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Introduction

The vascular endothelial growth factor (VEGF) pathway has emerged as an important target
for cancer therapy, with VEGF signaling pathway (VSP) inhibitors having been approved for
a number of different malignancies. Less anticipated has been the multitude of
cardiovascular and renal effects of these therapies. Hypertension occurs in at least a quarter
of patients starting VVSP inhibitors, with virtually every patient having an absolute increase

in blood pressure. Patients can also develop proteinuria, renal dysfunction, vascular events or
cardiomyopathy. While these toxicities have been generally manageable, they have
introduced cardiovascular and renal considerations for patient care. On the other hand, these
sequelae have provided a growing appreciation for the critical role of VEGF in vascular and
renal homeostasis in human biology. While several recent articles have addressed practical
considerations with respect to patient care with this class of drugs,1~ this review will
explore mechanisms associated with the vascular toxicities arising from VEGF signaling
inhibition in cancer treatment.
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The VEGF Signaling Pathway (VSP) and VSP Inhibitors

The human VEGF family consists of 5 related glycoproteins: VEGFA, VEGFB, VEGFC,
VEGFD, and placental growth factor (PIGF). These are secreted to form homodimers, which
interact with a family of 3 receptor tyrosine kinases: VEGF receptor (VEGFR) 1, VEGFR2,
and VEGFR3 (Figure 1). VEGFA and VEGFB bind to VEGFR1, VEGFA binds to
VEGFR2, and VEGFC and VEGFD bind to both VEGFR2 and VEGFR3.1: 5 PIGF primarily
interacts with VEGFR1. The VEGFRs are found on a wide variety of cell types. VEGFR1,
also called fms-like tyrosine kinase (FIt) 1, is found on vascular endothelial cells,
hematopoietic stem cells, monocytes, and macrophages. VEGFR2, also called kinase insert
domain (KDR) or fetal liver kinase (Flk1), is expressed on vascular and lymphatic
endothelial cells; VEGFR3 (also called Flt-4) is restricted to lymphatic endothelial cells.?
Upon ligand binding, VEGFRs transduce intracellular signals through a variety of
mediators. In the case of VEGFR2, which is the best characterized, these include
phosphotidylinositol-3 kinase (PI3K)/Akt, mitogen-activated kinases, the non-receptor
tyrosine kinase Src, as well as phospholipase C gamma (PLCry)/protein kinase C (PKC),
which promote angiogenesis, lymphangiogenesis, vascular permeability, and vascular
homeostasis.1: ®

VEGF primarily exerts its effect through the production of vasodilatory mediators. VEGF
signaling through VEGFR increases nitric oxide (NO) production, the key downstream
mediator of the VEGF signaling pathway (Figure 2). Upon VEGF binding, VEGFR2
undergoes autophosphorylation, and through PI13K/Akt, increases intracellular calcium.
Acutely, this activates calmodulin, which binds to and activates endothelial nitric oxide
synthase (eNOS).8 Downstream signaling from PI3K/Akt can lead to direct phosphorylation
of eNOS as well, which provides a more sustained, calcium-independent stimulus to
increase eNOS activity. VEGF signaling also increases eNOS mRNA and protein levels,
enhancing long-term eNOS expression. The resultant increase in NO production promotes
vascular permeability and endothelial cell survival; NO also diffuses to adjacent vascular
smooth muscle cells and mediates endothelium-dependent vasodilation.” In addition to NO,
VEGF signaling promotes production of the vasodilatory prostanoid prostacyclin (PGl,)
through activation of phospholipase A2 via PLCy/PKC.8

Several strategies have been utilized to inhibit VEGF signaling (Table 1). Broadly, these can
be specific agents antagonizing the VEGFA/VEGFR2 axis, or they are small molecule
tyrosine kinase inhibitors (TKIs) exhibiting potent anti-VEGFR activity. Direct
neutralization of VEGFA was the initial strategy for VSP inhibition and led to the
development of bevacizumab, a humanized monoclonal antibody. Soluble decoy receptors
(“receptor traps™) sequester circulating VEGF to prevent downstream receptor activation;
aflibercept functions in this role by mimicking the extracellular domains of VEGFR1 and
VEGFR?2, thus inhibiting the effects of VEGFA, VEGFB, and PIGF. Specific anti-VEGFR2
agents include ramucirumab, a fully human monoclonal antibody against VEGFR2. On the
other hand, a number of small molecular multi-targeted kinase inhibitors with potent activity
against all VEGF receptors have been approved. There are currently ten such agents
currently in use (apatinib, axitinib, cabozantinib, lenvatinib, nintedanib, pazopanib,
regorafinib, sorafenib, sunitinib, and vandetanib) with several others in development. The
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TKIs in this class can target more than one kinase receptor allowing for a broader indication
for use but with a greater potential for off-target effects.

V'SP inhibitors have been investigated in the last decade as anti-cancer therapies. Solid
tumors were known to secrete a pro-angiogenic factor, which, if inhibited, could slow and
restrict tumor growth.%-10 Bevacizumab was initially approved in 2004 as an add-on to
standard chemotherapy for metastatic colorectal cancer; it has since been utilized as
adjunctive therapy in a number of other solid malignancies, including renal cell carcinoma,
non-small cell lung cancer, and glioblastoma multiforme. The VEGFR TKiIs are currently
indicated for use in renal cell carcinoma, hepatocellular carcinoma, colorectal cancer,
gastrointestinal stromal tumor, pancreatic neuroendocrine tumor, soft tissue sarcomas, and
medullary thyroid cancer. In addition to their use in cancer treatment, VSP inhibitors are
also commonly used in proliferative diseases of the retina; however, the toxicity profile with
intraocular injection likely differs significantly compared with systemic delivery.

VSP Inhibitors and Hypertension

Hypertension is the most common vascular toxicity associated with VVSP inhibition,
occurring in around 25% of patients treated with the first approved drugs bevacizumab and
sunitinib.11-12 However, because of varying definitions for hypertension used in the initial
trials, the true incidence may have been underestimated.12 In early-phase clinical trials,
newer VSP inhibitors such as lucitanib and lenvatinib appear to cause hypertension in up to
70-90% of patients.14-15 Early data from these newer agents also suggest an increased
association with very elevated blood pressures (greater than 160 mmHg systolic or 100
mmHg diastolic) and evidence of end-organ injury.14-15 Irrespective of the specific drugs,
the majority of patients experience an absolute increase in blood pressure that occurs within
one week after starting treatment and appears to be reversible. An appreciation of VEGF
receptor signaling provides biological plausibility for these observations.

V'SP inhibitors have been found to reduce NO pathway metabolites and NO-dependent
processes. In a pre-clinical mouse study, VEGFR2 blockade decreased expression of eNOS,
and direct pharmacologic inhibition of eNOS mimicked the blood pressure-raising effects of
VEGFR2.18 |n a study of patients on the TKI regorafenib, plasma nitrate and nitrite levels,
the stable oxidation products of NO, were decreased when patients were on the drug, with
levels recovering during the week off therapy.1” Kidney cancer patients exposed to V'SP
inhibitors, including bevacizumab and TKIs, showed decreased urinary cyclic guanosine
monophosphate (cGMP), the major downstream second messenger of NO, with a trend
towards decreased urinary nitrate.18 In breast cancer patients treated with vandetanib in
addition to standard chemotherapy, plasma nitrite was reduced.1® The decrease in NO
metabolites is mirrored by impairment in endothelium-dependent vasodilation in the
microvasculature, a process that requires NO. In a study of patients with metastatic colon
cancer treated concurrently with bevacizumab for 6 months, microvascular endothelium-
dependent flow dilation decreased in response to pilocarpine.29 A study with the TKI
telatinib given to patients with solid organ tumors similarly found impaired microvascular
responses to flow-mediated dilatation (endothelium-dependent) and nitroglycerin
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(endothelium-independent) after 5 weeks of therapy.2! In both of these studies, patients
developed elevated blood pressures over the treatment period.

There are intriguing data that VSP inhibitors may lead to hypertension by enhancing
vasomotor tone through the endothelin system, although specifically how VEGF-endothelin
cross-talk occurs is less clear. Endothelin-1 (ET-1), acting through its receptor ETp, is a
potent vasoconstrictor.22 Treatment with VVSP inhibitors increases circulating ET-1 levels in
both preclinical models and clinical studies. In patients with renal cell carcinoma or
gastrointestinal stromal tumors treated with sunitinib, plasma ET-1 levels increased after
therapy.23-24 Similarly, in patients with gastrointestinal stromal tumors treated with the TKI
regorafenib, ET-1 levels increased and decreased with administration and withdrawal of
therapy, respectively, mirroring the changes seen in blood pressure.1” On the other hand, in a
small study of renal cell carcinoma patients treated with sorafenib, circulating ET-1 levels
did not change from baseline after three weeks of therapy despite the development of
hypertension.2> More convincing evidence regarding a causal role for the endothelin system
comes from rat studies in which sunitinib increased plasma and urinary levels of ET-1 and
increased blood pressure; importantly, the rise in blood pressure could be prevented by the
non-specific ET receptor antagonist macitentan.2® Despite these intriguing observations, it is
unclear how VEGF inhibition increases ET-1. NO and PGl,, downstream products of VEGF
signaling, inhibit ET-1 expression and secretion in cultured endothelial cells.26-27 Thus,
VSP inhibitors, by decreasing these vasodilator products of VEGF signaling, could increase
ET-1 levels, causing vasoconstriction, leading to elevated blood pressure. Additional studies
are needed to better understand the mechanisms by which VEGF inhibition enhances
endothelin expression and action.

There is limited evidence of a role of the renin-angiotensin-aldosterone system in VVSP-
inhibitor-induced hypertension. One pre-clinical study in which mice were treated with an
anti-VEGFA antibody demonstrated a near doubling in circulating angiotensin 11 levels.28
However clinical data provide conflicting evidence. In a study of patients with solid tumors
who were not candidates for chemotherapy but who were receiving the TKI sorafenib, there
was no change in plasma aldosterone or renin levels, although angiotensin 1l levels were not
directly measured.2> In another study of patients with renal cell carcinoma or
gastrointestinal stromal tumor receiving sunitinib, plasma renin activity and concentration
were decreased after 4 weeks and recovered after 8 weeks of therapy; aldosterone levels
were unchanged over the study period.24

VSP inhibitors can also promote changes in the microvasculature, leading to an increase in
vascular resistance at the tissue level and contributing to hypertension. Microvascular
rarefaction, where there is a physical decrease in small arteriolar and capillary density, or
functional rarefaction, where increased vasomotor tone results in decreased blood flow
through the vascular bed, can lead to hypertension.2® Preliminary data suggest vascular
pruning of structurally and functionally abnormal vessels supplying solid tumors by anti-
VEGF therapies.30 There is clinical evidence of rarefaction of non-tumor, systemic
microvessels in patients treated with VSP inhibitors. In a series of metastatic colon cancer
patients being treated with bevacizumab, both anatomic and functional decreases in skin
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capillary density and blood flow were noted after six months of therapy, with patients
receiving higher cumulative doses showing greater capillary rarefaction.20

Emerging evidence suggests that VSP inhibitors are associated with a salt-sensitive form of
hypertension. Interstitial sodium accumulation and resultant osmotic stress, particularly in
the skin, is being recognized as an important feature of salt-sensitive hypertension.31-32
Sodium accumulation is sensed by tissue macrophages, which then signal through VEGFC/
VEGFR3 to promote lymphatic vessel expansion and eNOS expression in order to improve
local sodium/chloride ion clearance and counter-balance elevated vascular resistance.
Moreover, skin-specific depletion of VEGFC in animal models recapitulates salt-sensitive
hypertension. Increased tissue sodium also appears to increase ET-1 expression.33 In a pre-
clinical study, sunitinib treatment increased tissue sodium concentrations and led to a salt-
sensitive increase in blood pressure.34 Taken together, these data suggest an interesting
avenue for further inquiry.

Treatment of hypertension during VVSP inhibitor therapy is largely focused on recognition,
monitoring and treatment with standard anti-hypertensive medications.35-36 Patients with
pre-existing hypertension should be identified and optimally treated before beginning VSP
inhibitor therapy, as these patients may experience a worsening in blood pressure control.
During the VSP inhibitor treatment period, blood pressure should be monitored regularly
and therapy initiated or adjusted according to standard blood pressure treatment guidelines,
with the choice of agent individualized to the patient’s co-morbidities. Only very limited
data are available comparing anti-hypertensive treatment regimens and additional studies are
needed before any formal recommendations may be made about specific therapies.
Interestingly, one retrospective study showed that in metastatic renal cell cancer patients
treated with VVSP inhibitors, concomitant use of angiotensin converting enzyme inhibitors or
angiotensin 11 receptor blockers was associated with longer overall survival.3” Keeping in
mind that the hypertension is reversible, the blood pressure needs to be closely monitored
after stopping VSP inhibitors and anti-hypertensive medications down-titrated if necessary.

Renal Effects of VSP Inhibition leading to Hypertension

VSP inhibitors can lead to deleterious effects on renal function and renovascular
homeostasis. These perturbations in kidney function, in conjunction with the
vasoconstrictive effects of VSP inhibitors, can shift the pressure natriuresis curve to higher
values and contribute to the maintenance of hypertension over the span of treatment. In a
study of sixteen patients with colorectal cancer treated with adjunctive bevacizumab,
dynamic contrast magnetic resonance imaging demonstrated decreased renal perfusion,
decreased renal vascular permeability and increased interstitial pressure.38 That same study
found increased plasma concentrations of renin, angiotensin Il, and aldosterone in patients.
Several studies have found a significant prevalence of proteinuria with VSP inhibitor
therapy, ranging from 15-36% in patients treated with bevacizumab3%-4! and TKls.42-43 |n
these studies, the incidence of severe proteinuria (defined as more than 3.5 g in a 24-hour
urine collection or 4+ on a urine dipstick) was generally less than 10%. It remains unclear
whether renal injury is a consequence of elevated blood pressure created by systemic
vascular toxicities, or whether renovascular injury is a direct side effect of VVSP inhibitor

Hypertension. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 6

therapy. Nonetheless, these effects likely stem from a combination of renovascular effects,
structural changes at the level of the glomerular filtration apparatus, and humoral changes.

VEGF signaling and downstream NO production is important for maintaining normal
glomerular structure and function, as NO signaling plays a critical role in modulating both
renal perfusion and sodium reabsorption.** VEGF is expressed by podocytes and tubular
epithelial cells and acts on surrounding endothelial and mesangial cells. Glomerular
membrane endothelial cell fenestrations and podocyte integrity are dependent on VEGF-
induced NO production and contribute to normal filtration and barrier function.#> The
critical role of VEGF expression in the glomerulus was demonstrated in a study utilizing
mice with a podocyte-specific deletion of the VEGF-A gene; these mice developed
endotheliosis followed by loss of podocyte foot processes and endothelial fenestrations,
ultimately leading to the development of nephrotic syndrome.46

In pre-clinical studies, V'SP inhibitor therapy causes glomerular level injury. /n vitro studies
in cultured human glomerular endothelial cells show that TKI therapy can blunt VEGF-
induced eNOS protein expression.#” Animal models similarly show deleterious effects of
V'SP inhibitor therapy on kidney function. Mice treated with an anti-VEGF antibody
developed albuminuria within 24 hours of initiating therapy; kidney biopsies demonstrated
glomerular endothelial hypertrophy, cellular detachment from the endothelium, and
disruption of podocytes and slit membranes.#8 Longer-term therapy with an anti-VEGFA
antibody in mice - for up to five weeks - similarly resulted in increased urinary albumin
excretion, increased serum creatinine, and diffuse glomeruloscerlosis, characterized by
increased fibrin deposition in the mesangium and glomerulus.28 These changes are
associated with a decrease in the key podocyte protein, nehprin. Nephrin is a component of
the podocyte slit diaphragms that has both structural roles and anti-apoptotic effects; loss of
nephrin is associated with podocyte foot process effacement, with eventual glomerular injury
and proteinuria.*® VSP inhibitor therapy may exhibit a dose-dependent effect on kidney
injury. In rats treated with varying doses of sunitinib for 8 days, all doses lead to
hypertension and proteinuria, but it was only with intermediate and high doses that
glomerular endotheliosis was observed on histology.>? This was also associated with
decreased urinary cyclic GMP, increased circulating ET-1, and decreased renal nephrin
expression. It may be that lower doses of VSP inhibitor therapy cause more functional
declines in glomerular function, while higher doses lead to both structural and functional
derangements.

Human pathologic studies support a direct structural impact on the kidneys from VSP
inhibitor therapy. In a study of six patients treated with bevacizumab, characteristic
microangiopathic changes, including endotheliosis, microthrombi, and mesangiolysis were
observed.®! Further confirmation of the direct effect of VEGF signaling on glomeruli was
demonstrated using an inducible podocyte-specific VEGFA-gene deletion mouse model.
Podocyte-specific deletion of the VEGFA gene produced hypertension, proteinuria, and
thrombotic microangiopathy as seen with bevacizumab therapy in humans.5! A larger study
of patients who underwent kidney biopsy for renal toxicity from VSP inhibitors showed
similar renovascular pathologic changes, including thrombotic microangiopathy, minimal
change disease and focal segmental glomerulosclerosis.>?
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There are striking clinical and pathophysiologic similarities in the hypertension and renal
injury observed with VVSP inhibitor therapy and that seen in preeclampsia. In pregnancy,
PIGF and VEGF expression are important for the normal development and vascularization
of the placenta.®3 In pre-eclampsia, this process is impaired due to excess production of
soluble FIt-1 receptor by the placenta, which sequesters and lowers circulating levels of
PIGF and VEGF.>4-55 This altered balance between angiogenic and anti-angiogenic factors
ultimately leads to systemic endothelial dysfunction and the downstream clinical
manifestations of hypertension, renovascular disease, and coagulopathy. Besides these
mechanistic similarities, there are also histopathologic correlates between the two entities,
particularly relating to renal microangiopathic changes.23 Moreover, the proteinuria seen
with anti-VEGF antibodies given in mice can be recapitulated by administering soluble
VEGFR1/FIt-1.48 Thus, the pathologic and clinical similarities between VSP inhibitor-
induced hypertension and pre-eclampsia, including the reversible nature of the disease
course upon withdrawal of the offending agent (VSP therapy in the former and delivery of
the placenta in the latter), support a central role of VEGF in the development of renovascular
dysfunction with VSP inhibitors.

Thrombotic Complications of VSP Inhibitor Therapy

V'SP inhibitor therapy is consistently associated with an increase in arterial and venous
thrombosis. Bevacizumab is associated with the greatest incidence of venous
thromboembolism (VTE), with VTESs occurring in nearly 12% of patients.>® The decoy
VEGFR aflibercept is also associated with a VTE incidence of 9.3%.%7 VTE occurs in 2-6%
of patients treated with TKIs.2 Nearly half of these events are high grade VTES, defined as
thrombotic events leading to clinical events, medical interventions, or death. The rates of
arterial thromboembolic disease are lower, ranging from 1-5% in most studies.2 One
important consideration is that arterial events associated with VSP inhibitors may also be
due to other arterial pathological processes such as atherosclerosis or vasospasm.

At first glance, increased vascular events due to VVSP inhibitors may not be surprising given
the vascular protective roles of VEGF. Through its downstream mediators NO and PGl»,
VEGF maintains endothelial health, inhibits leukocyte adhesion to endothelial cells,
prevents platelet aggregation, and exerts anti-mitogenic effects on smooth muscle cells.>®
NO limits endothelial activation, thus preventing interleukin-1-induced expression of
adhesion molecules such vascular cell adhesion molecule-1, E-selectin, and intercellular
adhesion molecule-1 in cultured human umbilical vein cells.%9 In animal models, VEGF can
attenuate thrombin-induced leukocyte rolling in an NO-dependent manner, and VEGF
inhibition augments leukocyte rolling with increased expression of endothelial P-selectin.
60-61 \/SPp inhibitors may additionally promote defects in the endothelial lining, due to
impaired endothelial cell turnover and regeneration, which can lead to activation of the
coagulation cascade due to exposure of the subendothelial compartment.52

The anti-platelet effects of VEGF are primarily exerted through NO and PGl5, although
bevacizumab may have a direct role in activating platelets. NO in platelets can decrease
function of the platelet thromboxane A2 receptor, decreasing platelet activation and
aggregation.53-64 Endogenous NO production by platelet eNOS can also serve as a negative
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feedback mechanism on hemostatic plug formation by acting as a brake for further platelet
activation and recruitment at sites of injury.®® The mechanisms by which PG, may inhibit
platelet function are less elucidated. Overall, the effects of PGI, on platelets are antagonistic
to thromboxane A2; thus VEGF-mediated increase in PGI5 shift the balance towards
decreasing platelet activation. PGl likely acts through cell surface and intracellular
receptors, generating the second messenger cAMP, to decrease free intracellular calcium and
inhibit platelet activation.56 There is /7 vitro evidence that bevacizumab immune complexes
may directly bind platelet Fc gamma receptors, leading to platelet activation.8” To what
extent this mechanism may lead to /7 vivo platelet aggregation in patients receiving
bevacizumab remains to be fully established.

VEGF signaling has been found to promote both anti- and pro-thrombotic pathways. VEGF
augments the anti-thrombotic factors urokinase, tissue plasminogen activator, and urokinase
receptor expression in endothelial cells.58-69 However, VEGF also increases plasminogen
activator inhibitor 1 (PAI-1) levels, a pro-thrombotic mediator; in addition, VEGF has been
found to increase expression of tissue factor and von Willebrand factor in cultured
endothelial cells.”%-"1 Indeed, the net effect of these seemingly opposing actions has not
been fully determined. However, there is evidence that /7 vivo, the anti-thrombotic effects of
VEGF may predominate. In a rabbit model of intra-arterial VEGF gene therapy following
bare metal stent placement, delivery of a VEGF-expressing plasmid was associated with a
ten-fold reduction in stent-associated thrombus formation, suggesting a substantial anti-
thrombotic effect of enhanced local VEGF expression.”2 Additionally, in a mouse model of
endothelial-specific VEGF deletion, microinfarcts were observed in several vascular
territories.”3 These studies provide a rationale for the increased incidence of thrombotic
events with VVSP inhibitor therapy.

Impaired endothelial mechanosensation, mediated in part by VEGFR2 and VEGFR3, may
serve as another mechanism for thrombus formation by VSP inhibitors. Fluid shear stress is
an important determinant of endothelial function. Alterations in the normal laminar flow can
result in proinflammatory changes in endothelial cells. This can inhibit anti-thrombotic and
anti-oxidant pathways and upregulate pro-thrombotic mediators, leading to atherosclerotic
plaque development as well as vascular malformations.”4~"> Mechanotransduction is the
process by which endothelial cells sense fluid shear stress and convert it into cellular
responses. While the full pathway for mechanotransduction has not been elucidated, one
well-characterized unit consists of VEGFR2, VEGFR3, platelet endothelial cell adhesion
molecule 1 (PECAM-1), and vascular endothelial cadherin (VE-cadherin) (Figure 3).76~77 In
this complex, PECAM-1 transmits alterations of the endothelial cytoskeleton caused by
changes in laminar shear stress and activates VEGFR2 and VEGFR3 in a ligand-
independent manner, leading to downstream production of NO through the PI3K/Akt
pathway.’’~"8 Additionally, VEGFR3 has been shown to be important in maintaining the
shear stress “set point” in endothelial cells of different vascular territories, alterations in
which can lead to pathologic vascular remodeling.”® Thus, inhibition of VEGFR2/3
signaling by VSP inhibitors could lead to altered endothelial cell signaling, with activation
of pro-thrombotic pathways, and eventual vascular injury and thrombosis. Further studies
are needed to better understand how alterations in VEGFR-mediated mechanotransduction
play a role in the vascular pathologies seen with VSP inhibitors.

Hypertension. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pandey et al.

Page 9

Future Directions and Conclusions

Additional studies are needed to identify how inhibition of VEGF signaling leads to vascular
dysfunction, kidney injury, and hypertension. Furthermore, downstream signaling mediators
of VEGF need to be better studied, particularly with regards to ET-1. How V'SP inhibition
may affect lymphatic function, salt sensitivity and kidney function may provide newer
appreciation of the role of VEGF in intra-organ communications. Finally, the consequences
of VEGF system inhibition on non-ligand-dependent VEGFR activity need to be more fully
elucidated.

As V'SP inhibitors are increasingly used in cancer treatment, an appreciation of basic VEGF
signaling is critical to understanding the clinical cardiovascular and renal sequalae of this
class of therapy. Such a mechanistic approach to evaluating the VEGF/VEGFR axis lends
important clues towards uncovering the cause of hypertension, renal dysfunction, and
thrombosis seen with VSP inhibitor therapy. These insights can help refine our management
of side effects and may aide in the development of more targeted therapies that can
selectively inhibit only those aspects of VEGF signaling that augment tumor growth, while
preserving the critical cardiovascular and renal homeostatic effects of the VEGF/VEGFR
system.
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Figure 1. VEGF ligands and receptors
Vascular endothelial growth factors (VEGFs) and placental growth factor (PIGF) can

interact with a combination of various VEGF receptors (VEGFRS), which are a part of the
receptor tyrosine kinase superfamily. VEGFRL1 can interact with PIGF, VEGFA, and
VEGFB. VEGFR?2 interacts with VEGFA, VEGFC, and VEGFD, while VEGFRS3 can bind
VEGFC and VEGFD.
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Figure 2. Intracelular signaling pathways for VEGFA/VEGFR2
Upon ligand binding, VEGFR2 dimerizes and activates its receptor tyrosine kinase activity,

which results in auto-phosphorylation of the intracellular domains. This can then lead to
activation of a variety of signaling pathways. Intracellular calcium levels increase through
activation of PI3K/Akt signaling, which activate endothelial nitric oxide synthase (eNOS)
through calmodulin (CaM) binding as well as direct phosphorylation, resulting in increased
nitric oxide (NO) production. VEGFR2 signaling also activates phospholipase C gamma
(PLCy), which converts phosphotidylinositol 4,5-bisphosphate (PIP,) to diacylglycerol
(DAG) and inositol 1,4,5-trisphosphate (I1P3). IP3 can also mediate increases in intracellular
calcium, while DAG can activate protein kinase C (PKC). One downstream target of PKC
signaling, through mitogen activated protein kinases (MAPKS), is phospholipase A2,
ultimately leading to elevated levels of prostacyclin (PGl5). Both PGI, and NO mediate
many of the biological consequences of VEGF signaling, including enhanced vascular
permeability, vasorelaxation, and endothelial survival. These may also antagonize the effects
of vasoconstrictive mediators such as endothelin-1 (ET-1).
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Figure 3. Potential model for therole of VEGFR in the endothelial response to fluid shear stress
Fluid shear stress activates mechanosensory complexes to affect endothelial activation and

function. In one mechanosensory unit, platelet endothelial cell adhesion molecule 1
(PECAM-1) transmits changes in endothelial cytoskeletal structure to VEGFR2 and
VEGFR3, through vascular endothelial cadherin (VE-cadherin). VEGFR2 and VEGFR3 are
then activated in a ligand-independent fashion to mediate intracellular signaling changes.
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VSP Inhibitor Sub-Class

Approved and Investigational Drugs

VEGFA monoclonal antibody

bevacizumab

VEGF Trap

alfibercept

VEGFR2 monoclonal antibody

Ramucirumab

Tyrosine kinase inhibitor

FDA Approved:

apatinib, axitinib, cabozantinib, lenvatinib, nintedanib, pazopanib, regorafinib, sorafenib, sunitinib,
vandetanib

Under Investigation:

cediranib, lucitanib, semaxanib, tivozanib
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