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Pathogens causing tuberculosis and other chronic infectious diseases
of major public health importance commonly have complex mechanisms involved in their persistence in the host despite specific and
sometimes strong immune responses. These diseases are also associated with the lack of efficient vaccines, difficult therapeutics and a
high mortality rate among susceptible individuals. Here, we will
review features of the host immune response that contribute to the
occurrence of disease. In addition, we propose that the immune
responses observed in tuberculosis cannot be interpreted solely on the
basis of a Th1-Th2 counter-regulatory paradigm since there is growing evidence that natural regulatory T cells may play an important role
in the regulation of host immune responses against Mycobacterium
tuberculosis. Thus, the development of more effective vaccines against
this bacterial disease should take into account the role of natural
regulatory T cells in the progression to severe disease and persistence
of infection. Finally, new treatments based on manipulation of regulatory T cells should be investigated.
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Tuberculosis (TB) is the most frequent
cause of mortality due to a single infectious
disease, killing more than two million people
worldwide every year (1). HIV infection
increases susceptibility to TB and greatly
contributes to the high number of TB patients. In 2004, nine million new cases of TB
were reported. According to the World Health
Organization, 80% of these new cases occurred in 22 countries in which TB is highly
incident. Brazil currently ranks as the 16th
most affected country (1).
The majority of human TB cases are

caused by Mycobacterium tuberculosis, a
slow-growing aerobic bacillus, usually intracellular and non-motile. Pathogenic mycobacteria survive in the interior of macrophages by actively inhibiting acidification of
M. tuberculosis-containing phagosomes and
their fusion with lysosomes. TB is a lethal
disease if not treated. Therapy is lengthy and
initiates with the association of four drugs
(2). Low compliance with chemotherapy has
been implicated in the increasing numbers of
M. tuberculosis strains resistant to at least
two first-line drugs (multidrug-resistant tuberculosis), an event that could effectively
turn the disease uncontrollable worldwide.
Braz J Med Biol Res 39(11) 2006
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A vaccine is considered to be the best
solution for controlling TB. Bacille-Calmette-Guérin (BCG), resulting from an attenuated virulent strain of M. bovis, is the
only vaccine currently available to fight this
disease and has been in use for more than 80
years. Although efficient in the prevention
of serious forms of TB in infants, several
clinical trials (3) have suggested that BCG
does not prevent infection with the tubercle
bacillus and is relatively ineffective in protecting adults against pulmonary tuberculosis. Consequently, there is an urgent need
for more effective vaccines. New experimental strategies have been shown to be
promising (3) but the development of efficient vaccines against TB clearly depends
on a thorough understanding of the immune
response displayed by the host against this
pathogen.
One third of the world population is latently infected with M. tuberculosis and at
risk of disease reactivation. After infection,
a precarious balance is established between
host and pathogen, and the type of immune
response mounted against the bacteria will
heavily influence the course of the disease.
In approximately 5% of immunocompetent
individuals, the infection will progress from
a latent form to active disease within two
years; in another 5%, reactivation of the
disease will occur later (2). The reasons for
the progression to disease have not been
clearly defined. On the other hand, approximately 90% of immunocompetent individuals with latent infection will most probably
remain healthy and without any symptoms
throughout their lifetime. These subjects
mount strong immune responses, but the
bacilli will most likely persist indefinitely in
the host. We will review here features of the
host immune response that contribute to the
occurrence of the disease. In addition, the
possible role of suppressive regulatory T
lymphocytes in the failure to definitively
eliminate latent M. tuberculosis will be discussed.
Braz J Med Biol Res 39(11) 2006

Tuberculosis - clinical and
pathological aspects
TB is transmissible by infectious airborne droplets and mainly affects the lungs
but it can virtually spread to any other organ
or cause unchecked disseminated disease
(miliary tuberculosis). It can be classified
into three stages: primary, latent and secondary. Primary TB usually occurs during
childhood after an initial contact with the
tubercle bacillus. Frequently, it is an asymptomatic and self-limited disease. After an
initial alveolitis, with infiltration of neutrophils and monocytes, a gradual arrival of Tand B-lymphocytes surrounding macrophages (some of which are infected), dendritic cells, and fibroblasts at the periphery
forms the characteristic granulomatous tubercle. The tuberculous granuloma has been
classically considered to be a mechanism
that limits mycobacterial dissemination (4).
The primary infection is often aborted at this
stage, although some bacilli persist in the
tissues for months or decades, without growing but still viable, a characteristic named
“non-replicative persistence” (2). In cases of
latent TB, the host mounts a strong immune
response, which contains but does not eliminate the infection. Failure of immune resistance mechanisms may lead to disease reactivation.
After latency, secondary tuberculosis may
develop. This disease starts as an exudativeinflammatory process with pneumonic characteristics. With progression, classical symptoms such as cough, expectoration, fever,
night sweats, anorexia, and loss of body
weight may appear. Caseation and cavitation may be present, mainly in the upper
lobes. If the infection progresses acutely, the
prognosis is worse. On the other hand, if the
initial infiltrate progresses to chronicity, the
process may stabilize with the development
of fibrosis. In this stage, the individual may
survive for several years but episodic attacks
of hemoptysis can be fatal (2).
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Immune factors controlling
tuberculosis infection
The protective immune response against
TB can be defined as Th1 since cellular
immunity and production of IFN-γ by CD4+
and CD8+ T cells are critical for disease
control in animals and humans (5-7). The
events related to the host innate and adaptive
responses to the mycobacteria begin with
the arrival of M. tuberculosis in the lungs.
Macrophages and dendritic cells readily engulf the invading mycobacteria. In this context, the chemokine (C-C motif) receptor 2
(CCR2) plays a critical role in recruiting
both cell types to the infected lungs (8). A
coordinated interaction between innate and
adaptive response is essential. The innate
responses against the bacilli are not well
understood but are clearly important since
some individuals primarily exposed to M.
tuberculosis bacilli do not get infected. Tolllike receptors (TLRs) are believed to represent key receptors recognizing mycobacterial antigens and activating macrophages and
dendritic cells. TLR2 and, to a lesser extent,
TLR4 are implicated in the recognition of
the whole mycobacteria and purified mycobacterial lipoarabinomannans, lipomannans,
phosphatidyl-myo-inositol mannoside, and
the 19-kDa lipoprotein (9). In addition, most
studies show a proinflammatory response
resulting from this interaction (9). 1,25-D3
(the active form of vitamin D) can stimulate
via TLR2/TLR1 heterodimers and vitamin
D receptors the synthesis of the antimicrobial peptide LL-37 (cathelicidin), responsible for enhanced killing of M. tuberculosis
inside the vacuoles of human activated macrophages (10). This mechanism suggests a
possible explanation for the increased susceptibility to TB displayed by people with
dark skin, a consequence of lower body
levels of 1,25-D3 as a result of greater sunlight shielding provided by their higher melanin content (10). Interestingly, activation of
TLR2 by M. tuberculosis may also induce

the production of IL-10, an anti-inflammatory cytokine, and this may represent a possible mechanism of microbial evasion from
adaptive responses (8). The importance of
TLRs for controlling TB is also shown by
mice deficient in myeloid differentiation factor 88 (an intracellular TLR-adaptor molecule), which are highly susceptible to TB
infection (11). However, although these
knockout mice died rapidly of infection,
they were unexpectedly able to generate a
specific Th1-response (11), raising questions about unknown interactions between
M. tuberculosis and myeloid differentiation
factor 88.
In macrophages, M. tuberculosis induces
an increase in mRNAs for many proinflammatory genes, particularly TNF-α (4). TNFα acts as a trigger for chemokine expression
by macrophages at the site of infection, particularly CCL-2, 3, 4, 5, and CXCL9 and 10
(reviewed in Ref. 4). These chemokines bring
cells to the site of infection and are important
in the formation and maintenance of the
granuloma. During mycobacterial infection
in macrophages, apoptosis is associated with
protection. Interestingly, more virulent M.
tuberculosis strains can induce higher levels
of the anti-apoptotic molecule Bcl-2, preventing apoptosis and favoring bacterial survival (12). Deletion of the natural resistanceassociated macrophage protein gene 1 or
Nramp1 in murine macrophages causes susceptibility to mycobacterial infection, probably by interfering with the intracellular
vesicle trafficking. The human homologue
(NRAMP1, alias SLC11A1) has been associated with susceptibility to both primary and
reactivational TB (13).
Transport of mycobacterial antigens from
the lung to the lymph nodes is mediated by
dendritic cells (but not by macrophages) and
this pathway is under control of CCR5 and
CCR7 (8). Interestingly, in dendritic cells,
M. tuberculosis strongly stimulates the production of IL-12, a fact that may seem a
paradox regarding intracellular bacterial surBraz J Med Biol Res 39(11) 2006
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vival since IL-12 is a potent inducer of Th1
responses and is considered to be important
for resistance against the disease (6).
Defects in the function of classic, mannan-binding lectin and alternative complement pathways or neutropenia have not been
implicated in increased susceptibility to tuberculosis (14). In addition, although there
is a strong humoral response during TB, the
role of B cells in this disease has not been
well defined. However, T cell immunity is of
fundamental importance in resistance against
mycobacteria, as observed in patients with
inherited diseases such as severe combined
immunodeficiencies suffering from fatal disseminated BCG infection, and the increased
risk of mycobacterial disease in patients using drugs that suppress T cell function (14).
Because it resides in an intracytoplasmic
vacuole, M. tuberculosis antigens are preferentially presented to T cells by molecules
of the major histocompatibility complex
(MHC) class II. Consequently, CD4+ T cells
are of critical importance in the control of
infection, as exhaustively demonstrated in
animal models deficient in CD4+ T cells
(15). In humans, the most dramatic example
is represented by latently M. tuberculosisinfected (PPD+) HIV+ individuals, who have
an 8-10% annual risk to develop active TB,
compared to a 10% lifetime risk for HIVnegative PPD+ subjects (6). Th1 cells have a
primary role in the production of IFN-γ but
they may also have IFN-γ-independent functions, with TB-specific CD4+ T cells producing homotrimeric α3-lymphotoxin, essential for lymphocyte migration to infected
sites (16).
M. tuberculosis infection results in the
induction of a number of cytokines, some of
them playing an essential role in resistance
such as type 1 cytokines. Humans with Mendelian defects in the gene coding for the p40
subunit of IL-12 (also a subunit of IL-23) or
in the IL-12RB1 gene (coding for the ß1
chain of the IL-12 and IL-23 receptors) are
more prone to mycobacterial infection due
Braz J Med Biol Res 39(11) 2006

to IL-12/IL-23 deficiency (14). IL-18 deficiency is not as critical to mycobacterial
resistance as lack of IL-12, as suggested by
studies in animals and humans (14). IL-12,
IL-18 and IL-23 are all important inducers
of IFN-γ, probably the most important cytokine regulating anti-mycobacterial defenses. Mice deficient in IFN-γ and infected
with M. tuberculosis rapidly die of disseminated disease, with a high bacterial load in
tissues and necrotic and purulent granulomas (5). The rare individuals with mutations
in the IFN-GR1 or IFN-GR2 gene (coding
for the IFN-γR1 and R2 receptors, respectively) or IFN-γ-intracellular pathway components such as STAT1 protein, may experience fatal disseminated BCG or non-tuberculous mycobacterial infections during childhood (7). IFN-γ is the main macrophageactivating molecule and, together with TNFα, stimulates the production of inducible
nitric oxide synthase (NOS-2), responsible
for high levels of nitric oxide and other
reactive nitrogen intermediates that are bactericidal to M. tuberculosis in mice (5). IFNγ also induces expression of LRG-47, a new
p47 GTPase reported to induce macrophage
killing of M. tuberculosis, independently of
NOS-2 (17). Together with IFN-γ, LRG-47
induces autophagy processes in macrophages, allowing these cells to overcome
mycobacterial phagosome maturation block
and inhibiting M. tuberculosis intracellular
survival (18). Thus, although IFN-γ alone
cannot control M. tuberculosis infection, it
is undoubtedly necessary for the protective
responses generated against this pathogen.
IFN-γ may also induce immunopathology; a
regulatory mechanism appears to be operated by IFN-γ through nitric oxide, and controls its own actions, influencing granuloma
organization and limiting excessive inflammatory responses (5).
TNF-α is a pleiotropic cytokine and, like
IFN-γ, may play both protective and immunopathological roles during TB. Mice deficient in TNF-α or its receptor die of dissemi-

1391

Immune factors and immunoregulation in tuberculosis

nated tuberculosis with disorganized granulomas (6). Humans under therapy with TNFα antagonists (Infliximab®, Etanercept®)
demonstrated increased reactivation of tuberculosis in the extrapulmonary and disseminated forms (19). TNF-α may also play
a role in immunopathology as its augmented
expression in the lungs correlates with tissue
destruction (20). The effects of this cytokine
suggest that its function may be dose-dependent.
CD8+ T cells are thought to be less important than CD4+ T lymphocytes for the
control of mycobacterial infection. However, mice deficient in ß2-microglobulin rapidly succumb to M. tuberculosis challenge
(21), demonstrating the involvement of MHC
class I-restricted T cells. The recently described crosspriming mechanism of CD8+ T
cells in human and murine TB by mycobacterium-induced apoptotic vesicles (“detour
pathway”) represents a specific host activation alternative for controlling a pathogen
that does not readily access the MHC-Iprocessing pathway (22). CD8+ T cells may
contribute to the immune response against
the tubercle bacilli by at least three mechanisms: IFN-γ secretion (15), lysis of infected
cells by Fas/Fas-ligand interaction or mediated by perforin and granzymes (23), and
direct mycobactericidal activity. The latter
mechanism is mediated by granulysin, an
anti-mycobacterial molecule secreted by
human CD8+ T cells (23). Granulysin is also
found in T cell populations that specifically
recognize the lipids and glycolipids of M.
tuberculosis. These molecules are presented
to T cells by CD1 receptors (not associated
with the MHC locus) that play an important
role in the immune response against human
TB (22). Regarding the role of γδ T cells in
TB, a major primate subset that expresses
Vγ2 and Vδ2 T-cell receptor recognizes mycobacterial phosphoantigen as part of the
adaptive immune response against pathogenic mycobacteria (24). Vγ2Vδ2 T cells
expand early during mycobacterial infection

and are associated with low bacterial burdens and immunity against a fatal M. tuberculosis challenge in BCG-vaccinated monkeys. Interestingly, during chronic tuberculosis in humans, the number of Vγ2Vδ2 T
cells is decreased (24).
If the Th1 response represents the protective pattern necessary to control TB infection, then would IL-4 and other Th1-suppressive cytokines be involved in the progression to disease? IL-4 and other markers
of Th2 activity such as IgE and IgG4 are
frequently found in patients with advanced
tuberculosis (25). However, some animal
studies do not demonstrate a clear dichotomy
of the Th1-Th2 pattern in the immune response against TB (26). For instance, mice
genetically deficient in IL-4 and infected
with TB show bacterial loads comparable to
the wild type (27). A synergistic association
between IL-4 and TNF-α increasing disease
pathology and fibrosis seems to be more
important than IL-4-mediated detrimental
effects on the efficacy of Th1 responses
against mycobacteria (28). It still remains
unclear whether IL-4 causes or simply reflects disease activity in human TB. A suppressed or poorly expressed Th1 response
rather than a strong Th2 response has been
suggested to explain the failure of immune
responses to control TB. In this context, IL27 is a cytokine that promotes early Th1
development but has also been demonstrated
to prevent maximal antimycobacterial containment by limiting late Th1 responses in a
murine model of tuberculosis (29). Interestingly, the authors also found that IL-27/
WSX-1 pathways might inhibit serious
pathological sequelae caused by excessive
Th1 responses to mycobacterial infection.
Thus, cytokines with a classical “proinflammatory profile” may actually have unreported
inhibitory functions in cell immunity during
TB infection.
On the other hand, the importance of IL10, a classical strong suppressor of Th1 (and
Th2) responses, for the regulation of TB
Braz J Med Biol Res 39(11) 2006
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immunity has been strengthened. IL-10 is
able to induce TB reactivation in animals
(30). Polymorphisms in the IL-10 gene at
position 1082 have been associated with TB
in humans, particularly pleural tuberculosis
(30). In addition, some human populations
show increased expression of IL-10 that has
been correlated with ineffective BCG vaccination (31). Similarly to IL-10, transforming
growth factor-ß1 (TGF-ß1) down-regulates
IFN-γ production and is also a macrophagedeactivating cytokine produced in significant amounts by monocytes from TB patients (32). However, no association has been
found to date associations between TGF-ß1
genetic polymorphisms and susceptibility to
TB (30).
Although suppression of IFN-γ (and Th1
responses) may occur due to certain inhibitory cytokines, a strong IFN-γ production is
a common feature of most antimycobacterial responses, and yet is unable to definitely
eliminate M. tuberculosis from the host. In
other words, although classically defined
Th1 responses may be operating even during
active secondary tuberculosis, this seems
insufficient to guarantee that the infected
host will never progress to disease. Thus, the
immune responses observed in TB cannot be
interpreted solely on the basis of a Th1-Th2
counter-regulatory paradigm. There is growing evidence that regulatory T cells (Treg)
may play an important role in the regulation
of host immune responses against M. tuberculosis, as demonstrated for other infectious
diseases (33).

Role of regulatory T cells in
infectious diseases
The existence of suppressive T cells has
been controversial until recently. In 1995,
Sakaguchi and colleagues (34) demonstrated
that the adoptive transfer of murine spleen
cell suspensions depleted of CD4+CD25+ T
cells induced intense systemic autoimmunity in athymic mice; however, co-transfer
Braz J Med Biol Res 39(11) 2006

of CD4+CD25+ with CD4+CD25-negative
cells completely prevented these pathologies (34). The authors concluded that the
absence of a subset of CD4+ T cells expressing the α-chain of the IL-2 receptor (CD25)
was the main cause of autoimmunity. These
subpopulations of suppressive T cells named
natural Treg cells are crucial for the dominant
control of self-tolerance and fine tuning of
the immune responses.
A specific transcriptional factor, denominated forkhead box p3 (FoxP3), controls the
development and suppressive phenotype of
CD4+CD25+ Treg cells (35). It is currently
considered to be the most specific marker
available for Treg cells from humans and
mice. Neuropilin-1, a receptor involved in
axon guidance, angiogenesis and activation
of T cells, has been recently found to correlate closely with FoxP3 expression and suppressor function of CD4+CD25+ Treg cells
during infectious disease in mice (36). Glucocorticoid-induced TNF receptor-related
gene, CTLA-4 and CD45RO+ are auxiliary
markers found in natural Treg populations
(37). Nonetheless, the CD25 molecule is
still necessary for obtaining highly purified
natural Treg cells. When human CD4+ T cells
are divided into two subsets based on the
expression levels of the CD25 marker, only
the population expressing the highest levels
of CD25 consistently demonstrates immunosuppressive function in vitro (37).
In addition to natural Treg cells, several
subsets of regulatory T cells with distinct
phenotypes and mechanisms of action have
been described in both mice and humans.
They include cross-regulatory Th1 and Th2
cells, CD4+ T cells producing TGF-ß (Th3),
which are able to inhibit some T-cell responses in vivo, and CD4+ T regulatory 1
(Tr1) cells producing high levels of IL-10
and also able to inhibit the outcome of some
autoimmune disorders (38). Because Tr1 or
Th3 cells can develop from conventional
CD4+ T cells when exposed to specific stimulatory conditions, they are called “induc-
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ible” Treg cells. Nevertheless, this may be
somewhat misleading since natural Treg cells
expressing CD4+CD25+ and FoxP3 can also
be specifically induced by foreign antigens
(33,39). Natural Treg cells are partially produced by the thymus and comprise 5-10% of
total peripheral CD4+ T cells. They become
anergic upon T-cell receptor ligation in vitro
but proliferate in the presence of IL-2 in
vitro and in vivo (40). Despite their apparent
in vitro anergy, Treg cell populations are
capable of robust expansion in vivo and their
early description as anergic cells may be
mistaken. The suppressive effects of natural
Treg cells appear to be mostly mediated by
cell-to-cell contact, although that may not
exclude some actions mediated by cytokines
(41). Human CD4+CD25+ T cells are similar to their murine counterparts (42).
Besides their function in the control of
autoimmunity, natural Treg cells are also involved in tumor immunity, tolerance to transplants and allergic mechanisms (42). In addition, natural Treg cells have been reported
to play a role in immune responses against
invading microbes (33). It was initially observed that depletion of CD4+CD25+ T cells
induced severe pneumonitis in mice infected
with Pneumocystis carinii (43), suggesting
an essential role for Treg cells in controlling
the immunopathology caused by this fungus. Concomitantly, Belkaid and colleagues
(44) demonstrated the importance of natural
Treg cells accumulated at sites of infection in
maintaining chronic disease by Leishmania
major in a murine model. In fact, with the
function of Treg cells abolished, sterile immunity to L. major was reached, although
these animals were more prone to reinfection (44). Very recently, it has been demonstrated that natural Treg cells are able to
respond specifically to Leishmania antigens
at the infected sites and that their survival is
strictly dependent on parasite persistence
(39). In another example, mice depleted of
CD4+CD25+ Treg cells were able to counteract immunosuppression caused by Plasmo-

dium yoelii and resisted a lethal infection
with virulent strains of this parasite (45). In
summary, depletion of Treg cells can lead to
complete elimination of pathogens which
otherwise establish chronic or latent infections in the host. However, this state may
prevent long-term protection of the host due
to ineffective maintenance of memory cells
(33). The Th2 response is associated with
protection against lethal inflammatory pathology caused by Th1 responses during the
acute phase of schistosomiasis in mice. In
this model, natural Treg cells producing IL10 were implicated as major players driving
a Th2 response by inhibiting IL-12 produced
by activated dendritic cells and increasing
host survival (46). Thus, in this context,
triggering of CD4+CD25+ Treg cells is advantageous to protect the host against excessive Th1 immunopathology although it may
not lead to total elimination of the parasite.
Studies in humans have also suggested a
role for natural Treg cells in the balance between immunopathology and the persistence
of pathogens. Natural Treg cells isolated from
individuals chronically infected with Helicobacter pylori are able to suppress H. pylori-specific T cell responses but not responses
to unrelated antigens such as tetanus toxoid
(47). Chronic infection with HIV also induces specifically suppressive natural Treg
cells (48). Individuals chronically infected
with hepatitis C virus have a higher number
of circulating natural Treg cells than uninfected subjects, and depletion of Treg cells was
found to increase specific CD8+ T cell responses in vitro (49). These findings suggest
that the activation of natural Treg cells is
capable of avoiding an excessive inflammatory response to the host. However, it may
also compromise the elimination of the pathogen, favoring its long-term persistence. A
therapeutic intervention in this balanced system would be successful if a perfect equilibrium between effectors and suppressive T
cell responses beneficial to the host could be
achieved.
Braz J Med Biol Res 39(11) 2006
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Is there a role for regulatory T cells
in tuberculosis?
In spite of intense research on the immune response elicited during tuberculosis,
the mechanisms involved in the development of active disease remain obscure. It is
becoming clear that naturally occurring
CD4+CD25+ Treg cells not only influence
self-antigen-specific immune responses but
also inhibit foreign antigen-specific immunity in infectious diseases (39). However,
direct evidence of immunoregulatory properties of Treg cells in human or experimental
tuberculosis is scarce (50,51), and most of
the discussion on the participation of Treg
cells in tuberculosis is derived from indirect
evidence.
The immune response in TB is sometimes characterized by active immunosuppression, particularly in severe disease, as
evidenced by decreased production of IL-2
and IFN-γ and antigen-specific anergy to
preparations of PPD (52,53). This has also
been correlated with expansion of IL-10producing T cells (52). TGF-ß1, another
pleiotropic cytokine with suppressive effects
against cell immunity, has been frequently
detected in patients with active TB, particularly in the granulomatous lung lesions (32).
On the other hand, TGF-ß1 is an important
factor for the survival, retention and function of natural Treg cells (54). In addition,
high concentrations of TGF-ß have been
reported to convert conventional CD4+ T
cells into FoxP3-expressing suppressive T
cells (55). IL-4 is frequently found in advanced TB and the action of this cytokine
can enhance the suppressive effects of
CD4+CD25+ Treg cells on CD4+CD25-negative cells (56). Thus, inhibitory cytokines
can be correlated with susceptibility to infection and disease and, at the same time,
may also suggest involvement of Treg cells in
this process. The infection by M. tuberculosis generates a certain degree of concomitant
immunity but not so potent because reinfecBraz J Med Biol Res 39(11) 2006

tion does occur (57). Whether Treg cells are
involved in this process, as suggested for
other chronic diseases (33), is still unknown.
Very recently, two papers have addressed
more directly the role of Treg cells in human
TB (50,51). Ribeiro-Rodrigues and colleagues (50) reported that frequencies of
both total CD4+CD25+ T cells and CD4+
CD25high (probably representing true regulatory T cells, because the expression of FoxP3
in Treg cells was not analyzed) are increased
during active human TB, and that this increase is sustained even upon completion of
TB treatment. Nonetheless, this study was
not able to show a correlation between clinical profiles and frequencies of Treg cells.
These cells may play a role in the prolonged
suppression of IFN-γ production in response
to mycobacterial antigens in human TB.
Guyot-Revol and colleagues (51), using the
two most accurate available markers for Treg
cells, i.e., high levels of cell surface CD25
expression and FoxP3 mRNA expression,
found a significantly higher percentage of
circulating CD4+CD25high T cells and an
increased level of FoxP3 mRNA in peripheral blood mononuclear cells (PBMC) from
TB patients. Moreover, there was a positive
correlation between these two markers, and
FoxP3 was almost exclusively expressed by
CD4+CD25high T cells. The increase in the
number of IFN-γ-secreting T cells detected
after specific depletion of CD25high cells confirmed that Treg cells from TB patients do
have regulatory activity (51). More importantly, high concentrations of Treg cells were
detected at sites of active inflammation and
tissue pathology (pleural, ascitic and pericardial fluids), suggesting that these cells
may play a role in limiting immune-mediated pathology. In agreement with this,
Ribeiro-Rodrigues and colleagues (50) also
showed that Treg cells were compartmentalized in the TB-involved lung in comparison
to the uninvolved lung.
In addition, Guyot-Revol and colleagues
(51) demonstrated that higher levels of FoxP3
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expression were observed in PBMC from
patients with extrapulmonary disease compared with patients who had purely pulmonary disease. Extrapulmonary dissemination
can represent a failure to maintain localized
disease within the organ of primary infection, and is associated with a suppressed
Th1-type immune response. PBMC from
active TB patients expressed higher levels of
IL-10 and TGF-ß1 than PBMC from healthy
controls. Nevertheless, there was no preferential expression of these cytokines in CD4+
CD25high T cells, suggesting that these cells
are not IL-10 Tr1- or TGF-ß1-producing
Th3 cells (51).
The bacteriologic or sterile cure of human TB is a polemic issue. It is very likely
that patients considered to be clinically cured
would eventually join the enormous group
of individuals carrying the bacteria in the
latent stage and at risk of disease reactivation. In public health terms, this is a huge
problem. Some researchers think that during
latent infection dormant M. tuberculosis is
likely to impair effector functions of infected macrophages and dendritic cells, to
exhaust effector T cells and to stimulate
regulatory T cells (58). The experimental
depletion of CD4+CD25+ Treg cells stimulates a more effective response of CD4+
CD25-negative cells in the eradication of
pathogens such as Leishmania and Plasmodium (33). Investigating the role of antigenspecific Treg cells during human TB could be
important for future studies of clinically con-

trolled immunoregulation of the disease in
an attempt to induce sterile cure. Clinical
protocols for therapeutic intervention of Treg
cells in human diseases are being investigated (59). Additionally, the identification
of antigens responsible for the mobilization
of Treg cell populations (49) could contribute
to the treatment of immunoregulatory disorders and to vaccination studies. Regarding
the former, M. vaccae, a saprophytic mycobacterium, significantly reduces murine allergic pulmonary inflammation by inducing
CD4+CD45RBlow and pulmonary CD11c+
cells that secrete IL-10 and TGF-ß1. These
cytokines play a significant role in the differentiation and effector function of Treg cells
(60). Because of its genetic similarity to M.
tuberculosis, it is equally possible that BCG
vaccination could induce populations of Treg
cells. Consequently, studies on vaccines
against tuberculosis would have to address
the role of Treg cells during vaccination. Finally, therapeutic manipulation of Treg cells
exhibits several ways to fight effectively
against chronic infectious diseases such as
malaria, AIDS and TB. However, reaching
this aim still requires a deep knowledge of
the specific immune response of each infectious disease.
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