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Abstract

The glomerulus is a highly specialized microvascular bed that filters blood to form primary 

urinary filtrate. It contains four cell types: fenestrated endothelial cells, specialized vascular 

support cells termed podocytes, perivascular mesangial cells, and parietal epithelial cells. 

Glomerular cell-cell communication is critical for the development and maintenance of the 

glomerular filtration barrier. VEGF, ANGPT, EGF, SEMA3A, TGF-β, and CXCL12 signal in 

paracrine fashions between the podocytes, endothelium, and mesangium associated with the 

glomerular capillary bed to maintain filtration barrier function. In this review, we summarize the 

current understanding of these signaling pathways in the development and maintenance of the 

glomerulus and the progression of disease.
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INTRODUCTION

The glomerulus of the kidney is a highly developed microvascular bed that acts as a filter, 

allowing small molecules, such as water, sugars, electrolytes, and small proteins, to pass 

through while retaining high-molecular-weight proteins and cells in the circulation. 

Glomerular development proceeds through coordinated cross talk between various cell types 

for spatially ordered and sequential recruitment, proliferation, assembly, and differentiation 

of endothelial cells (ECs), mesangial cells, and epithelial progenitor cells. Mature glomeruli 

contain four cell types: parietal epithelial cells, which form Bowman’s capsule; podocytes, 

which cover the outermost layer of the glomerular filtration barrier; glycocalyx-coated 

fenestrated ECs, which are in direct contact with blood; and mesangial cells, which support 

the capillary loops. This review discusses vascular growth factors critical for coordinating 

glomerular development and function and the role of these factors in glomerular disease.
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Overview of the Glomerulus and Filtration Barrier

The epithelial cells of the glomerular barrier, podocytes, are highly differentiated cells. 

Podocytes line the outside of the glomerular capillaries and face the primary urine and 

Bowman’s capsule (Figure 1). They have a large cell body, which bulges into the urinary 

space, and long cytoplasmic primary processes that extend along the capillaries with 

numerous secondary foot processes. The foot processes of neighboring podocytes regularly 

interdigitate and are separated by a filtration slit that is bridged by an extracellular structure 

known as the slit diaphragm. The molecular components of slit diaphragms have been 

extensively studied, and their proteins are vital for normal glomerular permselectivity. The 

basal cell membrane, i.e., the soles of the foot processes, mediates the connection to the 

glomerular basement membrane (GBM). Matrix molecules in the GBM are ligands for 

transmembrane receptors of the podocyte foot process.

ECs line the inner surface of the glomerular capillaries and form an antithrombotic barrier 

between blood and tissues. The glomerular ECs are highly flattened around the capillary 

loop periphery, where ECs and adjacent podocytes share a common GBM. To allow for high 

permeability of water and small solutes, the glomerular ECs have large fenestrations 

constituting 20–50% of the entire endothelial surface (Figure 2). The EC body is thicker, 

nonfenestrated, and usually located near the hilum of the capillary loop, which is often in 

direct contact with mesangial cells. More recently, evidence is accumulating that ECs and 

their fenestrae are covered by a relatively thick layer of negatively charged proteins. Some of 

these negatively charged proteins are anchored in the EC plasma membrane and form a 

glycocalyx, whereas other such proteins are noncovalently associated proteins from plasma 

or ECs and form the endothelial surface layer [reviewed by Haraldsson et al. (1)].

The GBM is a specialized extracellular matrix that supports its adherent cells, the 

glomerular ECs and podocytes, and separates the vasculature from the urinary space. During 

development, the GBM is formed from fusion of two distinct basement membranes, one 

synthesized by presumptive podocytes and the other by glomerular ECs. Similar to all 

basement membranes, the GBM is a fibrous network consisting of laminin, collagen type IV, 

nidogens, and proteoglycans such as agrin and perlecan.

The glomerular mesangium maintains the structure and function of the capillary loops and is 

located between the capillaries (2). Mesangial cells are surrounded by their secreted 

extracellular matrix, which is composed mainly of collagen IV, laminin, fibronectin, and 

proteoglycans (3). Mesangial cells can respond to injury by changing to a myofibroblastic 

phenotype, resulting in altered mesangial matrix (4). Switching to a myofibroblastic 

phenotype results in the production of matrix components other than collagen IV and has 

significant pathological consequences. This switch represents a major factor in the 

progression to glomerulosclerosis because glomeruli lack the necessary machinery (matrix 

metalloproteinases) to degrade the newly synthesized matrix components (2).

Glomerular Cell-Cell Communication

Glomerular cell-cell communication is essential for adequate development and maintenance 

of the glomerular barrier. Several factors discussed in this review exhibit a similar paracrine 
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signaling paradigm (Figure 1b). The podocytes act as vascular support cells and produce 

factors that are ligands for receptors expressed by the glomerular endothelium. Several 

studies in the last decade have shown the importance of the vascular endothelial growth 

factor A (VEGF-A)–VEGF receptor 2 (VEGFR2) paracrine system in glomerular 

development and maintenance. More recently, angiopoietin 1 (ANGPT1)-induced receptor 

tyrosine kinase (TIE2; also termed Tek) activation and C-X-C chemokine ligand 12 

[CXCL12, also known as stromal cell–derived factor 1 (SDF1)] activation of C-X-C 

chemokine receptor type 4 (CXCR4) on ECs have been found to be important for the 

development of glomerular capillaries. Angiopoietin 2 (ANGPT2) signals in an endocrine or 

an autocrine fashion and is produced and released by ECs. It also binds TIE2 but can act as 

an agonist or antagonist for TIE2, depending on the context. Increased levels of ANGPT2 

have been implicated in vascular diseases and appear to be correlated to adverse outcomes. 

Another newly implicated system in podocyte–to–endothelial cell cross talk is transforming 

growth factor-β receptor (TGFRβ)–induced endothelin-1 expression. Endothelin-1 from 

podocytes binds the endothelin-1 receptor A (ETA) expressed by adjacent ECs and induces 

oxidative stress and EC dysfunction.

Cross-communication also occurs between other cells within the glomerulus. The 

glomerular ECs express platelet-derived growth factor-β (PDGF-β), which interacts with its 

receptor (PDGFRβ) expressed by mesangial cells. This signal is especially important during 

glomerular development. Additional cross-communication between ECs and mesangial cells 

is likely to occur, as is communication between mesangial cells and podocytes.

Development of the Glomerular Microvasculature

Glomerular development is generally described in five steps: vesicle, comma-shaped body, 

S-shaped body, glomerular capillary loop stage, and mature glomerulus (Figure 3). The 

vesicle, the first epithelial structure, consists of polarized cells surrounded by a basement 

membrane. On one side, the vesicle joins with the ureteric bud, forming a continuous lumen 

between the vesicle and the duct. On the opposite side, a cleft is formed and produces a 

comma-shaped or an S-shaped body. The lip beneath this cleft is established by a prominent 

crescent-shaped layer of epithelial cells that ultimately differentiate into podocytes. The 

podocyte precursor cells are simple, polygonal cells that undergo significant proliferation. 

During this early stage of glomerular development, the presumptive podocytes are connected 

by apical junctions. The expression of VEGF-A by presumptive podocytes induces 

migration of VEGFR2-positive EC precursors present in the renal mesenchyme (Figure 3). 

ECs migrate into the vascular cleft and proliferate and differentiate in intimate association 

with the VEGF-A-positive podocytes (5). Once inside the vascular cleft, ECs proliferate and 

aggregate, forming precapillary cords. The ECs are initially very large, and the precapillary 

cords are devoid of vascular lumen. Lumenation develops later through selective apoptosis 

of ECs, a process that is dependent on TGF-β signaling (6). ECs continue to differentiate 

into an extremely flattened monolayer that is densely perforated with fenestrae. During 

development, glomerular EC fenestrae have diaphragms that disappear as the glomerular 

capillaries mature (7). Studies in mice have shown that reduced Vegf-a signaling from 

podocytes results in loss of EC migration and proliferation and in decreased survival and 

thus results in the absence of functional glomerular filtration barriers (8).
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During nephrogenesis, mesangial cells are identified by their expression of several markers, 

including desmin, α-smooth muscle actin, and PDGFRβ (9). PDGFRβ-expressing 

mesangial cells migrate into the cleft by the chemotactic effect of PDGF-β produced by ECs 

and locate adjacent to ECs of the comma- and S-shaped bodies and maturing glomeruli. The 

appearance of mesangial cells in the glomerulus is dependent on PDGF-β and its receptor 

PDGFRβ. Mice carrying null mutations in the Pdgf-β or Pdgfrβ genes or EC-specific 

knockout of Pdgf-β lack glomerular mesangial cells (10, 11). Interestingly, mice with Vegf-a 

deficiency in podocytes demonstrate that mesangial cells depend on podocyte-produced 

Vegf-a for migration and survival, either directly or through modulation of factors produced 

by glomerular ECs (12). As maturation proceeds, the single first capillary loop divides into 

six to eight loops, and podocytes extend themselves around the loops. Looping of 

glomerular capillaries will not proceed in the absence of mesangial cells or in glomeruli with 

basement membrane defects that prevent adhesion of mesangial cells (9).

VASCULAR ENDOTHELIAL GROWTH FACTORS AND THEIR RECEPTORS

The mammalian family of VEGFs includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, and 

placental growth factor. Each member of the VEGF family facilitates cellular responses by 

binding to cell surface tyrosine kinase receptors. The VEGF receptors are composed of 

seven extracellular immunoglobulin-like domains, a transmembrane region, and an 

intracellular tyrosine kinase domain. Ligand binding induces receptor dimerization and 

activation through transphosphorylation. Each member of the VEGF family has preferential 

binding to one or more of the VEGFRs. VEGF-A binds to VEGFR1 and VEGFR2. VEGF-B 

binds to VEGFR1. Both VEGF-C and VEGF-D bind to VEGFR3 and VEGFR2. Signaling 

through VEGFRs can also be modulated by coreceptors neuropilin-1 and neuropilin-2 (13, 

14). The neuropilins bind ligand and potentiate signaling through the VEGFRs but have no 

intrinsic signaling capabilities. VEGFR2 is thought to be the principal receptor for VEGF-A 

signaling, and Vegfr2 knockout in mice results in early embryonic death, resulting in a 

phenotype similar to that of Vegf-a knockouts (15). In contrast, VEGFR1 may be a decoy 

receptor sequestering excessive extracellular VEGF-A. Vegfr1 knockout mice die early 

embryonically due to Vegf-a hyperactivity (16). Furthermore, in mice, a mutant form of 

Vegfr1 with an inactivated tyrosine kinase domain is sufficient to induce normal blood vessel 

formation (17). A soluble isoform of VEGFR1 produced endogenously (sVEGFR) may 

sequester VEGF-A in the endothelial environment to sharpen VEGF-A gradients (18). 

VEGFR3 is best known for its role in lymphangiogenesis. However, mice that lack a 

functional Vegfr3 gene die before the emergence of the lymphatic vessels, with defects in 

large blood vessel development, suggesting that the actions of VEGFR3 are not limited to 

lymphatic endothelium (19).

VEGF-A

VEGF-A is the best-characterized member of the VEGF family and the major inducer of 

physiological and pathological angiogenesis. VEGF-A actions have been implicated in 

tumor angiogenesis, wound healing, diabetic retinopathy, age-related macular degeneration, 

and glomerular diseases.
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VEGF-A isoforms—Differential splicing of the eight-exon VEGF-A gene gives rise to at 

least five different isoforms in humans: VEGF121, VEGF145, VEGF165, VEGF189, and 

VEGF206. Rodent VEGF-A isoforms are shorter by one amino acid (e.g., the rodent 

counterpart to human VEGF121 is VEGF120). VEGF121, VEGF165, and VEGF189 are the 

most abundantly expressed. Each isoform displays different properties regarding diffusibility 

and binding to heparan sulfate, neuropilin-1, and neuropilin-2 (20). VEGF121 lacks a 

heparin-binding domain and is considered to be the most diffusible isoform. In contrast, 

VEGF165, VEGF189, and VEGF206 are largely found sequestered in the extracellular matrix 

and at the cell surface. The most abundant, and most mitogenic, isoform expressed by the 

kidney is VEGF165. All VEGF-A isoforms bind to VEGFR1 and VEGFR2.

Biological activities of VEGF-A—VEGF, initially named vascular permeability factor, 

was first discovered as a factor that was secreted by carcinoma cell lines and that increased 

fluid accumulation in tumors. The biological activities of VEGF-A are dependent on its 

temporal and spatial expression. VEGF-A is involved in vasculogenesis (de novo blood 

vessel formation) and angiogenesis (blood vessel growth from existing vasculature). VEGF-

A regulates the proliferation, migration, specialization, and survival of ECs. VEGF-A can 

facilitate matrix remodeling through induction of plasminogen activator, plasminogen 

activator inhibitor-1, and interstitial collagenase. VEGF-A decreases systemic blood 

pressure and resistance through endothelium-dependent vasodilation due to the acute release 

of nitric oxide. In monocytes, VEGF-A stimulates the migration and expression of adhesion 

molecules.

Role of VEGF during the development and maintenance of the glomerular 
microvasculature—Beginning at the S-shaped stage, all isoforms of VEGF-A are 

expressed by podocytes. The major signaling receptor, VEGFR2, is expressed by ECs as 

they migrate into the vascular cleft adjacent to the presumptive podocytes. Global reduction 

of Vegf-a in mice through the use of neutralizing antibodies results in mesangiolysis and in 

arrested kidney development (21, 22). Mice expressing only Vegf120, i.e., not expressing 

Vegf164 and Vegf188, have severely impaired glomerular capillaries and renal function (23). 

Podocyte-specific loss of Vegf-a in mice results in arrested development of the glomerulus 

and in the absence of glomerular endothelium (8). Inactivation of a single Vegf-a allele in 

podocytes also leads to endothelial defects, including endotheliosis (swelling of the 

endothelium), loss of endothelium, and lysis of mesangial cells (8, 12). In fact, any podocyte 

decrease in Vegf-a during development results in an endothelial defect leading to end-stage 

renal failure. Overexpression of Vegf164 in podocytes leads to collapsing glomerulopathy 

shortly after birth (8, 24). In the mature glomerulus, VEGF-A inhibition in patients or 

postnatal podocyte-specific Vegf-a deletion in mice causes renal thrombotic 

microangiopathy (TMA) and highlights the importance of proper dosage of VEGF-A within 

the mature kidney (25).

The renal phenotype of whole-body postnatal deletion of Vegfr2 is similar to that of 

podocyte-specific Vegf-a knockouts (24). Although this similarity suggests a model in which 

VEGF-A from podocytes signals in a paracrine manner through VEGFR2 expressed by 

glomerular ECs, reports also show signaling through VEGFR2 in podocytes (26, 27). 
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However, deletion of Vegfr2 in podocytes does not result in glomerular developmental 

defects or in functional defects of the glomerular barrier, strongly suggesting that glomerular 

structure and function require paracrine and not autocrine VEGF-A/VEGFR2 signaling (24).

A recent finding is that podocytes in mature glomeruli express sVEGFR1 and that it is 

located primarily at the basal aspect of podocyte foot processes and in endosomes (28). 

Increased levels of sVEGFR1 play a role in the pathogenesis of preeclampsia, resulting in 

hypertension, endothelial dysfunction, and proteinuria. Mice with podocyte-specific deletion 

of Vegfr1 have profound reorganization of podocyte architecture and proteinuria by 6 weeks 

of age. Interestingly, this phenotype is rescued by the addition of a kinase-dead Vegfr1 

capable of expressing sVegfr1, demonstrating dispensability of the full-length isoform (28). 

Binding of sVEGFR1 to glycosphingolipid monosialodihexosylganglioside, also known as 

GM3, in lipid rafts of the podocyte activates intracellular signaling pathways, promoting 

adhesion and rapid actin reorganization (28).

Anti-VEGF therapy—VEGF-A is commonly overexpressed by a wide variety of human 

tumors, and overexpression has been correlated with increased progression, invasion, 

metastasis, and microvessel density and with poorer survival and prognosis in patients. 

VEGF-A and VEGFR2 are currently the main targets for antiangiogenic therapies, as 

illustrated by the development of highly specific inhibitors of both VEGF-A ligand (e.g., 

bevacizumab, aflibercept, ranibizumab) and VEGFR (e.g., cediranib, pazopanib, sorafenib, 

sunitinib, vandetanib, axitinib, telatinib, semaxanib, motesanib, vatalanib). To date, five of 

these agents (i.e., aflibercept, bevacizumab, ranibizumab, sunitinib, sorafenib) are 

commonly used for the treatment of cancer, age-related macular degeneration, or diabetic 

retinopathy.

Although anti-VEGF therapy has become a standard treatment for numerous cancers, there 

are still various challenges to overcome. First, there is modest or no benefit in advanced 

cancers. Second, therapeutic resistance almost inevitably occurs (tumors acquire resistance 

to antiangiogenic treatment), or patients do not respond at all (tumors are inherently resistant 

to antiangiogenic treatment). Third, antiangiogenic agents may induce significant side 

effects, including hypertension, proteinuria, TMAs, and impaired wound healing (25).

Ocular anti-VEGF therapy represents one of the most exciting areas in ocular research and 

clinical ophthalmology. In the eye, anti-VEGF therapies are administered by direct injection 

into the vitreous; such administration helps to reduce angiogenesis and the associated retinal 

edema. The incidence and severity of side effects of this treatment are low, and the benefits 

seem to outweigh the risks. However, less is known about the long-term effect of using these 

drugs, and there might be reason to raise a note of caution. Mice with a genetic deletion of 

Vegf-a from retinal pigment epithelial cells show dramatic and rapid loss of ECs of the 

choriocapillaries and severe vision loss secondary to cone cell death (29). However, a 

genetic deletion removes most of the VEGF-A produced, whereas drug inhibition may be 

more modest, and drug-free periods could allow for recovery of damaged endothelium.

In contrast, induction of VEGF-A expression may be beneficial for diseases with ischemia in 

which angiogenesis is important for establishing collateral circulation and reperfusion. A 
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variety of preclinical models of chronic ischemia have shown that VEGF-A protein and gene 

delivery is highly effective. Early studies of VEGF-A proangiogenic therapy in ischemic 

heart disease were promising and were subsequently followed by several clinical trials (30). 

One of the limitations of this therapy is the delivery method of angiogenic factors. It is 

therefore uncertain whether the lack of benefit is due to lack of efficacy of proangiogenic 

factors or an inability to achieve high enough levels of VEGF-A in the ischemic heart.

VEGF in glomerulopathies—In addition to the well-established role of VEGF-A in 

tumor and retinal vascularization, VEGF-A is a critical player in the regulation of the 

glomerular filtration barrier. Modulation of VEGF signaling may have potentially 

therapeutic roles in preeclampsia and thrombotic microangiopathies, diabetic nephropathy, 

HIV-associated nephropathy (HIVAN), crescentic glomerulonephritis, and 

membranoproliferative glomerulonephritis (MPGN).

Preeclampsia and thrombotic microangiopathy: Three to five percent of pregnancies are 

complicated by preeclampsia, a syndrome consisting of hypertension, proteinuria, edema, 

and reduced glomerular filtration rate. Proteinuria is associated with a pathological renal 

lesion known as endotheliosis, in which the ECs of the glomerulus swell and fenestrations 

are lost (31). Circulating factors released by the activated endothelium in women with 

clinical preeclampsia include endothelin-1, ANGPT2, fibronectin, von Willebrand factor, 

thrombomodulin, markers of oxidative stress, and inflammatory cytokines. In addition, there 

is a deficiency of vasodilatory factors such as prostacyclin and nitric oxide in preeclamptic 

women.

More recently, a probable cause of endothelial dysfunction in preeclampsia was attributed to 

the release of excessive amounts of antiangiogenic factors by the placenta into the maternal 

circulation. Both sVEGFR1 and soluble endoglin (sENG) are produced by the placenta to 

balance the proangiogenic factors needed in pregnancy. ENG is an endothelium-specific type 

III TGFβR that reduces the binding of TGF-β1 to its receptor and that blocks TGF-β1-

induced vasodilation, likely through downregulation of eNOS (32).

In preeclampsia, sVEGFR1 levels begin to rise at least 5 weeks before the onset of 

preeclampsia and remain elevated (33, 34). As discussed above, sVEGFR1 can sequester 

VEGF-A, which limits the amount of free VEGF-A in the circulation. Adenoviral 

administration of sVegfr1 to rats induced hypertension, proteinuria, and glomerular 

endotheliosis (35). In mice, podocyte-specific haploinsufficiency of Vegf-a results in 

proteinuria, endotheliosis, and eventually loss of ECs, recapitulating the classic renal lesion 

seen in preeclampsia (8). Other animal models also implicate VEGFR1 in the pathogenesis 

of preeclampsia (36, 37). Furthermore, some patients given neutralizing VEGF-A antibodies 

develop glomerular endothelial injury with proteinuria and endotheliosis (38). HELLP 

syndrome is a variant of preeclampsia that affects several organ systems. When sVegfr1 and 

sEng are coadministered, all features of severe preeclampsia and HELLP are observed in 

rats, even in the absence of pregnancy (32).

TMAs are a group of related disorders in which formation of intracapillary and intra-

arteriolar platelet thrombi lead to end-organ ischemia and infarction particularly affecting 
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the kidney and brain. Hemolytic uremic syndrome is a type of TMA and is characterized by 

the formation of fibrin-platelet thrombi and EC injury, including swelling, detachment, and 

endotheliosis. Interestingly, TMAs can be seen in the glomerulus in biopsies of a subset of 

patients receiving treatment with anti-VEGF agents for cancer. It has been estimated that 

proteinuria induced by anti-VEGF therapy, even if weak and without associated renal 

insufficiency, may reflect a renal TMA in 35% of cases (39). Furthermore, deletion of Vegf-

a from podocytes in adult mice results in profound thrombotic glomerular injury (25). These 

observations provided evidence that VEGF-A has a role in TMAs.

Diabetic nephropathy: Diabetic nephropathy (DN) develops in approximately 30% of 

diabetic patients and is the leading cause of end-stage renal disease worldwide. 

Polymorphisms in VEGF-A are associated with DN and retinopathy (40–42). During the 

early angiogenic phase of DN, VEGF-A levels are elevated in the glomerulus. Experimental 

models of early diabetes have shown glomerular upregulation of VEGF-A and its receptors 

(43–45), and markers of DN can be attenuated by inhibiting VEGF-A in rodents (27, 46–

49). Furthermore, transgenic overexpression of Vegf-a in podocytes results in features of DN 

such as thickening of the GBM and proteinuria (24, 50, 51).

There are several mechanisms by which VEGF-A may enhance progression of DN. First, 

excess VEGF-A in diabetes causes foot process effacement and nephrin downregulation and 

increases endothelial fenestrations leading to disruption of the glomerular filtration barrier 

(52). Second, there is cross talk and positive feedback between VEGF-A and nitric oxide 

pathways (53). Through PI3K/Akt signaling, VEGF-A activates endothelial nitric oxide 

synthase, leading to nitric oxide production. Vegf-a expression is upregulated in eNOS-null 

mice, which develop advanced DN (52, 54). Finally, VEGF-A stimulates TGF-β activation 

and collagen IV synthesis in podocytes and mesangial cells and directly induces mesangial 

cell proliferation. Any or all of these pathways could exacerbate DN and are potential 

therapeutic targets.

Because VEGF-A is absolutely necessary for glomerular development and maintenance, the 

upregulation in diabetes may be a protective measure to limit endothelial injury and 

dysfunction. Diabetic mice with podocyte-specific loss of Vegf-a after the induction of 

diabetes exhibited significantly greater proteinuria, profound glomerular scarring, and 

increased apoptosis of glomerular ECs (55).

HIVAN: HIVAN is the classical renal complication observed in African-American patients 

with human immunodeficiency virus (HIV) and is characterized by collapsing focal 

segmental glomerulosclerosis. In mice, podocyte-specific overexpression of Vegf-a results in 

a similar collapsing glomerulopathy, suggesting that VEGF may play a role in the 

pathogenesis of HIVAN (8). Furthermore, HIV-1 transgenic mice and patients with HIVAN 

have upregulated VEGF-A expression (56, 57). In vitro, the HIV viral protein Nef stimulates 

HIF-2α, which transcriptionally upregulates VEGF, VEGFR2, and neuropilin-1 (57). 

VEGFR2-neutralizing antibodies can reverse the proliferation and dedifferentiation of 

podocytes infected with HIV-1 (57). An association was recently reported between ApoL 

risk alleles and HIVAN in African-American patients (58, 59). It will be interesting to 

explore links between ApoL and VEGF pathway regulation in future studies.
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Crescentic glomerulonephritis: Rapidly progressive glomerulonephritis (RPGN) is a group 

of devastating glomerular diseases characterized by glomerular crescents on renal biopsy 

and by the rapid loss of renal function over a short period of time. Crescent formation 

represents a nonspecific response to injury of the glomerular capillary wall, and 

inflammation causing cellular crescents is usually followed by the development of fibrotic 

crescents. Patients with crescentic glomerulonephritis have significantly higher serum and 

urine levels of VEGF than do controls (60). In contrast, loss of capillaries in 

glomerulonephritis is associated with reduced VEGF-A (61), and inhibition of Vegf 

expression results in massive proteinuria and in reduced expression of nephrin in nephrotic 

rats (62). Damage to the endothelium may induce the local release of VEGF, possibly 

reconciling these apparently contradictory observations.

Membranoproliferative glomerulonephritis: MPGN is an uncommon cause of nephritis 

that occurs primarily in children and young adults. It is defined by its pathological 

appearance and may be caused by a variety of different mechanisms. In human mesangial 

cells, VEGFR1, VEGFR2, and neuropilin-1 are expressed, and VEGF-A can induce 

mesangial cell proliferation (63). Administration of a VEGF-A165 antagonist aptamer to rats 

with MPGN increased EC death, whereas mesangial cell proliferation and matrix 

accumulation were unaffected, suggesting that the major role of VEGF-A is to protect the 

endothelium (64). In a mouse model of MPGN, glomerular Vegf mRNA and protein 

expression was increased when the glomeruli were healing. This finding suggests that 

VEGF-A may play a role in repair of glomerular damage (65). Similarly, in rats with severe 

experimental MPGN, VEGF165 treatment significantly enhanced EC proliferation and 

capillary repair in glomeruli, with significant improvement of renal function (66). These 

studies suggest that new therapeutic strategies for glomerulonephritis could be identified to 

increase capillary repair, potentially by enhancing VEGF-A actions.

VEGF-Axxxb: The Antiangiogenic VEGF

As mentioned above, multiple isoforms of VEGF-A are formed as a result of alternative 

splicing in exons 6, 7, and 8. Two families of VEGF-A proteins can be generated on the 

basis of the splicing of exon 8, the terminal exon. These two families, named VEGF-Axxxa 

and VEGF-Axxxb, differ only in six unique C-terminal amino acids. The VEGF-Axxxb family 

was initially discovered in 2002 and includes VEGF-A165b, VEGF-A121b, VEGF-A189b, and 

VEGF-A145b (67). VEGF-A165b binds VEGFR2 with similar affinity as VEGF-A but lacks 

the proangiogenic properties of VEGF-A. In vitro phosphopeptide mapping demonstrated 

that VEGF-A165b is less efficient than VEGF-A at inducing phosphorylation of the 

stimulatory Y1052 residue in VEGFR2 (68). Additionally, the ability of VEGF-A isoforms 

to induce angiogenesis correlates with neuropilin-1 binding, suggesting that lack of 

VEGFR2/neuropilin-1-complex formation leads to antiangiogenic phenotypes (68). Anti-

VEGF antibody therapies such as bevacizumab are not isoform specific and also bind 

VEGF-A165b (69). Isoform-specific antibodies, generated against the C terminus of VEGF-

A, may improve therapeutic efficacy in the future by scavenging proangiogenic VEGF while 

antiangiogenic VEGF remains active (70).
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Role of VEGF-A165b in glomerular development—In the adult human renal cortex, 

VEGF-Axxxb accounts for 45% of total VEGF expression (71). During glomerular 

development, VEGF-Axxxb is expressed in all stages from the condensing vesicle onward. 

However, in the glomerular cleft, the site to where ECs will migrate, VEGF-Axxb expression 

is diffuse until in mature glomeruli VEGF-Axxxb is expressed in a subpopulation of 

differentiated podocytes (71, 72). In HUVEC and podocyte culture, VEGF-A165b inhibits 

EC migration in response to VEGF-A and increases podocyte survival by reducing apoptosis 

(71). Thus, the downregulation of VEGF-Axxxb at the time of EC influx suggests that it may 

prevent aberrant or excessive EC population. Additionally, because VEGF-A165b is 

expressed in mature podocytes, but not in dedifferentiated immature podocytes, the 

developmental switching of VEGF isoform balance may play a role in glomerular 

maturation (72). Denys-Drash syndrome (DDS) is a rare disorder caused primarily by 

missense mutations in the gene encoding the transcription factor Wilms’ tumor-1 (WT1) and 

results in renal failure and pseudohermaphroditism. Glomeruli in DDS are immature, with 

defects in podocyte maturation, immature mesangial cells, endotheliosis, and incomplete 

basement membrane formation (73). In DDS, podocytes fail to produce VEGF-A165b while 

retaining high levels of proangiogenic VEGF-A (73). Lack of VEGF-A165b production is 

caused by the loss of inhibition of SR kinase-1 by mutant WT1, which regulates VEGF-A165 

isoform switching (74), and highlights the importance of these counteracting VEGF 

isoforms in glomerular development.

Role of VEGF-A165b in diabetic nephropathy—The role of VEGF-A165b in renal 

disease is poorly understood compared with that of the well-characterized VEGF-A165a. 

Mice with over-expression of human VEGF-A165b in podocytes are healthy, with normal 

glomerular filtration rate, protein excretion, and renal histology (75). However, such mice 

have reduced glomerular permeability, which is associated with reduced endothelial 

fenestrations (75). In the presence of high VEGF-A165b and VEGF-A, VEGF-A165b is 

capable of preventing changes in glomerular structure and permeability induced by VEGF-A 

(76). In humans, VEGF-A165b is upregulated in diabetic patients with intact renal function 

and is not upregulated in patients with progressive disease, suggesting that compensatory 

regulation of VEGF-A165b occurs in disease settings (77). Mice with podocyte-specific 

overexpression of VEGF-A165b are also protected against diabetic damage, as are mice 

treated with an exogenous systemic administration of human VEGF-A165b (77). Specifically, 

VEGF-A165b normalized permeability by reducing VEGFR2 activation and reversed damage 

to the glycocalyx (77). These studies suggest that podocyte-derived VEGF-A165b acts in the 

endothelium to protect blood vessels and that systemic administration of VEGF-A165b can 

have therapeutically relevant benefits.

VEGF-C

VEGF-C was discovered in 1996 and has since been implicated in several pathological 

conditions. Reduced VEGF-C expression is associated with hereditary lymphedema, 

whereas VEGF-C overexpression can promote tumor angiogenesis and metastasis.

VEGF-C expression in the kidney—VEGF-C is a dimeric, secreted protein member of 

the VEGF family. The primary role of VEGF-C is regulation of lymphangiogenesis through 
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VEGFR3 activation. In lymphatic ECs, VEGF-C interacts with neuropilin-2, which 

complexes with VEGFR3 to facilitate signaling (78). VEGF-C can also regulate the 

permeability and growth of blood vessels through VEGFR3 and/or VEGFR2. In the kidney, 

VEGF-C is produced by glomerular podocytes and proximal tubular epithelial cells (79–81). 

Its primary receptor, VEGFR3, is also expressed in podocytes and fenestrated glomerular 

ECs (80, 82, 83). Thus, VEGF-C may have both autocrine and paracrine actions within the 

glomerulus.

Role of VEGF-C in podocyte survival, vascular permeability, and glomerular 
diseases—In cultured human and murine podocytes, VEGF-C reduces the cytotoxic effect 

of serum starvation. This effect is similar to that seen by VEGF-A treatment and is 

accomplished by increasing anti-apoptotic P13K/Akt signaling and reducing proapoptotic 

p38 MAPK signaling (79). Treatment with a VEGFR3 kinase inhibitor can decrease 

protection against cytotoxicity (80). In glomerular ECs, VEGF-C increases transendothelial 

electrical resistance and reduces albumin flux, possibly through VEGFR3/VEGFR2 

heterodimers (83). VEGF-C can also reduce permeability by modulating the glycocalyx on 

the apical surfaces of glomerular ECs. VEGF-C increases the charge density of 

glycosaminoglycan proteoglycans and promotes hyaluronic acid synthesis (84). In this 

context, VEGF-C opposes the actions of VEGF-A, which induces shedding of charged 

glycosaminoglycans and increases permeability (84). In pediatric glomerulopathies, 

podocyte VEGF-C is upregulated in proteinuric, steroid-resistant idiopathic nephrotic 

syndromes, suggesting that VEGF-C may contribute to impaired barrier function and 

inflammatory activity (85). Outside of the glomerulus, VEGF-C promotion of 

lymphangiogenesis may be an important contributor to tubulointerstitial fibrosis. Lymphatics 

not only are important for fluid drainage, but are also critical for circulating immune 

surveillance. Injured tubulointerstitial areas of IgA nephropathy, focal glomerulosclerosis, 

and DN have increased lymphatic proliferation (81). Specific to the case for diabetic 

settings, lymphatics are also upregulated in periglomerular fibrotic lesions (81). There was a 

significant association between lymphatic vessel number, grade of the tubulointerstitial 

lesion, and increased VEGF-C expression in proximal tubule epithelial cells (81). 

Additionally, macrophage and proximal tubule expression of Vegf-c was increased in the 

mouse UUO model of tubulointerstitial fibrosis, resulting in increased lymphatic number 

and fibrotic lesion severity (86).

ANGIOPOIETINS

Angiopoietin Ligands and Their Receptors

The angiopoietins (ANGPTs) bind the tyrosine kinase receptor TIE2, which is expressed 

primarily by ECs (87, 88). Most studies have focused on the functions of ANGPT1 and 

ANGPT2, whereas little is known about ANGPT3 or ANGPT4. ANGPT1 and ANGPT2 are 

~70-kDa proteins with considerable sequence homology, which consist of a signal peptide, 

an N-terminal coiled-coil domain, a short linker peptide region, and a C-terminal fibrinogen 

homology domain. The coiled-coil region is important for multimerization, and both 

ANGPT1 and ANGPT2 form dimers and oligomers (89). ANGPT1 is produced by 
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podocytes and vascular support cells such as pericytes, whereas ANGPT2 is produced and 

released from Weibel-Palade bodies in ECs upon stress (90, 91).

ANGPT1 functions as a TIE2 receptor agonist and promotes EC survival and quiescence, 

whereas ANGPT2 functions mainly as a TIE2 antagonist (92, 93). Targeted disruption of 

Angpt1 or Tie2 or overexpression of Angpt2 results in embryonic death with similar 

vascular defects. Embryos have normal primary vascular development, but remodeling and 

maturation of the vasculature are defective (45, 87, 93, 94). Conditional overexpression of 

Angpt2 in ECs in mice abrogates physiological Tie2 activation in vivo, supporting the 

antagonistic effect of Angpt2 (95). In contrast, ANGPT2 can function as a TIE2 agonist 

under certain conditions (96, 97). Angpt2 is required for the formation of lymphatic vessels, 

but interestingly, the lymphatic defects in Angpt2 knockout mice can be rescued by Angpt1 

(98). Inducible combined Angpt1 and Angpt2 knockout in mice resulted in lymphatic 

defects and glaucoma, something not seen when Angpt1 or Angpt2 was knocked out 

individually (99). This finding strongly suggests that ANGPT1 and ANGPT2 have opposing 

roles in the blood vasculature but function in a similar manner in the lymphatic system.

The TIE2 homolog TIE1 is an orphan receptor but binds TIE2 and regulates its activity 

(100). Tie1 knockout in mice results in embryonic lethality, with phenotypes in both blood 

and lymphatic vasculature (101).

ANGPT1/TIE2 signaling appears to be redundant in mature quiescent vessels. However, 

signaling can inhibit vascular leakage induced by VEGF-A and other inflammatory 

mediators in various in vivo models (45, 102). ANGPT1/TIE2 signaling promotes junctional 

integrity and anti-inflammatory actions by suppression of tissue factor, leukocyte adhesion 

molecules, leukocyte adhesion, monocyte adhesion, NF-κ B, and endothelial transmigration 

by inflammatory stimuli (103, 104).

ANGPT2 is expressed in activated ECs and counteracts ANGPT1-mediated endothelial 

stabilization. ANGPT2 expression is regulated by several factors, including VEGF-A, 

PDGF, TNFα, thrombin, estrogen, leptin, hypoxia, high glucose, and forkhead box 

transcription factors FOXO1 and FOXC2 (105).

Pharmacological Targeting of the Angiopoietin/TIE2 Pathway

A limited number of studies have targeted the ANGPT/TIE2 pathway in kidney disease. 

Treatment with ANGPT1 is protective in several experimental models of kidney disease, 

including DN. However, the ANGPT/TIE2 system is a target of antiangiogenic drug 

development. This pathway is a challenging target particularly because each ligand can be 

pro- or antitumorigenic, depending on the context.

Stabilizing tumor vasculature by promoting TIE2 signaling (ANGPT2 blockade or ANGPT1 

overexpression) may offer the benefits of reducing new angiogenic sprouting, edema, and 

tumor cell intravasation. However, it may render established vasculature more resistant to 

antiangiogenic therapy. ANGPT1 overexpression leads to vasculature that is more mature 

and normal in appearance and explains the vessel-normalization effect that results from anti-

VEGF/VEGFR therapies, because this effect is mediated through ANGPT1 (106).

Bartlett et al. Page 12

Annu Rev Physiol. Author manuscript; available in PMC 2019 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In contrast, TIE2 inhibition may promote vascular regression, particularly when VEGF-A is 

absent (107). TIE2-expressing monocytes contribute to tumor angiogenesis and growth in 

several mouse models (108). In cancer development, TIE2 or ANGPT1 inhibition may block 

the beneficial anti-inflammatory effects of ANGPT1 signaling. In addition, ANGPT1 is 

more widely expressed in normal vascular homeostasis, whereas ANGPT2 is present in 

higher concentrations only at sites undergoing vascular remodeling and in hypoxic tumor 

microenvironments. The benefits of ANGPT2 targeting in cancer are evident, whereas the 

benefits of ANGPT1 targeting remain debatable.

To complicate things further, ANGPT2 can bind integrins, and integrin-expressing tumor 

cells may therefore respond to ANGPT2 independently of the vascular effects of this ligand 

(109). This relationship has been reported between VEGF-A and integrins in ECs, tumor 

cells, and tumor angiogenesis (110). Several inhibitors of the ANGPT/TIE2 system are in 

clinical trials (111, 112).

A novel approach to enhance TIE2 activity is to inhibit vascular endothelial protein tyrosine 

phosphatase (VE-PTP), which negatively regulates TIE2 phosphorylation. In mouse studies, 

the VE-PTP inhibitor AKB-9778 delays early growth of mammary tumors and metastases to 

the lung (113). Additionally, in clinical trials AKB-9778 is well tolerated and improves 

vision in patients with diabetic macular edema (114).

Role of Angiopoietins in the Development and Maintenance of Glomerular 
Microvasculature

Angpt1, Angpt2, Tie2, and Tie1 are expressed from the inception of the mouse metanephros 

(115, 116). In mice, expression of these genes peaks soon after birth, and these genes remain 

expressed in the adult kidney (117). Tie2 and Tie1 are expressed in mouse metanephric 

interstitial and glomerular capillaries, whereas Angpt1 is expressed in nephrogenic 

mesenchyme, differentiating tubule epithelia, and presumptive and mature podocytes (90, 

117).

Angpt1 and Tie2 knockout embryos die before metanephric differentiation, which has 

limited studies of their role in the kidney. In a whole-body inducible system, excision of the 

Angpt1 gene at E10.5 leads to embryonic lethality shortly before birth. In these embryos, 

glomeruli have dilated capillary loops, and segments of the GBM are disrupted with 

numerous folds, suggesting a primary abnormality of the glomerular endothelium and 

associated matrix. Rounded and poorly matrix-associated ECs are seen in the glomeruli of 

induced Angpt1 knockout mice and in other vascular beds in conventional Angpt1 knockout 

mice (45, 94). ANGPTs assemble distinct TIE2 signaling complexes in endothelial cell-cell 

and cell-matrix contacts. ANGPT1 binding to the extracellular matrix of cultured ECs 

promotes TIE2 localization to the basal plasma membrane, resulting in endothelium-matrix 

adhesion and a migratory phenotype (118, 119). Although glomerular maturation continues 

for 3 weeks after birth in mice, no glomerular phenotype was found in mice with Angpt1 

knockdown after E13.5, suggesting that Angpt1 is not critical for maintenance in the healthy 

glomerulus (45). Transgenic expression of Angpt2 by podocytes in adult mice results in 

albuminuria and glomerular EC apoptosis (120).
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Angiopoietin and Tie2 in Glomerulopathies

ANGPTs are critical during development for differentiation of the vasculature and 

angiogenesis and participate in maintenance of blood vessels in adulthood. ANGPTs and 

TIE2 are expressed in the normal developing kidney and have been implicated in glomerular 

diseases and nephropathies associated with tubulointerstitial lesions.

Altered expression in glomerular disease—Several studies show a dysregulation of 

ANGPT1 and ANGPT2 in kidney diseases. Increased serum levels of ANGPT2 and 

decreased levels of ANGPT1 are typically observed. Endothelial stress induces release of 

ANGPT2 from Weibel-Palade bodies in the endothelium; such release impairs endothelial 

function by inhibiting ANGPT1/TIE2 signaling. Serum levels of ANGPT2 can predict 

mortality in chronic kidney disease patients and are a marker for early cardiovascular disease 

in children on chronic dialysis (121, 122).

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by 

multisystem involvement and is associated with the production of autoantibodies and 

immune complex vasculitis with EC damage. ANGPT1 levels are decreased and ANGPT2 

levels are increased in serum of SLE patients compared with healthy controls. ANGPT2 

levels also show a significant independent correlation with proteinuria in SLE patients, but 

ANGPT2 levels are not distinguishable between proliferative and nonproliferative lupus 

nephritis (123–125). The same trend is seen in patients suffering from TMAs and anti-GBM 

disease. Plasma exchange may effectively lower elevated ANGPT2 levels while leaving 

ANGPT1 levels decreased (126). It remains to be seen whether ANGPT2 removal is enough 

to ameliorate endothelial damage in these diseases.

Angiopoietin, TIE2, and diabetic nephropathy—In recent years, the ANGPT/TIE2 

system has gained interest in the contexts of diabetes and endothelial dysfunction. Growing 

evidence suggests an involvement of ANGPT2 in the pathophysiology of several vascular 

and inflammatory diseases, including type I and type II diabetes, acute myocardial 

infarction, arteriosclerosis, hypertension, chronic kidney disease, sepsis, malaria, multiple 

trauma, and acute lung injury. More importantly, increased ANGPT2/ANGPT1 levels appear 

to be associated with adverse outcomes.

Experimental diabetes models in rodents show that Angpt1, Angpt2, and Tie2 expression is 

upregulated in kidneys during the early phase of diabetes and that, whereas Angpt1 

expression eventually returns to control levels or below, Angpt2 and Tie2 expression remains 

high (43, 127). Cell fractions from isolated diabetic glomeruli show an upregulation of 

Angpt2 expression in glomerular ECs, whereas Angpt1 expression was unchanged in 

podocytes (45). Furthermore, transgenic overexpression of Angpt2 in podocytes causes 

proteinuria and glomerular EC apoptosis, presumably by antagonizing Angpt1/Tie2 

signaling (120). Adenoviral delivery of COMP-Angpt1 (a modified form of Angpt1) in the 

db/db model of diabetes reduces albuminuria, mesangial expansion, and GBM thickening 

(128). This COMP-Angpt1 delivery is associated with a significant improvement in 

hyperglycemia, which may account for the amelioration of nephropathy. However, a recent 
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paper reported that transgenic podocyte repletion of Angpt1 in experimental diabetes 

resulted in reduced albuminuria without changes in hyperglycemia (129).

In support of a protective role of ANGPT1, diabetic Angpt1-deficient mice have decreased 

survival, increased proteinuria, and increased glomerulosclerosis compared with diabetic 

controls (45). The ANGPT/TIE2 system may prove to be a useful target for therapeutics in 

endothelial dysfunction by inhibiting ANGPT2 or enhancing TIE2 phosphorylation and 

signaling.

ADDITIONAL GROWTH FACTORS

Epidermal Growth Factor

Epidermal growth factors (EGFs) stimulate mitogenesis, differentiation, and apoptosis. The 

EGF family of proteins includes EGF, HB-EGF, TGF-α, amphiregulin, epiregulin, and 

neuregulin. EGFs mediate their effects by binding to epidermal growth factor receptor 

(EGFR), a prototypical cell surface tyrosine kinase receptor, with high affinity. In addition to 

direct extracellular activation by its ligands, EGFR can be activated in trans by stimuli such 

as angiotensin II, high glucose, ROS, TGF-β1, and endothelin-1. This transactivation can 

occur via EGFR phosphorylation by intracellular Src and PKC kinases or via activation of 

proteases that release EGF ligands. EGFR is widely expressed in the kidney, including 

within glomeruli, proximal tubules, and collecting ducts. Furthermore, EGFR activation can 

be beneficial or detrimental, depending on the setting.

In acute kidney injury, EGFR enhances renal recovery. In mice, proximal tubule cell deletion 

of Egfr or treatment with an Egfr inhibitor delays functional recovery of ischemia-

reperfusion-induced injury, likely as a result of reduced proliferation and regeneration (130). 

In contrast, EGFR promotes renal fibrosis and injury in DN and RPGN. EGFR activity is a 

well-established mechanism causing increased tubulointerstitial fibrosis. ROS-mediated 

activation of Src kinase and subsequent phosphorylation of EGFR lead to the activation of 

fibroblasts and the expression of profibrotic cytokine genes, such as the TGF-β1 gene. 

Additionally, in diabetic glomeruli, high glucose transactivates EGFR, leading to TGF-β 
upregulation in mesangial cells and to increased collagen I expression (131, 132).

Crescentic glomerulonephritis or RPGN injury involves the proliferation of glomerular 

epithelial cells and the accumulation of inflammatory cells, which form a crescent. HB-EGF 

expression in podocytes and parietal epithelial cells is increased in humans and mice with 

RPGN, leading to enhanced activation of EGFR and to increased proliferation and migration 

(133). Furthermore, global deletion of HB-Egf or podocyte-specific deletion of Egfr 

improves the severity of nephrotoxic serum-induced RPGN in mice (133). Most 

promisingly, pharmacological blockade of EGFR markedly improved histological and 

functional RPGN outcomes, even when administered after induction of injury (133), 

suggesting that the HB-EGF/EGFR pathway may have therapeutic potential.

Finally, EGF and HB-EGF ligands are also upregulated in diabetes-induced nephropathy 

(134, 135). In rats, Egfr blockade attenuated glomerular hypertrophy and increased podocyte 

survival (136, 137). Furthermore, podocyte-specific Egfr deletion led to reduced albuminuria 
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and to podocyte loss in type I DN via reduced apoptosis and blunted induction of TGF-β1, 

Smad2/3 signaling, and fibronectin deposition. Diabetic conditions in vivo and in vitro 

increase glomerular ROS production, leading to enhanced EGFR activity via Src 

transactivation and induction of TGFβ/Smad2/3 signaling, which can further enhance ROS 

production. This vicious cycle can potentially be halted by blockade of ROS production or 

of EGFR signaling (138).

TGF-β

TGF-β is a superfamily of cytokines that has a multitude of cellular effects, including 

regulation of cell growth, differentiation, apoptosis, and inflammation. TGF-β is a well-

recognized mediator of glomerulosclerosis and DN. Increased levels of TGF-β in chronic 

kidney disease are well documented and are associated with podocyte loss, mesangial matrix 

expansion, and interstitial fibrosis. Until recently, there was limited knowledge of whether 

TGF-β is synthesized in all glomerular cells and whether TGF-β signals in an autocrine or a 

paracrine fashion. Inducible podocyte overexpression of Tgfβr1 in mice resulted in a 

phenotype with albuminuria and glomerulosclerosis (139). Interestingly, the glomerular ECs 

were altered before there was any evidence of foot process effacement. Expression profiling 

showed that activation of Tgfβr1 signaling leads to increased expression of endothelin-1 in 

podocytes. Endothelin-1 mediates mitochondrial oxidative stress and dysfunction in adjacent 

ECs via ETA, which in turn promotes podocyte apoptosis (139). Inhibition of ETA or 

scavenging of mitochondrial oxidative stress prevents podocyte loss, albuminuria, 

glomerulosclerosis, and renal failure (139).

Semaphorins

Semaphorins are guidance molecules initially identified to have axon-repellent properties. 

They can be membrane bound, secreted, or glycosyl phosphatidylinositol linked. In the adult 

kidney, the secreted class 3 semaphorin (SEMA3A) is produced by podocytes and collecting 

ducts. SEMA3A signals through a receptor complex such that ligand binds to neuropilin-1 

and Plexin-A1 mediates signaling. These receptors are expressed in podocytes and ECs. 

During development, SEMA3A modulates kidney vascular patterning through its inhibitory 

effects on EC migration and on ureteric bud branching (140, 141). In addition to its 

developmental role, SEMA3A plays a role in proteinuric glomerular disease (142). Inducible 

podocyte-specific overexpression of Sema3a in adult mice results in reversible proteinuria 

accompanied by expansion of the mesangial matrix, by EC swelling, by thickening of the 

GBM, and by podocyte foot process effacement (143). These effects appear to be mediated, 

at least in part, by downregulation of nephrin, leading to the disruption of slit diaphragms 

and to increased permeability of the filtration barrier. Additionally, overexpression of 

Sema3a results in reduced αvβ3 integrin activity that is similar to that seen in podocyte-

specific knockout of Vegf-a, suggesting an interaction between semaphorin signaling and 

VEGF signaling (144). In podocyte-specific overexpression of Vegf-a at baseline and in the 

setting of type I diabetes, there is a compensatory increase in podocyte Sema3a expression 

(52). Furthermore, administration of exogenous Sema3a in mice, which results in podocyte 

foot process effacement and proteinuria, caused downregulation of Vegfr2 signaling, and 

damage was rescued by Vegf-a coadministration (145). Indeed, both VEGF and SEMA3A 
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can signal through neuropilin-1 coreceptor–dependent mechanisms, suggesting a critical 

balance between SEMA3A and VEGF for the maintenance of podocyte integrity.

CXCL12

Chemokines are a family of structurally related chemoattractant cytokines. Among them, 

CXCL12 is an indispensable morphogen that signals through its receptor, CXCR4 (146). 

Knockout mice for Cxcl12 and Cxcr4 show similar, lethal phenotypes before or around birth 

(147). Cxcl12 is expressed in the developing glomerulus, and Cxcr4 knockout mice show 

vascular congestion in their kidney. Indeed, the CXCL12/CXCR4 system is essential for 

blood vessel formation in the kidney and, in particular, in the glomerulus. Cxcr4 and Cxcl12 

knockout mice show defective blood vessel formation and capillary ballooning of the 

glomerular tufts (148). CXCL12 expression is detected in the stromal cells surrounding the 

developing nephrons and blood vessels. Podocytes start to express CXCL12 in developing 

glomeruli and continue to do so as they mature (148).

At an early embryonic stage, CXCR4 is strongly expressed in ureteric buds and metanephric 

mesenchymal cells. Later, expression switches to the cap mesenchyme and finally 

disappears completely from these epithelial components in the S-shaped stage. CXCL12-

expressing podocytes are in close proximity to CXCR4-expressing ECs within the vascular 

cleft at the S-shaped stage of glomerular development. In mature glomeruli, both podocytes 

and glomerular ECs continue to express CXCL12 and CXCR4, respectively.

CXCR7 was recently identified as a second receptor for CXCL12 (149). CXCR7 is 

expressed in ureteric buds, the cap mesenchyme, and pretubule aggregates. In contrast to 

CXCR4, CXCR7 continues to be expressed in epithelial structures in a pattern similar to that 

of its ligand, CXCL12, including podocytes in the mature glomerulus (150). CXCR7 

modulates CXCL12/CXCR4-dependent cell migration by acting as a scavenger, generating 

local CXCL12 gradients (151). Most Cxcr7 knockout mice die perinatally due to heart 

malformations, and their kidneys have ballooning of glomerular capillaries similar to that 

seen in Cxcl12 and Cxcr4 knockout mice (152).

SUMMARY

In summary, autocrine and paracrine vascular growth factor signaling is critical for the 

proper development and maintenance of a stable glomerulus. VEGF, ANGPT, EGF, 

SEMA3A, TGF-β, and CXCL12 communicate between the podocytes, endothelium, and 

mesangium within the glomerular capillaries to maintain filtration barrier function. These 

pathways are dysregulated in disease settings, and targeted blockade or stimulation of these 

pathways may provide new therapeutics in the future.
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Figure 1. 
Schematic of glomerular structure and signaling. (a) A mature glomerulus in cross section. 

Fewer capillary loops than normal are shown for clarity, and the image is not to scale. The 

four major cell types of the glomerulus are podocytes, mesangial cells, endothelial cells, and 

parietal epithelial cells. The glomerulus has a network of capillary loops with mesangial 

cells forming a nexus at the base of the capillary network. The glomerular basement 

membrane lies between the podocytes and the endothelial cells and divides the glomerulus 

into an inner compartment containing capillaries and mesangial cells and an outer one 

containing podocytes and Bowman’s space, into which the filtrate passes. The arrows in the 

capillaries indicate the flow of blood into and out of the glomerulus. (b) Summary of 

signaling pathways between the different cellular compartments of the glomerulus discussed 

in this review. Abbreviations: ANGPT1, angiopoietin 1; ANGPT2, angiopoietin 2; CXCL12, 

C-X-C chemokine ligand 12; CXCR, C-X-C chemokine receptor; EDN1, endothelin-1; 

EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; ETA, endothelin-1 

receptor A; NRP1, neuropilin-1; PLXNA1, plexin-A1; ROS, reactive oxygen species; 

SEMA3A, semaphorin 3A; Src, Src tyrosine kinase; TGF-β, transforming growth factor-β; 

TGFβR1, transforming growth factor-βreceptor 1; VEGF, vascular endothelial growth 

factor; VEGFR, vascular endothelial growth factor receptor.
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Figure 2. 
Scanning electron micrographs of mouse glomeruli. (a) View from the urinary space 

showing several capillary loops and podocyte cell bodies (marked by asterisks) with their 

foot processes wrapping around capillaries. (b) View from the capillary lumen showing a 

fenestrated glomerular capillary.
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Figure 3. 
Schematic of glomerular development. Glomerular development is generally described in 

five steps: (1) vesicle, (2) comma-shaped body, (3) S-shaped body, (4) glomerular capillary 

loop stage, and (5) mature glomerulus. During the capillary loop stage, presumptive 

podocytes express VEGF-A, which induces the migration of VEGFR2-positive endothelial 

cell precursors in the renal mesenchyme. Endothelial cells migrate into the vascular cleft and 

proliferate and differentiate in intimate association with VEGF-A-producing podocytes. 

Mesangial cells express PDGFRβ and are attracted into the developing glomerular tuft by 

PDGF-β-expressing glomerular endothelial cells. Connections to the tubule system were 

omitted for clarity. Abbreviations: PDGF-β, platelet-derived growth factor-β; PDGFRβ, 
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platelet-derived growth factor-βreceptor; VEGF, vascular endothelial growth factor; 

VEGFR, vascular endothelial growth factor receptor.
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