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Glioblastoma-natural killer cell crosstalk: 2
insights from dynamic spheroid models reveal

the importance of secreted cytokines and the
CD155 axis
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Abstract

Glioblastoma (GB) is an aggressive primary brain cancer with poor patient prognosis. Natural killer (NK) cells can
recognise and eliminate a range of malignant cells, including GB stem cells, which drive GB recurrence. NK cell-
based immunotherapy has emerged as a promising approach for GB treatment, but a better understanding of

the complex crosstalk between GB and NK cells is needed, particularly within the immunosuppressive GB tumour
microenvironment. In this study, we established a reproducible protocol for the production and dynamic culture of
uniformly sized GB spheroids using the Celvivo Clinostar system. Our spheroids recapitulated the heterogeneous
structure of GB and expressed ligands for NK cell receptors at levels distinct from those observed in corresponding
GB cell lines in standard culture, implicating altered sensitivity of GB cells to NK cells in dynamic 3D cultures. GB-NK
cell crosstalk was GB cell type dependent and the ability of NK cells to infiltrate GB did not necessarily correlate
with their cytotoxicity against GB cells. Spheroids derived from differentiated GB cells secreted higher levels of
immunomodulatory cytokines compared to spheroids from GB stem-like cells, and a prominent increase in the
secretion of immune-attracting factors was observed in their co-cultures with NK cells. Finally, the CD155-DNAM1/
TIGIT axis was indicated as an important regulator of NK cell cytotoxicity against GB stem-like cells. Collectively, our
results highlight important factors in GB-NK cell communication and provide a groundwork for further targeted
research as well as therapeutic evaluation of NK cell-based approaches in the established dynamic 3D cultures.
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Background

Glioblastoma (GB) is the most common and aggressive
primary brain cancer in adults. Despite the standard
of care treatment that includes surgery, radiotherapy
and chemotherapy with temozolomide, the progno-
sis of GB patients is poor and less than 10% of patients
are still alive at 5 years after the diagnosis [1, 2]. During
the past decades, there have been no major advances in
GB treatment which would significantly improve patient
survival, indicating an urgent need for novel therapeutic
approaches.

In the last decade, immunotherapy has revolution-
ized the treatment of many cancers, especially haema-
tological malignancies [3]. Nevertheless, applying these
approaches to solid tumours has often shown limited
success. To a great extent, this can be attributed to the
immunosuppressive tumour microenvironment (TME),
which not only represents a physical barrier for immune
cell infiltration, but also directly regulates the activity
of immune cells by secreting immunomodulating and
often immunosuppressive factors [4]. Despite several
challenges such as intracranial location of the tumour,
immunosuppressive TME, and heterogeneity of GB,
immunotherapy holds promise for GB treatment [5].

Several immunotherapeutic approaches have already
been tested in the setting of GB [5]. However, although
a number of pre-clinical studies showed encouraging
results, to date, no durable clinical benefits have been
observed in randomized clinical trials in patients. This
indicates a lack of relevant preclinical models that would
reliably reflect the complexity and biological properties
of the GB in human and could accurately predict the effi-
cacy of immunotherapies [6]. Unlike 2D cell cultures, 3D
culture models, such as spheroids, organotypic cultures,
and organoids, more closely mimic tumour architecture,
nutrient and oxygen gradients and metabolism and thus
allow for a more accurate assessment of immunothera-
peutic approaches [7, 8]. Nevertheless, the absence of a
complete TME, systemic immunity and functional vas-
culature still limit the predictive power of these mod-
els. (Humanized) immunocompetent mouse models of
GB, although more relevant in these regards, are expen-
sive and time-consuming and often do not fully repro-
duce human pathology and immune responses [9]. To
an extent, blood flow and immune cell infiltration may
be mimicked in vitro by culturing human cancer cells in
static or perfused microfluidic platforms [10].

Natural killer (NK)-cell based immunotherapeutic
approaches may be particularly feasible in the setting of
GB. NK cells are innate lymphoid cells that can eliminate
tumour cells without prior sensitization and recognition
of tumour-associated antigens [11]. Their activity is regu-
lated by activating and inhibitory receptors, which inter-
act with ligands on target cells. If the interactions with
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activating receptors prevail over the inhibitory signals,
the intracellular cell cytotoxic machinery is activated,
leading to elimination of the target cells [11, 12]. Most
commonly, NK cells operate through the perforin-gran-
zyme pathway, releasing cytolytic granules and inducing
target cell apoptosis. Alternatively, target cells can also
be eliminated through the induction of the death recep-
tor pathway [13, 14]. Another important mechanism
employed by NK cells which links the innate and adap-
tive immune responses and can also be exploited thera-
peutically is the antibody dependent cellular cytotoxicity
(ADCC) [15]. The term relates to the ability of NK cells to
eliminate antibody-coated target cells, which are recog-
nised by the Fc region-binding receptor CD16 (FcyRIII)
on the surface of NK cells. Lastly, NK cells also secrete
a variety of cytokines such as interferon-gamma (IFN-
y) and tumour necrosis factor-alpha (TNF-a), which
directly affect cancer cells and modulate both innate
and adaptive immune responses [11, 12]. It has recently
been reported that NK cells may also restrict antitumour
immune responses, e.g., through cytolysis of activated T
cells [16].

As GB is characterised by a low tumour mutational
burden [17], the use of NK cells may be beneficial com-
pared to T cell-based therapies and vaccine-based
approaches to bypass the lack of tumour-associated anti-
gens and also the lack of functional antigen-presenting
cells in the highly immunosuppressive GB TME. Addi-
tionally, NK cells may represent a powerful tool against
the pool of heterogeneous GB cells, as (unlike T cells)
they can recognize a broad spectrum of target cells [18,
19]. Importantly, NK cells have been shown to kill GB
stem cells — a subset of cancer cells that are intrinsically
resistant to a number of standard therapeutic approaches
and represent key drivers of GB recurrence [20, 21]. As
no graft-versus-host disease is induced by NK cells, allo-
geneic off-the-shelf NK cell products may be used for
patient treatment, providing a cheaper, more scalable and
reproducible alternative to patient-specific T cell prod-
ucts. Due to their immediate availability, off-the-shelf
products are particularly convenient for the treatment of
aggressive types of cancer [18].

In the GB TME, the abundance of NK cells is low,
generally accounting for < 5% of leukocytes within the
tumour [22-24], but the presence of activated NK cells
positively correlates with patient survival [25]. However,
in the immunosuppressive TME, fuelled by GB cells, the
infiltrated NK cells often exhibit altered phenotypes and
restrained cytotoxic activity. Several immunosuppressive
factors in the GB TME were reported to impair NK cell
function, downregulate the expression of activating NK
receptors and decrease NK cell secretion of IFN-y [26—
31]. Additionally, NK cell number and function may also
be impaired by hypoxia [32].
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A deeper understanding of the GB-NK cell crosstalk
is needed to develop effective NK cell-based therapeu-
tic approaches for GB and prevent or revert its potential
resistance mechanisms. Relevant in vitro models should
be used to investigate the GB-NK cell interplay and NK
cell-based therapeutic approaches in the human set-
ting. To address these needs, we established a reproduc-
ible approach for generation and dynamic culture of GB
spheroids from GB cell lines in the Celvivo Clinostar
system. GB spheroids were co-cultured with NK cells in
direct co-culture and on a dynamic organ-on-chip plat-
form to model and explore the GB-NK cell crosstalk.
Moreover, the importance of the CD155 axis for the
cytotoxicity of NK cells was studied in more detail.

Methods

Cell lines and culture

NIB140 is a differentiated GB cell line derived in-house
from patient tumour tissue. Tumour tissue was obtained
from University Medical Centre Ljubljana. The study was
approved by the National Medical Ethics Committee of
the Republic of Slovenia (approval No. 0120-190/2018-
2711-41). NIB140 cells were cultured in surface-treated
tissue culture flasks (Jet Biofil) in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Thermo Fisher
Scientific) supplemented with 10% foetal bovine serum
(FBS; Gibco, Thermo Fisher Scientific) and 1x penicillin/
streptomycin (Sigma-Aldrich). Prior to reaching conflu-
ency, cells were regularly passaged by 0.125% trypsin—
EDTA solution (Gibco, Thermo Fisher Scientific).

U87-MG cell line was grown in surface-treated tis-
sue culture flasks (Jet Biofil) in low-glucose Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Thermo
Fisher Scientific) supplemented with 2 mM L-glutamine
(Sigma-Aldrich), 10% FBS (Gibco, Thermo Fisher Scien-
tific) and 1x penicillin/streptomycin (Sigma-Aldrich).
Prior to reaching confluency, cells were regularly pas-
saged by 0.125% trypsin—EDTA solution (Gibco, Thermo
Fisher Scientific).

GB stem-like cell line NCH421k was purchased from
Cell Lines Service GmbH (CLS). NIB237GSC is a stem-
like GB cell line derived in-house from patient tumour
tissue. Tumour tissue was obtained from University
Medical Centre Ljubljana. The study was approved by
the National Medical Ethics Committee of the Republic
of Slovenia (approval No. 0120-190/2018-2711-41). Both
cell lines were cultured as floating spheres in suspen-
sion cell culture flasks (Sarstedt) in Neurobasal Medium
(NBE; Gibco, Thermo Fisher Scientific) supplemented
with 1x penicillin/streptomycin (Sigma-Aldrich), 2 mM
L-glutamine (Sigma-Aldrich), 1x B-27 (Invitrogen), 1
U/mL heparin (Sigma-Aldrich), 20 ng/mL basic fibro-
blast growth factor (Invitrogen) and 20 ng/mL epider-
mal growth factor (Invitrogen). Spheres were regularly
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dissociated with TrypLE Express (Gibco, Thermo Fisher
Scientific).

To obtain a differentiated counterpart of the NIB-
237GSC cell line, NIB237GSC spheres were dissociated
with TrypLE Express (Gibco, Thermo Fisher Scientific)
and cells were seeded to surface-treated tissue culture
flasks (Jet Biofil) in NBE medium (Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS (Gibco, Thermo
Fisher Scientific), 2 mM L-glutamine (Sigma-Aldrich)
and 1x penicillin/streptomycin (Sigma-Aldrich). After
seven days of culture in differentiation medium, cells
were designated as diff. NIB237 cells.

Cell line NK-92 was purchased from the American
Type Culture Collection (ATCC). Cells were grown in
NK-92 complete medium, i.e., RPMI 1640 medium with
GlutaMAX (Gibco, Thermo Fisher Scientific) supple-
mented with 12.5% FBS (Gibco, Thermo Fisher Scien-
tific), 12.5% heat inactivated horse serum (Gibco, Thermo
Fisher Scientific), 1x penicillin/streptomycin (Sigma-
Aldrich) and 200 IU/mL recombinant human interleukin
2 (IL-2; Miltenyi Biotec). For activation, cells were grown
for 24 h in NK-92 complete medium supplemented with
1,000 IU/mL recombinant human IL-2 (Miltenyi Biotec).

Isolated healthy donor (HD) peripheral blood mono-
nuclear cells (PBMCs) were obtained as buffy coats
from the Blood Transfusion Centre of Slovenia. Experi-
ments were performed in accordance with the approval
of National Medical Ethics Committee of the Republic
of Slovenia (approval no. 0120-279/2017-3). Cells were
washed twice in PBS with 1 mM EDTA and 2% FBS to
remove platelets. HD NK cells were isolated from PBMCs
using the EasySep Human NK Cell Enrichment Kit (Stem
Cell Technologies) and the EasySep cell separation mag-
net (Stem Cell Technologies) according to the manufac-
turer’s instructions. For isolation of NK cells from whole
blood of GB patients, PBMCs were isolated using the
Lympholyte® Cell Separation Media (Cedarlane) and NK
cells were isolated as described above. Experiments were
performed in accordance with the approval of National
Medical Ethics Committee of the Republic of Slovenia
(approval no. 0120-190/2018-2711-41). After isolation,
NK cells were grown in NK complete medium, i.e., RPMI
1640 medium with GlutaMAX (Gibco, Thermo Fisher
Scientific) supplemented with 12.5% FBS (Gibco, Thermo
Fisher Scientific) and 1x penicillin/streptomycin (Sigma-
Aldrich). For activation, cells were grown for 18 h in
NK complete medium supplemented with 1,000 IU/mL
recombinant human IL-2 (Miltenyi Biotec).

Normal human astrocytes (NHA) were purchased from
Lonza and were cultured in Astrocyte Medium (Scien-
cell) supplemented with 10% FBS (Gibco, Thermo Fisher
Scientific), 1% astrocyte growth supplement (ScienCell),
and 1x penicillin/streptomycin (Sigma-Aldrich). Prior
to reaching confluency, cells were passaged by 0.125%



Habi¢ et al. Cell Communication and Signaling (2026) 24:289

trypsin—-EDTA solution (Gibco, Thermo Fisher Scien-
tific). Low passages (< 10) were used in experiments.

K562 cells were purchased from the American Type
Culture Collection (ATCC) and were grown in RPMI
1640 medium with GlutaMAX (Gibco, Thermo Fisher
Scientific) supplemented with 10% FBS (Gibco, Thermo
Fisher Scientific) and 1x penicillin/streptomycin (Sigma-
Aldrich). Cells were passaged every 2—3 days.

Cell lines were regularly checked for Mycoplasma con-
tamination using the MycoAlert Mycoplasma Detection
Kit (Lonza). Low passages (< 15) of cancer cell lines were
used in experiments.

Immunophenotyping of PBMCs and NK cells isolated from
PBMCs

8-Color Immunophenotyping Kit, anti-human (Miltenyi
Biotec), was used according to the manufacturer’s
instructions to determine the frequencies of immune cell
populations (T cells, B cells, NK cells, monocytes, neu-
trophils, eosinophils, CD4+, CD8+, and CD56+CD3+ T
cell subsets) in PBMCs. The kit was also used to assess
the purity of the NK cells isolated from PBMCs. Stained
cells were analysed using the MACSQuant Analyzer 10
Flow Cytometer (Miltenyi Biotech) and FlowJo software
(BD Life Sciences). The purity of NK cells isolated from
PBMCs was >90%.

Establishment and culture of GB spheroids in the Celvivo
Clinostar system

GB spheroids were established by the forced floating
method in 96-well round bottom microplates (Falcon,
Corning). The starting numbers of cells per spheroid
were optimized for each cell line and were set at 5,000
for cell lines NCH421k, U87-MG, NIB237GSC, and
diff. NIB237, and 30,000 cells for cell line NIB140. The
selected number of cells was seeded in 100 ul of corre-
sponding complete medium with 4% methylcellulose.
Plates were centrifuged for 90 min at 900 g and incubated
for 3 days under static conditions at 37 °C in 5% CO,
atmosphere. Spheroids were then resuspended in fresh
complete media, transferred to pre-equilibrated Clino-
Reactors (Celvivo) and cultured in a dynamic system in
the ClinoStar clinostat incubator (Celvivo) at 37 °C and
5% CO, atmosphere. The speed of ClinoReactor rotation
was adjusted daily to ensure optimal spheroid disper-
sion. Media in the ClinoReactors were changed every 2—-3
days. Spheroids that had been grown in ClinoReactors for
8 days were used for experiments.

Monitoring spheroid growth

Spheroid growth was monitored by measuring the
spheroid area. Images of spheroids in ClinoReactors
were taken on Nikon Eclipse Ts2R inverted microscope.
Spheroid area was quantified in Fiji [33].
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Dissociation of GB spheroids into single-cell solution

For flow cytometry and calcein release assay spheroids
were dissociated into single cells. NCH421k, NIB237GSC
and diff. NIB237 spheroids were dissociated in TrypLE
Express (Gibco, Thermo Fisher Scientific). Dissociated
cells were washed with PBS and resuspended in desired
staining solution/medium. For dissociation of NIB140
spheroids, we used TrypLE Express (Gibco, Thermo
Fisher Scientific) and Colagenase, Type I (Thermo Fisher
Scientific) diluted in DMEM (Gibco, Thermo Fisher Sci-
entific). Spheroids were incubated in the enzyme mix-
ture at 37 °C and were occasionally mixed by pipetting
until they dissociated. Single cell suspension was washed
with PBS and resuspended in desired staining solution/
medium.

Flow-cytometric determination of cell viability and death
in GB spheroids

After NCH421k and NIB140 spheroid dissociation, cells
were incubated with annexinV-FITC (Miltenyi Biotec) for
15 min at 4 °C. Then, cells were diluted and stained for
5 min with 7-AAD (Miltenyi Biotec). Stained cells were
diluted and analysed using the MACSQuant Analyzer 10
Flow Cytometer (Miltenyi Biotech) and FlowJo software
(BD Life Sciences).

Preparation and immunofluorescent staining of formalin-
fixed, paraffin-embedded (FFPE) sections

For preparation of the FFPE sections, spheroids (without
or with infiltrated NK cells) were washed with PBS and
fixed in buffered 4% formaldehyde solution (Merck) for
72 h at 4 °C. Fixed samples were embedded in 0.5% aga-
rose in PBS to ease further processing and prevent sam-
ple loss. Agarose blocks were dehydrated and embedded
in paraffin. FFPE sections (4 pum thick) were prepared for
subsequent immunofluorescent staining.

FFPE sections were deparaffinised in xylene (Chem-
Lab) and rehydrated in a series of ethanol solutions of
decreasing concentrations (100%, 96%, and 70%). Sam-
ples were heated at 95 °C for 20 min in 10 mM sodium
citrate buffer (pH 6.0) to retrieve antigens. Blocking was
performed for 1 h at room temperature in 10% (v/v) nor-
mal goat serum (Sigma-Aldrich), 0.1% Triton X-100 (v/v)
(Sigma-Aldrich) and 1% bovine serum albumin (BSA;
w/v) (Sigma-Aldrich) in PBS. Samples were incubated
with primary antibodies diluted in 1% BSA (w/v) in PBS
(Table S1) overnight at 4 °C. After washing with 0.5% BSA
(w/v) in PBS, fluorescently labelled secondary antibodies
diluted in 1% BSA (w/v) in PBS (Table S1) were added to
the slides and incubated for 1 h at room temperature. The
slides were then washed in PBS and nuclei were stained
with Hoechst 33258 solution (Sigma-Aldrich) diluted
1:1,000 in PBS. After washing with PBS, samples were
mounted in ProLong Gold AntiFade reagent (Invitrogen,
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Life Technologies), cover slipped and sealed with nail
polish. Inverted fluorescent microscope (Nikon Eclipse
Ti, Tokyo, Japan) and NIS-Elements, Nikon software,
were used to image fluorescence.

Flow cytometry to assess the expression of receptors on

NK cells and their ligands on cancer cells

The expression of receptors on live NK cells (CD16,
CD96, DNAM-1, KIR2DL1, KIR2DL2/L3/S2, KIR2DL4,
KIR3DL1, NKG2D, NKp30, PD-1, TIGIT) was measured
on NK-92 cells, NK cells isolated from PBMCs of 6-9
healthy donors and NK cells isolated from PBMCs of 6
GB patients. The same receptors were also analysed on
NK-92 cells that have been cultured for 48 h in a 1:1 mix-
ture of NK-92 complete medium and NCH421k/NIB140
conditioned medium. The expression of NK cell receptor
ligands (B7-H6, CD112, CD155, PD-L1, CD54, HLA-A,
B,C, HLA-E, MICA/MICB, ULBP-1, ULBP-2/5/6, ULBP-
3) was measured on live flask- and spheroid-cultured
cancer cell lines NCH421k, NIB140, NIB237GSC and
diff. NIB237.

Cells were resuspended in PBS with 1% BSA and
stained with antibodies listed in Table S2. IgG isotypic
controls were used as controls. Cells were stained for
30 min at 4 °C. After washing, cells labelled with fluores-
cently conjugated primary antibodies were analysed by
the MACSQuant Analyzer 10 Flow Cytometer (Miltenyi
Biotech) or Attune NXT flow cytometer (Thermo Fisher
Scientific). In the case of unconjugated primary antibod-
ies, cells were washed and additionally stained with Alexa
Fluor 488 rabbit anti-mouse IgG secondary antibody
(Thermo Fisher Scientific), incubated for 30 min at 4 °C,
washed and analysed on the MACSQuant Analyzer 10
Flow Cytometer (Miltenyi Biotech). Flow]o software (BD
Life Sciences) was used to determine the % of cells posi-
tive for specific receptor or ligand. Gates were set based
on the corresponding IgG isotypic control samples.

Establishment of direct NK cell co-cultures with GB
spheroids

Spheroids that had been grown in ClinoReactors for 8
days were used for establishment of co-cultures with NK
cells (NK-92 or HD NK cells). At least 5 spheroids of each
cell line were dissociated to determine average number of
cells per spheroid and to calculate the number of (non-)
activated NK cells needed for the selected effector:target
ratios (2.5:1 or 5:1). For the co-cultures, spheroids with
100 pl of corresponding complete media were trans-
ferred to wells of a round bottom 96-well plate (Falcon,
Corning). The concentrations of (non-)activated NK cells
were adjusted to achieve the desired final effector:target
ratios after the addition of 100 ul of NK cell suspension
per spheroid in 96-well plate. For activated NK cells, IL-2
was included in the media to achieve final concentration
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of 1,000 IU/mL. Spheroids and NK cells were co-cultured
for 24 h at 37 °C in 5% CO, atmosphere.

For the analysis of NK cell infiltration and cytotoxicity
by flow cytometry, NK cells were fluorescently labelled
prior to the onset of co-cultures to enable their direct
detection and discrimination. NK cells were washed with
PBS and stained with 5 uM CellTracker Blue CMAC
(Thermo Fisher Scientific) or 10 pM CellTracker Green
CMFDA (Thermo Fisher Scientific) in RPMI medium
without supplements. After 30 min of incubation, cells
were washed, and their concentration was adjusted to
achieve the desired final effector:target ratios after the
addition of 100 pl of NK cell suspension per spheroid in
96-well plate.

Co-cultures of GB spheroids and nonactivated or IL-
2-activated CellTracker Blue CMAC (Thermo Fisher
Scientific) labelled PBMCs from GB patients were estab-
lished in the same manner.

Flow cytometric analysis of NK cell spheroid infiltration
and cytotoxicity

Spheroids with infiltrated fluorescently pre-labelled NK
cells were washed in PBS and individually dissociated
as described above. Cells were washed and resuspended
in 100 pl PBS with 1% BSA. 1 pl 7-AAD (Miltenyi Bio-
tec) was added and incubated for 5 min to label dead
cells. Cells were diluted and analysed by the MAC-
SQuant Analyzer 10 Flow Cytometer (Miltenyi Biotech)
or Attune NXT flow cytometer (Thermo Fisher Scientific)
and FlowJo software (BD Life Sciences) to determine NK
cell infiltration and their cytotoxicity against GB cells.

Analysis of cytokines, chemokines, growth factors and

cytotoxicity-related factors in the media of co-cultures

After the 24 h incubation, media of the co-cultures were
collected for the analysis of secreted cytokines, chemo-
kines, growth factors and cytotoxicity-related factors.
Media were centrifuged (5 min, 5,000 rpm) and superna-
tants were stored at -80 °C. Cytokine/chemokine analysis
was performed in two multiplex assays (Human Cyto-
kine/Chemokine 96-Plex Discovery Assay® Array (HD96)
and TGEFB 3-Plex Discovery Assay® Multi Species Array
(TGFB1-3)) by the Eve Technologies Corporation (Cal-
gary, AB Canada) on the Luminex® 200™ platform. The
following targets were analysed: BAFF, CCL1, CCL13,
CCL17, CCL19, CCL2, CCL20, CCL21, CCL22, CCL23,
CCL24, CCL26, CCL27, CCL28, CCL3, CCL4, CCL5,
CCL7, CCL8, CXCL10, CXCL11, CXCL13, CXCL16,
CXCL5, CXCL9, EGF, Eotaxin, FGF-2, FLT-3L, Fractal-
kine, GCP-2, G-CSF, GM-CSEF, Granzyme A, Granzyme
B, GROa, HMGBI, IFN-a2, IENf, IFNy, IFNo, IL-10,
IL-11, IL-12p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A,
IL-17E/IL-25, IL-17F, IL-18, IL-1RA, IL-1a, IL-1B, IL-2,
IL-20, IL-21, IL-22, IL-23, IL-24, IL-27, IL-28A, IL-29,



Habi¢ et al. Cell Communication and Signaling (2026) 24:289

IL-3, IL-31, IL-33, IL-34, IL-35, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-9, LIF, Lymphotactin, M-CSF, MIP-18, PDGEF-
AA, PDGF-AB/BB, Perforin, sCD137, sCD40L, SCF,
SDEF-1, sFas, sFasL, TGF-a, TGF-f1, TGF-p2, TGF-
B3, TNESF13, TNFa, TNFpB, TPO, TRAIL, TSLP, and
VEGEF-A.

Analysing NK-92 cell infiltration in a dynamic organ-on-
chip platform

We set up a dynamic MIVO® Single-Organ Platform
(MIVO® platform, React4life) — a commercially avail-
able setup, consisting of transwell chambers carrying
spheroids in Matrigel (Corning) under flow conditions,
mimicking the influx of immune cells into the tumours.
NCH421k or NIB140 spheroids were prepared by the
forced floating method (as described above) and embed-
ded in Matrigel (Corning) in the tumour chamber
above a microcirculation of NK-92 cells. NK-92 cells at
effector:target ratio 2.5:1 were applied to the circula-
tion at flow rate 1 mL/min for 24 h at 37 °C in 5% CO,
atmosphere. IL-2 was included in the media to achieve
final concentration of 200 IU/mL. NK-92 cells were pre-
labelled with 10 uM CellTracker Green CMFDA (Thermo
Fisher Scientific) or 5 pM CellTracker Blue CMAC
(Thermo Fisher Scientific) in RPMI medium without
supplements. After 24 h of NK-92 cell circulation, con-
tents of the tumour chamber were washed with cold PBS
to remove Matrigel. Spheroids were dissociated and cells
were resuspended in 2% FBS in PBS. Dead cells were
stained by 7-AAD (Miltenyi Biotec). MACSQuant Ana-
lyzer 10 Flow Cytometer (Miltenyi Biotech) and FlowJo
software (BD Life Sciences) were used to determine the
infiltration of labelled NK cells into the tumour chambers
and spheroids and the viability/death of GB and NK-92
cells.

Calcein release assay

Calcein release assay was used to test cytotoxicity of
(IL-2-preactivated) NK-92 and HD NK cells against
NCH421k and NIB140 cells from standard or spheroid
cultures. It was also used to test whether NK-92 and HD
NK cell cytotoxicity against K562 cells is affected by pre-
culturing NK cells in NCH421k or NIB140 conditioned
medium.

Serial dilutions of effector cells (NK-92 or HD NK cells)
in at least three technical replicates were prepared in a
round bottom 96-well plate (Falcon, Corning) in final
volume of 100 pl corresponding complete medium per
well. Target cells were labelled with Calcein-AM (Sigma)
at final concentration 15 uM in serum-free RPMI 1640
medium (Gibco, Thermo Fisher Scientific) for 30 min at
37 °C. After the incubation, cells were washed and resus-
pended in corresponding complete medium to a final
concentration 0.1x10° cells/mL. 5,000 labelled target
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cells (50 pl) per well were added to the effector cells and
control wells. The plate was centrifuged at 200 g for
2 min and incubated at 37 °C and 5% CO, for 3 h. After
incubation, the plate was centrifuged at 700 g for 7 min
and 50 pL of the supernatant from each well was trans-
ferred to a black 96-well plate (Thermo Fisher Scientific).
Fluorescence (excitation: 496 nm, emission: 516 nm)
was measured on a Synergy Mx microplate reader (Bio-
Tek Instruments Inc.). Based on the calcein fluorescence
measurements, the percentage of cytotoxicity was calcu-
lated as 100 x (test release — spontaneous release)/(total
release — spontaneous release). Spontaneous release was
measured in wells containing 100 ul NK-92 complete or
NK complete medium and 50 pl calcein-AM-labelled tar-
get cells. For total release, 2% Triton X-100 was added to
the NK-92 complete or NK complete medium to achieve
complete lysis of calcein-AM-labelled target cells. Lytic
units (LU) were calculated using the inverse of the num-
ber of effector cells needed to lyse 30% of the target cells
multiplied by 100.

Calcein release assay with blocking of the CD155 axis
was executed as described above with the addition of
CD155 blocking antibodies (clone L95, Merck), DNAM-1
blocking antibodies (clone 102511, R&D Systems), TIGIT
blocking antibodies (clone MBSA43, Thermo Fisher Sci-
entific) or their combinations. Target cells (NCH421k or
NIB140 cells) were preincubated for 45 min with CD155
blocking antibodies and NK cells were preincubated for
45 min with DNAM-1 or/and TIGIT blocking antibod-
ies. All blocking antibodies were used at concentration
of 10 ug/mL. Isotype control at the same concentrations
was used as control.

Statistical analysis

Unless stated otherwise, graphs were plotted and statis-
tics calculated in GraphPad Prism version 10.4.1. At least
three biological replicates (N>3) were performed per
experiment. Data are presented as mean + standard error
of the mean (SEM); sample sizes and statistics used are
included in figure legends. p values<0.05 were consid-
ered to indicate significant differences. The p-values are
indicated in the figures as follows: %p <0.05; *%p<0.01;
#3350 < 0.001 and #sx%p <0.0001.

Heatmap visualisation of secreted factors and hierar-
chical clustering based on the “one minus Pearson cor-
relation” metric were performed in Morpheus, https://sof
tware.broadinstitute.org/morpheus.

Results

GB spheroids cultured in the dynamic Celvivo Clinostar
system recapitulate the heterogeneous architecture of GB
We established a novel spheroid model derived from
human GB cell lines which closely mimics the architec-
ture of GB tissue (Fig. 1a). To our knowledge, we are the
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Fig.1 Growth of GB spheroids in the Celvivo system. a Schematic representation of the preparation and culture of GB spheroids established in this study.
b NCH421k and NIB140 spheroids in ClinoReactors on days 0 and 8. Scalebar: 500 um. ¢ Growth of NCH421k and NIB140 spheroids. Growth was deter-
mined by measuring spheroid area in time. Mean + SEM of at least 3 biological replicates is presented. d Analysis of cell viability in NCH421k and NIB140
spheroids on day 8. In both spheroid types, the proportion of cells in early or late stages of apoptosis is below 10%

first to maintain GB spheroids in the dynamic Celvivo
Clinostar system, which provides a controlled and physi-
ologically relevant culture environment. By ensuring low
shear stress and even distribution of nutrients, it enables
long-term spheroid culture. In our study, spheroids were
successfully prepared and maintained from five distinct
GB cell lines: NCH421k, a suspension GB cell line with
stem-like characteristics, NIB140, our in-house patient-
derived adherent GB cell line, U87-MG, a commonly
used adherent GB cell line, NIB237GSC, our in-house
patient derived suspension GB cell line with stem-like
characteristics, and its serum-differentiated counterpart,
diff. NIB237 (Fig. 1b, Fig. S1), indicating general appli-
cability of the approach. The production and culture of
spheroids in ClinoReactors was reproducible and gave
round and uniformly sized spheroids which could be cul-
tured in the Celvivo Clinostar system for at least several
weeks (Fig. S1).

Spheroids derived from cell lines NCH421k and
NIB140 were characterized in more detail and were used
for further experiments (Fig. S2a-b). Cell lines NCH421k
and NIB140 exhibit major differences in expression
of stemness-related genes, including oligodendrocyte

transcription factor 2 (OLIG2), SRY-box transcription
factor 2 (SOX2), prominin 1 (PROMI), CD9 molecule
(CDY), and notch receptor (NOTCH) (Fig. S2c) and were
used as proxies of GB stem-like and differentiated GB
cells, respectively. Importantly, NCH421k and NIB140
cells also substantially differ in the expression of GB
subtype specific marker genes (Fig. S2d). NIB140 cells
exhibit a mesenchymal-like phenotype, while NCH421k
cells adhere more with a proneural-like signature.

Major differences were observed in growth kinetics of
NCH421k and NIB140 spheroids. NCH421k spheroids
grew much faster than the NIB140 spheroids (Fig. 1c, Fig.
S1) and possessed a loose structure, while the NIB140
spheroids were more compact. On day 8 in the ClinoRe-
actors, i.e., the timepoint at which spheroids were used
for further experiments, approximately 10% of cells were
detected in early or late stages of apoptosis in spheroids
of both cell lines (Fig. 1d).

We further characterized GB spheroids at the molec-
ular and spatial level by immunofluorescent staining
of stemness markers SOX2 and OLIG2, differentiation
marker glial fibrillary acidic protein (GFAP), mesenchy-
mal subtype marker CD44, proliferation marker protein
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Fig. 2 Characterisation of GB spheroids cultured in the Celvivo system. a Immunofluorescent staining of selected markers in NCH421k and NIB140 spher-
oids on day 8. NCH421k spheroids express high levels of SOX and OLIG2 (stem cell markers) and low levels of GFAP (differentiation marker) and CD44
(mesenchymal subtype marker). Spheroids are highly proliferative, as indicated by a high proportion of Ki-67-positive cells. Cells in the NIB140 spheroids
express high levels of GFAP and CD44, no OLIG2 and varying levels of SOX2. The proportion of Ki-67-positive proliferative cells is lower compared to
NCH421k spheroids. b Immunofluorescent staining of selected markers in NCH421k and NIB140 spheroids on day 18. Heterogeneous zones were ob-

served in both types of spheroids, such as regions of low and high cell proliferation, necrotic and hypoxic regions

Ki-67, and hypoxia markers hypoxia inducible factor 1
subunit alpha (HIFla) and carbonic anhydrase 9 (CA9).
The staining was performed at two different time points,
i.e., after 8 days and 18 days of culture in the ClinoRe-
actors (Fig. 2, Fig. S3-5). We confirmed the expected
expression of GB cell markers and differences between
the NCH421k and NIB140 cell lines (Fig. 2a). Low levels
of differentiation marker GFAP and mesenchymal sub-
type marker CD44 were detected in NCH421k spher-
oids, while both were profoundly expressed in NIB140
spheroids. In NCH421k spheroids, practically all cells
were positive for stem cell markers SOX2 and OLIG2,
while no OLIG2 and lower levels of SOX2 were observed
in NIB140 spheroids. Interestingly, the expression of
SOX2 was not uniform among the NIB140 cells, indicat-
ing an intrinsic heterogeneity of cell states. In line with
the slower growth rate of NIB140 spheroids compared
to NCH421k spheroids, the abundance of Ki-67-positive
cells was lower in the NIB140 spheroids. In spheroids
that had been cultured in the ClinoReactors for 18 days,
heterogeneous zones were observed, including regions
of highly proliferative cells as well as some hypoxic and
necrotic regions deeper in the spheroid structure (Fig. 2b,
Fig. S4-5). Thus, our GB spheroids recapitulated the spa-
tially heterogeneous architecture of GB in vivo.

Spheroid culture affects the expression of ligands for NK

cell receptors on GB cells and their sensitivity to NK cells

As we aimed to use our spheroid model to study the
crosstalk between GB and NK cells, we analysed the
expression of several ligands for NK cell receptors in
GB cell spheroids and, in parallel, in GB cell lines from
standard culture (Fig. 3a). The expression of poliovi-
rus receptor (CD155), nectin-2 (CD112), B7 homolog
6 (B7-H6), intercellular adhesion molecule 1 (CD54/
ICAM-1), UL16 binding proteins (ULBPs), MHC class I
polypeptide-related sequences A and B (MICA-B), HLA
class I histocompatibility antigen, alpha chain A/B/C and
E (HLA-A/B/C and HLA-E), and programmed cell death
receptor ligand 1 (PD-L1) was analysed. A number of
NK cell-related ligands were prominently expressed on
NCH421k and NIB140 cells and several differences were
observed between the two cell lines in standard culture:
CD155, B7-H6, CD54, ULBP1, and ULBP-2,5,6 were
expressed at higher levels in NIB140 cells compared to
NCH421k cells, which expressed more CD112. In spher-
oid cultures, NCH421k cells expressed more HLA-A/B/C

and CD155 and less ULBP-2,5,6 and B7-H6 compared to
the NIB140 cells.

The expression levels of several ligands were sig-
nificantly affected by the culture method (standard vs.
Celvivo spheroid culture) (Fig. 3a). For example, high
percentages of CD155 positive cells were observed in
standardly cultured NIB140 and NCH421k cultures (85%
and 63%, respectively), while the proportion of CD155
positive cells was much lower in spheroid-cultured
NIB140 and NCH421k cells (20% and 35%, respectively).
A similar decrease in the percentage of ligand-positive
cells in spheroids was observed for ULBP-2,5,6 (in both
cell lines), B7-H6 (in NIB140 spheroids), HLA-A/B/C
(in NIB140 spheroids) and ULBP3 (in NCH421k spher-
oids). To confirm that the decreased expression of ligands
is indeed caused by spheroid culture conditions and not
by enzymatic digestion during spheroid dissociation,
we tested the effect of prolonged exposure of standardly
cultured cells to TrypLE. The enzymatic mixture did not
affect ligand detection, even after prolonged exposure (3
h) (Fig. S6).

The expression of selected NK cell ligands was addi-
tionally analysed on GB stem-like cell line NIB237GSC
and its serum-differentiated counterpart (diff. NIB237)
as well as spheroids made thereof (Fig. S7-8). Upon dif-
ferentiation, cells expressed less ULBP-2/5/6, CD155, and
CD112 (Fig. S8). Compared to standard culture, a signifi-
cant decrease in the expression of CD155, CD112, ULBP-
2/5/6 and HLA-A/B/C was observed in spheroids of
differentiated NIB237GSCs and significantly less CD112
was expressed in NIB237GSC spheroids.

To further test whether GB cell sensitivity against NK
cells is affected by the culture type, calcein-release assay
was performed on single cells dissociated from NCH421k
and NIB140 Celvivo spheroids as well as on cells from
standard culture of both cell lines (Fig. 3b, Fig. S9a-c).
NK-92 cells exhibited slightly higher cytotoxicity against
NCH421k and NIB140 cells from standard culture com-
pared to cells from spheroids; NIB140 cells in spheroids
showed significantly lower sensitivity to NK-92 cell cyto-
toxicity at the highest effector: target ratio (20:1) (Fig. 3b).
Conversely, the calcein-release assay read-out showed no
significant differences between cytotoxicity of HD NKs
against cells from standard and spheroid culture (Fig.
S9b-¢). Activation of HD NKs with IL-2 increased their
cytotoxicity, particularly in case of the NCH421k cells.
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Fig. 4 NK cell infiltration in NCH421k and NIB140 spheroids. a Schematic representation of the direct GB spheroid-NK cell co-culture set-up. b NK-92
cell infiltration into NCH421k and NIB140 spheroids as determined by flow cytometry after the 24 h co-culture. Data are presented as means+ SEM of 6
biological replicates. Ordinary one-way ANOVA was used for statistical analysis. ¢ HD NK cell infiltration into NCH421k and NIB140 spheroids as determined
by flow cytometry after the 24 h co-culture. Data are presented as means+SEM of 3 biological replicates. Each data point and its shape corresponds to
HD NK cells from an individual donor. Ordinary one-way ANOVA was used for statistical analysis. d Immunofluorescent staining of CD45-positive NK-92
cells on FFPE slides of GB spheroid-NK-92 co-cultures. e Immunofluorescent staining of CD45-positive HD NK cells on FFPE slides of GB spheroid-HD NK
cell co-cultures. f Schematic representation of the organ-on-chip platform mimicking the blood flow and influx of NK-92 cells into the tumor. g Infiltration
of NK-92 cells into chambers containing NCH421k/NIB140 spheroids. After 24 h of NK-92 circulation, the percentage of NK-92 was determined by flow
cytometry. Data are shown as mean + SEM and data points represent each of the 5-8 biological replicates. Unpaired t-test was used for statistical analysis.
h Viability of NK-92 cells infiltrated into the chambers containing NCH421k/NIB140 spheroids. Data are shown as mean + SEM and data points represent

each of the 6-8 biological replicates

In comparison, normal human astrocytes were resistant
against NK-92 cells (Fig. S9d).

NK-92 cells show differences in infiltration rates between
GB cell lines in direct co-cultures and in a dynamic organ-
on-chip platform

To study how NK cells interact with GB cells in a 3D
microenvironment, we set up GB spheroid-NK cell co-
cultures. NK-92 and HD NK cells were applied to the GB
spheroids from the Celvivo Clinostar system for 24 h.
Then, co-cultures were dissociated to single cells or fixed
for the preparation of FFPE slides and NK cell infiltration
was measured by flow cytometry or immunofluorescence
staining, respectively (Fig. 4a). NK-92 cells poorly infil-
trated the NCH421k spheroids, while the infiltration was
profound in the NIB140 spheroids (Fig. 4b). Neverthe-
less, infiltration levels were similar at both effector:target
ratios. In contrast, a weak infiltration of HD NKs was
observed in NIB140 spheroids and slightly higher in the
NCH421k spheroids (Fig. 4c). Although not reaching sta-
tistical significance, IL-2 pre-activation slightly improved
the infiltration of HD NKs. The extent of NK-92 and HD
NK cell infiltration was also confirmed by immunofluo-
rescent detection of CD45-positive NK cells in FFPE sec-
tions of spheroid-NK cell co-cultures (Fig. 4d-e). Overall,
most NK cells were concentrated near the spheroid sur-
face, but some NK cells were also observed deep within
the spheroids, which indicates their ability to penetrate
the cell-dense GB spheroid structure. We also showed
that infiltrated NK-92 cells proliferated in the GB spher-
oids (Fig. S10). To further assess the immune-attracting
potential of NCH421k and NIB140 spheroids, we also
set their direct co-cultures with GB patient PBMCs (Fig.
S11). Similar to NK-92 cells, IL-2-activated PBMCs infil-
trated at much higher levels into NIB140 spheroids, com-
pared to NCH421k spheroids.

To directly compare how NK cell infiltration is affected
by stemness/differentiation, we also set direct co-cultures
of NK-92 and HD NKs with Celvivo spheroids produced
from either NIB237GSCs or their serum-differentiated
counterparts (Fig. S12a-b). Also in this setting of the
same genetic background we showed that NK-92 as well

as HD NK cells infiltrate more into spheroids of differen-
tiated cells compared to stem-like spheroids.

The ability of NK-92 cells to infiltrate GB spheroids
was additionally tested in a dynamic organ-on-chip plat-
form mimicking the blood flow and influx of immune
cells from blood circulation into the tumour (Fig. 4f-h).
NCH421k or NIB140 spheroids were embedded in Matri-
gel in the porous transwell insert and NK-92 cells were
applied to the circulation system (Fig. 4f). After 24 h of
constant NK-92 cell circulation, flow cytometry was used
to quantify NK-92 cells that infiltrated into the transwell
insert and GB spheroids. In line with the results in direct
co-cultures, also in the setting of this physiologically
relevant in vitro model, NIB140 spheroids exhibited a
higher attraction for NK-92 cells compared to NCH421k
spheroids (Fig. 4g). Importantly, the infiltration of NK-92
cells was measured at the same concentration of FBS in
the chambers for both spheroid types, as FBS per se sig-
nificantly increased infiltration (Fig. S13a). The percent-
age of dead GB cells in the insert was slightly higher in
NCH421k spheroids compared to NIB140 spheroids (Fig.
S13b). Interestingly, infiltrated NK cells were less viable
in chambers containing NCH421k spheroids compared
to chambers with NIB140 spheroids, but viability was still
approximately 80% or higher (Fig. 4h).

NK cells show differences in cytotoxicity against GB
spheroids derived from different cell lines

In addition to measuring the ability of NK cells to infil-
trate GB spheroids, we also measured their cytotoxicity
after 24 h of direct co-culture (Fig. 5). In contrast to the
observed spheroid infiltration levels, NK-92 cells exhib-
ited much higher cytotoxicity against NCH421k spher-
oids compared to NIB140 spheroids (Fig. 5a). NK-92
cytotoxicity against NCH421k spheroids increased with
increasing E:T ratio. IL-2-activated NK-92 cells at the
5:1 E:T ratio killed over 30% of NCH421k cells in spher-
oids. In the case of NIB140 spheroids, no significant
increase in the proportion of dead cells was observed
in the NK-92 co-cultures compared to control, indicat-
ing a profound resistance of NIB140 cells to NK-92 cell-
mediated lysis. In terms of HD NK cell cytotoxicity, there
were substantial differences among the donors (Fig. 5b).
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Fig. 5 NKcell cytotoxicity against NCH421k and NIB140 spheroids. a Flow cytometric analysis of NK-92 cytotoxicity against NCH421k and NIB140 spher-
oids. Data are presented as mean +SEM of 6 biological replicates. b Flow cytometric analysis of HD NK cells cytotoxicity against NCH421k and NIB140
spheroids. Data are presented as means + SEM of 3 biological replicates. Each data point and its shape correspond to HD NK cells from an individual donor.

Ordinary one-way ANOVA was used for statistical analysis

Overall, similar to the NK-92 cells, also the HD NKs were
more cytotoxic against NCH421k spheroids compared
to spheroids from NIB140 cells, which were highly resis-
tant to HD NK cell-mediated killing. The cytotoxic activ-
ity of both NK-92 cells and HD NKs against NCH421k
was slightly increased by IL-2 pre-activation. Consistent
with higher cytotoxicity of NK-92 and HD NKs against
NCH421k spheroids compared to NIB140 spheroids,
we also detected higher levels of IFN-y in the media of
NCH421k co-cultures compared to NIB140 co-cultures
(Fig. S14). In line with absent cytotoxicity of NK-92 cells
against NIB140 spheroids, a decrease in IFN-y secretion
was observed in their co-cultures.

We also analysed NK-92 and HD NK cell cytotoxicity
after 24 h of their direct co-culture with Celvivo spher-
oids produced from either NIB237GSCs or their serum-
differentiated counterparts (Fig. S12c-d). NK-92 cells
showed weak cytotoxicity against NIB237GSC spheroids
but no cytotoxicity against their differentiated counter-
parts. HD NK cells from both donors showed no cytotox-
icity against either of the spheroids. Similar to NCH421k
cells, also NIB237GSC cells expressed markers of the
proneural subtype (Fig. S2d).

GB spheroids derived from different cell lines secrete
variable levels of soluble factors that affect NK cell
infiltration and cytotoxicity

Since the infiltration and cytotoxic activity of NK cells
may be influenced by soluble factors released from
cancer cells, we tested whether conditioned media
from GB cell lines affects NK cell cytotoxicity. Calcein
release assay was performed with NK-92 cells and HD

NKs pre-cultured in GB cell conditioned media for 48 h
prior to the onset of the assay. K562 cells were used as
target cells. NIB140- and NCH421k-conditioned media
significantly decreased cytotoxicity of NK-92 cells by
over or nearly 50%, respectively (Fig. 6a). In parallel,
lower levels of activating receptor NKp30 were detected
on NK-92 cells cultured in GB cell-conditioned media
(Fig. 6b). NIB140 (but not NCH421k) conditioned
medium also increased NKG2D and decreased PD-1
on NK-92 cells (Fig. S15). Conditioned medium from
either of the cell lines did not affect the cytotoxicity of
HD NKs (Fig. S16), probably due to high activation of
HD NK cells.

To further inspect the possibly immunomodulating fac-
tors released from GB cells, we analysed the concentra-
tions of cytokines, chemokines and cytotoxicity-related
factors in media supernatants of GB spheroids and their
24 h co-cultures with NK-92 and HD NK cells (Fig. 6¢c-
f, Fig. S17-19). Spheroids derived from NCH421k (i.e.,
GB stem-like) and NIB140 (i.e., differentiated) GB cells
varied significantly in their cytokine secretion profiles
(Fig. 6¢). While spheroids from both cell lines secreted
high levels of vascular endothelial growth factor A
(VEGE-A), high mobility group protein B1 (HMGB1) and
transforming growth factor beta (TGF-f3), NIB140 spher-
oids secreted much more pro-inflammatory cytokines
such as C-C motif chemokine ligand 2 (CCL2), IL-6,
IL-8, stromal cell-derived factor 1 (SDF-1), and macro-
phage colony-stimulating factor (M-CSF) compared to
NCH421k spheroids.

The secretion of several factors was modulated in the
media of GB spheroid-NK cell co-cultures compared
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Fig. 6 Soluble factors in NCH421k and NIB140 spheroid cultures and their 24 h co-cultures with NK cells. a The effect of NCH421k- and NIB140-condi-
tioned medium on cytotoxicity of NK-92 cells against K562 cells. Data are presented as means + SEM of 3-4 biological replicates. Paired t-test was used for
statistical analysis. N — nonconditioned medium, C — conditioned medium. b Expression of NKp30 on NK-92 cells cultured in NCH421k- or NIB140-condi-
tioned medium. Data are presented as mean +SEM of 3-4 biological replicates. Paired t-test was used for statistical analysis of differences in expression
between nonconditioned and conditioned media. N - nonconditioned medium, C - conditioned medium. ¢ Analysis of cytokine secretion in NCH421k
and NIB140 spheroids. log2(x + 1)-transformed cytokine concentrations (averaged from two technical replicates) are presented in the heatmap. d Analysis
of secreted cytokines in the 24 h spheroid-HD NK cell co-cultures. Only cytokines with concentration>50 pg/ml in at least one of the conditions were
included. log2(x+ 1)-transformed cytokine concentrations (averaged from two technical replicates) are presented in the heatmap. Cytokines were hier-
archically clustered based on the “one minus Pearson correlation” metric in Morpheus. e Analysis of secreted cytokines in the 24 h spheroid-NK-92 cell
co-cultures. Only cytokines with concentration =50 pg/ml in at least one of the conditions were included. log2(x + 1)-transformed cytokine concentra-
tions (averaged from two technical replicates) are presented in the heatmap. Cytokines were hierarchically clustered based on the “one minus Pearson
correlation” metric in Morpheus. f CXCL9, CXCL11, CXCL10 and IL-8 were prominently upregulated in co-cultures of NK-92 cells with NIB140 spheroids.

Data are presented as mean + SEM of 2 technical replicates. Ordinary one-way ANOVA was used for statistical analysis

to mono-culture controls (Fig. 6d-e, Fig. $17-18). In
both NK-92 and HD NK cell cocultures with GB spher-
oids, cytotoxicity-related factors including granzymes
A and B, perforin, and soluble Fas ligand (sFasL) clus-
tered with IL-16 and CCL5 (Fig. 6d-e). Additionally,
CCL3, CCL4, IL-10, and lymphotactin were within the
cluster in NK-92 co-cultures. IL-8 and M-CSF were
significantly upregulated in all co-cultures, except for
NIB140 spheroids with HD NKs (Fig. S18). Downregu-
lation of tumour necrosis factor beta (TNF-f), IL-10,
IL-13, perforin, SDF-1, sFasL and VEGF-A, and upreg-
ulation of C-X-C motif chemokine ligand 11 (CXCL11)
were specifically observed in NK-92 co-cultures, but
not HD NK co-cultures. Platelet-derived growth fac-
tor (PDGF) was significantly downregulated only in
NK-92 co-culture with NCH421k. Overall, the most
striking upregulations were observed for IL-8, CXCL9,
CXCL11, CCL8, and CXCL10 in NK-92 cell co-cul-
tures with NIB140 spheroids (Fig. 6f, Fig. S19).

GB patient NK cells express less activating NK cell receptors
and TIGIT compared to NK cells from healthy donors

As the function of NK cells also significantly depends
on the presence of activating and inhibitory receptors
on their surface, we analysed the expression of selected
NK receptors on IL-2 activated NK-92 cells, HD NK
cells and, in addition, GB patient NK cells (Fig. 7). The
expression of receptors varied between the three NK
cell sources (Fig. 7a, Fig. S20a). NK-92 cells expressed
activating receptors NKp30 and NKG2D, but also
inhibitory (co)receptors CD94, CD96 and TIGIT. A
majority of HD NKs expressed Fc receptor CD16;
varying levels of activating receptor DNAM-1 and
inhibitory receptors CD94, TIGIT, and PD-1 were
also detected. Compared to HD NKs, GB patient
NKs expressed less CD16, NKp30, TIGIT, NKG2D,
and DNAM-1, and more immune check-point PD-1
(Fig. 7a, Fig. S20b). Expectedly, IL-2 activation of HD
NKs significantly increased the expression of activat-
ing receptors NKG2D and NKp30 and decreased the
expression of PD-1 (Fig. 7b, Fig. $20c).

The CD155-TIGIT/DNAM-1 axis is an important mediator of
HD NKs’ cytotoxicity against NCH421k cells
As high CD155 expression was observed in standard
and spheroid cultures of GB cells and since decreased
expression of CD155 receptors TIGIT and DNAM-1
was detected on NK cells from GB patients, we further
explored the role of the CD155 axis in regulation of NK
cell cytotoxicity against GB cells. According to the TCGA
and CGGA data, PVR (the gene that encodes CD155)
is upregulated in GB compared to low-grade gliomas
(Fig. 8a, Fig. S21a) and high levels of PVR correlate with
poor prognosis of glioma patients (Fig. 8b-d, Fig. S21b-d).
We used calcein release assay to test the effects of anti-
body-based blockade of CD155 on NIB140/NCH421k
cells and its receptors TIGIT or DNAM-1 on HD NK
cells (Fig. 8e, Fig. S22). The assay was performed with
NKs from three healthy donors, which expressed varying
levels of TIGIT and DNAM-1 but did not express CD96
(Fig. S23). Blocking components of the CD155 axis had
a much greater effect on cytotoxicity against NCH421k
cells (Fig. 8e) compared to NIB140 cells (Fig. S22). Block-
ing CD155 decreased cytotoxicity against NCH421k cells
in NKs from two of three donors (Fig. 8c). Blockade of
DNAM-1 consistently decreased HD NK cell cytotoxic-
ity against NCH421k cells in NKs from all three donors,
while blocking TIGIT upregulated NK cell activity only
in the case of NKs from healthy donor three, which
expressed the highest level of TIGIT among the donors.
Simultaneous blockade of CD155 and TIGIT or, to a
greater extent, CD155 and DNAM-1, severely impaired
the ability of HD NKs to eliminate NCH421k cells.

Discussion

In this study, we established a protocol for reproducible
production and dynamic culture of uniformly sized GB
spheroids in the Celvivo Clinostar system. In most stan-
dard spheroid generation protocols using hanging drop
method, low attachment plates, or techniques employing
various scaffolds, spheroids are typically maintained in
static culture conditions. These approaches may lead to
local nutrient and oxygen deprivation leading to forma-
tion of a necrotic core, particularly with larger spheroids
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Fig. 7 Expression of NK cell receptors on IL2-activated NK-92 cells, HD NK cells and NK cells from GB patients. a Comparison of receptor expression on
IL-2-activated NK-92 cells (N=3), HD NK cells (N=6-9) and NK cells from GB patients (N=6). Data are presented as mean + SEM and dots represent biologi-
cal replicates. Ordinary one-way ANOVA was used for statistical analysis. b Estimation plots showing the expression of NK cell receptors on HD NK cells,

affected by IL-2-activation (N=6)

[34]. In contrast, the dynamic Celvivo culture system
promotes spheroid viability even at larger spheroid sizes
and eases long term culture of the spheroids. Recently,
there have been some reports of dynamic culture of GB
spheroids [35, 36], but to our knowledge, we were the
first to culture GB spheroids in the Celvivo system. Our
approach is well suited for specific long-term experi-
ments and studies of long-term treatment exposures.
Spheroid uniformity also provides a strong basis for fur-
ther studies, in which variable spheroid size may signifi-
cantly distort experimental results [37].

In the present study, spheroids were produced from
several distinct cell lines, including suspension-cultured
as well as adherent GB cell lines, implying a broad appli-
cability of the approach. In time, the architecture of our

spheroid models became increasingly heterogeneous.
Like GB tumours in vivo, our models developed necrotic
and hypoxic regions and also (at least partly) recapitu-
lated the heterogeneity of cancer cell states. Specifically,
distinct zones of highly and poorly proliferative cells and
CAO9-positive hypoxic regions were observed and cells
expressed varying levels of stemness marker SOX2. It is
known that GB cells vary in their proliferative capacity
and spatial heterogeneity of Ki-67 expression is observed
in GB tissue sections [38]. Similarly, variation in SOX2
has been observed previously and intense nuclear SOX2
staining has primarily been found in hypercellular areas
near necrotic regions and invasion areas [39]. CA9 was
mostly found adjacent to necrotic areas [40].
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Fig. 8 The CD155 axis regulates the cytotoxicity of HD NK cells against NCH421k cells. a According to the TCGA data, PVR is upregulated in GB compared
to lower-grade gliomas. Tukey’s Honest Significant Difference were calculated in GlioVis. Higher expression of PVR is associated with shorter survival of
glioma patients (b) but does not significantly affect survival time in IDH-wt GB (c) or IDH-mut GB (d). Kaplan-Meier estimator survival analysis was per-
formed in GlioVis. e Results of calcein release assay performed with NK cells from 3 different healthy donors in which CD155, TIGIT, and DNAM-1 or their
combinations were blocked by antibodies and NCH42 1k cells were used as target cells. Data are shown as mean + SEM of three technical replicates. 2-way
ANOVA with Tukey's multiple comparisons test was used for statistical analysis

Although not fully recapitulating the complexity in
vivo, cancer cell spheroids reproduce the 3D conforma-
tion of the tumour, including cell-cell interactions, extra-
cellular matrix, and gradients of nutrients and oxygen.
As immune cell function is severely affected by nutrient

in tumours due to

and oxygen deprivation and such conditions are common

their extensive growth and abnormal

vasculature [41-44], using spheroid models in immuno-
therapy research may reveal insights into immune cell
responses under conditions close to those observed in
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vivo. Importantly, also the expression of immune-related
molecules on cancer cells can be affected by the culture
type (2D vs. 3D) [45]. It has previously been reported
that GB cells cultured in 3D upregulate the expression
of immunosuppressive molecules, such as HLA-E and
MICA/B [46, 47]. In line, we observed consistent down-
regulation of ligands for several activating NK cell recep-
tors (CD155, B7-H6 and ULBPs) in GB spheroid cultures.
Interestingly, major differences were also observed in the
NCH421k cell line, which is classically cultured in the
form of small multicellular aggregates, implying that not
just inter-cellular connections, but also spheroid size is
an important factor influencing the cancer cell immune
phenotype. Compared to the standard adherent NIB140
culture, cells in NIB140 spheroids expressed significantly
lower levels of HLA-A/B/C. Downregulation or loss of
HLA class I molecules is one of the main mechanisms of
tumour immune evasion, which hides cancer cells from
recognition by T cells, but may simultaneously increase
their sensitivity to NK cells [48].

NK cell cytotoxicity against static GB spheroids
has been assessed previously. Heterogeneous NK cell
responses against spheroids from different GB cell lines
were reported by Morimoto et al. [49]. However, unlike
us, the authors demonstrated significant apoptosis induc-
tion in NK cell-spheroid cocultures of all tested cell lines.
This may be attributed to different culture conditions,
smaller spheroid size, higher E:T ratios, or different NK
cell activation protocol used in their study. To even bet-
ter mimic the complexity of GB, our spheroid model may
be further improved by incorporation of non-tumour cell
types. These may be incorporated either at the spheroid
formation step or added to preformed spheroids. It has
recently been suggested that incorporation of astrocytes,
microglia or both into GB spheroids may inhibit the cyto-
toxic function of NK-92 cells [50].

Based on the differences in expression of stemness
related genes, NCH421k and NIB140 spheroids were
used as proxies of GB stem-like and differentiated GB
cells, respectively. In addition, mesenchymal-like phe-
notype may be attributed to NIB140 cells. A recent
study showed that mesenchymal-like GB stem-like cells
respond better to NK cell treatment compared to pro-
neural-like GB cells [51]. In line, we showed that NIB140
spheroids (i.e., differentiated, mesenchymal-like GB cells)
produced much higher levels of pro-inflammatory and
immune-attracting factors (CCL2, IL-8, IL-6, SDF-1,
M-CSF) compared to the stem-like NCH421k spheroids.
As also indicated by others [52], our results strongly sug-
gest that differentiated GB cells should be considered in
development of novel immunotherapeutic approaches.
They may significantly affect the immune landscape
within the TME, shape adaptive immune responses and
thus also influence the success of immunotherapies. For
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example, CCL2 may attract several effectors of immuno-
suppression, including macrophages, regulatory T cells
(Tregs), and myeloid-derived suppressor cells (MDSCs),
[53-55]. Similarly, MDSCs can also be recruited by IL-8
[56, 57] and their accumulation and immune inhibitory
functions are enhanced by IL-6 [58].

In the 24 h direct co-culture of GB spheroids and NK
cells, we observed substantial differences in NK-92 and
HD NK cell infiltration and cytotoxic capacities. While
the infiltration of HD NKs correlated with their cytotox-
icity, no such trend was observed with NK-92 cells. Even
though NK-92 cells profoundly killed NCH421k cells in
the spheroids, few NK-92 cells were infiltrated within the
spheroids. Conversely, NK-92 cells successfully infiltrated
into the dense structure of NIB140 spheroids, which
were highly resistant against NK-92 mediated killing.
These results suggest that the cytotoxic activity does not
necessarily correlate with the ability of NK cells to pen-
etrate the spheroid and that measuring NK cell infiltra-
tion and their cytotoxicity should be considered as two
distinct read-outs. Off note, IL-2 activation did not sig-
nificantly improve NK cell infiltration and cytotoxicity in
our 3D co-culture models, particularly against spheroids
from differentiated NIB140 cells. Thus, alternative modes
of NK cell activation will be studied in our future stud-
ies, including IL-21 introducing strategy. Namely, IL-21
engineering was suggested as a promising therapeutic
approach to boost NK cell responses against GB [59].

The remarkable infiltration of NK-92 cells into NIB140
spheroids compared to NCH421k spheroids may be
attributed to a number of potentially NK cell attracting
cytokines secreted at high levels in NIB140 spheroid cul-
tures. These include, for example, CCL2 [60], IL-8 [61,
62], and SDF-1 [63]. Additionally, in NK-92 co-cultures
with NIB140 spheroids there was significant increase
in levels of IL-8, CCL8 and IFN-y-inducible cytokines
CXCL9, CXCL11 and CXCL10. CXCL9, CXCL10 and
CXCL11 may further potentiate NK cell infiltration as
they bind to CXCR3, a receptor with a fundamental role
in NK cell trafficking [64]. Speculating that the CXCR3
ligands are also upregulated upon interaction of GB
and NK cells in GB TME in vivo, they could also attract
activated T cells and other leukocytic subtypes which
are known to express CXCR3. Of note, CXCR3 is also
expressed on GB cells and its isoforms may have either
pro- or anti-tumorigenic functions [65].

The cytotoxic potential of both NK-92 and HD NK
cells was higher against NCH421k spheroids compared
to NIB140 spheroids. This is in line with a number of
studies which demonstrate that NK cells can recognize
and kill GB stem-like cells in vitro and that GB stem-like
cells are more susceptible to NK cells compared to their
differentiated counterparts [20, 66, 67]. We have previ-
ously shown that GB stem-like cells upon differentiation
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with serum and IFN-y become more resistant to NK-cell
mediated killing [20]. By comparing the expression of
NK cell ligands on stem-like NIB237GSC cells and their
serum-differentiated counterparts, we now showed that
differentiation clearly affected the expression of ligands
for NK cell receptors. Particularly, it downregulated
ULBPs, CD155, and CD112 which may bind to activating
receptors on NK cells. In line, cytotoxicity of NK-92 cells
was higher against NIB237GSC spheroids compared to
spheroids from differentiated NIB237GSCs. On the other
hand, spheroids from both NIB237GSCs and their differ-
entiated counterparts were resistant against HD NK cells.

Interestingly, despite a profound resistance of NIB140
spheroids against HD NKs and NK-92 cells, both NK
cell sources showed dose-dependent cytotoxicity against
single NIB140 cells dissociated from spheroids in cal-
cein release assay. This may imply that the activity of NK
cells is specifically obstructed within the 3D environ-
ment of NIB140 cells and highlights the importance of
the 3D research models. In vivo, the immune phenotype
of GB-infiltrating NK cells is distinct to NK cells from
matched peripheral blood. Within the tumour, NK cells
downregulate activating receptors and reduce IFN-y
secretion [68—70], which may also occur upon infiltra-
tion into GB spheroids in vitro. In the spheroids, NK cell
activity may be suppressed by either (1) physical interac-
tions within the cell-dense structure of the spheroid or/
and (2) by NK-suppressive factors released by GB cells
that demonstrate a greater effect in the 24 h co-culture
experiment compared to the 3 h calcein release assay.
Indeed, NIB140 spheroids (but not NCH421k spheroids)
secreted high levels of IL-6 and IL-8, which are known
to impair NK cell activity [31]. Compared to NCH421k
spheroids, NIB140 spheroids also secreted more TGF-p1,
one of the major suppressors of NK cell function in GB
[27, 28]. Culturing NK-92 cells in NIB140 (and, to a lesser
extent, NCH421k) conditioned medium inhibited their
cytotoxicity against K562 cells, indicating a profound
effect of GB soluble factors in regulation of NK-92 cell
activity. Interestingly, neither NIB140 nor NCH421k con-
ditioned medium affected the cytotoxicity of HD NKs,
implying that (compared to NK-92 cells) these cells are in
high activation state and may be less prone to inactiva-
tion by GB soluble factors.

The repertoire of activating and inhibitory receptors
on the NK cell surface is an important factor that largely
affects NK cell function. NK cell receptors may be dys-
regulated on NK cells in cancer patients [71, 72]. Inspect-
ing NK cells from GB patients revealed that, compared to
HD NKs, these cells expressed less CD16, NKp30, TIGIT,
NKG2D, and DNAM-1 and more PD-1. Downregulation
of activating receptors on GB patient NKs was described
previously [26] and we previously reported reduced cyto-
toxicity and decreased IFN-y secretion in GB patient
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NKs when co-cultured with cancer cells [20, 73]. How-
ever, our attention was caught by reduced levels of TIGIT
and DNAM-1, which both bind CD155 — a ligand that
was highly expressed in standard as well as spheroid GB
cultures. We thus decided to further inspect the role of
the CD155 axis in NK cell cytotoxicity against GB cells.
CD155 (also known as the poliovirus receptor or
“PVR”) is a type I transmembrane glycoprotein from
the nectin and nectin-like protein family. Its expression
is upregulated in many cancers which often correlates
with poor patient prognosis [74, 75]. In GB, CD155 has
been associated with a number of diverse functions such
as cancer cell adhesion, migration, invasion, and pro-
liferation [76-78]. Importantly, CD155 also regulates
immune responses of NK cells and other lymphocytes.
It can bind to several receptors, including the inhibitory
TIGIT, the activating DNAM-1, and CD9%6, a receptor
with dual roles [74, 75]. Inspecting the role of the CD155
axis in regulation of NK cell cytotoxicity against GB cells
showed that although the expression of the ligand was
higher on NIB140 cells compared to NCH421k cells,
blocking CD155 or its receptors only showed convincing
effects on NK cell cytotoxicity against NCH421k cells.
The inhibitory receptor TIGIT generally has a stronger
affinity for CD155 compared with the activating recep-
tor DNAM-1 [79]. Although TIGIT and, to a greater
extent, DNAM-1 were both expressed on NK cells from
all three healthy donors, a decrease in cytotoxicity upon
blockade of CD155 on NCH421k cells suggests that in
net effect, the ligand predominantly induced activating
signalling. Blocking DNAM-1 significantly decreased
HD NK cytotoxicity against NCH421k cells, with an
effect stronger than that observed with blocking CD155
itself. This implies that DNAM-1 probably also activates
NK cells by binding other ligands, e.g., CD112, which we
also detected on NCH421k cells. Blocking TIGIT only
moderately increased cytotoxicity of NKs from healthy
donor three, which expressed the highest level of TIGIT
(and DNAM-1) among the three donors, while it showed
no effect in NKs from the other two donors. This indi-
cates a significant functional heterogeneity in anti-can-
cer responses of NK cells isolated from different healthy
donors, which was reported previously [80]. Our obser-
vations are also in line with a recent study which con-
cluded that TIGIT per se does not directly inhibit NK
cells upon interaction with CD155 on GB cells, but rather
acts as a decoy receptor, preventing the interaction with
DNAM-1 [81]. Thus, blocking TIGIT alone may not reli-
ably restore NK activity against GB. In line, anti-TIGIT
monotherapy did not provide significant benefit in pre-
clinical mouse models of GB [82]. Targeting multiple
immune checkpoints may be needed to induce favour-
able immune responses. A combination of anti-TIGIT
and anti-PD-1 antibodies is currently being evaluated in a
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phase 0/I exploratory study in patients with recurrent GB
(NCT04656535).

All in all, our results may imply that the CD155 axis is
an important regulator of NK cell cytotoxicity against GB
stem-like cells, although additional cell lines should be
tested for confirmation of our findings. Nevertheless, we
can conclude that the importance of the axis depends on
the overall immune phenotype of cancer cells consisting
of a diverse repertoire of additional ligands for NK cell
receptors. The GB-NK cell crosstalk and the findings of
this study will be further investigated in more complex in
vitro and in vivo GB models.

Conclusions

In the present study, we established a general proto-
col for reproducible production and dynamic culture of
uniformly sized GB spheroids in the Celvivo Clinostar
system. The model was used to explore the crosstalk
between GB and NK cells. Several ligands for NK cell
receptors were differentially expressed in spheroids com-
pared to cells in standard culture, affecting their inter-
actions with NK cells. Although NK cells infiltrated GB
spheroids, their infiltration capacity did not necessar-
ily correlate with their ability to eliminate GB cells. GB
cell lines secreted variable levels of soluble factors that
impaired NK cell cytotoxicity. Spheroids derived from
differentiated GB cells secreted higher levels of immune-
attracting, pro-inflammatory and NK cell-inhibiting
cytokines compared to GB stem-like spheroids, indi-
cating a profound ability of differentiated GB cells to
shape the GB immune milieu. Lastly, the CD155-TIGIT/
DNAM-1 axis was found to be an important mediator
of NK cell cytotoxicity against GB stem-like cells. Col-
lectively, our results highlight important factors in the
GB-NK cell communication and present a groundwork
for further targeted research.
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