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Novel aspects of intra-islet communication: Primary cilia 
and filopodia 

Noah Moruzzi *, Barbara Leibiger , Christopher J. Barker , Ingo B. Leibiger , Per- 
Olof Berggren * 

The Rolf Luft Research Center for Diabetes and Endocrinology, Karolinska Institutet, Karolinska University Hospital, 171 76, Stockholm, Sweden  

A B S T R A C T   

Pancreatic islets are micro-organs composed of a mixture of endocrine and non-endocrine cells, where the former secrete hormones and peptides 
necessary for metabolic homeostasis. Through vasculature and innervation the cells within the islets are in communication with the rest of the body, 
while they interact with each other through juxtacrine, paracrine and autocrine signals, resulting in fine-tuned sensing and response to stimuli. In 
this context, cellular protrusion in islet cells, such as primary cilia and filopodia, have gained attention as potential signaling hubs. During the last 
decade, several pieces of evidence have shown how the primary cilium is required for islet vascularization, function and homeostasis. These findings 
have been possible thanks to the development of ciliary/basal body specific knockout models and technological advances in microscopy, which 
allow longitudinal monitoring of engrafted islets transplanted in the anterior chamber of the eye in living animals. Using this technique in com-
bination with optogenetics, new potential paracrine interactions have been suggested. For example, reshaping and active movement of filopodia-like 
protrusions of δ-cells were visualized in vivo, suggesting a continuous cell remodeling to increase intercellular contacts. In this review, we discuss 
these recent discoveries regarding primary cilia and filopodia and their role in islet homeostasis and intercellular islet communication.   

1. Introduction 

In the pancreas, scattered and embedded within the exocrine tissue, the islets of Langerhans produce and release vital hormones 
and peptides in a coordinated manner. These regulate plasma nutrients and body metabolism. Diverse endocrine cell types in different 
proportions such as α, β, δ, ε, and PP cells, together with non-endocrine cells, constitute these micro-organs, the organization of which 
is species-dependent (Arrojo e Drigo et al., 2015). Non-endocrine cell types are for example endothelial cells, macrophages and nerve 
cells, which allow communication with the rest of the organism and the integration with the central and peripheral nervous systems 
(Rodriguez-Diaz et al., 2011, 2012). Islets coordinately respond to humoral and nervous stimuli with finely regulated secretion of 
peptide hormones. However, interactions between neighboring cells within an islet and their communication through paracrine and 
juxtacrine signals is pivotal to regulate secretion and propagate stimuli. In addition to autocrine, paracrine and juxtacrine signaling 
within the islet, nutrients, hormones, peptides and other molecules can reach the islet cells through both vasculature and nerves. This 
intricate network of paracrine and autocrine pathways is yet to be completely resolved (Henquin, 2021). The events resulting in 
specific signal transduction pathways are partially due to segregation of different signals, which can be achieved by spatial membrane 
distribution of for example receptors, ion channels and transporters. Recent evidence discussed here, suggests that cellular protrusions 
called primary cilia and filopodia-like structures, can be viewed as structures to increase intra-islet sensing and communication. We 
developed an imaging technique that allows monitoring of pancreatic islets in living animals non-invasively, longitudinally and at 
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single cell resolution (Speier et al., 2008). In this context, isolated islets of Langerhans are transplanted into the anterior chamber of the 
mouse eye (ACE), where they engraft, become vascularized and innervated, and by using the cornea as a natural body window 
different features of the engrafted islets can be imaged by fluorescence microscopy (Fig. 1). By monitoring vascularization, cell shape, 
cellular rearrangements and function, even in combination with optogenetics, this technique allowed more insight into pancreatic islet 
physiology and pathology (Leibiger and Berggren, 2017). 

Here, we review the role of cellular membrane protrusions such as primary cilia and filopodia in islets homeostasis and their 
possible function in intra-islet communication. 

2. The primary cilium 

The primary cilium is an outward protrusion of the cellular plasma membrane, which is present in a majority (about 80%) of cells in 
the body. It is commonly referred to as a ‘signaling hub’, involved in local cellular mechanosensation, chemosensation and specific 
morphogen signaling (Nishimura et al., 2019; Schou et al., 2015; Wheway et al., 2018). Primary cilia architecture has been classically 
described to be characterized by nine pairs of microtubules in a structure so called 9 + 0, which differs from the motile cilia, in which a 
central pair of additional microtubules is present (9 + 2). However, a recent work suggests that this structure might be limited to the 
base of the cilium and even be cell-type specific (Kiesel et al., 2020). In fact, different ciliary structures have previously been described 
in β-cells and deserve further clarification (Aughsteen, 2001; Yamamoto and Kataoka, 1986). 

The primary cilium can be structurally divided in two main parts, the basal body and the axoneme. At the basal body, proteins are 
sorted and organized in cargoes, which reach the axoneme from where they are trafficked along the cilium by intraflagellar transport 
proteins (IFTs) (Nachury et al., 2007). In between these two parts, lies the transition zone, a gatekeeper that allows the passage to the 
axoneme (Wang et al., 2022). Protein trafficking into the cilium is highly regulated and only the ones possessing a ciliary import 
sequence and pass through basal body and transition zone, can enter the ciliary axoneme. Impairment of the cilium due to monogenic 
variants are termed ciliopathies and manifest in phenotypes such as polycystic kidney, retinal degeneration, mental retardation as well 
as truncal obesity and type 2 diabetes (Badano et al., 2006; Forsythe and Beales, 2013). 

Over the last decades, the primary cilium has been recognized as a signaling hub both in development and tissue homeostasis 
(Nishimura et al., 2019; Wheway et al., 2018). Because of the involvement of the basal body/centrosome in cell mitosis and the fact 
that it is expressed in polarized cells, the primary cilium is reabsorbed during cell division and rebuilt when the cell exits the cell cycle 
(Kasahara and Inagaki, 2021; Walia et al., 2019). However, not all differentiated cells express primary cilia and interestingly, cells that 
are primarily involved in glucose homeostasis, such as hepatocytes (Huang et al., 2006), skeletal muscle myotubes (Ng et al., 2021) and 
adipocytes (Hilgendorf, 2021; Ng et al., 2021), seem not to rebuild them after differentiation. Although one recent publication suggests 
that a small amount of hepatocytes are ciliated, counterstaining for specific cell types was not carried out, and therefore more evidence 
is needed (Li et al., 2021). 

3. Primary cilium and islet architecture 

The first evidence of primary cilia in islet cells dates from 1958, when Munger described their presence in β-cells (Munger, 1958). 
After that, primary cilia have been identified in β- and partially in α-cells of mice and humans (Aughsteen, 2001; Iwanaga et al., 2011; 
Yamamoto and Kataoka, 1986). In contrast, evidence of cilia in δ-cells is scarce. In fact, beside two EM micrographs provided by 

Fig. 1. In vivo imaging of pancreatic islets in the anterior chamber of the eye. Islets equipped with suitable fluorescent biosensors are isolated and 
transplanted into the anterior chamber of the mouse eye where they engraft, revascularize and reinnervate. Imaging of single islet cells is then 
possible during the whole lifespan of the animal. 
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Aughsteen (2001) and Yamamoto and Kataoka (1986), evidence of cilia expression and function in δ-, ε- and PP-cells are lacking. 
Within each pancreatic islet, the different cell types are spatially organized to allow fine-tuned communication and regulation 

(Arrojo e Drigo et al., 2015). The primary cilia localize to the interstitial canaliculi between islet cells (Fig. 2) (Gan et al., 2017; 
Iwanaga et al., 2011; Yamamoto and Kataoka, 1986). This localization can be viewed as a possibility for non-motile cells to increase 
their contact surface with other cells or to confine signaling pathways into a specific space. Especially in β-cells, cell polarity seems to 
play a pivotal role in positioning of the cilium and in the polarized insulin secretion as well as in the partitioning of receptor-
s/transporters in different spaces along the cellular membrane. In recent years, work by the Thorn group suggests that β-cells possess 
three distinct plasma membrane domains: basal, lateral and apical. The basal is adjacent to the vessel where the β-cells predominantly 
secrete insulin. The lateral contains the majority of glucose transporters and from this side the cells can partially secrete insulin. The 
apical part of the β-cell is defined by tight junctions and here the cilia of different cells reach the lumen of the canaliculi (Gan et al., 
2017; Low et al., 2014). However, the idea that insulin secretion is polarized towards the vessels is still controversial since a previous 
finding described that insulin is preferentially secreted away from the vessel into the interstitial space (Takahashi et al., 2002). In any 
case, it seems clear that cilia from different cells find themselves together within the interstitial space (Gan et al., 2017). Even if the 
primary cilia are non-motile organelles, a role in promoting the flow of substances through the canaliculi cannot be excluded. In fact, 
one can speculate that when islets are stimulated by glucose, the dynamic morphological changes of the islet cells and their membrane 
may lead to cilia rearrangements and enhanced flow within the islet canaliculi. 

The primary cilium, present in the interstitial space between islet cells, might not be only involved in signaling and sensing the 
extracellular environment through the presence of receptors and discrete signaling pathways. In fact, the cilium may be needed for 
active communication with other cilia or cells. In the last few years it has been suggested that cilia release extracellular vesicles. They 
have been suggested to be involved in disposing of specific receptors or cargos for different molecules, which could be taken up by 
other cells allowing cell-cell communication (Wang et al., 2022; Wood and Rosenbaum, 2015). Whether this could be the case also in 
islets is an intriguing issue, which can unravel a new way for paracrine interaction between islets cells. 

4. Role of cilia in islet paracrine/autocrine signaling and glucose homeostasis 

Several plasma membrane receptors have been discovered in the primary cilia membrane. For example, receptor tyrosine kinases 
(RTKs) and G-protein coupled receptors (GPCRs) seem to be highly present on the primary cilium (Christensen et al., 2017; Kobayashi 
et al., 2021). Furthermore, specific phosphoinositide signaling and turnover have been shown in primary cilia and especially in the 
transition zone (Conduit et al., 2021; Nakatsu, 2015). These and other signaling pathways generated at the cilium might have a po-
tential impact on cellular functions and intercellular communication. Within pancreatic islet cells, one potential example of paracrine 
signaling generated from the cilium is suggested by the presence of the somatostatin receptor 3 (SSTR3) in α- and β-cells (Iwanaga 
et al., 2011). In recent years, work has been performed in our and a few other laboratories addressing the signaling pathways in which 
the primary cilium/basal body play a role in β-cells. We used the Bardet-Biedl Syndrome 4 knock-out mouse model (BBS4− /− ), which 
lacks the protein normally present at the basal body. The BBS4− /− mouse model has a similar phenotype to the one observed in 

Fig. 2. A scheme illustrating islet architecture and the distribution of cilia on islet cells and the motile filopodia of δ-cells. Green depicts β-cells, 
α-cells are in red and δ-cells are in purple. Note that δ-cell filopodias are motile within the islet structure and this is depicted by dashed lines 
emerging from the cell body in different positions. Endothelial cells constituting the blood capillaries are in orange. The figure shows the long range 
of influence of an individual islet cell in the interstitial space, afforded by either cilia (α-cells and β-cells) or filopodia (δ-cells). 
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humans, which include, among other features, obesity and retinal degeneration (Mykytyn et al., 2004). We found that before the onset 
of obesity these mice displayed impaired glucose homeostasis, characterized by a defective first phase insulin secretion and a decrease 
in the insulin granule docking protein syntaxin 1a (Gerdes et al., 2014). Because insulin signaling is important for pancreatic β-cell 
function (Leibiger et al., 2008), we investigated if the insulin receptor pathway was involved in the phenotype observed. Interestingly, 
we found that only one isoform of the insulin receptor (IR-A) was recruited to the cilium after insulin stimulation in the timeframe 
studied. Whether also the other isoform (IR-B) of insulin receptor is recruited to the cilium with different dynamics, is yet to be 
clarified. Volta et al. used a β-cell specific inducible knock-out of IFT88 (PDX1-IFT88), a protein which is indispensable for cilia 
formation. Similar to the BBS4− /− model, these mice displayed an impaired first phase of insulin secretion and impaired glucose 
tolerance (Volta et al., 2019). The authors proposed as a causative mechanism the impairment of the Ephrin-type A signaling, a 
juxtacrine pathway involved in insulin secretion. Moreover, depletion of IFT88 in human islets impaired glucose-stimulated insulin 
secretion ex vivo (Volta et al., 2019). This reinforces the notion we suggested previously using the BBS4− /− model, that the primary 
cilium is required for islet function. Interestingly, the authors found an increase in β-cell apoptosis, suggesting that β-cell cilia might 
also be linked to β-cell survival. Further investigations are warranted to understand the possible mechanisms by which ciliary im-
pairments might affect β-cell apoptosis. 

As described above, β-cells are polarized with a cilium oriented away from the vessels (Gan et al., 2017). If cell polarity is lost, it 
might be that the cilium is retracted or changes its position within the cell, which could lead to changes in islet architecture. A similar 
scenario was suggested by Grenot et al., in which they described a loss in polarization and ciliary distribution by knocking-out a 
serine-threonine kinase involved in the regulation of cell polarity (liver kinase B1) (Granot et al., 2009). Vice versa, one can speculate 
that, if the cilium is lost, also the cell polarity might be affected. In this case, it is possible that conditions, that deplete cilia, might 
severely affect cell polarization and function. However, the loss of polarized secretion when the cilium is knocked-out has not been 
investigated neither in vitro nor in vivo. 

5. Involvement of cilia/basal body in islet vascularization 

Within the islet, endocrine cells are not the only ciliated cells. In fact, primary cilia in endothelial cells seem to play a pivotal role in 
islet vascularization. Recently, we tested the role of cilia/basal body in islet vascularization using the BBS4− /− mouse model (Xiong 
et al., 2020). By taking advantage of our in vivo imaging platform where we transplant islets into the anterior chamber of the eye (ACE) 
and use the cornea as a natural body-window for monitoring longitudinally the vascularization process of engrafted islets, we found 
that BBS4− /− islets transplanted into wild-type recipients showed a slower re-vascularization and larger vessel diameters compared to 
wild-type islets. The decrease in vessel density was recovered at later time points, and it was similar to the lower vessel density 
observed in the pancreas of BBS4− /− animals at 2 months of age in situ. We found that this defect was due to the presence of residual 
BBS4− /− endothelial cells in the islets at transplantation time point, since BBS4− /− islets depleted of endothelial cells had a normal 
vascularization and wild-type islets transplanted into BBS4− /− animals also showed delayed vascularization. Thus, BBS4− /− endo-
thelial cells are less responsive to angiogenetic signals, which we suggest is due to the ciliary defect since similar findings were shown 
in another cilia-defective model, i.e. in pitchfork (PIFO) mice. Interestingly, even when the vessel density in BBS4− /− islets was similar 
to control (4 months after transplantation), the capillaries were less fenestrated which consequently impaired passage of nutrients 
across the endothelium (Xiong et al., 2020). Moreover, we showed that BBS4− /− islets exhibit a defective VEGF-A/VEFGR signaling, 
which impairs endothelial proliferation and migration and thus vascularization (Xiong et al., 2020). We did not investigate the 
presence of the VEGF2 receptor on the cilia and therefore the presence and involvement of this pathway directly on the ciliary 
compartment requires further study. 

6. Ciliary defects in non-genetically modified animal models 

Islet dysfunction due to ciliary/basal body defects have been addressed using genetically modified animal models and, although 
important for biological research, it can possibly be translated only to a small part of the human population which is affected by 
ciliopathies (Cho and Hughes, 2022). However, environmental factors, such as nutrients and energy availability as well as cellular 
signaling could affect ciliary presence or morphology, thus impairing the cellular functions in which the cilium is normally involved. 
For example, ciliary maintenance is energetically costly due to the protein transport by kinesin and dynein motors as well as mech-
anisms required for trafficking and sorting at the basal body (Fan and Margolis, 2011; Yoshimura et al., 2007). Burkhalter et al. found 
that increasing or blocking mitochondrial energy production led to ciliary impairment and heterotaxy, causing deleterious conse-
quences during development (Burkhalter et al., 2019). Recently, we found that not only energy depletion, but also oxidative stress 
could affect the presence and/or morphology of the primary cilia in vitro and in kidney cells of a mouse model of type 2 diabetes 
(db/db) (Moruzzi et al., 2022). Considering that oxidative stress is a hallmark of diabetes, aging as well as other metabolic diseases, 
these findings can open up a yet unexplored area. Moreover, oxidative stress caused by metabolic overload may affect pancreatic islet 
cells by impairing ciliary maintenance and function. In this context, we found that in another model of type 2 diabetes (GK rat), the 
number of cilia and their size were impaired compared to their non-diabetic controls (Gerdes et al., 2014). Follow up studies on the 
morphology and number of cilia in aging and dietary models are necessary to understand the effect of cilia on islet function and 
polarization of islet cells during disease. 
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7. Means of δ-cell contact and interaction with other islets cells 

As discussed above, evidence of ciliary presence in δ-cells is scarce. Due to the high expression of ciliary protein genes such IFT88 
and KIF3a documented in single cell databases for mouse and human δ-cells (Cao et al., 2017; Tabula Muris et al., 2018), together with 
the few EM micrographs of cilia published (Aughsteen, 2001; Yamamoto and Kataoka, 1986), one can speculate about the presence of 
cilia in δ-cells. However, immunofluorescence staining for ciliary proteins ARL13B and SSTR3 did not label any cilia in δ-cells 
(Iwanaga et al., 2011) and therefore more evidence is needed to clarify this topic. 

Beside cilia, we recently suggested different contacts between δ- and other islet cells, which involve dynamic cytoskeletal rear-
rangements and contacts through filopodia-like structures (Fig. 2) (Arrojo et al., 2019). Unlike in α- and β-cells, in human δ-cells 
sheet-like extensions, which most of the time connect them to capillaries and/or other endocrine cells, have been described (Grube and 
Bohn, 1983). Due to the low density of δ-cells within islets, we hypothesized that these cytosolic and plasma membrane extensions 
might probe the extracellular environment and act as antennae to contact other cells (Arrojo et al., 2019). Using SST-ChR2-YFP re-
porter mice we showed that these projections can reach several micrometers of distance and increase around 10-fold the potential of 
interactions between δ-cells and α- and/or β-cells. We monitored the localization and possible movement of single δ-cells in vivo using 
the ACE as an islet transplantation site (Arrojo et al., 2019; Speier et al., 2008). We found that the filopodia-like structures were highly 
dynamic and changing position within minutes (Arrojo et al., 2019). Furthermore, using SST-GCaMP mice, we found Ca2+ spikes, 
which were different between soma and filopodia of δ-cells. These structures contained all components of the secretory machinery and 
therefore the capacity of exocytosis, however their somatostatin content was quite heterogeneous. 

8. Concluding remarks 

In the islets of Langerhans, different cell types produce hormones and peptides in response to nutrients and signals derived from 
blood circulation or through paracrine/juxtacrine/autocrine communications between islet cells. Cellular architecture and polariza-
tion shape the islet architecture, which forms the base for intra-islet communication. Here, we reviewed recent findings describing how 
cellular protrusion, such as primary cilia and filopodia-like structures, in specific islet cells can increase contact with other cells and 
sensing of the extracellular environment. Primary cilia have been shown to have relevance to islet homeostasis, insulin secretion as 
well as islet vascularization. Together with the findings of specific receptors and signaling pathways within primary cilia, this points to 
a high significance of this organelle for islet structure and function. Nevertheless, the specific function of cilia in each cell type and their 
significance in intra-islet communication is not clear. Similarly, the dynamic δ-cell contacts through filopodia-like structures and their 
role in intra-islet communication and organization needs further clarification. The role of primary cilia and filopodia in pancreatic islet 
cells during disease such as diabetes and their involvement in progression of pancreatic islet dysfunction is still elusive, but is 
important for our understanding of the mechanism of disease development. 
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