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Abstract

Osteoporosis is a skeletal disorder attributable to an imbalance in osteoblast and osteoclast 

activity. NELL-1, a secretory protein that promotes osteogenesis while suppressing osteoclastic 

activity, holds potential as an osteoporosis therapy. Recently, we demonstrated that PEGylation of 

NELL-1 significantly improves its thermostability while preserving its bioactivity in vitro. 

However, the effect of PEGylation on the pharmacokinetics and osteogenic potential of NELL-1 

in vivo have yet to be investigated. The present study demonstrated that PEGylation of NELL-1 

significantly increases the elimination half-life time of the protein from 5.5h to 15.5h while 

distributing more than 2–3 times the amount of protein to bone tissues (femur, tibia, vertebrae, 

calvaria) in vivo when compared to naked NELL-1. In addition, microCT and DXA analyses 

demonstrated that systemic NELL-PEG therapy administered every 4 or 7 days significantly 

increases not only femoral and lumbar BMD and percent bone volume, but also new bone 

formation throughout the overall skeleton after four weeks of treatment. Furthermore, 

immunohistochemistry revealed increased osteocalcin expression, while TRAP staining showed 

reduced osteoclast numbers in NELL-PEG groups. Our findings suggest that the PEGylation 

technique presents a viable and promising approach to further develop NELL-1 into an effective 

systemic therapeutic for the treatment of osteoporosis.
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1. INTRODUCTION

Osteoporosis, the most common metabolic bone disease, affects over 200 million people 

worldwide with 10 million people affected in the United States alone [1–6]. Therapeutic 

approaches to osteoporotic bone loss have focused thus far on either anabolic or 

antiresorptive agents [7, 8] with only one anabolic agent, parathyroid hormone (PTH), 

approved by the Food and Drug Administration (FDA) for the temporary treatment of 

osteoporosis. To address the pressing need for new therapies that are both anabolic and anti-

osteoclastic [7, 9–11], promising new agents that increase Wnt/β-catenin activity are in 

development. Wnt/β-catenin signaling plays a key role in directing stem cell differentiation 

to osteoblasts and in inhibiting osteoclast activity [12, 13]. In addition, decreased Wnt/β-

catenin signaling has been implicated in osteoporosis [14, 15]. However, because 

recombinant Wnts are difficult to produce and deliver, most approaches to increase Wnt/β-

catenin signaling involve the blockade of naturally occurring Wnt antagonists via antibodies 

(e.g., anti-DKK1 or anti-Sclerostin antibodies) [12, 13] to functionally ‘de-repress’ Wnt 

signaling.

NEL-like molecule-1 (NELL-1), a unique secretory molecule, was first implicated in bone 

formation by its overexpression in human craniosynostosis [16]. Specifically, NELL-1 is a 

700kDa protein recognized as a potent pro-osteogenic cytokine and was most often studied 

for its local bone-forming effects [17–24]. NELL-1 has been reported to induce robust 

osseous healing of critical-sized rat femoral segmental and calvarial defects [17, 25, 26], and 

also to promote lumbar spinal fusion in rats, sheep [21–23], and non-human primates. 

Additionally, NELL-1 has been identified not only to demonstrate anti-osteoclastic effects 

both in vitro and in vivo [19], but also to suppress adipogenesis [27]. Recently, a genome-

wide linkage study identified NELL-1 polymorphisms in patients with reduced bone mineral 

density [28], thus describing an association between NELL-1 and osteoporosis. In 

accordance with this, our preliminary studies indicated that NELL-1, like Wnt/β-catenin, 

also acts as a combined anabolic and anti-osteoclastic agent to protect against osteoporotic 

bone loss. Not only are Nell-1 haploinsufficient mice more prone to osteoporosis, but also 

the local intramedullary delivery of NELL-1 reverses osteoporotic bone loss in both small 

(rat) and large (sheep) animal models [20, 29]. Excitingly, we have recently determined that 

NELL-1 effects occur in large part via activation of Wnt/β-catenin signaling [19] and that 

systemically delivered NELL-1 potently reverses ovariectomy (OVX)-induced bone loss in 

mice; however, a relatively frequent administration schedule was required (q2d; 3–4 doses/

week) due to the rapid clearance of the native protein [29]. Resultantly, the short circulation 

time of NELL-1 in vivo was deemed as one of the main limitations for its practical 

application as a systemic therapy. Therefore, one of the main purposes of the present study 

was to improve the pharmacokinetics of NELL-1 by structural modification in order to 

extend its circulation time in vivo.

One of the most biocompatible technologies to prolong the half-life of a protein is to use 

water-soluble polyethylene glycol (PEG) polymers as macromolecular carriers. PEGylation, 

the chemical process of modifying a molecule’s physiologic and pharmacokinetic 

characteristics using PEGs, has demonstrated to be both effective and non-toxic [30–33]. 

Thus far, the FDA has approved 10 marketed PEGylated therapies [33]. PEGylation of a 
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protein not only prolongs its half-life, but also reduces its injection frequency by 

consequence of extending circulation time in vivo. Seeking to reduce the injection frequency 

of NELL-1, we previously used PEGylation technology to enhance the systemic 

pharmacokinetics of NELL-1 [34]. Three different PEGylated types of NELL-1 (5K-linear, 

20K-linear, and 40K-branched) were tested, each demonstrating an increased thermostability 

and a maintained bioactivity in vitro in mouse osteoblast cells and human adipose-derived 

perivascular stem cells (hPSCs) compared to naked NELL-1 [34]. Importantly, the levels of 

PEGylated NELL-1 were found to remain significantly higher compared to naked NELL-1 

at 24 hours in vivo. As a result, these findings brought PEGylated NELL-1 to the forefront 

alongside other combined anabolic and antiresorptive agents currently in development such 

as anti-DKK1 or anti-Sclerostin, both of which are injected every 4 days [35].

In the current study, we investigated the pharmacokinetics of PEGylated NELL-1 in vivo 

and its resultant osteogenic effect in mice. Previously, we tested three different PEGylation 

types of NELL-1 (NELL-PEG-5k, NELL-PEG-20k and NELL-PEG-40k) and determined 

NELL-PEG-5k to be the most optimal type of PEGylation for this in vivo study [34]. Thus, 

in the present study, we examined the osteogenic potential of systemically administered 

PEGylated NELL-1 (NELL-PEG-5k) compared to naked NELL-1 and a carrier control. In 

the following text, NELL-PEG refers to NELL-PEG-5k if not mentioned otherwise. Given 

that the systemic anti-osteoporosis therapeutics currently in development (e.g., anti-DKK1, 

anti-Sclerostin antibodies) are administered q4d (2 doses/week) [35], we sought to examine 

the osteogenic potential of NELL-PEG administered at every 4 days and every 7 days (q4d 

and q7d). Specifically, we aimed to (1) evaluate the pharmacokinetics of NELL-PEG in 

comparison to naked NELL-1 and a control group in vivo, and then (2) investigate the 

systemic osteogenic capacity of NELL-PEG when administered at q4d or q7d in vivo. The 

significance and novelty of the present study is that, upon success, we could develop an 

efficacious approach to deliver NELL-1 as a growth factor-based systemic osteogenic 

therapy.

2. MATERIALS AND METHODS

Animals

All animals were handled in accordance with the institutional guidelines of the Chancellor’s 

Animal Research Committee (ARC) of the Office for Protection of Research Subjects at the 

University of California, Los Angeles. Animals were housed in a light- and temperature- 

controlled environment and given food and water ad libitum.

2.1. Pharmacokinetic (PK) study

2.1.1 Preparation of NELL-PEG—NELL-PEG was synthesized using linear PEG 5k 

(Sigma-Aldrich, USA) according to our previous paper [34]. Briefly, 10 μl of 62.5 mg/mL 

PEG 5k was added into 250 μl of NELL-1 solution (2.0 mg/mL, pH6.5), and the mixture 

was stirred for 12 h at 4 °C under 300 rpm. The obtained NELL-PEG was purified by 

loading the mixture onto a Sephadex G-25M column (Sigma-Aldrich, USA), then eluting 

the column with 3.0 mL of PBS solution (1×, pH 7.4), and collecting the fractions (0.25 mL/

fraction) that mainly consisted of NELL-PEG determined by GPC method. A 24 h dialysis 
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against distilled water was performed using dialysis cassettes (MWCO 100 KDa, Fisher, 

USA) to remove any unreacted PEG molecules.

2.1.2 Preparation of FITC- labeled protein—NELL-1 and PEGylated NELL-1 were 

labeled with fluorescein isothiocyanate (FITC) according to our previous paper [34]. FITC 

(Sigma Aldrich, MO) and either NELL-PEG or NELL-1 (4 mg/mL) were reacted at a 50:1 

molar ratio in a 0.1 M sodium carbonate-bicarbonate buffer (pH 9.0) for 3 h at room 

temperature under magnetic stirring at 250 rpm. The FITC-tagged protein was then 

separated and purified.

2.1.3 Pharmacokinetic study—3-month-old female CD-1 mice (Charles River 

Laboratories, MA) were used for the PK study. The mice were randomly divided into 2 

groups (n=6/group): a FITC-NELL-1 group and a FITC-NELL-PEG group. The mice in 

each group were intravenously administered 100 μl of sterile solution via the lateral tail vein 

at a dose of 1.25 mg protein/kg mouse weight (based on protein content). Blood samples 

were drawn retro-orbitally and collected in a serum separator tube at a series of time-points 

post-injection (0.5, 1, 4, 8, 12, 24, 36 h). The serum was then separated and the 

concentrations of FITC-NELL-1 and FITC-NELL-PEG measured by a plate reader (Infinite 

F200, Tecan Group Ltd., Switzerland). To be protected from light during the sampling 

process, the tubes of blood and serum were wrapped with aluminum foil. PK parameters 

were calculated based on individual animal concentrations using the kinetica program. The 

data were fitted to a two-compartment model and the pharmacokinetic parameters were 

calculated from the proposed model.

2.1.4 Preparation of VivoTag- labeled protein—NELL-1 and NELL-PEG were 

labeled with VivoTag 680XL (PerkinElmer, MA) for a biodistribution study. 30 μl of 

VivoTag 680XL (10 mg/mL in DMSO) and either 0.5 mL of NELL-1 or NELL-PEG (2 

mg/mL based on protein content) were reacted in a 50 mM sodium carbonate-bicarbonate 

buffer (pH 8.5) at room temperature for 3 h under magnetic stirring at 250 rpm. The 

VivoTag 680XL-tagged NELL-1 was then separated from unreacted VivoTag 680XL by 

filtration chromatography through a Sephadex G-25 column. Next, the fractions containing 

VivoTag-NELL-1 or VivoTag-NELL-PEG were collected and pooled. The vial of labeled 

protein was wrapped with aluminum foil to be protected from light and stored at -80 °C 

before use.

2.1.5 Biodistribution study—For the protein biodistribution study, 3-month-old female 

CD-1 mice (Charles River Laboratories, MA) were randomly divided into 3 groups (n=3/

group): a NELL-PEG group, a NELL-1 group, and a control group (PEG). The mice in each 

group were administered with a single, 100 μl IV bolus dose via the lateral tail vein at a dose 

of 1.25 mg/kg (based on protein content) for NELL-PEG and NELL-1 groups and at a dose 

of 1.52 mg/kg for the PEG group (equal to the PEG amount in the NELL-PEG dose). At 48 

h post-treatment, the mice were sacrificed and the organs (liver, kidney, spleen, heart, lungs, 

brain, muscle, fat, ovary, calvaria, vertebrae, tibia, and femurs) were harvested and imaged 

using the IVIS Lumina II optical imaging system (Caliper Life Sciences, MA). Special care 
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was taken during dissection to avoid cross-contamination. The organs were weighed and the 

data were plotted as fluorescence efficiency per gram of tissue weight.

2.2. Systemic osteogenicity study (q4d vs. q7d)

2.2.1 NELL-PEG intravenous injection in mice—To investigate the osteogenic 

capacity of systemically administered NELL-PEG, 3-month-old female C57BL/6 mice 

(n=19, mean body weight 20g, Jackson Laboratory, ME) were used. The mice were 

randomly divided into 3 groups: a PBS/PEG control (q4d, n=3) group, a NELL-PEG (q4d, 

n=8) group, and a NELL-PEG (q7d, n=8) group. Then, the mice were intravenously injected 

with 100 μl of PBS/PEG or NELL-PEG via the lateral tail veins at a q4d or q7d dosing 

interval over a 4-week experimental period. The type of PEG (linear 5 KDa) for NELL-PEG 

and the optimal doses for PBS/PEG (1.52 mg/kg) and NELL-PEG (1.25 mg/kg) were 

determined according to our previous studies [29, 34].

2.2.2 In vivo bone densitometry by DXA—To monitor bone mineral density (BMD), 

dual-energy X-ray absorptiometry (DXA) scans were performed weekly using a Lunar 

PIXImus II densitometer (GE Lunar, WI). Under isoflurane anesthesia, all animals were 

positioned prone on the imaging pad with the femurs parallel to the direction of the scan and 

the knee joints flexed at a right angle. Areal BMD was determined with rectangular regions-

of-interest (ROIs) placed on distal femurs and lumbar vertebrae (L6) using image analysis 

software (version 2.10) provided by the manufacturer.

2.2.3 In vivo microPET/CT bone scan using [18F] fluoride ion—To monitor the 

overall bone metabolic activity, [18F] fluoride ion bone scanning was performed weekly 

using micro positron emission tomography (microPET) and correlated with anatomical 

imaging using micro-computed tomography (microCT) at the UCLA Crump Institute for 

Molecular Imaging. [18F] localization in the skeleton is dependent on regional blood flow, 

as well as on new bone formation. [18F] is substituted for hydroxyl groups in hydroxyapatite 

and covalently bonds to the surface of new bone; thus, uptake is higher in new bone 

(osteoid) because of the greater availability of binding sites. In brief, [18F] fluoride ion was 

produced at specific activities of approximately 1,000 Ci/mmol using 18O-labeled water and 

proton bombardment with a RDS cyclotron (Siemens Medical Solutions USA, Inc., TN). 

Mice were injected with [18F] fluoride ion (less than 200 μCi) via the lateral tail vein and 

kept anesthetized with isoflurane during radioactive probe uptake and clearance for 1 hour, 

followed by microPET (FOCUS 220 system; Siemens Medical Solutions USA, Inc., TN) 

and microCT (microCAT II; Siemens Medical Solutions USA, Inc., TN) combination scans 

lasting 20 minutes. All animals were imaged within ARC-approved rodent imaging 

chambers to minimize positioning errors during co-registration between microPET and 

microCT images. MicroPET images were reconstructed using a filtered back projection 

(FBP) and an iterative three-dimensional maximum a posteriori (MAP) reconstruction 

algorithm. To ensure the proper anatomical location of ROIs, microPET images were co-

registered with the microCT images. Next, images were analyzed and quantified using 

AMIDE software (version 1.0.4). The mean tissue activity concentration (μCi/mL) of [18F] 

fluoride ions was determined by standardized cylindrical ROIs drawn on distal femurs and 

lumbar vertebrae, and normalized to the injected dose (μCi). Statistical analysis was 
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performed in the distal femurs and terminal lumbar vertebral body, the most commonly 

examined bone sites.

2.2.4 Post-mortem high-resolution microCT evaluation—Animals were sacrificed 

at 4 weeks post-treatment and harvested for left and right femurs, tibias, humeri, and 

thoracic and lumbar vertebrae. Samples were fixed in 4% paraformaldehyde (PFA) for 48 

hours and stored in 70% ethanol for microCT, histological, and immunohistochemical 

analyses. Femurs were scanned using a high-resolution microCT (SkyScan 1172, Bruker 

MicroCT N.V., Kontich, Belgium) at an image resolution of 27.4 μm (55 kV and 181 mA 

radiation source; 0.5-mm aluminum filter). Then, 3D images were reconstructed from the 

2D X-ray projections by implementing the Feldkamp algorithm, and appropriate image 

corrections including ring artifact correction, beam hardening correction, and fine-tuning 

were processed using NRecon software (SkyScan 1172, Belgium). The dynamic image 

range (contrast limits) was determined at 0–0.1 in units of attenuation coefficient and 

applied to all datasets for optimum image contrast.

After acquisition and reconstruction of datasets, images were first reoriented on each 3D 

plane using DataViewer software (SkyScan 1172, Belgium) to align the long axis of the 

femur parallel to coronal and sagittal planes. Next, 3D morphometric analyses of the distal 

femur and the body of lumbar vertebrae were performed using CT-Analyzer software 

(SkyScan 1172, Belgium). For femurs, the length was divided into ten equal segments 

between the most proximal point of the growth plate and the proximal end of the third 

trochanter (1 mm length per segment). The trabecular region was defined as the first three 

distal segments to include secondary spongiosa in the distal metaphysis. Regions-of-interest 

(ROIs) were delineated using a freehand drawing tool while maintaining 3.5-pixel clearance 

from the endosteal surface. A clearance of 0.1 mm was maintained from the growth plate.

A global threshold of 60 (1.01573 g/cm3) was applied to all scans to extract a 

physiologically accurate representation of the trabecular bone phase. Morphometric 

parameters were then computed from the binarized images using direct 3D techniques 

(marching cubes and sphere-fitting methods), and included bone mineral density (BMD, 

g/cm3), percent bone volume (BV/TV, %), trabecular number (Tb.N, mm−1), trabecular 

thickness (Tb.Th, mm) and trabecular separation (Tb.Sp, mm). All quantitative and 

structural parameters followed the nomenclature and units recommended by the American 

Society for Bone and Mineral Research (ASBMR) Histomorphometry Nomenclature 

Committee [36]. After data quantification, 3D rendered images were generated to visualize 

the analyzed regions using the marching cubes method.

2.2.5 CFU-F assay, histology and immunohistochemical analyses—For the 

colony-forming unit-fibroblast (CFU-F) assay, freshly harvested left and right humeri were 

flushed to isolate bone marrow stem cells (BMSCs). Isolated marrow cells were seeded on 

6-well plates (1×106 cells/well), and cultured for 10 days in Complete MesenCult Medium 

(STEMCELL Technologies, Inc., Canada) at 37°C in 5% CO2. CFU-F-derived colonies 

were stained using Giemsa Staining Solution (EMD Chemicals, Inc., NJ) for 5 minutes and 

were counted under a microscope.
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After microCT scans, the samples were decalcified using 19% EDTA solution for 14 days, 

dehydrated, and processed for paraffin embedding. Longitudinal sections of 5 μm thickness 

were cut on a microtome, and the slides were stained with hematoxylin and eosin (H&E), 

Trichrome, or with markers of osteoblast (osteocalcin: OCN) and osteoclast (tartrate-

resistant acid phosphatase: TRAP) differentiation as previously described [37].

Histological and immunohistochemical specimens were analyzed using an Olympus BX51 

microscope (Olympus Corporation, Japan) and photomicrographs were acquired using a 

MicroFire digital camera with PictureFrame software (Optronics, CA). OCN and TRAP 

staining were analyzed by three blinded observers and were quantified by the number of 

osteoblasts per trabecular bone perimeter (N.Ob/B.Pm, mm−1) and the number of osteoclasts 

per trabecular bone perimeter (N.Oc/B.Pm, mm−1), respectively. The reported results were 

the average of data obtained from six random fields per sample.

2.3. Statistical analysis

Means and standard deviations were calculated from numerical data. Statistical analyses 

were performed using one-way analysis of variance (ANOVA) test for multiple comparisons 

and Student’s t-test for two-group comparisons at 95% confidence levels. Data are presented 

as mean ± SD, with *P<0.05 and **P<0.01.

3. RESULTS

3.1 Pharmacokinetics study

3.1.1 Serum pharmacokinetics of NELL-1 and NELL-PEG in mice—The 

pharmacokinetic profile of NELL-1 and NELL-PEG were examined in 3-month-old CD-1 

mice following an intravenous injection at a dose of 1.25 mg/kg (based on protein content). 

The protein in serum was quantified using a fluorescence-based protein assay. Fig.1 shows 

the concentration change of NELL-PEG and NELL-1 in serum over time after a single 

intravenous injection in mice. The serum concentration of NELL-1 was significantly 

increased at various time-points after PEGylation. The pharmacokinetic parameters derived 

from the serum profiles are shown in Table 1. Compared to naked NELL-1, the PEGylated 

NELL-1 had a significantly higher calculated peak blood concentration (Cmax). Specifically, 

the Cmax of NELL-PEG relative to the naked NELL-1 was about 158%. The protein serum 

concentration over time can be expressed as:

Where t is the time since the injection and CNELL-1 and CNELL-PEG-5k are the protein 

concentrations following a bolus dose. Accordingly, the total drug exposure (AUC), mean 

retention time (MRT), distribution half-life time (t1/2 α), and elimination half-life time 

(t1/2 β) of the NELL-PEG appeared longer as well. Compared to naked NELL-1, the relative 

AUC, MRT, t1/2 α, and t1/2 β of NELL-PEG were 710%, 263%, 233%, and 351%, 

respectively. In addition, the two transfer coefficients, K12 and K21, became smaller, 

indicating a slower transfer rate between central and peripheral compartments after 
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PEGylation. The transfer coefficient of NELL-PEG from the central compartment to the 

peripheral compartment (K12) was only 51.4% of that for naked NELL-1, and the reverse 

transfer coefficient (K21) was 74.1% compared to that of naked NELL-1. Therefore, NELL-

PEG presents a more potent NELL-1 type for in vivo pharmacological studies.

3.1.2 Biodistribution of NELL-1 and NELL-PEG in mice—Ex vivo biodistribution of 

NELL-1 and NELL-PEG were examined in CD-1 mice at 48 h. The protein was labeled 

with VivoTag 680XL first, and then administered to the mice at a dose of 1.25 mg/kg (based 

on protein content). The organs were collected at 48 h and imaged by the IVIS imaging 

system. The results are shown in Fig.2. The NELL-PEG group had significantly higher 

uptakes in some but not all of the tissues examined. The protein uptake in the heart, muscle, 

brain, spleen, fat, and ovary were similar for NELL-PEG and NELL-1, and the accumulation 

in these organs except the spleen was negligible compared to the other organs. At 48 h after 

IV injection, the spleen had the greatest uptake of NELL-1 whereas the liver had the greatest 

uptake of NELL-PEG. The uptake amount in the liver varied from 6.7±0.33 to 16.3±1.98 

%ID/g before and after PEGylation, showing a significant difference. For the spleen tissue, 

the corresponding uptake values were 13.6±0.47 and 15.9±3.04 %ID/g, displaying no 

statistical difference. However, protein uptakes in the bones (calvaria, femur, tibia, 

vertebrae) were significantly increased after PEGylation. The amount of NELL-PEG in 

calvaria, femur, tibia, and vertebrae relative to NELL-1 were 294%, 181%, 229%, and 

215%, respectively, showing greater NELL-PEG protein distribution to the bone target 

tissues.

3.2 Systemic osteogenic potential study (at q4d and q7d injection schedules)

3.2.1 In vivo bone densitometry—The BMD change in mice femurs and lumbar 

vertebrae were monitored weekly by DXA. Results were expressed as percent changes in 

areal BMD relative to the respective pre-treatment values at week 0. For the PBS/PEG 

control groups, BMD remained steady at baseline levels in distal femurs and lumbar 

vertebrae (L6) for the experimental period. In contrast, the NELL-PEG groups (both q4d and 

q7d) displayed a gradual and significant increase in BMD (16% and 11% respectively) of 

the distal femurs by 4 week post-treatment compared to the pre-treatment values but with no 

significant difference between the q4d and q7d groups (Fig. 3A). The lumbar vertebrae in 

both NELL-PEG groups exhibited increasing BMD relative to the baseline throughout the 

experiment. Interestingly, the q7d NELL-PEG group showed a greater BMD increment 

(11%) than the q4d NELL-PEG group (4%) at week 4. No significant difference in lumbar 

BMD was observed between the two experimental groups at week 4 (Fig. 3B).

3.2.2 In vivo microPET/CT bone scan using [18F] fluoride ion—The physiological 

bone metabolic activity of the mouse skeleton was examined by weekly microPET/CT 

combination scans using [18F] fluoride ion. Qualitative analysis of live-microCT images 

revealed increased BMD in the NELL-PEG (q7d) group at the overall skeletal sites 

compared to control mice (data not shown). Live-[18F] microPET quantification data at each 

time-point were expressed as the percent of decay-corrected injected activity per cc of tissue 

(%ID/cc), using the formula shown in Fig. 4A, from which normalized mean values were 

then generated. MicroPET/CT revealed increased new bone formation in the NELL-PEG 
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(q7d) group with higher activity distribution particularly near growth plate areas in the 

vertebral column, proximal humeri, proximal and distal femurs, and proximal tibias (Fig. 

4A). The distal femur showed a significantly increased new bone formation after 4 weeks of 

treatment (Fig. 4B), and the terminal lumbar vertebra (L6) showed a mean increase in the 

NELL-PEG (q7d) group compared to control (data not shown).

3.2.3 Post-mortem high-resolution microCT evaluation—In line with the in vivo 

DXA and microPET bone scan results, post-mortem microCT confirmed considerable 

improvements in the trabecular bone density (BMD), bone volume fraction (BV/TV), and 

structural parameters (Tb.Th, Tb.N, Tb.Sp) in femurs of both q4d and q7d NELL-PEG 

groups at 4 weeks post-treatment compared to the corresponding PBS/PEG control (Fig. 5A-

E). Both NELL-PEG groups demonstrated a statistically significant increase in bone volume 

fraction (BV/TV) compared to the control, but with no substantial difference between each 

other (Fig. 5B). Notably, the q7d NELL-PEG group also showed significant improvement in 

other trabecular parameters (BMD, Tb.Th, and Tb.N) compared to the control (Fig. 5A-E).

3.2.4 CFU-F assay, histological and immunohistochemical analyses—To 

examine the effect of NELL-1 on bone marrow stromal cell (BMSC) content, a CFU-F assay 

was performed using fresh and passaged bone marrow isolated from humeri immediately 

post-harvest. The results at 4 weeks post-treatment displayed a statistically significant 

increase in BMSC numbers in the NELL-PEG (q7d) group compared to the control, 

suggesting that NELL-PEG enhances the proliferation of BMSCs when administered 

systemically (Fig. 6). Histology stain confirmed increased bone formation and trabeculation 

in the metaphyseal area of the distal femur in the NELL-PEG treatment group (Fig. 7A, B). 

Consistently, OCN immunostaining demonstrated increased osteoblast numbers while 

TRAP staining demonstrated decreased osteoclast numbers in the NELL-PEG-treated group 

compared to the PBS/PEG control group (Fig. 7C-F).

4. DISCUSSION

Osteoporosis, characterized by decreased bone mass and a deterioration of bone 

microarchitecture due to increased osteoclastic and decreased osteoblastic activities, is a 

common metabolic bone disease with associated bone fragility and increased risk of 

fracture. Therapeutic approaches to osteoporotic bone loss have focused on either anabolic 

or antiresorptive agents, with many new biologics that increase Wnt/β-catenin activity 

currently in development. NELL-1, one such biologic, has proven successful as a growth 

factor-based local therapeutic similar to BMP-2, the most commonly used osteogenic 

growth factor in the market. It is important to note, however, that NELL-1 demonstrated 

fewer side effects when administered in vivo in comparison to BMP-2 [37, 38] as a direct 

result of its specificity to osteochondral lineage cells.

In regards to NELL-1’s mechanism, our published and unpublished data over the last decade 

show that NELL-1 exhibits exciting cell-type and stage-specific effects. While NELL-1 

affects multiple signaling pathways [18, 26, 38–43], NELL-1 was found to induce 

osteogenesis principally through Wnt/β-catenin signaling pathway activation [42, 44] and 

RUNX2 expression [26, 29, 40]. NELL-1 also activates the ERK and JNK MAPK pathway 
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during osteoblastic stimulation [26, 38], and has additive effects with sonic hedgehog (SHH) 

signaling in osteogenic differentiation of human MSCs [39]. Furthermore, NELL-1 was 

found to promote cell adhesion and differentiation via Integrin β-1, which is critical for Wnt 

signaling and FAK activation [43]. The precise molecular network of NELL-1 in promoting 

osteogenesis still remains incomplete although the significant progresses in delineating 

NELL-1 mechanism have been made in our previous reports.

With a previous genome-wide linkage study describing an association between NELL-1 and 

osteoporosis [28], with NELL-1’s dual anabolic and antiresorptive properties described both 

in vivo and in vitro [19], and with the recent success of reversing OVX-induced bone loss in 

mice via IV administration of naked NELL-1 [29], we have been both motivated and 

challenged to further investigate NELL-1 as a systemic anti-osteoporosis therapeutic. Thus, 

the present study examined the implementation of PEGylation – the most established, FDA-

approved technique to prolong a protein’s half-life – to develop NELL-1 as an effective 

systemic therapy.

In our previous study, three types of PEG (linear 5 KDa, linear 20 kDa and branched 40 

KDa) were investigated for their effects on the stability and bioactivity of NELL-1 in vitro. 

NELL-PEG-5k was selected for the current study because it demonstrated the highest 

thermostability among the three types of NELL-PEG tested and a bioactivity comparable to 

that of naked NELL-1 [34]. In this study, we investigated whether the PEGylation would 

improve the pharmacokinetics and bone quality of NELL-1 in vivo when intravenously 

administered. To achieve this, the study was performed with two aims. The first aim was to 

evaluate the serum protein concentration with time and biodistribution of NELL-PEG in 

comparison to naked NELL-1. The second aim was to investigate the systemic osteogenic 

capacity of NELL-PEG in vivo when administered at two different injection schedules, q4d 

and q7d, after performing an in vivo pharmacokinetic assessment.

The pharmacokinetics of PEGylated NELL-1 was investigated first. After being injected 

intravenously, NELL-PEG rapidly distributed throughout the vasculature and then began to 

clear from the blood system. The serum concentration and time course of NELL-PEG is 

shown in Fig. 1. Meanwhile, NELL-PEG slowly extravasated and accumulated in specific 

organ regions, and we assessed the biodistribution of NELL-PEG by an ex vivo method at 48 

h as illustrated in Fig. 2. The two parts consist of the pharmacokinetic process of NELL-

PEG in vivo.

The NELL-PEG group had higher exposure AUC, greater maximum concentration Cmax, 

and longer half-life time (T1/2) compared to the corresponding values for the naked NELL-1, 

which can be attributed to the decreased renal clearance after PEGylation. This result is in 

agreement with previous studies of PEGylated proteins [45–47]. Furthermore, the smaller 

K12/K21 ratio of NELL-PEG indicated that its transfer from the central compartment to the 

peripheral compartment was reduced by conjugation with PEG. The transfer rate became 

slower for both directions; in particular, the transfer rate of NELL-PEG was only half that of 

the naked NELL-1 for the transfer from vascular to extravascular compartments, indicating a 

high retention in the central compartment. This was confirmed by the high mean retention 

time (MRT), maximum serum concentration (Cmax), and AUC of NELL-PEG. The changes 
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in the pharmacokinetic parameters after PEGylation could lead to increased clinical 

effectiveness of NELL-1 since it can maintain a protein concentration above the minimum 

effective concentration for an extended period of time.

PEGylation may also influence the biodistribution of protein after extravasation [48]. 

NELL-PEG and NELL-1 protein were fluorescently labeled and administered in mice, and 

the organs examined via imaging after 48 hours. This result indicated that NELL-PEG had 

significantly higher uptake in bone tissue compared to the naked NELL-1 after a single IV 

dose. This finding may be attributable to two reasons. First, the PEGylated NELL-1 has a 

higher concentration and longer retention time in the vasculature system as confirmed in the 

pharmacokinetics study, thus forming a higher concentration gradient between the blood 

vessel and tissue which in turn lead to a higher diffusion rate and eventually a higher uptake 

of protein. Second, NELL-1 could bind specifically to the receptor of apoptosis related 

protein 3 (APR3) membrane protein on osteoblasts in bone tissue [49], thereby resulting in a 

greater accumulation compared to other peripheral tissues such as muscle and adipose tissue. 

Although the highest concentration of protein was found in the liver and spleen 48 h after IV 

injection, autopsy and histology findings revealed no pathology at high NELL-PEG 

concentrations up to 50 ug/mL (data not shown). More importantly, NELL-PEG distribution 

in vital organs such as the brain and heart remained at low levels and did not exhibit a 

significant increase after PEGylation. Therefore, the pharmacokinetics study indicated that 

the PEGylation significantly affected the clearance process and tissue penetration of 

NELL-1. Such a favorable accumulation of the protein in bone tissue sheds positive light on 

the benefits of NELL-1 as a systemic therapy for skeletal diseases.

Since the PEGylation of NELL-1 significantly improved its pharmacokinetics, we further 

investigated the systemic osteogenic capacity of NELL-PEG in vivo, especially its activity 

under extended administration intervals than our previous systemic therapy study using 

unmodified NELL-1 [29]. PEG in PBS was used as control in order to assess any possible 

effect associated with the PEG molecule. The systemic administration of NELL-PEG in 

mice for 4 weeks revealed significantly increased bone mineral density (based on DXA) and 

percent bone volume (based on microCT) in 3-month-old mice in both q4d and q7d injection 

schedules. While the q4d and q7d NELL-PEG groups did not exhibit notable differences 

between each other, both groups exhibited significant improvements in all measured DXA 

and microCT parameters compared to the PBS/PEG control including trabecular bone 

density (BMD), volume (BV/TV), and structural measurements (Tb.Th, Tb.N, Tb.Sp). 

Interestingly, we found that although not statistically significant, the q7d group exhibited a 

greater osteogenic effect compared to the q4d group. Speculated reasons for these findings 

that invite further investigation include that this strain of mouse is reported to exhibit a poor 

response to treatment or OVX in the vertebral body due to very low baseline bone levels 

[50, 51]. In addition, the overdosing or frequent injection of a growth factor-based drug such 

as PTH has been shown to down-regulate the osteogenic effect, possibly by initiating 

negative feedback mechanism by overloading the receptor [52]. This is evidenced by the 

fact that pulsatile PTH dosing yields a favorable outcome in improving bone growth 

whereas continuous PTH dosing results in net bone loss [53, 54].
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Moreover, F-18 microPET scanning of the NELL-PEG (q7d) group 4 weeks post-treatment 

revealed an increased new bone formation particularly in the vertebral column, proximal 

humeri, proximal and distal femurs, and proximal tibias compared to the control. 

Furthermore, a colony-forming unit (CFU) assay examining the mesenchymal cell (MSC) 

content in the humeri demonstrated a statistically significant increase in MSC numbers in 

the NELL-PEG (q7d) group compared to the control, suggesting that NELL-PEG enhances 

the proliferation of BMSCs when administered systemically q7d. Histology and 

immunohistochemistry analyses further corroborated increased bone formation and 

trabeculation as well as increased osteoblastic and decreased osteoclastic activities in the 

NELL-PEG group.

Taken together, these exciting findings encourage us to further investigate NELL-PEG as a 

systemic anti-osteoporosis therapeutic with not just a clinically feasible, but in fact a 

substantially improved injection schedule that could reduce costs and improve patient 

compliance in chronic treatment clinical settings. With regards to the circulation time of 

NELL-1 in vivo, an injection frequency reduced to q4d would make NELL-PEG a systemic 

therapy comparable to that of other combined anabolic and antiresorptive agents currently in 

development, specifically anti-DKK1 or anti-Sclerostin [35]. An injection frequency further 

reduced to q7d as suggested in this present study, however, would present a superior 

injection schedule when compared to other systemic anti-osteoporosis therapeutics. Such a 

reduced injection schedule may lead to significantly reduced treatment costs and increased 

patient compliance in clinical settings for the treatment of osteoporosis and other 

osteodeficient disorders. Furthermore, the PEGylation of osteoinductive molecule NELL-1 

as a systemic therapy may also aid in the treatment of large post-surgical orthopedic and 

craniofacial defects such as in cleft palate and cranial suture repair.

5. CONCLUSIONS

The presented success in the PEGylation of NELL-1 is both innovative and novel in the field 

of orthopedic research. With an improved biodistribution and pharmacokinetics in vivo and 

with enhanced bone quality after systemic administration, this exciting discovery of a 

reduced injection frequency of NELL-PEG to q7d demonstrates PEGylated NELL-1 to be a 

strong candidate as a translational, systemic therapeutic for various osteodeficient disorders 

such as osteoporosis and large post-surgical orthopedic and craniofacial defects. Moreover, 

the present study champions the PEGylation method to be a revolutionary platform 

technology that invites further investigation of novel methodologies to deliver additional 

osteogenic growth factors.
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Figure 1. Mean serum concentration-time curves of naked NELL-1 and NELL-PEG-5k 
following an intravenous injection in mice
A dose of 1.25mg/kg NELL-PEG tagged with FITC was injected into 6 mice by the tail 

vein, and blood samples were collected at a series of time points (0.5, 1, 4, 8, 12, 24, and 

36h). The concentration of PEGylated NELL-1 was then analyzed by monitoring the 

fluorescence intensity of FITC using a plate reader. The study suggests that the PEGylated 

NELL-1 has a longer circulation time in mice compared to naked NELL-1.
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Figure 2. Biodistribution of NELL-PEG-5k and NELL-1 labeled with VivoTag 680XL measured 
by IVIS Lumina II
CD-1 mice (n = 3 per group) were administered intravenously with VivoTag-NELL-

PEG-5k, VivoTag-NELL, or a saline control. Organs were imaged ex vivo at 48 hours post 

injection. (A) Ex vivo fluorescence images of the dissected organs were obtained using the 

IVIS imaging system. The gradient bar corresponds to the fluorescence intensity. (B) 

Various organs exhibited different uptakes of VivoTag-NELL-PEG-5k, VivoTag-NELL, 

and the saline control at 48 hours post tail vein injection. Ex vivo biodistribution confirmed 

that bones (calvaria, femurs, tibiae, and vertebrae) exhibited a greater retention of 

PEGylated NELL-1 than naked NELL-1 (*p<0.05).
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Figure 3. Dual-energy X-ray absorptiometry (DXA) taken weekly to monitor bone mineral 
density (BMD) changes in femur and lumbar vertebrae
(A) (Left) Femoral region-of-interest is shown as red box at distal metaphysis. (Right) At 4 

weeks post treatment, femurs treated with q4d and q7d NELL-PEG showed a gradual and 

significant increase in BMD compared to their respective pre-treatment values. Both NELL-

PEG groups also demonstrated statistically significant increases in femoral BMD compared 

to the PBS/PEG control, but with no considerable difference between each other (##p<0.01 

for q4d NELL-PEG, **p<0.01 for q7d NELL-PEG). (B) (Left) Lumbar region-of-interest is 

shown as red box at L6 vertebral body. (Right) Lumbar vertebrae in both NELL-PEG groups 

exhibited increasing BMD relative to the baseline throughout the experiment, with greater 

BMD increments observed in the q7d NELL-PEG group than in the q4d NELL-PEG group. 

At week 4, lumbar vertebrae treated with q7d NELL-PEG showed significantly higher BMD 

increases than the vehicle group (*p<0.05 for q7d NELL-PEG). No significant difference in 

lumbar BMD was observed between the two experimental groups at week 4.
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Figure 4. Live-[18F]microPET/CT overlay imaging to assess bone metabolic rate
(A) At 4 weeks of treatment, NELL-PEG (q7d) group exhibited an overall greater 

concentration of [18F] ion, particularly near growth plate areas in the proximal and distal 

femurs, proximal tibias, proximal humeri and in the vertebral bodies compared to control. 

Please note that the color intensity in the thoracic vertebrae is due to the overlap of the 

spinal curvature. (B) Quantitative assessment of [18F] uptake at the distal femur and the 

terminal lumbar vertebra (L6) was validated by statistical analysis of normalized mean 

values (%ID/cc). The distal femur showed a statistically significant percent increase of [18F] 

uptake at week 4 compared to week 0 (B; *p<0.05), and the L6 showed a mean increase in 

the NELL-PEG group compared to control (data not shown).
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Figure 5. Post-mortem microCT results at 4 weeks post treatment
(A-E) Femurs treated with q4d and q7d NELL-PEG exhibited considerable increases in (A) 

the trabecular BMD, (B) the bone volume density (BV/TV), and various structural 

parameters including (C) trabecular thickness (Tb.Th), (D) trabecular number (Tb.N), and 

(E) trabecular spacing (Tb.Sp) compared to the PBS/PEG control. Both NELL-PEG groups 

demonstrated statistically significant BV/TV increases compared to the control, but with no 

significant difference between each other. Notably, the q7d NELL-PEG group exhibited 

significant improvement in all other trabecular values (BMD, Tb.Th, and Tb.N) compared to 

the control group (*p<0.05, **p<0.01). (F) 3D reconstructions of representative femurs in 

the volume of analysis (above; 3mm in height) and near the growth plate (bottom).
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Figure 6. Colony-forming unit-fibroblast (CFU-F) assay results from NELL-PEG (q7d) and 
PBS/PEG control groups
(A) CFU-F-derived colonies were stained using Giemsa Stain Solution at 4 weeks post 

treatment. (B) BMSC content was quantified by counting colonies microscopically. The q7d 

NELL-PEG group exhibited a significant increase in BMSC content compared to the control 

group (*p<0.05).
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Figure 7. Histological and immunohistochemical staining of NELL-PEG (q7d) and PBS/PEG 
control groups
(A) H&E and (B) Trichrome staining exhibited greater trabecular bone formation at the 

distal femoral metaphysis in the q7d NELL-PEG group compared to control. (C) 

Osteocalcin (OCN) immunostaining exhibited a greater number of OCN positive cells with 

intense staining in the NELL-PEG group, and (D) TRAP staining exhibited a reduction in 

TRAP positive cells in the NELL-PEG treated femurs compared to control. (E, F) 

Quantification of OCN+ cells per trabecular bone perimeter (mm−1)(E) and TRAP+ cells per 

trabecular bone perimeter (mm−1)(F) were averaged from six random fields per sample. 

OCN was significantly increased and TRAP significantly decreased in NELL-PEG (q7d) 

group compared to PBS/PEG control by 4 weeks of treatment (*p<0.01).
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