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Abstract

Inducing therapeutic angiogenesis to effectively form hierarchical, non-leaky networks of perfused 

vessels in tissue engineering applications and ischemic disease remains an unmet challenge, 

despite extensive research and multiple clinical trials. Here, we use a previously-developed, multi-

scale, computational systems pharmacology model of human peripheral artery disease to screen a 

diverse array of promising pro-angiogenic strategies, including gene therapy, biomaterials, and 

antibodies. Our previously-validated model explicitly accounts for VEGF immobilization, 

Neuropilin-1 binding, and weak activation of VEGF receptor 2 (VEGFR2) by the “VEGFxxxb” 

isoforms. First, we examine biomaterial-based delivery of VEGF engineered for increased affinity 

to the extracellular matrix. We show that these constructs maintain VEGF close to physiological 

levels and extend the duration of VEGFR2 activation. We demonstrate the importance of sub-

saturating VEGF dosing to prevent angioma formation. Second, we examine the potential of 

ligand- or receptor-based gene therapy to normalize VEGF receptor signaling. Third, we explore 

the potential for antibody-based pro-angiogenic therapy. Our model supports recent observations 

that improvement in perfusion following treatment with anti-VEGF165b in mice is mediated by 

VEGF-receptor 1, not VEGFR2. Surprisingly, the model predicts that the approved anti-VEGF 

cancer drug, bevacizumab, may actually improve signaling of both VEGFR1 and VEGFR2 via a 

novel ‘antibody swapping’ effect that we demonstrate here. Altogether, this model provides insight 

into the mechanisms of action of several classes of pro-angiogenic strategies within the context of 

the complex molecular and physiological processes occurring in vivo. We identify molecular 

signaling similarities between promising approaches and key differences between promising and 

ineffective strategies.

Insight Statement—Inducing angiogenesis to form hierarchical networks of perfused vessels 

remains an unmet challenge. We use a computational systems pharmacology model to screen 

multiple promising pro-angiogenic strategies, highlighting the dependence of therapy action on the 

complex underlying molecular and physiological processes occurring in vivo. We show that 

biomaterial-based delivery of VEGF engineered for increased affinity to the extracellular matrix 

maintains VEGF close to physiological levels and extends the duration of VEGFR2 activation 
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without saturating VEGFR2. We also explore antibody-based pro-angiogenic therapy, 

demonstrating accurate model prediction of signaling in mice following treatment with anti-

VEGF165b. Intriguingly, the model predicts that an approved anti-VEGF drug, bevacizumab, may 

improve signaling of both VEGFR1 and VEGFR2 via a novel ‘antibody swapping’ effect that we 

demonstrate here.

Introduction

Inducing angiogenesis, the growth of new vessels from the existing vasculature, in order to 

establish collateral blood flow, has long been a therapeutic goal in ischemic disease1, 2. 

Peripheral artery disease (PAD), the manifestation of systemic atherosclerosis in the legs, 

leads to pain, limited mobility, and elevated risk of amputation. PAD is characterized by 

skeletal muscle ischemia without induction of sufficient angiogenesis to restore normal 

perfusion3, 4. The molecular mechanisms underlying this insufficient vascular remodeling 

have not been fully elucidated5. Delivery of vascular endothelial growth factor (VEGF), a 

key angiogenic factor, via gene- or cell-based therapy has been tested in multiple clinical 

trials for PAD, but no constructs have proceeded to Phase III trials or regulatory approval, 

due to lack of efficacy at improving patient outcomes as well as occurrence of edema in 

some patients5, 6. This failure, which could be attributed in part to inefficient, spatially 

heterogeneous, short duration gene delivery7–10, has motivated development of newer 

therapeutic strategies to better induce and regulate angiogenesis in ischemia. Strategies to 

form functional vessel networks in thick engineered tissues are also of high interest11. Key 

to success of these strategies is a more in-depth understanding of both the underlying 

cause(s) of impaired angiogenic signaling in PAD, and the effect of these molecular 

mechanisms on therapy effectiveness.

The VEGF family consists of five ligands, with VEGFA (hereafter VEGF) considered the 

primary pro-angiogenic isoform, three receptors (VEGFR1–3), and the Neuropilins as co-

receptors12. Both ligands and receptors can be alternatively spliced, the latter resulting in 

production of soluble receptors, most notably soluble VEGFR1 (sR1)13, and the former 

resulting in VEGF isoforms with different binding affinities for HSPGs in the extracellular 

matrix (ECM) and for Neuropilin-1 (NRP1) 14, 15. VEGF splicing varies by tissue16, 17, with 

the most prominent isoforms in humans being VEGF121, VEGF165, and VEGF189
12. 

Expression of single VEGF isoforms in mice or tumors leads to different vascular 

phenotypes; non-ECM-binding VEGF121 promotes production of wide diameter vessels 

with few branch points, while expression of ECM-binding VEGF165 alone leads to 

phenotypically normal vessels, and strong ECM-binding VEGF189 induces networks of thin, 

highly branched vessels18–26. Our recent computational work quantified the contributions to 

VEGF receptor family signaling in vivo of both VEGF sequestration in the ECM and 

binding of ECM-bound VEGF to VEGF receptors26.

An alternate set of VEGF isoforms – the “b” isoforms – with the same numbers of amino 

acids, but a switch in the last six amino acids (from exon 8a to exon 8b) have recently been 

discovered and characterized27, 28. Despite very similar sequences, these isoforms, the most-

studied being VEGF165b (as opposed to VEGF165a), do not bind to NRP1 or to HSPGs, and 

induce only weak phosphorylation of VEGFR228−30, despite binding to the receptor with the 

Clegg and Gabhann Page 2

Integr Biol (Camb). Author manuscript; available in PMC 2020 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



same affinity as other VEGF isoforms. While VEGF is found at normal levels in resting 

PAD-afflicted skeletal muscle31, 32, and is elevated in the plasma of patients with PAD33–36, 

splicing of VEGF is altered in PAD37, 38 (and other diseases). Specifically, expression of 

VEGF165b increases in tissue, likely accompanied by reduced expression of VEGF165a (to 

maintain unchanged total VEGF levels); secretion of VEGF165b in the bloodstream by 

peripheral blood mononuclear cells (e.g. monocytes) also increases substantially38. Despite 

these observations, quantitative measurements of absolute VEGF165a and VEGF165b levels 

in healthy and ischemic tissue remain very limited39.

Several different approaches to pro-angiogenic therapy for PAD, tissue engineering, and 

wound healing are currently under development, which leverage different aspects of the 

VEGF system. The first uses biomaterials for tunable, extended release of VEGF protein and 

other growth factors in vivo11. The groups of Jeff Hubbell and Andrea Banfi engineered 

VEGF forms for increased affinity to the ECM or covalent binding in fibrin gels with 

tunable proteolytic release to deliver low VEGF and/or PDGF doses over the course of 

weeks40, 41. These constructs, which can be delivered in injectable fibrin gels, improved 

wound healing, reduced permeability, enhanced angiogenesis without subsequent vessel 

regression, and/or improved perfusion recovery in rodent models, compared to delivery of 

wild-type VEGF165a protein. These constructs were designed to control VEGF release over 

time; the impact of engineering VEGF immobilization on dynamic VEGF receptor 

activation in vivo remains poorly understood, as it is difficult to quantify without 

computational tools11, 25. Scientists are also improving gene delivery tools to induce highly 

efficient transfection, with spatially homogeneous and finely controlled gene expression of 

tunable duration, targeted to specific cell types42, 43. Such optimized control of gene 

delivery, tuned to match the underlying physiological system, would likely address many of 

the failures observed in past clinical trials designed to induce angiogenesis via VEGF 

overexpression7, 8. Finally, Kikuchi et. al. recently showed that treatment with an antibody 

that binds specifically to the VEGF165b isoform improves perfusion recovery in murine 

hindlimb ischemia models38, an observation confirmed by Ganta et. al.31. The mechanism of 

action of this therapeutic was predicted by Kikuchi et. al. to involve an increase in VEGFR2 

phosphorylation, consistent with the prevailing hypothesis in the field that ‘weak-activating’ 

VEGF165b competes with ‘strong-activating’ VEGF165a for binding to VEGFR2, reducing 

VEGFR2 phosphorylation. However, Ganta et. al. showed that VEGFR2 Y1175 

phosphorylation was unchanged following antibody treatment, while VEGFR1 Y1333 

phosphorylation increased. Our previous model of VEGF165b in PAD confirmed that, while 

VEGF165a and VEGF165b both bind to VEGFR2, they do not compete for VEGFR2 in 

physiological conditions. Interestingly, the model predicted that VEGF165b does compete for 

binding to VEGFR1, consistent with the Ganta et. al. study31

Objective

Our objective was to leverage a previously-developed systems pharmacology model of 

human peripheral artery disease to screen promising protein-, gene-, and antibody-based 

pro-angiogenic therapeutics. Our systems pharmacology model, which was built using, and 

validated against, in vitro, ex vivo, in vivo, and clinical data, bridges from detailed molecular 

biology measured in vitro to in vivo human physiology (Fig. 1A)26, 44. This integrated 

Clegg and Gabhann Page 3

Integr Biol (Camb). Author manuscript; available in PMC 2020 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiscale framework allows us to: (1) ask questions that are difficult or impossible to 

answer experimentally, (2) provide insight into the mechanisms of action of therapies, and 

(3) identify potentially non-intuitive side effects, toxicity, or challenges to efficacy that merit 

further study. Specifically, we can predict free VEGF concentrations and VEGFR2 

phosphorylation in diseased tissue following therapy administration, accounting for 

differences in growth factor distribution and VEGFR2 signaling as a function of VEGF 

isoform ECM- and NRP1-binding properties. By simulating failed therapies and those that 

show promise in mice within a single quantitative framework, we identify potential 

molecular drivers of therapy success or failure45, explicitly accounting for the critical yet oft 

unconsidered effects of molecular and physiological processes on therapy action. In 

elucidating these key rules, we hope to identify strategies most likely to be effective in the 

context of human disease, working within, and potentially leveraging, the underlying 

biology.

Results

Implementing diverse therapeutic strategies in a whole body compartment model of 
human PAD

The systems pharmacology model used in this study accurately captures VEGF family 

signaling in human PAD and murine hindlimb ischemia44. Therapies are directly 

incorporated into this multiscale quantitative framework in as realistic a manner as possible. 

Briefly, biomaterial-based VEGF delivery is simulated by adding a bolus of ECM-bound 

VEGF protein to the extracellular space in the PAD Calf Muscle at a specified time, with no 

change to the underlying model equations. VEGF gene therapy is implemented by altering 

the secretion rate for VEGF by parenchymal cells within the model equations, and receptor-

based gene therapy is mimicked by changing the endothelial receptor production rates in the 

PAD Calf Muscle. Antibody-based therapy is simulated as a bolus injection into the 

bloodstream at a specified time, as done previously46. Details on model structure and 

parameters for therapy administration can be found in the Methods.

Quantitative insight into design and dosing for biomaterial-based VEGF delivery in PAD

We used our computational systems pharmacology model (Fig. 1A) to perform in silico 
screening of VEGF protein delivery strategies, including native VEGF165a (which has failed 

to produce benefit in clinical trials), and two engineered constructs that have shown promise 

in mice: VEGF engineered for “super affinity” to the ECM 40, and VEGF covalently bound 

to fibrin with tunable proteolytic release 41 (Fig. 2B). Calibrating against experimental 

release data in mice (see Methods), our model gives as output detailed pharmacodynamics: 

the predicted local VEGF concentration and VEGFR2 phosphorylation following therapy 

(Fig. 2B) in the context of human PAD. We used allometric scaling to adjust the dose for our 

human model. We found that, unlike native VEGF165a (in red), the VEGF constructs 

engineered for increased ECM affinity (purple & green) maintain free VEGF levels within a 

physiological range of no more than 3–5-fold baseline levels (based on changes from 

baseline in wounds47, exercise48, 49, and disease32, 38, 47) (Fig. 2B, center), likely reducing 

induction of permeability following treatment. The engineered constructs also elevate 

VEGFR2 phosphorylation for at least 2 weeks, a duration close to the range shown 
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experimentally to prevent vessel regression7, 8. Simulations also predict increased ligation of 

endothelial VEGFR1 by all three constructs, but to a smaller extent than the increase on 

VEGFR2 (Fig. S1G–H). For this analysis, we assumed high local secretion of the ‘weak’ 

VEGFR2-activating VEGF165b as a worst-case scenario; the action of these therapies was 

similar regardless of endogenous VEGF165b secretion (Fig. S2).

We next examined the important and challenging question of appropriate VEGF dosing. In 

Ref. 41, low doses of the “Covalent VEGF with Proteolysis” construct stimulated stable 

angiogenesis, while high doses promoted formation of angiomas. We simulated these 

experiments to probe the molecular mechanisms underlying this switch from constructive 

angiogenesis to angioma formation. Our simulations predict that VEGF doses leading to 

effective angiogenesis without angioma formation in mice correspond to sub-saturating 
VEGF receptor activation (Fig. 2C). Indeed, the lowest dose tested in Ref. 41, 0.01 μg/mL, 

which still induced stable angiogenesis by 3 months after gel implantation, is predicted to 

elevate VEGFR2 phosphorylation by only about 30%. This result suggests that small 

increases in VEGFR2 signaling, if sustained for weeks, are sufficient to induce and sustain 

therapeutic angiogenesis. Interestingly, only the highest dose (100 μg/mL) was predicted to 

saturate endothelial surface VEGFR1 (Fig. S3G). These predictions suggest that receptor 

saturation and VEGF-ECM binding affinity are both important considerations in dosing and 

translation of pro-angiogenic biomaterials.

Gene therapy effectiveness depends on target and magnitude, as well as optimized 
delivery.

We next examined delivery of VEGF family-related genes to the PAD Calf Muscle. We 

examined whether, with sufficient improvements in gene delivery, VEGF family gene 

therapy would hold similar potential to biomaterial-based VEGF delivery to improve 

angiogenic signaling in PAD. Thus, we assumed ideal delivery and expression: instant, 

100% efficient, spatially homogeneous transfection of myocytes at a constant expression rate 

for the duration of the experiment. While several trials in humans have delivered VEGF at 

levels sufficient to increase plasma or serum VEGF50–52, based on our above results for 

VEGF protein delivery, we chose to examine smaller increases in VEGF expression, which 

do not induce any detectable systemic effects (Fig. 3, top row). We found that expression of 

VEGF165a at a level roughly 5-fold higher than endogenous VEGF165 secretion resulted in 

changes to Free VEGF and VEGFR2 phosphorylation in the PAD Calf Muscle (Fig. 3) in the 

same range as that induced by the engineered VEGF constructs in Fig. 2, while 20-fold 

increased expression was sufficient to saturate VEGFR2 (Fig. S5G–H). Interestingly, 

expression of the engineered super affinity VEGF construct increased predicted VEGFR2 

phosphorylation more than VEGF165a expression (Fig. 3, bottom row), with a smaller 

increase in tissue free VEGF (Fig. 3, top row), suggesting that this construct would improve 

efficacy delivered as either a protein or a gene construct. This difference in signaling 

following identical delivery and expression of VEGF165a and super affinity VEGF highlights 

the role of ECM-binding not only in regulating VEGF pharmacokinetics, but also in directly 

impacting receptor-level activation (pharmacodynamics), a mechanism of action predicted 

by our models but not commonly considered in therapy design.
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We also tested several other approaches, to compare the effect of targeting VEGF family 

ligands vs. receptors. First, we simulated induction of a splicing switch for VEGF165, from 

all VEGF165b to all VEGF165a in the PAD Calf Muscle, an approach of current interest in the 

field38. This strategy increased pR2 slightly (~80%, Fig. 3, bottom row), but decreased 

predicted free VEGF and VEGFR1 occupancy, unlike direct delivery of VEGF165a gene 

(Fig. 3). Finally, we tested receptor-based therapy, over-expressing VEGFR2 or knocking 

down expression of sR1, a soluble receptor that modulates VEGFR ligation. Increased 

VEGFR2 expression increased predicted total pR2, but decreased the fraction of VEGFR2 

phosphorylated (pR2/R2, Fig. 3, bottom row), as well as decreasing VEGFR1 ligation and 

free VEGF in the PAD Calf Muscle (Fig. 3) to a larger extent than the splicing switch. The 

magnitude of this effect is limited by available VEGF, and effectiveness depends on: (1) 

specific targeting of gene therapy to endothelial cells, and (2) the assumption that total pR2, 

as opposed to relative pR2/R2, is a key driver of signaling. Conversely, while blocking sR1 

in mice has shown promise, in human PAD minimal effect is predicted, suggesting that this 

is not an effective strategy. These simulation results highlight the potential of several 

approaches to gene therapy for PAD, as our clinical and experimental gene delivery toolkit 

begins to allow for the consistent and controllable expression levels (in specific in vivo cell 

populations) necessary to achieve the physiologically-reasonable signaling profiles 

described here 42, 43.

Non-intuitive, systemic effects with anti-VEGF treatment for peripheral artery disease

Model validation against murine experimental data—We then turned to a different 

therapeutic strategy, which has recently been shown to increase perfusion recovery in 

diabetic mice following femoral artery ligation (hindlimb ischemia): treatment with an 

antibody designed to bind only the VEGF165b isoform38. As our model predicts that 

VEGF165b does not compete with VEGF165a for binding to VEGFR244, we wanted to see 

whether a mechanism other than competition between ligands for VEGFR2 may be driving 

the observed effects in mice. We assumed the same intravenous dosing, antibody binding 

affinity, and pharmacokinetic properties for the VEGF165b antibody as previously used for 

bevacizumab, a non-isoform-specific VEGF antibody approved for use in several types of 

cancer46, 53.

First, we compared model predictions following anti-VEGF165b treatment to experimental 

measurements in murine hindlimb ischemia, in order to confirm that our model is predictive 

of therapeutic response. We found that the model is consistent with a lack of change in 

endothelial VEGFR2 phosphorylation following antibody treatment (Fig 4A). Owing to a 

lack of mechanistic understanding in the field, our model does not directly predict VEGFR1 

phosphorylation. However, consistent with previous work26, the model predicts increases in 

PlGF and non-VEGF165b VEGF isoforms binding to VEGFR1 (Fig 4A–B), while 

VEGF165b-VEGFR1 decreases. This aligns with the results of Ganta et. al. 31, showing that 

VEGF165b appears not to induce phosphorylation of VEGFR1 on Y1333, and that VEGFR1 

phosphorylation, presumably by PlGF and/or other VEGF isoforms, increases following 

antibody treatment (Fig 4B). These results provide confidence in our model predictions of 

signaling in response to anti-VEGF165b treatment, and support the conclusion that improved 

perfusion following anti-VEGF165b is likely mediated by VEGFR1, not VEGFR2. 
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Interestingly, the model predicts that VEGF165b secretion into the bloodstream by 

monocytes – included in our model though it is not yet clear whether serum VEGF165b is 

free in plasma or confined to formed elements – would have minimal impact on response to 

anti-VEGF165b treatment in the PAD Calf Muscle (Fig 4C). This result suggests that the 

question of blood VEGF165b source is not critical to understand patient response to therapy.

Translation to humans: implications of variable tissue VEGF165b secretion—
Having validated our model against experimental data, we next screened the possible range 

of fractional VEGF165b secretion that may occur in a heterogeneous human population. We 

varied fractional VEGF165b secretion in both the Main Body Mass (healthy tissue) and the 

PAD Calf Muscle (ischemic tissue), allowing us to explore the implications of changes in the 

VEGFxxxa to VEGFxxxb ratio on response to antibody treatment. Such an analysis cannot be 

done easily in in vivo systems, but is important to understand before the drug is tested in 

humans. As total VEGF levels are held constant, secretion of VEGF165a and VEGF165b are 

inversely related.

Pre-treatment, our model predicts that tissue VEGF receptor signaling is driven by locally-

secreted VEGF44. In contrast, the model predicts important systemic effects following 

antibody administration. This occurs as a result of two antibody properties: (1) VEGF-

antibody binding is reversible, and (2) the in vivo half-life of bevacizumab is 21 days46, 

similar to that of other monoclonal antibodies. As such, the antibody does not simply bind to 

VEGF and remove it from the system, but rather continues to circulate. In tissue 

compartments with high target (VEGF165b) concentration, the antibody will tend to bind to 

target. However, upon transport to a tissue with lower target concentration, the antibody-

target complex will tend to dissociate, facilitating ‘shuttling’ of target (VEGF165b) between 

compartments, and reducing the concentration difference between tissues (Fig. 5A).

PAD patients are expected to have high VEGF165b in the PAD Calf Muscle and low 

VEGF165b in the Main Body Mass. In simulating anti-VEGF165b treatment in this quadrant, 

local free VEGF in the PAD Calf Muscle was predicted to decrease (to as low as 14% of 

baseline), as the antibody binds to VEGF165b (Fig. 5B, lower right corner). Levels of free 

VEGF165a in the PAD Calf Muscle were essentially unchanged (Fig. S6). Conversely, free 

VEGF was predicted to increase in the PAD Calf Muscle if the conditions were reversed: 

low VEGF165b secretion in PAD Calf Muscle and high VEGF165b in Main Body Mass (Fig. 

5B, upper left corner). This is a result of movement (shuttling) of VEGF165b by the 

antibody from the high concentration environment of the Main Body Mass into the low 

VEGF165b environment in the PAD Calf Muscle.

We also simulated treatment with a non-isoform-specific antibody (anti-VEGF), similar to 

bevacizumab. Because the antibody dose of 10mg/kg is in excess of available VEGF, the 

‘antibody shuttling’ effect occurs independently for each VEGF isoform. As total free 

VEGF levels are similar in both tissue compartments, treatment with anti-VEGF is predicted 

to have a much smaller effect on total free VEGF levels in the PAD Calf Muscle; the 

antibody ‘swaps’ VEGF165a and VEGF165b between tissues (range for total free VEGF: 65%

−103% of baseline) (Fig. 5C). VEGF165b transport is predicted to be essentially identical for 

anti-VEGF165b and anti-VEGF at all relative VEGF165b levels; the observed difference in 
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free VEGF is due to shuttling of VEGF165a by anti-VEGF, but not by anti-VEGF 165b (Fig. 

S6). As such, anti-VEGF, a traditionally anti-angiogenic therapy, is predicted to bring 

additional, endogenous VEGF165a into the PAD Calf Muscle when VEGF165b is higher in 

the PAD Calf Muscle than the Main Body Mass, the conditions we expect in PAD patients. 

Due to the large size of the Main Body Mass, little effect on free VEGF in this compartment 

is predicted following treatment with either antibody (Fig. S7). Predicted changes in plasma 

VEGF following anti-VEGF165b treatment track with fractional VEGF165b secretion in the 

large Main Body Mass, but are not predictive of VEGF165b levels in the smaller PAD Calf 

Muscle (Fig. S7).

Next, we examined the effect of anti-VEGF165b or anti-VEGF treatment on endothelial 

VEGFR1 and VEGFR2 ligation and activation. The model predicts that anti-VEGF165b 

treatment would not increase VEGFR2 phosphorylation under any conditions, and may even 

decrease pR2 when local VEGF165b secretion is high, as expected in PAD-afflicted muscle 

(Fig. 6D). This is because removal of VEGF165b, a weak activator of VEGFR2, does not 

lead to increased VEGFR2 ligation by other VEGF isoforms (Fig. S9 & Fig. S10). The 

model predicts much larger changes in endothelial VEGFR1 ligation (Fig. 6I); when 

VEGF165b is high in the PAD Calf Muscle and low in the Main Body Mass, cell surface 

VEGFR1 ligation is predicted to decrease to as low as 24% of baseline, with increased 

ligation of VEGFR1 by other VEGF isoforms (to 118% of baseline) and especially by PlGF 

(160% of baseline) (Fig. S11, middle column).

Interestingly, treatment with the non-isoform-specific anti-VEGF is predicted to increase 

VEGFR2 phosphorylation in the PAD Calf Muscle (up to 366% of baseline) when 

VEGF165b secretion is higher in the PAD Calf Muscle than in the Main Body Mass (Fig. 5E, 

lower right corner). This occurs due to the increased VEGF165a (which is a strong activator 

of VEGFR2) brought into the calf by anti-VEGF as VEGF165b, the weak VEGFR2-activator, 

is shuttled out of the calf muscle. Additionally, in these conditions expected in PAD patients, 

anti-VEGF is predicted to reduce VEGFR1 ligation (to as low as 44% of baseline), with 

increased binding by PlGF (up to 150% of baseline) and other VEGF isoforms (up to 

534%), similar to anti-VEGF165b. This occurs because VEGF165a binds preferentially to 

VEGFR2 over VEGFR1, due to its NRP1-binding properties26. Thus, while anti-VEGF165b 

is predicted to act via VEGFR1, anti-VEGF treatment is predicted to improve signaling via 

both VEGFR2 (increased phosphorylation) and VEGFR1 (decreased ligation) under 

conditions of higher VEGF165b in the PAD Calf Muscle than in other tissues.

Antibody treatment induces qualitatively different effects than VEGF gene or protein 
delivery

Finally, we leveraged our ability to simulate disparate therapeutic strategies in a single 

framework to compare the dynamics of therapy response following biomaterial-based 

protein therapy, gene therapy, or antibody therapy. We chose a promising representative 

therapy from each category: the ‘Covalent VEGF with Proteolysis’ biomaterial construct; 

delivery of ‘Super Affinity’ VEGF gene at 5-fold normal VEGF expression levels; and the 

non-isoform-specific anti-VEGF. As the magnitude of change in signaling depends on the 

dose of gene or protein delivered, we were interested in the relative trends and time-courses 
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of VEGF redistribution and endothelial signaling, more so than the relative magnitudes of 

change following therapy. It is worth noting, though, that the antibody treatment simulations 

represent saturating levels of antibody, and thus the maximum potential response for this 

strategy.

While protein and gene therapy are predicted to increase free VEGF levels in the PAD Calf 

Muscle but have little-to-no systemic effects at low, physiologically reasonable doses, anti-

VEGF is predicted to reduce free VEGF levels in the PAD Calf Muscle and slightly in the 

Main Body Mass, but increase free VEGF in the blood (Fig. 6A–C). These results are very 

similar to the changes predicted following anti-VEGF treatment in cancer46. For all three 

treatments, phosphorylation of VEGFR2 is predicted to increase and remain elevated for 

more than two weeks (Fig. 6D), though the magnitude of increase is lower with anti-VEGF 

than could be achieved via VEGF delivery. However, while delivery of matrix-binding 

VEGF gene or protein is predicted to increase VEGFR1 ligation, anti-VEGF is predicted to 

reduce VEGFR1 ligation (Fig. 6F). Our currently limited understanding of VEGFR1 

signaling make it difficult to predict which of these signaling profiles would more effectively 

stimulate angiogenesis in PAD.

Discussion

In silico screening of therapeutics in a physiological context

In this paper, we used a systems pharmacology model of VEGF isoforms and VEGFR 

signaling in human peripheral artery disease to screen three types of promising therapies in 
silico: biomaterial-based VEGF delivery; gene therapy; and pro-angiogenic antibodies. The 

simulations provide insight into the mechanisms of action of these therapies, identifying 

molecular signaling differences between promising and ineffective approaches to predict 

drivers of therapy success or failure. The model also highlights key questions and 

considerations for design, optimization, and translation of these therapeutics into humans 

(Table 1), which may also be relevant to other pro-angiogenic applications, including wound 

healing and tissue engineering. Along the way, we unearthed common trends and addressed 

open questions about the underlying biology that drives response to therapy. For example, a 

key unanswered question in dosing studies is: how much increase in pR2 is optimal? We 

showed that, while many past study designs have resulted in fully ligated VEGFR2, either 

throughout a tissue or in local areas, this saturation appears to be unnecessary, and likely 

detrimental for formation of stable collateral vessels. Rather, the model supports the 

hypothesis of the Banfi group that sufficient duration of VEGFR2 activation is a critical 

factor7, and one which can potentially be achieved using biomaterial-based protein delivery, 

gene therapy, or antibody treatment with optimized therapy design and delivery.

Dosing and delivery leading to extended, sub-saturating VEGFR2 activation is key to 
successful biomaterial-based VEGF delivery

In simulating biomaterial-based VEGF delivery approaches leveraging engineered VEGF-

ECM interactions, our model showed that the engineered constructs maintain more 

physiological free VEGF levels, likely accounting for reduced induction of permeability, and 

sustain VEGFR2 phosphorylation for weeks, promoting vessel stabilization following 
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angiogenesis. We also simulated different doses of VEGF, finding that receptor saturation 

may be causative for angioma formation at high VEGF doses. This result aligns with the 

pathogenic C482R VEGFR2 mutant, which is constitutively active in the absence of ligand, 

and induces hemangioma formation in infants54, similar to the phenotype observed with 

delivery of high VEGF doses. It also provides insight into the need for tight natural 

regulation of endogenous VEGF secretion; VEGF haploinsufficiency is lethal23, 55, as is 

even 2–3x global overexpression during development56. Saturation could induce angioma 

formation via several different mechanisms: (1) saturation prevents cells from sensing VEGF 

gradients, allowing for cell proliferation but not directed migration, (2) VEGFR2 signaling is 

different at saturation than in sub-saturating regimes, or (3) high VEGF levels lead to 

depletion of available endothelial receptors, leading to changes in signaling. Interestingly, 

the first hypothesis is supported by recent predictions from an agent-based model of 

angiogenesis, showing formation of blob-like structures with high proliferation but low 

migration of endothelial cells57.

The appropriate VEGF dose to stimulate angiogenesis without saturating VEGFR2 will 

likely vary depending on the species and tissue, as local capillary density (number of 

endothelial cells), interstitial VEGF concentration, and expression of receptors and proteases 

vary. Nonetheless, quantification of these variables is feasible, and can be used with 

computational analyses such as this to inform appropriate doses for experiments in mice and 

initial trials in humans with varying disease states. It should be noted that the threshold 

between therapeutic angiogenesis and angioma formation in Ref. 41 varied by model system 

(mouse vs. rat, no injury vs. hindlimb ischemia vs. wound healing), from >0.5μg/mL to 

<25μg/mL. The threshold appears to occur at the lowest end of this range in our model (~0.5 

μg/mL), perhaps owing to molecular, physiological, and size differences58, and the 

approximate nature of allometric dose scaling between mouse and human. VEGFR1, which 

is predicted to saturate at higher doses, could also play a role. Additionally, we set up our 

simulations to predict signaling within and in close proximity to the gel, the area imaged in 

the experimental study. To study gradients of VEGF concentration father from the gel, a 

spatial model including diffusion would be required. While diffusion would alter the shape 

of the release curves, the general match of simulations to the experimental release rate 

makes trends in the magnitude and duration of signaling, as well as the mechanisms of 

action highlighted by this modeling work, valuable and instructive. In the future we can 

build models with variable capillary density and receptor expression to further explore this 

issue. We can also build parallel mouse and human models to more effectively identify doses 

that achieve similar signaling between species, and potentially predict divergent effects in 

mice and humans.

Effective gene therapy depends on tight control of delivery and chosen target gene

It is believed that past VEGF gene therapy trials in PAD and CAD have failed largely due to 

insufficient and/or poorly controlled VEGF expression. Here, we asked: (1) what fold 

increase in expression would be effective at inducing pR2 without saturating VEGFR2, (2) 

what would the resulting changes in free VEGF and endothelial VEGFR signaling be, and 

(3) would the results be different if other VEGF-pathway targets were selected? We showed 

that approximately 5-fold over-expression of VEGF165 or equivalent expression of a super 
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affinity VEGF construct produced similar signaling to the promising engineered VEGF 

protein constructs simulated above. It is of note that von Degenfeld et. al.8 achieved effective 

angiogenesis following delivery of a myoblast clone that uniformly expresses VEGF at 

approximately 5-fold higher levels than control myocytes. Interestingly, inducing a splicing 

switch for VEGF165, from all VEGF165b to all VEGF165a in the PAD Calf Muscle shows 

promise. While the induction of pR2 was modest (180% of baseline), the success of even 

low doses of biomaterial-based VEGF delivery in inducing angiogenesis suggests that this 

small increase in pR2, coupled with a predicted reduction in VEGF165b-VEGFR1 and 

increased VEGFR1 binding by PlGF and other VEGF isoforms (Fig S3A) may be 

promising. Alternative splicing of VEGFxxxa and VEGFxxxb is known to be regulated by 

IGF1, TNFα, TGFβ59, as well as non-canonical Wnt5a signaling38 and ECM stiffness60, 

though the mechanisms behind splicing changes in disease remain largely unknown. Here 

we assumed a splicing switch only in the PAD Calf Muscle; our previous work predicts that 

blood-produced VEGF has minimal effect on signaling in tissue, suggesting that targeting to 

a specific tissue may not be critical. However, VEGF165b levels decrease in several types of 

cancer (renal27, colon61, metastatic melanoma62) and in diabetic retinopathy63, so detailed 

measurements of the ratio of “a” to “b” isoforms in healthy tissue will be necessary to 

determine the appropriate amount to shift splicing for optimal safety and efficacy.

‘Anti-angiogenic’ anti-VEGF treatment predicted to improve endothelial VEGFR signaling 
in PAD via a novel ‘Antibody Shuttling’ effect

Finally, we simulated treatment of PAD with VEGF-binding antibodies. Our model supports 

the results from an extended analysis of the data in Ganta et. al. that perfusion recovery in 

murine hindlimb ischemia following anti-VEGF165b treatment is mediated by VEGFR1, not 

VEGFR231. This result is consistent with model predictions that VEGF isoforms compete 

for binding to VEGFR1, but not VEGFR244. This appears to be the case in both murine 

hindlimb ischemia, where VEGF is elevated, and human PAD, where VEGF levels are 

unchanged, suggesting key similarities in response to anti-VEGF165b across species. This 

result motivates further study of VEGFR1 signaling in PAD, in order to better understand 

the most effective way to therapeutically alter VEGFR1 activation. While this model 

considers only endothelial VEGFR1, VEGFR1 expressed on monocytes and macrophages 

may also be relevant to VEGFR1 signaling in PAD.

The model predicts that, due to reversible VEGF-antibody binding and the long half-life of 

monoclonal antibodies, a non-isoform-specific VEGF antibody would ‘shuttle’ VEGF 

isoforms between tissues with varying levels of VEGF isoform expression. This surprising 

mechanism of action has been computationally predicted and clinically observed in cancer 

following bevacizumab treatment, where a seemingly paradoxical increase in plasma VEGF 

can occur following treatment46. This, combined with accurate model prediction of response 

to anti- VEGF165b treatment in mice, gives us confidence that this mechanism, while non-

intuitive, is feasible. Due to this ‘antibody shuttling’ effect, and the relatively high 

VEGF165b levels in ischemic PAD tissue, the model predicts that treatment with ‘anti-

angiogenic’ anti-VEGF would improve signaling via both VEGFR1 and VEGFR2, 

potentially providing more therapeutic benefit than anti-VEGF165b. This prediction can be 

tested in mice in the future. Note that, while the largest predicted change in pR2 occurs with 
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highest local VEGF165b secretion, the absolute quantity of pR2 is still highest with low local 

VEGF165b (and high local VEGF165a), reinforcing the potential appeal of a therapeutic agent 

that can ‘fix’ impaired signaling in PAD by reverting splicing towards VEGF165a.

Our counter-intuitive prediction of signaling changes following anti-VEGF treatment 

suggests that differences in the underlying biology in cancer and ischemic disease may lead 

to opposite responses to the same therapy; VEGF levels are substantially elevated in cancer, 

while in PAD a splicing switch occurs, leading to relative differences in VEGF165a and 

VEGF165b between healthy and ischemic tissue. Interestingly, even in cancer, anti-VEGF is 

predicted to alter VEGFR1 ligation more than VEGFR246. Additionally, VEGF splicing 

alters prognosis and response to anti-VEGF treatment64, though anti-VEGF-mediated 

redistribution of VEGF splice isoforms has not been investigated in this context. Note that 

the efficacy and safety of anti-VEGF treatment in PAD depends on a relatively small 

quantify of diseased tissue expressing VEGF165b at higher levels than healthy tissue. This 

motivates further quantitative measurement of absolute VEGF isoform levels in healthy and 

ischemic tissue, and suggests that this approach may not be effective in patients with 

extensive ischemic disease and/or large quantities of white adipose tissue, where VEGF165b 

expression is also elevated17. Further work to establish the effect of antibody treatment on 

exercise-mediated increases in VEGF expression and signaling is also merited. More 

broadly, this prediction shows that consideration of systemic anti body-mediated growth 
factor redistribution may be a key, yet understudied, consideration for design of an effective 

antibody-based therapeutics.

Key Similarities Across Promising Therapeutic Strategies

Comparing the therapeutic strategies simulated here, we saw two distinct profiles of 

signaling (Fig. 8) following treatment with promising therapeutics: (1) elevated local free 

VEGF, pR2, and VEGFR1 ligation produced by delivery of matrix-binding VEGF protein or 

gene, and (2) reduced local free VEGF, moderate increases in pR2, and reduced endothelial 

VEGFR1 ligation produced by anti-VEGF, inducing a splicing switch from VEGF165b to 

VEGF165a, or VEGFR2 gene delivery. Further experiments are necessary to fully determine 

whether one or both of these profiles results in sustained improvements in perfusion in 

human PAD. The common theme across both of these profiles is small, non-saturating 

improvements in VEGFR signaling that are sustained for weeks. We propose that this is a 

key criteria to drive design and dosing of these therapeutics in experimental systems and 

human subjects, taking into account the underlying physiology, molecular biology, and 

ligand and receptor expression levels in each system during dose selection.

Interpretation of model conclusions for therapy design

This model captures important trends in observed data in vitro, in vivo, and in the clinic, and 

provides valuable and informative mechanistic insight into the effects of underlying biology 

on therapy action, which could not have been obtained with experiments alone. It is 

important to remember that, due to differences between our model system, the experimental 

systems, and real diverse patient populations, along with assumptions used to simplify the 

model or account for lack of complete biological understanding, precise numeric match 

between simulations and observed experimental and clinical outcomes is challenging and 
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should not be expected. Computational models have the advantage of easily implementing 

theoretical treatments that can be very challenging to effectively design. While this analysis 

does not address the practical or logistical issues associated with therapy production or 

delivery, the insight provided does facilitate decision-making about the feasibility of 

promising strategies, and highlight key questions that must be addressed for effective 

therapy translation (Table 1).

Critical role for computational models in understanding effects of complex, multiscale 
biology on therapy action

The predictions presented here could not have been made based on cell culture experiments 

or measurements in mice alone, but are nonetheless consistent with observed signaling data 

and understanding of antibody properties, and are therapeutically relevant and actionable. 

This highlights the need for complex pharmacological models such as this to integrate 

detailed molecular interactions and signaling properties measured in vitro, observations in 

animal models, and knowledge of therapy pharmacokinetics into a single consistent 

framework, in order to predict the complex and sometimes surprising mechanisms of action 

and off-target effects of therapeutics in human subjects. Additionally, computational models 

allow comparison of diverse therapeutic approaches, leading to identification of key rules 

that translate between distinct approaches (Table 1), and moving towards more effective, 

generalizable therapy design criteria (Fig 8).

Specifically, the key rules identified here can inform design of novel therapeutic strategies 

not explicitly examined here, as well as combinations of the three approaches simulated 

here. The model structure allows for incorporating of any therapeutic strategy or 

combination for which we have available data to model the drug pharmacokinetics and 

mechanism of action. As such, this modeling framework can be further validated and 

updated iteratively with future experimental developments to further evaluate and optimize 

translation of a diverse range of VEGF system-targeted therapeutics.

Methods

The whole body compartment model leveraged for this analysis was developed and validated 

previously26, 44. It accounts for molecular and physiological processes, including growth 

factor secretion in tissues and blood, growth factor and soluble receptor binding to 

endothelial receptors and HSPGs in the ECM and basement membranes, trafficking and 

tyrosine site-specific phosphorylation of endothelial VEGFR2, transport between 

compartments via vascular permeability and lymphatic drainage, and clearance of growth 

factor and sR1 in the blood (via the liver and kidneys). Each tissue compartment is 

approximated using the properties of skeletal muscle, and contains physiological proportions 

of endothelial cells, ECM, interstitial space, and basement membrane, as well as molecular 

expression levels adjusted to account for measured changes in PAD, compared to healthy 

skeletal muscle (Fig. 1). By incorporating VEGF and PlGF isoform-specific ECM- and 

NRP1-binding properties, the model can predict the effect of splicing changes, such as those 

occurring in PAD, on signaling. Additionally, the ability to predict the effect of VEGF-ECM 

binding on VEGFR2 signaling makes our model an excellent platform to study biomaterial-
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based VEGF delivery. These model capabilities have been validated against in vitro, ex vivo, 

murine, and human data from multiple groups in several previous studies. For detailed 

model formulation, please see Ref. 44.

Brief Overview of Model Validation

The model used in this analysis is the result of iterative addition of biological and 

physiological detail, with each component validated upon addition, and the overall model 

checked for consistency with previous predictions and known biology at each step, over the 

course of over 10 years25, 26, 44, 65–68. While the overall model structure contains hundreds 

of equations, many fewer unique parameters exist (e.g VEGFR2 trafficking and 

dephosphorylation are assumed to not depend explicitly on the VEGF isoform bound to 

VEGFR2, but equations for each isoform must be included in the model). Additionally, only 

a small number of parameters were added in any step before additional validation of the 

model25,44 For example, adding detailed VEGFR2 trafficking to the in vitro version of the 

model required six new parameters25, which we fit to one experimental study69 and 

validated against two additional, independent studies70,71 to ensure that the “trafficking 

module” was well-constrained. Similarly, after validation against in vitro data, the trafficking 

and phosphorylation detail was then incorporated into a previously-validated whole-body 

model of VEGF pharmacokinetics and pharmacodynamics, and again validated to ensure 

physiologically-reasonable behavior26. Finally, in Ref. 44, we modified this existing structure 

to specifically incorporate the VEGF165b isoform, and compared its distribution and 

signaling properties against all available data on VEGF165b in peripheral artery disease. This 

iterative process is necessary to produce a complex, multi-scale computational model that 

accurately captures the required VEGF system biology and physiology to study the 

mechanisms of actions of diverse therapeutic strategies, as presented here.

Model Implementation

The model is simulated in Fortran using the Livermore Solver for Ordinary Differential 

Equations with Automatic method switching for stiff and nonstiff problems (LSODA) on a 

laptop PC, using a relative error tolerance of 10−6. Simulation run time is less than 10 

minutes for all scenarios examined.

Therapy Implementation in Computational Model

To simulate biomaterial-based protein therapy, gene therapy, or antibody therapy, we 

mimicked therapy delivery in experimental and clinical studies closely, making model 

predictions as realistic and meaningful as possible.

Implementation of Biomaterial-based VEGF Delivery

The first therapeutic strategy we simulated was use of biomaterials to control and extend 

VEGF delivery. For these simulations, we modeled experimental constructs engineered by 

the groups of Jeff Hubbell and Andrea Banfi (Fig. 2A). In the Martino 2014 study, a dose of 

200ng was delivered to a 5–6mm diameter punch biopsy wound40. To deliver a roughly 

equivalent dose to the PAD Calf Muscle of our simulated 70kg human, we used allometric 

scaling, with an exponent of 0.75 to account for differences in metabolic rate between mice 
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and humans, then adjusted this value to account for differences in the size of the wound vs. 

PAD Calf Muscle relative to total body size. This resulted in a human dose of 354μg VEGF, 

which was used for all three constructs in Fig. 2B, to provide an equivalent comparison. We 

used VEGF-HSPG affinity measurements from Ref. 40 for VEGF165 and the engineered 

“Super Affinity” VEGF (VEGFSA) binding to ECM proteins (Table 2). Then, we tuned the 

model by adjusting the number of ECM binding sites added along with the VEGF (i.e. in the 

fibrin gel), in order to match experimentally measured kinetics for VEGF release from the 

implanted gels in vivo (Table 2). We matched simulation outputs to the fraction of VEGF 

retained in or within 2mm of the gel when VEGF was delivered with fibrin. This adjustment 

helped to account for diffusion effects, which are not explicitly included in this model. As 

proteases are also not explicitly included in this model, we modeled release of the “Covalent 

VEGF with Proteolysis” construct as a reversible VEGF-ECM bond, reducing the koff rate 

constant from Super Affinity VEGF until the release kinetics matched experimental data 

from Ref. 41. For these simulations, we assumed 100% local fractional VEGF165b secretion, 

a ‘worst-case’ scenario.

For the dosing study presented in Fig. 2C, we assumed uniform delivery of the VEGF-

containing fibrin gel to the entire PAD Calf Muscle, at the same concentrations (in total 

tissue volume) used in the experimental study, ranging from 0.01μg/mL to 100μg/mL41, 

using the same added number of ECM sites as for Fig 2B for all doses. To demonstrate 

similar therapy action regardless of underlying VEGF165b secretion, these simulations were 

run with no local VEGF165b secretion (0%).

Implementation of Gene Therapy—Next, we simulated gene-based pro-angiogenic 

therapies, including delivery of VEGF165 gene at moderate levels, VEGF engineered for 

increased affinity to the ECM (VEGFSA), increased VEGFR2 expression on endothelial 

cells, and decreased expression of sR1 (summarized in Table 3). We also examined the 

impact of switching VEGF165 splicing from all VEGF165b to all VEGF165a, another 

therapeutic strategy of interest. For the splicing switch, we assumed no change to VEGF165b 

secretion by monocytes into the blood. This has minimal effect on tissue signaling (Fig. 4C). 

We assume ideal delivery: 100% transfection efficiency, spatially homogeneous delivery, 

with expression occurring instantly, at a constant level for an infinite duration, and only in 

the target tissue (PAD Calf Muscle). We tested these therapies assuming high (100%) 

fractional secretion of VEGF165b.

Implementation of Antibody Therapy

We modeled intravenous infusion of anti-VEGF165b in a single bolus over 90 minutes, at a 

dose of 10mg/kg (Table 4), using the same binding and pharmacokinetic properties as 

previously used for bevacizumab46. To provide a frame of reference against a similar 

approved antibody, we simulated a non-isoform-specific antibody (anti-VEGF) using the 

same protocol and binding properties, assuming an equivalent binding affinity for all VEGF 

isoforms. Additionally, as done before, we assumed the antibodies bind only to free VEGF, 

not VEGF bound to HSPGs, sR1, or endothelial receptors. We also neglected potential 

multimeric binding of VEGF by antibodies and therapy-induced tissue remodeling.
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Simulations of Human PAD and Murine Hindlimb Ischemia

Simulations use 75% secretion of VEGF165b in the PAD Calf Muscle and 25% VEGF165b 

secretion in the Main Body Mass, to roughly mimic the 3-fold increase in ischemic tissue 

VEGFxxxb measured experimentally, as done in our previous analysis44. Outputs shown are 

quantities measured in the PAD Calf Muscle 6 days after antibody administration.

Simulations Comparing Different Classes of Therapies

We compared biomaterial-based delivery of the ‘Covalent VEGF with Proteolysis’ construct 

to the PAD Calf Muscle at the dose used in Fig. 2B, therapeutic expression of the ‘Super 

Affinity VEGF’ construct at 5-fold the normal expression level for VEGF165 in the PAD 

Calf Muscle, and intravenous injection of a non-isoform specific antibody to VEGF at a dose 

of 10mg/kg. All therapies are delivered with fractional VEGF165b secretion of 100% in the 

PAD Calf Muscle and 0% in the Main Body Mass for consistency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Overview of model structure and therapy implementation.
(A) Structure of multi-scale whole body compartment model of human PAD, including three 

compartments: the bulk of tissue (Main Body Mass), a calf muscle with PAD (PAD Calf 

Muscle), and the blood44. Antibody delivery is simulated as a 90-minute intravenous 

infusion46, while gene therapy is simulated to target either parenchymal cells (targeting 

ligands) or endothelial cells (receptors) specifically in the PAD Calf Muscle. Biomaterial-

based VEGF delivery assumes delivery into the extracellular space (ECM) of the PAD Calf 

Muscle. (B) Overview of key PAD-specific features in model: VEGF165b properties 

(left)28–30, and changes in VEGF splicing and secretion occurring in PAD (right)31, 32, 38. 

The binding and VEGFR2 phosphorylation properties of VEGF165b are explicitly included 

in the model equations, and VEGF secretion is altered from the healthy baseline model to 

reflect changes in VEGF distribution observed in PAD44.
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Fig 2. ECM-binding affinity and dosing are key design considerations for effective VEGFR 
activation following biomaterial-based VEGF delivery.
(A) Summary of experimentally-tested VEGF constructs delivered in biomaterials and 

observed results in mice40, 41. (B) Calibrating against experimental data (left), we simulated 

the predicted magnitude and duration of increased local VEGF concentration (middle) and 

VEGFR2 phosphorylation (right) following delivery of 354μg of each VEGF construct 

(based on allometric scaling from mouse experiments) delivered in a fibrin gel at the same 

dose, and in the same system. The teal box indicates the physiological range of VEGF 

expression, which typically varies no more than 3–5x in physiological and pathological 

conditions47. (C) Simulation of delivery of the “Covalent VEGF with Proteolysis” construct 

at different doses.
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Fig 3. Distinct patterns of VEGF distribution and receptor activation predicted following 
different gene therapy approaches.
Panels show fold change from baseline six days after treatment with one of six different 

forms of gene therapy (across top). Gray dashed lines are provided for reference to more 

easily compare changes between the different approaches. Top row: Changes in free VEGF 

(not bound to ECM, BM, or sR1) in the Blood, Main Body Mass, and PAD Calf Muscle. 

Middle row: Predicted occupancy of endothelial VEGF receptors in the PAD Calf Muscle. 

Bottom row: VEGFR2 phosphorylation in the PAD Calf Muscle.
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Fig. 4. Model accurately predicts experimental response to anti-VEGF165b in mice.
(A-B) Model-predicted response to anti-VEGF165b treatment, compared to measurements in 

mouse hind-limb ischemia, from an analysis of the data set presented in Ganta et al.31, using 

the same simulation protocol used in 44. Simulation outputs (black) shown for the PAD Calf 

Muscle. Mouse measurements (gray) are taken from gastrocnemius muscle after femoral 

artery ligation and antibody treatment, and represent total tissue measurements (receptor-

bound ligand and VEGF protein) or CD31+ cells (pR2/R2, pR1/R1), normalized by 

equivalent quantities in IgG-treated controls. Asterisks denote significance using an 
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unpaired, two-tailed t-test with p<0.05. n= 3 for pR2/R2, n=5 for IgG group and n=7 for 

treatment group for VEGF binding to VEGFR1, and n=5 for pR1/R1. (A) Model validation. 

(B) Comparison of model-predicated ligand-VEGFR1 binding to experimental VEGFR1 

phosphorylation on Y1333. (C) Model predictions of changes in PAD Calf Muscle in 

response to anti-VEGF165b treatment in the absence of VEGF165b secretion into the 

bloodstream by monocytes.
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Fig 5. Mechanism of action of VEGF-targeting antibodies in PAD.
(A) Schematic of antibody “shuttling” effect. When the antibody is in a compartment with 

high target concentration, it tends to bind to target. Upon moving (via vascular permeability 

or lymphatic drainage) to a compartment with lower target concentration, mass action 

kinetics dictate that the target-antibody complexes will tend to dissociate. Thus, the antibody 

acts to reduce the concentration difference between two compartments. (B-C) Predicted fold 

change in free VEGF in the PAD Calf Muscle on Day 6 following treatment with Anti-

VEGF165b (B) or a non-isoform-specific Anti-VEGF (C), as a function of the local 
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fractional secretion of VEGF165b in the PAD Calf Muscle (x-axis) and the Main Body Mass 

(y-axis). Black indicates an increase in Free VEGF (desired for treating PAD), while red 

indicates a decrease.
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Fig 6. Effect of VEGF-targeting antibodies on endothelial VEGFR signaling in vivo.
(Top) Predicted values of pR2/R2 (A-C) and fold change in pR2 (D-E) in the PAD Calf 

Muscle on Day 6 following treatment with control (left), Anti-VEGF165b (middle) or a non-

isoform-specific Anti-VEGF (right), as a function of the local fractional secretion of 

VEGF165b in the PAD Calf Muscle (x-axis) and the Main Body Mass (y-axis). (Bottom) 
Predicted changes in total endothelial surface VEGFR1 ligation (F-H) and fold change in 

surface VEGFR1 ligation (I-J) in the PAD Calf Muscle on Day 6 following systemic 
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antibody treatment. Black indicates an increase in receptor activation, while red indicates a 

decrease.
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Fig 7. Anti-VEGF induces different VEGF distribution and endothelial VEGFR activation than 
biomaterial-based protein delivery or VEGF gene therapy.
Therapies compared are biomaterial-based delivery of the ‘Covalent VEGF with Proteolysis’ 

construct to the PAD Calf Muscle at the dose used in Fig. 2B (green); therapeutic over-

expression of the ‘Super Affinity VEGF’ construct by 5-fold (blue); and intravenous 

injection of Anti-VEGF (red). (A-C) Changes in free VEGF (not bound to ECM, BM, sR1, 

or antibody) in the PAD Calf Muscle (A), blood (B), and Main Body Mass (C) over time 

following therapy administration. (D-F) VEGFR2 phosphorylation (D), endothelial cell 

surface VEGFR2 occupancy (E), and endothelial cell surface VEGFR1 occupancy (F) 

following treatment.
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Fig 8. Summary of two promising therapeutic profiles.
These molecular signatures were found in this analysis to be common across promising 

therapeutic strategies.
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Table 1.

Novel model-derived insights into pro-angiogenic therapies in the context of existing knowledge

Biomaterial-based
VEGF Delivery

Gene Therapy Pro-angiogenic Antibodies

Pros • No systemic effects
• No dependence on underlying VEGF 
expression or splicing
• Tunable, controlled duration and 
spatiotemporal patterning
• Lower dose = lower cost
• Likely applicable to multiple diseases 
(PAD, wound healing, etc.)

• With proper controlled dosing, no 
systemic effects predicted
• Multiple potential targets: VEGF, 
VEGFR2
• Therapeutically inducing a VEGF 
splicing switch may be a relative safe, 
effective option without the magnitude 
control concerns of other approaches.

• Leverage underlying biology
• Single factor, with easy (IV) delivery
• Long half-life
• Precedent for approved anti-VEGF 
therapy
• Lower local VEGF levels than 
VEGF protein or gene delivery, so no 
concern about inducing VEGFR2 
saturation

Cons • Challenging to deliver to large tissues 
with chronic, diffuse disease
• Cost of growth factor is high, 
especially for repeated delivery to large 
tissues.
• Growth factor + gel both require 
regulatory approval

• Precise control of magnitude & 
duration critical for success
• Challenging to deliver to large tissues 
with chronic, diffuse disease
• Concerns over safety of long-term or 
permanent gene therapy

• Potential for systemic effects
• Efficacy depends on underlying 
VEGF splicing in healthy & diseased 
tissue, and relative size of tissues with 
high vs. low VEGF165b

Mechanism 
of Action

• Low initial free VEGF spike (more 
physiological -> less permeability, 
minimize angioma formation)
• Extended pR2 elevation vs. native 
protein delivery (may prevent vessel 
regression)

• VEGF: elevate local VEGF protein
• VEGF splicing: elevate local “strong” 
VEGFR2-activating VEGF165a

VEGFR2: increase number of VEGFR2 
to be activated per endothelial cell

• Antibody ‘shuttling’ between tissues 
with different VEGF isoform 
expression
• Improves VEGFR1 signaling and 
could increase pR2 (anti-VEGF only)

Key Open 
Questions

• Need to understand in vivo receptor 
levels in each therapeutic case or 
experimental system of interest to select 
doses that avoid receptor saturation.

• Can induction of stable, high efficiency 
(but not permanent), spatially 
homogenous expression, targeting 
specific cell types be achieved?
• How can VEGF splicing be tuned 
therapeutically?

• What are the absolute levels of 
VEGF165a and VEGF165b in healthy 
and ischemic tissue? In obese subjects 
and those with extensive CV disease, 
what fraction of tissue expresses high 
VEGF165b levels?
• Need to better understand VEGFR1 
signaling.

Note: Insights in green are derived from this computational model, and insights in purple are confirmed by the model. This highlights the 
contributions of this study to therapy design & translation, within the context of other knowledge in the field (shown in black).
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Table 2.

Summary of parameters for biomaterial-based VEGF delivery.

Protein Construct KD(V•M)
in nM

kon(V•M)
in M−1s−1

koff(V•M)
in s−1

[ECM] added
(*VEGF dose)

Ref.

VEGF165 60.9 1.64×105 1.0×10−2 425 40

Super Affinity VEGF 5.9 1.69×105 1.0×10−3 150 40

Covalent VEGF with Proteolysis 0.002 1.69×105 3.3×10−7 150 Tuned to match Ref. 41

Note: All constructs assumed to bind NRP1, VEGFR1, VEGFR2, & sR1 with the same affinities as VEGF165.
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Table 3.

Summary of parameters for gene therapy.

Targeted Gene Targeted Cells in PAD Calf Muscle Fold Change

VEGF165 Parenchymal (e.g. skeletal muscle) 5× basal VEGF165 secretion

VEGF165 Parenchymal (e.g. skeletal muscle) 20× basal VEGF165 secretion

Super Affinity VEGF Parenchymal (e.g. skeletal muscle) 5× basal VEGF165 secretion

VEGF165 b->a switch Parenchymal* from 100% VEGF165b to 0%

VEGFR2 Endothelial cells 5× basal VEGFR2 production

sR1 Endothelial cells 0.1× basal sR1 secretion
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Table 4.

Summary of parameters for intravenous antibody infusion.

Parameter Description Value Units Ref.

KD(V•AB) Binding affinity for VEGF to AB 2.2 nM 46, 72

kon(V•AB) on-rate constant for V•AB 9.2×104 M−1s−1 46

koff(V•AB) off-rate constant for V•AB 2.0×10”4 s−1 46

kperm(AB) vascular permeability of AB 3×10−8 cm/s 46

kperm(V•AB) vascular permeability of V•AB 3×10−8 cm/s 46

klymph(AB), MBM lymphatic drainage of AB from MBM 0.1418 cm2/s 68

klymph(V•AB), MBM lymphatic drainage of V•AB from MBM 0.1418 cm2/s 68

klymph(AB), PCM lymphatic drainage of AB from PCM 0.0022 cm2/s 68

klymph(V•AB), PCM lymphatic drainage of V•AB from PCM 0.0022 cm2/s 68

kCL(AB) clearance of AB from blood 3.2×10−7 s−1 46

kCL(V•AB) clearance of V•AB from blood 3.2×10−7 s−1 46

Bolus size dose (70kg human subject) 10 mg/kg 46

Infusion duration 90 min 46

Notes: (1) All parameters assumed same for Anti-VEGF and Anti-VEGF165b, aside from set of VEGF isoforms bound by ligand. (2) MBM = 

main body mass, PCM = PAD calf muscle
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