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 10 
Abstract: Cancer immunotherapies have been approved as standard second-line or in 11 
some cases even as first-line treatment for a wide range of cancers. However, immuno- 12 
therapy has not shown a clinically relevant success in glioblastoma (GBM). This is princi- 13 
pally due to the brain’s “immune-privileged” status and the peculiar tumor microenvi- 14 
ronment (TME) of GBM characterized  by a lack of tumor-infiltrating lymphocytes and 15 
the establishment of immunosuppressive mechanisms. 16 
Herein, we explored local mild thermal treatment, generated by cubic-shaped iron oxide 17 
magnetic nanoparticles (size ~ 17 nm) when exposed to an external alternating magnetic 18 
field (AMF), to induce immunogenic cell death (ICD) in U87 glioblastoma cells. In accord- 19 
ance with what has been observed with other tumor types, we found that mild magnetic 20 
hyperthermia modulates the immunological profile of U87 glioblastoma cells by inducing 21 
stress-associated signals leading to enhanced phagocytosis and killing of U87 cells by 22 
macrophages. At the same time, we demonstrated that mild magnetic hyperthermia has 23 
a modulatory effect on the expression of inhibitory and activating NK cell ligands on tar- 24 
get cells. Interestingly, alteration in the expression of NK ligands in U87 cells by mild 25 
magnetic hyperthermia treatment, increased their susceptibility to NK cell killing and en- 26 
hanced NK cell functionality. The overall findings demonstrate that mild magnetic hyper- 27 
thermia stimulates ICD and sensitizes GBM cells to NK-mediated killing by inducing the 28 
upregulation of specific stress ligands, providing a novel immunotherapeutic approach 29 
for GBM treatment, with potential to synergize with existing NK cell-based therapies thus 30 
improving their therapeutic outcomes. 31 

Keywords: Glioblastoma; immunogenic cell death; innate immunity; Natural Killer; macrophages; 32 
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 34 

1. Introduction 35 

Glioblastoma (GBM) is the most common type of primary malignant brain tumor 36 
and is one of the most aggressive and lethal forms of cancer, with a median survival rate 37 
of 12-15 months following diagnosis [1]. The current standard treatment protocol, involv- 38 
ing maximal surgical resection of the tumor, followed by concomitant administration of 39 
radiotherapy and chemotherapy, mostly with temozolomide (TMZ), has not produced a 40 
satisfactory life-extension, and indeed, less than 5% of patients diagnosed with GBM sur- 41 
vive for more than 5 years [2]. 42 

In the last decade, immunotherapy has emerged as a promising therapeutic regimen 43 
for cancer therapy, showing great success in the treatment of numerous cancers, including 44 
melanoma, lung, breast, colorectal and kidney cancer, and a number of immunotherapy 45 
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protocols have been approved by the Food and Drug Administration (FDA) for clinical 46 
use [3–9]. Despite the encouraging results achieved by cancer immunotherapy in many 47 
lymphomas and solid tumors, the outcomes in GBM patients have been rather disappoint- 48 
ing [10]. The establishment of an immunosuppressive tumor microenvironment (TME) 49 
and the presence of the blood-brain barrier (BBB), rendering GBM an “immune-privi- 50 
leged” site, have been widely recognized as the main cause of this failure [11-13].  51 

Brain tumor cells can directly inhibit immune responses by regulating the expression 52 
of specific surface proteins, including programmed death-ligand 1 (PD-L1), cluster of dif- 53 
ferentiation 47 (CD47), human leukocyte antigen (HLA) molecules and Natural killer 54 
group 2 member D (NKG2D) ligands; or indirectly through the secretion of anti-inflam- 55 
matory cytokines or chemokines promoting the recruitment of immunosuppressive cells 56 
like tumor-associated macrophages (TAM) and myeloid-derived suppressor cells 57 
(MDSC), which constitute up to 50% of the glioma mass. [14]. 58 

Most cancer immunotherapy treatments have focused on unleashing antigen-specific 59 
immune responses, driven mostly by CD8+ T cells[4]. The key role played by effector T 60 
cells in mediating antitumor responses has been corroborated by the positive correlation 61 
existing between tumor infiltrating T cells and prognostic outcomes [15–17]. However, it 62 
has been demonstrated that the onset and maintenance of CD8+ T cell-mediated responses 63 
and the generation of long-term immunity against tumors relies on the efficient activation 64 
of the innate immune system [18–20]. Additionally, innate immune cells not only sense 65 
cancer cells and initiate adaptive immune responses, but they can also exert an effector 66 
response through specific mechanisms, such as phagocytosis for macrophages and natu- 67 
ral cytotoxicity for natural killer (NK) cells [21,22]. The enormous potential of innate im- 68 
munity in GBM has been underlined by multiple studies showing that NK cells represent 69 
the most abundant intratumoral lymphocyte population, and that GBM cells may be par- 70 
ticularly vulnerable to innate effector lymphocytes [23–28]. The relevant role of innate im- 71 
munity in cancer therapy is further supported by recent findings that have confirmed the 72 
existence of a subpopulation of NK cells which exhibits antigen or non-antigen specific 73 
memory-like functions, revealing that NK cells can possess features analogous to adaptive 74 
immunity [29–32].  75 

The recognition of cancer cells by effector innate immune cells occurs via specific 76 
receptors like NKG2D, which can detect molecular alterations, such as cell surface expres- 77 
sion of stress-inducible molecules (e.g. MHC class I chain-related proteins A and B 78 
(MICA/B) and UL16 binding proteins (ULBPs)) on target cells [33]. Innate immune cells 79 
also participate to effector responses via antibody-dependent cellular phagocytosis 80 
(ADCP) or antibody-dependent cellular cytotoxicity (ADCC) [34,35].  81 

The importance of innate immunity is turning out to be particularly relevant in those 82 
tumors, such as GBM, that are characterized by low mutation burden, downregulation or 83 
loss of the antigen presentation, T cell dysfunction and low number of tumor-infiltrating 84 
T cells, which can limit the utility of immunotherapeutic strategies directed to promote an 85 
antigen-specific T cell response (e.g. anticancer vaccines) [13,36]. 86 

In this context, therapeutic approaches aiming to sensitize GBM cells to the recogni- 87 
tion and killing by innate immune cells represent an effective strategy to improve the out- 88 
comes of immunotherapy. 89 

Immunogenic cell death (ICD)-inducing strategies are a convenient mode to achieve 90 
simultaneous activation of innate and adaptive immunity by promoting the expression 91 
and exposition of stress-associated molecules and the release of tumor antigens normally 92 
hidden within cancer cells [37,38]. ICD is accompanied by the exposure and release of 93 
numerous damaged-associated molecular patterns (DAMPs), including calreticulin 94 
(CTR), heat shock proteins (HSPs) and high mobility group box 1 (HMGB1). CRT exposed 95 
on the surface of dying cancer cells promotes the engulfment of dying cancer cells by an- 96 
tigen-presenting cells (APCs), whereas HSPs and HMGB1 bind to TLR4, enhancing APC 97 
activation and antigen cross-presentation [37-39].  Ultimately, ICD serves as a source of 98 
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both antigens and adjuvanting molecules to activate APCs and promote antitumor im- 99 
munity, providing an opportunity for a novel treatment known as “in situ vaccination” 100 
[40–42].  101 

Different treatments have been identified as ICD inducers, including chemotherapy, 102 
radiotherapy and hyperthermia (HT) [43–48]. Among all, HT presents unique advantages 103 
over other ICD inducers, such as minimal invasiveness, inferior mutagenic potential and 104 
systemic toxicity, and improved tumor specificity [49,50]. All this is particularly true when 105 
heat is selective and locally applied at the tumor site sparing the surrounding healthy 106 
tissues or other organs. This is the case of magnetic hyperthermia (MHT) which relies on 107 
the use of magnetic nanoparticles to remotely induce local heat when an alternating mag- 108 
netic field (AMF) is externally applied [51,52]. Moreover, in comparison to conventional 109 
HT treatments, coupling plasmonic nanoparticles with laser light as external energy 110 
source, MHT exhibits a superior penetration with no tissue-depth attenuation of the mag- 111 
netic responsiveness of magnetic nanoparticles under magnetic field conditions (100 kHz 112 
and24kA/m) that are clinically safe for patients, rendering MHT suitable for effective heat- 113 
ing of deep-seated tumors [53].  114 

Although MHT has been largely investigated as ICD-inducer, the focus of these stud- 115 
ies has been mainly toward its ability to prime a cytotoxic T lymphocyte (CTL)-dependent 116 
immune response against cancer cells, while the role played by innate effector cells in 117 
mediating ICD-induced responses has not been fully characterized [48,53–55]. Indeed, 118 
ICD-associated DAMPs not only favor the recruitment and activation of APCs but many 119 
of them, including HSPs, HMGB1, NKG2D ligands, have been also demonstrated to en- 120 
gage receptors expressed on NK cells, potentially sensitizing tumor cells to lysis by NK 121 
cells [56,57]. Prior reports support that when locally applied, MHT can also have a direct 122 
effect on tumor-resident immune cells by promoting a decrease of MDSCs and TAM re- 123 
polarization from M2 to M1 phenotype [48,59].  Upon activation, macrophages and NK 124 
cells can not only initiate and shape adaptive immune responses and function as cytokine 125 
producers, but they can also act as effector cells and be directly responsible for tumor cell 126 
elimination [59].  127 

Here, the capacity of mild MHT (43°C) to induce ICD, and thereby increase GBM 128 
cells’ susceptibility to innate effector cells, was evaluated on U87 GBM cells grown as 3D 129 
spheroids (Figure 1a and 1b). The study was conducted using iron oxide nanocubes 130 
(IONCs) with a size of approximately 17±2 nm and functionalized with gallic acid (GA)- 131 
Polyethylene glycol (PEG) polymer to improve the colloidal stability of the resulting 132 
IONC-GA-PEG, thus preserving their heating properties in biological environments.  133 

We believe that this work offers a new rationale and design considerations for the 134 
development of novel nanotechnology-based treatments directed at eliciting both innate 135 
and adaptive immunity, for a more robust an effective antitumor immune response. 136 
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 137 

Figure 1. Schematic representation of the innate immunological effect of mild MHT (43°C) on tumor cells (a). Tumor cells express on 138 
their surface anti-phagocytic molecules (“don’t eat me signal”), such as CD47, that binding to SIRP-α receptor on macrophages im- 139 
pedes macrophage phagocytosis of tumor cells (b). Tumor cells can also evade NK cell-mediated killing by increasing the expression 140 
of NK inhibitory ligands (NKILs) recognized by specific receptors (NKIRs) on NK cells, and downregulating the expression of NK 141 
activating ligands (NKALs) responsible for inducing the activation of a receptor-mediated NK killing of tumor cells by engaging 142 
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 143 
immune responses. Mild MHT can revert the TIME thus rendering tumor cells more susceptible to innate immune effectors (macro- 144 
phages and NK cells) by enhancing the expression of ICD-associated markers, like CRT engaging CD91 receptor on macrophages, 145 
and concomitantly upregulating NKALs, and downregulating NKILs (a). Illustration of the functionalization of IONCs with GA- 146 
PEG polymer (c). Characterization of hydrodynamic size and PDI of IONC-GA-PEG by dynamic light scattering (DLS) (d). Repre- 147 
sentative TEM image of the IONC core coated by GA-PEG polymer (IONC-GA-PEG) (e). Zeta potential of IONC-GA-PEG (f). Tem- 148 
perature vs time heat profile of IONC-GA-PEG to heat up to the desired temperature of 43°C under an AMF at frequency, f, of 182 149 
kHz and field intensity, H, of 16 kA/m (g). A schematic illustration of the step-by-step in vitro study (h).   150 

2. Results 151 

2.1. Synthesis and characterization of GA-PEG-coated IONCs 152 

The synthesis of highly monodispersed IONCs with a size of 17 ± 2 nm coated by surfactant molecules (oleic acid) was 153 
conducted according to the patented procedure [60]. Gallic polyethylene glycol (Mr ~ 1,500) (GA-PEG) was chosen as a 154 
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water transfer ligand for the IONCs (Figure 1c). We adapted a well-established protocol from our lab for the synthesis 155 
of GA-PEG and its further use for the water transfer of the IONCs, achieving the desired well-soluble IONC-GA-PEG 156 
in aqueous media [61].  157 

The success of the water transfer was also indicated by the mono-modal size distri- 158 
bution of the hydrodynamic peak as measured by dynamic light scattering (DLS) spectra, 159 
which was centered at 48 ± 6 nm and had a polydispersity index (PDI) of 0.188 (Figure 160 
1d). The synthesized IONCs-GA-PEG were further characterized by transmission electron 161 
microscopy (TEM) analysis, which confirmed the presence monodispersed nanocubes 162 
separated from each other and without the presence of aggregates (Figure 1e and S1 in 163 
the supporting information). The overall charge of IONCs grafted with GA-PEG mole- 164 
cules determined by zeta potential was slightly negative (-13.5 mV) (Figure 1f).  165 

The heating properties of IONCs were measured by calorimetric measurements 166 
when exposing the colloidal solution of IONCs (2 g[Fe]/L) to an external AMF. SAR values 167 
of the PEGylated IONCs were measured at different conditions (frequencies: 100 or 300 168 
kHz; amplitudes: 12, 16 or 24 kA/m), confirming its high SAR values at different frequency 169 
and field amplitude of safety clinical use (Figure S2 in the supporting information). 170 

It is relevant to highlight that PEGylated IONCs were able to increase the tempera- 171 
ture media at a target therapeutic temperature of 43°C within the initial 5 minutes, at a 172 
low IONC dose (2 g[Fe]/L) and under field conditions considered clinically safe (magnetic 173 
field intensity, H, of 16 kA/m and at a frequency, f, of 182 kHz) (Figure 1g).  174 

To evaluate the biocompatibility of PEG-functionalized IONCs, an in vitro viability 175 
assay using the cell counting kit-8 (CCK-8) was conducted on human U87 glioblastoma 176 
cells (Figure S3 in the supporting information). Control groups that received either no 177 
treatment or that were exposed to AMF or IONCs alone did not show any significant var- 178 
iation of cell viability at 24 and 48 hours. A cytotoxicity effect was observed only when 179 
U87 cells incubated with IONCs were subjected to three cycles of AMF, showing a reduc- 180 
tion of cell viability up to more than 60% (Figure S3 in the supporting information). Taken 181 
together, these results clearly indicate that GA-PEG-capped IONCs possess optimal col- 182 
loidal stability, high heat transfer efficiency and low toxicity profile in absence of MHT 183 
actuation. Thus, IONC-GA-PEG represents an excellent heating mediator for the develop- 184 
ment of magnetic nanoparticle-mediated hyperthermia therapies.  185 

Next, these nanoparticles were used for the in vitro studies with U87 GBM cells to 186 
evaluate the immunological effect of mild MHT. A schematic of the overall study per- 187 
formed in U87 cells is shown in Figure 1h. 188 

2.2. Mild MHT induces apoptosis and impacts tumor-initiating and migratory abilities of U87 189 
cells 190 

Mild hyperthermia has been shown to be effective at inducing ICD in many types of 191 
cancer cells, including glioblastoma cells [48,53,54,62]. ICD is a form of cell death charac- 192 
terized by the exposition and/or release of various DAMPs, which stimulate immune cell 193 
recruitment and activation by engaging specific receptors on the surface of innate immune 194 
cells [37]. Cell death can occur through numerous regulated mechanisms defined by spe- 195 
cific molecular events and physiological effects. Secondary necrosis, in contrast to apop- 196 
tosis or primary necrosis, is considered to be more immunogenic, as it can initiate pro- 197 
inflammatory processes leading to the activation of innate and adaptive immune re- 198 
sponses [63]. 199 
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 200 

Figure 2. Evaluation of the ability of mild MHT to induce cell death in U87 cells measured by An- 201 
nexin V/PI assay. MHT induces reduction of cell viability in U87 (a). After being exposed to mild 202 
MHT (3 cycles of 30 min at 43°C), U87 cells were left to rest for 24 h and then stained with annexin- 203 
V-FITC and PI. Frequency of apoptotic (Annexin V+/PI−) (blue bars), primary necrotic (Annexin V- 204 
/PI+) (grey bars) and secondary necrotic (Annexin V+/PI+) (red bars), U87 cells were determined by 205 
flow cytometry (b,c). Data are represented as mean ± SD of three independent experiments (n = 3) 206 
(b). Representative dot plots of Annexin V/PI staining of U87 cells treated with AMF, IONCs, HT or 207 
MHT(c). Statistical significance was determined with a two-tail unpaired student’s t test (*0.01 < p < 208 
0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not significant). 209 

In order to ascertain the ability of MHT to evoke ICD in GBM, U87 spheroids were 210 
treated with mild MHT (43°C) and subsequently incubated at 37°C for 24 h in serum-free 211 
medium. Cell viability in cancer cells was then evaluated by Annexin V/PI staining fol- 212 
lowed by flow cytometric analysis (Figure 2). The results showed that MHT treatment 213 
caused a reduction in cell viability of approximately 30% in U87 cells at 24 hours post- 214 
treatment (Figure 2a). Interestingly, conversely to what was observed in tumor cells 215 
treated with classical hyperthermia (HT), carried out at the constant temperature of 43°C 216 
using a thermomixer, a higher number of Annexin V/PI double positive cells (secondary 217 
necrosis) were detected at 24 hours after treatment with MHT (Figure 2b and 2c). The 218 
cytotoxic effect of MHT in U87 cells was also confirmed with a colony-forming assay (Fig- 219 
ure 3a) and further characterized by flow cytometric analysis of the cell cycle (Figure S4, 220 
supporting information). We found that mild MHT strongly inhibits cell proliferation in 221 
U87 cells as a consequence of an arrest of the cell cycle in the G2/M phase as evinced by 222 
the accumulation of cells in S and G2/M phase (Figure S4 in the supporting information).  223 
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 224 

Figure 3. Evaluation of the clonogenic (a) and migration (b) activity, surface expression of EMT (c, 225 
d) and CSC markers (e), in U87 cells in response to the treatment with IONCs and mild MHT (3 226 
cycles of 30 minutes at 43°C). Clonogenicity was evaluated in U87 cells after treatment with AMF, 227 
IONCs and MHT (a). Data are shown as representative images of stained colony with crystal violet 228 
and relative absorbance at 595 nm. A transwell assay was used to determine the migration and in- 229 
vasion ability of U87 cells after exposition to different treatments such as AMF only (AMF), IONCs 230 
only (IONCs) and IONCs + AMF (MHT) (b). The results were represented as relative percentage 231 
compared to untreated cells (d). Error bars indicate ± SD calculated from three independent experi- 232 
ments (n = 3). Surface expression of E-cadherin, Vimentin and CD133 was measured by flow cytom- 233 
etry at 24 hours post-treatment with AMF, IONCs and MHT, and data reported relative to untreated 234 
controls (c,d,e). Data are represented as mean ± SD of three independent experiments (n=3). Statis- 235 
tical analysis was conducted with a two-tail unpaired student’s t test (*0.01 < p < 0.05; **0.001 < p < 236 
0.01; ***p < 0.001; n.s.= not significant). 237 

Tumor cell migration and epithelial-mesenchymal transition (EMT) are key mecha- 238 
nisms that facilitate tumor progression by supporting metastasis formation, cancer stem 239 
cell (CSC) generation and drug resistance [64].  240 

A transwell assay was set up to evaluate the effect of mild MHT on cell migration. 241 
Our findings showed that mild MHT strongly suppressed U87 tumor cell migration (up 242 
to ten-fold) at 24- and 48-hours post-treatment (Figure 3b). Flow cytometric analysis of 243 
MHT-treated cells revealed that this observation was accompanied by increased ectopic 244 
levels of E-cadherin (Figure 3c), whereas no remarkable changes were found in the surface 245 
expression level of both CD133 and vimentin in response to treatment with MHT (Figure 246 
3d and 3e). The increment in the levels of E-cadherin found in MHT-treated cells are in 247 
line with the reduced migration ability seen in U87 cells after treatment with mild MHT, 248 
since cancer cells with an epithelial phenotype are commonly characterized by a lower 249 
migration rate than those with a mesenchymal phenotype.  250 

2.3. Mild MHT induces ICD in U87 cells and enhances macrophages’ antitumoral functions.  251 

Cells undergoing apoptosis exhibit changes involving the exposure and release of 252 
DAMPs, such as calreticulin (CRT), HSPs, HMGB1 and other molecules, which act as dan- 253 
ger signals to induce ICD that evoke systemic antitumor immunity. 254 
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To investigate whether MHT can act as ICD-inducer in U87 cells, MHT-treated cancer 255 
cells were analyzed for the expression and secretion of ICD-associated molecules. After 256 
treatment, we observed an increase in HMGB1 secretion (Figure S5a, supporting infor- 257 
mation), as well as in the expression of the endoplasmic reticulum (ER) chaperone protein, 258 
CRT, and the cytoplasmic chaperone proteins HSP70 and HSP90 on the surface of U87 259 
cells grown in 3D conditions (Figure 4).  260 

Figure 4. Flow cytometric evaluation of changes in surface expression of ICD-associated markers at 261 
24 hours post-treatment: CRT, HSP70, HSP90 and CD47 on U87 cells exposed to different treatments 262 
(AMF, IONCs and MHT) over untreated cells. Data are presented as representative histograms and 263 
average fold change (mean ± SEM) of the mean fluorescence intensity (MFI) of three independent 264 
experiments (n = 3). Statistical analysis was conducted via two-tailed unpaired student’s t test (*0.01 265 
< p < 0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not significant). 266 

Similarly, the expression of CD47 was downregulated in MHT-treated cells com- 267 
pared to the control groups (Figure 4). In all cases, the expression was assessed by flow 268 
cytometry 24 h after exposure to the treatments in cells cultured as 3D spheroids.  269 

These changes in the expression of DAMPs, induced by treatment with MHT, can 270 
render cancer cells recognizable to macrophages through both downregulation of  “don’t 271 
eat me” (CD47) and upregulation of “eat me” CRT signals. Thus, we evaluated in vitro the 272 
phagocytosis of MHT-treated U87 cells by THP-1 macrophages (Figure 5a and 5b). U87 273 
cells exposed to mild MHT showed higher engulfment by macrophages, compared to un- 274 
treated cells (Figure 5b). Additionally, in agreement with previously published studies, 275 
phagocytosis of MHT-treated U87 cells by macrophages was further enhanced in the pres- 276 
ence of the toll-like receptor 9 (TLR9)-agonist cytosine-phosphorothioate-guanine oli- 277 
godeoxynucleotide (CpG-ODN, 1 µg/mL).  278 

We further evaluated the ability of U87 cells undergoing ICD in response to mild 279 
MHT to induce the activation of macrophages. Consistent with MHT-induced expression 280 
of DAMPs, co-culture of THP-1-derived macrophages with MHT-treated U87 cells re- 281 
sulted in the upregulation of CD86 and HLA-DR (Figure 5d), both markers of APC mat- 282 
uration. Finally, we also demonstrated that pretreatment with mild MHT sensitizes U87 283 
GBM cells to the killing mediated by macrophages (Figure 5c). Indeed, the viability of 284 
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MHT-pretreated U87 cells was further reduced when they were co-cultured with macro- 285 
phages (p < 0.001), while only a modest macrophage-mediated killing was observed when 286 
THP-1 macrophages were co-cultured with untreated control cells or cancer cells exposed 287 
only to IONCs (Figure 5c). Together these in vitro results indicate that treatment with 288 
MHT can sensitize U87 glioblastoma cells to the killing mediated by macrophages, besides 289 
promoting their activation.  290 

  291 

Figure 5. Representative dot plots showing phagocytosis of MHT-treated U87 cells by THP-1-de- 292 
rived macrophages (Mϕ) after 2 hours of coculture at a 1:1 effector: target (E:T) ratio (a). Flow cy- 293 
tometric quantification of phagocytosis rates by THP-1-derived Mϕ towards untreated or MHT- 294 
treated U87 in the presence or absence of TLR9 agonist CpG (b). Percentage of phagocytosis was 295 
determined by the percentage of CSFE+ cells within CD11b+ Mϕ cell gate (double positive). Tumor 296 
cell killing by macrophages was evaluated by crystal violet staining after 24 hours of co-culture with 297 
untreated or treated U87 cells with IONCs only (U87+IONCs) or with IONCs and MHT (U87+MHT) 298 
(c). Activation of THP-1-derived macrophages was evaluated by analysis of surface expression of 299 
CD86 (blue bars) and HLA-DR (red bars) after 48 of co-incubation with untreated U87 cells, U87 300 
cells exposed to IONCs (IONCs) and MHT-treated U87 cells (MHT) (d). All data are shown as mean 301 
± SD. Statistical analysis was conducted via two-tailed unpaired student’s t test (*0.01 < p < 0.05; 302 
**0.001 < p < 0.01; ***p < 0.001; n.s.= not significant). 303 

The PD-1/PD-L1 axis represents another immune checkpoint pathway harnessed by 304 
malignant cells to evade antitumor immune responses [65]. While initially it was thought 305 
that its role was only restricted to T cells, recent evidences pointed out that PD-1/PD-L1 306 
signaling pathway also participates in negatively controlling innate immune effectors 307 
[65,66]. Given the importance of PD-L1 in tumor immune evasion, we decided to assess 308 
the effect of mild MHT on PD-L1 expression in U87 cells by flow cytometry (Figure S3b 309 
and S3c in the supporting information). We found that mild MHT modestly downregu- 310 
lated PD-L1 expression on the surface of GBM cells at 24 hours after treatment, whereas 311 
the exposition to AMF or IONCs did not produced any significant changes in the surface 312 
levels of PD-L1 (Figure S5b in the supporting information). 313 

2.4. Mild MHT alters the expression of NK cell-activating and inhibitory ligands on U87 cells 314 

In line with previously published works, we showed that MHT triggers the upregu- 315 
lation of DAMPs. Despite the role of MHT at inducing DAMPs has been already explored, 316 
its effect in modulating the expression of some stress-induced ligands and inhibitory NK- 317 
ligands on GBM cells remains to be characterized. Therefore, we investigated whether 318 
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mild MHT could modulate the expression of NK cell ligands such as MICA, ULBP-1, 319 
ULBP-2 (NKG2D ligands); Nectin-2, PVR (DNAM-1 ligands); B7H6 (NKp30 ligand); HLA 320 
class I (HLA-I or HLA-ABC) and HLA-E on GBM cells. Flow cytometric analysis revealed 321 
an increase in the expression of NKp30 and DNAM-1 ligands B7H6, Nectin-2 and PVR 322 
(Figure 6) and a slight reduction in the levels of NKG2D ligands (MICA and ULBP-2) 323 
(Figure S6 in the supporting information) in response to MHT treatment. Whereas not 324 
appreciable difference was observed in the expression of ULBP-1 between the different 325 
groups (p > 0.05) (Figure S6 in the supporting information). 326 

 327 

Figure 6. Flow cytometric evaluation of changes in surface expression of NK ligands (Nectin-2, PVR, 328 
HLA-I and HLA-E) with NK activating (NKALs) or inhibitory (NKILs) functions in U87 cells ex- 329 
posed to different treatments (AMF, IONCs and MHT) compared to untreated cells at 24 hours post- 330 
treatment. Data are shown as representative histograms and expressed as average fold change 331 
(mean ± SD) of the mean fluorescence intensity (MFI) of three independent experiments (n = 3). 332 
Statistical analysis was conducted via two-tailed unpaired student’s t test (*0.01 < p < 0.05; **0.001 < 333 
p < 0.01; ***p < 0.001; n.s.= not significant). 334 

We additionally found that treatment with mild MHT markedly altered the expres- 335 
sion of NK cell inhibitory ligands in U87 cells, including both classical (HLA-I) and non- 336 
classical (HLA-E) HLAs (Figure 6). Importantly, for all the examined markers, a non-sig- 337 
nificant variation in the expression levels was observed in tumor cells groups exposed to 338 
AMF or IONCs alone, demonstrating that this re-modulation of NK cell ligands expres- 339 
sion is strictly attributable to MHT treatment.  340 

2.5. Mild MHT sensitizes U87 cells to NK cell-mediated functions. 341 

Previous studies have reported that GBM stem cells exhibit increased expression of 342 
Nectin-2, PVR and B7H6 ligands [26,64]. The first two ligands are recognized by NK cells 343 
through DNAM-1 receptor, while B7H6 can promote NK cell activation by interacting 344 
with the NKp30 receptor. Overall, the increased expression of these ligands on GBM stem 345 
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cells has been reported to induce superior receptor-specific activation of NK cells and con- 346 
sequently increase their susceptibility to NK cell-mediated killing [26].  347 

We showed that the expression of CSC-associated ligands can be further upregulated 348 
consequently to MHT exposition, and given that their expression has been correlated to 349 
increased susceptibility to NK cell-mediated killing, the NK cells killing activity against 350 
MHT-treated U87 spheroids was examined. For our purpose U87 spheroids, after MHT 351 
treatment, were left to rest for 24 hours in serum-free neural stem cell medium. Next, IL- 352 
2-activated NK cells were added to pre-treated tumor spheroids, and spheroids growth 353 
was monitored . Size analysis of U87 spheroids demonstrated that the combination of 354 
MHT and NK cells led to a stronger inhibition of spheroid growth than single treatments 355 
(with AMF and no IONCs or with IONCs and no MHT) or NK cells alone (Figure 7a and 356 
7b). The concomitant analysis of cell viability using a crystal violet staining assay (Figure 357 
7c) provided a further evaluation of the effect of MHT as monotherapy or in combination 358 
with NK cells on U87 spheroids. Crystal violet staining assay was carried out after 48 359 
hours incubation of harvested cells at conventional adherent conditions, thus allowing 360 
alive cancer cells to adhere to the surface of the plate prior to staining. Non-adherent cells 361 
(dying U87 cells and NK cells) were removed following extensive washing, and viability 362 
was determined by measuring the absorbance of crystal violet using a spectrophotometer. 363 
As shown in Figure 7c, a strong reduction in the cell viability was detected in U87 sphe- 364 
roids treated with MHT, indicating that most of the U87 cells had been killed, and this 365 
effect was enhanced by NK cells. Indeed, a significant reduction of U87 viability was 366 
found in the dual treatment (MHT + NK cells) compared to single treatment with NK cells 367 
(p < 0.001) or MHT (p < 0.001), thus indicating that MHT treatment can sensitize U87 GBM 368 
cells to NK cell-mediated killing. 369 

Finally, we investigated if NK cell functionality, in terms of migration and cytotoxi- 370 
city against U87 cells can be improved by the pre-exposure of tumors cells to mild MHT. 371 
By performing a transwell migration assay, we found that conditioned media from MHT- 372 
treated U87 cells, enhanced the directional movement of NK cells (Figure 7d). Thus 373 
providing in vitro evidence that thermal magnetic-triggered therapy could potentially fa- 374 
vor NK cell recruitment at the tumor site. 375 

 376 

Figure 7. Evaluation of the susceptibility of MHT-treated U87 spheroids to NK cell-mediated killing 377 
(a, b, c). MHT-treated or untreated U87 cells were cultured for 24 hours in serum-free neuronal stem 378 
cell medium, following this resting period, IL-2-activated NK cells were added to the culture. At 379 
day 7 each culture well was analyzed measuring the area of the spheroids by imageJ software. Rep- 380 
resentative images per each condition are reported (a). Results are presented as mean ± SEM of three 381 
experiments (b). Cell viability was also evaluated by crystal violet staining (c). U87 cells were gently 382 
harvested and incubated in conventional adhesion conditions. After 48 hours, cell cultures were 383 
stained with crystal violet followed by extensive washes (to remove non-adherent cells) and lysis of 384 
adherent cells. Relative absorbance at 595 nm was measured with a plate reader. Data are expressed 385 



Pharmaceutics 2021, 13, x FOR PEER REVIEW 12 of 22 

12 
  

as mean ± SD of three experiments. Chemotaxis of NK cells toward chemokines produced by MHT- 386 
treated cells was evaluated using a transwell migration assay (d). Conditioned medium collected 387 
from U87 cells untreated or treated with IONCs and MHT were added to the lower chambers of 388 
transwell plates. Fresh medium was used as a control. NK cells (1 × 105) were added to the upper 389 
chamber and cells were incubated for 18 hours. Cells in the lower chambers were harvested and 390 
counted. Data are shown as mean ± SEM of four independent experiments. Statistical analysis was 391 
performed using a one-way ANOVA test (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not 392 
significant). 393 

The next experiments were addressed at evaluating the impact of MHT treatment on 394 
NK cell cytotoxicity against U87 cells. NK cell cytotoxic activity against tumor cells is 395 
mainly exerted via the secretion of cytotoxic granules containing granzymes/perforin, re- 396 
sulting in surface exposure of lysosomal-associated proteins that are typically present on 397 
the lipid bilayer surrounding lytic granules, such as CD107a. Therefore, we evaluated the 398 
membrane expression of CD107a on NK cells as a marker of cytotoxic degranulation. For 399 
this, we co-cultured IL-2-activated NK cells, isolated from two healthy donors, with un- 400 
treated and MHT-treated U87 spheroids, and quantified tumor cell killing and the levels 401 
of CD107a in NK cells (Figure 8). Interestingly, pre-treatment of U87 spheroids with MHT 402 
resulted in increased sensitivity to NK cell cytotoxic action (p < 0.001) (Figure 8a and 2b) 403 
and, in line with this, MHT pre-treated U87 spheroids induced higher levels of NK cell 404 
degranulation compared to untreated U87 spheroids (Figure 8c and 8d). The enhanced 405 
NK cell reactivity against MHT-pretreated GBM spheroids was also observed in terms of 406 
IFN-γ production (Figure S7 in the supporting information).  Finally, we demonstrated 407 
that the killing of MHT pre-treated U87 GBM spheroids, involves both DNAM-1 and 408 
NKp30 receptors, since double blocking treatment with anti-DNAM-1 and anti-NKp30 409 
antibodies caused a strong inhibition of killing and degranulation of IL-2-activated NK 410 
cells, compared with single blocking of DNAM-1 or NKp30 (p < 0.001).  411 

 412 
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Figure 8. NK cell-mediated killing of U87 cells and degranulation activity. U87 cells were treated 413 
with MHT and co-cultured with IL-2-activated NK cells for 4 hours at an E:T ratio of 1:1. Tumor cell 414 
killing of U87 cells was assessed by flow cytometry determining viability dye-positive (FSV450+) 415 
cells in U87 cells. (a) Data are shown as representative histograms (a) and mean ± SEM. (b). IL-2- 416 
activated NK cells were co-incubated with U87 cells for 4 h at an E:T ratio of 1:1 in the presence of 417 
anti-CD107a antibody. Percentage of degranulating CD107a+/CD56+ NK cells was represented as 418 
individual plots (c) and mean ± SEM  (d). Results shown are representative of three experiments 419 
using NK cells from two healthy donors. Statistical analysis was performed using a one-way 420 
ANOVA test (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001; n.s.= not significant). 421 

3. Discussion  422 

The exploitation of ICD to revert the immunosuppressive TME into a more im- 423 
munostimulatory one, and trigger an effector antitumor immune response sustained by 424 
both innate and adaptive effector cells against stressed/dying cancer cells is emerging as 425 
a novel strategy for the treatment of tumors that are classified as immunologically “cold”. 426 

This is particular interesting for GBM since recent evidence suggests a predominant 427 
role of innate immunity in brain tumor surveillance. Indeed, GBM shows a “non-conven- 428 
tional” immunological profile and unlike other tumors, such as melanoma and breast can- 429 
cer, NK cells represent the most abundant tumor-infiltrating lymphocytes and up to half 430 
of GBM mass is constituted by resident microglia and circulating blood monocytes/mac- 431 
rophages [63,64]. 432 

Although MHT–induced anticancer responses have been reported in several cancers, 433 
including melanoma, breast cancer, colon carcinoma, little is known regarding MHT as 434 
ICD-inducer in GBM [53,54]. Our results demonstrate that mild MHT treatment can be 435 
exploited as the external activation mechanism to induce ICD and re-modulate the immu- 436 
nogenic profile of U87 GBM cells, thus rendering them more susceptible to the antitumoral 437 
action of innate immune effectors, such as macrophages and NK cells. The results of the 438 
present study demonstrated that treatment with mild MHT was cytotoxic in U87 cells, 439 
with 30% reduction in cell viability, and that it can re-shape the immunological features 440 
of these tumor cells thus facilitating their recognition by innate effectors, including mac- 441 
rophages and NK cells.  442 

MHT treatment, mediated by IONC-GA-PEG, induced the upregulation of several 443 
immunogenic molecules (CRT, HSP70, HSP90 and HMGB-1) and downregulated the ex- 444 
pression of immunological “breaks” (CD47 and PD-L1) that can promote immune eva- 445 
sion. Differential expression of DAMPs resulted in a faster recognition and phagocytosis 446 
of U87 cells by macrophages in vitro. Upon 24 hours of co-culture, macrophages incubated 447 
in the presence of U87 cells pre-treated with mild MHT displayed an activated profile 448 
with increased surface levels of CD86 and MHC-II.  449 

Once we showed that, in line with other previous studies conducted with other type 450 
of cancer cells, MHT can induce ICD in U87 GBM cells, we decided to draw our attention 451 
to the potential role that NK cells can play in mediating MHT-triggered immune re- 452 
sponses. 453 

First, we showed that treatment with mild MHT induces increased expression of 454 
DNAM-1 and NKp30 ligands and downregulation of MHC molecules in U87 human GBM 455 
cells, thereby potentially enhancing their susceptibility to NK cell-mediated killing. Con- 456 
sequently, we found that pre-treatment of GBM cells with MHT positively reflected on 457 
the functionality of IL-2-activated NK cells in terms of degranulation and IFN-γ release.  458 

Importantly, DNAM-1 and NKp30 blockade reduced the lysis of cancer target cells, 459 
and together the two blocking antibodies displayed a synergistic effect that abrogate NK 460 
cell-mediated killing of U87 cells pre-sensitized by treatment with MHT. This result is 461 
consistent with the reduction in NK cell degranulation upon pre-treatment with anti- 462 
DNAM-1 and NKp30 blocking antibodies of MHT-treated GBM cells. Together, these 463 
findings provide clear evidence that mild MHT treatment cannot only induce adaptive 464 
immunity by serving as ICD-inducer for the activation of APCs, but can also sensitize U87 465 
GBM cells to NK cell-mediated killing. 466 
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Even if new ablative physical treatments have been recently approved for clinical use 467 
in patients with GBM, including tumor treating fields (TTFields) and laser interstitial ther- 468 
mal therapy (LITT), important challenges are still associated with TTFields and LITT, 469 
which include the elevated costs associated with these medications and the limited ap- 470 
plicability to only certain subtypes of GBMs depending on their size, morphology and 471 
localization [67-69]. Moreover, the ability of TTFields and LITT to serve as ICD-inducers 472 
still needs to be proven. The latter is particularly true in the case of TTFields which induce 473 
cell death mostly via apoptosis, that has been demonstrated to fail at triggering APC acti- 474 
vation and, instead, promotes immune tolerance [70]. Furthermore, unlike laser-based 475 
treatments, MHT provides a remote activation modality with no tissue-penetration depth 476 
problems. 477 

All the above, together with the demonstrated ability to target CSCs makes MHT one 478 
of the most valid options as ICD-inducer among the various approved ablative treatments 479 
[71].  480 

 481 

4. Conclusions 482 

In summary, we showed that mild MHT with magnetic nanoparticles can be apply 483 
not only as an “in situ vaccination” strategy, but can be also explored as a novel approach 484 
to enhance the antitumoral activity of NK cells in GBM. This occurs by re-modulating the 485 
immunological profile of target cells via induction of stress-associate molecules and down- 486 
regulating inhibitory ligands. These results could open new therapeutic possibilities for 487 
MHT, providing a rationale for novel combinatorial treatments based on MHT and NK 488 
cell therapies, with the potential to ensure simultaneously TIME re-modulation and the 489 
generation of a NK cell-sustained effector response. However, at the same time, we also 490 
observed slight reduction in the expression of some NKG2D ligands on the surface of U87 491 
cells that were exposed to mild MHT. Thus, future in vitro and in vivo studies are needed 492 
to further explore the association of mild MHT treatment with the expression of NK lig- 493 
ands. Thereby, it will be possible to define if this concept can be generalized to GBM or 494 
even extended to other kind of tumors. Furthermore, a comprehensive elucidation of the 495 
molecular mechanisms behind the effects of mild MHT on the tumor-NK cell interaction 496 
could enable a full exploitation of NK cell-based therapeutic potential. 497 

5. Experimental section 498 

Reagents  499 

U87 and THP-1 cell lines were purchased from American Type Culture Collection 500 
(ATCC). All chemicals were obtained from Sigma-Aldrich. Annexin-FITC/PI kit was ob- 501 
tained from Miltenyi Biotec. Antibodies for E-cadherin and Vimentin were purchased 502 
from Santa Cruz Biotechnology. Antibodies against CRT, HSP70 and HSP90 were ob- 503 
tained from Enzo Life Sciences. Antibodies for CD133, CD47, CD14, HLA-I (ABC), HLA- 504 
E, HLA-DR, CD11b, CD86 and PD-L1 were purchased from Biolegend. Antibodies against 505 
ULBP-1, ULBP-2 and ULBP-3 were purchased from R&D Systems. Anti-CD16 antibody 506 
was obtained from Miltenyi Biotec. Anti-CD107a antibody was purchased from Ther- 507 
moFisher Scientific. Anti-CD56 antibody was purchased from Beckman Coulter. Fixable 508 
viability staining 450 (FVS450) was provided by BD Biosciences. Carboxyfluorescein di- 509 
acetate succinimidyl ester (CFSE) was purchased from Thermo Fisher Scientific. Antibod- 510 
ies against Nectin-2, PVR, B7H6 were obtained from R&D Systems. HMGB1 ELISA kit 511 
was obtained from Tecan. IFN-γ ELISA kit was purchased from Invitrogen. 512 

Synthesis of the IONCs 513 

The synthesis of the IONCs was conducted according to the procedure reported in 514 
the patent [58]. Briefly, to prepare the IONCs a solvothermal method was used and it re- 515 
quires three steps: i) providing a solution comprising oleic acid, hexadecylamine and 1- 516 
octanol; ii) adding a solution of iron pentacarbonyl and benzaldehyde; iii) transferring the 517 
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reaction mixture to an autoclave vessel, at a filling percentage thereof of 46 % in V; and 518 
iv) heating the autoclave to a temperature of 200°C for 6 hours. 519 

Synthesis of Gallic Acid PEG (GA-PEG) ligand  520 

The synthesis of GA-GEG was that reported by P. Guardia et al. with some modifi- 521 
cations [59]. Briefly, 5 g Poly(ethylene  glycol)  (PEG,  3.3 mmol,  Mw=1500kDa) were dis- 522 
solved in  500 mL tetrahydrofuran (THF) through sonication for 1 h. 280 mg of Gallic acid 523 
(GA, 1.64 mmol) was dissolved in 10 mL  THF  and separately 20 mg dimethyl amino 524 
pyridine  (DMAP,  0.16  mmol) were dissolved  in 10  mL  THF in a flask under magnetic 525 
stirring at room temperature. 1.72 g N.N’-Dicyclohexylcarbodiimide (DCC, 8.3 mmol) dis- 526 
solved in 20 mL of THF was drop-wise added within 1h to the solution of PEG/GA/DMAP 527 
under energic magnetic stirring. The mixture was then stirred at room temperature for 528 
additional 48 hours and THF and DMAP were removed under reduced pressure (300 529 
mbar). The crude product (GA-PEG) was completely dried and then dissolved in 40 mL 530 
de-ionized water and the pH adjusted to 2 to precipitate hydrolyzed DCC. After 1h, the 531 
solution was filtered with a paper filter in a Buchner funnel and GA-PEG was extracted 532 
from the aqueous phase with 200 mL chloroform. This step was repeated 5 times. After 533 
removal of Chloroform at reduced (350 mbar) pressure, GA-PEG was dried in the vacuum 534 
stove overnight at 44 °C. GA-PEG was dissolved in 20 mL of dichloromethane (DCM) and 535 
added dropwise in 200 mL of cold diethyl ether. After this, the precipitate was filtered 536 
with a Buchner funnel and dried in the vacuum stove overnight at 40 °C. Prior to deter- 537 
mination of the yield, a 0.05M solution of GA-PEG in chloroform was prepared for further 538 
used for the water transfer of the IONCs. The yield was determined through 1H-NRM and 539 
was found to be 11%.  540 

Ligand Exchange and Water Transfer of Cubic Iron Oxide Nanoparticles (IONCs-GA-PEG)  541 

Briefly, 4 mL of a chloroform solution of the IONCs ([Fe] = 1mg/mL) was added to a 542 
10.8 mL GA-PEG solution (0.05M) to provide 500 ligand molecules per nm2 of nanoparti- 543 
cle surface. Subsequently, 1.08 mL of triethylamine (TEA) was added. The solution was 544 
stirred in an orbital shaker overnight at 3000 rpm. The sample was extracted with 5 mL of 545 
toluene, 10 mL of Milli-Q water and small amounts of acetone. IONCs spontaneously 546 
phase transferred from the organic to the aqueous phase. Any trace of acetone was re- 547 
moved from the aqueous phase by bubbling nitrogen for at least 30 min. The sample was 548 
concentrated through rotavaporation and it was further purified by dialysis overnight and 549 
at room temperature against Milli-Q water (5 L) to remove the unreacted GA-PEG. Cellu- 550 
lose membrane tubes with a molecular weight cut-off (MWCO) of 50 kDa were chosen for 551 
the dyalisis. This step was repeated two times. Finally, the resulting GA-PEG-coated 552 
IONC sample was concentrated by ultrafiltration using an Amicon centrifugal filter 553 
(MWCO of 100 kDa, Merck Millipore) and analyzed by dynamic light scattering (DLS) 554 
(Zetasizer Nano ZS90, Malvern) and transmission electron microscopy (TEM). 555 

SAR measurements  556 

The calorimetric measurements to quantify the specific absorption rate (SAR) value 557 
of the IONCs were conducted using a commercially available magnetic nano-heating de- 558 
vice (DM100 Series, nanoscale Biomagnetics). The aqueous solution of IONCs was ex- 559 
posed to an alternating magnetic field with amplitudes of 12, 16 or 24 kA/m and frequen- 560 
cies of 100 or 300 kHz. SAR values were calculated using the following equation:  561 

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

 562 
where C is the specific heat capacity of the colloid (Cwater =4.18 J g−1 C−1), dT/dt is the 563 

initial slope of the time-dependent temperature curve, and m is mass of magnetic material 564 
(g/L) in the suspension. To calculate the parameter dT/dt, temperature data points col- 565 
lected within the first 60 seconds were used to obtain the slope of the curve deriving from 566 
the linear fitting of these points.  567 
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Cell lines and cell cultures 568 

U87 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Al- 569 
drich - high glucose with 4500 mg/L of glucose) and supplemented with 10% heat-inacti- 570 
vated fetal bovine serum (FBS; Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich) and 571 
100 U/mL penicillin/streptomycin (Sigma-Aldrich) at 37 °C in a humidified 95% air and 572 
5% CO2 atmosphere.  573 

U87 spheroids were cultured in serum-free neural stem cell culture medium com- 574 
posed of DMEM/F-12 (Sigma-Aldrich) supplemented with B-27 without vitamin A, 20 575 
ng/mL of both epidermal growth factor (EGF; PeproTech), 20 ng/mL basic fibroblast 576 
growth factor (FGF; PeproTech), 5 μg/mL heparin and 1% penicillin/streptomycin into 577 
ultra-low attachment 96-well microplates with flat bottom (Corning). 578 

THP-1 cells were grown in RPMI-1640 (Sigma-Aldrich) supplemented with 10% heat- 579 
inactivated FBS, 2 mM L-glutamine, 100 U/mL penicillin/streptomycin and 50 μM β-mer- 580 
captoethanol (Sigma-Aldrich). THP-1 monocytes were differentiated into macrophages by 581 
48 hours incubation with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Al- 582 
drich) followed by 48 hours incubation in RPMI 1640 medium. Differentiation was con- 583 
firmed by evaluating the expression of CD14 using a BD FACSAria III flow cytometry (BD 584 
Biosciences) (Figure S8 in the supporting information). 585 

Cell treatment with MHT  586 

Magnetic hyperthermia studies on cells were performed at 182 kHz and 16 kA/m 587 
field conditions for exposure to three consecutive cycles of MHT separated by a 5-minute 588 
break under AMF of 30 minutes each and at a IONCs concentration of 2 gFe/L. In detail, 589 
adherent U87 cells were detached with trypsin and counted using a hemocytometer. Af- 590 
terwards, 1.5×106 cells were resuspended in 150 μL of medium containing IONCs within 591 
a small glass vial. Then, cells were exposed to AMF. Immediately after treatment, the cells 592 
were washed with PBS and resuspended in serum-free neural stem cell culture medium.  593 

Cell viability assay  594 

To measure cell viability, cells were plated in 96-well plates (5×103 cells per well) and 595 
allowed to grow for 24 hours before treatment. Cells were then exposed to different treat- 596 
ments, such as only magnetic field without IONCs (AMF), IONCs and with no exposure 597 
to AMF (IONCs) and IONCs and MHT exposure (MHT). After incubation for 24 and 48 598 
hours, cell viability was evaluated by using a CCK-8 assay kit (Abcam) according to the 599 
manufacturer’s instructions. 600 

Annexin V-FITC/Propidium Iodide assay  601 

Cell death was determined by using Annexin V-FITC/Propidium Iodide (PI) kit 602 
(MACS, Miltenyi Biotech) according to the manufacturer’s instructions. Briefly, after treat- 603 
ment, cells were washed with 1×binding buffer and then 106 cells from each group were 604 
stained with AnnexV-FITC for 15 min in the dark, followed by PI staining.  The stained 605 
cells were analyzed by flow cytometry (BD FACSAria III). The results were expressed as 606 
percentage of living (AnnexV-/PI-), primary necrotic (AnnexV-/PI+), apoptotic (An- 607 
nexV+/PI-) and secondary necrotic cells (AnnexV+/PI+). Data were analyzed using FCS ex- 608 
press 7 software (DeNovo Software). 609 

Flow cytometry analysis of surface markers on U87 cells 610 

For flow cytometry analysis, U87 cells were collected by using TrypLE Express En- 611 
zyme (Gibco) or Gentle Cell Dissociation Reagent (StemCell Technologies). Cells were 612 
then transferred into 15 mL tubes (Sigma-Aldrich) and washed with FACS buffer (ice-cold 613 
PBS with 2% FBS). Then 1×105 cells were resuspended in 100 µl of FACS buffer containing 614 
antibodies and incubated for 30 min on ice. All subsequent incubation steps were carried 615 
out in the dark. Cells were washed with 1 mL of FACS buffer and centrifuged at 300g for 616 
5 minutes at 4°C. Then, the cells were resuspended in FACS buffer and analyzed using a 617 
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BD FACSAria III. Unspecific background of individual channels was determined with iso- 618 
type controls and color compensation was done on single color-stained samples. FACS 619 
plots were generated with FCS express 7 software (DeNovo Software). 620 

Cell cycle analysis 621 

Cells were harvested and washed twice with ice-cold 1×PBS. Then, 1 × 106 cell pellets 622 
were resuspended in 4.0 mL ice-cold 70% ethanol by adding with a Pasteur pipette on a 623 
vortex. After 2-hour incubation at 4°C, cells were pelleted by centrifugation at 1000g for 5 624 
minutes and washed twice with 1×PBS. Then, cells were resupended with 300µL of DAPI 625 
(1µg/mL, Sigma-Aldrich)/ Triton X-100 (0.1%, Sigma-Aldrich) solution and incubated 30 626 
minutes at room temperature protected from the light. The cells were analyzed for DNA 627 
content by flow cytometry (BD FACSAria III). The relative proportions of cells in G0-G1 628 
phase (2n), S phase (>2n but <4n), and G2/M phase (4n) of the cell cycle were determined 629 
using FCS express 7 software (DeNovo Software). 630 

Transwell migration assay 631 

Transwell migration assay of U87 cells was performed using a 24-well transwell plate 632 
containing inserts with polycarbonate membrane with pores of 8 µm (Corning). 1 × 105 633 
cells resuspended in 100 μL of serum-free medium were placed in the upper insert and 634 
the outer chamber was filled with 600 μL of medium containing 10% FBS. After incubation 635 
for 18 hours, the inserts were transferred to a new plate containing pre-warmed (37°C) 636 
trypsin-EDTA. Medium with 10% FBS was added to inactivate trypsin. Cells that had mi- 637 
grated through the pores into the lower chamber were detected by measuring their cellu- 638 
lar ATP content using a CellTiter-Glo 2.0 reagent. The luminescence was measure at 548 639 
nm using a microplate reader (Tecan Spark). 640 

Chemotaxis of NK cells was tested by a transwell assay. Briefly, lower chambers of 641 
24-well transwell plates (3.0 μm pore size, Corning) were filled with 600 μL of conditioned 642 
medium collected from untreated cells or cells exposed to different treatments. 600 μL of 643 
fresh medium were used as a control. Approximately 1 × 105 of NK cells were added in 644 
100 μL of serum-free medium (RPMI containing 25 mM HEPES and 0.5% BSA) in the up- 645 
per chamber, and cells were incubated for 18 hours. Cells were harvested by centrifuga- 646 
tion (300g for 5 minutes at 4°C), resuspended in 100 μl PBS, stained with trypan blue and 647 
counted using a hemocytometer. 648 

Colony formation assay 649 

Immediately after treatment, cells were grown under adherent conventional condi- 650 
tions with complete medium into 6-well plates (500 cells per well) for 14 days. Then, the 651 
cells were washed with 1×Phosphate-buffered saline (PBS, Sigma-Aldrich), fixed with ice- 652 
cold methanol for 10 minutes at room temperature and subsequently stained with 0.5% 653 
crystal violet (Sigma-Aldrich) for 15 minutes. After washing with water, the stained cells 654 
were photographed, and cell growth was quantified by dissolving crystal violet in SDS 655 
(2%) and measuring the absorbance at 595 nm (Multiskan, Thermo Fisher Scientific). 656 

In vitro phagocytosis, killing and activation of THP-1-derived macrophages 657 

Dissociated cancer cells were washed twice and resuspended at 1×106 cells/mL in 1 658 
mL of 1×PBS containing CFSE (5 µM). After incubation of 10 minutes in a 37°C water bath, 659 
the cells were washed with ice-cold 1×PBS to remove the excess of CFSE. 660 

Stained cells were resuspended in serum-free DMEM at a concentration of 5×104 661 
cells/mL and transferred into a 24-well plate containing THP-1-derived macrophages 662 
(5×104 cells/mL), prepared as previously described, for a final Effector: Target ratio (E:T 663 
ratio) of 1:1. Cells were co-cultured for two hours, then harvested, stained with anti-hu- 664 
man CD11b for 30 minutes at 4°C and washed twice with 2% FBS in 1×PBS. 665 

Phagocytosis was determined by flow cytometry and data analysis performed using 666 
FCS express 7 software (DeNovo Software). The phagocytic index was calculated as the 667 
percentage of CD11b+/CFSE+ macrophages. The killing of cancer cells by THP-1-derived 668 
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macrophages was evaluated by crystal violet staining following 48 hours of incubation 669 
and quantified by measuring the absorbance at 595 nm with a plate reader (Multiskan, 670 
Thermo Fisher Scientific). For stimulation with TLR-agonist a Class C CpG-ODN (ODN 671 
2395) was used at a concentration of 1 µg/mL. The killing was calculated using the follow- 672 
ing formula: killing (%) = [(Absorbance(treated tumor cells + Macrophages) – Absorbance(Macrophages))/ 673 
(Absorbance(Treated tumor cells + Macrophages) –Absorbance(Macrophages)) ] × 100. 674 

The expression of cell surface activation markers on THP-1 cells was analyzed by 675 
flow cytometry. THP-1 macrophages were detached from culture flasks by gentle scraping 676 
and incubated for 30 minutes at 4°C in PBS with 2% FBS containing anti-CD11b, 677 
anti.CD86, anti-HLA-DR antibodies. The expression of CD86 and HLA-DR on CD11b cells 678 
was analyzed by BD FACSAria III (BD Biosciences), and data were processed by FCS ex- 679 
press 7 software (DeNovo Software).  680 

HMGB-1 ELISA 681 

After exposure to different treatments, U87 cells were seeded in 24-well plates and 682 
incubated for 24 hours. Supernatants were collected for high mobility group box 1 683 
(HMGB-1) detection by ELISA kit (Tecan), according to the manufacturer’s instructions. 684 

NK cell preparation 685 

NK cells were isolated from peripheral blood by Ficoll-Paque density gradient to ob- 686 
tain Peripheral Blood Mononuclear Cells (PBMCs) followed by purification using an NK 687 
cell isolation kit (RosetteSep kit, StemCell Biotechnologies). After isolation, NK cells were 688 
cultured in round-bottom 96-well plates in 200 µl of complete RPMI 1640 medium (Sigma- 689 
Aldrich) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100IU/mL 690 
rhIL-2 and 100 U/mL penicillin/streptomycin, and containing 105 irradiated PBMC and 691 
5×103 721.221 lymphoblastoid cell line transfected with HLA-G. CD3−CD56+clones were 692 
obtained by culturing highly purified CD3−CD19−CD14− NK cells under limiting dilution 693 
conditions as previously reported[72]. 694 

NK cell functional assays  695 

Untreated and treated cells were cultured in serum-free neural stem cell culture me- 696 
dium at 5×103cells/well in flat-bottom ultra-low attachment 96-well plates (Corning). At 697 
24 hours post-treatment, IL-2-activated NK cells (100 U/mL) were added to the U87 cells 698 
at 2.5×104 cells/mL. Generation of spheroids was monitored till day 7 and spheroid area 699 
was analyzed in each culture well by acquiring images with a default microscope with 4× 700 
objective and analyzing them with imageJ software. The supernatants were collected to 701 
measure the release of IFN-γ by ELISA kit according to manufacturer’s instructions (Bio- 702 
legend). 703 

Crystal violet cytotoxicity assay was also performed to determine the killing activity 704 
of NK cells. Briefly, spheroids at day 5, alone or co-cultured with NK cells, were trans- 705 
ferred in conventional adherent plates and after 48 hours were stained with crystal violet 706 
as previously described. After extensive washing, adherent cells were solubilized and the 707 
amount of crystal violet proportional to the number of living cells was estimated with a 708 
plate reader (Multiskan, Thermo Fisher Scientific) measuring the absorbance at 595 nm. 709 

Degranulation and viability were assessed by flow cytometry on NK cells and U87 710 
target cells, respectively. Briefly, U87 cells exposed or not to treatment with MHT were 711 
incubated 24 hours in serum-free neural stem cell culture medium. Then, U87 cells were 712 
co-culture with IL-2-activated NK cells (100 U/mL) at an E:T ratio of 1:1 (1×105 cells: 1×105 713 
cells) in the presence of eFluor660-conjugated anti-CD107a. Before co-culture with target 714 
cells, NK cells were either left untreated or blocked for 30 min with anti-DNAM-1 anti- 715 
body (10µg/mL, Miltenyi Biotec), or anti-NKp30 antibody (10µg/ml, Miltenyi Biotec). Af- 716 
ter 1 hour of culture, monensin (BD golgi stop, BD Biosciences) was added and cells were 717 
cultured for a further 3 hours before staining for CD56 and viability with Fixable Viability 718 
Stain 450 (FVS450, BD Horizon).  719 
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Statistical analysis 720 

Graphpad prismTM 7.0 software was used for analyzing and graphing the data. Sta- 721 
tistical significance was determined using unpaired student’s t test or one-way ANOVA. 722 
Differences were considered statistically significant if p < 0.05 (*p < 0.05; **p< 0.01; ***p < 723 
0.001; and n.s., not significant). Data were expressed as mean ± SD or mean ± SEM. 724 
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