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Phagosome-lysosome fusion is an important innate-effector immune response of host macrophages. After entering the
macrophages through phagocytosis, intracellular bacteria and parasites reside inside the phagosomes. In many cases, these
pathogens prevent maturation of phagosomes and its fusion with lysosomes. Several signaling cascades are shown to be
associated with blocking of phagosome maturation process. Understanding the mechanism of phagosome-lysosome fusion
and factors regulating this process, as well as the strategies adopted by the intracellular pathogens to prevent phagosomelysosome fusion might provide insights for the development of new drugs and more effective treatment options to combat
infectious diseases.
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Introduction
Infectious diseases caused by intracellular pathogens
are major threats to the human health worldwide.
Intense efforts have been directed towards
understanding the mechanisms by which intracellular
pathogens could compromise protective responses of
host such as, protection from circulating antibodies
(Evering and Weiss, 2006), free access to nutrients
and establishment of their replicative niches to cytosol
or specialized compartments (Hackstadt, 2000;
Mitchell et al., 2016). According to their certain
lifestyles and need, many bacterial pathogens such
as Listeria monocytogenes (Brzoza et al., 2004;
Sanger and Sanger, 2012), Shigella flexneri (Jehl et
al., 2012; Campbell-Valois et al., 2015) and
Trypanosoma cruzi (Camandaroba et al., 2006)
reproduce in cytoplasm (Thi et al., 2012), while others
like Mycobacterium tuberculosis (M. tb) target
specific vesicles called pathogen containing vacuoles
for their lodging and multiplication. This class of
parasitism is utilized by M. tb (Clemens et al., 2002),

M. leprae (Frehel and Rastogi, 1987), Coxiella
burnetii (Ghigo et al., 2012), Toxoplasma gondii
(Sibley, 2013). In response to pathogen assault,
phagocytic cells employ multiple mechanisms to ensure
elimination of intracellular pathogens or restrict them
under stringent control. Pathogens enter into the
phagocytes via cell-surface receptors and are trapped
within the phagosomes (phagocytosis), which then fuse
with lysosomes to form phagolysosomes, where the
pathogens are degraded due to respiratory or oxidative
burst, low pH, action of lysosomal acid hydrolases
and secretion of microbicidal substances, such as
elastase (Flannagan et al., 2009; Hussain Bhat and
Mukhopadhyay, 2015). Thus, phagocytosis is an
important process of the innate immune response
aimed towards the removal of pathogens. Invading
pathogens hijack phagosome maturation process to
escape from getting wiped out, which is controlled by
numerous factors and signaling cascades. Various
pathogens directly or indirectly modulate this process
to generate a favorable intracellular niche. In this
review, we have discussed signaling cascades which
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influence phagosome maturation process and the
strategies adopted by various intracellular pathogens,
especially M. tb to arrest phagosome maturation. This
information is likely to be helpful to define new
therapeutic targets against various intracellular
pathogens.
Phagosome Maturation
Phagocytic cells viz., monocytes/macrophages,
dendritic cells, neutrophils and other antigen (Ag)
presenting cells in heamatopoietic lineage not only
process the extracellular larger particles but also
present them onto cell surface (Ag presentation).
They comprise the largest number and complex cell
population to primarily counter attack the pathogens,
hence instituted as part of so called “first line of
defense” (Aderem and Underhill, 1999; Greenberg
and Grinstein, 2002). Macrophages are one of the
important body’s first line of defense cells that are
involved in recognition and uptake of the pathogen
into cells, and destroy the pathogens by utilizing various
processes called macrophage effector functions
(Garin et al., 2001; Greenberg and Grinstein, 2002;
Murray and Wynn, 2011). Based on functional
plasticity of macrophages, they can be classified as
M1 or M2 macrophages (Mills, 2012; Martinez and
Gordon, 2014). Granulocyte-macrophage colonystimulating factor (GM-CSF) and inflammatory stimuli
like interferon-gamma (IFN-γ) and lipopolysaccharide
(LPS) induce M1 macrophages whereas stimuli of
macrophage colony-stimulating factor (M-CSF) and
IL-4 give rise to M2 macrophages (Mia et al., 2014).
Phagocytosis or receptor-mediated endocytosis is an
active process whereby phagocytic cells engulf
pathogens and antigens into membrane bound
vacuoles called phagosomes. Phagosome itself neither
can destroy the pathogens nor inhibits the replication
of pathogens, because the lumen of nascent vacuole
is similar to the fluid phase outside macrophages,
except that it is surrounded by a membrane. Thus,
phagosome acquires the machinery needed to destroy
the pathogens. Acquisition and removal of many
proteins by fission and fusion events, a severe drop in
lumen pH and procurement of many hydrolases and
peptidases, significantly alter the biochemical nature
of phagosome lumen that ultimately degrade
pathogens. This entire process is termed as phagosome
maturation (Desjardins et al., 1994; Garin et al., 2001;
Vieira et al., 2002; Smith et al., 2007). Phagosomal
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maturation is controlled by highly complex and
regulated signaling events, which engages many
factors and take part in host-pathogen interactions,
autophagy and apoptosis (Mariño et al., 2014).
Important Signaling Cascades Regulating
Phagosome-Lysosome Fusion and its Manipulation
by Intracellular Pathogens
Intracellular pathogens operate by confronting key
signaling pathways in their hosts. These pathogens
usually target more than one signaling cascade and
often interact at several points to seize them fully.
Although different intracellular pathogens tend to
exploit these machineries in the host, the ways in
which they commandeer host cells usually differ.
Modulation of phagosomal maturation by intracellular
pathogens is initiated at very early stage of pathogen
recognition, either by avoiding the fusion of the
pathogen containing phagosomes with lysosomes or
by escaping from phagosomes to replicate in cytosol.
Recognition of pathogens by various receptors on cell
surface many times determine the fate of
endocytosed/phagocytosed pathogens. Here, we have
discussed about the pathogen recognition by important
surface receptors of macrophages and its effect in
host-pathogen interaction in the context of phagosomelysosome fusion.
Receptor-triggered Signaling Events
Complement Receptors (CR) : Complements are heat
labile serum proteins that act together to destroy
invading pathogens. Complements are normally
present in inactive forms. These proteins are activated
by proteolysis through series of steps of three major
pathways, i.e. the classical pathway, the alternate
pathway and the lectin pathway, all of which lead to
the production of C3b (crucial component of the
complement system) which is essential to activate
latter steps of complement activation (Ahearn and
Fearon, 1989; Carroll, 1998). Pathogens coated with
serum-derived ligands bind to complement receptors
CR1, CR3, and CR4 accordingly and are subsequently
phagocytosed in membrane-bound phagosomes
(Schlesinger, 1993; Hirsch et al., 1994). M. tb, like
other pathogens can activate the alternative pathway
of complement system that leads to opsonization with
C3b and C3bi and binding to the complement
receptors (Schlesinger et al., 1990). Pathogenic
mycobacterial cell wall component distinctively recruit
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the complement fragment C2a to form C3 convertase
and produce opsonically active C3b even in the
absence of early activation components of the
alternative or classical pathways. This mechanism
leads to binding of C3b opsonized mycobacteria,
especially to CR1 rather than to CR3 or CR4 (Schorey
et al., 1997; Hu et al. 2000). Endogenous capsular
polysaccharides of non-opsonized M. tb interact with
the β-glucan binding site near the C-terminus of
CD11b, while opsonized M. tb binds C3bi binding
domain of CR3, suggesting binding of M. tb at two
distinct sites on the CR3 receptor. CR3 is relatively
predominant among the CRs. Human monocytes and
macrophages showed about 70 to 80% reduced ability
in phagocytosis of M. tb in absence of CR3
(Schlesinger et al., 1990; Schlesinger, 1993).
Moreover, interaction of M. tb to CR3 causes
phagosomal arrest due to interruption of respiratory
burst (Wright and Silverstein, 1983). Thus, the
internalization of M. tb through binding with CRs is
distinctly beneficial route for M. tb to aid in survival
and pathogenesis (Hirsch et al., 1994) (Fig. 1). Certain
pathogens ensure their survival by activating alternate
pathways of complement activation. For example,
Leishmania major activates the alternative
complement pathway to recruit C3b on its surface.
When opsonized metacyclic promastigotes (infective
form) bind to CR1, they survive and replicate
intracellularly, while promastigotes (non-infective
forms) are killed when enter macrophages through
the lectin-like domain of CR3 (Mosser and Edelson,
1987; Polando et al., 2013). Salmonella typhi enters
murine macrophages through CR3, phagocytosed in
a vesicle that fuses with lysosomes, while entry via
CR1 allows S. typhi to survive in a phagosome that
does not acquire lysosomal markers (Ishibashi and
Arai, 1990) (Fig. 1). Thus, internalization of other
intracellular pathogens through CR decide the fate of
phagosome-lysosome fusion.
Mannose Receptors (MR) : Mannose
receptors (MR) are transmembrane C-type (calcium
dependent) lectins that specifically bind mannose
sugars present on the surface of pathogens. Mannose
receptors are not expressed on monocytes, whereas
the differentiated monocytes (macrophages) have
been reported for MR expression on their cell surface
(Ezekowitz et al., 1990; Schreiber et al., 1993).
Phagocytosis of the M. tb is known to be mediated
via MR, mainly when it is bound to the terminal
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mannose residues of lipoarabinomannan (LAM)
expressed on cell surface of pathogens and influence
survival of bacilli within macrophages (Schlesinger,
1993; Schlesinger et al., 1994, 1996). Phagocytosis
via MR could result in reduced production of reactive
oxygen intermediates (ROI) and pro-inflammatory
cytokines like IL-12, tumor necrosis factor-alpha
(TNF- α ) but increased production of antiinflammatory cytokines, IL-4 and IL-13 by
macrophages, suggesting a role of MR in hostpathogen interaction and modulation of macrophage
immune responses in tuberculosis (Ezekowitz et al.,
1990; Zhang et al., 2005; Gazi and Martinez-Pomares,
2009). Interestingly, interaction of M. tb ManLAM
with MR promotes inhibition or delay in phagosomelysosome fusion (Vergne et al., 2003; Fratti et al.,
2003; Kang et al., 2005). Virulent Erdman and H37Rv
strains of M. tb mainly use MR in addition to CR for
endocytosis and inhibition of phagosome-lysosome
fusion to enhance its survival (Schlesinger et al., 1996).
Shimada et al. (2006), found that treatment of THP1 cells with Staphylococcus aures glycopeptidolipid
(GPL) led to binding of GPL to MR causing arresting
of phagosome-lysosome fusion. Moreover, treatment
with competitive inhibitors against MR or use of antiMR monoclonal antibody (mAb) rescued GPLinduced inhibition of phagosome-lysosome fusion
indicating that the inhibition of phagosome-lysosome
fusion by GPL is mediated through MRs but not
through CRs. GPL of Mycobacterium sp. is also
reported to inhibit phagosome-lysosome fusion in MRdependent manner (Sweet et al., 2010). Furthermore,
few species of phosphatidyl-myo-inositol mannosides
(PIMs) present on surface of M. tb could bind to the
MR and beads coated with these PIMs also caused
an MR-dependent delay in phagosome-lysosome
fusion (Torrelles et al., 2006). Another study has
shown that mycobacterial cell wall component
ManLAM upon binding to MRs, upregulate IRAKM, a negative regulator of TLR signaling (Kobayashi
et al., 2002; Pathak et al., 2005). ManLAM is also
shown to activate ERK and PI3K pathways in TLRdependent manner leading to production of IL-10
(Caparros et al., 2006), which has been shown to
directly inhibit phagosome-lysosome fusion (O’Leary
et al., 2011). Thus, ManLAM might negatively affect
phagosome-lysosome fusion. However, recent work
by Aplemelk and colleagues has indicated that
mannose capping of ManLAM may not influence

536
phagosome maturation. They used isogenic cap-less
mutants where mannose cap of ManLAM were
removed from M. marinum and M. bovis BCG, and
these bacteria did not show any alteration in
phagosome-lysosome fusion and cytokine profile in
macrophages (Appelmelk et al., 2008). Burgdorf et
al. (2007) have indicated that MR-internalized Ag (the
model Ag ovalbumin, OVA) is targeted into early
endosome where it gets co-localized with early
endosomal markers Rab5 and EEA1, but not with
late endosomes or lysosomal markers Rab7 and
LAMP-1. In this study it was shown that while
pinocytosed Ag (Lucifer yellow) and scavenger
receptor (SR)-internalized OVA co-localized
specifically with lysosomal MHC class-II, MR
endocytosed OVA co-localized with MHC class-I.
This explains that, MR associated endocytosis inhibits
the phagosomal maturation process and directs OVA
into the stable early endosome compartment for crosspresentation (Burgdorf et al., 2007).
Toll Like Receptors (TLRs) : TLRs are
expressed on host macrophages as pattern recognition
receptors and recognize the pathogens by their
common patterns (Medzhitov et al., 1997). Though
triggering of TLR-signaling is shown to be important
to activate various macrophage effector responses
like cytokine production, oxidative and nitrosative
responses and antigen presentation (Nair et al., 2014),
its role in regulating phagosome-lysosome fusion is
controversial. Blander and Medzhitov in their
experiments with mice lacking TLR2, TLR4, and TLR
signaling adaptor molecule MyD88 explored the fate
of phagosomes containing gram-negative (E. coli) or
gram-positive bacteria (S. aureus). They reported
that in the absence of TLR signaling, acquisition of
lysosomal markers LAMP-2 and fluorescent
lysotracker dye were significantly impaired (Blander
and Medzhitov, 2004). In their study they observed
that phagosomes containing E. coli or S. aureus could
fuse with lysosomes in macrophages from wild-type
mice, whereas failed to fuse with lysosomes in
macrophages from MyD88–/– or TLR2×4–/– mice,
suggesting that phagosome maturation might be
controlled by TLR-dependent signaling cascades.
However, Yates and Russell explored extremely
opposite views in their report, where they found that
TLR signaling had no role in phagosomal maturation
process (Yates and Russell, 2005). To validate this,
mannose- or IgG-coupled silica particles that were
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free of any TLR-stimulating activity were used. TLR
stimulation was induced by coating the beads with
LPS (a TLR4 agonist) or PAM 3CSK 4 (a TLR2
agonist), which hinted no alteration in phagosomal
acidification, even by internalization of mannose- or
IgG-coupled silica particles or with inclusion of TLR
agonists. They demonstrated that phagosomelysosome fusion happened at the same rate whether
TLRs were activated or not. However, Yates and
Russell indicated the role of MyD88 in phagosomal
maturation process in agreement with Blander and
Medzhitov (Blander and Medzhitov, 2004; Yates and
Russell, 2005). In a study, McCoy et al. (2010),
demonstrated that IL-10 suppressed miR-155
expression in response to LPS (a potent TLR4 ligand),
leading to an increase in the expression of miR-155
targeted gene SHIP1 (Src homology 2 domaincontaining inositol-5-phosphatase 1), an inositol
phosphatase that converts phosphatidyl inositol 3
phosphate (PIP3) to PIP2 (McCoy et al., 2010). PIP2
to PIP3 conversion by phosphoinositide 3-kinase
(PI3K) is one of the critical steps in phagosomal
maturation process and TLR4 signaling can promote
PI3K activation. Thus, inhibition of TLR4-dependent
signaling by IL-10 may influence phagosomal
maturation process (An et al., 2005; McCoy et al.,
2010) (Fig. 1). Also, O’Leary et al. (2011), reported
that IL-10 could inhibit phagosome-lysosome fusion
and impeding IL-10 activity could then rescue the
inhibited phagosome-lysosome fusion in case of M.
tb infection. IL-10 production in M. tb infection is
strongly related with TLR signaling (Redford et al.,
2011). These studies are important with respect to
correlating many of the signaling cascades influencing
phagosome-lysosome fusion, which may be regulated
by TLR signaling but do not establish a direct
connection and further investigations are required to
draw a strong conclusion.
Cytokine Signaling
Cytokines secreted during innate and adaptive phase
of immune responses can influence the maturation of
phagosomes into phagolysosomes. The proinflammatory cytokines such as IFN-γ and TNF-α,
and the anti-inflammatory cytokines like IL-10 has
been shown to affect the endocytic pathways and
thus can modify phagosome biogenesis during bacterial
infections (Via et al., 1998). Cytokines change the
key endocytic regulators which are involved in

Role of Phagosome-lysosome Fusion in Bacterial Pathogenesis
membrane trafficking, endosome conversion and
phagosome conversion. Jouanguy et al. (1996),
demonstrated that individuals defective in IFN-γ or
IFN-γ receptor gene had severe BCG infection in
vaccinated children or to atypical mycobacterial
infection in unvaccinated persons. Macrophage
stimulated with IFN-γ and LPS resulted in increased
co-localization of mycobacteria with lysosomal
markers such as LAMP-1 and cathepsin D, indicating
that IFN-γ enhanced fusion of phagosomes with
lysosomes (Via et al., 1997). Schaible and group found
that IFN-γ activated maturation and acidification of
M. avium-containing phagosomes that enhanced
killing of the bacilli in macrophages. Further
biochemical analysis of mycobacterial phagosomes
confirmed that the low intra-phagosomal pH was
correlated with the increased accumulation of
vacuolar H+-ATPase (V-ATPase) (Schaible et al.,
1998), suggesting a direct role of IFN-γ induced
signaling in phagosome maturation and their
acidification. However, treatment of macrophages with
IFN- γ prior to C. burnetii infection induced
alkalization of C. burnetii vacuoles independent of
V-ATPase exclusion (Ghigo et al., 2002) which is in
contrast with the findings that IFN-γ could reduce
the pH of mycobacterium-containing phagosomes by
accumulating V-ATPase (Schaible et al., 1998).
IFN- γ also inhibited remodeling of Legionella
pneumophila containing phagosomes into ER-derived
vesicles through their conversion into LAMP-2 and
cathepsin D-expressing phagolysosomes (Santic et
al., 2005). Further, IFN-γ is also shown to be involved
in induction of Rab5a expression and phagosome
conversion in L. monocytogenes infection (PradaDelgado et al., 2001). IFN-γ induced Rab5 causes
remodeling of the phagosomal environment, assisting
the translocation of Rac2 to phagosomes harboring
Listeria sp. and regulating the Rac2 GTPase activity.
After recruitment to phagosome, Rac2 directs
phagocyte NADPH oxidase activity and the
subsequent production of oxidative free radicals
(Prada-Delgado et al., 2001). These events facilitate
the transition of early phagosomes to late phagosomes
and the subsequent killing of L. monocytogenes. Even
though role of IFN-γ in induction of phagosomelysosome fusion is well established, a study by Trost
et al. (2009), using quantitative proteomics and
bioinformatics approach has indicated that latex beads
containing phagosome, induced by IFN-γ, delay their
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maturation despite the abundance of proteins mainly
involved in phagosome-lysosome fusion like VAMP8,
Syntexin-binding proteins (1, 2 and 3), Syntexin (4, 8
and 11), LAMP-1 and many Rab GTPases. They
found that IFN- γ delayed acquiring lysosomal
hydrolases and peptidases that resulted in the gain of
MHC class-I antigen presentation. By network
analysis they have proposed that enhanced antigen
presentation is dependent on phagosomal networks
of the actin cytoskeleton and vesicle-trafficking
proteins. Further, they found that IFN-γ-activated
macrophages delayed disassembly of actin filaments
during phagosome-lysosome fusion (Yam and Theriot,
2004; Trost et al., 2009). Even though this report
deviates from the early finding that IFN-γ induces
phagosome-lysosome fusion, however it does not
completely cast-off the involvement of IFN-γ in
inducing phagosomal maturation. Moreover, IFN-γ
might have delayed phagosome-lysosome fusion,
quantitative estimation of phagosomal lysosomal
markers support an enhanced phagosome-lysosome
fusion by IFN-γ treatment. Other pro-inflammatory
cytokines, such as IL-6, IL-12 and IL-22 have also
been shown to modulate the conversion of
phagosomes into phagolysosomes. IL-22 producing
NK cells inhibit intracellular growth of M. tb by
enhancing phagosome-lysosome fusion (Dhiman et
al., 2009). When cells are treated with IL-12, the
salmonella-containing vacuole is targeted to
lysosomes, while the transport of Salmonella sp. to
lysosomes is inhibited in the presence of IL-6
(Bhattacharya et al., 2006).
As indicated in the earlier section, the antiinflammatory cytokine such as IL-10 has been shown
to affect phagosome conversion in opposite fashion.
It was observed that IL-10 strongly decreases the
expression of Rab5 and VPS34 transcripts, and thus
slows down endosome and phagosome conversion
(Barry et al., 2011) (Fig. 1). As suggested by Barry
et al. (2011), it is also possible that IL-10 inhibits Rabprenylation or GDI activity to inhibit phagosome
maturation. IL-10 along with IL-4 and IL-13 was found
to reduce the expression of cathepsin D in monocytes
from patients with inflammatory bowel disease
(Lugering et al., 1998) and affects fluid-phase and
mannose receptor-mediated endocytosis in human
primary macrophages (Montaner et al., 1999).
Consequently, the delivery of cathepsin D to lysosomes
is decreased (Fig. 1). In macrophages derived from
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the bone marrow of IL-10 knockout mice, the colocalization of mycobacteria with lysosomal markers
was shown to be enhanced relative to macrophages
from control mice, suggesting an increase in the
acidification of mycobacterial phagosomes in these
mice (Via et al., 1998). IL-10 has been reported to
be a highly produced cytokine during chronic Q fever
(Capo et al., 1996; Honstettre et al., 2003) and
monocytes from patients with chronic Q fever are
not able to kill C. burnetii and exhibit defective
phagosome conversion (Ghigo et al., 2004).
Rab GTPases and Calcium Signaling
Rab GTPase are the largest group of monomeric
GTPases within Ras superfamily. Over 70 Rab
GTPases have been reported so far and shown to
regulate vesicular transport and phagosomal maturation
process (Roberts et al., 2006; Markgraf et al., 2007;
Schwartz et al., 2007). The endocytic compartment,
termed as early endosome obtain an important Rab
GTPase protein Rab5 due to activity of GEF (Guanine
nucleotide exchange factor) molecules, Rabex-5 and
Rabaptin-5 (Stenmark et al., 1995; Horiuchi et al.,
1997). The procurement of Rab5 is responsible for
early endosomes to undergo homotypic fusion and
initiates successive binding of other effector molecules
like EEA1 and hVPS34 (PI3K3) (Gorvel et al., 1991;
Simonsen et al., 1998; Callaghan et al., 1999; Fratti
et al., 2001). Interaction of EEA1-FYVE domain with
phosphatidyl inositol 3 phosphate (PI3P) leads to
hetero-oligomerisation with other Rab5 effectors like
Rabaptin5, Rabex-5 and NSF to cluster into a
macromolecular complex on endosomal membrane.
Surprisingly, Rab5 is not a part of this macromolecular
complex even though Rab5 directly interacts with
EEA1 and Rabex5-Rabaptin5 complex (Callaghan et
al., 1999; McBride et al., 1999). Recruitment of EEA1
to early endosomal membrane and its molecular
assembly with other Rab5 effector proteins is critical
for phagosomal maturation process as EEA1
recruitment to early endosomes makes the
phagosomal maturation process directional from early
to late endosome (Simonsen et al., 1998; Rubino et
al., 2000). Along with EEA1, Rab5 effector hVPS34
(PI3K3) is also recruited to early endosome, which is
responsible for synthesis of PI3P (Fratti et al., 2001;
Futter et al., 2001; Vieira et al., 2002). Because of
the homotypic fusion and accumulation of cargo, size
of these vacuoles increases as a result PI3P level
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increases. Interestingly, the sizes of these vacuoles
or level of PI3P determines the early to late endosomal
transition. At a particular size, Mon1a/b, a molecular
switch acts upon early endosomes to remove Rab5
and recruit Rab7, giving rise to late endosomes
(Poteryaev et al., 2010). The HOPS (homotypic fusion
and vacuole protein sorting) complex is the GEF for
Rab7 (Poteryaev et al., 2010). Mon1a and Mon1b
interact with the core component of HOPS complex
and play an important role in fusion of late endosomes
to lysosomes (Poteryaev et al., 2010). Also, other
Rab GTPases have been shown to play important
roles during endocytic process and phagosomal
maturation indicating a cumulative action of Rab
GTPases (Desjardins et al., 1994). Rab33 and Rab24
are illustrated for their role in formation and maturation
of autophagosomes respectively (Munafo and
Colombo, 2002; Itoh et al., 2008). Rab8 is shown to
mediate constitutive biosynthetic trafficking from the
trans-Golgi network (TGN) to the plasma membrane
and participation in GLUT4 vesicle translocation in
association with Rab10 and Rab14 and ciliogenesis
process through its cooperation with Rab17 and
Rab23 (Miinea et al., 2005; Yoshimura et al., 2007;
Sano et al., 2008). Rab32 and Rab38 are involved in
the biogenesis of melanosomes (Wasmeier et al., 2006)
and Rab32 also controls mitochondrial fission (Bui et
al., 2010). Recently Rab32 has also been reported to
influence phagosomal maturation process in
association with other Rab GTPase proteins (Li et
al., 2016). Rab22a mediates trafficking between early/
recycling endosome to TGN (retrograde) (Mesa et
al., 2005) and Rab22b anterograde trafficking from
TGN to endosome/cell surface (Ng et al., 2007). Rab5
mediates endocytosis and endosome fusion of clathrincoated vesicles (CCVs) (Robinson et al., 1996),
macro-pinocytosis with Rab34 (Coyne et al., 2007)
and maturation of early phagosomes with Rab14 and
Rab22 (Kyei et al., 2006; Ng et al., 2007). Rab21
mediates integrin endocytosis. Further, Rab11 and
Rab35 are shown to involved in endocytic recycling
through recycling endosomes, whereas Rab4
facilitates fast endocytic recycling directly from early
endosomes (Riggs et al., 2003; Kouranti et al., 2006).
The late endosome-associated Rab7 is shown to play
a crucial role in maturation of late endosomes and
phagosomes and their fusion with lysosomes (Via et
al., 1997; Bucci et al., 2000). Another late endosomal
GTPase, Rab9 is shown to involved in trafficking from
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late endosomes to the TGN (Barbero et al., 2002)
(Table 1).
Rab GTPases regulate many intracellular
functions in macrophages that play physiologically
significant role to counter intracellular pathogens like
M. tb, Salmonella sp. and Listeria sp. In listeria
infection Rab5 is reported to play a role in recruitment
of GTPase Rac2 to phagosome which promotes the
assembly of NADPH oxidase on phagolysosomal
membrane that produces reactive oxygen species
(ROS) (Prada-Delgado A et al., 2001; Lebreton et
al., 2015) (Fig. 1). The pore-forming toxin listeriolysin
O (LLO) protein is shown to be a major virulence
factor responsible for escape of L. monocytogenes
from phagocytic vacuoles. Studies indicated that acidic
pH of phagosome lumen triggered LLO activity and
vacuolar perforation (Beauregard et al., 1997) (Fig.
1). Acidification of phagosomes containing leishmania
is inhibited due to integration of LPG
(lipophosphoglycan) into lipid microdomains (LM).
This process leads to exclusion or loss of V-ATPases
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(Vinet et al., 2009) on the phagosomal membrane,
indicating possible role of Rab GTPases, as established
in mycobacterial infection (Fratti et al., 2001) (Fig.
1). Studies related to mycobacterial evasion of
phagosome-lysosome fusion are focused on inhibition
of early to late endosomal transition that relies on the
conversion of Rab5 to Rab7 (Via et al., 1997;
Simonsen et al., 1998; Kelley and Schorey, 2003; Rink
et al., 2005; Seto et al., 2009). EEA1 was found to
be a critical regulator of Rab5 to Rab7 conversion
(Rink et al., 2005) and M. tb inhibits recruitment of
EEA1 to phagosomes that leads to impediment of Rab
conversion eventually inhibiting phagosome-lysosome
fusion (Fratti et al., 2001, 2003) (Fig. 1). Rab GTPases
are thus one of the critical regulators of phagosomelysosome fusion and are targeted by many intracellular
pathogens for their better survival inside the host.
One of the important signaling determinants that
escort with phagocytic process is intracellular calcium
(Ca2+) level. However, this is not essentially required
for the phagocytosis suggesting Ca2+ is probably

Table 1. Rab GTPases and their functions in phagosome-lysosome fusion
Rab
GTPase

Function(s)

References

Rab4

Fast endocytic recycling

van der Sluijs et al.,1992; Sheff et al.,1999

Rab5

Endocytosis; Homotypic fusion; Maturation of early
phagosome; Macro-pinocytosis

Gorvel et al., 1991; Robinson et al., 1996; Simonsen et al.,
1998; Callaghan et al., 1999; Fratti et al., 2001; Kyei et al.,
2006; Coyne et al., 2007; Ng et al., 2007

Rab7

Late endosome/phagosome fusion with lysosome

Via et al., 1997; Bucci et al., 2000

Rab8

Trafficking from TGN to plasma membrane; GLUT4 vesicle
translocation; Ciliogenesis

Miinea et al., 2005; Yoshimura et al., 2007; Sano et al.,
2008

Rab9

Trafficking from late endosomes to the TGN

Barbero et al., 2002

Rab 10

Post-Golgi trafficking; Insulin stimulated GLUT4 translocation Chen et al., 1993; Sano et al., 2008

Rab11

Slow endocytic recycling; Cytokinesis

Riggs et al., 2003; Kouranti et al., 2006

Rab14

Trafficking between TGN and endosomes; GLUT4 vesicle
translocation; Phagosome maturation

Junutula et al., 2004; Miinea et al., 2005; Kyei et al., 2006

Rab17

Ciliogenesis

Yoshimura et al., 2007

Rab 21

Integrin endocytosis

Pellinen et al., 2006

Rab22

Trafficking between TGN and early endosomes and vice versa Mesa et al., 2005; Ng et al., 2007

Rab23

Ciliogenesis

Yoshimura et al., 2007

Rab24

Autophagosome maturation

Munafo and Colombo, 2002

Rab32

Biogenesis of melanosomes; Mitochondrial fission

Wasmeier et al., 2006

Rab33

Autophagosome formation

Itoh et al., 2008

Rab34

Macro-pinocytosis

Coyne et al., 2007

Rab35

Endocytic recycling; Cytokinesis

Kouranti et al., 2006

Rab38

Biogenesis of melanosomes

Loftus et al., 2002; Wasmeier et al., 2006
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Fig. 1: Schematic illustration deciphering exploitation of signaling mechanisms by various intracellular pathogens to inhibit
phagosome-lysosome fusion in macrophage. (a) Opsonized mycobacteria are internalized through CR3 receptor, while
L. major and S. typhi binds to CR1 and inhibit phagosome-lysosome fusion. (b) After internalization of L. monocytogenes
into phagosome, secretion of listeriolysin O (LLO) which facilitates escape of pathogen due to pore formation. M. tb
inhibits recruitment of EEA1 to phagosome which stops further downstream signaling for maturation whereas L. major
cause exclusion of V-ATPase from phagosome and inhibits phagosome-lysosome fusion. (c) The anti-inflammatory
cytokine IL-10 binds to IL-10 receptor (IL-10R), down-regulates hVPS34, Rab5, cathepsin D expression important for
phagosome-lysosome function. IL-10 also suppresses LPS-induced miR-155 expression causing up-regulation of miR155-targeted gene SHIP1, thus promoting conversion of PIP3 to its inactive PIP2 state and arresting of phagosomelysosome fusion

crucial to activate phagocytosis-triggered processes
like phagosome-lysosome fusion and antigen
presentation. NOX (NADPH oxidase 4) is considered
to be one of the sources of ROS within the lumen of
phagosome and can also influence phagosomal
maturation. Calcium signaling critically plays a role in
NOX-dependent ROS production. Calcium assists
endosome-endosome and phagosome-lysosome
fusion in part through calmodulin, which interacts with
SNAREs and stimulates calmodulin-dependent kinase

II (Burgoyne & Clague, 2003; Pryor et al., 2000).
Actin, in particular F-actin formation on the surface
of late endosomes, lysosomes and phagosomes is
required for membrane fusion (Jahraus et al., 2001).
Protein kinase C alpha (PKC-α) also participates in
interaction of phagosome with late endosome which
is an essential step for phagosomal maturation and
evidences suggest a role of calcium to regulate
PKC-α (Ng Yan Hing et al., 2004).

Role of Phagosome-lysosome Fusion in Bacterial Pathogenesis
Phagosome Association with Lipid Bodies (LBs)
Pathogens trigger several changes in the host cell
signaling and trafficking mechanisms and one
noticeable pathogen-mediated change is the LB
biogenesis in the host cell cytoplasm. It was found
that M. tb and M. leprae trigger differentiation of
macrophages into foamy macrophages (FMs) during
the progression of disease caused in both mice and
human. FMs are characterized by a granuloma specific
cell population marked with increased accumulation
of LBs and play an important role in tuberculosis
pathogenesis, both during the initial phases of
macrophage infection as well as in granulomas
(Cardona et al., 2000; Tanigawa et al., 2008; Peyron
et al., 2008; Russell et al., 2009; Mattos et al., 2010;
Daniel et al., 2011; Dkhar et al., 2014).
Infection with different pathogens demonstrate
a clear association of LBs with phagosomes in parallel
to LB formation (Melo et al., 2003; Mattos et al.,
2011a; Rank et al., 2011) but little is known about the
functional meaning of this interaction. The LBphagosome interaction has been considered as a
pathogen strategy for accessing host lipids during
infection with M. tb (Peyron et al., 2008) M. leprae
(Mattos et al., 2011a) and Chlamydia trachomatis
(Cocchiaro et al., 2008). M. tb accumulates lipids
obtained from the host cell membrane degradation in
the form of LBs from which it procure both carbon
and energy for its own metabolism (Pandey & Sassetti,
2008). The mycobacteria-phagosome interaction could
be important for the pathogen growth and persistence
as LBs act as a channel for the transport of potential
nutrients, especially neutral lipids, to the phagosome
(D’Avila et al., 2006; Peyron et al., 2008). Further,
Luo et al. (2005), revealed that mycobactin-metal
complex are accumulated in LBs within M. tb infected
macrophages and these mycobactin-targeted lipid
droplets were found in direct contact with phagosomes
suggesting that migration of iron-mycobactin complex
from LBs to phagosomes would facilitate iron delivery
to phagosomal mycobacteria, acting as an iron source
for the pathogen to promote their growth.
As the lipid content of LBs serves as a nutrient
source for the pathogen facilitating its survival within
the host cell (D’Avila et al., 2006; Peyron et al., 2008;
Cocchiaro et al., 2008; Mattos et al., 2011a; Mattos
et al., 2011b), inhibition of LB formation using
pharmacological inhibitors within pathogen infected
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cells causes the reduction of bacterial growth within
host cells (Kumar et al., 2006; Mattos et al., 2011b).
Kumar et al. (2006), blocked the lipid droplet
biogenesis by using triacsin C which specifically inhibits
the activity of a subset of long chain acyl-coA
synthetases (ACSL), required for triacylglyceride and
cholesterol ester biosynthesis. This impediment in lipid
droplet biogenesis causes decrease in the size of
phagosome and reduction of chlamydial growth within
Hep2 cells. Further, use of another inhibitor of lipid
metabolism, C75 which inhibits fatty acid synthase
(FAS) repressed not only the M. tb-induced LB
formation but also the bacterial viability in Schwann
cells (Mattos et al., 2011b). Taking into account that
LBs are the sites for Rab5 and Rab7 GTPases, the
association of LBs with phagosomes may comprises
a mechanism for Rab transport to and from the
phagosome for phagosome maturation (van Manen
et al., 2005). Also, Igtp (Irgm3), an ER resident 47
kDa GTPase involved in phagosomal maturation and
phagocytic cross-presentation is shown to reside on
LBs membrane within dendritic cells, where it binds
the LB coat component adipose differentiation-related
protein (ADRP). This suggests the involvement of
LBs in regulation of cross-presentation of
phagocytosed antigens in these cells (Bougnères et
al., 2009). Moreover, association of LBs and
phagosomes in dendritic cells may aid a regulatory
function of LBs in phagolysosomal progression
(Bougnères et al., 2009). Therefore, the obscure LBphagosome interaction cannot be merely considered
as a pathogen strategy to perpetuate and support its
own survival, but also might be a host approach to
impair the survival and multiplication of intracellular
pathogens.
Conclusions
In the last few years, attempts were made towards
development of innovative therapies due to the
limitations of current therapy against many intracellular
pathogens. Diseases caused by various intracellular
pathogens symbolise a lingering dialogue interplayed
between both host and pathogens that leads to
extensive signaling manipulation in both organisms.
Researchers have targeted the limiting facts of the
pathogens which hinder their long time survival and
pertaining of the infection by counter-attacking the
host molecules. In this process, the major aspect of
the discovery has been to target the host process,
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mainly the phagosome-lysosome fusion which is very
crucial for clearance of pathogens. Upon encountering
a host, the pathogen is destined to be in phagosome.
The signaling cascades controlling fusion of
phagosomes with lysosomes are shown to be exploited
by various intracellular pathogens and the pathogens
inhibit the important processes of phagosomelysosome fusion at different steps to establish a
successful infection. Studies in this review exemplifies
that host factors like kinases, surface receptors, LBs
and other key molecules in signaling cascades can be
targeted to restrict successful infection by pathogen,
which are not only important to understand the hostpathogen interaction but also can pave the way for
discovery of novel therapeutic targets. Moreover, a
detailed understanding of the complicated phagosomelysosome fusion process seems to afford new insights
into the pressure points in the life cycle of pathogen,

References
Aderem A and Underhill D M (1999) Mechanisms of phagocytosis
in macrophages Annu Rev Immunol 17 593-623
Ahearn J M and Fearon D T (1989) Structure and function of the
complement receptors, CR1 (CD35) and CR2 (CD21)
Adv Immunol 46 183-219
An H, Xu H, Zhang M, Zhou J, Feng T, Qian C, Qi R and Cao X
(2005) Src homology 2 domain-containing inositol-5phosphatase 1 (SHIP1) negatively regulates TLR4mediated LPS response primarily through a phosphatase
activity- and PI-3K-independent mechanism Blood 105
4685-4692
Appelmelk B J, den Dunnen J, Driessen NN, Ummels R, Pak M,
Nigou J, Larrouy-Maumus G, Gurcha S S, Movahedzadeh
F, Geurtsen J, Brown EJ, Eysink Smeets M M, Besra G S,
Willemsen P T, Lowary T L, van Kooyk Y, Maaskant J J,
Stoker N G, van der Ley P, Puzo G, Vandenbroucke-Grauls
C M, Wieland C W, van der Poll T, Geijtenbeek T B, van
der Sar A M and Bitter W (2008) The mannose cap of
mycobacterial lipoarabinomannan does not dominate the
Mycobacterium-host interaction Cell Microbiol 10 930944
Barbero P, Bittova L and Pfeffer S R (2002) Visualization of
Rab9-mediated vesicle transport from endosomes to the
trans-Golgi in living cells J Cell Biol 156 511-518
Barry A O, Mege J L and Ghigo E (2011) Hijacked phagosomes
and leukocyte activation: An intimate relationship J Leukoc

Rameshwaram Nagender Rao et al.
which, hopefully, will lead to new chemotherapeutic
interventions.
Acknowledgements
SM is a INSA fellow - 2016 (FNA ID: P16-1721)
and is supported by grants from Department of
Biotechnology (DBT), Govt. of India (BT/PR11605/
NNT/28/758/2014) (BT/PR12817/COE/34/23/2015)
and Department of Science and Technology (DST),
Govt. of India (EMR/2016/000644) and core grant
from CDFD by DBT. RNR is supported by DSTSERB grant (SB/YS/LS-135/2014). RS is supported
by fellowship from Council of Scientific and Industrial
Research (CSIR), Govt. of India. GP is supported by
fellowship from Indian Council of Medical Research
(ICMR), Govt. of India. PS is supported by a
fellowship from University Grant Commission (UGC),
Govt. of India.

Biol 89 373-382
Beauregard K E, Lee K D, Collier R J and Swanson J A (1997)
pH-dependent perforation of macrophage phagosomes by
listeriolysin O from Listeria monocytogenes J Exp Med
186 1159-1163
Bhattacharya M, Ojha N, Solanki S, Mukhopadhyay C K, Madan
R, Patel N, Krishnamurthy G, Kumar S, Basu S K and
Mukhopadhyay A (2006) IL-6 and IL-12 specifically
regulate the expression of Rab5 and Rab7 via distinct
signaling pathways EMBO J 25 2878-2888
Blander J M and Medzhitov R (2004) Regulation of phagosome
maturation by signals from toll-like receptors Science 304
1014-1018
Bougnères L, Helft J, Tiwari S, Vargas P, Chang B H, Chan L,
Campisi L, Lauvau G, Hugues S, Kumar P, Kamphorst A
O, Dumenil A M, Nussenzweig M, MacMicking J D,
Amigorena S and Guermonprez P (2009) A role for lipid
bodies in the cross-presentation of phagocytosed antigens
by MHC class I in dendritic cells Immunity 31 232-244
Brzoza K L, Rockel A B and Hiltbold E M (2004) Cytoplasmic
entry of Listeria monocytogenes enhances dendritic cell
maturation and T cell differentiation and function J Immunol
173 2641-2651
Bucci C, Thomsen P, Nicoziani P, McCarthy J and van Deurs B
(2000) Rab7: a key to lysosome biogenesis Mol Biol Cell
11 467-480
Bui M, Gilady S Y, Fitzsimmons R E, Benson M D, Lynes E M,

Role of Phagosome-lysosome Fusion in Bacterial Pathogenesis
Gesson K, Alto N M, Strack S, Scott J D and Simmen T
(2010) Rab32 modulates apoptosis onset and
mitochondria-associated membrane (MAM) properties J
Biol Chem 285 31590-31602
Burgdorf S, Kautz A, Bohnert V, Knolle P A and Kurts C (2007)
Distinct pathways of antigen uptake and intracellular
routing in CD4 and CD8 T cell activation Science 316 612616
Burgoyne R D and Clague M J (2003) Calcium and calmodulin in
membrane fusion Biochim Biophys Acta 164 1137-1143
Callaghan J, Simonsen A, Gaullier J M, Toh B H and Stenmark H
(1999) The endosome fusion regulator early-endosomal
autoantigen 1 (EEA1) is a dimer Biochem J 338 539-543
Camandaroba E, Thé T S, Pessina D H and Andrade S G (2006)
Trypanosoma cruzi: clones isolated from the Colombian
strain, reproduce the parental strain characteristics, with
ubiquitous histotropism Int J ExpPathol 87 209-217
Campbell-Valois F X, Sachse M, Sansonetti P J and Parsot C
(2015) Escape of actively secreting Shigella flexneri from
ATG8/LC3-positive vacuoles formed during cell-to-cell
spread is facilitated by IcsB and VirA MBio 6 e02567-14
Caparros E, Munoz P, Sierra-Filardi E, Serrano-Gomez D, PuigKroger A, Rodriguez-Fernandez J L, Mellado M, Sancho
J, Zubiaur M and Corbi A L (2006) DC-SIGN ligation on
dendritic cells results in ERK and PI3K activation and
modulates cytokine production Blood 107 3950-3958
Capo C, Zaffran Y, Zugun F, Houpikian P, Raoult D and Mege J
L (1996) Production of interleukin-10 and transforming
growth factor beta by peripheral blood mononuclear cells
in Q fever endocarditis Infect Immun 64 4143-4147
Cardona P J, Llatjós R, Gordillo S, Díaz J, Ojanguren I, Ariza A
and Ausina V (2000) Evolution of granulomas in lungs of
mice infected aerogenically with Mycobacterium
tuberculosis Scand J Immunol 52 156-163
Carroll M C (1998) The role of complement and complement
receptors in induction and regulation of immunity Annu
Rev Immunol 16 545-568
Chen Y T, Holcomb C and Moore H P (1993) Expression and
localization of two low molecular weight GTP-binding
proteins, Rab8 and Rab10, by epitope tag Proc Natl Acad
Sci U S A 190 6508-6512

543

vacuole Proc Natl Acad Sci U S A 105 9379-9384
Coyne C B, Shen L, Turner J R and Bergelson J M (2007)
Coxsackievirus entry across epithelial tight junctions
requires occludin and the small GTPases Rab34 and Rab5
Cell Host Microbe 2 181-192
D’Avila H, Melo R C, Parreira G G, Werneck-Barroso E, CastroFaria-Neto H C and Bozza P T (2006) Mycobacterium
bovis bacillus Calmette-Guerin induces TLR2-mediated
formation of lipid bodies: intracellular domains for
eicosanoid synthesis in vivo J Immunol 176 3087-3097
Daniel J, Maamar H, Deb C, Sirakova T D and Kolattukudy P E
(2011) Mycobacterium tuberculosis uses host
triacylglycerol to accumulate lipid droplets and acquires a
dormancy-like phenotype in lipid-loaded macrophages
PLoS Pathog 7 e1002093
Desjardins M, Huber L A, Parton R G and Griffiths G (1994)
Biogenesis of phagolysosomes proceeds through a
sequential series of interactions with the endocytic
apparatus J Cell Biol 124 677-688
Dhiman R, Indramohan M, Barnes P F, Nayak R C, Paidipally P,
Rao L V and Vankayalapati R (2009) IL-22 produced by
human NK cells inhibits growth of Mycobacterium
tuberculosis by enhancing phagolysosomal fusion J
Immunol 183 6639-6645
Dkhar H K, Nanduri R, Mahajan S, Dave S, Saini A, Somavarapu
A K, Arora A, Parkesh R, Thakur K G, Mayilraj S and
Gupta P (2014) Mycobacterium tuberculosis keto-mycolic
acid and macrophage nuclear receptor TR4 modulate foamy
biogenesis in granulomas: a case of a heterologous and
noncanonical ligand-receptor pair J Immunol 193 295-305
Evering T and Weiss L M (2006) The immunology of parasite
infections in immunocompromised hosts Parasite Immunol
28 549-565
Ezekowitz R A, Sastry K, Bailly P and Warner A (1990) Molecular
characterization of the human macrophage mannose
receptor: demonstration of multiple carbohydrate
recognition-like domains and phagocytosis of yeasts in
Cos-1 cells J Exp Med 172 1785-1794
Flannagan R S, Cosío G and Grinstein S (2009) Antimicrobial
mechanisms of phagocytes and bacterial evasion strategies
Nat Rev Microbiol 7 355-66

Clemens D L, Lee B Y and Horwitz M A (2002) The
Mycobacterium tuberculosis phagosome in human
macrophages is isolated from the host cell cytoplasm Infect
Immun 70 5800-5807

Fratti R A, Backer J M, Gruenberg J, Corvera S and Deretic V
(2001) Role of phosphatidylinositol 3-kinase and Rab5
effectors in phagosomal biogenesis and mycobacterial
phagosome maturation arrest J Cell Biol 154 631-644

Cocchiaro J L, Kumar Y, Fischer E R, Hackstadt T and Valdivia R
H (2008) Cytoplasmic lipid droplets are translocated into
the lumen of the Chlamydia trachomatis parasitophorous

Fratti R A, Chua J, Vergne I and Deretic V (2003) Mycobacterium
tuberculosis glycosylated phosphatidylinositol causes
phagosome maturation arrest Proc Natl Acad Sci U S A

544

Rameshwaram Nagender Rao et al.
100 5437-5442

Frehel C and Rastogi N (1987) Mycobacterium leprae surface
components intervene in the early phagosome-lysosome
fusion inhibition event Infect Immun 55 2916-2921
Futter C E, Collinson L M, Backer J M and Hopkins C R (2001)
Human VPS34 is required for internal vesicle formation
within multivesicular endosomes J Cell Biol 155 12511264
Garin J, Diez R, Kieffer S, Dermine J F, Duclos S, Gagnon E,
Sadoul R, Rondeau C and Desjardins M (2001) The
phagosome proteome: insight into phagosome functions J
Cell Biol 152 165-180
Gazi U and Martinez-Pomares L (2009) Influence of the mannose
receptor in host immune responses Immunobiology 214
554-561
Ghigo E, Capo C, Tung C H, Raoult D, Gorvel J P and Mege J L
(2002) Coxiella burnetii survival in THP-1 monocytes
involves the impairment of phagosome maturation: IFNgamma mediates its restoration and bacterial killing J
Immunol 169 4488-4495

Hu C, Mayadas-Norton T, Tanaka K, Chan J and Salgame P
(2000) Mycobacterium tuberculosis infection in
complement receptor 3-deficient mice J Immunol 165 25962602
Hussain Bhat K and Mukhopadhyay S (2015) Macrophage
takeover and the host-bacilli interplay during tuberculosis
Future Microbiol 10 853-872
Ishibashi Y and Arai T (1990) Roles of the complement receptor
type 1 (CR1) and type 3 (CR3) on phagocytosis and
subsequent phagosome-lysosome fusion in Salmonellainfected murine macrophages FEMS Microbiol Immunol 2
89-96
Itoh T, Fujita N, Kanno E, Yamamoto A, Yoshimori T and Fukuda
M (2008) Golgi-resident small GTPase Rab33B interacts
with Atg16L and modulates autophagosome formation Mol
Biol Cell 19 2916-2925
Jahraus A, Egeberg M, Hinner B, Habermann A, Sackman E,
Pralle A, Faulstich H, Rybin V, Defacque H and Griffiths
G (2001) ATP-dependent membrane assembly of F-actin
facilitates membrane fusion Mol Biol Cell 12 155-170

Ghigo E, Honstettre A, Capo C, Gorvel J P, Raoult D and Mege
J L (2004) Link between impaired maturation
of phagosomes and defective Coxiella burnetii killing in
patients with chronic Q fever J Infect Dis 190 1767-1772

Jehl S P, Nogueira C V, Zhang X and Starnbach M N (2012) IFNã
inhibits the cytosolic replication of Shigella flexneri via
the cytoplasmic RNA sensor RIG-I PloS Pathog 8
e1002809

Ghigo E, Colombo M I and Heinzen R A (2012) The Coxiella
burnetii parasitophorous vacuole Adv Exp Med Biol 984
141-169

Jouanguy E, Altare F, Lamhamedi S, Revy P, Emile J F, Newport
M, Levin M, Blanche S, Seboun E, Fischer A and Casanova
J L (1996) Interferon-gamma-receptor deficiency in an
infant with fatal bacille Calmette-Guérin infection N Engl
J Med 335 1956-1961

Gorvel J P, Chavrier P, Zerial M and Gruenberg J (1991) rab5
controls early endosome fusion in vitro Cell 64 915-925
Greenberg S and Grinstein S (2002) Phagocytosis and innate
immunity Curr Opin Immunol 14 136-145
Hackstadt T (2000) Redirection of host vesicle trafficking
pathways by intracellular parasites Traffic 1 93-99
Hirsch C S, Ellner J J, Russell D G and Rich E A (1994)
Complement receptor-mediated uptake and tumor necrosis
factor-alpha-mediated growth inhibition of Mycobacterium
tuberculosis by human alveolar macrophages J Immunol
152 743-753
Honstettre A, Imbert G, Ghigo E, Gouriet F, Capo C, Raoult D
and Mege J L (2003) Dysregulation of cytokines in acute
Q fever: role of interleukin-10 and tumor necrosis factor in
chronic evolution of Q fever J Infect Dis 187 956-962
Horiuchi H, Lippe R, McBride H M, Rubino M, Woodman P,
Stenmark H, Rybin V, Wilm M, Ashman K, Mann M and
Zerial M (1997) A novel Rab5 GDP/GTP exchange factor
complexed to Rabaptin-5 links nucleotide exchange to
effector recruitment and function Cell 90 1149-1159

Junutula J R, De Maziére A M, Peden A A, Ervin K E, Advani R
J, van Dijk S M, Klumperman J and Scheller R H (2004)
Rab14 is involved in membrane trafficking between the
Golgi complex and endosomes Mol Biol Cell 15 22182229
Kang P B, Azad A K, Torrelles J B, Kaufman T M, Beharka A,
Tibesar E, Desjardin L E and Schlesinger L S (2005) The
human macrophage mannose receptor directs
Mycobacterium tuberculosis lipoarabinomannan-mediated
phagosome biogenesis J Exp Med 202 987-999
Kelley V A and Schorey J S (2003) Mycobacterium’s arrest of
phagosome maturation in macrophages requires Rab5
activity and accessibility to iron Mol Biol Cell 14 33663377
Kobayashi K, Hernandez L D, Galan J E, Janeway C A, Jr.
Medzhitov R and Flavell R A (2002) IRAK-M is a negative
regulator of Toll-like receptor signaling Cell 110 191-202
Kouranti I, Sachse M, Arouche N, Goud B and Echard A (2006)
Rab35 regulates an endocytic recycling pathway essential

Role of Phagosome-lysosome Fusion in Bacterial Pathogenesis
for the terminal steps of cytokinesis Curr Biol 16 17191725
Kumar Y, Cocchiaro J and Valdivia R H (2006) The obligate
intracellular pathogen Chlamydia trachomatis targets host
lipid droplets CurrBiol 16 1646-1651
Kyei G B, Vergne I, Chua J, Roberts E, Harris J, Junutula J R and
Deretic V (2006) Rab14 is critical for maintenance of
Mycobacterium tuberculosis phagosome maturation arrest
EMBO J 25 5250-5259
Lebreton A, Stavru F and Cossart P (2015) Organelle targeting
during bacterial infection: insights from Listeria Trends
Cell Biol 25 330-338
Li Y, Wang Y, Zou L, Tang X, Yang Y, Ma L, Jia Q, Ni Q, Liu S,
Tang L, Lin R, Wong E, Sun W, Wang L, Wei Q, Ran H,
Zhang L, Lian H, Huang W, Wu Y, Li Q J and Wan Y
(2016) Analysis of the Rab GTPase interactome in dendritic
cells reveals anti-microbial functions of the Rab32 complex
in bacterial containment Immunity 44 422-437
Loftus S K, Larson D M, Baxter L L, Antonellis A, Chen Y, Wu
X, Jiang Y, Bittner M, Hammer JA 3rd and Pavan WJ
(2002) Mutation of melanosome protein RAB38 in
chocolate mice Proc Natl Acad Sci U S A 99 4471-4476
Lugering N, Kucharzik T, Stein H, Winde G, Lugering A, Hasilik
A, Domschke W and Stoll R (1998) IL-10 synergizes with
IL-4 and IL-13 in inhibiting lysosomal enzyme secretion
by human monocytes and lamina propria mononuclear
cells from patients with inflammatory bowel disease Dig
Dis Sci 43 706-714
Luo M, Fadeev E A and Groves J T (2005) Mycobactin-mediated
iron acquisition within macrophages Nat ChemBiol 1 149153
Markgraf D F, Peplowska K and Ungermann C (2007) Rab
cascades and tethering factors in the endomembrane system
FEBS Lett 581 2125-2130
Mariño G, Niso-Santano M, Baehrecke E H and Kroemer G
(2014) Self-consumption: the interplay of autophagy and
apoptosis Nat Rev Mol Cell Biol 15 81-94
Martinez F O and Gordon S (2014) The M1 and M2 paradigm of
macrophage activation: time for reassessment F1000Prime
Rep 6 13
Mattos K A, D’Avila H, Rodrigues L S, Oliveira V G, Sarno E N,
Atella G C, Pereira G M, Bozza P T and Pessolani M C
(2010) Lipid droplet formation in leprosy: Toll-like
receptor-regulated organelles involved in eicosanoid
formation and Mycobacterium leprae pathogenesis J
Leukoc Biol 87 371-384
Mattos K A, Lara F A, Oliveira V G, Rodrigues L S, D’Avila H,
Melo R C, Manso P P, Sarno E N, Bozza P T and Pessolani

545

(2011) Modulation of lipid droplets by Mycobacterium
leprae in Schwann cells: a putative mechanism for host
lipid acquisition and bacterial survival in phagosomes Cell
Microbiol 13 259-273
Mattos K A, Oliveira V G, D’Avila H, Rodrigues L S, Pinheiro R
O, Sarno E N, Pessolani M C and Bozza P T (2011b)
TLR6-driven lipid droplets in Mycobacterium lepraeinfected Schwann cells: immunoinflammatory platforms
associated with bacterial persistence J Immunol 187 25482558
McBride H M, Rybin V, Murphy C, Giner A, Teasdale R and
Zerial M (1999) Oligomeric complexes link Rab5 effectors
with NSF and drive membrane fusion via interactions
between EEA1 and syntaxin 13 Cell 98 377-386
McCoy C E, Sheedy F J, Qualls J E, Doyle S L, Quinn S R.,
Murray P J and O’Neill L A (2010) IL-10 inhibits miR155 induction by toll-like receptors J Biol Chem 285
20492-20498
Medzhitov R, Preston-Hurlburt P and Janeway C A Jr (1997) A
human homologue of the Drosophila Toll protein signals
activation of adaptive immunity Nature 388 394-397
Melo R C N, D’Avila H, Fabrino D L, Almeida P E and Bozza P
T (2003) Macrophage lipid body induction by Chagas
disease in vivo: putative intracellular domains for eicosanoid
formation during infection Tissue Cell 35 59-67
Mesa R, Magadán J, Barbieri A, López C, Stahl PD and Mayorga
L S (2005) Overexpression of Rab22a hampers the
transport between endosomes and the Golgi apparatus
Exp Cell Res 304 339-353
Mia S, Warnecke A, Zhang X M, Malmstrom V and Harris R A
(2014) An optimized protocol for human M2 macrophages
using M-CSF and IL-4/IL-10/TGF-beta yields a dominant
immunosuppressive phenotype Scand J Immunol 79 305314
Miinea C P, Sano H, Kane S, Sano E, Fukuda M, Peranen J, Lane
WS and Lienhard G E (2005) AS160, the Akt substrate
regulating GLUT4 translocation, has a functional Rab
GTPase-activating protein domain Biochem J 391 87-93
Mills C D (2012) M1 and M2 Macrophages: Oracles of Health
and Disease Crit Rev Immunol 32 463-488
Mitchell G, Chen C and Portnoy D A (2016) Strategies used by
bacteria to grow in macrophages Microbiol Spectr 4
10.1128
Montaner L J, da Silva R P, Sun J, Sutterwala S, Hollinshead M,
Vaux D and Gordon S (1999) Type 1 and type 2 cytokine
regulation of macrophage endocytosis: differential activation
by IL-4/IL-13 as opposed to IFN-gamma or IL-10 J
Immunol 162 4606-4613

546
Mosser D M and Edelson P J (1987) The third component of
complement (C3) is responsible for the intracellular survival
of Leishmania major Nature 327 329-331
Munafo D B and Colombo M I (2002) Induction of autophagy
causes dramatic changes in the subcellular distribution of
GFP-Rab24 Traffic 3 472-482
Murray P J and Wynn T A (2011) Protective and pathogenic
functions of macrophage subsets. Nat Rev Immunol 11
723-737
Nair S (2014) Immunomodulatory role of mycobacterial PE/PPE
family of proteins. Proc Indian Natn Sci Acad 80 10551072
Ng E L, Wang Y and Tang B L (2007) Rab22B’s role in transGolgi network membrane dynamics Biochem Biophys Res
Commun 361 751-757
Ng Yan Hing J D, Desjardins M and Descoteaux A (2004)
Proteomic analysis reveals a role for protein kinase Calpha in phagosome maturation Biochem Biophys Res
Commun 319 810-816
O’Leary S, O’Sullivan M P and Keane J (2011) IL-10 blocks
phagosome maturation in mycobacterium tuberculosisinfected human macrophages Am J Respir Cell Mol Biol 45
172-180
Pandey A K and Sassetti C M (2008) Mycobacterial persistence
requires the utilization of host cholesterol Proc Natl Acad
Sci U S A 105 4376-4380

Rameshwaram Nagender Rao et al.
Identification of the switch in early-to-late endosome
transition Cell 141 497-508
Prada-Delgado A, Carrasco-Marin E, Bokoch G M and AlvarezDominguez C (2001) Interferon-gamma listericidal action
is mediated by novel Rab5a functions at the phagosomal
environment J Biol Chem 276 19059-19065
Pryor P R, Mullock B M, Bright N A, Gray S R and Luzio J P
(2000) The role of intraorganellar Ca2+ in late endosomelysosome heterotypic fusion and in the reformation of
lysosomes from hybrid organelles J Cell Biol 149 10531062
Rank R G, Whittimore J, Bowlin A K and Wyrick P B (2011) In
vivo ultrastructural analysis of the intimate relationship
between polymorphonuclear leukocytes and the
chlamydial developmental cycle Infect Immun 79 32913301
Redford P S, Murray P J and O’Garra A (2011) The role of IL-10
in immune regulation during M. tuberculosis infection
Mucosal Immunol 4 261-270
Riggs B, Rothwell W, Mische S, Hickson G R, Matheson J, Hays
T S, Gould G W and Sullivan W (2003) Actin cytoskeleton
remodeling during early Drosophila furrow formation
requires recycling endosomal components Nuclear-fallout
and Rab11 J Cell Biol 163 143-154
Rink J, Ghigo E, Kalaidzidis Y and Zerial M (2005) Rab conversion
as a mechanism of progression from early to late endosomes
Cell 122 735-749

Pathak S K, Basu S, Bhattacharyya A, Pathak S, Kundu M and
Basu J (2005) Mycobacterium tuberculosis
lipoarabinomannan-mediated IRAK-M induction
negatively regulates Toll-like receptor-dependent
interleukin-12 p40 production in macrophages J Biol Chem
280 42794-42800

Robinson M S, Watts C and Zerial M (1996) Membrane dynamics
in endocytosis Cell 84 13-21

Pellinen T, Arjonen A, Vuoriluoto K, Kallio K, Fransen J A and
Ivaska J (2006) Small GTPase Rab21 regulates cell adhesion
and controls endosomal traffic of α1-integrins J Cell Biol
173 767-780

Rubino M, Miaczynska M, Lippé R and Zerial M (2000)
Selective membrane recruitment of EEA1 suggests a role
in directional transport of clathrin-coated vesicles to early
endosomes J Biol Chem 275 3745-3748

Peyron P, Vaubourgeix J, Poquet Y, Levillain F, Botanch C, Bardou
F, Daffé M, Emile J F, Marchou B, Cardona P J, de
Chastellier C and Altare F (2008) Foamy macrophages
from tuberculous patients’ granulomas constitute a nutrientrich reservoir for M. tuberculosis persistence. PLoS Pathog
4 e1000204

Russell D G, Cardona P J, Kim M J, Allain S and Altare F (2009)
Foamy macrophages and the progression of the human
tuberculosis granuloma Nat Immunol 10 943-948

Polando R, Dixit U G, Carter C R, Jones B, Whitcomb J P,
Ballhorn W, Harintho M, Jerde C L, Wilson M E and
McDowell M A (2013) The roles of complement receptor
3 and Fcgamma receptors during Leishmania phagosome
maturation J Leukoc Biol 93 921-932
Poteryaev D, Datta S, Ackema K, Zerial M and Spang A (2010)

Roberts E A, Chua J, Kyei G B and Deretic V (2006) Higher
order Rab programming in phagolysosome biogenesis J
Cell Biol 174 923-929

Sanger J M and Sanger J W (2012) Insights into cell division
using Listeria monocytogenes of PtK2 renal epithelial cells
Cytoskeleton 69 992-999
Sano H, Roach W G, Peck G R, Fukuda M and Lienhard G E
(2008) Rab10 in insulin-stimulated GLUT4 translocation
Biochem J 411 89-95
Santic M, Molmere M and Abu Kwaik Y (2005) Maturation of
the Legionella pneumophila-containing phagosome into a
phagolysosome within gamma interferon-activated

Role of Phagosome-lysosome Fusion in Bacterial Pathogenesis
macrophages Infect Immun 73 3166-3171
Schaible U E, Sturgill-Koszycki S, Schlesinger P H and Russell D
G (1998) Cytokine activation leads to acidification and
increases maturation of Mycobacterium avium-containing
phagosomes in murine macrophages J Immunol 160 12901296
Schlesinger L S, Bellinger-Kawahara C G, Payne N R and Horwitz
M A (1990) Phagocytosis of Mycobacterium tuberculosis
is mediated by human monocyte complement receptors
and complement component C3 J Immunol 144 27712780
Schlesinger L S (1993) Macrophage phagocytosis of virulent but
not attenuated strains of Mycobacterium tuberculosis is
mediated by mannose receptors in addition to complement
receptors. J Immunol 150 2920-2930
Schlesinger L S, Hull S R and Kaufman T M (1994) Binding of
the terminal mannosyl units of lipoarabinomannan from a
virulent strain of Mycobacterium tuberculosis to human
macrophages J Immunol 152 4070-4079
Schlesinger L S, Kaufman T M, Iyer S, Hull S R and Marchiando
L K (1996) Differences in mannose receptor-mediated
uptake of lipoarabinomannan from virulent and attenuated
strains of Mycobacterium tuberculosis by human
macrophages J Immunol 157 4568-4575
Schorey J S, Carroll M C and Brown E J (1997) A macrophage
invasion mechanism of pathogenic mycobacteria Science
277 1091-1093
Schreiber S, Perkins S L, Teitelbaum S L, Chappel J, Stahl P D
and Blum J S (1993) Regulation of mouse bone marrow
macrophage mannose receptor expression and activation
by prostaglandin E and IFN-gamma J Immunol 151 49734981
Schwartz S L, Cao C, Pylypenko O, Rak A and Wandinger-Ness
A (2007) Rab GTPases at a glance J Cell Sci 120 39053910
Seto S, Matsumoto S, Ohta I, Tsujimura K and Koide Y (2009)
Dissection of Rab7 localization on Mycobacterium
tuberculosis phagosome. Biochem Biophys Res Commun
387 272-277
Sheff D R, Daro E A, Hull M and Mellman I (1999) The receptor
recycling pathway contains two distinct populations of
early endosomes with different sorting functions J Cell
Biol 145 123-139
Shimada K, Takimoto H, Yano I and Kumazawa Y (2006)
Involvement of mannose receptor in glycopeptidolipidmediated inhibition of phagosome-lysosome fusion
Microbiol Immunol 50 243-251
Sibley L D (2013) Invasion and intracellular survival by protozoan

547

parasites Immunol Rev 240 72-91
Simonsen A, Lippe R, Christoforidis S, Gaullier J M, Brech A,
Callaghan J, Toh B H, Murphy C, Zerial M and Stenmark
H (1998) EEA1 links PI(3)K function to Rab5 regulation
of endosome fusion Nature 394 494-498
Smith A C, Heo W D, Braun V, Jiang X, Macrae C, Casanova J E,
Scidmore M A, Grinstein S, Meyer T and Brumell J H
(2007) A network of Rab GTPases controls phagosome
maturation and is modulated by Salmonella enterica serovar
Typhimurium J Cell Biol 176 263-268
Stenmark H, Vitale G, Ullrich O and Zerial M (1995) Rabaptin-5
is a direct effector of the small GTPase Rab5 in endocytic
membrane fusion Cell 83 423-432
Sweet L, Singh P P, Azad A K, Rajaram M V, Schlesinger L S and
Schorey J S (2010) Mannose receptor-dependent delay in
phagosome maturation by Mycobacterium avium
glycopeptidolipids Infect Immun 78 518-526
Tanigawa K, Suzuki K, Nakamura K, Akama T, Kawashima A,
Wu H, Hayashi M, Takahashi S, Ikuyama S, Ito T and
Ishii N (2008) Expression of adipose differentiation-related
protein (ADRP) and perilipin in macrophages infected
with Mycobacterium leprae FEMS Microbiol Lett 289 7279
Thi E P, Lambertz U and Reiner N E (2012) Sleeping with the
enemy: how intracellular pathogens cope with a macrophage
lifestyle PLoS Pathog 8 e1002551
Torrelles J B and Schlesinger L S (2010) Diversity in
Mycobacterium tuberculosis mannosylated cell wall
determinants impacts adaptation to the host Tuberculosis
90 84-93
Torrelles J B, Azad A K and Schlesinger L S (2006) Fine
discrimination in the recognition of individual species of
phosphatidyl-myo-inositol
mannosides
from
Mycobacterium tuberculosis by C-type lectin pattern
recognition receptors J Immunol 177 1805-1816
Trost M, English L, Lemieux S, Courcelles M, Desjardins M and
Thibault P (2009) The phagosomal proteome in interferongamma-activated macrophages Immunity 30 143-154
van der Sluijs P, Hull M, Webster P, Male P, Goud B and Mellman
I (1992) The small GTP-binding protein rab4 controls an
early sorting event on the endocytic pathway Cell 70 729740
van Manen H J, Kraan Y M, Roos D and Otto C (2005) Singlecell Raman and fluorescence microscopy reveal the
association of lipid bodies with phagosomes in leukocytes
Proc Natl Acad Sci U S A 102 10159-10164
Vergne I, Chua J and Deretic V (2003) Tuberculosis toxin blocking
phagosome maturation inhibits a novel Ca2+/calmodulin-

548

Rameshwaram Nagender Rao et al.
PI3K hVPS34 cascade J Exp Med 198 653-659

Via L E, Deretic D, Ulmer R J, Hibler N S, Huber L A and Deretic
V (1997) Arrest of mycobacterial phagosome maturation
is caused by a block in vesicle fusion between stages
controlled by rab5 and rab7 J Biol Chem 272 13326-13331
Via L E, Fratti R A, McFalone M, Pagan-Ramos E, Deretic D and
Deretic V (1998) Effects of cytokines on mycobacterial
phagosome maturation J Cell Sci 111 897-905
Vieira O V, Botelho R J and Grinstein S (2002) Phagosome
maturation: aging gracefully Biochem J 366 689-704
Vinet A F, Fukuda M, Turco S J and Descoteaux A (2009) The
Leishmania donovani lipophosphoglycan excludes the
vesicular proton-ATPase from phagosomes by impairing
the recruitment of synaptotagmin V PLoS Pathog 5
e1000628
Wasmeier C, Romao M, Plowright L, Bennett D C, Raposo G
and Seabra M C (2006) Rab38 and Rab32 control postGolgi trafficking of melanogenic enzymes J Cell Biol 175
271-281

Wright S D and Silverstein S C (1983) Receptors for C3b and
C3bi promote phagocytosis but not the release of toxic
oxygen from human phagocytes J Exp Med 158 20162023
Yam P T and Theriot J A (2004) Repeated cycles of rapid actin
assembly and disassembly on epithelial cell phagosomes
Mol Biol Cell 15 5647-5658
Yates R M and Russell D G (2005) Phagosome maturation
proceeds independently of stimulation of toll-like receptors
2 and 4 Immunity 23 409-417
Yoshimura S, Egerer J, Fuchs E, Haas A K and Barr F A (2007)
Functional dissection of Rab GTPases involved in primary
cilium formation J Cell Biol 178 363-369
Zhang J, Tachado S D, Patel N, Zhu J, Imrich A, Manfruelli P,
Cushion M, Kinane T B and Koziel H (2005) Negative
regulatory role of mannose receptors on human alveolar
macrophage proinflammatory cytokine release in vitro J
Leukoc Biol 78 665-674.

