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ABSTRACT
Compartmentalization in cells of the immune system, the
focus of this review, facilitates the spatiotemporal organi-
zation of cellular responses essential for specialized
immune functions. In this process of compartment main-
tenance, Rab proteins are central regulators of protein-
mediated transport and fusion of intracellular structures.
It is widely believed that the intracellular concentration of
proteins that regulate intracellular transport, including
Rab proteins, is constitutively mantained. However, there
is a growing body of evidence indicating that transcrip-
tional rates of Rab proteins can be modified. This process
is especially evident during immune activation and argues
that after activation, these cells require higher levels of
Rab proteins. The aim of this review is to discuss evi-
dence showing the increasing links between Rab protein
expression and intracellular transport, particularly in
monocytes and macrophages. We highlight here biologi-
cal processes in which the expression of Rab GTPases is
selectively regulated, leading to the activation of specific
intracellular routes. Further, we focus on the immune reg-
ulation of intracellular transport after cytokine activation
and microbial infection, with an emphasis in mycobacte-
rial infection. J. Leukoc. Biol. 92: 41–50; 2012.

INTRACELLULAR TRANSPORT

All eukaryotic cells have an intricate network of membrane-
bound organelles. In these cells, the dynamic flow of mem-
branes and cargo between compartments takes place effi-
ciently, while integrity, structure, and biochemical composition
of every intracellular organelle is maintained [1]. Compart-
mentalization in eukaryotic cells facilitates the organization of
cellular reactions, important for specific functions, exerted by
different cell types in multicellular organisms. Moreover, mem-
brane trafficking allows not only interaction between intracel-
lular compartments but also communication with the extracel-
lular environment.

The endocytic pathway is responsible for the uptake of com-
ponents present in the extracellular space and internalization
of receptors. In this pathway, the endocytosed material is
transported from vesicles (or endocytic vesicles) to the early
endosomes, a tubo-vesicular network, where internalized com-
ponents are sorted for recycling or degradation. In addition,
receptor-associated endosomes can activate intracellular signal-
ing pathways—signaling endosomes—in a spatiotemporal man-
ner [2]. Although there are emerging exceptions, endocytosis
is classically divided in four general categories: clathrin-medi-
ated endocytosis, caveolae (clathrin-independent), macropi-
nocytosis, and phagocytosis [3, 4]. All of these endocytic mech-
anisms allow cells to internalize a broad range of extracellular
components from single molecules to large particles. The
highly dynamic endosomal/lysosomal system of mammalian
cells and the trafficking pathways within the endosomal system
are fundamental for a wide variety of cellular functions, in-
cluding immunity. This system allows the constitutive and reg-
ulated movement of membrane components between the cell
surface and intracellular compartments and it is controlled at
the molecular level by several factors [2].

On the other hand, and in parallel to endocytosis, all eukary-
otic cells have a system to transport molecules to plasma mem-
brane, and many cells secrete specific proteins into the extracel-
lular environment. The secretion of small signaling molecules,
such as hormones or cytokines, is generally performed via exocy-
tosis, which can be constitutive (secretion) or regulated (see be-
low). During exocytosis, molecules are released outside of the cell
into the extracellular space. Therefore, exocytosis facilitates cell
communication through a variety of signaling molecules, which
are released after specific stimuli.

CONSTITUTIVE VERSUS INDUCIBLE
INTRACELLULAR TRANSPORT

Intracellular trafficking pathways, which are fundamental to
the normal cellular physiology, such as endocytosis, exocytosis,
and protein sorting/recycling, are constitutively active in eu-
karyotic cells. Although most of the essential intracellular
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transport is, without doubt, constitutively active, certain cell
types, in response to specific stimuli, activate selected transport
pathways. This is more evident in processes, such as endocyto-
sis of selected proteins induced by specific ligands [4, 5]. Fur-
thermore, specialized cell types display not only signal-acti-
vated endocytosis but also other specific transport routes. In
some cell types, vesicles that carry proteins along the regulated
secretory pathway usually accumulate intracellularly. Subse-
quently, after the appropriate physiological stimulus, vesicles
fuse with the plasma membrane, allowing the secretion of
those accumulated proteins [6].

Depending on the cell type, the physiological state, and ex-
tracellular signals, specific intracellular transport routes need
to be spatiotemporally activated or repressed. This allows not
only the coordination but also the integration of those signals
into existing pathways. As a result, those signals might increase
or decrease rates of specific intracellular membrane trafficking
pathways. Although it is assumed that induction of a protein
involved in a certain pathway will directly affect this trafficking
route, knowledge about how this is regulated just started to
emerge recently. For example, a transcriptional control of lyso-
somal function has been reported by investigating genes shar-
ing a promoter signature that regulates lysosomal functionality
[7]. In this study, the increase in the expression of certain lys-
osomal proteins correlates with the intracellular number of
lysosomes, providing evidence for a transcriptional control of
lysosomal biogenesis [7]. Therefore, this study highlights the
relevance of the transcriptional control of an organelle num-
ber, arguing that an increase of the rate of vesicular transport
will need higher expression of proteins required for the bio-
genesis of that organelle. Alternatively, intracellular transport
can be the result of high rates of formation, transport, and
fusion.

INTRACELLULAR TRANSPORT AND
IMMUNITY

In cells of the immune system, intracellular organelle function
is crucial and therefore, highly regulated. Intracellular trans-
port and immunity are linked in many ways. One example is
the intracellular trafficking and signaling of TLRs within the
endocytic pathway [8]. The activation of TLR and its signaling
from phagosomes and endosomes is modulated by the envi-
ronment present in the lumen of those organelles [9–11].
During the immune response, many intracellular trafficking
routes are activated in immune cells. In T cells, secretion of
ILs and the immune modulation exerted by them is depen-
dent on exocytosis. DCs activate endocytosis for uptake and
degradation of antigens following transport to the plasma
membrane for presentation and activation of the correspond-
ing T cell subset. Macrophages trigger migration and phagocy-
tosis after infection to eliminate the invading pathogens. Phagocy-
tosis is a specific type of endocytosis in immune-specialized cells,
especially in professional phagocytes. This pathway is the main
mechanism for uptake of pathogens and cell debris and repre-
sents the first line of defense against infection [12, 13].

Additionally, phagocytes, being part of the immune system,
posses surface receptors that recognize extracellular immune

signals, e.g., ILs or microbial constituents. These receptors in-
duce the appropriate response at the intracellular level. Conse-
quently, phagocytes have to adapt their trafficking needs to
enable dynamic and customized reactions to infection. From
this point of view, phagocytosis could be considered as an in-
ducible trafficking pathway. Professional phagocytes, after con-
tact with microbes, are recruited at the site of infection, where
the phagocytic machinery is activated. Consequently, as a re-
sult of a higher rate of phagocytosis induction, more phago-
somes are generated and therefore, more degradative com-
partments are needed to eliminate the pathogenic agents.

Rab PROTEINS AS REGULATORS OF
INTRACELLULAR TRANSPORT

One important group of proteins that regulates intracellular
transport pathways consists of small, monomeric GTPases.
These proteins act as regulators of important aspects of com-
partment dynamics, such as generation, identity, movement,
and function. From this large family of small GTPases, mem-
bers of the Rab GTPase family regulate critical steps of mem-
brane-bound organelle formation, organizing membrane do-
mains and driving compartment maturation [14]. In humans,
there are more than 70 different members, which specifically
localize in different intracellular compartments. This complex
network of Rab proteins controls the dynamic changes of all
intracellular trafficking routes [14–16]. In general, it is ac-
cepted that specific Rab proteins are associated to certain in-
tracellular transport pathways. This implies that enhancement
of a particular vesicle-mediated transport will require an in-
crease in the levels of those Rab proteins associated to the
transport steps.

Rab PROTEINS EXPRESSION: NEWLY
SYNTHESIZED VERSUS PRE-EXISTING
POOL

Rab GTPases have two states: a GTP-bound, active form and a
GDP-bound, inactive form. The cycle of activation and inacti-
vation of Rab proteins plays a critical role in vesicular traffick-
ing between intracellular compartments. The pre-existing cyto-
solic pool of Rab-GDP in complexes with GDI is targeted to
their specific compartments. After transient association of
complexes, GDI is released through interaction with GDI dis-
placement factor, and exchange of GDP by GTP is catalyzed
by GEF. Rab-GTP is able then to recruit diverse proteins called
“Rab effectors”, which determine Rab protein functions, con-
trolling diverse processes that include vesicle motility, tether-
ing, and fusion. GTP is then hydrolyzed after interaction with
a GAP protein. GDI can remove Rab-GDP from membranes,
and Rab-GDP/GDI complexes are recycled and ready for a
new round [17].

On the other hand, newly synthesized Rab proteins are rec-
ognized and guided by REP, proteins structurally related to
GDI, to the geranylgeranyl transferase before targeting them
to the membrane delivery cycle [18]. The consensus view is
that there are consequently two pools of Rab proteins: one
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represented by the newly synthesized bound to REP and a sec-
ond one that recycles between cytosol and target membranes
bound to GDI.

Rab PROTEINS EXPRESSION
REGULATED BY CYTOKINES

Evidence for transcriptionally regulated trafficking proteins is
mainly provided from studies performed in responses of im-
mune cells to activation and infection, particularly in phago-
some maturation (see Fig. 1). We therefore focus on this as-
pect in more detail. As in other intracellular transport routes,
members of the Rab protein family are critical regulators of
phagosome maturation [19]. Although it is well established
that phagosome maturation is selectively modulated by cyto-
kines and microbial components, the precise mechanisms are
poorly understood. Cytokines have an impact on phagosome
maturation, suggesting a link between intracellular membrane
trafficking regulation and immune modulators. How this is
achieved at the intracellular level is still poorly defined. We
describe here evidence indicating that the expression of Rab

proteins is modulated by specific cytokines and associates with
a change in the trafficking of phagosomes.

IFN-�
IFN-� is a cytokine produced mainly by Th1 cells and NK cells.
This IFN, originally called macrophage-activating factor, is the
key protective cytokine for macrophages, leading to the induc-
tion of diverse antimicrobial activities [20]. Not surprisingly,
stimulation of phagosome maturation is one of the mecha-
nisms regulated by IFN-�.

Priming of macrophages with IFN-� facilitates phagosomal
acidification and subsequent bacterial killing. IFN-� induces
the expression of several antimicrobial proteins, including the
NOS, which generates NO and IFN-�-inducible GTPases [19].
The acidification of Mycobacterium-containing phagosomes is
increased significantly by IFN-� treatment. Therefore, IFN-�
has the ability to reverse the limited acidification of phago-
somes induced by mycobacteria [21, 22]. Furthermore, IFN-�
is also able to modulate intracellular membrane trafficking to
increase phagosome maturation in macrophages via induction
of autophagy [23].

Stimuli Rab expression Correlated immune function Ref.

Soluble Mediators

Bacterial components

Mycobacteria

CpG

Muramyl dipeptide

LPS

Late endosome to TGN transport
Lymphocyte activation
Early endosome dynamics
Phagosome/Endosome maturation
Late endosome to TGN transport
TLR4 transport from Golgi to plasma membrane
Endosomal recycling
Exocytosis (e.g TNF-α)

Rab7b
Rab8A
Rab5
Rab7
Rab7
Rab10
Rab11
Rab37

Rab10
Rab20
Rab34
Rab10
Rab20
Rab34
Rab8a
Rab10
Rab20
Rab24
Rab32
Rab33A

Transition from nascent to early phagosome
Unknown
Lysosome positioning, macropinocytosis
Transition from nascent to early phagosome
Unknown
Lysosome positioning, macropinocytosis
Lymphocyte activation, ciliary transport
Transition from nascent to early phagosome
Unknown
Autophagy
Autophagy
Putative role in phagolysosome fusion, autophagy

Rab27a
Rab4A

Virus transport, secretion
Endosomal recycling (e.g CD4)

Rab7
Rab11
Rab11

Phagosome/Endosome maturation
Endosomal recycling
Endosomal recycling

Viruses

Parasites

Trypanosoma cruzi

Theileria annulata

Mycobacterium smegmatis

Mycobacterium avium

Mycobacterium tuberculosis

IL-1
IL-3
IL-4/PGE2
IL-6

IL-12
IFN-γ

SP-A
TGF-β
TNF-α

Regulation factors

HCMV
HIV-1 

Rab3B/C
Rab3B/C
Rab5a
Rab5
Rab3B/C
Rab7
Rab4B
Rab5a
Rab7b
Rab11
Rab3B/C

Ca2+-dependent exocytosis
Ca2+-dependent exocytosis
Early endosome dynamics
Early endosome dynamics
Ca2+-dependent exocytosis
Phagosome/Endosome maturation
Endosomal recycling (e.g MHC class II)
Early endosome dynamics 
Late endosome to TGN transport  
Endosomal recycling
Ca2+-dependent exocytosis

49
49
33
35
49
35
31
24
46
44
47

55
56
57
57
58
59
60
61
 
62
62
62
62
62
62
63
63
63
64
63
64

53
53
54
 

51
52 Figure 1. Stimuli that affect Rab

protein expression and immune-
intracellular transport-dependent
function. List of the different solu-
ble mediators, viruses, parasites,
bacterial molecules, and mycobacte-
ria known to regulate Rab protein
expression. The putative, correlated
function to a specific Rab protein is
also listed in the context of
immunity.
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One of the first pieces of evidence, showing that immune me-
diators regulate Rab protein expression, derives from studies per-
formed in macrophages activated with IFN-�. After IFN-� treat-
ment, Rab5a transcription was markedly increased in human-de-
rived macrophages [24]. Rab5 is localized to the early endosomes
and phagosomes, playing a key role during the maturation of
endosomes and phagosomes [25, 26]. Moreover, increased ex-
pression of Rab5a correlates directly with accelerated maturation
of Listeria monocytogenes phagosomes [27].

One of the first events during phagosome maturation is the
recruitment of Rab5. Afterwards, type III PI3K is recruited to
phagosomes in a Rab5-dependent manner [28, 29]. Phosphati-
dylinositol-3-phosphate is required for EEA1 protein recruit-
ment to the early phagosomes [30]. As EEA1, Rabenosyn-5,
and Rabex-5 form an oligomer in early endosomes, more ef-
fector recruitment by Rab5 engages more Rabex-5. In turn,
more Rab5 is recruited in a positive-feedback loop, which en-
sures sufficient Rab5 recruitment to early phagosomes. The
extent of Rab5 association to phagosomes can therefore be an
effective way to modulate phagosome maturation. Noteworthy,
the effect of IFN-� on Rab5 expression is very specific, as the
transcription of Rab5b and Rab5c is not affected. In macro-
phages, IFN-� also has an effect on Rab5a function, as the
GTP/GDP Rab5a ratio bound to the phagosomal membrane
increases twofold in response to IFN-�. This argues that gua-
nine exchange, GTP hydrolysis, or both are regulated by IFN-�
as well [24].

In DCs, IFN-� induces the activation of the Rab4B promoter
increasing the number of Rab4B transcripts in these APCs.
Noteworthy, the promoter of Rab4B contains an enhancer,
called S-Y module, regulated by the same transcription factors
that regulate MHC class II expression. The S-Y module in-
cludes the transcription factor, called RFX, and a transcrip-
tional coactivator known as the CIITA. As Rab4A is associated
with early endosomes regulating receptor recycling, the tran-
scriptional activation and coregulation of Rab4B and MHC
class II genes argue that antigen presentation is modulated by
increasing Rab4B-mediated endosomal recycling of MHC class
II [31].

IL-4
The binding of IL-4 promotes alternative activation of macro-
phages into M2 cells and inhibits classical activation of macro-
phages into M1 cells [32]. An increase in the number of alter-
native-activated macrophages (M2) induces high levels of IL-10
and TGF-�, resulting in anti-inflammatory signals. IL-4, in
combination with Prostaglandin E2 (PGE2), selectively induces
Rab5a expression, supporting the assumption that specific
functions are associated with certain Rab5 isoforms [33]. Acti-
vation of macrophages with IL-4/PGE2 results in enlarged,
early endosomes, a consequence of more fusion or less fission
between endosomal vesicles. Indeed, Rab5a is required for the
formation of these large endosomes, as Rab5a silencing in IL-
4/PGE2-treated macrophages inhibits endosomal enlargement
[33]. In this context, it is likely that the higher levels of Rab5a
(and perhaps other endosomal proteins) induced by IL-4/
PGE2 have an effect in endosome biogenesis. In addition to
that IL-4 enhances the proteolitic activity of phagosomes

within macrophages [34]. It remains to be determined
whether the enhanced proteolysis observed in phagosomes
after IL-4 activation is related to the observed alterations in
the early endosomal population.

IL-6
The intracellular levels of Rab5 are also higher in IL-6-treated
macrophages [35]. IL-6 is a cytokine mainly secreted by T cells
and macrophages, which acts as a proinflammatory cytokine,
inducing the production of acute-phase proteins in response
to infection and injury [36]. In contrast to the effect observed
with IFN-�, all isoforms of Rab5 are induced significantly by
IL-6 stimulation. Indeed, the 2kB upstream promoter region
of Rab5 is transcriptionally active after IL-6 treatment, indicat-
ing that IL-6 specifically triggers a signal transduction pathway,
which leads to an increase in the expression of Rab5 [35], and
Rab5 expression, activated by IL-6, is regulated by ERKs, as
inhibitors of the MEK1/2 signaling pathway abrogate the ex-
pression of Rab5 expression induced by IL-6. Consistent with
this notion, IL-6 treatment also enhances fusion between early
endosomes and early phagosomes in an ERK-dependent man-
ner, in correlation with high Rab5 levels during this process
[35]. More important, the effect in Rab5 expression seems to
be very specific, as an IL-6-mediated increase in Rab5 pro-
moter activity is blocked specifically by an ERK inhibitor but
not by a p38 MAPK inhibitor [35].

IL-12
DCs and phagocytes produce the proinflammatory cytokine
IL-12 in response to pathogens during infection, and it is well
established that IL-12 is a potent inducer of Th1 responses
[37]. The small GTPase Rab7 is specifically up-regulated in
macrophages after IL-12 treatment [35]. Rab7 is largely associ-
ated to late phagosomes and lysosomes [38, 39]. Its main role
is the control and the biogenesis of late endocytic organelles
[39]. Furthermore, it is well established that Rab7 is required
for phagosome maturation, transport events from late endo-
somes to lysosomes and autophagy [38, 40, 41]. According to
the Rab5-Rab7 transition model, Rab5 is exchanged into Rab7
during phagosome maturation. However, how Rab7 is re-
cruited to phagosome is still poorly defined, although one of
the possible components associated to this transition is the ho-
motypic fusion and vacuole protein sorting complex [42, 43].
Interestingly, the 2kB upstream promoter region of Rab7 is
transcriptionally active after IL-12 treatment. Although the pre-
cise transcription factor(s) involved are not yet identified, this
indicates that IL-12 specifically activates intracellular signaling
cascades, leading to Rab7 expression. Whereas MEK1/2 regu-
lates Rab5 expression, IL-12 induces Rab7 expression and
phagosome maturation in a p38 MAPK-dependent manner.
Remarkably, after IL-12 treatment, Salmonella-containing
phagosomes are significantly more associated to lysosomal
markers, indicating that IL-12 may reverse the inhibition of
phagosome maturation induced by Salmonella [35].

Other immune mediators
Additionally, other immune mediators can modulate Rab ex-
pression. Human intestinal epithelial cells display low levels of
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Rab11 expression after treatment with TGF-� [44]. Rab11 is
one of the master regulators of recycling within the endocytic
pathway [45]. TGF-� is important for the regulation of the im-
mune system by Tregs and the differentiation of forkhead box
p3� Tregs and Th17 cells. Although TGF-� appears to block
the activation of lymphocytes and phagocytes, the effect of this
IL in intracellular transport remains to be elucidated. It can
be hypothesized that lower levels of Rab11 will decrease the
amount of certain receptors recycled, leading to different re-
sponses originated from plasma membrane receptors.

The SP-A modulates the innate immune response in the
lung, having a direct effect on alveolar macrophage physiol-
ogy. SP-A specifically enhances the expression of functionally
active Rab7 and Rab7b, but not Rab5 and Rab11, in primary
alveolar macrophages [46]. Although SP-A clearly has other
effects in macrophage physiology, the increased Rab7 expres-
sion stimulated by SP-A correlates with enhanced phagosome
maturation [46].

Numerous studies have shown that TNF-�, IL-3, IL-1, and
IL-6 promote the differentiation of BMM into osteoclasts.
Treatment of BMM with TNF-�, IL-3, IL-1, and IL-6 increases
Rab3B/C but not Rab3A expression. The Rab3 subfamily, con-
sisting of four isoforms—Rab3A, -B, -C, and -D—has a differ-
ent distribution in tissues, indicating specific niche-dependent
functions [47, 48]. As Rab3 isoforms are linked to the control
of Ca2�-dependent exocytosis, perhaps the expression of spe-
cific isoforms of Rab3 is differentially regulated during oste-
oclastogenesis, leading to exocytosis-mediated release of ILs
[49]. In the same way, overexpression of Rab3B in dopaminer-
gic neurons in vivo increases the number and size of synaptic
vesicles [50].

Rab EXPRESSION REGULATED BY
PARASITES AND VIRUSES

Parasitic infections can also affect Rab expression levels in host
cells after infection (Fig. 1). The expression of Rab11 and
Rab7, but not Rab5, is down-regulated during T. cruzi infec-
tion in cardiomyocytes [53]. In these studies, alterations in the
Rab GTPase expression during T. cruzi infection correlate well
with an impairment in endocytosis. Despite the fact that the
Rab5 protein, levels are normal, the expression of the effector
of Rab5 EEA1 (see above) is abnormally low, suggesting that
this would be one factor responsible for the decreased endocy-
tosis [53]. T. annulata, a parasitic protozoan, which belongs to
the phylum Apicomplexa, increases the expression of Rab11 in
infected B cells. Intriguingly, the up-regulation of Rab11 is
very specific, without any effect on other Rab proteins. The
majority of Rab11 remains associated with the membrane frac-
tion, arguing that Rab11 is in its GTP-bound, active form. Fur-
thermore, the Rab11 promoter is significantly activated in Thei-
leria-infected B cells, arguing that higher expression of Rab11
is a result of transcriptional rather than post-translational acti-
vation. Blocking JNK1 signaling reduces AP-1 transactivation
of the Rab11 promoter activity [54]. Therefore, the regula-
tion of recycling endosomes and cell-cycle progression
might be linked and coordinated during JNK/AP-1 activa-
tion in transformed B cells [54].

HCMV increases expression of several Rab genes that con-
trol membrane trafficking [65]. Human fibroblast cells in-
fected with HCMV induce a significant increase in Rab27a ex-
pression [51], suggesting that high levels of Rab27a could be
important for virus transport/secretion and production [51].

The HIV-1 also modulates Rab protein expression during T
cell infection. The tat gene of HIV-1 stimulates the promoter
activity and expression of Rab4A [52]. There are two highly
homologous Rab4 isoforms—Rab4A and Rab4B—encoded by
two separate genes. Rab4A and Rab4B are localized in the
same cellular compartments and have similar functions in recy-
cling. In addition to the regulation of other plasma membrane
receptors, Rab4A regulates the surface expression of CD4 via
endosome recycling. More important, this increase in CD4 re-
cycling and surface expression mediated by Rab4 controls sus-
ceptibility to HIV Infection [52].

Rab EXPRESSION REGULATED BY
MICROBIAL COMPONENTS

Activation of TLR9 with DNA-containing CpG motifs inhibits
Rab7b expression in macrophages via ERK and p38 MAPK ac-
tivation [55]. Moreover, in macrophages, Rab7b enhances the
transport of TLR9 to the late endosomal/lysosomal compart-
ment, promoting TLR9 degradation. This leads to the suppres-
sion of TLR9-triggered production of proinflammatory cyto-
kines, such as TNF-�, IL-6, and IFN-� [55]. It is known that
the expression of B-cpx I is enhanced in response to CpG en-
gagement to TLR9 in activated B cells. Rab8A is a B-cpx I-reg-
ulated transcript during the CpG activation in B cells. Al-
though the exact mechanism for Rab8A in lymphocyte func-
tion is unknown, both processes are linked to lymphocyte
activation, and increased expression of Rab8A could be re-
quired during activation-induced proliferation and antigen
processing [56].

Muramyl dipeptide is a peptidoglycan constituent of Gram-
positive and Gram-negative bacteria. The intracellular delivery
of this polymer to macrophages decreases the cellular content
of Rab5 and increases the intracellular levels of Rab7. This
correlates well with the transport of Salmonella to the lysosomal
compartment and efficient killing of the bacteria [57]. LPS
and IFN-� treatment also regulates the expression of the recy-
cling endosome protein Rab11 [60]. Activation of TLR4 by
LPS enhances Rab10 expression in DCs and macrophages.
Moreover, higher Rab10 expression provides a rationale for
allowing more TLR4 to traffic to the macrophage modulating
TLR4 signaling [59]. The regulation of multiple Rab proteins seems
to be organized simultaneously, as whereas LPS induces Rab10 ex-
pression, it also enhances the expression of Rab7b in macrophages,
leading to more lysosomal degradation of TLR4 [58].

Recently, it has been shown that LPS stimulation signifi-
cantly induces the expression of Rab37 in primary and RAW
264.7 mouse macrophages. Rab37 is localized to the secretory
granules of mast cells, implicating its function in secretory exo-
cytosis of TNF-� [61]. Rab37 silencing using small interfering
RNA significantly attenuates the secretion of TNF-�, suggesting
that the expression of some Rab proteins and cytokines is stim-
ulated by microbial signals to better fulfill specific immune
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functions [66]. All in all, these observations are consistent with
the idea that microbial signals can dictate a specific repertoire
of Rab protein expression and highlight the relevance of a
customized intracellular trafficking response during immune
activation.

Rab EXPRESSION REGULATED BY
MYCOBACTERIA

In macrophages, the expression of Rab20, Rab34, and Rab10
is up-regulated after infection with M. smegmatis and M. avium
[62]. More important, those small GTPases are regulated at
the transcriptional level in a NF-�B-dependent manner. This
indicates that during the infection, the mentioned Rab pro-
teins likely play a role during the innate immune response.

Rab20 is localized mainly in early endocytic structures and
associated to the Golgi complex [67, 68]. Rab20 partially local-
izes in compartments positive for the vacuolar proton ATPase
in mouse kidney [69]. Given that NF-�B is required for myco-
bacterial killing, it is tempting to hypothesize that those high
levels of Rab20, induced via NF-�B activation, are necessary to
cope with the infection. However, the immune function of
Rab20 in macrophages or other cells of the immune system
are not known.

Rab34 expression induced by mycobacteria also depends on
NF-�B activation. Rab34 is localized mainly in the Golgi com-
plex and modulates the positioning of lysosomes [70]. There-
fore, Rab34 could potentially modulate lysosomal and/or pha-
gosomal fusion, contributing to phagolysosome biogenesis and
bacterial killing. Although Rab34 has been reported to be as-
sociated to isolated phagosomes by mass spectrometry [71],
the functional contribution of this Rab protein to phagolyso-
some biogenesis and bacterial killing is not well characterized.

Rab10 regulates trafficking from the Golgi at early stages of
cell polarization and is involved in biosynthetic transport to
the basolateral membrane [72]. As stated before, LPS en-
hances Rab10 expression in DCs and macrophages. Moreover,
Rab10 expression provides a mechanism to modulate TLR4
signaling by increasing TLR4 surface expression [59]. Further
studies have shown that Rab10 is transiently associated with
phagosomes at very early stages [73], and it is required for
phagosome maturation. The expression of the Rab10 constitu-
tively active mutant increases the percentage of Rab5-positive
phagosomes containing Mycobacterium bovis bacillus Calmette-
Guerin. Therefore, the levels of active (GTP-bound) Rab10
may regulate the transition from nascent phagosomes to early
phagosomes [73]. Therefore, it is likely that Rab10 expression
via NF-�B is part of a host cell response during early times of
mycobacterial infection, which operates to enhance phago-
some maturation and killing [62].

In addition to the mentioned cell-based studies, genome-
wide transcriptional studies are also contributing enormously
to our understanding of Rab expression during M. tuberculosis
infection. There is an increasing body of evidence from studies
performed in patients with tuberculosis that immune cells
have different expression levels of Rab proteins, depending on
the disease progression [74, 75]. In most of these studies car-
ried out using myeloid cells, the data clearly show that Rab

protein expression is differentially regulated during M. tubercu-
losis infection. A comparison of gene expression in PBMCs
from tuberculosis versus healthy patients reveals that Rab24
and Rab33A are expressed differently [64]. Rab33A is down-
regulated in patients with tuberculosis, and further studies
show that Rab33A is preferentially expressed in CD8� T cells,
indicating a putative role of this protein in the adaptive immu-
nity against tuberculosis [64]. Comparative microarray analysis
from lung tissues in M. tuberculosis-infected versus healthy mice
demonstrates that the expression of several Rab genes, such as
Rab8a, Rab10, Rab20, Rab24, and Rab32, are up-regulated
continuously, suggesting a role in tuberculosis progression
[63]. An interesting link emerged from these studies: Rab24,
Rab32, and Rab33A have all been implicated in autophagy
[76–78]. Curiously, Rab protein expression levels may be
up- or down-regulated during infection, only in specific cell
types [79]. For example, Rab20 is up-regulated in human
macrophages but not in DCs after M. tuberculosis infection,
arguing for a specific function of this Rab protein in macro-
phages [79].

All of these genome-wide expression analyses have provided
useful information to understand immune-driven responses
during infection and inflammation. However, the question of
why Rab expression is modified significantly in peripheral
blood-derived cells, specifically in patients with active disease,
is still elusive. In fact, most of the Rab proteins identified in
these studies do not have any obvious, special function in the
immune cells. Undoubtedly, this immune cell-specific variation
in Rab protein expression is associated to the host response.
However, more studies are required to define the functional
role of the set of Rab proteins expressed during the immune
response to infection.

CONCLUSION AND PERSPECTIVES

Here, we have summarized evidence showing a specific tran-
scriptional regulation of proteins involved in intracellular
transport. We focused on how key proteins, such as Rab
GTPases, are regulated at the transcriptional level, including
specific signaling pathways and transcriptional factors. The
molecular mechanisms controlling the rates of Rab protein
expression versus recycling/degradation are only beginning to
be recognized as important. Most of the evidence, indicating
altered gene expression, is derived from studies performed in
cells of the immune system. Although our understanding of
how Rab expression is regulated during the immune response
is still fragmentary, some conclusions about the implicated sig-
naling pathways can be made.

First, several extra- and intracellular signals cooperate in the
activation of Rab expression, contributing to the immune re-
sponse in eukaryotic cells. Specific cytokines, pathogens, or
even single bacterial components modulate the intracellular
levels of certain Rab proteins. Given that some of these ILs
have an effect on intracellular trafficking steps, such as phago-
cytosis/phagosome maturation or antigen presentation, it is
tempting to hypothesize that enhanced expression of different
Rab subsets results in a higher rate of activity of the pathway
controlled by those Rab proteins. Whether the activity of the
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transport is only enhanced or also proceeds faster remains to
be determined. In this way, specific immune signals could
eventually regulate specific intracellular pathways associated to
specific responses (Fig. 2).

In agreement with this idea, genome-wide studies in inflam-
matory responses strength the concept of membrane-traffick-
ing regulation through the control of Rab protein expression.
Altered expression of Rab proteins has been found in many
diseases where intracellular trafficking is deregulated, such as
cardiomyopathy [80], lung, prostate, pancreatic cancer [68,
81, 82], and atherogenesis [83].

The second take-home message is that some of the signaling
molecules that mediate Rab expression are shared between
several sources of activation. Intriguingly, the intracellular
MAPK signaling cascades already associated to Rab expression
are also important signaling mediators in some inflammatory
responses, exposure to pathogens and stress in general. This
highlights the importance of understanding signaling pathways
affecting Rab expression during infection and inflammation
(Fig. 2).

Finally, specific transcription factors, such as NF-�B and
AP-1, have been identified as important for this regulation.
Interestingly, both transcriptional activators also regulate gene
expression in response to cytokines, stress, and bacterial and
viral infection. It is likely that many other transcriptional acti-
vators are required for this process, and different combina-
tions will induce different sets of Rab protein expression, con-

veying multiple signals. These factors remain to be identified
(Fig. 2).

All Rab proteins are not expressed in all tissues and cell types,
and the Rab protein expression pattern is different between cells.
This strongly argues that every cell type produces a specific set of
Rab proteins to sustain only certain trafficking steps. Alternatively,
the expression of a subgroup of Rab proteins can have different
functions in different cell types. However, based on the data dis-
cussed here, the intracellular quantity of Rab proteins is also an
important rate-limiting factor for vesicular transport regulation.
The concept of inducible Rab proteins is exemplified at best dur-
ing the immune regulation of the endocytic and phagocytic path-
ways (Fig. 3). Evidence from immune activated cells favors the
idea that rapid synthesis of new Rab molecules is necessary to
cope with specific transport requirements. Of course, Rab pro-
teins are not the only regulators of intracellular transport; other
proteins are likewise required, and it is logical to assume that the
levels of these proteins also need be regulated for some condi-
tions. Consistent with this notion, Syntaxin 6 and Vti1b are solu-
ble NSF attachment protein receptors, up-regulated in macro-
phages by LPS, leading to TNF-� secretion [84]. During immune
activation of autophagy, different stimuli rapidly increase the
membrane flow from compartment generation to fusion and
degradation. Are critical components of the autophagic machin-
ery, such as Rab7 expression, also regulated at the transcriptional
level? Little is known about the transcriptional regulation of the
Rab proteins belonging to the autophagic machinery.

Figure 2. Rab gene expression during immune regulation.
Overview of the known components of the pathways linking
immune cell activation and trafficking routes. Several immune
and microbial modulators activate receptors at the surface
(and also from the intracellular compartments). Intracellular
signaling pathways are then activated (e.g., several MAPKs).
Then, specific transcription factors associate to Rab promoter
regions. All of these signals convey in Rab expression and
stimulation of selected transport steps triggered by the signals
(see text for more details).
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Based on the existing knowledge that we have about Rab
protein biology, one important aspect to consider is that the
pre-existing pool of Rab proteins can also be recycled. There-
fore, one may ask whether it is really necessary to increase the
number of Rab molecules that are required for an individual
trafficking pathway (Fig. 3). Is the cycling of the cytosolic pool
sufficient? Perhaps the two pools have different roles in a tem-
poral context: one fast, which responds to immediate require-
ments of a certain pathway, and another responsive in the rel-
ative long-term to sustain an active transport. To study this in
more detail, it is necessary to identify the precise signals that
target Rab proteins for degradation. The molecular regulatory
proteins that control the internal versus the newly synthesized
pool of Rab proteins are evidently different. Clearly, the ma-
nipulation by pathogens of the machinery that regulates active
versus inactive states of Rab protein activation is a very effi-
cient system to subvert trafficking [85, 86]. But, also, the direct
degradation of Rab proteins confers an effective strategy for
pathogens to control intracellular transport [87]. In an alter-
native scenario, Rab protein expression can only be induced
after infection in selected immune cells, where the expression
is low or totally absent. These specific Rab proteins are good
candidates for immune-induced Rab GTPases, with important
roles in resistance to infection.
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