
Pathogenic organisms — or their products — must reach 
the cytoplasm of a target cell for their survival, replication 
or for their action. Passing through the plasma membrane, 
although apparently the simplest solution, turns out to 
be the rarest option that is used. In particular, bacteria, 
their toxins and parasites never use this way of entry. 
The most frequent solution is that the microorganism or 
toxin penetrates into the cell through an existing entry 
mechanism (for example, clathrin-mediated endocytosis, 
phagocytosis and macropino cytosis) and then moves 
within the vacuolar apparatus of the cell to finally reach 
the site where replic ation occurs. This site can either be 
an intracellular compartment or the cytoplasm.

However, by using such a cellular entry mechanism, 
pathogens take the risk of getting trapped in a pathway 
that leads to degradation. This danger has created strong 
evolutionary pressure, selecting for pathogens that have 
developed the capacity to optimally use or manipulate 
intracellular trafficking. Interestingly, several strategies 
have been developed.

After providing an overview of the endocytic 
pathway, we will review the recent advances in our 
understanding of the interactions that occur between 
pathogens and endosomes, the organelles that compose 
the endocytic pathway. We will first describe recent work 
that shows how toxins, such as the anthrax toxin, and 
viruses, such as the vesicular stomatitis virus (VSV), use 
the pre-existing properties of endosomes to deliver their 
enzymatic subunits and genetic material, respectively, 
to the appropriate site in the cell.

We will then discuss the more selective and manipu-
lative methods of bacteria and parasites. A concept that 
has recently emerged is that intracellular bacteria, with 
the aim of generating a suitable replication niche, alter the 
identities of endosomes to avoid fusogenic interactions 
with lysosomes. Last, we will report on some rather 

unconventional interactions that occur between patho-
gens and endosomal compartments, such as the budding 
of HIV into the late endosomes of macrophages, the 
entry of Trypanosoma cruzi through lysosomal fusion 
and the recently described intracellular feeding of 
Toxoplasma gondii.

Overview of the endocytic pathway
The endocytic pathway constitutes the uptake mecha-
nism of cells, the out-going route being the secretory 
(or biosynthetic) pathway. This uptake route is com-
posed of different organelles, known as endosomes, that 
communicate in a unidirectional manner from early to 
late endosomes to lysosomes (BOX 1).

Different portals of entry at the level of the plasma 
membrane give access to the endocytic pathway1; some 
of these mechanisms are constitutive, whereas others 
are triggered by ligand binding. The best-characterized 
pathway is clathrin-dependent endocytosis. This path-
way can mediate the constitutive uptake of ligands such 
as transferrin or low-density lipoprotein (LDL) as well as 
the ligand-triggered receptor uptake of proteins such 
as activated epidermal growth factor receptor (EGFR)1. 
Ligand-triggered endocytosis can also occur through 
caveolae, as is the case in the endocytosis of the SV40 
virus2. Non-caveolae-, non-clathrin-mediated entry 
routes have also been described, for example, for the 
glycosylphosphatidylinositol (GPI)-anchored proteins3. 
Finally, large particles are engulfed by phagocytosis, 
whereas large volumes of fluid phase are taken up by 
macropinocytosis.

With the exception of caveolae, which exhibit a trigger-
dependent fate4, all the endocytic routes are thought to 
converge, directly or indirectly, into the canonical early 
endosomes5. After sorting in the early endosome, the 
molecules are either sent back to the plasma membrane 
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Caveolae
Flask-shaped invaginations of 
the plasma membrane that are 
coated with the protein 
caveolin and are endocytosed 
in a clathrin-independent 
manner.

Mechanisms of pathogen entry 
through the endosomal compartments
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Abstract | Several pathogens — bacteria, viruses and parasites — must enter mammalian 
cells for survival, replication and immune-system evasion. These pathogens generally make 
use of existing cellular pathways that are designed for nutrient uptake, receptor 
downregulation and signalling. Because most of these pathways end in lysosomes, an 
organelle that is capable of killing microorganisms, pathogens have developed remarkable 
means to avoid interactions with this lytic organelle.
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Endosomal carrier vesicles
Transport intermediates 
between early and late 
endosomes. They are 
multivesicular and are 
therefore also called 
multivesicular bodies (MVBs).

Mannose-6-phosphate 
(Man6P) receptors
The receptors that carry 
lysosomal enzymes that 
harbour a mannose-6-
phosphate moiety to 
lysosomes.

Major histocompatibility 
complexes (MHC) class II
Immune complexes that 
present peptides, which are 
derived from extracellular 
antigens, to T cells.

or transported further down the endocytic pathway to 
late endosomes and lysosomes (BOX 1).

Organelle identity and maintenance. The different 
stations of the endocytic pathway differ not only in their 
functions but also in their composition of lipids and 
proteins. One of the widely used criteria to distinguish 
early from late endosomes is the presence of the small 
GTPase RAB5 on early and RAB7 on late endosomes. 
Both GTPases are present on the transport intermedi-
ates, the so-called endosomal carrier vesicles (ECVs) 
that are also known as multivesicular bodies (MVBs)6, 
between the early and late endosomes and on the early 
endosome-membrane domains that give rise to these 
intermediates7 (BOX 1). The membranes of early and late 
endosomes are not homogeneous in composition, but 
consist of a mosaic of membrane domains8,9. For exam-
ple, some phospholipids occupy relatively well-defined 
membrane territories, where they recruit their specific 
effectors, which regulate protein sorting, trafficking and 
signalling10.

Component proteins, such as RAB GTPases, and specific 
lipids, such as phosphoinositides, that contribute 
to the identity of the endosomal organelles are par-
ticularly important in the context of this review (FIG. 1); 
pathogens have evolved to modify the behaviour or 
abundance of these molecules to escape lysosome-
mediated death. Phosphoinositides are transient forms 
of phosphatidylino sitols (PtdIns) with phosphates that 
are attached by specific kinases to the positions 3, 4 or 5 
of the inositol ring.

Early endosomal membranes as well as the internal 
membranes of ECVs/MVBs mostly contain PtdIns(3)P 
(REF. 11), which interacts with specific effectors. These 

effectors contain a PtdIns(3)P-binding domain, such as 
the FYVE or the PX domain12. Most of the FYVE- and 
PX-domain-containing proteins that have been charac-
terized (~50 in the human genome) are involved in 
endosomal membrane trafficking, protein sorting13, 
signalling10,14 and motility15. Importantly, the presence 
of PtdIns(3)P on early endosomes and ECVs/MVBs is 
intimately linked to the presence of RAB5. First, vacuolar 
protein sorting-34 (VPS34), the kinase that generates most 
of PtdIns(3)P, is a RAB5 effector, and therefore the synthe-
sis of PtdIns(3)P is regulated by RAB5 (REF. 16). Second, 
several RAB5 effectors contain PtdIns(3)P-binding 
FYVE domains, for example the tethering protein early 
endosome antigen-1 (EEA1) (REF. 9).

Late endosomes are thought to contain PtdIns(3,5)P2, 
which is synthesized from PtdIns(3)P by the PtdIns(3)P 
5-kinase PIKfyve (the mammalian Fab1), which has a 
crucial role in protein trafficking along the endocytic 
pathway17,18. Fab1/PIKfyve effectors have been recently 
identified and include proteins that control protein sort-
ing to the lysosomes19,20, such as CHMP (Vps24 in yeast), 
a component of ESCRT-III (endosomal sorting complex 
required for transport-III)21 (BOX 2).

As well as containing PtdIns(3,5)P2, late endosomes 
in mammalian cells contain large amounts of an uncon-
ventional phospholipid, lysobisphosphatidic acid (LBPA) 
(FIG. 1), that is not detected in other cell compartments22. 
This lipid is abundant in the intralumenal vesicles 
(BOX 2), and has a role in the sorting and trafficking 
of proteins and lipids that are in transit through late 
endosomes10,22,23.

Dynamics of internal endosomal vesicles. One of the 
most striking features of multivesicular endosomes 
is the accumulation of intralumenal vesicles (FIG. 2; 

BOX 2). In early endosomes, intralumenal vesicles selec-
tively incorporate endocytosed signalling receptors 
— this efficient way to terminate signalling operates by 
separating receptors from their downstream cytosolic 
effectors24,25. At later stages, these intralumenal vesicles, 
with their protein cargo, are delivered to lysosomes for 
degradation.

Intralumenal vesicles also contain molecules that are 
not destined for degradation, including members of the 
family of tetraspanin proteins26, cycling molecules such 
as the mannose-6-phosphate (Man6P) receptor and major 
histocompatibility complex (MHC) class II (REFS 8,27,28), 
and LBPA, which is poorly degradable. The fact that 
MHC Class II complexes and Man6P receptors can be 
exported from their intraendosomal location to other 
cellular destinations indicates that proteins cannot only 
be incorporated within intralumenal vesicles, but can 
also be retrieved through back fusion; that is, fusion of 
the intralumenal vesicles with the limiting membrane 
of the compartment. Late endosomes might contain 
more than one type of internal vesicle11,28–30, only a subset 
of which are endowed with the capacity of back fusion. 
The internal vesicles without this capacity would be 
targeted to lysosomal degradation (FIG. 1). However, the 
process of back fusion of intralumenal vesicles remains 
essentially uncharacterized.

Box 1 | The endocytic pathway: from plasma membrane to lysosomes

Most solutes, cell-surface lipids and proteins that are internalized by cells are 
subsequently transported to early endosomes5, irrespective of their entry route. At the 
early-endosome stage of the endocytic pathway, sorting occurs. Some lipids and 
proteins, in particular housekeeping receptors, are recycled back to the plasma 
membrane, either directly or indirectly, through recycling endosomes or the trans-
Golgi network (TGN)97. Other molecules, such as receptors and ligands that need to be 
degraded in lysosomes, are rapidly and efficiently collected within forming 
multivesicular endosomes. The characteristic appearance of these endosomes (FIGS 1,2) 
is due to inward membrane invaginations that eventually lead to the accumulation of 
intralumenal vesicles25. Once formed, these multivesicular bodies (MVBs) undertake the 
microtubule-dependent, long-distance journey to late endosomes, and have therefore 
also been termed endosomal carrier vesicles (ECVs)8.

Late endosomes function as the second important sorting station in the endocytic 
pathway. From late endosomes, some proteins and lipids can return to the TGN, 
whereas others are delivered to lysosomes for degradation8. Accumulating evidence 
indicates that, at least in specialized cell-types, late endosomes can associate directly 
with the plasma membrane. Examples include the transport of major histocompatibility 
(MHC) class II complexes to the cell surface of maturing dendritic cells35 and perhaps 
the direct fusion of late endosomes with the plasma membrane, which allows the 
release of the intralumenal vesicles, or so-called exosomes, into the extracellular 
medium90. Another example of association between late stations of the endocytic 
pathway and the plasma membrane is that of secretory lysosomes that are present in 
specialized cells and share characteristic features of late endocytic compartments98. 
The fusion of lysosomes with the plasma membrane might also occur in non-specialized 
cells upon rises in intracellular free-Ca2+ concentrations99.
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Toll-like receptors
Type I transmembrane proteins 
that recognize perpetual 
infectious threat and activate 
innate responses.

Innate immunity
Nonspecific mechanisms by 
which pathogens are 
recognized by cells.

Adaptive immune response
A specific immune response to 
a given antigen that includes 
antibody production and the 
selection of T cells.

Roles of endosomes in fighting infection
In addition to mediating the uptake of nutrients, the prop-
agation of signalling31 and the downregulation of recep-
tors32, endosomes have a central role in the inter actions 
of cells with microorganisms. Endosomes can signal the 
presence of microorganisms to the cell, warn the adaptive 
immune system and mediate pathogen killing.

Signalling the presence of pathogens. The sensing of 
pathogens by mammalian cells occurs through the 
so-called pattern-recognition proteins, which include 
the Toll-like receptors 1–12 (TLR1–12) (REF. 33) and their 
cytoplasmic counterparts, the Nod-like receptors34. 
Microbial-origin molecules that are sensed by TLRs 
include bacterial lipopolysaccharide (LPS), lipopep-
tides, glucans, flagellin and nucleic acids. TLR1, TLR4 
and TLR6 are involved in sensing triacyl lipopeptides, 

LPS and zymosan respectively, often in conjunction 
with TLR2, and signal mainly from the cell surface. By 
contrast, TLR3, TLR7 and TLR9 are involved in sensing 
double-stranded and single-stranded RNA as well as 
unmethylated DNA (reviewed recently in REF. 33), and 
signal from the endosomal compartments.

Upon sensing the presence of bacteria or viruses, 
TLRs trigger inflammatory and antiviral responses by 
inducing the activation of transcription factors, such as 
nuclear factor (NF)-κB, or interferon regulatory factors33, 
which ultimately leads to the eradication of the invading 
organism. These findings indicate that endosomes are 
important in innate immunity.

Antigen presentation. Endosomes are also essential 
for switching on the adaptive immune response towards 
extracellular and intracellular, but not cytoplasmic, 
patho gens. Extracellular antigens are taken up by antigen-
presenting cells (APC) and processed into peptides 
within the so-called MHC class II compartment35. Processed 
peptides are loaded onto pre-assembled MHC class II 
complexes to replace the invariant chain, which is a 
type II transmembrane protein that is involved in the 
sorting of the MHC class II complex from the Golgi to 
the endosome.

MHC class II complexes accumulate predominantly 
within the internal membranes of endosomes, where 
peptide loading presumably occurs. The peptide-loaded 
complex is then delivered to the limiting membrane of 
the organelle through back fusion. It is finally delivered 
to the cell surface through tubular extensions of the 
MHC class II compartment that function as transport 
intermediates to the plasma membrane27,35. Furthermore, 
MHC class II complexes that are present on internal vesi-
cles can also be released into the extracellular medium 
upon the fusion of the endosome with the plasma 
membrane of APC. Released internal vesicles are called 
exosomes and are believed to function as modulators of 
the immune response36.

Pathogen killing. Although cells engulf microorganisms 
or any large particles (>1 µm) through phagocytosis37,38, 
a newly formed phagosome is unable to kill a micro-
organism. First, it must undergo a pre-programmed 
maturation process that involves exchanging molecules 
with the cytoplasm and transient interactions with dif-
ferent organelles. Maturation requires molecules such as 
RAB GTPases and their effectors as well as lipid kinases 
and the molecules of the membrane-fusion machinery.

Kinetic studies of phagosome maturation have shown 
that cell-surface markers are rapidly lost from newly 
formed phagosomes. By contrast, markers of early endo-
somes (such as RAB5 and EEA1), late endocytic compart-
ments (such as RAB7 and LAMP1 (lysosomal-associated 
membrane protein-1)), and lysosomes (such as lysosomal 
enzymes) are sequentially acquired by the phagosome. The 
fully matured phagosome, known as the phago lysosome, 
is competent in cell killing and digestion because 
it has a highly acidic pH, an active NADPH oxidase com-
plex, which is crucial for the microbicidal function of 
phagosomes, and it contains lysosomal hydrolases37,38.

Figure 1 | Schematic view of the endocytic pathway. The figure shows the organization 
of the endocytic pathway and the distribution of some important proteins and lipids 
in endosomal membranes. Phosphatidylinositol-3-phosphate (PtdIns(3)P; labelled PI3P in 
figure, shown in blue) is found predominantly on early endosomes and in the internal 
membranes of endosomal carrier vesicles/multivesicular bodies (ECVs/MVBs), whereas 
PtdIns(3,5)P2 is believed to be present mostly in late endosomes, although its precise 
distribution is not known. Lysobisphosphatidic acid (LBPA, shown in orange) is only 
detected in late endosomes and is abundant in intralumenal membranes, where it has a 
role in intraendosomal fission and fusion events. The small GTPase RAB5 (light green) is 
present on early endosomes, whereas RAB7 (yellow) is present mostly in late endosomes. 
The early endosomal antigen-1 (EEA1; not shown), a RAB5 effector, and the glycoprotein 
lysosomal-associated membrane protein-1 (LAMP1; shown in red) are commonly used as 
markers of early endosomes and late endocytic compartments, respectively. Recycling to 
the plasma membrane can occur either directly from early endosomes or indirectly 
through recycling endosomes. Recycling routes that connect early endosomes and late 
endosomes to the Golgi complex are indicated by double arrows.
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MHC class II compartment
A late endosomal 
compartment that is present in 
professional antigen-presenting 
cells and that has specific 
functions that are distinct from 
protein degradation. They are 
enriched in MHC class II 
proteins and other molecules 
that are involved in peptide 
processing, loading and editing 
and localize to the 
compartment where most 
antigen processing and peptide 
loading occurs.

Exosomes
A term to describe 
intralumenal vesicles from 
multivesicular endosomes 
when they are secreted into 
the extracellular medium upon 
fusion of the organelle with the 
plasma membrane.

Phagosome
The membrane bound 
compartment that results from 
the phagocytosis of large 
particles.

Endosomes ‘prêt-à-porter’
As described above, endosomes are, to a large extent, 
designed to take up molecules, metabolize and trans-
port them, or their derivatives, to the cytosol. These 
existing properties have been exploited by toxins and 
viruses, which, in some cases, use the most fundamental 
characteristics of endosomes.

Portal of entry of anthrax toxin. A recently characterized 
prototypical example of a toxin that uses the endocytic 
pathway for its entry is the anthrax toxin39. It is com-
posed of three polypeptide chains, two of which have an 
enzymatic activity; lethal factor (LF) is a metalloprotease 
that cleaves mitogen-activated protein kinase kinases 
(MAPKK), whereas oedema factor (EF) is a calmodulin-
dependent adenylate cyclase39. The function of the third 
polypeptide, the protective antigen (PA), is to escort the 
two enzymatic components: it has the capacity to bind 
to host-cell receptors and to EF and LF, to trigger endo-
cytosis of the toxin complex, and last, to mediate the 
translocation of EF and LF through membranes under 
appropriate conditions.

The first endosomal property that is used by the 
toxin is the acidity of the lumenal pH, which allows 
membrane insertion and channel formation by PA39 as 
well as partial unfolding of EF and LF39. The toxin then 
makes use of the pH gradient that exists across endo-
somal membranes to mediate the translocation of the 
partially unfolded LF and EF through the PA channel40. 
The pH requirement for the membrane insertion of PA 
depends on which of the two anthrax-toxin receptors 
the toxin is bound to41,42.

Membrane insertion does not occur in the endosomal 
membrane, but channel formation preferentially takes 

place in the membranes of the intralumenal vesicles43 
(FIG. 3). Translocation therefore leads to the entrapment 
of the enzymatic subunits in the lumen of the intralume-
nal vesicles. Interestingly, this event protects the toxin 
subunits from lysosomal enzymes during the transport 
of the subunits further down the degradative pathway43. 
For release into the cytoplasm, where the targets of the 
enzymes reside, the anthrax toxin relies on the back 
fusion of the intralumenal vesicles with the endosomal 
membrane43.

Delivery of VSV nucleocapsid. Although the aim of this 
review is not to cover viral infection processes, it is of 
interest to note that VSV, an enveloped virus, might use a 
similar pathway for infection. VSV enters cells by clathrin-
mediated endocytosis and is subsequently routed 
down the endocytic pathway44. Once incorporated into 
ECVs/MVBs, the low pH triggers the fusion of the viral 
envelope with the endosomal membranes45. The cur-
rent model proposes that the fusion of the enveloped 
viruses with the endosomal membrane is associated 
with the concomitant release of the nucleocapsid into 
the cytoplasm44.

However, a recent study shows that viral fusion and 
release of the nucleocapsid into the cytoplasm are not 
concomitant events45. Fusion preferentially occurs with 
the membrane of intralumenal vesicles, which leads to the 
release of the nucleocapsid into the lumen of these 
vesicles rather than the cytoplasm. The encapsulated 
nucleocapsid is then safely transported, in an environ-
ment free of hydrolases, through the cortical network 
to the perinuclear region of the cell, where the late 
endosomes mostly reside. Within this late-endosome 
compartment, back-fusion events allow the final release 
of the viral genetic material into the cytoplasm and the 
establishment of the infection.

The anthrax toxin and the VSV nucleocapsid follow 
remarkably similar routes to reach the cytoplasm, 
through the back fusion of intralumenal vesicles with the 
endosomal membrane (BOX 2). It is possible that other 
enveloped viruses, such as the influenza virus, follow a 
similar route. In certain cell types, even the HIV virus 
seems to rely on the endosomal pathway for infection. 
The experimental infection of human placental cells, 
which is relevant to pregnancy in patients with HIV, was 
indeed found to require endocytosis46 and to depend on 
RAB5 and RAB7 (REF. 47).

Endosomes ‘sur mesure’
Bacteria are as opportunistic as viruses and toxins, 
but they are also manipulators. They introduce bac-
terial proteins, known as effectors, into the host cells 
to modify their behaviour. This is particularly well 
illustrated by the capacity of bacteria such as Listeria, 
Salmonella and Shigella to trigger their own uptake into 
cells that are normally non-phagocytic48. As bacterial 
entry processes have been extensively reviewed else-
where48, we will focus on the bacterial manipulation 
of the endocytic pathway and limit our discussion to 
examples where the underlying mechanism is at least 
partially understood.

Box 2 | Biogenesis of intralumenal endosomal vesicles

A characteristic feature of organelles along the endocytic pathway is the presence of 
intralumenal vesicles. Biogenesis of these vesicles, as well as the sorting of 
ubiquitinylated cargo12,13, is regulated by PtdIns(3)P, partly through the adaptor protein 
HRS (hepatocyte-growth-factor-regulated tyrosine-kinase substrate)12. HRS contains a 
FYVE domain that mediates the recruitment of HRS to PtdIns(3)P-containing 
membranes and a ubiquitin-interacting motif that can bind to ubiquitinylated 
cargo100,101. Furthermore, HRS recruits clathrin into flat lattices102, which mediate the 
sorting of ubiquitinylated cargo. HRS deficiency in Drosophila melanogaster and yeast 
leads to a decrease in the number of intralumenal vesicles that are observed in 
endosomes103 and vacuoles24, respectively. The downregulation of HRS by small 
interfering RNA in mammalian cells has a similar effect104. The formation of intralumenal 
vesicles and the sorting of ubiquitinylated receptors also relies on the endosomal 
sorting complexes that are required for transport (ESCRT-I–III, reviewed in REF. 91).

Once formed, some of the intralumenal vesicles have the capacity to fuse back with 
the limiting membrane of the organelle by a mechanism known as back fusion. Fission 
and fusion events of intralumenal vesicles seem to be regulated both by cytosolic and 
lumenal components, such as the unconventional lipid lysobisphosphatidic acid (LBPA)8. 
Interfering with LBPA functions leads to the sequestration of the mannose-6-phosphate 
(Man6P) receptors within these vesicles22 and inhibits cholesterol export from 
endosomes105. In vitro, LBPA promotes intralumenal invagination; this process is 
regulated by Alix/AIP1 (Bro1 in yeast), a putative LBPA effector106. LBPA and Alix/AIP1/
Bro1 also modulate back fusion of vesicles, as revealed by the study of pathogenic 
agents43,45 (see main text). Therefore, LBPA and Alix/AIP1/Bro1 seem to have a central 
role in the regulation of intralumenal endosomal fission and fusion events in mammalian 
cells106 and in yeast107,108.

R E V I E W S

498 | JULY 2006 | VOLUME 7  www.nature.com/reviews/molcellbio



0.1 µm

Listeriosis
A rare bacterial infection that is 
acquired by eating 
undercooked infected meat or 
from proximity to infected live 
animals.

Salmonellosis
Food-borne infection with 
Salmonella species, which 
results in diarrhoea, fever and 
abdominal cramps.

Brucellosis
Infection with Brucella species 
that is also called Malta or 
Mediterranean fever. It 
frequently causes abortions in 
animals and remittent fever in 
humans.

Diseases such as listeriosis, salmonellosis and tuber-
culosis depend on the capacity of the bacterium to 
survive and multiply within the cells of the host. These 
bacteria enter by phagocytosis and, because phagosomal 
maturation is a pre-programmed pathway, these patho-
gens have to avoid lysosomal killing by interfering with 
the maturation process. Some bacteria avoid lysosomal 
killing simply by destroying the organelle (see below), 
but most have evolved to block the maturation process 
at specific stages. It is important to note that although 
maturation is blocked, bacteria-containing vacuoles are 
not static organelles, and they still efficiently undergo 
continuous fusion and fission, acquiring nutrients and 
lipids from the vacuolar apparatus of the cell.

Prevention by destruction. The most radical solution 
that is used to escape from lysosomal degradation is to 
trigger rupture of the phagosome and thereby release the 

bacterium into the cytoplasm (FIG. 3). This strategy has 
been adopted by various bacteria and in particular by 
Listeria monocytogenes. The L. monocytogenes bacterium 
secretes a cholesterol-dependent toxin, listeriolysin O 
(LLO), which generates transmembrane pores of ~50 nm 
in diameter in cholesterol-containing membranes 
when it is in the acidic pH of endosomes49. Although 
LLO-mediated vacuolar escape was thought to occur 
at an early stage of phagosomal maturation, it has been 
recently shown that L. monocytogenes escape from 
a RAB5- and LAMP1-negative compartment that contains 
RAB7 and PtdIns(3)P (REF. 50).

LLO seems to cause cytoplasmic release not by the 
mechanical rupture of the vacuolar membrane but 
rather by interfering with phagosomal maturation50. The 
LLO-mediated disruption of ion gradients, in particular 
those of protons and calcium, across the phagosomal 
membrane has been proposed to delay maturation51. 
RNA interference (RNAi) studies combined with infec-
tion by LLO-deficient L. monocytogenes indicated that 
this pore-forming toxin might also interfere with late 
endosomal functions52. Cytoplasmic release occurred 
in cells in which either of the following proteins were 
silenced: the three ESCRT-I subunits, TGS101, SNF7 
and VPS4, Alix/AIP1 (Bro1 in yeast) or VPS16, VPS18, 
VPS33, VPS39 and VPS41 — which are all compo-
nents of complexes that are involved in the docking 
and tethering of late endosomes to lysosomes52 (BOX 2). 
As suggested by the authors, the knockdown of any one 
of these proteins might mimic the vacuolar conditions 
that are produced by LLO52. A role for LLO in affecting 
phagosomal maturation, rather than mechanical 
rupture, is consistent with the delay that is observed 
between pore formation, which occurs within 5 minutes 
after internalization53, and the escape of the bacterium 
into the cytosol approximately 20 minutes later54.

Modifying endosomal membrane domains
As described above, endosomes are composed of a 
mosaic of protein and lipid domains8,9. Given the 
importance of these domains in the regulation of endo-
somal membrane trafficking, it is not surprising that 
these domains are the targets of bacterial compounds 
or effectors.

Modifying phagosomal raft-like domains. Brucella, the 
causative agent of Brucellosis, depends on intra cellular 
survival for its virulence. Because the replicative niche 
of this pathogen is the endoplasmic reticulum, the 
bacterium efficiently diverts phagosomes from the nor-
mal maturation pathway to reach this early secretory 
compartment. Diversion must occur at a fairly late 
endosomal stage, as extensive colocalization is observed 
between Brucella and the late endosomal and lysosomal 
marker LAMP1 (REF. 55). Although Brucella harbours a 
type IV secretion system (BOX 1), the injection of effector 
molecules is thought to occur downstream and mediates 
fusion with the endoplasmic reticulum.

Prevention of phagosomal maturation relies on 
bacterial factors that are unrelated to the type IV 
secretion system — in particular on cyclic β1,2-glucan55. 

Figure 2 | Multivesicular endosomes and viral nucleocapsids. Vesicular stomatitis 
virus (VSV) and many other enveloped viruses must be endocytosed for infection to 
proceed. Virions are transported along the endocytic pathway. However, during this 
process — beyond early endosomes but before lysosomes — the acidic pH of the vesicle 
triggers the fusion of the viral envelope with endosomal membranes and thereby 
releases the nucleocapsid into the cytosol, where replication of the viral genome occurs. 
Recent evidence indicates that the fusion of the VSV envelope with endosomal 
membranes and nucleocapsid release are not concomitant events, but occur sequentially 
at two successive steps of the endocytic pathway 45. First, a VSV envelope fuses with the 
membrane of an endosomal carrier vesicle/multivesicular body (ECV/MVB), thereby 
releasing the nucleocapsid into the lumen of these vesicles, where it remains hidden. 
Once in late endosomes, back fusion of these intralumenal vesicles with the limiting 
membrane then allows capsid release into the cytoplasm. The electron micrograph 
shows multivesicular endosomes (the endosomal membrane is indicated by white 
arrowheads) with intralumenal vesicles that contain electron-dense structures that 
correspond to viral nucleocapsids (black arrows)45. The boxed area is shown at higher 
magnification in the inset and illustrates the clearly visible membrane (black arrowheads) 
of the endosomal vesicle that contains the capsid. Micrograph courtesy of 
R. G. Parton, University of Queensland, Brisbane, Australia.
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This ring shaped oligosaccharide is similar to cyclo-
dextrins, some of which can selectively extract choles-
terol from membranes, such as β-methylcyclodextrin, 
a drug that is widely used to disrupt lipid rafts56. Cyclic 
β1,2-glucan can extract cholesterol from lipid rafts 
and lead to their disruption55. Importantly, the recon-
stitution of cyclic β1,2-glucan-deficient Brucella with 
cyclic β1,2-glucan restored the lysosomal escape of the 
bacterium55. It therefore seems that lipid rafts, which 

have been shown to contain various proteins that are 
involved in phagolysosome biogenesis57, function as 
signalling platforms that are required for fusion between 
the maturing phagosome and lysosomes.

A similar strategy has been developed by another 
pathogen — the parasite Leishmania donovani58. At its 
surface, this parasite harbours the GPI-anchored 
glycolipid lipophosphoglycan, which affects multiple 
functions of the host cells59. These pleiotropic effects 
were recently explained by the capacity of L. donovani 
to directly alter the formation of raft-like lipid micro-
domains on the phagosomes and cause disorganization, 
which is reminiscent of the activity of Brucella cyclic 
β1,2-glucan58.

Modifying lipid scaffolding domains. Whereas Brucella 
and Leishmania components lead to the disorganiza-
tion of lipid domains, in particular lipid rafts, other 
pathogens affect the composition of the endosomal 
membrane, in particular the phosphoinositide content. 
These low-abundance short-lived phospholipids con-
tribute to organelle identity10,60 and phagosome matura-
tion38. Depending on the bacterium, maturation arrest 
can occur at early stages (as is the case for Mycobacterium 
tuberculosis) or at late stages (as is the case for Salmonella 
enterica) of the endocytic pathway.

Once phagocytosed by macrophages, M. tuberculosis, 
the causative agent of tuberculosis, resides in a vacuole 
that shares properties with early endosomes, such as the 
presence of RAB5 but not RAB7, a mildly acidic pH 
and the absence of lysosomal enzymes61. Proteins that 
are involved in the docking and fusion of endosomes 
were also found on the mycobacterial phagosome, 
such as t-SNARE (soluble N-ethylmalemide-sensitive 
factor attachment protein receptor), syntaxin-13, the 
N-ethylmaleimide-sensitive factor (NSF) and the solu-
ble NSF attachment protein (SNAP), which is involved 
in the recycling or activation of the fusion machinery 62. 
By contrast, neither EEA1 (REF. 62), nor HRS (hepatocyte-
growth-factor-regulated tyrosine-kinase substrate) 
were detected63. As mentioned, the binding of EEA1 to 
endosomes is mediated through interactions with RAB5 
and PtdIns(3)P, which is generated by the kinase VPS34. 
Recruitment of VPS34 depends on RAB5 but is also 
regulated by calcium ions and calmodulin.

During normal phagocytosis, an increase in cytosolic 
calcium promotes the recruitment of calmodulin kinase 
II and the subsequent recruitment of VPS34 to the 
phagosome. This calcium rise is inhibited upon uptake 
of M. tuberculosis64 through a still poorly characterized 
mechanism that involves lipoarabinomannan (LAM)65, 
a large extensively glycosylated phosphatidylinositol 
analogue that is present in the bacterial cell wall. As 
a consequence, calmodulin kinase II (REF. 66), VPS34 
(REF. 65) and EEA1 are not recruited to the phagosomal 
membrane.

However, the lack of a calcium rise upon the phago-
cytosis of M. tuberculosis is insufficient to explain the 
low levels of PtdIns(3)P on the phagosome, which 
indicates the possible involvement of a PtdIns(3)P 
phosphatase. Host phosphatase activity such as that of 

Figure 3 | Pathogens and toxins in the endocytic pathway. The anthrax toxin (AT) and 
the vesicular stomatitis virus (VSV, drawn in yellow with a central nucleocapsid) are 
endocytosed and delivered to early endosomes. They subsequently interact with the 
intralumenal vesicles of multivesicular endosomes. As a consequence, the enzymatic 
subunits of the AT and the nucleocapsid of VSV arrive in late endosomes by travelling in 
the lumen of endosomal carrier vesicles/multivesicular bodies (ECVs/MVBs). Back fusion 
of these vesicles leads to their release into the cytoplasm. RAB5 is an early endosomal 
marker (light green), whereas RAB7 is mostly on late endosomes (yellow). Intracellular 
bacteria enter cells by phagocytosis and subsequently modify the behaviour of the carrier 
phagosome to divert or halt its maturation into a phagolysosome. Bacterial components 
that modify endosomal behaviour are described below. Mycobacterium tuberculosis 
produces the extensively glycosylated phosphatidylinositol  (PtdIns) analogue 
lipoarabinomannan (LAM) and the PtdIns(3)P-specific phosphatase SapM. Listeria 
monocytogenes produces the pore-forming toxin listeriolysin O (LLO). Salmonella enterica 
secretes effector proteins such as the phosphoinositide phosphatase SopB, SifA and 
PipB2 that regulate the interaction of the Salmonella-containing vacuole with motor 
proteins. Brucella abortus produces cyclic β1,2 glucan, which extracts cholesterol from 
the vacuolar membrane. HIV (drawn in orange with a central nucleocapsid) also uses the 
endosomal compartment; HIV budding occurs into the multivesicular endosomes of 
macrophages. The intraendosomal virions are released extracellularly subsequent to the 
fusion of the HIV-loaded endosomes with the plasma membrane. Last, the parasite 
Trypanosoma cruzi is shown to interact with lysosomes on entry. LAMP1, lysosomal-
associated membrane protein-1; LBPA, lysobisphosphatidic acid. 
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myotubularin, a phosphoinositide phosphatase, has been 
ruled out67. In vitro phosphatase-activity assays have led 
to the identification of the mycobacterial phosphatase 
SapM, which has specificity for PtdIns(3)P (REF. 67). 
How SapM, which is produced in the lumen of the 
phagosome, can get access to its substrate on the outer 
leaflet of the phagosome remains to be elucidated, as 
M. tuberculosis does not posses a type III or IV secretion 
system (BOX 3). Therefore, through the cumulative action 
of the glycolipid LAM and, presumably, the PtdIns(3)P-
phosphatase SapM, M. tuberculosis prevents the 
PtdIns(3)P-dependent delivery of lysosomal enzymes 
and v-ATPase64, but not the PtdIns(3)P-independent 
delivery of LAMPs, such as LAMP1 (REF. 68).

Salmonella enterica, the causative agent of typhoid 
fever and gastroenteritis in humans69, evolved a radi-
cally opposite strategy; the accumulation of PtdIns(3)P, 
but not PtdIns(3,5)P2, leads to a block at late stages of 
the maturation pathway. When phagocytosed by the 
host cell69, S. enterica produces a phosphoinositide 
phosphatase, SopB, that preferentially removes the 
5-phosphate of PtdIns(3,5)P2 and the 4-phosphate of 
PtdIns(3,4,5)P3 (REF. 70). These events lead to sustained 
PtdIns(3)P production on S. enterica-containing vacu-
oles (SCV)71. SopB counteracts the action of the Fab1/
PIKfyve kinase, which generates PtdIns(3,5)P2 from 
PtdIns(3)P (REF. 17). Heterologously expressed SopB, 
which localizes to endosomes that contain PtdIns(3)P, 
inhibits the downregulation of activated EGFR72. This 
supports the notion that the presence of SopB prevents 
the recruitment of PtdIns(3,5)P2 effectors that are 
involved in endosomal protein sorting and, therefore, 
SopB alters trafficking.

Modifying endosomal location and movement
Most of the intracellular bacterial replicative niches localize 
to the perinuclear region. Organelle motility from the cell 
periphery to the nuclear region generally relies on the 
cytoskeleton. The capacity of bacteria to manipulate 
the cellular cytoskeleton is most striking in those that 
multiply in the cytoplasm, such as Listeria, which uses 
the actin cytoskeleton to propel itself through the cell73.

Very little is known about the interactions between 
the cytoskeleton and the bacteria that reside in vacu-
oles, with the exception of S. enterica74. Shortly after 
invasion, the SCV migrates to the perinuclear region 
where it associates with the Golgi75. This migration 
towards the centre of the cell is dependent on RAB7 
and the RAB7-interacting lysosomal protein (RILP)76,77, 
which associates with the minus-end-directed motor 
dynein74,78. At later stages, RILP is released from the 
SCV, possibly through the bacterial effector SifA79, 
leaving only RAB7 on the SCV membrane80. Indeed, 
the preservation of the SCV in the perinuclear region 
requires SifA, a protein that prevents the recruitment 
of the plus-end-directed motor kinesin by interacting 
with a novel host protein, known as SKIP (SifA- and 
kinesin-interacting protein)81. Interestingly, vacuoles 
that contain SifA-deficient Salmonella are found in the 
cell periphery and these vacuoles progressively rupture, 
due to the uncontrolled opposing effects of the plus- 
and minus-end directed motors, and this leads to an 
imbalance in incoming and outgoing vesicles79,81.

Other Salmonella effectors probably contribute to 
regulating the activity of, or the interactions with, the 
cytoskeleton. For example, the microtubule network 
is reorganized in Salmonella-infected cells such that 
microtubule bundles surround SCV clusters82. More 
recently it was shown that the ectopic expression of the 
Salmonella effector PipB2 can cause the redistribution 
of late endosomes and lysosomes to the cell periphery83. 
This finding indicates that, similar to SifA, PipB2 might 
regulate the interaction of motor proteins with the SCV. 
Taken together, the example of Salmonella illustrates 
that, as well as tailoring the docking and fusion capacity 
of the SCV, this bacterium can modulate vacuole loca-
tion and dynamics by controlling the interactions of the 
vacuole with the cytoskeleton.

Unconventional interactions with endosomes
Although much effort is made by pathogens to avoid 
interactions with lysosomes, there are exceptions to the 
rule, for example, infection by T. cruzi, the haemoflag-
ellate protozoan parasite that causes Chagas disease84.

Box 3 | Type III and IV secretion systems 

Many Gram-negative bacteria introduce proteins into the cytoplasm of the host cell to change its behaviour by using 
specialized secretion systems known as type III (REF. 109) or type IV (REF. 110). These secretion machineries are composed 
of 25 proteins that are organized into a basal structure, which shares similarities to the bacterium flagellum, from which 
extends a, presumably, hollow tubular structure that resembles a syringe. These systems are pre-assembled on the 
bacterium but remain inactive. Through mechanisms that remain to be established, secretion is triggered by contact with 
a cell. Once operational, the system spans three membranes: the inner and outer membranes of the bacterium and the 
plasma membrane of the host cell.

Type III secretion systems are found in bacteria such as Shigella, Yersinia and Escherichia coli. They generally have a role 
in triggering the phagocytosis of bacteria by non-phagocytic cells or the opposite, preventing phagocytosis of bacteria 
by professional phagocytes. Some bacteria harbour two type III secretion systems, such as Salmonella. The first system, 
which is encoded by the Salmonella pathogenicity island-1 (Spi1), is involved in triggering phagocytosis, whereas the 
second, which is encoded by Spi2, is activated only intracellularly and is involved in preventing phagosome maturation. 
Although type III secretion systems mediate the translocation of proteins, type IV secretion systems also transport DNA. 
Brucella and Legionella harbour type IV secretion systems, but there is no evidence for type IV-mediated DNA transport in 
these bacteria.
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Auxotroph
A microorganism that is unable 
to synthesize a particular 
organic compound that is 
required for its growth.

Dendritic cell
The most antigen-presenting 
cell of the human body.

The T. cruzi parasite, in its trypomastigote form, 
invades nucleated mammalian cells through at least two 
pathways. In the first, host-cell lysosomes are recruited 
to the site of parasite entry, where they fuse, and pro-
vide membrane for the formation of a parasitophorous 
vacuole85. In the second pathway, the parasite triggers the 
invagination of the host plasma membrane and generates 
a vacuole that fuses with lysosomes86. In both cases, lyso-
somal fusion is required for the retention of the parasite 
in the cell84. The T. cruzi parasite ultimately relies on a 
low-pH environment to initiate release from the vacu-
ole into the cytoplasm, where replication takes place84. 
Therefore, as opposed to all the other pathogens that have 
been mentioned, T. cruzi not only does not avoid lyso-
somes, but even requires them for efficient infection.

A second very unconventional way of interacting with 
endosomes was recently described for the apicomplexan 
parasite T. gondii87. The T. gondii parasite does not rely 
on the endocytic machineries of the host to penetrate 
into cells, but rather uses the power of its own gliding 
motility to force its way into the cell88. However, being 
a cholesterol auxotroph, it needs to associate with the 
vacuolar apparatus of the host cell to acquire this sterol, 
predominantly from endocytosed LDL89.

However, the interaction between T. gondii and the endo-
somes is not mediated by fusion with the parasito phorous 
T. gondii-containing vacuole , but by ‘kidnapping’87. 
The current model proposes that endosomes or lyso-
somes are transported on microtubules into invagina-
tions of the parasitophorous vacuole. There, they are held 
as ‘hostages’ and are maintained for some time through 
a garrot-like structure that is formed by parasite proteins 

on the invaginations. Within this confined environment, 
metabolites that are released by the endosomes can be 
readily taken up by the parasite.

Multivesicular endosomes can work both ways
As shown by the anthrax toxin, VSV and Listeria, endo-
somes are used by pathogens as sites of access to the 
cytoplasm. Interestingly, they can also function as exit 
sites. It has been found that certain viruses can, in specific 
cell types, bud into endosomes. The best-documented 
example is the budding of the HIV virus into the multi-
vesicular endosomes of macrophages90. HIV probably 
hijacks the endosomal ESCRT complexes; it does so even 
when budding from the plasma membrane of lympho-
cytes91. Indeed, the HIV Gag protein can mimic HRS 
and recruit the TSG101 (and its yeast homologue Vps23) 
subunit of ESCRT-I (REFS 92,93). The intraendosomal 
virions are not destined for lysosomes, but are presum-
ably released extracellularly, similarly to exosomes, sub-
sequent to the fusion of the HIV-loaded endosomes with 
the plasma membrane90.

Importantly, these sequestered viruses remain infec-
tious for weeks and, therefore, multivesicular endosomes 
might contribute to viral persistence in patients with 
HIV. HIV viruses that have been captured by immature 
dendritic cells — which do not become infected, but store 
viruses in multivesicular endosomes — can be released 
through the exosomal pathway and were shown to be 
10-fold more infectious than cell-free viruses93.

Conclusions and perspectives
The molecular mechanisms that allow pathogens to 
subvert host-cell functions are starting to be unravelled. 
Although the number of effectors that interfere with sig-
nalling and host-cell functions has been estimated to be a 
few hundred95, only a handful of these have been studied 
in detail. A future challenge will be to characterize these 
effectors and to identify their targets. On the host side, 
the identification of the specific set of genes that have a 
role in the endocytic transport of each pathogenic agent, 
whether a bacterium, a virus or a toxin, is becoming pos-
sible with systematic genome-wide RNAi screens — for 
example, the identification of the kinases that regulate 
infection by SV40 and VSV96. Such analyses will provide 
fundamental information about the pathway that is fol-
lowed by each pathogenic agent and the mechanisms of 
basic transport-related cellular functions. They will also 
help us to design specific therapeutic agents and drugs for 
the pathogens (BOX 4). Clearly, the relatively near future 
will be exciting and infectiously informative.
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