Brazilian Journal of Medical and Biological Research (2006) 39: 1387-1397

ISSN 0100-879X Review

J.C. Ferraz'", F.B.S. Melo™",
M.F.P.M. Albuquerque'?,
S.M.L. Montenegro'

and F.G.C. Abath'

Correspondence

J.C. Ferraz

Departamento de Imunologia

Centro de Pesquisas Aggeu Magalhaes
FIOCRUZ

Av. Prof. Moraes Rego, s/n
50670-420 Recife, PE

Brasil

E-mail: jcferraz2002@yahoo.com

Research supported by CNPq and
REDE-TB. J.C. Ferraz is the recipient
of a PRODOC (Programa de Apoio a
Projetos Institucionais com a
Participagao de Recém-doutores)
fellowship from CAPES.

S.M.L. Montenegro and F.G.C. Abath
are recipients of CNPq research

scholarships.

*These authors contributed
equally to this study.

Received February 6, 2006
Accepted August 21, 2006

Immune factors and immunoregulation
in tuberculosis

"Departamento de Imunologia, Centro de Pesquisas Aggeu Magalhaes,
FIOCRUZ, Recife, PE, Brasil

2Departamento de Medicina Tropical, Universidade Federal de Pernambuco,
Recife, PE, Brasil

Abstract

Pathogens causing tuberculosis and other chronic infectious diseases
of major public health importance commonly have complex mechan-
isms involved in their persistence in the host despite specific and
sometimes strong immune responses. These diseases are also associ-
ated 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 grow-
ing 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 regula-
tory T cells should be investigated.
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Introduction caused by Mycobacterium tuberculosis, a

slow-growing aerobic bacillus, usually in-

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 pa-
tients. In 2004, nine million new cases of TB
were reported. According to the World Health
Organization, 80% of these new cases oc-
curred 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

tracellular and non-motile. Pathogenic my-
cobacteria survive in the interior of macro-
phages 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 tu-
berculosis), an event that could effectively
turn the disease uncontrollable worldwide.
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A vaccine is considered to be the best
solution for controlling TB. Bacille-Cal-
mette-Guérin (BCG), resulting from an at-
tenuated 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 pro-
tecting adults against pulmonary tuberculo-
sis. Consequently, there is an urgent need
for more effective vaccines. New experi-
mental strategies have been shown to be
promising (3) but the development of effi-
cient 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 la-
tently 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, approxi-
mately 90% of immunocompetent individu-
als 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 dis-
cussed.
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Tuberculosis - clinical and
pathological aspects

TB is transmissible by infectious air-
borne 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 sec-
ondary. Primary TB usually occurs during
childhood after an initial contact with the
tubercle bacillus. Frequently, it is an asymp-
tomatic and self-limited disease. After an
initial alveolitis, with infiltration of neutro-
phils and monocytes, a gradual arrival of T-
and B-lymphocytes surrounding macro-
phages (some of which are infected), den-
dritic cells, and fibroblasts at the periphery
forms the characteristic granulomatous tu-
bercle. 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 grow-
ing 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 elimi-
nate the infection. Failure of immune resis-
tance mechanisms may lead to disease reac-
tivation.

Afterlatency, secondary tuberculosis may
develop. This disease starts as an exudative-
inflammatory process with pneumonic char-
acteristics. With progression, classical symp-
toms such as cough, expectoration, fever,
night sweats, anorexia, and loss of body
weight may appear. Caseation and cavita-
tion 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 Thl since cellular
immunity and production of IFN-yby 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 en-
gulf the invading mycobacteria. In this con-
text, 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. Toll-
like receptors (TLRs) are believed to repre-
sent key receptors recognizing mycobacte-
rial 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 myco-
bacterial 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 antimicro-
bial peptide LL-37 (cathelicidin), respon-
sible for enhanced killing of M. tuberculosis
inside the vacuoles of human activated mac-
rophages (10). This mechanism suggests a
possible explanation for the increased sus-
ceptibility to TB displayed by people with
dark skin, a consequence of lower body
levels of 1,25-D3 as a result of greater sun-
light shielding provided by their higher mela-
nin content (10). Interestingly, activation of
TLR2 by M. tuberculosis may also induce

the production of IL-10, an anti-inflamma-
tory cytokine, and this may represent a pos-
sible mechanism of microbial evasion from
adaptive responses (8). The importance of
TLRs for controlling TB is also shown by
mice deficient in myeloid differentiation fac-
tor 88 (an intracellular TLR-adaptor mole-
cule), 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 Thl-response (11), raising ques-
tions about unknown interactions between
M. tuberculosis and myeloid differentiation
factor 88.

In macrophages, M. tuberculosis induces
an increase in mRNAs for many proinflam-
matory genes, particularly TNF-o (4). TNF-
o acts as a trigger for chemokine expression
by macrophages at the site of infection, par-
ticularly 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, pre-
venting apoptosis and favoring bacterial sur-
vival (12). Deletion of the natural resistance-
associated macrophage protein gene 1 or
Nrampl in murine macrophages causes sus-
ceptibility to mycobacterial infection, prob-
ably by interfering with the intracellular
vesicle trafficking. The human homologue
(NRAMP1, alias SLC11A1) has been associ-
ated 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 CCRS5 and
CCR7 (8). Interestingly, in dendritic cells,
M. tuberculosis strongly stimulates the pro-
duction of IL-12, a fact that may seem a
paradox regarding intracellular bacterial sur-
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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, man-
nan-binding lectin and alternative comple-
ment pathways or neutropenia have not been
implicated in increased susceptibility to tu-
berculosis (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 dis-
seminated BCG infection, and the increased
risk of mycobacterial disease in patients us-
ing drugs that suppress T cell function (14).
Because it resides in an intracytoplasmic
vacuole, M. tuberculosis antigens are pref-
erentially 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. tuberculosis-
infected (PPD+) HIV+individuals, who have
an 8-10% annual risk to develop active TB,
compared to a 10% lifetime risk for HIV-
negative PPD+ subjects (6). Th1 cells have a
primary role in the production of IFN-y but
they may also have IFN-y-independent func-
tions, with TB-specific CD4+ T cells pro-
ducing homotrimeric o3-lymphotoxin, es-
sential 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 Men-
delian 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 B1
chain of the IL-12 and IL-23 receptors) are
more prone to mycobacterial infection due
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to IL-12/IL-23 deficiency (14). IL-18 defi-
ciency 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-y, probably the most important cy-
tokine regulating anti-mycobacterial de-
fenses. Mice deficient in IFN-y and infected
with M. tuberculosis rapidly die of dissemi-
nated disease, with a high bacterial load in
tissues and necrotic and purulent granulo-
mas (5). The rare individuals with mutations
in the IFN-GRI or IFN-GR2 gene (coding
for the IFN-yR1 and R2 receptors, respec-
tively) or IFN-y-intracellular pathway com-
ponents such as STAT1 protein, may experi-
ence fatal disseminated BCG or non-tuber-
culous mycobacterial infections during child-
hood (7). IFN-y is the main macrophage-
activating molecule and, together with TNF-
o, stimulates the production of inducible
nitric oxide synthase (NOS-2), responsible
for high levels of nitric oxide and other
reactive nitrogen intermediates that are bac-
tericidal to M. tuberculosis in mice (5). IFN-
vy 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-y, LRG-47
induces autophagy processes in macro-
phages, allowing these cells to overcome
mycobacterial phagosome maturation block
and inhibiting M. tuberculosis intracellular
survival (18). Thus, although IFN-y alone
cannot control M. tuberculosis infection, it
is undoubtedly necessary for the protective
responses generated against this pathogen.
IFN-y may also induce immunopathology; a
regulatory mechanism appears to be oper-
ated by IFN-y through nitric oxide, and con-
trols its own actions, influencing granuloma
organization and limiting excessive inflam-
matory responses (5).

TNF-ais a pleiotropic cytokine and, like
IFN-vy, may play both protective and immu-
nopathological roles during TB. Mice defi-
cientin TNF-o, or its receptor die of dissemi-
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nated tuberculosis with disorganized granu-
lomas (6). Humans under therapy with TNF-
o, antagonists (Infliximab®, Etanercept®)
demonstrated increased reactivation of tu-
berculosis in the extrapulmonary and dis-
seminated forms (19). TNF-a may also play
arole 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-de-
pendent.

CD8+ T cells are thought to be less im-
portant than CD4+ T lymphocytes for the
control of mycobacterial infection. How-
ever, mice deficient in 3,-microglobulin rap-
idly succumb to M. tuberculosis challenge
(21), demonstrating the involvement of MHC
class I-restricted T cells. The recently de-
scribed crosspriming mechanism of CD8+ T
cells in human and murine TB by mycobac-
terium-induced apoptotic vesicles (“detour
pathway”) represents a specific host activa-
tion alternative for controlling a pathogen
that does not readily access the MHC-I-
processing pathway (22). CD8+ T cells may
contribute to the immune response against
the tubercle bacilli by at least three mechan-
isms: IFN-y secretion (15), lysis of infected
cells by Fas/Fas-ligand interaction or medi-
ated 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 ¥d T cells in
TB, a major primate subset that expresses
V72 and V2 T-cell receptor recognizes my-
cobacterial phosphoantigen as part of the
adaptive immune response against patho-
genic mycobacteria (24). Vy2Vo2 T cells
expand early during mycobacterial infection

and are associated with low bacterial bur-
dens and immunity against a fatal M. tuber-
culosis challenge in BCG-vaccinated mon-
keys. Interestingly, during chronic tubercu-
losis in humans, the number of Vy2Vé2 T
cells is decreased (24).

If the Th1 response represents the protec-
tive pattern necessary to control TB infec-
tion, then would IL-4 and other Thl-sup-
pressive cytokines be involved in the pro-
gression 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 re-
sponse 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-o increasing disease
pathology and fibrosis seems to be more
important than IL-4-mediated detrimental
effects on the efficacy of Thl responses
against mycobacteria (28). It still remains
unclear whether IL-4 causes or simply re-
flects disease activity in human TB. A sup-
pressed or poorly expressed Thl response
rather than a strong Th2 response has been
suggested to explain the failure of immune
responses to control TB. In this context, IL-
27 is a cytokine that promotes early Thl
development but has also been demonstrated
to prevent maximal antimycobacterial con-
tainment by limiting late Th1 responses in a
murine model of tuberculosis (29). Interest-
ingly, 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 “proinflam-
matory profile” may actually have unreported
inhibitory functions in cell immunity during
TB infection.

On the other hand, the importance of IL-
10, a classical strong suppressor of Th1 (and
Th2) responses, for the regulation of TB
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immunity has been strengthened. IL-10 is
able to induce TB reactivation in animals
(30). Polymorphisms in the /L-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 vacci-
nation (31). Similarly to IL-10, transforming
growth factor-B1 (TGF-81) down-regulates
IFN-vy production and is also a macrophage-
deactivating cytokine produced in signifi-
cant amounts by monocytes from TB pa-
tients (32). However, no association has been
found to date associations between TGF-1
genetic polymorphisms and susceptibility to
TB (30).

Although suppression of IFN-y (and Th1
responses) may occur due to certain inhibi-
tory cytokines, a strong IFN-y production is
a common feature of most antimycobacte-
rial 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 grow-
ing evidence that regulatory T cells (T,,)
may play an important role in the regulation
of host immune responses against M. tuber-
culosis, 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 autoimmu-
nity in athymic mice; however, co-transfer
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of CD4+CD25+ with CD4+CD25-negative
cells completely prevented these patholo-
gies (34). The authors concluded that the
absence of a subset of CD4+ T cells express-
ing the o-chain of the IL-2 receptor (CD25)
was the main cause of autoimmunity. These
subpopulations of suppressive T cells named
natural T, cells are crucial for the dominant
control of self-tolerance and fine tuning of
the immune responses.

A specific transcriptional factor, denomi-
nated forkhead box p3 (FoxP3), controls the
development and suppressive phenotype of
CD4+CD25+ T, cells (35). It is currently
considered to be the most specific marker
available for T, cells from humans and
mice. Neuropilin-1, a receptor involved in
axon guidance, angiogenesis and activation
of T cells, has been recently found to corre-
late closely with FoxP3 expression and sup-
pressor function of CD4+CD25+ T, cells
during infectious disease in mice (36). Glu-
cocorticoid-induced TNF receptor-related
gene, CTLA-4 and CD45RO+ are auxiliary
markers found in natural T, populations
(37). Nonetheless, the CD25 molecule is
still necessary for obtaining highly purified
natural T, 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 immu-
nosuppressive function in vitro (37).

In addition to natural T, 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-8 (Th3),
which are able to inhibit some T-cell re-
sponses 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 Trl or
Th3 cells can develop from conventional
CD4+ T cells when exposed to specific stimu-
latory conditions, they are called “induc-
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ible” T, cells. Nevertheless, this may be
somewhat misleading since natural T, cells
expressing CD4+CD25+ and FoxP3 can also
be specifically induced by foreign antigens
(33,39). Natural T, cells are partially pro-
duced 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, T, cell populations are
capable of robust expansion in vivo and their
early description as anergic cells may be
mistaken. The suppressive effects of natural
Ty, 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 simi-
lar to their murine counterparts (42).
Besides their function in the control of
autoimmunity, natural T,, cells are also in-
volved in tumor immunity, tolerance to trans-
plants and allergic mechanisms (42). In ad-
dition, natural T, cells have been reported
to play a role in immune responses against
invading microbes (33). It was initially ob-
served that depletion of CD4+CD25+ T cells
induced severe pneumonitis in mice infected
with Pneumocystis carinii (43), suggesting
an essential role for T, cells in controlling
the immunopathology caused by this fun-
gus. Concomitantly, Belkaid and colleagues
(44) demonstrated the importance of natural
Ty, cells accumulated at sites of infection in
maintaining chronic disease by Leishmania
major in a murine model. In fact, with the
function of T, cells abolished, sterile im-
munity to L. major was reached, although
these animals were more prone to reinfec-
tion (44). Very recently, it has been demon-
strated that natural T, 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+ T, cells were able to counter-
act immunosuppression caused by Plasmo-

dium yoelii and resisted a lethal infection
with virulent strains of this parasite (45). In
summary, depletion of T, cells can lead to
complete elimination of pathogens which
otherwise establish chronic or latent infec-
tions 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 pa-
thology caused by Th1 responses during the
acute phase of schistosomiasis in mice. In
this model, natural T, cells producing IL-
10 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+ T, cells is ad-
vantageous to protect the host against exces-
sive Th1 immunopathology although it may
not lead to total elimination of the parasite.

Studies in humans have also suggested a
role for natural T,, cells in the balance be-
tween immunopathology and the persistence
of pathogens. Natural T, cells isolated from
individuals chronically infected with Heli-
cobacter pylori are able to suppress H. pylo-
ri-specific T cell responses but not responses
to unrelated antigens such as tetanus toxoid
(47). Chronic infection with HIV also in-
duces specifically suppressive natural T,
cells (48). Individuals chronically infected
with hepatitis C virus have a higher number
of circulating natural T, cells than uninfect-
ed subjects, and depletion of T, cells was
found to increase specific CD8+ T cell re-
sponses in vitro (49). These findings suggest
that the activation of natural T, cells is
capable of avoiding an excessive inflamma-
tory response to the host. However, it may
also compromise the elimination of the path-
ogen, favoring its long-term persistence. A
therapeutic intervention in this balanced sys-
tem would be successful if a perfect equilib-
rium between effectors and suppressive T
cell responses beneficial to the host could be
achieved.
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Is there a role for regulatory T cells
in tuberculosis?

In spite of intense research on the im-
mune response elicited during tuberculosis,
the mechanisms involved in the develop-
ment of active disease remain obscure. It is
becoming clear that naturally occurring
CD4+CD25+ T, cells not only influence
self-antigen-specific immune responses but
also inhibit foreign antigen-specific immu-
nity in infectious diseases (39). However,
direct evidence of immunoregulatory prop-
erties of T, cells in human or experimental
tuberculosis is scarce (50,51), and most of
the discussion on the participation of T,
cells in tuberculosis is derived from indirect
evidence.

The immune response in TB is some-
times characterized by active immunosup-
pression, particularly in severe disease, as
evidenced by decreased production of IL-2
and IFN-y and antigen-specific anergy to
preparations of PPD (52,53). This has also
been correlated with expansion of IL-10-
producing T cells (52). TGF-81, another
pleiotropic cytokine with suppressive effects
against cell immunity, has been frequently
detected in patients with active TB, particu-
larly in the granulomatous lung lesions (32).
On the other hand, TGF-B1 is an important
factor for the survival, retention and func-
tion of natural Ty, cells (54). In addition,
high concentrations of TGF- have been
reported to convert conventional CD4+ T
cells into FoxP3-expressing suppressive T
cells (55). IL-4 is frequently found in ad-
vanced TB and the action of this cytokine
can enhance the suppressive effects of
CD4+CD25+ T, cells on CD4+CD25-nega-
tive cells (56). Thus, inhibitory cytokines
can be correlated with susceptibility to in-
fection and disease and, at the same time,
may also suggest involvement of T, cells in
this process. The infection by M. tuberculo-
sis generates a certain degree of concomitant
immunity but not so potent because reinfec-
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tion does occur (57). Whether T, 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 T,, cells in human
TB (50,51). Ribeiro-Rodrigues and col-
leagues (50) reported that frequencies of
both total CD4+CD25+ T cells and CD4+
CD25"h (probably representing true regula-
tory T cells, because the expression of FoxP3
in Ty, cells was not analyzed) are increased
during active human TB, and that this in-
crease is sustained even upon completion of
TB treatment. Nonetheless, this study was
not able to show a correlation between clini-
cal profiles and frequencies of T, cells.
These cells may play a role in the prolonged
suppression of IFN-y production in response
to mycobacterial antigens in human TB.
Guyot-Revol and colleagues (51), using the
two most accurate available markers for T,
cells, i.e., high levels of cell surface CD25
expression and FoxP3 mRNA expression,
found a significantly higher percentage of
circulating CD4+CD25"e" T cells and an
increased level of FoxP3 mRNA in periph-
eral 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+CD25heh T cells. The increase in the
number of IFN-y-secreting T cells detected
after specific depletion of CD25Mgh cells con-
firmed that T, cells from TB patients do
have regulatory activity (51). More impor-
tantly, high concentrations of T, cells were
detected at sites of active inflammation and
tissue pathology (pleural, ascitic and peri-
cardial fluids), suggesting that these cells
may play a role in limiting immune-medi-
ated pathology. In agreement with this,
Ribeiro-Rodrigues and colleagues (50) also
showed that T, cells were compartmental-
ized 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 com-
pared with patients who had purely pulmo-
nary disease. Extrapulmonary dissemination
can represent a failure to maintain localized
disease within the organ of primary infec-
tion, and is associated with a suppressed
Thl-type immune response. PBMC from
active TB patients expressed higher levels of
IL-10 and TGF-A1 than PBMC from healthy
controls. Nevertheless, there was no prefer-
ential expression of these cytokines in CD4+
CD25Nieh T cells, suggesting that these cells
are not IL-10 Trl- or TGF-B1-producing
Th3 cells (51).

The bacteriologic or sterile cure of hu-
man 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 reactiva-
tion. 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 in-
fected macrophages and dendritic cells, to
exhaust effector T cells and to stimulate
regulatory T cells (58). The experimental
depletion of CD4+CD25+ T, cells stimu-
lates a more effective response of CD4+
CD25-negative cells in the eradication of
pathogens such as Leishmania and Plasmo-
dium (33). Investigating the role of antigen-
specific T, cells during human TB could be
important for future studies of clinically con-
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