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The adoptive transfer of NK cells has shown clinical promise in hematologic
malignancies, but its efficacy in solid tumors remains limited. Three-dimensional
(3D) models reproduce tumor architecture and immunosuppressive microenvi-
ronments more accurately than conventional two-dimensional (2D) cultures.
Here, we employed colorectal cancer (CRC) and lung cancer 3D tumor models
to evaluate the anti-tumor activity of cytokine-induced memory-like (CIML) NK
cells and to test whether cetuximab augments these responses through antibody-
dependent cellular cytotoxicity (ADCC). Human NK cells were preactivated
overnight with interleukin (IL)-12/15/18 (pre-CIML), then co-cultured with
tumor spheroids and patient-derived organoids in the presence or absence of
cetuximab. Pre-CIML NK cells showed significantly enhanced effector functions
compared to control NK cells, including increased degranulation, higher IFN-y
and TNF-o production, and superior cytotoxicity against both spheroids and
organoids. Additionally, pre-CIML NK cells that infiltrated tumor spheroids dis-
played a more uniform distribution within the tumor mass than control NK cells,
which may contribute to their improved killing capacity. Cetuximab-mediated
ADCC further enhanced NK cell activity against spheroid models, while in
organoids, the enhancement was tumor- and context-dependent. Overall,
these findings demonstrate that pre-CIML NK cells exhibit robust anti-tumor
activity in clinically relevant 3D tumor models, and identify ADCC as an additional,
but context-restricted, mechanism by which targeted antibodies such as
cetuximab can further enhance NK cell functionality. These findings underscore
the translational potential of NK cell-based immunotherapies that combine
cytokine preactivation and ADCC induction to overcome current challenges in
the treatment of solid tumors.
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Introduction

Natural killer (NK) cells are cytotoxic lymphocytes belonging to
the innate lymphoid cell (ILC) family. In humans, NK cells typically
comprise 5-15% of circulating lymphocytes in peripheral blood and
are generally identified as CD3-CD14-CD19- lymphocytes that
express CD56. A key distinguishing feature of NK cells is their
ability to rapidly recognize and eliminate abnormal cells, such as
virus-infected or tumor cells, without the need of prior sensitiza-
tion, unlike T cells, which require antigen priming. NK cell
activation and effector functions are tightly regulated by the
complex balance of signals received from cell surface activating
and inhibitory receptors (1, 2).

Among the activating receptors, CD16a (FcyRIIIa) recognizes
the fragment crystallizable (Fc) portion of IgG antibodies. This
recognition triggers NK cell activation and the subsequent elimi-
nation of the target cell in a process known as antibody-dependent
cellular cytotoxicity (ADCC) (3). Once activated, NK cells rapidly
release cytolytic granules containing perforin and granzymes to
induce target cell death. This potent mechanism is exploited
therapeutically, particularly through the use of monoclonal anti-
bodies (mAbs) for targeted cancer therapy (4, 5). A clinically
relevant example is cetuximab, an IgGl mAb that targets the
epidermal growth factor receptor (EGFR), which is widely utilized
in the treatment of colorectal cancer (CRC) and head and neck
squamous cell carcinoma (HNSCC) (6, 7).

Given the crucial role of NK cells in cancer immune surveillance
and their inherent suitability for allogeneic “off-the-shelf” applica-
tions, without the risk of inducing graft-versus-host disease, NK
cell-based therapies are currently under development and investi-
gated in clinical trials (1, 8-10). Some of these therapeutic strategies
aim to increase the efficacy of adoptively transferred NK cells. The
approaches include several cytokine stimulation strategies (such as
interleukin (IL)-2/IL-15 or feeder cells-based expansion), combina-
tion with mAbs that exploit ADCC as a mechanism of action or
with immune checkpoint inhibitors, and/or antigen-specific NK cell
engineering (1, 11-19). Among these, the adoptive transfer of
cytokine-induced memory-like (CIML) NK cells has emerged as a
promising immunotherapy for different malignancies (18, 20, 21).
These cells are generated by briefly stimulating NK cells with a
combination of IL-12, IL-15 and IL-18 for 16-18 hours, which gives
rise to NK cells with enhanced effector functions. Following
cytokine removal and a resting period, cells retain a heightened
state of readiness, which is characterized by enhanced cytotoxicity,
superior cytokine production, and prolonged persistence in vivo
(22, 23). Although the classical definition of CIML NK cells requires
a subsequent resting period, these preactivated cells are often
directly infused into patients in clinical settings and are also referred
to as CIML NK cells (i.e. NCT01898793, NCT02782546,
NCT03068819, NCT04024761, and NCT04634435). Therefore, in
this study, we used the term “pre-CIML” NK cells to refer to NK
cells analyzed immediately following the 16-18 hours cytokine
preactivation period, without the additional resting phase. Their
application is already yielding favorable outcomes against hemato-
logical malignancies, demonstrating that the initial cytokine boost
alone is a powerful clinical strategy (18, 21).
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Although the adoptive transfer of NK cells has shown substan-
tial efficacy in hematologic malignancies, preclinical and clinical
data indicate that its effectiveness in patients with solid tumors is
hindered by several factors, including the immunosuppressive
tumor microenvironment (TME), tumor immune evasion mecha-
nisms, poor NK cell infiltration into tumor sites, and the lack of
predictive, physiologically relevant models for therapy development
(24, 25). To better understand NK cell functionality in solid tumors
and to design improved NK cell-based therapies, more accurate in
vitro models that recapitulate tumor environment are needed. In
this context, three-dimensional (3D) culture models, such as tumor
spheroids and tumor organoids, have been developed. Tumor
spheroids are widely used, scaffold-free 3D models formed by the
aggregation of cancer cell lines or patient-derived cells. These
structures self-organize into microtumor-like architectures that
mimic tumor features such as hypoxia, cell-cell cohesion and
interaction, and nutrient gradients (26, 27). Tumor organoids, by
contrast, are more complex 3D models derived from patient tumor
tissues that preserve key histopathological, genetic and phenotypic
features of the original tumor and are able to retain tumor cell
heterogeneity to a greater extent (28, 29).

Recent advances in NK cell-based immunotherapy have incor-
porated 3D tumor models to investigate NK cell activity in cervical,
gastric cancer, CRC, and other solid tumors (30-33). However, the
evaluation of CIML NK cells, alone or in combination with mAbs
such as cetuximab, in the context of 3D tumor models remains very
limited. To address this gap, we investigated the anti-tumor responses
of these NK cells in colorectal and lung cancer spheroids, as well as in
patient-derived CRC organoids. We assessed multiple NK cell
functions, including degranulation, interferon gamma (IFN-y) and
tumor necrosis factor alpha (TNF-o) production, anti-tumor
cytotoxicity, and tumor infiltration. Our findings demonstrate that
pre-CIML NK cells display enhanced effector functions against 3D
tumor models. Moreover, ADCC-triggering mAbs, such as
cetuximab, further potentiate NK cell activity in these systems. This
approach provides a more comprehensive understanding of NK cell
behavior in solid tumors and highlights the translational relevance of
cytokine preactivation and ADCC-enhancing strategies to improve
NK cell-based immunotherapies against solid tumors.

Materials and methods

A549 and HCT-116 cell cultures

The human lung adenocarcinoma cell line A549 was cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Corning) supple-
mented with 5% heat-inactivated Fetal Bovine Serum (FBS, Gibco),
1% MEM Non-Essential Amino Acids (NEAA, Gibco) and 1%
Penicillin/Streptomycin (P/S, Gibco). This culture medium is here-
inafter referred to as complete DMEM or ¢cDMEM. Wild-type
HCT-116 and ZsGreen-transfected HCT-116 (HCT-116-Green)
CRC cell lines were kindly provided by Dr. Julian Pardo (IIS
Aragon) and maintained under the same conditions. All cell lines
were cultured at 37 °C in a humidified atmosphere containing
5% CO..

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1797290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez-Pardo et al.

NK cell isolation

Buffy coats from healthy donors were provided by the Basque
Biobank (https://www.biobancovasco.bioef.eus/). All donors pro-
vided written and signed informed consent in accordance with the
Declaration of Helsinki. The study protocol was approved by the
Basque Ethics Committee for Research with Medicines (CEIm-E)
(P1+CES-BIOEF 2020-10).

Peripheral blood mononuclear cells (PBMCs) were isolated from
bufty coats via Ficoll® Paque Plus (GE Healthcare) density gradient
centrifugation, as previously described (34). Freshly isolated PBMCs
were either cryopreserved for later use (34) or immediately processed
for NK cell isolation using the Human NK Cell Isolation Kit (Miltenyi
Biotec). All the experiments were performed with purified NK cells
(typically > 80% CD3-CD14-CD19-CD56+ cells).

Purified NK cells were plated at 2x10° cells/mL in 6-well plates
in Roswell Park Memorial Institute (RPMI) 1640 medium with L-
glutamine (Corning), 10% heat-inactivated FBS, 1% NEAA, 1%
sodium pyruvate (Gibco) and 1% P/S (hereinafter, complete RPMI
or cRPMI). Cells were cultured overnight (16-18 hours) at 37 °C
with 10 ng/mL recombinant human (rh) IL-12 (Miltenyi Biotec), 50
ng/mL rhIL-15 (Miltenyi Biotec) and 50 ng/mL rhIL-18 (MBL
International Corporation), or in medium alone to obtain pre-
CIML NK cells or control NK cells, respectively. After overnight
incubation, cells were washed three times with cRPMI and subse-
quently processed according to the requirements of each co-culture
assay (online Supplementary Figure 1).

Generation of spheroids

Spheroid formation and characterization were performed as
reported in (35). Briefly, between 1,000 and 10,000 A549, HCT-116
or HCT-116-Green cells were seeded in 96-well round-bottom
ultra-low attachment plates (Corning) in 100 pL cDMEM per
well. Cell line-specific densities per well were optimized for efficient
spheroid formation based on the experimental assay. Plates were
centrifuged at 300 g for 1 minute to promote cell aggregation. A549
and HCT-116 cell lines generated a mature spheroid per well in
approximately 48 hours, as confirmed by microscopy. Detailed
protocols for cell seeding density optimization, spheroid viability,
growth rate analyses, and co-culture techniques, are described
in (35).

Organoid establishment and culture

CRC organoids used in this study were established, sequenced
and cultured as previously described (36). Briefly, organoids were
established from fresh tumor tissues obtained from patients who
provided written informed consent, under ethical approvals REC
12-EE-0493 and 18-EE-0025 and subsequently stored under HTA
License 12121. Genomic DNA from the organoids was sequenced
by the Advanced Sequencing Facility at the Francis Crick Institute.

Organoid medium was prepared using Ad-DF+++ as the basal
medium (consisting of Advanced DMEM/F-12 (Gibco) supple-
mented with 1% GlutaMAX (Gibco), 1% HEPES (Gibco), and 1%
P/S), and adding the following components to the basal medium:
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100 ng/mL rh Noggin (Prepotech), 40% 3dGRO R-Spondin-1
Conditioned Media Supplement (Merck), B-27'" supplement
(Gibco), 50 ng/mL rh EGF (Stem Cell Technologies), 10 nM
prostaglandin E2 (Tocris Biosciences), 1.25 mM N-Acetyl-L-cyste-
ine, 10 mM nicotinamide, 500 nM TGF-B/ALK5 inhibitor A83-01,
10 uM p38 MAPK inhibitor SB202190, and 10 nM [Leul5]-Gastrin
I human (all from Sigma-Aldrich).

Organoids were embedded in a mixture of 70% Geltrex
(Geltrex ™' LDEV-free reduced growth factor basement membrane
extract, Gibco) and 30% of organoid medium, seeded in small
droplets in 6-well plates, and left for 30 minutes at 37 °C and 5%
CO,. After solidification of the droplets, organoid medium supple-
mented with 10 uM Rock inhibitor Y-27632 dihydrochloride
(Sigma-Aldrich) was added. Organoids were maintained at 37 °C
and 5% CO, and passaged every 2 weeks by replacing culture
medium with cold Ad-DF+++ to detach the geltrex droplets. The
suspension was collected and washed by centrifugation at 300 g for
5 minutes at 4°C. The supernatant was then removed, and
organoids were incubated with TrypLE Express (Gibco) for 5-10
minutes at 37 °C to facilitate their dissociation. The reaction was
stopped by adding 5% FBS and samples were then washed with Ad-
DF+++. Next, after a mechanical dissociation by pipetting,
organoids were washed and resuspended in fresh 70% Geltrex/
30% organoid medium. The suspension was replated in 6-well
plates, splitting at ratios between 1:3 and 1:6 depending on
growth rate. When required, organoids were cryopreserved in
RecoveryTM Cell Culture Freezing Medium (Thermo Fisher
Scientific) until needed for further use.

NK cell functional assay

To assess NK cell degranulation and cytokine production in
response to 3D tumor models, NK cells were co-cultured with either
tumor spheroids or organoids (online Supplementary Figure 1).
Equal numbers of live pre-CIML or control NK cells were
resuspended in cRPMI and added to spheroid cultures in 96-well
U-bottom ultra-low attachment plates at a final volume of 200 uL
per well. Effector to target (E:T) ratios were set at 1:1, based on the
initial tumor cell seeding density: 10* live cells/well for A549 and
5x10° cells/well for HCT-116 wild-type cells.

For NK cell co-culture with tumor organoids, organoids were
first collected and a fraction of them was dissociated to single cells
and counted in order to estimate tumor cell content per organoid.
Whole organoids, estimated to contain 2x10° cells, were
resuspended in cRPMI and added per well in a 24-well plate pre-
treated with Anti-Adherent Rinsing Solution (STEMCELL
Technologies). Equal number of live pre-CIML or control NK
cells were then added at 2:1 E:T ratio, in a final volume of 500 pL
cRPMI per well.

ADCC was induced in NK cell-spheroid and NK cell-organoid
co-cultures by adding 1 pg/mL cetuximab (Erbitux 100 mg/20 mL,
Merck) to the corresponding wells. Anti-CD107a-FITC (clone
REA792, Miltenyi Biotec) was added at the start of co-cultures
(0.4 uL/well for spheroids, 2 uL/well for organoids). After 1 hour, 1
uL/mL Golgi-Plug and 0.66 pL/mL Golgi-Stop (both from BD
Biosciences) were added. The co-culture was maintained for an
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additional 16-18 hours (spheroids) or 4 hours (organoids), based
on prior optimization and reported protocols (35, 37).

At the end of the culture, all samples were washed in phosphate
buffered saline (PBS) by centrifugation at 300 g for 5 minutes.
Spheroid co-cultures and their NK cell-only controls were digested
with Trypsin-EDTA (Gibco) for 5-15 minutes until complete
dissociation and filtered through 35 pum nylon mesh cell strainer
caps. Organoid co-cultures and their NK cell-only controls were
directly filtered without enzymatic dissociation (37). All samples
were washed with PBS and stained with LIVE/DEAD Fixable Near-
IR dye (Thermo Fisher Scientific) for 30 minutes at 4 °C. After two
washes with 2.5% Bovine Serum Albumin (BSA)-PBS, cells were
stained with anti-CD3-BV510 (clone UCHT1), anti-CD14-BV510
(clone M@P9), anti-CD19-BV510 (clone SJ25C1) and anti-CD7-PE
(clone M-T701), all of them from BD Biosciences. Although CD56
is the canonical marker for NK cells and was initially tested, its
expression was lost following the spheroid dissociation protocol,
which includes trypsinization. Therefore, NK cells in these co-
culture assays were defined as CD3-CD14-CD19-CD7*, as CD7 is
constitutively expressed by the NK cell lineage and allows for their
reliable identification, particularly when using purified NK cells
(38). Next, for intracellular staining, samples were washed twice in
2.5% BSA-PBS, fixed and stained with anti-IFN-y-PE-Cy7 (clone
B27, BD Biosciences) and anti-TNF-0-APC (clone mAbl11,
Biolegend) using the Cytofix/Cytoperm kit (BD Biosciences), ac-
cording to the manufacturer’s instructions. Finally, samples were
washed, resuspended in 250 pL PBS, and acquired on a BD
LSRFortessa X-20 flow cytometer. Flow cytometry data was ana-
lyzed using FlowJo 10.8.1.

Spheroid killing assay

To assess NK cell-mediated cytotoxicity against tumor sphe-
roids, equal number of live control or pre-CIML NK cells were
resuspended in cRPMI and added to pre-formed spheroids in 96-
well U-bottom ultra-low attachment plates at a final volume of
200 pL per well (online Supplementary Figure 1). For this assay, E:T
ratios were set at 5:1, based on initial tumor cell seeding densities:
5x10” live cells/well for A549 and 1.5x10° live cells/well for HCT-
116 parental cells. At the start of the co-culture, CellEvent ™
Caspase-3/7 Green probe (Thermo Fisher Scientific) was added at
1:100 dilution, and 1 pg/mL cetuximab was added to the corre-
sponding conditions. After 24 hours, transmitted light and fluores-
cence images were acquired using a Primovert Inverted Microscope
(Zeiss) and analyzed using FIJI (Image]) software. Cytotoxicity was
quantified based on the green fluorescence intensity in a selected
region of interest (ROI) strictly within the spheroid area. Wells
containing tumor spheroids alone were used to determine back-
ground fluorescence.

NK cell infiltration assay

Pre-CIML or control NK cells were fluorescently labelled with
eFluor ™ 670 Cell Proliferation Dye (eBioscience) according to the
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manufacturer’s instructions. After washing with PBS, equal numbers
of live cells were co-cultured with HCT-116-Green spheroids, in 96-
well U-bottom ultra-low attachment plates, at a final volume of 200 uL
per well (online Supplementary Figure 1). The E:T ratio was set at 3:1,
based on an initial tumor cell seeding density of 10 live cells/well.
Cetuximab was added at 1 pg/mL to the designated conditions. For
each NK cell donor and condition, three spheroids were prepared.
After 20 hours of co-culture, spheroids were transferred to
chamber slides for confocal imaging. Images were acquired using a
Zeiss LSM 880 Airyscan confocal microscope equipped with a Plan-
Apochromat 10x/0.45 M27 objective. Z-stack images were captured
in three channels: GFP, Cy5 and transmitted light with a transmit-
ted photomultiplier tube (T-PMT), typically spanning 120-180 um
in depth with 9-10 um intervals, to ensure full coverage of infil-
trating NK cells. Maximum intensity projections of the Z-stacks
were generated using FIJI software in all three channels. NK cell
infiltration was assessed by quantifying the Cy5-positive area within
the spheroid perimeter defined using the T-PMT projection. A
qualitative scoring system was also used: randomized images were
independently evaluated by three blinded observers who assigned
scores from 1 to 3 based on NK cell distribution (1: infiltration but
confined to a single region; 2: infiltration into multiple regions with
a non-uniform scattered distribution; 3: uniform distribution
throughout the spheroid). From the T-PMT projections, images
were randomized and scored based on the degree of spheroid
disruption (1: spheroid with preserved integrity; 2: partial
damage; 3: loss of structural integrity), and spheroid circularity
and area were quantified. From the GFP channel, GFP-positive
area, circularity and total integrated intensity were quantified.

Organoid killing assays

To assess the sensitivity of tumor organoids to NK cell-medi-
ated killing, whole organoids, estimated to contain 2x10* cells, were
resuspended in 100 pL ¢cRPMI and added per well in a 96-well U-
bottom ultra-low attachment plate. Equal numbers of live control or
pre-CIML NK cells were added in cRPMI to achieve a 5:1 E:T ratio,
in a final volume of 200 uL per well (online Supplementary
Figure 1). When indicated, 1 pg/mL of cetuximab was added to
the co-cultures. 2 uL of CellEvent ™ Caspase-3/7 Green probe was
added to each well to monitor cell death.

Real-time imaging of co-cultures was performed using the
xCELLigence RTCA eSight system (Agilent). GFP and brightfield
images were captured every 15 minutes during the first hour, and
then every hour for up to 24 hours. Images and videos were
processed with RTCA eSight Software (Agilent) to quantify Green
Total Integrated Intensity (GRI x um*/image) and Green Total Area
(um?/image), both indicative of cell death in the co-cultures.
Exported data were analyzed to evaluate the kinetics of tumor cell
death over time. Quantitative indicators of NK cell-mediated killing
included the area under the curve (AUC) and the initial slope of the
increase in green area and in green fluorescence intensity. In
addition, tumor area and fluorescence intensity were specifically
assessed at the 24-hour time point.
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Statistical analysis

GraphPad Prism 9.5.1 and SPICE v6.1 (Vaccine Research
Center, NTAID) softwares were used for graphical representation
and statistical analysis. Data distribution was assessed using the
Kolmogorov-Smirnov test. Depending on the distribution and
experimental design, paired t-test, unpaired t-test or two-way
Anova test were employed for parametric distributions, and
Wilcoxon matched-pairs signed-rank test for non-parametric dis-
tributions, as specified in each figure legend. Differences between
pie charts were determined with the non-parametric permutation
test with 100,000 iterations. Statistical significance was defined as
p<0.05; significance values are indicated as *(p<0.05), **(p<0.01),
(p<0.001) and ****(p<0.0001). Group sizes and definition of
error bars are indicated in figure legends.

Results

Pre-CIML NK cells degranulate and
produce anti-tumor cytokines in response
to tumor spheroids, and this is enhanced
by cetuximab

CIML NK cells, characterized by enhanced activation and
increased production of anti-tumor cytokines in response to
tumor cells, have demonstrated considerable potential for the
treatment of hematological malignancies (18, 20, 21). To assess
their functionality against 3D culture systems, we first evaluated NK
cell degranulation (CD107a) by flow cytometry after co-culture with
tumor spheroids derived from lung (A549) and colorectal (HCT-
116) cancer cell lines (Figure 1A; online Supplementary Figure 2).
Control NK cells, cultured without prior stimulation, displayed very
low frequencies of CD107a+ cells, which remained largely un-
changed upon exposure to tumor spheroids (Figure 1B). In contrast,
NK cells cultured overnight with IL-12/15/18 (termed as “pre-
CIML NK cells”) showed a significantly higher proportion of
CD107a expressing cells even in the absence of tumor targets, and
this response was further significantly increased upon co-culture
with both A549 and HCT-116 spheroids. We next analyzed IFN-y
and TNF-o production as key indicators of NK cell activity and
function. Consistent with the degranulation data, control NK cells
showed minimal cytokine production that did not appreciably
increase upon exposure to tumor spheroids (Figure 1B). Although
there was no (HCT-116) or small (A549) increase observed in the
proportion of TNF-ai+ cells for pre-CIML NK cells, the frequency
of IFN-y+ cells was markedly elevated, and these frequencies were
increased upon co-culture with tumor spheroids (Figure 1B). These
findings confirm that IL-12/15/18 preactivation primes NK cells for
enhanced basal activity and potentiates their responsiveness to
tumor-derived signals in a 3D context.

Given that both A549 and HCT-116 spheroids express EGFR
(online Supplementary Figures 3A, B), we next explored whether
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ADCC induction with the addition of cetuximab (anti-EGFR mAb)
could further enhance NK cell responses. In control NK cells,
cetuximab significantly increased the frequencies of CD107a+,
IFN-y+ and TNF-o+ cells when co-cultured with either A549 or
HCT-116 spheroids (Figure 1B). Remarkably, in some conditions
the frequencies of functional control NK cells during ADCC
surpassed those of pre-CIML NK cells cultured alone or even
with tumor spheroids, particularly for CD107a and TNF-o. In
pre-CIML NK cells, cetuximab addition further enhanced the
frequencies of CD107a+, IFN-y+ and TNF-o+ cells. In line with
previously reported data (22, 23), pre-CIML NK cells displayed high
baseline frequencies of IEN-y+ cells even in the absence of stimu-
lation. Thus, although cetuximab increased IFN-y+ frequencies in
pre-CIML NK cells, the relative effect was more pronounced in
control NK cells. Notably, the presence of cetuximab in control NK
cells co-cultured with A549 spheroids induced IFN-y+ frequencies
comparable to those of unstimulated pre-CIML NK cells. However,
on a per-cell basis (median fluorescence intensity or MFI), IFN-y
production was higher in unstimulated pre-CIML NK cells com-
pared to control cells (online Supplementary Figure 4A). Overall,
cetuximab boosted NK degranulation and production of TNF-a,
with a lower but still significant impact on IFN-y production.

To obtain an integrated view of NK cell function, we analyzed
NK cell polyfunctionality, defined as the capacity of individual cells
to degranulate and/or produce multiple cytokines simultaneously
(39). Most control NK cells were non-functional (CD107a—IFN-
Y-TNF-a-), and exposure to tumor spheroids alone did not
significantly improve their polyfunctionality, showing just a slight
increase, mainly in response to HCT-116 spheroids (Figure 1C).
Cetuximab addition to control NK cell co-cultures significantly
increased the frequency of polyfunctional cells as observed by the
emergence of populations expressing two or three functional
markers (Figure 1C). Pre-CIML NK cells, with and without
tumor spheroids, were consistently more functional than their
respective control NK cells, with the highest levels of
polyfunctionality observed in the presence of cetuximab
(Figure 1C). Interestingly, in control NK cells treated with
cetuximab, the non-functional population was smaller than in
pre-CIML NK cells in the absence of cetuximab, with a marked
increase in triple-positive NK cells, supporting the strong anti-
tumor enhancing potential of cetuximab-induced ADCC. Although
for A549 spheroids, control NK cells plus cetuximab did not show a
statistically significant polyfunctional improvement compared to
pre-CIML NK cells cultured only with spheroids, detailed evalua-
tion of individual effector functions combinations evidenced that,
CD107a+IFN-y+ population was reduced and CD107a+TNF-o+
and IFN-y+TNF-o+ subsets were increased in control NK cells
(online Supplementary Figure 4B). Similarly, although there was no
statistical significance in polyfunctionality enhancement when
exposing pre-CIML NK cells to tumor spheroids (Figure 1C),
there was a significant increase in triple-positive cells, as well as
in the double-positive CD107a+IFN-y+ and IFN-y+TNF-0+ cells
(online Supplementary Figure 4B). This indicates that the effector
functions of pre-CIML NK cells are improved when exposed to
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FIGURE 1

NK cell degranulation and cytokine production in response to tumor spheroids. Control or pre-CIML NK cells were co-cultured with tumor
spheroids (1:1 E:T ratio) in the presence or absence of 1 pg/mL cetuximab for 16-18 hours. (A) Representative pseudocolor plots showing the
percentage of pre-CIML NK cells expressing CD107a, IFN-y or TNF-a after co-culture with A549 spheroids in the presence of cetuximab. (B) Bar
graphs showing the percentage of NK cells expressing CD107a (left), IFN-y (center) and TNF-a (right) after co-culture with HCT-116 (top panel), or
A549 (bottom panel) spheroids. Bars show the mean + SD, with individual color-coded donors (n=5 and n=6). Statistical analysis was performed
using paired t-tests and significance is indicated as *(p<0.05), **(p<0.01), ***(p<0.001) and ****(p<0.0001). ns: non-significant. (C) Pie charts
representing the proportions of NK cells expressing CD107a, IFN-y and/or TNF-a in the indicated culture conditions. The slices indicate cells
expressing different combinations of markers and the arcs denote which individual marker they express. Differences between conditions were
assessed with a non-parametric permutation test (n=5 for HCT-116; n=6 for A549) and p-values are shown in the matrix. Significant differences are
highlighted in purple.

tumor spheroids. Polyfunctional profiling indicated that IL-12/15/ Altogether, these results demonstrate that NK cells are respon-
18-stimulation strongly induced IFN-y production, while sive to both lung cancer and CRC spheroids, and their activation
cetuximab primarily drove TNF-o, production, and both stimuli ~ and anti-tumor cytokine production are enhanced with IL-12/15/18
led to enhanced degranulation (Figure 1C). stimulation, as well as by ADCC induction.
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Pre-CIML NK cells exhibit increased
cytotoxicity against tumor spheroids,
which is further enhanced by ADCC
induction

Having established that pre-CIML NK cells display superior
degranulation and cytokine production in response to tumor
spheroids, we next evaluated their cytotoxic potential. HCT-116
and A549 spheroids were co-cultured for 24 hours with either
control or pre-CIML NK cells derived from six independent donors,
and cell death was assessed by caspase-3/7 detection. Control NK
cells induced only low levels of caspase-3/7 activation in both HCT-
116 and A549 spheroids. Conversely, pre-CIML NK cells exhibited
a significantly improved killing capacity against both tumor sphe-
roids. The addition of cetuximab, further enhanced pre-CIML NK
cell-mediated cytotoxicity, and to a lesser extent, increased
cytotoxicity of control NK cells only when cultured with HCT-
116 spheroids (Figure 2A). These findings demonstrate that pre-
CIML NK cells effectively kill tumor cells growing as 3D spheroid
cultures, and this cytotoxicity can be further potentiated with
cetuximab-mediated ADCC.

Pre-CIML NK cells show different
intratumoral distribution and compromise
spheroid integrity

To determine whether the enhanced cytotoxicity of pre-CIML
NK cells was associated with increased access into tumor spheroids,
we co-cultured fluorescently labelled NK cells from four indepen-
dent donors with HCT-116-Green spheroids. After 20 hours,
spheroids were collected, transferred to chamber slides, and
imaged by confocal microscopy to visualize NK cells within the
spheroid (Figure 2B). The overall area of infiltrating NK cells was
comparable across conditions (Figure 2C), and represented only a
small fraction within the spheroid, suggesting that the Caspase-3/7
signal measured in Figure 2A predominantly reflected apoptosis of
tumor cells. Interestingly, their spatial distribution differed: control
NK cells were predominantly confined to a peripheral region of the
spheroid, while pre-CIML NK cells displayed a more uniform
distribution throughout the spheroid (Figure 2B). To further
explore this, we assessed NK cell distribution and confirmed that
pre-CIML NK cells indeed exhibited a more homogeneous
intratumoral pattern (Figures 2B, D), whereas cetuximab treatment
did not have a significant effect on NK cell spatial distribution. This
suggests that pre-CIML NK cells may possess superior infiltrative
capacity within 3D tumor systems, which could contribute to their
enhanced cytotoxicity.

Pre-CIML NK cells also induced pronounced structural disrup-
tion of spheroids (Figure 2B). Image-based analyses showed that
spheroids co-cultured with pre-CIML NK cells were smaller and
exhibited reduced circularity compared to those exposed to control
NK cells(Figures 2B, E; online Supplementary Figure 5).
Furthermore, a marked loss of green fluorescence (HCT-116-
Green) in spheroids treated with pre-CIML NK cells suggested
compromised viability, consistent with their enhanced cytotoxic
potential (Figures 2F, G; online Supplementary Figure 5). This
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approach aligns with a previous study demonstrating that loss of
GFP fluorescence correlates with reduced cell viability in SH-SY5Y
spheroids (40). These effects likely reflect both the enhanced
cytotoxic capacity and the better intratumoral distribution of pre-
CIML NK cells within the spheroid, allowing deeper and more
effective engagement of tumor cells. Cetuximab-mediated ADCC
subtly contributed to spheroid disruption (Figures 2E, F, G).

Pre-CIML NK cells show enhanced anti-
tumoral functions against patient-derived
CRC organoids

To extend our observations to more physiologically relevant
models, we next evaluated NK cell responses in patient-derived
CRC organoids, which better recapitulate the genetic and structural
features of human tumors. Two patient-derived CRC organoids
(CRCO1 and CRCO2) were used, differing in morphology, ligand
surface expression and genetic mutation profile, including KRAS
mutation status (41) (online Supplementary Figure 3; online
Supplementary Tables 1, 2). Visually, co-culture with control NK
cells had minimal impact on CRCO viability, while pre-CIML NK
cells caused evident disruption of organoid structures, appearing less
defined, with visible debris, and general disintegration (Figure 3A),
suggesting cytotoxic activity. NK cell function was quantified by flow
cytometry, measuring NK cell degranulation and cytokine produc-
tion (Figure 3B). Control NK cells displayed low baseline frequencies
of CD107a+ cells, with a modest but significant increase upon
organoid exposure (Figure 3C). In contrast, pre-CIML NK cells
exhibited a higher basal frequency of CD107a+ cells, which was
further enhanced upon co-culture with both CRCO1 and CRCO2
organoids. Regarding cytokine production, the frequency of IFN-y+
control NK cells was very low, which did not increase upon organoid
exposure (Figure 3C). Pre-CIML NK cells, as expected, showed a
significantly higher proportion of IFN-y producing cells at baseline,
which slightly increased after co-culture. Regarding TNF-o,, control
NK cells showed low basal frequency that increased only in response
to CRCO1 organoids, while pre-CIML NK cells displayed higher
basal TNF-o+ frequencies that were further elevated upon co-culture
with both organoid lines (Figure 3C). These trends were consistent
with MFI data (online Supplementary Figure 6). Together, these data
confirm that NK cells respond to patient-derived tumor organoids
and that IL-12/15/18-preactivation enhances their effector functions.

We proceeded to evaluate whether cetuximab-induced ADCC
could also enhance NK cell responses in these 3D systems. Despite
the low expression of EGFR (online Supplementary Figure 3), the
addition of cetuximab modestly but significantly increased the
frequencies of CD107a+ and TNF-o+ subsets in control NK cells
co-cultured with tumor organoids, although the increase was non-
significant for IFN-y+ subsets (Figure 3C). In pre-CIML NK cells,
cetuximab also led to modest increases in the frequencies of
CD107a+, TNF-0+, and IFN-y+ cells, with increases similar in
magnitude to those in control NK cells. Overall, cetuximab-driven
enhancement of NK cell activity in the organoid system was
relatively modest and less pronounced than in 3D spheroid models.

Polyfunctionality analysis provided an integrated view of these
responses. Control NK cells remained largely non-functional, with
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FIGURE 2

NK cell cytotoxicity and infiltration in spheroids. (A) Unlabeled control or pre-CIML NK cells were co-cultured (5:1 E:T ratio) with HCT-116 (top) and
A549 (bottom) tumor spheroids in the presence or absence of 1 yg/mL cetuximab. Representative overlay of transmitted light and Caspase-3/7
green images after 24 hours of co-culture (left) and bar graphs showing total Caspase-3/7 green fluorescence quantification (right). Scale bar 300
um. (B—G) NK cells labelled with eFluor™ 670 (red) were co-cultured (3:1 E:T ratio) with HCT-116-Green spheroids for 20 hours, in the presence or
absence of 1 ug/mL cetuximab. (B) Representative images of the co-culture acquired in T-PMT and fluorescence: NK cells (red), spheroid (green),
and merged images (composite). Scale bar 150 um. (C) Violin plots showing NK cell infiltration as the red fluorescent area within the spheroid

(D) Spatial distribution of red fluorescence by scoring (1, infiltration confined to a single region; 2, infiltration into multiple regions with a non-
uniform, scattered distribution; 3, uniform distribution throughout the spheroid). Stacked bar graph showing the percentage of spheroids assigned to
each spatial distribution score. Bar graphs show the mean + SD with color-coded donors showing spheroid s circularity (E), area (F) and total
intensity (G) of green fluorescence. Bar graphs show the mean + SD of 4 or 6 independent donors. Statistical analyses used paired t-tests and
significance values are indicated as *(p<0.05) and **(p<0.01). ns: non-significant.

only a slight increase in polyfunctionality upon CRCO1 organoid
exposure that slightly improved in the presence of cetuximab
(Figure 3D). In contrast, pre-CIML NK cells were more functional,
with a marked increase in IFN-y production. Co-culturing pre-
CIML NK cells with organoids slightly increased the
polyfunctionality, and the effect of cetuximab was minimal
(Figure 3D). However, detailed evaluation of individual functional
combinations evidenced a significant increase in the triple-positive
(CD107a+TNF-0+IFN-y+) and CD107a+IFN-y+ populations
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(Figure 3E) in pre-CIML NK cells when exposed to both tumor
organoids. Conversely, when assessing the effect of cetuximab, we
found no significant differences in pre-CIML NK cells co-cultured
with tumor organoids (Figure 3D). Nonetheless, it had a significant
effect in the frequency of triple-positive pre-CIML NK cells in
CRCO2 organoids (Figure 3E). Altogether, pie chart analysis
showed that cytokine stimulation is the major driver of NK cell
functionality in the organoid system, with a slight contribution of
cetuximab-mediated ADCC.
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non-significant.

NK cell degranulation and cytokine production in response to tumor organoids. Control or pre-CIML NK cells were co-cultured (2:1 E:T ratio) with
tumor organoids (CRCO1 and CRCO?2) for 5 hours in the presence or absence of 1 ug/mL cetuximab. (A) Representative transmitted light images of
the co-culture with CRCO1 tumor organoids. Scale bar 300 pm. (B) Representative flow cytometry pseudocolor plots showing the percentage of
pre-CIML NK cells expressing CD107a, IFN-y or TNF-o after the co-culture. (C) Bar graphs showing the percentages of NK cells expressing CD107a,
IFN-y or TNF-a after co-culture with CRCO1 (top), or CRCO2 (bottom) organoids. Bar graphs show the mean + SD of color-coded donors (n=6).
Statistical analysis was performed using Wilcoxon tests and significance is indicated as *(p<0.05) and **(p<0.01). ns: non-significant. (D) Pie charts
depicting the proportions of NK cells expressing CD107a, IFN-y and/or TNF-a in the indicated culture conditions. The slices indicate cells expressing
different combinations of markers and the arcs denote which individual marker they express. Differences between conditions were assessed with a
non-parametric permutation test (n=6) and p-values are shown in the matrix. Significant differences are highlighted in purple. (E) Bar graphs showing
the frequency of polyfunctional NK cells co-expressing CD107a, IFN-y and TNF-a. (dark blue) or CD107a and IFN-v (light blue). Statistical analysis was
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Pre-CIML NK cells exhibit increased
cytotoxic activity against patient-derived
CRC organoids

We next assessed the cytotoxic potential of NK cells in the 3D
organoid co-cultures using real-time imaging with the xCELLigence
RTCA eSight system. Despite morphological differences between
the organoid lines, both showed a similar pattern of cell death after
24 hours of co-culture. Organoids cultured alone exhibited minimal
caspase-dependent cell death, whereas co-culture with control NK
cells resulted in increased cell death that was further enhanced in
the presence of pre-CIML NK cells, which also caused marked
disruption of organoid morphology (Figure 4A; online
Supplementary Figures 7, 8).

Quantification of the apoptotic area and the total apoptotic
fluorescence intensity over time revealed that control NK cells
required more time to initiate killing, whereas pre-CIML NK cells
triggered rapid and robust cell death soon after co-culture initiation,
being this effect more pronounced in CRCO2 (Figure 4B). Kinetic
analysis of the slopes of caspase-3/7 activation over time confirmed
these observations (Figure 4C). Closer evaluation of tumor-death
onset showed that control NK cells initiated killing earlier in
CRCO1 (around 3 hours after co-culture start), while in CRCO2
the apoptotic signal appeared later (approximately 6 hours).
ADCC-induction with cetuximab accelerated control NK cell killing
in CRCO2 and maintained higher levels of caspase-dependent cell
death throughout the co-culture (Figures 4B, C). In contrast,
cetuximab did not enhance control NK cell killing in CRCO1, nor
did it improve the potent cytotoxicity of pre-CIML NK cells in
either organoid model. These findings were consistent with AUC
analysis (Figure 4D) as well as endpoint measurements at 24 hours
(Figure 4E). Together, they show that control NK cells can mediate
tumor cell death, and that this effect is potentiated by ADCC, but
only in specific contexts (i.e., CRCO2 organoids). Preactivation with
IL-12/15/18 dramatically enhanced NK-mediated killing in both
CRCO1 and CRCO?2 organoids, and this potent cytotoxic activity
was not further improved by cetuximab.

Discussion

NK cells are key players in antitumor immunity, and NK cells
stimulated with IL-12/15/18 exhibit enhanced effector functions
linked to metabolic, transcriptional, and epigenetic adaptations
(9, 19, 22, 23, 42, 43). Several studies have described that upon
stimulation, these NK cells undergo alterations in the expression of
activating and inhibitory receptors, such as CD16 downregulation
and NKG2A and TIM-3 upregulation, with a consistent overall
increase in anti-tumor effector functions (44, 45). Despite the
success of IL-12/15/18-stimulated NK cells in hematological ma-
lignancies (18, 21), their efficacy in solid tumors remains limited.
Here, we show that pre-CIML NK cells exert potent anti-tumor
activity against solid tumor models, including lung and CRC
spheroids and patient-derived CRC organoids. Cetuximab further
augmented NK cell effector functions, although its impact was
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context-dependent: robust in spheroids but more modest in
organoids. Together, our findings support the therapeutic potential
of combining pre-CIML NK cells with cetuximab to improve
immunotherapy against solid tumors.

IL-12/15/18 cytokines induced a marked increase in NK cell
polyfunctionality against HCT-116 and A549 spheroids, with
pronounced gains in IFN-y production. These results extend cell-
based observations to more complex 3D tumor models, consistent
with prior works showing that cytokine preactivation enhances NK
cell effector functions against target cells (19, 23) and it aligns with
improved NK cell degranulation reported in CRC spheroids after
cytokine priming (46). The superior cytotoxicity of pre-CIML NK
cells displayed in both lung and CRC spheroids, relative to control
NK cells, agrees with reports in CRC (33) and gastric cancer (31)
spheroid models, indicating that short stimulation with IL-12/15/18
drives functional enhancement that translates into effective tumor
killing even within the physically restrictive context of 3D tumors.

NK cell infiltration in solid tumors correlates with improved
patient survival (47), yet limited immune cell access remains a
major barrier in cancer immunotherapy (24, 25). 3D tumor models
provide a relevant platform to study this process, as they recapit-
ulate tumor architecture and microenvironmental barriers. In our
tumor spheroid model, control NK cells exhibited low infiltration
and were predominantly localized at the spheroid periphery,
consistent with observations in gastric (31), cervical (30) and
CRC (46) tumor spheroids. Although some studies have evaluated
infiltration of activated NK cells (30, 32), most lack direct compar-
ison with non-activated controls, making it difficult to assess true
improvements in infiltration. Interestingly, in a gastric cancer
spheroid model, CIML NK cells were directly compared to control
NK cells and showed a modest but measurable improvement in
tumor infiltration (31). In line with this, although we did not
observe an increase in the overall number of infiltrating cells at
20 hours of co-culture, pre-CIML NK cells displayed a more
homogeneous intratumoral distribution, suggesting that cytokine
priming enhances intratumoral navigational capacity and may help
overcome structural constraints within solid tumors. In pre-CIML
NK cells, we did not detect an increase in the expression of
chemokine receptors and adhesion molecules (CXCR1/2/3/4,
CD103 and CD62L) (online Supplementary Figure 9), suggesting
that these do not play a direct role in NK cell migration in this
experimental setting, where physical contact between NK cells and
spheroids is already facilitated. Instead, we observed an increase in
CD49a, which may potentially contribute to NK cell motility within
tumor spheroids in our system due to its capability of interacting
with extracellular matrix components (48). Of note, NK cell
infiltration has been reported to be more evident at low E:T ratios
and to be highly dynamic (32), which, hence, can contribute to the
variability in NK cell infiltration across studies. Therefore, imple-
menting time-course analyses and evaluating different E:T ratios
will be important to fully understand and improve NK cell infil-
tration within solid tumors.

Patient-derived organoids are becoming increasingly relevant
for in vitro studies, as they not only recapitulate key architectural
features of tumors but also retain patient-specific histological and
genetic features, making them a valuable platform for therapeutic
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FIGURE 4
NK cell cytotoxicity against tumor organoids. Control or pre-CIML NK cells were co-cultured (5:1 E:T ratio) with tumor organoids (CRCO1, left and

CRCO2, right) in the presence or absence of 1 pg/mL cetuximab. (A) Representative brightfield and caspase-3/7 green fluorescence images at 24
hours of culture. Scale bar 500 pm. (B) Time course graphs showing the caspase-3/7 area (top) and intensity (bottom) for each culture condition:
ctrl NK cells without (light gray) or with cetuximab (dark gray); and pre-CIML NK cells without (light green) or with cetuximab (dark green). Curves
show mean + SEM from 3 independent donors in technical triplicates. Statistical comparisons were performed by two-way Anova test and
significance is indicated as *(p<0.05), **(p<0.01), ***(p<0.001) and ****(p<0.0001). From the mean of the curves in (B), the slope (0-9 hours, (C)) and
the area under the curve [AUC, (D)] are shown as single integrated values. (E) Fluorescence area and fluorescence total intensity at 24 hours after the
co-culture. (C—E) Bar graphs show the mean + SD from 3 independent donors in technical triplicates. (E) Statistical analysis was performed using
unpaired t-tests and statistical significance values are indicated as **(p<0.01), ***(p<0.001) and ****(p<0.0001). ns: non-significant.

testing (28, 29, 49-52). While our model does not incorporate
additional TME components, such as cancer-associated fibroblasts
or other immune cells that may contribute to immunosuppression,
this 3D system allows us to accurately assess the direct NK cell
activity against tumor cells in phenotypically and morphologically
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heterogeneous patient-derived tumor 3D cultures (53-55). In both
CRCOL1 (RAS wild-type) and CRCO2 (RAS-mutant) organoids,
pre-CIML NK cells showed a clear increase in degranulation and
cytokine production compared to control NK cells. This further
confirms that IL-12/15/18 preactivation strongly enhances
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polyfunctionality regardless of whether the model is based on 2D or
3D culture systems (19, 23, 31, 33).

NK cell-mediated cytotoxicity in tumor organoid models re-
mains relatively understudied. Previous work has shown that IL-2-
activated NK cells can kill pancreatic tumor organoids at high E:T
ratios (52), and that HER2-specific CAR-NK cells reduce breast
cancer organoid growth in a time and organoid size dependent
manner (56). However, most studies rely on endpoint measure-
ments or dissociated organoids, limiting the understanding of the
real-time dynamics of NK cell activity in whole tumor organoids.
Here, we used the xCELLigence real-time cell analysis system,
which is widely used for impedance-based monitoring of cellular
behavior, to dynamically monitor NK cell-organoid interactions in
real time. Based on the available literature, this is the first study
combining this platform with whole, intact tumor organoids,
enabling continuous cytotoxicity monitoring while preserving
their 3D architecture. Furthermore, to the best of our knowledge,
this is also the first study assessing the cytotoxicity of pre-CIML NK
cells against patient-derived tumor organoids. Real-time analysis
revealed a markedly enhanced cytotoxic response of pre-CIML NK
cells against both organoid lines, leading to faster and more efficient
tumor cell killing compared to control NK cell, indicating that the
functional enhancement of pre-CIML NK cells translated into
markedly improved cytotoxicity against organoids.

Cetuximab (anti-EGFR mAD) is clinically used to treat RAS
wild-type CRC and HNSCC, and previous in vitro studies have
shown that, although cetuximab alone may exert minimal
cytotoxicity (57, 58), its combination with NK cells enhances
tumor cell killing through ADCC (59). This has been shown with
other mAbs, such as trastuzumab (anti-HER-2 mAb) (52, 60) and
avelumab (anti-PD-L1 mAb) (52). Therefore, in this work we
investigated whether the combination of cetuximab with pre-
CIML NK cells could induce more robust anti-tumoral responses
in 3D tumor models. In our spheroid models, cetuximab markedly
enhanced NK cell polyfunctionality and cytotoxicity in both control
and pre-CIML NK cells. Its strong enhancement of TNF-o. pro-
duction complemented the IFN-y-driven response of pre-CIML NK
cells, yielding the highest overall polyfunctional profile. These data
highlight the therapeutic potential of combining adoptive cell
therapy of pre-CIML NK cells with cetuximab to treat patients
with CRC and HNSCC (see NCT05674526).

In contrast to the strong cetuximab-mediated ADCC responses
observed in spheroids, organoids showed only modest improve-
ments in NK cell effector functions, which could be due to their
lower EGFR surface expression. While ADCC has been reported to
occur independently of ligand expression levels in pancreatic cancer
organoids (52), a minimal EGFR expression threshold may still be
required to trigger effective cetuximab-mediated ADCC in our
system. The slight cetuximab-driven increase in control NK cell-
mediated cytotoxicity in KRAS-mutant CRCO?2 indicates that
ADCC acts independently of KRAS status and functions as an
immune engager, consistent with reports of IL-2/15-activated NK
cells mediating ADCC regardless of RAS/BRAF mutations (61, 62).

Notably, CRCO2 expresses lower surface levels of HLA class I
compared to CRCOI, which could partially explain the enhanced
cetuximab-mediated killing of CRCO2 by control NK cells.
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Nevertheless, previous reports have demonstrated that the inter-
donor heterogeneity impacts organoid susceptibility to NK cell-
mediated killing, as well as ADCC (51, 52, 63). Hence, given the
considerable genetic and morphological heterogeneity between the
two organoids, it is likely that multiple mechanisms contribute to
the observed differences in cytotoxicity, reflecting a combination of
architectural and tumor-intrinsic features rather than a single
dominant factor. For instance, the compact epithelial architecture
of CRCO2 may restrict antibody penetration and NK cell access,
thereby limiting ADCC efficiency (64). Further studies with larger
organoid panels will be necessary to dissect the relative contribution
of each factor and to identify predictive biomarkers of organoid
susceptibility to NK cell killing, including cetuximab-medi-
ated ADCC.

In summary, our study extends prior evidence of pre-CIML NK
activity into complex 3D models of solid tumors, including sphe-
roids and patient-derived organoids. IL-12/15/18 preactivation
endowed NK cells with robust anti-tumor activity across CRC
and lung cancer 3D models, enhancing degranulation, cytokine
production, cytotoxicity, and intratumoral distribution. While
cetuximab-mediated ADCC further augmented these responses in
spheroids, it provided limited benefit in organoids, suggesting how
tumor architecture and model complexity can influence ADCC
efficacy. These findings support the therapeutic potential of pre-
CIML NK cells in solid tumors and suggest that their combination
with therapeutic mAbs that leverage ADCC (e.g., cetuximab) may
be advantageous in selected contexts. They also highlight the value
of patient-derived organoids as physiologically relevant platforms
for evaluating NK cell-based therapies. Future studies incorporating
larger organoid panels and in vivo systems will be important to
further define the translational potential of this approach for the
treatment of solid tumors.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Buffy coats
from healthy donors were provided by the Basque Biobank after
subjects provided written and signed informed consent in accor-
dance with the Declaration of Helsinki. The protocol was approved
by the Basque Ethics Committee for Research with Medicines
(CEIm-E) (PI+CES-BIOEF 2020-10). Human tumor organoids
were originally established at the Francis Crick Institute (London,
UK) from patients who provided written informed consent (REC
12-EE-0493 and 18-EE-0025) and stored under HTA License
12121. Organoids were received under a material transfer agree-
ment and used in accordance with the donor consents. The studies
were conducted in accordance with the local legislation and

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1797290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez-Pardo et al.

institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

AL-P: Conceptualization, Formal analysis, Methodology, Writing —
original draft. AA-I: Writing — review & editing. AI-L: Writing — review
& editing. IS]: Writing — review & editing. VS: Writing - review &
editing. OZ: Writing - review & editing. FC: Methodology, Writing —
review & editing. FB: Conceptualization, Funding acquisition,
Supervision, Writing - review & editing. LA: Conceptualization,
Supervision, Writing — review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This study was funded by the
following grants: Ministry of Science, Innovation and Universities -
Agencia Estatal de Investigacion (P1ID2024-1625090B-100, 10.13039/
501100011033/FEDER, UE), the BBK Fundazioa (BB/FK/25/001)
and Department of Health, Basque Government (2024111086).
Ainara Lopez-Pardo is recipient of a predoctoral contract funded
by “la Caixa” Foundation (ID 100010434; LCF/BQ/DI122/11940012).
Ainhoa Amarilla-Irusta and Victor Sanda are recipients of a predoc-
toral contract funded by Fundacién AECC-Spanish Association
Against Cancer (PRDVZ234209AMAR and PRDVZ246121SAND,
respectively). Ainhoa Iturbe-Larrondo is a recipient of a predoctoral
contract funded by the Basque Government (PRE_2024_1_0189).
Ainara Lopez-Pardo, Ainhoa Amarilla-Irusta, Itxaso San Juan and
Victor Sanda are recipients of a fellowship from the Jestis de Gangoiti
Barrera Foundation (FJGB23/007, FJGB21/005, FJGB25/005 and
FJGB23/005, respectively). Laura Amo is an Ikerbasque Research
Fellow (COFUND program H2020-MSCA-COFUND-2020-
101034228-WOLFRAM2) and Francisco Borrego is an Ikerbasque
Research Professor, Ikerbasque, Basque Foundation for Science. The
funders had no influence on the study’s design, execution, analysis, or
reporting, despite author affiliations with the funding organizations.

Acknowledgments

We thank all donors, patients and families who have partici-
pated in this study. We thank Julian Pardo (IIS Aragon) and Maria
Montoya (CSIC) for generously providing HCT-116 and A549 cell
lines, respectively. Special thanks to Peter Parker (CRUK KHP
Centre and King’s College London) for his constant support,

References

1. Vivier E, Rebuffet L, Narni-Mancinelli E, Cornen S, Igarashi RY, Fantin VR. Natural
killer cell therapies. Nature. (2024) 626:727-36. doi: 10.1038/s41586-023-06945-1

Frontiers in Immunology

13

10.3389/fimmu.2026.1797290

facilitating access to the organoids, and coordinating their transfer.
We thank the staff from the Basque Biobank for Research, as well as
the staff from the microscopy and flow cytometry platforms at
Biobizkaia Health Research Institute for their technical assistance.
Finally, we are grateful to Alfredo Caro (Agilent) for providing
access to the xCELLigence device and for his valuable guidance.

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was used in the
creation of this manuscript. The authors declare that generative
Al tool DeepSeek (DeepSeek Chat, https://chat.deepseek.com) was
used solely for grammar checking and language refinement during
the preparation of this manuscript, but not for generating experi-
mental processes and conclusions. The scientific content, data
interpretation, and conclusions remain entirely the responsibility
of the authors.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2026.1797290/
full#supplementary-material

2. Bjorkstrom NK, Strunz B, Ljunggren HG. Natural killer cells in antiviral immunity.
Nat Rev Immunol. (2021) 22:112-23. doi: 10.1038/s41577-021-00558-3

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2026.1797290/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1797290/full#supplementary-material
https://doi.org/10.1038/s41586-023-06945-1
https://doi.org/10.1038/s41577-021-00558-3
https://doi.org/10.3389/fimmu.2026.1797290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez-Pardo et al.

3. Vincken R, Armendariz-Martinez U, Ruiz-Saenz A. ADCC: the rock band led by
therapeutic antibodies, tumor and immune cells. Front Immunol. (2025) 16:1548292.
doi: 10.3389/FIMMU.2025.1548292

4. Ochoa MC, Minute L, Rodriguez I, Garasa S, Perez-Ruiz E, Inoges S, et al. Antibody-
dependent cell cytotoxicity: Immunotherapy strategies enhancing effector NK cells.
Immunol Cell Biol. (2017) 95:347-55. doi: 10.1038/ICB.2017.6

5. Weiner LM, Zahavi D, Aldeghaither D, O’connell A. Enhancing antibody-depen-
dent cell-mediated cytotoxicity: a strategy for improving antibody-based immunother-
apy. Antib Ther. (2018) 1:7-12. doi: 10.1093/abt/tby002

6. Bonner JA, Harari PM, Giralt ], Azarnia N, Shin DM, Cohen RB, et al. Radiotherapy
plus Cetuximab for Squamous-Cell Carcinoma of the Head and Neck. N Engl ] Med.
(2006) 354:567-78. doi: 10.1056/NEJMOA053422

7. Kasi PM, Afable MG, Herting C, Lukanowski M, Jin Z. Anti-EGFR Antibodies in the
Management of Advanced Colorectal Cancer. Oncologist. (2023) 28:1034. doi: 10.1093/
ONCOLO/OYAD262

8. Miller JS, Geller MA. Use of allogeneic NK cells for cancer immunotherapy.
Immunotherapy. (2011) 3:1445. doi: 10.2217/IMT.11.131

9. Pahl ], Cerwenka A. Tricking the balance: NK cells in anti-cancer immunity.
Immunobiology. (2017) 222:11-20. doi: 10.1016/j.imbi0.2015.07.012

10. Nersesian S, Carter EB, Lee SN, Westhaver LP, Boudreau JE. Killer instincts:
natural killer cells as multifactorial cancer immunotherapy. Front Immunol. (2023)
14:1269614. doi: 10.3389/fimmu.2023.1269614

11. Vogler M, Shanmugalingam S, Sirchen V, Reindl LM, Gréze V, Buchinger L, et al.
Unleashing the power of NK cells in anticancer immunotherapy. ] Mol Med. (2022)
100:337-49. doi: 10.1007/S00109-021-02120-Z

12. Baysal H, De Pauw I, Zaryouh H, Peeters M, Vermorken JB, Lardon F, et al. The
right partner in crime: Unlocking the potential of the anti-EGFR antibody cetuximab
via combination with natural killer cell chartering immunotherapeutic strategies. Front
Immunol. (2021) 12:737311. doi: 10.3389/FIMMU.2021.737311

13. Nikkhoi SK, Li G, Hatefi A. Natural killer cell engagers for cancer immunotherapy.
Front Oncol. (2025) 14:1483884. doi: 10.3389/FONC.2024.1483884

14. Sanchez-Correa B, Bergua JM, Pera A, Campos C, Arcos MJ, Banas H, et al. In vitro
culture with interleukin-15 leads to expression of activating receptors and recovery of
natural killer cell function in acute myeloid leukemia patients. Front Immunol. (2017)
8:931. doi: 10.3389/fimmu.2017.00931

15. Szczepanski MJ, Szajnik M, Welsh A, Foon KA, Whiteside TL, Boyiadzis M.
Interleukin-15 enhances natural killer cell cytotoxicity in patients with acute myeloid
leukemia by upregulating the activating NK cell receptors. Cancer Immunol
Immunother. (2010) 59:73-9. doi: 10.1007/500262-009-0724-5

16. Kundu S, Gurney M, O’'Dwyer M. Generating natural killer cells for adoptive
transfer: expanding horizons. Cytotherapy. (2021) 23:559-66. doi: 10.1016/
j.jcyt.2020.12.002

17. Lee J, Kim M, Jeong H, Noh I, Park J. Recent advances in feeder-free NK cell
expansion as a future direction of adoptive cell therapy. Front Immunol. (2025)
16:1675353. doi: 10.3389/fimmu.2025.1675353

18. Terren I, Orrantia A, Astarloa-Pando G, Amarilla-Irusta A, Zenarruzabeitia O,
Borrego F. Cytokine-induced memory-like NK cells: From the basics to clinical
applications. Front Immunol. (2022) 13:884648. doi: 10.3389/fimmu.2022.884648

19. Terren 1, Mikelez 1, Odriozola I, Gredilla A, Gonzalez J, Orrantia A, et al.
Implication of interleukin-12/15/18 and ruxolitinib in the phenotype, proliferation,
and polyfunctionality of human cytokine-preactivated natural killer cells. Front
Immunol. (2018) 9:737:359540. doi: 10.3389/FIMMU.2018.00737

20. Gang M, Wong P, Berrien-Elliott MM, Fehniger TA. Memory-like natural killer
cells for cancer immunotherapy. Semin Hematol. (2020) 57:185-93. doi: 10.1053/
j.seminhematol.2020.11.003

21. Romee R, Rosario M, Berrien-Elliott MM, Wagner JA, Jewell BA, Schappe T, et al.
Cytokine-induced memory-like natural killer cells exhibit enhanced responses against
myeloid leukemia. Sci Transl Med. (2016) 8:357ral23. doi: 10.1126/
SCITRANSLMED.AAF2341

22. Terrén I, Orrantia A, Mosteiro A, Vitallé J, Zenarruzabeitia O, Borrego F.
Metabolic changes of Interleukin-12/15/18-stimulated human NK cells. Sci Rep.
(2021) 11:1-15. doi: 10.1038/541598-021-85960-6

23. Romee R, Schneider SE, Leong JW, Chase JM, Keppel CR, Sullivan RP, et al.
Cytokine activation induces human memory-like NK cells. Blood. (2012) 120:4751.
doi: 10.1182/BLOOD-2012-04-419283

24. Habif G, Crinier A, André P, Vivier E, Narni-Mancinelli E. Targeting natural killer
cells in solid tumors. Cell Mol Immunol. (2019) 16:415-22. doi: 10.1038/s41423-019-
0224-2

25. Tong L, Jiménez-Cortegana C, Tay AHM, Wickstrom S, Galluzzi L, Lundqvist A.
NK cells and solid tumors: therapeutic potential and persisting obstacles. Mol Cancer.
(2022) 21:1-18. doi: 10.1186/512943-022-01672-Z

26. Nunes AS, Barros AS, Costa EC, Moreira AF, Correia IJ. 3D tumor spheroids as in
vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs.
Biotechnol Bioeng. (2019) 116:206-26. doi: 10.1002/bit.26845

Frontiers in Immunology

14

10.3389/fimmu.2026.1797290

27. Mangani S, Kremmydas S, Karamanos NK. Mimicking the complexity of solid
tumors: How spheroids could advance cancer preclinical transformative approaches.
Cancers (Basel). (2025) 17:1161-1173. doi: 10.3390/cancers17071161

28. Zhao J, Fong A, Seow SV, Toh HC. Organoids as an enabler of precision immuno-
oncology. Cells. (2023) 12:1165. doi: 10.3390/cells12081165

29. Kim M, Mun H, Sung CO, Cho EJ, Jeon HJ, Chun SM, et al. Patient-derived lung
cancer organoids as in vitro cancer models for therapeutic screening. Nat Commun.
(2019) 10:3991. doi: 10.1038/s41467-019-11867-6

30. Giannattasio A, Weil S, Kloess S, Ansari N, Stelzer EHK, Cerwenka A, et al.
Cytotoxicity and infiltration of human NK cells in in vivo-like tumor spheroids. BMC
Cancer. (2015) 15:1-13. doi: 10.1186/s12885-015-1321-y

31. Dong Y, Hung Y, Zhang Z, Chen A, Li L, Tian M, et al. iRGD-modified memory-
like NK cells exhibit potent responses to hepatocellular carcinoma. J Transl Med. (2023)
21:205. doi: 10.1186/s12967-023-04024-7

32. Lanuza PM, Vigueras A, Olivan S, Prats AC, Costas S, Llamazares G, et al.
Activated human primary NK cells efficiently kill colorectal cancer cells in 3D spheroid
cultures irrespectively of the level of PD-L1 expression. Oncoimmunology. (2018) 7:
€1395123-1-1395123-9. doi: 10.1080/2162402X.2017.1395123

33. Marin ND, Becker-Hapak M, Song WM, Alayo QA, Marsala L, Sonnek N, et al.
Memory-like differentiation enhances NK cell responses against colorectal cancer.
Oncoimmunology. (2024) 13:2348254. doi: 10.1080/2162402X.2024.2348254

34. Orrantia A, Terren 1, Vitallé ], Astarloa-Pando G, Zenarruzabeitia O, Borrego F.
Identification and functional analysis of human CD56neg NK cells by flow cytometry.
STAR Protoc. (2020) 1:100149. doi: 10.1016/j.xpro.2020.100149

35. Lopez-Pardo A, Amarilla-Irusta A, Sanda V, Stan-Fontoba M, Borrego F, Amo L.
Degranulation assay to evaluate NK cell natural and antibody-dependent cell-mediated
cytotoxicity against A549 tumor spheroids. Methods Cell Biol. (2024) 189:1-19.
doi: 10.1016/bs.mcb.2024.06.003

36. Lockwood N, Martini S, Lopez-Pardo A, Deiss K, Segeren HA, Semple RK, et al.
Genome-protective topoisomerase 2a-dependent G2 arrest requires p53 in hTERT-
positive cancer cells. Cancer Res. (2022) 82:1762. doi: 10.1158/0008-5472.CAN-21-
1785

37. Dijkstra KK, Cattaneo CM, Weeber F, Chalabi M, van de Haar J, Fanchi LF, et al.
Generation of tumor-reactive T cells by co-culture of peripheral blood lymphocytes and
tumor organoids. Cell. (2018) 174:1586-1598.e12. doi: 10.1016/j.cell.2018.07.009

38. Milush JM, Long BR, Snyder-Cappione JE, Cappione AJ, York VA, Ndhlovu LC,
et al. Functionally distinct subsets of human NK cells and monocyte/DC-like cells
identified by coexpression of CD56, CD7, and CD4. Blood. (2009) 114:4823.
doi: 10.1182/BLOOD-2009-04-216374

39. Zhou Q, Gil-Krzewska A, Peruzzi G, Borrego F. Matrix metalloproteinases
inhibition promotes the polyfunctionality of human natural killer cells in therapeutic
antibody-based anti-tumour immunotherapy. Clin Exp Immunol. (2013) 173:131-9.
doi: 10.1111/CEL12095

40. Pesini C, Lanuza PM, Pardo ], Sanchez-Martinez D, Ramirez-Labrada A.
Expansion and activation of NK cells supported by accessory cells. Phenotypic and
functional characterization. Methods Cell Biol. (2025) 196:237-50. doi: 10.1016/
bs.mcb.2025.02.003

41. Karapetis CS, Khambata-Ford S, Jonker DJ, O’Callaghan CJ, Tu D, Tebbutt NC,
et al. K-ras mutations and benefit from cetuximab in advanced colorectal cancer. N Engl
] Med. (2008) 359:1757-65. doi: 10.1056/NEJMo0a0804385

42. Mikelez-Alonso I, Magadan S, Gonzalez-Fernandez A, Borrego F. Natural killer
(NK) cell-based immunotherapies and the many faces of NK cell memory: A look into
how nanoparticles enhance NK cell activity. Adv Drug Delivery Rev. (2021) 176:113860.
doi: 10.1016/j.addr.2021.113860

43. Arellano-Ballestero H, Zubiak A, Dally C, Orchard K, Alrubayyi A, Charalambous
X, et al. Proteomic and phenotypic characteristics of memory-like natural killer cells for
cancer immunotherapy. ] Immunother Cancer. (2024) 12:8717. doi: 10.1136/jitc-2023-
008717

44. Foltz JA, Tran J, Wong P, Fan C, Schmidt E, Fisk B, et al. Cytokines drive the
formation of memory-like NK cell subsets via epigenetic rewiring and transcriptional
regulation. Sci Immunol. (2024) 9:4893. doi: 10.1126/sciimmunol.adk4893

45. Carreira-Santos S, Lopez-Sejas N, Gonzalez-Sanchez M, Sanchez-Hernandez E,
Pera A, Hassouneh F, et al. Enhanced expression of natural cytotoxicity receptors on
cytokine-induced memory-like natural killer cells correlates with effector function.
Front Immunol. (2023) 14:1256404. doi: 10.3389/fimmu.2023.1256404

46. Courau T, Bonnereau J, Chicoteau J, Bottois H, Remark R, Assante Miranda L,
et al. Cocultures of human colorectal tumor spheroids with immune cells reveal the
therapeutic potential of MICA/B and NKG2A targeting for cancer treatment. J
Immunother Cancer. (2019) 7:74. doi: 10.1186/540425-019-0553-9

47. Nersesian S, Schwartz SL, Grantham SR, MacLean LK, Lee SN, Pugh-Toole M,
et al. NK cell infiltration is associated with improved overall survival in solid cancers: A
systematic review and meta-analysis. Transl Oncol. (2020) 14:100930. doi: 10.1016/
J.TRANON.2020.100930

48. Gardner H. Integrin at1B1. Adv Exp Med Biol. (2014) 819:21-39. doi: 10.1007/978-
94-017-9153-3_2

frontiersin.org


https://doi.org/10.3389/FIMMU.2025.1548292
https://doi.org/10.1038/ICB.2017.6
https://doi.org/10.1093/abt/tby002
https://doi.org/10.1056/NEJMOA053422
https://doi.org/10.1093/ONCOLO/OYAD262
https://doi.org/10.1093/ONCOLO/OYAD262
https://doi.org/10.2217/IMT.11.131
https://doi.org/10.1016/j.imbio.2015.07.012
https://doi.org/10.3389/fimmu.2023.1269614
https://doi.org/10.1007/S00109-021-02120-Z
https://doi.org/10.3389/FIMMU.2021.737311
https://doi.org/10.3389/FONC.2024.1483884
https://doi.org/10.3389/fimmu.2017.00931
https://doi.org/10.1007/s00262-009-0724-5
https://doi.org/10.1016/j.jcyt.2020.12.002
https://doi.org/10.1016/j.jcyt.2020.12.002
https://doi.org/10.3389/fimmu.2025.1675353
https://doi.org/10.3389/fimmu.2022.884648
https://doi.org/10.3389/FIMMU.2018.00737
https://doi.org/10.1053/j.seminhematol.2020.11.003
https://doi.org/10.1053/j.seminhematol.2020.11.003
https://doi.org/10.1126/SCITRANSLMED.AAF2341
https://doi.org/10.1126/SCITRANSLMED.AAF2341
https://doi.org/10.1038/s41598-021-85960-6
https://doi.org/10.1182/BLOOD-2012-04-419283
https://doi.org/10.1038/s41423-019-0224-2
https://doi.org/10.1038/s41423-019-0224-2
https://doi.org/10.1186/S12943-022-01672-Z
https://doi.org/10.1002/bit.26845
https://doi.org/10.3390/cancers17071161
https://doi.org/10.3390/cells12081165
https://doi.org/10.1038/s41467-019-11867-6
https://doi.org/10.1186/s12885-015-1321-y
https://doi.org/10.1186/s12967-023-04024-7
https://doi.org/10.1080/2162402X.2017.1395123
https://doi.org/10.1080/2162402X.2024.2348254
https://doi.org/10.1016/j.xpro.2020.100149
https://doi.org/10.1016/bs.mcb.2024.06.003
https://doi.org/10.1158/0008-5472.CAN-21-1785
https://doi.org/10.1158/0008-5472.CAN-21-1785
https://doi.org/10.1016/j.cell.2018.07.009
https://doi.org/10.1182/BLOOD-2009-04-216374
https://doi.org/10.1111/CEI.12095
https://doi.org/10.1016/bs.mcb.2025.02.003
https://doi.org/10.1016/bs.mcb.2025.02.003
https://doi.org/10.1056/NEJMoa0804385
https://doi.org/10.1016/j.addr.2021.113860
https://doi.org/10.1136/jitc-2023-008717
https://doi.org/10.1136/jitc-2023-008717
https://doi.org/10.1126/sciimmunol.adk4893
https://doi.org/10.3389/fimmu.2023.1256404
https://doi.org/10.1186/S40425-019-0553-9
https://doi.org/10.1016/J.TRANON.2020.100930
https://doi.org/10.1016/J.TRANON.2020.100930
https://doi.org/10.1007/978-94-017-9153-3_2
https://doi.org/10.1007/978-94-017-9153-3_2
https://doi.org/10.3389/fimmu.2026.1797290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez-Pardo et al.

49. Parseh B, Khosravi A, Fazel A, Ai J, Ebrahimi-Barough S, Verdi J, et al. 3-
dimensional model to study apoptosis induction of activated natural killer cells
conditioned medium using patient-derived colorectal cancer organoids. Front Cell
Dev Biol. (2022) 10:895284. doi: 10.3389/FCELL.2022.895284

50. Schnalzger TE, de Groot MH, Zhang C, Mosa MH, Michels BE, Réder J, et al. 3D
model for CAR-mediated cytotoxicity using patient-derived colorectal cancer
organoids. EMBO J. (2019) 38:¢100928. doi: 10.15252/embj.2018100928

51. Takahashi N, Hoshi H, Higa A, Hiyama G, Tamura H, Ogawa M, et al. An in vitro
system for evaluating molecular targeted drugs using lung patient-derived tumor
organoids. Cells. (2019) 8:481. doi: 10.3390/CELLS8050481

52. Beelen NA, Aberle MR, Bruno V, Olde Damink SWM, Bos GM]J, Rensen SS, et al.
Antibody-dependent cellular cytotoxicity-inducing antibodies enhance the natural
killer cell anti-cancer response against patient-derived pancreatic cancer organoids.
Front Immunol. (2023) 14:1133796. doi: 10.3389/FIMMU.2023.1133796

53. Kay EJ, Zanivan S. The tumor microenvironment is an ecosystem sustained by
metabolic interactions. Cell Rep. (2025) 44:115432. doi: 10.1016/j.celrep.2025.115432

54. Shah S, D’Souza GGM. Modeling tumor microenvironment complexity in vitro:
Spheroids as physiologically relevant tumor models and strategies for their analysis.
Cells. (2025) 14:732. doi: 10.3390/cells14100732

55. Mao X, Xu J, Wang W, Liang C, Hua J, Liu J, et al. Crosstalk between cancer-
associated fibroblasts and immune cells in the tumor microenvironment: New findings
and future perspectives. Mol Cancer. (2021) 20:131. doi: 10.1186/s12943-021-01428-1

56. Roder J, Alekseeva T, Kiefer A, Kithnel I, Priifer M, Zhang C, et al. ErbB2/HER2-
targeted CAR-NK cells eliminate breast cancer cells in an organoid model that
recapitulates tumor progression. Mol Ther. (2025) 33:3559-3575 doi: 10.1016/
j.ymthe.2025.04.033

57. Hotz B, Keilholz U, Fusi A, Buhr HJ, Hotz HG. In vitro and in vivo antitumor
activity of cetuximab in human gastric cancer cell lines in relation to epidermal growth

Frontiers in Immunology

15

10.3389/fimmu.2026.1797290

factor receptor (EGFR) expression and mutational phenotype. Gastric Cancer. (2012)
15:252-64. doi: 10.1007/s10120-011-0102-9

58. Kimura H, Sakai K, Arao T, Shimoyama T, Tamura T, Nishio K. Antibody-
dependent cellular cytotoxicity of cetuximab against tumor cells with wild-type or
mutant epidermal growth factor receptor. Cancer Sci. (2007) 98:1275-80. doi: 10.1111/
j.1349-7006.2007.00510.x

59. Baysal H, De Pauw I, Zaryouh H, De Waele ], Peeters M, Pauwels P, et al.
Cetuximab-induced natural killer cell cytotoxicity in head and neck squamous cell
carcinoma cell lines: Investigation of the role of cetuximab sensitivity and HPV status.
Br J Cancer. (2020) 123:752-61. doi: 10.1038/s41416-020-0934-3

60. Gopal S, Kwon §J, Ku B, Lee DW, Kim J, Dordick JS. 3D tumor spheroid
microarray for high-throughput, high-content natural killer cell-mediated cytotoxicity.
Commun Biol. (2021) 4:893. doi: 10.1038/s42003-021-02417-2

61. Veluchamy JP, Spanholtz J, Tordoir M, Thijssen VL, Heideman DAM, Verheul
HMW, et al. Combination of NK cells and cetuximab to enhance anti-tumor responses
in RAS mutant metastatic colorectal cancer. PloS One. (2016) 11:e0157830.
doi: 10.1371/JOURNAL.PONE.0157830

62. Rocca YS, Roberti MP, Julia EP, Pampena MB, Bruno L, Rivero S, et al. Phenotypic
and functional dysregulated blood NK cells in colorectal cancer patients can be
activated by cetuximab plus IL-2 or IL-15. Front Immunol. (2016) 7:413:218497.
doi: 10.3389/fimmu.2016.00413

63. Von Kries A, Garcés-Lazaro I, Balzasch BM, Sticht C, Shaltiel IA, Boonekamp KE,
et al. Colorectal cancer organoids drive hypoxia, TGF-P, and patient-specific diversi-
fication of NK cell activation programs. J Immunother Cancer. (2025) 13:12988.
doi: 10.1136/jitc-2025-012988

64. Ayuso JM, Truttschel R, Gong MM, Humayun M, Virumbrales-Munoz M, Vitek R,
et al. Evaluating natural killer cell cytotoxicity against solid tumors using a microfluidic
model. Oncoimmunology. (2019) 8:1-11. doi: 10.1080/2162402X.2018.1553477

frontiersin.org


https://doi.org/10.3389/FCELL.2022.895284
https://doi.org/10.15252/embj.2018100928
https://doi.org/10.3390/CELLS8050481
https://doi.org/10.3389/FIMMU.2023.1133796
https://doi.org/10.1016/j.celrep.2025.115432
https://doi.org/10.3390/cells14100732
https://doi.org/10.1186/s12943-021-01428-1
https://doi.org/10.1016/j.ymthe.2025.04.033
https://doi.org/10.1016/j.ymthe.2025.04.033
https://doi.org/10.1007/s10120-011-0102-9
https://doi.org/10.1111/j.1349-7006.2007.00510.x
https://doi.org/10.1111/j.1349-7006.2007.00510.x
https://doi.org/10.1038/s41416-020-0934-3
https://doi.org/10.1038/s42003-021-02417-2
https://doi.org/10.1371/JOURNAL.PONE.0157830
https://doi.org/10.3389/fimmu.2016.00413
https://doi.org/10.1136/jitc-2025-012988
https://doi.org/10.1080/2162402X.2018.1553477
https://doi.org/10.3389/fimmu.2026.1797290
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Cytokine preactivation and ADCC: a potent strategy for enhancing human NK cell effector functions against 3D tumor models
	Introduction
	Materials and methods
	A549 and HCT-116 cell cultures
	NK cell isolation
	Generation of spheroids
	Organoid establishment and culture
	NK cell functional assay
	Spheroid killing assay
	NK cell infiltration assay
	Organoid killing assays
	Statistical analysis

	Results
	Pre-CIML NK cells degranulate and produce anti-tumor cytokines in response to tumor spheroids, and this is enhanced by cetuximab
	Pre-CIML NK cells exhibit increased cytotoxicity against tumor spheroids, which is further enhanced by ADCC induction
	Pre-CIML NK cells show different intratumoral distribution and compromise spheroid integrity
	Pre-CIML NK cells show enhanced anti-tumoral functions against patient-derived CRC organoids
	Pre-CIML NK cells exhibit increased cytotoxic activity against patient-derived CRC organoids

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


