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Chapter 5: Immunology, Pathogenesis, Virulence

Rogelio Hernandez-Pando, Rommel Chacoén-Salinas, Jeanet Serafin-
Lépez, and Iris Estrada

5.1. Immune response against Mycobacterium tuberculosis

The immune response against tuberculosis (TB) plays a fundamental role in the
outcome of M. tuberculosis infection. It is clear that the immune system reacts
efficiently in the vast majority of infections. This is particularly evident in the case
of TB, where most people infected by the tubercle bacillus (~ 90 %) do not develop
the disease throughout their lifetimes. Nevertheless, the risk of developing the
disease increases considerably when TB infection co-exists with an alteration in the
immune system, such as co-infection with human immunodeficiency virus (HIV).

Also, it is well known that bacille Calmette-Guérin (BCG) vaccination has not been
completely efficient in the prevention of pulmonary TB. Thus, the design of vac-
cines against TB is a field in which much effort has been invested with the aim of
fighting this disease. Recently, it has become clear that, in order to develop a more
efficient vaccine, a better understanding of the relation between the immune re-
sponse of the host and the tubercle bacillus is needed.

In view of this, the present chapter provides an updated overview of the cellular
and molecular immune mechanisms involved in the development of the disease.

5.1.1. Innate immune response
5.1.1.1. Neutrophil leukocytes

Even though macrophages are considered the main targets for infection by Myco-
bacterium tuberculosis, it has been recently proposed that other cell populations
can also be infected by mycobacteria and therefore may be important in the devel-
opment of the disease. Neutrophils are found within this group of cells (Figure 5-
1). Characteristically, they are among the earliest cells recruited into sites where
any noxious agent enters into the body and/or inflammatory signals are triggered.
They also have well-characterized microbicidal mechanisms such as those depend-
ent on oxygen and the formation of neutrophil extracellular traps (Urban 2006).

Using the murine experimental model, the role played by neutrophils in TB is con-
troversial. These cells have been detected at the beginning of infection as well as
several days after infection (Pedrosa 2000, Fulton 2002) and were thought to have
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an important role in the control of mycobacterial growth. Indeed, if neutrophils are
eliminated before infection, mycobacterial growth increases in the lungs of experi-
mentally infected animals; and conversely, if mice are treated with an agent that
increases neutrophils, the bacillary growth rate decreases (Appelberg 1995, Fulton
2002). However, when the microbicidal ability of neutrophils against mycobacteria
was analyzed, controversial results were obtained. There are reports of neutrophils
being able to kill mycobacteria (Jones 1990) and other reports where this phe-
nomenon was not observed (Denis 1991). Nevertheless, it is believed that the func-
tion of neutrophils goes beyond their microbicidal ability. Therefore, these cells are
thought to contribute to the control of infection through the production of chemoki-
nes (Riedel 1997), the induction of granuloma formation (Ehlers 2003) and the
transference of their own microbicidal molecules to infected macrophages (Tan
2000).

Figure 5-1: Neutrophils ingest Mycobacterium tuberculosis. Human purified neutrophils were
incubated with Mycobacterium tuberculosis H37Rv and DNA was stained with sytox™
Green. Fluorescent rods on the left are intracellular bacilli.

On the other hand, neutrophils have recently been ascribed a role in the develop-
ment of the pathology, rather than the protection of the host. TB susceptible ani-
mals were found to have a larger and longer accumulation of neutrophils in TB
lesions compared to TB resistant animals (Eruslanov 2005). This event seems to be
influenced by the differential expression of molecules which are chemoattractant to
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neutrophils (Keller 2006). The different susceptibility of the hosts may explain the
discrepancies in the results of these recent studies and those of earlier ones, which
suggested a protective role of neutrophils in the control of TB infection. While
those early studies showing protection were conducted in mouse strains that were
naturally resistant to TB, the later studies mainly focused on the role of these cells
in TB susceptible mouse strains. Evidently, a more precise definition of the role
played by neutrophils during infection will depend on an evaluation of the kinetics
and magnitude of the response that these cells have in the early stages of the dis-
ease.

5.1.1.2. Mast cells

Mast cells are effector cells with a relevant role in allergic reactions (Woodbury
1984, Miller 1996, Galli 1999, Williams 2000); and are also critical for the devel-
opment of a T helper 2 (Th2) response (Galli 1999, Metcalfe 1997). They are found
in the mucosa of the respiratory, gastrointestinal, and urinary tracts and can also be
observed in the vicinity of blood and lymph vessels.

These cells express a receptor with high affinity for IgE (FceRI) and therefore this
immunoglobulin is bound to their membrane. Upon the union of the antigen to the
active sites of FceRI-bound IgE, mast cells liberate several molecules, including
preformed mediators and mediators synthesized de novo (Metzger 1992, Turner
1999, Williams 2000). Among the preformed mediators contained in mast cell
granules are histamine, tryptase, chymase, carboxypeptidase, and heparin, while
mediators synthesized de novo include leukotriene C4, prostaglandin D2, platelet-
activating factor (PAF), tumor necrosis factor alpha (TNF-a), transforming growth
factor (TGF-P), fibroblast growth factor 2 (FGF-2), vascular endothelial growth
factor (VEGF), and interleukins IL-4, IL-5 and IL-8 (William 2000, Turner 1999,
Sayama 2002).

Besides this interaction between IgE and the antigen, other agents are able to in-
duce the activation of mast cells and the liberation of cytokines and other media-
tors. For instance, microbial products (Di Nardo 2003, Feger 2002) stimulate mast
cells via two members of the toll-like receptor (TLR) family, TLR-2 and TLR-4
(Supajatura 2002, Sabroe 2002, McCurdy 2003).

The locations where mast cells are usually found are common gateways for infec-
tious agents and there is evidence of these cells being excellent mediators of the
inflammatory response (Williams 2000, Metcalfe 1997). At least in bacterial infec-
tions by Klebsiella pneumoniae and Escherichia coli, mast cells are required for the
triggering of innate immunity (Malaviya 1996, Malaviya 2001). In addition, due to
their strategic distribution within the lung, mast cells have a fundamental role in the
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defense of the host against mycobacteria. An early study showed an increased
number of mast cells and their degranulation in the lungs of animals experimentally
infected with M. tuberculosis (Ratnam 1977). The presence of mast cells has also
been described in the duodenum and the ileum of cows infected with Mycobacte-
rium paratuberculosis, a microorganism that causes granulomatous enteropathic
lesions (Lepper 1988). Mufioz et al (2003) demonstrated that there is an interaction
between mast cells and M. tuberculosis through the CD48 molecule. This interac-
tion triggers the release of preformed mediators, such as histamine and f-
hexosamidase, and the liberation of de novo synthesized cytokines, such as IL-6
and TNF-o, which are involved respectively in the activation of neutrophils and the
maintenance of the integrity of the granuloma (Mufioz 2003, Law 1996, Adams
1995). The secretory proteins Mycobacterium tuberculosis secreted antigen
(MTSA-10) and 6-kiloDalton (kDa) early secretory antigenic target (ESAT-6)
contribute to the activation not only of macrophages and dendritic cells but also of
mast cells for the liberation of their pro-inflammatory mediators (Muiloz 2003,
Trajkovic 2004).

5.1.1.3. Macrophages

The macrophage is the paradigmatic cell with regard to M. tuberculosis infection.
Indeed, alveolar macrophages have been shown to play an essential role in the
elimination of particles that enter the organism through the airways; and have long
been considered the first cell population to interact with the tubercle bacillus. More
macrophages are recruited afterwards from the bloodstream, and are in charge of
maintaining the infection in the host (Dannenberg 1991, Dannenberg 1994).

The initial interactions of the bacilli with the macrophage take place through cellu-
lar receptors, such as receptors for Fc, complement (Schlesinger 1990), mannose
(Schlesinger 1993), surfactant protein (Zimmerli 1996), CD14 (Peterson 1995), and
CD43 (Randhawa 2005). Though it is unknown if the bacteria interact with one or
more of these receptors during in vivo infection, the results of in vitro experiments
suggest that the macrophage response depends on the type of receptor with which
the bacteria interact. Their interaction with Fc receptors increases the production of
reactive oxygen intermediates and allows the fusion of the bacteria-containing
phagosomes with lysosomes (Armstrong 1975). On the other hand, interaction of
the bacteria with the complement receptor 3 (CR3) prevents the respiratory burst
(LeCabec 2000) and blocks the maturation of phagosomes harboring the bacteria,
thus preventing fusion with lysosomes (Sturgill-Koszycki 1996).

The interactions of mycobacteria with members of the Toll-like receptor family
have been studied for some years. TLR-2 (Brightbill 1999) and TLR-4 (Jeans
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1999) are activated by several M. tuberculosis components. Among others, the 19-
kDa lipoprotein and lipoarabinomanann (LAM) activate macrophages through
TLR-2, promoting the production of IL-12 and inducible nitric oxide synthase
(INOS) (Brightbill 1999).

Regardless of the receptor with which the bacteria interact, it has been observed
that the cellular cholesterol present in the macrophage cell membrane is an essen-
tial molecule for the internalization of the bacteria (Gatfield 2000). It is believed
that cellular cholesterol works as a direct anchorage point for the bacterium and
stabilizes its interaction with the macrophage membrane. Afterwards, the bacterium
is efficiently internalized (Pieters 2001).

Once the bacteria enter the macrophage, they generally locate themselves in the
mycobacterial phagosome (Armstrong 1971, Armstrong 1975). This structure de-
rives from the plasma membrane and presents some cell surface receptors (Russell
1996, Hasan 1997). In contrast to normal phagocytosis, during which the phagoso-
mal content is degraded upon fusion with lysosomes, the mycobacteria block this
process (Armstrong 1971, Armstrong 1975).

This inhibition depends on an active process induced by viable mycobacteria, since
dead bacilli can be easily found in lysosomal compartments (Armstrong 1971,
Armstrong 1975). Besides having a different morphology, the vacuoles in which
the bacteria reside present “early” endosomal compartment markers instead of the
characteristic “late” endosomes (Hasan 1997, Clemens 1996, Baker 1997). In addi-
tion, these mycobacterial phagosomes retain “early” markers, such as Rab5 and
Rab14 GTPases, and do not acquire the “late” Rab7 molecule; a finding which is
also consistent with a blockage of the maturation process from early to late en-
dosome (Via 1997, Kyei 2006).

Another characteristic of the mycobacterial phagosome is its limited acidification
(Crowle 1991). Normally, material transported through an endosomal route finds
an acidic medium due to the action of the vesicular proton-pump adenosine tri-
phosphatase (V-ATPase) in the late endosome. It is suggested that such reduced
acidification is the result of a low or zero concentration of V-ATPase in the myco-
bacterial phagosome (Sturgill-Koszycki 1994). A more recently described property
is that this mycobacterial phagosome can not physically associate with iNOS
(Miller 2004).

The inability of the mycobacterial phagosome to mature has been attributed to the
active retention of a protein present in phagosomes, known as tryptophan aspartate
coat protein (TACQO), which was elegantly demonstrated by Ferrari et al. When
these authors infected TACO-deficient cells, the maturation of mycobacterial
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phagosomes was not arrested and therefore these cells were able to eliminate bacilli
by fusion of phagosomes with lysosomes (Ferrari 1999). It is also worth noting that
TACO binds itself to the plasmatic membrane of macrophages through cholesterol,
which also plays an essential role in mycobacterial uptake by macrophages. These
events show both molecules to be importantly associated in the mycobacterial
mechanisms for survival (Gatfield 2000).

The inhibition of phagosome maturation by mycobacteria may be reverted by cyto-
kines, such as interferon-gamma (IFN-y) and TNF-a, which also stimulate microbi-
cidal mechanisms, including the production of reactive oxygen and nitrogen inter-
mediates (Flesch 1990, Chan 1992). The protective role of nitrogen intermediates
has been demonstrated in different murine models (MacMicking 1997, Flynn
1998), and a similar function has been suggested for these molecules in human TB
(Nicholson 1996). In contrast, the role played by the reactive oxygen intermediates
during infection has not been completely explained, though it is known that hydro-
gen peroxide produced by macrophages activated by cytokines has a mycobacteri-
cidal activity (Walter 1981). Also, it has been found that the tubercle bacillus pres-
ents molecules, such as LAM and phenolic glycolipid I, which work as oxygen
radical scavenger molecules (Chan 1989, Chan 1991).

5.1.1.4. Dendritic cells

Dendritic cells are clearly involved in the protective immune response to M. tuber-
culosis infection. As explained above, when M. tuberculosis bacilli are inhaled and
phagocytosed by the pulmonary macrophages, they remain, and even replicate,
within the cell phagosome. Dendritic cells recruited from blood, and probably also
from lung tissues, may play a role in protective immunity since they are found in
increased numbers in TB lesions (Sturgill-Koszycki 1994, Pedroza-Gonzalez 2004,
Garcia-Romo 2004).

Dendritic cells recognize, capture and process antigens, thus being able to present
them in the context of major histocompatibility complex (MHC) molecules, as well
as through CD1 (Banchereau 1998, Gumperz 2001). Dendritic cells bind antigens
via C-type lectin receptors and Fcy/Fce receptors, and internalize them by endocy-
tosis (Engering 1997, Fanger 1996, Jiang 1995). M. tuberculosis endocytosis is
carried out through known C-type lectin receptors, such as dendritic cell-specific
intercellular-adhesion-molecule-grabbing non-integrin (DC-SIGN) (Geijtenbeek
2003, Tailleux 2003). This molecule interacts with mannose capped-LAM, a com-
ponent of the mycobacterial cell wall (Geijtenbeek 2003, Figdor 2002). In addition,
peripheral blood dendritic cells and immature dendritic cells derived from mono-
cytes express TLR-2 and TLR-4 (Jarrossay 2001, Kadowaki 2001), two Toll-like
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receptors with which mycobacteria seem to interact. Thus, it can be assumed that a
protective host response may be induced through these signals. Additional signals
generated by the association of mannose capped-LAM to DC-SIGN induce IL-10
production (Geijtenbeek 2003), while the union of a 19 kDa M. tuberculosis lipo-
protein to TLR-2 induces production of IL-12, TNF-a, and IL-6 (Means 2001,
Means 1999, Underhill 1999).

Once the antigens have been captured and internalized, dendritic cells become
mature (indicated by phenotypical and functional changes) and efficiently migrate
to peripheral lymph nodes. There is evidence of in vivo M. tuberculosis and BCG
transport from lung tissues to the lymph nodes inside infected dendritic cells (Dieu
1998). This migration of infected dendritic cells requires the expression of the
chemokine receptor 7 (CCR7) on their surface, which makes them sensitive to
chemokines (CC) CCL19 and CCL21 (Dieu 1998, Gunn 1998, Krichuber 2001,
Bhatt 2004). It is important to mention that maturation of dendritic cells is not only
accompanied by an increased synthesis of MHC class I and II, but also by the ex-
pression of co-stimulating molecules, such as CD80 and CD86 (Turley 2000), and
the production of IL-12 (Steinmann 2001).

The internalization of M. tuberculosis into human and murine dendritic cells has
been observed in several in vitro (Bodnar 2001, Fortsh 2000, Giacomini 2001,
Hanekom 2002, Henderson 1997, Inaba 1993) and in vivo (Jiao 2002, Pedroza-
Gonzalez 2004, Garcia-Romo 2004) studies. Reportedly, when dendritic cells de-
rived from monocytes are infected with M. tuberculosis, their ability to present
lipidic antigens is impaired and thus the expression of CD1 decreases (Stenger
1998). Components of the mycobacterial cell wall were also shown to inhibit the
phenotypical maturation of dendritic cells induced by lipopolysaccharides. Differ-
ent lineages of M. tuberculosis may vary in the degree by which they affect the
dendritic cells. In particular, the enhanced virulence ascribed to Beijing strains
might well be related to their inability to stimulate dendritic cell maturation (Lopez
2003, Ebner 2001).

In a protective immune response, dendritic cells induce maturation of T cells to-
wards a T helper 1 (Thl) profile by secreting cytokines, such as IL-12, IL-18, IL-
23, and probably IFN-a and B, but not IFN-y (Wozniak 2006, Kadowaki 2001,
Kalinski 1999, Thurnher 1997). Th1 cells expand in response to the BCG antigens
presented by the dendritic cells in the lymphoid nodules and migrate toward infec-
tion sites, such as the lung tissue, where they liberate IFN-y, thus activating local
macrophages that control bacilli replication (Humphreys 2006).
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5.1.1.5. Natural killer cells

Natural killer cells play a very important role in the development of the innate
immune response. Their main function has been associated with the development
of cytotoxicity to target cells and they are among the first cell populations to pro-
duce IFN-y during the immune response. For a long time, the study of this cell
population was focused on their role in viral and tumoral diseases. More recently,
however, increasing interest has arisen in their eventual function in several bacte-
rial infections.

The number of natural killer cells was shown to increase in the lungs of C57BL/6
mice during the first 21 days after aerosol infection with M. tuberculosis complex
strains. This cell expansion was associated with an increased expression of activa-
tion and maturation markers, and IFN-y production. However, the depletion of
natural killer cells had no influence on the lung’s bacterial load, indicating that
although these cells become activated during the early response in pulmonary TB,
they are not essential for host resistance (Junqueira-Kipnis 2003). Natural killer
cells also play an important role in human TB by regulating different aspects of the
immune response. Human natural killer cells have been shown to have an enhanced
cytotoxicity for macrophages infected with M. tuberculosis. They also optimize the
ability of CD8+ T lymphocytes to produce IFN-y and to lyse M. tuberculosis in-
fected cells, thus joining innate to adaptive immune responses (Vankayalapati
2002, Vankayalapati 2004).

5.1.1.6. CD1d-restricted natural killer T cells

These are a unique subset of human natural killer T cells characterized by the ex-
pression of an invariant V alpha 24 T cell receptor that recognizes the nonclassical
antigen-presenting molecule CD1d. The activity of CD1d-restricted killer cells is
notably enhanced by the marine glycolipid alpha-galactosylceramide derived from
sponges. Once activated by alpha-galactosylceramide, CDI1d-restricted natural
killer T cells contribute to human host defense against M. tuberculosis infection.
Human monocyte-derived macrophages expressing CD1d can induce effector
functions of natural killer T cells against cells infected with M. tuberculosis when
activated with alpha-galactosylceramide. These functions include IFN-y secretion,
proliferation, lytic activity, and anti-mycobacterial activity; this latter via the anti-
microbial peptide granulysin, which damages the mycobacterial surface. There is
further support of the potential interaction of natural killer T cells with CD1d-
expressing cells at the site of disease, since CD1d can be readily detected in
granulomas of TB patients (Gansert 2003). Such a role has not been proved in M.
tuberculosis infected mice. Rather, natural killer T cells have been shown to play a
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detrimental role, at least in the late phase of mouse experimental infection (Suga-
wara 2002).

5.1.1.7. Epithelial cells

Alveolar macrophages have been considered for a long time to be the first cell
population to interact with M. tuberculosis. However, the number of epithelial cells
in the alveoli is 30 times higher than the number of macrophages and thus, the
likelihood that they are the first cells exposed to the infecting bacilli is similarly
higher. The first indication of the involvement of epithelial cells in M. tuberculosis
infection was derived from a study where the presence of mycobacterial DNA was
detected in necropsy specimens from people who had died from diseases other than
TB. In that study, M. tuberculosis DNA was detected in macrophages, type II
pneumocytes, fibroblasts, and endothelial cells (Hernandez-Pando 2000). In addi-
tion, several in vitro studies have characterized the interaction between epithelial
cells and M. tuberculosis. These cells can host M. tuberculosis bacilli and allow
their replication (Bermudez 1996). Moreover, epithelial cells are able to establish
an initial pro-inflammatory environment by secreting IL-8 (Wickremashinge 1999)
and inducing the production of nitric oxide (NO) (Roy 2004). Obviously, in vivo
experiments are necessary to better understand the role played by alveolar epithe-
lial cells in M. tuberculosis infection.

5.1.1.8. Defensins

A conspicuous element of the innate immune response against microorganisms is a
group of small endogenous antimicrobial peptides known as defensins (Diamond
1998). These cationic peptides, consisting of approximately 30 to 50 amino acids,
are present in myeloid and epithelial cells of all animal species. They were shown
to display antibacterial (Gabay 1989, Ganz 1985, Selsted 1987), antifungal (Selsted
1985), and antiviral (Daher 1986) activities. These molecules are classified as al-
pha, beta, and theta defensins based on the position of cysteine residues and the
number of disulfur bonds (Bals 2000, Hoover 2000, Lehrer 1993). In phagocytic
cells, defensins represent the main microorganism destruction components inde-
pendent of oxygen metabolism (Miyakawa 1996, Ogata 1992). Allegedly, these
peptides break the membrane of several microorganisms and some of them are
even able to pass through the cytoplasmic membrane and enter the infected cell
(Ganz 2003, Rivas-Santiago 2006).
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Defensins were first described in guinea pig and rabbit neutrophils (Zeya 1963,
Zeya 1966). There is no report of human monocytes and macrophages having de-
fensins, although neutrophils have been reported to have four known human neu-
trophil defensins peptides (Ganz 1990), of which three (HNP-1, HNP-2 and HNP-
3) were found to be active against Mycobacterium avium-intracellulare and M.
tuberculosis (Ogata 1992, Miyakawa 1996).

In vitro, the human alpha defensins present in human neutrophils directly attracts
CD4+/CD45RA+ T cells, CD8+ cells, and dendritic cells. The expression of human
beta-defensin 1 is constitutive in epithelial cells but the expression of human beta-
defensins 2 and 3 is inducible by IL-1, TNF-a, and by Toll-like receptor recogni-
tion of bacteria and fungi (Kaiser 2000, Lehrer 1993, Stolzenberg 1997). Human
beta-defensins are also chemoattractants for T CD4+/CD45RO+ cells through re-
ceptor CCR6 (Chertov 2000).

Mice infected with M. tuberculosis express murine beta defensins mBD-3 and
mBD-4 n. In the first stages of infection, the epithelial cells of the respiratory tract
express both defensins, which correlates to the early control of bacterial prolifera-
tion. However, their expression decreases as the disease progresses. In the latent
infection model, mBD-3 and MBD-4 are continuously expressed, but their expres-
sion is suppressed if the infection is reactivated (Rivas-Santiago 2006).

Genetic expression of human beta-defensin 2 (HBD-2) has been identified in
epithelial cells of the skin, lung, trachea, and urogenital system (Bals 1998, Kaiser
2000, Lehrer 1993, Linzmeier 1999, Singh 1998, Stolzenberg 1997). This defensin
was also detected in bronchial lavage cells from patients infected with M. avium-
intracellulare (Ashitani 2001). Peripheral blood monocytes transfected with human
beta-defensin HBD-2 have a better control of M. tuberculosis growth than non-
transfected monocytes (Kishik 2001). Human alveolar epithelial cells infected with
M. tuberculosis were also found to express human beta-defensin HBD-2 (Rivas-
Santiago 2005).

M. tuberculosis infected mice that have been treated with the defensin peptide
HNP-1 show a reduction of bacterial load in the lungs, liver, and spleen (Sharma
2001). This observation suggests that defensins could represent important compo-
nents of the innate response mechanisms against M. tuberculosis and could be used
as new therapeutic tools.
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5.1.2. Acquired immune response against M. tuberculosis

In contrast to innate mechanisms, the specific or adaptive immune response re-
quires the specific recognition of foreign antigens. The innate immune system has a
profound influence on the type of acquired immune mechanisms generated, and
vice versa, the specific immune response executes several of its effector functions
via the activation of components of the innate immunity. Specific immune re-
sponses can be divided into cell-mediated mechanisms, which include T-cell acti-
vation and effector mechanisms, and the humoral immune response, consisting of
B-cell maturation and antibody production. Both mechanisms are not mutually
exclusive, and T helper cells are required for antibody maturation, isotype switch-
ing and memory. B cells also function as antigen presenting cells by activating T
cells in a specifically driven manner. In the following pages we will focus on the
generation of both humoral and cellular immune responses against M. tuberculosis.

M. tuberculosis is the most conspicuous example of an intracellular bacterium that
persists for long periods within the host, causing a latent infection, namely a
chronic asymptomatic infection without tissue damage. This is best illustrated by
the fact that two billion people worldwide are infected with M. tuberculosis, but
more than 90 % of them remain healthy and free of clinical disease and the tubercle
bacilli remain within them in a state of dormancy. Therefore, although the host
cell-mediated immunity is enough to control the progression of disease, it fails to
exert sterile eradication and hence, those two billion infected persons suffer the
latent form of TB (Collins 2002).

As for other intracellular infections, the primary protective immune response is cell
mediated rather than antibody mediated. M. tuberculosis resides inside the macro-
phage and is relatively resistant to microbicidal mechanisms that efficiently elimi-
nate other phagocytosed bacteria. This is due in part to the ability of the tubercle
bacilli to hinder macrophage activation by IFN-y and IL-12. Several studies have
confirmed the critical importance of these cytokines in both human and mice M.
tuberculosis infection. In addition, deficiencies in IL-12 or IFN-y, or their recep-
tors, render the individual more susceptible to mycobacterial infections (Jouanguy
1999, Alcais 2005). For the last 20 years, it has been assumed that the induction of
a Thl-type immune response affords the host the greatest protective capacity.

Despite the fact that there are hundreds of studies published on TB immunity, still
there is a lack of information regarding important issues, such as the role of lung
antigen presenting cells in vivo during pulmonary TB (Pedroza-Gonzalez 2004).
This type of information would allow a better understanding of the induction of
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specific immune responses against M. tuberculosis, and therefore the development
of tools that could control the disease more effectively.

5.1.2.1. Humoral immune response

Because of their intracellular location, it is frequently assumed that tubercle bacilli
are not exposed to antibody and therefore this type of immune response is consid-
ered to be non-protective. However, during the initial steps of infection, antibodies
alone or in conjunction with the proper cytokines may provide important functions,
such as prevention of entry of bacteria at mucosal surfaces. Even though the issue
remains controversial, the role of antibodies in intracellular bacterial infections has
gained renewed attention. Lately, their participation in the control of acute infec-
tions, such as chlamydial respiratory infection (Skelding 2006), and chronic infec-
tions produced by Actinomycetes, including M. tuberculosis (Salinas-Carmona
2004, Williams 2004, Reljic 2006), was explored.

Antibodies can be exploited in two ways in the clinical management and control of
TB: as serological diagnostic tools; and as active participants in protection. Sero-
logical methods have been regarded for a long time as attractive tools for the rapid
diagnosis of TB due to their simplicity, rapidity, and low cost. As early as 1898,
Arloing showed that sera from TB patients could agglutinate tubercle bacilli (cited
in Daniel 1987). With the introduction of the enzyme-linked immunosorbent assay
in the *70s, interest was renewed and several groups of investigators committed
themselves to finding an optimum antigen for TB serodiagnosis. At that time, com-
plex antigens were used in most cases, such as whole bacteria, culture filtrates,
bacterial extracts, tuberculins and their purified derivates (PPD). More recently,
individual purified antigens have also been assayed, including proteins, lipopoly-
saccharides and glycolipids, i.e., Ag 85, 38-kDa protein, LAM or diacylthrehaloses.
To date, however, no test has shown sufficiently high sensitivity and specificity
values for diagnostic purposes (Al Zahrani 2000, Bothamley 1995, Singh 2003,
Raqib 2003, Julian 2004, Lopez-Marin 2003, see also chapter 13).

As for their use in protection against TB, antibodies could enhance immunity
through many mechanisms including neutralization of toxins, opsonization, com-
plement activation, promotion of cytokine release, antibody-dependent cytotoxic-
ity, and enhanced antigen presentation. In this sense, data from several laboratories
indicate that anti-mycobacterial antibodies play an important role in various stages
of the host response to TB infection (Costello 1992, Hoft 1999, Hoft 2002, Teitel-
baum 1998, Williams 2004, De Valliére 2005). In particular, De Valli¢re et al.
showed that specific antibodies increased the internalization and killing of BCG by
neutrophils and monocytes/macrophages. Moreover, antibody-coated BCG bacilli
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were more effectively processed and presented by dendritic cells for stimulation of
CD4+ and CD8+ T-cell responses.

This enhanced anti-mycobacterial activity of phagocytes by antibody-coated bacilli
is extremely important in the context of mucosal immunity. IgG and IgA antibody
classes have been shown to be present in the mucosal secretions of the human
lower respiratory tract (Boyton 2002). The specific mycobacterial targets for anti-
body-mediated enhanced interiorization and/or killing are not known, but surface
antigens such as LAM or proteins expressed under stress conditions, such as alpha
crystallin protein, may be relevant. In an experiment where 17 recombinant myco-
bacterial protein antigens, native Ag85 complex, LAM, and M. tuberculosis lysate
were used to detect antibody responses induced by BCG vaccination, only LAM-
reactive serum IgG responses were significantly increased in both BCG vaccinated
individuals and active TB patients. As expected, oral BCG vaccination leads to a
significant increase in LAM-reactive secretory IgA (Brown 2003).

A new approach toward protection against TB, using passive inoculation with IgA
antibodies, was tested in an experimental mouse model of TB lung infection (Wil-
liams 2004). Intranasal inoculation of mice with an IgA monoclonal antibody
against alpha crystallin protein reduced the M. tuberculosis colony up to 10-fold,
forming units (cfu) in the lungs nine days after either aerosol or intra-nasal chal-
lenge. Both monomeric and polymeric IgA reduced cfu to the same extent, sug-
gesting that the antibody may target the Fc alpha receptor (Fc-aR) rather than
polymeric immunoglobulin receptor (poly-IgR) in infected lung macrophages. As
expected, protection was of short duration, probably due to the rapid degradation of
the intranasally-applied IgA.

More recently, in a follow-up of this study (Reljic 2006), the duration of protection
was extended by inoculation of IFN-y three days before infection, and further co-
inoculation with IgA at different time points (2 h, 2 and 7 days) after aerosol infec-
tion with M. tuberculosis H37Rv. Instead of a 10-fold reduction in cfu, a 17-fold
reduction was observed, as well as lower granulomatous infiltration of the lungs.
Thus, the combined administration of IFN-y and IgA shows promise as a prophy-
lactic treatment of immunodeficient patients or as an adjunct to chemotherapy.

Taken all together, these findings suggest an urgent need to reassess the role of
antibody responses in TB. In particular, the mechanism involved in antibody-
mediated enhancement of innate and cell-mediated immunity should be addressed,
in order to analyze whether these mechanisms could be exploited to develop better
TB vaccines or to design alternative immunotherapeutic tools.
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5.1.2.2. Cellular immune response

Since the tubercle bacilli reside inside a compartment within the macrophage, their
antigens are presented by MHC class II molecules to CD4+ T lymphocytes. These
cells play an important role in the protective response against M. tuberculosis and,
when they are absent, growth of the bacilli cannot be controlled (Caruso 1999,
Muller 1987). This is the case in patients with an immunodeficiency, such as that
caused by HIV infection.

The main function of CD4+ T cells is the production of cytokines including IFN-y,
which activates macrophages and promotes bacilli destruction. Recently, another
function has been ascribed to these cells, i.e., helping to develop the CD8+ T cell-
mediated response (Scanga 2000, Serbina 2001). In the same way, CD4+ T cells
may participate in the induction of apoptosis of infected cells and the subsequent
reduction of bacterial viability through the CD95 Fas ligand system (Oddo 1998).

The participation of CD8+ T cells in the control of the infection is well recognized.
Mice deficient in molecules such as CD8a, transporter associated with antigen
processing (TAP), and perforin, were shown to be more susceptible to M. tubercu-
losis infection than animals which produced these molecules (Flynn 1992, Behar
1999). The mechanisms used by these cells for the control of TB seem to be mainly
cytokine production and bacterial lysis.

In the lungs of infected mice, CD8+ T cells showed to be able to secrete [FN-y
through activation of the T-cell receptor or by interaction with infected dendritic
cells (Serbina 1999). Once again, the function performed by this IFN-y is the acti-
vation of the macrophage and promotion of bacterial destruction.

In addition, CD8+ T cells proved to be efficient in lysing infected cells and in re-
ducing the number of intracellular bacteria (Stenger 1997, Cho 2000). The mecha-
nisms of control of the bacterial load seem to be associated with granular exocyto-
sis involving perforin and granzymes. Still, granulysin, which is found in CD8+
T granules, is the molecule responsible for killing the bacterium (Stenger 1998).

5.1.2.3. Gamma/delta T cells

Previously, the CD4- CDS8- T cells, known as y3 T cells, were considered to play a
low-profile role in the immune response. They were believed to proliferate only in
response to non-peptidic antigens (Schoel 1994). As they were found in early le-
sions, they were thought to react to infected macrophages only through the produc-
tion of IFN-y (Ferrick 1995). In the last few years, however, yd T cells proved to be
relevant for the regulation of the immune response.
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High levels of yd T cells are usually found in the peripheral blood of TB patients
(Ito 1992). Ex vivo, v T cells from human TB patients display a lytic activity that
is independent of the MHC. While the lytic activity of CD4+ and CD8+ T cells
decreases gradually as the disease becomes more severe, Y0 T cells increase their
activity, lysing target cells infected with M. tuberculosis through the Fas-FasL
mechanism and the perforin pathway (De la Barrera 2003).

In a murine model of TB infection, Y0 T cells were shown to contribute to the
elimination of M. tuberculosis and to have an anti-inflammatory effect. Indeed,
when these cells are eliminated by genetic manipulation or by using a specific
monoclonal antibody, inflammatory damage is accelerated in the lungs of mice
infected with M. tuberculosis (D’Souza 1997, Ladel 1995). In addition, yd T cells
produce IL-17 during early infection, which probably promotes the flow of cells
towards infection sites. This IL-17 secretion may be produced in response to 1L-23
secretion by dendritic cells infected with M. tuberculosis (Lockhart 2006).

The role of yd T cells in protective immunity is not limited to cytokine secretion
(such as IL-17 and IFN-y) and cytotoxic activity. These cells also behave as anti-
gen-presenting cells. Like dendritic cells, they can process and efficiently present
antigens and give the co-stimulating signals needed to induce proliferation of aff T
cells (Brandes 2005). As noted, y0 T cells act as a link between the innate immune
response and the adaptive immune response, although other roles played by these
cells still remain unknown.

5.2. Tuberculosis pathogenesis and pathology related to the
immune response

An important reason for the current failure to control TB is that, even when apply-
ing the best available chemotherapy, treatment must be continued for at least six
months. This treatment regimen is not a realistic option in limited-resource coun-
tries, or even in large cities of developed countries, because after a few weeks of
treatment the patients start to feel well again and stop taking the drugs.

There are two main reasons for prescribing such long-term treatments. The first is
that the antibiotics kill the vast majority of the bacilli within a few days, but per-
sisting bacteria are not killed by the drugs. These persisting bacilli may be in a true
stationary phase with very low metabolism, and may be non-replicating or repli-
cating very slowly (latent infection). The other reason is the necrotizing tissue
response that is analogous to the Koch phenomenon (Koch 1891). Robert Koch
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demonstrated that the intradermal challenge of guinea pigs with whole organisms
or culture filtrate, four to six weeks after the establishment of infection, resulted in
necrosis at both the inoculation site and the original tuberculous lesion site. A
similar phenomenon occurs in persons with active TB, in whom the PPD test site
may become necrotic. Koch tried to exploit this phenomenon for the treatment of
TB and found that subcutaneous injections of large quantities of culture filtrate (old
tuberculin) into TB patients evoked necrosis in their tuberculous lesions. In fact,
this treatment was shown to have extremely severe consequences associated with
extensive tissue necrosis and was discontinued (Anderson 1891). Still today, the
task for the researchers working in this field is to understand the differences be-
tween protective immunity and progressive disease, including the Koch phenome-
non (Rook 1996). The final aim is to learn how to replace the pathological immune
response by the protective one, and with such knowledge, to design short-course
chemotherapy schemes supplemented with immunotherapy, which would enable
TB control worldwide. These important topics on immunopathology and immuno-
therapy are revised in the following sections.

The role of individual immune cells in the protection against M. tuberculosis has
been described in previous sections of this chapter. The next paragraphs of the 5.2
section describe patterns of immune response to infection and disease.

5.2.1. Mechanism of protective immunity

In the experimental murine TB model, the protective response has a distinct Thl
type of cytokine pattern, as demonstrated by manipulation of the immune system
through genetic knockout or the administration of specific monoclonal antibodies
(Cooper 1995, Dalton 1993, Flynn 1993). The same cytokine pattern seems to be
protective in humans because children with defective receptors for [IFN-y or IL-12
are susceptible to mycobacterial disease (Jouanguy 1999, Alcais 2005).

In addition to these Thl-type cytokines, TNF-a is also essential for immunity to M.
tuberculosis in mice (Kindler 1989) as well as in humans (Keane J 2001). These
observations further suggest a role for NO, because TNF-a triggers the release of
NO from IFN-y-activated cells. In fact, iNOS expression is essential to control
infection in mice (Chan 1992) and is also highly expressed in human tuberculous
lesions (Schon 2004).
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5.2.2. The immune response related to progressive disease: mecha-
nisms of immunopathology

In the early *90s, some researchers reported an increased expression of Th2 cytoki-
nes, especially IL-4, in patients with advanced pulmonary TB (Schauf 1993, San-
chez 1994). Later, other authors failed to detect IL-4 and the issue remained con-
troversial (Lin 1996). More recent data indicate that these failures could be attrib-
uted to technical problems (Rook 2004), and now there is substantial evidence that
demonstrates a Th2 response in human TB (Seah 2000, Van Crevel 2000, Marchant
2001, Leinhardt 2002). Interestingly, IL-4 levels tend to be higher in patients living
close to the Equator, possibly as a consequence of simultaneous infection with
helminths and/or higher mycobacterium inoculum (Malhotra 1999). Indeed, TB
patients have several IL-4-dependent manifestations, including high IgE anti-
mycobacterial antibodies (Yong 1989), antibodies against cardiolipin (Fisher
2002), and high expression of DC-SIGN in dendritic cells (Relloso 2002). IL-4 has
been detected in human TB lung lesions by in-situ hybridization (Fenhalls 2000).
Also, IL-4 messenger ribonucleic acid (mRNA) and T-cells containing IL-4 are
increased in human pulmonary TB. This high IL-4 expression correlates signifi-
cantly with serum IgE, serum soluble CD-30, and also with the extent of cavitation
(Seha 2000, van Crevel 2000, Lienhardt 2002). It has been demonstrated that CD8+
cells are another source of IL-4, and this correlates with cavitation (van Crevel
2000). The presence of IL-4 at late stages of the disease has a direct pathogenic role
because it downregulates the protective Thl responses (Biedermann 2001).

Similar abnormalities are also observed in the lungs of Balb/c mice, which have
been experimentally infected via the trachea with a high dose of M. tuberculosis
H37Rv (Hernandez- Pando 1996, Hernandez-Pando 1998). In this model, there is
an initial phase of partial resistance dominated by Thl cytokines plus activated
macrophages that produce TNF-o and express iNOS. The phase of progressive
disease starts after one month of infection. This late phase is characterized by a
drop in the number of cells expressing INF-y, IL-2, TNF-a, and iNOS, progressive
pneumonia, extensive interstitial fibrosis, high bacillary counts and very high levels
of IL-4 and TGF-p, produced by a distinctive type of macrophage with numerous
cytoplasmic vacuoles (foamy macrophages) (Figures 5-2 and 5-3). It is important to
point out that this animal model resembles the disease in developing countries,
where the infecting dose is usually high and the progressive disease tends to show a
high IL-4 response (Rook 2004). This Balb/c model can be considered a suitable
model for human TB because it mimics the well-characterized response observed
in the progressive human disease that consists of an increased expression of Th2
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cytokines and TGF-f. This switch to Th2 cytokine production seen in Balb/c mice
and, albeit to a lesser extent, in humans, is absent in the experimental TB model
developed in C57Bl mice, which is characterized instead by progressive lung
granulomas and extensive lung consolidation with a strong and sustained Thl re-
sponse (Flynn 2006).

Figure 5-2: Immunohistochemical detection of IFN-y (Th1 cells) and IL-4 (Th2 cells) in lung
granulomas during the course of experimental TB in Balb/c mice infected by the intratracheal
route. (A) Numerous IFN-y immunostained cells (brown staining) exist in early granulomas,
after 2 weeks of infection. (B) In contrast, few IL-4 positive cells (arrows) are seen in a serial
section from the same granuloma exhibited in A. (C) After 4 months of infection, during active
and advanced disease, there are some IFN-y immunostained cells in granulomas. (D) Numer-
ous IL-4 immunostained cells are seen in the same late granuloma exhibited in C. Thus, during
early infection (first month) there is a predominance of Th1 cells, while during progressive
disease a mixed Th1/Th2 pattern exist in this animal model.

In the Balb/c model of progressive pulmonary TB described above, the mixed
Th1/Th2 cytokine pattern is associated with the pathology and reduced protection
(Rook 1996). When pre-sensitized with 107 cfu of Mycobacterium vaccae, a sapro-
phytic, highly immunogenic mycobacteria, mice infected with M. tuberculosis
mount a strong Thl response and are partially protected. In sharp contrast, when
pre-immunized with a higher dose of the same mycobacterial preparation (10° cfu),
mice develop a response with a mixed Th1/Th2 pattern that leads to increased se-
verity of infection with the disease, and death (Hernandez-Pando 1994, Hernandez-
Pando 1997). Thus, pre-exposure to saprophytic mycobacteria can determine either
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resistance or susceptibility to M. tuberculosis infection, and the effect seems to be
dose dependent. The nature, route, and dose of mycobacterial exposure depend on
where and how an individual lives, because mycobacteria are not part of the usual
commensal flora of human beings. This variable priming of antimycobacterial
responses by saprophytes can either protect or predispose to infection, and might
well be responsible for the uneven efficacy of BCG vaccination in different parts of
the world (Rook 2005).

Figure 5-3: Representative immunohistochemical and electron microscopic features of lung
macrophages during experimental pulmonary TB in Balb/c mice. (A) Subcellular structure of
activated macrophage during early infection, numerous primary lysosomes (arrows) and occa-
sional bacteria (asterisk) are distinctive elements in the abundant cytoplasm of this cell type.
(B) These activated macrophages show strong TNF-a immunostaining. (C) During progressive
disease, vacuolated or foamy macrophages containing numerous cytoplasmic vacuoles (V)
and bacilli (arrows) are the predominant cells in the areas of pneumonia (E) These foamy
macrophages show strong TGF- immunostaining. Thus, activated macrophages are efficient
producers of pro-inflammatory cytokines, such as TNF-a, and contribute to the control of the
infection, while vacuolated macrophages are severely infected cells and efficient producers of
anti-inflammatory cytokines that enable bacilli growth, such as TGF-f.

Various symptoms of TB, such as fever, weight loss and tissue damage, resemble
the pathological effects of TNF-a. Evidence that such symptoms may be produced
by this cytokine has come from experiments with thalidomide, a compound that
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decreases the half-life of TNF-a mRNA (Moreira 1993). TB patients treated with
this drug show rapid symptomatic relief and weight gain (Kaplan 1994). Thus,
TNF-a has a paradoxical participation in the immunopathology of TB: it plays an
essential role in protection but may also be a significant factor in its pathology.
This ambiguous activity of TNF-a might be defined on site in the light of the pre-
dominant cytokine pattern, Thl or Th2. In fact, the sensitivity of a given inflam-
matory site to TNF-a is dependent on the cytokine profile of the prevailing CD4+
T cells.

This ambiguous effect of TNF-a was also observed in Balb/c mice immunized with
different doses of M. vaccae two months before challenge with fully pathogenic M.
tuberculosis. Only a Thl cytokine response was elicited in response to 107 cfu of
M. vaccae, as demonstrated by high INF-y production by splenocytes and high
cutaneous delayed type hypersensitivity (DTH) against mycobacterial antigens. If
1 ug of TNF-a was injected into the site of the DTH response (right footpad) that
had been elicited 24 h earlier in such animals, no necrosis was caused. However, in
mice that had been sensitized with a 100-fold higher dose (10%) of M. vaccae, a
mixed Th1/Th2 cytokine pattern was evoked, with very high IL-4 production that
elicited much lower DTH reactions. In these animals, the injection of TNF-a at the
site of DTH response elicited massive inflammation and local necrosis (Hernandez-
Pando 1997). Therefore, a possible explanation of the TNF-a paradox can be pro-
posed: it seems that the TNF-a was released into a relatively pure Thl-mediated
inflammatory site, where it may act merely as a supplementary macrophage-
activating cytokine. But, when released into a mixed Th1/Th2 site with high 1L-4
concentration, it causes damage. These observations were confirmed in a further
study using the Balb/c model of progressive pulmonary TB (Hernandez-Pando
2004). In the early stage of infection (21 days after infection), while the Thl cyto-
kine response predominated and controlled the growth of bacilli, the DTH response
was the highest and DTH sites were not vulnerable to necrosis by TNF-a. In con-
trast, during the progressive phase of the disease (50 days after infection) extensive
tissue damage and high IL-4 production are manifested, the DTH response was
very low, and TNF-o administration in the DTH sites provoked extensive inflam-
mation with necrosis. Moreover, mice that have been preimmunized with a high
dose (10%) of killed M. vaccae, which induces mixed Th1/Th2 cytokine responses
with high IL-4 production, developed higher and more rapid TNF-a-sensitive DTH
response and became more susceptible to intratracheal M. tuberculosis challenge
than unimmunized control animals (Hernandez-Pando 1997). Thus, this immu-
nopathological response is a clear reminder of the Koch phenomenon. Another
experimental confirmation of the TNF-o-mediated immunopathology associated
with IL-4 comes from IL-4 gene knockout of tuberculous Balb/c mice that exhib-
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ited not only diminished bacterial proliferation, but also complete absence of TNF-
a-mediated toxicity following a TNF-a challenge in the DTH sites (Hernandez-
Pando 2004).

We have explained above that an inappropriate Th2 component is present in both
murine and human TB. Its effect becomes more striking when the disease becomes
more severe. What then are the likely causes of this shift in cytokine profile, and
what is the participation of other factors that deregulate the protective immunity
against TB? These questions will be addressed in the next section, but it is certain
that there are many significant participant factors that we do not yet know about,
and their characterization will contribute significantly to the knowledge of the
immunopathology and control of this significant infectious disease.

5.2.3. Factors that deregulate the protective type 1 response

Figure 5-4 graphically summarizes the participating factors in protection and pro-
gression of pulmonary TB. An increase in antigen load is clearly a participating
factor, as shown by the striking linkage of the Th1/Th2 balance to the dose after
immunization with particulate antigens such as mycobacteria (Hernandez-Pando
1994) or Leshmania (Bretscher 1992). Thus, low antigen loads, such as the low
dose of M. vaccae (107 cfu) used to presensitize mice in the above-mentioned ex-
periments, or the relatively low bacterial lung burden during early infection in the
Balb/c model of progressive pulmonary TB, prime the Thl response. In contrast,
high antigen loads, for example the 10° cfu of M. vaccae or the high bacillary loads
produced in the lungs during the progressive phase of the Balb/c model, efficiently
induce the Th2 response.

Another mechanism that participates in the declination of the Thl cytokine pattern
during progressive disease in the Balb/c model is the selective apoptosis of
CD4+/Thl cells (Rios Barrera 2006). Indeed, Thl cell apoptosis can partly be in-
duced by foamy macrophages through a Fas/Fas ligand mechanism. Foamy macro-
phages predominate in advanced TB, they contain numerous bacilli, and their cyto-
plasmic vacuoles display strong immunostaining for mycobacterial lipids such as
LAM. Vacuolated macrophages show little immunostaining for TNF-a or iNOS,
but strong TGF-B immunoreactivity (Hernandez-Pando 1997, Hernandez-Pando
2001), and also express high levels of the anti-apoptotic Bcl2 molecule. Due to
these properties, foamy macrophages are long-lived cells that harbor mycobacteria
for long periods, and at the same time are a significant source of immunosuppress-
ing cytokines that facilitate bacilli proliferation.
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Figure 5-4: Left: Relevant immunopathological events during experimental pulmonary TB in
Balb/c mice. During early infection, bacilli are efficiently phagocytosed by lung macrophages,
which also secrete proinflammatory cytokines such as TNF-a and IL-1, and present bacillary
antigens to Th1 cells. Th1 cells thus activated produce IL-12. Right: During progressive dis-
ease, Th2 cells emerge to deactivate Th1 cells, which together with overproduction of anti-
inflammatory and immunosuppressive molecules such as cortisol, prostaglandin E (PGE) and
TGF-B, deactivate macrophages, enabling bacilli growth and progressive tissue damage that
causes death.

Another factor that deregulates the protective immune response against TB is
prostaglandin production. Prostaglandins, in particular PGE-2, are potent mediators
of intercellular communication. Indeed, at high concentrations PGE-2 is immuno-
suppressive for T-cell-mediated immunity (Phipps 1991). In the Balb/c model of
M. tuberculosis infection, pulmonary PGE-2 concentrations remain relatively low
and stable during the early phase, and if mice are promptly treated with niflumic
acid, a potent and specific blocker of cyclo-oxygenase 2 (the rate limiting enzyme
of prostaglandin production), infected lungs show a higher degree of inflammation
and expression of TNF-a, IL-1a and IFN-y, but almost complete disappearance of
iNOS expression, which coexists with a significant increment of the bacterial load.
Interestingly, during the late progressive phase in this experimental model, foamy
macrophages from the pneumonic areas exhibit strong PGE-2 immunostaining, and
PGE-2 concentrations four fold higher than those of the early phase. When prosta-
glandin production was suppressed in animals suffering from advanced disease, a
significant reduction of pneumonia and bacillary load, with a striking increment in
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the size of the granuloma was seen, and the expression of IFN-y, TNF-a and iNOS
was also improved. Therefore, PGE-2 is a significant factor participating in the
pathogenesis of pulmonary TB and has contrasting functions depending on its con-
centrations. During the early phase of the infection, the low PGE-2 concentrations
contribute to iNOS expression, permitting the temporal control of bacilli growth;
while the high PGE-2 concentrations during the late phase contribute to the down-
regulation of cell-mediated immunity, allowing disease progression (Rangel 2002).

Excessive release of TGF-f3 has been implicated in the pathogenesis of human and
murine TB. Blood mononuclear cells from TB patients were found to release in-
creased levels of TGF-B, which was found in abundance in tuberculous lung le-
sions (Tossi 1995). Serum levels of TGF-3 were strikingly raised in patients with
advanced disease (Fiorenza 2005). The mannose-capped lipoarabinomannan from
the cell wall of M. tuberculosis is a potent inducer of TGF-§ (Dahl 1996). Interest-
ingly, human blood monocytes and alveolar macrophages produced bioactive TGF-
f upon stimulation with M. tuberculosis, so a signal from the organism was causing
activation of TGF-f, as well as its secretion (Aung 2005). Several reports indicate
that TGF-J also suppresses protective immunity to TB in vivo. In a mouse model,
latency-associated peptide, a natural modulator of TGF-f function, decreased BCG
growth in the lung and enhanced expression of IFN-y (Wilkinson 2000). When
mycobacterial infected guinea pigs were given intraperitoneal injections of recom-
binant human TGF-f, mycobacterial loads increased significantly (Dai 1999). In
the Balb/c mouse model, high expression of TGF-f3 during the progressive phase of
the infection was seen, and when TGF-f3 was blocked by recombinant -glycan
(type III TGF-B receptor) expression of IFN-y and IL-2 increased with strong
downregulation of IL-4, in co-existence with a significant reduction in bacterial
counts in the lungs (Hernandez-Pando 2006), but with more lung consolidation by
pneumonia than in non-treated control animals. Thus, TGF- is a downregulator of
cell-mediated immunity and a suppressor of excessive inflammation preventing
tissue damage. This implies that the participation of classical regulatory cytokines,
such as IL-10 or TGF-p, is necessary in order to avoid excessive inflammation, and
to preserve the architecture and function of the lungs. Therefore, the fine balance
between proinflammatory and anti-inflammatory cytokines seems to be a key factor
in the immunopathogenesis of TB.

Fibrosis is a major cause of permanent respiratory dysfunction in TB. In human
TB, fibrosis might be related to a high production of the potent fibrogenic cytokine
TGF-f and to the presence of the Th2 response. Interestingly, pulmonary fibrosis in
systemic sclerosis is associated with CD8+ cells secreting IL-4 (Atamas 1999).
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Also, when IL-4 genes are knocked-out in Balb/c mice, the subsequent absence of
IL-4 is associated with very low TGF- production during the progressive phase of
the disease, with lesser fibrosis and diminished bacterial growth (Hernandez-Pando
2004), confirming that Th2 cytokines are directly involved in the development of
fibrosis, probably by inducing TGF-f production (Lee 2001).

Adrenal steroids may also contribute to the dysfunction of Thl responses in TB.
Reactivation or progression of infection is sensitive to activation of the hypotha-
lamic-pituitary adrenal axis. The exposure of humans to the stress of war or poverty
(Spence 1993), or cattle to the stress of transportation, is efficient in causing
reactivation of latent infection. In mice, it has been demonstrated that this is due to
glucocorticoid release (corticosterone in mice) (Brown 1995, Tobach 1956), which
reduces macrophage activation and Thl-cell activity (Daynes 1991), while syner-
gizing with some Th2 functions (Rook 1994). Tuberculous patients lose the cir-
cadian glucocorticoid rhythm, provoking constant exposure of peripheral lympho-
cytes to cortisol (Sarma 1990). In addition, the total output of cortisol derivatives
and of androgens is frequently reduced (Rook 1996). Cortisol undergoes reduced
conversion to inactive cortisone, producing normal serum cortisol concentrations in
TB patients (Post 1994). The lung enzyme 11-beta-hydroxysteroid dehydrogenase
converts inactive cortisone to active cortisol, producing higher concentrations of
cortisol in the tuberculous lung (Rook 2000). In the Balb/c model the high produc-
tion of TNF-a by activated macrophages in mature granulomas during the early
phase of the infection (day 21), activates para-ventricular neurons in the hypo-
thalamus, inducing higher expression of corticotrophin-releasing factor (Hernan-
dez-Pando 1998). This factor induces adrenocorticotropic hormone production in
the pituitary and in turn, this hormone stimulates the adrenals to produce glucocor-
ticoid. The stimulus is so strong that both adrenals duplicate their weight due to
nodular and diffuse hyperplasia (Hernandez-Pando 1995). In consequence, high
concentrations of corticosterone are produced, contributing to the activation of Th2
cells and bacilli cell growth. Perhaps this immuno-endocrine response is another
mechanism to avoid excess lung inflammation due to the well-known anti-
inflammatory activity of glucocorticoids, but at the same time, this response con-
tributes to deregulation of the protective immunity and bacilli growth. Interestingly,
during experimental late progressive disease, a striking adrenal atrophy is produced
(Hernandez-Pando 1995). This situation is similar to the reduced adrenal reserve
observed in patients with severe TB, that die suddenly and without obvious cause
during treatment (Onwubalili 1986, Scott 1990). Occasionally, the adrenals are
destroyed by TB, but there are patients whose adrenals are found on postmortem
examination to be small and without evidence of direct infection, as in tuberculous
mice. Interestingly, TNF-a and IL-1 are much more toxic in adrenalectomized than
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in control animals (Zuckerman 1989, Bertini 1998). Thus, a reduced adrenal re-
serve could play a role in the above-described toxicity of TNF-a, and in the toxicity
of TNF-a in tuberculous mice once they have entered the phase of adrenal atrophy
in the late progressive stage of the disease (Hernandez-Pando 1995). It is also im-
portant to consider that the function of cortisol within lymphoid tissue is regulated
by local production of the metabolites of dehydroepiandrosterone sulfate, an an-
drogenic adrenal steroid that has “anti-glucocorticoid effects”, inducing strong
activation of Thl cells (Hernandez-Pando 1998). Administration of dehydroepian-
drosterone or its derivative 3,17-androstenediol causes a Th1 bias, so this could be
an efficient form of immunotherapy, as discussed below.

5.2.4. Susceptibility to tuberculosis: the importance of the pathogen

From the first exposure to M. tuberculosis, the host immune system triggers a se-
ries of responses which define the course of infection. However, this defense is not
uniform in exposed persons. As mentioned above, the vast majority never develop
active disease (Bloom 1992), but in those persons that become sick, a wide spec-
trum of possible clinical manifestations may occur, and the immune response, as
seen for example in in vitro T- and B-cell reactivity against mycobacterial antigens,
differs significantly from person to person. Thus, the clinical course of the infection
and its epidemiological consequences depend on a complex interplay of host, envi-
ronmental and bacterial factors (Nardell 1993, Hill 1998, Bellamy 1998, Stead
1992, Kramnik 2000).

As mentioned above, environmental factors that determine TB susceptibility in-
clude poverty, malnutrition, stress, overcrowding, and exposure to mycobacterial
saprophytes. In the host, there is evidence of multifactorial genetic factors that
influence susceptibility to M. tuberculosis (see Chapter 6). Mouse genes that par-
ticipate in the control of early mycobacterial multiplication or TB progression in
the lungs have been distinguished (Kramnik 2000). However, it seems that the
independent participation of these genes is not sufficient to confer full protection
against virulent M. tuberculosis.

As illustrated in this chapter, the host immune response against mycobacterial
infection is the most investigated factor; but recent studies indicate that the genetic
variability of M. tuberculosis has a significant role in the outcome of the infection.
For many years, M. tuberculosis was considered to be highly conserved with a high
degree of sequence homology and lack of antigenic diversity (Kapur 1994, Kremer
1999). Therefore, most of the immunological research has been done with a limited
number of laboratory strains, including H37Rv or Erdman. However, DNA finger-
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printing techniques have demonstrated a high degree of DNA polymorphism in the
genome of M. tuberculosis, associated with repetitive DNA sequences and insertion
elements (van Embden 1993). This genetic variability is related to recent epidemi-
ological data indicating striking differences in virulence and transmissibility (Val-
way 1998, Caminero 2001). Particular outbreak strains were found to elicit distinct
immune paths and mortality rates in the course of experimental infection. The in-
vestigation of an outbreak produced by a newly identified, genetically distinct M.
tuberculosis strain named CDC1551 revealed that this strain produced a high rate
of transmission in humans; in mice, it induced higher levels of TNF-q, IL-10, IL-6
and IFN-y (Valway 1998). The genetic comparison between M. tuberculosis
H37Rv and CDC1551 demonstrated single nucleotide polymorphism in many dif-
ferent genes. The clinical and epidemiological differences in this strain have there-
fore now been linked with immunological and genetic differences (McShane 2003).
In another study, the clinical isolate HN878 was found to be hypervirulent and
mice infected with this strain failed to induce a Thl response, with lower levels of
IFN-y and TNF-a in the infected lungs (Manca 1999).

Using the Balb/c mouse model of progressive pulmonary TB, 12 distinct strains of
M. tuberculosis, defined on the basis of IS6110 RFLP patterns, and representing
four major genotype families found throughout the world, were studied (Lopez
2003). This study demonstrated marked differences in virulence, cytokine induc-
tion and immunopathology among the different strains. In comparison, with ani-
mals infected with the laboratory strain H37Rv used as a control, mice infected
with Beijing strains induced significantly high mortality, high bacillary load and a
non-protective pattern of cytokine production (low IFN-y expression with high but
ephemeral TNF-o and iNOS production). “M. canettii” strains induced long sur-
vival with low bacillary load and significantly fewer areas of pneumonia in coex-
istence with constant and stable expression of IFN-y, TNF-a and iNOS. The differ-
ences among other strains were less marked and showed intermediate rates of sur-
vival. Interestingly, the protective efficacy of BCG against the different strains of
M. tuberculosis was found to vary and BCG was least protective against the hyper-
virulent Beijing strain 9501000 (Lopez 2003). This is important, considering that
the Beijing genotype is the predominant strain in several distinct geographical
areas, presumably due to a selective advantage over other strains (van Soolingen
1995).

The use of microarrays would help to characterize the genetic differences between
these strains. Perhaps specific SNPs could be identified facilitating the identifica-
tion of virulence genes, which will allow the development of attenuated strains and
potential vaccine candidates (Hernandez-Pando 2006). Thus, further animal studies
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using different clinical isolates and mutant strains are necessary to evaluate how the
genetic differences translate into functional differences.

5.3. Latency and maintenance of the immune response

M. tuberculosis is a pathogen capable of producing both progressive disease and
latent infection (Parrish 1998). The initial infection usually occurs in the lungs and
in most cases is controlled by the immune system. Only 10 % of these infections
lead to progressive disease (Sudre 1992, Parrish 1998). Even after successful con-
trol of the primary TB infection, some bacilli remain in a non-replicating or slowly
replicating dormant state for the rest of the life of the individual. This infectious
state, termed latent TB infection, is clinically asymptomatic, and most active TB
cases arise as a result of reactivation of dormant bacilli (Parrish 1998, Dolin 1994).
Up to one third of the world's population is estimated to carry latent M. tuberculo-
sis infection, and hundreds of millions of TB reactivations are anticipated specifi-
cally in areas of low or moderate endemicity, where most cases of active TB result
from reactivation of latent infection (Parrish 1998, Fine 1999).

It has been established that the low concentrations of oxygen and nutrients in
chronic granulomas that remain after efficient control of the primary infection, as
well as the local production of TNF-a and NO, are significant factors for the in-
duction and maintenance of latent infection (Parrish 1998, Voskuil 2003, Arriaga
2002, Flynn 1998). Indeed, immunological studies in animal models of latent TB
have demonstrated that cytokines such as TNF-o and IFN-y, as well as NO con-
tribute significantly to maintaining infection in the latent state (Arriaga 2002, Flynn
1998). These types of immune responses, of which the tuberculin skin test is a
conspicuous exponent, is also crucial for protection in latently infected individuals.

It has been shown that in a well-characterized experimental latent infection model,
as well as in necropsy tissues from humans with latent TB, mycobacterial DNA can
be detected by in situ PCR in a variety of cell types in the histologically normal
lung, including epithelial cells (Hernandez-Pando 2000, Arriaga 2002). This could
be an efficient mechanism of the bacilli to evade elimination. As these cells are
considered to be non-professional phagocytes, they can not destroy ingested bacilli
or present antigens in the MHC II context. Interestingly, in the mouse model of
latent infection, we occasionally observed intracytoplasmic bacilli in bronchial
cells and type 2 pneumocytes, suggesting that, as happens in vitro (Bermudez
1996), mycobacteria can also infect the lung epithelium during experimental latent
infection, but in a microenvironment that is completely different from that found in
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chronic granulomas. Infected lung epithelium is directly exposed to the air, so
perhaps the efficient growth control or elimination of these bacilli during latent
infection could be mediated by natural antimicrobial peptides such as NO or B-
defensins. It is also important to consider that epithelial cells have a short life span,
thus the maintenance of latent bacilli in this cell type should be different from those
located in chronic granulomas.

Apart from the lung and the lymph nodes, other organs and tissues are likely to host
persistent bacilli during TB latency. Indeed, nearly 15 % of the cases of reactivated
TB occur at extrapulmonary sites, without apparent pathology in the lungs (Farer
1979, Hopewell 1994). In those cases, it is likely that the growth of the bacilli re-
sumes directly from the reactivation site rather than from pulmonary sites. In this
regard, it has recently been demonstrated that adipose cells could be one of these
sites. M. tuberculosis can infect mature adipocytes by interaction with CD36, and
intracellular bacilli cannot replicate and are not accessible to antibiotics. Moreover,
by in-situ PCR, it was demonstrated that adipose tissue from individuals that died
from causes other than TB frequently showed mycobacterial DNA, suggesting
dormant bacilli infection (Neyrolles 2006).

5.4. Immunotherapy for tuberculosis

The current six-month regimens for TB treatment are too long, causing problems in
logistics and compliance.; and they often lead to the development of drug resis-
tance, which can be extreme, as demonstrated by the currently emerging exten-
sively drug resistant TB (XDR-TB) (CDC 2006). These are the most important
reasons for seeking efficient immunotherapeutic regimens in TB treatment. Immu-
notherapy aims at reverting the non-protective immune response, which is usually
elicited during the progressive phase of the disease, to the protective Thl response,
and thus to cure TB or act as an adjunct to shorten conventional chemotherapy.
Animal work suggests that it might be possible to potentiate the immune system to
destroy the organisms more efficiently and even to eliminate bacilli that persist in
latently infected tissues.

Following Robert Koch’s discovery of M. tuberculosis, attempts at immunotherapy
were made by Koch himself using subcutaneous injections of M. tuberculosis cul-
ture filtrate, and by other researchers, such as Macassey and Jousset in 1934, who
used antisera raised in animals. As mentioned before, the injection of culture fil-
trate led to necrotic reactions, both at the site of injection and in distant lesions, and
was abandoned (Anderson 1891). However, during the last decade, several studies
have demonstrated striking therapeutic effects in experimental animal models by
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manipulating the immune response. In general, two approaches have been used: the
first one consists of direct stimulation of the Thl response; and the second aims at
the inactivation of factors that suppress the cellular immune response, which are
also, usually natural anti-inflammatory factors.

5.4.1. Immunotherapy induced by direct stimulation of the protective
Th1 response

The adrenal steroid dehydroepiandrosterone and its derivative, 33,173 androstene-
diol, are efficient inducers of Thl cell activation, favoring the production of the
cytokines IFN-y and TNF-a; both essential for protection against TB. Administra-
tion of either hormone has previously been shown to improve the course of pulmo-
nary TB in Balb/c mice (Hernandez-Pando 1998). Both compounds were protec-
tive, particularly 38,17 androstenediol, which caused reduction in bacterial counts
and prolonged survival. The effects correlated with reduced expression of IL-4, and
increased expression of IL-2 and TNF-a. However, these hormones have andro-
genic activities precluding their use in human TB. More recently, the efficacy of
dehydroepiandrosterone synthetic analogs, such as 16a-bromo-5a-androstan-3f3-
ol-17-one (HE2000), were tested in the same model. HE2000 is a dehydroepian-
drosterone derivative that does not enter sex steroid pathways, and therefore is
more suitable for prolonged administration. When tuberculous Balb/c mice suffer-
ing from extensive disease were treated with HE2000, a significant inhibition of
bacterial proliferation, as well as an increased expression of TNF-a, IFN-y, and
iNOS were observed, while expression of IL-4 was decreased. Moreover, when
given as an adjunct to conventional chemotherapy, HE2000 further enhanced bac-
terial clearance (Hernandez-Pando 2004). The immunological mechanisms under-
lying the effects of HE2000 are not understood. It is also interesting that when
HE2000 is administered as monotherapy in treatment-naive patients with HIV-1, a
significant increase is observed in the number of circulating IFN-y+ CD8+ T cells
and in the CD8+ T-cell response against two distinct GAG peptide pools (Reading
20006).

Transfer factors or leukocyte dialyzates are subcellular leukocyte components that
appear to be able to transmit information for specific immune responses from expe-
rienced or memory leukocytes to naive leukocytes (Lawrence 1955). The chemical
nature of transfer factors has been difficult to elucidate, because they contain many
small molecular weight components (Rozzo 1992). It seems that some transfer
factor peptides correspond to the amino terminal ends of encephalins (Sudhir



186 Immunology, Pathogenesis, Virulence

1988), being very efficient factors to enhance cell-mediated immune responses
(Fudenberg 1993).

Since the discovery of transfer factors, 50 years ago, the most important and inter-
esting aspect has their therapeutic applications (Fudenberg 1993). There are many
clinical reports that show the usefulness of transfer factors as efficient immuno-
therapeutic agents in clinical conditions characterized by inappropriate or deficient
cell-mediated immune response, including different infectious diseases (Bullock
1972), some neoplastic diseases, and primary immunodeficiencies (Levin 1970,
Whyte 1992). When treated with transfer factors obtained from spleen cells or
peripheral blood cells of tuberculous mice or humans, Balb/c mice in a late phase
of progressive pulmonary TB were able to restore the expression of Thl cytokines,
TNF-a and iNOS, to inhibit bacterial proliferation, increase DTH response, and
prolong survival. This beneficial effect was dose dependent and had a synergistic
effect when combined with conventional chemotherapy. Indeed, in the combined
treatment, murine transfer factors eliminated bacteria from the lungs significantly
faster than chemotherapy alone (Fabre 2004).

Heat-shock protein 65 (Hsp65), the mycobacterial homolog of a human stress pro-
tein, heat-shock protein 60, evokes a marked immune response in infected animals,
in spite of also being highly homologous to the host stress protein (Lamb 1989,
Kaufmann 1991). In addition to any putative regulatory role, a major component of
the response to Hsp65 is the effect of CD8+ cytotoxic T lymphocytes that are pro-
tective in animal models (Bonatto 1998). Indeed, Hsp65-responsive CD8+ cyto-
toxic T lymphocytes can lyse M. tuberculosis infected macrophages (Silva 2000).
A DNA vaccine containing the M. leprae hsp65 sequence was therapeutic in tuber-
culous mice (Lowry 1999). Some researchers have not reproduced all these effects
in the absence of any simultaneously administered chemotherapy, but a striking
synergy with chemotherapy has been demonstrated repeatedly (Silva 2005, Nuerm-
berger 2005). Another significant effect of the vaccine was the downregulation of
IL-4-secreting T cells (Lowry 1999).

Many of the properties of the hsp65 DNA vaccine are shared by the highly immu-
nogenic saprophytic mycobacteria M. vaccae, including the induction of CD8+
cytotoxic T lymphocytes, and the downregulation of IL-4. Recombinant M. vaccae
is a Th1 adjuvant for antigens expressed within it (Hetzel 1998, Abou-Zeid 1997),
and immunization with heat-killed M. vaccae results in the generation of CD8+ T
cells which kill syngeneic macrophages infected with M. tuberculosis (Skinner
1997). This property was associated with Hsp65 (Skinner 2001). Most antigens of
M. vaccae are cross-reactive with those of M. tuberculosis, so it is not surprising
that M. vaccae is able to induce a cytotoxic T cell response to M. tuberculosis. In
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fact, the therapeutic effect of heat-killed M. vaccae in a Balb/c model of pulmonary
TB was first published in 1996 (Rook 1996). Then in a more detailed study, it was
shown that when given on days 60 and 90 after intrapulmonary infection, without
any chemotherapy, M. vaccae caused a 1-2 log fall in bacterial counts, more
granuloma, less pneumonia, and a large reduction in expression of IL-4 in granu-
lomas (Hernandez-Pando 2000). There was an increase in IL-2 and TNF-o
(Hernandez-Pando 2000).

RUTI is an experimental therapeutic vaccine made of fragmented M. tuberculosis
delivered in liposomes made of phosphatidyl choline and sodium cholate (Cardona
2005). RUTI might be given after the initial phase of chemotherapy, when the
bacterial load is greatly reduced, in order to accelerate destruction of the remaining
organisms. Bacillary loads were significantly reduced with the administration of
RUTI to experimentally infected animals after the termination of chemotherapy.
This therapeutic effect was most likely due to the induction of CD8+ IFN-y+ T
cells in the lungs of treated animals (Cardona 2006). RUTI also induced a strong
antibody response. Indeed, when these antibodies were passively transferred to
SCID mice that had been infected with M. tuberculosis H37Rv and treated with a
non-sterilizing drug regimen, sera from RUTI-treated tuberculous animals showed
a reduction in the growth rate of the bacilli. In the absence of chemotherapy, how-
ever, RUTI had no therapeutic effect on late progressive disease.

5.4.2. Immunotherapy induced by suppression of the immunomodula-
tory anti-inflammatory response

As described before, excessive Th2 cytokine production and release of prostaglan-
din E and TGF-f have been implicated in the pathogenesis of TB. Thus, in addition
to induction of Thl or CD8+ cytotoxic T cell lymphocytes, downregulation of IL-4
or TGF-f is emerging as a promising immunotherapeutic protocol for established
disease, with or without concomitant chemotherapy.

Evidence of the role of the Th2 response in corrupting protective functions and
leading to immunopathology and fibrosis has already been described and reviewed
elsewhere (Rook 2005). It is important to mention that IL-4 levels are higher in
developing countries where BCG fails (Rook 2004). This may be due to both ge-
netic (Flores Villanueva 2005) and environmental reasons, for example other tropi-
cal infections such as Th2-inducing helminthiases (Malhotra 1999). The production
of IL-4 has detrimental effects in TB (Rook 2004, Rook 2005), including inhibition
of apoptosis of macrophages infected with mycobacteria, and increasing intracel-
lular availability of iron (Khanert 2006). Therefore, the effect of injecting neutral-
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izing antibodies against IL-4 has been tested as a therapy for TB in Balb/c mice
(Lowry 2005). A striking therapeutic effect was seen (Lowry 2005), even when
monoclonal anti-IL-4 antibodies were administered as late as day 110 after infec-
tion. In this regard, it has been demonstrated that another property of M. vaccae is
that it downregulates Th2 responses (Tukenmenz 1999, Ozdemir 2003, Zuany
Amorim 2002, Hopfenspirger 2001). This ability to suppress Th2-mediated pathol-
ogy is also seen when killed M. vaccae are given after the induction of the Th2
response has taken place (Zuany Amorim 2002, Wang 1998, Hunt 2005). The
mechanism by which M. vaccae causes Th2 suppression is through the induction of
CD25+ CD45RB™" regulatory T cells (Zuany Amorim 2002). This saprophyte
microorganism can also inhibit an ongoing Th2 response in an allergy model, and it
is at least as potent by the oral route as it is by the subcutaneous route (Hunt 2005).
Therefore, the oral route should be effective in the mouse TB model. As shown for
M. vaccae given by the subcutaneous route (Hernandez-Pando 2000), when ad-
ministered by the oral route, killed M. vaccae organisms showed a high therapeutic
value when given at the start of the infection and a less pronounced, but still sig-
nificant, effect when administered after day 60 of infection (Hernandez-Pando and
Rook, manuscript in preparation).

TGF-B, a potent cell-mediated immune response suppressant and anti-
inflammatory cytokine, has also been implicated in the pathogenesis of TB. Blood
mononuclear cells from TB patients were shown to release increased levels of
TGF-B (Toossi 1995, Dluogovitzky 1999); and Balb/c mice infected by the intra-
tracheal route showed very high expression of TGF-p during the progressive phase
of the infection. Treatment with recombinant 3-glycan (type III TGF-p receptor) a
potent inhibitor of TGF-, caused increased expression of IFN-y and IL-2, with
strong downregulation of IL-4, and a significant reduction in lung bacterial counts
to an extent similar to that achieved by conventional antimicrobial treatment
(Hernandez-Pando 2006), but with more lung pneumonic consolidation than non-
treated control animals. Thus, as discussed before, TGF-B is a downregulator of
cell-mediated immunity and a suppressor of excessive inflammation, thus prevent-
ing tissue damage.

TGF-B exhibits a similar immunosuppressive function in the presence of high con-
centrations of PGE-2, and indeed, high amounts of this molecule are produced in
the lungs during late phase TB, which contributes to the modulation of the cellular
immune response (Rangel 2002). What is more, the combination of soluble beta
glycan and the anti-inflammatory drug niflumic acid, which blocks PGE-2 synthe-
sis, produces a significant reduction in bacillary loads and has a significant syner-
gistic effect on TNF-a, controling inflammation. When this combination is used
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together with chemotherapy, the effects are partly additive (Hernandez-Pando
20006).

5.5. Concluding remarks

Studies on the mechanisms of disease caused by infectious agents demand a broad
understanding across many specialized areas, as well as much co-operation be-
tween clinicians and experimentalists. In fact, M. tuberculosis infection is a fasci-
nating model to study diverse immunopathological mechanisms because it causes a
chronic disease, which provokes substantial abnormalities in the function and
regulation of the immune system. Moreover, investigation of TB has also contrib-
uted seminal concepts to basic immunology. In the mid *40s, Merrill Chase demon-
strated that tuberculin hypersensitivity could not be transferred by serum from skin-
positive to skin-negative guinea pigs, but only by means of cells, setting the basis
of cellular immunology. In the late *60s, one of Merrill Chase's graduate students,
Barry Bloom, who was using mycobacterial antigens, discovered cellular mediators
produced by the immune cells, such as the migration inhibitory factor, the first
described lymphokine. This set the basis for the study of cytokines as essential
mediators in the immune response. Thus, investigation of TB has been extremely
useful in the development of immunology and immunopathology, and many con-
cepts emerging as a consequence of ongoing research of this type will eventually
contribute to novel approaches for better control of this significant infectious dis-
ease.
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