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Phagosome-lysosome fusion is an important inndésstef immune response of host macrophagéier 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 phagosome-
lysosome fusion might provide insights for the development of new drugs and more effective treatment options to combat
infectious diseases.
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Introduction M. leprae (Frehel and Rastogil987), Coxiella

. : _ burnetii (Ghigo et al., 2012);Joxoplasma gondii
Infectious diseases caused by intracellular pathogen?Sibley 2013). In response to pathogen assault
are major threats to the human health worldwide. phagocytic cells employ multiple mechanisms to ensure

IntO(Iense ((ejfforths havﬁ b_een bd'reh(?tﬁq tow?rr?selimination of intracellular pathogens or restrict them
understanding the mechanisms by which intrace uarEnder stringent control. Pathogens enter into the

pathogens could cOmMPromise protective responses o hagocytes via cell-surface receptors and are trapped
host such as, protection from circulating antibodies within the phagosomes (phagocytosis), which then fuse
(Evering andWeiss, 2006), free access to nutrients with lysosomes to form phagolysosomes, where the
and esta_bli_shment of their replicative niches to cytosol pathogens are degraded due to respiratory’ or oxidative
or specialized compartmen_ts (Hacks_tadt, 2,000; burst, low pH, action of lysosomal acid hydrolases
M'tChe” et al, 2016).According _to their certain and secretion of microbicidal substances, such as
Ilfes'Fers'and need, many bacterial pathogens Suchelastase (Flannagan et al., 2009; Hussain Bhat and
as Listeria monocytogene@B_rzozaet al.,.2004; Mukhopadhyay 2015). Thus, phagocytosis is an
Sanger and Sanget012), S_h|gella flexne(Dehlet important process of the innate immune response
al., 2012; Camppell-b(lms et al, 2015) and  4ineq towards the removal of pathogens. Invading
Trypanosqma izl (Camandarobat aI.,_ 2006) pathogens hijack phagosome maturation process to
re produce in cytoplasm (Tetal, 2,012)’ while others escape from getting wiped out, which is controlled by
like !\/_chob_acterlum tubeulosis M. tb) target numerous factors and signaling cascad&sious
specm(_: veS|cI'es called pathogen.contaln.mg VaCUOIespathogens directly or indirectly modulate this process
for their lodging and multiplication. This class of to generate a favorable intracellular niche. In this

parasitism is utilized by M. §Clemenst al, 2002) review we have discussed signaling cascades which
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influence phagosome maturation process and thematuration is controlled by highly complex and
strategies adopted by various intracellular pathogensregulated signaling events, which engages many
especiallyM. tbto arrest phagosome maturation. This factors and take part in host-pathogen interactions,
information is likely to be helpful to define new autophagy and apoptosis (Mariébal, 2014).
therapeutic targets against various intracellular

pathogens. Important Signaling Cascades Regulating
Phagosome-Lysosome Fusion and itsManipulation
Phagosome Maturation by Intracellular Pathogens

Phagocytic cells viz., monocytes/macrophages, Intracellular pathogens operate by confronting key
dendritic cells, neutrophils and other antigen (Ag) signaling pathways in their hosts. These pathogens
presenting cells in heamatopoietic lineage not only usually target more than one signaling cascade and
process the extracellular larger particles but alsooften interact at several points to seize them fully
present them onto cell surface (Ag presentation).Although different intracellular pathogens tend to
They comprise the largest number and complex cellexploit these machineries in the host, the ways in
population to primarily counter attack the pathogens, which they commandeer host cells usuallyfedif
hence instituted as part of so called “first line of Modulation of phagosomal maturation by intracellular
defense” (Aderem and Underhill, 1999; Greenberg pathogens is initiated at very early stage of pathogen
and Grinstein, 2002). Macrophages are one of therecognition, either by avoiding the fusion of the
important bodys first line of defense cells that are pathogen containing phagosomes with lysosomes or
involved in recognition and uptake of the pathogen by escaping from phagosomes to replicate in cytosol.
into cells, and destroy the pathogens by utilizing variousRecognition of pathogens by various receptors on cell
processes called macrophage effector functionssurface many times determine the fate of
(Garinet al, 2001; Greenberg and Grinstein, 2002; endocytosed/phagocytosed pathogens. Here, we have
Murray andWynn, 201). Based on functional discussed about the pathogen recognition by important
plasticity of macrophages, they can be classified assurface receptors of macrophages and its effect in
M1 or M2 macrophages (Mills, 2012; Martinez and host-pathogen interaction in the context of phagosome-
Gordon, 2014). Granulocyte-macrophage colony- lysosome fusion.

stimulating factor (GM-CSF) and inflammatory stimuli _ _ _

like interferon-gamma (IFK) and lipopolysaccharide ~ Receptor-triggered Signaling Events

(LPS) induce M1 macrophages whereas stimuli of Complement Receptors (CR)omplements are heat
macrophage colony-stimulating factor (M-CSF) and labile serum proteins that act together to destroy
IL-4 give rise to M2 macrophages (Méaal, 2014). invading pathogens. Complements are normally
Phagocytosis or receptor-mediated endocytosis is arpresent in inactive forms. These proteins are activated
active process whereby phagocytic cells engulf by proteolysis through series of steps of three major
pathogens and antigens into membrane boundpathways, i.e. the classical pathwaye alternate
vacuoles called phagosomes. Phagosome itself neithgvathway and the lectin pathwaall of which lead to

can destroy the pathogens nor inhibits the replicationthe production of C3b (crucial component of the
of pathogens, because the lumen of nascent vacuoleomplement system) which is essential to activate
is similar to the fluid phase outside macrophages,latter steps of complement activation (Ahearn and
except that it is surrounded by a membrane. Thus,Fearon, 1989; Carroll, 1998). Pathogens coated with
phagosome acquires the machinery needed to destrogerum-derived ligands bind to complement receptors
the pathogensAcquisition and removal of many CR1, CR3, and CR4 accordingly and are subsequently
proteins by fission and fusion events, a severe drop inphagocytosed in membrane-bound phagosomes
lumen pH and procurement of many hydrolases and(Schlesinger1993; Hirschet al, 1994).M. tb, like
peptidases, significantly alter the biochemical nature other pathogens can activate the alternative pathway
of phagosome lumen that ultimately degrade of complement system that leads to opsonization with
pathogens. This entire process is termed as phagoson@3b and C3bi and binding to the complement
maturation (Desjardinst al, 1994; Gariret al, 2001, receptors (Schlesingeat al, 1990). Pathogenic
Vieira et al, 2002; Smithet al, 2007). Phagosomal mycobacterial cell wall component distinctively recruit
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the complement fragment C2a to form C3 convertasemannose residues of lipoarabinomannan (LAM)
and produce opsonically active C3b even in the expressed on cell surfacepdthogenand influence
absence of early activation components of the survival of bacilli within macrophagéSchlesinger
alternative or classical pathways. This mechanism1993; Schlesingest al, 1994, 1996)Phagocytosis
leads to binding of C3b opsonized mycobacteria, via MR could result in reduced production of reactive
especially to CR1 rather than to CR3 or CR4 (Schoreyoxygen intermediates (ROI) and pro-inflammatory
et al, 1997; Huet al 2000). Endogenous capsular cytokines like IL-12, tumor necrosis factor-alpha
polysaccharides of non-opsoniZzddtbinteract with (TNF-o) but increased production of anti-
the 3-glucan binding site near the-t€rminus of  inflammatory cytokines, IL-4 and IL-13 by
CD11b, while opsonizei. tb binds C3bi binding macrophages, suggesting a role of MR in host-
domain of CR3, suggesting binding Mt tb at two pathogen interaction and modulation of macrophage
distinct sites on the CR3 recept@R3 is relatively  immune responses in tuberculosis (Ezekowital,
predominant among the CRs. Human monocytes andl990; Zhanget al, 2005; Gazi and Martinez-Pomares,
macrophages showed about 70 to 80% reduced abilit2009). Interestingly interaction ofM. tb ManLAM

in phagocytosis oM. tb in absence of CR3 with MR promotes inhibition or delay in phagosome-
(Schlesingeret al., 1990; Schlesingerl993). lysosome fusion (stgneet al, 2003; Frattiet al,
Moreover interaction ofM. tb to CR3 causes 2003; Kanget al,2005).Virulent Erdman and H37Rv
phagosomal arrest due to interruption of respiratory strains ofM. tbmainly use MR in addition to CR for
burst (Wight and Silverstein, 1983 hus, the  endocytosis and inhibition gfhagosome-lysosome
internalization oM. tb through binding with CRs is  fusion to enhance itsstival (Schlesingeet al, 1996).
distinctly beneficial route fo¥. tbto aid in survival ~ Shimadeet al (2006), found that treatment of THP-
and pathogenesis (Hirsehal, 1994) (Fig. 1). Certain 1 cells withSaphylococcus a@sglycopeptidolipid
pathogens ensure their survival by activating alternate{(GPL) led to binding of GPL to MR causing arresting
pathways of complement activation. For example, of phagosome-lysosome fusion. Moregweratment
Leishmania majomactivates the alternative with competitive inhibitors against MR or use of anti-
complement pathway to recruit C3b on its surface. MR monoclonal antibody (mAb) rescued GPL-
When opsonized metacyclic promastigotes (infective induced inhibition of phagosome-lysosome fusion
form) bind to CR1, they survive and replicate indicating that the inhibition of phagosome-lysosome
intracellularly while promastigotes (non-infective fusion by GPL is mediated through MRs but not
forms) are killed when enter macrophages throughthrough CRs. GPL oMycobacteriumsp. is also
the lectin-like domain of CR3 (MOSSGF and Edelson, reported to inhibit phagosome-|ysosome fusion in MR-
1987; Polandet al, 2013).Salmonella typhénters  dependent manner (Swegtal, 2010). Furthermore,
murine macrophages through CR3, phagocytosed irfey species of phosphatidgtycinositol mannosides

a vesicle that fuses with lysosomes, while entry via (PIMs) present on surface BF. th could bind to the
CR1 allowsS. typhito survive in a phagosome that MR and beads coated with these PIMs also caused
does not acquire lysosomal markers (Ishibashi andgp, MR-dependent delay in phagosome-lysosome
Arai, 1990) (Fig. 1)Thus, internalization of other  fysjon (Torrelleset al, 2006).Another study has
intracellular pathogens thr_ough CR decide the fate ofg,own that mycobacterial cell wall component
phagosome-lysosome fusion. ManLAM upon binding to MRs, upregulate IRAK-

Mannose Receptors (MR) Mannose M, a negative regulator of TLR signaling (K_obayashi
receptors (MR) are transmembrane C-type (calcium®t &l, 2002; Pathalet al, 2005). ManLAM is also
dependent) lectins that specifically bind mannose Shown to activate ERK and PI3K pathways in TLR-
sugars present on the surface of pathogens. Mannosgependent manner leading to production of IL-10
receptors are not expressed on monocytes, whereaé-aparroset al, 2006), which has been shown to
the differentiated monocytes (macrophages) havedirectly inhibit phagosome-lysosome fusion (O’Leary
been reported for MR expression on their cell surface€t al, 2011). Thus, ManLAM might negatively &fct
(Ezekowitz et al, 1990; Schreibeet al, 1993).  pPhagosome-lysosome fusion. Howevecent work
Phagocytosis of th®l. this known to be mediated by Aplemelk and colleagues has indicated that
via MR, mainly when it is bound to the terminal mannose capping of &LAM may not influence
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phagosome maturation. They used isogenic cap-leséree of any TLR-stimulating activity were used. TLR
mutants where mannose cap of ManLAM were stimulation was induced by coating the beads with
removed fromM. marinumandM. bovisBCG and LPS (aTLR4 agonist) or RM,CSK, (a TLR2
these bacteria did not show any alteration in agonist), which hinted no alteration in phagosomal
phagosome-lysosome fusion and cytokine profile in acidification, even by internalization of mannose- or
macrophages (Appelmetlit al, 2008). Burgdoret IgG-coupled silica particles or with inclusion of TLR
al. (2007) have indicated that MR-internaliZegi(the agonists. They demonstrated that phagosome-
model Ag ovalbumin, OW) is taigeted into early  lysosome fusion happened at the same rate whether
endosome where it gets co-localized with early TLRs were activated or not. Howeyéafates and
endosomal markers Rab5 and EEA1, but not with Russell indicated the role of MyD88 in phagosomal
late endosomes or lysosomal markers Rab7 andmaturation process in agreement with Blander and
LAMP-1. In this study it was shown that while Medzhitov (Blander and Medzhitp2004;Yates and
pinocytosedAg (Lucifer yellow) and scavenger Russell, 2005). In a studyicCoy et al. (2010),
receptor (SR)-internalized Q¥ co-localized demonstrated that IL-10 suppressed miR-155
specifically with lysosomal MHC class-Il, MR expression in response to LPS (a potent TLR4 ligand),
endocytosed OX co-localized with MHC class-l.  leading to an increase in the expression of miR-155
This explains that, MR associated endocytosis inhibitstargeted gen&HIP1 (Src homology 2 domain-
the phagosomal maturation process and direcs OV containing inositol-5-phosphatase 1), an inositol
into the stable early endosome compartment for crossphosphatase that converts phosphatidyl inositol 3
presentation (Burgdost al, 2007). phosphate (PIP3) to PIP2 (McCeyal, 2010). PIP2
_ to PIP3 conversion by phosphoinositide 3-kinase

Toll Like Receptors (TLRs) TLRs are .. (PI3K) is one of the critical steps in phagosomal
expressed on host macrpphages as pattern recogn|t|_0 aturation process and TLR4 signaling can promote
receptors and recognize the pathogens by theer|3K activation. Thus, inhibition of TLR4-dependent
common patterns '(Med'zhlt_cmt al, 1997). Though signaling by IL-10 may influence phagosomal
trlgger_lng ofTL_R-S|gnaI|n9 is shown to be important maturation process (Aet al, 2005 McCoyet al,
tp actlvatg various macrophagc_s effector_respo_nseszom) (Fig. 1)Also, O’Learyet al (2011), reported
like cytokine prodgctlon, OX|dat|ye and_ nitrosative . 11 .10 could inhibit phagosome-lysosome fusion
responses and ar_ltlgen presentation (&dait, 2014_)’ . and impeding IL-10 activity could then rescue the
its role in re_gulatlng phagosome-lysos_ome_fu5|on_ IS innibited phagosome-lysosome fusion in casklof
contr_overS|aI_. Bla_lnder qnd Medzhitov in their tb infection. IL-10 production irM. tb infection is
e_xperl'ments with mice lacking TLR2, TLR4, and TLR strongly related with TLR signaling (Redfoet al,
signaling adaptor molecule MyD88 explored the fate 2011). These studies are important with respect to

of phagos'o.mesbconta'ining gram-n_elz_ﬁatlaedolb or q correlating many of the signaling cascades influencing
ghram-p(;smv; acter:caS( augus).l_ ey rep_o_rt_e ¢ phagosome-lysosome fusion, which may be regulated
that in the absence of TLR signaling, acquisition o by TLR signaling but do not establish a direct

lysosomal markers ,LAMP'Z {and fluorescent connection and further investigations are required to
lysotracker dye were significantly impaired (Blander draw a strong conclusion

and Medzhitoy2004). In their study they observed
that phagosomes containiBgcolior S. aueuscould
fuse with lysosomes in macrophages from wild-type
mice, whereas failed to fuse with lysosomes in Cytokines secreted during innate and adaptive phase
macrophages from MyD88 or TLR2x4/~ mice, of immune responses can influence the maturation of
suggesting that phagosome maturation might bephagosomes into phagolysosomes. The pro-
controlled by TLR-dependent signaling cascades.inflammatory cytokies such as IFN-and TNFe,
However Yates and Russell explored extremely and the anti-inflammatory cytokines like IL-10 has
opposite views in their report, where they found that been shown to affect the endocytic pathways and
TLR signaling had no role in phagosomal maturation thus can modify phagosome biogenesis during bacterial
process (dtes and Russell, 2009) validate this, infections (Ma et al, 1998). Cytokines change the
mannose- or IgG-coupled silica particles that were key endocytic regulators which are involved in

Cytokine Signaling
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membrane trafficking, endosome conversion and maturation despite the abundance of proteins mainly
phagosome conversion. Jouangetyal. (1996), involved in phagosome-lysosome fusion NK&VIP8,
demonstrated thahdividuals defective in IFNFor Syntexin-binding proteins (1, 2 and 3), Syntexin (4, 8
IFN-Y receptor gendad severe BCG infection in and 1), LAMP-1 and many Rab GTPasdshey
vaccinated children or to atypical mycobacterial found thatIFN-Y delayed acquiring lysosomal
infection in unvaccinated persons. Macropbag hydrolases and peptidases that resulted in the gain of
stimulated with IFNY and LPSesulted in increased MHC class-l antigen presentation. By network
co-localization of mycobacteria with lysosomal analysis they have proposed that enhanced antigen
markers such as LAMP-1 and cathepsin D, indicating presentation is dependent on phagosomal networks
that IFN-Y enhancd fusion of phagosomes with of the actin cytoskeleton and vesicle-trafficking
lysosomes (M et al, 1997). Schaible and grotqund proteins. Furtherthey found that IR-"-activated

that IFNZY activatel maturation and acidification of macrophages delayed disassgnof actin filaments

M. aviumcontaining phagosomes that enhanced during phagosome-lysosome fusioaYandrheriot,
killing of the bacilli in macrophages. Further 2004;Trost et al, 2009). Even though this report
biochemical analysis of mycobacterial phagosomesdeviates from the early finding that IFNinduces
confirmed that the low intra-phagosomal pH was phagosome-lysosome fusion, however it does not
correlated with the increased accumulation of completely cast-off the involvement of IFNin
vacuolar H-ATPase (VATPase) (Schaiblet al, inducing phagosomal maturation. Moregu&N-Y
1998), suggesting a direct role of IFNinduced might havedelayed phagosome-lysosome fusion,
signaling in phagosome maturation and their quantitative estimation of phagosomal lysosomal
acidification. However treatment of macrophages with markers support an enhanced phagosome-lysosome
IFN-Y prior to C. burnetiiinfection induced fusion by IFN treatment Other pro-inflammatory
alkalization ofC. burnetiivacuoles independent of cytokines, such as IL-6, IL-12 and IL-22 have also
V-ATPase exasion (Ghigoet al, 2002) whichisin ~ been shown to modulate the conversion of
contrast with the findings that IFN-could reduce = phagosomes into phagolysosomes. IL-22 producing
the pH of mycobacterium-containing phagosomes by NK cells inhibit intracellular growth oM. tb by
accumulating V-ATPase (Schaibleet al, 1998). enhancing phagosome-lysosome fusion (Dhirgian
IFN-Y also inhibited remodeling ofegionella al., 2009). When cells are treated with IL-12, the
pneumophilaontaining phagosomes into ER-derived salmonella-containing vacuole is targeted to
vesicles through their conversion into LAMP-2 and lysosomes, while the transport $&lmonellasp. to
cathepsin D-expressing phagolysosomes (Sattic lysosomes is inhibited in the presence of IL-6
al., 2005). FurtheiFN-Y is also shown to be involved  (Bhattacharyaet al, 2006).

in induction of Rab5a expression and phagosome As indicated in the earlier section, the anti-

conversion inL. monocytogenemfection (Prada-  jnflammatory cytokine such as IL-10 has been shown
Delgadoet al, 2001). IFN= induced RabS causes g affect phagosome conversion in opposite fashion.
remodeling of the phagosomal environment, assisting|t \was observed that IL-10 strongly decreases the
the translocation of Rac2 to phagosomes harboringexpression of Rab5 and VPS34 transcripts, and thus
Listeriasp. and regulating the Rac2 GTPase activity sjows down endosome and phagosome conversion
After recruitment to phagosome, Rac?2 directs (Barry et al, 2011) (Fig. 1).As suggested by Barry
phagocyte NADPH oxidase activity and the etal (201), itis also possible that IL-10 inhibits Rab-
subsequent production of oxidative free radicals prenylation or GDI activity to inhibit phagosome
(Prada-Delgadet al, 2001). These events facilitate  maturation. IL-10 along with IL-4 and IL-13 was found
the transition of early phagosomes to late phagosomeso reduce the expression of cathepsin D in monocytes
and the subsequent killingbfmonocytogene&ven  from patients with inflammatory bowel disease
though role of IFNY in induction of phagosome- (Lugeringet al, 1998) and affects fluid-phase and
lysosome fusion is well established, a studiftmst ~ mannose receptor-mediated endocytosis in human
et al (2009), using quantitative proteomics and primary macrophages (Montanet al, 1999).
bioinformatics approach has indicated that latex beadsConsequentlythe delivery of cathepsin D to lysosomes
containing phagosome, inced by IFN7, delay their  is decreased (Fig. 1). In macrophages derived from
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the bone marrow of IL-10 knockout mice, the co- increases. Interestinglyhe sizes of these vacuoles
localization of mycobacteria with lysosomal markers or level of PI3P determines the early to late endosomal
was shown to be enhanced relative to macrophagegransition At a particular size, Monla/b, a molecular
from control mice, suggesting an increase in the switch acts upon early endosomes to remove Rab5
acidification of mycobacterial phagosomes in theseand recruit Rab7, giving rise to late endosomes
mice (Ma et al, 1998). IL-10 has been reported to (Poteryaeet al, 2010). The HOPS (homotypic fusion
be a highly produced cytokine during chronic Q fever and vacuole protein sorting) complex is the GEF for
(Capoet al, 1996; Honstettreet al, 2003) and Rab7 (Poteryaeet al, 2010). Monla and Monlb
monocytes from patients with chronic Q fever are interact with the core component of HOPS complex
not able to killC. burnetiiand exhibit defective and play an important role in fusion of late endosomes

phagosome conversion (Ghigbal., 2004). to lysosomes (Poteryaeat al, 2010).Also, other
. . _ Rab GTPases have been shown to play important
Rab GTPases and Calcium Signaling roles during endocytic process and phagosomal

Rab GTPase are the largest group of monomericmaturation indicating a cumulative action of Rab
GTPases within Ras superfamil@ver 70 Rab GTPases (Desjardird al, 1994). Rab33 and Rab24

GTPases have been reported so far and shown t&"€ illustrated for their role in formation and maturation
regulate vesicular transport and phagosomal maturatiorf| @utophagosomes respectively (Munafo and

process (Robertt al.,2006; Markgraft al, 2007; ~ colombo, 2002; Itofet al, 2008). Rab8 is shown to
Schwartzet al, 2007). The endocytic compartment, mediate constitutive biosynthetic trafficking from the

termed as early endosome obtain an important Ratf"ansGolgi network (TGN) to the plasma membrane

GTPase protein Rab5 due to activity of GEF (Guanine@nd Participation in GLUT4 vesicle translocation in
nucleotide exchange factor) molecules, Rabex-5 and?Ssociation with Rab10 and Rab14 and ciliogenesis
Rabaptin-5 (Stenmarét al, 1995: Horiuchiet al, process through its cooperation with Rab17 and

1997). The procurement of Rab5 is responsible for k223 (Miineeet al, 2005;Yoshimuraet al, 2007;
early endosomes to undergo homotypic fusion angSancetal, 2008). Rab32 and Rab38 are involved in
initiates successive binding of other effector moleculesN€ Piogenesisianelanosomes (#smeieet al, 2006)
like EEAL and hVPS34 (PI3K3) (Gorved al, 1991 and Rab32 also controls mitochondrial fission (Bui
Simonseret al, 1998; Callaghaet al, 1999; Fratti &l 2010). Recently Rab32 has also been reported to
etal, 2001). Interaction of EEA1-FYVE domainwith Influence phagosomal maturation process in
phosphatidy! inositol 3 phosphate (PI3P) leads to association with other Rab GTPase proteinsefLi
hetero-oligomerisation with other Rabs effectors like &l 2016). Rab22a mediates trafficking between early/
Rabaptin5, Rabex-5 and NSF to cluster into a€cycling endosome to TGN (retrograde) (Mesa
macromolecular complex on endosomal membrane &l-» 2005) and Rab22b anterograde trafficking from
Surprisingly Rab5 is not a part of this macromolecular TGN to endosomei/cell surface (kigal, 2007). Rab5
complex even though Rab5 directly interacts with mediates endocytosis and endosome fusion of clathrin-
EEAL and Rabex5-Rabaptins complex (Callagitan  coated vesicles (CCVs) (Robinset al, 1996),

al., 1999; McBrideet al, 1999). Recruitment of EEA1 ~ macro-pinocytosis with Rab34 (Coyeeal, 2007)

to early endosomal membrane and its molecularand maturation of early phagosomes with Rab14 and
assembly with other Rab5 effector proteins is critical Rab22 (Kyeiet al, 2006; Nget al, 2007). Rab21

for phagosomal maturation process as EEA1 mediates integrin endocytosis. Furtheabl and
recruitment to early endosomes makes theRab35 are shown to involved in endocytic recycling
phagosomal maturation process directional from earlythrough recycling endosomes, whereas Rab4
to late endosome (Simonsenhal, 1998; Rubinaet facilitates fast endocytic recycling directly from early
al., 2000) Along with EEA1, Rab5 déctor hVPS34  endosomes (Riggs al, 2003; Kourantet al, 2006).
(PI3K3) is also recruited to early endosome, which is The late endosome-associated Rab7 is shown to play
responsible for synthesis of PI3P (Frattal, 2001, a crucial role in maturation of late endosomes and
Futteret al, 2001;Vieira et al, 2002). Because of phagosomes and their fusion with lysosomea €V

the homotypic fusion and accumulation of cargo, sizeal., 1997; Buccet al, 2000) Another late endosomal

of these vacuoles increases as a result PI3P leveGTPase, Rab9 is shovo involved in trafficking from
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late endosomes to the TGN (Barbeaipal, 2002) (Vinet et al, 2009) on the phagosomal membrane,
(Table 1). indicating possible role of Rab GTPases, as established
in mycobacterial infection (Fratét al, 2001) (Fig.

. _ _ _ 1). Studies related to mycobacterial evasion of
functions in macrophages that play physiologically phagosome-lysosome fusion are focused on inhibition
significant role to counter intracellular pathogens like of early to late endosomal transition that relies on the
M. tb, Salmonellesp. and Listeria sp. In listeria conversion of Rab5 to Rab7 /et al, 1997;

infection Rab5 is reported to play a role in recruitment Simonseret al, 1998; Kelley and Schore003; Rink
of GTPase Rac2 to phagosome which promotes the, al, 2005 éetmt :al, 2009). EEAT was fo’und to

assembly of NADPH oxidase on phagolysosomgl be a critical regulator of Rab5 to Rab7 conversion
membrane that produces reactive oxygen SIC)ec'e?Rink et al, 2005) and\V. tb inhibits recruitment of

(FIQOZ%)léPrEQa-lDe_II%adA et fal, 2001; I__elt_)retc_)rtlat . EEA1to phagosomes that leads to impediment of Rab
a., ) (Fig. 1). The pore-forming toxin listeriolysin conversion eventually inhibiting phagosome-lysosome

fO (LLO) protei_rglis fshown to bzfa major virulence fusion (Frattiet al, 2001, 2003) (Fig. 1). Rab GTPases
actor responsible for escape lafmonocytogenes ¢ 15 one of the critical regulators of phagosome-

from phagocytic vacuoles. Studies indicated that acidicIysosome fusion and are targeted by many intracellular

pH of phagosomg lumen triggered LLO activity and pathogens for their better survival inside the host.
vacuolar perforation (Beauregagtal, 1997) (Fig.

1).Acidification of phagosomes containing leishmania One of the important signaling determinants that
is inhibited due to integration of LPG escortwith phagocytic process is intracellular calcium
(lipophosphoglycan) into lipid microdomains (LM). (C&*) level. Howeverthis is not essentially required
This process leads to exclusion or loss-#TPases  for the phagocytosis suggesting?Cis probably

Rab GTPases regulate many intracellular

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

Rab Function(s) References

GTPase

Rab4 Fast endocytic recycling van der Sluijet al. 1992; Shefet al. 1999

Rab5 Endocytosis; Homotypic fusion; Maturation of early Gorveletal, 1991; Robinsoert al, 1996; Simonseat al,
phagosome; Macro-pinocytosis 1998; Callaghaet al, 1999; Frattet al, 2001; Kyeiet al,

2006; Coyneet al, 2007; Nget al, 2007

Rab7 Late endosome/phagosome fusion with lysosome Viaetal, 1997; Buccet al, 2000

Rab8 Trafficking from TGN to plasma membrane; GLUT4 vesicleMiineaet al, 2005;Yoshimureet al, 2007; Sanet al,
translocation; Ciliogenesis 2008

Rab9 Trafficking from late endosomes to the TGN Barberoet al, 2002

Rab 10  Post-Golgi trafficking; Insulin stimulated GLUT4 translocati@henet al, 1993; Sanet al, 2008

Rabll  Slow endocytic recycling; Cytokinesis Riggset al, 2003; Kourantet al, 2006

Rab14 Trafficking between TGN and endosomes; GLUT4 vesicle Junutuleet al, 2004; Miineeet al, 2005; Kyeiet al, 2006
translocation; Phagosome maturation

Rabl17  Ciliogenesis Yoshimuraet al, 2007

Rab 21 Integrin endocytosis Pellinenet al, 2006

Rab22 Trafficking between TGN and early endosomes\dnd versa Mesaet al, 2005; Nget al,, 2007
Rab23  Ciliogenesis Yoshimuraet al, 2007

Rab24  Autophagosome maturation Munafo and Colombo, 2002
Rab32 Biogenesis of melanosomes; Mitochondrial fission Wasmeieeet al, 2006

Rab33  Autophagosome formation Itoh et al, 2008

Rab34  Macro-pinocytosis Coyneet al, 2007

Rab35  Endocytic recycling; Cytokinesis Kourantiet al, 2006

Rab38  Biogenesis of melanosomes Loftuset al, 2002;Wasmeieeet 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 (LLQO) 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 1L-10 binds to IL-10 receptor (IL-10R), down-regulates hVPS34, Rab5, cathepsin D expression important for
phagosome-lysosome function. 1L-10 also suppresses L PS-induced miR-155 expression causing up-regulation of miR-
155-targeted gene SHIP1, thus promoting conversion of PIP3 to its inactive PIP2 state and arresting of phagosome-
lysosome fusion

crucial to activate phagocytosis-triggered processed! (Burgoyne & Clague, 2003; Pryat al, 2000).

like phagosome-lysosome fusion and antigen Actin, in particular F-actin formation on the surface
presentation. NOX (NADPH oxidase 4) is considered of late endosomes, lysosomes and phagosomes is
to be one of the sources of ROS within the lumen ofrequired for membrane fusion (Jahratisi, 2001).
phagosome and can also influence phagosomaProtein kinase C alpha (PK&)-also participates in
maturation. Calcium signaling critically plays arole in interaction of phagosome with late endosome which
NOX-dependent ROS production. Calcium assistsis an essential step for phagosomal maturation and
endosome-endosome and phagosome-lysosom@VidenceS suggest a role of calcium to regulate
fusion in part through calmodulin, which interacts with PKC-o (Ng Yan Hinget al, 2004).

SNARESs and stimulates calmodulin-dependent kinase
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Phagosome Association with Lipid Bodies (LBS) cells causes the reduction of bacterial growth within
) _ ost cells (Kumaet al, 2006; Matto®t al, 201Lb).
Pathogens trigger several changes in the host cel umar et al. (2006), blocked the lipid droplet

sig_nalinbgll and r;traffickingd_met(:jharr:isms _andh one biogenesis by using triacsin C which specifically inhibits
Bptlcea © _path O%en-me” late IC anglje IS tfe I‘g’the activity of a subset of long chain acyl-coA
logenesis in the host cell cytoplasm. It was foun synthetases (ACSL), required for triacylglyceride and

that M. th and_M. lepraetrigger differentiation Of. cholesterol ester biosynthesis. This impediment in lipid
macrophages into foamy macrophages (FMs) durlng‘g

h . £ di din both mi roplet biogenesis causes decrease in the size of
the progression o Isease caused In oth mice an hagosome and reduction of chlamydial growth within
human. FMs are characterized by a granuloma specifi

_ o : ep2 cells. Furthewuse of another inhibitor of lipid
cell population marked with increased accumulation i1 iism 75 which inhibits fatty acid synthase
of LBs and play an important role in tuberculosis (FAS) représsed not only thd. tb-induced LB
pathogene5|s_, bOth during the |n|_t|al phases Offormation but also the bacterial viability in Schwann
macrophage infection as well as in granulomas cells (Mattoset al., 201Lb). Taking into account that
(Cardoneet al, 2000, Tanigawzet al, 2008; Peyron LBs are the sites for Rab5 and Rab7 GTPases, the
et aI._, 2008; RusseBt al, 2009; Mattogt al, 2010; association of LBs with phagosomes may comprises
Danielet al, 201; Dkharet al, 2014). a mechanism for Rab transport to and from the

Infection with different pathogens demonstrate Phagosome for phagosome maturation (van Manen
a clear association of LBs with phagosomes in parallel€t al, 2005) Also, Igtp (Iigm3), an ER resident 47
to LB formation (Meloet al, 2003; Mattoset al, kDa GTPase involved in phagosomal maturation and

2011a; Ranlet al, 2011) but little is known aboutthe ~ Phagocytic cross-presentation is shown to reside on
functional meaning of this interaction. The LB- LBs membrane within dendritic cells, where it binds
phagosome interaction has been considered as the LB coat component adipose differentiation-related
pathogen strategy for accessing host lipids duringProtein (ADRP). This suggests the involvement of
infection withM. tb (Peyronet al, 2008)M. leprae ~ LBs in regulation of cross-presentation of
(Mattos et al, 2011a) andChlamydia trachomatis ~ Phagocytosed antigens in these cells (Bougnétres
(Cocchiaroet al, 2008).M. tb accumulates lipids ~ al., 2009). Moreoverassociation of LBs and
obtained from the host cell membrane degradation inPhagosomes in dendritic cells may aid a regulatory
the form of LBs from which it procure both carbon function of LBs in phagolysosomal progression
and energy for its own metabolism (Pandey & Sassetti,(Bougnere®t al, 2009). Therefore, the obscure LB-
2008). The mycobacteria-phagosome interaction couldPhagosome interaction cannot be merely considered
be important for the pathogen growth and persistence?s @ pathogen strategy to perpetuate and support its
as LBs act as a channel for the transport of potentiaoWn survival, but also might be a host approach to
nutrients, especially neutral lipids, to the phagosomeimpair the survival and multiplication of intracellular
(D'Avila et al, 2006; Peyrort al, 2008). Further ~ Pathogens.

Luo et al (2005), revealed that mycobactin-metal _

complex are accumulated in LBs withih tbinfected ~ Conclusions

macrophages and these mycobactin-targeted IipidIn the last few years, attempts were made towards
droplets were found in direct contact with phagosomesdevelopment of innovative therapies due to the

suggesting that migration of iron-mycobactin COMpIex jiniations of current therapy against many intracellular

from LBs to phagosomes would facilitate iron delivery -y,q4ens. Diseases caused by various intracellular
to phagosomal mycobacteria, acting as an iron SourC‘%athogens symbolise a lingering dialogue interplayed
for the pathogen to promote their growth. between both host and pathogens that leads to
As the lipid content of LBs serves as a nutrient extensive signaling manipulation in both organisms.
source for the pathogen facilitating its survival within  Researchers have targeted the limiting facts of the
the host cell (D’Aila et al, 2006; Peyroet al, 2008; pathogens which hinder their long time survival and
Cocchiarcet al, 2008; Matto®t al, 201la; Mattos  pertaining of the infection by counter-attacking the
et al, 2011b), inhibition of LB formation using  host molecules. In this process, the major aspect of
pharmacological inhibitors within pathogen infected the discovery has been to target the host process,
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mainly the phagosome-lysosome fusion which is very which, hopefully will lead to new chemotherapeutic
crucial for clearance of pathogens. Upon encounteringinterventions.

a host, the pathogen is destined to be in phagosome.
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