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Natural killer (NK) cells are critical components of the immune response against cancer, recognized for
their ability to target and eliminate malignant cells. Among NK cell subsets, intraepithelial ILC1 (ielLC1)-like
tissue resident NK (trNK) cells exhibit distinct functional properties and enhanced cytotoxicity compared to
conventional NK (cNK) cells, positioning them as promising candidates for cancer immunotherapy.
However, the specific roles and mechanisms of these cytotoxic trNK cells within the tumor
microenvironment (TME) remain to be further explored. In this study, we utilized a three-dimensional (3D)
microphysiological system (MPS) to model the tumor-vascular interface and investigate the distinct
capabilities of cytotoxic ielLC1-like trNK and cNK cells within the TME. Through the integration of live-cell
imaging and cell-tracking analysis, we quantitatively assessed NK cell migration, tumor infiltration, and
cytotoxic activity in real time. Our findings revealed that trNK cells demonstrate enhanced motility,
sustained tumor interactions, and superior tumor-killing efficiency compared to cNK cells. This study
highlights the unique properties of trNK cells, providing a robust foundation for developing next-
generation cancer therapies that harness their potent cytotoxic capabilities.
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Introduction

Natural killer (NK) cells, a key component of the innate immune
system, play a critical role in immune surveillance by
responding to infections and eliminating abnormal cells,
including those in early-stage cancer. Representing up to 5-
15% of circulating lymphocytes in healthy adults, NK cells are
functionally categorized based on their expression of CD56.
CD56""8" NK cells are primarily involved in immunoregulation
through cytokine production, while CD56"™ NK cells exhibit
strong cytotoxic capabilities, directly eliminating target cells.”
NK cells possess a unique ability to detect cells with reduced
MHC class I expression, known as “missing self” recognition,
which enables them to eliminate tumor cells that evade
detection by T cells. This innate ability, combined with their
interaction with adaptive immune cells such as dendritic cells
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and T cells, positions NK cells as central players in immune
defense and cancer immunotherapy.’

NK cells can be further divided into conventional NK (cNK)
cells, which predominantly circulate in peripheral blood, and
tissue-resident NK (trNK) cells, which are localized in tissues
such as the liver, uterus, and skin. While ¢NK cells are
specialized for systemic immune responses, trNK cells are
uniquely adapted for tissue-specific immune responses. They
express markers such as CD103 and CD49a, which enhance
tissue retention, adhesion, and localized immune functions.*”
These adaptations enable trNK cells to overcome physical
barriers in the tumor microenvironment (TME) and perform
critical roles in immune surveillance and tumor suppression. A
specialized subset of trNK cells shares phenotypic and
functional similarities with a subset of innate lymphoid cells
(ILC), called intraepithelial ILC1 (ieILC1). These cells express
high levels of granzymes and perforin and appear to have the
capacity of protect against tumor progression.”” The unique
characteristics of ieILC1-like trNK cells, along with their high
cytolytic potential in the tumor microenvironment, position
them as critical players in localized immune defense and
promising candidates for advanced cancer immunotherapy.

The functional capabilities of NK cells have been widely
studied, but understanding the distinct roles of NK subsets,
particularly ieILC1-like trNK cells, in localized tumor
immunity remains challenging. This is largely due to the lack
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of in vitro models that accurately replicate the complex
interactions within human tissues. Microphysiological
systems (MPS) have emerged as transformative tools to
address this limitation by providing highly controlled, three-
dimensional (3D) environments that closely mimic
physiological conditions.® By integrating tissue-specific
features, MPS models enable researchers to replicate key
aspects of the TME, such as the tumor-vascular interface,
stromal components, and ECM dynamics. Previous studies
have demonstrated the potential of MPS to advance our
understanding of NK cell biology in various contexts.”™* For
example, a liver-on-chip model revealed that trNK cells are
significantly more effective than cNK cells at preventing
metastatic tumor seeding in the liver."* Similarly, MPS
platforms have been used to investigate memory-like NK cells
in head and neck squamous cell carcinoma (HNSCC) by
incorporating patient-derived tumor spheroids and immune
components into these systems.'* In our previous work, we
developed a vascular network model composed of endothelial
cells, tumor cells, and ECM to replicate intricate interactions
within the TME."® While this model successfully captured NK
cell cytotoxic activity across various cancer subtypes, its
complexity posed challenges in isolating and quantifying
specific NK cell migratory behaviors, emphasizing the need
for more streamlined yet physiologically relevant models for
precise real-time NK cell analysis.

In this study, we simplified the vascular network model to
focus specifically on the tumor-vascular interface, providing
an optimized platform for precise quantification of NK cell
migration, infiltration, and cytotoxic activity. Using a 3D MPS
integrated with live-cell imaging, we replicated the dynamic
and spatially confined conditions of the TME to directly
compare the functional capabilities of ieILC1-like trNK (herein,
called “trNK” cells) and cNK cells. Real-time imaging captured
critical processes such as NK cell migration from the vascular
wall, tumor infiltration, sustained interactions with tumor
cells, and target cell killing. This approach quantitatively
validated the superior motility, tissue retention, and tumor-
killing efficacy of trNK cells, particularly the ieILC1-like subset,
which demonstrated localized immune responses specifically
tailored to the TME. In contrast to cNK cells, which rely on
systemic circulation and generalized cytokine signaling, trNK
cells successfully navigated TME barriers, including the dense
extracellular matrix, to deliver highly specific and sustained
cytotoxic responses. By integrating MPS with advanced imaging
and cell-tracking analysis, this study not only advances our
understanding of NK cell biology but also establishes a robust
platform for developing next-generation cancer
immunotherapies that leverage the unique properties of trNK
cells.

Methods and materials
Device fabrication

Compression-molded polystyrene (PS) sheets were injection-
molded at R&D Factory (Korea) using a machined and
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polished aluminum alloy mold core. The process involved a
15-second cycle time, 55 bar injection pressure, 220 °C nozzle
temperature, and 130-ton clamping force. The molded
microfluidic devices were then bonded to a pressure-sensitive
adhesive-coated polycarbonate film (Izsolution, Korea; Cat#
PC200). Detailed fabrication and design methods have been
provided previously.'®"”

Cell preparation

Human umbilical vein endothelial cells (HUVECs, Lonza,
Switzerland; Cat# C2519a) were cultured in endothelial
growth medium-2 (EGM-2, Lonza, Switzerland; Cat# CC-
3162). The HNSCC cell line, FaDu cells (ATCC, USA; Cat#t
HTB-43) were grown in Dulbecco's modified Eagle's medium
(DMEM, Gibco, USA; Cat#t 11965092) with 10% heat-
inactivated fetal bovine serum (Thermo Fisher Scientific,
USA; Cat#t 16140071) and 1% penicillin/streptomycin (Gibco,
USA; Cat#t 15140148). All cell types were incubated at 37 °C
with 5% CO, for three days before application. Cells were
detached from culture dishes using 0.25% trypsin-EDTA
(HyClone, USA; Cat#f SH30042.01). Green fluorescent protein
(GFP)-tagged FaDu cells were seeded at 10000 cells per well
in a 96-well round-bottom, ultra-low attachment microplate
(Corning, USA; Cat# 7007) to spheroids ranging from 300 to
500 pm for tumor infiltration assays.

NK cell isolation

Human blood samples were obtained from healthy donors
through the Stanford Blood Center under a protocol
approved by the Stanford Institutional Review Board. All
procedures were conducted in accordance with local
legislation and institutional guidelines. Written informed
consent was obtained from all participants. NK cell
enrichment was performed using the RosetteSep NK Cell
Enrichment Mixture (Stem Cell Technologies, Canada; Cat#
15065), following a previously published method.® To
confirm NK cell enrichment, we used flow cytometry to
exclude non-NK cells by staining CD3, CD14, CD19, and
CD20 (BioLegend, USA; Catff 300426, 325620, 302218 and
302314, respectively). The enriched NK cells were then
cultured at a concentration of 10-20 x 10° cells per mL in
AIM-V medium (Gibco, USA; Cat# 12055091), supplemented
with 25 mL of CTS Immune Cell Serum Replacement (Gibco,
USA; Cat#t A2596101) and 10 ng mL™" interleukin-15 (IL-15,
BioLegend, USA; Cat# 570306) to support NK cell survival and
expansion. The culture medium was refreshed every 2 days,
with NK cells passaged every 4 days to maintain optimal cell
growth and viability.

NK cell differentiation (ieILC1-like trNK)

NK cells were co-cultured with irradiated-PCI-13 cells at an
effector-to-target (E:T) ratio of 1:2 in AIM-V medium
supplemented with CTS and IL-15. To promote
differentiation, the culture medium was refreshed every 2
days, and NK cells were passaged every 4 days with
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irradiated-PCI-13 cells. Surface markers (CD103, CD49a) were
monitored on days 3 and 7 using flow cytometry (BD
FACSAria™ II SORP) to confirm differentiation into ieILC1-
like trNK cell characteristics. Cells were stained with Fixable
Viability Dye eFluor 780 (APC-Cy7, eBioscience, USA; Cat# 65-
0865-18) for 20 min at 4 °C in the dark, washed with FACS
buffer, and stained with a specific antibody mixture for NK
cell surface markers: CD45 (BV605, BioLegend, USA; Cat#
368524), CD56 (PE-Cy5, BD Biosciences, USA; Cat#f 555517),
CD103 (BioLegend, USA; Cat# 350203), and CD49a
(BioLegend, USA; Cat# 328314) for 30 min at 4 °C in the dark.
After staining, cells were washed again and resuspended in
FACS buffer for single-cell sorting. Compensation was
performed using single-stained controls for each fluorophore
with compensation beads, followed by automated
compensation setup in FACSDiva™ Software. CD103 + CD49a
+ trNK cells were isolated through multiple gating strategies
for further in vitro experiments using the MPS (Fig. S17).

Hydrogel patterning and cell seeding

To prepare for cell seeding, all devices underwent plasma
treatment at 70 W for 3 min (Harrick Plasma, USA) to
increase surface hydrophilicity. A 50 pL gel mixture,
composed of HNSCC cell suspension (2 x 10° cells per mL)
and 2.5 mg mL™" bovine fibrinogen solution, was mixed with
1 puL of 0.25 U mL™ bovine thrombin solution and
immediately injected (1 puL per central channel) before full
polymerization. After polymerization, HUVEC cell suspension
(2 x 10° cells per mL) was injected into a side channel. The
devices were tilted 90° and incubated at 37 °C for 20 min and
to allow the HUVEC cells to settle directly above the gel-
patterned central channel. EGM-2 medium was then added
to the media reservoirs, and confluent monolayers formed
after 2 days, at which point trNK and cNK cells were
introduced. For the spheroid model, each spheroid was
embedded in a fibrin gel mixture with NK cells and injected
through the central hole to position it centrally within the
device. Migration and infiltration assays for trNK and c¢NK
cells toward cancer cells were conducted after 2 days of co-
culture.

Real-time NK cell-mediated cytotoxic assay

2D NK cell killing assays were performed using the Avatar Al
system (AVATAR™, Xcell Biosciences, USA), which evaluates
cell killing based on impendence measurements. FaDu cells
were seeded onto a 96-well plate embedded with electrodes
and subsequently loaded into the AI system to initiate the
screening experiment. NK cell efficiency was assessed over at
E:T ratios of 1:5, 1:2, 1:1, 2:1 and 5:1. Real-time
impedance measurements were continuously recorded
throughout the assay to monitor cell activity. The collected
data were processed using XcellSoft software to determine
the percentage of specific lysis for each NK cell subset.

For 3D NK cell killing assays, experiments were conducted
using a MPS at an E:T ratio of 1:1. Killing activity was

2698 | Lab Chip, 2025, 25, 2696-2707

View Article Online

Lab on a Chip

monitored for 48 hours using the Celloger Mini Plus imaging
system (Curiosis, Korea), with images captured at 5-minute
intervals. FaDu cells and NK cells were stained with Alexa
Fluor 488 Anti-EpCAM antibody (BioLegend, USA; Cat#
324210) and CellTrace™ Far Red Cell Proliferation kit
(Thermo Fisher Scientific, USA; Cat# C34572), respectively.
Propidium iodide (PI, Thermo Fisher Scientific, USA; Cat#
P3566) was used to identify dead cells. The same devices were
cultured in the Avatar system under controlled TME
conditions (1% oxygen, 2 PSI pressure, and 37 °C), and
endpoint images were captured.

Real-time migration assays

NK cell migration toward tumor cells was assessed using a
tumor-vascular interface model within a 3D MPS
environment. Real-time live-cell imaging was conducted with
Zeiss Cell Observer SD Spinning Disk Confocal microscope to
capture and analyze NK cell migration paths. Quantification
analysis of NK cell interactions with endothelial and tumor
cells, including migration speed, distance traveled, and
infiltration capacity of both ¢NK and trNK cells,"®" was
performed wusing Python modules, primarily OpenCV.
Additionally, Numpy and Matplot libraries were employed for
computations and visualizations. All code is available
publicly, with assembled scripts available upon request. As a
preliminary study to assess NK cell behavior in hypoxic
conditions, the same devices were cultured in the Avatar
system under controlled TME conditions (1% oxygen, 2 PSI
pressure, and 37 °C), and endpoint images were captured.

Cell tracking methods

Immune cell trajectories were analyzed using a Python-based
algorithm with OpenCV libraries, based on time-lapse
microscopy imaging. The tracking process involved -cell
segmentation, feature extraction, trajectory linking, and
motion analysis to quantify the movement of cNK and trNK
cells in the tumor microenvironment. Raw time-lapse images
were preprocessed using Gaussian filtering to reduce noise
and enhance cell boundaries. Individual immune cells were
then segmented using a threshold-based approach combined
with morphological operations to separate overlapping cells.
After segmentation, cell centroids were detected and assigned
unique identifiers.

To construct cell trajectories, frame-to-frame matching
was performed using a nearest-neighbor approach based on
Euclidean distance. The algorithm linked detected cell
positions across consecutive frames, ensuring that each
trajectory represented a single cell's movement over time.
Any cells that temporarily disappeared and later reappeared
were re-associated if their new position was within a
predefined distance threshold. Following trajectory linking,
motion parameters including velocity, displacement, and
migration persistence were computed. The total migration
distance of each cell was calculated by summing the frame-
to-frame displacements, while the migration persistence
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index was determined as the ratio of net displacement to
total distance traveled.

Statistical analysis

Experiments were repeated at least three times under
consistent conditions, with results presented as mean + SE.
Image] was used for image processing, and statistical
analysis was conducted wusing Student's t-tests. Data
visualization and graphing were performed using Origin
2021. Statistically significant differences (p < 0.05) are
indicated.

Results and discussion

Microphysiological system design for charactering NK cell
behavior

To compare the functional characteristics of two NK cell
subsets—cNK and trNK cells—NK cells were isolated from
peripheral blood samples obtained from healthy human
donors. These cells were cultured in vitro with IL-15, a
cytokine that supports NK cell survival, activation, and
proliferation.?° Differentiation of ¢NK cells into ieILC1-like
trNK cells was achieved using a well-established, previously
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published protocol, which involved co-culturing c¢NK cells
with irradiated PCI-13 cells while maintaining a continuous
supply of IL-15 to simulate the tissue-specific environmental
cues (Fig. 1A).° The transition to the trNK phenotype was
confirmed by the increased expression of tissue-residency
markers CD49a and CD103, with a significant proportion of
double-positive cells observed between day 3 and day 7 of co-
culture. Flow cytometric data (Fig. S11) revealed a consistent
and progressive upregulation of these markers, validating the
differentiation protocol. Highly purified populations of both
cNK and ieILC1-like trNK cells were confirmed prior to each
experimental assay to ensure phenotypic stability and
reproducibility, which are critical for consistent downstream
functional analyses. Distinct marker profiles between cNK
and trNK populations, as illustrated by representative flow
cytometry plots, further underscored the phenotypic different
between the subsets (Fig. 1B).

We developed a tumor-vascular interface model using a
MPS to investigate the dynamic behaviors of individual
NK cell subsets within the TME. This simplified model
was designed to replicate key components of the TME,
emphasizing the interactions between an endothelial cell
monolayer and cancer «cells in a controlled 3D
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Fig. 1 Design of a microphysiological system-based tumor model for NK cell characterization. A. Protocol for isolating NK cells from human blood
and differentiating them into ielLC-1-like trNK cells. After isolation, NK cells were expanded in vitro for 2 days and then either cryopreserved as
cNK cells or co-cultured with PCI-13 cells for 8 days to promote differentiation into ielLC1-like trNK cells. B. Analysis of major surface markers
(CD103, CD49a) distinguishing cNK and trNK cells. C. (i) Schematic of the tumor-vascular interface model in a three-channel MPS. Tumor cells
were encapsulated in hydrogels in the central channel, with endothelial cells attached to the side of the gel to form a monolayer on day 0. NK cells
were introduced into the channel on day 2 to establish the tumor-vascular interface model. (ii) Functional characterization through cytotoxicity
assays, and migration/infiltration analysis. D. Confocal image showing the endothelial monolayer (red), cancer cells (green), and NK cells (white).
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environment. For the experimental setup, each well of the
MPS contained three interconnected microchannels, with
two channels utilized for the tumor-vascular interface
model: one containing  dispersed HNSCC  cells
encapsulated in a hydrogel matrix to mimic tumor tissue,
and the other simulating a vascular compartment with an
endothelial monolayer. Purified cNK or trNK cells were
introduced into the endothelial channel to monitor their
migration across the endothelial barrier and into the
hydrogel matric containing HNSCC cells (Fig. 1C(i)). The
model could also be refined by integrating tumor
spheroids or pre-co-cultured cancer and NK cells, allowing
for an expanded scope and more comprehensiveness of
functional  evaluations.  Such  refinements  enable
simultaneous analyses of NK cell subset-specific behaviors,
including migration, infiltration, and cytotoxic effects on
cancer cells within a 3D environment (Fig. 1C(ii)). To
ensure optimal experimental conditions, the model was
cultivated for 2 days before introducing NK cells to allow
sufficient time for the formation of a stable endothelial
cell monolayer and stabilization of tumor cells within the
hydrogel matrix. Following this stabilization period, ¢NK
and trNK cells were introduced separately into the
endothelial channel, as illustrated in Fig. 1D. Throughout
the  study, this tumor-vascular interface  model
demonstrated its utility in elucidating the functional
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differences between cNK and trNK cells, providing valuable
insights into their district roles within the TME.

Enhanced cytotoxicity of trNK cells in a 3D
microenvironment

The enhanced cytotoxic potential of NK cells has been
demonstrated in previous studies using mouse models and
2D in vitro systems.”’ > To further investigate their behavior
in a 3D environment using the MPS, NK cells and cancer cells
were co-cultured within hydrogels at an E:T ratio of 1:1
(Fig. 2A(i)). This co-culture was monitored over 2 days using a
live-cell imaging system, which enabled real-time detection of
red fluorescence while maintaining optimal
conditions in an incubator. This setup allowed for dynamic
observation of cytotoxic activity and the distinct
morphological features of NK cell subsets. During the co-
culture, ¢NK cells predominantly maintained a rounded
morphology, whereas trNK cells exhibited an elongated shape
and progressively adhered to the ECM, suggesting their
adaptability for tissue infiltration (Fig. 2A(ii)). These
morphological differences were accompanied by distinct
functional differences: trNK cells engaged in significantly
closer and more sustained interactions with cancer cells,
while c¢NK cells exhibited limited attachment and
engagement. The enhanced adhesion and prolonged contact
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Fig. 2 Enhanced cytotoxic activity of trNK cells compared to cNK cells. A. (i) Configuration of the microchannel setup, containing ECM, FaDu
cells, and NK cells. (ii) Brightfield images showing circular-shaped cNK cells and elongated trNK cells. B. Specific lysis of target cancer cells by
different NK cell subsets—conventional NK (cNK) and tissue-resident NK (trNK) cells—at various E: T ratios: (i) 2 hours, (ii) 4 hours, (iii) 8 hours, and
(iv) 16 hours after co-culture. The graphs demonstrate that trNK cells consistently exhibit higher cytotoxic activity compared to cNK cells across all
time points (n = 4 wells per each ratio). C. 3D cytotoxicity assay using the MPS. (i) Fluorescence images 24 hours after co-culture showing cancer
cell death (red) and viable NK cells (green). (ii) Bar graph quantifies tumor cell viability at 24 and 48 hours, indicating a significant reduction in
viability with trNK cells compared to cNK cells. (iii) Cancer cell viability under hypoxic conditions at 24 hours, showing sustained higher cytotoxic

activity of trNK cells compared to cNK cells (n = 15 wells per condition).
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of trNK cells with cancer cells suggests the potential for
higher cytotoxic efficacy in tissue-like environments.”* These
dynamic interactions were captured in Videos S1 and S2,f
highlighting the ability of trNK cells to infiltrate and interact
effectively within the 3D microenvironment.

The cytotoxic activity of these NK cells was initially
validated in a 2D environment using impedance-based cell
activity measurements. Although the enhanced cytotoxicity of
trNK cells has been well-documented in previous studies,® we
repeated this validation to ensure the functionality of our
isolated NK cells in this experimental setup. Time-course
data revealed the percentage of specific cancer cell lysis by
cNK and trNK cells at various time points (2, 4, 8, and 12
hours) and E:T ratios (1:5, 1:2, 1:1, 2:1, and 5:1).
Consistent with prior findings, trNK cells exhibited
significantly higher killing activity compared to cNK cells
across all time points, with the difference being most
pronounced at 8 and 12 hours, reflecting their sustained
cytotoxic efficacy (Fig. 2B(iii and iv)). This re-validation
confirms the reliability and functionality of our trNK cell
isolation and further reinforces their performance in cancer
cell killing.

In the 3D environment, fluorescence images showed a
greater number of dead cancer cells (red fluorescence) in co-
cultures with trNK cells compared to those with cNK cells
(Fig. 2C(i)). Quantitative analysis indicated a significant
reduction in tumor cell viability in the trNK group, with

A i
Spheroid
Model

FaDu Cell Spheroid @ NK Cell
Infiltration Depth

Infiltrated Cell Density

Infiltration Depth

Tumor Infiltration B i

™
o

*

p-value: 0.0292 ‘

o
g

w
©
—

Average Length (um)

-
©

0.0

trNK cNK

View Article Online

Paper

viability decreasing to approximately 38% at 24 hours and
15% at 48 hours. In contrast, viability in the cNK group
remained at approximately 53% and 25% at these respective
time points (Fig. 2C(ii)). These results suggest that while the
ECM in 3D environments may delay cytotoxic activity,'* it
does not diminish the superior efficacy of trNK cells. Under
TME conditions mimicking hypoxia (1% oxygen) using a
hypoxic incubator (Avatar AI),>> trNK cells continued to
exhibit higher Kkilling capacity compared to cNK cells
(Fig. 2C(iii)). This preliminary study provides a foundation
for further investigation into NK cell cytotoxicity under
hypoxic conditions in both 2D and 3D environments. The
findings strongly suggest that trNK cells possess significantly
enhanced cancer-killing capabilities relative to cNK cells,
demonstrating superior efficacy over time and across various
E:T ratios.

Comparison of tumor infiltration in a tumor spheroid model

Using a modified MPS specifically designed to capture tumor
spheroids in the center of the microchannel,’”” we assessed
tumor infiltration by different NK cell subsets. Tumor
spheroids composed of GFP-tagged FaDu (HNSCC) cells were
cultured at the center of the microchannel, with NK cells
surrounding the spheroid in the ECM (Fig. 3A(i)). Regions of
interest (ROIs) were defined to encompass the entire tumor
spheroid, and multilayered confocal imaging was employed
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Fig. 3 Comparison of trNK and cNK cell infiltration in tumor spheroid models. A. (i) Schematic representation of the tumor infiltration model. The
model captures a tumor spheroid positioned in a central well, with NK cells surrounding it. (ii) Key parameters for evaluating NK cell infiltration
ability include infiltration depth and the density of infiltrated cells, allowing comparison between trNK and cNK cell subsets. B. Confocal images
showing individual NK cells (white) interacting with the tumor spheroids (green). Data were normalized to account for differences in spheroid size.
C. Graphs illustrating (i) the increased density of infiltrated cells within the spheroids and (ii) the greater infiltration depth achieved by trNK cells (n

= 9 total spheroids per condition).
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to confirm that NK cells not only adhered to the surface but
also penetrated into the tumor spheroid. This approach
enabled precise evaluation of two key parameters: the
infiltration depth, measured as the distance from the
spheroid surface to the location of the NK cell, and the
infiltrated cell density, calculated as the proportion of NK
cells within the tumor spheroid region relative to the total
spheroid area (Fig. 3A(ii)).

Comparative analysis based on Fig. 3B revealed that trNK
cells exhibited both greater infiltration depth and higher
infiltrated cell density within the tumor spheroid compared
to cNK cells (Fig. 3C(i and ii)). These results suggest that trNK
cells are more effectively attracted to cells,
demonstrate superior migratory ability within the ECM, and

tumor

can penetrate the tumor spheroid more efficiently. Statistical
analysis confirmed the significance of these findings, with
p-values of 0.0112 and 0.0352 for infiltration depth and
infiltrated cell density, respectively.

While the enhanced cytotoxic potential of trNK cells has
been extensively studied, their infiltration behavior,
particularity that of ieILC1-like trNK cells within tumors, has
not been thoroughly investigated. This model offers valuable
insights into the mechanisms driving trNK cell infiltration
and their interactions with cancer cells. The interaction of
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trNK cells with the ECM and cancer cells likely enhances
their engagement and cytotoxic activity, potentially driven by
the expression of adhesion molecules such as CD103 and
CD49a.”* The observed increased in trNK cell infiltration may
result from the interaction between the CD103 surface
marker on trNK cells and E-cadherin, an epithelial cell
receptor expressed on cancer cells.>>*” This interaction likely
supports adhesion and penetration into the TME, though its
precise mechanisms require further investigation.

Enhanced migratory capacity of ieILC1-like trNK cells across
different conditions

The
investigate the extravasation and migration behaviors of ¢NK
and trNK cells toward cancer cells under various conditions.
NK cell migration involves a series of sequential steps,

tumor-vascular interface model was utilized to

including chemoattraction, rolling, and transendothelial
migration (Fig. 4A(i)). As outlined earlier, the experimental
setup for this model included the migration of NK cells
through a monolayer of HUVECs toward HNSCC cancer cells,
and following the introduction of NK cells, their migration
behavior was continuously monitored in real-time using live-
cell confocal microscopy for 2 days, with endpoint images
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Fig. 4 NK cell extravasation and migration assay using a tumor-vascular interface model. A. (i) Schematic illustrating NK cell extravasation, from
initial chemoattraction to migration toward tumor cells. (i) Schematic representation of the experimental setup for studying NK cell migration and
extravasation using an organ-on-chip model, illustrating the migration of NK cells through endothelial layers toward cancer cells B. Quantification
of NK cells (white) in the ECM region in the absence and presence of cancer cells (green), showing a significant increase in number of NK cells
when tumor cells are present. C. Comparison of cNK and trNK cell (white) migration through the endothelial cell layer (red) toward cancer cells
(green). D. Migration of cNK and trNK cells (white) toward cancer cells (green) under hypoxic conditions (n = 30 wells per condition).
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captured on the final day of the experiment (day 4). The
initial co-culture conditions included configurations with
and without cancer cells in the central channel to assess the
impact of cancer cell presence on NK cell attraction
(Fig. 4A(ii)). Quantitative analysis revealed that trNK cells
were significantly more effective at traversing the endothelial
barrier, showing a pronounced increase in migration toward
cancer cells compared to conditions without cancer cells
(p-value = 0.000037). Similarly, cNK cells also demonstrated
enhanced migration in the presence of cancer cells (p-value =
0.000011). Endpoint imaging confirmed that both NK cell
subsets showed increased migration when cancer cells were
present, aligning with expectations (Fig. 4B).

When cancer cells were present in the migration assay,
trNK cells demonstrated significantly greater migratory ability
through the ECM toward tumor sites compared to cNK cells,
emphasizing their enhanced responsiveness to cancer cells
(Fig. 4C). Fluorescence imaging revealed a substantially
higher concentration of trNK cells (white) at the endothelial
barrier (red) and within the cancer cell region (green). In
contrast, cNK cells traversed the endothelial barrier at an
average of 40 cells per field of view, whereas trNK cells
reached approximately 240 cells per field of view. The
significantly higher number of trNK cells extravasating into
the TME compared to cNK cells was highly statistically
significant (p-value = 0.000283). These results indicate that
trNK cells are considerably more efficient at navigating to
tumor sites, whereas c¢NK cells showed a relatively limited
migration capacity.

Under hypoxic conditions, trNK cells once again
outperformed cNK cells in migration capacity, as evidenced
by both the confocal images and bar graph data (p-value =
0.0000348) (Fig. 4D). Despite the additional challenges posed
by hypoxia, trNK cells maintained their enhanced migratory
behavior, showing a marked increase in the number of cells
penetrating the endothelial monolayer and interacting with
cancer cells. Some previous studies have suggested that
hypoxia enhances immune cell migration.*®*° This model
could serve as a useful tool for investigating the mechanisms
and molecular pathways underlying their behavior in 3D
hypoxic environments, which are not yet fully understood.

The results clearly demonstrate the distinct migratory
behaviors of trNK and ¢NK cells toward cancer cells in the
TME. The superior migration and extravasation capacity of
trNK cells can be attributed to their tissue-resident
phenotype, which likely enables them to effectively sense
chemokine gradients, traverse the endothelial barrier, and
infiltrate tumor tissues. The enhanced adaptability of trNK
cells likely arises from their high expression of chemokine
receptors. Notably, trNK cells express significantly higher
levels of CXCR6, CXCR4, and CCR5 compared to cNK
cells.** > These chemokine interactions may facilitate the
efficient migration of trNK cells toward tumor sites. Further
studies and analyses on chemokines produced by cancer cells
in this model, as well as their corresponding chemokine
receptors on NK cells, should be conducted for a more

This journal is © The Royal Society of Chemistry 2025
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comprehensive discussion, which will be addressed in future
research. The enhanced functionality of trNK cells highlights
their remarkable adaptability and efficacy in the TME, even
under challenging conditions such as hypoxia.

Real-time trajectory analysis of ieILC1-like trNK cell
migration

The sequence of events highlighting extravasation, target
recognition, and tumor cell killing by NK cells was captured
through real-time migration monitoring (Fig. 5A(i)). Within
12 hours, trNK cells were observed crossing the endothelial
monolayer, recognizing cancer cells, and initiating tumor cell
killing. The migration speed of NK cells in tissue varies
depending on factors such as tissue type, microenvironment,
and external stimuli, including chemokine gradients or the
presence of target cells.>" In our experiments, both NK cell
types achieved migration speeds that were well within the
expected range for hydrogel environments,* and trNK cells
demonstrated a slightly higher average migration speed
compared to cNK. Speed profiles showed that trNK cells
migrated slightly faster than c¢NK cells, achieving speeds of
approximately 12 pm min~" compared to 10.5 um min " for
cNK cells (Fig. 5A(ii) and S2t). Moreover, the total distances
traveled by the two subsets differ markedly. The trNK cells
covered approximately 18000 pm during live-cell imaging,
while cNK cells traveled significantly shorter distances
(Fig. 5A(iii)). Vvideos S3 and S4f provide dynamic
visualizations of trNK and cNK cell migration within the
TME, respectively.

Detailed tracking of individual NK cells revealed distinct
movement patterns within the TME (Fig. 5B). The
trajectories of five highly active trNK cells demonstrated
extensive, exploratory movement, with individual trNK cells
covering distances up to 5802.67 um. The color-coded
trajectories highlighted their high mobility and frequent
directional changes of trNK cells, suggesting active
engagement with cancer cells and exploratory tracking
behavior. In contrast, the most active c¢cNK cells exhibited
shorter, more constrained movement patterns with the
longest trajectory reaching 146 um. The inset graphs in the
trNK and cNK trajectory figures represent localized
movement patterns of selected immune cells, with their
Y-position anchored at 0 for comparison. trNK cells show
variations in the y-axis, while cNK cells remain more
confined with minimal vertical displacement. These patterns
align with the main trajectory graphs. The immune -cell
clustering analysis reveals distinct spatial behaviors between
c¢NK and trNK cells. ¢NK cells exhibit a more confined
distribution, forming fewer but denser clusters, while trNK
cells display a more dispersed clustering pattern, suggesting
greater mobility and interaction within the tumor
environment. The presence of multiple distinct trNK
clusters indicates higher engagement with the target tumor
cells, whereas ¢NK cells remain more aggregated (Fig. S3
and S4t). Further analysis showed that trNK cells showed
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Fig. 5 Migration analysis using real-time live-cell imaging. A. (i) Live-cell imaging of trNK cell behaviors, including extravasation, tumor cell
recognition, and tumor cell killing. (i) Bar graphs comparing migration speeds of the two NK cell subsets (n = 20). (iii) Total distance traveled by
each subset (n = 5). B. Trajectories of most active trNK cells (top) and cNK cells (bottom), with color-coded lines representing distinct immune cell
paths to visualize their migration dynamics. The inset graphs display localized trajectories of the cells with the Y-position normalized to emphasize
relative displacement. C. Plots illustrating the dynamic movement patterns of immune cells toward cancer cells (red dots), highlighting their ability
to navigate and engage with target cells. D. Cancer cell counts over time, showing live and dead cancer cell numbers across three experiments in
the presence of either trNK or cNK cells. t = 0 denotes the point at which NK cells initiate cancer cell killing following their transendothelial
migration. E. Trajectories of five individual trNK and cNK cells, tracked over time along x and y coordinates, demonstrating their movement

patterns and interactions with cancer cells.

widespread and directional trajectories toward tumor cell
clusters (Fig. 5C). In comparison, ¢NK cells showed limited
spatial coverage and interaction with dispersed cancer cells,
suggesting a static, localized engagement strategy. Our
tracking algorithm identifies cancer cells and measures
their Euclidean distance from nearby NK cells. If this
distance falls below a predefined threshold, the cancer cell
is classified as interacting with an NK cell and appears in
the graphs. The higher cancer cell density in the trNK
condition suggests increased interactions with trNK cells
compared to cNK cells. These findings indicate that trNK
cells are significantly more adept at exploring the TME and

2704 | Lab Chip, 2025, 25, 2696-2707

engaging with cancer cells, demonstrating superior spatial
coverage and tumor-seeking behavior. Conversely, the
restricted mobility of ¢NK cells reduces their effectiveness
in targeting dispersed cancer cells.

Cancer cell killing by trNK cells occurred at a significantly
higher rate compared to cNK cells across all experiments
(Fig. 5D). The cumulative cancer cell death count increased
more rapidly in experiments involving trNK cells, reflecting
their higher killing efficiency over time. The cancer cell death
rates induced by cNK and trNK cells (Fig. S5A and BY) further
underscore the significantly greater mobility and cytotoxicity
of trNK cells relative to cNK cells. The trendlines and
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intensity plots (Fig. S5C-Ef) distinguish live, dead, and NK
cells based on their intensity levels, providing a quantitative
measure of cancer cell death in live-cell imaging. The killing
dynamics showed that trNK cells consistently eliminated
more cancer cells during each even, as indicated by a
progressive and steeper increase in the number of dead
cancer cells over time. While both NK cell subsets
contributed to significant cancer cell death, trNK cells
demonstrated markedly greater efficacy in navigating the
TME and executing cytotoxic functions. These findings
highlight that trNK cells are not only more mobile but also
significantly more effective in real-time targeting and
elimination of cancer cells.

The movement tracking data provided further insights
into the distinct behaviors of trNK cells and cNK cells
(Fig. 5E). The contrasting trajectories and movement ranges
revealed fundamental behavioral differences between these
subsets, which also likely contribute to their divergent
cytotoxic capabilities. The broader movement range of trNK
cells enabled more frequent interactions with cancer cells,
thereby enhancing their Kkilling efficiency. Their variable
trajectories, covering wider ranges along both the x and y
axes, demonstrated a more exploratory movement pattern
that facilitated the efficient search for and engagement with
cancer cells within the TME. In contrast, cNK cells exhibited
restricted movement with narrower ranges along both axes,
limiting their ability to interact with and eliminate cancer
cells. The constrained mobility of ¢NK cells likely reduces
their ability to explore the microenvironment and effectively
target cancer cells.

These live-cell imaging results suggest that the enhanced
motility and engagement ability of trNK cells play a critical
role in their cytotoxic efficiency. The observed longer
migration distances, faster speeds, and dynamic exploratory
behavior of trNK cells demonstrate their capacity to
efficiently navigate and migrate toward cancer cells. These
attributes are essential for effective immune surveillance and
cancer cell targeting. In contrast, the restricted movement
and limited exploratory behavior of cNK cells emphasize their
dependence on systemic immune responses rather than
localized tissue targeting. The confined trajectories of ¢NK
cells suggest a reduced adaptability to the dynamic and
dense TME. This study offered a comprehensive
quantification of trNK cell migration and extravasation
through endothelial barriers, emphasizing their exceptional
ability to target and interact with cancer cells within the
TME, using the MPS for the first time.

Future perspectives and therapeutic applications

Using our tumor-vascular interface model and real-time live-
cell imaging, we quantitatively demonstrated that the trNK
cells navigate tissue barriers and engage tumor cells more
effectively than cNK cells. These findings align with prior
research that emphasize the role of NK cells in suppressing
tumor progression and metastatic seeding.** Such results
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underscore the therapeutic potential of trNK cells,
particularly for targeting solid tumors where localized and
sustained immune responses are critical.

Despite these promising findings, several limitations must
be addressed. First, while our in vitro MPS model provides a
robust platform for simulating the TME, it does not fully
replicate the complexity of in vivo tumor-immune
interactions, including dynamics,
suppression, and stromal heterogeneity. Second, this study
primarily focused on the functional differences between
ieILC1-like trNK and cNK cells, without evaluating the
influence of other immune populations that could modulate
NK cell behavior. Third, while live-cell imaging provided key
insights, the molecular mechanisms underlying trNK cell
specialization and tissue residency require further
investigation and validation in vivo. Future research should
focus on overcoming these limitations by integrating
advanced multi-omics techniques to validate and expand the
findings. Single-cell RNA sequencing and in-depth proteomic
analyses could provide a more granular understanding of the
molecular pathways driving trNK cell behavior. Exploring
combinatorial approaches, such as engineering cNK cells to
express trNK-specific markers, could also pave the way for
enhanced NK cell-based therapies.

Additionally, this study emphasizes the need to investigate
genes unique to ieILC1-like trNK cells, such as ITGAE
(CD103), ITGA1 (CD49a), CXCR6, and NCR2, which play
pivotal roles in tissue retention, migration, and cytotoxicity.
Shared cytotoxic genes, including GZMA, GZMB, GZMH,
PRF1, and GNLY, reflect conserved killing mechanisms across
NK subsets, while trNK-specific integrin-related genes
reinforce their tissue-adaptive functions.’****® Elevated
expression of CD103 and CD49a enables efficient tumor
infiltration, even in the presence of dense ECM barriers.
Investigating the interaction between CD103 and E-cadherin
as a critical adhesion mechanism, particularly through live-
cell imaging with CD103 blockade treatments, could yield
further insights. Furthermore, the chemokine receptor
CXCR6 plays a crucial role in trNK migration and retention,
underscoring their functional specialization. Integrating
multiplex cytokine secretion assays with our MPS model
could validate the chemoattractant signals influencing NK
cell migration.

Overall, this study highlights the unique therapeutic
potential of trNK cells in cancer immunotherapy. Their
superior mobility, infiltration, and cytotoxicity make them
promising candidates for targeting solid tumors. By
leveraging their distinct properties and addressing current
limitations, future therapeutic strategies could overcome the
challenges of dense TMEs and enhance the efficacy of NK
cell-based therapies.

vascular immune

Conclusions

We utilized a 3D MPS to model the TME, focusing on the
tumor-vascular interface, to investigate the distinct functional
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capabilities of ieILC1-like trNK cells compared to conventional
cNK cells. Our findings demonstrated that trNK cells exhibit
superior motility, traveling at higher speeds and infiltrating
tumors more efficiently than ¢NK cells in a 3D environment, as
quantitatively validated through live-cell imaging. This
enhanced ability to localize and sustain interactions with
cancer cells significantly amplifies the cytotoxic efficacy of trNK
cells within the TME. This study underscores the therapeutic
potential of ieILC1-like trNK cells as a highly promising
candidate for targeted cancer immunotherapy while
establishing a foundational 3D tumor model as a valuable
platform for advancing cancer immunotherapy strategies.
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