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Abstract

Neuroblastoma is the most common extracranial solid tumor of childhood and is associated 

with poor survival in high risk patients. Recently, dinutuximab (DNX) has emerged as an 

effective immunotherapy to treat patients with high risk neuroblastoma. DNX works through 

the induction of cell lysis via complement-dependent cytotoxicity (CDC) or antibody dependent 

cellular cytotoxicity (ADCC). However, one third of patients who undergo DNX treatment exhibit 

tumor relapse and the therapy is dose limited by side effects such as severe pain. To overcome 

delivery challenges of DNX, including large size and dose limiting side effects, we fabricated 

a delivery system capable of sustained local delivery of bioactive DNX utilizing silk fibroin. 

We evaluated the impact of silk properties (MW, crystallinity, and concentration) on release 

properties and confirmed the bioactivity of the release product. Additionally, we observed that 

the effectiveness of CDC induction by DNX could be correlated to the GD2 expression level of 

the target cells, with both the intravenous DNX formulation and the released DNX. Collectively, 

this data highlights a strategy to overcome delivery challenges and potentially improve therapeutic 

efficacy in cells expressing heterogenous levels of GD2.
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Introduction

Neuroblastoma is the most common extracranial solid tumor of childhood, accounting for 

6% of all childhood cancers. Approximately 90% of patients are younger than 5 years of age 

at diagnosis, and approximately 55% of patients have metastasis at the time of diagnosis.1 

Treatment for neuroblastoma is multimodal and typically consists of surgical resection, 

radiation, and chemotherapy.2 Recently, immunotherapy has emerged as a promising method 

of treatment for advanced stage neuroblastoma.2 The primary immunotherapeutic target 
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for neuroblastoma is GD2.3 GD2 is a ganglioside expressed by both neuroblastoma and 

melanoma. Expression in non-cancerous tissues is restricted to peripheral sensory neurons 

and melanocytes, making it a promising therapeutic target.4,5 There is only one approved 

GD2 targeting therapeutic in the United States, a chimeric antibody, ch14.18, or DNX, 

approved for the treatment of high-risk neuroblastoma and administered in combination with 

IL-2 and GM-CSF.3,6 Structurally, ch14.18 is a chimeric monoclonal antibody containing an 

Fc portion of a human IgG1 immunoglobulin fused with the Fab portion of a murine 14.18 

monoclonal antibody.7

Clinically, DNX has been approved for the treatment of neuroblastoma in combination with 

IL-2 and GM-CSF.4,8–10 In a Phase III clinical trial, Yu et al. demonstrated that DNX in 

combination with GM-CSF and IL-2 was superior to standard therapy in terms of event-free 

survival rate.3 The level of GD2 expression within tumors is known to be variable and low 

levels of GD2 expression have been correlated to higher levels of relapse after receiving 

immunotherapy.11 In vitro cell lines with differing levels of GD2 have shown differential 

levels of binding of therapeutics and response to therapeutics.11

DNX is delivered via IV infusion at an amount of 17.5 mg/m2/day, over the course of 10 

to 20 hours for 4 consecutive days for up to 5 cycles.12 Due to the large size of antibodies, 

successful infiltration of the antibody into the tumor bed is difficult.3,13,14 Additionally, 

DNX exhibits off-target effects associated with systemic delivery. These off-target effects 

are primarily due to DNX binding to GD2 expressed on peripheral nerves, resulting in 

significant pain, capillary leak, and hypersensitivity.3 In clinical trials, pain has been noted 

as the most common side effect necessitating pre-dosing with opioids, and in some cases 

limiting the dosing of ch14.18 administered.13,15

One method to potentially increase the concentration of therapeutic reaching the tumor 

site, while reducing the frequency (DNX is administered for 4 days/cycle, for up to 

5 cycles) and severity of side effects is the use of a sustained release local delivery 

system.12,16,17 Methods of achieving local delivery of antibodies include the use of 

microneedle patches, injection of microparticles or hydrogels into a tumor bed, and release 

from solid matrices.18–20 There is currently only one clinically available mode of local 

delivery for oncology therapeutics, Gliadel®.21 Gliadel® is a biodegradable polymer wafer 

containing the chemotherapeutic carmustine. The wafer is implanted adjacent to the tumor 

bed, and sustained release of the therapeutic is achieved utilizing diffusion and polymer 

degradation.21

Silk fibroin derived from the Bombyx mori silkworm is a promising biomaterial for 

therapeutic delivery platforms due to its structure, stability, and minimal immune response 

in vivo.22–26 It can be processed into many different formats including films, gels, fibers, 

and lyophilized foams.22 As a drug delivery platform, silk fibroin has been studied for the 

sustained release of chemotherapeutic agents for neuroblastoma treatment.27–29 Previous 

work with lyophilized silk hydrogel has shown promise in achieving sustained release of 

monoclonal antibodies.30 Lyophilized silk fibroin has also been shown to have a stabilizing 

effect on enzymes and other macromolecules, which is expected to extend to antibodies.30
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Previous work has shown the effectiveness of delivering DNX from lyophilized silk fibroin 

foams in vivo.31 Intra-tumoral delivery of DNX-loaded silk fibroin foams resulted in 

decreased tumor growth rate in an in vivo orthotopic model of neuroblastoma.31 In the 

work reported here, we aimed to identify the impact of different silk foam formulations 

on sustained release of DNX. This was evaluated by changing silk molecular weight, 

concentration, and crystallinity. An in vitro assay to determine bioactivity through CDC was 

developed. Using this assay, the impact of cellular GD2 expression level on CDC induction 

by DNX was evaluated. Finally, the bioactivity of the released DNX was confirmed. This 

work proposes a novel usage of a silk fibroin release system to deliver DNX that induces 

cytotoxicity in GD2-positive NB cell lines.

Materials and methods

Anti-GD2 Antibody

The mouse-human chimeric anti-GD2 antibody, DNX, was provided by United Therapeutics 

(Silver Spring, MD).

Silk fibroin extraction

Silk fibroin from Bombyx mori silkworm cocoons (Tajima Shoji Co Yokohama, Japan), 

kindly provided by Dr. David L. Kaplan at Tufts University, was extracted as previously 

described.22 Briefly, 5 g of cocoons were cut into approximately 1 cm × 1 cm pieces and 

boiled in 0.02 M Na2CO3 for 30 min (30 mE; minutes extracted), 60 min (60 mE), or 

120 min (120 mE) to extract the sericin, and dried overnight. The dried silk fibroin fibers 

were then dissolved in 9.3 M LiBr at 60°C for 3 h. The dissolved silk fibroin was dialyzed 

in 3,500 MWCO dialysis tubing (Fisher Scientific, Hampton, NH) against ultrapure water 

(Milli-Q® water system Burlington, MA) for 2 d with a minimum of 6 water changes. The 

aqueous silk fibroin (referred to as silk from here on) solution was stored at 4°C for future 

use.

Silk foam fabrication

Silk, concentrated DNX, and glycerol were mixed to yield final concentrations of 10% 

(w/v) silk, 13.33 mg/mL of DNX (1 mg/foam unless otherwise specified), and a glycerol 

mass ratio of 25% (w/w silk). For samples fabricated for Fourier transform infrared (FTIR) 

spectroscopy, DNX solution, was replaced with buffer (20 mM histidine, 0.05% polysorbate 

20, 150 mM sodium chloride, pH 6.8) or water (no salt condition), and glycerol was 

replaced with water. Samples were fabricated in 6 mm diameter cylindrical molds using 

75 μL of the solution. The samples were frozen at −20°C overnight, −80°C for at least of 

30 min and lyophilized. To render the materials insoluble and vary the crystalline structure 

of the silk, the lyophilized samples were water vapor annealed at room temperature in the 

molds and dried at 37°C for 1 h.

DNX release

Antibody or buffer-only (control) loaded silk foams were placed in 1.7 mL protein low-bind 

tubes (VWR, Radnor, PA) in a volume of 1.2 mL of phosphate buffered saline (PBS, pH 

7.4; VWR, Radnor, PA) at 37°C. At varying time points, 1 mL of PBS was removed and 
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replaced with fresh PBS. Protein release over the first 24 h was measured via the UV 

absorbance at 280 nm (Nanodrop 2000, ThermoFisher, Waltham, MA). After 24 hours, 

the protein release was determined using an enzyme-linked immunosorbent assay. Briefly, 

release samples were incubated in 96-well tissue culture treated plates (Greiner Bio-One, 

Kemsmünster, Austria) for 1 h at 37°C. The plates were washed with PBS containing 0.05% 

Tween-20. Horseradish peroxidase-conjugated goat anti-human IgG Fc (Jackson Labs, Bar 

Harbor, ME) was added to each well at 40 ng/well in 4.5% (w/v) non-fat milk and 0.05% 

(v/v) Tween-20 and incubated at 37°C for 30 min. The plates were washed with PBS 

containing 0.05% Tween-20 and 50 μL of 3,3’,5,5’-tetramethylbenzidine substrate (BioFX, 

VWR, Radnor, PA) was added to the plate. After 15 min, 50 μL of 2 N sulfuric acid was 

added to stop the reaction. The absorbance was read at 450 nm on a SpectraMax® 250 

microplate reader (Molecular Devices, San Jose, CA). A standard curve of DNX was used 

to convert the absorbance values to drug concentration. The drug release amount over each 

time point interval was calculated as:

Calculated Mass t = C t * V − C tp * V co (1)

where C(t) is the concentration calculated at time point, t; V is the total volume of the PBS 

(1.2 mL); C(tp) is the concentration calculated at the prior time point; Vco is the total carry 

over volume (0.2 mL). This calculation accounts for the DNX mass in the calculated drug 

concentration as result of carry over volume from PBS remaining at the prior sampling time 

point. To generate cumulative mass release curves, the cumulative mass at each time point 

was calculated as:

Cumulative Mass Release t = ∑1
n Calculated Massn t (2)

where, n is the time points sampled. To calculation the cumulative percent release, the 

following equation was used:

Cumulative Percent Release t = Cumulative Mass Release t
Initial Mass of DNX loaded * 100 (3)

Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy was performed with a Bruker Optics Vertex70® (Billerica, MA) 

equipped with a Specac Golden Gate ATR Crystal (Fort Washington, PA). Samples were 

removed from the cylindrical mold and pressed into flat wafers using a force of 0.5 N 

(Pike CrushIR pellet press, Fitchburg, WI). For each measurement, 128 scans of 4 cm−1 

resolution were taken in adsorption mode. The amide-I region of the FTIR spectra between 

1585 cm−1 and 1710 cm−1 was visually evaluated for changes in the silk protein secondary 

structure. Peaks centered around 1640 cm−1 and 1620 cm−1 represent the random coil 

(RC) and β-sheet (β) confirmation, respectively. These peaks are indicators of the relative 

crystallinity of the silk foams. The appearance of a peak centered around the 1620 cm−1 

position indicates a higher crystalline material as compared to a peak centered around the 

1640 cm−1 position, which indicates an more amorphous structure.
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Scanning electron microscopy (SEM)

The morphology of silk foams fabricated with different formulations was evaluated. Silk 

foams were hydrated, cut to expose the cross section, and allowed to dry overnight. The 

dry samples were sputter coated with gold (25 mA, 60 seconds) and imaged with a field 

emission scanning electron microscope using a 3-kV electron beam (JEOL 7000F, JEOL).

Cell culturing

KELLY neuroblastoma cells (Millipore Sigma, St. Louis, MO) were maintained in Roswell 

Park Memorial Institute 1640 (RPMI) medium supplemented with 10% v/v fetal bovine 

serum, 100 U/mL penicillin, 100 μg/mL streptomycin, and 2mM L-glutamine (Fisher 

Scientific, Hampton, NH) at 37 °C at 5% CO2 in a humidified environment. SK-N-AS 

neuroblastoma cells (ATCC, Manassas, VA) were maintained in Dulbecco’s Modified Eagle 

Media supplemented with 10% v/v fetal bovine serum, 100 U/mL penicillin, 100 μg/mL 

streptomycin, 2mM L-glutamine, and 0.1 mM NEAA (Fisher Scientific, Hampton, NH) 

at 37°C at 5% CO2 in a humidified environment. Cells were passaged using 0.25% trypsin-

EDTA at 70–80% confluence.

Fluorescence-activated cell sorting (FACS)

Fluorescence-activated cell sorting was performed at the University of Massachusetts 

Medical Center (Worcester, MA) using an Aria II cell sorter (BD Biosciences, Franklin 

Lakes, NJ) as previously described.31 Briefly, KELLY cells were made into a single cell 

suspension and washed twice with PBS. Anti-GD2 was added at a concentration of 1 

μg/106 cells in a volume of 100 μL/106 cells and incubated for one hour at 4°C. Cells 

were washed with PBS and incubated with Alexa Fluor® 488-conjugated goat anti-human 

IgG secondary antibody (Jackson Laboratories, Bar Harbor, ME) at 1:500 dilution for 40 

min at 4°C. Cells were then resuspended in phenol red free media and stained with 7AAD 

(TONBO Biosciences, San Diego, CA) just prior to sorting at a concentration of 3 μL/mL. 

The KELLY cells that expressed the highest GD2 (top 12%) and the lowest GD2 (bottom 

12%) were collected.

Flow cytometry

KELLY and SK-N-AS cells were made into a single cell suspension and washed twice with 

PBS. Cells were incubated with DNX at 1 μg/1×106 cells in a volume of 100 μL for 1 

h at 4°C. Cells were then washed in PBS supplemented with 1% FBS and 0.02% sodium 

azide at a concentration of 1×106 cells/mL. Cells were incubated with secondary antibody 

(Alexa Fluor ®488-conjugated goat anti-human, Jackson Laboratories, Bar Harbor, ME) at a 

1:1,000 dilution in PBS at 1×106 cells in 100 μL for 40 min at 4°C. Cells were then washed 

twice with PBS, fixed for 10 min with 4% (w/v) paraformaldehyde, and washed twice with 

PBS. Cells were resuspended at 1×106 cells in 100 μL. Flow cytometry was performed on an 

Accuri 6 Flow cytometer (BD, Biosciences, San Jose, CA). Analysis was performed using 

FlowJo® software with a minimum of 5,000 events captured for each sample.
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Complement-dependent cytotoxicity (CDC) assay

A customized CDC assay was developed to determine the bioactivity of DNX. KELLY 

neuroblastoma cells were passaged and made into a single cell suspension and stained in 

10 μM Calcein (Thermo Fisher, Waltham, MA) at a concentration of 1×106 cells/mL for 

30 min at 37°C. To determine the optimal cell number to differentiate viability from non-

viable cells, Calcein-stained and non-stained KELLY neuroblastoma cells were separated 

into aliquots of 1×105, 5×104, 2.5×104, and 1.25×104 cells in 100 μL of medium. Then 

20 μL of 2% (v/v) Triton X-100 was added to each cell aliquot for complete cell lysis. 

The cells were incubated at room temperature, protected from light for 2 h. After 2 h, 

the lysed suspension was centrifuged, and the fluorescence level of the suspension was 

quantified. For all further experiments, 5 × 104 cells were used. To determine the toxicity 

of human complement serum (denoted as complement serum from hereon), Calcein-stained 

KELLY cells at 5×104 in 70 μL of medium were treated with 30 μL of complement serum 

(Innovative Research Inc., Novi, MI) or PBS giving a final concentration (v/v) of 30%, 25%, 

20%, and 10%. The cells were incubated at room temperature, protected from light for 2 

h. After 2 h, the cell suspension was centrifuged, and the fluorescence of the supernatant 

was quantified and compared to a dead cell control lysed with 0.3% Triton X-100. For 

CDC experiments, Calcein-stained cells (KELLY and SK-N-AS) at 5×104 in 80 μL of 

medium were treated with 20 μL of DNX solution or release product for 20 min at room 

temperature. Complement serum or PBS (control) at a final concentration 10% (v/v) was 

added to the solution and the cells were incubated at room temperature, protected from 

light for 2 h. After 2 h, the cell suspension was centrifuged, and the fluorescence of the 

supernatant was quantified. Fluorescence was quantified using an excitation filter of 485 

nm and an emissions filter of 535 nm (Perkin Elmer Victor3 Multilabel Counter, Waltham, 

MA). Additional experiments were performed to confirm that silk did not interfered with the 

CDC assay. Two forms of silk were investigated – soluble silk doped into the medium (final 

420 μg/mL 60 mE silk) and silk potential leaching from the silk foams formulated without 

loaded DNX (from the PBS supernatant of the 2 h release time point non-DNX loaded silk 

foam).

Statistical analysis

All data are presented as mean ± standard deviation from one experiment with three 

independent samples, except for FTIR analysis, which is presented as a representative 

sample from each group. Statistical significance was determined by a Student’s t-test or 

one-way ANOVA test and Tukey honestly significant difference test using GraphPad Prism 

(Version 5.01, San Diego, CA).

Results

Fabrication of silk fibroin foam for sustained release of anti-GD2

In order to fabricate a sustained release system for DNX, silk foams containing DNX or 

buffer-only (control) were fabricated via lyophilization as previously described.31 The silk 

foams serve to stabilize antibodies and to control antibody release through entrapment 

and diffusion.30,32–34 We first evaluated the impact of silk molecular weight and silk 

concentration on DNX release (Supplementary Figure 1A, 1B). These initial experiments 
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were carried out for approximately one week to identify conditions for extended release 

evaluation. Silk at different molecular weights was varied based on extraction times of 30 

min (30 mE), 60 min (60 mE), and 120 min (120 mE).35 The two low molecular weight 

silk foam formulations, 60 mE and 120 mE at 3.6% (w/v), exhibited a high burst release 

(76% and 84% in the first 24 h, respectively) with limited sustained release over time (less 

than 0.5%/day). No difference in burst or sustained release between 60 mE and 120 mE silk 

foams was observed. Silk foams fabricated at the highest molecular weight (30 mE) and 

10% (w/v) exhibited the lowest burst release of 25% in the first 24 h, and a longer sustained 

release of DNX approximately 2%/day for days 1–5, 0.5%/day for days 5–8 (Figure S1A). 

The impact of 30 mE silk concentration was compared at 10% and 6% (w/v) (Figure S1B). 

A similar release profile to the 60 mE and 120 mE silk foams was observed with the 6% 

silk, with the majority of the DNX released in the first 24 h (94%) with limited sustained 

release. The 10%, 30 mE silk formulation exhibited a lower burst release than the other 

formulations. Based on these data, the 10%, 30 mE silk foam formulation exhibited the 

lowest burst release and sustained release over time and was the formulation for continued 

characterization.

Influence of water vapor annealing on silk foam crystallinity and DNX release

To control molecular entrapment of DNX in silk foams, we investigated water vapor 

annealing times to control silk crystallinity. Exposing silk materials, devoid of other small 

molecules or macromolecules, to water vapor results in absorption of water effectively 

reducing the glass transition temperature allowing for molecular reorganization and 

transitioning from an amorphous structure to a crystalline structure.. When the glass 

transition temperature drops below the external temperature the silk molecules become 

mobile and rearrangement into an enrich β-sheet secondary structure. This increase in 

the β-sheet secondary structure results in insoluble materials. Silk foams composed of 

10% (w/v) 30 mE silk loaded with 1 mg of DNX were evaluated. For the pilot release 

experiments, water vapor annealing lengths of 4, 8, and 24 h were tested. No difference 

in burst or sustained release were observed based on water vapor annealing (Figure 1). All 

foams exhibited a similar burst release 11.3 ± 2.4%, 11.6 ± 0.9%, and 14.0 ± 3.1% in the 

first 24 h for the 4, 8, and 24 h annealing conditions, respectively. The sustained release was 

also similar with release rates of 0.5 ± 0.26%/day, 0.40 ± 0.28%/day, 0.55 ± 0.16%/day for 

days 1–7, and 0.02 ± 0.03%/day, 0.01 ± 0.008%/day, and 0.04 ± 0.05%/day for days 7–31 

for the 4, 8, and 24 h annealing conditions, respectively.

To examine the influence of water-vapor annealing on crystallinity of the lyophilized 

silk foams, FTIR spectroscopy was used to analyze crystallinity. Silk foams fabricated 

containing buffer without DNX were exposed to water vapor for 0.5 h, 1 h, 2 h, 4 h, 8 

h, or 24 h. Changes in crystallinity can be noted by a shift from random coil (1631–1655 

cm−1) to β-sheet structure (1615–1630 cm−1).36–38 No difference in β-sheet content was 

observed across all water vapor exposure times (Figure 2A). Since the as-lyophilized foams 

exhibited unexpected crystallinity, formulations were evaluated with the buffer replaced with 

water and the glycerol replaced with water in all possible combinations (Figure 2B, 2C). 

Samples formulated with water and glycerol exhibited a shift from a predominantly random 

coil to β-sheet structure after 30 min exposure to water vapor and an increase in β-sheet 
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structure with increased exposure time. Samples formulated with water and no glycerol 

showed similar shifts, though to a lesser extent, possibly due to the hygroscopic nature of 

glycerol increasing silk hydration and allowing for increasing molecular rearrangement. We 

also performed SEM on silk foams to observe the microstructure. All silk foam formulations 

showed similar porous microstructure (Figure 2D–F). These data suggest that the presence 

of salt within the buffer induced the β-sheet conformation of silk limiting the impact of 

water vapor annealing on crystallinity and DNX release providing an avenue for further 

investigation; an important observation when utilizing the water vapor anneal process for 

formulating sustained release silk materials.

Release of DNX is reproducible across independent experiments

In order to evaluate reproducibility of DNX, three independent release experiments were 

carried out. The release profile of 10% (w/v) 30 mE silk foams loaded with 1 mg of 

DNX were evaluated to determine reproducibility (Figure 3A and B). The foams exhibited 

an average burst release of 15.8 ± 1.2% in the first 24 h and a sustained release of 0.6 

± 0.4%/day for days 1–7, 0.3 ± 0.1%/day for days 7–17, and 0.07 ± 0.03%/day for the 

remainder of the experiment. No statistical differences were observed at any time point 

between repeats of the release experiments.

Development of a complement dependent cytotoxicity (CDC) assay to evaluate DNX 
activity

Previously, in vitro complement dependent cytotoxicity (CDC) has been used as to assess 

cellular responses to GD2 antibodies.15,31,39,40 One method of evaluation is a Calcein 

release assay, where live cells are stained with Calcein-AM, and complement induced 

cell lysis causes the release of Calcein.41 In this work, we identified optimal parameters 

to perform the CDC assay with DNX using the KELLY neuroblastoma cell line (Figure 

4). First, we determined a cell number (ultimately a cell concentration) that exhibited 

maximum difference between viable cells (untreated) and completely lysed cells (Triton 

X-100 treatment) (Figure 4A). A cell number of 50,000 cells in a volume of 100 μL of 

medium was selected. This cell density allowed for clear differences between viable and 

non-viable cells without saturating the fluorescence detector (as observed with the 100,000-

cell condition). The fluorescence signal was confirmed to be Calcein-only as the 100,000-

cell condition without Calcein did not exhibit detectable fluorescence. Next, we identified to 

maximum concentration of complement serum that did not induce toxicity. Concentrations 

greater than 10% complement serum induced a statistical increase in cell death as evidenced 

by the increased fluorescence signal (Figure 4B); all subsequent CDC induction by DNX 

experiments were performed with 10% complement serum. After determining the cell 

number and complement serum concentration, cells were treated with DNX and assayed 

for CDC. No significant toxicity was induced by DNX without complement serum (Figure 

4C). With complement serum, CDC induction by DNX concentrations ranging from 500 

μg/mL to 0.1 μg/mL (Figure 4C) resulted in a dose-dependent relationship that followed a 

4-parameter logarithmic fit with an R2 value of 0.98.

To confirm that the presence or potential presence of silk would not interfere with the CDC 

assay, cells were treated with varying forms of silk with or without 100 μg/mL DNX. Both 
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the soluble silk and the silk that potentially leached out of the silk foams at the 2 h time 

point did not alter the CDC induction by DNX as evidenced by no statistical differences 

between the two silk conditions containing 100 μg/mL DNX and the 100 μg/mL DNX-only 

group (Figure 4D). Additionally, soluble silk and the silk that potentially leached out of the 

silk foams did not induce cell death on their own as evidenced by no statistical differences 

between the two silk conditions and the untreated cells (Figure 4D).

Impact of GD2 expression level on CDC using flow sorted KELLY neuroblastoma cells

To determine the impact of GD2 expression level on CDC induction by DNX on KELLY 

neuroblastoma cells, a CDC assay was performed on KELLY neuroblastoma cells with 

different expression levels of GD2. KELLY neuroblastoma cells were sorted for GD2 

expression level using FACS into cell populations that were positive for GD2 but exhibited 

different expression levels, labeled as low and high based on the range from unsorted 

KELLY cells.31 Confirmation of the retention of low and high GD2 expression level was 

performed through flow cytometry as cells had undergone approximately 5 passages (Figure 

5A). KELLY cells sorted for high GD2 expression level had a median fluorescence of 

446,000 and sorted for low GD2 expression level had a median fluorescence of 91,560 while 

unsorted cells had a median fluorescence of 294,911 (Figure 5A). DNX-treated KELLY 

cells sorted for high GD2 expression exhibited the highest amount of cell death, with a 

maximum cell death of 75.9 ± 2.3% achieved when treated with a 500 μg/mL of free DNX 

(Figure 5B). Comparatively, KELLY cells not sorted for GD2 level (parent cell population) 

or low GD2 expressing exhibited cell death at 52.0 ± 7.5% 24.4 ± 3.4% when treated 

with a 500 μg/mL of free DNX, respectively (Figure 5B). At a DNX concentration of 1 

μg/mL there was 6.3 ± 0.9%, 33.2 ± 2.4%, and 52.8 ± 0.9% for the low, unsorted and high 

expressing GD2 cells, respectively.

Response to DNX treatment as a function of GD2 expression level is conserved when 
comparing different cell lines

To determine the impact of GD2 expression level on CDC, a neuroblastoma cell line, 

SK-N-AS, known to express lower GD2 levels as compared to the KELLY cell line 

was evaluated.42,43 First, the GD2 expression of the SK-N-AS neuroblastoma cells was 

compared to KELLY neuroblastoma cells. SK-N-AS cells had a median fluorescence 

of 66,971 and KELLY cells had a median fluorescence of 249,674, indicating that the 

entire SK-N-AS cell population has a lower GD2 expression level (Figure 5C). Next, 

we evaluated DNX-induced CDC on each cell line with varying concentrations of DNX. 

The results demonstrated significantly less cell death induced by free-DNX on SK-N-AS 

cells at concentrations above 1 μg/mL as compared to KELLY cells. At the highest free-

DNX concentration tested, 500 μg/mL, a difference of 40% cell viability was observed 

(Figure 5D). These data, in combination with the flow sorted cell data, support the idea 

that differences in GD2 expression level will result in difference response levels to DNX 

exposure.

Released DNX exhibits bioactivity in vitro

To evaluate the bioactivity of released of DNX, CDC was evaluated using KELLY 

neuroblastoma cells. Toxicity of the release product was evaluated using two of the 
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experiments used to determine reproducible release. Different release time points were 

evaluated, at different dilution factors to ensure concentrations were within the assay range. 

The highest amount of cell death correlated with the highest concentration of released DNX, 

occurring within the first hour of release (Figure 6A). Release product from hours 8–24 

of the experiment also demonstrated high toxicity (Figure 6B). Toxicity of release product 

persisted through day 28 of release (Figure 6C, 6D, 6E). At the first release time point 

tested an average concentration of 13.2 μg/mL of release product was evaluated, resulting 

in an average toxicity of 74.2%. When compared to a standard curve utilizing 10 μg/mL 

a similar toxicity of 71.4% was observed. Similarly, release product from day 3 with an 

average concentration of 1 μg/mL induced 57.5% toxicity, as compared to the standard curve 

value of 46.7%. At later timepoints such as day 14, release where an average concentration 

of 9 μg/mL was evaluated and an average toxicity of 55.9% was observed. At the last time 

point evaluated, day 28 an average concentration of 0.6 μg/mL of release was evaluated 

with an average cell death of 29.5%. In all cases (both release and the standard curve) the 

critical value to induce toxicity greater than 10% was 0.1 μg/mL. This suggests that DNX 

bioactivity is retained throughout the release experiment.

To determine if this toxicity of the released DNX differed based on GD2 expression 

level, the toxicity of the release product from hours 8–24 was evaluated using KELLY 

neuroblastoma cells sorted for high and low GD2 expression levels (Figure 7). The release 

product was significantly less effective in inducing toxicity on cells with a low expression 

level of GD2 as compared to a high expression level or the non-sorted cells. The release 

product induced 56.2% ± 6.8% in cells expressing higher levels of GD2 as compared to 

non-sorted cells (41.8% ± 4.2%) and cells expressing lower levels of GD2 (19.7% ± 1.5%). 

This suggests that product from our release experiment exhibits toxicity based on GD2 

expression level of the cell population.

Discussion

DNX is a chimeric antibody that has shown clinical promise in the treatment for high-risk 

neuroblastoma. It targets the GD2 ganglioside that is expressed on neuroblastoma cells with 

restricted expression on non-cancerous tissue. ADCC and CDC as mechanisms of action 

for GD2-targetting antibodies have been demonstrated in vitro, in vivo in mouse models, 

and clinically.44–47 However, problems with the therapy remain including large antibody 

size limiting infiltration into the tumor bed, and extreme pain is a dose limited side effect 

experienced by most patients. In addition, after therapy approximately one third of patients 

still relapse and eventually succumb to the disease.11 Limitations in treatment efficacy 

provide an opportunity for the development of a platform capable of local sustained drug 

release.

Delivering high concentrations of DNX to the tumor site is difficult due to its large size and 

dose limiting side effects in patients.8,13,14 One method for delivering higher concentrations 

of therapy to the tumor site, while reducing the potential negative side effects, is local 

delivery. In previous work, we reported on the impact of locally delivering DNX to mouse 

orthotopic NB tumors through lyophilized silk foams and showed that the local delivery 

significantly decreased tumor growth rates.48 Lyophilized silk foams are advantageous as 
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they are better equipped for long term storage than aqueous storage, are easy to handle 

for implantation, and the fabrication takes place in an all aqueous format eliminating and 

need for harmful solvents.30,34 In addition, lyophilization of silk hydrogels has been used 

previously for the release of bioactive antibodies and has been shown to have a stabilizing 

effect on enzymes which is expected to extend to antibodies30,49,50. The use of silk fibroin 

also allows for the control over many fabrication parameters including molecular weight 

of silk, silk concentration, and silk crystallinity. These properties can impact the molecular 

entrapment of the antibody within the silk, allowing for control over the drug release rate.51

The engineered silk foams in this work exhibited a burst release of DNX followed by a 

sustained release over time. The mechanisms of release are primarily through the diffusion 

through the silk-phase of the silk foams, hydrophobic/hydrophilic interactions, and hydration 

resistance to the silk foams, as these have previously been demonstrated with lyophilized 

silk hydrogels.30 Through modification of the silk molecular weight and concentrations we 

attempted to control the molecular entrapment and diffusion of DNX. We observed that 

silk concentration (a higher amount of silk relative to DNX) led to increased molecular 

entrapment and slower rate of release. Additionally, silk with a higher molecular weight 

(lower extraction time) slowed DNX release. This was consistent with previous findings that 

10% lyophilized silk hydrogels exhibited a lower burst release of monoclonal antibodies 

than 3% and 6%, likely due to increased entrapment and hydration resistance.30 The 

fabricated silk foams composed of 10% 30 mE silk exhibited a low cumulative release 

relative to those with a lower silk concentration and molecular weight, with only 20–25% 

of the loaded DNX being released. In comparison, similar studies where monoclonal 

antibodies were released from lyophilized silk hydrogels, similar antibody release profiles 

were observed from lyophilized hydrogels containing 9.2% 60 mE extraction silk (fast burst 

release with only 15% cumulative release).30 Lyophilized silk hydrogels fabricated with 

a lower concentration (3.2% silk) were observed to have a noticeably higher amount of 

release, with the authors identifying hydration resistance, decreased matrix porosity, and 

increased silk matrix density as the primary drivers.30,34 Silk has also been shown to degrade 

in vivo.52 DNX release may be increased in vivo, as silk can be degraded by mammalian-

derived enzymes present within the tumor microenvironment, further facilitating DNX 

release.53

Exposure to water vapor has been demonstrated to increase silk crystallinity without the use 

of complex processing or harsh chemicals (typically organic solvents).37 In these studies, 

no impact on crystallinity was observed based on exposure to water vapor. We showed 

that the lack of difference between water vapor annealed and non-water vapor annealed 

samples crystallinity was due to salt content in the buffer. Salt has been demonstrated to 

induce β-sheet formation in silk.54 Upon evaluating buffer-containing and buffer-free silk 

foams, we confirmed that the lack of changes in the silk crystallinity upon water vapor 

exposure was due to the buffer, or salts within the buffer. Antibody buffers are typically 

formulation to stabilize the pH for long-term antibody stability.55 The presence of additional 

components such as Tween-20® and L-histidine have been shown to further stabilize 

antibodies and minimize protein aggregation.56,57 However, studies have demonstrated that 

when antibodies are freeze-dried for long term storage, these buffer components may not 

be necessary to retain stability.55 Instead, inclusion of sugars such as sucrose or glycerol 
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can provide stability through the lyophilization process.55,58 To tune antibody release from 

silk foams, additional work needs to be performed to remove buffer components while 

maintaining antibody stability and investigate the impact of varying the silk crystallinity on 

antibody release.

In this study, we evaluated response of cells sorted via flow cytometry for high and low 

GD2 expression level, as well as two different neuroblastoma cell lines to DNX driven 

CDC. Using cells sorted for GD2 expression level from a single cell line we determined 

that response to CDC induced lysis was dependent on GD2 level. To our knowledge, this 

is the first study to demonstrate that response to a GD2-targeting antibody is based on the 

level of GD2 expression, as use of two different cell lines could introduce compounding 

variables (such as differences in binding site or cell secretions). However, we note that 

this finding is supported by prior work evaluating CDC and antibody dependent cellular 

cytotoxicity using de novo established NB cell lines cell lines. Though not specifically 

stated, the work shows that DNX induced CDC is dependent on the GD-2 expression level 

of the cell line.59 In addition, comparison of a cell line with known high GD2 expression 

level to a cell line with known lower GD2 expression level (SK-N-AS) confirmed these 

results. Previous literature has evaluated DNX induced cytotoxicity against GD2 expressing 

and non-GD2 expressing cells.7,59 DNX exhibited no activity against non-GD2 expressing 

cells. Therefore, the cytotoxicity observed in this work is expected to be through DNX 

binding to GD2 on the NB cell surface.

There has been limited clinical work examining GD2 expression level in neuroblastoma 

patients and its impact on therapeutic efficacy and likelihood of regression. Terzic et al. 

demonstrated that a low percentage of positive GD2 cells before immunotherapy could be 

linked to clinical relapse of neuroblastoma.11 This suggests that a portion of the cells could 

escape the antibody induced cell lysis allowing the tumor to relapse. However, the effect of 

DNX on GD2 expression level within patients has not been examined. While studies have 

suggested that patients retain GD2 expression, the GD2 expression level, and whether that 

level is sufficient for treatment efficacy has yet to be elucidated.

In vitro studies have been performed comparing GD2 expression level across different 

neuroblastoma tumor cell lines as well as among different tumor cell types. Mujoo et 

al. demonstrated that neuroblastoma and melanoma cell lines have significantly higher 

reactivity with ch14.18 via an ELISA assay than other tumor cell lines.10 Additionally, 

those studies demonstrated that within neuroblastoma tumor cell lines, while most cell lines 

contained primarily positive cells, different levels of binding were present. These differences 

may directly correlate with cell responsiveness to ADCC and CDC assays.10 This was 

further confirmed by Esser et al. and Terzic et al, who both demonstrated a correlation 

between GD2 expression level as demonstrated by flow cytometry and ADCC.11,60 These 

studies demonstrated that low expressing GD2 tumors can respond to anti-GD2 treatment, 

but may require a higher concentration to induce cell death.10,11,60

A critical factor in the design of an antibody release systems is its ability to release bioactive 

antibody. In this work, we evaluated the bioactivity of the release product using a CDC 

assay. Our results demonstrate the retention of DNX bioactivity for 28 days, which extends 
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beyond the typical DNX treatment cycle of 20 days (5 courses of 4 days).61 Further, our 

release results demonstrate efficacy on cells expressing a range of GD2 expression. This 

could mimic the range of positive, yet heterogeneously distributed expression within and in 
vivo tumor.

Conclusions

This work demonstrates the development of a delivery system for DNX with bioactive 

release through 28 days. The DNX release was not altered by water vapor annealing time, 

a common method used to tune release through altering the silk crystallinity, as the salts 

present within the formulations due to the antibody buffer altered the crystalline structure 

of the lyophilized silk foams. In testing this bioactivity of the DNX, this work reports the 

importance of GD2 expression level as an important factor for DNX induce CDC in an NB 

cell line sorted for different levels of GD2 expression using FACS and across two different 

NB cell lines with different GD2 expression levels. Future studies will develop increased 

control over release through the exclusion of salts or altering the salt composition and types 

to allow for control over silk foam crystallinity and DNX release.
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Figure 1. Impact of water vapor annealing time on DNX release.
Cumulative release of DNX-loaded silk foams was evaluated. DNX-loaded silk foams were 

exposed to water vapor for 4 h, 8 h, and 24 h. Data are presented as mean ± standard 

deviation of three independent samples.
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Figure 2. Impact of DNX buffer components on silk foam secondary structure.
ATR-FTIR spectrum of 10%, 30-minute extraction silk foams containing (A) buffer and 

glycerol, (B) water and glycerol, and (C) water only. Each silk foam formulation was either 

(a) not annealed or annealed for (b) 0.5 h, (c) 1 h, (d) 2 h, (e) 4 h, (f) 8 h, or (g) 24 h. RC 

represents a random coil peak and B represents a β-sheet peak within the amide I region of 

the silk. SEM images of the silk foams containing (D) buffer and glycerol, (E) water and 

glycerol, and (F) water only.
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Figure 3. Cumulative release of DNX from silk foams.
10%, 30-minute extraction silk foams loaded with 1 mg of DNX and water vapor annealed 

for 4 hours were evaluated for (A) cumulative mass release and (B) cumulative percent 

release of DNX. Data are presented as mean ± standard deviation of three independent 

experiments.
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Figure 4. Determination of CDC assay parameters.
Identification of (A) number of cells needed for CDC assay, (B) toxicity of complement 

serum, and (C) toxicity of DNX with and without complement serum. (D) Interference of 

silk formats with the assay was investigated via soluble silk added to the culture medium 

(silk) or supernatant from silk foam release experiments (silk release; note these are control 

samples not loaded with DNX). The presence of silk did not interfere with the assay. Data 

are presented as mean ± standard deviation of three independent samples. (A) *** p<0.001 

as compared to dead cells based on a t-test. (B) ** p<0.01, *** p<0.001 when compared to 

non-complement serum treatment based on one‐way ANOVA followed by Tukey’s post hoc 

test. (C) *** p<0.001 as compared to DNX-matched concentration with complement serum 

based on a t-test.
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Figure 5. Impact of GD2 expression on DNX-induced cytotoxicity.
(A) Flow cytometry analysis of GD2 expression performed in parallel with the CDC assay. 

(B) CDC of KELLY neuroblastoma cells sorted through fluorescent activated cell sorting 

for high and low expression of GD2. Cells were exposed to DNX and complement serum. 

(C) Flow cytometry analysis of GD2 expression of KELLY and SK-N-AS cells performed 

in parallel with the CDC assay. (D) CDC of KELLY neuroblastoma cells as compared to 

SKNAS neuroblastoma cells. Data are presented as mean ± standard deviation of three 

independent samples. (B) *p < 0.05, **p < 0.01, ***p < 0.001 when comparing to unsorted 

cells based on one‐way ANOVA followed by Tukey’s post hoc test. (D) *p < 0.05, **p < 

0.01, ***p < 0.001 when comparing to SK-N-AS cells based on a t-test.
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Figure 6. Effect of release DNX treatment on complement dependent cytotoxicity using unsorted 
KELLY cells.
10%, 30-minute extraction silk foams loaded with 1 mg of DNX and water vapor annealed 

for 4 hours were evaluated. Complement dependent cytotoxicity of DNX release product 

from (A) hours 0–1, (B) hours 8–24, (C) day 2–3, (D) day 5–7, and (E) to day 28 of release 

study. Concentration reported are calculated directly from the UV absorbance at 280 nm or 

enzyme-linked immunosorbent assay and not adjusted for carry over volume to represent the 

actual DNX concentration within the assay. Data are presented as mean ± standard deviation 
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of three independent samples. Cytotoxicity data are normalized to complement only control 

and lysed cell control. *p < 0.05 based on a t-test.
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Figure 7. Effect of release DNX treatment on complement dependent cytotoxicity using KELLY 
cells with different levels of GD2 expression.
10%, 30-minute extraction silk foams loaded with 1 mg of DNX and water vapor annealed 

for 4 hours were evaluated. Complement dependent cytotoxicity assay using KELLY 

neuroblastoma cells sorted for higher and low GD2 expression, and unsorted was evaluated 

using release product from hours 8–24. Data are presented two different experiments (dark 

grey and light grey bars) with mean ± standard deviation of three independent samples.
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