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Abstract

Chronic kidney disease (CKD) universally associates with renal microvascular rarefaction and 

inflammation, but whether a link exists between these two processes is unclear. We designed a 

therapeutic construct of vascular endothelial growth factor (VEGF) fused to an elastin-like 

polypeptide (ELP) carrier and show that it improves renal function in experimental renovascular 

disease. We test the hypothesis that ELP-VEGF therapy will improve CKD, and that recovery will 

be driven by decreasing microvascular rarefaction partly via modulation of macrophage phenotype 

and inflammation.

CKD was induced in 14 pigs, which were observed for 14 weeks. At 6 weeks, renal blood flow 

and filtration were quantified using multidetector computed tomography, then pigs received single 

intra-renal ELP-VEGF or placebo (n=7 each). Renal function was quantified again 4 and 8 weeks 

later. Pigs were euthanized and renal microvascular density, angiogenic and inflammatory markers, 

fibrosis, macrophage infiltration and phenotype were quantified.

Loss of renal hemodynamics in CKD was progressively recovered by ELP-VEGF therapy, 

accompanied by improved renal microvascular density, fibrosis, and expression of inflammatory 

mediators. Although renal macrophage infiltration was similar in both CKD groups, ELP-VEGF 

therapy distinctly shifted their phenotype from pro-inflammatory M1 to VEGF-expressing M2.
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Our study unravels potential mechanisms and feasibility of a new strategy to offset progression of 

CKD using drug-delivery technologies. The results indicate that renal recovery after ELP-VEGF 

therapy was largely driven by modulation of renal macrophages towards VEGF-expressing M2 

phenotype, restoring VEGF signaling and sustaining improvement of renal function and 

microvascular integrity in CKD.

Summary

Patients with chronic kidney disease (CKD) have higher risk of cardiovascular complications and 

early mortality than non-CKD patients, irrespective of the etiology. Using a translational swine 

model of CKD, we showed the therapeutic potential of ELP-VEGF therapy to induce a sustained, 

progressive renal recovery that outlasted the life of the therapeutic construct. Our results suggest 

that renoprotective effects of ELP-VEGF therapy are partly through long-term suppression of renal 

inflammation via a shift in renal macrophages to M2 phenotype, thereby attenuating further MV 

dysfunction and fibrosis and inducing renal recovery.
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Introduction

Chronic kidney disease (CKD) is a progressive condition affecting nearly 15% of the general 

U.S. population and accounting for almost $100 billion in Medicare costs annually1. Patients 

with CKD have longer and more frequent hospitalizations and have higher risk of 

cardiovascular complications and early mortality than non-CKD patients1. The etiology of 

CKD is diverse, with the most commonly identified causes being hypertension and diabetes 

(32% and 40% of CKD patients, respectively)1, 2. There is no definitive treatment for CKD 

and management is focused on mitigation of these and other risk factors to slow its 

progression3. Hence, development of novel therapeutic strategies to offset the progressive 

traits of CKD may significantly reduce the burden on the healthcare system and improve 

patient outcomes.

The pathophysiology of renal injury in CKD involves several factors that contribute to the 

progressive nature of the disease such as hyperfiltration, hypoperfusion, accumulation of 

toxins, and autoimmunity, among others4. This heterogeneous group of insults converges on 

a common pathway which involves deterioration of renal microvascular (MV) integrity and 

subsequent development of fibrosis towards CKD5, 6. Indeed, progressive damage and loss 

of the renal microcirculation is a major pathological feature in CKD that correlates with the 

progression of renal injury7, 8. Furthermore, renal MV endothelial cells are highly 

susceptible to ischemic insults and have poor regenerative capacity9. We showed in a swine 

model of chronic renovascular disease that MV rarefaction develops in a context of impaired 

angiogenic signaling, likely driven by reduced bioavailability of vascular endothelial growth 

factor (VEGF) in the ischemic kidney10, 11. We also showed that intrarenal administration of 

VEGF stimulates angiogenesis, MV repair, improves MV density, renal blood flow (RBF), 

glomerular filtration rate (GFR), fibrosis, and attenuates hypertension in renovascular 
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disease10. These promising results suggest that stimulating repair of the renal 

microvasculature using pro-angiogenic biologic agents may be a viable strategy in CKD. 

However, such a therapeutic approach for CKD has never been investigated.

Elastin like polypeptides (ELP) are protein-based carriers composed of a pentapeptide repeat 

(VPGxG) where x is any amino acid except proline12. They are genetically encoded and 

may be easily produced by E. coli with control over amino acid sequence and molecular 

weight13. ELPs show promise as drug delivery vectors for kidney disease as they can be 

easily conjugated to various peptide or small molecule therapeutics14, 15, and they naturally 

accumulate in the kidney16. Furthermore, they protect their cargo, acting to enhance half-life 

and prolong their therapeutic effect13, 15. We recently developed an ELP-VEGF construct 

and demonstrated the renal targeting characteristics, safety, and therapeutic efficacy of a 

single administration in a swine model of chronic renovascular disease to be more effective 

than free VEGF17, 18.

Inflammation is a major pathological feature of CKD that contributes to disease progression 

and cardiovascular and all-cause mortality19, 20. Macrophages of the innate immune system 

are key players in both inflammatory and healing responses in the kidney21. As macrophages 

infiltrate into damaged tissue they undergo polarization to a pro-inflammatory M1 

phenotype characterized by increased phagocytic and microbicidal activity22–24, to later re-

polarize to an M2 phenotype defined by release of anti-inflammatory mediators, growth 

factors, and angiogenic cytokines to facilitate the healing process22–24. Tumor studies have 

shown that VEGF plays a role in attracting and polarizing M2-like macrophages to suppress 

inflammatory responses and enhance angiogenesis25. Whether modulation of renal 

macrophage phenotype may be mechanistically related to recovery of renal function after 

VEGF therapy is unknown. Thus, the current study was designed to determine the efficacy 

and potential mechanisms of ELP-VEGF therapy in a large animal model of CKD developed 

in our laboratory26 that mimics the major pathological features of human CKD, including 

loss of renal function (comparable to CKD stage 2–3a), renal inflammation, microvascular 

rarefaction, and fibrosis26, which are observed in all forms of CKD irrespective of the 

etiology. We hypothesize that ELP-VEGF will improve renal hemodynamics and function in 

CKD, and that this recovery will be driven in part by modulation of renal macrophage 

phenotype to suppress inflammation and enhance angiogenesis.

Concise methods (for additional details, please see supplementary methods): The authors 

declare that all data and supporting materials have been provided with the published article.

Experimental design and in vivo studies

All studies were approved by the Institutional Animal Care and Use Committee at the 

University of Mississippi Medical Center. Twenty-one juvenile pigs (sus scrofa domesticus) 

were studied for a total of 14 weeks. We induced CKD in 14 pigs through bilateral renal 

artery stenosis and a high cholesterol diet that was initiated immediately after induction of 

the stenosis and maintained for 14 weeks, as described26. Blood pressure was measured 

continuously by telemetry (Data Sciences International, St. Paul, MN), as described17, 27. 

An additional 7 pigs underwent sham surgery, were fed a normal diet, and served as normal 

controls.
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Six weeks after induction of CKD, pigs were anesthetized with intramuscular telazol and 

xylazine, intubated, and mechanically ventilated. Anesthesia was maintained with a 

ketamine/xylazine mixture in normal saline via an ear cannula. Renal hemodynamics were 

quantified in vivo using contrast-enhanced multidetector computed tomography (MDCT). 

Time-density curves were plotted to calculate renal blood flow (RBF), glomerular filtration 

rate (GFR), total and regional perfusion, as previously shown and validated17, 26, 28–30. 

Cortical and medullary volume (each kidney) and renal vascular resistance were quantified, 

as shown17, 26, 28–30.

Following quantification of renal function at 6 weeks, a single intra-renal administration of 

ELP-VEGF (100 μg/kg) or vehicle was injected through a balloon lumen into the kidneys 

over two minutes. Renal hemodynamics were again quantified at 10 and 14 weeks (4 and 8 

weeks post-treatment, respectively).

After 14 weeks of observation, pigs were euthanized (phenobarbital overdose under 

anesthesia), and kidneys were harvested and prepared for ex vivo morphometric analysis, 

protein expression (immunohistochemistry, immunoblotting) of inflammatory, fibrotic, and 

angiogenic factors, and MV density quantification using Micro-CT. Blood and urine were 

also collected to assess serum creatinine and urinary markers of renal injury neutrophil 

gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1).

Ex Vivo Studies

Renal microvascular density and architecture

Following euthanasia, kidneys were perfused with heparinized saline followed by a polymer 

contrast agent (Microfil MV122), and samples were scanned using a Micro-CT (SkyScan 

1076) at a resolution of 9 μm. Analyze™software was used to generate 3D reconstructions 

and subsequently quantify MV density of microvessels between 0–500 μm in the cortex and 

medulla, as described10, 17, 26, 31.

Protein expression

Western blotting was performed in renal homogenates, as described17, 18, 26 to quantify 

expression of VEGF, its receptor Flk-1, phosphorylated nuclear factor kappa B (p-NFkB), 

IkB, transforming growth factor-β (TGF-β), connective tissue growth factor (CTGF), and 

tissue inhibitor of metalloproteinase-1 (TIMP-1). Protein expression was quantified relative 

to beta-actin.

Immunohistochemistry

Paraffin-embedded mid-hilar 5 μm kidney sections from each animal were used to perform 

immunohistochemistry, as detailed26, for CD68 (1/50), indoleamine-2,3-dioxygenase (IDO, 

1/50), and mannose receptor-c type 1 (MRC1, 1/50) to identify M1 and M2 macrophages 

respectively as their expression is highly conserved between pigs and humans23, 32, 33. 

Kidney sections were concurrently stained with mouse anti-CD68, rabbit anti-MRC1, and 

goat anti-IDO followed by species appropriate Alexa Fluor-488, 547, and Cy5 secondary 

antibodies. Cells were counted using confocal microscopy. Cells positive for both CD68 and 

IDO or MRC1 were considered M1 or M2 macrophages respectively.
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These experiments were extended by additional renal sections co-stained for M1/M2 

macrophages and NF-κB (1/100 dilution). Mean fluorescence intensity of NF-κB was 

quantified using confocal microscopy. Another set of renal sections co-stained for M1 (IDO) 

or M2 (MRC1) macrophages and VEGF (1/100 dilution) were used to identify macrophages 

co-expressing IDO/VEGF or MRC1/VEGF. Macrophage VEGF expression was quantified 

by mean fluorescence intensity of VEGF staining in manually traced M1 and M2 

macrophages from CKD and CKD ELP-VEGF pigs.

Renal morphometric analysis

Mid-hilar paraffin-embedded 5 μm kidney sections from each pig were stained with 

trichrome26, 34, and morphometric analysis was performed to quantify glomerulosclerosis, 

tubulointerstitial fibrosis, and media-to-lumen ratio, as described11, 35.

In vitro studies: VEGF and macrophage polarization

Human monocytes were differentiated into M1 or naïve M0, exposed to hypoxia, and treated 

with VEGF to assess phenotype and VEGF expression using quantitative PCR. For details 

please refer to supplementary methods.

Statistical analysis

Power analysis of prior renal hemodynamics data revealed that a minimal n=6 per group was 

sufficient to detect a difference of 11% among groups at 80% power with an alpha=0.05 

Results are expressed as mean ± SEM. Treatment groups were compared using one-way 

ANOVA with post-hoc Tukey’s or Fisher (as indicated in Figure legends) for multiple 

comparisons. Statistical significance was accepted for p≤0.05.

Results

General Characteristics

Body weights of pigs in all groups were similar at conclusion of the study. Mean arterial 

pressure (MAP) was similarly elevated in CKD and CKD ELP-VEGF pigs prior to treatment 

at 6 weeks (Table 1A). The degree of renal artery stenosis remained unchanged after 6, 10, 

and 14 weeks of observation in both CKD groups.

Pre- and post-treatment MDCT-derived quantification of renal hemodynamics in vivo

By the time of treatment at 6 weeks, CKD and CKD ELP-VEGF pigs showed a similarly 

significant loss of RBF (−43.2% and −41.4% respectively, p < 0.05 vs. normal) and GFR 

(−50.7% and −49.6% respectively, p < 0.05 vs. normal; Figure 1A–B). These changes were 

associated with significant reductions in renal perfusion and elevated RVR (Table 1A).

At 10 weeks (4 weeks after treatment), CKD ELP-VEGF pigs showed significant 

improvement of RBF (+31.6% vs. 6 weeks, p < 0.05) and GFR (+47.4% vs. 6 weeks, p < 

0.05) compared to untreated CKD (p=NS). Interestingly, at 14 weeks, RBF (+65.8% vs 6 

weeks, p < 0.05) and GFR (+61.1% vs 6 weeks, p < 0.05) seem to continue their 

improvement even 8 weeks after treatment (Figure 1A–B), suggesting a long-term and 

sustained recovery.
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On the other hand, RBF and GFR in untreated CKD pigs remained unchanged at 14 weeks 

(+1.3% and +1.4%, respectively, p=NS vs. 6 weeks), showing persistent loss of renal 

hemodynamics observed at 6 weeks (−44.4% and −49.4%, respectively, p < 0.05 vs. normal) 

that implies sustained renal injury. One pig from the CKD ELP-VEGF group died 

unexpectedly (unrelated to treatment) on week 12, resulting in n=6 at 14 weeks for that 

group (Figure 1A–B).

Furthermore, ELP-VEGF therapy in CKD was also associated with improved serum 

creatinine and urinary KIM-1 and NGAL (Figure 1C). Moreover, a significant improvement 

in renal perfusion and RVR at 14 weeks was followed by a trend towards attenuation of 

hypertension (Table 1B). On the other hand, no significant changes in any of these 

parameters were observed in untreated CKD throughout 14 weeks of observation.

Ex Vivo Studies

Renal microvascular architecture

Renal MV density (vessels < 500 μm in diameter) was reduced in both cortex and medulla of 

CKD kidneys compared to normal (Figure 2A and B), associated with increased media-to-

lumen ratio and decreased protein expression of VEGF but not its receptor Flk-1 (Figure 2C 

and D). On the other hand, ELP-VEGF therapy in CKD significantly improved renal MV 

density compared to untreated CKD (more evident on vessels < 200 μm in diameter, but also 

with a strong positive trend on vessels between 200–500 μm), accompanied by improved 

media-to-lumen ratio and expression of VEGF and Flk-1 (Figure 2A–D).

Renal Inflammation and characterization of macrophages

Abundant macrophages were observed in all CKD kidneys, independent of the treatment/

placebo. As shown in Figure 3, the total number of renal macrophages in CKD and CKD 

ELP-VEGF was similar. Interestingly, CD68+ macrophage infiltration in CKD was 

predominantly polarized to an M1 phenotype (IDO+, MRC1-, Figure 3A–B) densely 

expressing NF-κB (Supplementary Figure S1A–C), whereas in the ELP-VEGF treated 

kidneys, the macrophages were clearly polarized to a M2 (IDO-, MRC1+) phenotype 

(Figure 3A–B). These M2 macrophages had significantly reduced NF-κB expression 

(Supplementary Figure S1A–C) and enhanced VEGF immunoreactivity (Figure 4A–C), as 

clearly observed in the 3D full Z-stack (Supplementary video SV1). Accumulation of 

VEGF-expressing M2 macrophages after ELP-VEGF therapy were observed in glomeruli 

and peritubular spaces.

VEGF and Macrophages polarization in vitro

VEGF exposure under hypoxia significantly increased expression of the M2 macrophage 

marker MRC1 only in naïve M0 but not in M1, which was associated with increased VEGF 

expression, suggesting a direct effect of VEGF on M0 to M2 differentiation (Supplementary 

Figure S2).
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Renal expression of fibrogenic factors and fibrosis

Significant renal fibrosis was observed throughout renal compartments in untreated CKD 

(Figure 5A–B), but was improved in ELP-VEGF treated pigs, predominantly in the 

tubulointerstitial and glomerular compartments. Concomitantly, renal expression of pro-

fibrotic factors CTGF and TIMP-1 were also improved after ELP-VEGF therapy in CKD, 

whereas TGF-β remained elevated (Figure 5C).

Discussion

The damage of the renal microcirculation is a universal pathological feature in CKD that 

plays a pivotal role in the pathogenesis of CKD, yet there are no available treatments which 

target MV dysfunction and loss. The present study supports the potential and shows the 

efficacy of a new therapeutic strategy using drug-delivery technology to recuperate renal 

function in CKD. We tested this approach using our translational swine model of CKD26 

that displays major common pathological attributes observed in CKD regardless of the 

etiology. A single dose of ELP-VEGF induced a sustained, progressive renal recovery which 

far outlasted the life of the injected construct. Our study thus shows for the first time that 

ELP-VEGF-driven MV healing may be a feasible strategy in CKD and that effects of VEGF 

on renal macrophage phenotype and inflammation may be a distinct underlying mechanism 

of renal recovery, MV protection, and reduction of renal injury.

Prior to treatment, all CKD pigs showed a significant loss of RBF and GFR (comparable to 

human CKD stage 236) which associated with increased MAP and serum creatinine. We 

observed, 4 weeks after treatment, that ELP-VEGF improved RBF and GFR, which is 

consistent with previous studies using ELP-VEGF in a model of unilateral renovascular 

disease17, 18. Recovery of GFR in CKD patients is uncommon (observed in about 25% of 

patients under nephrology care) and occurs more frequently at earlier stages37. This is the 

first study using this model in which renal function has been sequentially quantified with a 

longitudinal follow-up 4 and 8 weeks after VEGF administration. Notably, we observed that 

improvement of RBF and GFR occurred in a stepwise fashion 4 and 8 weeks after ELP-

VEGF therapy and was associated with attenuated hypertension and reduced creatinine. 

Renal recovery was further evidenced by improved urinary concentration of markers of renal 

injury KIM-1 and NGAL38, 39. If compared to human CKD, the ELP-VEGF treated pigs had 

improved to CKD stage 1 while untreated pigs remained stage 2 by the completion of the 

14-week study. Given that loss of nephrons is irreversible, it is possible that recovery of 

renal function occurs via regaining of “hibernating” renal parenchyma (i.e. damaged but 

recoverable nephrons)40, 41. We propose that by protecting the renal microvasculature, ELP-

VEGF improves blood flow to recoverable parenchyma, leading to the regaining of function 

and subsequent regression of CKD stage observed in our model.

We showed that the ELP-VEGF construct has a prolonged half-life compared to free 

VEGF18 and that a single ELP-VEGF treatment should be fully cleared from the body 

within three days. Interestingly, our study shows that RBF and GFR continued to improve 4 

and even 8 weeks after treatment in CKD, long after the ELP-VEGF had been administered 

and likely cleared. VEGF is a potent angiogenic cytokine which plays a pivotal role in 

maintenance of MV integrity. Signaling through the Flk-1 receptor, VEGF induces 
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endothelial proliferation and tube formation to stimulate neovascularization and acts as a 

pro-survival factor to maintain existing MV networks42. We observed a considerable 

improvement in cortical and medullary MV density after intra-renal ELP-VEGF therapy 

compared to placebo, which was most pronounced among small diameter vessels (under 

200μm) but also showed improvements in larger cortical microvessels as well (200–500 μm). 

This more pronounced effect on MV density of smaller vessels first agrees with previous 

studies indicating that VEGF induces MV sprouting from pre-existing vessels (angiogenesis) 

rather than de novo vasculogenesis10, 17. Supported by the micro-CT resolution, the effects 

ELP-VEGF therapy on the renal MV network may have likely included, at least, 

interlobular, afferent and efferent arterioles, glomerular and peritubular capillaries. Notably, 

we also observed a reduced intra-renal MV media-to-lumen ratio after ELP-VEGF therapy, 

suggesting attenuated MV remodeling and protection of the existing vasculature as well. 

Paired with the significant improvement in renal hemodynamics after ELP-VEGF, these 

findings support a prominent role of the renal MV integrity on both CKD pathophysiology 

and recovery prospects.

A recent clinical study in 1,444 patients undergoing cardiac surgery shows that higher levels 

of circulating VEGF associates with lower cardiovascular and renal (e.g. acute kidney 

injury) mortality risk43. In line with those provocative findings, our study support the notion 

that single ELP-VEGF therapy may activate a long-term endogenous mechanism of MV 

repair that contributes to the progressive functional recovery and that reversal of MV 

rarefaction in CKD has a distinct functional consequence. A potential underlying 

mechanism of this prolonged recovery may involve an effect of VEGF on macrophage 

phenotype and inflammation. Inflammation is closely linked to renal function and predicts 

further decline in CKD19, 20. NF-κB is a transcription factor with a central role in 

controlling inflammation, cell proliferation and survival44. NF-κB is normally found in the 

cytoplasm bound by its inhibitor IκB. In events of cellular stress, IkB becomes ubiquitinated 

and is subsequently targeted to the proteasome for degradation, thereby allowing NF-κB to 

translocate to the nucleus and stimulate transcription of pro-inflammatory genes45. We 

showed that diet-induced dyslipidemia favors renal inflammation by increasing NF-κB 

activity via stimulating proteasome degradation of IκB46, 47 and that increased renal 

inflammation and NF-κB expression are present in renovascular disease48 and in the CKD 

model26. We observed upregulation of the renal NF-κB /IκB pathway in untreated CKD, 

accompanied by dense staining of NF-κB in renal macrophages. Given that NF-κB is known 

to induce M1 macrophage differentiation49, 50, up-regulation of NF-κB in our model26 may 

likely be a major force stimulating differentiation of macrophages to an injurious M1 

phenotype.

M1 macrophages are often considered deleterious as they sustain the pro-inflammatory 

environment, leading to progression of renal injury and development of fibrosis51–53. M1 

macrophages in the CKD kidney may release inflammatory cytokines and worsen vascular 

dysfunction51, further stimulating M1 polarization in a feed-back mechanism49. In contrast, 

M2 macrophages are frequently involved in renal repair and functional recovery23, 54. An 

abundance of pro-inflammatory M1 macrophage infiltration is characteristic of CKD, and 

failure of these cells to switch to an M2 phenotype is associated with further deterioration of 

renal function26, 51. Based on the observed effect of VEGF on macrophage polarization in 
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tumor studies, it is possible that ELP-VEGF interaction with Flt-1 on macrophages directly 

stimulates M2 differentiation25. Indeed, VEGF has been shown to facilitate development of 

tumor-associated macrophages (closely analogous to M2s), which have been subsequently 

shown to enhance local vascularization and suppress immune activation25, 55. These effects, 

while deleterious in cancer, could prove to be beneficial in kidneys afflicted by MV injury 

and inflammation as observed in CKD. Furthermore, a recent study shows that VEGF may 

exert a negative regulation of NF-κB signaling56. Thus, a transient burst of VEGF as used in 

our study may have provided sufficient anti-inflammatory stimulus to break a likely vicious 

cycle of M1 polarization and inflammation in CKD. Supporting this, the results of our in 
vitro study of macrophage polarization demonstrate a direct effect of VEGF to polarize 

macrophages to an M2 phenotype and increase angiogenic potential (Supplementary Figure 

S2). However, given the transient nature of the construct, the administered ELP-VEGF and 

its short-term effects on renal VEGF concentration and downstream signaling are unlikely to 

be reflected in the ex vivo analysis of tissues collected 8 weeks after treatment (Figure 2D). 

As such, the relatively modest increase in Flk-1 and VEGF expression by western blot 

possibly reflects an increased overall number of endothelial cells expressing the Flk-1 

receptor and improved endogenous VEGF production, as the administered VEGF has been 

long since cleared. The shift of renal macrophages to an M2 phenotype following ELP-

VEGF therapy was associated with significant M2 immunoreactivity of VEGF and recovery 

of renal VEGF expression, implying that M2 macrophages may help to restore angiogenic 

signaling and MV integrity in CKD. This potential role of VEGF in development of a 

trophic macrophage phenotype supports a novel mechanism of renal MV recovery.

Our results indicate that therapeutic effects of ELP-VEGF in CKD may be partly mediated 

by polarization of macrophages to an M2 phenotype, thereby suppressing renal 

inflammation, contributing to MV proliferation and repair, and consequently enhancing 

functional recovery. Nevertheless, it is interesting that the total number of renal macrophages 

was similar but the phenotype was different after ELP-VEGF therapy, suggesting that VEGF 

did not interfere with macrophage recruitment. Hence, it is possible that the change in 

macrophage phenotype after ELP-VEGF therapy may reflect salutary consequences of 

improved renal perfusion, resulting in a healthier, less pro-inflammatory renal parenchyma. 

We cannot exclude the possibility that effects of VEGF on macrophage polarization may 

possibly be concomitant to (or mediated by) direct effects of VEGF on neovascularization.

Development of renal fibrosis is likely an irreversible step in the progression of kidney 

disease. M2 macrophages are suggested to be a source of pro-fibrotic cytokines like TGFβ 
and have been proposed to significantly contribute to renal fibrosis57, 58. The increase in 

renal M2 macrophages may explain the unchanged renal expression of TGFβ. Nevertheless, 

M2 predominance after ELP-VEGF therapy was associated with attenuation of fibrosis and 

improved renal expression of other pro-fibrotic factors such as CTGF, and TIMP-1. Thus, 

our findings may align with the conclusions of Lech et al51, that persistent tubular 

inflammation and atrophy plays a prominent role in the development of renal fibrosis and 

that the beneficial immunomodulatory effects of M2 macrophages likely outweigh any direct 

pro-fibrotic effects.
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Limitations and Opportunities

In humans, CKD develops gradually over many years, with most CKD patients being over 

651. This makes it especially challenging to create a translational model that is 

physiologically accurate without using very long studies. Domestic pigs may continue to 

grow to over 300 kg in time, making long term studies difficult. The animals used in this 

study were juvenile pigs which grew from 30 kg to about 70 kg (roughly the size of an adult 

human) after 14 weeks but were still sexually immature. We showed the translational traits 

of our model, demonstrating major common pathological features of CKD that are present 

regardless of the initial insult26, but we believe that studies using older animals and later 

timepoints would be ideal to address potential roles of confounding biological variables such 

as aging. Similarly, given that the etiology of CKD is variable, future studies inducing 

additional insults that may exacerbate the progression of renal injury in CKD (e.g. diabetes, 

obesity59–62) will expand our current findings and may contribute to determine the extent 

and timely application of this novel therapeutic strategy and to move it towards potential 

clinical applications.

Perspectives

The results of this study support the feasibility of targeted VEGF therapy as a novel strategy 

for CKD. This study demonstrates the therapeutic potential of ELP-VEGF to recover renal 

MV integrity, hemodynamics, and function in a highly translational model of CKD and 

shows that ELP-VEGF therapy led to sustained, progressive recovery outlasting the life of 

the therapeutic construct. Our results also suggest that renoprotective effects are partly 

through suppression of renal inflammation by inducing a sustained shift in renal 

macrophages to an anti-inflammatory M2 phenotype, thereby attenuating further MV 

dysfunction and fibrosis and inducing renal recovery.

CKD awareness in patients is generally low and can advance undetected. Earlier recognition 

and intervention could slow progression, prevent complications, and reduce cardiovascular 

risk63, 64. Thus, the data presented in this study support the translational potential of ELP-

VEGF therapy to slow or partially reverse the progressive nature of CKD and to improve the 

prospects of renal recovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance

What Is New

• Our results support the feasibility of VEGF therapy to offset the progression 

or renal injury using a novel therapeutic construct of a drug-delivery vector 

(elastin-like polypeptide, ELP) fused to VEGF that was tested in a 

translational model of CKD.

• Our study provides mechanistic evidence that modulation of macrophage 

phenotype and renal inflammation by ELP-VEGF therapy plays a role in the 

sustained renal recovery.

What Is Relevant?

• Renal inflammation and microvascular (MV) rarefaction are major 

pathological features of CKD that are reproduced in the swine model used in 

this study. Targeting these pathways may thus present a novel therapeutic 

strategy for CKD.

• ELPs confer a distinctly higher renal accumulation and can be conjugated to 

nearly any peptide or small molecule therapeutics, offering the possibility of 

developing targeted therapies for renal pathologies beyond the application 

described herein.
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Figure 1. 
Renal blood flow (A) and glomerular filtration rate (B) in normal, CKD, and CKD ELP-

VEGF groups at 6, 10, and 14 weeks (n=6–7/group). Both RBF and GFR were dramatically 

reduced in all CKD animals at 6 weeks but progressively improved at 10 and 14 weeks (w) 

in ELP-VEGF treated pigs. C) Serum creatinine and urinary markers of renal injury KIM-1 

and NGAL (n=6–7 samples/group) were elevated in untreated CKD and attenuated in ELP-

VEGF treated pigs after 14 weeks of observation. *p<0.05 vs. normal; † p<0.05 vs. CKD; ‡ 

p<0.05 vs. 6 or 10 weeks (Single way ANOVA, Tukey).

# p=0.059 (NGAL, single-way ANOVA).
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Figure 2. 
Representative Micro-CT images of renal microvasculature, quantification of cortical and 

medullary microvascular density, and media-to-lumen ratio (A-C, n=6–7/group; single way 

ANOVA, Fisher), and renal protein expression of VEGF/Flk-1 (D, 2 representative bands per 

group, n=5–6/group; single way ANOVA, Tukey) from normal, CKD, and CKD ELP-VEGF 

pigs after 14 weeks of observation. MV density and media-to-lumen ratio in CKD were 

significantly improved by ELP-VEGF therapy compared to placebo, accompanied by 
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augmented expression of renal VEGF and the Flk-1 receptor. *p<0.05 vs. normal; † p<0.05 

vs. CKD.
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Figure 3. 
Representative immunostaining for markers of total (CD68, green), M1 (IDO, red), and M2 

(MRC1, blue) macrophages (A) and quantification of M1/M2 staining (B) from normal, 

CKD, and CKD ELP-VEGF pigs after 14 weeks of observation (n=6–7/group). Dense renal 

infiltration of macrophages was observed after 14 weeks of CKD, with a predominance of 

M1 macrophages over M2. Notably, although the number of renal macrophages remained 

elevated, there was a marked shift towards an M2 phenotype after ELP-VEGF therapy. Scale 

bar represents 20 μm. *p<0.05 vs. normal; † p<0.05 vs. CKD (Single way ANOVA, Tukey).
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Figure 4. 
A-B) Representative quantification (A) of renal cross sections showing co-immunoreactivity 

for M2 macrophages (MRC1, green), VEGFA (red), and DAPI (blue) from normal, CKD, 

and CKD ELP-VEGF pigs after 14 weeks of observation (n=6–7/group). B) Quantification 

of mean fluorescence intensity of VEGF staining in M1 and M2 macrophages. C) 

Representative magnified renal cross section showing glomerular cells displaying co-

immunoreactivity of MRC1, VEGFA and DAPI (n=6–7/group) treated with ELP-VEGF 

therapy. Normal kidneys showed dispersed VEGF staining, which was attenuated in CKD. 
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After ELP-VEGF therapy in CKD, significantly increased VEGF expression was observed 

predominantly inside of M2 macrophages. Although representative glomeruli are shown 

here, accumulation of VEGF-expressing M2 macrophages after ELP-VEGF therapy was 

also observed in the peritubular spaces. Scale bar: 20 μm. *p<0.05 vs. CKD M1 and CKD 

ELP VEGF M1; † p<0.05 vs. CKD M2 (Single way ANOVA, Tukey).
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Figure 5. 
Representative renal cross-sections stained with trichrome and morphometric analysis (A-B, 

n=6–7/group), and renal protein expression of TGF-β, CTGF, and TIMP-1 (C, 2 

representative bands per group, n=5–6/group) from normal, CKD, and CKD ELP-VEGF 

pigs after 14 weeks of observation. Dense peritubular and glomerular fibrosis in CKD was 

ameliorated by ELP-VEGF. This was associated with improved renal expression of pro-

Engel et al. Page 22

Hypertension. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fibrotic growth factors. *p<0.05 vs. normal; † p<0.05 vs. CKD (Single way ANOVA, 

Tukey).
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Table 1:

General characteristics of each group at 6 weeks (A, prior to treatment, (n=7/group) and at 14 weeks (B, 8 

weeks post-treatment, n=6–7/group).

1A Normal CKD CKD ELP-VEGF

Body weight (kg) 48.3 ± 5.6 49.4 ± 1.7 43.3 ± 3.3

Mean arterial pressure (mm Hg) 101 ± 5.3 128.7 ± 9.8* 137.7 ± 10.8*

Renal artery stenosis (%) 0 66.7 ± 2.9* 70.2 ± 3.6*

Tissue perfusion (mL/min/cc tissue) 4.4 ± 0.2 3.7 ± 0.2* 3.3 ± 0.3*

RVR (mm Hg/mL per min) 0.21 ± 0.03 0.29 ± 0.05* 0.44 ± 0.03*

Cortical volume (cc) 198.1 ± 13.3 127.0 ± 6.0* 145.2 ± 6.9*

Medullary volume (cc) 62.36 ± 1.7 46.5 ± 2.6* 44.2 ± 4.4*

1B Normal CKD CKD ELP-VEGF

Body Weight (kg) 62.3 ± 1.4 68 ± 2.1 62.2 ± 3.9

Mean arterial pressure (mm Hg) 106 ± 2.8 132.1 ± 1.9* 124.0 ± 4.3*

Tissue perfusion (mL/min/cm3 tissue) 4.7 ± 0.2 4.1 ± 0.2* 4.4 ± 0.5†

RVR (mm Hg/mL per min) 0.11 ± 0.4 0.28 ± 0.02 0.23 ± 0.02*†

Cortical volume (cm3) 210.9 ± 6.3 137.7 ± 5.2* 167.6 ± 15.8*†^

Medullary volume (cm3) 57.5 ± 4.8 48.2 ± 3.2* 55.4 ± 5.1†^

Values are expressed as mean ± SEM. Renal volume is presented as the sum of cortical or medullary area for both kidneys. RVR: Renal vascular 
resistance

*
p < 0.05 vs normal

†
p < 0.05 vs untreated CKD at 14 weeks

^
p < 0.05 vs 6 weeks (Table 1A).

Hypertension. Author manuscript; available in PMC 2020 November 01.


	Abstract
	Summary
	Introduction
	Experimental design and in vivo studies
	Ex Vivo Studies

	Renal microvascular density and architecture
	Protein expression
	Immunohistochemistry
	Renal morphometric analysis
	In vitro studies: VEGF and macrophage polarization
	Statistical analysis

	Results
	General Characteristics
	Pre- and post-treatment MDCT-derived quantification of renal hemodynamics in vivo
	Ex Vivo Studies

	Renal microvascular architecture
	Renal Inflammation and characterization of macrophages
	VEGF and Macrophages polarization in vitro
	Renal expression of fibrogenic factors and fibrosis

	Discussion
	Limitations and Opportunities
	Perspectives
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1:

