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ABSTRACT
The primary cilium and the immunological synapse are both specialized functional plasma
membrane domains that share several similarities. Signalling output of membrane domains is
regulated, spatially and temporally, by segregating and focusing lipids and proteins. ARL3, a small
GTPase, plays a major role in concentrating lipid-modified proteins in both the immunological
synapse and the primary cilia. Here in this review we will introduce the role of ARL3 in health and
disease and its role in polarizing signalling at the primary cilia and immunological synapses.
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Introduction

The role of primary cilia in health and disease con-
tinues to rapidly expand. The finding of new players in
ciliogenesis, cilia structure and cilia function has led to
an increased understanding of the function of this
organelle in development, tissue maintenance and dis-
ease. Despite being seen as a mere protrusion from the
plasma membrane, the ciliary composition, including
both the ciliary membrane and its inside, is distinct
from the rest of the cell. Integral membrane, mem-
brane-associated and soluble proteins are among the
molecules that can be selectively enriched in the cilia.
For integral membrane proteins a combination of dif-
fusion barriers and other mechanisms including selec-
tive targeting, exclusion and retention have been
proposed (reviewed in [1–3]). For soluble proteins
a size-dependent diffusion barrier in the cilium has
been proposed which shows parallels to the nuclear
pore complex (NPC) or the base of dendritic spines [4].

Prenylated and myristoylated proteins can, in most
cases, switch from membrane-bound to soluble forms,
either by binding to chaperones, which sequester their
lipid groups, or via conformation changes which result
in the retraction of lipid groups. Recently, it has been
proposed that the small GTPases ARL3 and ARL13B
play a role in modulating the solubility of prenylated and
myristoylated proteins and thus their access to cilia [5–7].
The importance of the ARL3 in cilia is underscored by the

ciliary phenotypes associated with ARL3 mutations,
including non-syndromic dominant retinitis pigmentosa
[8,9] and Joubert syndrome (JBTS) a retinal-cerebello-
renal multisystem ciliopathy syndrome [10].

Lymphocytes are among the few cell types that do not
possess primary cilia; nevertheless they form structures
called immune synapses, which share similarities with
primary cilia. Both are specialized functional membrane
domains that maintain protein and lipid segregation
(reviewed in [11,12]). Recently, it was shown that ARL3
plays a critical role in the concentration of immune sig-
nalling molecules at this location [13].

Primary cilia

Primary cilia are solitary, highly conserved organelles and
can be found on almost all mammalian cell types [14].
These 1–10 μm antenna-like structures project from the
basal body of the cell where their role is to detect extra-
cellular signals such as mechanical flow and chemical
stimulation, and to mediate signalling of growth factors
and morphogens; which they then transduce into the cell
[15,16]. Examples of the signalling pathways mediated by
the cilium are platelet derived growth factor (PDGF),
Hedgehog (Hh), Wnt and planar cell polarity (PCP)
[17–19]; which are essential during development, estab-
lishing the left-right axis, and maintaining cellular homo-
eostasis [7,20–22] (Figure 1). Tucker et al. showed that
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primary cilia were assembled in vitro when cells were
serum starved, as this caused the cells to exit the cell
cycle at the G0 phase [23]. The cilium is also disassembled
and resorbed in vitro when cells are stimulated with
serum. The deciliation of cells corresponds to the G0/G1
transition, suggesting that primary cilia cross-talk with the
cell cycle.

Primary cilia have been adapted by cells in the retina;
the outer segment of retinal photoreceptors are specialized
sensory primary cilia for light detection, and are the largest
of mammalian cilia [24–27]. In these cilia, the elongated
transition zone is known as the connecting cilium through
which phototransduction proteins (rhodopsin and iodop-
sin) are transported to the outer segment [26].

Primary cilia also act as mechanosensors in many
tissues throughout the body. In the kidney, primary cilia
are present on the apical surface of epithelial cells in the
tubule which extend into the lumen [28]. Regulated fluid

flow through the tubules and collecting ducts is sensed by
kidney epithelial cell primary cilia [29,30]. This is
achieved by bending of the cilium due to increased fluid
flow which is postulated to increase intracellular Ca2+,
mediated by the polycystin-1/polycystin-2 (PC1/2) ion
channel complex [30]. PC1 is a membrane protein in
the cilium that is a regulator of the PC2 channel; disrup-
tion of this interaction, or correct cilia formation, causes
autosomal dominant polycystic kidney disease [31].

Ciliopathies

Diseases and syndromes that are caused by dysfunction
of cilia are termed ciliopathies. There are sets of dis-
eases secondary to dysfunction of motile cilia (known
confusingly as primary ciliary dyskinesias) as well as
disorders of the primary cilia which include tissue
specific disorders such as retinitis pigmentosa and

Figure 1. Signalling pathways in the primary cilium. Schematic diagram demonstrating some of the signalling pathways transduced
by the primary cilium. Mechanical and chemical extracellular signals are sensed by proteins in the membrane of the cilium, which are
then transduced into the cell to activate a variety of intracellular pathways. Figure adapted from [32]. Hh, Hedgehog; PCP, planar cell
polarity; PDGFα, Platelet Derived Growth Factor Subunit alpha; Shh, Sonic Hedgehog.
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multisystem disorders such as ciliary chondrodysplasias
(e.g. short rib-polydactyly syndromes), neurodevelop-
mental disorders (e.g. Meckel Syndrome (MKS) and
Joubert syndrome (JBTS)), obesity syndromes (e.g.
Bardet-Biedl syndrome (BBS)) and renal cystic disor-
ders (e.g. nephronophthisis (NPHP)) [33]. Mutations in
genes that are involved in primary ciliary formation can
have different effects on cilium length and associated
dysfunction. For instance, gene mutations encoding
IFT-B proteins cause a loss of cilia formation due to
defective trafficking of key cilia-building components
into the cilium, resulting in short, non-functioning
primary cilia [34]. Whereas mutations in genes encod-
ing IFT-A proteins cause accumulation of distal pro-
teins at the ciliary tip, forming bulbous primary cilia
[35,36].

As primary cilia are involved in many fundamental
signalling pathways, disturbances to the function of the
cilium leads to ciliopathies which can affect multiple
organ systems in varying degrees of severity, causing
phenotypic overlap between diseases and syndromes
[37]. Primary ciliopathies are often characterized by
overlapping phenotypes involving the brain, eye and
kidney. Renal and hepatic disease has been documented
in Senior-Loken syndrome (SLS), NPHP, MKS, BBS
and JBTS; retinopathies are seen with SLS, NPHP,
MKS, BBS and JBTS, and cerebellar malformations are
associated with JBTS. Other phenotypes such as poly-
dactyly, obesity and mental retardation can also be
associated with some of these ciliopathies [38]. As
a result of these closely related and overlapping pheno-
types, diagnosing a ciliopathy is complex and can lead
to misdiagnosis. However, the overlap of phenotypes
also suggests that there are closely related mechanisms
of pathogenicity, that may be caused by differences in
gene and genetic background. Therefore, investigations
into mechanistic action of each of the known ciliopa-
thy-causing genes are essential to fully understand how
each syndrome is caused.

Joubert syndrome (JBTS)

JBTS is an archetypal primary ciliopathy syndrome. There
are at least 35 genes (https://www.omim.org/
phenotypicSeries/PS213300) that cause JBTS and new
genetic causes of JBTS continue to be described [39]. JBTS
occurs in 1 in every 100,000 live births, however this could
be an underestimation due to the heterogeneity of the
disease and the overlap of phenotypes with other ciliopa-
thies including NPHP and SLS [40,41]. Marie Joubert first
described the typical phenotype of patients with JBTS in
1968 [42]. The hallmark of a JBTS patient is a molar tooth
sign on brain MRI scanning, which can be evident from

14–16 weeks gestation. This is caused by a set of mid and
hindbrain malformations including cerebellar vermis
hypoplasia, abnormal superior cerebellar peduncles, and
an unusually deep interpeduncular fossa [43]. Cerebellar
vermis hypoplasia in JBTS is thought to be a result of
disturbed proliferation and migration of germinal zone
granular cell precursors [41]. The symptoms associated
with the syndrome include dysmorphic features (promi-
nent forehead, upturned nose, and open mouth) and neu-
rological symptoms (hypotonia, ataxia, developmental
delay, intellectual disability, and abnormal ocular move-
ments). During the neonatal period, patients can have an
altered respiratory pattern with episodes of apnoea and
hyperpnoea. The features described above are typical of
‘pure’ JBTS however, patients that have pathognomonic
and neuroradiological features similar to JBTS but also
various organ dysfunction (e.g. brain, eye, kidney) are
described as having a Joubert syndrome related disorder
(JSRD) [44]. Renal disorders affect ~25% of patients with
JSRD. This often presents as tubulointerstitial disease with
irregular, thickened tubular basement membranes, pro-
gressive interstitial fibrosis, and small cysts at the cortico-
medullary junction. The renal component of JSRD
manifests as a juvenile-onset cystic kidney disease, nephro-
nophthisis, progressing to end-stage kidney disease [45].
What is fascinating is that the growing number of genetic
causes of JBTS are revealing new mechanistic insights into
how ciliary dysfunction causes human disease. As well as
the genetic heterogenity, there is a huge range of clinical
phenotypes which emphasizes the developmental and tis-
sue maintenance roles of primary cilia.

Ciliary ARL3

Arf like (ARL) proteins constitute a large subfamily of
small GTPases, over 20 members, nevertheless little is
known about their regulation and functions. Mutations
in ARL3, ARL6, ARL13B and ARL2BP have been reported
in primary ciliopathies including JBTS [10,46] and BBS
[47] indicating that the involvement of ARF-like proteins
in cilia can be a general feature of several ARLs. An open
question is what makes ARF-like proteins ciliary related.
One possible answer might lie in the N-terminus end of
ciliary ARLs. All Arf proteins possess a myristoyl group in
addition to an amphipathic helix to associate with mem-
branes in a GTP-dependent manner. ARL2, ARL3 and
ARL6 are not myristoylated whereas ARL2 and ARL3
retain the amphipathic helix, ARL6 seems to have
a hydrophobic helix [48]. ARL13B has a palmitoylation
motif instead which plays a critical role in its localization
to the cilia. These differences in the N-terminus might
dictate how these ARLs gain access to the cilia [49].

SMALL GTPASES 169

https://www.omim.org/phenotypicSeries/PS213300
https://www.omim.org/phenotypicSeries/PS213300


ARL3 is highly conserved in ciliated organisms, and
has been shown to localize throughout the cell and is
enriched in the primary cilium [50–52]. ARL3 interacts
and regulates a family of proteins called GDI-like solu-
bilizing factors (GSFs). Structural analysis showed that
GSFs, such as PDE6D, UNC119a and its paralog
UNC119b, possess a hydrophobic pocket that can
accommodate prenyl or myristol groups respectively
[6,53,54]. Indeed there are several reports showing the
involvement of GSFs in transport of lipid modified
proteins [55]. It was shown in cells that UNC119b is
required for NPHP3 targeting to the cilia [5]. Deletion
of UNC119a resulted in mislocalisation of transducin
alpha subunit in C. elegans [53]. PDE6D plays a role in
targeting GRK1 and PDE6 to the outer segments of
photoreceptors in mice [56].

Based on biochemical and structural data, ARL3 has
been shown to allosterically regulate the interaction of
GSFs with lipid-modified proteins [5,6,57]. A model has
been put forward where ARL3 releases lipid modified
proteins into the cilia (Figure 2). Recently, the
Wittinghofer group have shown that ARL13b functions,
in vitro, as a GEF for ARL3 which would create an active
node of ARL3GTP within cilia [7]. This mechanism
shares similarity to the small GTPase RAN (RAs-related
Nuclear protein) regulated nucleo-cytoplasmic transport.
The nuclear RAN GTP destabilizes the interaction of
import receptors to their cargo and stabilizes the interac-
tion of export receptors to cargo [58]. The RAN GEF
RCC1 is localized in the nucleus whereas the RAN GAP
localizes in the cytoplasm which ensure the directionality
of the transport [59].

Figure 2. Proposed interaction and function of ARL3 in the cilium.
ARL3-GDP has a high concentration in the cell whereas ARL3-GTP has a high concentration in the cilium; this is thought to be achieved by
the localization of ARL13B in the cilium, and RP2 outside the cilium. This would create a concentration gradient for movement of ARL3-GDP
/GTP in and out of the cilium to maintain homoeostasis. In the cilium, ARL13B hydrolyses GDP-bound ARL3 into active ARL3-GTP. Trafficking
of cargo and its carrier into the cilium allows interaction with ARL3-GTP which causes release of the cargo from the carrier. The carrier then
passes back into the cell to bind other cargo, along its concentration gradient. ARL3-GTP also exits the cilium down its concentration
gradient into the cell where it interacts with RP2 and is converted into ARL3-GDP.
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The ARL3 GAP, XRP2 (also known as RP2) has been
reported to localize in the preciliary region [60], which
supports the proposed model, nevertheless other stu-
dies have shown XRP2 to localize inside the cilia
[61,62]. It would be interesting to study the interplay
between the XRP2 localization and the ciliary lipid
modified cargo localization.

ARL3 dysfunction

In murine models, global knockout of Arl3 is either
embryonically lethal or early postnatally lethal, with
pups only surviving ~21 days. Arl3 −/- mice developed
multi-organ phenotypes including cystic kidney disease
and photoreceptor degeneration [63].

To further understand the role of ARL3 in photorecep-
tors, rod-specific and retina-specific Arl3−/- mouse models
were used [64]. The rod-specific knockout mice had Cre
expression post-ciliogenesis which allows the outer seg-
ment of the photoreceptor to form; whereas the retina-
specific knockout mice had Cre expression during embry-
ogenesis, preventing ciliogenesis. The results showed that
trafficking of lipidated proteins in the rod-specific knock-
outmice was impaired in the retina. Specifically, prenylated
proteins mistrafficked to the inner segment, outer nuclear
layer and synaptic terminals; causing an accumulation
of proteins in these areas, outer segment shortening,
and retinal degeneration. In the retina-specific knockout
mice, photoreceptors failed to form connecting cilia or an
outer segment membrane which caused protein accumula-
tion in the inner segment, and rapid retinal degeneration.
Hanke-Gogokhia et al were able to rescue the retinal phe-
notype by harvesting degenerated retinas and injecting
ARL3-EGFP AAV particles into the sub-retinal space
[64]. Patients with non-syndromic autosomal dominant
retinitis pigmentosa have recently been found to have
a heterozygous missense mutation p.(Tyr90Cys) in ARL3
[9] confirming earlier reports of this missense mutation
causing retinal disease [8]. The missense change is pre-
dicted, using in silico models to disrupt protein folding
and function.

For detailed studies of ciliary protein transport,
hTERT-RPE cells were used to investigate the role of
ARL3 and XRP2 in the trafficking of ciliary tip kinesin
KIF17. By performing knockdowns of either XRP2 or
ARL3, they found significantly reduced levels of KIF7
and KIF17 at ciliary tips, suggesting that correct ARL3
transport is essential for trafficking of KIF7 and KIF17
[65]. These findings are important as KIF7 is known to
regulate the dynamics of microtubule plus ends and
thereby control the structure and organization of pri-
mary cilia tips [66]. Protein interaction assays showed
that KIF17 formed a complex with both ARL3-GDP

and XRP2 but not a heterocomplex with either protein,
suggesting that KIF17 and KIF7 cilia trafficking could
be mediated by interaction with XRP2 and ARL3 com-
plexes [65]. The knockdown of KIF7 in hTERT-RPE
GFP-KIF17 expressing cells showed a decrease in the
level of KIF17 at the cilia tip [65]. Together these
findings suggest that the ARL3/XRP2 trafficking system
is employed in the regulation of ciliary tip kinesins
KIF7 and KIF17 [65].

Beyond the retina, genome wide association studies
have linked the loci of ARL3 (10q24.32) to diseases such
as autism, schizophrenia, scoliosis and high blood pressure
[67–69], highlighting the potential breadth of physiological
functions ARL3 may be involved in. These studies suggest
a role for ARL3 in gene regulation. Indeed, ARL3 was
identified as a STAT3–binding partner in vivo. Activated
STAT3 translocates to the nucleus and binds to specific
promoter sequences to regulate transcription of various
genes that are essential for cell proliferation, survival and
migration [70–73]. STAT3 has also been reported to be
essential in embryonic development, and in maintaining
stem cell pluripotency [74–76]. Togi et al found that ARL3
binds to the C-terminal region of STAT3, yet specific
knock-down of ARL3 via siRNA had no effect on STAT3
protein levels. However, they reported that STAT3-
mediated transactivation, after stimulation with IL-6, was
reduced; suggesting that ARL3 regulates transactivation of
STAT3. To further validate this,ARL3 knockdownwas also
performed in HeLa cells. Knockdown cells were found to
have a reduced capacity for cell migration (a process
STAT3 has previously been shown to be essential for)
suggesting that ARL3 mediates cell migration through
regulation of STAT3 transactivation [77].

The most compelling data for a role of ARL3 in multi-
system disease was recently reported where autozygosity
mapping and whole-exome sequencing identified ARL3
missense mutations in two JBTS-affected families [10].
The first family consisted of Saudi Arabian first-cousin
parents with 6 children, 1 of which was affected (II-1). II-1
was a 5 year old male with developmental delay, multi-
cystic dysplastic left kidney, night blindness and mild
dysmorphic features. MRI of the brain showed severe
vermis hypoplasia and abnormally thick cerebellar ped-
uncles, causing the classical molar tooth sign. The second
family was consanguineous and originated from Pakistan.
Of the 6 children, 3were affectedwith JBTS. The eldest (II-
1) had hypotonia and psychomotor delay, as well as night
blindness and bilateral vision loss by 4 years of age. MRI
revealed the molar tooth sign and retinal dystrophy. The
other 2 affected siblings (II-4 and II-5) had similar pre-
sentations of predominately brain and retinal features. II-
1 and II-5 also had renal presentations of recurrent urin-
ary tract infections, bilateral renal scarring and unequal
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kidneys. Remarkably, the mutation of both families
occurred at the same residue (Arg149) yet code for differ-
ent missense mutations. The first family had a c.445C>T,
p.(Arg149Cys) homozygous missense mutation and the
second family had a c.446G>A (p.Arg149His) homozy-
gous missense mutation. The Arg149 residue is highly
conserved in ARL3 throughout evolution and both var-
iants are located in a loop between the α4 and β6 domains.
Alkanderi et al predicted that the mutation disrupts
the interaction of Arl3 with Arl13b at the conserved
Glu88 residue (where Arl3 ionically bonds) (Figure 3).
This hypothesis was tested by GEF fluorescence-based
polarization experiments where Arl13b failed to accelerate
the nucleotide exchange of mutant p.(Arg149His) murine
Arl3 bound to fluorescently labelled GDP in the presence
of excess GTP. The morphology of the primary cilia from
the second JBTS family with ARL3 mutation p.
(Arg149His) was assessed by harvesting fibroblasts from
the 3 affected members, as well as controls from both
parents and an unaffected sibling. The primary cilia were
of normal length in the affected patients, and there was no
difference in ciliation rates from the controls. However,
cilia inARL3 patient cells had significantly less prenylated
INPP5E and myristolyated NPHP3 suggesting an impair-
ment in the release of this cargo by ARL3. These results
were the first to implicateARL3mutations in patientswith
JBTS and show how the mutation affects the functionality

of ARL3 [10]. Breslow et al has recently reported thatArl3
was among the top 40 positive regulators of Hh signalling
in a CRISPR-based Hh screen and siRNA knockdown of
Arl3 in cells caused a decrease in Hh signalling [78].
Nethertheless in ARL3 JBTS paitents, GLI3 was trans-
ported normally, indicating that Hh signalling was unaf-
fected. Further investigations to uncover the requirement
of ARL3 in Hh signalling within different tissues and
timepoints are required. In ARL3 patient cells compensa-
tory mechanisms are likely to be in place which may lead
to different results when compared to the relatively acute
knocking down or editing out of Arl3. Furthermore, the
ARL3 patients studied had a missense mutation which
might have been less severe than a complete null. Rescue
experiments of Arl3 deleted cells using a Arl3 missense
mutant gene would be very interesting to determine if Hh
signalling is restored.

A role for ARL3 in the immune synapse

The interface between T cells and antigen presenting
cells or target cells is called the immunological synapse.
A mature canonical immune synapse is formed of three
concentric rings forming a bull's eye structure. The
central supramolecular activation centre (cSMAC)
where the T cell receptors (TCRs) are clustered sur-
rounded by the peripheral SMAC where the adhesion
molecules lymphocyte function-associated antigen
(LFA) is concentrated and finally the distal SMAC
where actin is concentrated [79]. The immunological
synapse is a region of active endocytosis and exocytosis
where cells communicate via direct interactions and
secreted particles [80,81]. The endocytosis and exocy-
tosis has been shown to be directed by the plasma
membrane docked centrosome, which shows resem-
blance to ciliogenesis [80]. Futhermore, components
of the IFT were found to be expressed in these cells.
This is intriguing as IFT proteins were thought to be
exclusively required for cilia. It is now known that IFT
proteins in T cells play a role in recycling TCRs to the
immune synapse (reviewed in [11]). Indeed, the mem-
brane composition of cilia and immune synapse also
share striking similarities (Figure 4). Recently, the com-
mon phosphoinositides signature and how the interplay
between phosphoinositide composition and actin
recruitment can be a common mechanism to regulate
signalling at both immune synapse and cilia has been
highlighted [12,82]. This resemblance may suggest loca-
lization of similar proteins in immune synapse and cilia
[80]. More research is needed here, especially in mem-
brane associated proteins that can sense lipid
composition.

Figure 3. ARL3 missense mutations at a conserved site affects
the interaction of ARL3 with ARL13B.
Ribbon and surface representation of ARL3 protein (in grey) inter-
acting with ARL13B protein in violet. ARL3 Arg148 and ARL13B
Glu86 side chains are shown as sticks.
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In brief, both cilia and immune synapses are specialized
functional membrane domains that can serve as platforms
for signalling. Indeed it was shown that Hh components
are polarized to the immune synapse [83] and deletion of
Smoothened impaired T lymphocyte cytotoxicity [84].
This again highlights common features and functions
between the cilia and the immune synapse. A precise link
between ciliopathies such as JBTS, which lead to structural
and developmental disorders of the brain and degenerative
disorders of other tissues including the retina and kidney
and the processes underlying the immune response, in
particular the T cell synapse is currently not evident.
Patients with ARL3 mutations identified to date do not
have obvious immune deficiency phenotypes. To answer
this question in more detail, ex vivo T cell studies from
patients withARL3mutations and other related conditions
will be informative. These studies may identify new
mechanisms and allow sub-clinical immunity phenotypes
to be revealed.

The lipid-modified, myristoylated, lymphocyte specific
SRC kinase LCK plays a critical role in initiating TCR
signalling. In unstimulated T cells LCK is localized on the

plasma membrane and a minor fraction on the RAB11
positive endosomes [85,86]. Nevertheless, upon immune
synapse formation LCK is seen enriched and focused at
the immunological synapse. Recently, using structural
and biochemical approaches, it was shown that the ciliary
machinery, composed of UNC119, ARL3 and ARL13B,
play a role in the enrichment of LCK at the immune
synapse [13]. Furthermore, the authors show that
UNC119 contacts the LCK kinase domain, and that this
interaction is inhibited by activation phosphorylation of
Tyr394. Vesicle trafficking is known to target LCK to the
immune synapse; this ciliary transport mechanism might
help vesicle trafficking to direct LCK to the immune
synapse. Another possibility is that the UNC119mediated
transport facilitates the exit of the LCK from vesicles to
the immune synapse. Temporal and functional studies
will precisely define the significance of this mechanism
in cells.

UNC119A, ARL13B, and ARL3 are all involved in cilio-
pathies. Interestingly a mutation in UNC119A has been
reported in a patient with CD4 lymphopenia, who showed
disruption of LCK localization [87]. Disruption of LCK

Figure 4. A common role for ARL3, ARL13B and UNC119A in the primary cilia and the immunological synapse.
A model of transporting prenylated and myristoylated proteins to the primary cilium (on the left) and a canonical immune synapse on the
right, where docking of the centriole at the plasma membrane and polarization of the Golgi are common features. ARL13B, the ARL3 GEF, is
enriched in both the cilium and immune synapse, which results in a high concentration of active GTP loaded ARL3. UNC119A, UNC119B or
PDE6D solubilize the lipid modified cargo by forming a complex with the cargo and sequestering the hydrophobic lipid group. The complex
is then disrupted by ARL3GTP resulting in the exposure of the lipid group which then associates with the ciliary or immune synapse
membranes. Phosphorylation of the LCK at tyrosine 394 interferes with the interaction with UNC119A.
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localisation might be responsible for impairment of T cell
activation and proliferation. Other cargoes might also be
affected by UNC119 and more studies should be per-
formed in the light of the new role of UNC119A in trans-
porting myristoylated proteins to the immune synapse. It
will be very interesting to study the ARL13B and ARL3
ciliopathy-associated mutations' effect on cellular immune
response. Localization of LCK and other myristoylated
immune synapse proteins might be impaired in ciliopathy
patient mutations and thusmay influence the function of T
lymphocytes. Defining the exact mechanistic roles and
molecular basis of these proteins is essential to investigate
these mutations in the context of immunity and to ask the
right biological questions. For example, not all ARL13B
mutations impair GEF catalytic activity. These mutations
might have cilia specific implications. Nevertheless, muta-
tions affecting catalytic activity of the protein are more
likely to have implications in both cilia and immunity.
Another layer of complexity is the interplay between cilia
function and inflammation. Indeed, it was reported that a
module of ciliary proteins, which include NPHP1, regulate
the expression of the chemokine CCL2 [88]. Based on this
study, it was proposed that inflammation and CCL2
mediated macrophage recruitment may contribute to dis-
ease progression in ciliopathy syndromes.

Conclusions

The small GTPase ARL3 has an important role in primary
cilia and ARL3mutations lead to a classical ciliopathy phe-
notype. A role for ARL3 in the immune synapse has also
recently been established, suggesting repurposing of ARL3
for this role. It remains to be established whether ciliopa-
thies such as JBTS will have specific immunodeficiency
phenotypes. A link between immunological disorders and
ciliopathies needs to be investigated further. Specific drugs
targeting ARL3 and its role in the cilium and immune
synapse now need to be explored as potential therapies.
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