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Summary

Bacterial pathogens have developed a wide range of strategies to survive within human cells. A
number of pathogens multiply in a vacuolar compartment, while others can rupture the vacuole
and replicate in the host cytosol. A common theme among many bacterial pathogens is the use of
specialized secretion systems to deliver effector proteins into the host cell. These effectors can
manipulate the host’s membrane trafficking pathways to remodel the vacuole into a replication-
permissive niche and prevent degradation. As master regulators of eukaryotic membrane traffic,
Rab GTPases are principal targets of bacterial effectors. This review highlights the manipulation
of Rab GTPases that regulate host recycling endocytosis by several bacterial pathogens including
Chlamydia pneumoniae, Chlamydia trachomatis, Shigella flexneri, Salmonella enterica serovar
Typhimurium, Uropathogenic Escherichia coli, and Legionella pneumophila. Recycling
endocytosis plays key roles in a variety of cellular aspects such as nutrient uptake, immunity, cell
division, migration and adhesion. Though much remains to be understood about the molecular
basis and the biological relevance of bacterial pathogens exploiting Rab GTPases, current
knowledge supports the notion that endocytic recycling Rab GTPases are differentially targeted to
avoid degradation and support bacterial replication. Thus, future studies of the interactions
between bacterial pathogens and host endocytic recycling pathways are poised to deepen our
understanding of bacterial survival strategies.

A brief overview of endocytic pathways and recycling endocytosis

Membrane trafficking is fundamentally important for the normal function of mammalian
cells, mediating essential processes such as nutrient uptake, immunity, cell migration,
adhesion, and division. Proteins integrated at the plasma membrane allow cells to sense and
respond to changes in their extracellular environment. These proteins frequently travel into
the cell through endocytosis, ushering in nutrients and relaying extracellular information
through intracellular signaling cascades. Upon internalization through a range of endocytic
mechanisms, much of the protein cargo converges at early endosomes, which then undergo
homotypic fusion (Grant et a/., 2009). At this stage, cargo is segregated into microdomains
and chartered to specific membrane trafficking routes. Cargoes can be returned back to the
plasma membrane via recycling endocytosis, routed towards the trans-Golgi network (TGN)
via retrograde traffic, or packaged in intraluminal vesicles of late endosomes/multivesicular
bodies that ultimately fuse with lysosomes leading to cargo degradation (Fig. 1).
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The directionality of the membrane traffic and cargo sorting relies on the precise
spatiotemporal regulation of endosomal identity. Endosomal compartments have unique
molecular identities that can rapidly shift to ensure the flow of membrane traffic. The
molecular identity of endosomes is largely regulated by the differential recruitment and
activation of Rab GTPases (hereafter Rabs), a class of (>60) proteins that belongs to the Ras
superfamily of small GTPases (Pereira-Leal ef al., 2001, Seabra et al., 2002, Pfeffer, 2013).
Rabs act as molecular switches alternating between two conformations: active when GTP-
bound and inactive when GDP-bound. The nucleotide binding state of Rabs is regulated by
guanine exchange factors (GEFs), which facilitate the swapping of GDP with GTP and by
GTPase activating proteins (GAPSs), which stimulate the GTP hydrolysis activity of Rabs
(Stenmark, 2009). Dedicated sets of GEFs and GAPs tightly regulate the activation status of
each Rab. Active Rabs interact with downstream effectors involved in cargo selection,
vesicle movement, and membrane fusion (Zhen et al., 2015). For example, Rab5 localization
to early/sorting endosomes is critical for progression through the endocytic/phagocytic
pathway, regulating homotypic fusion as well as fusion of early endosomes with the early
phagosomes, while Rab7 regulates fusion of late endosomes with the phagosomes driving
their maturation into a phagolysosomal compartment (Scott et a/., 2003). An emerging
concept in endocytic maturation is the role of Rab cascades to progressively change the
identity of endosomes. In this paradigm an upstream Rab (e.g. Rab5) recruits the GEF that
activates the subsequent Rab (e.g. Rab7), which then co-opts a GAP that inactivates the
upstream Rab (Pfeffer, 2013).

The ‘fast’ and ‘slow’ pathways of recycling endocytosis in mammalian cells

Endocytic recycling of cargoes involves membrane compartments known as recycling
endosomes which mediate the return of cargo back to the plasma membrane. Recycling
endosomes differ in terms of the cargoes they carry, their molecular identity, and their
itinerary to the plasma membrane. Two major pathways recycle cargo back to the plasma
membrane: the so-called ‘slow’ and “fast” pathways. As implied by the terminology, the two
pathways differ kinetically and this is largely due to the cargo’s itinerary through the
endocytic recycling system (Hopkins et al., 1983). The ‘fast’ recycling pathway returns
cargo back to the plasma membrane directly from early endosomes, while in the ‘slow’
recycling route, membrane tubules carry the cargo to a perinuclear location known as the
endocytic recycling compartment (ERC) (Ren et al., 1998, Grant et al., 2009). Often
localized near the microtubule-organizing center (MTOC), the ERC is composed of tubular
and vesicular membrane compartments, and gives rise to recycling endosomes destined for
the plasma membrane. The two endocytic recycling pathways are regulated by distinct sets
of Rabs. We will briefly highlight several recycling Rabs that are emerging as common
targets of bacterial pathogens: Rab4, Rab11, Rab14, and Rab35.

Rab4 and Rab35 have been identified as major regulators of the fast recycling pathway (van
der Sluijs et al., 1992, Choudhury et al., 2004, Chaineau et a/., 2013). Both Rabs influence
iron levels by regulating recycling of the transferrin receptor, which binds transferrin to
mediate cellular uptake of iron (Grant et a/,, 2009). In addition, important immune
molecules such as the T-cell receptor (TCR) and Major Histocompatibility Complex | and 11
(MHC-I and MHC-II) are recycled back to the cell surface through Rab35-dependent
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pathways (Patino-Lopez et al., 2008, Walseng et al., 2008, Allaire et al., 2010). Furthermore,
Rab35 is a key regulator of phagosome maturation, a process by which microbial cargo is
degraded through progressive fusions of the phagosome with early endosomes, late
endosomes, and ultimately with lysosomes (Egami et al., 2011, Verma et al., 2017). Rab14 is
involved in controlling Golgi-to-endosome transport and endosome-phagosome fusion
(Junutula et al., 2004, Kyei et al., 2006). More recent evidence shows that Rab14 defines an
intermediate recycling compartment that functions after Rab4/Rab5 but before Rab11 and
regulates recycling of the transmembrane protease ADAM10 back to the cell surface
(Linford et al., 2012).

The ‘slow’ recycling pathway is thought to be mediated primarily through Rab11a, which
localizes to tubular endosomes, the ERC, and the trans-Golgi network (TGN) compartment
(Ullrich et al., 1996, Grant et al., 2009). Rab11a mediates transport of molecules from
sorting endosomes to the ERC (Horgan et al., 2010), and regulates the TGN-to-ERC or
TGN-to-plasma membrane traffic (Chen et a/,, 1998). Rab11a controls recycling of a wide
range of cell surface proteins including the transferrin receptor, ion channels, junctional
proteins, integrins, and immune receptors (Campa et al., 2017). Through interactions with
adaptor proteins, Rab11a couples with various motor proteins that provide the mechanical
force to move vesicles along microtubules or actin filaments (Welz et a/., 2014). Ultimately,
Rab11a influences a variety of cellular processes including cytokinesis, phagocytosis, cell
migration, immunological synapse and primary cilia formation.

It is important to note that the membrane trafficking circuits regulated by these Rabs are not
entirely isolated from each other, often crossing paths at intermediate hybrid vesicles
(Sonnichsen et al., 2000, Linford et al., 2012). Thus, cargo returning to the plasma
membrane may not all follow a simple linear transport pathway. As such, the precise number
of distinct pathways and the manner in which these pathways intersect is not completely
understood.

Bacterial pathogens target Rabs that regulate endocytic recycling

Targeting of Rabs is a well-established strategy that bacterial pathogens use to exploit
specific membrane trafficking routes (Pizarro-Cerda et al., 2014). Bacterial effector proteins
translocated by specialized secretion systems into the host cell can selectively target and
manipulate the activity of Rabs (Brumell et a/., 2007, Cossart et al., 2010, Stein et al., 2012,
Sherwood et al., 2013). Fluorescence microscopy of infected host cells transiently
overproducing fluorescently tagged Rabs has been the approach most broadly used to
determine whether Rabs associate with bacteria-containing vacuoles. Higher resolution
imaging is typically needed to discern whether membrane compartments marked by a
particular Rab fuse with the vacuolar membrane or merely accumulate in the vicinity of the
vacuole. As detailed in the next section, overproduction of wild-type and mutant forms of
Rabs, locked in either the active (GTP-bound) or inactive (GDP-bound) state, has been
widely applied to determine the extent to which the activity status of a particular Rab
impacts bacterial survival or vacuolar properties such as expansion or association with host
membrane compartments. RNAI screens have been useful in identifying Rabs important for
bacterial growth, however these data must be interpreted with caution since Rabs are
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involved in a myriad of cellular functions and they often regulate membrane traffic through
Rab cascades (Pfeffer, 2013). Targeting of recycling Rabs by bacterial pathogens leads to a
salient question: is endocytic recycling affected during infection? Although this has not yet
been addressed for all the pathogens reviewed here, current knowledge suggests that
endocytic recycling is generally affected during infection. The transferrin receptor is widely
used as a marker for recycling endosomes and its binding partner, transferrin, is commonly
used to track endocytic recycling (Mayle et al., 2012). Using methods based on recycling of
transferrin, it was determined that recycling endocytosis is inhibited in human macrophage-
like cells infected with L. pneumophila (Allgood et al., 2017) and human epithelial cells
infected with S. flexneri (Mounier et al., 2012), whereas Coxiella burnetti (not reviewed
here) did not affect transferrin recycling despite transferrin-positive vesicles accumulating
close to its vacuole (Larson et al., 2017). Since the transferrin receptor is recycled through
both the ‘slow” and “fast’ recycling pathways, the extent to which each pathway is impacted
during infection can instead be determined by quantifying the recycling rate of plasma
membrane proteins known to be recycled predominantly through one of the two pathways.
In this review we will focus on how various bacterial pathogens including Chlamydia
pneumoniae, Chlamydia trachomatis, Shigella flexneri, Salmonella enterica serovar
Typhimurium, Uropathogenic £. coli, and Legionella pneumophila target Rabs that are
known to regulate endocytic recycling.

CHLAMYDIA

Chlamyadia spp. are obligate intracellular pathogens that cause a wide range of diseases.
Here we focus on two important human pathogens leading to distinct pathologies,
Chlamydia pneumoniae and Chlamyadia trachomatis. C. pneumoniae causes acute respiratory
tract infections and it has been linked to chronic diseases such as arthritis, atherosclerosis,
and asthma (Elwell et al., 2016). C. trachomatis is a major cause of preventable blindness in
underdeveloped parts of the world (Hu et a/., 2013) and the most prevalent cause for
sexually transmitted infection (Elwell et al., 2016), leading to pelvic inflammatory disease,
ectopic pregnancies, or sterility in women.

The developmental cycle of both C. pneumoniae and C. trachomatis includes two
morphologically and functionally distinct forms known as the elementary body (EB) and
reticulate body (RB) (Fig. 2A). The infectious EB form, resistant to the harsh conditions of
the extracellular environment, adheres to epithelial cells and promotes invasion by injecting
the host with preformed effector proteins that induce cytoskeletal rearrangements. Hours
following uptake into the plasma membrane-derived compartment known as the inclusion,
EBs differentiate into the non-infectious, replicative RB form. Over the next 2-3 days, RBs
continue to replicate and then differentiate back into EBs before exiting the host through
lysis or extrusion. During infection, C. trachomatis and C. pneumoniae remodel the
inclusion membrane by secreting effector proteins into the host via a type 111 secretion
system (T3SS).

Recent insight into how the membrane of the inclusion is modified to avoid endolysosomal
maturation suggests Chlamydiae actively alter the cytosolic fagcade of the inclusion
membrane to resemble that of recycling endosomes (Molleken et al., 2017). This study
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analyzed the localization of Rabs at the inclusion membrane in C. pneumoniae-infected
Hep-2 cells transiently overproducing GFP-tagged versions of Rabs. Focusing on early
infection, by 15 minutes, C. pneumoniae-containing inclusions had acquired Rab4, Rab5,
Rab7, Rabl11l, and Rab14 (Fig. 2A). However, Rab4 and Rab7 were removed by 60 minutes,
while Rab11 and Rab14 were retained on the inclusion. Thus, based on its Rab composition,
it would seem that the inclusion shifts from initially resembling early/sorting endosomes to
later resembling recycling endosomes. Although Rab4 was absent from the inclusion at 30
minutes post-infection, it was recruited later during infection suggesting that it plays roles at
different stages of infection (Cortes et al., 2007). However, the mechanism responsible for
recruiting Rab4 to the inclusion and the functional significance of Rab4 during C.
pneumoniae requires further study. An important event occurring early during infection is
the relocation of the inclusion from the cell periphery to a perinuclear region. This is
believed to be mediated by association of the inclusion with Fip2, a Rab11/Rab14 adaptor
protein, typically involved in intracellular transport of cargo within the endocytic recycling
system (Cullis et al., 2002, Baetz et al., 2013). Rab11 and Rab14 recruit Fip2 to the nascent
inclusion, which in turn binds to the actin motor protein Myosin Vb; Fip2 or MyoVb
depletion caused deficient internalization and infectivity (Fig. 2A) (Molleken et al., 2017).
At later stages of infection Rab11 recruitment to the inclusion is mediated by Cpn0585
(Cortes et al., 2007), but it is unclear whether this inclusion protein is responsible for early
recruitment of Rab11. In host cells overproducing Rab11 locked in the inactive GDP-bound
state, internalization and infectivity was dramatically reduced compared to cells expressing
Rab11 locked in the active GTP-bound state (Molleken et a/., 2017). It remains to be
determined if targeting Rab11-positive endosomes allows C. pneumoniae to gain access to
host cellular resources carried by these compartments.

The inclusion formed by the closely related C. trachomatis also associates with recycling
Rabs (Fig. 2A). Pioneering work showed that C. trachomatis-containing inclusions in HeLa
229 cells are positive for Rab4, Rab11, and Rab14 at 18 hours post infection (Rzomp et al.,
2006). Rab4 and Rab11 associated with the inclusion within the first 2 hours post-infection
(Rejman Lipinski et al.,, 2009), suggesting that they might play a role in remodeling the
inclusion at the start of infection to prevent trafficking through endocytic maturation
pathways. A combined approach including a yeast two-hybrid screen, pull-down, and co-
localization experiments, demonstrated that the inclusion protein CT229 is responsible for
recruiting Rab4 (Rzomp et al., 2006). CT229 (CpoS) also associates with several other Rabs
including Rab35 (Mirrashidi et al., 2015, Sixt et al., 2017), although the biological relevance
of the interaction between CT229 and Rab35 is unknown, and it remains to be determined
whether Rab35 is indeed recruited to the inclusion. Notably, disruption of CT229
compromises the integrity of the inclusion membrane leading to the early release of bacteria
into the host cytosol and resulting in host cell death suggesting that CT229 plays an
important role in the stability of the inclusion and prevention of host cell death (Sixt et al.,
2017, Weber et al., 2017).

Though it is unclear how Rab11 is recruited to the C. frachomatis-containing inclusion, it
was found to interact with the adaptor protein Fip2, which also localizes on the inclusion
(Leiva et al., 2013). This interaction appeared to stimulate recruitment of Rab14, similar to
C. pneumonia infection. The purpose of this interaction has not yet been elucidated,
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although it could be that, analogous to C. pneumoniae, the Fip2 interaction with Rab11 and
Rab14 facilitates movement along the host cytoskeleton. Rab11 and Rab14 may be involved
in chlamydial inclusion development since individually depleting them led to formation of a
smaller inclusion or to delayed enlargement of the inclusion. This is believed to be caused
by deficient delivery of sphingolipids to the inclusion membrane (Rejman et al., 2009a;
Capmany and Damiani, 2010. This idea is supported by data showing that Rab14-positive
vesicles carry the sphingolipid precursor ceramide. Fluorescence microscopy revealed that
BODIPY-TR ceramide vesicles co-localizing with Rab14 were found within the inclusion in
the proximity of bacteria (Capmany and Damiani, 2010). Rab4, Rab11, and Rab14 regulate
recycling of the transferrin receptor (TfR), but it is unknown whether Chlamydiae
manipulate these Rabs to obtain iron. By electron microscopy, TfR positive tubular recycling
endosomes were observed in intimate contact with the inclusion, but they did not seem to
fuse with the inclusion membrane (Al-Younes et al., 1999, Scidmore et al., 2003, Ouellette
et al., 2010). These observations support the notion that association of the inclusion with
recycling endosomes does not necessarily lead to fusion of the inclusion membrane with
these compartments. Interestingly, a screen for low-molecular weight inhibitors of
Chlamyadia growth revealed that FR179254 diminishes the formation of Rab4/11 hybrid
vesicles that carry transferrin, thereby causing a delay in the slow transferrin recycling
pathway (Ouellette ef a/., 2010). Unexpectedly, growth inhibition caused by this compound
was relieved upon removal of the transferrin-containing fraction of the serum.
Overproducing dominant negative mutants of Rab4 and Rab11 inhibited transferrin
recycling and led to accumulation of transferrin-positive vesicles around the inclusion and
ultimately resulted in impaired Chlamyadial growth (Ouellette et al., 2010). These data are
consistent with the idea that overaccumulation of transferrin-containing endosomes at the
inclusion may be deleterious for the development of C. trachomatis and that interactions
with this trafficking pathway need to be closely regulated to ensure proper development.

Overall, these studies demonstrate that the Ch/amydia inclusion associates with recycling
endosomes, but much remains to be learned about the biological relevance of this
association and the molecular mechanisms that mediate their recruitment to the inclusion.
Current evidence suggests that Rab11-positive recycling endosomes do not fuse with the
inclusion membrane (Ouellette et a/.,, 2010), but they remain in close proximity to the
inclusion and seem to be important for moving the inclusion along microtubules. This
observation is intriguing, yet how this is physically accomplished if Rab11-vesicles do not
fuse with the inclusion has not been determined. A recent study demonstrated that Rab11a-
containing endosomes are tethered to the ERC by contiguous “membrane bridges” (Xie et
al., 2016). We could envision that perhaps Rab11-positive endosomes connect with the
inclusion membrane in a similar way, enveloping the inclusion in a “mantle” of recycling
endosomes that allows the inclusion to interface with the host cytoskeleton. Future super-
resolution microscopy studies could readily address this hypothesis. Recycling endosomes
shuttle a range of molecules between the plasma membrane and intracellular organelles
including receptors for nutrient acquisition and innate immune signaling. Beyond
sphingolipid acquisition, it remains to be established whether Chlamyadiae target recycling
Rabs to obtain nutrients or manipulate innate immune signaling pathways.
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SHIGELLA

The facultative intracellular bacterium Shigella flexneri, the causative agent of dysentery,
invades epithelial cells of the human colon. Upon contact with the host cell, S. flexneri
swiftly injects a number of effector proteins through a T3SS. These effectors promote major
rearrangements of actin and the plasma membrane driving the formation of a vacuole that
initially houses the pathogen. The vacuole ruptures within minutes of infection releasing
bacteria into the nutrient-rich cytosol where they replicate and then spread cell-to-cell
(Sansonetti, 2001, Ray et al., 2010). Since vacuolar escape occurs so quickly after entry, the
events that lead up to it have been challenging to study in detail. A high-content sSiRNA
screen for host proteins involved in Shigella uptake and vacuolar rupture identified Rab11 as
a key player in the unfolding of early events (Mellouk et a/., 2014). Immunofluorescence
staining revealed that Rab11-positive compartments abundantly accumulate at the invasion
site and Rab11 recruitment depends on the Shigella effector IpgD, a
phosphatidylinositol(4,5)bisphosphate (P1(4,5)P5) phosphatase that generates PI(5)P
(Mellouk et al., 2014). In the absence of IpgD, actin structures assemble around vacuoles
leading to delayed vacuolar rupture (Fig. 2B). A similar phenotype occurred in cells infected
with a mutant strain encoding a catalytically inactive IpgD or Rab11-depleted cells. Large
volume correlative light electron microscopy and dynamic microscopy revealed that the
Rab11-positive compartments accumulating at the invasion site are large endocytic
structures known as macropinosomes, and that shortly before vacuolar rupture,
macropinosomes are found in direct contact with the bacteria-containing vacuole (Fig. 2B)
(Weiner et al., 2016). Formation of Rab11-positive compartments was also stimulated by
IpaB, which localizes at the tip of the T3SS and directly binds cholesterol (Mounier et al.,
2012). Fluorescence microscopy of S. flexneri-infected epithelial cells transiently producing
GFP-tagged Rabs showed that IpaB induced formation of Rab11-positive tubules when S.
flexneri reached the replicative stage (Mounier ef al., 2012). This resulted in drastic
impairment of traffic of E-cadherin, a core intercellular junction component crucial for
epithelial barrier integrity. This striking phenotype suggests that IpaB could also disrupt
Rab11-dependent traffic of other cell surface receptors or secreted proteins. Since both IpaB
and IpaD lead to accumulation of Rab11-positive compartments one question that needs to
be addressed is whether IpaB and IpaD work together to manipulate Rab11-dependent
pathways.

In conclusion, although most intravacuolar pathogens exploit Rab11-dependent events to
support vacuole biogenesis, Shigella does just the opposite, manipulating Rab11 to
destabilize the vacuole. Precisely how Rab11-positive vesicles stimulate vacuolar rupture is
unclear, but it may involve Rab11 interaction with the exocyst, an octameric protein complex
involved in the tethering of secretory vesicles to the plasma membrane (Lopez-Montero et
al., 2016).

SALMONELLA

A major cause of gastroenteritis in humans, Salmonella enterica serovar Typhimurium is a
facultative intracellular pathogen that infects a variety of cell types including epithelial cells
and macrophages using two distinct T3SS. Upon entry into the host cell, the bacteria settle
into a Sa/monella-containing vacuole (SCV) that matures into a late endosome-like
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E. COLI

compartment, but does not fuse with lysosomes (LaRock et a/., 2015). The SCV interacts
with several components of the recycling endocytosis pathway. In Sa/monella-infected HeLa
cells transiently producing GFP-tagged Rab constructs, Rab4 localized transiently to the
SCV within the first hour of infection, whereas the number of Rab11-positive vacuoles
gradually increased until about 60 minutes post infection (Fig. 2C) (Smith et a/., 2005).
During infection, Rab11 regulated recycling of the cell adhesion receptor CD44, but not the
immune molecule MHC-I, from the SCV back to the cell surface (Smith et a/., 2005),
despite previous studies reporting that MHC-I recycling is partly controlled by Rab11
(Weigert et al., 2004, Smith et al., 2005). Moreover, ectopic expression of constitutively
inactive Rab11 inhibited maturation of the SCV. This effect was only partial, however, and
did not disrupt replication, suggesting that redundant pathways regulate the endocytic
recycling events associated with phagosome maturation. A screen for fluorescently-tagged
Rabs associated with SCVs during infection of HeLa cells demonstrated that Sa/monella
effectors selectively and dynamically alter the Rab composition of the vacuolar membrane
(Smith et al., 2007). Interestingly, the SCV abundantly accumulated Rabs associated with
early, late, and recycling endosomes (Rab5a, Rab5b, Rab5c¢, Rab7a, Rablla, Rab11b)
(Smith et al.,, 2007). Meanwhile, a translocation-deficient mutant, unable to inject effectors
into the host cell and consequently targeted for degradation through phagosome maturation,
accumulated a distinct set of Rabs including Rab8b, Rab13, Rab23, Rab32, and Rab35 (Fig.
2C). Strikingly, with the exception of Rab32, all of these Rabs have been implicated in
regulating recycling endocytosis. The Salmonella effector SopB contributes to regulating
association of Rab35 with the SCV (Bakowski ef al., 2010). SopB reduces the levels of
P1(4,5)P, and phosphatidylserine on the SCV membrane through its phosphoinositide
phosphatase activity, altering the electrostatic surface charge of nascent SCVs (Fig. 2C).
This change is thought to prevent binding of Rab35, which had been previously shown to
directly bind negatively charged phosphoinositides (Heo et al., 2006). Furthermore,
Kobayashi et al proposed that Rab35 functions as a master Rab that promotes recruitment of
other Rabs (including Rab8 and Rab13) to recycling endosomes through recruitment of
MICAL-L1, a protein that interacts with multiple Rabs (Kobayashi et al., 2014).
Localization of these Rabs on SCVs occupied by translocation-deficient mutants is
consistent with the hypothesis that these particular Rabs are not only regulators of recycling
endocytosis, but are also involved in phagosome maturation. Thus, although recycling Rabs
have been shown to be selectively recruited to the SCV membrane, the biological relevance
of these interactions is not understood and merits further study. Drawing on knowledge
about the importance of these pathways for other bacterial pathogens, association with
Rab11-positive endosomes, for instance, could be of nutritional benefit potentially providing
the SCV with access to host resources such as iron or sphingolipids.

The uropathogenic £. coli (UPEC) is frequently the cause of recurrent urinary tract
infections. Though mostly extracellular, UPEC can also persist intracellularly. The pathogen
penetrates bladder epithelial cells by forming intracellular bacterial communities and
quiescent intracellular reservoirs, both being sources of recurrent and persistent infections
that can often evade the host immune response (Hunstad ef a/., 2010). Following
internalization, UPEC are retained in a vacuole that at late time points after mouse infections
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(>2 weeks) display late endosome characteristics including the presence of LAMP-1, but
absence of the lysosomal protein Cathepsin D (Mysorekar et al., 2006) and this phenotype
was recapitulated in an /in vitro cell culture infection system (Dikshit ef a/., 2015). Depletion
of Rab35 in cultured bladder epithelial cells (BEC) led to accumulation of lysosomal
markers on the UPEC vacuole and resulted in decreased survival of UPEC. Fluorescence
microscopy of BEC cells overproducing GFP-tagged Rab GTPases and infected with UPEC
revealed that throughout infection a gradually increasing percentage of UCVs accumulated
Rab35, consistent with the idea that Rab35 contributes to the intracellular persistence of
UPEC. Rab35 is a key regulator of transferrin receptor (TfR) recycling and TfR is located on
the UPEC vacuole (Fig. 2D). UPEC seems to utilize the Rab35-dependent traffic of TfR to
gain access to the host’s supply of iron in addition to its own iron acquisition system
(Dikshit et al., 2015). This notion is supported by observations that UPEC survival is
dramatically reduced in Rab35 or TfR depleted cells and bacterial growth could not be
rescued by iron supplementation. In addition to associating with Rab35, the UPEC vacuole
also associates with Rab11a, which has been linked to the intriguing ability of BEC cells to
expel UPEC without disrupting cell viability (Bishop et a/., 2007). A recent study
demonstrated that UPEC extrusion through the plasma membrane, known to be triggered by
the pattern recognition receptor, Toll-like receptor 4 (TLR4), is accomplished through a
mechanism that involves Rabl1la and Rab27b (Miao et al., 2017). Remarkably, this
mechanism of bacterial clearance seems to simultaneously involve the motor proteins dynein
and myosin. On one hand, Rab11a recruits Rab11FIP3 and the microtubule motor protein
dynein, and on the other hand Rab27b interacts with MyRIP and actin-associated motor
myosin Vlla (Fig. 2D). Rab1la and Rab27b are recruited and activated by the exocyst
complex components SEC6/SEC15, which in turn interacts with TLR4 present on the UPEC
vacuole. It is unclear whether this mechanism is simply a host defense strategy or whether
this is a UPEC-driven strategy to infect neighboring cells.

LEGIONELLA

The facultative intracellular bacterium Legionella pneumophila is an opportunistic human
pathogen that causes a severe type of pneumonia known as Legionnaires’ disease. In the
lung, L. pneumophila infects cells of the innate immune system including macrophages and
neutrophils. Bacteria internalized by these professional phagocytes remodel the nascent
phagosome into a replicative niche (So et al., 2015). Recruitment of vesicles derived from
the endoplasmic reticulum (ER) is a hallmark of vacuolar remodeling and it begins
occurring within minutes of infection onset (Swanson et al., 1995). The Legionells-
containing vacuole (LCV) avoids phagosomal maturation and fusion with lysosomes,
however, the mechanism behind this process is not well understood. The prevailing view is
that L. pneumophila manipulates host membrane traffic to support vacuole biogenesis and
maintenance (Ham et al., 2011, Hilbi et al,, 2011, Spano et al., 2017). Though more is
known about how L. pneumophila effectors exploit ER-to-Golgi traffic, how other
membrane trafficking pathways might be manipulated is less clear. In a recent study using a
pulse-chase approach, transferrin recycling was found to be drastically diminished in U937
macrophages infected with wild type L. pneumaophila, but not in those infected with a
translocation-deficient mutant (Allgood ef a/., 2017). This is consistent with the notion that
L. pneumaophila disrupts one ore more host endocytic recycling pathway since TR is
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recycled through both the “fast” and ‘slow’ recycling pathways. Although it is not yet known
precisely which pathway is disrupted, this phenotype was largely attributed to the effector
protein AnkX since the inhibitory effect on recycling was significantly relieved when
macrophages were infected with the AankX mutant. AnkX had been previously shown to
directly modify Rab35 by covalent addition of a phosphocholine moiety (Mukherjee et al.,
2011). Phosphocholinated GDP-bound Rab35 no longer interacts with its cognate GEF,
Connecdenn, persisting in an inactive state (Fig. 2E). Thus, it would be expected that during
infection, the Rab35 pool accessed by AnkX remains locked in an inactive GDP-bound
conformation, which presumably contributes to inhibition of transferrin recycling. In support
of this notion, transferrin recycling was inhibited in macrophages infected with the AankX
mutant complemented with wild type AnkX, but not when complemented with the
catalytically inactive AnkXH229A (Allgood et al., 2017). This directly links post-translational
modification of host proteins to an inhibitory effect on recycling endocytosis, but it is
unclear if this effect was mediated by targeting other recycling Rabs in addition to Rab35.

Proteomic studies of intact LCVs isolated from RAW264.7 murine macrophages revealed
the presence of a number of Rabs including several associated with recycling endocytosis
(Bruckert et al., 2015, Schmolders et al., 2017). A recent study compared the proteome of
LCVs from macrophages infected with either wild type or a pentuple deletion mutant, a
strain lacking 5 gene clusters covering 31% of the L. pneumophila effector proteins
(O’Connor et al., 2011), which replicates within macrophages, but not within amoebae, their
natural host. In this study, Rabl1la was identified in the proteome of LCVs regardless of the
presence of a full complement of effectors. This was also the case for LCVs purified from
the amoeba, Dictyostelium discoideum. According to a previous study, Rabl1a was still part
of the LCV proteome at 4 h post-infection in RAW264.7 macrophages (Bruckert et al.,
2015). Notably, Rab11a was ubiquitinated in a manner that depended on the activity of the
effector AnkB (Bruckert et al., 2015), although it is unclear whether Rab11a is a direct
substrate of AnkB. Rab14 was present on LCVs of wild type, the Apentuple mutant, and the
AankB mutant. The fact that Rab11a and Rab14 have been consistently found on LCVs
during infection of macrophages or amoebae points to a conserved function of these Rabs in
vacuole biogenesis. Depletion of Rabl1a led to defective intracellular growth, whereas
depletion of Rab14 did not cause a significant growth phenotype (Hoffmann et al., 2014).
However, the precise function of Rab11 and Rab14 and the mechanisms responsible for their
recruitment to the LCV remain to be determined. Rab4a was also found to associate with the
LCV when ectopically expressed in host cells, but Rab4a knockdown did not affect
intracellular growth (Hoffmann et al., 2014).

Interestingly, both the Apentuple mutant and the AankB mutant, but not the wild type LCVs,
were positive for Rab35 at 1h and 4 h, respectively. This suggests that host protein
ugibuitination is important for controlling association of Rab35 with the LCV. It is also
possible that one of the effectors missing in the Apentuple mutant is responsible for
inhibiting binding of Rab35 to the LCV. We could then speculate that Rab35 is involved in
the early stages of phagosome maturation, as reported in other systems (Verma et al., 2017).

Though proteomic studies are a rich and valuable resource for understanding how Legionella
alters the protein composition of the vacuole, this approach provides only a snapshot of the
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LCV’s protein content. Deciphering the roles of Rab11a, Rab14, and Rab35 in vacuole
biogenesis and maintenance necessitates a better temporal resolution of the dynamics of
these Rabs on the LCV. Further study is needed to clarify how these Rabs are recruited to the
LCV, how L. pneumophila distinguishes different pathways of recycling endocytosis, and
why L. pneumophila inhibits recycling endocytosis.

Concluding remarks

Mammalian cells rely on an intricate and highly dynamic network of membrane trafficking
pathways to perform essential functions. Within this tapestry of trafficking routes, the
function and movement of vesicles is defined in large part by the Rabs present on their
membrane. Intracellular bacterial pathogens access specific trafficking routes by selectively
targeting Rabs, but how precisely they impact intracellular traffic is only beginning to be
understood. Regulated by multiple Rabs, recycling endocytosis mediates the transport of
membrane proteins back to the plasma membrane. Secreted bacterial effectors target several
recycling related Rabs and, in this review, we have highlighted how particular intracellular
bacterial pathogens manipulate one or more of these Rabs. Currently there is strong evidence
in support of selective recruitment of endocytic recycling Rabs to the vacuole of bacterial
pathogens described here. However, much remains to be understood about how Rabs are
recruited to vacuole and what is the functional role of these interactions. Nevertheless, based
on present knowledge of interactions between intracellular bacterial pathogens and
endocytic recycling regulators, several clear parallels emerge among pathogens. First, Rab11
is a prominent target, common to almost all pathogens reviewed here, highlighting its key
role in normal function of mammalian cells. The multifunctional nature of Rab11 seems to
translate into a number of benefits for bacterial pathogens that manipulate it, including entry
and exit from the host cell, vacuole biogenesis or rupture, acquisition of nutrients, and
evasion of immune detection, depending on the particular needs of the pathogen. A second
common trend observed is the transient recruitment of Rab4 early during infection and an
ensuing, more persistent wave of Rab11. This sequential recruitment suggests the presence
of a common mechanism potentially involving endogenous or bacterial regulatory proteins
that activate or deactivate Rabs in a specific order. Third, vacuoles of degradation-destined
Salmonellaand Legionella mutants both acquire Rab35 as well as Rab8 and Rab13.
Previous studies showed that Rab35 promotes recruitment of Rab8 and Rab13 to recycling
endosomes through MICAL-L1, an endogenous protein that serves as a scaffold. This
further strengthens the possibility that Rab cascades regulating endogenous membrane
traffic are recapitulated on the membranes of bacteria-baring vacuoles. An alternative
explanation for the recruitment of these Rabs could be that the electrostatic charge of the
vacuolar membrane is altered in a way that allows recruitment of Rabs with polybasic
clusters (Heo et al., 2006). Finally, because Rab35 is a key regulator of recycling
endocytosis and it has recently been demonstrated to play a major role in phagosome
maturation, pathogens could exploit it to both gain access to host resources and to prevent
their degradation. How bacterial pathogens distinguish between recycling endocytosis
pathways that are functionally distinct is a central question that is far from being well
understood and addressing this question in more depth will bring important insights into
mechanisms of intracellular survival of bacterial pathogens.
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Figure 1. Schematic of endosomal traffic and Rab GTPases present on different membrane
compartments (not a comprehensive view)

Cargo is internalized into vesicles that undergo homotypic fusion giving rise to early/sorting
endosomes (SE), where distinct cargoes are then segregated into microdomains.
Subsequently, tubular recycling endosomes (RE) carry the sorted cargo back to the plasma
membrane. Rab4 and Rab35 regulate fast recycling from these sorting hubs through
recycling endosomes back to the plasma membrane. Alternatively cargo can be routed to the
endocytic recycling compartment (ERC) from where it can be recycled back to the plasma
membrane through Rab11-positive tubular recycling endosomes. Other endosomes move
segregated cargoes from sorting endosomes toward the trans-Golgi network through
retrograde traffic, or towards late endosome to ultimately be degraded by fusion with
lysosomes.
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Figure 2. Bacterial pathogens selectively target endocytic recycling Rabs
A) C. pneumoniae and C. trachomatis— Upon uptake into the host cell, the infectious

elementary body (EB) of C. pneumoniae forms the inclusion body. The early inclusion body
associates with Rab4, Rab11, and Rab14 through unknown mechanisms. Subsequently, EBs
differentiate into the non-infectious replicative bodies (RB). At this later stage the inclusion
is associated with Rab11 through direct interaction with the C. pneumoniae inclusion protein
Cpn0508. As a result, the Rab11 adaptor proteins Rab11FIP2 (FIP2) is recruited leading to
recruitment of Rab14 to the inclusion body and interaction with the actin motor protein
Myosin Vb. The developmental cycle of infection of C. trachomatis is similar to C.
pneumoniae. Rab4 is recruited to the early inclusion by the C. trachomatis inclusion protein
CT229. The Rab11-FIP2-Rab14 complex is also recruited to the inclusion body, but it is
unclear if it facilitates interactions with the cytoskeleton.

B) S. flexneri — The nascent vacuole containing S. flexneriassociates with Rab11-positive
macropinosomes. Recruitment of macropinosomes is critical for vacuolar rupture and escape
of S. flexneri into the cytosol. The effector protein IpgD, a P1(4,5)P, phosphatase, is
responsible for recruitment of Rab11-positive macropinosomes to the invasion site. In the
absence of IpgD, Rab11-positive macropinosomes are not recruited and instead the vacuole
becomes enclosed in an actin cage. S. flexneri effector IpaB is thought to directly bind
cholesterol to induce formation of Rab11 positive compartments while the bacterium enters
a replicative state.

C) S. enterica serovar Typhimurium — replicates within the Sa/monella-containing vacuole
(SCV). The SCV matures to resemble a late endosome, but does not fuse with lysosomes.
The SCV interacts with endocytic recycling pathways through the early recruitment of Rab4
and Rab11. The cell adhesion molecule CD44 is recycled from the SCV back to the plasma
membrane through a Rab11-dependent pathway. The effector SopB, a P1(4,5)P,
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phosphatase, prevents Rab35 recruitment to the SCV by modifying the SCV’s surface
charge.

D) Uropathogenic E. coli — can reside within a vacuole that co-localizes with Rab35 and
the transferrin receptors, a major transporter of iron within the host cell. UPEC is also
capable of being expelled from the cell without damage to the bacterium or the host. TLR4
present on the vacuole interacts with Sec6 and Sec15 which recruit Rablla and Rab27b to
the UPEC-containing vacuole. Rab11a can then bind its adaptor protein Rab11FIP3 (FIP3)
to recruit the actin motor protein Myosin Vlila while Rab27b recruits the microtubule motor
protein dynein through its adaptor protein MyRIP.

E) L. pneumophila — The Legionella-containing vacuole (LCV) associates with Rab4a,
Rabl1la and Rab14 through an unknown mechanism. The effector protein AnkX
phosphocholinates Rab35 preventing activation by the cognate GEF, Connecdenn, and
thereby inhibiting Rab35 activation. A mutant of L. pneumophila missing five of its genomic
islands encoding effector proteins (Apentuple) still recruited Rab4a, Rabl1a and Rab14 and
did not prevent Rab35 recruitment.
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