the
above genes [Rv0569, Rv2031c (HspX), Rv2623, Rv2626c,
and Rv3841 (BfrB), Rv0363c (Fba) and Rv2780 (Ald)] have
been shown to be induced in a S35-metabolic labeling
experiment (125). Among about 60 genes that were
repressed by hypoxic conditions, they were genes involved
in protein, DNA, and lipid synthesis, amino acid and
polyketide synthesis, and aerobic metabolism (91),
indicating a reduced metabolic activity caused by hypoxic
conditions.

Using a nutrient starvation model, Betts et al.
characterized M. tuberculosis genes in a microarray and
proteome analysis (126). Proteomic analysis of 6-week-
starved M. tuberculosis cultures in a nutrient starvation
model of mycobacterial persistence revealed the induction
of several proteins (126), the 16 kD alpha-crystallin, a 24
kD hypothetical protein Rv2557, a 26 kD hypothetical
protein Rv 2558. The 24 and 26 kD proteins are adjacent to
each other in the genome and share 69% amino acid
identity with unknown function. However, the expression
of some proteins was decreased in this model, including the
MPT64, and a chaperone protein homolog (Rv2462cTig),
which is similar to B. subtilis trigger factor possibly
involved in protein export. Microarray analysis indicated a
general repression of transcription and metabolic slowdown in
energy metabolism, lipid biosynthesis and cell division. On the
other hand, the genes involved in stringent response and
several other genes that may be important for long-term
survival were induced in this model (126). It is worth noting
that several sigma factors genes sigB, sigD, sigE, sigF and
rsbW (anti-sigF) were induced but the RNA polymerase
subunit genes rpoA and rpoC, were repressed (126).

3.4.2. Mechanism of resuscitation
How M. tuberculosis develops dormancy and

how it exits dormancy into actively growing state is
unknown and is a subject of current active investigation.
We have recently identified a resuscitation activity from the
culture supernatant of early stationary phase M.
tuberculosis cultures, which could resuscitate dormant
tubercle bacilli in old batch culture (22). In a subsequent
study, the active components have been found to be
phospholipids and an 8 kD secreted protein (Rv1174c)
derived from the supernatant (23). Independently, Kell and
colleagues have identified a 16 kD resuscitation factor from
M. tuberculosis based on homology to Micrococcus luteus
resuscitation factor (46) (see below). However, these
studies are just a beginning and further studies are needed
to understand the mechanisms of resuscitation.

It is well known that to start an M. tuberculosis
culture requires a large inoculum size, and a small inoculum
often fails to initiate the growth of M. tuberculosis in
subculture (127). The reason behind this phenomenon is likely
due to the requirement of a quorum sensing like growth
enhancement factors. Culture supernatant of M. tuberculosis
(22) and also active components derived from it such as
phospholipids (23), could allow small inocula to initiate
growth in liquid medium, which otherwise did not do so. The
resuscitation phenomenon in M. tuberculosis only occurs with
the culture supernatant of its own. Culture supernatants from
other bacterial species such as M. smegmatis  or E. coli had no
effect on resuscitation of old dormant TB cells (22). It would
be of interest to test whether the dormant tubercle bacilli in the
spleen of mice, which fail to grow on agar plates as
demonstrated in the Cornell model, could be resuscitated to
form colonies on plates by the resuscitation activity of the
supernatant. Indeed, preliminary studies indicated that some of
the spleen tissue samples contain dormant bacilli that did not
grow in normal culture medium such as 7H9 medium even
upon extended incubation for 2-3 months, could be
resuscitated and started growing in the presence of certain
amount of spent culture supernatant (Y. Zhang, unpublished
observation).

Another resuscitation factor, called resuscitation
promoting factor (Rpf), which is a 16 kD protein derived from
a Gram-positive coccus Micrococcus luteus, has been shown
to stimulate the growth of not only itself but also a range of
mycobacteria including M. tuberculosis (46).  M. tuberculosis
has five homologs of the M. luteus 16 kD Rpf in the genome
(46). Subsequent studies have shown that the 5 M. tuberculosis
Rpf when overexpressed and purified indeed had growth
stimulating activity for M. tuberculosis (24). The 16 kD Rpf of
M. tuberculosis (Musakulva and Kell 1998) could stimulate
the growth of tubercle bacilli with a small inoculum prepared
from old cultures, but did not stimulate the growth of actively
growing BCG cells (24). The five rpf-like genes were
expressed in actively growing cells, but not in non-growing
cells (24). Antibodies raised against Rpf proteins could inhibit
the growth of BCG in vitro (24). While the 16 kD Rpf is
essential for M. luteus as it has only a single copy (24), the
Rpfs in M. tuberculosis did not appear to be essential for
viability as rpf knockout mutants are unaffected for growth
presumably due to its redundancy in the genome (J. Chan and
W.R. Jacobs, personal communications).

When discussing resuscitation of dormant bacteria,
it is important to distinguish between resuscitation and
regrowth. Resuscitation refers to dormant bacilli which
otherwise fail to grow on plate or in liquid medium could
regain this ability upon treatment with certain factors.
However, regrowth refers to residual viable bacteria to start
growth upon cultivation in common culture medium. These are
very different concepts but in reality, unless a whole culture
fail to form CFU due to formation of dormant bacteria, it is not
always easy to distinguish the two. Indeed, in many instances
both situations exist.

3.5. Phenotypic Resistance and Non-growing, Dormant
or Persistent Bacteria

Antibiotics are usually active against growing
bacteria but are ineffective against non-growing bacteria.
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Hobby was the first to observe this phenomenon in 1942,
when she found that penicillin, while killing replicating
bacteria, was inactive against non-growing pneumococci in
liquid cultures kept at 4 oC or in stationary phase (128). The
reliance on bacterial growth for antibiotic activity was
elegantly demonstrated by Kondo and Kanai using an
ingenious approach involving a streptomycin-dependent M.
tuberculosis strain. They showed that the effectiveness of
chemotherapy is closely associated with bacterial growth in
a mouse model (129). In the absence of streptomycin where
there was no growth of tubercle bacilli, the TB
chemotherapy was not effective in killing the bacilli but
was effective in the presence of streptomycin where the
streptomycin-dependent bacilli could replicate. This study
indicates that bacterial replication is necessary for the drugs
to kill the bacteria. The insusceptibility of the non-growing
bacteria to antibiotics is due to changes in bacterial metabolism
or physiological state and is thus called phenotypic resistance.
There are at least three types of phenotypic resistance based on
their physiological state. They are, stationary phase phenotypic
resistance, persister phenotypic resistance, and phenotypic
resistance in dormant bacteria.  When bacteria are not growing
as in stationary phase or in biofilm infections associated with
implanted device, they are not susceptible to antibiotics even
though the bacteria are viable (130-133). In E. coli the
phenotypic resistance to antibiotics and biocides was shown to
be dependent on the expression of stationary phase general
stress response sigma factor RpoS induced by ppGpp (134).
Thus it is likely that the phenotypic resistance to antibiotics is
part of a general stress response in non-growing cells.

Another type of phenotypic resistance or drug
tolerance relates to the phenomenon of “persisters”, which
are best shown by survivors after antibiotic exposure in
liquid cultures. When a log phase culture containing a large
number of bacteria is exposed to antibiotics, there are
always a few residual persisters that are not killed (3,135).
Although the mechanism is not well understood, it has been
proposed that the persisters may have different
transcription profile compared with the majority of the
bacterial population, providing the persisters an advantage
to survive upon antibiotic exposure (136). In a recent study,
it was shown in an E. coli system that mutation in LexA3,
an enzyme involved in DNA repair caused increased
susceptibility to different antibiotics compared with lexA
wild type strain (137), suggesting that DNA repair is
important for the survival of persisters to antibiotic
exposure. It is unclear if the “persisters” not killed by
antibiotics in culture underlie the mycobacterial persistence
in vivo. That dormant tubercle bacilli are insusceptible to
TB drugs is best demonstrated in the Cornell mouse model
where despite extensive chemotherapy for several months
the dormant or persistent bacteria remain viable and can
cause reactivation when the host immune system is
compromised by steroids (26). It is likely that all three
different types of phenotypic resistance may share some
common mechanism, however, this topic is not well
understood. The mechanism of phenotypic resistance in M.
tuberculosis is unknown and is an important topic for future
study. The phenotypic resistance is a major problem for
antibiotic therapy, especially for the TB therapy.

Non-growing bacteria can also roughly be
divided into two different types depending on their ability
to grow immediately upon subculture into a defined fresh
medium. Stationary phase bacteria and the "persisters" not
killed by antibiotics will grow upon subculture into fresh
medium whereas dormant bacteria will not grow unless
appropriate resuscitation factors are present, reflecting
different metabolic status of the non-growing bacteria. The
non-growing forms are a constant source of confusion for
people who study bacterial persistence or dormancy. This
confusion largely stems from the fact that very little is
known about bacterial life styles, especially the non-
growing bacteria, the definition of dormancy and that of
viability. It also stems partly from careless use of the term
without defining it.

The current theory of TB treatment is the "special
bacterial population" hypothesis of Mitchison who
proposes that the tubercle bacilli in pulmonary lesions are
not homogeneous, but consist of heterogeneous bacterial
populations (138). According to this hypothesis, INH kills
actively growing organisms (Population A) when the TB
strain is susceptible to INH, but if a strain is resistant to
INH, this population will be killed by streptomycin,
ethambutol and rifampicin. Rifampicin also kills a
population of slow metabolizing bacilli (Population B).
PZA, on the other hand, kills a population of semi-dormant
non-replicating bacilli residing in acid environment in the
lesion (Population C). It is noteworthy that no TB drugs are
effective against the dormant bacterial population
(Population D). The different bacterial populations with
varying degree of metabolism (from high to low) underlie
the difficulty in achieving complete eradication of TB and
the need for prolonged 6 month TB therapy. It is worth
noting that the inability of chemotherapy to completely
eliminate tubercle bacilli in the lesions is not because drugs
do not reach the bacilli in the lesions, in fact they do (51).
While the mechanism underlying the above lengthy TB
chemotherapy is not clear, it is widely believed that the
prolonged treatment (6 months) required to cure TB is due
to the presence of a population of persistent bacilli with low
metabolism in the tissue that are in a physiologically
distinct state such that they are not susceptible to the
available TB drugs. The slowness of the therapy is also
determined by the nature of the tissue lesions characteristic
of the disease. For example, high numbers of bacilli (as
high as 108-9 bacilli) in cavities, or small number of bacilli
in solid caseous lesions where there is no apparent growth
of bacilli due to lack of oxygen, pose problems for effective
killing by TB drugs (51). Although active pulmonary TB
cases are rendered noninfectious by the standard TB
chemotherapy in a few weeks (139), the remainder of the
lengthy therapy is still needed to eliminate a population of
persistent bacilli ("persisters") in the lesions to a low
enough number while allowing the host immune response
and local tissue defense mechanism to develop and control
the residual bacilli not killed by TB chemotherapy. It is
likely that understanding the mechanism and control of
mycobacterial persistence and dormancy may have
implications for designing new antituberculous drugs,
which can further shorten the lengthy 6 month TB therapy
through affecting the persistent or dormant tubercle bacilli.
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In a recent study, Wallis and colleagues found
that different clinical isolates of M. tuberculosis had a
differing ability to withstand the killing effect of
antibiotics, a term the authors called drug tolerance (140).
The tolerance is phenotypic as these isolates were
apparently susceptible to antibiotics by the conventional
drug susceptibility testing (140). Tolerance to INH and
ethambutol correlated with tolerance to rifampin, and
interestingly, the drug tolerant isolates appeared to be
associated with prolonged persistence or relapse,
suggesting a nonspecific mechanism (140). It remains to be
seen if drug tolerance might affect the outcome of TB
therapy in a more systematic study.

4. HOST FACTORS AND LATENT INFECTION

Various clinical observations and experimental
studies suggest that host factors play an important role in
the control of latent infection caused by tubercle bacillus.
Among individuals that are infected with M. tuberculosis,
only about 10 percent will go on to develop clinical
disease. The remainder 90% of infected individuals has
latent infection without apparent symptoms for months or
years or even lifetime. Any factors that disturb the fine
balance between tubercle bacilli and the host can lead to
reactivation of disease. Such factors can be extreme
physical and psychological stress, malnutrition, use of
immunosuppressive agents (steroids), or infection with
another agent such as measles or HIV, or even other
bacterial infection (strep) (141), or other predisposing
disease conditions such as diabetes and silicosis. Many of
these factors are not well defined in terms of how they
allow latent infection to become overt disease and thus are
not always easy to control. These factors not only trigger
reactivation of disease but can also make the individuals
more susceptible to new infection. Other factors such as
bacterial virulence, inoculum size, host genetic factors may
also potentially influence the outcome of latent infection.

The current 6 month TB therapy, also called
"DOTS" (directly observed treatment, short-course), is the
best therapy against TB and can achieve up to 95% cure
rate (2). Although TB patients are rendered non-infectious
after the first few weeks of chemotherapy (139), the
remainder of the 6 month therapy is necessary to kill a
population of slowly-metabolizing persistent bacilli and to
allow the host to develop sufficient immunity to keep at
bay the small number of residual bacilli not killed by the
TB drugs. Thus antituberculous therapy cannot achieve a
complete bacteriological cure, and the host immune
response plays an important role in achieving a clinical
cure of the disease. The fact that the TB chemotherapy
takes so long (6 months) is telling evidence that the human
host or the TB drugs are not very effective in getting rid of
persistent bacilli. Yet, it is interesting to note that a
significant proportion of TB patients were cured with 3-4
months therapy with no relapse (142-144). While it is
possible that the disease in those that were cured may be
less severe and had no unfavorable drug metabolism, the
difference in cure rate could reflect differences in host
factors such as immune response and nutrition status that
influence the relapse. Detailed analysis of the patients that

have relapse in terms of their immune function and
nutritional status etc will be useful to understand factors
that control latent TB infection. One can never be sure that
a cured patient will not relapse during lifetime and the
persistent bacilli have completely lost the ability to
reactivate. This kind of nagging uncertainty is partly a
reflection of our incomplete understanding of persistence
phenomenon and partly a reflection of on-going dynamic
interaction between the host and bacteria inherent to the
latent TB infection.

It is not easy to tell whether the TB bacteria in
latent infection are multiplying or simply remain dormant
in latently infected individuals with no apparent symptoms.
It is quite likely that both types of bacilli are present in
latently infected individuals within different types of
lesions. Yet, it may be useful to distinguish new infection
(i.e. recent skin test conversion) and inactive infection
resulting from previously "cured" disease. Distinguishing
the above possibilities may have practical implications for
INH prophylaxis for latent infection and for addressing
possible spread of TB from apparently "healthy" but
latently infected people. INH prophylaxis has been shown
to be useful for preventing development of disease in recent
latently infected individuals as well as for preventing
reactivation of "inactive" latent infection in high risk
individuals (old people) who had TB in the past (38). This
appears to suggest that tubercle bacilli are multiplying at
least sporadically in latently infected individual, and if host
immune response fails to hold the bacilli in check or no
INH prophylaxis is given, the latently infected individual
may go on to develop TB or relapse.

Two murine models are available to study the
role of host factors in latent TB infection. One is a low dose
infection model in a relatively resistant mouse strain such
as C57BL/6 mice characterized by low and stable bacterial
counts without death of animals where the small number of
tubercle bacilli is kept under control by host immune
response with minimal disease (145-147). This model is
characterized by granulomas and small patches of
alveolitis, with high expression of TNF-alpha, inducible
nitric oxide synthase (iNOS), and Th1 cytokines IL-2, and
IFN-gamma (147). The latency established by the small
number of bacilli can be disrupted leading to reactivation of
disease by administration of steroid in both Bcgs and Bcgr

mice (148). The second model is the Cornell model (26)
(see above section). Various manipulations such as
neutralization of cytokines with antibodies or cytokine
knockout can be used to assess their role in controlling
latent infection and preventing reactivation in the two
models.  In humans, however, the above manipulations
cannot be used and thus the various factors involved in
controlling latent infection are more difficult to assess.
Recently, a nonhuman primate model using cynomolgus
macaques was developed that mimics the latent human
infection, where 17 macaques were infected with a low
dose of virulent M. tuberculosis  via bronchoscopic
instillation into the lung and the outcome of infection was
monitored (149). About half of the monkeys developed
active TB whereas the other half had latent infection with
no apparent disease. The authors suggested that the low-
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dose infection of cynomolgus macaques appears to mimic
the full spectrum of human M. tuberculosis infection (149).
This model may provide a useful tool to address the various
immune factors that control latent TB infection.

Molecular fingerprint analysis can be used to
address if the disease is due to reactivation of latent
infection or reinfection. In a recent study, it was shown that
an apparent reactivation of latent TB infection in a son 33
years after his father suffered from TB, who both harbored
the same TB strain, was identified using IS6110
fingerprinting analysis (150).

4.1. Immune Factors
The appropriate host immune response that

control latent TB infection is not well understood.
However, recent developments in this area shed some new
light on the role of immune system in controlling latent
infection. In a murine model of latent infection with BCG,
anti-T cell monoclonal antibody besides steroids and
cyclosporin A caused reactivation of disease with increase
bacterial load in the spleens, indicating that the bacterial
counts during chronic BCG infection are maintained by
discrete T cells (151). In a recent study in mice, CD4+ T
cells were found to be important in controlling latent TB
infection, since depletion of CD4+ T cells by antibody
caused reactivation of disease, with increased CFU in the
infected organs and more severe pathology in the lungs and
reduced survival (152). However, in another study using
anti-CD4 and anti-CD8 antibodies (153), it was found that
CD4+ T cells were important for controlling acute phase of
infection in a mouse model but had little effect on the latent
phase of infection. In contrast, CD8+ T cells while not
active in acute phase of infection, played a more significant
role in latent phase of infection (153). Reactivation of the
latent infection through activation of the hypothalamic-
pituitary-adrenal (HPA) axis, is associated with a switch
from Th1 cytokines to Th2 cytokines, whereas control of
latent infection is associated with Th1 type of cytokines
attributable to phenotypically different CD4 and CD8
populations (154). M. tuberculosis may use various
strategies to evade the immune system, however, the
effector molecules and detailed mechanisms are not well
understood. Macrophages infected by M. tuberculosis are
less effective in stimulating the proliferation and cytokine
secretion of specific CD4+ T cells, through downregulation
of MHC class II expression and antigen presentation (155-
158). Secretion of immunosuppressive cytokines such as
TGF-beta (159) and IL10 (160) by macrophages may be
one of the mechanisms in attenuating the immune response
to M. tuberculosis infection and may be involved in
reactivation of disease (161). In a recent study, TGF-beta
was found to suppress the immune response by causing
increased apoptosis in M. bovis activated CD4+ T cells
(162). In a mouse model of Leishmania major persistence
in the skin after healing in resistant mice C57BL/6,
CD4+CD25+ regulatory T cells accumulated in the dermis
were involved in maintaining the persistence by
suppressing effector T cells by IL-10 dependent and IL-10
independent mechanisms (163). It will be of interest to
assess the role of CD4+CD25+ regulatory T cells in
persistence of TB infection.

Tumor necrosis factor (TNF)-alpha plays an
important role in protection and immunopathology of TB
(164-166). Neutralization of TNF caused slightly increased
bacterial load, intense inflammation and destructive tissue
pathology with loss of granuloma structure (167), and also
reactivation of latent TB infection in a proportion of mice
(72). Interestingly, Infliximab (Remicade), a humanized
anti-TNF-alpha antibody used for the treatment of a range
of inflammatory diseases such as rheumatoid arthritis (168)
and Crohn's disease, could induce reactivation of latent TB
causing active disease in patients (169-173). These clinical
studies clearly demonstrate that TNF-alpha plays a crucial
role in keeping latent TB infection in check without
reactivation under normal conditions. It is quite likely that
some chronic inflammatory diseases such as rheumatoid
arthritis and Crohn's disease may actually be beneficial in
terms of preventing latent TB infection from reactivation
due to increased TNF-alpha production. INF-γ is involved
in host resistance to mycobacterial infection due to its
ability to activate macrophages and induction of INOS
(14). However, neutralizing INF-γ did not appear to induce
reactivation of latent TB infection in the Cornell model
(72,153). Reactive nitrogen intermediate (RNI) is important
for killing tubercle bacilli (174). Aminoguanidine, an
inhibitor of nitric oxide synthase involved in production of
RNI, could cause reactivation of TB in a murine low dose
latent infection model or a drug-induced latent infection
model (175,176). The reactivation was accompanied by
enlarged spleen and liver, a more severe tissue
granulomatous reaction, and increased CFU in the infected
organs (175). The role of innate immunity such as
antimicrobial peptides, chemokines, complement and Toll-
like receptors in controlling latent infection remains to be
determined.

4.2. Psychoneuroendocrine Factors and Other Disease
Conditions

Psychological stress has long been known to play
a certain role in the onset of tuberculosis (177-179). There
were numerous examples where intensive physical or
emotional stress could lead to reactivation of latent TB
infection resulting in active disease. As Dubos clearly
showed in his book The White Plague, TB incidence
rocketed during the War times, a remarkable demonstration
on the role of psychological stress in development of TB
presumably due to reactivation of latent TB (180). Another
close example is that Dubos's first wife Marie Louise
Dubos developed reactivation TB during the Second World
War and later died of TB, apparently because of extreme
emotional anxiety and worries for her family in France,
which was then at war with Germany (181).  The topic of
psychological factors in the development of TB was much
talked about prior to the development of antituberculosis
chemotherapy (177-179). Unfortunately, with the
availability of TB chemotherapy, this topic seems to be
largely forgotten in the Western world, with the exception
of some Eastern European countries such as Russia and
Poland (182-184), as if psychological factors no longer
play any role in susceptibility to infection and in control of
latent TB infection, which is not true. Nutritional factors
also influence the susceptibility to TB by affecting the host
defense mechanisms (185), however, in real world TB
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control this aspect is rarely taken into consideration. There
is no doubt that chemotherapy plays a very important role
in TB control. However, the limitation of sole reliance on
chemotherapy for TB control is becoming increasingly
apparent. One wonders if chemotherapy is so wonderful
and effective, why do we still have such a high incidence
and prevalence of TB worldwide? TB was predicted to be
on its way out even before the advent of chemotherapy at
the beginning of last century (180), yet with the availability
of effective chemotherapy TB incidence though decreased,
is still high today. The reason is that chemotherapy deals
with only one aspect or step of the TB problem that is
determined by many other factors such as negative
socioeconomic conditions, emotional stress, malnutrition
and other disease conditions such as HIV infection that are
independent of TB chemotherapy. As Dubos put it, TB is a
social disease of incomplete civilization (180). A
multifactorial approach is needed besides chemotherapy to
more effectively control TB.

It is well known that psychological factors or
stress can influence the immune response causing
susceptibility to a range of diseases including infectious
diseases through the neuroendocrine hypothalamic-
pituitary-adrenal and the sympathetic-adrenal medullary
axes, resulting in the dysregulation of the immune system
(186,187). However, the role of psychological stress and
neuroendocrine factors in the control of latent TB infection
has not been studied but will be an interesting area of future
investigation.

Although use of glucocorticoids in conjunction
with TB chemotherapy to reduce the inflammation and
effusion can be beneficial for the treatment of certain forms
of TB such as tuberculous pleurisy (188,189), meningitis
and percarditis (190), glucocoticoids use can suppress the
immune response and cause increased susceptibility to TB
and in the absence of TB chemotherapy could lead to
reactivation of latent TB as in the treatment of systemic
lupus erythematosus (SLE) patients (191,192). In a mouse
model of TB, antiglucocorticoids dehydroepiandrosterone
(DHEA) and its derivative, 3beta,17beta androstenediol
(AED), particularly AED, were protective, which caused a
decrease in bacterial load, enhanced granuloma formation
and prolonged survival (193). The protective role of AED
correlated with the appearance of cellular infiltrates rich in
cells expressing IL-2, IL-1alpha and TNF-alpha, and partial
suppression of the switch to IL-4 producing cells (193).
This study suggests a potential therapeutic role of AED in
the treatment of TB.

It is well known that diabetes is a high risk factor
for development of TB (194) and causes frequent relapse of
TB in diabetics (195,196). In diabetes, there is significant
endocrine disorder such as alteration in thyroid and gonadal
function, in addition to elevated levels of glucocorticoid
levels (197-199), which could lead to suppression of the
immune system and cause increased susceptibility to TB
and its reactivation. It is worth noting that the production of
IL-1 beta, TNF alpha and IL-6 in diabetic TB patients was
significantly lower than that in the TB patients with no
diabetes (200).  Since IL1 and TNF-alpha are associated

with resistance and protection against M. tuberculosis
infection in mice (201), it is likely that decreased
production of these two cytokines in diabetic patients could
lead to increased susceptibility and reactivation of TB.

Silicosis of the lung is another risk factor for TB,
which can persist for a life time. The TB chemotherapy is
often difficult to achieve a complete cure of TB in such
patients (202). Because silicosis makes the host more
susceptible to TB, silicotic guinea pigs could be used to
demonstrate the presence of potentially dormant bacilli
from tissues which otherwise fail to grow in culture or
cause TB in healthy guinea pigs (203). The underlying
mechanism of increased susceptibility to TB and the basis
for the difficulty in completely eliminating TB in silicosis
is not well understood. Loading of alveolar macrophages
with silica dust could impair the function of macrophages,
resulting in reduced ability to phagocytose and kill tubercle
bacilli. Silica has been shown to potentiate the growth of
M. tuberculosis in macrophages (204). Recently, it has
been shown that polymorphisms in the regulatory elements
of proinflammatory cytokine TNF-alpha and IL-1 are
associated with silicosis (205).

5. STRATEGIES TO COMBAT PERSISTENT AND
DORMANT BACILLI

The current TB treatment relies on the
chemotherapy, but this approach has its limitation as the
current drugs are not effective in eliminating dormant or
persistent bacilli. Developing new and unconventional
drugs that kill the persisters or dormant bacilli and
enhancing the immune system may be needed for more
effective control of the disease.

5.1. Development of Drugs against Dormant or
Persistent Organisms

Current TB drugs are mainly active against
growing bacilli but are not active against non-growing
persistent bacilli, except for RIF and PZA (133,138). These
two agents are important sterilizing drugs that significantly
reduce the number of bacilli in infected tissues and shorten
the therapy from previously 12-18 months to 6 months
(138,206). However, persistent bacterial populations that
are not killed by the TB drugs still remain, which poses
significant problem for a more effective control (133,
Mitchison, this issue). Currently, there is renewed interest
to develop new drugs that target the dormant and persistent
tubercle bacilli with the hope to shorten the therapy.
Strategies aimed at taking advantage of unique physiology
of tubercle bacillus such as deficient efflux of pyrazinoic
acid (207) are worth exploring. For example, we have
recently found that M. tuberculosis seems to be uniquely
susceptible to weak acids (208) based on our study on the
mode of action of PZA (209, see Wade and Zhang, this
issue), and weak acids could be developed into potential
new drugs that target persistent bacilli. Factors that are
likely involved in persistence as reviewed above, such as
ICL (80), cyclopropane synthases PcaA (96), could be
attractive targets for drug development. The crystal
structure of ICL (210) and PcaA (211) are already
available. ICL is being actively pursued as a target of drug
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design (210). Although several ICL inhibitors were
identified (80), the results on their use in vivo in mice for
eliminating persisting or dormant bacilli are not yet
available. In addition, identification of the genes that are
switched on during resuscitation process, genes involved in
starvation survival (126) or general stress response (212) or
genes involved in Wayne persistence model (91) could also
be potential new drug targets for developing drugs against
persistent and dormant bacilli. For a more detailed
discussion on this topic, please see reviews by Zhang and
Amzel (133), Coates et al. (213) and Mitchison (this issue).
Besides trying to kill dormant or persistent bacilli, another
approach would be to “wake up” the dormant bacilli by
resuscitation factors so that they become susceptible to
antibiotics. Although various resuscitation factors have
been identified (23,24), the effect of this approach on
eliminating dormant or persistent organisms in vivo
remains to be tested in animal models of TB infection.

5.2. Immunotherapeutic Agents
In addition to developing drugs that kill the

dormant bacilli, another approach to control the dormant or
persistent bacilli is through activation of appropriate
immune response to prevent reactivation of latent infection.
Although this is a potentially important and conceptually
attractive approach for more effective TB control, in the
absence of adequate understanding of the protective
immunity to TB infection, no immunotherapeutic agent that
can achieve this goal has been developed so far. In one
study, vaccination with hsp60 DNA was shown to prevent
the relapse of latent TB infection in the mouse model (214).
However, another study by Repique et al. did not find
significant effect of DNA vaccination (Esat-6, Ag85B,
KatG, MTB39A (PPE), Rv1818 (PE), along with 5 other
MTB genes encoding culture filtrate proteins) in preventing
the reactivation of TB infection induced by steroid
dexamethasone (215). It is unclear if the discrepancy
represents differences in different antigens tested or
methodology. In addition, a recent study by Taylor and
colleagues showed that vaccination with hsp60 and Ag85
DNA caused adverse effects in mice previously exposed to
TB (216), raising some concern about the safety of DNA
vaccination in individuals who may have already been
exposed to M. tuberculosis. Since non-growing persistent
bacilli are thought to be the cause for the inability of TB
drugs to eliminate the bacilli, it was reasoned that use of
immunosuppressive steroids could allow the bacilli to start
growing, which would make the bacilli susceptible to TB
drugs and lead to more effective treatment (51). However,
in a clinical study, steroids failed to provide any benefit for
improving the treatment (217).  M. vaccae , a fast growing
soil mycobacterium, could potentially serve as an
immunotherapeutic agent (218, and Stanford et al., this
issue). Although use of M. vaccae or BCG did not have
significant effect on the relapse of TB in the Cornell mouse
model (219), M. vaccae used in conjunction with DOTS
chemotherapy appeared to shorten the TB therapy in
patients presumably by enhancing the immune system to
more effectively kill persistent bacilli in a preliminary
study (220, Stanford et al., this issue). Further studies with
more patients are needed to assess the role of M. vaccae as
an adjunct of TB chemotherapy for improved treatment.

Cytokines such as IL-2, IFN-gamma, IL-12, and GM-CSF,
which are involved in protective immunity (221), remain to
be tested for their effect on controlling dormant or
persistent organisms and shortening the TB treatment.

6. CONCLUDING REMARKS

Tubercle bacillus is a remarkable pathogen that
can persist in the host for long periods of time despite
immunity. Knowledge of bacterial and host factors
involved in TB persistence and dormancy is still meager
despite some recent progress in this area. There is a great
need to study the host-mycobacteria interaction, not just in
the sense of how mycobacteria cause disease (virulence
properties), but also how mycobacteria manipulate the host
immune system to its advantage to survive and cause latent
infection, and how the host cells respond to mycobacterial
infection, and how such knowledge can be translated into
better control of persistent and dormant TB bacteria and
latent infection. There is also a need to develop more
sensitive techniques to analyze dormant or persistent
bacteria in tissues and to apply the microarray technology
to the study of bacterial genes and host genes involved in
dormancy and latency.

Already one third of the world population is
latently infected with tubercle bacilli. How to prevent latent
infection from reactivating and devise strategy to kill
dormant or persistent bacilli represents a major intellectual
and practical challenge for a more effective TB control.
What are the factors that allow only about 5-10 percent of
those latently infected individual to go on to develop
disease? An equally important or perhaps more important
question is why majority of latently infected individuals do
not get disease. The current TB control is not optimal as it
relies primarily on chemotherapy, which can only achieve
clinical cure but not bacteriological cure. Nevertheless, it
may be useful to implement a (targeted?) mass INH
prophylaxis in endemic areas with high TB incidence to
prevent new latent infection from developing into active
disease. While there is little doubt that development of new
drugs that kill persistent or dormant organisms is very
likely to achieve a shorter course of therapy, in final
analysis, adequate host response is required to prevent
relapse of treated patients and prevent latent infection from
developing into overt disease. If we cannot completely
eliminate the dormant organisms or persisters in the body,
can we manipulate host factors to achieve a balance
between pathogen and immune response and prevent latent
infection from becoming overt disease? What defines a
healthy and appropriate host response that control latent
infection? How can we tap the psychoneuroendocrine
system to control the latent infection?  Answers to these
questions are likely to lead to improved disease control. To
emphasize the importance of these factors that impact host
resistance to TB infection, Rene Dubos said in his classic
book "The White Plague" that TB is a social disease of
incomplete civilization (180). Eradication or control of TB
cannot be achieved by chemotherapy alone but is
influenced by many factors such as socioeconomic,
physical and psychological factors. This disease outlook
would entail a new therapy where simultaneously attacking
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the pathogen by chemotherapy and enhancing the host
immune response, psychoneuroendocrine system and
nutrient status can be harnessed to benefit the host and
better control TB and latent TB infection.
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