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Abstract

The cilium is the site of function for a variety of membrane receptors, enzymes and signal 

transduction modules critical to a spectrum of cellular processes. Through targeted transport and 

selective gating mechanisms, the cell localizes specific proteins to the cilium that equip it for the 

role of sensory antenna. This capacity of the cilium to serve as a specialized compartment where 

specific proteins can be readily concentrated for sensory reception also makes it an ideal organelle 

to employ for the regulated emission of specific biological material and information. In this 

review, we present and discuss an emerging body of evidence centered on ciliary ectosomes - 

bioactive vesicles released from the surface of the cilium.
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Cilia and extracellular vesicles at a glance

The cilium is a slender, protrusive organelle characterized by a highly conserved, 

microtubule-based core architecture sheathed in a specialized extension of the cell 

membrane. Cilia manifest in a variety of forms across a wide range of diverse and 

evolutionarily distant organisms and are broadly classified as either motile (referred to 

traditionally as flagella in some contexts) or immotile (primary cilia); the latter of which can 

be expressed by a majority of cell types in the vertebrate body. Having been regarded 

classically as an organelle specializing in motile function, the cilium has undergone a 

renaissance of appreciation during the past decade touched off by research in the algal 

model system, Chlamydomonas, which revealed its role as a ubiquitous sensory antenna 

(1-4). The ensuing growth of a vibrant community of cilia researchers has given rise to what 

is now a significant literature on the role of cilia in sensing and transducing signals from the 

extracellular space.
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The importance of cilia is underscored most potently by the growing list of ciliopathies - a 

classification of diseases and syndromes associated with abnormal formation or function of 

cilia (5-7). Despite its relatively small size compared with that of the cell types from which it 

protrudes, the cilium acts as the obligate site of action for a variety of membrane receptors 

and signal transduction modules critical to basic, cellular processes regulating growth, 

development and homeostasis (8). As cilia are ubiquitous throughout mammalian tissues, 

ciliopathies present with a diverse set of clinical features including cystic kidney, liver and 

pancreatic diseases, blindness, anosmia, cognitive defects, randomization of left-right body 

axis, polydactyly, and obesity (6, 7). Although cilia research has gained momentum over the 

past several years, many aspects of the basic cell biology of the organelle remain to be 

elucidated, and the field is ripe for more fundamental discoveries. Here we review a new 

area in the biology of cilia marked by a burgeoning literature on the active shedding of bona 

fide, bioactive vesicles from the ciliary membrane – ciliary ectosomes.

The release of membrane vesicles from the outer surfaces of cells into their surrounding 

environment is a phenomenon observed in a diversity of organisms from prokaryotes to 

multicellular eukaryotes. Extracellular vesicles were first described by Chargaff and West in 

1946 as a precipitable factor in blood plasma (9). Since that time, the existence of actively 

released, extracellular membrane vesicles has become well established, and compelling 

evidence of their significance in a broad range of biological processes has accumulated 

(10-14). Extracellular vesicles have been shown to carry a wide array of biological effector 

molecules including signaling proteins, enzymes, DNA, mRNA and microRNA, and 

because they can bring these cargoes to the surfaces of other cells, they can serve as vehicles 

for cell-to-cell communication (15). Current research focuses chiefly on two distinct modes 

of vesicle release. The discharge of preformed vesicles via the fusion of an endosomal 

multivesicular body with the cell membrane gives rise to extracellular vesicles called 

exosomes (16). Vesicles may also bud in an outward direction from the cell membrane by an 

active process and the resulting extracellular vesicles are called ectosomes (17). (Figure 1)

Original observations of vesicle release from algal flagella

The cilium's capacity to release portions of its membrane into the extracellular space has 

been recognized or inferred in a variety of past studies. As with a number of breakthroughs 

in the understanding of cilia, such as the discovery of intraflagellar transport and work 

leading to the ciliary hypothesis of polycystic kidney disease (1, 18), it was research with the 

model organism, Chlamydomonas, that provided the earliest positive evidence of membrane 

vesicle release from cilia (19-21). Chlamydomonas reinhardtii, the most common laboratory 

strain, is a biflagellate, unicellular alga that uses its flagella for both locomotion and sexual 

adhesion. Gametogenesis in Chlamydomonas reinhardtii is accompanied by the display of 

sex-specific adhesion molecules, the agglutinins, on the outer membrane surfaces of flagella. 

During mating, the flagella of opposite mating type gametes adhere to one another by means 

of agglutinin binding, and this interaction triggers a signaling pathway that brings about cell 

fusion (22-24, 25). Early investigations into the nature of Chlamydomonas mating revealed 

that the adhesive material responsible for flagellar agglutination, referred to then as 

“gamone”, is released into the medium by gametes in a form sedimentable by high-speed 

centrifugation (19-21, 2625). Analysis of this material by electron microscopy revealed it to be 
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composed of membrane vesicles that carried an activity sufficient for stimulation of the 

mating reaction when added back to gametes of a single Chlamydomonas mating type 

(19, 2725). These membrane vesicles were thought to derive from the flagellar membrane for 

two reasons. First, the cell body of Chlamydomonas reinhardtii is completely encased in a 

cell wall with the exception of two cylindrical holes through which the flagella project. 

Therefore, the only membrane surfaces directly exposed to the external milieu are those of 

flagella. Second, no membrane vesicles were obtained when flagella-less mutants of 

Chlamydomonas reinhardtii were subjected to the same membrane vesicle sedimentation 

procedure (19). These studies provided evidence that a ciliary membrane can be the source 

of extracellular membrane vesicles. What these studies did not resolve, however, is the 

extent to which such vesicles are of functional significance in vivo.

Extracellular vesicles and the algal mother cell wall

Remodeling of the extracellular matrix (ECM) is an important process in which extracellular 

vesicles may be functioning. Degradation and weakening of the ECM is a key aspect of 

tumor invasion, for example, and tumor cells have been shown to actively release vesicles 

carrying a variety of proteinases that have the capacity to degrade ECM such as matrix 

metalloproteinases (28-30), cathepsin B (31), urokinase-type plasminogen activator (29), and 

the adamalysins ADAM10 and ADAM17 (32, 33). Degradation of ECM is a critical step in 

the life cycle of some unicellular organisms as well, which may serve as potential model 

systems for such processes in higher organisms. Chlamydomonas reinhardtii produces two 

different proteolytic enzymes that function at specific stages of its life cycle to degrade the 

cell wall, a type of ECM unique to volvocine algae (34-38). Gamete lytic enzyme (GLE) is a 

zinc-containing matrix metalloprotease that mediates digestion of Chlamydomonas gamete 

cell walls in order to expose their plasma membranes for cell fusion during mating (39-41). 

Vegetative lytic enzyme (VLE) is a subtilase-like serine protease that mediates the digestion 

of the sporangial cell walls required for the liberation of Chlamydomonas daughter cells 

(referred to as “hatching”) after mitosis (34, 38, 42).

Recent studies on the role of daughter cell flagella in the post-mitotic hatching process of the 

Chlamydomonas life cycle have yielded another significant step forward in the recognition 

of the cilium as a source for extracellular vesicles (38). The lifecycle of Chlamydomonas 

reinhardtii is characterized by a gradual increase in cell size during a prolonged G1 phase 

followed by 2 - 4 rounds of S/M phase without an intervening G2 period. The result is a 

sporangial ball of 4 - 16 daughter cells trapped within the original, mother cell wall 

(38, 43, 44). Daughter cells are then liberated from the sporangium by digestion of the mother 

cell wall by means of secreted VLE protease (34, 35, 38). Recent studies have shown that 

Chlamydomonas cells accomplish this by packaging the VLE protease with its active site on 

the outer surface of ectosomes that bud directly from the membrane of daughter cell flagella 

(38) (Figure 2 and Figure 3). These ciliary ectosomes then diffuse through the interior space 

of the sporangium, transporting the protease from the daughter cell to the mother cell wall 

where it carries out its degradative function. In situ immunogold labeling and confocal 

fluorescence localization procedures, with an antibody specific for the catalytic region of 

VLE protease, enabled a definitive determination of the enzyme's localization to ciliary 

ectosomes released at the time of hatching (38). Isolation and immunogold labeling of intact, 
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whole-mounted ciliary ectosomes demonstrated that the catalytic region of VLE protease is 

present on their outer-membrane surface. Immunoblot analysis of the protein content of 

isolated ciliary ectosomes verified the presence of VLE and other known flagellar 

membrane proteins, such as the flagellar membrane glycoprotein (FMG-1) and PKD2 (38).

Failure of daughter cell release from the mother cell wall after mitosis is a common 

phenotypic deficiency expressed by the variety of known Chlamydomonas flagellar 

assembly mutants (45, 46). This fact enabled a functional assay in which sporangia of 

mutants defective in intraflagellar transport (IFT), that lack flagella and cannot hatch, were 

exposed to ciliary ectosomes isolated from a population of hatching wildtype sporangial 

daughter cells. The wildtype ciliary ectosomes were capable of inducing high efficiency 

hatching of the trapped flagella-less IFT mutants, verifying that the ciliary ectosomes are the 

carriers of the functional protease activity (38). This result suggested that the sporangial 

hatching difficulties typically observed with daughter cells of flagella-defective mutants are 

likely due to the necessity of the flagellum as an ectosome-producing organelle.

These studies served to advance our knowledge from the basic finding that the cilium has 

the potential to originate extracellular membrane vesicles to a full understanding that the 

cilium can behave as an emitter of biologically active ectosomes with a specific biological 

function. Are cilia functioning this way in any of the great variety of other systems in which 

they reside?

Extracellular vesicles and the ciliated sensory neurons of worms

Another model system that has provided fertile ground for progress in cilia biology is the 

nematode worm, Caenorhabditis elegans (47). As a free-living (nonparasitic) dweller of a 

complex water-soil environment, Caenorhabditis is equipped for navigation with a suite of 

chemotactic and avoidance behaviors mediated by a compact sensory nervous system that 

has been thoroughly mapped at single-cell resolution (48). Fundamental to the 

Caenorhabditis elegans nervous system is a diverse set of immotile, sensory cilia found at 

the dendritic endings of neurons located in the head and tail of the worm's body (49). The 

hermaphrodite female form is endowed with 60 ciliated sensory neurons, and an obligate 

male form possesses an additional ∼50 (48, 50). Simple sensory organs, called sensilla, are 

formed by groupings of glia-like sheath and socket cells that encapsulate the dendrites of 

ciliated neurons; in many cases arranged as a chemosensory unit with cilia exposed to the 

external environment. A variety of genes involved in formation, maintenance, and function 

of the morphologically diverse set of Caenorhabditis sensory cilia have human orthologs 

which, when mutated, result in ciliopathic disease (50).

Following the studies on ciliary ectosome release in Chlamydomonas, a relationship 

between extracellular vesicles and cilia was uncovered in Caenorhabditis elegans. The 

Caenorhabditis polycystin orthologs, PKD2 and LOV-1 (for location of vulva), are 

expressed exclusively in a subset of sensory neurons and, by GFP-tagging, were found 

localized to cilia, and to extracellular vesicles near to cilia that protrude into the environment 

through cuticular pores (51). Electron tomographic analysis revealed numerous extracellular 

vesicles in the lumen between sensory cilia and the glial sheath cells, socket cells, and 
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cuticle that surrounds them (Figure 2). In one case, a vesicle was observed in the process of 

either budding from or fusing to the ciliary membrane (51). The ability to produce these 

polycystin-carrying extracellular vesicles is lost in mutants with defects in ciliary assembly, 

suggesting that intact cilia are required for their release (51). Production of the extracellular 

vesicles was unaffected in mutants of three different multivesicular body biogenesis 

components - STAM-1 (signal transducing adaptor molecule), MVB-12 (multivesicular 

body), and ALX-1 (apoptosis-linked gene 2 interacting protein X). This was consistent with 

the absence of multivesicular bodies in the distal dendrites as assessed by electron 

tomography, and supported an ectosomal derivation of polycystin-carrying extracellular 

vesicles rather than an exosomal one (51).

Following the observation that Caenorhabditis ciliated sensory neurons can release vesicles 

into the external environment, it was hypothesized that extracellular vesicles may be 

functioning in animal-animal communication. By washing the worms from culture plates, 

pelleting them, then subjecting the supernatant to filtration and differential centrifugation, 

the polycystin-carrying extracellular vesicles were isolated for use in worm behavioral 

assays. Two different behavioral responses, reversal and tail-curling, could be stimulated in 

male worms by exposure to the isolated extracellular vesicles. Both behaviors are relevant to 

the Caenorhabditis mating process in which the male worm responds to hermaphrodite 

contact by reversing his locomotive direction to scan the hermaphrodite's body surface with 

his tail. If the male reaches his partner's head or tail during this process, he executes a 

curling turn maneuver and continues scanning in a reverse direction until his tail contacts the 

vulva where mating is consummated by insertion of the copulatory spicules and ejaculation 

into the hermaphrodite uterus (52, 53). The tail-curling behavior induced by exposure to 

extracellular vesicles was dependent on their cargo content as evidenced by the fact that 

extracellular vesicles isolated from wildtype induced the tail-chasing behavior, while 

extracellular vesicles isolated from kinesin-3 mutants, which lack PKD2, did not (51). These 

findings suggest that extracellular vesicles released into the environment by ciliated sensory 

neurons have the capacity to modulate mating behaviors and play a role in animal-animal 

communication.

Extracellular vesicles and the ciliated renal epithelium of mammals

Extracellular membrane vesicles inhabit a variety of bodily fluids and have drawn increasing 

attention for their potential as carriers of diagnostic indicators relevant to development and 

disease (15, 54, 55). Membrane vesicles present in the urine of mammals, for example, have 

been the subjects of extensive analysis as a source of biomarkers for various renal disorders 

(56, 57). The most common hereditary renal disease, Autosomal Dominant Polycystic Kidney 

Disease (ADPKD), has two genetic loci, PKD1 and PKD2, that encode the proteins 

polycystin-1 (PC1) and polycystin-2 (PC2), respectively (58, 59). Autosomal Recessive 

Polycystic Kidney Disease (ARPKD), the most common form of hereditary PKD among 

children, is caused by mutations in PKHD1, the gene that encodes the protein fibrocystin 

(60, 61). All three of these proteins have been localized to cilia that extend into the lumen of 

kidney tubules where they are thought to function in the sensation of fluid flow (62-66). 

Electron microscopy of kidney tissue from patients with severe ARPKD revealed an 

abundance of small membrane vesicles associated with the surfaces of collecting duct cilia 
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(67). Similar observations were made in the biliary tree of Pkhd1 mutant mice, where cilia 

were surrounded by seemingly attached membrane vesicles as numerous as 30 per 

micrometer of cilium length (67) (Figure 2). These urinary vesicles, which researchers 

termed exosome-like vesicles or ELVs, were obtained and subfractionated resulting in the 

isolation of a subpopulation (termed PKD-ELVs) enriched in PC1, PC2, fibrocystin, and 

other known ciliary proteins. The striking association of extracellular vesicles with cilia 

observed in vivo was reproduced in vitro, where, upon addition, PKD-ELVs rapidly 

interacted preferentially with primary cilia of cultured kidney and biliary epithelial cells (67).

These studies revealed a startling ability of the cilium to behave as an apparent receiver for 

extracellular vesicles in the renal and hepatic systems, but from where do these vesicles 

originate? Do the cilia themselves release some of these vesicles? The authors' use of the 

terminology “exosome-like” owes in part to the size and appearance of the vesicles when 

examined with the electron microscope, but proteomic analysis of the isolated PKD-ELVs 

also revealed proteins common to exosomes from other sources (56, 67, 68). The PKD-ELV 

proteome was reported to be enriched in proteins involved in the biogenesis of intraluminal 

vesicles, or ILVs, that form within multivesicular bodies and are released as exosomes upon 

fusion of multivesicular bodies with the cell membrane. Also, PC1 was observed on rat 

cholangiocyte multivesicular bodies by immunoelectron microscopy, suggesting an 

exosomal pathway for the origin of PC1-carrying PKD-ELVs (67). In considering a potential 

ciliary origin for extracellular vesicles, it should be noted that the membrane budding 

processes of exosomes and ectosomes likely share many of the same mechanistic 

components. Proteins of the ESCRT (endosomal sorting complexes require for transport) 

machinery, known to be involved in the formation of ILVs, were present in the PKD-ELV 

proteome and emphasized by the authors as indicative of a multivesicular body pathway 

origin. The ESCRT machinery, however, is also involved in ectosome formation (67), and its 

presence in cilia is currently being investigated in the context of ciliary ectosome release (67; 

Rosenbaum lab current work). It was also noted that PKD-ELVs carried only low levels of 

the exosome marker CD63, but were rich in prominin-1; a protein that has been shown to 

localize to both cilia and a population of extracellular vesicles thought to derive from cilia 

(69). One possible explanation for the mixture of prominent ciliary proteins and exosomal 

markers that characterizes the urinary ELV profile is that the membrane vesicle fraction 

subjected to proteomic analysis comprised material of both exosomal and ciliary ectosomal 

origin.

Extracellular vesicles and the ciliated neuroepithelium of mammals

In the lumen of the neural tube, extracellular vesicles bearing proteins of the neuroepithelial 

cell plasma membrane have been observed (70). One such protein, prominin-1, had been 

previously characterized as the defining constituent of an apical membrane microdomain 

found in plasmalemmal protrusions (71-73). Prominin-1-carrying extracellular vesicles 

lacked exosomal markers, and thus appeared to be distinct from multivesicular body-derived 

exosomes (70). In addition, prominin-1-carrying extracellular vesicles lacked actin, but 

showed a striking enrichment of alpha tubulin (69). These observations, together with the 

fact that neuroepithelial cells are known to bear a primary cilium on their apical surface 

(74, 75), lead researchers to examine the, both protrusive and tubulin-rich, cilium as a 
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potential site of origin for extracellular vesicles. Immunogold labeling and transmission 

electron microscopy (TEM) analysis of neuroepithelium in the mouse forebrain revealed a 

striking ciliary membrane localization of prominin-1 that appeared temporally regulated in 

embryonic development (69). During the early stages of neurogenesis, prominin-1-specific 

gold particles were observed along the ciliary membrane, and occasionally, labeling was 

found preferentially on regions of membrane that appeared to be in the process of budding 

from the cilium (Figure 2). Prominin-1-specific gold particles were also observed on the 

surfaces of extracellular membrane vesicles in the immediate vicinity of cilia (69). These 

data are consistent with a ciliary origin of at least some of the prominin-1-carrying 

extracellular vesicles observed.

Why would neuroepithelial cells employ the cilium for membrane vesicle release, and what 

could be the function of such a process? The authors offered two lines of speculation. First is 

the notion that prominin-1-containing extracellular vesicles may function in intercellular 

signaling. The prominin-1-carrying extracellular vesicles appear in ventricular fluid at a 

developmental stage coincident with the period during which apical microvilli are most 

abundant in the floor plate (70). Given the role of the microvilli-carpeted floor plate as a 

major signaling center (76-78), the authors regard this apparent timing as a clue worthy of 

further investigation in light of cell-cell signaling. Their second train of thought pertains to 

the fact that the onset of neurogenesis is heralded by the transition of neuroepithelial cell 

division from a symmetric, proliferative mode to an asymmetric, neurogenerative mode 

(79-81). This transition in the orientation of neuroepithelial cell division and subsequent 

differentiations to radial glial cells and neuron-generating basal progenitors are accompanied 

by the reduction, or complete loss, of the apical plasma membrane (82, 83). These findings 

suggested the hypothesis that vesicle release could play a role in the depletion of a stem cell-

characteristic apical membrane domain from neuroepithelial cells. As a mechanism of 

disposal, vesicle release could modify the composition of the cell membrane and in this way 

influences the switch to neurogenesis during development (69).

When the cilium contacts another cell directly

Considered at its most basic level, the phenomenon of ciliary ectosome release allows for a 

portion of the cilium's membrane to make indirect, functional contact with an external 

membrane surface of another cell some distance away (Figure 4). The uncovering of this 

phenomenon may shed new light on the fact that, within a range of microns, the cilium itself 

has the potential to reach out and make direct contact with a neighboring cell. To what 

extent do cilia make such contacts? Can these contacts function to mediate an exchange of 

biological material or information between cells?

The best-studied occurrence of a cilium making contact with the surface of a neighboring 

cell takes place in the retina where the highly differentiated cilia of photoreceptor cells are 

involved in an intimate interaction with the overlying retinal pigment epithelium (RPE) cell 

layer (Figure 5). Vertebrate rod and cone cells have a distinctive form characterized by a cell 

body (the inner segment) that projects a ciliary axoneme (the connecting cilium) whose 

membrane gives way to an elongated, extensive array of disk-shaped elaborations (the outer 

segment). The membranous disks of the outer segment house the opsins, chromophores and 
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other components comprising the light-harvesting machinery of photoreception. Because the 

phototransduction process involves the accumulation of potentially toxic photo-oxidative 

products, the outer segments undergo a daily renewal process wherein ∼10% of their several 

hundred membranous disks are shed from the distal tip and replaced by new disks that form 

continuously at the base (84, 85). In a process documented in fine detail with the electron 

microscope in seminal experiments dating from the late 1960s and early 1970s, groups of 

membranous disks separate from the tightly packed array and pinch off within an 

extracellular vesicle formed from the ciliary membrane at the tip of the outer segment. The 

distal-most regions of the outer segments are embedded in intimately apposed RPE cells, 

which immediately engulf the shed membranes (84, 86-88) (Figure 5). It is estimated that a 

single RPE cell phagocytizes hundreds of thousands of outer segment disks over the span of 

a human lifetime; a profound transfer of material between the ciliary compartment of one 

cell and the interior of another cell (84, 85). The synchronized collaboration between RPE 

cells and photoreceptor cells in the daily renewal of outer segments is crucial to the 

maintenance of retinal health, and perturbations in outer segment shedding and phagocytosis 

can lead to retinopathies (85, 89-91)

This example of a biological process conveyed through cilium-cell contact seems to be best 

characterized as a critical disposal pathway for outer segment disks. The close contact 

between photoreceptor cilia and the RPE cells, however, also facilitates a different 

intercellular exchange of material that is central to the biochemical events of the 

phototransduction process itself. Light harvesting that occurs in the photoreceptor cilium 

outer segment is achieved by opsin, a G protein coupled receptor that requires a bound 

chromophore, 11-cis-retinal, to absorb photons. Upon photon absorption, 11-cis-retinal 

undergoes an isomerization to all-trans-retinal, and this induces a conformational change in 

its associated opsin moiety, which stimulates activation of the phototransduction cascade 

(92). Restoration of the initial photosensitive receptor conformation requires the formation 

and return of 11-cis-retinal from all-trans-retinal by means of a process called the retinoid 

cycle. A remarkable feature of the retinoid cycle is that the processing and re-isomerization 

of 11-cis-retinal actually occurs not in the photoreceptor outer segment, but in a neighboring 

RPE cell. That is, the all-trans-retinal produced in the light harvesting reaction is transported 

across the ciliary membrane of the photoreceptor outer segment then imported across the 

plasma membrane of an adjacent RPE cell where final conversion to 11-cis-retinal takes 

place. The 11-cis-retinal is then transported back from the RPE cell and into the 

photoreceptor cell where it can re-join opsin for function in the outer segment (93-101). Thus, 

a cycle of secretion and uptake between a ciliary compartment and a neighboring cell lies at 

the very core of the vertebrate visual system, and disruption of this key process can result in 

a range of retinal diseases (102-106).

Evidence of the cilium's ability to communicate via ectosome release, taken together with 

the well-studied precedent of the photoreceptor cilium-RPE cell interaction, warrants a 

thorough survey of cilia in the context of short-range, direct cell-cell communication. This is 

a technically challenging enterprise requiring high-resolution imaging of ciliary contacts that 

may be transient in nature; one may have to determine when to look in addition to where. 

Despite these challenges some clues have surfaced in recent years. An electron microscopic 
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examination of the trypanosomatid protozoan parasite, Leishmania, has revealed what 

appears to be an intimate and persistent interaction between the tip of the parasite's cilium 

and an aspect of its vertebrate host membrane (107). Instances in vertebrate tissues, where 

the plasma membrane of one cell seems to receive the tip of the cilium of a neighboring cell, 

have been observed by electron microscopy. Figure 5 includes an example in which the 

plasma membrane of a fibroblast from the testes of rat appears to be forming a coated pit in 

response to an intruding ciliary tip, suggesting a functional interaction of some sort (Figure 

5, D, E). Another study has documented prolonged, direct contacts between mammalian, 

immotile cilia of adjacent cells in tissues of the eye and liver, and in cultured cells of the 

kidney (108). Though the functional significance of such cilium-cilium contacts is not 

presently known, the aforementioned Chlamydomonas mating process demonstrates that 

signal transduction initiated by ciliary adhesion is a mechanism in nature.

Concluding Remarks

Future efforts in the investigation of ciliary ectosomes should involve – i. identification of 

the machinery that mediates outward budding of the ciliary membrane, and ii. elucidation of 

the functional significance of vesicles derived from cilia in tissues of higher organisms. A 

good candidate mechanism for ciliary ectosome formation is membrane remodeling by 

ESCRT complexes (109-111). A wide variety of enveloped viruses recruit the ESCRT 

machinery to escape cells by outward budding from the plasma membrane (110, 111, 112) 

(Figure 3). The membrane topology characteristic of ciliary ectosome release is like that of 

viral budding and differs from that of other cellular vesiculation processes such as 

endocytosis, where budding occurs in the direction of the cytoplasm and is catalyzed by 

dynamin complexes positioned on the outside of the bud neck (113). The “reverse topology” 

of ectosomal budding, by contrast, requires the assembly of membrane fission machinery 

within the bud neck, and the ESCRT pathway represents the only well-characterized 

example of such a mechanism. Studies in worms have documented the involvement of 

ESCRT complexes in the formation of non-viral ectosomes (114) and proteomic analyses of 

Chlamydomonas reveal the presence of ESCRT proteins in purified flagellar membranes and 

flagellum-derived ectosomes (115). Future experiments in which ciliary ectosome release is 

monitored in the context of ESCRT disruption via mutation or knockdown is predicted to 

reveal a role for ESCRT proteins in the formation of ciliary ectosomes and possibly other 

ciliary membrane remodeling events such as ciliary resorption and severing (116).

The functional significance of ciliary ectosome release is likely to be manifold. Well known 

is the fact that the cilium, despite its relatively small surface area compared with that of the 

cell proper, is the site of function for a variety of receptors and signal transduction modules 

critical to basic cellular processes involved in growth, development, and homeostasis 

(8, 117). Via pathways that researchers are just now beginning to understand, the cilium is 

employed as a sensory platform where specific proteins are localized by targeted transport 

and selective gating (118-123). This capacity of the cilium to serve as a specialized region of 

the cell where specific proteins can be readily concentrated for sensory function also makes 

it an ideal organelle to employ for the regulated release of specific biological material and 

information. Studies in model systems have thus far provided important precedents for the 

role of ciliary ectosomes in mediating the release of enzymes and signals that carry out 
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extracellular functions (38, 51). Alternatively, ciliary ectosome release employed as a means 

of disposal could serve as a key remodeling mechanism for both the lipid and protein 

content of the ciliary compartment as well as that of the cell generally. From the standpoint 

of homeostasis, the release of ciliary ectosomes could prove to be a mechanism integral to 

the stability of the ciliary membrane, whose formation and dynamic maintenance must be 

coordinated with that of the axoneme, and balanced with regard to membrane and protein 

flux at the ciliary base (119, 121, 123, 124).

Our perspective on cilia has progressed from a view centered on motility to one in which 

cilia, both motile and immotile, are recognized as highly functional instruments of sensory 

reception. With the phenomenon of ciliary ectosome release in view we have arrived at a 

fully mature concept of the cilium as the cell's antenna capable of both sending and 

receiving extracellular signals.
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Highlights

Cilia function as a sensory antennae

Cilia can release extracellular vesicles that carry out biological functions beyond the cell

Extracellular vesicles carry a wide range of cargoes and participate in cell-to-cell 

communication
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Figure 1. 
The release of extracellular vesicles. Exosomes are released when multivesicular bodies fuse 

with the cell membrane. Ectosomes are released by outward budding directly from the cell 

membrane or cilium membrane. (illustration by Christopher R. Wood)

Wood and Rosenbaum Page 17

Trends Cell Biol. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Observations of extracellular vesicles and cilia. A. TEM of an ultrathin section through a 

mature Chlamydomonas sporangium shows ectosomes in the extracellular space 

surrounding flagella. The location of the mother cell wall is indicated by a dotted line and an 

arrow indicates ectosomes caught in the process of budding directly from the flagellar 

membrane (38). B. A tomographic cross-section through a C. elegans cephalic sensillum 

shows numerous ectosomes (arrowheads) populating the extracellular space around a CEM 

neuronal cilium (arrow). The boundary of the sensillar lumen is indicated by a dotted line 

(51). C, D. TEMs of ultrathin sections through mouse biliary primary cilia show extracellular 
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vesicles (arrows) closely apposed to the ciliary membranes. (67) E. TEM of an ultrathin 

section through the primary cilium of a mouse neuroepithelial cell shows prominin-1 

specific gold particles decorating what appear to be regions of the ciliary membrane in the 

process of forming ectosomes (arrows) (69, courtesy of Michaela Wilsch-Bräuninger). A 

cartoon at the lower left illustrates a region of a Chlamydomonas sporangium like the one 

sectioned in panel A. Two flagellated daughter cells are shown releasing ciliary ectosomes 

into the extracellular space within the lumen of the mother cell wall. The red line indicates 

the orientation of the section depicted in panel A. A cartoon at the lower right illustrates a 

region of a cephalic male sensillum (CEM) like the one sectioned in panel B. Glial sheath 

and socket cells form a lumen surrounding the CEM neuron cilium. Ectosomes are found in 

the luminal space and may travel along the cilium to the cuticle opening where they are 

released into the worm's external environment. The red line indicates the orientation of the 

section depicted in panel B.
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Figure 3. 
Comparison between a viral bud and a ciliary ectosomal bud. A. TEM of an ultrathin section 

through an HIV-1 particle arrested in the process of budding from the plasma membrane of a 

human cell in culture (112). B. TEM of an ultrathin section through a ciliary ectosome caught 

in the process of budding from the membrane of a Chlamydomonas flagellum (38). White 

arrows indicate the appearance of similar electron-dense structures within the two bud 

necks.
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Figure 4. 
Modes of ciliary membrane interaction. A. Ciliary ectosomes may fuse with the plasma 

membrane of a recipient cell. B. Ciliary ectosomes may be endocytosed by a recipient cell. 

C. A cilium may interact with a recipient cell by direct membrane contact. D. Extracellular 

vesicles may fuse with the ciliary membrane of a recipient cell. E. Extracellular vesicles 

may adhere to the ciliary membrane of a recipient cell and be moved along the length of the 

cilium by sub-membrane motor activity. F. A cilium may interact with another cilium by 

direct membrane contact.
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Figure 5. 
Direct interactions between cilia and neighboring cell surfaces. A – C. TEMs of ultrathin 

sections through three different rod outer segment tips illustrate the sequential events in the 

interaction with adjacent RPE cells in Rhesus monkey. A grouping of outer segment disks 

initially undergoes separation within the outer segment (A); followed by engulfment via 

RPE cell cytoplasmic extensions (B) and movement deeper into the cytoplasm of the RPE 

cell (C) (84). D. TEM of an ultrathin section through a fibroblast from the testes of rat shows 

the cell membrane of a receiving cell (emphasized by a dotted outline) forming what appears 

to be a coated pit in response to an intruding primary cilium extending from an adjacent 

ciliated cell. Panel E displays a higher magnification view of the ciliary tip region seen in D 

and indicated in red (125).
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