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Abstract

In this short review, we will focus on the uniqueness of ciliary extracellular vesicles (EVs). In 

particular, we will review what has been learned regarding EVs produced by cilia of model 

organisms. Model systems including Chlamydomonas, C. elegans, and mouse revealed the 

fundamental biology of cilia and flagella and provide a paradigm to understand the roles of cilia 

and flagella in human development, health, and disease. Likewise, we propose that general 

principles learned from model systems regarding ciliary EV biogenesis and functions may provide 

a framework to explore the roles of ciliary EVs in human development, health, and disease.

Probably the most important question we can ask ourselves is how trillions of cells 

communicate and cooperate with each other to generate the human body and to fulfill 

cognitive functions of the brain. After nearly a century of studying the biology of the cell, 

we have gained extensive knowledge about the making and inner workings of the cell and 

about intercellular communication. Extracellular vesicles (EVs) are emerging as an 

evolutionarily conserved method of intercellular communication within an organism or for 

cellular crosstalk between organisms, species, and kingdoms. This is a most exciting time to 

review some of the EV communication principles and speculate how these principles may 

illuminate how cells and tissues crosstalk using EVs to influence organismal biology.

EVs are membrane-bound vesicles that contain signaling proteins, nucleic acids, and lipids 

and that are shed by all three domains of life, yet we are only beginning to understand the 

cell biology of EVs (1). Two major types of EVs are exosomes, which are 30–100 nm in 

diameter and derived from the fusion of multivesicular bodies (MVBs) to the plasma 

membrane, and microvesicles that bud from the plasma membrane and are larger (50 nm 

−1,000 nm). In this review and per ISEV nomenclature, we will use the term EV to mean 

either exosome or microvesicle, and will specifically refer to exosome or microvesicle when 

the origin of the EV is known.

Prokaryotes, unicellular eukaryotes and lower metazoans all exhibit collective behavior. The 

human pathogen Pseudomonas aeruginosa packages its quorum sensing signal in membrane 

vesicles that are environmentally released (2). Microbial liposome-like membrane vesicles 

may also contain DNA that plays a role in horizontal gene transfer or toxins that transfer 
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virulent factors to cells or to counteract environmental predation (reviewed by (3)). 

Trypanosoma brucei secretes exosomes that enter recipient trypanosome cells to influence 

social motility (4). In the green alga Chlamydomonas and the nematode Caenorhabditis 
elegans, EVs signal between organisms to influence mating and mating-related behaviors, 

respectively (5, 6). We propose that the principles of the EV social communication between 

individuals in the microbial community or lower metazoans may resemble those through 

which cells interact with each other within a tissue, organ or organism. Insights learned from 

lower organisms may create a framework from which to understand how EVs organize the 

social biology of the cells within human body in healthy and diseased states. Consistent with 

a role in orchestrators of intercellular communication, EVs transport lipid-modified 

morphogens such as Hedgehog (Hh) and Wnt, which are evolutionarily conserved regulators 

of animal development and body plan (reviewed by (7)).

Several databases have been built to collect published components of EVs. However, a 

holistic understanding of EV biology is lacking, largely due to technical limitations that 

include the tiny size of some EVs, the challenge of tracking EV dynamics from its 

originating cellular source to its target, and the difficulty of measuring EV function in real 

time and in a physiologically relevant context. It is here where the alga Chlamydomonas 
reinhardtii and the nematode Caenorhabditis elegans prove invaluable model systems to 

study EV biogenesis and function in vivo. In these transparent, living organisms, one has the 

ability to visualize EVs labeled with fluorescent-tagged cargos, to monitor EV shedding, 

release, and ultimately capture by target cells. Coupled with in vivo assays to measure 

bioactivity and a powerful molecular genetic toolkit, it is possible to study the fundamental 

biology of EVs. In this short review, we will focus on the uniqueness of EVs as universal 

communication devices, especially from what we have learned about EVs shed from cilia 

and flagella of model systems (reviewed by (8–10)).

Cilia and Ciliary EVs

Cilia project off the surface of most non-dividing cells in the human body. Until the turn of 

the 21st century, the human cilium was viewed as a vestigial organelle. Studies in 

Chlamydomonas, C. elegans, and mouse revealed that genes important for cilia development 

and function had human counterparts that, when mutated, resulted polycystic kidney disease, 

providing first connection between cilia and human disease (reviewed by (11)). Cilia play 

important and essential roles in development, signaling, and homeostasis, with defects in 

ciliary genes causing human ciliopathies that display a spectrum of symptoms including 

embryonic lethality, polydactyly, polycystic kidney disease, obesity, and hydrocephalus (12).

Cilia act as cell towers to both receive extracellular signals and to send information via 

ciliary EVs (13). Given the importance of cilia in receiving extracellular signals and EVs in 

sending signals, ciliary EVs - named for their source or target - are emerging at the forefront 

of these two fields of study. As cilia evolved before the divergence of the last eukaryotic 

common ancestor (14–16), we propose that the last common eukaryotic ancestor may have 

used cilia and ciliary EVs to communicate.
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The cilium displays an architecturally conserved microtubule axonemal core and is 

constructed from over 600 proteins, many of which are evolutionarily conserved (12). The 

cilium itself occupies a privileged space in the eukaryotic cell. The transition zone 

physically separates the cilium from the cell and acts as a guard – regulating access of 

proteins into and out of this restricted ciliary compartment (Figure). In thousands of TEM 

(transmission electron microscopy) images of well-fixed cilia and flagella in the literature 

over decades, internal vesicles have not been observed, likely due to the presence of the 

transition zone blockade. The cilium therefore relies on microtubule-based intraflagellar 

transport (IFT) driven by anterograde kinesin-2 and retrograde dynein to deliver structural 

and signaling cargoes.

Cilia and flagella of protists, Chlamydomonas, C. elegans, mouse, and cultured human cell 

lines have the ability to shed EVs (8, 10, 17–20). In Chlamydomonas, flagellar tips shed 

microvesicles referred to as “ectosomes” in the literature (8, 21). Nomarski microscopy 

reveals microvesicles/ectosomes budding in real time from ciliary tips of Chlamydomonas 
(21). Likewise, TEM images show microvesicles/ectosomes budding from ciliary tips in 

fixed cells (21). In Chlamydomonas, components of the endosomal sorting complex required 

for transport (ESCRT) are found in isolated ciliary transition zones, ciliary membranes, and 

ciliary EVs (22, 23), which may mediate membrane budding and the formation of ciliary 

EVs.

In C. elegans, only a subset of ciliated sensory neurons is capable of producing EVs – those 

whose ciliary tips protrude through cuticular pores to the outside world (6). Using the worm 

as an in vivo system, we developed methods to visualize and count EVs that are labeled with 

fluorescently-tagged cargo. Live imaging of fluorescently-labeled EVs coupled with TEM 

and electron tomography (EM/ET) of fixed animals provides a basic picture of EV 

biogenesis in C. elegans. Using this strategy, we showed that ciliary EV biogenesis is 

regulated by evolutionarily conserved IFT and ciliary resident proteins (6, 24–26). Each EV-

releasing sensillum contains the cilium of an EV-releasing neuron and an associated 

mechanosensory neuron along with glial socket and sheath cells that create a lumen 

surrounding the cilium (6). By fluorescence microscopy and EM/ET, EVs are observed to 

accumulate in the lumen, hence we conclude that EVs are shed at the ciliary base into the 

lumen. Using TEM, we do not see MVBs in the region of the ciliary base and therefore these 

ciliary EVs are not likely exosomes. Instead, we observe omega-shaped vesicle budding 

from the ciliary base suggesting that these C. elegans ciliary EVs are microvesicles. By 

fluorescence microscopy, we observe GFP-tagged EVs being shed from tips of cilia and 

released into the media. These data suggest two distinct sites of ciliary EV shedding: at the 

ciliary base and at the ciliary tip. Alternatively, EVs may be shed at the ciliary base, 

propelled by IFT and an accessory ciliary kinesin-3 motor KLP-6 along the ciliary 

membrane surface to the cuticular pore, and then released into the environment (proposed in 

(27)). We are currently using high-speed super-resolution microscopy to distinguish between 

these possibilities (Wang and Barr, unpublished).

EVs have been observed along the mammalian primary cilium. Scanning electron 

microscopy of mammalian primary cilia reveals cilia-associated vesicles (28, 29). Ward and 

colleagues first showed that cilia are associated with exosome-like vesicles and that cilia 
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might absorb EVs rapidly (28). In the kidney, EVs abnormally accumulate along cilia of 

autosomal recessive PKD human patients and mouse mutants (28), hinting at a connection 

between EVs and ciliopathies (10). In hTERT-RPE1 cell lines (human telomerase reverse 

transcriptase immortalized human retinal pigment epithelial) expressing the GPCR 

Smoothened tagged with pH-sensitive GFP (pH-SMO), ultra-high resolution 3D imaging of 

whole cells revealed pH-SMO decorating the ciliary membrane and vesicle-like buds along 

ciliary membrane (refer to Figures 6F and 6H and Supplemental Movie S5 in (30)). The 

aforementioned study using fixed cells could not resolve whether EVs are budding off or 

fusing with the cilium. As discussed in the next section, two recent studies convincingly 

show that EV shedding occurs at the ciliary tip of mammalian cells (18, 19).

Ciliary EV function

Why do cilia shed EVs?

In mammalian cells, ciliary microvesicles/ectosomes regulate ciliary receptor abundance and 

signaling (18). Under pathological conditions when BBSome-mediated ciliary receptor 

endocytic retrieval and removal is blocked, Nachury and colleagues found that mammalian 

cilia shed activated SSTR3 and GPR161 GPCR-containing microvesicles in an actin-

dependent process referred to as “ectocytosis”. A pathological form of ectocytosis is caused 

by mutations in β-arrestin-2, BBSome components, and the BBSome regulator GTPases 

Ift27 or Arl6, and correlates with decreased ciliary length. Hence, cilia on cultured 

mammalian cells may use microvesicles/ectosomes to control receptor-mediated signaling 

and ciliary length.

Ciliary EV shedding influences ciliary assembly/disassembly (19). Ciliary assembly and 

disassembly is regulated by cell cycle (31, 32). Serum-starved mammalian cells exit the cell 

cycle and these non-dividing cells grow primary, non-motile cilia. Conversely, ciliary 

disassembly and proliferation is induced by serum after nutrient deprivation. In several 

mammalian cell types (NIH/3T3, hTERT RPE-1, and mIMCD-3), Inoue and colleagues 

showed that the distal most tips of cilia are shed or “decapitated” with growth stimulation or 

high ciliary PIP2 levels (19). Upon growth stimulation, the phosphoinositide 5-phosphatase 

INPP5E exits and F-actin enters the cilium, with F-actin accumulation correlating with the 

site of ciliary decapitation. In this context, ciliary decapitated EV shedding precedes cilia 

disassembly and drives cell cycle (19).

Ciliary EVs also function in membrane homeostasis and development (20, 33). Vertebrate 

photoreceptors undergo outer segment disc formation. Photoreceptors discs are constantly 

shed and renewed throughout life. The mammalian photoreceptor cilium has the ability to 

mass produce ciliary microvesicles, but this potential is inhibited by the disc-specific protein 

peripherin in order to elaborate the photoreceptor outer segment (20, 33). In peripherin-2 

mutants, the photoreceptor cilium instead produces massive amounts of microvesicles/

ectosomes (20). This study by Arshavsky and colleagues suggests that EVs help to maintain 

membrane homeostasis as ciliary membranes cannot be directly returned to the plasma 

membrane in mammalian photoreceptors.
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Ciliary EVs may act as signaling devices. Rosenbaum and colleagues first demonstrated 

bioactivity of ciliary EVs - Chlamydomonas flagella shed microvesicles/ectosomes 

containing a lytic enzyme necessary for hatching from the mother cell wall (21). Building 

upon these studies, the Snell lab provided the first example of signal-dependent ciliary EV 

shedding. During mating, Chlamydomas flagellar tips release EVs abundantly and the 

cleaved product of the mating agglutinin polypeptide receptor SAG1-C65 is shed into the 

environment (5). We speculate that by releasing EVs during mating, other cells may initiate 

and synchronize sexual reproduction within the population in order to maximize 

reproductive success. In principle, a similar EV signaling mechanism may be used to 

synchronize cell populations during development and normal tissue homeostasis in animals.

C. elegans ciliary EVs function in inter-organismal communication to modulate mating-

related locomotory changes in male behaviors (6). Intriguingly, defects in EV cargo sorting 

correlate with defects in EV bioactivity (6, 25). This EV bioactivity is cargo-dependent: 

proper sorting of the TRP channel PKD-2 to EVs is required (6). PKD-2 is a conserved TRP 

polycystin 2 that genetically interacts the polycystin 11-transmembrane spanning adhesion 

GPCR-like protein LOV-1 (reviewed by (34, 35)). Both PKD-2 and LOV-1 locate to cilia 

and ciliary EVs. C. elegans pkd-2 and lov-1 genes are homologous to human PKD1 and 

PKD2, which are mutated in autosomal dominant polycystic kidney disease (ADPKD).

The mammalian PKD1 and PKD2 encoding proteins polycystin 1 and polycystin 2 are found 

in cilia and in urinary exosome-like vesicles (28, 36–38). The EV functions of the 

polycystins are not known. One possibility is that the polycystins play a role in maintaining 

EV structure. Alternatively, the huge extracellular domain of the polycystin 1 family of 

proteins may cover the EV surface and inhibit non-specific fusion of EV to membranes. In 

this scenario, upon activation by an unknown ligand or stimulus, polycystin 1 may undergo a 

conformational change to an open state, similar to that of a tethered adhesion GPCR (39). In 

an activated state, the polycystins may potentially facilitate EV recognition by the target 

membrane. Other TRP channels including TRPC4, TRPC6, TRPM4, TRPV2 and TRPV4 

are found on EVs, suggesting the TRP channel family plays a broad role on EVs (40). 

Members of another family of channels, the acid sensing ion channels (ASIC) and 

degenerin/sodium epithelial channels (DEG/ENaC), are found on EVs and, in C. elegans, on 

ciliary EVs (24, 41). Future studies are required to determine whether the polycystins or 

other channels play evolutionarily conserved roles on ciliary EVs.

Generation of left-right symmetry in vertebrates relies on exquisite coordination of multiple 

cellular pathways (reviewed by (42)). In the mammalian embryonic node, nodal cilia 

generate a leftward fluid flow that is implicated in breaking symmetry. Over a decade ago, 

Hirokawa and colleagues showed that nodal vesicular parcels containing Shh are moved 

from right to left, resulting in the activation of non-canonical Hedgehog signaling (43). The 

origin and function of these nodal vesicular parcels remains mysterious. It is tempting to 

speculate that these nodal vesicular parcels are ligand-containing EVs with the potential to 

synchronize developmental decisions. This synchronizing activity of EVs has been 

demonstrated in stress spreading among tissues - EVs orchestrate immune cell action during 

inflammation and immune response in mice and humans (44). Determining EV functions in 
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synchronizing cellular actions within the tissue holds great potential for understanding 

complex processes such as aging and pathology of diseased state.

The cilium as a specialized device for EV biogenesis

The cilium has several unique features that make it an ideal cellular location for EV 

biogenesis and launching. In this section, we discuss four properties of the cilium that may 

enable ciliary EV production (for a comprehensive review of ciliary composition, see (45)).

Both the cilium and the immunological synapse are directed by centrosomes (46) and serve 

as EV biogenesis sites (10, 47, 48). We propose that the cilium and immunological synapse 

are special cellular locations for EV biogenesis. The centrosome matures into a basal body 

that templates the transition zone and cilium. The transition zone serves a hub for 

microtubule-based transport, from the cell body to the periciliary region, from the periciliary 

region into the cilium, and then to and from the ciliary tip. The periciliary region has been 

shown to support the demanding intracellular trafficking required for ciliogenesis (45) – we 

propose that the periciliary region may be appropriated for ciliary EV biogenesis (Property 1 

in Model Figure).

Although cilia are not membrane-enclosed organelles, the ciliary transition zone physically 

separates the ciliary and plasma membranes and regulates ciliary entry and exit of proteins. 

Cilia regulate cargo selection by size exclusion and through the transition zone and 

ciliogenesis machinery (reviewed in (49)). Not only is the cilium distinct from the rest of the 

cell, within a single cilium, both the membrane and the enclosed axoneme are highly 

differentiated and compartmentalized (reviewed by (45, 50)). For example, the cilium has a 

distinct phosphoinositide (PI) composition (51). Ciliary protein trafficking and transition 

zone functions are regulated by PI kinases and phosphatases (52–56). Perturbing this 

phosphoinositide balance triggers ciliary tip decapitation (19). Hence, we propose that 

ciliary compartmentalization might influence both ciliary membrane trafficking and EV 

cargo sorting (Property 2 in Model Figure).

The ciliogenesis machinery and regulators, including ciliary kinesin-2 and kinesin-3 motors, 

IFT complexes, tubulin, and tubulin glutamylases and deglutamylases are required for ciliary 

EV biogenesis and cargo sorting in C. elegans (Property 3 of Figure) (6, 25, 26). In C. 
elegans EV-releasing cilia, an accessory kinesin-3 called KLP-6 is important for EV cargo 

sorting – perturbing KLP-6 activity by mutation in itself or in the axonemal building block 

α-tubulin TBA-6 results in abnormal EV cargo sorting. Hence, we propose that accessory 

ciliary motors like KLP-6 regulate EV biogenesis and may transport cargo to the site of EV 

shedding and release.

Flagellar tips of Trypanosoma brucei form membrane nanotubes, which then produce EVs, 

suggesting that high membrane curvature may support EV biogenesis (Property 4 in Model 

Figure) (17). Consistent with this idea is that prominin 1 and 2, ciliary tip or microvilli tip 

protein markers, are also commonly found in EVs (57) (http://exocarta.org/gene_summary?

gene_id=8842, http://exocarta.org/gene_summary?gene_id=150696). Moreover, EVs are 

observed budding from tips of Chlamydomonas flagella (21) and mammalian cilia (18, 19). 
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Chlamydomonas flagellar EVs are enriched for ESCRT components (23), which may act as 

sensors of membrane curvature and mediate membrane budding and ciliary microvesicle 

shedding. Therefore, high curvature of the ciliary tip membrane may provide an advantage 

for the cell to use the cilium as a subcellular location for EV biogenesis.

Very little is known about how ciliary EVs are formed. However, it is clear that the cilium 

provides several sites for EV launching. The ciliary base may be the source of ciliary 

microvesicles (as demonstrated in C. elegans) or MVB-derived exosomes (as shown for 

mammalian polycystin-containing urinary exosome-like vesicles) (6, 28, 58). Microvesicles/

ectosomes are directly observed budding from ciliary tips in Chlamydomonas and cultured 

mammalian cells (18, 19, 21). EVs are occasionally observed along the length of the cilium 

in Chlamydomonas and cultured mammalian cells (5, 30). The cilium is devoid of MVB and 

hence ciliary-membrane derived EVs cannot be categorized as exosomes. Hence, ciliary-

membrane derived EVs are microvesicles referred to as ectosomes that are formed by 

budding of the ciliary membrane. Ciliary EVs may also form during disruption of normal 

ciliary membrane trafficking or during ciliary resorption (18–20). These results indicate that 

cilia are specialized EV biogenesis sites in normal and pathological conditions.

Unresolved questions and concluding points

One of the most mysterious aspects about ciliary EVs is how they function in the 

extracellular environment, which raises several fundamental and unresolved questions. How 

do signaling ciliary EVs survive the extracellular environment? How much of the originating 

cellular function do ciliary EVs possess? Does ciliary EV stability depend on the purpose of 

the EV, i. e. the cargo that EVs carry? Do ciliary EVs play a role human ciliopathies, as 

proposed in (10)? Profiling of ciliary EVs from different cellular origins may identify 

cargoes that play specific signaling roles and general machineries that enable ciliary EV 

cargo sorting, biogenesis, and navigation through extracellular environments to destination 

targets.

Another open question is how cargoes are targeted to ciliary EVs. In wild-type mammalian 

cells, ciliary membrane proteins lacking BBSome endocytic retrieval signals undergo 

ectocytosis (18), suggesting that cargoes that are recycled may not be enriched in ciliary 

microvesicles/ectosomes unless their sorting is impaired. N-myristoylation may target 

proteins to cilia or EVs (27, 59, 60). In C. elegans EV-releasing neurons, two EV cargoes 

CIL-7 and tubulin glutamylase TTLL-11B possess N-terminal myristoylation sequences (26, 

27). The EV biogenesis regulator and cargo CIL-7 requires its N-terminal myristoylation 

sequence for its localization and function in PKD-2::GFP-labeled EV release, indicating that 

N-myristoylation serves as a ciliary EV targeting sequence in vivo.

In the last two decades, the cilium went from being viewed as a vestigial organelle of the 

eukaryotic cell to a critical signaling nexus. In the last five years, we learned that the cilium 

also transmits signals via ciliary EVs. Multi-color super resolution microscopy combined 

with real time imaging and in vivo readouts of ciliary EV bioactivity will be the next wave 

for understanding ciliary EV biology.
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Summary points

• Cilia of protists, Chlamydomonas, C. elegans, mouse, and cultured human 

cell lines shed EVs.

• Ciliary EVs function in disposal, ciliary length regulation, ciliary assembly/

disassembly, membrane homeostasis, signal transduction, development, and 

reproduction.

• Cilia are specialized EV biogenesis sites in normal and pathological 

conditions.

• Model systems are powerful tools to study ciliary EV biology.
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Figure: 
Model of the cilium as a special cellular device and location for EV biogenesis and 

shedding. Property 1: The cilium is derived from centriole and templated by the basal body/

transition zone (TZ). In the periciliary region (cilia base), the basal body/TZ may direct 

vesicular trafficking necessary for ciliary membrane growth and EV biogenesis. Property 2: 

The ciliary membrane and axoneme are highly compartmentalized. The ciliary membrane is 

distinct from the plasma membrane and physically separated from the rest of the cell via TZ 

gating. Hence, the ciliary membrane may serve as EV cargo sorting platform. Property 3: 
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All cilia possess canonical kinesin-2 motors that drive anterograde IFT transport and dynein 

motor mediated retrograde transport (not shown). C. elegans EV-producing neurons possess 

an additional cell-specific ciliary kinesin-3 that may be required for proper EV cargo sorting 

and/or for EV cargo transport. Property 4: The ciliary tip represents a highly curved 

membrane surface may also contribute to EV biogenesis. There are three possible sources of 

ciliary EVs: proximal (ciliary base, light blue), lateral (ciliary length, black), and distal 

(ciliary tip, dark green). The data-to-date favors that EVs are released from the ciliary base 

(light blue) and/or ciliary tip (dark green). Those EVs derived from the ciliary base may be 

exosomes arise from MVB exocytosis or from microvesicle budding near the TZ (light blue 

membrane and ciliary EV). Microvesicle/ectosome shedding occurs at the ciliary tip (dark 

green ciliary membrane and ciliary EV). Abbreviations: MT, microtubule; PM, plasma 

membrane; TZ, transition zone; IFT, intraflagellar transport.
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