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Abstract: Cancer immunotherapies are gaining a large popularity and many of them have been ap-

proved as standard second-line or in some cases even as first-line treatment for a wide range of 

cancers. However, immunotherapy has not shown a clinically relevant success in glioblastoma 

(GBM), principally due to the brain’s “immune-privileged” status and the peculiar tumor microen-

vironment (TME) of GBM featured by lack of presence of tumor-infiltrating lymphocytes and the 

establishment of immunosuppressive mechanisms.  

Emerging evidence has highlighted the key role played by innate immune cells in 

immunosurveillance and in initiating and driving immune responses against GBM. Im-

munogenic cell death (ICD) is a promising approach to elicit direct activation of the innate 

immune system by inducing in target cancer cells the expression of molecular signatures  

recognized through a repertoire of innate immune cell pattern recognition receptors 

(PRRs) by effector innate immune cells.  

Herein, we explored local mild thermal treatment, generated by using ultrasmall 

(size ~ 17 nm) cubic-shaped iron oxide nanoparticles exposed to an external alternating 

magnetic field (AMF), to induce  ICD in U87 glioblastoma cells. In accordance with what 

has been previously observed with other types of tumors, we found that mild hyperther-

mia modulates the immunological profile of U87 glioblastoma cells by inducing stress-

associated signals leading to enhanced phagocytosis and killing of U87 cells by macro-

phages. Finally, we demonstrated that mild magnetic hyperthermia has a modulatory ef-

fect on the expression of inhibitory and activating NK cell ligands on target cells. Interest-

ingly, alteration in the expression of NK ligands, caused by mild hyperthermia treatment, 

in U87 glioblastoma cells, increased their susceptibility to NK cell killing and NK cell func-

tionality. The overall findings demonstrate that mild magnetic hyperthermia stimulates 

ICD and sensitizes GBM cells to NK-mediated killing by inducing the upregulation of 

specific stress ligands, providing a novel immunotherapeutic approach for GBM treat-

ment, with potential to synergize with existing NK cell-based therapies thus improving 

their therapeutic outcomes. 
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magnetic hyperthermia 

 

1. Introduction 

Glioblastoma (GBM) is the most common type of primary malignant brain tumor and 

is one of the most aggressive and lethal forms of human cancer, with a median survival 

rate of 12-15 months following diagnosis [1]. The current standard treatment protocol, 

known as Stupp’s protocol, involving maximal surgical resection of the tumor, followed 

by concomitant administration of radiotherapy and chemotherapy, mostly temozolomide 
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(TMZ), has not produced a satisfactory life-extension, and indeed, less than 5% of patients 

diagnosed with GBM survive for more than 5 years [2]. 

In the last decade, immunotherapy has emerged as a promising therapeutic regimen 

for cancer therapy, showing great success in the treatment of numerous cancers, including 

melanoma, lung, breast, colorectal and kidney cancer, and a number of immunotherapy 

protocols have been approved by the Food and Drug Administration (FDA) for clinical 

use [3–9]. Immune checkpoint inhibitors (ICIs), adoptive cell therapy and vaccines are the 

three major immunotherapeutic approaches that have been mostly investigated for cancer 

treatment [4]. However, despite the encouraging results achieved by cancer immunother-

apy in many lymphomas and solid tumors, the outcomes in GBM patients have been ra-

ther disappointing [10]. The establishment of an immunosuppressive tumor microenvi-

ronment (TME) has been widely recognized as the main cause of this failure [11].  

The generation of an anti-inflammatory microenvironment in GBM is sustained by 

different immunosuppressive mechanisms, some of which are share with other cancers 

and a number more are specific to GBM [12,13]. All these mechanisms, together with the 

presence of the blood–brain barrier (BBB), contribute to rendering GBM an “immune-priv-

ileged” site, characterized by a highly immunosuppressive environment and immune 

evasion [11,13]. 

Moreover, brain tumor cells can directly inhibit immune responses by regulating the 

expression of specific surface proteins, including programmed death-ligand 1 (PD-L1), 

cluster of differentiation 47 (CD47), human leukocyte antigen (HLA) molecules and Nat-

ural killer group 2 member D (NKG2D) ligands; or indirectly through the secretion of anti-

inflammatory cytokines or chemokines promoting the recruitment of immunosuppressive 

cell populations [14]. 

Most cancer immunotherapy treatments have focused on unleashing antigen-specific 

immune responses, driven mostly by CD8+ T cells[4]. The key role played by effector T 

cells in mediating antitumor responses has been corroborated by the positive correlation 

existing between tumor infiltrating T cells and prognostic outcomes [15–17]. However, it 

has been demonstrated that the onset and maintenance of CD8+ T cell-mediated responses 

and the generation of long-term immunity against tumors relies on the efficient activation 

of the innate immune system [18–20]. Additionally, innate immune cells not only sense 

cancer cells and initiate adaptive immune responses, but they can also exert an effector 

response through specific mechanisms, such as phagocytosis for macrophages and natu-

ral cytotoxicity for natural killer (NK) cells [21,22]. The enormous potential of innate im-

munity in GBM has been underlined by multiple studies showing that NK cells represent 

the most abundant intratumoral lymphocyte population, and that GBM cells may be par-

ticularly vulnerable to innate effector lymphocytes [23–28]. The relevant role of innate im-

munity in cancer therapy is further supported by recent findings that have confirmed the 

existence of a subpopulation of NK cells which exhibits antigen or non-antigen specific 

memory-like functions, revealing that NK cells can possess features analogous to adaptive 

immunity [29–32].  

The recognition of cancer cells by effector innate immune cells occurs via specific 

receptors like NKG2D, which can detect molecular alterations, such as cell surface expres-

sion of stress-inducible molecules (e.g. MHC class I chain-related proteins A and B 

(MICA/B) and UL16 binding proteins (ULBPs)) on target cells [33]. Innate immune cells 

also participate to effector responses via antibody-dependent cellular phagocytosis 

(ADCP) or antibody-dependent cellular cytotoxicity (ADCC) [34,35].  

The importance of innate immunity is turning out to be particularly relevant in those 

tumors, such as GBM, that are characterized by low mutation burden, downregulation or 

loss of the antigen presentation, T cell dysfunction and low number of tumor-infiltrating 

T cells, which can limit the utility of immunotherapeutic strategies directed to promote an 

antigen-specific T cell response (e.g. anticancer vaccines) [13,36]. 
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In this context, therapeutic approaches aiming to sensitize GBM cells to the recogni-

tion and killing by innate immune cells represent an effective strategy to improve the out-

comes of immunotherapy in GBM, and more in general in those malignancies that have 

shown low response rates to conventional treatments.  

Immunogenic cell death (ICD)-inducing strategies are a convenient mode to achieve 

simultaneous activation of innate and adaptive immunity by promoting the expression 

and exposition of stress-associated molecules (e.g. damaged-associated molecular pat-

terns, DAMPs) and the release of tumor antigens normally hidden within cancer cells 

[37,38]. Ultimately, ICD serves as a source of both antigens and adjuvanting molecules to 

activate antigen-presenting cells (APCs) that promote antitumor immunity, providing an 

opportunity for a novel treatment known as “in situ vaccination” [39–41].  

To date, thanks to the several screening studies, different treatments have been iden-

tified as ICD inducers, including chemotherapy, radiotherapy and hyperthermia (HT) 

[42–47]. Among all, HT presents unique advantages over other ICD inducers, such as min-

imal invasiveness, inferior mutagenic potential and systemic toxicity, and improved tu-

mor specificity [48,49]. All this is particularly true when heat is selective and locally ap-

plied at the tumor site sparing the surrounding healthy tissues or other organs. This is the 

case of magnetic hyperthermia (MHT) which relies on the use of magnetic nanoparticles 

(MNPs) to remotely induce local heat when an alternating magnetic field (AMF) is exter-

nally applied [50,51]. Moreover, in comparison to conventional HT treatments, coupling 

plasmonic nanoparticles with laser light as external energy source, MHT exhibits a supe-

rior penetration with no tissue-depth attenuation of the magnetic responsiveness of MNPs 

under magnetic field conditions (100 kHz and24kA/m) that are clinically safe for patients, 

rendering MHT suitable for effective heating of deep seated tumors [52].  

Although MHT has been largely investigated as ICD-inducer, the focus of these stud-

ies has been mainly toward its ability to prime a cytotoxic T lymphocyte (CTL)-dependent 

immune response against cancer cells, while the role played by innate effector cells in 

mediating ICD-induced responses has not been fully characterized [47,52–54]. Indeed, 

ICD is accompanied by the exposure and release of numerous DAMPs, which not only 

favour the recruitment and activation of antigen-presenting cells, but many of them, in-

cluding heat shock proteins (HSPs), high mobility group box 1 (HMGB1), NKG2D ligands, 

have also been demonstrated to engage receptors expressed on NK cells, potentially sen-

sitizing tumor cells to lysis by NK cells [55,56]. Upon activation, macrophages and NK 

cells can not only initiate and shape adaptive immune responses and function as cytokine 

producers, but they can also act as effector cells and be directly responsible for tumor cell 

elimination [57].  

Here, the capacity of mild MHT (43°C) to induce ICD, and thereby increase GBM 

cells’ susceptibility to innate effector cells, was evaluated on U87 GBM cells grown as 3D 

spheroids (Figure 1a and 1b). The study was conducted using iron oxide nanocubes 

(IONCs) with a size of approximately 17±2 nm and functionalized with gallic acid (GA)-

Polyethylene glycol (PEG) polymer to improve the colloidal stability of the resulting 

IONC-GA-PEG, thus preserving their heating properties in biological environments.  

The experiments with U87 GBM cells and monocyte-derived macrophages showed 

that MHT-induced ICD sensitizes cancer cells to phagocytosis with consequent macro-

phage activation as confirmed by upregulation of CD86 and MHC-II. Immunophenotypic 

characterization of MHT-treated U87 cells also revealed that the exposure to mild MHT 

remodulates the expression of some NK activating and inhibitory ligands on the surface 

of U87 cells, which correlates with increased susceptibility of cancer cells to NK-mediated 

killing. We believe that this work offers a new rationale and design considerations for the 

development of novel nanotechnology-based treatments directed at eliciting both innate 

and adaptive immunity, for a more robust an effective antitumor immune response. 
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Figure 1. Schematic representation of the innate immunological effect of mild MHT (43°C) on tumor 

cells (a). Tumor cells express on their surface anti-phagocytic molecules (“don’t eat me signal”), such 

as CD47, that binding to SIRP-α receptor on macrophages impedes macrophage phagocytosis of 

tumor cells (b). Tumor cells can also evade NK cell-mediated killing by increasing the expression of 

NK inhibitory ligands (NKILs) recognized by specific receptors (NKIRs) on NK cells, and downreg-

ulating the expression of NK activating ligands (NKALs) responsible for inducing the activation of 

a receptor-mediated NK killing of tumor cells by engaging specific NK activating receptors 

(NKARs) on NK cells (b). All this results in a “don’t kill me” signal that allows evasion of NK cell 

immune responses. Mild MHT can revert the TIME thus rendering tumor cells more susceptible to 

innate immune effectors (macrophages and NK cells) by enhancing the expression of ICD-associated 

markers, like CRT engaging CD91 receptor on macrophages, and concomitantly upregulating 

NKALs, and downregulating NKILs (a). Illustration of the functionalization of IONCs with GA-

PEG polymer (c). 

Characterization of hydrodynamic size and PDI (d) of IONC-GA-PEG by dynamic 

light scattering (DLS). Representative TEM image of the IONC core coated by GA-PEG 

polymer (IONC-GA-PEG) (e). Zeta potential of IONC-GA-PEG (f). Temperature vs time 

heat profile of IONC-GA-PEG to heat up to the desired temperature of 43°C under an 
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AMF at frequency, f, of 182 kHz and field intensity, H, of 16 kA/m (g). A schematic illus-

tration of the in vitro study design (h).   

2. Results 

2.1. Synthesis and characterization of GA-PEG-coated IONCs 

The synthesis of highly monodispersed IONCs of 17 ± 2 nm coated by surfactant mol-

ecules (oleic acid) was conducted according to the patented procedure [58]. Gallic poly-

ethylene glycol (Mr ~ 1,500) (GA-PEG) was chosen as a water transfer ligand for the IONCs 

(Figure 1c). We adapted a well-established approach of our lab for the synthesis of this 

ligand and its further use for the water transfer of the IONCs, achieving the desired well-

soluble IONC-GA-PEG in aqueous media [59].  

This was also indicated by the mono-modal size distribution of the hydrodynamic 

peak as measured by dynamic light scattering (DLS) spectra, which is centred at 48 ± 6 nm 

and has a polydispersity index (PDI) of 0.188 (Figure 1d), confirming the success of the 

water transfer. Even transmission electron microscopy (TEM) analysis indicates the pres-

ence of a carpet of nanocubes well-separated by each other (Figure 1e and S1 in the sup-

porting information). The overall charge by zeta potential measurements of the IONCs 

grafted with GA-PEG molecules was assessed at -13.5 mV (figure 1f).  

The heating properties of IONCs were measured by calorimetric measurements 

when exposing the colloidal solution of IONCs (2 g[Fe]/L) to an external oscillating mag-

netic field. SAR values of the PEGylated IONCs were measured at different conditions 

(frequencies: 100 or 300 kHz; amplitudes: 12, 16 or 24 kA/m), confirming its high SAR 

values at different frequency and field amplitude of safety clinical use (Figure S2 in the 

supporting information). 

It is relevant to highlight that PEGylated IONCs are able to increase the temperature 

media at a target therapeutic temperature of 43°C within the initial 5 minutes, at a low 

IONC dose (2 g[Fe]/L) and under field conditions clinically safe (magnetic field intensity, 

H, of 16 kA/m and at a frequency, f, of 182 kHz) (Figure 1g).  

To evaluate the biocompatibility of PEG-functionalized IONCs, an in vitro viability 

assay, using the cell counting kit-8 (CCK-8), was conducted on human U87 glioblastoma 

cells (Figure S3 in the supporting information). Control groups that received either no 

treatment or that were exposed to AMF or IONCs alone did not show any significant var-

iation of cell viability at 24 and 48 hours. A cytotoxicity effect was observed only when 

U87 cells incubated with IONCs were subjected to three cycles of AMF, showing a reduc-

tion of cell viability up to more than 60% (Figure S3 in the supporting information). Taken 

together, these results clearly indicate that GA-PEG-capped IONCs possess optimal col-

loidal stability, high heat transfer efficiency and low toxicity profile in absence of MHT 

actuation. Thus, IONC-GA-PEG represents an excellent heating mediator for the develop-

ment of magnetic nanoparticle-mediated hyperthermia therapies.  

Next, these nanoparticles were used for the in vitro cells studies with U87 GBM cells 

to evaluate the immunological effect of mild MHT. A schematic of the overall study per-

formed in U87 cells is shown in Figure 1h. 

2.2. Mild MHT induces apoptosis and impacts tumor-initiating and migratory abilities of U87 

cells 

Mild hyperthermia has been shown to be effective at inducing ICD in many types of 

cancer cells, including glioblastoma cells [47,52,53,60]. ICD is a form of cell death charac-

terized by the exposition and/or release of various DAMPs, which stimulate immune cell 

recruitment and activation by engaging specific receptors on the surface of innate immune 

cells [37]. Cell death can occur through numerous regulated mechanisms defined by spe-

cific molecular events and physiological effects. Secondary necrosis, in contrast to apop-

tosis or primary necrosis, is considered to be more immunogenic, as it can initiate pro-

inflammatory processes leading to the activation of innate and adaptive immune re-

sponses [61]. 
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Figure 2. Evaluation of the ability of MHT to induce ICD by Annexin V/PI assay.  MHT induces 

reduction of cell viability in U87 (a). After being exposed to mild MHT (3 cycles of 30 min at 43°C), 

U87 cells were left to rest for 24 h and then stained with annexin-V-FITC and PI. Frequency of apop-

totic (Annexin V+/PI−) (blue bars), primary necrotic (Annexin V-/PI+) (grey bars) and secondary ne-

crotic (Annexin V+/PI+) (red bars), U87 cells were determined by flow cytometry (b,c). Data are rep-

resented as mean ± SD of three independent experiments (n = 3) (b). Representative dot plots of 

Annexin V/PI staining of U87 cells treated with AMF, IONCs, HT or MHT(c). Statistical significance 

was determined with a two-tail unpaired student’s t test (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 

0.001; n.s.= not significant). 

In order to ascertain the ability of MHT to evoke ICD in GBM, U87 spheroids were 

treated with mild MHT (43°C) and subsequently incubated at 37°C for 24 h in serum-free 

medium. Cell viability in cancers cells was then evaluated by Annexin V/PI staining fol-

lowed by flow cytometric analysis (Figure 2). The results showed that MHT treatment 

caused a reduction in cell viability of approximately 30% in U87 cells at 24 hours post-

treatment (Figure 2a). Interestingly, conversely to what was observed in tumor cells 

treated with classical hyperthermia (HT), carried out at the constant temperature of 43°C 

using a thermomixer, a higher number of Annexin V/PI double positive cells (secondary 

necrosis) were detected at 24 hours after treatment with MHT (Figure 2b and 2c). The 

cytotoxic effect of MHT in U87 cells was also confirmed with a colony-forming assay (Fig-

ure 3a) and further characterized by flow cytometric analysis of the cell cycle (Figure S4, 

supporting information). We found that mild MHT strongly inhibits cell proliferation in 

U87 cells as a consequence of an arrest of the cell cycle in the G2/M phase as evinced by 

the accumulation of cells in S and G2/M phase (Figure S4 in the supporting information).  
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Figure 3. Evaluation of the clonogenic (a) and migration (b) activity, surface expression of EMT (c, 

d) and CSC markers (e), in U87 cells in response to the treatment with mild MHT (3 cycle of 30 

minutes at 43°C). Clonogenicity was evaluated in U87 cells after treatment with AMF, IONCs and 

MHT (a). Data are shown as representative images of stained colony with crystal violet and relative 

absorbance at 595 nm comparing Table 3. Inhibition of cancer cell migration was analyzed in U87 

cells after exposition to different treatments (AMF, IONCs and MHT) using a transwell assay (b). 

The results were represented as relative percentage compared to untreated cells (d). Error bar indi-

cates ± SD calculated from three independent experiments (n = 3). Surface expression of E-cadherin, 

Vimentin and CD133 was measured by flow cytometry at 24 hours post-treatment with AMF, 

IONCs and MHT, and data reported relative to untreated controls (c,d,e). Data are represented as 

mean ± SD of three independent experiments (n=3). Statistical analysis was conducted with a two-

tail unpaired student’s t test (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not significant). 

Tumor cell migration and epithelial-mesenchymal transition (EMT) are key mecha-

nisms that facilitate tumor progression by supporting metastasis formation, cancer stem 

cell (CSC) generation and drug resistance [62].  

A transwell assay was set up to evaluate the effect of mild MHT on cell migration. 

Our findings showed that mild MHT strongly suppressed U87 tumor cell migration (up 

to ten-fold) at 24- and 48-hours post-treatment (Figure 3b). Flow cytometric analysis of 

MHT-treated cells revealed that this observation was accompanied by increased ectopic 

levels of E-cadherin (Figure 3c), whereas no remarkable changes were found in the surface 

expression level of both CD133 and vimentin in response to treatment with MHT (Figure 

3d and 3e). The increment in the levels of E-cadherin found in MHT-treated cells are in 

line with the reduced migration ability seen in U87 cells after treatment with mild MHT, 

since cancer cells with an epithelial phenotype are commonly characterized by a lower 

migration rate than those with a mesenchymal phenotype.  

2.3. Mild MHT induces ICD in U87 cells and enhances macrophages’ antitumoral functions.  

Cells undergoing apoptosis exhibit changes involving the exposure and release of 

DAMPs, such as calreticulin (CRT), HSPs, HMGB1 and other molecules, which act as dan-

ger signals to induce ICD that evoke systemic antitumor immunity. 

To investigate whether MHT can act as ICD-inducer in U87 cells, MHT-treated cancer 

cells were analysed for the expression and secretion of ICD-associated molecules. After 

treatment, we observed an increase in HMGB1 secretion (Figure S5a, supporting infor-
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mation), as well as in the expression of the endoplasmic reticulum (ER) chaperone pro-

tein, CRT, and the cytoplasmic chaperone proteins HSP70 and HSP90 on the surface of 

U87 cells growth in 3D conditions (Figure 4).  

 

Figure 4. Flow cytometric evaluation of changes in surface expression of ICD-associated markers at 

24 hours post-treatment: CRT, HSP70, HSP90 and CD47 on U87 cells exposed to different treatments 

(AMF, IONCs and MHT) over untreated cells. Data are presented as representative histograms and 

average fold change (mean ± SEM) of the mean fluorescence intensity (MFI) of three independent 

experiments (n = 3). Statistical analysis was conducted via two-tailed unpaired student’s t test (*0.01 

< p < 0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not significant). 

Similarly, the expression of CD47 was downregulated in MHT-treated cells com-

pared to the control groups (Figure 4). In all cases, the expression was assessed by flow 

cytometry 24 h after exposure to the treatments in cells cultured as 3D spheroids.  

These changes in the expression of DAMPs, induced by treatment with MHT, can 

render cancer cells recognizable to macrophages through both downregulation of “don’t 

eat me” (CD47) signals and upregulation of “eat me” signals (CRT). Thus, we evaluated 

in vitro the phagocytosis of MHT-treated U87 cells by THP-1 macrophages (Figure 5a and 

5b). U87 cells exposed to mild MHT showed higher engulfment by macrophages, com-

pared to untreated cells (Figure 5b). Additionally, in agreement with previously pub-

lished studies, phagocytosis of MHT-treated U87 cells by macrophages was further en-

hanced in the presence of the toll-like receptor 9 (TLR9)-agonist CpG-ODN (1 µg/mL).  

We further evaluated the ability of U87 cells undergoing ICD in response to mild 

MHT to induce the activation of macrophages. Consistent with MHT-induced expression 

of DAMPs, co-culture of THP-1-derived macrophages with MHT-treated U87 cells re-

sulted in the upregulation of CD86 and HLA-DR (Figure 5d), both markers of APC mat-

uration. Finally, we also demonstrate that pretreatment with mild MHT sensitize U87 

GBM cells to the killing mediated by macrophages (Figure 5c). Indeed, the viability of 

MHT-pretreated U87 cells was further reduced when they were co-cultured with macro-

phages (p < 0.001), while only a modest macrophage-mediated killing was observed when 

THP-1 macrophages were co-cultured with untreated control cells or cancer cells exposed 

only to IONCs (Figure 5c). Together these in vitro results indicate that treatment with 
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MHT can sensitize U87 glioblastoma cells to the killing mediated by macrophages, besides 

promoting their activation.  

  

Figure 5. Representative dot plots showing phagocytosis of MHT-treated CFSE-labelled U87 cells 

cultured in monolayers by PE anti-CD11b labelled THP-1-derived macrophage effector cells at a 1:1 

effector: target (E:T) ratio (a). Flow cytometric quantification of relative cell uptake by THP-1-de-

rived macrophages after co-culture with untreated or MHT-treated U87 (b). Phagocytosis was de-

termined as percentage of CD11b+/CFSE+ after 2 hours of co-culture. Tumor cell killing by macro-

phages was evaluated by crystal violet staining after 24 hours of co-culture with untreated or treated 

U87 cells (IONCs or MHT) (c). Activation of THP-1-derived macrophages was evaluated by flow 

cytometry, quantifying the expression of CD86 (blue bars) and HLA-DR (red bars) after 48 of co-

incubation with untreated or treated U87 cells (IONCs or MHT) (d). All data shown is mean ± SD. 

Statistical analysis was conducted via two-tailed unpaired student’s t test (*0.01 < p < 0.05; **0.001 < 

p < 0.01; ***p < 0.001; n.s.= not significant). 

The PD-1/PD-L1 axis represents another immune checkpoint pathway harnesses by 

malignant cells to evade antitumor immune responses [63]. While initially it was thought 

that its role was only restricted to T cells, recent evidences pointed out that PD-1/PD-L1 

signalling pathway also participates in negatively controlling innate immune effectors 

[63,64]. Given the importance of PD-L1 in tumor immune evasion, we decided to assess 

the effect of mild MHT on PD-L1 expression in U87 cells by flow cytometry (Figure S3b 

and S3c in the supporting information). We found that mild MHT modestly downregu-

lated PD-L1 expression on the surface of GBM cells at 24 hours after treatment, whereas 

the exposition to AMF or IONCs did not produced any significant changes in the surface 

levels of PD-L1 (Figure S5b in the supporting information). 

2.4. Mild MHT alters the expression of NK cells-activating and inhibitory ligands on U87 cells 

In line with previously published works, we showed that MHT triggers the upregu-

lation of DAMPs. Despite the role of MHT at inducing DAMPs has been already explored, 

its effect in modulating the expression of some stress-induced ligands and inhibitory NK-

ligands on GBM cells remains to be characterized. Therefore, we investigated whether 

mild MHT could modulate the expression of NK cell ligands on GBM cells, such as MICA, 

ULBP-1, ULBP-2 (NKG2D ligands); Nectin-2, PVR (DNAM-1 ligands); B7H6 (NKp30 lig-

and); HLA class I (HLA-I or HLA-ABC) and HLA-E. Flow cytometric analysis revealed 

an increase in the expression of NKp30 and DNAM-1 ligands B7H6, Nectin-2 and PVR 

(Figure 6) and a slight reduction in the levels of NKG2D ligands (MICA and ULBP-2) 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 August 2021                   doi:10.20944/preprints202108.0494.v1

https://doi.org/10.20944/preprints202108.0494.v1


 

 
  

(Figure S6 in the supporting information). Whereas not appreciable difference was ob-

served in the expression of ULBP-1 between the different groups (p > 0.05) (Figure S6 in 

the supporting information). 

 

Figure 6. Flow cytometric evaluation of changes in surface expression of NK ligands (Nectin-2, PVR, 

HLA-I and HLA-E) with NK activating (NKALs) or inhibitory (NKILs) functions in U87 cells ex-

posed to different treatments (AMF, IONCs and MHT) compared to untreated cells at 24 hours post-

treatment. Data are shown as representative histograms and expressed as average fold change 

(mean ± SD) of the mean fluorescence intensity (MFI) of three independent experiments (n = 3). 

Statistical analysis was conducted via two-tailed unpaired student’s t test (*0.01 < p < 0.05; **0.001 < 

p < 0.01; ***p < 0.001; n.s.= not significant). 

We additionally found that treatment with mild MHT markedly altered the expres-

sion of NK cell inhibitory ligands in U87 cells, including both classical (HLA-I) and non-

classical (HLA-E) HLAs (Figure 6). Importantly, for all the examined markers, a non-sig-

nificant variation in the expression levels was observed in tumor cells groups exposed to 

AMF or IONCs alone, demonstrating that this re-modulation of NK cell ligands expres-

sion is strictly attributable to MHT treatment.  

2.5. Mild MHT sensitizes U87 cells to NK cell-mediated functions. 

Previous studies have reported that GBM stem cells exhibit increased expression of 

Nectin-2, PVR and B7H6 ligands [26,62]. The first two ligands are recognized by NK cells 

through DNAM-1 receptor, while B7H6 can promote NK cell activation by interacting 

with the NKp30 receptor. Overall, the increased expression of these ligands on GBM stem 

cells has been reported to induce superior receptor-specific activation of NK cells and con-

sequently increase their susceptibility to NK cell-mediated killing [26].  

We showed that the expression of cancer stem cell-associated ligands can be further 

upregulated consequently to MHT exposition, and given that their expression has been 

correlated to increased susceptibility to NK cell-mediated killing, we examined whether 
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NK cells had a superior killing activity against MHT-treated U87 spheroids. For our pur-

pose U87 spheroids, after treatment with MHT, were left to rest for 24 hours in serum-free 

neural stem cell medium. Next, IL-2-activated NK cells were added to pre-treated tumor 

spheroids, and the latter were monitored for growth. Size analysis of U87 spheroids 

demonstrated that the combination of MHT and NK cells led to a stronger inhibition of 

spheroid growth than single treatment with only MHT or NK cells alone (Figure 7a and 

7b). The concomitant analysis of cell viability using a crystal violet staining assay (Figure 

7c) provided a further evaluation of the effect of MHT as monotherapy or in combination 

with NK cells on U87 spheroids. Crystal violet staining assay was carried out after 48 

hours incubation of harvested cells at conventional adherent conditions, thus allowing 

alive cancer cells to adhere to the surface of the plate prior to staining. Non-adherent cells 

(dying U87 cells and NK cells) were removed following extensive washing, and viability 

was determined by measuring the absorbance of crystal violet using a spectrophotometer. 

As shown in Figure 7c, a strong reduction in the cell viability was detected in U87 sphe-

roids treated with MHT, indicating that most of the U87 cells had been killed, and this 

effect was significantly enhanced by NK cells. A significant reduction of U87 viability was 

found in the dual treatment compared to single treatment with NK cells (p < 0.001) or 

MHT (p < 0.001), thus indicating that MHT treatment can sensitize U87 GBM cells to NK 

cell-mediated killing. 

Finally, we investigated if NK cell functionality, in terms of migration and cytotoxi-

city against U87 cells can be improved by the pre-exposure of tumors cells to mild MHT. 

By performing a transwell migration assay, we found that conditioned media from MHT-

treated U87 cells, enhances the directional movement of NK cells (Figure 7d). Thus 

providing in vitro evidence that thermal magnetic-triggered therapy could potentially fa-

vor NK cell recruitment at the tumor site. 

 

Figure 7. Evaluation of the susceptibility of MHT-treated U87 spheroids to NK cell-mediated killing 

(a, b, c). MHT-treated or untreated U87 cells were cultured for 24 hours in serum-free neuronal stem 

cell medium, following this resting period, IL-2-activated NK cells were added to the culture. At 

day 7 each culture well was analyzed measuring the area of the spheroids by imageJ software. Rep-

resentative images per each condition are reported (a). Results are presented as mean ± SEM of three 

experiments (b). Cell viability was also evaluated by crystal violet staining (c). U87 cells were gently 

harvested and incubated in conventional adhesion conditions. After 48 hours, cell cultures were 

stained with crystal violet followed by extensive washes (to remove non-adherent cells) and lysis of 

adherent cells. Relative absorbance at 595 nm was measured with a plate reader. Data are expressed 

as mean ± SD of three experiments. Chemotaxis of NK cells toward chemokines produced by MHT-

treated cells was evaluated using a transwell migration assay (d). Conditioned medium collected 

from U87 cells untreated or treated with IONCs and MHT were added to the lower chambers of 

transwell plates. Fresh medium was used as a control. NK cells (1 × 105) were added to the upper 

chamber and cells were incubated for 18 hours. Cells in the lower chambers were harvested and 

counted. Data are shown as mean ± SEM of four independent experiments. Statistical analysis was 
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performed using a one-way ANOVA test (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not 

significant). 

The next experiments were addressed at evaluating the impact of MHT treatment on 

NK cell cytotoxicity against U87 cells. NK cell cytotoxic activity against tumor cells is 

mainly exerted via the secretion of cytotoxic granules containing granzymes/perforin, re-

sulting in surface exposure of lysosomal-associated proteins that are typically present on 

the lipid bilayer surrounding lytic granules, such as CD107a. Therefore, we evaluated the 

membrane expression of CD107a on NK cells as a marker of cytotoxic degranulation. For 

this, we co-cultured IL-2-activated NK cells, isolated from two healthy donors, with un-

treated and MHT-treated U87 spheroids, and quantified tumor cell killing and the levels 

of CD107a in NK cells (Figure 8). Interestingly, pre-treatment of U87 spheroids with MHT 

resulted in increased sensitivity to NK cell cytotoxic action (p < 0.001) (Figure 8a and 2b) 

and, in line with this, MHT pre-treated U87 spheroids induced higher levels NK cell 

degranulation compared to untreated U87 spheroids (Figure 8c and 8d). The enhanced 

NK cell reactivity against MHT-pretreated GBM spheroids was also observed in terms of 

IFN-γ production (Figure S7 in the supporting information).  Finally, we demonstrated 

that the killing of MHT pre-treated U87 GBM spheroids, involves both DNAM-1 and 

NKp30 receptors, since double blocking treatment with anti-DNAM-1 and anti-NKp30 

antibodies caused a strong inhibition of killing and degranulation of IL-2-activated NK 

cells, compared with single blocking of DNAM-1 or NKp30 (p < 0.001).  

 

Figure 8. NK cell-mediated killing of U87 cells and degranulation activity. U87 cells were treated 

with MHT and co-cultured with IL-2-activated NK cells for 4 hours at an E:T ratio of 1:1. Tumour 

cell killing of U87 cells was assessed by flow cytometry determining viability dye-positive (FSV450+) 

cells in U87 cells. (a) Data are shown as representative histograms (a) and mean ± SEM. (b). IL-2-

activated NK cells were co-incubated with U87 cells for 4 h at an E:T ratio of 1:1 in the presence of 

anti-CD107a antibody. Percentage of degranulating CD107a+/CD56+ NK cells was represented as 

individual plots (c) and mean ± SEM  (d). Results shown are representative of three experiments 
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using NK cellsfrom two healthy donors. Statistical analysis was performed using a one-way 

ANOVA test (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not significant). 

3. Discussion  

The exploitation of ICD to revert the immunosuppressive TME into a more im-

munostimulatory one, and trigger an effector antitumor immune response sustained by 

both innate and adaptive effector cells against stressed/dying cancer cells is emerging as 

a novel strategy for the treatment of tumors that are classified as immunologically “cold”. 

This is particular interesting for GBM since recent evidence suggests a predominant 

role of innate immunity in brain tumor surveillance. Indeed, GBM shows a “non-conven-

tional” immunological profile and unlike other tumors, such as melanoma and breast can-

cer, NK cells represent the most abundant tumor-infiltrating lymphocytes and up to half 

of GBM mass is constituted by resident microglia and circulating blood monocytes/mac-

rophages [63,64]. 

Although MHT–induced anticancer responses have been reported in several cancers, 

including melanoma, breast cancer, colon carcinoma, little is known regarding MHT as 

ICD-inducer in GBM [52,53]. Our results demonstrate that mild MHT treatment can be 

exploited as the external activation mechanism to induce ICD and re-modulate the immu-

nogenic profile of U87 GBM cells, thus rendering them more susceptible to the antitumoral 

action of innate immune effectors, such as macrophages and NK cells.  

The results of the present study demonstrated that treatment with mild MHT was 

cytotoxic in U87 cells, with 30% reduction in cell viability, and that it can re-shape the 

immunological features of these tumor cells thus facilitating their recognition by innate 

effectors, including macrophages and NK cells.  

MHT treatment, mediated by IONC-GA-PEG, induced the upregulation of several 

immunogenic molecules (CRT, HSP70, HSP90 and HMGB-1) and downregulated the ex-

pression of immunological “breaks” (CD47 and PD-L1) that can promote immune eva-

sion. Differential expression of DAMPs resulted in a faster recognition and phagocytosis 

of U87 cells by macrophages in vitro. Upon 24 hours of co-culture, macrophages incubated 

in the presence of U87 cells pre-treated with mild MHT displayed an activated profile 

with increased surface levels of CD86 and MHC-II.  

Once we showed that, in line with other previous studies conducted with other type 

of cancer cells, MHT can induce ICD in U87 GBM cells, we decided to draw our attention 

to the potential role that NK cells can play in mediating MHT-triggered immune re-

sponses. 

First, we showed that treatment with mild MHT induces increased expression of 

DNAM-1 and NKp30 ligands and downregulation of MHC molecules in U87 human GBM 

cells, thereby potentially enhancing their susceptibility to NK cell-mediated killing. Con-

sequently, we found that pre-treatment of GBM cells with MHT positively reflected on 

the functionality of IL-2-activated NK cells in terms of degranulation and IFN-γ release.  

Importantly, DNAM-1 and NKp30 blockade reduced the lysis of cancer target cells, 

and together the two blocking antibodies displayed a synergistic effect that abrogate NK 

cell-mediated killing of U87 cells pre-sensitized by treatment with MHT. This result is 

consistent with the reduction in NK cell degranulation upon pre-treatment with anti-

DNAM-1 and NKp30 blocking antibodies of MHT-treated GBM cells. Together, these 

findings provide clear evidence that mild MHT treatment can not only induce adaptive 

immunity by serving as ICD-inducer for the activation of APCs, but can also sensitize U87 

GBM cells to NK cell-mediated killing. 

4. Conclusions 

In summary, we showed that mild MHT with MNPs can be apply not only as “in situ 

vaccination” strategy, but can be also explored as a novel approach to enhance the anti-

tumoral activity of NK cells in GBM by re-modulating the immunological profile of target 

cells via induction of stress-associate molecules and downregulating inhibitory ligands. 

These results could open new therapeutic possibilities for MHT, providing a rationale for 
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novel combinatorial treatments based on MHT and NK cell therapies, with the potential 

to ensure simultaneously TIME re-modulation and the generation of a NK cell-sustained 

effector response. However, at the same time, we also observed slight reduction in the 

expression of some NKG2D ligands on the surface of U87 cells that were exposed to mild 

MHT. Thus, future in vitro and in vivo studies are needed to further explore the association 

of mild MHT treatment with the expression of NK ligands. Thereby, it will possible to 

define if this is a concept that can be generalized to GBM or even extended to other kind 

of tumors. Furthermore, a comprehensive elucidation of the molecular mechanisms be-

hind the effects of mild MHT on the tumor-NK cell interaction, could enable a full exploi-

tation of NK cell-based therapeutic potential. 

5. Experimental section 

Reagents  

U87 and THP-1 cell lines were purchased from American Type Culture Collection 

(ATCC). All chemicals were obtained from Sigma-Aldrich. Annexin-FITC/PI kit was ob-

tained from Miltenyi Biotec. Antibodies for E-cadherin and Vimentin were purchased 

from Santa Cruz Biotechnology. Antibodies against CRT, HSP70 and HSP90 were ob-

tained from Enzo Life Sciences. Antibodies for CD133, CD47, CD14, HLA-I (ABC), HLA-

E, HLA-DR, CD11b, CD86 and PD-L1 were purchased from Biolegend. Antibodies against 

ULBP-1, ULBP-2 and ULBP-3 were purchased from R&D Systems. Anti-CD16 antibody 

was obtained from Miltenyi Biotec. Anti-CD107a antibody was purchased from Ther-

moFisher Scientific. Anti-CD56 antibody was purchased from Beckman Coulter. Fixable 

viability staining 450 (FVS450) was provided by BD Biosciences. Carboxyfluorescein di-

acetate succinimidyl ester (CFSE) was purchased from Thermo Fisher Scientific. Antibod-

ies against Nectin-2, PVR, B7H6 were obtained from R&D Systems. HMGB1 ELISA kit 

was obtained from Tecan. IFN-γ ELISA kit was purchased from Invitrogen. 

Synthesis of the IONCs 

The synthesis of the IONCs was conducted according to the procedure reported in 

the patent [58]. Briefly, to prepare the IONCs a solvothermal method was used and it re-

quires three steps: i) providing a solution comprising oleic acid, hexadecylamine and 1-

octanol; ii) adding a solution of iron pentacarbonyl and benzaldehyde; iii) transferring the 

reaction mixture to an autoclave vessel, at a filling percentage thereof of 46 % in V; and 

iv) heating the autoclave to a temperature of 200°C for 6 hours. 

Synthesis of Gallic Acid PEG (GA-PEG) ligand  

The synthesis of GA-GEG was that reported by P. Guardia et al. with some modifi-

cations [59]. Briefly, 5 g Poly(ethylene  glycol)  (PEG,  3.3 mmol,  Mw=1500kDa) were dis-

solved in  500 mL tetrahydrofuran (THF) through sonication for 1 h. 280 mg of Gallic acid 

(GA, 1.64 mmol) was dissolved in 10 mL  THF  and separately 20 mg dimethyl amino 

pyridine  (DMAP,  0.16  mmol) were dissolved  in 10  mL  THF in a flask under magnetic 

stirring at room temperature. 1.72 g N.N’-Dicyclohexylcarbodiimide (DCC, 8.3 mmol) dis-

solved in 20 mL of THF was drop-wise added within 1h to the solution of PEG/GA/DMAP 

under energic magnetic stirring. The mixture was then stirred at room temperature for 

additional 48 hours and THF and DMAP were removed under reduced pressure (300 

mbar). The crude product (GA-PEG) was completely dried and then dissolved in 40 mL 

de-ionized water and the pH adjusted to 2 to precipitate hydrolyzed DCC. After 1h, the 

solution is filtered with a paper filter in a Buchner funnel and GA-PEG was extracted from 

the aqueous phase with 200 mL chloroform. This step was repeated 5 times. After removal 

of Chloroform at reduced (350 mbar) pressure, GA-PEG was dried in the vacuum stove 

overnight at 44 °C. GA-PEG was dissolved in 20 mL of dichloromethane (DCM) and add 

dropwise in 200 mL of cold diethyl ether. After this, the precipitate was filtered with a 

Buchner funnel and dried in the vacuum stove overnight at 40 °C. Prior to determination 

of the yield, a 0.05M solution of GA-PEG in chloroform was prepared for further used for 
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the water transfer of the IONCs. The yield was determined through 1H-NRM and was 

found to be 11%.  

Ligand Exchange and Water Transfer of Cubic Iron Oxide Nanoparticles (IONCs-GA-PEG)  

Briefly, 4 mL of a chloroform solution of the IONCs ([Fe] = 1mg/mL) was added to a 

10.8 mL GA-PEG solution (0.05M) to provide 500 ligand molecules per nm2 of nanoparti-

cle surface. Subsequently, 1.08 mL of triethylamine (TEA) was added. The solution was 

stirred in an orbital shaker overnight at 3000 rpm. The sample was extracted with 5 mL of 

toluene, 10 mL of Milli-Q water and small amounts of acetone. IONCs spontaneously 

phase transfer from the organic to the aqueous phase. Any trace of acetone was removed 

from the aqueous phase by bubbling nitrogen for at least 30 min. The sample was concen-

trated through rotavaporation and it is further purified by dialysis overnight and at room 

temperature against Milli-Q water (5 L) to remove the unreacted GA-PEG. Cellulose mem-

brane tubes with a molecular weight cut-off (MWCO) of 50 kDa were chosen for the dy-

alisis. This step was repeated two times. Finally, the resulting GA-PEG-coated IONC sam-

ple was concentrated by ultrafiltration using an Amicon centrifugal filter (MWCO of 100 

kDa, Merck Millipore) and analyzed by dynamic light scattering (DLS) (Zetasizer Nano 

ZS90, Malvern) and transmission electron microscopy (TEM). 

SAR measurements  

The calorimetric measurements to quantify the specific absorption rate (SAR) value 

of the IONCs were conducted using a commercially available magnetic nano-heating de-

vice (DM100 Series, nanoscale Biomagnetics). The aqueous solution of IONCs was ex-

posed to an alternating magnetic field with an amplitudes of 12, 16 or 24 kA/m and fre-

quencies of 100 or 300 kHz. SAR values were calculated using the following equation:  

     SAR= (C/m)(dT/dt),  (1) 

 

where C is the specific heat capacity of the colloid (Cwater =4.18 J g−1 C−1), dT/dt is the 

initial slope of the time-dependent temperature curve, and m is mass of magnetic material 

(g/L) in the suspension. To calculate the parameter dT/dt, temperature data points col-

lected within the first 60 seconds were used to obtain the slope of the curve deriving from 

the linear fitting of these points.  

Cell lines and cell cultures 

The U87 and THP-1 cell lines were obtained from the American Type Culture Collec-

tion (ATCC). U87 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; 

Sigma-Aldrich - high glucose with 4500 mg/L of glucose) and supplemented with 10% 

heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 2 mM L-glutamine (Sigma-Al-

drich) and 100 U/mL penicillin/streptomycin (Sigma-Aldrich) at 37 °C in a humidified 95% 

air and 5% CO2 atmosphere.  

U87 cells were also cultured in serum-free neural stem cell culture medium com-

posed of DMEM/F-12 (Sigma-Aldrich) supplemented with B-27 without vitamin A, 20 

ng/mL of both epidermal growth factor (EGF; PeproTech), 20 ng/mL basic fibroblast 

growth factor (FGF; PeproTech), 5 μg/mL heparin and 1% penicillin/streptomycin into 

ultra-low attachment 96-well microplates with flat bottom (Corning). 

THP-1 cells were grown in RPMI-1640 (Sigma-Aldrich) supplemented with 10% heat-

inactivated FBS, 2 mM L-glutamine, 100 U/mL penicillin/streptomycin and 50 μM β-mer-

captoethanol (Sigma-Aldrich). THP-1 monocytes were differentiated into macrophages by 

48 hours incubation with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Al-

drich) followed by 48 hours incubation in RPMI 1640 medium. Differentiation was con-

firmed by evaluating the expression of CD14 using a BD FACSAria III flow cytometry (BD 

Biosciences) (Figure S8 in the supporting information). 
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Cell treatment with MHT  

Magnetic hyperthermia studies on the cells were performed at 182 kHz and 16 kA/m 

field conditions for exposure to three consecutive cycles of MHT separated by a 5-minute 

break under AMF of 30 minutes each and at a IONCs of 2 gFe/L. In detail, adherent U87 

cells were detached with trypsin and counted using a hemocytometer. Afterwards, 1.5×106 

cells were resuspended in 150 μL of medium containing IONCs within a small glass vial. 

Then, cells were exposed to AMF. Immediately after treatment, the cells were washed 

with PBS and resuspended in serum-free neural stem cell culture medium.  

Cell viability assay  

To measure cell viability, cells were plated in 96-well plates (5×103 cells per well) and 

allowed to grow for 24 hours before treatment. Cells were then exposed to different treat-

ments, such as only magnetic field without IONCs (AMF), IONCs and with no exposure 

to AMF (IONCs) and IONCs and MHT exposure (MHT). After incubation for 24 and 48 

hours, cell viability was evaluated by using a CCK-8 assay kit (Abcam) according to the 

manufacturer’s instructions. 

Annexin V-FITC/Propidium Iodide assay  

Cell death was determined by using Annexin V-FITC/Propidium Iodide (PI) kit 

(MACS, Miltenyi Biotech) according to the manufacturer’s instructions. Briefly, after treat-

ment, cells were washed with 1×binding buffer and then 106 cells from each group were 

stained with AnnexV-FITC for 15 min in the dark, followed by PI staining.  The stained 

cells were analyzed by flow cytometry (BD FACSAria III). The results were expressed as 

percentage of living (AnnexV-/PI-), primary necrotic (AnnexV-/PI+), apoptotic (An-

nexV+/PI-) and secondary necrotic cells (AnnexV+/PI+). Data were analyzed using FCS ex-

press 7 software (DeNovo Software). 

Flow cytometry analysis of surface markers on U87 cells 

For flow cytometry analysis, U87 cells were collected by using TrypLE Express En-

zyme (Gibco) or Gentle Cell Dissociation Reagent (StemCell Technologies). Cells were 

then transferred into 15 mL tubes (Sigma-Aldrich) and washed with FACS buffer (ice-cold 

PBS with 2% FBS). Then 1×105 cells were resuspended in 100 µl of FACS buffer containing 

antibodies and incubated for 30 min on ice. All subsequent incubation steps were carried 

out in the dark. Cells were washed with 1 mL of FACS buffer and centrifuged at 300g for 

5 minutes at 4°C. Then, the cells were resuspended in FACS buffer and analyzed using a 

BD FACSAria III. Unspecific background of individual channels was determined with iso-

type controls and color compensation was done on single color-stained samples. FACS 

plots were generated with FCS express 7 software (DeNovo Software). 

Cell cycle analysis 

Cells were harvested and washed twice with ice-cold 1×PBS. Then, 1 × 106 cell pellets 

were resuspended in 4.0 mL ice-cold 70% ethanol by adding with a Pasteur pipette on a 

vortex. After 2 hour incubation at 4°C, cells were pelleted by centrifugation at 1000g for 5 

minutes and washed twice with 1×PBS. Then, cells were resupended with 300µL of DAPI 

(1µg/mL, Sigma-Aldrich)/ Triton X-100 (0.1%, Sigma-Aldrich) solution and incubated 30 

minutes at room temperature protected from the light. The cells were analyzed for DNA 

content by flow cytometry (BD FACSAria III). The relative proportions of cells in G0-G1 

phase (2n), S phase (>2n but <4n), and G2/M phase (4n) of the cell cycle were determined 

using FCS express 7 software (DeNovo Software). 

Transwell migration assay 

Transwell migration assay of U87 cells was performed using a 24-well transwell plate 

containing inserts with polycarbonate membrane with pores of 8 µm (Corning). 1 × 105 

cells resuspended in 100 μL of serum-free medium were placed in the upper and the outer 
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chamber was filled with 600 μL of medium containing 10% FBS. After incubation for 18 

hours, the inserts were transferred to a new plate containing pre-warmed (37°C) trypsin-

EDTA. Medium with 10% FBS was added to inactivate trypsin. Cells that had migrated 

through the pores into the lower chamber were detected by measuring their cellular ATP 

content using a CellTiter-Glo 2.0 reagent. The luminescence was measure at 548 nm using 

a microplate reader (Tecan Spark). 

Chemotaxis of NK cells was tested by a transwell assay. Briefly, lower chambers of 

24-well transwell plates (3.0 μm pore size, Corning) were filled with 600 μL of conditioned 

medium collected from untreated cells or cells exposed to different treatments. 600 μL of 

fresh medium were used as a control. Approximately 1 × 105 of NK cells were added in 

100 μL of serum-free medium (RPMI containing 25 mM HEPES and 0.5% BSA) in the up-

per chamber, and cells were incubated for 18 hours. Cells were harvested by centrifuga-

tion (300g for 5 minutes at 4°C), resuspended in 100 μl PBS, stained with trypan blue and 

counted using a hemocytometer. 

Colony formation assay 

Immediately after treatment, cells were growth under adherent conventional condi-

tions with complete medium into 6-well plates (500 cells per well) for 14 days. Then, the 

cells were washed with 1×Phosphate-buffered saline (PBS, Sigma-Aldrich), fixed with ice-

cold methanol for 10 minutes at room temperature and subsequently stained with 0.5% 

crystal violet (Sigma-Aldrich) for 15 minutes. After washing with water, the stained cells 

were photographed and cell growth was quantified by dissolving crystal violet in SDS 

(2%) and measuring the absorbance at 595 nm (Multiskan, Thermo Fisher Scientific). 

In vitro phagocytosis, killing and activation of THP-1-derived macrophages 

Dissociated cancer cells were washed twice and resuspended at 1×106 cells/mL in 1 

mL of 1×PBS containing CFSE (5 µM). After incubation of 10 minutes in a 37°C water bath, 

the cells were washed with ice-cold 1×PBS to remove the excess of CFSE. 

Stained cells were resuspended in serum-free DMEM at a concentration of 5×104 

cells/mL and transferred into a 24-well plate containing THP-1-derived macrophages 

(5×104 cells/mL), prepared as previously described, for a final Effector: Target ratio (E:T 

ratio) of 1:1. Cells were co-cultured for two hours, then harvested, stained with anti-hu-

man CD11b for 30 minutes at 4°C and washed twice with 2% FBS in 1×PBS. 

Phagocytosis was determined by flow cytometry and data analysis performed using 

FCS express 7 software (DeNovo Software). The phagocytic index was calculated as the 

percentage of CD11b+/CFSE+ macrophages. The killing of cancer cells by THP-1-derived 

macrophages was evaluated by crystal violet staining following 48 hours of incubation 

and quantified by measuring the absorbance at 595 nm with a plate reader (Multiskan, 

Thermo Fisher Scientific). For stimulation with TLR-agonist a Class C CpG-ODN (ODN 

2395) was used at the concentration of 1 µg/mL. The killing was calculated using the fol-

lowing formula: killing (%) = [(Absorbance(treated tumor cells + Macrophages) – Absorbance(Macrophages))/ 

(Absorbance(Treated tumor cells + Macrophages) –Absorbance(Macrophages)) ] × 100. 

The expression of cell surface activation markers on THP-1 cells was analyzed by 

flow cytometry. THP-1 macrophages were detached from culture flasks by gentle scraping 

and incubated for 30 minutes at 4°C in PBS with 2% FBS containing anti-CD11b, 

anti.CD86, anti-HLA-DR antibodies. The expression of CD86 and HLA-DR on CD11b cells 

was analyzed by BD FACSAria III (BD Biosciences), and data were processed by FCS ex-

press 7 software (DeNovo Software).  

HMGB-1 ELISA 

After exposure to different treatments, U87 cells were seeded in 24-well plates and 

incubated for 24 hours. Supernatants were collected for high mobility group box 1 

(HMGB-1) detection by ELISA kit (Tecan), according to the manufacturer’s instructions. 
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NK cell preparation 

NK cells were isolated from peripheral blood by Ficoll-Paque density gradient to ob-

tain Peripheral Blood Mononuclear Cells (PBMCs) followed by purification using an NK 

cell isolation kit (RosetteSep kit, StemCell Biotechnologies). After isolation, NK cells were 

cultured in round-bottom 96-well plates in 200 µl of complete RPMI 1640 medium (Sigma-

Aldrich) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100IU/mL 

rhIL-2 and 100 U/mL penicillin/streptomycin, and containing 105 irradiated PBMC and 

5×103 721.221 lymphoblastoid cell line transfected with HLA-G. CD3−CD56+clones were 

obtained by culturing highly purified CD3−CD19−CD14− NK cells under limiting dilution 

conditions as previously reported[65]. 

NK cell functional assays  

Untreated and treated cells were cultured in serum-free neural stem cell culture me-

dium at 5×103cells/well in flat-bottom ultra-low attachment 96-well plates (Corning). At 

24 hours post-treatment, IL-2-activated NK cells (100 U/mL) were added to the U87 cells 

at 2.5×104 cells/mL. Generation of spheroids was monitored till day 7 and spheroid area 

was analyzed in each culture well by acquiring images with a default microscope with 4× 

objective and analyzing them with imageJ software. The supernatants were collected to 

measure the release of IFN-γ by ELISA kit according to manufacturer’s instructions (Bio-

legend). 

Crystal violet cytotoxicity assay was also performed to determine the killing activity 

of NK cells. Briefly, spheroids at day 5, alone or co-cultured with NK cells, were trans-

ferred in conventional adherent plates and after 48 hours were stained with crystal violet 

as previously described. After extensive washing, adherent cells were solubilized and the 

amount of crystal violet proportional to the amount of living cells was estimated with a 

plate reader (Multiskan, Thermo Fisher Scientific) measuring the absorbance at 595 nm. 

Degranulation and viability were assessed by flow cytometry on NK cells and U87 

target cells, respectively. Briefly, U87 cells exposed or not to treatment with MHT were 

incubated 24 hours in serum-free neural stem cell culture medium. Then, U87 cells were 

co-culture with IL-2-activated NK cells (100 U/mL) at an E:T ratio of 1:1 (1×105 cells: 1×105 

cells) in the presence of eFluor660-conjugated anti-CD107a. Before co-culture with target 

cells, NK cells were either left untreated or blocked for 30 min with anti-DNAM-1 anti-

body (10µg/mL, Miltenyi Biotec), or anti-NKp30 antibody (10µg/ml, Miltenyi Biotec). Af-

ter 1 hour of culture, monensin (BD golgi stop, BD Biosciences) was added and cells were 

cultured for a further 3 hours before staining for CD56 and viability with Fixable Viability 

Stain 450 (FVS450, BD Horizon).  

Statistical analysis 

Graphpad prismTM 7.0 software was used for analyzing and graphing the data. Sta-

tistical significance was determined using unpaired student’s t test or one-way ANOVA. 

Differences were considered statistically significant if p < 0.05 (*p < 0.05; **p< 0.01; ***p < 

0.001; and n.s., not significant). Data were expressed as mean ± SD or mean ± SEM. 
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