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Summary:

Immune cell–derived exosomes can increase immunity against tumors. In contrast, tumor-derived 

exosomes can reduce the immunity and can change the tumor microenvironment to further develop 

and provide metastasis. These effects take place by an alteration in the innate and adaptive 

immune cell functions. In this experiment, we studied the natural killer (NK) cells’ effectiveness 

on tumor cells after expansion and thereafter incubated it with exosomes. The exosomes were 

derived from 2 populations of NK cells: (1) naive NK cells and, (2) NK cells previously exposed 

to neuroblastoma (NB) cells. Moreover, we have studied the NB-derived exosomes on NK cell 

function. The molecular load of the characterized exosomes (by means of nanoparticle-tracking 

analysis, flow cytometry, scanning electron microscopy, and western blot) from NK cells exposed 

to the NB cell revealed their expression of natural killer cell receptors in addition to CD56, 

NKG2D, and KIR2DL2 receptors. These exosomes were used to treat NK cells and thereafter 

administered to NB tumor cells both in vitro and in vivo. Our results showed some kind of NK 

cells’ education by the exosomes. This education from NK cells previously exposed to NB cell–

derived exosomes caused efficient and greater cytotoxicity against NB tumors, but NB-derived 

exosomes act as tumor promoters by providing a tumor supporting niche. Hence, this method of 

preparing the exosomes has a dramatic effect on activation of anti-NK cells against NB cells.
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Natural killer (NK) cells as the innate immune lymphocytes are able to evade infected or 

transformed cells in an major histocompatibility complex independent situation.1 They are 

popular targets when it comes to cellular-based immunotherapies. There have been many 

experiences with the NK cells2–4 that have been carried out to treat hematologic 

malignancies (acute myeloid leukemia, acute lymphoblastic Leukemia multiple myelomas), 

solid tumors [neuroblastoma (NB), lung cancer, hepatocellular carcinoma], and 

nonmalignant disorders such as thrombocytopenic purpura and psoriasis. The number of 

clinical trials with the NK cell exceeds 150 trials until the March 2017 (clinicaltrials.gov).

Because of the low number of NK cells in the peripheral or cord blood, immune cell therapy 

with the NK cell requires an ex vivo expansion process to achieve clinically relevant 

numbers of reactive cells that express activation markers, natural cytotoxicity receptors 

(NKG2D, NKp30, NKp44, NKp46 …), and chemokine receptors.5,6 Interleukins (ILs) can 

activate NK cells, depending on the cell maturation stage and/or concentrations of the 

costimulatory factors.7 Among them, IL-21 enhances the effector functions of NK cells but 

unlike IL-15 limits the expansion of NK cells. In contrast, it can stimulate cytotoxicity and 

interferons (IFN)-γ secretion in previously activated cells8 or induce cytotoxicity in newly 

isolated NK cell alone.9 The combination of IL-21 and IL-15 can expand NK cells from 

bone marrow, cord blood, and peripheral blood.10 Many researchers have focused on 

successful expanding of NK cells ex vivo under Good manufacturing Practice conditions for 

clinical immunotherapy. Besides the expansion of NK cells, the activation methods also have 

a lot of importance.

Today exosomes are attracting great attention on their role in the oncoimmunology area. 

These are vesicles naturally released by many of the cells as well as tumor cells to deliver 

several molecules to target cells.11 They act as signaling vectors between the donor cytosol 

and the internal compartments of a target cell.12 Tumor exosomes have crosstalk with 

immune cells and can attenuate them by downregulation of their antitumor activity through 

several ligands.13–16 However, immune cells like NKs can release exosomes that express 

typical NK markers (ie, CD56), killer proteins (ie, FASL and perforin) (Fig. 1), and 

stimulate antitumor activities.11,17 We want to name these NK cell–derived exosomes as 

Nexosomes. Nexosomes have a control on the cell expansion upon activation through 

intrinsic or extrinsic signals. Moreover, nexosome-entrapped perforin may constitute a new 

target to develop a direct therapy against many kinds of cancers in addition to activating 

other populations of NK cells against tumors. As our group works on NB and because the 

NK therapy has an indication for NB, we decided to use nexosomes against NB cells for 

better outcomes of cytotoxicity against this most prevalent extracranial solid tumor in 

children. We hypothesized that the NK cells exposed to NB cells can form nexosomes 

capable of transferring their content to the population of naive NKs to exert a strong 

cytotoxic effect on target cells. In fact, we thought that these NK cells can transfer the kind 
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of experience characteristic of NK cells with a memory of target cells to naive cells to 

educate them for targeted therapy. This activation could help to overcome the resistance of 

malignant cells against immunity.

MATERIALS AND METHODS

NK Isolation and Expansion

Primary rest NK cells were separated from peripheral blood mononuclear cells (50mL; from 

healthy donors). The mononuclear cells were purified using Ficoll Paque density gradient 

centrifugation with 15mL falcons (BD, CA). Cell sorting from peripheral blood 

mononuclear cell was performed using the antibody-conjugated magnetic beads (Miltenyi 

Biotech, Gladbach, Germany) by negative selection kits, according to the manufacturer’s 

instructions. Twenty million mononuclear cells were used as the input count of cells for all 

the bead sorting. Mononuclear cells underwent 2 rounds of sorting through CD3 and 

thereafter CD14 beads (2mL beads/1 million cells). Flow cytometry was used to assess 

enrichment populations (more than 95% purity). The process was followed by expansion and 

activation in XVIVO-20 medium (Lonza, Barcelona, Spain) supplemented with 10% fetal 

bovine serum (Gibco, UK), 500IU/mL IL-2 (Promokine, Germany), 10ng/mL IL-12 

(Promokine), 100ng/mL Galactosyl ceramide, 50ng/mL IL-15 (Promokine), 1μM Valproic 

acid, and 10ng/mL IL-21 (Promokine) for about 5 days.

Phenotypic Determination of NK

Totally 20 million cells were stained in the dark room for 15 minutes on ice and thereafter 

washed with 5% bovine serum albumin (Promokine) in phosphate buffered saline (PBS, 

Gibco, UK). Propidium iodide (Sigma, CA), which intercalates the DNA of dead cells, was 

added before analyzing them to exclude dead cells. Cells were analyzed at the BD Accuri C6 

cytometer Software (BD Bioscience). Phycoerythrin -conjugated anti-CD56, FITC-

conjugated anti-CD3, anti-CD19, and anti-CD14, and allophycocyanin-conjugated anti-

CD116 were prepared from BD (San Diego, CA). allophycocyanin-conjugated CD16, 

NKp30 (CD337), NKp44 (CD336), NKp46 (CD335), L-selectin (CD62), LFA-1, HLA-DR, 

CD160, granzyme A (gzm A), gzm B, KIR2DL1, and NKG2D (CD314) antibodies were 

obtained from Miltenyi Biotech. The expression of these markers before and after 

expansions and activation was analyzed by flow cytometry at the BD Accuri C6 cytometer 

Software (BD Bioscience).

NB Cell Culture

All methods were carried out in the experiments with human cell lines in accordance with 

the ethical committee of the Tehran University of Medical School. The SK-N-SH (ATCC-

HTB11TM) and CHLA-255 (DSMZ-Germany) NB cell lines used in this study were 

cultivated in Roswell Park Memorial Institute medium supplemented with 50 μg/mL 

penicillin-streptomycin antibiotics, 2mM L-Glutamine, and 5% fetal bovine serum at 37°C 

with 5% CO2. The cell viability was measured using trypan blue (Merck, Germany) 

staining.
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Exosome Preparation from NK and NB Cells

The cytokine-activated NKs (CANKs) were cultured with NB cell lines at the ratio 1:1. 

After 6 hours the NK cells were harvested from the culture by centrifugation process and 

purified by an MACS column (Miltenyi Biotec), according to the manufacturer’s 

instructions. Thereafter, the purified NKs were transferred into a serum-free medium for 24 

hours. Exosomes from the supernatants were then purified by 2 centrifugation processes: 

500g (5min) and 1500g (10min) to eliminate cells and debris and one ultracentrifuge step at 

80,000g (Beckman Coulter, 60Ti rotor) for 100 minutes to pellet the exosomes. Before the 

next ultracentrifuge step, cells were passed through filters to deplete larger particles. The 

filtration process was sequentially continued through the 0.45, 0.22, and 0.10 μm filters. The 

last filtrate was collected using pipettes and individually harvested by ultracentrifugation at 

100,000g for 1 hour. The exosomal pellet was washed in PBS and stored at −80°C. The 

exosomes from different sources were tested via flow cytometry, Nanoparticle Tracking 

Analysis (NTA), scanning electron microscopy (SEM), western blot (WB), and protein 

Assay kit (Pierce, ThermoScientific). The same process was performed to isolate the 

exosomes from NB cells from their 48 hours serum-free cultures in Roswell Park Memorial 

Institute medium-1640 for additional studies.

Characterization of Isolated Exosomes

Before incubation with the population of NKs, isolated exosomes were evaluated for their 

number by NTA, assuming each particle as one exosome. NTA was carried out with an 

NS500 nanoparticle analyzer (NanoSight, Malvern, UK) to measure the size distribution of 

particles. The samples were diluted in PBS between 1:500 and 1:20,000 to achieve a particle 

count of about 109 particles per mL. Moreover, exosomes were evaluated for the 

determination of their morphology by SEM and for their biological activity by flow 

cytometry. SEM of isolated exosomes was performed as described previously.18 Briefly, 

isolated exosomes were put on a copper grid coated with 0.1% Formvar in chloroform. The 

grids were stained with 1% (vol/vol) uranyl acetate in ddH2O, and thereafter the exosomes 

were examined immediately. For the flow cytometry analysis, the expression of CD56, 

NKG2D, NKp30, NKp44, KIR2DL2, and NKp46 was checked as described in the section of 

phenotypic determination of the NK cell. WB was used for the detection of Apoptosis-linked 

gene 2-interacting protein (Alix) and Tumor Susceptibility Gene 101 (TSG101) content of 

exosomes from all sources as described previously.19 Briefly, 10 μg of isolated exosomes’ 

protein that was measured by the Bradford protein assay after resuspending the exosomes in 

Radio-Immunoprecipitation Assay buffer buffer containing a 1mM phenyl-methyl-sulfonyl-

fluoride and protease inhibitor mixture (Roche, Mannheim, Germany) was used for this 

purpose. The exosome lysates were separated by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and transferred onto nitrocellulose membrane as described previously.19 The 

primary antibodies used for blotting were SAB4200476 (Sigma-Aldrich) for Alix and T5701 

(Sigma-Aldrich) for TSG101. These antibodies were detected using Horseradish peroxidase-

conjugated goat anti-rabbit secondary antibodies. Protein bands were visualized and 

analyzed using ImageLab software (Version 3.0; Bio-Rad).
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Incubation of NK Cells With Exosomes

A population of NK cells was cultured in the wells of a 24-well plate at the cell 

concentration of 106 cells per well in triplicate. Isolated exosomes (10 μg) from NB cells, 

naive NK cells, and NB-exposed NK cells were added to each well, and the plates were 

incubated for 12 hours at 37°C. Following extensive washing in PBS to remove exosome 

residues, NK cells were used to test their cytotoxicity against NB cells in vitro and in vivo. 

NK cells cultured in the presence of cytokines, exosomes, and a combination of exosomes 

and cytokines were tested for their cytotoxicity against NB cell lines and cytokine release 

assay.

Survey of Activating and Inhibitory Receptors

To detect the receptor changes from NK cells after treatment with exosomes and/or 

cytokines, the antibodies against NK surface receptors were coated to the plastic wells (96 

well, Greiner) for 2 hours in PBS at 37°C at 25 μg/mL. After 3 washes, mouse anti-human 

CD56, NKp30, NKp44, KHI2DL2, NKp46, and NKG2D-specific monoclonal antibodies 

(Santa Cruise) were incubated for 45 minutes at 4°C at 20 μg/mL in PBS. After 2 steps of 

washing, 105 cells per well were plated and stimulated for the next 8 hours in the presence 

of Brefeldin-A.

Cytokine Release Assay

Enzyme-linked immunosorbent assay was utilized to detect the IFN-γ and tumor necrosis 

factor (TNF)-α secretion of NK cells, which were activated by NK-derived exosomes, NB 

exosomes, cytokines, or a combination of them. A capture antibody was incubated overnight 

(4°C) with coating buffer in plates (Nunc, Denmark). Thereafter, the plates were washed, 

blocked, and incubated with 100 μL of undiluted sample and standard buffers. After 2 hours 

of incubation, 3 washing steps were conducted before adding the detection antibody with 

peroxidase. At least 5 washing steps were performed before development reaction. Ultra 

TMB (Thermoscientific) served as a substrate, and after 30% of change in color, sulfuric 

acid was added to stop the reaction. Plates were read out in the DSX Automated Four-Plate 

enzyme-linked immunosorbent assay System (Dynex, UK) and evaluated with DS2 Matrix 

software.

In Vitro Cytotoxicity Assay

The cytotoxicity of NK cells activated with exosomes in all groups was measured by lactate 

dehydrogenase assay kits (Roche). The procedures of the assay were followed according to 

the manufacturer’s instructions.20 Briefly, the culture medium was collected after treatment 

and applied to the kit for the assay. The reaction took place in the dark for 30 minutes before 

measurement. Changes in the absorbance were measured at 492 nm by a multiplate reader 

(Dynex, UK). Results were expressed as a percentage of control.

Nude Mice NB Modeling and Treatment

Six week-old male Naval Medical Research Institute mice weighing 20 ± 3 g (Pasteur 

Institute, Amol, Iran) were housed 7 per cage in 7 ventilated cages at 25°C and 50% to 60% 

humidity, with free access to sterile food and water. Animal protocols were approved by the 
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Experimental Animal Care and Ethics Committee of Tehran University of Medical Sciences 

and Ministry of Health and Education. The methods were carried out in accordance with the 

approved animal experiment protocol of Tehran University of Medical Sciences. Mice were 

injected with dexamethasone subcutaneously (SC) and rat anti-mouse CD122 (10 μg/g) 

antibody intraperitoneally 1 day before the NB cell injection and then every other week to 

eliminate residual murine NK cells. After this period they were injected SC with 1 million 

SK-N-SH cells in 200 μL PBS close to the right shoulder. Three days after NB cells 

inoculation their water supplemented with 300 mg/L of dichloroacetic acid (Sigma). After 4 

weeks the tumors began to show obvious growth. At this time the animals distributed into 5 

groups, each containing 7 animals, started to receive their regimens. The first group was 

only injected IL-15 and IL-21 (cytokine control), the second group received CANKs (107 

cells/kg), the third group was treated with the NK preexposed NB exosome–activated NK 

(Nx-ANKs), the fourth group received NK cells incubated with the NB-derived exosomes 

(NB-Ex), the fifth group was inoculated with untreated fresh NKs (untreated control), the 

sixth group was injected with the NKs activated in combination with ILs and Nx-ANKs 

(Nx-CANKs). The last group served as the naive control group for all experiments. The 

volume of all of the injections was 200 μL, and they were repeated thrice with a 7-day 

interval between injections if the animals survived. The number of NK cells injected into the 

mice was 10 million per kg that was suspended in the 200 μL of PBS.

Determination of Tumor Size, Weight, and Histology

The NB tumor volume in the nude mice before and after all treatments of all groups was 

determined by measuring its height (X), width (Y), and depth (Z) externally with a sliding 

caliper. Thereafter the volume was calculated according to the volume of an ellipsoid (V = 

4/3π XYZ). Mice were weighed daily and killed when they showed tumor burden as an 

inability to stand, and loss of skin turgor. Tumors were removed, measured, and weighed. 

For histologic analysis, the animals were killed, and the NB xenografts were fixed with 10% 

buffered formalin, embedded in paraffin, and 3mm-thick sections were stained with 

hematoxylin and eosin as described previously.19

Statistical Analysis

The results are expressed by mean ± SEM from 3 independent experiments. Mouse survival 

time was defined as the length of time from the NB cells injection date until the end of the 

study or time of killing because of disease progression. Statistical analysis was performed 

using SPSS and Sigma Plot (SD were calculated). The results were interpreted as 

statistically significant with P-values <0.05. The t test was used to compare the means of 

independent samples.

RESULTS

NK Phenotype and Cytotoxicity After Expansion

Many surface molecules such as activating, inhibitory, chemotactic, chemokine, and 

adhesion receptors have been described to be expressed in CD56bright and CD56dim NK 

cells. As shown in Figure 2A, a major subpopulation of peripheral blood natural killer cells 

(≥90%) belongs to the CD56dim CD16+ NK subset that expresses lytic granules such as 
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granzymes. The remaining NK cells (≤10%) are represented by CD56bright CD16− cells, 

which express very low levels of granzymes and perforins (Fig. 2A). The HLA class I–

specific Killer Ig–like receptors (KIR) are expressed in a considerable fraction of CD56dim 

CD16+ NKs (Fig. 2A), whereas the CD56bright CD16− NK subset lacks KIR (Fig. 2A). 

Culture with stimulating cytokines resulted in an expansion up to 100-fold after 15 days 

(P<0.05) and about 500-fold during a month (P<0.05) in the glass spinners. After activation 

with IL-21, the NK cells were tested for their cytotoxicity activity against NB cell lines (Fig. 

2B). The nonactivated NK cell did not efficiently lyse NB cells even in 10:1 ratio (Fig. 2B), 

but the overnight treatment of IL-21 (10 ng/mL) resulted in a significant elevation in the 

cytotoxic activity of NKs (Fig. 2B).

Exosomes′ Characteristics

The NTA results revealed an exosome size distribution from 40 to 150nm with much 

frequency at 100nm that reflected the suitable filtration and centrifugation processes (Fig. 

3A). These exosomes expressed NKp30, NKG2D, NKp44, and NKp46 natural killer cell 

receptors (NCRs). They have shown different phenotypic patterns similar to their originating 

cells (Fig. 3B). The freshly isolated CD56dim NK-derived exosomes showed slight 

expression of all NCRs especially NKp30 and NKp44 (data not shown), but, after exposure 

to NB cells, the NK-derived exosomes expressed higher levels of NCRs such as NKp44 

(65%), NKG2D (39%), and NKp30 (32%) (Fig. 3B). This increase in NCRs’ content is 

directly related to the preexposure of NB cells. Moreover, exosomes isolated by differential 

filtration and ultracentrifugation steps were visualized by SEM. The NB exosomes showed a 

relative size variation between 40 and 150 nm, but NK exosomes were more uniform (Fig. 

3C). The vesicular morphology and the size range of NK exosomes do not exceed 100 nm. 

The WB analysis of exosomes confirmed the exosome marker proteins Alix and Tsg101. 

These 2 specific exosome proteins were enriched in NB-Ex but expressed in lower levels in 

the NK cell–derived counterparts (Fig. 3D).

Cytokine Release Assay

To further determine the potential antineoplastic effect of NK cells stimulated with 

cytokines, NB-Ex, Nx-ANKs, and Nx-CANKs, we evaluated the release of IFN-γ (Fig. 4A) 

and TNF-α (Fig. 4B) after coculturing treated CD56dim NK cells with CHLA-255 NB cell 

lines. The amount of IFN-γ in the NB-Ex–treated group decreased to 0.2ng/mL and was 

about one-fifth that of the control NKs (1ng/mL). In contrast, the maximum of IFN-γ 
production was achieved in Nx-CANKs group with 6 ng/mL (Fig. 4A). Moreover, this 

process was similar to the secretion levels of TNF-α (Fig. 4B). It was obvious that NB 

preexposed NK cells secrete exosomes that can educate the new population of NK cells to 

release more cytokines for better cytotoxic effects against NB tumors. NB cells alone 

produced a background cytokine level of <50 pg/mL in each experiment.

Expression of NCRs in Treated NK Cells

To kill target neoplastic cells, NK cells must express NCRs. As shown in Figures 5A–E, the 

exosomes could have a dramatic effect on the levels of NCRs’ expression on treated NK 

cells. Unstimulated NK cells can express only under 50% of their NCRs, and this level for 

NKp44 is just under 5% (Fig. 5A) and that means a rest situation for NKs. The cytokine 
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cocktail activation of NKs change the rest pattern and increase the level of all tested NCRs 

up to 80% (Fig. 5B). The NB-Ex that carry the inhibitory signaling of tumor cells for the 

immune cells downregulated the NCRs to the lowest possible level. These levels for NKp30 

reached under 5% and for NKp44 to 2% of the activated cells (Fig. 5C). When the NB 

preexposed NK exosomes were applied to the cultures, we obtained the increased levels of 

all tested NCRs. This pattern was similar to the effect of stimulatory cytokines (Fig. 5D). We 

have the most increase in all tested NCRs (between 90% and 100% of expression) in the 

group wherein NKs were treated with NK exosomes and cytokines (Nx-CANKs group). 

There was a synergistic effect between stimulatory cytokines and our obtained exosomes 

(Fig. 5E).

In Vitro Cytotoxicity of Exosomes-treated NK Cells on NB Cells

As shown in Figure 5F, our NK cultures have up to 95% cytotoxicity against NB cells when 

incubated with NB preexposed NK-derived exosomes. These are the best cytotoxicity results 

from NK cells on the SK-N-SH cell line in the ratio of 10:1. The fresh isolated NKs had 

only been able to kill about 35% of neoplastic cells in culture condition. The condition even 

drops off after exposure to NB exosomes. These signal messengers decrease the cytotoxicity 

of NK cells under 20% of all NB cells. Standard cytokine activation of the NK cells 

increases the cytotoxicity up to 78% in the ratio 10:1 for SK-N-SH cell line. When the NK 

exosomes were added to the cytokine cocktail treatment, the NK cells killed 88% of the SK-

N-SH cells. The data showed the suitable functionality of the NK exosome–treated NKs that 

is comparable to the standard cytokine activation method (Fig. 5F). Maybe it is an indirect 

evidence of the better immune synapse formation between our treated cells and targets.

In Vivo Treatment of NB Model

The antitumor activity of NKs in different treatment groups was tested in vivo using an SK-

N-SH model of NB that was injected SC to the nude mice. The daily observation of mice 

detected 100% tumor formation after 4 weeks (Fig. 6A–I). In the different groups, mice 

were treated weekly up to four weeks by different treatment groups similar to in vitro 

determined groups. Beginning treatments with the fresh NKs alone was associated with 

reduced NB tumor growth (Fig. 6A–II), whereas tumor growth continued to increase in the 

control group (Fig. 6A–I). The situation gets worse after treatment with NKs exposed to NB 

exosomes (Fig. 6A–IV), but the tumor progression stopped after treatment with Nx-ANKs 

(Fig. 6A–II), and a better result was obtained after treatment with Nx-CANKs (Fig. 6A–V). 

In mice treated with NB exosomes, the tumor weight crossed the border of 2.81 g, whereas 

at the same time it was 2.59 g in the untreated control group (Fig. 6B). After 4 weeks of 

treatment with fresh NK the tumor weight got close to 1.94 g, but when the NK were treated 

with cytokine cocktails it did not even reach to 0.2 g. There was a similar result from the 

case of Nx-ANKs and improved results after treatment with Nx-CANKs (≤ 0.1 g; P<0.05) 

(Fig. 6B). The results of tumor size were similar to that of the tumor weight. In mice treated 

with Nx-CANKs in the fourth week, there was no detectable tumor (Fig. 6C). However, the 

NB exosomes resulted in tumors that had a volume of up to 3000mm3 (Fig. 6C). The mice in 

the untreated control group were killed on day 65 because of ethical reasons, and some of 

them did not reach day 65 because of tumor progression. This process was continued up to 

80 days for the group that was treated with the freshly isolated NK cells (Fig. 6D). There 
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was an increasing survival time for CANKs, Nx-ANKs, and Nx-CANKs groups for up to 90 

days after tumor formation (Fig. 6D). Tumor progression in untreated mice was significantly 

greater than that of all nexosome-treated groups (P<0.05), but the NB-Ex treatment prepares 

the best environment for tumor growth and metastasis. This significant difference in mice 

survivals can be seen at the Kaplan-Meier plot of 7 different groups of NB tumor–bearing 

mice (*P<0.05) (Fig. 6E). The 90-day survival in mice models that were treated with only 

cytokines or untreated controls was zero. In contrast, the survival rate for Nx-ANKs, 

CANKs, and Nx-CANKs groups were 56%, 71%, and 86%, respectively (*P<0.05) (Fig. 

6E). Survival was much greater after treatment with Nx-CANKs than that in other groups. 

These results emphasize in vivo antineoplastic function of NK cells treated with NK-derived 

exosomes that express NCRs and can uptake by resting CD56dim NK. hematoxylin-eosin 

staining of resected NB tumors after 3, 4, and 5 weeks of treatment in all groups have shown 

a minimum residue or even complete destruction of neoplastic cells after 5 weeks of 

treatment with Nx-CANKs (Fig. 6F).

DISCUSSION

One major barrier for translation of NK cells for therapeutic use in many cancers is the lack 

of an efficient method to activate them against tumors of interest. In this study, we showed 

that naive NK cells exposed to the exosomes derived from NK cells, which were previously 

cocultured with NB cells, had greater cytotoxicity against NB cells. However, in this work, 

we performed the experiments with NB cells that may differ from the real human tumor, as 

it would be a mixture of microvesicles originating from different cell types in various stages 

of the disease and causing inconsistency in results; however, the in vivo model of the work 

confirmed the in vitro results and showed the effectiveness of using nexosomes to strengthen 

the NK cells’ cytotoxicity against NB. To the best of our knowledge, this was the first study 

exploring the in vivo effects of NK-derived exosomes (nexosomes) from previously exposed 

NB cells, on the expanded peripheral blood NKs to kill the NB cells. Repeated 

administration of highly activated NK cells provides an effective strategy to treat minimal 

residual malignancies after chemotherapy or even serious refractory chemoresistant cancers. 

Although naive NK cell therapy might be effective to treat malignancies,21 NK cell 

activation has been found to be necessary because of the shortcomings in naive NK 

functionality, including low-level cytokine secretion, inadequate NCRs expression, low 

functional cytotoxicity, and anergy in malignancies, that have been demonstrated in several 

studies.21 Although genetic manipulation of NK is an expensive process and also 

challenging because of the low efficiency and inefficient yield of effective cells for clinical 

purposes, we decided to choose an alternative complementary method to boost the NK 

functionality against malignancies. It has been known that CD56bright NK has a higher 

capacity to proliferate after in vitro culture with IL-2 and IL-15. In this experiment, we 

observed that CD56dim NK also has increased proliferation capacity in the presence of these 

cytokines, as well (data not shown). The IL-2 and IL-15 belong to the common gamma chain 

family that enhances the expression of NKG2D on NK cells.22 They can activate STAT523 

and are associated with an increased surface protein expression of activation receptors.24 

There is more evidence that confirms their role in the effective expansion of NK. A 2009 

study by Fujisaki et al18 has confirmed that IL-2, IL-15, and 4–1BB ligand can stimulate a 
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mean of 280-fold increase in NK from peripheral blood of normal donors. Because of this, 

we decided to use these cytokines in addition to IL-21 for the expansion and activation of 

NKs as the standard and simple method for NK culture.

For NK therapy, the activation levels are considered as the key factors of success.25 Hence, 

NKs should express detectable amounts of NKG2D receptor and other NCRs such as 

NKp44, NKp30, and NKp46 to get ready to respond against neoplastic cells. These NCRs 

that are less expressed in resting NKs undertake for cytotoxicity. Among these NCRs, 

NKp44 is more important to strike against the target cells.26 Therefore, we can overcome 

tumor growth and even tumor metastasis, if we are able to regulate NCRs’ expression. It has 

been reported previously that activated NKs can secrete specific exosomes.17 The NK-

released exosomes (nexosomes) express both NKcell markers and cytotoxic molecules. 

Exosomes are strong intercellular communicators that transfer the active mRNA, proteins 

and also miRNA to allow striking target cell modulation.27 The feasibility of using 

nexosomes therapeutically has not been shown yet. Our study confirms the production of 

these exosomes by NKs (Fig. 3A) and demonstrated the NK markers and NCRs as an 

important part of their protein contents (Fig. 3B). Their shape was different from exosomes 

derived from neoplastic cells in shape, manner, and uniformity (Fig. 3C). The nexosomes 

can affect NK cells and have interactions with their targets by various mechanisms. 

Previously Gesierich et al28 and Nazarenko et al29 have reported that exosomal tetraspanin 

complexes account for target selection. In our experiments the isolated exosomes from 

different sources directed their effect on NK cells (Figs. 4A, B) in a short incubation time; 

hence, we can conclude that the tetraspanin complexes are capable of targeting NKs, too. It 

has been known that phagocytic cells rapidly take up microvesicles,30 and our data 

confirmed the rapid uptake of nexosomes by NK as phagocytes. This uptake has increased 

the levels of NCRs even without cytokine induction (Fig. 5D). Theoretically, it has been 

known that the exosomes can activate resting NK cells. In fact, activation of NK by immune 

cell exosomes has been previously ascertained in 2006. At that time, Chaput et al31 showed 

that dendritic cell–derived exosomes are the potent activators of NK cells. In addition, the 

use of dendritic-derived exosomes in a phase I clinical trial was successful in the activation 

of NKs in patients with non–small cell lung cancer.32 Nonetheless, our study was the first of 

its kind to use the nexosomes for activation of the NK cells. We observed that nexosomes 

were able to express some NCRs, typically. In addition, NCRs’ expression was increased 

after coculture of NKs with NB cells (Fig. 3B). This preexposure to NB cells made this 

phenomenon robust. The flow cytometry data confirmed that this preexposure led to the 

production of NKs that can produce a greater amount of nexosomes with higher expression 

of NKp44 and NKp30 (Figs. 5D, E). Hence, the process was important both in quantitative 

and qualitative conditions of nexosomes. By increasing the cytotoxicity of NKs (Fig. 5F), it 

seems that nexosomes can control innate immunity even by a paracrine effect and/or 

systemically. It is obvious that as well as the cellular origin of an exosome, its interaction 

with the target cell is a critical step to transfer information between cells. Depending on the 

type of the target cell, exosomes may be internalized or fused to the cell membrane.30 In 

2008, it has been reported that exosomes derived from cultured neoplastic cells can modify 

the mRNA expression profile of the exposed fibroblasts.33 Maybe this modification 

happened to our NK cells as they were forced to express a greater amount of cytokines that 
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are important to their cytolysis activity. Our data confirmed the altered releasing patterns of 

the IFN-γ (Fig. 4A) and also TNF-α (Fig. 4B) cytokines from NK treated in different 

groups. Moreover, IL-21 exerted a synergistic effect on the Nx-ANKs for induction of these 

2 important cytokines. It has been previously identified that IL-21 enhances proliferation and 

survival of the NK cells,26 which has been found to be due to the conservation of telomere 

length.34 Therefore, the cultured cells did not show senescence after a period of 4 weeks’ 

expansion in the culture.35–37 In addition to these characteristics, we found that IL-21 

intensifies the cytotoxicity of NKs (Fig. 5F) and their activity on the NB cells because of an 

increase in IFN-γ (Fig. 4A) and TNF-α (Fig. 4B) production. There are no data until now to 

compare the mechanism of exosome action on NK with IL-21, but it is obvious that we face 

a very complex agent that may harbor molecules similar to the cytokines too. Furthermore, 

as reported previously the IL-21 induces terminal differentiation of NKs and results in 

enhanced cytotoxicity against neoplastic cells.38 This is so close to our findings of enhanced 

cytotoxicity against NB cells (Figs. 5F, 6E). The nexosomes solely have similar effects and 

can play an immune regulatory inscription. They have induced a number of striking 

phenotypic changes, including alterations in NCRs expression (Figs. 5A–E), which might be 

due to the exosomes’ origins. Moreover, these extracellular vesicles are very important for 

the transfer of genetic materials. There are some confined reports in this context that show 

the role of exosomes in hepatitis C and hepatitis B transmission. The transfer of genetic 

elements subsequently caused NK dysfunction.39,40 Hence, as mentioned previously here, 

on the basis of the exosomes’ source they could be a double-edged swordplay. This study 

demonstrated that NB-Ex (Fig. 3C) reduce the levels of IFN-γ and TNF-α secretion by NKs 

and also decrease the levels of NCRs’ expression, especially NKp44 (Fig. 5C). These 

changes finally lead to the dramatic fall in the cytotoxicity of NKs against NB cells both in 

vitro (Fig. 5F) and in vivo (Fig. 6E). As we know the NK cytotoxicity is regulated by a 

combination of activating and inhibitory signals.41,42 Our data showed that nexosomes can 

carry the activator signals and induce the expression of NKG2D and KIR2DL2 (Fig. 3B) on 

resting NKs without addition of any cytokines; nonetheless, the cocktail of cytokines and 

nexosome (Nx-CANKs) has a more potent synergistic effect on the in vitro (Fig. 5F) and in 

vivo cytotoxicity of NKs (Figs. 6A–D). Just 4 weeks after nexosome treatments of the mice 

model, the weight and volume of tumors decreased dramatically (Fig. 6D). In vivo 

suppression of NB tumors were sufficient to suppress tumor metastases (Fig. 6F). When the 

animals were killed for histology experiments, microscopic studies confirmed the 

effectiveness of nexosomes in NK therapy at the tissue level, as there were minimal residues 

of neoplastic cells (Fig. 6F).

It is worth saying that this was a complicated process because the NB tumors of our models 

also can secrete exosomes in vivo and exert their inhibitory effect on NKs in the tumor 

microenvironment. Hence, this change in tumor niche promotes the secretion of 

inflammatory cytokines by monocytes through Toll-like receptors.43 As a long known fact, 

inflammation is an important factor in tumor initiation. Although inflammation is a 

beneficial response to restore tissue injury and to eradicate pathogens, if it continues and 

becomes chronic, it can induce malignant cell transformation in the surrounding tissue. In 

addition, inflammatory cytokines help cancer progression by enhancing metastasis as 

reported previously by Nicolini et al.44 They reported cytokines such as IL-1, IL-6, IL-11 
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and transforming growth factor-b regulate the inflammatory tumor microenvironment to 

stimulate cancer cell proliferation and invasion. There are many similar reports that are an 

emphasis on the complicated environment of tumors, such as a study by Baj-Krzyworzeka et 

al,45 that demonstrated that tumor-derived exosomes harbor several mRNA of tumor cells 

and surface determinants that can transfer them into the monocytes. These data can be 

generalized to our study and, of course, are in accordance with our findings of the NB-

exosomes’ behavior on NK immunity. Adding another point is necessary to know that; 

however, it is true that NKs are able to respond against tumors in an antigen-independent 

manner, but as described by Cooper et al46 the NK memory formation is beneficial for their 

better function for therapeutic use in cancers. Here we can propose that nexosomes are 

beneficial tools to form this memory even in naive cells.

CONCLUSIONS

The nexosomes derived from NB preexposed NK cells that express NCRs and activating 

signals can activate human-resting NK and educate them to enhance NK-mediated anti-NB 

tumor reaction. These results encourage further evaluation of nexosomes as the potential 

novel oncology complementary therapeutics in immune cell therapy.
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FIGURE 1. 
The schematic image shows the probable process with which nexosomes (NK-derived 

exosomes) interact with target cells. Exosomes originate from multivesicular bodies that are 

produced by endoplasmic reticulum and thereafter by the Golgi apparatus. They could 

entrap CD markers, perforin and FAS-L, which mediate cytotoxicity by interacting with FAS 

on the membrane of exposed cells. The acidic pH of the tumor microenvironment may 

impair the antitumor immune response but favors the delivery of exosomes and promotes 

membrane fusion. CD16 (FcγRIII) on NK cells binds the Fc-part of antibodies coating 

target cells and thereby leads to an activation and lysis process. NK cell indicates natural 

killer cell.
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FIGURE 2. 
A, Phenotypes of peripheral blood natural killer cells subsets. Peripheral blood mononuclear 

cells were stained for CD56, CD16, granzyme A, gzm B, KIR2DL2, CD62, and CD69 and 

thereafter analyzed by flow cytometry. Expression of these molecules in relation to CD56 

density on CD3−CD56 + NK cells is shown. B, Cytotoxicity of peripheral blood natural 

killer cells on the NB cell lines. Cytokine-activated NK cell did efficiently lyse NB cells, 

especially in the 10:1 ratio. The cytotoxicity achieved by treatment of interleukin 21 (10 

ng/mL) (P < 0.05). NB indicates neuroblastoma; NK cell, natural killer cell.
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FIGURE 3. 
A, Size of exosomes. Size distribution histogram of nexosomes and NB-derived exosomes as 

determined by nanoparticle-tracking analysis. B, The phenotype of exosomes. Nexosomes 

were stained for CD56, NKp30, NKG2D, KI2DL2, NKp44, and NKp46 NCRs. Interestingly 

exosomes show different phenotypic patterns similar to NK cells. C, Scanning Electron 

Microscopy of exosomes. Exosomes isolated by filtration and ultracentrifugation processes 

were placed on copper grids, stained with uranyl acetate, and examined. The left image 

shows the exosomes derived from NB cells and the right one shows the nexosomes. Note 
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their vesicular morphology and the size range, which does not exceed 100nm. D, Western 

blot of exosomes. The western blot was conducted for the exosomal markers TSG101 and 

ALIX. The higher amount of these proteins is significant in NB-derived exosomes over 

nexosomes (each experiment was performed at least 3 times). NB indicates neuroblastoma; 

NK cell, natural killer cell.
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FIGURE 4. 
(A) IFN-γ and (B) TNF-α cytokines release assay. Depicted are the results of enzyme-

linked immunosorbent assay for IFN-γ and TNF-α using supernatants of NK cells after 

culture in different treatment or control settings. Shown are the means of triplets with SE (P 
< 0.05). Cytokine production of CD56dim NK after stimulation with IL-21, NB-Ex, Nx-

ANKs, and Nx-CANKs. INF indicates interferons; NB, neuroblastoma; NB-Ex, NB-derived 

exsosomes; Nx-ANKs, NB exosome–activated NK; NK cell, natural killer cell; Nx-CANKs, 

NB exosome cytokine-activated NKs; TNF, tumor necrosis factor.
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FIGURE 5. 
Natural cytotoxicity receptors on NK cells. A, NK cells were stained with specific NCRs 

monoclonal antibodies, a resting NK cell expresses different levels of NCRs. Less than 40% 

of NK cells express NKp30, and the level of NKp44 is undetectable. B, Cytokine-activated 

NK cells express high levels of NCRs. C, NB-Ex reduces the levels of all NCRs under the 

resting state of NK cells. D, The Nx-ANKs induce the expression of NCRs especially 

NKp44 similar to CANKs. E, Nexosomes have a synergistic effect on CANKs and induce 

the maximum expression of all NCRs that prepare NK to have a cytotoxic function against 

neoplastic cells. F, In vitro cytotoxicity of peripheral blood natural killer cells against NB 

cells. Nexosomes strongly stimulated NK activity in the presence of IL-21. IL indicates 

interleukin; NB, neuroblastoma; NB-Ex, NB-derived exsosomes; NK cell, natural killer 

cells; Nx-ANKs, NB exosome–activated NK; Nx-CANKs, NB exosome cytokine-activated 

NKs.
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FIGURE 6. 
A, Tumor formation in different groups of mice. Neuroblastoma tumor growth in nude mice 

is obvious after 4 weeks. The row I shows tumor formation in mice that did not receive any 

other treatment and served as tumor control group. Row II shows the fresh NK effect on the 

mice bearing NB cells after 28 days of injection. Row III shows the nexosome-treated NK 

effect on mice bearing NB cells after 28 days of injection. Row IV shows NB-Ex-treated NK 

effect on mice bearing NB cells, and row V shows the Nx-CANKs-treated mice after 28 

days of injection. B, NB tumor weights after 4 weeks of treatment. The diagram shows a −3 
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g NB tumor in mice treated with NB-Exosomes. The fresh NK can reduce the tumor weight, 

but nexosome-treated NKs have a similar effect to that of cytokine-activated NKs to reduce 

tumor weight under 0.2 g (P < 0.05). C, NB tumor volumes after treatments. The best effect 

of treatment on tumor volumes after 4 weeks was achieved by Nx-CANKs that destroyed 

86% of tumors completely. D, NB tumor sizes after 90 days of treatment. The nude mice 

were checked every 3 days and killed on day 95. The tumor volumes in CANKs, Nx-ANKs, 

and Nx-CANKs were drastically smaller than that of other groups in order (*P < 0.05). E, 

Kaplan-Meier Graph. There is a significant difference in survival of 7 different groups of NB 

tumor–bearing mice of up to 90 days. An overall 86% survival for Nx-CANKs and no 

survival for NB-Ex-treated groups (*P < 0.05). F, Histology. Hematoxylin-eosin staining of 

resected NB tumors after 3, 4, and 5, weeks of treatment shows that we had a minimum of 

neoplastic cells after 5 weeks’ treatment with Nx-CANKs as our best complementary 

treatment group. NB indicates neuroblastoma; NB-Ex, NB-derived exsosomes; NK cell, 

natural killer cells; Nx-ANKs, NB exosome–activated NK; Nx-CANKs, NB exosome 

cytokine-activated NKs.
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