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Abstract

Neuroblastoma is the most commonly diagnosed extracranial solid tumor in children. The patients 

with aggressive metastatic disease or refractory/relapsed neuroblastoma currently face a dismally 

low chance of survival. Thus, there is a great need for more effective therapies for this illness. In 

previous studies, we, as well as others, showed that the immune cell chemoattractant C-C motif 

chemokine ligand 21 (CCL21) is effective as an intratumoral therapy able to slow the growth of 

cancers. In this current study, we developed and tested an injectable, slow-release, uniform, and 

optimally loaded alginate nanoformulation of CCL21 as a means to provide prolonged 

intratumoral treatment. The alginate-nanoformulated CCL21, when injected intratumorally into 

mice bearing neuroblastoma lesions, significantly prolonged survival and decreased the tumor 

growth rate compared to CCL21 alone, empty nanoparticles, or buffer. Notably, we also observed 

complete tumor clearance and subsequent full protection against tumor rechallenge in 33% of 
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nanoformulated CCL21-treated mice. Greater intratumoral presence of nanoformulated CCL21, 

compared to free CCL21, at days 1 and 2 after treatment ended was confirmed through fluorescent 

labeling and tracking. Nanoformulated CCL21-treated tumors exhibited a general pattern of 

prolonged increases in anti-tumor cytokines and relatively lower levels of pro-tumor cytokines in 

comparison to tumors treated with CCL21 alone or buffer only. Thus, this novel nanoformulation 

of CCL21 is an effective treatment for neuroblastoma, and may have potential for the delivery of 

CCL21 to other types of solid tumors in the future and as a slow-release delivery modality for 

other immunotherapies.
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1. Introduction

Intratumoral administration of C-C motif chemokine ligand 21 (CCL21) can potentially 

induce tumor infiltration by immune cells and cause systemic inhibition of tumor growth, as 

shown by our studies in pancreatic and mammary cancer models [1–2]. Results from other 

research groups have also strongly supported CCL21’s anti-tumor activity and its potential 

as a cancer therapy [3–12]. CCL21, also known as secondary lymphoid tissue chemokine or 

6Ckine, is normally expressed by high endothelial venules in secondary lymphoid organs, 

lymph nodes, and the spleen [13]. CCL21 functions as a chemoattractant for mature 

dendritic cells (DCs), naïve and memory T cells, natural killer (NK) cells, and natural killer 

T (NKT) cells, which all express the CCL21 receptor (chemokine receptor 7) [14–17]. The 

co-localization of antigen-stimulated DCs and naïve T cells, as facilitated by CCL21 

chemotactic gradients, allows for T cell activation and induction of an immune response 

[15]. Alongside the demonstration of its chemotactic abilities, CCL21 has also been shown 

to increase apoptotic resistance and endocytic capabilities of DCs, improve the survival and 

cytotoxic activity of T cells used in adoptive immunotherapy, and enhance chemo-sensitivity 

in tumors when used in a multimodal approach [18–22]. The varied capabilities of CCL21 

(chemotaxis of immune effector cells, subsequent evocation of immune responses, 

augmentation of chemotherapy effectiveness, and improved functionality of DCs and 

cytotoxic T cells) strongly support CCL21’s development and use as a therapeutic agent.

Sustained drug release can contribute to the rate and extent of availability of therapeutic 

agents, which are crucial factors for treatment efficacy. The aim of any drug delivery system 

is to provide a therapeutic amount of the drug to specific sites within the body in order to 

maintain the desired drug concentration over a period of time, thus leading to a more 

pronounced effect. Drug delivery systems that allow sustained release provide promising 

approaches for better control over the concentration of therapeutic agents. Such tactics not 

only allow for preserving the therapeutic efficacy of the treatment agent(s) but can also 

potentially reduce the frequency of drug administration or the fluctuation of drug levels, 

thereby resulting in a shorter treatment period. Drug delivery systems are rapidly evolving to 

provide novel treatment strategies with reduced dosage and administration frequency, 

improved control over treatment release, and enhanced therapeutic efficacy.
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In this context, encapsulation of CCL21 into implantable devices or particulate systems as 

chemokine depots may provide better control over the duration of its chemotactic gradient. 

Liposomes and poly(lactide-co-glycolide) (PLGA) microspheres or nanoparticles are the 

most extensively explored as particulate platforms for local cytokine delivery [23]. While a 

number of studies demonstrated the promise of these strategies for anticancer 

immunotherapies, the challenge for these formulations is related to relatively low protein 

loading. In this study, we have designed novel alginate nanoparticles that combine a drug-

encapsulating matrix with the beneficial effects of a sustained release formulation. Alginate, 

a derivative of brown seaweed, is a naturally occurring polysaccharide that contains 1–4’-

linked β-D-mannuronic acid (M) and α-L-guluronic acid (G) residues that form alternating 

homo-polymeric block regions. Alginate has a negative charge at neutral pH, and in the 

presence of divalent cations such as calcium ions (Ca2+) that bind specifically to blocks of G 

residues, it forms a cross-linked gel [24]. This polymer has been approved by the Food and 

Drug Administration as a component in various products for use in the treatment of wounds, 

tissue engineering, and drug delivery [24–26]. Properties such as biocompatibility, mild 

gelation conditions, low cost, and minimal toxicity allow for its extensive medical usage 

[27]. Additionally, alginate-based microspheres have previously been tested for 

encapsulation and in vitro release of chemokines, including CCL21 [28].

We then used this novel alginate-based nanoformulation to optimize the delivery of CCL21 

for the treatment of neuroblastoma, which is a cancer of the sympathetic nervous system that 

occurs predominantly in early childhood and represents 6% of all pediatric cancer cases 

[29]. In children, neuroblastoma is the most common extracranial solid tumor diagnosed, 

and it results in 12–15% of all pediatric cancer-related deaths [30–33]. Neuroblastoma 

staging takes into account DNA ploidy, histological features, genetic alterations, and clinical 

data (as specified by the International Neuroblastoma Risk group) to define classes of risk as 

being low, intermediate, or high [34–35]. Patients with high-risk disease have a low 5-year 

survival rate of <50% [34–36]. Aggressive treatment strategies utilizing radiation, 

chemotherapy, surgery, and hematopoietic stem cell transplantation are severely limited in 

their abilities to prolong the lives of children diagnosed with advanced stage neuroblastoma 

or relapse/recurrent disease, and for patients who have relapsed the 5-year survival is only 

20% [37–42]. Survivors of neuroblastoma have been shown to experience long-term 

toxicities (secondary malignancies, failure to grow, hearing loss, hypothyroidism, renal 

toxicities, and ovarian failure) and even increased mortality as a result of their treatments 

[43–47].

Thus, innovative treatment strategies for neuroblastoma are needed. In general, 

immunotherapies tend to have milder side effects than chemotherapies or radiation therapies, 

which makes them attractive for use in pediatric patients. Several studies have shown 

neuroblastoma cells to be susceptible to killing by immune cells, such as natural killer cells 

and T cells [48–56]. Immunotherapies to facilitate the attraction of these immune cells to 

neuroblastomas are options to investigate as new strategies to treat neuroblastoma patients. 

Providing sustained release of CCL21 in the neuroblastoma tumor environment should allow 

the continuance of an influx of immune cells over a prolonged period of time, and thereby 

improve the immunological and therapeutic effects beyond what might be attainable with 

CCL21 alone. We have designed this CCL21 nanoformulation in such a way that it can 

Poelaert et al. Page 3

J Control Release. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



potentially be used to treat tumors at internal sites in patients, because the nanoparticles are 

small enough (<300 nm) to avoid clogging the small gauge needles and tubing that are used 

for drug delivery to internal organs. In the study reported here, we have tested the hypothesis 

that intratumoral administration of alginate-based nanoformulation of CCL21 will result in 

improved inhibition of tumor growth and longer survival of neuroblastoma-bearing mice, 

due to sustained release of CCL21 and infiltration of immune cells able to induce a systemic 

antitumor immune response.

2. Materials and methods

2.1. Materials

CCL21 was acquired from Peprotech (Rocky Hill, NJ) and cytochrome c was supplied by 

Calbiochem (San Diego, CA). Lyophilized recombinant murine CCL21 (stored at −20°C) 

was reconstituted in either sterile phosphate-buffered saline buffer control (PBS) or purified 

water (Barnstead/Thermolyne Nanopure Water System, Dubuque, TX). Reconstituted 

CCL21 was stored at 4°C until use. PBS was purchased from GE Healthcare Life Sciences 

(Marlborough, MA). The following materials were purchased from Sigma-Aldrich (St. 

Louis, MO): alginic acid sodium salt, Pluronic F127, CCL21 ELISA, collagenase A, and 

DNase I. Calcium chloride (CaCl2), 40 μm strainers, 15 mL conical vials, 50 mL conical 

vials, ammonium-chloride-potassium (ACK) buffer, trypan blue, Optimal Cutting 

Temperature Compound, charged microscope slides, and LIVE/DEAD Fixable Blue Dead 

Cell Stain was purchased from Thermo Fisher Scientific (Hampton, NH). Protamine sulfate 

was acquired from MP Biomedicals LLC (Santa Ana, CA). Formvar/silicon monoxide-

coated 200 mesh copper grids were purchased from Ted Pella Inc. (Redding, CA). The 

GloQube glow discharge unit was from Quorum Technologies (East Sussex, UK) while 

NanoVan was from Nanoprobes (New York, NY). The 50 kDa Float-A-Lyzer dialysis tubing 

was purchased from Spectrum Laboratories Inc. (Rancho Dominguez, CA). The Amicon 

3000 Da protein concentrators were bought from Millipore (Burlington, MA). The Neuro2a 

cell line was acquired from the ATCC (Manassas, VA). Media reagents, which include 

Dulbecco’s Modified Eagle Medium (DMEM), sodium pyruvate, penicillin, streptomycin, 

L-glutamine, and MEM Non-Essential Amino Acids, were obtained from Life Technologies 

(Carlsbad, CA). Fetal bovine serum was purchased from Atlanta Biologicals (Flowery 

Branch, GA). The IR800CW dye was purchased from LI-COR (Lincoln, NE). Antibodies 

were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). The Proteome Profiler 

Mouse Cytokine Array Kit, Panel A was obtained from R&D Systems (Minneapolis, MN).

2.2. Formulation of the nanoparticles: overview and detailed procedure

Alginate nanoparticles were prepared from diluted alginate stock solution (alginic acid 

sodium salt with medium viscosity, pH 8.0) by inducing a pre-gel formation with calcium 

counter ions, followed by polyelectrolyte complex formation with protamine sulfate (Fig. 1). 

Protamine sulfate, which functions as a polycation in this system, allows for the formation of 

the polyelectrolyte complex with opposite charged alginate polysaccharides, thus stabilizing 

the alginate pre-gel nucleus into individual sponge-like nanoparticles. Pluronic F127 is a 

hydrophilic, nontoxic copolymer that is widely used as a pharmaceutical excipient. 

Biocompatibility, bioadhesion, adaptability, thermosensitivity, and ability to stabilize and 
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protect cargo have all promoted the use of Pluronic F127 as a component in many 

therapeutic modalities, including nanogels or nanocontainers, microvesicle nancompexes, 

and engineered tissues [57–62]. In these alginate nanoparticles, Pluronic F127 was used as a 

matrix-stabilizing agent that permits sustained drug release. Thus, in total, the alginate 

nanoparticles include several components conducive to structural stabilization: low 

concentration of alginate polysaccharide stock, Ca2+ ions (aqua solution of calcium 

chloride), a polycation (protamine sulfate), and the F127 pluronic block copolymer.

To begin the nanoformulation procedure, alginate nanoparticles were prepared using 

standard ionotropic gelation processes. In brief, an alginate aqueous solution (1.0 mL of a 

1.5 mg/mL solution) was gently mixed at 4°C with 250 μg (for a 6:1 alginate : protein ratio) 

or 25 μg (for a 60:1 alginate : protein ratio) of cytochrome c or CCL21. For formulations 

that included Pluronic F127, 100 μl of a 10% w/w solution of Pluronic F127 was added to 

the alginate mixture and stirred for an additional 10 minutes following an initial period (5 

minutes) of mild agitation at 4°C 300 rpm. The stirring speed was adjusted to 800 rpm 

before 125 μl of a 2 mg/mL solution of CaCl2 was added drop by drop to induce gelation of 

the alginate mixture. After 30 min of the gelation process, protamine sulfate (75 μl of a 2 

mg/mL solution) was incorporated and the resultant, slightly opalescent dispersions were 

stirred for an additional 1 h (800 rpm, 4°C) to complete formation of the nanoparticles. 

Simultaneously, with each batch of protein-containing nanoparticles, empty nanoparticles (at 

the same concentrations of alginate, CaCl2, protamine sulfate, and Pluronic F127) were 

prepared as a control. All nanoparticles, with or without protein cargo, were stored at 4°C 

until use.

2.3. Characterization of the nanoparticles

Protein-loaded and empty alginate nanoparticles were characterized by dynamic light 

scattering (DLS) for intensity-weighted z-averaged hydrodynamic diameter (Deff, nm) and 

polydispersity index (PDI), and by Nanoparticle Tracking Analysis for number-weighted 

diameter and particle concentration. DLS measurements were performed in PBS at 25°C and 

at a fixed 173° scattering angle using a Nano ZS Zetasizer (Malvern Instruments, 

Worcestershire, UK). Software provided by the manufacturer (Zetasizer software Version 

7.11, Malvern Panalytical) was used to calculate the Deff and PDI. In addition, the 

hydrodynamic diameter of the particles was measured using the field flow fractionation 

technique (FFF) coupled to an online DLS detector (Eclipse DualTech Asymmetric FFF 

System, Wyatt Technology, Santa Barbara, CA). Particle dispersion in PBS (1.35 mg/mL) 

was injected through a 50 μL loop into AS4 channel (350 μm spacer W type, 10 kDa 

regenerated cellulose membrane) and PBS was used as a mobile phase. After a focus step at 

1 mL/minute, a gradient elution exerting a cross-flow decreasing exponentially between 3 

mL/minute and 0 mL/minute was applied for 9 minutes (detector flow: 0.8 mL/minute). The 

hydrodynamic diameter of the particles was determined in the elution window between 5 

and 7 minutes using the Astra 7.1.3 software provided by the manufacturer. For Nanoparticle 

Tracking Analysis, samples were diluted 10X with PBS and measurements were done with a 

NanoSight NS300TM (Malvern Instruments) at 25°C. Five individual videos (60 sec 

duration each) for every sample were recorded and analyzed using the Nanoparticle 

Tracking Analysis software Version 3.2.
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The morphology of the alginate nanoparticles was studied using transmission electron 

microscopy (TEM). Samples for TEM imaging were spotted onto formvar/silicon 

monoxide-coated 200 mesh copper grids. Grids were glow discharged for 60 seconds at 20 

μA with a GloQube glow discharge unit prior to use. Samples were negatively stained with 

NanoVan and examined on a Tecnai G2 Spirit TWIN (FEI, Hillsboro, OR) operating at an 

accelerating voltage of 80 kV. Images were acquired digitally with an AMT (Woburn, MA) 

digital imaging system. Cryo-transmission electron microscopy (cryo-TEM) measurements 

were performed on alginate NPs prepared at a concentration of 2 mg/ml in distilled water. 

Sample preparation for cryo-TEM was done in a temperature and humidity-controlled 

chamber using a fully automated vitrification robot (Vitrobot, FEI Co., Hillsboro, OR). A 

thin aqueous film of nanoparticle solution was formed on a carbon grid at 22°C and at 100% 

relative humidity. The thin film was rapidly vitrified by shooting the grid into liquid ethane. 

The grids with the vitrified thin films were transferred into the microscope chamber. 

Micrographs were taken using a FEI Tecnai F30 microscope operating at 300 kV, equipped 

with Gatan 626 cryo-holder with α +/− 70° tilt range and ability to keep samples at −170°C 

during imaging.

The morphology of the alginate nanoparticles was also analyzed by atomic force microscopy 

(AFM). Samples for AFM imaging were prepared by depositing 5 μL of an aqueous 

dispersion of nanoparticles (concentration 2.5 × 10−3 mg/mL) onto positively charged 1-(3-

aminopropyl) silatrane mica (APS-mica) surfaces for 2 min, followed by surface drying 

under argon atmosphere. AFM imaging was performed in air with a Multimode NanoScope 

IV system (Veeco, Santa Barbara, CA) operating in a typing mode and silicon probes (spring 

constant of 42 N/m). Femtoscan software (Advanced Technologies Center, Moscow, Russia) 

was used to characterize nanoparticle dimensions.

To measure the encapsulation efficiency and loading capacity for cytochrome c, 1.0 mL of 

each formulation was centrifuged at 10,000 rpm (30,000 × g) for 30 min at 4°C in a 

Beckman Coulter Optima L-90K ultracentrifuge, the supernatant was carefully collected 

without disturbing the pellet, and absorbance values were measured with the NanoDrop 

spectrophotometer to determine the amount of free cytochrome c in the supernatant. The 

concentration of cytochrome c in the supernatant was determined by UV/Vis (absorbance 

max at Soret band, 409 nm) and calculated using a standard curve. The protein encapsulation 

efficiency (EE, %) was calculated as the percentage of the encapsulated amount of the 

protein relative to the initial given amount, and loading capacity (LC, %) was calculated as 

the percentage of the amount of encapsulated protein relative to the total weight of loaded 

alginate nanoparticles. Thus, for calculation of encapsulation efficiency, the following 

formula was used: encapsulation efficiency (EE%) = [mass of protein in alginate 

nanoparticles/mass of initial protein added] × 100%. To calculate the loading capacity, this 

formula was used: loading capacity (LC%) = [mass of protein in alginate nanoparticles/mass 

of the protein-loaded alginate nanoparticles] × 100%. An enzyme-linked immunosorbent 

assay (ELISA) was used to determine the efficiency of CCL21 loading into the 

nanoparticles. Fresh samples of alginate nanoparticles with CCL21 cargo were centrifuged 

at 35,000 rpm (122,000 × g) in a Beckman Coulter Optima L-90K ultracentrifuge for 40 min 

at 4°C. After centrifugation, the supernatant samples were tested by ELISA per the 

manufacturer’s protocol, using a Molecular Devices SpectraMax microplate reader with 
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comparison to known levels of CCL21 in a standard curve (established with recombinant 

murine CCL21).

2.4. Analysis of in vitro protein release

A membrane dialysis method was used in vitro to simulate cytochrome c or CCL21 release 

in vivo. The nanoparticle formulation (1 mL of each formulation) was placed into a 50 kDa 

Float-A-Lyzer dialysis tube, submerged in a 50 mL conical vial containing 45 mL of PBS 

(pH 7.4), and incubated at 37°C with constant shaking at 100 rpm. At specified time points, 

an aliquot of PBS was removed from the outer volume of the dialysis apparatus and replaced 

with an equivalent amount of fresh PBS to maintain a constant volume in the tube. The 

dialysate samples were concentrated by 60 min centrifugation at 4°C, 1,200 rpm (314 × g) in 

a Sorvall Legend X1R centrifuge (Thermo Scientific) to approximately 500 μL using an 

Amicon 3000 Da protein concentrator before analysis. The amount of cytochrome c released 

at each time point was determined by measuring absorbance at 450 nm with a NanoDrop 

spectrophotometer (Thermo Fisher Scientific). ELISA was used to quantify the amount of 

CCL21 released over time from the nanoparticles during dialysis. For either cytochrome c or 

CCL21, the amount of protein released from the alginate nanoparticles was expressed as a 

percentage of the total loaded protein and plotted as a function of time.

2.5. Tumor cell injections and treatments of tumor-bearing mice

Neuro2a cells (clonal derivative of a spontaneous tumor, C1300) were thawed from a bank 

of low passage, parental stock vials and subcultured no more than 5 times before use in vivo 
with a syngeneic mouse (A/J) strain [63–64]. The Neuro2a cells were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with the following additives: 1 mM 

sodium pyruvate, 100 units/mL penicillin and 100 μg/mL streptomycin, 2 mM L-glutamine, 

100X MEM Non-Essential Amino Acids, along with 10% v/v heat inactivated fetal bovine 

serum.

Female A/J mice, 4 weeks of age, were purchased from Jackson Laboratories (Bar Harbor, 

ME) and acclimated to their new, pathogen-free environment for 2 weeks before study 

initiation. All experiments were performed according to the Institutional Animal Care and 

Use (IACUC) protocol. The A/J mice were subcutaneously injected with 1 X 106 Neuro2a 

cells/100 μL PBS in the lower right flank. Upon detection of palpable tumors (volume ≥ 50 

mm3), which occurred approximately 9–12 days post-implantation, the mice were divided 

into blinded treatment or control groups (n ≥ 6 mice/group per experimental replicate), with 

the groups having matched average tumor volumes. The nanoformulated CCL21 treatment 

or controls were administered intratumorally twice daily (in the morning and evening for 2 

consecutive days (days 0 and 1), providing 6 μg of CCL21/25 μL, or 6 μg of CCL21 in 

nanoformulation/25 μL per dose, or an equal amount of empty nanoparticles/25 μL, or an 

equal volume (25 μL) of buffer. Visual quartering of the tumor allowed for equal distribution 

of injection sites and treatment delivery. Fig. S1 depicts the strategy used throughout the in 
vivo studies performed. The mice were monitored for 54 days, at least 3 times weekly, with 

documentation of tumor growth and overall health (weight, food/water consumption, and 

any indications of reduced mobility or responsiveness). Survival time indicates the number 

of days until tumors reach a volume of 1000 mm3 (per IACUC requirements) and the mice 
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were euthanized. Tumor-free mice (post 54 days) that had been treated with nanoformulated 

CCL21 and undergone complete tumor regression, along with treatment-naïve, age- and sex-

matched control mice, were rechallenged on the opposite hind flank (left flank) with 1 X 106 

Neuro2a cells/100 μL PBS, and were subsequently monitored for tumor development. 

Tumor volume (in mm3) was determined using caliper measurements (in 2 perpendicular 

directions) and the following formula: (tumor width2) X (tumor length/2).

2.6. Fluorescent tagging of alginate nanoparticles and CCL21

CCL21 amino groups were labeled with IR800 dye. In brief, 500 μg (1.05 μmole of amino 

groups) were labeled with NHS-active form of IR800 dye (6.13 μg, 0.5% mol. in 2 mL 

water). The reaction was stirred overnight at room temperature before the unconjugated dye 

was removed by dialyses against water. Protein recovery was achieved through 

lyophilization and stored at −20°C prior to use. The labeled CCL21 was then used in the 

nanoformulation process as described above.

2.7. Fluorescence imaging and analysis of tagged nanoparticles and/or CCL21 in vivo

A/J mice received intratumoral injections of the nanoparticles, free CCL21, or buffer control 

(as detailed above). Images in vivo were collected on the Pearl® Trilogy Small Animal 

Imaging System over a 120-hour time course (pre-injection and at 24, 48, 72, 96, and 120 

hours following treatment initiation). Upon conclusion of the study, tumors, various organs 

(kidney, spleen, and liver) and draining lymph nodes were collected from the euthanized 

mice for imaging. The images were analyzed using Image Studio software version 5.0 (LI-

COR Biosciences; Lincoln, NE). Briefly, a region of interest was manually drawn around the 

tumor or necropsied organ or lymph node to obtain the mean fluorescent signal. Differences 

between treatment groups were calculated with GraphPad Prism software version 7.03.

2.8. Fluorescent microscopy analysis of tumors treated with tagged nanoparticles and/or 
CCL21

Necropsied tissues were embedded in Optimal Cutting Temperature Compound (OCT) and 

stored at −20°C until processing for histology. Tissues were cut into 10 μm sections using a 

cryostat (Leica, Buffalo Grove, IL), and mounted on charged microscope slides. The slides 

were imaged with an Olympus DP80 Digital Camera and CellSense Dimension Software in 

the 800 nm channel to detect the presence of the nanoparticle and CCL21 (respectively).

2.9. Flow cytometric investigation of immune cell infiltration into tumors

Direct immunofluorescent staining was used to analyze immune cell populations in tumor 

samples. Neuro2a tumor-bearing female mice (n >5 mice per group) were treated 

intratumorally with CCL21 only, nanoformulated CCL21, or buffer control using the same 

treatment regimen described in Section 2.5 and diagrammed in Fig. S1. Following excision, 

each tumor was gently rinsed 2–3 times with sterile PBS. On the last rinse, most of the PBS 

was removed, such that less than 1 mL of PBS remained. The tumor was minced into small 

pieces using 2 sterile razor blades, transferred to a 15 mL conical with digestion media 

(DMEM + 10% FBS, 2 mg/mL Collagenase A, and 0.25 units/mL DNase I), and incubated 

for 45 minutes at 37°C with constant shaking. The tumor mixture was then transferred to a 
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pre-moistened sterile 40 μm cell strainer attached to a 50 mL sterile conical tube and 

macerated through the strainer using the back of a syringe plunger. The cell strainer was 

then washed 3 times with ~5 mL of sterile PBS per wash before centrifugation of the tube at 

1,500 rpm (453 × g), 4°C, for 5 min in an Eppendorf 5810R centrifuge. The supernatant was 

decanted, and the pellet was resuspended in 2 mL of ammonium-chloride-potassium (ACK) 

buffer to lyse erythrocytes. After incubation of the suspension in the ACK buffer at room 

temperature for 5 min, 30 mL of PBS was added and the suspension was centrifuged at 

1,500 rpm (453 × g), 4°C, for 5 min. The cells were resuspended in PBS, and cell number 

and viability were determined by mixing a small aliquot of the cell suspension with 0.4% 

trypan blue and counting the cells in the mixture on a hemocytometer. Viability of the cells 

was determined to be at least 95% prior to flow cytometry.

Throughout the staining process, the cells and reagents were kept on ice and protected from 

light. The cells were stained with antibodies against surface markers of macrophages, DCs, 

NK cells, NKT cells, T cells, and B cells (see Fig. S2 and Table S2 for antibody lists, 

dilutions, and clone information). Cells were also stained with LIVE/DEAD Fixable Blue 

Dead Cell Stain following the manufacturer’s protocol to assess cell viability. In brief, the 

digested tumor samples were resuspended in 500 μL of PBS before being dispersed equally 

(100 μL of tumor cell suspension per panel) into the 4 immunoprofiling panels with the 

additional 100 μL being incorporated into a pooled sample for use in control wells (i.e. 

unstained cells, fluorescents minus one, etc.). The cells were washed 3x with 100 μL PBS 

and centrifuged at 1,500 rpm (453 × g), 4°C, for 5 min. The cells were then resuspended in 

100 μL of the antibody cocktail and incubated for 30 minutes at 4°C, protected from light. 

After incubation, the cells were washed 3x with100 μL PBS and centrifuged at 1,500 rpm 

(453 × g), 4°C, for 5 min prior to fixation in 1% paraformaldehyde in PBS. The stained cells 

were processed using the BD LSRII flow cytometer (Franklin Lakes, NJ) and analyzed by 

FlowJo software (Ashland, OR). The percentage of each lymphocyte population within a 

tumor was calculated as % CD45 = (number of cells positive for a specific marker)/(total 

number of cells) X 100. The percentages of T cells, DCs, NK cells, and macrophages were 

calculated as % marker = (number of cells marker positive)/(number of live cells) X 100.

2.10. Multiplex analysis of cytokine profiles in treated neuroblastoma tumors

To investigate differences in cytokine profiles, at the time of necropsy a 2 mm × 2 mm tumor 

biopsy was acquired from each mouse that had been treated with nano-CCL21, free CCL21, 

or buffer only following the treatment regimen described in Section 2.5 and diagrammed in 

Fig. S1). Each biopsied tumor was plated in 1 well of a 12-well plate in 2 mL of base media 

(DMEM) and incubated at 37°C for 72 hours to allow for cytokine secretion. After 

incubation, the samples were centrifuged at 1,500 rpm (453 × g) for 5 minutes at 4°C 

followed by collection of the culture supernatant. The culture supernatant samples were then 

stored at −20°C. Prior to analysis, the culture supernatant samples were thawed and 

approximately 300 μL of culture supernatant from each mouse was pooled into a total 

volume of 2 mL per time point per treatment group. Each pooled culture supernatant sample 

was then concentrated using the Amicon Ultra-2 Ultracel-3 (Sigma) centrifugal filter unit 

per the manufacturer’s protocol by loading it into the Ultra-2 device and centrifuging for 40 

minutes at 4,454 rpm (4,000 × g). The concentrated culture supernatant sample was 
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recovered with an additional centrifugation at 2,227 rpm (1,000 × g) for 2 minutes. The 

concentrated samples were then used to determine cytokine profiles for each treatment 

group.

The concentrated, pooled tumor culture supernatant from each treatment group (buffer 

control, nanoformulated CCL21, and CCL21 alone) at day 2 and day 7 post treatment were 

analyzed via the Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems) as 

directed by the manufacturer. Briefly, a mixture of concentrated culture supernatant and 

antibody cocktail solution was prepared and incubated for 1 hour at room temperature 

followed by incubation with a membrane overnight at 4°C on a shaking platform. The 

membranes were washed 3x for 10 minutes each before incubation in a Streptavidin-HRP 

solution for 30 minutes at room temperature on a rocking platform. Another series of washes 

was performed before visualization using the provided Chemi Reagent solution and Bio-rad 

Gel Doc Documentation system.

2.11. Statistical analysis

Linear Mixed Models analysis, IBM SPSS Statistics version 25 (Armonk, NY), was used to 

compare tumor growth rates between treatment groups. Survival distributions were assessed 

using Kaplan-Meier plots and the log-rank test. Reaching a tumor volume of 1000 mm3 or a 

time period of 54 days post-treatment initiation was each designated as an experimental 

endpoint. two-way ANOVA analysis in GraphPad Prism Version 8 (San Diego, CA) was 

used to compare the mean fluorescent intensity levels in imaging experiments, the presence 

of immune cell populations with the tumors, and mean pixel densities of Proteome Profiler 

array results for cytokine assessments. Multiple comparisons across treatment groups, as 

well as across separate time points for the same treatment group, were also determined via 

2-way ANOVA. The two-tailed t test was used to compare tumor weights. All p values of ≤ 

0.05 were considered to indicate statistical significance.

3. Results

3.1. Optimized ratios of alginate and CaCl2 generated uniform, stable nanoparticles

Various nanoparticle formulations were generated and analyzed to define the optimum ratios 

of alginate-to-CaCl2, alginate-to-protein, alginate-to-protamine sulfate, and the optimal 

percentage of Pluronic F127. In early formulation studies, cytochrome c was used due to its 

relatively low cost and to its almost identical molecular weight (CCL21 12.3 kD vs. 

cytochrome c 12.4 kD) and very similar isoelectric point (CCL21 10.13 versus cytochrome c 

10.10) in comparison to CCL21. Pluronic F127 was not incorporated in these early 

formulations. Since the ratio of sodium alginate to CaCl2 in a nanoformulation could 

influence particle size and dispersity, nanoparticles with varied mass ratios of alginate to 

CaCl2 [NaAlg : CaCl2] from 2 to 20) were assessed by DLS to determine the impact of this 

parameter. At all given ratios, formation of nanoparticles was observed (Fig. S3A). However, 

particles with monomodal and relatively narrow particle size distribution (PDI < 0.2) were 

formed in the range of ratios between 4 and 8. Above this ratio, dual and poly-size 

distributions were detected on DLS, while below this ratio the formation of aggregates was 

pronounced. Based on these data, we selected the [NaAlg : CaCl2] = 6:1 (w/w) that 
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corresponds to formation of stable nanoparticles with 180 nm diameter and uniform particle 

size distribution.

Prior to establishing the final protamine sulfate concentration, alginate to protamine sulfate 

ratios [NaAlg : PSU] over a range from 20:1 to 2:1 (w/w) were analyzed for use in the 

nanoformulation. Optimization of protamine sulfate was done at a constant concentration of 

CaCl2, added for gelation. The size of the particles was practically unchanged in the 

[NaAlg : PSU] range from 12.5 to 8. Using a higher concentration of protamine sulfate in 

the reaction mixture led to particles aggregation, while at [NaAlg : PSU] > 12.5 the amount 

of protamine sulfate was not sufficient to form stable nanoparticles dispersions. Thus, the 

ratio [NaAlg : PSU] = 10 was set for the alginate nanoparticle formulation. This ratio 

appeared optimal for achieving unimodal distribution and minimizing alginate nanoparticle 

size (Fig. S3B). In preliminary experiments, Pluronic F127 was tested over a range of 0.1% 

to 1.0% in the alginate nanoformulation process. We determined that the concentration of 

1% Pluronic F127 resulted in stable nanoparticles with low PDI and small diameter (Fig. 

S3C).

To investigate protein release rates from our alginate nanoparticles, we tested 4 formulations, 

which consisted of different alginate : cytochrome c ratios (60:1 w/w versus 6:1 w/w) with 

or without 1% w/w Pluronic F127, in a dialysis assay at 37°C, pH 7.4 for a prolonged period 

of time (up to 15 days), which enabled us to simulate CCL21 secretion in vitro (Fig. 2A). 

The amount of cytochrome c released at each time point was then determined by 

spectrophotometric analysis. Faster release of cytochrome c was exhibited by formulations 

lacking Pluronic F127 when comparing the same protein : alginate ratios (i.e. cyt. C. (60:1) 

vs cyt. C. (60:1) + F127, as indicated in Fig. 2A). The (60:1) alginate : cytochrome c 

formulation without Pluronic F127 had the fastest release rate, followed by the (60:1) 

alginate : cytochrome c formulation with Pluronic F127. The addition of Pluronic F127 

prolonged the release of cytochrome c from the nanoparticles, as indicated by the decreased 

amount of released cytochrome c across all time points tested when comparing similar 

protein : alginate ratios. The (6:1) alginate : cytochrome c formulation without Pluronic 

F127 released cytochrome c at an even more delayed rate, while the (6:1) alginate : 

cytochrome c formulation with Pluronic F127 released cytochrome c yet more slowly. 

Overall, the cytochrome c (6:1) + F127 nanoformulation had the slowest rate of release 

across all 4 formulations tested. The release results for the cytochrome c (6:1) + F127 

nanoformulation obtained with the dialysis assay were also confirmed by the incubation 

method (Fig. 2B).

In addition to assessing the rate of release at the varied alginate : cytochrome c ratios and in 

the presence versus absence of Pluronic F127, we also analyzed the influence of these 

parameters on the encapsulation efficiency and loading capacity of the nanoparticles. At a 

(60:1) alginate : cytochrome c ratio, in the presence versus absence of Pluronic F127, the 

encapsulation efficiency and loading capacity were 56.0% and 1.5% (respectively) versus 

44.0% and 1.1%. At a (6:1) alginate : cytochrome c ratio, in the presence versus absence of 

Pluronic F127, the encapsulation efficiency and loading capacity were 99.2% and 17.7% 

(respectively) versus 87.2% and 18.0% (Table S1). Thus, with the (6:1) alginate : 

cytochrome c ratio, in the presence versus absence of Pluronic F127, the encapsulation 
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efficiency was much improved. In the presence of Pluronic F127, the encapsulation 

efficiency was particularly high (99.2%). For the remainder of the experiments described in 

this report, all nanoformulations were prepared with Pluronic F127 (at 1% w/w), alginate : 

CaCl2 at a ratio of 6:1, alginate: protamine sulfate ratio of 10:1, and an alginate : protein 

ratio of 6:1, since this was the best overall combination for prolonged release, excellent 

encapsulation efficiency, and optimal loading capacity.

3.2. Alginate nanoparticles have high encapsulation efficiency and sustained release of 
CCL21 in vitro

ELISA was used to assess the efficiency of CCL21 loading. After encapsulation, alginate 

nanoparticles bearing CCL21 were ultracentrifuged and the supernatant from the 

centrifugation was collected and analyzed by ELISA (in comparison to a CCL21 standard 

curve made with known concentrations). Only trace amounts of CCL21 (<1%) were 

detected in the supernatant, indicating that the efficiency of loading was very high (~99%).

For CCL21-loaded alginate nanoparticles, we determined the release rate by dialysis assay at 

physiological temperature (37°C) followed by ELISA. The percentage of CCL21 released 

was calculated using the line of equations generated by the CCL21 standards. As expected, a 

similar cumulative, prolonged release of CCL21 was observed upon 37°C incubation of the 

corresponding alginate : CCL21 nanoparticle formulation (containing Pluronic F127) as 

seen in our previous findings using the (6:1) alginate : cytochrome c nanoparticles that 

included Pluronic F127 (Fig. 3).

3.3. The spherical alginate nanoparticles have a unimodal size distribution and neutral 
charge

Our analysis of optimized formulations by DLS revealed that the empty and protein-loaded 

alginate nanoparticles were < 200 nm in size and had neutral zeta-potential (pH 7.4). 

Representative values for the sizes of the empty and protein-loaded nanoparticles are shown 

in Table 1. The empty alginate nanoparticles had a hydrodynamic diameter of 176 ± 5 nm 

with a PDI value of 0.18, which was the largest of the formulations tested. The cytochrome 

c-loaded alginate nanoparticles had a diameter of 164 ± 1 nm with a PDI value of 0.11, and 

the alginate nanoparticles loaded with CCL21 measured 158 ± 3 nm in diameter and had a 

PDI value of 0.16. Uniform distribution and similarities in size were confirmed by 

Nanoparticle Tracking Analysis (Table 1). Furthermore, the protein-loaded nanoparticles 

remained stable in dispersions; no changes in size or PDI were detected for at least 2 months 

upon storage at 4°C (Fig. S3D).

Visualization of alginate nanoparticles, in both empty and loaded states, was accomplished 

using AFM and TEM. A representative AFM image of nanoparticles containing CCL21 is 

shown in Fig. 4A, and similar AFM results for nanoparticles loaded with cytochrome c and 

for empty nanoparticles are in Fig. S4. TEM images are also displayed in Fig. 4 and Fig. S4, 

including both empty nanoparticles (Fig. 4B) and nanoparticles bearing CCL21 (Fig. 4C). 

The images demonstrate that both the empty and CCL21-loaded nanoparticles were well 

dispersed and had relatively uniform diameters of ~50 nm by TEM and 163 nm by cryo-

TEM (Table 1). (It is important to note that in air imaging typically results in decreased 
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dimensions due to the drying process.) Taken together, the image analysis demonstrated that 

the nanoparticles were round in shape, had narrow size distributions, and formed little to no 

aggregates across all 3 formulations.

3.4. Nanoformulated CCL21 significantly inhibited tumor growth and increased the 
duration of survival compared to CCL21 alone or other controls

We examined the therapeutic efficacy of intratumoral injection of the alginate 

nanoformulated CCL21 on neuroblastoma tumor growth in a mouse model in 3 separate 

experiments, which each included 4 treatment groups: nanoformulated CCL21-treated mice 

(n = 21), CCL21-treated mice (n = 20), empty nanoparticle-treated mice (n = 12), or buffer 

control-treated mice (n = 12). In our studies, the survival endpoint was defined as a tumor 

volume of 1000 mm3 or day 54 post-treatment initiation. As described in detail below, the 3 

replications yielded consistent results in agent tolerability, tumor growth rates, and 

modulations in survival, thus validating our experimental strategy and the therapeutic 

efficacy of the CCL21 nanoformulation. As shown in Fig. 5A, nanoformulated CCL21-

treated mice had a significantly (p < 0.001) slower tumor growth rate (6.5 mm3 average 

increase/day) compared to mice that received buffer control (72.0 mm3 average increase/

day), empty nanoparticles (80.3 mm3 average increase/day), or CCL21 alone (73.8 mm3 

average increase/day). Importantly, in 33% of the nanoformulated CCL21-treated mice, the 

palpable tumors completely regressed, in contrast to the mice treated with buffer, 

nanoparticles alone, or CCL21 alone (Fig. 5). Treatment with nanoformulated CCL21 did 

not cause significant changes in mouse weight over time (as shown in Fig. S5A up to day 8 

post-treatment initiation, which was the time that the first mouse reached the tumor volume 

endpoint and was euthanized). The tumors were removed from all the mice at the time of 

necropsy and weighed (with regressed tumors counted as weighing 0 g) (Fig. S5B).

Fig. 6 depicts the survival distributions of all 4 treatment groups. Nanoformulated CCL21 

significantly prolonged survival in tumor-bearing mice, compared to those treated with 

buffer control (p = 0.008), empty nanoparticles (p = 0.002), or CCL21 only (p = 0.003). 

Mice treated with nanoformulated CCL21 had a mean survival time (i.e., average duration of 

survival post-treatment initiation) of 26 ± 4.2 days, which was significantly longer than the 

mean survival of mice that received buffer control (11 ± 0.8 days), empty nanoparticles (11 

± 1.2 days), or CCL21 alone (12 ± 1.3 days).

3.5. Nanoformulated CCL21, as an intratumoral therapy, induced a protective response in 
a subset of the treated mice

To determine whether an immune response was induced in the mice that had experienced 

complete tumor regression, we rechallenged all the nanoformulated CCL21-treated mice that 

had undergone complete tumor regression by subcutaneous injection of Neuro2a 

neuroblastoma cells into the lower left flank (opposite to the original injection site of 

Neuro2a cells) on day 54 post-treatment. In parallel, treatment-naïve control mice were 

subcutaneously injected with Neuro2a cells in the lower left flank. The mice were then 

monitored daily for the emergence and growth of palpable tumors (tumor volume ≥50 mm3; 

Fig. 7). All other treatment groups (buffer control, empty nanoparticles, and free CCL21) 

failed to induce complete tumor clearance following the initial treatment cycle, and therefore 
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there were no mice from those other groups that could be included in the rechallenge 

studies.

The mice that were formerly nanoformulated CCL21-treated and that had showed complete 

tumor regression remained tumor free upon rechallenge by subcutaneous tumor cell 

injection of Neuro2A cells (Fig. 7). In contrast, the tumor cell-injected, treatment-naïve 

control group developed palpable, steadily growing tumors at approximately 8 days post-

injection with Neuro2a cells (p = 0.05; Fig. 7). Furthermore, the mice in which the tumors 

had completely regressed had no detectable metastatic disease following rechallenge (as 

demonstrated by necropsy at day 70 post treatment). These results suggest that 

nanoformulated CCL21, when administered as an intratumoral therapy, is capable of 

inducing durable, systemic antitumor protection.

3.6. CCL21 presence within the treated neuroblastoma tumor is increased by delivery in 
the nanoformulation

To determine the level of CCL21 in the tumor following administration via the 

nanoformulation, CCL21 was fluorescently labeled with IR800 for visualization in vivo in 

the 800 nm channel with the Pearl® Trilogy Small Animal Imaging System. Three groups (n 
= 5 mice/group) were analyzed in this study: buffer control, CCL21 labeled with IR800 

(IR800-CCL21), and nanoformulated IR800-CCL21 (Nanoparticles + IR800-CCL21). Prior 

to testing in the mice, Nanoparticles + IR800-CCL21 were characterized by DLS analysis 

for determination of the diameter (average Deff = 169 nm) and PDI (average PDI = 0.17), 

confirming unimodal distribution and similar diameter to nanoformulated unlabeled CCL21.

We examined the intratumoral persistence of the injected Nanoparticles + IR800-CCL21 and 

the IR800-CCL21 (as compared to buffer control), using the same Neuro2a subcutaneous 

model of neuroblastoma as described above. The strongest fluorescent signal was observed 

immediately following the treatments with labeled nanoformulated CCL21 (Fig. 8A, Fig. 

8B). Since our treatment regimen consists of 4 treatments over a 2-day period, the 

marginally (p = 0.0810) increased retention of Nanoparticles + IR800-CCL21 relative to 

IR800-CCL21 at the time of initial imaging (day 0, at 4 hours following the last injection) 

suggests a very early trend toward nanoformulation-induced potentiation of CCL21 

intratumoral accumulation. In comparison with mice treated either with IR800-CCL21 or 

with buffer, the mice treated with the fluorescently labeled, nanoformulated CCL21 

(Nanoparticles + IR800-CCL21) exhibited significantly amplified CCL21 presence in 

comparison to IR800-CCL21 at days 1 and 2 after the cessation of treatment (p = 0.0005 at 

day 1 and 0.0241 at day 2) (Fig. 8B). Prolonged fluorescence, indicating CCL21 presence, 

was detectable by in vivo imaging for at least 120 hours for both the Nanoparticles + IR800-

CCL21-treated mice and the IR800-CCL21-treated mice.

After monitoring the fluorescence intensity over time for all of the mice, at 120 hours we 

performed necropsies to determine which organs were being utilized for clearance of the 

nanoparticle components. As shown in Fig. 8C and Fig. 8D, the kidneys exhibited more 

fluorescence than the liver, spleen, or draining lymph nodes, and thus appear to be 

functioning as the main clearance organ for the labeled CCL21 (for both the Nanoparticles + 

IR800-CCL21-treated mice and the IR800-CCL21-treated mice). Notably, at 120 hours, the 
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tumors of Nanoparticles + IR800-CCL21-treated mice had significantly more fluorescence 

versus the kidneys (p = 0.0009 for kidney 1 and p = 0.0020 for kidney 2), indicating that a 

greater proportion of the CCL21 was still held in the tumor rather than cleared. In contrast, 

the tumors of the IR800-CCL21-treated mice were not significantly more fluorescent than 

the kidneys (p = 0.5592 for kidney 1 and 0.5344 for kidney 2) at 120 hours.

3.7. The frequencies of total leukocytes, NK cells, and NKT cells were significantly 
elevated both in tumors treated with nanoformulated CCL21 and with CCL21 alone, but at 
day 3 the NK cells were significantly increased by nanoformulated CCL21 and not by 
CCL21 alone

To investigate the fluctuations of immune cell populations within treated neuroblastoma 

tumors, as a step toward understanding why nanoformulated CCL21 had better therapeutic 

efficacy than CCL21 alone, we again utilized the neuroblastoma mouse model and treatment 

strategy described above and compared nanoformulated CCL21, CCL21 alone, or buffer 

control (n = 5–10 mice per group) at days 2, 3, and 7 post treatment initiation. Flow 

cytometry analysis using antibody panels (Fig. S2, Table S2) allowed for immunophenotypic 

profiling based on surface marker expression on infiltrating immune cells within the tumor.

The frequency of leukocytes (identified by the CD45 marker) was significantly higher (p < 

0.0001) at day 2 post-treatment initiation in both the nanoformulated CCL21 and CCL21-

alone treatment groups in comparison to tumors treated with buffer control (Fig. 9). Analysis 

of the CD45+ cell population frequencies at day 3 post-treatment initiation also revealed 

significantly increased percentages of CD45+ cells in the nanoformulated CCL21 treatment 

group (p = 0.019) and in the CCL21 treatment group (p = 0.009) versus the control group. 

At day 7, similar percentages of CD45+ cell frequencies were observed in all groups.

NK and NKT cell populations demonstrated increased frequencies in nanoformulated 

CCL21 and CCL21-treated groups (compared to buffer control) over time (Fig. 10). The 

nanoformulated CCL21 and CCL21 treatments resulted in a significantly higher frequency 

of NK cells within the tumor at day 2 (p = 0.0168 and p = 0.0169, respectively). The 

nanoformulated CCL21-treated tumors, but not the CCL21 alone-treated tumors, also 

exhibited a significantly (p = 0.0138) higher percentage of NK cells within the tumor at day 

3 compared to those treated with buffer control, indicating a difference in the effects of the 2 

treatments at day 3. The percent of NKT cells at day 2 was significantly higher in both 

treatment groups (p = 0.0039 and p = 0.0029, respectively) compared to the control. 

Comparisons within treatment groups show significant decreases in the percentages of NK 

and NKT cells within tumors treated with either nanoformulated CCL21 or CCL21 alone 

over time, whereas buffer control-treated tumors remained relatively low throughout the 

study (Fig. 10).

3.8. Tumors treated either with nanoformulated CCL21 or CCL21 alone demonstrated a 
significant increase in DC frequency, as well as macrophage frequency and phagocytic 
marker expression

The percentage of DCs was significantly lower in the buffer control group on day 2 in 

comparison to the nanoformulated CCL21 group (p = 0.0081) and the CCL21 group (p = 
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0.0259) (Fig. S6). Thus, in the tumors of both nanoformulated CCL21-treated and CCL21-

treated mice, there was a significant increase in the frequency of DCs, as well as in the DCs 

expressing higher levels of CD80 and CD86, indicating activation (Fig. S6C). In our study, 

we found that macrophage frequencies within tumors were significantly higher for 

nanoformulated CCL21 (p = 0.0007) and for CCL21-alone (p = 0.0038) treatment groups 

than for the buffer control group at day 2 post-treatment initiation (Fig. S7). Furthermore, 

comparing macrophage frequencies within each treatment group over time shows 

nanoformulated CCL21 and CCL21-alone treatment resulted in significant (p < 0.01) 

stepwise decreases over time (Fig. S7A). Mer, as a marker of increased macrophage 

phagocytic activity, was analyzed and the data for this marker are shown in Fig. S7B and 

Fig. S7C. The frequency of Mer-expressing macrophages was significantly elevated at day 2 

post-treatment in the nanoformulated CCL21-treated tumors (p = 0.0131) and in CCL21-

treated tumors (p = 0.0047) versus the control group. Analysis of the median fluorescent 

intensity (MFI) of Mer showed that a robust (p <0.03) increase in MFI occurred on day 3 

post-treatment in the groups treated with either CCL21 modality compared to the control. 

Differentiating the F4/80+ macrophage population into either M1 (CD38+) or MDSC 

(Gr-1+) revealed that only the nanoformulated CCL21 treatment, and not the free CCL21 

treatment, was able to induce a trend toward a rise in the frequency of M1 macrophages 

within the tumor at day 3 (Fig. S7D). MDSC-type macrophages trended higher at day 2 for 

both the nanoformulated CCL21-treated tumors and CCL21-treated tumors, compared to 

buffer control (Fig. S7E).

3.9. Both nanoformulated CCL21-treated and free CCL21-treated tumors showed an 
increase in the frequency of CD4+ and CD8+ T cells, but not memory B cells

As shown in Fig. S8A, at day 2 post-treatment initiation there was a significantly higher 

percentage of CD4+ T cells in tumors treated with nanoformulated CCL21 (p = 0.0105) or 

CCL21 alone (p = 0.0178) versus the buffer control. Nanoformulated CCL21-treated tumors, 

but not free CCL21-treated tumors, at day 3 post-treatment initiation had marginally (p = 

0.0608) more CD4+ T cells than the buffer control. Additional analysis of CD4+ T cells 

subpopulations revealed no significant differences among groups or among any group’s days 

post-treatment results for T regulatory cells (Fig. S8B), effector T cells (Fig. S8C), effector 

memory T cells (Fig. S8D), central memory T cells (Fig. S8E), or naïve T cell populations 

(Fig. S8F). Effector (Fig. S8C) and effector memory (Fig. S8D) CD4+ T cell populations 

were either maintained or trended toward an increase over time for all groups. Central 

memory CD4+ T cell population frequencies were marginally elevated at days 2 and 7 in the 

nanoformulated CCL21-treated and CCL21-treated groups (p = 0.0665 and p = 0.0659, 

respectively) compared to tumors treated with the buffer control (Fig. S8E).

CD8+ T cell populations were significantly increased in tumors treated with nanoformulated 

CCL21 (p = 0.007) or CCL21 (p = 0.041) when compared to the control at day 2 post-

treatment (Fig. S9A). Marginal increases in the percentage of CD8+ T cell populations at 

day 3 post treatment initiation were also seen in nanoformulated CCL21-treated and CCL21 

alone-treated tumors versus the control (p = 0.0837 and p = 0.0739, respectively). Effector 

and effector memory CD8+ T cell population frequencies were found to trend higher or be 

maintained over time in all of the treatment groups (Fig. S9B and Fig. S9C). Trends toward 
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higher frequencies in CD8+ central memory and naïve T cell populations were observed 

with the nanoformulated CCL21 and CCL21 treatment groups compared to the control (Fig. 

S9D).

In addition to the assessment of T cell infiltration, the frequency of memory B cells within 

the tumors was also examined. Relative to the buffer control, memory B cell frequency was 

not significantly elevated in tumors treated with either nanoformulated CCL21 or CCL21 

alone following treatment (Fig. S10). A trend toward higher memory B cell infiltration was 

observed at day 3 post-treatment in all treatment groups (Fig. S10).

3.10. Immune cell infiltrates of mice with regressing tumors exhibited specific 
characteristics

As was the case in the abovementioned experiment focused on monitoring tumor volume 

and survival, in our experiment to analyze intratumoral immune infiltration there were some 

mice treated with nanoformulated CCL21 (but not CCL21 alone or buffer) whose tumors 

underwent regression. The frequencies of various types of immune cells in the tumors that 

regressed, and in the tumor of an additional mouse that began to slightly regress but quickly 

regrew to its original size are highlighted in circles with separate colors (Fig. 11A). (In the 

graph shown in Fig. 11, if a colored circle is hidden behind another circle, an arrow of the 

same color is used to indicate the position of that circle.) The immune cell types included in 

the graph are NK cells (Fig. 11B), NKT cells (Fig. 11C), DCs (Fig. 11D), CD4+ T cells (Fig. 

11E), CD8+ T cells (Fig. 11F), macrophages (Fig. 11G), M1 macrophages (Fig. 11H), and 

MDSC macrophages (Fig. 11I). Two of the mice (Mouse 1 and Mouse 2) were already 

exhibiting regression by day 3 post-treatment initiation (which was their experimental 

endpoint for euthanasia and tumor harvest). Mouse 1 (indicated as a red dot) demonstrated a 

23% decrease in tumor volume following treatment initiation, and the tumor exhibited high 

frequencies of innate immune cells, particularly DCs (CD45+ cells: 35.5 %, NK cells: 

2.98%, NKT cells: 5.81%, DCs: 29.5%, CD4+ T cells: 0.33%, CD8+ T cells: 0.38%, 

macrophages: 14.5%, M1 macrophages: 4.07%, MDSC macrophages 2.89%). Similarly, 

Mouse 2 (indicated in blue) had an 18% decrease in tumor volume following treatment 

initiation, and at day 3 innate immune cell populations (predominantly DCs) were plentiful 

within the tumor (CD45+ cells: 34.2%, NK cells: 3.03 %, NKT cells: 4.26%, DCs: 25.2%, 

CD4+ T cells: 0.28%, CD8+ T cells: 0.30%, macrophages: 11.2%, M1 macrophages: 1.34%, 

MDSC macrophages 2.11%). In contrast, Mouse 3 (indicated in purple) had a slowly 

growing tumor that fluctuated between growth and regression, and at day 7 post-treatment 

initiation (the experimental endpoint for this mouse), the tumor volume was almost identical 

to the initial tumor volume. Mouse 3’s tumor had relatively few innate immune cells, with 

low levels of DCs and an increased MDSC/M1 ratio (CD45+ cells: 4.83%, NK cells: 0.20%, 

NKT cells: 0.031%, DCs: 0.73%, CD4+ T cells: 0.19%, CD8+ T cells: 0.11%, macrophages: 

2.60%, M1 macrophages: 0.49%, and MDSC macrophages: 1.29%). Mouse 4 (indicated in 

green) had a tumor that increased in volume from day 0 to day 2 but then steadily declined 

(19.5% decrease) from day 2 to day 7 post treatment initiation, at which time its tumor was 

found to have higher innate immune cell frequencies than Mouse 3 and also slight elevations 

in T cell frequencies (CD45+ cells: 17.7 %, NK cells: 1.080%, NKT cells: 0.120%, DCs: 
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6.69%, CD4+ T cells: 2.21%, CD8+ T cells: 1.11%, macrophages: 5.26%, M1 macrophages: 

0.97%, and MDSC macrophages: 1.81%).

3.11. In general, nanoformulated CCL21-treated tumors had higher, more prolonged 
levels of anti-tumor cytokines and decreased levels of pro-tumor cytokines

A multiplex approach was used to investigate the cytokine profiles of treated neuroblastoma 

tumors derived from the same mice that were used for the aforementioned immune cell 

infiltration experiments at days 2 and 7 post-treatment initiation. Treatment with either 

nanoformulated CCL21 or free CCL21 resulted in varied changes in the level of cytokines 

present within the samples derived from mice at day 2 and day 7 post-treatment initiation 

(Fig. 12, Fig. 13, and Fig. S11). The multiplex analysis revealed treatment-dependent 

changes in anti-tumor cytokines (CXCL9, CXCL10, IFN-γ, IL-12p70, CCL3, and CCL2) 

(Fig. 12) as well as in pro-tumor cytokines (IL6, TIMP-1 and IL-16) (Fig. 13).

Overall, nanoformulated CCL21 was best able to successfully induce expression levels of 

anti-tumor cytokines that were both increased and of longer duration. For example, as 

displayed in Fig. 12, while a decrease in CXCL9 levels over time was observed across all 3 

treatment groups, the nanoformulated CCL21 treatment caused a much more enhanced and 

persistent presence of CXCL9 within the tumor at both days 2 and 7 post-treatment initiation 

in comparison with the other treatments (p < 0.0001). Furthermore, at day 7, nanoformulated 

CCL21 treated resulted in significantly higher CXCL10 expression compared to CCL21 (p = 

0.0013) (Fig. 12). At day 2, the level of IFN-γ in tumors of nanoformulated CCL21-treated 

mice was approximately 2-fold higher than in tumors of CCL21-treated mice (p < 0.0001), 

although the IFN-γ levels were similar at day 7. Similarly, IL-12 p70 was ~2-fold higher in 

tumors of nanoformulated CCL21-treated mice at day 2, compared to the level in tumors of 

CCL21-treated mice (p < 0.001), but was not significantly higher than in tumors of CCL21-

treated mice at day 7. CCL3 was significantly higher (p <0.0001) in samples from CCL21-

treated tumors at day 2 post-treatment than in tumors treated with nanoformulated CCL21 

(Fig. 12). A steep decline in CCL3 was observed in CCL21-treated tumors at day 7 whereas 

the nanoformulated CCL21 treatment group showed a marginal increase. Nanoformulated 

CCL21, but not CCL21, was capable of inducing significantly elevated (p < 0.0001) levels 

of CCL2 that persisted over time (Fig. 12).

In addition to the enhanced antitumor effects exhibited by nanoformulated CCL21, we also 

found that the level of the pro-tumor cytokine IL-6 remained constant over time and at a 

level significantly lower in the nanoformulated CCL21-treated tumors (p < 0.0001) than in 

tumors treated with CCL21 (Fig. 13). Nanoformulated CCL21 treatment was also able to 

decrease the levels of the pro-tumor cytokine IL-16 significantly over time in comparison to 

CCL21 alone (Fig. 13). In contrast to the positive effect of nanoformulated CCL21 on 

reducing IL-6 and IL-16 in the tumors, the tumors treated with nanoformulated CCL21 had 

significantly greater levels of another pro-tumor cytokine, TIMP-1, than those treated with 

CCL21 (Fig. 13). Both nanoformulated CCL21 treatment and free CCL21 treatment resulted 

in proportional declines in the level of TIMP-1 over time (Fig. 13).
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4. Discussion

The immunotherapeutic potential of CCL21, as a cancer treatment, has been previously 

analyzed using various cancer models and methods of delivery, and investigation of CCL21 

therapy for tumors has advanced to clinical trials [1–11,65–66]. CCL21, when administered 

intratumorally, has been found to result in tumor growth inhibition, infiltration of DCs, 

CD4+ T cells, and CD8+ T cells, and demonstration of systemic antitumor immunity in 

models of lung, breast, and pancreatic cancers, melanoma, head and neck cancer, and other 

cancers, as reported in our studies and those by other laboratories [1–5,9–11]. Several modes 

of delivering CCL21 have been tested with the objective of further increasing CCL21’s 

therapeutic impact [5,8–11, 65–68]. While these modes of CCL21 delivery have shown 

potential, they have varied degrees of limitations concerning the logistics of production and 

administration, loading capacity, duration of therapeutic effect, injectability, and/or cost, 

thus presenting a need for enhanced systems of delivery for CCL21 that are easily produced, 

biocompatible, and injectable.

Applications of nanoparticles as drug delivery platforms have dramatically widened over 

recent years, and nanoparticles have been adopted for numerous medical purposes to provide 

well-controlled release of therapeutic agents. Many techniques have been developed for 

nanoparticle fabrication, and among the polymers tested, alginate is one that has been used 

as a carrier for a variety of biological agents, such as genes, antigens, and various proteins, 

allowing protection of these therapeutic agents during transit. Alginates have emerged as one 

of the most extensively explored biomaterials, owing to its excellent biocompatibility, 

biodegradation, sol-gel transition properties, and chemical versatility. Such characteristics 

make possible many modifications of alginate to shape the properties of nanoparticles 

according to specific applications. As described in this current report, we generated novel 

alginate nanoparticles to deliver CCL21 as an injectable and biocompatible therapeutic 

nanoformulation for neuroblastoma treatment. Our choice of alginate was based on its 

excellent safety record, ease of modification for protein cargo delivery, and anionic 

polysaccharide chains that facilitate its interaction with CCL21 (which has a net cationic 

charge). For materials such as proteins, avoiding harsh conditions upon handling is crucial, 

and a natural polysaccharide like alginate is an excellent candidate for encapsulation of 

CCL21. The nanoparticles were prepared by ionotopic gelation, avoiding high temperatures 

and organic solvents that could potentially compromise the biological activity of the protein. 

At the same time, this nanoformulation allowed very high loading and the desired release 

profile.

The gelation rate and the temperature at which gelation occurs are critical in establishing the 

mechanical integrity of the nanoparticles [25]. However, temperature, pH, and time are also 

important for stimulating the proton-catalyzed hydrolysis of alginates within the particle, 

which leads to the release of the cargo [26]. Therefore, optimization of nanoparticle stability 

by varying the alginate : CaCl2 ratio (Fig. S3A) and the alginate : protamine sulfate ratio 

(Fig. S3B) was essential for producing small, uniform nanoparticles. The developed set of 

the alginate gelation parameters allowed achievement of a loading capacity for CCL21 of 

about 17%, which is substantially higher compared to reported protein loading in 

conventional PLGA micro- and nanoparticles and liposomes. Indeed, Giteau et al. used 
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protein precipitation to ensure stability upon encapsulation into PLGA microspheres and 

were able to achieve about 0.5% loading with respect to lysozyme [69]. Modification of this 

methodology resulted in the production of lysozyme or cytochrome c-loaded PLGA 

nanoparticles with loading capacity close to 5% [70]. The modest protein loading capacity 

of an order of ~2–3% was also reported for small size liposomes (50–150 nm) and was 

attributed to a low entrapment volume of liposomes [71]. In the case of the alginate 

nanoparticles, it is likely that the electrostatic interactions of CCL21 (a weakly cationic 

protein) with the negatively charged alginate chains and porous structure of the formed gels 

are beneficial for higher protein loading. An entrapment of relatively high content of protein 

(at a 6:1 ratio of alginate to protein) did not appear to interfere with network formation. 

However, the further attempts to increase the loading by decreasing the alginate to protein 

ratio resulted in precipitation. The in vitro release rate was also shown to be governed by the 

ratio of alginate to protein with unexpectedly slower release observed at relatively high 

protein loading (Fig. 2A). It is likely that the high protein loading (6:1 ratio) may result in 

additional physical crosslinking of alginate chains within the gel network compared to 

nanoparticles with low protein loading (60:1 ratio), which correspondingly might slow down 

diffusional mobility and following release kinetics of protein. It is also possible that 

heterogeneities in protein distribution throughout the gel network at higher loading can 

influence cargo release from the gel matrix. Full elucidation of these complex mechanisms 

will require more detailed investigation in future studies. The presence of the Pluronic F127 

contributes to the stability of the alginate nanoparticle matrix, making it more compact and 

less leaky, therefore leading to a further decrease in protein release rate. Thus, based on our 

pilot experiments with cytochrome c, the remainder of our work utilized alginate 

nanoparticles formulated with CCL21 at a 6:1 ratio of alginate to protein and incorporated 

Pluronic F127.

Nanoformulated CCL21 treatment of the mouse neuroblastoma tumors resulted in slower 

tumor growth and longer survival than treatment with CCL21 (Fig. 5 and Fig. 6). A third of 

the mice treated with nanoformulated CCL21 underwent complete tumor regression (Fig. 5 

and Fig. 6). Although only a minority of the nanoformulated CCL21-treated mice 

experienced complete regression of their tumors, this finding parallels the observations in 

cancer immunotherapy clinical trials that commonly only a small proportion of patients 

exhibit positive responses [72]. To gain insight into the in vivo mechanisms for 

nanoformulated CCL21’s therapeutic activity, we performed tracking studies and analysis of 

intratumoral immune cell populations and cytokines. From our tracking of fluorescently 

labeled CCL21 delivered in nanoparticles, we detected a higher level of fluorescence in the 

tumors at day 1 and day 2 following treatment, relative to fluorescently labeled free CCL21 

administered to the tumors (Fig. 8). In our investigation of immune cell populations in 

nanoformulated CCL21- versus CCL21-treated tumors, the average frequency of NK cells at 

day 3 was significantly higher in the tumors of mice that had been injected with 

nanoformulated CCL21, suggesting a role for NK cells in the therapeutic effects. This theory 

is further supported by the relatively high frequency of NK cells in the tumors of mice 

whose tumors were undergoing regression by day 3 (Fig. 11B). Observation of the 

frequencies of immune cell subsets in these mice whose tumors were regressing by day 3 
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also reveals increased levels of NKTs (Fig. 11C), DCs (Fig. 11D), and macrophages (even 

including MDSC macrophages) (Fig. 11G, Fig. 11H, and Fig. 11I).

In our study, assessment of cytokine levels was also very informative, showing heightened 

levels of CXCL9, CXCL10, IFN-γ, IL-12 p70, CCL3, and CCL2 in the tumors of 

nanoformulated CCL21-treated mice (as compared to CCL21-treated mice) at day 2 or day 7 

(or both) post-treatment (Fig. 12 and Fig. S11). These cytokines have all had anti-tumor 

effects ascribed to them. The anti-tumor effects of CXCL9, CXCL10, and IFN-γ have been 

reported for many cancer types, including serous ovarian and colorectal cancers [73–74]. 

CCL3-stimulated, IFN-γ-mediated recruitment of NK and CD103+ DCs was demonstrated 

to enhance tumor rejection and CD8+ T cell infiltration in a colon cancer model [75]. 

Previous studies have shown that the efficacy of CCL21 therapy in lung and breast cancers is 

linked to CXCL9, CXCL10, and/or IFN-γ. This trio of cytokines enhances immune 

reactivity against tumors, in coordination with additional cytokines [76–79]. Our finding of 

elevated levels of IL-12 p70 in nanoformulated CCL21-treated tumors (Fig. 12) corresponds 

with the previously reported anti-tumor effects of IL-12 in neuroblastoma [80–81]. In 

addition, CCL3, in conjunction with IFN-γ, is capable of augmenting anti-tumor immune 

priming in the lymph node in a manner that is NK cell dependent [82]. In addition to up-

regulating the presence of anti-tumor cytokines, nanoformulated CCL21 also down-

regulated the expression of pro-tumor IL-6 and IL-16 in the tumor (Fig. 13). IL-6 is 

specifically recognized for promoting neuroblastoma growth [83–84]. However, 

unexpectedly, nanoformulated CCL21 also increased the presence of TIMP-1 (Fig. 13), 

which has been reported to have pro-tumor effects in the neuroblastoma setting [85].

In patients, intratumoral injection of neuroblastoma tumors with nanoformulated CCL21 

would be feasible, since internal anatomical sites at which neuroblastoma tumors can be 

present are identifiable and accessible in patients by the use of available imaging techniques. 

Most children at relapse have 131I- or 123I-meta-iodobenzylguanidine scintiscan results that 

would identify a number of lesions that would be amenable to nanoformulated CCL21 

injection, and these CCL21 nanoparticles are sufficently small for delivery to internal 

organs. Neuroblastoma tumors can also be present near the skin’s surface on patients, where 

they present at palpable lesions. High-risk neuroblastoma patients often have readily 

palpable tumor metastases that would be very easily treatable by injection of nanoformulated 

CCL21 in the clinical setting. Since the activity of nanoformulated CCL21 spurs a systemic 

immune response, rather than only a local one, it would only need to be administered to a 

single metastasis, not to multiple sites. With other types of systemically effective 

immunotherapy, reduction even in bone metastases has been demonstrated [86–87], which 

supports the feasibility of nanoformulated CCL21’s systemic immune influence being 

effective against neuroblastoma bone metastases as well as against soft tissue metastases.

5. Conclusion

In conclusion, we have designed an injectable, slow-release alginate-based nanoformulation 

of CCL21 that has shown promise as an immunotherapeutic modality for neuroblastoma 

treatment in our studies. A great benefit of nanoformulated CCL21 intratumoral therapy is 

that it provides personalized immunotherapy by using the tumor itself as the “vaccine,” 
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while only requiring a single, non-personalized type of treatment (i.e., the nanoformulated 

CCL21). In addition to nanoformulated CCL21’s usefulness in neuroblastoma treatment, 

potentially other cancers for which CCL21 has previously been shown to be effective may 

benefit even more from treatment with this alginate nanoformulation of CCL21 than from 

treatment with CCL21 alone. In addition, alginate nanoparticle versatility provides 

additional avenues, including the use of multiple cargoes, which are options that we plan to 

pursue in the future. Taken together, our findings support further development and 

characterization of nanoformulated CCL21 as an intratumoral immunotherapy for cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic representation of the preparation of protein (cytochrome c or CCL21) - loaded 

alginate nanoparticles by the ionotropic gelation method. Alginate (in an aqueous solution), 

protein, and Pluronic F127 were combined prior to the addition of CaCl2, which induced the 

formation of cross-linked matrices in a pre- gelation state. The addition of Pluronic F127 

strengthened the matrices of the alginate nanoparticles and prolonged the release of the 

protein payload. Incorporation of protamine sulfate allowed for the formation of a 

polyelectrolyte complex, which stabilized the alginate pre-gel nucleus into individual 

particles.
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Fig. 2. Sustained release of protein cargo from the alginate nanoparticles was demonstrated.
(A) Inclusion of Pluronic F127 and reduction of the alginate : protein ratio prolonged protein 

cargo release from the nanoparticles. Cytochrome c release rates were determined in vitro to 

define the optimum alginate : protein ratio and impact of Pluronic FI 27 (1% w/w) inclusion 

in the nanoparticles. For these formulations, ratios of alginate : cytochrome c at 60:1 or 6:1 

were compared, either with or without 1% Pluronic F127. All of the nanoformulations also 

included CaCl2 and protamine sulfate. The nanoformulations, along with free cytochrome c 

as a control, were subjected to dynamic dialysis at 37°C, pH 7.4, and cytochrome c release 
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was monitored by spectrophotometric analysis of aliquots from the dialysate. Similar results 

were obtained in experiments repeated 4 times for the F127-containing formulations and 3 

times for the formulations without F127, using freshly prepared formulations each time and 

making independent release measurements for each of the formulation batches. (B) 

Cytochrome c-loaded alginate nanoparticles (formulation alginate : cytochrome c 6:1+F127) 

were prepared, using 50 μg of cytochrome c for encapsulation. The nanoparticles were 

concentrated (5X) and resuspended in PBS (pH 7.4). The solution was divided into several 1 

mL aliquots and the initial cytochrome c concentration was determined (~ 6 μg/mL). The 

remaining aliquots were incubated at 37°C in a water bath. At predetermined time points, 

the suspension was centrifuged at 10,000 rpm (30,000 × g) for 30 minutes at 4°C to separate 

the nanoparticle pellets and supernatants, and the concentration of cytochrome c in each of 

the supernatants was determined. All measurements were taken in triplicate.
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Fig. 3. 
CCL21 was released from alginate nanoparticles over an extended time. The release of 

CCL21, from the alginate nanoparticle, was assayed by dialysis at 37°C, using PBS, pH 7.4, 

followed by enzyme-linked immunosorbent assay (ELISA).
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Fig. 4. 
AFM and TEM demonstrated uniform, spherical alginate nanoparticle structures with 

minimal to no aggregation. The picture shown in (A) is a representative tapping-mode AFM 

image of CCL21-containing alginate nanoparticles deposited from aqueous solution onto 

APS-mica. The panels shown in (B) and (C) display TEM-negative staining of the empty 

alginate nanoparticles and CCL21-loaded nanoparticles, respectively.
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Fig. 5. 
Intratumoral treatment with nanoformulated CCL21 caused complete regression in 7 out of 

21 Neuro2a tumor-bearing mice treated with nanoformulated CC21, and the average tumor 

growth was slower for nanoformulated CCL21-treated mice compared to controls. Tumors 

were initiated by subcutaneous injection of 1 X 106 Neuro2a cells/100 μL PBS into the 

lower right flank, allowed to grow until palpable, and then treated as described in Section 2. 

Materials and methods. Tumor-bearing mice received twice daily injections (1 dose in the 

morning and 1 dose in the evening) for 2 consecutive days delivering 6 μg of CCL21/25 μL, 

or 6 μg of CCL21 in nanoformulation/25 μL, or an equal amount of empty nanoparticles/25 

μL, or an equal volume (25 μL) of buffer (diagrammed in Fig. S1). (A) Average tumor 

volumes over time are shown for mice treated with buffer control, empty nanoparticles, 

nanoformulated CCL21, or CCL21. The tumor growth rate was significantly slower for 

nanoformulated CCL21-treated mice (p < 0.001) as compared to mice that were 

administered buffer control, empty nanoparticles, or CCL21 alone. Tumors were measured 

in 2 perpendicular directions with a caliper at least 3 times weekly. Tumor volumes were 

calculated as tumor width2 X tumor length/2, and they were averaged across treatment 

groups and compared using Linear Mixed Models analysis. The bars represent standard 

deviation. Mice were euthanized if the tumor volume reached 1000 mm3. The data shown 

are a cumulative representation of 3 independent experiments. (B) Percent change in tumor 

volume from baseline was calculated via the following formula (final tumor volume – initial 

tumor volume)/initial tumor volume X 100, where the final tumor volume was 1000 mm3 or 

the tumor volume at 54 days post treatment initiation. If a tumor failed to be detected via 
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palpation or necropsy at day 54 post treatment initiation, a tumor volume of 0 mm3 was 

entered as the final volume. The initial tumor volume (day 0) was set as the baseline and is 

indicated graphically as 0%. Tumors that had smaller initial volumes (~50 mm3) showed the 

greatest percent change from baseline while tumors with slightly larger volumes 

demonstrated smaller percent changes. All treatment groups exhibit positive changes in 

tumor growth from baseline, which indicates increasing tumor volume over time following 

treatment initiation. Most notably, only nanoformulated CCL21 therapy was able to induce 

complete tumor regression in a subset of mice (n = 7). The regressed subset is graphically 

depicted as a negative percent (−100%) due to the tumor shrinking past a palpable stage and 

failure to be detected upon necropsy. Therefore, the change in tumor volume from baseline 

in mice with regressed tumors was found to be −100 %. (C, D, E, F) The changes in tumor 

volumes for each mouse treated with (C) nanoformulated CCL21, (D) buffer control, (E) 

empty nanoparticles, or (F) CCL21 alone are shown. After treatment, the mice were 

monitored and their tumors were measured at least 3 times weekly until their tumor burdens 

reached 1000 mm3, and the mice with regressed tumors were monitored until day 54.
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Fig. 6. 
Survival distributions of tumor-bearing mice were significantly prolonged by 

nanoformulated CCL21 treatment. A/J mice bearing subcutaneous Neuro2a neuroblastoma 

tumors received intratumoral injections with one of the following agents: nanoformulated 

CCL21 (n=21), CCL21 alone (n=20), empty nanoparticles (n=12), or buffer control (n=12). 

The Neuro2a tumor-bearing mice were given 1 dose in the morning and 1 dose in the 

evening on 2 consecutive days of 6 μg of CCL21/25 μL, or 6 μg of CCL21 in 

nanoformulation/25 μL per dose, or an equal amount of empty nanoparticles/25 μL, or 25 μL 

of buffer alone (Fig. S1). After receiving the treatments, the mice were monitored at least 3 

times weekly until their tumor burdens reached 1000 mm3 or 54 days had elapsed since 

treatment initiation (day 0). Nanoformulated CCL21-treated mice survived significantly 

longer than mice treated with buffer control (p = 0.008), empty nanoparticles (p = 0.002), or 

CCL21 alone (p = 0.003). Kaplan-Meier and log-rank analyses were used to compare 

survival distributions of mice between treatment groups. Survival distributions were 

generated using Kaplan-Meier Survival Methods and portray cumulative survival in time 

(days), where day 0 indicates treatment initiation, not the implantation of tumor cells. Mean 

survival time post-treatment initiation ± standard deviation was determined for each 

treatment group. These data are a cumulative representation of 3 independent experiments.
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Fig. 7. 
Systemic, protective, antitumor responses were observed in a subset of nanoformulated 

CCL21-treated mice, a phenomenon not seen with the other treatments tested. As described 

in the Fig. 6 legend and diagrammed in Fig. S1, Neuro2a tumor-bearing mice were 

administered 2 doses (1 in a.m. and 1 in p.m.) on 2 consecutive days of 6 μg of CCL21/25 

μL, or 6 μg of CCL21 in nanoformulation/25 μL per dose, or an equal amount of empty 

nanoparticles/25 μL, or 25 μL of buffer alone. From the mice for which data are shown in 

Fig. 6, the subset of cured, nanoformulated CCL21-treated mice (tumor free at day 54, n = 

7) were rechallenged with subcutaneous injection of 1 X 106 Neuro2a cells/100 μL PBS into 

the lower left flank (opposite to the initial site of Neuro2a cell injection and intratumoral 

treatment). A group of treatment naïve, age- and sex-matched A/J mice were challenged in 

parallel. The cured, nanoformulated CCL21-treated, rechallenged mice failed to develop 

tumors by the experimental end point (day 70), unlike their age-matched, treatment naïve 

counterparts, which developed palpable, steadily growing tumors. The graph displays tumor 

growth over time, with the challenge (second challenge for cured mice, initial challenge for 

treatment naïve, age matched controls) date indicated as day 0. The tumors were measured 

in 2 perpendicular directions using a caliper at least 3 times weekly. Tumor volumes were 

calculated as tumor width2 X tumor length/2, averaged across treatment groups, and 

Poelaert et al. Page 36

J Control Release. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared using Linear Mixed Models analysis. The bars represent the standard error of the 

mean. The data shown consist of a cumulative representation of 3 independent experiments.
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Fig. 8. 
Fluorescently labeled CCL21 delivered to neuroblastoma tumors in nanoparticles was found 

to be present at a higher level at day 1 and day 2 following treatment, as compared to 

fluorescently labeled CCL21 delivered alone. Each of 3 mouse groups received twice daily 

injections (1 dose in the morning and 1 dose in the evening) for 2 consecutive days, with the 

injections consisting of 25 μL per dose of buffer control, IR800-CCL21, or Nanoparticles + 

IR800-CCL21, respectively (Fig. S1). Imaging was performed with the day 0 imaging done 

immediately after the final treatment injection, and imaging was then repeated once daily for 

5 consecutive days. The mean fluorescent signal of IR800 dye was visualized in the 800 nm 

channel by the Pearl Trilogy Small Animal Imaging System. (A) Representative images of 

treated mice are shown. (B) Mice receiving the Nanoparticles + IR800-CCL21 

(nanoformulated CCL21) demonstrated the highest mean intratumoral fluorescent signal 

over time, with significantly higher fluorescent intensity at day 1 (p = 0.0005) and day 2 (p = 

0.0241) when compared to the IR800-CCL21-treated mice. The mean fluorescent signal was 

marginally (p = 0.0810) higher at day 0 in mice treated with the Nanoparticles + IR800-

CCL21. Two-way ANOVA analysis was used to assess differences in the intratumoral mean 

fluorescent signal in vivo at 800 nm. (C) Imaging of fluorescently labeled CCL21 delivered 

in nanoparticles (Nanoparticles + IR800-CCL21) and fluorescently labeled CCL21 (IR800-

CCL21) within neuroblastoma tumors, as well as in various organs (spleen, kidney, liver, 

and lymph nodes), was performed at the time of necropsy, 5 days post-treatment initiation, 

using the Pearl Trilogy Small Animal Imaging System. (D) Nanoparticles + IR800-CCL21-

treated mice exhibited a trend towards the highest mean fluorescent signal in the 800 nm 

channel in the tumor, spleen, and kidney specimens. Minimal signal in the liver, lymph 

nodes, and spleen indicate that the fluorescently labeled CCL21 (either alone or in 

nanoformulation) is cleared through the kidneys following intratumoral administration. Two-
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way ANOVA analysis was used to assess differences in the mean fluorescent signal (800 

nm) of organs from mice treated with Nanoparticles + IR800-CCL21, IR800-CCL21, and 

buffer control. Statistical significance is defined as p < 0.05*, p < 0.01**, p < 0.001***, and 

p < 0.0001****.
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Fig. 9. 
Elevated frequencies of CD45+ cells were observed in tumors treated with either 

nanoformulated CCL21 or CCL21 in comparison to the control. Neuro2a tumor-bearing 

mice received 2 daily injections (1 in the morning and 1 in the evening) for 2 days in a row 

with each injection containing 6 μg of CCL21/25 μL, or 6 μg of CCL21 in 

nanoformulation/25 μL per dose, or an equal volume (25 μL) of buffer. The frequency of 

CD45+ cells was significantly (p < 0.0001) higher in tumors treated with either 

nanoformulated CCL21 or CCL21 compared to those treated with buffer control at day 2 

post treatment initiation. Significantly higher percentages of CD45+ cells were also seen at 

day 3 post treatment in nanoformulated CCL21-treated tumors (p = 0.0190) or CCL21-

treated tumors (p = 0.0090) compared to the control. Gating strategy for CD45+ cells: single 

cells, live cells, CD45+. Frequency was calculated as % marker = (number of cells that were 

marker positive) / (number of live cells) X 100. Graphical representation of the data depicts 

the mean frequency overlaid with individual data points for each group. Statistical 

comparisons were made via two-way ANOVA. The bars indicate standard deviation. 

Statistical significance was defined as p < 0.05*, p < 0.01**, p < 0.001***, and p < 

0.0001****. Groups consisted of 5–10 mice per treatment group per time point.
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Fig. 10. 
Intratumoral injection of nanoformulated CCL21 and CCL21 alone resulted in increased 

frequencies of NK and NKT cells. Mice with Neuro2a tumors received 2 daily injections (1 

in the morning and 1 in the evening) for 2 consecutive days with each injection having 6 μg 

of CCL21/25 μL, or 6 μg of CCL21 in nanoformulation/25 μL per dose, or an equal volume 

(25 μL) of buffer. (A) NK cell frequency was significantly higher in tumors treated with 

nanoformulated CCL21 (p = 0.0168) or CCL21 (p = 0.0169) in comparison to the control at 

day 2 post treatment. Sustained augmentation of NKT cell frequencies within treated tumors 

was observed in the nanoformulated CCL21 (p = 0.0039; day 2) and CCL21 (p = 0.0029; 

day 2) groups versus tumors treated with buffer control. (B) Intragroup comparisons, from 

day 2 to day 7, reveal a significant loss in the frequency of NK cells within the tumor in 

nanoformulated CCL21-treated (p = 0.0384) and CCL21-treated (p = 0.0244) groups. 

Tumors treated with buffer control remained relatively low throughout the duration of the 

study. (C) The percentage of NKT cells per live cells was higher at day 2 post treatment and 

demonstrated a decrease over time. There was a significant reduction in NKT frequency 

from day 2 to day 7 in the nanoformulated CCL21-treated (p = 0.0270) and CCL21-treated 

(p = 0. 0191) group. However, a majority of buffer control mice had a small percentage of 

NKT cells within the tumor. NK and NKT cells were determined using the following gating 

strategy: CD45+, CD3+/−, CD49b+, with NK cells being CD3- and NKT cells being CD3+. 

Frequency was calculated as % marker = (number of cells that were marker positive) / 

(number of live cells) X 100. Graphical representation of the data depicts the mean 

frequency overlaid with individual data points for each group. Statistical comparisons were 

made via two-way ANOVA. The bars indicate standard deviation. Statistical significance 
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was defined as p < 0.05* and p < 0.01**. Groups consisted of 5–10 mice per treatment 

group per time point.
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Figure 11. 
Comparisons of intratumoral immune cell subset frequencies across treatment groups over 

time are shown, with the mice that underwent complete regression during this experiment 

highlighted in color (the coding key is shown in A). Neuro2a tumor-bearing mice received 2 

daily intratumoral injections (1 in a.m.; 1 in p.m.) for 2 days in a row with each injection 

having 6 μg of CCL21/25 μL, or 6 μg of CCL21 in nanoformulation/25 μL per dose, or an 

equal volume (25 μL) of buffer. Frequency was calculated as % marker = (number of cells 

that were marker positive) / (number of live cells) X 100. Graphical representation of the 

data depicts the mean frequency overlaid with individual data points for each group. 

Statistical comparisons were made via two-way ANOVA. The bars indicate standard 

deviation. Statistical significance was defined as p < 0.05*, p < 0.01**, and p < 0.001***. 
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Groups consisted of 5–10 mice per treatment group per time point. The data shown in Fig. 

11B and Fig. 11C are the same as that shown in Fig. 10 except that color coding has been 

added to Fig. 11B/C to indicate the NK and NKT intratumoral infiltration for specific mice.
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Figure 12. 
In total, the intratumoral cytokine profile induced by nanoformulated CCL21 treatment, as 

compared to CCL21 treatment, favored increased anti-tumor cytokine expression. Neuro2a 

tumor-bearing mice received 2 intratumoral injections (1 in a.m.; 1 in p.m.) for 2 days in a 

row with each injection consisting of 6 μg of CCL21/25 μL, or 6 μg of CCL21 in 

nanoformulation/25 μL per dose, or an equal volume (25 μL) of buffer. Cytokine profiles 

from neuroblastoma tumor biopsy culture supernatants were assessed via Proteome Profiler 

Cytokine Array. Mean pixel densities are shown for (A) CXCL9, (B) CXCL10, (C) IFN-γ, 

Poelaert et al. Page 45

J Control Release. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) IL-12 p70, (E) CCL3, and (F) CCL2. Statistical comparisons were made via two-way 

ANOVA. The bars indicate standard deviation. Statistical significance was defined as p < 

0.05*, p < 0.01**, p < 0.001***, and p < 0.0001****. Groups consisted of 5 mice per 

treatment group per time point.
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Figure 13. 
The intratumoral cytokine profile induced by nanoformulated CCL21 treatment, as 

compared to CCL21 treatment decreased the expression of pro-tumor cytokines IL-6 and 

IL-16, but elevated the expression of TIMP-1. Neuro2a tumor-bearing mice were given 2 

injections (1 in a.m.; 1 in p.m.) for 2 days consecutively with each injection having 6 μg of 

CCL21/25 μL, or 6 μg of CCL21 in nanoformulation/25 μL per dose, or an equal volume (25 

μL) of buffer. Cytokine profiles from neuroblastoma tumor biopsy culture supernatants were 

assessed via Proteome Profiler Cytokine Array. Mean pixel densities are shown for (A) IL-6, 
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(B) IL-16, (C) TIMP-1. Statistical comparisons were made via two-way ANOVA. The bars 

indicate standard deviation. Statistical significance was defined as p < 0.05*, p < 0.01**, p < 

0.001***, and p < 0.0001****. Groups consisted of 5 mice per treatment group per time 

point.

Poelaert et al. Page 48

J Control Release. Author manuscript; available in PMC 2021 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Poelaert et al. Page 49

Table 1.

Physicochemical characteristics of alginate nanoparticles

Formulation
DLS

a
FFF

b
NTA

c
AFM

d
TEM

e
Cryo-TEM

f

Deff (nm) PDI ζ-potential (mV) DH (nm) (DH)n (nm) Dav (nm) Dav (nm) Dav (nm)

Empty NPs 176 ± 5 0.18 −1.9 ± 1.1 172 ± 4 173 ± 11 54 ± 3 49 ± 2 163 ± 11

NPs / cyt c 164 ± 1 0.11 −0.8 ± 1.4 158 ± 6 161 ± 7 59 ± 4 51 ± 3 157 ± 8

NPs / CCL21 158 ± 3 0.16 −1.5 ± 0.6 - 179 ± 8 50 ± 2 47 ± 2 -

a
Particle size (Deff), particle size distribution (PDI) and ζ-potential were determined by DLS (1 mg/mL, PBS, pH 7.4, 25°C). Data presented as 

means ± SD (n = 3–5).

b
Hydrodynamic diameter (DH) was determined by FFF-DLS at a concentration of 1.35 mg/mL (PBS, pH 7.4, 25°C).

c
Number-averaged hydrodynamic diameler (DH)n was determined by NTA. Samples were diluted with PBS to a final concentration of 0.1 mg/mL 

prior measurements.

d
Samples were diluted with distilled water to a final concentration of 0.01 mg/mL.

e,f
The TEM measurements were done at alginate concentration of 2 mg/mL.
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