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Abstract

Osteoarthritis (OA) is a painful and debilitating disease. A striking feature of OA is the dramatic 

increase in vascular endothelial growth factor (VEGF) levels and in new blood vessel formation in 

the joints, both of which correlate with the severity of OA pain. Our aim was to determine whether 

anti-VEGF monoclonal antibodies (mAbs) – MF-1 (mAb to VEGFR1) and DC101 (mAb to 

VEGFR2) – can reduce OA pain and can do so by targeting VEGF signaling pathways such as 

Flt-1 (VEGFR1) and Flk-1 (VEGFR2).

After IACUC approval, OA was induced by partial medial meniscectomy (PMM) in C57/BL6 

mice (20 g). ln the first experiment, for validation of VEGFR1 in DRG, the mouse dorsal root 

ganglion (DRG) was stimulated with NGF for 48 hours to find the relative gene induction for 

VEGFR1 vs. 18S by RT-PCR. In the second experiment, Biotin-conjugated VEGFA (1 µg/knee 
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joint) was administered in the left knee joint of mice with advanced OA in order to 

characterization of VEGFR1 and VEGFR2. pVEGFR1/VEGFR2 was detected by immunostaining 

in DRGs. Finally, MF-1 and DC101 were administered in OA mice by both intrathecal (IT) and 

intraarticular (IA) injections, and the change in paw withdrawal threshold (PWT) was measured.

Retrograde transport of VEGF was confirmed for detection of pVEGFR1/VEGFR2 in the DRG. 

PMM surgery led to development of OA and mechanical allodynia, with reduced paw withdrawal 

thresholds (PWT) (P<0.0001). IT injection of MF-1 led to a reduction of allodynia in advanced 

OA, but injection of DC101 did not. IA injection of MF-1 or DC101 at one week after PMM 

injury did not reduce allodynia, but when injected in advanced OA mice joints at 12 weeks, both 

Mabs increased PWT an indicator of analgesia. Our data show that MF-1 (VEGR1 inhibition) 

decreases pain in advanced OA after IT or IA injection. Activation of MF-1 or DC101 may 

ameliorate OA-related joint pain.
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Introduction

Osteoarthritis (OA) is associated with cartilage degeneration and articular cartilage 

degradation, followed by subchondral bone thickening, osteophyte formation, synovial 

inflammation and joint degeneration (Varela-Eirin et al. 2018). Therefore, OA causes ectopic 

firing and neuroplasticity changes in peripheral and central nervous systems via modulation 

of various factors including TGF-β/BMPs, Wnt, and Cx43, or SASP in neuronal and non-

neuronal mechanisms that are involved in signaling pathways for developing chronic pain 

(Das 2015, Gersing et al. 2017, Varela-Eirin et al. 2018). Clinically this pain is very difficult 

to manage with current medications and creates a sizeable economic burden – $600 billion 

per annum in the United States – which exceeds the combined annual cost of cancer, heart 

disease, and diabetes (Sirianni at al. 2015). Nevertheless, acute inflammatory and 

neuropathic pain can be attenuated or abolished by local treatment with sodium channel 

blockers and/or opioids, showing that peripheral nociceptive input is dependent on the 

presence of functional voltage-gated ion channels (Dworkin et al. 2013, Das 2015). But, the 

lack of selective pharmacological modulators for many types of ion channels is a major 

barrier to understanding their biological function (Latremoliere and Woolf 2009, Woolf 

2011). In 2007, global sales of pain medications were totaled $34 billion, highlighting the 

pervasive nature of this condition (Dworkin et al. 2013). In many patients, chronic OA pain 

substantially reduces quality of life, which is especially significant given that the incidence 

of chronic pain increases to 50% in elderly cohorts (Gersing et al. 2017). Thus, this research 

addresses National Research Priority 2, Promoting & Maintaining Good Health, with 

particular relevance to the Priority Goal Ageing well, ageing productively (Varela-Eirin et al. 

2018).

Nevertheless, a striking feature of OA is the dramatic increase in vascular endothelial growth 

factor (VEGF) levels and in new blood vessel formation in the joints, both of which correlate 

with severity of OA pain (Hamilton et al. 2016, Nagao et al. 2017). More recent genomic 
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studies revealed that vegf is one of the key genes that are strongly associated with OA 

progression in humans (Hamilton et al. 2016, Nagao et al. 2017). VEGF-family ligands 

signal via two receptor tyrosine kinases, VEGFR1 (also known as Flt1) and VEGFR2 (also 

known as Flk1) (Hamilton et al. 2016). VEGF-A activates both Flt1 and Flk1; VEGF-B and 

placental growth factor (PlGF) activate Flt1; VEGF-E (encoded by viruses) exclusively 

activates Flk1 (Hamilton et al. 2016). Redundant and compensatory roles among Flt1 

ligands (VEGF-B, PlGF, VEGF-A) have been reported (Hamilton et al. 2016, Nagao et al. 

2017). Thus, targeting the receptors they converge upon may be more efficacious than 

individual ligands. Recently, we and our collaborators reported that selective 

pharmacological inhibition of Flk1 by ZD6474, known as Vandetanib, significantly inhibits 

pathological progression in an established traumatic injury induced OA animal model that 

resembles injury induced development of OA in humans (Nagao et al. 2017).

Therefore, we sought to determine the efficacy of monoclonal antibodies (mAbs) – MF-1 

(mAb to VEGFR1) and DC101 (mAb to VEGFR2) – to reduce OA pain by targeting VEGF 

pathways. This has the potential for development of novel therapeutics for OA pain by 

targeting VEGFRs including Flt-1 (VEGFR1) and Flk-1 (VEGFR2). Moreover, intra-

articular (IA) injections appear to have several potential advantages over systemic delivery, 

including minimal side effects if any, increased bioavailability, and lower doses (Evans et al. 

2013).

Methodology

Validation of VEGFR1 in NGF stimulated DRG neuron culture

Four week old mice (n=10) were sacrificed with 5% isoflurane and sterile (soaked in 70% 

ethanol) surgical tools. L1–L6 DRGs were harvested and stored in 15 ml of Hanks Balanced 

Salt Solution (HBSS; Cat#14170-112, Life technology, USA) in a 15 ml conical tube on ice. 

After that, conical tubes (15 ml) with target tissues were centrifuged at 400 rpm for 30 s to 

pellet tissues. All of the HBSS was aspirated using autoclaved glass pipettes without 

disturbing tissue pellets. All of the thawed collagenase was gently added using a 1 ml 

pipette. Tubes were shaken until the tissue was homogeneously suspended in collagenase A 

(Cat# 10103578001, Roche, USA). Tissues were incubated in a 37°C water bath for 25 min. 

Tubes were shaken again at the half-way point (12.5 min) to make sure the tissue was 

suspended in collagenase A. After 25 min, 15 ml conical tubes containing tissues were 

centrifuged at 400 rpm for 30 s to pellet the tissue at the bottom of the tube. We then 

aspirated as much collagenase A as possible using autoclaved glass pipettes without 

disturbing the tissue pellets. Thereafter, all of the thawed collagenase D (Cat#11088858001, 

Roche, USA) was added using a 1 ml pipette. Collagenase D should be yellow in color. The 

tubes were shaken until the tissue was suspended in collagenase D. Tissue was incubated in 

a 37°C water bath for 20 mins. The tube was shaken again at the half-way point (10 min) to 

make sure tissue was suspended in collagenase D. During this incubation time, we prepared 

for dissociation of tissue (Trypsin Inhibitor, Cat#10109886001, Roche, USA and Papin, 

Cat# P3125-100MG, Sigma, USA at 1:1 ratio) and plating of cells. 50 ml conical tubes were 

placed in a hood with a cell strainer (70 um). After 20 min, 15 ml conical tubes were 

centrifuged at 400 rpm for 2 min to pellet tissue at the bottom of the tube. Dissociation 
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solution was added and the suspension was gently dissociated (pipetted up and down about 

8–10 times) with a small fire-polished Pasteur pipet or a 1ml pipette until the suspension 

became homogeneous. The dissociated cell suspension was strained through a Falcon 70 µM 

cell-strainer, and placed on a 50 ml conical Falcon tube. The sieve was washed 12 times with 

1 ml of growth media each time. The pellet was centrifuged at 400 rpm for 4 min and we 

aspirated as much of the supernatant as possible without disrupting the pellet. We then re-

suspend the pellet in growth media (70–100µl/well; Growth Media formulation included 480 

ml, Neurobasal Media (Cat#21103049, Thermo Fisher Scientific, USA), L-Glutamine (5 ml; 

GLUTAMAX I, Cat#A1286001, Thermo Fisher Scientific, USA), Penicillin-Streptomycin 

solution (5 ml, SV30010, HyClone, Austria) and B-27(10 ml; Cat#17504-044, Life 

technology, USA) in 500 ml volume of media) by mixing several times. The seed dish was 

coated with poly-D-lysine by forming a bubble or droplet with 70–100 µl of re-suspended 

cells at the center of the dish. Cells were incubated at 37°C for at least 2 h. We then flooded 

the dishes by adding 1 ml of growth media to each well disrupting the droplet. We then 

placed the dishes in a 37°C incubator and stimulated with NGF (100ng/ml; Recombinant 

Human beta-NGF Protein, Catalog#CAA36832, R&D Systems, Inc. Minneapolis, USA) for 

48 h prior to RNA extraction. At the end of 48 hours, total RNA was isolated using TRIzol 

reagent (Invitrogen Corp., Carlsbad, CA) according to the manufacturer’s protocol. RT-PCR 

was done to verify the differential expression of selected genes including VEGFR1 (Fw- 

TGGCCACCACTCAAGATTAC and Re- TATAGACACCCTCATCCTCCTC) vs. 18S (Fw- 

GTAACCCGTTGAACCCCATT and Re- CCATCCAATCGGTAGTAGCG), using a Roche 

Light Cycler system (Roche Diagnostics, GmbH Mannheim, Germany) and the SYBR 

Green method. Relative gene expression was determined using the comparative CT method.

Experimental animals

Female C57BL6 mice (n=84) (25–30 g each] were randomly assigned to our studies. Mice 

were allocated to 3 different experiments including (i) retrograde transportation of VEGFA 

as experimental group-1 (n=6) in advanced OA mice, (ii) intrathecal IT injection as 

experimental group-2 (n=51) for MF-1 and DC101 analgesic efficacy in advanced OA mice 

(12–15 weeks post PMM) and (iii) intraarticular (IA) injection as experimental group-3 

(n=27) for MF-1 and DC101 analgesic efficacy in OA mice (at 1 and 12 weeks post PMM). 

Mice were housed under standard laboratory conditions (in a temperature-controlled 

(21±1°C) room with a normal 12-h light/dark cycle). The study protocols involving animal 

procedures followed the guidelines of the Rush Institutional Animal Care and Use 

Committee (IACUC).

Surgical procedure to induce partial medial meniscectomy (PMM) for OA induction

All the surgical operations were done under a microscope in an aseptic setting. Mice were 

placed in a supine position and anesthetized with 1.5 % isoflurane (Abbott Laboratories, 

North Chicago, IL, USA) in oxygen via a facemask at a rate of 1 L/minute. The left hind leg 

hair was shaved, thoroughly scrubbed with a topical antiseptic solution (chlorhexidine 

gluconate), and draped in sterile fashion. After confirming adequate anesthesia, a 1 cm left 

knee incision was made with a #15 scalpel blade. The knee joint was identified from the 

tibia and femur; and the medial menisco-tibial ligament was identified using anatomic 

landmarks. To induce partial medial meniscectomy (PMM), which destabilizes the 
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ligaments, a microscalpel at a depth of 0.5–0.7 mm was used to remove 1 mm of cartilage at 

midline (Glasson, Blanchet and Morris 2007, Thysen, Luyten and Lories 2015, Das et al. 

2018). The skin incision was then closed with 4-0 vicryl sutures.

Biotin-conjugated VEGFA administered intraarticular (IA) in advanced OA mice for 
validating the retrograde transportation of VEGFA and characterization of pVEGFR1/
VEGFR2 via immunostaining in the DRG

For retrograde VEGFA transport studies, Biotin-conjugated VEGFA (1 µg/knee joint) was 

administered intraarticularly (IA) in the left knee joint of mice with advanced OA (16 week-

post PMM surgery; experimental group-1) or sham surgery (n=3/per group). VEGFA (Cat# 

293-VE, R&D systems, Minneapolis) was labeled using Biotin-XX microscale protein 

labeling Kits (Cat# B30010, Molecular Probes; Oregon). After 3 days, mice were terminally 

anesthetized in 5% isoflurane and perfused transcardially with 0.9 % saline followed by 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS, pH 7.4). Lumbar dorsal 

root ganglions (DRGs) were harvested and were processed for immunofluorescence analyses 

for retrograde transportation of VEGFA. For detection of retrograde transportation of 

VEGFA-Biotin, sections were then incubated in a 1:20 dilution of Streptavidin-Alexa Fluor 

488 (Life Technologies, Carlsbad, CA) for 5 h at room temperature and then mounted in 

antifading mounting media (Vector Laboratories, Burlingame, CA) and examined using a 

Nikon Eclipse NiE upright microscope (Nikon Instruments Inc., Melville, NY). In our 

previous publication we showed retrograde transportation of NGF-Biotin from the knee joint 

following a similar protocol (Kc et al. 2016).

Pharmacological validation of MF-1 and DC101 localized drug treatment for reducing pain 
hypersensitivity in OA-induced mice

MF-1 and DC101 localized drug treatment for OA-induced experiment -2 and 
experiment-3 mice—OA-induced experiment-2–3 mice had two parts: intrathecal and 

intraarticular injection for MF-1 and DC101. For each part, mice were randomized into three 

groups: vehicle treated and VEGF antibody treated (MF-1 and DC101). Intrathecal or 

intraarticular injection was administered using 5 µg drug in 5 µl volume. Intrathecal injection 

was carried out at 13–15 weeks post PMM at 8:00 AM. However, intraarticular injection 

was carried out once a week from week 1 to 12 at 4:00 PM each day.

Animal pain behavioral tests—Behavioral testing for reduction of pain in VEGF-

antibodies-treated PMM mice (preclinical experimental group-2 mice) was done 2 h after for 

each mouse and preclinical experimental group-3 mice groups were done at week 1 and 

week 12 for each mouse.

Mechanical allodynia (von frey testing): Allodynia was evaluated based on hindpaw 

withdrawal from mechanical stimuli (Chaplan et al., 1994). After allowing mice to 

accommodate for 30 min on a wire mesh grid, a calibrated set of von Frey filaments was 

applied from below to the plantar hind paw to determine the 50% force withdrawal threshold 

using an iterative method. The filament was applied to the skin with enough pressure to 

buckle. A brisk lifting of the foot was recorded as a positive response. If no response was 
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observed, the filament with the next highest force was applied, while the filament with the 

next lowest force was applied after a positive response.

Statistical analysis

Statistical analyses were done using GraphPad Prism (version 5.00, March7, 2007; Chicago, 

IL, USA) software. All data were presented as mean ± SEM. The statistical significance 

criterion was P<0.05. The t test was used to assess relative gene induction, PWT and protein 

levels between 2 groups at one time point (P<0.05). One-way ANOVA with post hoc 
Dunnett’s Multiple Comparison Test was used to assess PWT for IT and IA injection 

between 3 or more groups.

Results

Validation of VEGFR1 in NGF stimulated DRG neuron culture

Our RT-PCR data showed that NGF stimulation led to a seven fold increase in VEGFR1 

expression in sensory neurons (DRG) as shown in Fig. 1. Quantitative analyses showed that 

mean (±SEM) relative expression of VEGFR1 in DRG was significantly and substantially 

increased in expression due to stimulation by NGF (P=0.0236). Therefore, we hypothesized 

that increased VEGFR1 expression could contribute to increasing various inflammatory 

mediators during progression of pain.

However, recent reports suggest that VEGF signaling may go beyond ‘angiogenesis’ and 

transmits ‘pain’ signals. Lin et al reported that decreased expression of Flk1 (VEGFR2) in 

sensory neurons in dorsal root ganglions (DRGs) attenuates neuropathic pain; Selvaraj et al 

showed a selective role for Flt1 (VEGFR1) in cancer pain (Lin et al. 2010, Selvaraj et al. 

2015). Our previous study demonstrated the selective role of Flt1 in knee joint OA pain 

transmission (Hamilton et al. 2016, Nagao et al. 2017).

Biotin-conjugated VEGFA administered intraarticular (IA) in advanced OA mice for 
validating the retrograde transportation of VEGFA and characterization of pVEGFR1/
VEGFR2 via immunostaining in the DRG

Immunofluorescence results showed (Fig. 2) significant retrograde transportation of 

VEGFA-Biotin complexes from peripheral nerve terminals to the soma of L3–5 DRG 

neurons in mice after PMM surgery (compared to sham control mice). Arrows indicate 

retrograde transportation of VEGFA in DRG neurons.

We next examined whether VEGFA retrograde transportation occurs through VEGFR1 

(Flt1) or VEGFR2 (Flk1) from peripheral nerve terminals to sensory bodies in the DRG 

(Fig.3). For this purpose, we did co-localization immunofluorescence studies of VEGFA-

Biotin with either phospho-VEGFR1 or phospho-VEGFR2. Our double 

immunofluorescence results show that retrograde transportation of VEGFA-Biotin complex 

occurs predominantly through VEGFR1 and not through VEGFR2. The proportion of DRG 

neurons co-localized with VEGFA-Biotin complex and phosphor-VEGFR1 was 97.44% 

while the proportion of DRG neurons co-localized with VEGFA-Biotin complex and 
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phosphor-VEGFR2 was 60.74%. (p<0.001; Fig.3). Our data suggest critical roles for 

VEGFR1 in OA-associated joint pain.

Pharmacological validation of MF-1 and DC101 localized drug treatment for reducing pain 
hypersensitivity in OA-induced mice

As shown in Fig. 4, induction of OA results in pain hypersensitivity (P<0.0001). Validation 

of this model to detect pain hypersensitivity in response to OA allowed us to assess the 

effects of MF-1 and DC101, pharmacological modulators of VEGFR1 and VEGFR2. Using 

the identical model of OA, treatment of mice with MF-1 (5 µg in 5 µl, IT; Fig.4) 

significantly reduced the mechanical hyperalgesia (PWT; figure 4). Specifically, mean 

(±SEM) PWT for pain hypersensitivity was different among groups after 2 h. Importantly, at 

2 h (P<0.0001), PWT was higher in MF-1 treated mice than in vehicle-treated mice. 

However, DC101 (5µg in 5µl) did not elevate PWT. After the IT injection, none of the mice 

were morbid.

We extended this line of experimentation by examining intraarticular administration of MF-1 

and DC101 (5 µg in 5 µl at knee; Fig.5) in the identical OA model, followed by 

determination of PWT (von Frey) for behavioral assessments. As shown in Fig. 5, 

mechanical hyperalgesia (PWT) of the MF-1 and DC101-treated groups progressively 

resolved over time from the 1st to the 12th week. Specifically, mean (±SEM) PWT scores for 

pain hypersensitivity were different among groups at 12 weeks (P<0.0001). Importantly, at 

week 12 the PWT was higher in the MF-1 and DC101 groups (P<0.001 and P<0.05) than in 

vehicle treated PMM mice. During the enter period of the IA injection study, none of the 

mice were morbid.

Discussion

Our data clearly demonstrate that MF-1 decreases pain in advanced OA after intrathecal (IT, 

Fig.4) and intraarticular injection (IA, Fig.5). Because decreases in VEGF are involved, 

pharmacological activation of MF-1 and DC101 may be an effective method for treating 

OA-related pain, as well as reducing joint damage associated with this disease. Therefore, 

this finding will provide additional strategic information on targeting specific VEGFRs for 

complicated OA conditions - if someone has complex medical problems such as OA pain 

with diabetic neuropathy, the patient may need to selectively inhibit VEGFR-1/Flt-1 

activation at the joint to control OA-related pain, and to prevent ischemia. Previously, we 

and our collaborators published that a selective chemical inhibitor of Flk-1 (ZD6474) 

effectively protects cartilage from degeneration (Nagao et al. 2017). In the current study, we 

report a distinct role of Flt-1, but a lesser role for Flk-1 in OA pain transmission.

Angiogenesis is a counterbalanced regulated process in the extracellular matrix (ECM) 

including vascular endothelial growth factors (VEGFs), angiopoietins, transforming growth 

factor, fibroblast growth factor and platelet-derived growth factor (PDGF) within the cellular 

system (Chung et al. 2006, Selvaraj et al. 2015, Hamilton et al. 2016). Therefore, it is 

associated with much pathology, such as atherosclerosis, diabetic retinopathy, arthritis and 

neurodegenerative disease such as amyotrophic lateral sclerosis (ALS). Although 

structurally very similar, the different VEGFs display distinct properties and bind to specific 
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subtypes of VEGF receptors to promote endothelial cell growth, migration and survival, but 

also regulate blood vessel permeability and vasodilation (Baldanzi et al. 2004, Hamilton et 

al. 2016). In mammals VEGF-A is expressed in many variants including VEGF-A121, 

VEGF-A165, VEGF-A189 and VEGF-A206 (Baldanzi et al. 2004). Among these, the longer 

versions of VEGF-A bind to additional receptors such as neuropilin-1 and -2, which play a 

role in cell adhesion and in nerve and vessel guidance (Baldanzi et al. 2004, Lin et al. 2010, 

Selvaraj et al. 2015). Increased activation of VEGFR-2 in the presence of heparin sulfate 

(HS) and neuropilin-1 or -2 has been observed for VEGF-A165, the isoform most 

prominently expressed in mammals (Cebe Suarez et al. 2006). However, another isoform 

VEGF-A206 is proteolytically cleaved and released from the ECM by metalloproteinases in 

the bone (Cébe Suarez et al. 2006, Lin et al. 2010).

However, VEGFs signal through cell surface receptor tyrosine kinases related to the PDGF 

receptor family (Lemmon and Schlessinger 2010). VEGF-A binds to both VEGF receptor 1 

(VEGFR-1) and -2 (VEGFR-2) and VEGF-B exclusively binds to VEGFR-1 (Hamilton et 

al. 2016). VEGF-C and VEGF-D are specific ligands for VEGFR-2 and VEGFR-3, which 

regulate both blood and lymphatic vessel development (Cébe Suarez et al. 2006). This 

protein binds VEGF receptors with the same affinity as VEGFA165, shows reduced binding 

to HS, does not bind neuropilin-1, and displays altered signaling properties through 

VEGFR-2 and ERK kinases (Cébe Suarez et al. 2006).

Therefore, we and our collaborators recently found that: (i) VEGF is a chondrocyte survival 

factor for bone formation, skeletal growth and postnatal homeostatic processes (ii) increased 

VEGF expression significantly increased OA severity, (iii) in surgically induced knee OA in 

mice, a model of post-traumatic OA in humans, increased expression of VEGF is associated 

with catabolic processes in chondrocytes and synovial cells, (iv) recent advances in 

development of conditional knockdown of Vegf attenuates induction of OA, (v) intra-

articular anti-VEGF antibodies suppress pathological changes in OA progression via 

reducing the levels of phosphorylated VEGFR2 in articular chondrocytes and synovial cells 

and reduce levels of phosphorylated VEGFR1 in dorsal root ganglia and (vi) oral 

administration of the VEGFR2 kinase inhibitor Vandetanib attenuates OA progression 

(Hamilton et al. 2016, Nagao et al. 2017).

Therefore, we sought to determine the efficacy of monoclonal antibody (mAb) to MF-1 

(mAb to VEGFR1) and DC101 (mAb to VEGFR2) to reduce OA pain by targeting VEGF 

pathways such as Flt-1 (VEGFR1) and Flk-1 (VEGFR2) as novel therapeutics. Interestingly, 

inhibition of Flt-1 and Flk-1 signaling could reduce joint pain and inhibit progression of 

joint pathology via intra-articular (IA) drug delivery with minimal side effects during OA-

associated pain. However, the treatment of chronic pain (osteoarthritis), and in particular 

neuropathic pain, is often recalcitrant to existing analgesics (Lin et al. 2010, Selvaraj et al. 

2015, Das 2015, Hamilton et al. 2016, Gersing et al. 2017, Nagao et al. 2017, Varela-Eirin et 

al. 2018).

Nevertheless, how osteoarthritis (OA) develops and progresses to painful and debilitating 

disease is unclear. A striking feature of OA is the dramatic increase in vascular endothelial 

growth factor (VEGF) levels and in new blood vessel formation in the joints, both of which 
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correlate with OA severity (Lin et al. 2010, Selvaraj et al. 2015, Hamilton et al. 2016, Nagao 

et al. 2017). US Food & Drug Administration (FDA) approval of several inhibitors of the 

VEGF pathway has enabled significant advances in the therapy of diseases related to 

pathological angiogenesis (Hamilton et al. 2016). Unfortunately, there are multiple VEGF 

ligands with redundant and compensatory roles that may contribute to OA progression and 

pain (Hamilton et al. 2016, Nagao et al. 2017). Thus, targeting individual ligands may be 

less efficacious than targeting the receptor(s) they converge upon. Specifically, VEGF 

ligands signal via two receptors, VEGFR-1 (known as Flt-1) and VEGFR-2 (known as 

Flk-1).

However, pain is the major driver of OA patients seeking medical help. For symptomatic OA 

patients, the best option to remedy the fundamental joint problem is (i) immediate pain relief 

with (ii) gradual cartilage regeneration (Gersing et al. 2017, Varela-Eirin et al. 2018). The 

ideal OA-disease-modifying-drug (OADMD) should elicit these two simultaneous effects 

including (1) Simultaneous inhibition of Flt-1 and Flk-1 signaling will immediately reduce 

joint pain and inhibit progression of joint pathology and (2) Intra-articular (IA) drug delivery 

will minimize side effects (Lin et al. 2010, Selvaraj et al. 2015). Using technology that 

causes slow drug release, which prolongs drug effects, will reduce the number and frequency 

of IA treatments needed for a therapeutic effect.

FDA approval of several inhibitors of the VEGF pathway has enabled significant advances 

in the therapy of diseases related to pathological angiogenesis, including OA (Hamilton et al. 

2016, Nagao et al. 2017). Therefore, these findings will provide essential information critical 

to basic and clinical OA research fields that will lead to clinical trials of IA mAb therapy, 

targeting Flt-1 and Flk-1 in symptomatic OA patients.

Conclusion

We used our validated pre-clinical murine OA model, partial medial meniscectomy (PMM), 

in which the clinical presentation resembles human OA and provides a unique opportunity to 

assess, over time, OA progression: pain centralization; and joint pathology (Das et al, 2018).

Therefore, we hypothesize that pharmacological targeting of VEGF monoclonal antibody 

including MF-1 and DC101 may lead to the development of novel therapeutics to treat 

chronic pain (osteoarthritis) and stress in relation to pain. Importantly, our findings relating 

to MF-1 and DC101 modulatory effects in pain (during osteoarthritis) have been validated 

by introducing an osteoarthritis model in mice. Our hypothesis is supported by our results 

that the pharmacological activator (MF-1) reduces pain significantly in mice through 

modulating the angiogenesis in the VEGF pathway.
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Abbreviations list

OA osteoarthritis

PMM partial medial meniscectomy

h hour

PWT paw withdrawal threshold

PTT paw thermal threshold

DRG dorsal root ganglion

IT intrathecal

IA intraarticular

RT-PCR Real-time polymerase chain reaction

P probability

SEM standard error of the mean

mAbs monoclonal antibodies

VEGF vascular endothelial growth factor

Flt-1 VEGFR1

Flk-1 VEGFR2

IACUC Institutional Animal Care and Use Committee

NGF nerve growth factor

PIGF placental growth factor

TGF-β/BMPs transforming growth factor beta/Bone Morphogenetic 

Proteins
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Wnt group of signal transduction pathways made of proteins 

that pass signals into a cell through cell surface receptors

Cx43 connexin43 or Gap junction alpha-1 protein

SASP senescence-associated secretory phenotype

USA United States of America

HBSS Hanks Balanced Salt Solution

L1–L6 lumber 1– lumber 6

PDGF platelet-derived growth factor

ECM extracellular matrix

HS heparin sulfate

OADMD OA-disease-modifying-drug

FDA Food & Drug Administration
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Figure 1. Validation of VEGFR1 in NGF stimulated DRG neuron culture
Expression of VEGFR1 targets in the dorsal root ganglia (DRG) following sensory neuron 

culture treated NGF stimulation for 48 h. Quantitative analyses of VEGFR1 relative gene 

expression was 7 fold higher than in controls. Values are mean ± SEM and n=3–4.
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Figure 2. Biotin-conjugated VEGFA administered intraarticular (IA) in advanced OA mice for 
validating the retrograde transportation of VEGFA via immunostaining in the DRG
Expression of VEGFA-Biotin in the dorsal root ganglia (DRG) following groups of mice 

including sham, and PMM mice, where single immunofluorescence staining of VEGFA-

Biotin (green) in DRGs for both, sham and PMM mice. The scale bar is 10 µm and is shown 

in white in color for all images. Values are mean±SEM and n=3/per group.
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Figure 3. Biotin-conjugated VEGFA administered intraarticular (IA) in advanced OA mice for 
characterization of pVEGFR1 (Flt1)/VEGFR2 (Flk1) via immunostaining in the DRG
Expression of pVEGFR1 and pVEGFR2 targets in the dorsal root ganglia (DRG) following 

groups of mice including sham and PMM mice. Double immunofluorescence staining of 

pVEGFR1 and pVEGFR2 (red) and VEGFA-Biotin (green) in DRGs of sham and PMM 

mice. Co-localization of the two stains appears yellow. The scale bar is 10 µm and is shown 

in white in color for all images. Quantitative analyses of pVEGFR1 and pVEGFR2 

expression in DRGs (Fig. 3) showed that they were increased in OA mice. Values are mean 

± SEM and n=3/per group.
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Figure 4. Analgesic activity of MF-1 and DC101 in a model of osteoarthritis induced pain
Fig. 4 (single intrathecal injection; n=17/group) where, mechanical hyperalgesia was 

measured using the von Frey filament test. In OA mice, the paw withdrawal threshold 

(PWT) was elevated – showing analgesia – in the MF-1 and Dc101 treated group vs. the 

vehicle group. Values are mean ± SEM.
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Figure 5. Analgesic activity of MF-1 and DC101 in a model of osteoarthritis induced pain
Fig.5 (multiple intraarticular injections; n=9/group) where, mechanical hyperalgesia was 

measured using the von Frey filament test. In OA mice, the paw withdrawal threshold 

(PWT) was elevated in the MF-1 and DC101 treated group vs. the vehicle group. Values are 

mean ± SEM.
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