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Abstract

We recently developed a therapeutic biopolymer composed of an elastin-like polypeptide (ELP) 

fused to vascular endothelial growth factor (VEGF)121 and showed long-term renoprotective 

effects in experimental renovascular disease after a single intra-renal administration. Here, we 

sought to determine the specificity, safety, efficacy, and mechanisms of renoprotection of ELP-

VEGF after systemic therapy in renovascular disease. We tested whether kidney selectivity of the 

ELP carrier would reduce off-target binding of VEGF in other organs. In vivo bio-distribution 

after systemic administration of ELP-VEGF in swine was determined in kidneys, liver, spleen, and 

heart. Stenotic-kidney renal blood flow and glomerular filtration rate were quantified in vivo using 

multi-detector computed tomography (CT) after six weeks of renovascular disease, then treated 

with a single intravenous dose of ELP-VEGF or placebo and observed for four weeks. CT studies 

were then repeated and the pigs euthanized. Ex vivo studies quantified renal microvascular density 

(micro-CT) and fibrosis. Kidneys, liver, spleen, and heart were excised to quantify the expression 

of angiogenic mediators and markers of progenitor cells. ELP-VEGF accumulated predominantly 

in the kidney and stimulated renal blood flow, glomerular filtration rate, improved cortical 

microvascular density, and renal fibrosis, and accompanied by enhanced renal expression of 

VEGF, downstream mediators of VEGF signaling, and markers of progenitor cells compared to 

placebo. Expression of angiogenic factors in liver, spleen, and heart were not different compared 
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to placebo-control. Thus, ELP efficiently directs VEGF to the kidney after systemic administration 

and induces long-term renoprotection without off-target effects, supporting the feasibility and 

safety of renal therapeutic angiogenesis via systemic administration of a novel kidney-specific 

bioengineered compound.
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Introduction

The outcomes of renovascular disease (RVD) are still poor, and there is a noticeable lack of 

consensus regarding the best therapeutic strategy for these patients, which adds a burden of 

uncertainty to the treatment selection and course. Regardless of the chosen therapy (medical, 

interventional, or combined therapy), patients with RVD improve in about 30% of the 

cases1, 2. Furthermore, the results of the CORAL study support the notion that 

pharmacological or interventional (e.g. renal angioplasty to resolve the obstruction) 

strategies do not show significant differences in renal recovery to support one treatment over 

the other3, although secondary evaluations of the ASTRAL study suggest that interventional 

strategies may still be beneficial in selected populations4. These controversies feed a 

pressing need for novel and more effective therapeutic strategies for the growing population 

of patients suffering from RVD that are at higher cardiovascular risk and at risk for 

development of chronic kidney disease (CKD).

It is possible that the vascular obstruction in RVD may be a major instigator of renal injury, 

and it may also exacerbate pre-existing renal damage5, 6. However, the dynamic and 

progressive nature of RVD may be a driving force for evolving renal injury distal to the 

vascular obstruction and may determine the chances of renal recovery after therapeutic 

interventions. Thus, it is possible that the poor recovery in RVD results from a combination 

of doing too little or acting too late with the possibility of neglecting the stenotic renal 

parenchyma.

Renal microvascular (MV) dysfunction, remodeling, and even loss are hallmarks of CKD 

irrespective of the etiology7, 8. We have shown that damage of the small vessels in the 

kidney correlates with a significant deterioration of renal hemodynamics, filtration, and 

tubular function in a swine model of chronic RVD9–11. We also demonstrated that MV 

disease in the stenotic kidney is associated with blunted renal angiogenesis, which is driven 

by a progressive decrease in renal vascular endothelial growth factor (VEGF)10, 12. The 

pivotal role of this pro-angiogenic cytokine in the kidney is supported by proof of concept 

studies showing that intra-renal replenishment of VEGF ameliorated renal MV rarefaction 

and attenuated renal dysfunction and damage11, 13, 14.

We recently extended and refined renal VEGF therapy. We developed a novel fusion of a 

bioengineered protein for drug delivery with VEGF121. We used elastin-like polypeptides 

(ELP), which are genetically encoded drug-delivery vectors with long plasma half-life, low 

Chade et al. Page 2

Kidney Int. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunogenicity, and adaptability to be fused to nearly any therapeutic. Furthermore, ELPs 

naturally accumulate in kidney15–18. The ELP-VEGF construct displayed a prolonged 

circulation and tissue residence time, improved stenotic kidney targeting and long-term 

efficacy of VEGF therapy in the RVD model (compared to unconjugated VEGF) after a 

single intra-renal administration18. However, whether systemic administration of ELP-

VEGF may target and protect the kidney is unknown and is important to determine from a 

clinical-translational perspective. Thus, we first seek to establish the renal specificity of the 

ELP-VEGF construct after systemic administration, as we also aim to determine the safety 

and efficacy in the RVD model through this route. We hypothesize that the fusing of VEGF 

to the ELP biopolymer carrier will lead to renal tissue specificity and kidney accumulation 

without decreasing therapeutic efficacy even after systemic administration. Finally, we 

intend to determine potential off-target effects (a concern from a clinical-translational 

perspective) and underlying mechanisms of long-term renoprotection after systemic ELP-

VEGF therapy.

Results

Characterization and labeling of the ELP-VEGF construct with fluorescent probes

Labeling was performed on primary amine residues, including the protein’s N-terminus, its 

one lysine residue near the N-terminus, and its eight lysine residues on the surface of 

VEGF121 as highlighted in Supplementary Figure 1. Labeling did not alter VEGF potency. 
For more details, please see Supplementary File. The stability of the ELP-VEGF 

biopolymer was determined in vitro, as described in the Supplementary File. As shown in 

Supplementary Figure 2A, ELP-VEGF was present as a single band migrating at 74 kDa, 

and the free rhodamine label migrated below the 10 kDa marker. When incubated in PBS, 

very little ELP-VEGF degradation was observed for the first 24 hours (quantified in 

Supplementary Figure 2B). Degradation of the protein began between 24 and 48 hours of 

incubation and proceeded to near complete loss of the full-length band after 4 days. A 

similar slow degradation was observed when ELP-VEGF was incubated in plasma. The 

kinetics of the degradation in plasma were different from the PBS incubation, beginning 

more quickly. However, after 5 days in plasma, more full-length protein remained intact than 

in the PBS incubation, possibly reflecting a stabilizing decoy effect of other plasma proteins 

occupying proteases. Detection of free dye by using trichloroacetic acid to precipitate the 

protein component of each sample mirrored the gel electrophoresis data in the PBS 

incubation, with free dye slowly being released over the period between 20 and 96 hours. 

However, the amount of free dye peaked at only about 25%, indicating that most of the dye 

was still bound to a protein component and consistent with the presence of a band of 

approximately 10 kDa in Supplementary Figure 2A. After incubation in plasma, almost no 

free dye was detectable, though it is possible that some free dye bound to albumin or other 

plasma proteins and was thus precipitated by trichloroacetic acid. These analyses reveal that 

ELP-VEGF does degrade under physiological conditions, but the rate of degradation is quite 

slow relative to the rate of clearance from the body observed here and in other studies18, 19.
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In vivo biodistribution of fluorescently labeled ELP-VEGF following single intravenous 
administration

To determine the pharmacokinetics and biodistribution of ELP-VEGF, the protein was 

fluorescently labeled, and plasma levels and organ biodistribution were determined 4 hours 

after a single intra-venous administration (ear vein catheter) in the swine. The fluorescently 

labeled protein was administered intravenously in swine at a bolus dose of 1 mg/kg, plasma 

was sampled intermittently, and organ fluorescence was determined at sacrifice four hours 

after injection. Whole organ imaging revealed that ELP-VEGF predominantly accumulated 

in the kidney (Figure 1A). When the kidneys were cut in cross section, fluorescence imaging 

revealed ELP-VEGF localized at high levels in the renal cortex, with additional focal 

medullary localization in what are likely the large vascular branches. Retention of ELP-

VEGF in the kidney was 3.2-fold higher than in the next most abundant organ, the liver. 

Additionally, ELP-VEGF levels in the kidney were 14.7-fold higher than in the lung, and the 

protein was undetectable in the heart and spleen at this dose (Figure 1B). Direct 

measurement of plasma fluorescence revealed a biphasic clearance of ELP-VEGF from the 

blood. A rapid distribution phase was evident within 30 minutes of injection, followed by a 

very slow clearance phase (Figure 1C). The slow clearance of ELP-VEGF is consistent with 

our observations of this protein after intra-renal administration, where we observed a half-

life of approximately 13.5 hours18. However, the short duration of this experiment did not 

provide enough clearance time to achieve an accurate fit of the terminal half-life following 

intravenous administration.

Overall, these results demonstrate that ELP-VEGF is sufficiently stable under physiological 

conditions, clears slowly, and most of the injected protein is retained in the kidney even after 

systemic injection using an ear vein route, suggesting that ELP-VEGF is tissue specific and 

that systemic administration is a viable route for delivery of ELP-VEGF for renal therapy in 

RVD.

Renal and liver toxicity of systemic ELP-VEGF therapy

In addition to determining the pharmacokinetics and biodistribution of ELP-VEGF, blood 

from the pigs before injection and four hours after injection was assessed to determine if 

ELP-VEGF caused any acute effects. Quantification of blood urea nitrogen (BUN), 

creatinine, BUN/Creatinine ratio, alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), gamma-glutamyl transferase (GGT), and lactate dehydrogenase 

(LDH) showed that a single administration of ELP-VEGF did not induce any acute changes 

on parameters of renal or liver function, suggesting lack of acute toxicity and underscoring 

the safety of the construct (Table 1).

In vivo efficacy of systemic ELP-VEGF therapy

We then sought to determine whether a single intravenous dose of ELP-VEGF was safe and 

efficacious for improving renal function and decreasing renal injury, and whether off-target 

effects were observed.

General characteristics—Body weight was similar among controls, RVD, and RVD

+ELP-VEGF pigs 6 weeks after sham or induction of RVD and prior to treatment (Table 2). 
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Pigs randomized to RVD and RVD+ELP-VEGF groups had elevated pre-treatment blood 

pressure relative to non-RVD controls, but the RVD+placebo (saline) and RVD+ELP-VEGF 

pre-treatment blood pressures were not significantly different from one another (Table 2). 

All animals were monitored during ELP-VEGF administration to determine the potential 

impact on heart rate and blood pressure, which were unchanged during injection. However, 

RVD+ELP-VEGF treated pigs showed a non-significant transient and asymptomatic 

decrease in blood pressure during the 24–48 hours following IV administration of the 

construct (from 142.5±10.3 to 126.2±9.7 mm/Hg, p=NS, Supplementary Figure 3) that then 

returned to hypertension pre-treatment values. Hypertension was not significantly different 

between RVD and RVD+ELP-VEGF pigs at 10 weeks (Table 2, Supplementary Figure 3).

Systemic ELP-VEGF therapy stimulated renal hemodynamics and function 
compared to pre-treatment/placebo values—CT-derived stenotic kidney RBF, GFR, 

cortical and medullary perfusion were similarly decreased in all pigs with RVD after 6 

weeks of observation, which correlated with a significant increase in renal vascular 

resistance (RVR) of the stenotic kidney (Table 2) and were accompanied by increased 

plasma creatinine (not shown). Blunted RBF, GFR (Figure 2), and regional perfusion 

(cortex: 3.3±0.5 mL/min/cc; medulla: 1.7±0.4 mL/min/cc) remained unchanged in RVD at 

10 weeks (p=NS vs. 6 weeks) but RBF, GFR (Figure 2), and cortical perfusion (4.1±0.2 

mL/min/cc, p<0.05 vs. 6 weeks) were stimulated after ELP-VEGF therapy whereas GFR 

showed a trend for a larger increase compared to pre-treatment values at 6 weeks (Figure 2). 

Improvements in RVR (Table 2) and a plateau in plasma creatinine (which continued to 

increase in untreated RVD, Figure 2) accompanied the improvements in renal function, 

suggesting slower or halted progression of renal dysfunction after ELP-VEGF therapy.

Systemic ELP-VEGF therapy improved cortical MV density and remodeling—
The stenotic kidney showed a significant reduction in cortical and medullary MV density 

(quantified by micro-CT) accompanied by substantial MV remodeling compared to normal 

controls. Notably, systemically administered ELP-VEGF significantly improved cortical (but 

not medullary) MV density and remodeling of small and large microvessels (0–500 μm in 

diameter), which was evident throughout the renal cortical parenchyma (Figure 3A). This 

was accompanied by improved stenotic kidney media-to-lumen ratio, suggesting protection 

of the pre-existing microvasculature (Figure 3B).

ELP-VEGF did not cause long-term deleterious effects—Plasma collected before 

treatment and four weeks after treatment in the RVD pigs was assessed with standard kidney 

and liver function assays to determine if treatment caused any long-term effects. Blood urea 

nitrogen (BUN) was reduced at the 10-week time point relative to pre-treatment values 

(Table 3). Creatinine levels were stable after treatment, consistent with ELISA data shown in 

Figure 2, and the BUN/creatinine ratio was significantly reduced by ELP-VEGF therapy. All 

measures of liver function were unchanged after ELP-VEGF treatment, and values were 

within normal ranges after treatment. Finally, no tumors were observed after ELP-VEGF 

therapy in any major organ.
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Renal angiogenic signaling, progenitor cell activation, and histology in the stenotic kidney

Systemic ELP-VEGF therapy improved renal expression of VEGF and 
downstream signaling—Protein extracts were made from the stenotic kidney harvested 

after sacrifice at the 10-week time point and examined by Western blotting to determine 

effects of ELP-VEGF treatment on VEGF downstream signaling. a single systemic 

administration of ELP-VEGF improved the expression of pro-angiogenic HIF-1α (upstream 

mediator of VEGF and HGF), VEGF and its receptor Flk-1, cMet (HGF was unchanged), 

and the expression of downstream mediators of VEGF signaling such as p-akt, p-ERK 1/2 

and p-eNOS (Figure 4A).

Systemic ELP-VEGF stimulated circulating and renal progenitor cells—Blocks 

of renal cortex were collected from the stenotic kidney after sacrifice and fixed and stained 

for markers of progenitor cells. The improvements in VEGF signaling in these kidneys were 

also accompanied by enhanced renal immunoreactivity against CD-34, stromal-derived 

factor (SDF)-1, and Oct-4 (mainly observed in the tubule-interstitial compartments and in 

MV proximity), suggesting potential stimulation, mobilization, and homing of systemic 

progenitor cells to the stenotic kidney and/or activation of resident cell progenitors in the 

stenotic kidney (Figure 4B).

ELP-VEGF therapy attenuated apoptosis and fibrosis—Concurrent with the 

improved renal function and MV remodeling, the stenotic kidney showed a decrease in the 

fraction of TUNEL+ cells and attenuated glomerulosclerosis and cortical tubule-interstitial 

fibrosis compared to untreated animals, suggesting a reduction in apoptosis and fibrosis 

(Figure 5B–C).

Systemic therapy did not induce off-target expression of angiogenic or apoptotic factors

Systemic administration may result in off-target accumulation and binding of the construct 

to other tissues than the stenotic kidney and stimulate vascular growth. Therefore, protein 

expression of angiogenic mediators were determined by western blot in the contralateral 

kidney, liver, spleen, and heart of the untreated and treated RVD pigs. We observed that 4 

weeks after a single systemic administration of the ELP-VEGF construct, there were no 

changes in the expression of angiogenic mediators (except for a non-significant trend of 

Flk-1 in the contralateral kidney of the ELP-VEGF treated animals), which suggest 

minimum off-target activity of the construct (Figure 6).

Discussion

The purpose of the current study was multifold. We first aimed to determine the feasibility 

and efficacy of targeting the kidney through systemic administration of ELP-VEGF therapy 

based on the higher preference of ELP for the kidney compared to other organs18. 

Determining a potential targeted renal therapy via a systemic administration could have 

implications towards clinical application. We observed that a single administration of ELP-

VEGF using a peripheral vessel was able to target the kidney and accumulate in the renal 

parenchyma, which was accompanied by improved renal function, improved angiogenic and 

reduced apoptotic signaling (which may precede renal fibrosis20), attenuated renal MV 
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rarefaction, and reduced fibrosis, indicating that effects of ELP-VEGF therapy in the 

stenotic kidney were not limited to vascular proliferation and repair. However, VEGF is a 

highly ubiquitous cytokine with autocrine, paracrine, and receptor-driven endocrine 

effects21, 22 that was administered via a systemic route, hence possible off-target effects are 

a concern from a (potential) clinical perspective. Thus, our secondary goal was to determine 

the safety of systemic administration. Notably, renal targeting and effects of ELP-VEGF 

were not associated with significant accumulation or changes in the off-target expression of 

angiogenic factors in liver, spleen or heart. Therefore, the current study extends our previous 

work18 and supports the kidney-selectivity of the ELP-VEGF construct. Our biodistribution 

data demonstrate that ELP-VEGF does accumulate in the liver, though at levels 3.2-fold 

lower than in the kidney. However, markers of VEGF signaling were not changed in the 

livers of treated pigs. This suggests that at the dose used (1 mg/kg, determined by a pilot 

study using escalating doses), the liver levels of ELP-VEGF are too low or the retention of 

the protein is too short to result in sustained VEGF signaling 4 weeks after treatment. Our 

study suggests that off-target effects, if any, have not developed 4 weeks after single 

administration whereas renoprotection persists. The current work may set a milestone for a 

novel kidney-targeting strategy using a non-invasive administration of ELP-VEGF.

Major pathological features of RVD are secondary hypertension and a degree of renal 

compromise that is often hard to predict and may range from non-significant changes to a 

significant and progressive deterioration of renal function. It is unquestionable that patients 

with RVD are at higher risk of developing CKD, which is largely driven by a chronic 

reduction of blood flow into the kidneys and subsequent development of tissue ischemia, 

renal dysfunction, and injury. Resolution of the stenosis was historically a major treatment 

goal in RVD, but conclusions from the ASTRAL23 and CORAL3 studies supported the view 

that targeting the stenotic renal artery should not be applied as the first line of therapy or in 

all patients with RVD based on the lack of significant advantages of renal angioplasty 

compared to medical therapy. Such conclusions may help to decrease the risks of an 

unnecessary exposure of patients with RVD to the potential risks of this intervention, 

although renal angioplasty and stenting may still be beneficial in selected patients with 

RVD4. Furthermore, a puzzling fact is that regardless of the chosen therapeutic strategy 

(medical or interventional), meaningful recovery of renal function is observed in a relatively 

small fraction of the patients1, 2. Therefore, if the vascular obstruction is not the main 

problem, targeting the renal parenchyma could likely be a major determinant on outcomes 

and recovery.

The current study extends our previous observations from both the feasibility and 

therapeutic angles. We showed that the ELP-VEGF construct is active in vitro and displays a 

prolonged half-life in vivo compared to unconjugated VEGF after a single intra-renal 

administration in rodent and swine models18, 19. For the current study, we first performed 

organ biodistribution studies in the swine model after a single systemic administration 

through an ear vein. As shown in Figure 1, we observed a significantly greater accumulation 

in the renal cortex over medulla, and a higher renal accumulation compared to liver and 

other organs. The greater cortical accumulation may be related to the higher vascularity of 

the renal cortex (it handles about 70% of the RBF) combined with the large size of the 

construct (74kDa) that may slow down its filtration. Thus, our data suggest that the construct 
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may be greater retained in the stenotic renal cortex partly because of a combination of size 

of ELP-VEGF and that the lack of renal VEGF (but with relatively preserved VEGF receptor 

Flk-111, 18) may help to direct the construct to the ischemic environment. Another possibility 

is that VEGF and VEGF receptor levels increase (and remain elevated) in the stenotic kidney 

after treatment simply because of more vascularization and thus binding (e.g. the more 

endothelial cells in a given sample, the more VEGF/Flk-1 signal) in a context of a persistent 

reduction of blood flow, since stenosis remains unaltered and serves as a persistent stimulus.

Therefore, a first conclusion is that a systemic, non-invasive administration may be a 

feasible approach to target the kidney. The greater accumulation in renal cortex compared to 

the medulla was consequential since it was followed by a greater relative increase in RBF 

and GFR compared to pre-treatment values (Figure 2), cortical perfusion, cortical MV 

density, and decreased RVR. However, the recovery of renal hemodynamics was not as 

impressive as that observed following intra-renal therapy18 and shows a limited comparative 

efficacy of single intra-venous administration. Dose optimization studies are warranted to 

determine if systemic ELP-VEGF can achieve equivalent renal protection/recovery to intra-

renal administration, whether repeated doses are needed, and whether the optimal dose for 

renal protection (single or eventually, multiple) is still safe from inducing effects in off-

target organs. Some accumulation was observed in the liver, and although it was a 

significantly lower organ retention compared to the kidney, it may have played a role in 

limiting renal targeting and therapeutic availability of ELP-VEGF. Virtually no traces were 

observed in other organs such as heart or spleen. It is important to emphasize that systemic 

administration was not accompanied by acute effects on markers of renal or liver function, 

(Table 1) nor chronic effects on liver function (Table 3) or changes in angiogenic signaling, 

as suggested by Figure 6. Thus, our data support the notion that a systemic administration is 

safe and is able to target renal tissue, but also suggest that ELP-VEGF may suffer from some 

off-target accumulation in route to the kidneys, thus reducing some of the therapeutic 

efficacy compared to intra-renal administration.

Our study shows that systemic administration of ELP-VEGF therapy can reach the kidney 

and resulted in a greater relative increase in stenotic kidney RBF and GFR compared to pre-

treatment values and placebo-treated RVD (Figure 1 and 2). Interestingly, despite the similar 

renal accumulation of ELP-VEGF in both kidneys observed in the biodistribution studies 

(done in healthy pigs), the contralateral kidney did not show significant changes in renal 

hemodynamics or function. One explanation may be that accumulation of ELP-VEGF may 

differ in the stenotic versus contralateral kidney in the context of unilateral RVD, and future 

studies in pigs with RVD are warranted to determine whether the ischemic environment in 

the stenotic kidney may play a role in directing organ biodistribution. The contralateral 

kidney in the RVD model shows relatively preserved hemodynamics and MV architecture, 

although we showed that it develops MV endothelial dysfunction, mild MV remodeling, and 

mild tubule-interstitial fibrosis11. The comparatively minor damage of the contralateral 

kidney at this stage is likely driven by hypertension24 and not ischemia as in the stenotic 

kidney25, and thus the severity of the insult differs as does the extent of renal injury. Unlike 

the stenotic kidney, we observed that contralateral kidney expression of VEGF and 

downstream mediators such as the Flk-1 receptor, and pro-angiogenic cMet, p-akt, p-

ERK1/2 and p-eNOS were not attenuated and remained unmodified after systemic 
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administration of ELP-VEGF. The distinct effects in the stenotic kidney may reflect 

comparatively more accentuated defects on mechanisms of tissue repair26 that may have 

been driven by blunted VEGF availability and signaling in an ischemic milieu, and thus 

improved by VEGF therapy. Such differences in turn underscore the importance of VEGF 

for a kidney facing ischemia.

A recent study showed that renal bioavailability of VEGF is critical for maintenance of the 

peritubular microvasculature via tubular-vascular crosstalk with the Flk-1 receptors27, which 

are abundant in renal endothelial cells and pivotal for VEGF-induced angiogenic effects. It is 

possible that renal up-regulation of VEGF receptors11 after ELP-VEGF therapy may have 

attracted circulating VEGF to the stenotic kidney, enhancing angiogenic activity and VEGF-

driven renoprotection. As shown in Figure 4A, the increase in Flk-1 expression appears to be 

small but it was statistically significant and succeeded in inducing angiogenesis in the 

stenotic kidney. Furthermore, we observed that ELP-VEGF administration led to an increase 

in HIF-1α expression, which is a potent upstream mediator for VEGF stimulation and can 

be activated by the HGF pathway28. Moreover, ELP-VEGF therapy also resulted in 

augmented expression of the HGF receptor cMet, which could have contributed to the 

upstream increase in HIF-1α and downstream increased expression of VEGF/HGF 

mediators28–30. Therefore, it is possible that ELP-VEGF therapy restored and boosted the 

interaction of the HIF-1α/VEGF/HGF pathways that in turn led to the improvements in 

downstream expression of p-ERK ½, p-akt, and p-eNOS. Notably, such changes were 

followed by improved stenotic kidney cortical MV density and decreased MV media-to-

lumen ratio, which may support the notion of a combined effect on vascular proliferation 

and protection of the pre-existing vasculature of the stenotic kidney (Figure 3). The distinct 

increase in CD 34, SDF-1, and Oct-4 positive cells in the stenotic kidneys of treated animals 

(Figure 4B), which were mainly observed in the tubule-interstitial compartments and in MV 

proximity (less in the glomerulus), supports this speculation and suggests that ELP-VEGF 

therapy may have stimulated mobilization and homing of endogenous circulating progenitor 

cells to the kidney31–34 and, possibly, also resident progenitors as suggested by Oct-435, 36. 

Recent studies have challenged the role of extra-renal cell progenitors in renal tissue repair37 

and suggested a prominent contribution of renal resident pluripotent stem cells in healing the 

kidney when facing ischemia38, 39. Altogether, the improved signaling may have promoted 

and sustained renal MV proliferation, repair, and functional recovery, which may also be 

supported by the decrease in RVR after ELP-VEGF therapy. It is thus possible that VEGF-

mediated stimulation of circulating and renal resident pluripotent cells play an important 

role in renal recovery and may explain the long term effects we have consistently observed 

after single-dose VEGF therapy11, 14, 18. In turn, a healthier renal parenchyma may have 

resulted in greater protection of VEGF sources (e.g.: glomeruli, tubules27), which likely 

contributed to improve the expression of VEGF and downstream mediators after ELP-VEGF 

therapy.

Limitations

Our results attest the kidney-targeting capabilities of the ELP-VEGF construct, which is 

paired with a sustained stimulation of VEGF signaling and consequent recovered and/or 

amplified VEGF-driven long-term renoprotection compared to unconjugated VEGF18. 
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However, the current study is not free of limitations. The swine model is clinically relevant 

due to size, human-like anatomy and cardio-renal physiology, and because it shows almost 

all the renal pathological features observed in human RVD. However, we are aware that this 

model may better represent an early stage of the disease and that we are reporting results of 

a chronic study but with a single time-point of observation. Thus, future studies in a model 

with more severe compromise of renal function and damage, inclusion of additional time-

points, and increased length of observation are necessary to support the capability of ELP-

VEGF to target the kidney and enhance the potential for clinical translation of this strategy. 

In turn, such studies may contribute to define whether repeated administration is necessary 

and may help to determine the optimal therapeutic window for ELP-VEGF to rescue the 

kidney in RVD without side effects. On a similar note, multiple time points are also 

warranted in the search for potential off-target effects if higher or repeated doses are 

considered, as a single time-point as in the current study cannot rule out potential later 

effects in other organs.

The current study shows that the ELP-VEGF fusion protein has a distinct renal preference 

that supports potential for therapeutic application to protect the kidney in chronic RVD 

regardless of the route of administration18. The characteristics and efficacy of the ELP-

VEGF construct make it an attractive tool for future studies on other forms of progressive 

renal damage with significant MV abnormalities, such as hypertensive and diabetic 

nephropathy, which are the major causes of CKD. The possibility of targeting the kidney via 

a non-invasive therapy may have significant implications towards clinical application of this 

unique technology.

Methods

In vitro studies

Generation of constructs, purification of polypeptides, and labeling ELP-
VEGF with fluorescent probes—The coding sequence for human VEGF121 was fused 

in frame with the ELP coding sequence, and the chimeric protein was recombinantly 

expressed, purified, and characterized in vitro, as recently described18, 19. ELP-VEGF was 

labeled with 5/6-carboxy-tetramethyl-rhodamine succinimidyl ester (Life Technologies), as 

recently described18, 19. Stability and activity of the ELP-VEGF construct was assessed in 
vitro. For details, please see Supplementary File and Figures.

Determination of optimal dose for in vivo studies—The Institutional Animal Care 

and Use Committee at the University of Mississippi Medical Center approved all the studies. 

pilot study was first performed to determine the optimal dose to perform organ 

biodistribution and long-term efficacy studies. For details, please Supplementary File.

In vivo organ biodistribution—Three pigs were anesthetized and injected via an ear 

vein cannula with rhodamine-labeled ELP-VEGF to achieve a dose of 1 mg/kg body weight. 

Plasma was sampled intermittently from an indwelling carotid catheter. Four hours after IV 

injection of ELP-VEGF, the pigs were euthanized by an overdose injection of sodium 

pentobarbital (100mg/kg), and the organs were removed for analysis. Whole-organ ex vivo 
fluorescence imaging was conducted on kidneys, liver, spleen, lungs, and heart using an 
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IVIS Spectrum (Caliper Life Sciences, Perkin Elmer) with 535 nm excitation, 580 nm 

emission, and auto exposure. Mean fluorescence radiant efficiency was determined for each 

organ using Living Image Software (Caliper), as described18. The mean fluorescence radiant 

efficiency was corrected for autofluorescence (by subtracting the autofluorescence values for 

each organ determined from an untreated pig) and fit to a standard curve of the fluorescently 

labeled protein. Data represent the mean±SEM. Plasma levels were determined by direct 

fluorescence detection in undiluted plasma using a fluorescence plate reader and 

Nanoquant® plate (Tecan). Plasma fluorescence was fit to a standard curve made from serial 

dilutions of known quantities of the same batch of fluorescently labeled ELP-VEGF.

Renal and liver toxicity of systemic ELP-VEGF therapy—Plasma samples obtained 

during biodistribution studies at 0 hour and 4 hours after injection, and plasma samples 

obtained pre-treatment after 6 weeks of RVD and then 4 weeks after single IV 

administration were used to assess acute and chronic effects on renal (blood urea nitrogen –

BUN-, creatinine, and BUN/Creatinine) and liver (alanine aminotransferase -ALT-, aspartate 

aminotransferase –AST-, gamma-glutamyl transferase –GGT-, and lactate dehydrogenase –

LDH-) function.

In vivo renal functional studies

Twenty juvenile domestic pigs (sus scrofa domestica) were used for the study, which lasted a 

total of 10 weeks. In 13 pigs, unilateral RVD was induced (by renal artery stenosis) and 

blood pressure continuously measured by telemetry, as described9, 13, 14, 18. Six weeks after 

induction of RVD, the degree of renal artery stenosis was quantified in all pigs by renal 

angiography, as shown9, 13, 14, 18. In vivo helical MDCT flow studies were then performed 

for quantification of basal single-kidney blood flow (RBF), regional perfusion, and 

glomerular filtration rate (GFR), as described9, 13, 14, 18. Immediately after completion of the 

MDCT studies, and while still under anesthesia, all RVD animals were treated with a single 

intravenous infusion of vehicle (RVD, n=7) or ELP-VEGF (1mg/kg, RVD+ELP-VEGF, 

n=6) through a catheter placed in the ear vein. All animals were monitored during ELP-

VEGF administration to determine the potential impact on heart rate and blood pressure 

during injection. Additional animals were used as normal controls (Normal, n=7). Blood was 

collected (at 6 and 10 weeks) to measure plasma creatinine following vendors’ instructions. 

Pigs were then observed for 4 additional weeks and then MDCT in vivo studies repeated. 

After completion of all the in vivo studies, the pigs were euthanized and kidneys, liver, 

spleen, and hearts removed. All organs were carefully examined at necropsy to determine 

whether ELP-VEGF therapy induced development of tumors or aberrant vascularization. No 

gross tumor formation was observed in any of the organs. After inspection, tissues were 

processed and ex vivo studies performed, as shown9, 13, 14, 18.

High-resolution CT imaging

MDCT analysis was used to calculate single-kidney RBF (mL/min), GFR (mL/min), 

cortical and medullary perfusion (mL/minute/cc tissue), using previously validated 

methods18, 40, 41.
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Micro-CT reconstruction and quantification of renal MV density was performed as 

extensively described10, 12, 18, 42.

Ex vivo studies—Expression and renal morphology were assessed in Normal, RVD and 

RVD+ELP-VEGF pigs.

Western blotting—Standard blotting protocols were followed, as described9, 18, 43, to 

determine renal expression of pro-angiogenic hypoxia-induced factor (HIF)-1α, VEGF 

(Santa Cruz, CA, 1:200), hepatocyte growth factor (HGF; Abcam, Cambridge, UK, 1:200), 

the specific VEGF and HGF receptors Flk-1 (Santa Cruz, CA, 1:200 for all) and cMet 

(Abbiotec, San Diego, CA, 1:200), total and phosphorylated (p)-eNOS (Cell Signaling, 

1:500, Danvers, MA, 1:500), ERK ½ and akt (Santa Cruz, CA, 1:200).

Immunostaining and renal morphology—Mid-hilar 5 μm cross sections of each 

kidney (1 per animal) stained with trichrome were examined to quantify (using Image J 

1.45s, National Institutes of Health, USA) tubule-interstitial fibrosis, glomerulosclerosis, and 

media-to-lumen ratio, as shown9, 18, 43. Fraction of apoptotic cells was quantified by 

TUNEL, as previously shown43. Finally, immunoreactivity against progenitor cells markers 

Oct-4 (Abcam, Cambridge, UK, 1:100), CD 34 (Aviva Systems Biology, CA, 1:100), and 

SDF-1 (Santa Cruz, CA, 1:100) was performed in paraffin-embedded renal sections 

following vendor’s instructions and quantified using Image J 1.45s, National Institutes of 

Health, USA.

Statistical Analysis—Results are expressed as mean ± SD or SEM as indicated. 

Comparisons within groups were performed using paired student’s t-test, and among groups 

using one-way ANOVA, with Bonferroni correction for multiple comparisons. Statistical 

significance was accepted for p≤0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Organ biodistribution and plasma clearance of ELP-VEGF in the pig
A. Three pigs (average weight 30 kg) were given fluorescently labeled ELP-VEGF by direct 

intra-venous administration (ear vein). Organ biodistribution was determined 4 hours after 

injection by ex vivo whole organ fluorescence imaging imaging (A, scale bar = 5 cm) and 

quantification (B). Plasma was sampled intermittently during the 4-hour experiment, and 

ELP-VEGF levels were determined by direct fluorescence measurement (C).
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Figure 2. Systemic administration of ELP-VEGF improved renal hemodynamics and function in 
the stenotic kidney compared to pretreatment-/placebo values
Effect of systemic ELP-VEGF on RBF, GFR, (table, absolute pre- and post-treatment values, 

and percent change after treatment/placebo) and plasma creatinine (bar graph, percent 

change after treatment) in normal, renovascular disease (RVD), and RVD+ELP-VEGF 

treated kidneys. * p<0.05 vs. Normal; † p<0.05 vs. RVD; ‡ p<0.05 vs. 6 weeks; # p=0.07 vs. 

6 weeks.

RBF: renal blood flow; GFR: glomerular filtration rate.
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Figure 3. Systemic administration of ELP-VEGF improved renal cortical microvascular density 
and remodeling in the stenotic kidney
A. Representative pictures of renal microvascular (MV) density (stenotic kidney, 3D micro-

CT reconstruction, MV diameter ≤ 500 μm, A) and MV remodeling (stenotic kidney, media 

to lumen ratio, B) in normal, renovascular disease (RVD), and RVD+ELP-VEGF treated 

kidneys. * p<0.05 vs. Normal; † p<0.05 vs. RVD; ^p=0.06 vs. Normal.
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Figure 4. Systemic administration of ELP-VEGF improved angiogenic signaling and stimulated 
progenitor cells in the stenotic kidney
4A) Representative renal protein expression (2 bands per group) and quantification of 

vascular endothelial growth factor (VEGF) and its receptor Flk-1 (top), hypoxia induced 

factor (HIF)-1α, hepatocyte growth factor (HGF), and HGF receptor cMet (middle), and 

total and phosphorylated (p)-akt, ERK ½, and endothelial nitric oxide synthase (eNOS, 

bottom) in normal, RVD and RVD+ELP-VEGF stenotic kidneys. 4B) Representative 

pictures of immunoreactivity against Oct-4 (40x), stromal-derived factor (SDF)-1 (20x), and 

CD-34 (20x) and quantification in normal, RVD and RVD+ELP-VEGF stenotic kidneys. * 

p<0.05 vs. Normal; † p<0.05 vs. RVD; #p>0.1 vs. RVD.
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Figure 5. Systemic administration of ELP-VEGF attenuated renal apoptosis and fibrosis in the 
stenotic kidney
Representative stenotic kidney pictures (x40), showed as examples to illustrate and quantify 

the fraction of apoptotic cells (TUNEL, A) and fibrosis (trichrome, B) in the stenotic kidney 

after ELP-VEGF therapy or placebo. * p<0.05 vs. Normal; † p<0.05 vs. RVD.
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Figure 6. Systemic administration of ELP-VEGF did not result in significant changes in off-
target expression of angiogenic factors
Comparative protein expression and quantification (2 representative bands per group) of 

vascular endothelial growth factor (VEGF), its receptor Flk-1, HGF-receptor cMet, total and 

phosphorylated (p)-akt, ERK ½, and endothelial nitric oxide synthase (eNOS) in the 

contralateral kidney, liver, spleen, and heart of untreated and ELP-VEGF IV treated pigs. 

#p=0.06 vs. RVD.
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Table 1

Parameters of renal and liver function (mean ± SEM) at time 0 and 4 hours after administration of ELP-VEGF 

intravenous injection (single dose, 1 mg/kg) for pharmacokinetics and biodistribution studies.

Parameter Plasma - Baseline Plasma - 4 hours Range P value

BUN (mg/dL) 5.3±0.6 5.33±0.3 8–24 mg/dL 0.9

Creatinine (mg/dL) 1.2±0.1 1.3±0.1 1–3 mg/dL 0.69

BUN/Creatinine ratio 4.56±0.5 4.39±0.6 0.85

ALT (U/L) 38.0±7.7 34.5±4.6 31–58 U/L 0.73

AST (U/L) 29.3±6.7 34.7±9.9 32–84 U/L 0.68

GGT (U/L) 42.3±13.3 32.0±10.8 10–60 U/L 0.57

LDH (U/L) 484.3±159.8 513.0±121.5 380–630 U/L 0.89

*
p<0.05 4 hours vs. Baseline

BUN: blood urea nitrogen

ALT: alanine aminotransferase

AST: aspartate aminotransferase

GGT: gamma-glutamyl transferase

LDH: lactate dehydrogenase
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Table 2

Body weight, degree of stenosis, mean arterial pressure, renal vascular resistance, and renal cortical and 

medullary volumes (mean ± SEM) in normal, RVD, and RVD pigs before treatment (6 weeks after induction 

of RVD or sham operation) and four weeks after saline or ELP-VEGF treatment (10 weeks) (n=6–7 per 

group).

Parameter Normal RVD RVD+ELP-VEGF

Pre-treatment values (6 weeks)

Body weight (kg) 43.2±3.8 45.1±2.1 46.6±2.8

Degree of stenosis (%) 0.0±0.0 75.1±7.2* 73.7±9.3*

MAP (mm/Hg) 96.0±2.4 139.1±9.3* 142.5±10.3*

RVR (mmHg/mL/min) 0.21±0.02 0.58±0.04* 0.64±0.05*

Cortical volume (cc) 117.8±7.0 60.4±6.3* 61.8±7.2*

Medullary volume (cc) 34.0±5.3 17.4±2.0* 18.1±1.9*

Post-Treatment values (10 weeks)

Body weight (kg) 51.3±5.2 54.2±2.9 54.5±2.8

Degree of stenosis (%) 0.0±0.0 74.9±6.5* 75.2±8.7*

MAP (mm/Hg) 100.1±1.9 150.4±10.4* 142.4±3.8*

RVR (mmHg/mL/min) 0.19±0.01 0.56±0.07* 0.47±0.06* †

Cortical volume (cc) 96.3±6.3 64.3±8.7* 64.2±5.9*

Medullary volume (cc) 31.1±6.5 18.4±2.1* 21.2±7.0*

*
p<0.05 vs. Normal;

†
p<0.05 vs. RVD.

MAP: mean arterial pressure, RVR: renal vascular resistance
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Table 3

Kidney and liver parameters (mean ± SEM) after 6 weeks of RVD (before treatment) and then 4 weeks after 

administration of ELP-VEGF intravenous injection (efficacy studies, single dose, 1 mg/kg).

Parameter Plasma-6 weeks Plasma-10 weeks Normal Range P value

BUN (mg/dL) 8.3±0.7 5.0±0.5 8–24 mg/dL 0.03*

Creatinine (mg/dL) 1.4±0.1 1.5±0.08 1–3 mg/dL 0.64

BUN/Creatinine ratio 6.1±0.5 3.4±0.1 0.04*

ALT (U/L) 43.7±6.5 50.7±3.7 31–58 U/L 0.91

AST (U/L) 38.0±2.2 32.3±3.3 32–84 U/L 0.16

GGT (U/L) 32.3±4.3 29.0±2.3 10–60 U/L 0.70

LDH (U/L) 488.7±19.6 487.3±63.9 380–630 U/L 0.91

*
p<0.05 10 vs. 6 weeks (pre-treatment)

BUN: blood urea nitrogen

ALT: alanine aminotransferase

AST: aspartate aminotransferase

GGT: gamma-glutamyl transferase

LDH: lactate dehydrogenase
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