1duasnueln Joyny vVd-HIN 1duasnueln Joyny vd-HIN

yduasnuey Joyiny vd-HIN

> " NIH Public Access
@@‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
Exp Céell Res 2013 September 10; 319(15): 2360-2367. doi:10.1016/j.yexcr.2013.06.012.

Evidence for defective Rab GTPase-dependent cargo traffic in
immune disorders

Konrad Krzewski2 and Andrew R. CullinaneP”

aReceptor Cell Biology Branch, National Institute of Allergy and Infectious Diseases, National
Institutes of Health, Rockville, MD 20852, USA

PMedical Genetics Branch, National Human Genome Research Institute, National Institutes of
Health, Bethesda, MD 20892, USA

Abstract

A fully functional immune system is essential to protect the body against pathogens and other
diseases, including cancer. Vesicular trafficking provides the correct localization of proteins
within all cell types, but this process is most exquisitely controlled and coordinated in immune
cells because of their specialized organelles and their requirement to respond to selected stimuli.
More than 60 Rab GTPases play important rolesin protein trafficking, but only five Rab-encoding
genes have been associated with inherited human disorders, and only one of these (Rab27a) causes
an immune defect. Mutationsin RAB27A cause Griscelli Syndrome type 2 (GS2), an autosomal
recessive disorder of pigmentation and severe immune deficiency. In lymphocytes, Munc13-4 is
an effector of Rab27a, and mutations in the gene encoding this protein (UNC13D) cause Familial
Hemophagocytic Lymphohistiocytosis Type 3 (FHL3). The immunological features of GS2 and
FHL 3 include neutropenia, thrombocytopenia, and immunodeficiency due to impaired function of
cytotoxic lymphocytes. The small number of disorders caused by mutations in genes encoding
Rabs could be due to their essentia functions, where defects in these genes could be lethal.
However, with the increasing use of next generation sequencing technologies, more mutationsin
genes encoding Rabs may be identified in the near future.
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Introduction

A fully functional immune system is essential to defend the organism against infections and
other diseases such as cancer. To function properly, an immune system must detect awide
variety of agents, from viruses and bacteria to parasitic worms, and distinguish them from
the organism’s own healthy tissue. Disorders of the immune system can result in
autoimmune diseases, inflammatory diseases and cancer. Immunodeficiency occurs when
the immune system is less active than normal, resulting in recurrent, life-threatening
infections. In humans, immunodeficiency can be the result of either a genetic disease such as
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severe combined immunodeficiency, congenital neutropenias, Griscelli Syndrome (GS),
Familial Hemophagocytic Lymphohistiocytosis (FHL ), acquired conditions such asHIV/
AIDS, or the use of immunosuppressive medications.

Intracellular protein trafficking is afundamental processin all eukaryotic cells, and even
more so in immune cells. These cells secrete different molecules (e.g. cytokines,
chemokines, and lysosomal enzymes), which regulate, cell migration, lytic activity, and
other functions. These essential functions of immune cells, especially regulated secretion,
require proper protein traffic to mediate the killing of target cells and the process of
inflammation. Numerous protein families are required for the correct trafficking of proteins,
including SNAREs, adaptor complex proteins, motor proteins (myosins, kinesins and
dyneins), and Rab GTPases.

Rabs are Ras-like small GTPases that interact with compartments of the endocytic and
exocytotic pathways through a geranyl-geranyl group [1]. Rabs regulate vesicle movement,
sorting and secretion in a very specific manner, allowing precise trafficking of proteins and
membranes throughout the cell. Like all small Ras-like GTPases, Rab proteins function asa
molecular switch by cycling between a GTP-bound active form and a GDP-bound inactive
form [2]. A delicate regulation of the conversion between these two formsis required to
achieve successful trafficking, and thisis accomplished by two families of proteins.
Conversion from the GDP- to the GTP-bound form is caused by nucleotide exchange,
catalysed by a guanine nucleotide exchange factor (GEF). Conversion from the GTP- to the
GDP-bound form occurs by GTP hydrolysis, facilitated by a GTPase Activating Protein
(GAP). The GTP-bound form recruits specific effector proteins, which usually links the
vesicle and target membranes to the cytoskel eton, whereas the GDP-bound form interacts
with Rab escort proteins (REPs) and GDP dissociation inhibitors (GDIs) [3, 4].

In this review we describe the various Rab GTPases implicated in the correct functioning of
the immune system, giving specific examples of human genetic immune disorders in which
Rab proteins are affected. We also discuss the role of Rab proteinsin the immune system
fighting microbial infections.

Protein trafficking in immune cells

The majority of cells of the immune system are specialized secretory cells, whose function
depends on regulated exocytosis [5]. Thisis mediated by vesicular transport involving the
sorting of specialized cargo into secretory granules, thereby generating transport vesicles.
These vesicles are carried along microtubules and, upon stimulation, are transferred to the
actin cytoskeleton where they eventually fuse with the plasma membrane [6]. Each of these
trafficking stepsis tightly controlled by mechanisms that involve the recognition of specific
sorting signals found in the protein cargo to be transported to its correct location. In addition
to exocytosis, fusion of secretory granules with the plasma membrane leads to the
membrane incorporation of proteins, such as Fas ligand (FasL) that causes death of Fas
receptor expressing target cells[7]. Cognate adaptor proteins, post-translationally modified
cargo proteins, GTPases and SNARE proteins all work together to achieve these trafficking

steps.

Lysosomes are membrane-bound cytoplasmic organelles that serve as the major degradative
compartments in eukaryotic cells[8]. In addition to lysosomes, certain specialised cell types
contain Lysosome Related Organelles (LROs) that share features with lysosomes but may
have distinct morphologies, compositions, and functions. Such organelles include
melanosomes in melanocytes, lytic granules in lymphocytes, delta granules in platel ets,
Weibel-Palade bodies in endothelial cells, and lamellar bodies in lung type 2 epithelial cells.
LROs are produced through the interaction of ubiquitous trafficking mechanisms with cell-
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specific machinery that targets cargo to a particular compartment [9, 10]. LROs maintain
their structure, composition, and function by means of a continuous flow of proteins and
membranes from the biosynthetic and endosomal protein trafficking routes.

The biosynthetic route deals with the trafficking of newly synthesised (dle novo) proteins,
made in cytosolic ribosomes, to their final required destination, either within or outside of
the cell. The endocytic pathway takes up proteins from the plasma membrane and molecules
from outside of the cell, and internalizes them into peripheral early sorting endosomes,
where proteins delivered by the biosynthetic and endosomal pathways merge [11]. The early
endosome is atubulovesicular network with apH of ~6.0 that contains distinct resident
proteins, including Rab5 and its effector, i.e. early endosome-associated protein (EEA-1).
Material is sorted away from the early endosome to the cell surface via Rab4- or Rab11-
positive recycling endosomes, or to late endosomes and in turn to lysosomes or LROs[9, 11,
12]. Components destined for lysosomes are sorted into Rab7-positive late endosomes,
which have an acidic pH (5.0-6.0), and contain membranes and vesicles, including
multivesicular bodies. Late endosomes morph into lysosomes, which lack multivesicular
structures and have a pH of 5.0—5.5. Components destined for specific LROs possess
unique cell-type and LRO-specific sorting and trafficking pathways that divert them away
from lysosomal delivery [9].

In eukaryotic cells, the default protein trafficking pathway is constitutive secretion, which
leads to the exocytosis of proteins and incorporation of proteins and lipidsin the plasma
membrane. |n addition to this pathway, specialized secretory cells, such as neurons,
endocrine and exocrine cells, and cells of the immune system exhibit regulated secretion in
which secretory granules are prevented from fusion with the plasma membrane unless a
signal is provided by an external ligand or stimulus. Biogenesis of secretory granules begins
at the TGN with the formation of a nascent granule that subsequently matures to generate
mature secretory granules that are ready for release [13]. Unlike the biogenesis of secretory
granules, which involves direct TGN to secretory granule protein trafficking, the biogenesis
of secretory vesiclesistightly coupled with the endocytic system. Secretory vesicles have a
unique collection of membrane proteins, indicating that these proteins must contain specific
signals for proper targeting to their final destination. In some cells (e.g. mast cells and
cytotoxic T cells) an intimate connection exists between the secretory system and the
endocytic system; secretory lysosomes, a special subtype of regulated secretory granules
whose biogenesisis a so tightly linked to the endocytic system, are LROs.

Following the signaling events that trigger exocytosis, two processes take place: (i) a
microtubul e-dependent transport of secretory granules toward the plasma membrane, and;
(ii) secretory granule docking and fusion resulting in the release of granule contents into the
external space. While SNARES have been implicated in mediating the docking/fusion
events, the Rab GTPases have emerged as important regulators of exocytosisin numerous
secretory cells, including immune cells.

Immune Disorders

More than 60 different Rab GTPases have been identified in humans, but only five genes
encoding Rabs have been associated with monogenic human disorders. These include
Warburg Micro Syndrome (Rab18) [14], Charcot-Marie-Tooth Type 2B (Rab7a) [15],
Carpenter Syndrome (Rab23) [16], Griscelli Syndrome Type 2 (Rab27a) [17] and X-linked
mental retardation (Rab39b) [18]. Furthermore, after athorough literature search we could
identify only one gene encoding a Rab protein that had immune deficiency (Griscelli
Syndrome Type 2) as aclinical feature. However, there are several Rabs that have been
implicated in human disorders based on RNA or protein expression changes, genome-wide
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association study (GWAYS) data, or functiona studies. Furthermore, there are a significant
number of accessory proteins modulating each Rab’s function within cells, such as
RabGEFs, RabGAPs and effectors, which could cause certain inherited human disorders.

Griscelli Syndrome Type 2

One of the best-evidenced examples for Rab-dependent traffic in immune disordersis the
involvement of Rab27ain Griscelli Syndrome Type 2 (GS2). Three different types of
Griscelli Syndrome (GS) exist, resulting from defectsin 3 different genes: MY O5A (GS1),
RAB27A (GS2), and ML PH (GS3), whose protein products interact in a tripartite complex
in melanocytes. GS was first described in 1978 [19, 20], and is arare autosomal recessive
disorder of pigmentation that can be accompanied by the occurrence of either primary
neurological impairment (GS1) or a severe immune disorder (GS2). The immunological
features of GS2 include neutropenia, thrombocytopenia, and immunodeficiency due to
impaired function of cytotoxic lymphocytes (NK and cytotoxic T cells) [17]. The mouse
models of GS1, GS2, and GS3 (dli/ute, ashen, and /eadern mice, respectively) have been
extensively studied for the underlying pathology of GS, and helped elucidate the role of
Myosin-Vain neurons, mechanisms of melanosome transfer to keratinocytes, and the role of
Rab27ain the immune system [21-25].

Rab27ais a 25-kDa protein that has very strong expression in melanocytes and
lymphocytes, but no expression in the brain. Conversely Rab27h, which shares 71% amino
acid sequence homology with Rab27a, is not expressed in melanocytes but has very high
expression in the brain. Therefore, clinical features of GS2 include ocul ocutaneous albinism,
infections, and lymphohistiocytosis, but primary central nervous system defects have not
been observed [17]. However, infiltration of leukocytes in the brain can cause secondary
neurological impairment.

Interestingly, unlike in melanocytes, the role of Rab27ain cytotoxic lymphocytesis not
dependent on myosin Vaor melanophilin. While the Rab27a-deficient ashierr mice have
impaired cytotoxic lymphocyte responses, the myosin Va-deficient di/utemice, and the
melanophilin-deficient /eadern mice have normal function of cytotoxic lymphocytes[22, 23,
26]. In fact, cytotoxic lymphocytes do not express melanophilin and myosin Va, at least in
mice [23]. Rather than affecting granule transport, Rab27ais involved in granule docking
and secretion at the cell-cell interface in hematopoietic cells.

Both in humans and mice, mutationsin RAB27A result in severely impaired degranulation
of cytotoxic lymphocytes without affecting the granule polarization to the cell-cell contact
site[17, 22, 26, 27] (Figure 1). The defects in secretory granule docking and release are
most likely mediated by the lack of association between Rab27a and its binding partners.
Mutationsin the GTP-binding motif of Rab27a, observed in GS2 patients, interfere with
direct interaction between Rab27a and Munc13-4 [17, 28]. The importance of the Rab27a-
Munc13-4 complex formation for the lytic granule exocytosis is discussed below under the
Familial Hemophagocytic Lymphohistiocytosis Type 3 section. In addition, Rab27a has
been demonstrated to recruit a member of synaptotagmin-like protein family, Slp2a, to
vesicular structuresin T cells; the formation of the Rab27a-Slp2a complex is required for
lytic granule exocytosis [29].

Remarkably, Rab27ais not constitutively associated with the lytic granules in human
cytotoxic lymphocytes, but is recruited to them in response to NK or T cell stimulation [27,
30-32]. This pattern of association most likely reflects the lytic granule maturation process,
where Muncl13-4-positive recycling vesicles and Rab27a-positive late endosomes fuse to
generate the cytotoxic secretory granules/lysosomes [31, 32].
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While the function of Rab27ain cytotoxic lymphocytes appears to be mainly related to
vesicle docking at the plasma membrane, the GTPase is also involved in regulation of
vesicle movement at the plasma membrane. RNAi-mediated loss of Rab27aresultsin
increased motility of granulesin the cytoplasm of NK cells, and fewer and less mobile lytic
granules reaching the plasma membrane, indicating that Rab27ais required for retention and
cytoskel eton-dependent directional movement of lytic granules at the plasma membrane
[33]. The exact role of Rab27ain lytic granule motility is not well defined; however, a
recent report has demonstrated that in cytotoxic T cells active Rab27a forms a complex with
Slp3 and kinesin-1 to regulate the terminal steps of the lytic granule transport and release at
the cell-cell contact site [34]. Furthermore, in NK cells Rab27a recruitment to the lytic
granules depends on myosin I1A, amotor protein essential for the exocytosis of polarized
lytic granules [27, 35].

Familial Hemophagocytic Lymphohistiocytosis Type 3

Familial Hemophagocytic Lymphohistiocytosis (FHL) is agenetically heterogeneous
immune disorder of autosomal recessive inheritance characterized by uncontrolled
proliferation and activation of polyclonal T cells, NK lymphocytes and macrophages that
infiltrate multiple organs including the liver, spleen, and CNS [36]. Disease-causing
mutations in the genes encoding perforin (PRFZ, FHL2) [37], Muncl3-4 (UNC13D;, FHL3)
[38], syntaxin-11 (S7.X11; FHL4) [39], and Munc18-2 (STXBF2, FHL5) [40] have been
identified in FHL. All these genes encode proteins involved in the cytotoxic activity of
lymphocytes.

As mentioned above, Muncl3-4 is an effector of Rab27ain lymphocytes, so it is not
surprising that the immunological features of GS2 and FHL 3 are similar. Defective
degranulation of NK and T cells occurs in both GS2 and FHL 3, highlighting the importance
of the Rab27a-Munc13-4 complex formation for the lytic granule exocytosis [38, 41-43].
Indeed, the Rab27a-Munc13-4 complex is required for efficient docking and fusion of
granules at the plasma membrane [44].

Together with several other diseases (e.g. FHL2, 4 and 5), GS2 and FHL 3 patients exhibit
increased susceptibility to infections, severe primary immunodeficiency, and the
“accelerated phase”, or hemophagocytic lymphohistiocytosis (HLH), a syndrome of
inappropriate immune activation. The accelerated phase is often triggered by infection,
mostly viral, and is characterized by lymphocyte/histiocyte infiltration of almost al organs,
leading to a sepsis-like presentation with pyrexia, hepatosplenomegaly and cytopenias. GS2
and FHL display similaritiesin terms of their clinical manifestations and immunologic
mechanisms, e.g. decreased or absent lytic activity of cytotoxic lymphocytes, leading to the
inability to deliver granzymes into the target cell cytosol [45]. It has been proposed that the
decreased cytolytic function could be responsible for the lack of elimination of infected or
activated cells, and hence contribute to the persistent inflammation and uncontrolled cell
proliferation observed in hemophagocytic syndromes [46]. Thus, the defective exocytosis of
the lytic granules caused by Rab27a (or Munc13-4) mutations could lead to the impaired
ability to clear the activated lymphocytes or histiocytes. Consequently, the sustained
activation of those cell typeswould result in increased production of pro-inflammatory
cytokines, and further activation of immune cells. A positive feedback loop of pro-
inflammatory conditions would be generated, and the inflammatory response and cell
proliferation of activated cellswould continue because of the inability of cytotoxic
lymphocytes cells to kill the activated cells, and stop the amplification of the immune
response in GS2 and FHL.

If not treated, HLH in GS2 and FHL patientsis eventually fatal in early childhood. Removal
of the HLH trigger through chemotherapy or immune therapy may only suppress the
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accelerated phase, or achieve atransient remission. The most effective treatment and the
only possible cure for GS2 patientsis with hematopoietic stem cell transplant (HSCT).
Successful bone marrow transplantation in a patient with GS2 was first reported in 1990
[47]. HSCT should be performed urgently after diagnosis, prior to the infant’ s entering the
accelerated phase of the disease, due to the risk of the HLH development with its
devastating course.

Hermansky-Pudlak syndrome

Hermansky-Pudlak Syndrome (HPS) is a group of related monogenic inherited disorders
with abnormalitiesin the biosynthesis and/or function of lysosomes and LROs, i.e.
melanosomes and platel et-dense granules [48]. The disease is characterized by skin
hypopigmentation (ocul ocutaneous albinism), bleeding diathesis and ceroid pigment
deposition in lysosomes, with some patients developing pulmonary fibrosis, colitis and
immunodeficiency [49, 50].

A naturally occurring mouse mutant, gunmetal, is one of many mouse models of HPS. The
gunmetal phenotype is caused by a mutation in the gene encoding the al pha subunit of Rab
geranyl-geranyl transferase (RabGGT), and results in severely reduced activity of RabGGT
[51]. As aconsequence, the prenylation of Rab proteins (e.g. Rab4, Rab11, Rab274) is
deficient in several cell types, including platelets, melanocytes, and T cells[22, 52], leading
to the development of symptoms similar to HPS. In addition to hypopigmentation and
prolonged bleeding times, gunmetal mice have defective function of cytotoxic lymphocytes,
due to impaired transport of lytic granulesto the cell-cell contact site formed between the
cytotoxic T cell and atarget cell [22, 53].

In addition to RabGGT, Rah38 has been associated with HPS. Rab38 is highly expressed in
lung epithelia, alveolar pneumocytes, and skin melanocytes, and alteration of its function is
likely to affect LROs and result in hypopigmentation and predisposition to lung diseases.
Indeed, Rab38 has been demonstrated to control the size of lysosome-related lamellar bodies
in alveolar pneumocytes (ATII cells) inrats, most likely by regulating the fusion of
transporting vesicles with the lamellar bodies [54]. Lamellar bodies store surfactant, a
mixture of lipids and proteins that plays an important role in the lung’ s immune defense and
lung expansion [55]. In Rab38-deficient mice or rats, the lung surfactant components (e.g.
surfactant protein B) are decreased in broncho-alveolar lavages, but increased in lamellar
bodies [56, 57]. Consequently, Rab38-deficient chocolate mice develop emphysematous
lung disease [59].

While the murine models provide an important insight into the role of different Rabs or Rab-
interacting molecules, no mutation of RABGGTA or RAB38genes has been identified in
HPS patients to date [48]. Other evidence, however, indicates a possible involvement of
Rab38 in HPS pathogenesis. BLOC-3, a complex comprised of the HPS1 and HPS4 proteins
and deficient in Hermansky-Pudlak Syndrome types 1 and 4, acts as a Rab-GEF for Rab38
and its homolog, Rab32, in human cell lines, and recruits Rab32/38 to premelanosomal
membranes required for melanosome biogenesis [59]. Furthermore, active GTP-bound
forms of Rab38 and Rab32 directly interact with other protein complexesinvolved in the
development of Hermansky-Pudlak syndromes, namely BLOC-2 and AP-3, in a human
melanocyte line [60]. Rab38 co-localizes with BLOC-2 and AP-3 on endosomal membranes,
and silencing of BLOC-2 or AP-3 significantly destabilizes the association of Rab38 with
the membranes. Melanocytes or megakaryocytes deficient in Rab38 (or Rab32) have altered
trafficking of Tyrp-1 to melanosomes and LAMP2 to dense granules, respectively [60, 61],
indicating that Rab38 functions in concert with AP-3 and BLOC-2 in trafficking cargos
during lysosome-related organelle biogenesis and/or maturation (Figure 1).
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HPS-2 patients, who have defectsin the beta sub-unit of the AP-3 complex, have a severe
neutropeniathat is generally responsive to rGCSF [62]. The AP-3 complex along with the
BLOC-2 and the BLOC-3 complexes have been shown to interact with Rab32 and Rab38
[60]. However, only the HPS-2 subtype of HPS has an immune disorder, therefore, further
research is needed to tease out the mechanisms and roles that each of these protein
complexes playsin the generation of LROs.

Crohn’s disease

An intriguing possibility is the involvement of Rab13 in Crohn’s disease, a chronic
inflammatory bowel disease with deregulated immunological response in the gastrointestinal
tract. Although the exact etiology of Crohn’s disease is unknown, it has been hypothesized
that defective regulation of tight junctions, and consequent increased permeability of the
intestine could contribute to altered immune responses and persistent inflammation [63].
Rab13 and its effector, JRAB are important for the formation of tight junctions by the virtue
of regulating the transport to and from the plasma membrane and recycling of proteins
essential for tight junction assembly (e.g. occludin, claudin-1, ZO-1, E-cadherin), aswell as
affecting actin remodeling through regulation of PKA-dependent phosphorylation and
recruitment of VASP to tight junctions [64—66]. Importantly, Rab13, VASP and ZO-1 have
been reported to dislocate from the apical tight junctions to the basolateral side of intestinal
epithelial cellsin patients with inactive Crohn’s disease [67]. Thus, abnormalitiesin the
formation and maintenance of tight junctions caused by Rab13 mutations could contribute to
the pathogenesis of Crohn’s disease (Figure 1).

Chediak-Higashi syndrome

Infections

Mutationsin L Y ST cause Chediak-Higashi syndrome (CHS), arare lysosomal storage
disorder characterized by oculocutaneous albinism, a bleeding diathesis, and immune
deficiency caused by impaired function of cytotoxic lymphocytes; one of the hallmarks of
CHS isthe presence of giant lysosomes [68]. A recent report has demonstrated that in
Dictyostelium overexpression of activate Rab14 resultsin formation of giant lysosomes,
reminiscent of those caused by mutation in LsvB, an ortholog of human L YS7[69].
Furthermore, overexpression of a dominant negative form of Rab14 rescues the LsvB
phenotype, restoring the size and morphology of the post-lysosomal compartment in
Dictyostelium cells. Since Rab14 promotes homotypic fusion between the lysosomesin
Dictyostelium, the authors propose that LsvB regulates the size and maturation of the
lysosomal compartment by controlling the function of Rab14 [69]. Whether the same occurs
in human cells remains to be examined, but the existence of afunctional link between LY ST
and Rab GTPasesis avery interesting notion that warrants further examination.

Rab proteins are critical for regulation of many trafficking pathwaysin the cell, including
parasitic- or bacterial-containing cargos. Engulfed microorganisms are transported in
phagosomes to lysosomes for degradation, a process requiring several Rab proteins, such as
Rab5 and Rab7 [70]. Not surprisingly, several pathogens developed strategies to interfere
with Rab function to promote their survival (Figure 1). For example, Sa/monella dublin
avoids lysosomal degradation by using its SopE protein, which has Rab5 GEF activity, to
stabilize Rab5-GTP on the surface of the phagosome, thus interfering with phagosome
maturation [71]. Listeria monocytogeresuses its p40 protein to block interactions between
Rab5 and the Rab5 GEF, Vps9, preventing Rab5 extraction from the membrane, and thereby
inhibiting phagosome maturation and pathogen degradation [72, 73]. Helicobacter pylori
sequesters active Rab7 and Rab-interacting lysosomal protein RILP in large vacuoles, due to
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action of bacterial VacA protein, and blocks the delivery of bactericidal proteases (e.g.
cathepsin D) to bacterium-containing vacuol es/phagosomes [ 74].

Furthermore, some viruses utilize Rab proteins for their replication. The measles virus, as
well as hemorrhagic fever viruses, Marburg and Ebola, require functional Rab9 for their
replication; similarly, HIV replication is dependent on Rab9 and Rab11, since silencing of
these Rabs inhibits virus reproduction [ 75]. How the Rab GTPases are involved in HIV
propagation has not been fully elucidated, but it has been postulated that HIV assembly
startsin late endosomes, and endosomal membranes are required for viral budding from the
cell, or for the formation of virus-containing exosomes [76, 77]. In thisregard, the
involvement of Rab GTPases (Rab9 and Rab11) required for transport between trans-Golgi
and late endosomes could promote transport of viral proteins, virus budding into
multivesicular bodies in endosomes, or creation of virus containing exosomes [75].

Conclusions and The Future

Despite over 60 Rab GTPases being identified in humans to date, only five have been shown
to be mutated in human disorders. Of these five human diseases, only one has an immune
defect as a cardinal feature. A possible explanation for the relative rarity of Rab deficiencies
in immunological disorders could be that mutations in genes encoding Rabs are not
compatible with life, due to the essential role of these GTPases in various trafficking stepsin
many cells types throughout the body. Furthermore, there may be some functional
redundancy among several Rabs, so that defectsin one particular Rab may appear silent.
Nonetheless, defects in cargo trafficking caused by mutationsin RAB27A and UNC13D
genes, encoding Rab27a and its effector Munc13-4, cause severe immune deficienciesin
humans, namely Griscelli Syndrome type 2 and Familial Hemophagocytic
Lymphohistiocytosis Type 3, which have similar clinical and immunological features.

With the ever-increasing use of next generation sequencing technologies to identify new
human disease causing genes, the number of mutations in genes encoding Rab GTPases
could increase significantly. However, it is possible that the original hypothesis that
mutations in Rabs are often lethal, remains true, and no more genes will be identified. In
contrast, it may be possible that changes in the expression level of Rabs may cause or
contribute to the pathology of human diseases. For example, over-expression of certain Rabs
is often associated with an increased risk of cancer or metastases. Next generation
seguencing, genome-wide association studies, and further functional characterization of
Rabsin different cell types may increase the number of associations of Rabs with human
disease in the future.
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Figure 1. Rab GTPasesin immune disorders

Rab GTPases are involved in the trafficking of multiple cargos throughout the endo-
lysosomal system. The endocytosed material or newly synthesized proteins are routed to
early and sorting endosomes (E/SE), and then directed to different endosomal and lysosomal
compartments. The cell surface levels of many proteins are kept in balance due to their
routing to and from the plasma membrane through the recycling endosomes (RE).
Dysregulation of the function of Rab proteins associated with REs affects the trafficking of
proteins to and from the cell surface; defects in Rab13-mediated trafficking of proteins
involved in the tight junction formation and maintenance could contribute to the
development of Crohn’s disease (CD). Impaired function of Rab38 and the related defectsin
trafficking of cargos during lysosome-related organelle biogenesis, and/or maturation, could
possibly be a mechanism involved in the pathogenesis of Hermansky-Pudlak syndrome
(HPS). Thelack of proper regulation of Rab14 activity could promote uncontrolled
homotypic fusion between lysosomes or lysosome-related organelles (LRO), and be
important in the pathogenesis of Chediak-Higashi syndrome (CHS). Mutations in Rab27a,
causing Griscelli syndrome type 2 (GS2), prevent the proper docking of lysosomes or
lysosome-related lytic granules (LG) at the plasma membrane, leading to defectsin granule
exocytosis. Mutations of Rab27a binding partner, Munc13-4, lead to Familial
Hemophagocytic Lymphohistiocytosis type 3 (nhot shown in the diagram), a disease with
immunological features similar to GS2. In addition, severa intracellular microbial
pathogens are known to affect Rab5 or Rab7 activities to avoid lysosomal degradation and
promote pathogen survival. The schematic illustrates the location of several Rab proteins
that are known to be involved in the pathogenesis of different disorders. Only relevant
molecules are shown. The trafficking pathways affected in the indicated disorders are shown
in red. For the more detailed description, please refer to the text.
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