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Summary

The arrest of Mycobacterium tuberculosis phagosome
maturation in infected macrophages is a phenomenon
of dual significance both for the pathogenesis of tuber-
culosis and as a model system to study interference
of microbes with membrane trafficking and organelle
biogenesis in host cells. Among other factors, com-
partment-specialized regulators of vesicular traffick-
ing and other parts of membrane fusion machinery
are likely to play a role in these processes. Here we
summarize the emerging view of mycobacterial phago-
some maturation arrest in the context of the dynamic
processes of intracellular membrane trafficking.

Introduction

Mycobacterium tuberculosis is a potent human pathogen
infecting close to one-third of the world’s population (World
Health Organization Tuberculosis Fact Sheet; http:/ /www.
who.int). Both the bacillus and the host participate in a com-
plex set of interactions that can lead to elimination of the
pathogen (no infection), long-term containment of the bacilli
(latent infection) or active disease (primary or reactivation
tuberculosis). Central to the ability of M. tuberculosis to
infect the host and cause active or latent disease is the
propensity of the tubercle bacillus, and some other myco-
bacterial pathogens, to enter the host mononuclear phago-
cytic cells and survive and multiply within macrophages
(Fig. 1). In their seminal studies, Armstrong and Hart
(1971) have established that M. tuberculosis phagosomal
compartments do not mix with ferritin-labelled lysosomes,
thus defining one of the central paradigms of M. tuberculosis
pathogenesis, referred to as the inhibition of phagosome–
lysosome fusion. More recent studies have confirmed that
members of the M. tuberculosis complex (e.g. virulent M.
tuberculosis and the vaccine strain M. bovis BCG) reside

in a privileged phagosomal compartment, remaining sequ-
estered away from the terminal endocytic organelles (Xu
et al., 1994; Clemens and Horwitz, 1995; Hasan et al.,
1997; Via et al., 1997). The exact mechanisms underlying
this phenomenon are not completely understood, although
significant progress has been made in defining the macro-
phage receptors participating in M. tuberculosis uptake,
delineating the characteristics of the compartments that
the bacillus occupies upon phagocytosis, and uncovering
several aspects of its interference with fundamental mem-
brane trafficking processes in eukaryotic cells.

Entry and early events during M. tuberculosis
phagocytosis

A number of ligand–receptor interactions mediate the entry
of mycobacteria into the macrophage (Ernst, 1998). Com-
plement receptors are believed to play a significant role
in the efficient uptake of the bacillus by host macro-
phages (Schlesinger et al., 1990). Mycobacterial opsoniz-
ation depends on the alternative complement pathway
(Schlesinger et al., 1990) and another, recently described,
unconventional pathway of C3b formation involving a
mycobacterial cell wall component (Schorey et al., 1997).
The relative contributions of macrophage receptors [e.g.
complement receptors CR1, CR3 and CR4, mannose
receptor, surfactant protein receptors, CD14, scavenger
receptors and Fcg receptors; recently reviewed by Ernst
(1998)], opsonic and non-opsonic interactions of myco-
bacterial ligands with macrophage receptors and whether
the route of entry of M. tuberculosis affects its intracellular
fate by determining phagosomal characteristics remain
unsettled issues (Ernst, 1998).

Uptake of M. tuberculosis by the macrophage is associ-
ated with a number of early intracellular signalling events,
i.e. recruitment of and activation of Src family protein tyro-
sine kinases (PTKs) both within the cytoskeletal (Triton
X-100 insoluble) and cytosolic fractions, increased tyrosine
phosphorylation of multiple macrophage proteins, and acti-
vation of phospholipase D (PLD) (Kusner et al., 1996).
These events are consistent with receptor-mediated phago-
cytosis and are reminiscent of the processes associated
with cross-linking of complement receptors. Activation of
PTK appears to enhance stimulation of PLD activity and
the associated increase in phosphatidic acid (PA). PA
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may trigger a number of downstream processes necessary
for membrane remodelling during phagocytosis and can
cause activation of defence functions such as NADPH oxi-
dase. Furthermore, PA, other acidic phospholipids and site-
directed modifications of lipids have become increasingly
important in general vesicular trafficking and membrane
budding at the stage of the recruitment of various factors
controlling such processes (De Camilli et al., 1996). How-
ever, no differences have been detected when virulent M.
tuberculosis was compared with opsonized zymosan (Kus-
ner et al., 1996), and thus it is possible that other processes
concomitant with or further downstream from these events
determine the fate of mycobacterial phagosomes.

Reduced acidification of mycobacterial phagosomes

The phagosomes containing M. tuberculosis, M. bovis BCG
and Mycobacterium avium display significantly reduced
acidification (Crowle et al., 1991; Oh and Straubinger,
1996; Hackam et al., 1998) compared with killed organ-
isms or model phagosomes containing inanimate objects
(e.g. latex beads). This has been associated with an appar-
ent paucity or lack of Hþ-ATPase pumps on these vacuoles
(Strugill-Koszycki et al., 1994; Xu et al., 1994) (Table 1). A
considerable heterogeneity of pH among different vesicles
(Oh and Straubinger, 1996) and a detectable initial drop in
pH, followed by a recovery and equilibration at pH of 6.3–
6.5, have been noted (Strugill-Koszycki et al., 1994; Schaible

et al., 1998). In a more recent study, alternative sources of
protons (other than Hþ-ATPase) have been considered,
and the Naþ/Hþ exchanger was found to be incorporated
into phagosomal membranes in macrophages (Hackam et
al., 1997). However, the effect of this antiporter on acidifi-
cation is dependent upon the concentration of lumenal
Naþ available for exchange with protons, and direct mea-
surements suggest that its contributions to pH of model
phagosomes and M. bovis BCG phagosomal compartments
may be negligible (Hackam et al., 1998). Somewhat sur-
prisingly, specific inhibitors of the vacuolar proton-ATPase
abrogate the mild acidification (1 pH unit relative to the
cytosol) of mycobacterial phagosomes (Hackam et al.,
1997), suggesting that the proton pump remains a direct
albeit limited source of acid equivalents for mycobacterial
phagosomes. This concept has been supported by studies
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Fig. 1. Laser scanning confocal microscopy of J774 cells infected
with GFP-expressing M. bovis BCG. Shown are confocal optical
sections with merged Nomarski differential interference contrast
(green pseudocolour) and GFP fluorescence (red pseudocolour)
images.

Table 1. Host cell markers on mycobacterial phagosomes.a

Model Mycobacterial
phagosomes (f)b phagosomesc

Hþ-ATPase pump þ ¹d

Naþ/Hþ exchanger þe NDe

Naþ/Kþ pumps ¹ ND
MHC class I ¹ þ

MHC class II ¹ þ

Cathepsin D þ þ

Lamp-1 and -2 þ þ/¹f

TfR ¹g þg

Annexins þh þh

Nramp1 þ ND
Rab5 þi þi

Rab7 þ ¹ j

t-SNAREsk þ ND
v-SNAREsk þ ND

a. Information based on: Clemens and Horwitz (1995); Clemens and
Horwitz (1992); Clemens and Horwitz (1996); Desjardins et al. (1994);
Desjardins et al. (1997); Hackam et al. (1996); Hackam et al. (1998);
Strugill-Koszycki et al. (1996); Strugill-Koszycki et al. (1994); Via et
al. (1997).
b. Model phagosomes (f): latex beads (1–20 h post phagocytosis).
c. The current data on M. tuberculosis, M. bovis BCG and M. avium
phagosomal compartments are in general agreement and are com-
piled here without making distinctions between different strains within
the M. tuberculosis complex or between mycobacterial species that
served as the source of specific information. This, however, does not
preclude existence of major differences that remain to be delineated.
d. DpH of 1 unit in M. bovis BCG phagosomes relative to the cytosol
can be abrogated by bafilomycin and conconamycin implicating
traces of Hþ-ATPase activity in delivery of acid equivalents.
e. Detected by Western blots but exchange activity demonstrated
only in reverse by functional assays. ND, not determined.
f. Lamp-1 and 2 have been seen on mycobacterial phagosomes with
variable intensity.
g. TfR persists on mycobacterial phagosomes while normally it
recycles rapidly to the plasma membrane.
h. Annexins I-V on f (annexin IV enriched on older f). Annexins III,
IV and V detected on M. tuberculosis H37Ra phagosomes in dendritic
cells.
i. Rab5 accumulates on M. bovis BCG and is present on f.
j. Rab7 is not present on M. bovis BCG but succeeds Rab5 on f.
k. t-SNAREs, syntaxins 2, 3 and 4; v-SNAREs, synaptobrevins I and
II. See text for cellubrevin.
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with permeabilized cells and acidification of M. bovis BCG
phagosomes subsequent to the activation of vacuolar Hþ-
ATPase by exogenously added cofactors (Hackam et al.,
1998).

Effects of cytokines and Nramp1 on phagosomal
acidification

The significance of the reduced acidification of M. tubercu-
losis phagosomes is multifaceted and may affect (i) killing/
survival of the microbe; (ii) vacuolar maturation pro-
cesses, as the recruitment of at least some parts of mem-
brane trafficking machinery may depend on vesicular pH
(Aniento et al., 1996); and (iii) antigen processing and pre-
sentation. It appears that factors associated with host
innate and adaptive immunity can modulate acidification
of mycobacterial phagosomes. In cytokine-activated macro-
phages, e.g. murine bone marrow-derived macrophages or
J774 cells, mycobacterial phagosomes acidify more readily
upon treatment with interferon (IFN)-g and lipopolysacchar-
ide (LPS) (Schaible et al., 1998; Via et al., 1998).

A role for the natural resistance-associated macrophage
protein 1 (Nramp1; Bcg/Ity/Lsh) has been demonstrated
recently (Hackam et al., 1998) as directly or indirectly pro-
moting Hþ-ATPase-dependent acidification of M. bovis BCG
phagosomes in peritoneal macrophages obtained from
Bcgr animals. In keeping with these observations, wild-
type, functional Nramp1 is delivered to model phagosomes,
whereas mutant forms are not detectable. Intriguingly,
although Nramp1 mutations (in the absence of acquired
immunity achieved by T cell depletion) permit increased
growth of M. bovis BCG in the lungs and spleens of the
mutant Bcgs mice relative to wild-type Bcgr animals (Med-
ina and North, 1996a), Nrapm1-proficient (Bcgr) animals
appear unexpectedly more sensitive to infections with the
virulent M. tuberculosis H37Rv (Medina and North,
1996b). Resolution of this paradox may provide insights
into possible infection stage specific differences in intra-
cellular environments experienced by the vaccine strain
M. bovis BCG and virulent M. tuberculosis.

Markers on mycobacterial phagosomes

Mycobacterium tuberculosis and M. avium phagosome
maturation is arrested at an early stage (Clemens and
Horwitz, 1996; Strugill-Koszycki et al., 1996) characterized
by the persistence of early endosomal markers and limited
acquisition of late endosomal markers (Strugill-Koszycki et
al., 1996). The majority of current insights into the make-
up of mycobacterial phagosomes (Table 1) have originated
from the laboratories of Drs Russell and Horwitz, who
studied patterns of several endocytic markers on myco-
bacterial phagosomes. The M. tuberculosis phagosome
lacks mannose 6-phosphate receptors, displays reduced
clearance of MHC class I and II molecules, and stains for

transferrin receptor (TfR) (Clemens and Horwitz, 1995).
Both M. tuberculosis and M. avium phagosomes remain
accessible to subsequently internalized transferrin (Clem-
ens and Horwitz, 1996; Strugill-Koszycki et al., 1996) and to
plasma membrane glycosphingolipids (Russell et al., 1996).
These phagosomes appear to acquire limited amounts
of major lysosome-associated membrane (glyco)proteins
(Lamp-1 and Lamp-2) (Xu et al., 1994; Clemens and Hor-
witz, 1995) and cathepsin D (Clemens and Horwitz, 1995;
Strugill-Koszycki et al., 1996). Increased Lamp-2 staining
of M. bovis BCG phagosomes has been reported in resting
Bcgr macrophages relative to Bcgs cells (Hackam et al.,
1998).

M. tuberculosis phagosomes persistently stain for trans-
ferrin receptor at densities similar to those on the plasma
membrane (Clemens, 1996), although recycling of trans-
ferrin and TfR represents an archetype of rapid removal
of markers (t1/2 in minutes) from the endosome back to
the plasma membrane. Intriguingly, the estimated pH of
the M. avium phagosome stabilizes around 6.4, matching
the average pH of the recently recognized perinuclear
recycling endosomal compartment rich in TfR (Ullrich et
al., 1996). Furthermore, studies by Russell and colleagues
(Strugill-Koszycki et al., 1996) and Clemens and Horwitz
(1996) indicate that the mycobacterial phagosome may
have continual access to TfR located in the recycling endo-
some, whereas phagosomes in general (represented by
IgG-coated beads) maintain only a transient access (for
about 5 min) to the same compartment. One perhaps over-
simplified interpretation of such observations could be that
the mycobacterial phagosome is arrested at a ‘5-min-old
phagosome’ stage locked in a state of continuous com-
munication with the TfR recycling compartment.

According to some proposals (de Chastellier and Thilo,
1997), the delayed clearance of TfR and other plasma
membrane markers may be linked to the tightly apposed
membrane encasing the bacilli, resulting in round phago-
somes with an apparent lack of tubular extensions that
may be necessary for efficient recycling. However, the
morphological features alone cannot explain the maturation
arrest, as illustrated by experiments with mutant RhoD (a
small GTPase that integrates endosomal membrane trans-
port with the cytoskeleton) in which TfR recycling was not
affected although endosomes lost their tubular processes
and appeared spherical (Murphy et al., 1996). In addition,
hydrophobic latex beads, which seem to assume similar
geometry to mycobacterial phagosomes (de Chastellier
and Thilo, 1997), show slow but complete maturation into
the phagolysosome (Desjardins et al., 1994). Furthermore,
passive surface properties of M. tuberculosis, M. bovis and
M. avium may not be sufficient to define all intracellular
events, as the fate of dead bacteria differs from that of
live organisms. An alternative explanation for the presence
of TfR on mycobacterial phagosomes has been offered,
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e.g. that these vesicles, because of their retention of the
composition similar to the plasma membrane, continue
to receive TfR (Hasan et al., 1997).

Two-dimensional analyses of proteins on purified
mycobacterial phagosomes

Recently, new methodologies such as phagosome purifi-
cation (Strugill-Koszycki et al., 1994; Hasan et al., 1997;
Via et al., 1997) coupled with two-dimensional (2D) protein
analysis have opened new avenues for investigations of
mycobacterial phagosomes. The 2D patterns of stained
or metabolically labelled polypeptides on M. avium and
M. bovis BCG phagosomes have thus far indicated very
few differences relative to IgG-coated bead phagosomes
(Strugill-Koszycki et al., 1997) or endosomal organelles
(Hasan et al., 1997). Nevertheless, the three polypeptides
identified by Pieters and colleagues as specifically recruited
to M. bovis BCG phagosomes (Hasan et al., 1997) may
prove to be of significance. Nevertheless, the salient char-
acteristics of the M. tuberculosis phagosome may depend
on minor, regulatory components that cannot be readily
visualized using conventional staining and detection tech-
niques. Recently, 2D gel analyses (Deretic et al., 1997; Via
et al., 1997) have been applied to study less abundant
components on M. bovis BCG phagosomes, i.e. small
GTP-binding proteins. These small GTPases from the
Ras superfamily (Hall and Zerial, 1995), regulate critical
cellular processes such as: (i) growth and differentiation,
endoplasmic reticulum (ER) and Golgi transport, nuclear
import/export (Ras, Sar and Ran subfamilies); (ii) co-ordi-
nation of membrane transport with cytokeletal functions,
cell adhesion, motility and shape (Rho subfamily); and (iii)
compartment-specific membrane and vesicular trafficking
(ARF and Rab subfamilies).

Rab proteins are of direct relevance for phagosome
interactions with the endosomal system that takes place
during the maturation of these organelles into the phago-
lysosome (Desjardins et al., 1994). Because small GTP-
binding proteins, unlike the large heterotrimeric G proteins,
can renature upon transfer to membrane after separation
by SDS–PAGE, their composition and presence can be
studied on purified phagosomal membrane by using highly
sensitive methods using overlays with radiolabelled GTP
and comparing autoradiograms with the existing 2D maps
of Rab and Rho proteins (Huber et al., 1994). This has
led to the identification of unique patterns of small GTPases
on mycobacterial phagosomes (Via et al., 1997), including
Rabs, that will be discussed in subsequent sections.

Phagosomal maturation and membrane fusion
machinery

Phagosomes are dynamic structures (Desjardins et al.,

1994; 1997; Alvarez-Dominguez et al., 1996), which, upon
formation, interact with various parts of the endosomal
network exchanging patches of membrane and luminal
contents (Desjardins et al., 1994), as summarized in the
‘kiss and run’ model (Desjardins, 1995). The sequential
interaction of phagosomes with early and late endosomes
culminates with phagosomal maturation into an organelle
frequently referred to as the phagolysosome. All trafficking
events involving vesicular transport of lipids and proteins
between intracellular organelles in eukaryotic cells are
highly controlled processes dependent on a multicompo-
nent vesicle docking and fusion machinery. Typically, the
fusion system is composed of: (i) ATPase NSF (N-ethyl-
maleimide-sensitive factor) and aSNAP(solubleNSF attach-
ment protein), and (ii) integral membrane proteins v- and
t-SNAREs (vesicle and target membrane SNAP receptors),
which serve as docking and fusion devices. NSF and SNAP
are required for separation of v- and t-SNAREs, which have
a spontaneous tendency to form complexes. This segrega-
tion provides free energy liberated during the SNARE pair-
ing and subsequent fusion steps (Weber et al., 1998).
Both t-SNAREs (syntaxins 2, 3 and 4) and v-SNAREs
(VAMP, synaptobrevins) have been detected on model pha-
gosomes (Hackam et al., 1996; Desjardins et al., 1997).
Recently, another v-SNARE, cellubrevin, has been detected
on purified M. bovis BCG phagosomes (R. A. Fratti and V.
Deretic, unpublished). Current studies are focusing on the
status of v- and t-SNAREs on M. tuberculosis and M. bovis
BCG phagosomes to determine whether changes in these
molecules may help contribute to events underlying the
mycobacterial phagosome maturation arrest.

Rab proteins on mycobacterial phagosomes:
accumulation of Rab5 and exclusion of Rab7

When cognate SNAREs on two apposed membranes
are paired, they form a structure termed SNAREpin (by
analogy with viral hairpin fusion proteins) resulting in lipid
bilayer fusion (Weber et al., 1998). However, membranes
in eukaryotic cells do not fuse indiscriminately, and such
processes are under close supervision by regulatory sys-
tems, including the small GTPase Rabs, which restrict
uncontrolled intermixing of endovacuolar organelles and
prevent their complete fusion or disintegration. The mech-
anism of how Rabs control membrane fusion is not com-
pletely clear. It is likely that these small G proteins, when
in their active GTP-bound state, function at the docking
stage, perhaps by displacing a negative regulator prevent-
ing v-SNARE–t-SNARE interactions, as recently documen-
ted in yeast (Lupashin and Waters, 1997). The major Rabs
(Fig. 2) associated with various parts of the endosomal
network are Rab4 (controlling fast recycling out of the
early endosome); Rab5 (controlling endocytosis and homo-
typic fusions within the early endosome); Rab7 (localized
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to the late endosome); Rab9 (controlling endosome to
TGN recycling); and Rab11 (localized in the pericentriolar/
paranuclear early endosomal recycling compartment).

Of particular importance for the M. tuberculosis phago-
some are Rab5 and Rab7. Rab5 has been strongly impli-
cated in the interactions between phagosomes and the
endocytic pathway in macrophages (Desjardins et al.,
1994; Desjardins, 1995; Alvarez-Dominguez et al., 1996;
Via et al., 1997). Rab7 regulates late endosomal membrane
trafficking (Press et al., 1998) and has been implicated in
interactions between phagosomes and late endosomal
compartments (Desjardins et al., 1994). We have recently
defined the arrest of M. bovis BCG phagosome maturation
as a block between stages controlled by Rab5 and Rab7
GTPases (Via et al., 1997) (Fig. 2). According to these
findings, Rab5 accumulates on M. bovis BCG phago-
somes, whereas Rab7 is not present on mycobacterial
phagosomes. This is in contrast to model phagosomes
with latex beads, which go through sequential acquisition
of Rab5 and Rab7. Incidentally, expression in transfected
cells of a dominant negative mutant, Rab7N125I (Press et
al., 1998), which can no longer bind GTP, causes accumu-
lation of late endosomal markers in early endosomes posi-
tive for TfR (mycobacterial phagosomes, which are blocked
between the Rab5 and Rab7 stages, also accumulate TfR;
see earlier sections). Moreover, Rab7N125I blocks trans-
port to the late endosome and causes accumulation of
cathepsin D (as a 46–48 kDa intermediate form) in early
endosomes (Press et al., 1998). Note that cathepsin D
also accumulates in mycobacterial vacuoles as a 46–
48 kDa processing intermediate (Strugill-Koszycki et al.,
1996). Thus, the exclusion of Rab7 from M. bovis BCG
phagosomes can explain at least in part the pattern of
markers seen on mycobacterial phagosomal compart-
ments (Table 1). The observed accumulation of Rab5
and exclusion of Rab7 define more precisely the check
point that has been compromised in the maturation

of mycobacterial phagosomes. These observations also
provide potential molecular targets used by M. tuberculo-
sis for interference with organelle biogenesis and mem-
brane trafficking in the host.

Rab effectors: a look ahead

Factors interacting with Rab5 in mammalian cells have only
recently begun to be identified and some of them have
important functions such as Rab5 GTPase activating
proteins (GAP, e.g. Tuberin), Rab5 guanine nucleotide
exchange factors (GEF, e.g. Rabex-5) and Rab5 effectors
(Rabaptin-5, Rabaptin-5b and the early endosomal auto-
antigen EEA1). These factors play important roles in cell
physiology, as attested to by the fact that Tuberin is
encoded by a tumour-suppressor gene, and that Rabaptin-
5 is essential for early endosomal function. EEA1 is restricted
in distribution to early endosomes where it is recruited by
PI(3) kinase products and Rab5 and is believed to provide
directionality to Rab5-dependent membrane trafficking
(Simonsen et al., 1998). Rab5 is active in its GTP-bound
form (Fig. 2), but only a small portion of Rab5 is bound
to GTP at any given time. GTP hydrolysis downregulates
Rab5 function and GTPase activity stimulated by GAP
proteins diminishes Rab5 function in endocytosis (Xiao
et al., 1997). Rabaptin-5 interacts with GTP-bound Rab5
and stabilizes it in its active conformation; it also provides
a link between Rab5- and Rab4-dependent pathways as it
has distinct domains for binding of both GTPases, possibly
co-ordinating membrane flow in and out of early endo-
somes (Vitale et al., 1998). Interestingly, Rabaptin-5 is a
substrate for caspase cleavage during apoptosis, thus
linking programmed cell death with the attendant disinte-
gration of the endocytic apparatus (Cosulich et al., 1997).
As specific pathways of cell death including apoptosis
have been implicated in the control of M. tuberculosis and
M. bovis BCG in host macrophages (Molloy et al., 1994;
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Fig. 2. Mycobacterium tuberculosis phagosome
maturation arrest: accumulation of Rab5 and
exclusion of Rab7. Rab proteins control
membrane trafficking within endosomal
compartments: Rab4, fast recycling branch of
the sorting endosome (TfR, transferrin
receptor); Rab5, endocytosis and homotypic
fusions between early endosome (EE) (also
newly formed phagosomes); (Rab5), recent
studies (Jahraus et al., 1998) have shown that
exogenously added Rab5 can stimulate fusion
between newly formed phagosomes and late
endocytic compartments in vitro ; Rab7, late
endosome (LE) (also mature phagosomes);
Rab9, recycling from LE to trans Golgi network
(TGN); Rab11, perinuclear recycling endosome
(PRE). Mtb, M tuberculosis; LB, latex beads.
Green, M. tuberculosis. Different shades of red
indicate increasing phagolysosomal
characteristics. Dashed lines, block in
M. tuberculosis phagosome maturation.

M. tuberculosis phagosome 1607



Keane et al., 1997; Lammas et al., 1997), it is possible that
changes in Rabaptin-5 or other Rab-interacting molecules
may affect mycobacterial phagosomes including a fusion
with undesirable degradative compartments.

Concluding remarks

Ongoing investigations of the status of Rabs, SNAREs, and
other components of the membrane fusion machinery in
infected cells and on M. tuberculosis phagosomes, may
help define the molecular mechanism used by the tubercle
bacillus in constructing its intracellular niche to desired spe-
cifications. The current gap in our understanding of the fun-
damental cell biology phenomena downstream of the
immune mechanisms deserves further attention, as cyto-
kine-activated macrophages can overcome the maturation
block and acidify the mycobacterial phagosome (Schaible
et al., 1998; Via et al., 1998). The precise regulatory traf-
ficking events involved in these phenomena remain to be
determined. The hope is that such and related studies
will delineate the molecular processes underlying mycobac-
terial phagosome maturation arrest and provide insights
into how host defences (e.g. macrophage-activating cyto-
kines and cytotoxic mechanisms) may affect and coun-
teract such phenomena under conditions consistent with
protective immune responses. Lastly, the intracellular com-
partments in which M. tuberculosis resides during the
establishment of latency may have unique characteristics.
Because latency is the predominant form of M. tuberculosis
infections, a potential definition of intracellular environments
in which the dormant bacilli persist may be necessary if we
wish to understand how this microorganism manages to
infect billions of people worldwide and intervene with its
notorious success as a powerful human pathogen.
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