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Teasing out function from morphology: Similarities
between primary cilia and immune synapses
Tiphaine Douanne, Jane C. Stinchcombe, and Gillian M. Griffiths

Immune synapses are formed between immune cells to facilitate communication and coordinate the immune response. The
reorganization of receptors involved in recognition and signaling creates a transient area of plasma membrane specialized in
signaling and polarized secretion. Studies on the formation of the immune synapse between cytotoxic T lymphocytes (CTLs)
and their targets uncovered a critical role for centrosome polarization in CTL function and suggested a striking parallel
between the synapse and primary cilium. Since these initial observations, a plethora of further morphological, functional, and
molecular similarities have been identified between these two fascinating structures. In this review, we describe how
advances in imaging and molecular techniques have revealed additional parallels as well as functionally significant differences
and discuss how comparative studies continue to shed light on the molecular mechanisms underlying the functions of both the
immune synapse and primary cilium.

Introduction
Cytotoxic T lymphocytes (CTLs) play a critical role in adaptive
immunity, recognizing and eliminating cells infected by intra-
cellular pathogens as well as cancerous cells. Upon T cell re-
ceptor (TCR)–mediated recognition, CTLs form a zone of tight
interaction with their target cells termed the immune synapse.
CTLs undergo rapid rearrangements of both actin and micro-
tubule cytoskeletons as the centrosome (the microtubule orga-
nizing center) polarizes toward the synapse, where it docks at
the plasma membrane. Secretory granules loaded with perforin
and granzyme move along the microtubules toward the docked
centrosome that provides a focal point of secretion within the
synapse. This exceptionally precise mechanism of polarized se-
cretion enables CTLs to eliminate their targets without damag-
ing surrounding healthy tissue (Golstein and Griffiths, 2018).

The primary cilium is a small microtubule-based organelle
assembled by most eukaryotic cells in response to various de-
velopmental cues (Sorokin, 1962). Although historically re-
garded as a vestigial structure, it has become clear that primary
cilia are essential signaling hubs, acting as “sensing antennae” to
detect and integrate multiple extracellular cues (Pedersen et al.,
2016). Dysfunctions of primary cilia are associated with a wide
range of human inherited developmental degenerative diseases
termed ciliopathies (Reiter and Leroux, 2017). The characteri-
zation and study of ciliopathy-associated phenotypes has im-
proved our understanding of the cilium and the mechanisms
regulating this enigmatic structure. Although lymphocytes are

one of very few cell types that do not appear to form primary
cilia (Hildebrandt and Otto, 2005; Wheatley, 1995), subsequent
studies have revealed that immune cells appear to form “frus-
trated cilia” with centrosome docking but no cilia formation
(Griffiths et al., 2010).

Striking parallels between the immune synapse and primary
cilia were first noticed at the ultrastructural level, when images
of centrosome polarization at the CTL immune synapse were
compared with images of basal body docking during ciliogenesis
(Stinchcombe et al., 2006; Stinchcombe and Griffiths, 2007). In
both ciliogenesis and immune synapse formation, it was clear
that docking of the centrosome at the plasma membrane also
resulted in polarization of the Golgi apparatus and endocytic
compartments toward the site of centrosome attachment, creat-
ing a focal point for endocytosis and exocytosis at a defined point
on the plasma membrane (Griffiths et al., 2010; Stinchcombe and
Griffiths, 2007). Many more molecular parallels between the
immune synapse and primary cilia have emerged since these
initial observations, and it is now clear that there are multiple
molecular and functional similarities between these two seem-
ingly disparate biological structures (Table 1).

Molecular parallels in centrosomal docking
The centrosome is composed of two centrioles, the mother
centriole with distal and subdistal appendages and the daughter
centriole that lacks appendages, surrounded by the pericen-
triolar material. Primary cilia formation is well described (Reiter
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and Leroux, 2017); in brief, it involves a series of well-
orchestrated steps, initiated by the docking of the mother cen-
triole, via its distal appendages, to what will become the ciliary
membrane (Anderson, 1972; Mirvis et al., 2018; Sorokin, 1962).
Microtubules extend from the docked mother centriole to form
the ciliary axoneme composed of nine doublet microtubules,
giving rise to the classical “antenna-like” cilium. In some cellular
contexts, vesicles originating from the Golgi and recycling en-
dosomes accumulate around the mother centriole and form a
cap-like structure, termed the ciliary vesicle or cap, to which the
mother centriole docks. This becomes the ciliary membrane
following fusion with the surface (Lu et al., 2015; Reiter et al.,
2012; Wang and Dynlacht, 2018; Yee and Reiter, 2015).

A combination of proteomic and super resolution microscopy
approaches has led to the identification of several distal ap-
pendage proteins essential for ciliogenesis, including CEP164,
CEP83, CEP89, SCLT1, C2CD3, and LRRC45 (Graser et al., 2007;
Joo et al., 2013; Kurtulmus et al., 2018; Schmidt et al., 2012;
Sillibourne et al., 2013; Tanos et al., 2013; Ye et al., 2014). In-
terestingly, the recruitment of distal appendage proteins to the
mother centriole seems to be hierarchical. Use of direct sto-
chastic optical reconstitution microscopy revealed that CEP83 is
located at the root of the appendages, while CEP164 accumulates
at their periphery (Bowler et al., 2019; Yang et al., 2018). This
supports earlier observations that removal of CEP83 impairs the
recruitment of CEP164, CEP89, and SCL1 to distal appendages
and effectively disrupts their assembly (Tanos et al., 2013). De-
letion of CEP83 through RNA interference prevented docking of
mother centrioles at the plasma membrane (Tanos et al., 2013),
with a subsequent study using CRISPR further demonstrating
that CEP83 ablation impairs ciliary vesicle formation (Lo et al.,
2019). The finding that mutations in CEP83 are associated with
infantile nephronophthisis (NPHP18), a ciliopathy characterized
by chronic renal failure (Failler et al., 2014), reinforces a critical
role of CEP83 in ciliogenesis. Interestingly, the removal of distal
appendages by CEP83 deletion affected subdistal appendage
stability and localization, demonstrating a structural coupling of
the distal and subdistal appendages (Chong et al., 2020). Of note,

it was recently reported that CEP83 is involved in centrosome
membrane anchoring in radial glial progenitor cells, indicating
an additional role for CEP83 distinct from ciliogenesis (Shao
et al., 2020).

An important role for mother centriole distal appendages has
also been described in immune cells. Transmission EM tomog-
raphy revealed that the distal appendages of the CTL mother
centriole associate with the plasma membrane upon killing,
anchoring the centrosome at the immune synapse (Stinchcombe
and Griffiths, 2014; Stinchcombe et al., 2015). The docking step
organizes microtubules emanating from the subdistal appen-
dages of the mother centriole to run underneath the synapse and
thus guides microtubule-mediated granule transport toward the
site of exocytosis (Stinchcombe et al., 2011, 2015; Fig. 1). In-
triguingly, CEP83 seems to play an important part in this process
in CTLs, as silencing it using RNA interference reduced granule
secretion in CTLs (Stinchcombe et al., 2015).

Tight polarization of the centrosome is an early hallmark of
both ciliogenesis and immune synapse formation. However,
subsequent events diverge, as centrosome docking at the syn-
apse is transient, lasting only minutes, while primary cilia are
stable structures persisting for several hours. Two proteins that
regulate the stable association of the centrosome with the
membrane during ciliogenesis are CP110 and its partner, CEP97,
which dissociate from the distal end of the mother centriole,
allowing centrosomal docking and axoneme growth. Loss of
Cep97 or CP110 promotes primary cilia formation, while ectopic
expression of CP110 thwarts it, suggesting the complex sup-
presses ciliogenesis (Spektor et al., 2007). This is thought to be
mediated by the serine/threonine kinase Tau-tubulin kinase-2,
which phosphorylates CEP83 to promote CP110 removal from
the mother centriole (Bernatik et al., 2020; Goetz et al., 2012; Lo
et al., 2019). In contrast, in CTLs the CP110–CEP97 complex is not
lost from the mother centriole upon docking, and cilia formation
does not occur (Stinchcombe et al., 2015). Interestingly, RNA
interference of CP110 in Jurkat T cells was able to induce some
primary cilia formation upon serum starvation, indicating
immune cells have the capacity to make cilia when CP110 is

Table 1. Common features are supported by shared molecular effectors at the immune synapse and the primary cilium

Sharedmechanism between the immune synapse and
primary cilia

Molecular effectors at the primary cilia Molecular effectors at the immune
synapse

Centrosomal docking at the plasma membrane Distal appendages Distal appendages

CEP83, CEP164, CEP89, SCLT1, C2CD3, LRRC45 CEP83

Actin rearrangements WASH, Arp2/3 WAVE2, WASp, Arp2/3

Trafficking machinery IFT proteins, including IFT20, IFT52, IFT57,
IFT88, and IFT54

IFT proteins, including IFT20, IFT52, IFT57,
IFT88, and IFT54

GMAP-210 GMAP-210

GTPases and GEFs: Rabs, including Rab29,
Rab11, and Rab8

GTPases and GEFs: Rab29, Rab11, Rab8

ARL3, ARL13B ARL3, ARL13B

SNAREs: VAMP7 SNAREs: VAMP7

Adaptors: MAL Adaptors: MAL

Hh signaling pathway PTCH, Hh ligands, SMO, Gli PTCH, Hh ligands, SMO, Gli

Douanne et al. Journal of Cell Biology 2 of 11

Cilia and synapses https://doi.org/10.1083/jcb.202102089

https://doi.org/10.1083/jcb.202102089


removed (Prosser and Morrison, 2015). Together, these findings
suggest that the retention of CP110–CEP97 might explain why a
cilium does not form at the immune synapse (Fig. 1).

To explore the role of centrosome homeostasis and assess the
contribution of centrosome docking during CTL killing, one
study used a Sas4/p53 deletion model (Tamzalit et al., 2020). As
CTLs have been shown to contain multiple pairs of centrioles
(Stinchcombe et al., 2015), this is a challenging problem to ap-
proach. While Sas4/p53 knockout lymphocytes displayed re-
duced killing, polarized secretion was unscathed probably due to
the maintenance of a rudimentary microtubule organizing
center, albeit with a less well-organized microtubule cytoskel-
eton. However, the Sas4/p53 CTLs were also disrupted in other
ways, including alterations in actin remodeling and granule

content, both of which would have contributed to the defect in
killing (Tamzalit et al., 2020). A recent study showing that
pericentriolar material can lead to cilia formation in the absence
of centrioles in Caenorhabditis elegans raises the intriguing pos-
sibility that centrosome function may also be retained in T cells
in the absence of centrioles (Garbrecht et al., 2021).

Actin rearrangements shape both the primary cilium and
immune synapse
In addition to changes in the microtubule organization, the
formation of both the immune synapse and primary cilium in-
volves rearrangement of the actin cytoskeleton.

Early interaction between a CTL and its target is mediated by
actin-rich lamellipodial protrusions that form an interdigitated

Figure 1. Centrosomal docking at the immune synapse and primary cilia. (A) In CTLs, upon target cell contact, the mother centriole docks at the plasma
membrane through distal appendages. Microtubules radiate from the mother centriole through subdistal appendages, providing tracks for delivery of cytolytic
granules to the secretory domain and target cell. During synapse formation, the CP110–Cep97 complex is maintained at the centrioles. This event is transient.
(B) Upon environmental and developmental cues, the basal body, a differentiated form of the mother centriole, docks at the membrane through distal ap-
pendages, followed by axoneme extension. In some cases, there is a prior recruitment, docking, and fusion of ciliary vesicles at the distal appendage of the
mother centriole, forming a nascent cilium that will later fuse with the plasma membrane. This is followed by axonemal microtubule extension. During cili-
ogenesis, the CP110–Cep97 complex is displaced from the mother centriole to allow axoneme extension. This event is relatively stable. MT, microtubule.
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contact site with the target cell and lead to a rapid accumulation
of actin across the contact site (Jenkins et al., 2014; Ritter et al.,
2015; Sanderson and Glauert, 1979). The initial actin accumula-
tion at the synapse is quickly followed by its depletion across the
structure, as the membrane reorganizes to form a tight contact
during killing (Fig. 2). Actin then returns to the contact site
before the CTL dissociates and moves on to further targets
(Ritter et al., 2015; Stinchcombe et al., 2001). Loss of cortical
actin is required for granule delivery, while its recovery drives
secretion termination (Ritter et al., 2017). The rapid changes in
actin distribution at the synapse are controlled by changes in the
plasmamembrane phospholipid composition in response to TCR
signaling (Gawden-Bone et al., 2018; Ritter et al., 2015). In brief,
TCR ligation activates PLCγ, triggering the depletion of phos-
phatidylinositol 4,5-bisphosphate (PI(4,5)P2), a lipid known to
interact with actin-regulating proteins (Rohatgi et al., 2000).

Consequently the TCR-induced loss of PI(4,5)P2 reduces actin
recruitment where TCR signaling occurs (Gawden-Bone et al.,
2018). The conversion of PI(4,5)P2 to DAG also alters the
membrane charge required for the electrostatic interactions for
phosphatidylinositol 4-phosphate 5-kinase type I (PIP5K) mem-
brane association, excluding PIP5K and ensuring actin depletion
from the point of centrosome docking at the synapse (Gawden-
Bone et al., 2018; Fig. 3).

The dynamic changes at the immune synapse produce a
distinctive membrane specialization during centrosome docking.
This resembles the membrane specialization described across the
primary cilium, arising from changes driven by inositol poly-
phosphate 5-phosphatase (INPP5E), a phosphatase that dephos-
phorylates PI(4,5)P2 to generate phosphatidylinositol 4-phosphate
(Dyson et al., 2012). Studies using lipid-specific antibodies (Chávez
et al., 2015) or expression of phosphoinositide-binding domains

Figure 2. Profound cytoskeleton rearrangements upon immune synapse formation and ciliogenesis. (IA) Initial contact with CTLs is mediated through
actin-rich filopodia and interdigitated contact sites with the target cell. At this stage, the centrosome is not polarized, and the cytolytic granules are dispersed
within the cell. (IB) The mature synapse displays accumulation of actin at the peripheral lamellipodia, while cortical actin is depleted, and the CTL plasma
membrane is flattened at the contact site. The mother centriole is docked at the plasmamembrane through distal appendages. Cytolytic granules are delivered
to the secretory domain. (IIA) Environmental and developmental cues initiate ciliogenesis. (IIB) The basal body docks at the plasma membrane through the
distal appendage, and the cilium protrudes from the cell body and is enriched in signaling receptors.
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fused to fluorescent proteins (Garcia-Gonzalo et al., 2015) revealed
that phosphatidylinositol 4-phosphate is enriched within the cil-
iary membrane, whereas PI(4,5)P2 and PI(3,4,5)P3 are localized
at the base of the cilium, providing a very similar membrane
architecture to that across the synapse, with actin depleted in both
cases (Fig. 3). INPP5E, required for Hedgehog (Hh) signaling, is
found along the cilia and marshals this compartmentalization
(Chávez et al., 2015; Dyson et al., 2017; Garcia-Gonzalo et al., 2015;
Nakatsu, 2015). Intriguingly, while TCR signaling displaces PIP5K
from the immune synapse, growth signals displace INPP5E from
the cilium, driving PI(4,5)P2 accumulation at the tip of the cilium,
allowing intraciliary actin polarization, which plays a part in cilia
shedding and disassembly (Phua et al., 2017). Thus, both the im-
mune synapse and the primary cilium undergo dynamic remod-
eling of their membrane phospholipid composition, driving actin
rearrangement and supporting their respective functions.

Studies in CD4+ T cells have shed some light on the roles of
actin regulatory proteins in immune synapse function. Briefly,
T cell stimulation leads to the activation of actin regulators
WAVE2 and WASp that act in concert with Arp2/3 complexes to
promote actin nucleation. While WAVE2 localizes at the la-
mellipodial protrusions, participating in their formation (Nolz
et al., 2006; Pauker et al., 2014), WASp modulates the formation
of TCR-rich actin foci (Comrie and Burkhardt, 2016; Kumari
et al., 2015). Several studies have shown that CTLs lacking the
Arp2/3 subunit ARPC1B are unable to form actin-rich lamelli-
podial protrusions, impairing synapse formation (Brigida et al.,

2018; Randzavola et al., 2019; Somech et al., 2017; Volpi et al.,
2019). However, in CTLs, loss of ARPC1B also disrupted
retromer-mediated recycling of receptors, including TCR and
the glucose transporter GLUT-1, impairing signaling and glucose
uptake required for cell proliferation (Randzavola et al., 2019).
Intriguingly, it has been proposed that centrosomes act as actin
organizing centers by nucleating actin filaments in a process
mediated by the nucleation promoting factor Wiskott-Aldrich
syndrome protein and SCAR homologue (WASH) in combina-
tion with the Arp2/3 complex (Farina et al., 2016). Actin reor-
ganization at the centrosomal area seems to contribute to
polarized secretion of multivesicular bodies from Jurkat T cells
(Bello-Gamboa et al., 2020).

Actin rearrangements also participate in primary cilia for-
mation (Copeland, 2020), and a number of proteomic screens
have identified actin-binding proteins in the cilium (Gupta et al.,
2015; Ishikawa et al., 2012; Kohli et al., 2017; Liu et al., 2007).
Arp2/3 plays a role in primary cilia, with deletion of the Arp3
subunit leading to increased ciliogenesis and ciliary length (Kim
et al., 2010; Yan and Zhu, 2013) as well as increased Hh signaling
(Drummond et al., 2018), suggesting that F-actin nucleation in-
hibits primary cilia formation (Kim et al., 2010; Yan and Zhu,
2013). Moreover, actin dynamics at the centrosome also play a
part in ciliogenesis, as preciliary vesicles seem to be transported
from the pericentrosomal region to the distal appendages of the
mother centriole to form the ciliary vesicle via an Arp2/3
branched actin network (Wu et al., 2018; Fig. 1).

Figure 3. Phospholipid composition of membranes at the immune synapse and primary cilia. Composition of phospholipids at the membrane at the
immune synapse and primary cilia when the centrosome is docked, highlighting the similarities that support their functions. Centrosome distal appendages
dock at the plasma membrane, although whether they bind specific phospholipids is not known.

Douanne et al. Journal of Cell Biology 5 of 11

Cilia and synapses https://doi.org/10.1083/jcb.202102089

https://doi.org/10.1083/jcb.202102089


Parallels in trafficking machinery
Both primary cilia and immune synapses can be viewed as spe-
cialized signaling hubs, with each relying on the correct spatial
and temporal recruitment of proteins for signal transduction.
Over the last decade, a large body of evidence has accumulated
which suggests the cilium and synapse share common mecha-
nisms to ensure polarized trafficking (Fig. 4). The best charac-
terized of these are the intraflagellar transport (IFT) proteins. In
cilia, IFT proteins associated with their cargo are transported
bidirectionally along axonemal microtubules by the molecular
motors kinesin 2 (base to tip) and dynein 2 (tip to base; Taschner
and Lorentzen, 2016). IFTs participate in the active sorting and
transport of cytosolic and membrane proteins destined for the
cilium past the impermeable transition zone to the axoneme
(Pedersen and Rosenbaum, 2008). Mutations in IFTs give rise to
a number of human ciliopathies, supporting their critical role in
ciliogenesis and cilium maintenance (Reiter and Leroux, 2017).

Interestingly, a number of IFT components have also been
found to be expressed in hematopoietic cells and shown to
participate in T lymphocyte activation (Finetti et al., 2009;
Finetti et al., 2014). For instance, IFT20 is recruited to the im-
mune synapse formed between a T lymphocyte and an antigen-
presenting cell via associationwith the centrosome aswell as the

Golgi and post-Golgi compartments (Finetti et al., 2009). This
echoes observations that IFT20 associates with the Golgi appa-
ratus at the base of the cilium and functions in the sorting of
proteins destined for the ciliary membrane (Follit et al., 2008;
Follit et al., 2006). In addition, a study using CD4+ T lymphocytes
derived frommicewith a conditional defect in IFT20 highlighted
a role for IFT20 in the recruitment to the immune synapse of
linker of activated T cells (LAT), a key adaptor involved in T cell
activation to the immune synapse (Vivar et al., 2016).

A proteomic analysis of the interactome of IFT20 in Jurkat
cells using quantitative mass spectrometry identified binding
partners for the protein (Galgano et al., 2017). These included
IFT54 and the Golgin GMAP-210, which were previously de-
scribed to associate with IFT20 in ciliated cells (Follit et al.,
2008; Follit et al., 2009). IFT54 participates in IFT20-mediated
TCR recycling, possibly through its role as a negative regulator
of microtubule stability (Bizet et al., 2015). Although GMAP-210
was not required for TCR recruitment to the synapse (Galgano
et al., 2017), it was found to mediate delivery of LAT-enriched
vesicles. Furthermore, ectopic expression of LAT in ciliated cells
led to its recruitment to the cilium in a GMAP-210–dependent
manner, supporting the idea that similar molecular mechanisms
are involved (Zucchetti et al., 2019). It is important to note that

Figure 4. Trafficking similarities between the immune synapse and primary cilia. (A and B) Both the immune synapse (A) and primary cilia (B) display
polarization of the Golgi apparatus, post-Golgi compartments, and endocytic compartments toward the membrane. Both structures are hubs of endo- and
exocytosis and share commonmolecular modulators of trafficking. (A) In CTLs, IFTs and Rab GTPases control the rapid trafficking of crucial signaling molecules
to the plasma membrane. (B) In the cilium, IFTs, Rab GTPases, and other GTPases participate in the sorting of proteins synthetized in the cytosol to the
axoneme. IFT proteins are involved in the antero- and retrograde transport of signaling receptors within the axoneme. Primary cilia have been shown to shed
ectosomes containing signaling receptors (e.g., GPCR) at their tips.
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the IFTs and particularly IFT20 seem to have general Golgi-
related trafficking functions in several cellular contexts that
are not restricted to the primary cilia or immune synapse. For
example, IFT20 is essential for procollagen trafficking from the
endoplasmic reticulum to the Golgi apparatus in central nervous
system–derived osteoblasts (Noda et al., 2016).

Endosomal trafficking at the immune synapse and primary
cilia share additional molecular effectors (Fig. 4). Indeed, IFTs
recruit small Rab GTPases that orchestrate receptor recycling
at both structures. Rab8, an essential player in cilium assembly
and trafficking (Nachury et al., 2007; Westlake et al., 2011),
colocalizes with IFT20 in Rab11+ endosomes in activated lym-
phocytes, and this interaction has been proposed to contribute to
vesicle-mediated TCR targeting to the immune synapse (Finetti
et al., 2015). The same group also identified Rab29 as an inter-
actor of IFT20, Rab8, and Rab11 (Onnis et al., 2015).

In addition to Rab GTPases, the small GTPase ARL3 and its
guanine exchange factor, ARL13B, appear to regulate membrane
composition and recruitment of signaling molecules in both the
cilium and synapse (Powell et al., 2021). The pivotal role of ARL3
in cilia is clear from the ciliary phenotypes associated with its
mutations, including Joubert syndrome and dominant retinitis
pigmentosa (Alkanderi et al., 2018; Holtan et al., 2019; Strom
et al., 2016). Briefly, ARL3 and ARL13B were previously shown
to play a role in mediating solubility of prenylated and myr-
istoylated proteins, thereby controlling recruitment of several
proteins to the axoneme (Powell et al., 2021). Intriguingly, the
ARL3/ARL13B machinery has been shown to mediate transport
of the downstream signaling effector protein Lck to the immune
synapse of T cells, revealing an alternative use for this ciliary
mechanism for targeting the delivery of signaling proteins in
immune cells (Stephen et al., 2018).

Together with the IFTs and small Rab GTPases, ciliated and
immune cells share trafficking pathway adaptors, including
SNARE family proteins involved in the priming and fusion of
vesicles to the plasma membrane. The SNARE VAMP7 is es-
sential for cilium biogenesis in kidney cells (Szalinski et al.,
2014) and has also been shown to be required for the recruit-
ment of LAT-containing vesicles to TCR activation sites and
consequent cell activation in CD4+ T lymphocytes (Larghi et al.,
2013). In addition, VAMP7 localizes to cytolytic granules andwas
proposed to play a role in granule fusion at the synapse
(Chitirala et al., 2019). Moreover, the myelin and lymphocyte
(MAL) protein participates in primary cilia formation as well as
modulating the sorting of Lck and LAT at the immune synapse
(Antón et al., 2011; Takiar et al., 2012).

Together, these observations indicated that multiple com-
ponents of the trafficking machinery, including IFTs, GTPases,
and SNAREs, act in both ciliated and immune cells to ensure
proper recruitment of signaling components to the axoneme and
synapse, as well as their recycling, which is essential for signal
termination (Fig. 4).

Shared pathways in signaling
Hh signaling
As part of its role as the “small antenna” of the cell, the ciliary
membrane contains a high concentration of transduction receptors.

One of the best-described signaling pathways in the cilium is the
Sonic Hh pathway (Goetz and Anderson, 2010). Briefly, upon
binding of the transmembrane receptor Patched (PTCH) to one of
the three Hh ligands (Sonic Hh, Desert Hh, or Indian Hh), Smo is
transported to the axoneme by IFTs, where it can disrupt the re-
pression of Gli1 at the tip of the cilia. Gli1 is then activated and free to
translocate to the nucleus, where it acts as a transcription factor for
Hh genes (Corbit et al., 2005; Rohatgi et al., 2007).

Interestingly, the study of knockout and transgenic models
has established a role for Hh signaling in the development of T
lymphocytes in the thymus as well as the differentiation of CD4+

T lymphocytes into T helper 2 cells (Crompton et al., 2007;
Furmanski et al., 2013). Furthermore, Hh signaling has also been
shown to be triggered upon TCR activation and contribute to the
cytotoxic synapse as detected by Gli1 activation, while deletion or
inhibition of Smo disrupted actin rearrangements and decreased
CTL killing (de la Roche et al., 2013). These findings suggest a
model where the Hh pathway modulates actin rearrangements,
controlling CTL secretion (de la Roche et al., 2013).

Vesicle release
A growing body of evidence suggests that the primary cilium is a
site of extracellular vesicle (EV) release. The studies of the
unicellular alga Chlamydomonas reinhardtii and the nematode C.
elegans have demonstrated that ectosomes can be released from
flagella and primary cilia and mediate extracellular communi-
cation. In C. reinhardtii, early electron microscopy showed
shedding of membrane microvesicles from the flagella tip
(Bergman et al., 1975). Subsequent studies found that these 50-
to 200-nm ectosomes contain proteases required for degrada-
tion of extracellular matrix and digestion of the mother cell wall
required for daughter cell hatching (Wood et al., 2013; Wood and
Rosenbaum, 2015). Vesicle fluorescence labeling and live and
electron microscopy revealed that ciliated sensory neurons of C.
elegans can release microvesicles into their environment (Wang
et al., 2014). This process relies on several ciliary proteins and
IFT components and participates in animal communication and
mating behaviors. Interestingly, in this context, observations of
microvesicle shedding have been made both at the base and the
tip of the cilia, suggesting two distinct ciliary secretion sites
(Wang and Barr, 2018). An alternative model suggests that EVs
could be shed at the base of the cilium then transported along the
ciliary membrane by the IFT to be released at the tip of the
axoneme (Maguire et al., 2015). Exosome-like vesicles have been
shown to accumulate around the cilium in the cells of patients
suffering from autosomal dominant polycystic kidney disease, as
well as in a mouse model recapitulating this human ciliopathy
(Hogan et al., 2009). Subsequent studies have found that actin
mediates vesicle shedding and ciliary disassembly, termed ec-
tocytosis and decapitation, respectively (Nager et al., 2017; Phua
et al., 2017). In one study, the shed vesicles were shown to carry
ciliary G protein–coupled receptors (GPCRs), thereby modulat-
ing signaling (Nager et al., 2017), while another report focused
on a role for these EVs in the disassembly of the cilium (Phua
et al., 2017).

A number of studies now suggest that lymphocytes also release
exosome-like vesicles at the synapse, in addition to secreted
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proteins, although the origins of these vesicles is not always
clear. Early observations suggested T cells shed vesicles con-
taining the activation-induced cell death mediators FasL and
APO2L (Alonso et al., 2011; Mart́ınez-Lorenzo et al., 1999) and
TCR–CD3–ζ complexes (Blanchard et al., 2002), as well as mRNA
(Mittelbrunn et al., 2011). A more recent study has shown that
FasL is localized on the intra luminal vesicles within cytolytic
granules, revealing the origins of vesicle released FasL (Lee et al.,
2018). Work using a TCR-triggering planar lipid bilayer synapse
showed that microvesicles containing TCR were secreted in an
endosomal sorting complexes required for transport (ESCRT)–
dependent manner, and these could in turn activate surrounding
cells (Choudhuri et al., 2014). In keeping with this, exosome-like
vesicles isolated from CTLs stimulated with high-affinity ligands
could activate bystander CTLs in the absence of antigen (Wu
et al., 2019). However, whether these supernatant-isolated exo-
somes originated from the synapse remains to be determined.

Concluding comments
The initial observations of morphological similarities in trans-
mission EM micrographs of centrosome polarization at the im-
mune synapse and primary cilium (Stinchcombe et al., 2006;
Stinchcombe and Griffiths, 2007; Stinchcombe and Griffiths,
2014; Stinchcombe et al., 2011) paved the way for what is now
a large body of research, extending the range of structural,
functional, and molecular similarities and so highlighting the
relationship between the cilium and synapse.

One reason the similarity between the synapse and cilium
appeared so intriguing in the early studies is that immune cells
were known to lack primary cilia despite having a functional
centrosome. While not an absolute rule, there seems to be a
correlation between the presence of a centriole and the ability to
form a cilium in most organisms. Organisms such as Dictyoste-
lium discoideum and Saccharomyces cerevisiae, which lack cilia
altogether, are devoid of centrosomes (Debec et al., 2010).

The observation that the CTL centrosome polarizes to the
synapse and docks with the membrane via the mother centriole
distal appendages upon target contact but fails to form a cilium
was therefore particularly striking and indicated that cen-
trosomal docking leads to different outcomes in ciliated and
immune cells. This difference is likely critical for the distinct
functional requirements of the transient immune synapse ver-
sus the stable cilium in ciliated tissues. The similarities in the
docking process, nevertheless, suggested immune cells such as
CTL might have “commandeered” mechanisms evolved for cilia
formation to provide a fast mechanism for repolarizing the cell
in response to target encounter (Stinchcombe et al., 2006). The
growing number of key molecular players in the range of critical
cellular processes that are shared between the synapse and the
cilium, from microtubule and actin cytoskeletons rearrange-
ments to membrane trafficking (e.g., IFTs, SNARE components,
and GTPases) to signaling pathways (e.g., Hh), as well as com-
mon mechanisms (such as the release of EVs), supports the idea
that lymphocytes have coopted ciliary machinery to fulfil their
cytotoxic functions and hints at an evolutionary link between
these structures. Much of our understanding of ciliogenesis
came from the study of ciliopathies, a subset of human inherited

developmental degenerative diseases (Reiter and Leroux, 2017).
Indeed, mutations in genes involved in ciliary function result in
a variety of symptoms ranging from polydactyly to blindness to
kidney diseases or neurodevelopmental defects (Waters and
Beales, 2011). Whether some ciliopathies are accompanied by
immune symptoms remains unclear and warrants further in-
vestigation. Comparisons between the immune synapse and
ciliogenesis have yielded a multitude of molecular similarities
between these seemingly disparate biological structures, illus-
trating how it is possible to tease out function frommorphology.
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Baldari. 2015. The small GTPase Rab29 is a common regulator of im-
mune synapse assembly and ciliogenesis. Cell Death Differ. 22:1687–1699.
https://doi.org/10.1038/cdd.2015.17

Pauker, M.H., B. Reicher, N. Joseph, I. Wortzel, S. Jakubowicz, E. Noy, O. Perl,
and M. Barda-Saad. 2014. WASp family verprolin-homologous protein-
2 (WAVE2) and Wiskott-Aldrich syndrome protein (WASp) engage in
distinct downstream signaling interactions at the T cell antigen re-
ceptor site. J. Biol. Chem. 289:34503–34519. https://doi.org/10.1074/jbc
.M114.591685

Pedersen, L.B., and J.L. Rosenbaum. 2008. Intraflagellar transport (IFT) role
in ciliary assembly, resorption and signalling. Curr. Top. Dev. Biol. 85:
23–61. https://doi.org/10.1016/S0070-2153(08)00802-8

Pedersen, L.B., J.B. Mogensen, and S.T. Christensen. 2016. Endocytic Control
of Cellular Signaling at the Primary Cilium. Trends Biochem. Sci. 41:
784–797. https://doi.org/10.1016/j.tibs.2016.06.002

Phua, S.C., S. Chiba, M. Suzuki, E. Su, E.C. Roberson, G.V. Pusapati, S.
Schurmans, M. Setou, R. Rohatgi, J.F. Reiter, et al. 2017. Dynamic Re-
modeling of Membrane Composition Drives Cell Cycle through Primary
Cilia Excision. Cell. 168:264–279.e15. https://doi.org/10.1016/j.cell.2016
.12.032

Powell, L., Y.H. Samarakoon, S. Ismail, and J.A. Sayer. 2021. ARL3, a small
GTPase with a functionally conserved role in primary cilia and immune
synapses. Small GTPases. 12:167–176. https://doi.org/10.1080/21541248
.2019.1703466

Prosser, S.L., and C.G. Morrison. 2015. Centrin2 regulates CP110 removal in
primary cilium formation. J. Cell Biol. 208:693–701. https://doi.org/10
.1083/jcb.201411070

Randzavola, L.O., K. Strege, M. Juzans, Y. Asano, J.C. Stinchcombe, C.M.
Gawden-Bone, M.N. Seaman, T.W. Kuijpers, and G.M. Griffiths. 2019.
Loss of ARPC1B impairs cytotoxic T lymphocyte maintenance and cy-
tolytic activity. J. Clin. Invest. 129:5600–5614. https://doi.org/10.1172/
JCI129388

Reiter, J.F., and M.R. Leroux. 2017. Genes and molecular pathways under-
pinning ciliopathies. Nat. Rev. Mol. Cell Biol. 18:533–547. https://doi.org/
10.1038/nrm.2017.60

Reiter, J.F., O.E. Blacque, and M.R. Leroux. 2012. The base of the cilium: roles
for transition fibres and the transition zone in ciliary formation,
maintenance and compartmentalization. EMBO Rep. 13:608–618.
https://doi.org/10.1038/embor.2012.73

Ritter, A.T., Y. Asano, J.C. Stinchcombe, N.M. Dieckmann, B.C. Chen, C.
Gawden-Bone, S. van Engelenburg, W. Legant, L. Gao, M.W. Davidson,
et al. 2015. Actin depletion initiates events leading to granule secretion
at the immunological synapse. Immunity. 42:864–876. https://doi.org/10
.1016/j.immuni.2015.04.013

Ritter, A.T., S.M. Kapnick, S. Murugesan, P.L. Schwartzberg, G.M. Griffiths,
and J. Lippincott-Schwartz. 2017. Cortical actin recovery at the immu-
nological synapse leads to termination of lytic granule secretion in
cytotoxic T lymphocytes. Proc. Natl. Acad. Sci. USA. 114:E6585–E6594.
https://doi.org/10.1073/pnas.1710751114

Rohatgi, R., H.Y. Ho, and M.W. Kirschner. 2000. Mechanism of N-WASP
activation by CDC42 and phosphatidylinositol 4, 5-bisphosphate. J. Cell
Biol. 150:1299–1310. https://doi.org/10.1083/jcb.150.6.1299

Rohatgi, R., L. Milenkovic, andM.P. Scott. 2007. Patched1 regulates hedgehog
signaling at the primary cilium. Science. 317:372–376. https://doi.org/10
.1126/science.1139740

Sanderson, C.J., and A.M. Glauert. 1979. The mechanism of T-cell mediated
cytotoxicity. VI. T-cell projections and their role in target cell killing.
Immunology. 36:119–129.

Schmidt, K.N., S. Kuhns, A. Neuner, B. Hub, H. Zentgraf, and G. Pereira. 2012.
Cep164 mediates vesicular docking to the mother centriole during early
steps of ciliogenesis. J. Cell Biol. 199:1083–1101. https://doi.org/10.1083/
jcb.201202126

Shao, W., J. Yang, M. He, X.Y. Yu, C.H. Lee, Z. Yang, A.L. Joyner, K.V. An-
derson, J. Zhang, M.B. Tsou, et al. 2020. Centrosome anchoring regu-
lates progenitor properties and cortical formation. Nature. 580:106–112.
https://doi.org/10.1038/s41586-020-2139-6

Sillibourne, J.E., I. Hurbain, T. Grand-Perret, B. Goud, P. Tran, and M. Bornens.
2013. Primary ciliogenesis requires the distal appendage component
Cep123. Biol. Open. 2:535–545. https://doi.org/10.1242/bio.20134457

Somech, R., A. Lev, Y.N. Lee, A.J. Simon, O. Barel, G. Schiby, C. Avivi, I.
Barshack, M. Rhodes, J. Yin, et al. 2017. Disruption of Thrombocyte and

Douanne et al. Journal of Cell Biology 10 of 11

Cilia and synapses https://doi.org/10.1083/jcb.202102089

https://doi.org/10.1073/pnas.1220927110
https://doi.org/10.1038/nature08895
https://doi.org/10.15252/embr.201643846
https://doi.org/10.15252/embr.201643846
https://doi.org/10.7554/eLife.04953
https://doi.org/10.7554/eLife.04953
https://doi.org/10.1242/jcs.223594
https://doi.org/10.1038/ni.2609
https://doi.org/10.1038/ni.2609
https://doi.org/10.1002/iid3.219
https://doi.org/10.1074/mcp.M700054-MCP200
https://doi.org/10.1074/mcp.M700054-MCP200
https://doi.org/10.1083/jcb.201811142
https://doi.org/10.1038/ncb3109
https://doi.org/10.1091/mbc.E15-01-0009
https://doi.org/10.1091/mbc.E15-01-0009
https://doi.org/10.1042/BCJ20170453
https://doi.org/10.1038/ncomms1285
https://doi.org/10.1038/ncomms1285
https://doi.org/10.1016/j.cell.2007.03.053
https://doi.org/10.1016/j.cell.2007.03.053
https://doi.org/10.1016/j.cell.2016.11.036
https://doi.org/10.1016/j.devcel.2015.08.008
https://doi.org/10.1073/pnas.1519458113
https://doi.org/10.1073/pnas.1519458113
https://doi.org/10.1016/j.cub.2005.11.036
https://doi.org/10.1016/j.cub.2005.11.036
https://doi.org/10.1038/cdd.2015.17
https://doi.org/10.1074/jbc.M114.591685
https://doi.org/10.1074/jbc.M114.591685
https://doi.org/10.1016/S0070-2153(08)00802-8
https://doi.org/10.1016/j.tibs.2016.06.002
https://doi.org/10.1016/j.cell.2016.12.032
https://doi.org/10.1016/j.cell.2016.12.032
https://doi.org/10.1080/21541248.2019.1703466
https://doi.org/10.1080/21541248.2019.1703466
https://doi.org/10.1083/jcb.201411070
https://doi.org/10.1083/jcb.201411070
https://doi.org/10.1172/JCI129388
https://doi.org/10.1172/JCI129388
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1038/nrm.2017.60
https://doi.org/10.1038/embor.2012.73
https://doi.org/10.1016/j.immuni.2015.04.013
https://doi.org/10.1016/j.immuni.2015.04.013
https://doi.org/10.1073/pnas.1710751114
https://doi.org/10.1083/jcb.150.6.1299
https://doi.org/10.1126/science.1139740
https://doi.org/10.1126/science.1139740
https://doi.org/10.1083/jcb.201202126
https://doi.org/10.1083/jcb.201202126
https://doi.org/10.1038/s41586-020-2139-6
https://doi.org/10.1242/bio.20134457
https://doi.org/10.1083/jcb.202102089


T Lymphocyte Development by a Mutation in ARPC1B. J. Immunol. 199:
4036–4045. https://doi.org/10.4049/jimmunol.1700460

Sorokin, S. 1962. Centrioles and the formation of rudimentary cilia by fi-
broblasts and smooth muscle cells. J. Cell Biol. 15:363–377. https://doi
.org/10.1083/jcb.15.2.363

Spektor, A., W.Y. Tsang, D. Khoo, and B.D. Dynlacht. 2007. Cep97 and CP110
suppress a cilia assembly program. Cell. 130:678–690. https://doi.org/10
.1016/j.cell.2007.06.027

Stephen, L.A., Y. ElMaghloob, M.J. McIlwraith, T. Yelland, P. Castro Sanchez,
P. Roda-Navarro, and S. Ismail. 2018. The Ciliary Machinery Is Re-
purposed for T Cell Immune Synapse Trafficking of LCK. Dev. Cell. 47:
122–132.e4. https://doi.org/10.1016/j.devcel.2018.08.012

Stinchcombe, J.C., and G.M. Griffiths. 2007. Secretory mechanisms in cell-
mediated cytotoxicity. Annu. Rev. Cell Dev. Biol. 23:495–517. https://doi
.org/10.1146/annurev.cellbio.23.090506.123521

Stinchcombe, J.C., and G.M. Griffiths. 2014. Communication, the centrosome
and the immunological synapse. Philos. Trans. R. Soc. Lond. B Biol. Sci.
369:20130463. https://doi.org/10.1098/rstb.2013.0463

Stinchcombe, J.C., G. Bossi, S. Booth, and G.M. Griffiths. 2001. The immu-
nological synapse of CTL contains a secretory domain and membrane
bridges. Immunity. 15:751–761. https://doi.org/10.1016/S1074-7613(01)
00234-5

Stinchcombe, J.C., E. Majorovits, G. Bossi, S. Fuller, and G.M. Griffiths. 2006.
Centrosome polarization delivers secretory granules to the immunological
synapse. Nature. 443:462–465. https://doi.org/10.1038/nature05071

Stinchcombe, J.C., M. Salio, V. Cerundolo, D. Pende, M. Arico, and G.M.
Griffiths. 2011. Centriole polarisation to the immunological synapse
directs secretion from cytolytic cells of both the innate and adaptive im-
mune systems. BMC Biol. 9:45. https://doi.org/10.1186/1741-7007-9-45

Stinchcombe, J.C., L.O. Randzavola, K.L. Angus, J.M. Mantell, P. Verkade, and
G.M. Griffiths. 2015. Mother Centriole Distal Appendages Mediate
Centrosome Docking at the Immunological Synapse and Reveal Mech-
anistic Parallels with Ciliogenesis. Curr. Biol. 25:3239–3244. https://doi
.org/10.1016/j.cub.2015.10.028

Strom, S.P., M.J. Clark, A. Martinez, S. Garcia, A.A. Abelazeem, A. Matynia, S.
Parikh, L.S. Sullivan, S.J. Bowne, S.P. Daiger, and M.B. Gorin. 2016. De
Novo Occurrence of a Variant in ARL3 and Apparent Autosomal
Dominant Transmission of Retinitis Pigmentosa. PLoS One. 11:e0150944.
https://doi.org/10.1371/journal.pone.0150944

Szalinski, C.M., A. Labilloy, J.R. Bruns, and O.A. Weisz. 2014. VAMP7 mod-
ulates ciliary biogenesis in kidney cells. PLoS One. 9:e86425. https://doi
.org/10.1371/journal.pone.0086425

Takiar, V., K. Mistry, M. Carmosino, N. Schaeren-Wiemers, and M.J. Caplan.
2012. VIP17/MAL expression modulates epithelial cyst formation and
ciliogenesis. Am. J. Physiol. Cell Physiol. 303:C862–C871. https://doi.org/
10.1152/ajpcell.00338.2011

Tamzalit, F., D. Tran, W. Jin, V. Boyko, H. Bazzi, A. Kepecs, L.C. Kam, K.V.
Anderson, and M. Huse. 2020. Centrioles control the capacity, but not
the specificity, of cytotoxic T cell killing. Proc. Natl. Acad. Sci. USA. 117:
4310–4319. https://doi.org/10.1073/pnas.1913220117

Tanos, B.E., H.J. Yang, R. Soni, W.J. Wang, F.P. Macaluso, J.M. Asara, andM.F.
Tsou. 2013. Centriole distal appendages promote membrane docking,
leading to cilia initiation. Genes Dev. 27:163–168. https://doi.org/10.1101/
gad.207043.112

Taschner, M., and E. Lorentzen. 2016. The Intraflagellar Transport Machin-
ery. Cold Spring Harb. Perspect. Biol. 8:a028092. https://doi.org/10.1101/
cshperspect.a028092

Vivar, O.I., G. Masi, J.-M. Carpier, J.G. Magalhaes, D. Galgano, G.J. Pazour, S.
Amigorena, C. Hivroz, and C.T. Baldari. 2016. IFT20 controls LAT re-
cruitment to the immune synapse and T-cell activation in vivo. Proc.

Natl. Acad. Sci. USA. 113:386–391. https://doi.org/10.1073/pnas
.1513601113

Volpi, S., M.P. Cicalese, P. Tuijnenburg, A.T.J. Tool, E. Cuadrado, M. Abu-
Halaweh, H. Ahanchian, R. Alzyoud, Z.C. Akdemir, F. Barzaghi, et al.
2019. A combined immunodeficiency with severe infections, inflam-
mation, and allergy caused by ARPC1B deficiency. J. Allergy Clin. Im-
munol. 143:2296–2299. https://doi.org/10.1016/j.jaci.2019.02.003

Wang, J., and M.M. Barr. 2018. Cell-cell communication via ciliary extracel-
lular vesicles: clues from model systems. Essays Biochem. 62:205–213.
https://doi.org/10.1042/EBC20170085

Wang, L., and B.D. Dynlacht. 2018. The regulation of cilium assembly and
disassembly in development and disease. Development. 145:151407.
https://doi.org/10.1242/dev.151407

Wang, J., M. Silva, L.A. Haas, N.S. Morsci, K.C. Nguyen, D.H. Hall, and M.M.
Barr. 2014. C. elegans ciliated sensory neurons release extracellular
vesicles that function in animal communication. Curr. Biol. 24:519–525.
https://doi.org/10.1016/j.cub.2014.01.002

Waters, A.M., and P.L. Beales. 2011. Ciliopathies: an expanding disease
spectrum. Pediatr. Nephrol. 26:1039–1056. https://doi.org/10.1007/
s00467-010-1731-7

Westlake, C.J., L.M. Baye, M.V. Nachury, K.J. Wright, K.E. Ervin, L. Phu, C.
Chalouni, J.S. Beck, D.S. Kirkpatrick, D.C. Slusarski, et al. 2011. Primary
cilia membrane assembly is initiated by Rab11 and transport protein
particle II (TRAPPII) complex-dependent trafficking of Rabin8 to the
centrosome. Proc. Natl. Acad. Sci. USA. 108:2759–2764. https://doi.org/10
.1073/pnas.1018823108

Wheatley, D.N. 1995. Primary cilia in normal and pathological tissues. Path-
obiology. 63:222–238. https://doi.org/10.1159/000163955

Wood, C.R., and J.L. Rosenbaum. 2015. Ciliary ectosomes: transmissions from
the cell’s antenna. Trends Cell Biol. 25:276–285. https://doi.org/10.1016/j
.tcb.2014.12.008

Wood, C.R., K. Huang, D.R. Diener, and J.L. Rosenbaum. 2013. The cilium
secretes bioactive ectosomes. Curr. Biol. 23:906–911. https://doi.org/10
.1016/j.cub.2013.04.019

Wu, C.T., H.Y. Chen, and T.K. Tang. 2018. Myosin-Va is required for pre-
ciliary vesicle transportation to the mother centriole during ciliogene-
sis.Nat. Cell Biol. 20:175–185. https://doi.org/10.1038/s41556-017-0018-7

Wu, S.W., L. Li, Y. Wang, and Z. Xiao. 2019. CTL-Derived Exosomes Enhance
the Activation of CTLs Stimulated by Low-Affinity Peptides. Front.
Immunol. 10:1274. https://doi.org/10.3389/fimmu.2019.01274

Yan, X., and X. Zhu. 2013. Branched F-actin as a negative regulator of cilia
formation. Exp. Cell Res. 319:147–151. https://doi.org/10.1016/j.yexcr
.2012.08.009

Yang, T.T., W.M. Chong, W.J. Wang, G. Mazo, B. Tanos, Z. Chen, T.M.N. Tran,
Y.D. Chen, R.R. Weng, C.E. Huang, et al. 2018. Super-resolution archi-
tecture of mammalian centriole distal appendages reveals distinct blade
and matrix functional components. Nat. Commun. 9:2023. https://doi
.org/10.1038/s41467-018-04469-1

Ye, X., H. Zeng, G. Ning, J.F. Reiter, and A. Liu. 2014. C2cd3 is critical for
centriolar distal appendage assembly and ciliary vesicle docking in
mammals. Proc. Natl. Acad. Sci. USA. 111:2164–2169. https://doi.org/10
.1073/pnas.1318737111

Yee, L.E., and J.F. Reiter. 2015. Ciliary vesicle formation: a prelude to cilio-
genesis. Dev. Cell. 32:665–666. https://doi.org/10.1016/j.devcel.2015.03
.012

Zucchetti, A.E., L. Bataille, J.M. Carpier, S. Dogniaux, M. San Roman-Jouve,
M. Maurin, M.W. Stuck, R.M. Rios, C.T. Baldari, G.J. Pazour, and C.
Hivroz. 2019. Tethering of vesicles to the Golgi by GMAP210 controls
LAT delivery to the immune synapse.Nat. Commun. 10:2864. https://doi
.org/10.1038/s41467-019-10891-w

Douanne et al. Journal of Cell Biology 11 of 11

Cilia and synapses https://doi.org/10.1083/jcb.202102089

https://doi.org/10.4049/jimmunol.1700460
https://doi.org/10.1083/jcb.15.2.363
https://doi.org/10.1083/jcb.15.2.363
https://doi.org/10.1016/j.cell.2007.06.027
https://doi.org/10.1016/j.cell.2007.06.027
https://doi.org/10.1016/j.devcel.2018.08.012
https://doi.org/10.1146/annurev.cellbio.23.090506.123521
https://doi.org/10.1146/annurev.cellbio.23.090506.123521
https://doi.org/10.1098/rstb.2013.0463
https://doi.org/10.1016/S1074-7613(01)00234-5
https://doi.org/10.1016/S1074-7613(01)00234-5
https://doi.org/10.1038/nature05071
https://doi.org/10.1186/1741-7007-9-45
https://doi.org/10.1016/j.cub.2015.10.028
https://doi.org/10.1016/j.cub.2015.10.028
https://doi.org/10.1371/journal.pone.0150944
https://doi.org/10.1371/journal.pone.0086425
https://doi.org/10.1371/journal.pone.0086425
https://doi.org/10.1152/ajpcell.00338.2011
https://doi.org/10.1152/ajpcell.00338.2011
https://doi.org/10.1073/pnas.1913220117
https://doi.org/10.1101/gad.207043.112
https://doi.org/10.1101/gad.207043.112
https://doi.org/10.1101/cshperspect.a028092
https://doi.org/10.1101/cshperspect.a028092
https://doi.org/10.1073/pnas.1513601113
https://doi.org/10.1073/pnas.1513601113
https://doi.org/10.1016/j.jaci.2019.02.003
https://doi.org/10.1042/EBC20170085
https://doi.org/10.1242/dev.151407
https://doi.org/10.1016/j.cub.2014.01.002
https://doi.org/10.1007/s00467-010-1731-7
https://doi.org/10.1007/s00467-010-1731-7
https://doi.org/10.1073/pnas.1018823108
https://doi.org/10.1073/pnas.1018823108
https://doi.org/10.1159/000163955
https://doi.org/10.1016/j.tcb.2014.12.008
https://doi.org/10.1016/j.tcb.2014.12.008
https://doi.org/10.1016/j.cub.2013.04.019
https://doi.org/10.1016/j.cub.2013.04.019
https://doi.org/10.1038/s41556-017-0018-7
https://doi.org/10.3389/fimmu.2019.01274
https://doi.org/10.1016/j.yexcr.2012.08.009
https://doi.org/10.1016/j.yexcr.2012.08.009
https://doi.org/10.1038/s41467-018-04469-1
https://doi.org/10.1038/s41467-018-04469-1
https://doi.org/10.1073/pnas.1318737111
https://doi.org/10.1073/pnas.1318737111
https://doi.org/10.1016/j.devcel.2015.03.012
https://doi.org/10.1016/j.devcel.2015.03.012
https://doi.org/10.1038/s41467-019-10891-w
https://doi.org/10.1038/s41467-019-10891-w
https://doi.org/10.1083/jcb.202102089

	Teasing out function from morphology: Similarities between primary cilia and immune synapses
	Introduction
	Molecular parallels in centrosomal docking
	Actin rearrangements shape both the primary cilium and immune synapse
	Parallels in trafficking machinery
	Shared pathways in signaling
	Outline placeholder
	Hh signaling
	Vesicle release


	Concluding comments
	Acknowledgments
	References


