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Abstract 

Whereas targeting the cyst epithelium and its molecular machinery has been the prevailing 

clinical strategy for polycystic kidney disease, the endothelium, including blood vasculature 

and lymphatics, is emerging as an important player in this disorder. In this Review, we 

provide an overview of the structural and functional alterations to blood vasculature and 

lymphatic vessels in the polycystic kidney. We also discuss evidence for vascular endothelial 

growth factor signalling, otherwise critical for endothelial cell development and maintenance, 

as being a fundamental molecular pathway in polycystic kidney disease and a potential 

therapeutic target for modulating cyst expansion.  
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Introduction 

Autosomal dominant (AD) polycystic kidney disease (PKD) affects around 1 in every 1000 

individuals [1]. In ADPKD, mutations in PKD1 and PKD2, encoding for polycystin 1 and 

polycystin 2 respectively, lead to the growth of fluid-filled cysts in the kidney [1]. This results 

in a loss of normal renal structure and function, often resulting in end-stage kidney disease 

(ESKD). Polycystin 1 and polycystin 2 localize to the cilia of renal tubular epithelial cells; 

facilitating mechanosensation in response to fluid flow [2]. Dysfunction of these proteins in 

ADPKD decreases intracellular calcium signalling, elevates intracellular cyclic adenosine 

monophosphate (cAMP) and activates protein kinase A-dependent gene transcription [3]. 

Subsequent hyperproliferation of tubular epithelium [4] and chloride-driven fluid secretion [5] 

drive cyst formation and expansion with loss of normal kidney structure and function. Thus, 

targeting the cyst epithelium and aberrant cAMP signalling has been the prevailing clinical 

strategy for ADPKD. This has led to the first clinically approved drug for ADPKD, tolvaptan, a 

vasopressin receptor 2 antagonist that modulates cAMP signalling in aberrant kidney tubules 

[6,7]. However, the effect of tolvaptan on slowing kidney cyst growth appears incomplete and 

the induction of nephrogenic diabetes insipidus is a major side effect; resulting in increased 

thirst and frequency in the need to pass urine [6]. Therefore, there is a need to develop 

further treatments for PKD, particularly those that target alternative non-epithelial 

mechanisms to limit cyst growth. 

 

Insights from cancer therapeutics may provide alternative treatment strategies for PKD. 

Jared Grantham, to whom this special edition of Cellular Signalling is dedicated, drew 

parallels between PKD and cancer [8,9]. PKD and cancer share many common features, 

including proto-oncogene activation [10], modulation of the mammalian target of rapamycin 

cascade [11], changes to cell cycle regulators [12] and alterations in growth factor and 

receptor tyrosine kinase signalling [13]. Here, we explore another parallel between PKD and 

cancer: the blood vasculature and lymphatics. Tumour growth is a highly active process 

which requires oxygen and nutrients provided by the surrounding microvasculature [14]. As 
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cyst growth is also associated with changes in cellular metabolism [3,15], it could be 

postulated that remodelling of kidney blood vasculature may be required to support PKD 

[16]. Similarly, as remodelling of lymphatic vessels in cancer may have consequences for 

the dissemination of [17] and immune response to tumour cells [18], structural and functional 

changes to lymphatics in PKD may influence cyst expansion [19]. 

 

In this Review, we first explore how the renal microvasculature is altered in PKD, examining 

both blood vessels and lymphatics. We also outline how molecular signalling between 

endothelial and epithelial cells might contribute to cyst formation and growth. Finally, we 

describe recent studies which have shown how targeting the microvasculature using 

vascular endothelial growth factors might be a promising new therapeutic avenue for PKD. 

 

Renal blood vasculature and lymphatics in PKD 

Structural changes to the renal blood vasculature in PKD 

The kidney is a highly vascularised organ and contains several structurally and molecularly 

distinct populations of endothelial cells, each of which are adapted to their specific and 

unique functions [20,21]. Of particular importance in PKD are the endothelial cells of the 

peritubular capillaries that surround the kidney tubules in the renal cortex. Peritubular 

capillaries are highly permeable to facilitate the reabsorption of glomerular filtrate into the 

circulation [22]. In ADPKD patients (aged between 40 and 55 years old with ESKD), 

angiography and corrosion casting with scanning electron microscopy have revealed that the 

peritubular capillaries lose their normal reticular patterning and become spiral-shaped, 

tortuous and dilated [23,24]. Similar findings were observed in Pkd1nl/nl mice, a mouse model 

of ADPKD, carrying two hypomorphic alleles of Pkd1. Pkd1nl/nl mice have an abnormal 

pericystic network of vessels present from as early as one postnatal day of age, which then 

becomes more disorganised as cystogenesis progresses towards renal failure; occurring at 

three weeks in this model [25]. Some studies have additionally quantified the numbers of 

renal blood vessels in animal models of PKD. Ten week old Pck rats, harbouring a mutation 
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in Pkdh1, encoding for fibrocystin, the gene mutated in autosomal recessive (AR)PKD, have 

significantly reduced blood microvascular density in both the renal cortex and medulla, 

accompanied by an increase in glomerular diameter as assessed by micro-computed 

tomography [26]. Similarly, photoacoustic imaging of eight day old Pkd1nl/nl mice revealed a 

reduction in the number of branch points and vessel segments compared with wild-type mice 

[27]. Further quantitative studies are warranted at multiple time-points of PKD models to 

provide a more detailed description of how the renal blood vasculature is altered as the 

disease progresses, but it is clear that the patterning of renal blood vasculature is abnormal 

around cysts in both animal models of PKD and in the human condition. 

 

Structural changes to the renal lymphatic vasculature in PKD 

The kidney also contains a network of lymphatic capillaries which have been implicated in 

the progression of PKD. One of the most commonly ascribed functions of lymphatics is to 

clear excessive tissue fluid from the interstitial compartment of organs [28]. Lymphatic 

capillaries have a unique structure to facilitate this role, being composed of overlapping 

lymphatic endothelial cells, held together by button-like junctions [29,30] and are connected 

to surrounding extracellular matrix by anchoring proteins [31,32]. When excessive tissue 

fluid builds up in the organ, the extracellular matrix expands, causing the anchoring proteins 

to pull adjacent lymphatic endothelial cells apart. The junctions between lymphatic 

endothelial cells subsequently open allowing tissue fluid, cells and small molecules to enter 

the lymphatic system [33]. Whereas interstitial fluid balance in the renal medulla is regulated 

by vasa recta, it is proposed that lymphatics and peritubular capillaries regulate this balance 

in the cortex and are responsible for the clearance of solute in the cortical interstitium. 

 

A number of reports have identified structural defects of lymphatics in animal models with 

loss-of-function mutations in genes encoding polycystins. For example, the main lymphatic 

vessels in the midline of developing zebrafish fail to form in fish with a mutation in pkd1a, a 

duplicate gene encoding polycystin in zebrafish [34]. Comparatively, genetic knock-out of 
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Pkd1 or Pkd2 in mice results in oedema and early lethality; ascribed to lymphatic defects 

due to blood-filled lymph sacs, malformation of skin lymphatics and an absence of structural 

heart defects [35]. Recently, we also reported structural defects to kidney lymphatics in a 

slow progressing model of ADPKD: the Pkd1RC/RC mouse [36], which mimics a human 

disease variant in PKD1 (pR3277C). Using wholemount immunofluorescence, optical 

clearing and high-resolution 3D imaging [37], we identified significant reductions in the 

number of lymphatic vessel branches relative to kidney volume, and the percentage 

occupancy of kidney volume by lymphatics in Pkd1RC/RC mice, when compared with wild-type 

littermates at the end of murine embryonic gestation (Figure 1) [19]. In this model, lymphatic 

vessels and corticomedullary cysts were found in close proximity, indicating the possibility of 

fluid transport and molecular communication between lymphatic endothelial cells and cyst 

epithelium [19]. These studies collectively suggest that mutations in ADPKD-causative 

genes result in abnormalities in lymphatic formation, which may subsequently reduce the 

effectiveness of fluid clearance and drive the expansion of cysts in PKD. 

 

Intrinsic changes to the blood and lymphatic vasculature in PKD 

A possible explanation for the structural changes to the renal vasculature in PKD is the 

consequence of cysts occupying the renal parenchyma. As cysts expand, they may distort 

the architecture of the kidney, leading to abnormalities in the adjacent blood vasculature and 

lymphatics. Distortion of the blood vasculature may lead to a reduction in blood flow, 

increased renovascular resistance and decline in renal filtration capacity [38]. Similarly, 

obstruction of lymphatic vessels may reduce the clearance of interstitial fluid and pro-

inflammatory immune cells and precipitate renal inflammation and fibrosis. However, this 

does not explain findings in rodent PKD, including the structural alterations to blood 

vasculature and lymphatics in the early stages of cystogenesis [19,25] or the absence of any 

correlation between the degree of cyst number or size and the changes in overall vessel 

density [26]. These collectively suggest that there may be more to the vascular phenotypes 

in PKD than distortion from enlarging renal cysts. 



7 
 

 

An alternative explanation for malformations of the renal vasculature in ADPKD is the direct 

consequences of mutations in PKD1 or PKD2 on the vascular endothelium. Polycystin 1 is 

expressed in aortic endothelial cells, small vessel endothelium and blood capillaries during 

mouse development [39,40], whereas polycystin 2 has been detected in murine adult 

femoral arteries and endothelial cells isolated from embryonic aortas [41]. Additionally, 

polycystin 1 and polycystin 2 are expressed in human immortalised and mouse primary 

lymphatic endothelial cells [35]. Both polycystin 1 and polycystin 2 mRNA and protein have 

been detected in skin lymphatics, with reduced expression in patients with lymphatic 

malformations [42]. Mounting evidence from studies knocking out endothelial cell polycystin 

in vitro and in vivo suggests that it has cell-autonomous requirements in the development of 

blood vasculature and lymphatics. Short-hairpin RNA-mediated knock-down of PKD1 or 

PKD2 from human umbilical vein endothelial cells or lymphatic endothelial cell lines impairs 

the formation of capillary-like structures with fewer branch points in culture [35], with PKD1 

knock-down also resulting in disorganisation of stress fibres, adherens junctions and defects 

in lymphatic endothelial cell polarity and migration [34]. Targeted deletion of Pkd1 or Pkd2 in 

endothelial cells using Tie2-Cre recombinase mice results in developmental abnormalities 

with a reduced number of viable mice being born [43]. This model presents with 

polyhydramnios and a decreased vascular density in the placenta. No overt changes were 

detected in the embryonic kidney or heart, but detailed vascular quantification was not 

performed in these organs [43]. Mouse embryos examined at embryonic day 14.5, with 

deletion of Pkd1 in both blood and lymphatic cells using a Sox18-Cre recombinase 

transgenic line, displayed a normal blood vasculature but a reduction in the number and 

width of skin lymphatics [34]. However, the kidney was not examined in this study. Further 

mechanistic studies of endothelial deletion of Pkd1 and Pkd2 in the kidney, ideally using 

inducible Cre recombinase lines to bypass any developmental abnormalities, are warranted.  

 

Vascular endothelial growth factors in PKD 



8 
 

Overview of vascular endothelial growth factor signalling 

The finding that blood vessels and lymphatics are malformed in PKD has raised interest in 

the potential role of vascular growth factors, which signal through their respective receptor 

tyrosine kinases enriched on endothelial cells, and are required for blood vascular and 

lymphatic development and function [44]. An attractive hypothesis is that modulation of 

vascular growth factor signalling may provide a novel non-epithelial therapeutic direction for 

PKD, through remodelling the pericystic blood vasculature and lymphatics and exerting 

paracrine, cellular or metabolic consequences on cyst growth [16]. Most studied of the 

vascular growth factors is the vascular endothelial growth factor (VEGF) family (Figure 2), 

composed of VEGF-A, VEGF-B, VEGF-C, VEGF-D, the virally encoded VEGF-E and 

placental growth factor (PIGF) [45]. VEGF-A is the main regulator of angiogenesis; the 

process of new blood vessel formation from pre-existing vessels. Multiple isoforms of VEGF-

A exist, generated by alternative splicing, which differ in their ability to bind heparin [46]. The 

main pro-angiogenic isoform VEGF-A165 (VEGF-A164 in mice) binds and phosphorylates the 

receptor VEGFR-2, promoting the survival, migration, proliferation, permeability and dilation 

of blood vessels [45]. Binding of VEGF-A to VEGFR-1 and soluble fms-like tyrosine kinase 1 

fine-tunes angiogenic signalling, both during development and in pathological contexts [47]. 

Conversely, the growth of lymphatic endothelial cells is regulated by VEGF-C and VEGF-D 

through their binding and activation of VEGFR-3 [48]. VEGF-C promotes the proliferation 

and expansion of lymphatic vessels, termed lymphangiogenesis, during both development 

and disease [49], whereas VEGF-D is considered to have a more important role in 

inflammation-induced lymphangiogenesis [50]. VEGF-C can also bind with a lower affinity to 

VEGFR-2 and subsequently modulate angiogenic responses in blood vessels [51]. 

 

VEGF-A signalling in polycystic kidneys  

VEGF-A has been identified as a critical molecular player in PKD. In healthy adult kidneys, 

VEGF-A is expressed in the proximal and distal cortical tubules and most abundantly in the 

loop of Henle’s thick ascending limb [52,53]. VEGF-A is critical for maintaining the health of 
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the surrounding peritubular capillaries, which express VEGFR-2 [52]. In adult mice 

specifically lacking tubular Vegfa, there was a reduction in peritubular capillary density and 

polycythaemia [52], suggesting that crosstalk between tubular epithelium and endothelial 

cells, mediated by signalling between VEGF-A and VEGFR-2, is critical for peritubular 

capillary health and maintenance. VEGF-A protein has been immunolocalised to the cyst 

epithelial cells in tissue sections from kidneys obtained from either ADPKD patients with 

ESKD [54] or 12-week-old male Cy/+ rats; which are heterozygous for a missense mutation 

of the Pkdr1 gene, encoding SamCystin, and recapitulate histological features of ADPKD 

[55,56]. In humans, endogenous VEGF-A levels increase with increasing cyst size, with 

transcriptome analysis of cysts of different sizes from patients with ADPKD revealing VEGF-

A to be upregulated in the largest cysts, containing at least 1 ml of cyst fluid, compared with 

minimally cystic tissue [57]. The local increase in VEGF-A expression as cystic disease 

progresses could thus trigger the remodelling of the surrounding peritubular vasculature and 

their abnormal patterning [25]. Additionally, it has been demonstrated that both VEGFR-1 

and VEGFR-2 are expressed by tubular epithelial cell lines and cyst epithelium in rat models 

of PKD [58–60] indicating that VEGF-A may have an autocrine effect on cyst epithelia. In 

culture, recombinant VEGF-A leads to the proliferation of proximal tubular cells [58]; an 

important process in cyst growth [4]. Furthermore, targeted overexpression of Vegfa in the 

kidney tubules of otherwise healthy adult mice causes the formation of cysts [61]. Circulating 

VEGF-A also increases in patients with ADPKD between 8 and 26 years old; an age where 

cysts are actively growing but many features of ESKD are not present [62]. The serum 

VEGF-A levels in these patients correlated with both the total volume of the kidney and cyst 

volume. There are several molecular pathways implicated in PKD which may trigger the 

upregulation of VEGF-A in cyst epithelia, including activation of hypoxia-inducible 

transcription factors [63], angiotensin II [64] and epidermal growth factor [65]. 

 

VEGFC signalling in polycystic kidneys 
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In contrast to VEGF-A, less is known about the expression pattern and function of VEGF-C 

in either healthy or cystic kidneys. In developing mouse kidneys, VEGF-C is expressed in 

renal arterioles and interstitial cells, with prominent expression in the renal hilum surrounding 

VEGFR-3-expressing lymphatics [19]. In healthy adult kidneys, VEGF-C is localised to the 

smooth muscle cells of renal arterioles, glomerular podocytes and tubular epithelial cells 

[66,67]. Additionally, in disease contexts, infiltrating macrophages provide a further cellular 

source of VEGF-C [66,68], which is proposed to be critical for inflammation-induced 

lymphangiogenesis. VEGFR-3, as well as being expressed by lymphatic vessels in the adult 

kidney [69], is also detected in fenestrated glomerular and peritubular capillaries [25], akin to 

expression patterns reported in other high-permeability endothelia in endocrine glands [70]. 

VEGFR-3 has also been reported to be expressed on kidney macrophages in a unilateral 

ureteral obstruction model of renal fibrosis in mouse [71]. In PKD, only one study has 

examined endogenous mRNA levels of Vegfc in Pkd1n/nl kidneys using quantitative real-time 

polymerase chain reaction of whole kidney lysates. In this model, Vegfc was significantly 

downregulated in the early stages of disease (at seven days) but then restored to wild-type 

levels at days 14 and 21 [25]. However, there is currently no information on the cellular 

localisation of VEGF-C during PKD. It may be postulated that the reduction of endogenous 

VEGF-C in mouse models of PKD drives the malformation of kidney lymphatics and 

tortuous, dilated peri-cystic VEGFR-3+ blood capillaries [19,25], but this hypothesis requires 

further investigation. 

 

Modulating vascular endothelial growth factor signalling in PKD 

Several studies have now examined if the modulation of vascular endothelial growth 

signalling might alter the progression of PKD. Initially, inhibition of VEGF-A signalling to 

VEGFR-1 or VEGFR-2 was the focus of study, with the rationale that preventing the 

expansion of blood vessels will starve the cysts of the nutrients required for its growth; an 

approach also exploited in cancer biology [72]. Supporting this hypothesis, the administration 

of ribozymes targeting either VEGFR-1 or VEGFR-2 in three to eight-week-old Cy/+ rats led 



11 
 

to a decrease in tubular cell proliferation, which was accompanied by reduced cyst volume 

and kidney:body weight ratio and an improvement in renal function [60]. VEGFR-1 or 

VEGFR-2 ribozyme administration led to a decrease in Vegfr1 and Vegfr2 mRNA levels 

respectively, with a reduction of receptor immunoreactivity in tubular epithelium, although 

VEGF-A levels were not examined in this study. In contrast, administration of an anti-VEGF-

A antibody (B20.4.1), which acts on all isoforms of VEGF-A [73], to four-week-old Cy/+ rats 

enhanced the proliferation rate of proximal tubular epithelial cells, leading to larger cysts and 

expansion of the kidney volume [74]. A possible explanation for the discrepancy between 

these studies is likely the off-target consequences of B20.4.1 administration upon other 

areas of the kidney, as both Cy/+ and wild-type rats treated with B20.4.1 displayed 

glomerular abnormalities and proteinuria [74]. Comparatively, ribozyme administration did 

not increase albumin to creatinine ratio compared with vehicle-treated Cy/+ rats. 

 

Recombinant VEGF-C has been shown to have protective effects in mouse models of PKD 

[25]. Daily intraperitoneal injections of recombinant VEGF-C to seven-day old Pkd1nl/nl mice 

for two weeks resulted in a halving of kidney:body weight ratio compared with Pkd1nl/nl 

animals administered vehicle. VEGF-C also improved renal function in Pkd1nl/nl mice, with a 

lowering of blood urea nitrogen and serum creatinine. Additionally, VEGF-C reduced disease 

severity in congenital polycystic kidney (Cys1cpk/cpk) mice. Though non-orthologous, this 

model phenocopies the pathology of ARPKD [75]. In Cys1cpk/cpk mice, VEGF-C administration 

reduced kidney:body weight ratio, average cyst size and extended the lifespan of the 

animals by one week [25]. These results suggest that VEGF-C delivery is applicable to other 

models of cystogenesis, although the effects of VEGF-C on slowly progressive mouse 

models that mimic the temporal progression of human ADPKD has not yet been 

demonstrated. 

 

There are multiple mechanisms by which VEGF-C might improve PKD (Figure 3). Firstly, 

VEGF-C may act on VEGFR-3-expressing lymphatic capillaries, as VEGF-C delivery 
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increased the cross-sectional area of kidney lymphatics in Pkd1nl/nl mice [25]. The expansion 

of lymphatics may facilitate the clearance of both excess fluid and inflammatory cells in PKD, 

concurrent with a reduction in the quantity of renal CD206+ inflammatory cells in Pkd1nl/nl 

kidneys following VEGF-C treatment [25]. An alternative yet complementary mechanism of 

VEGF-C activity may be through its action on VEGFR-3-expressing fenestrated peritubular 

capillaries. In both Pkd1nl/nl and Cys1cpk/cpk mice, VEGF-C treatment led to the proliferation of 

peritubular capillaries and the restoration of the reticular patterning of these vessels that is 

otherwise lost in mouse models of PKD. 

 

Future directions  

From studying the effects of deleting polycystins in endothelium, it is evident that both blood 

vasculature and lymphatics may have an important role in PKD. However, the mechanisms 

by which loss of polycystins in the vasculature may contribute to PKD is not yet fully 

understood. Polycystins may be involved in establishing polarity and migration of endothelial 

cells during development [34] or involved in intracellular signalling pathways responsible for 

lymphatic proliferation [42]. Additionally, akin to their ascribed roles in primary cilia, loss of 

polycystins in endothelial cells may impair the response of these cells to flow and shear-

stress, which is fundamental to proper maturation and function of both blood vessels and 

lymphatics. In support of this, endothelial cells from either Pkd1 mutant mice or with knock-

down of Pkd2 lose the ability to generate nitric oxide; a key mediator of vascular tone in 

response to fluid shear stress [39,41]. 

 

An attractive prospect is that non-renal vascular abnormalities observed in patients with PKD 

may result from polycystin loss in the endothelium. Examples of this include impaired flow-

mediated dilatation in peripheral arteries of children and young adults or normotensive 

patients with ADPKD compared with healthy controls [76,77], the association between the 

mutation position in PKD1 and cerebrovascular aneurysms [78] and lymphatic malformations 
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reported in both ADPKD and ARPKD patients [79,80]. Targeted deletion in animal models in 

vivo, complemented by organ-on a chip technologies in vitro, may help to tease out whether 

these clinical observations occur as a consequence of mutations of genes such as PKD1 in 

the endothelium, indirectly through PKD1 loss in vascular smooth muscle [81] or as yet 

unidentified non-cell-autonomous mechanisms. 

 

Studies in animal models have demonstrated the potential of VEGF therapy for PKD, but 

there are many unanswered questions which need to be explored prior to translation of this 

therapeutic strategy towards patient benefit. For a start, the mechanisms by which VEGF-A 

inhibition and VEGF-C therapy act and the relative contribution of these therapies to different 

cell types in the polycystic kidney is unknown. For example, to what extent VEGF-C might 

exert its effects on non-endothelial cell types, such as macrophages [82] or tubular epithelial 

cells [83] in the context of cystic disease is not clear. These could be teased out by 

transcriptomic technologies capable of differentiating between cell types, such as single cell 

RNA-sequencing [84]. A major challenge to surmount will be the development of strategies 

to direct VEGF therapy to the polycystic kidney. Gene therapy [85], renal-targeted peptides 

[86] or use of modified growth factors which preferentially bind target tyrosine kinases [87] 

are potential strategies to enhance therapeutically effect, optimise drug half-life and 

metabolism and minimise off-target effects and toxicity. There are additionally a multitude of 

other molecules that could be used to modulate blood or lymphatic endothelia [49,88] which 

could be explored in the setting of PKD. Regardless of the approach, we envisage the 

vasculature, as is the case for cancer [89], to develop recognition as a hallmark of PKD. 

Future therapies targeting the endothelium could eventually be utilised in replacement or in 

combination with existing compounds targeting the cystic epithelium. 
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Figure Legends 

Figure 1. Structural features of kidney lymphatics in polycystic kidney disease. Kidney 

lymphatics in Pkd1RC/RC mice, a slow progressive mouse model of autosomal dominant 

polycystic kidney disease (PKD) were profiled using wholemount immunofluorescence, 

optical clearing and three-dimensional imaging. At embryonic day 18.5; an early timepoint in 

this model of PKD, three features were observed. Firstly, lymphatic vessels in the cortex 

were found in close proximity to corticomedullary epithelial cysts, indicating the potential for 

solute exchange or molecular crosstalk between lymphatic endothelial cells and cyst 

epithelium. Secondly, the total number of lymphatic vessel branches relative to kidney 

volume and the percentage occupancy of the volume of the kidney by lymphatics were 

significantly reduced in cystic compared to normal kidneys. Finally, the largest caliber 

lymphatic vessels in the renal hilum had a significantly reduced diameter in cystic disease. 

Thus, a reduction of kidney lymphatic function, manifesting as impaired drainage of fluid or 

immune cells, may be a pathological feature of PKD. 

 

Figure 2. Vascular endothelial growth factor signalling in blood endothelial or 

lymphatic endothelial cells. The top panel shows the ligand-receptor interactions 

responsible for vascular endothelial growth factor (VEGF) signalling. Whereas VEGF-B 

exclusively binds to VEGF receptor (R)1, VEGF-A can bind both VEGFR-1 and VEGFR-2. 

Similarly, VEGF-C and VEGF-D can bind both VEGFR-2 and VEGFR-3. Not shown here are 

the virally encoded VEGF-E, which binds VEGFR-2, and placental growth factor (PIGF), 

which binds VEGFR-1. The bottom two panels show the generalised response to stimulation 

of each VEGF receptor, by their canonical ligands, in either blood endothelial cells (BEC) or 

lymphatic endothelial cells (LEC).  
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Figure 3. Potential mechanisms of vascular endothelial growth factor C therapy in 

polycystic kidney disease. Administration of VEGF-C to mouse models of PKD reduces 

disease severity. Part of this effect may occur by the upregulation of VEGF-C/VEGFR-3 

signalling in lymphatics, promoting the expansion of kidney lymphatics which are otherwise 

stunted and deformed in PKD. The hyperplasia of lymphatics may increase the efflux of fluid 

and inflammatory cells that drive cystic disease. An alternative mechanism is through the 

action of VEGF-C on VEGFR-2+ VEGFR-3+ peritubular capillaries. VEGF-C stimulates these 

vessels to proliferate and promotes their remodelling, restoring their architecture. There may 

be other, as yet unidentified consequences of VEGF-C therapy on cell types within the 

polycystic kidney, such as through action on immune cells such as macrophages, or through 

direct activity on cyst epithelial cells.  
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