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Behaviorome profiling of anti-tumor and pro-
tumor human neutrophil subtypes in a
microphysiological system
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Neutrophils exhibit a paradoxical role in cancer, either combating the tumor or facilitating its progression.

Studies in mice have shown that polarizing neutrophils from a pro-tumor “N2” phenotype to an anti-

tumor “N1” phenotype can serve as a strategy for immunotherapy. Understanding the behavioral

differences between N1 and N2 human neutrophil subtypes in the solid tumor tissue is important for

developing novel cancer immunotherapy. However, it is challenging to monitor neutrophil–cancer

interactions in the human tumor tissue. In this study, we developed a human cell-based microphysiological

system to quantify both real-time and end-point behaviors of N1-like and N2-like neutrophils during their

interactions with pancreatic cancer in a 3D collagen matrix. We first validated that N1-like neutrophils

showed higher levels of pro-inflammatory hallmarks including ROS production, IL-8 secretion, and NET

release and 2D cancer cytotoxicity than N2-like neutrophils. We found that N2-like neutrophils showed

greater migration to cancer cells and higher motility after migration than N1-like neutrophils. N1-like

neutrophils engaged in longer contact with tumor spheroids and infiltrated greater into tumor spheroids

than N2-like neutrophils. N1-like neutrophils also attenuated the progression of tumor spheroids in terms

of invasion, proliferation (Ki-67 expression), and epithelial–mesenchymal transition (vimentin expression)

compared to N2-like neutrophils, although tumor apoptosis was not affected. Our microphysiological

system reveals the distinct “behavioromes” of anti-tumor and pro-tumor human neutrophil subtypes in

pancreatic cancer, which may inform the design and development of novel cancer immunotherapies

aiming to modulate specific neutrophil behaviors.

Introduction

The immune system is a double-edged sword in cancer and can
either inhibit or promote tumor progression.1 Neutrophils are
the most abundant immune cells in human blood and the first
line of defense against microbial infection, where they fight
invading pathogens using a variety of cytotoxic mechanisms.2–5

However, neutrophils can also get recruited by cancer cells into
the solid tumor tissue and promote tumor progression.2,6–13

Neutrophils have been reported to promote proliferation,
angiogenesis, and metastasis of solid tumors, thereby
subverting the canonical role of neutrophils to protect the body
from harm.2,6–13 Both high neutrophil-to-lymphocyte ratio in
peripheral blood and high neutrophil infiltration in tumor
correlate with poor prognosis and worse responses to
chemotherapy, radiotherapy, and T cell-based immunotherapy

in human patients of various cancer types.2,3,14 Neutrophils
have been recently explored as a novel promising therapeutic
target for cancer in different ways. One approach is to unleash
the cytotoxic potential of neutrophils to kill cancer cells.2 Early
studies in mice show that blockade of transforming growth
factor-β (TGF-β) leads to the recruitment of antitumor, cytotoxic
neutrophils into the tumor and reduces tumor growth.15

Similarly, other studies in mice found that interferon-β (IFN-β)
can also polarize neutrophils toward the antitumor phenotype
and slow down tumor growth.16–18 These murine models have
shown that neutrophils can be modulated by molecular cues to
exhibit either an anti-tumor (denoted as “N1”) or a pro-tumor
(denoted as “N2”) phenotype.19–21 This functional plasticity
suggests the polarization of neutrophils toward an anti-tumor
“N1” phenotype to be a potential therapeutic strategy.22

Most studies on polarization of neutrophils to date rely on
murine models.19–21 Translation of neutrophil-targeting
immunotherapy from murine models to cancer patients is
particularly challenging due to many differences between
mouse and human neutrophils.20 Despite recent attempts to
polarize human neutrophils toward N1 and N2 states
in vitro,19,23–26 it remains elusive how N1 and N2 human
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neutrophils behave in the tumor tissue, interact with cancer
cells, and influence tumor progression differently.11,19,20

Moreover, it has not been studied in the preclinical stage as
to whether N1 polarization of neutrophils could potentially
serve as a therapy for human cancer.11,19,20 These knowledge
gaps exist partially due to the difficulty using traditional
in vitro and in vivo models to tease out and measure specific
immune cell–cancer interactions in the highly complex and
heterogeneous tumor microenvironment of the human body.
Microphysiological systems, including organ-on-a-chip
systems, have emerged as novel in vitro models for
investigating immune cell–cancer interactions and for the
evaluation of immunotherapies.8,27–33 These systems are
more physiologically relevant than traditional in vitro models
by combining microfluidic technology with 3D cell culture
and tissue engineering to recapitulate key aspects of the
tumor microenvironment with precise spatial control and
compartmentalization of different cell types.8,27–29,34,35

Moreover, in contrast to most in vivo animal models, these
systems easily allow the use of human cells and enable direct

visualization and quantification of cellular behaviors and
interactions with single-cell resolution in real time.36,37 As a
result, microphysiological systems have been utilized to study
neutrophil–cancer interactions using human cells in the
recent six years.38–49 Some examined neutrophil recruitment
to the primary tumor site,38,39,45–49 while others examined
the effect of circulating neutrophils on cancer cell
extravasation and metastasis at the secondary site.41–44 Most
of these studies performed end-point measurements such as
neutrophil infiltration in tumor, tumor invasion, and release
of neutrophil extracellular traps (NETs) and missed the
temporal dynamics of neutrophil–tumor interactions in real
time. Moreover, none of these studies examined different
subtypes of neutrophils such as N1 and N2 neutrophils.
Other researchers have developed microsystems to quantify
the temporal dynamics of interactions between cancer and
other immune cell types such as T cells in real time,50–58

including immune cell motility (velocity and directionality),
kinetics of contact with cancer cells, infiltration into tumor,
and cancer cell apoptosis. However, these studies did not

Fig. 1 Experimental design of the “neutrophil–tumor interactions on-a-chip” (NTI-chip) microphysiological system in two independent scenarios.
(A) In scenario 1, the NTI-chip models the migration of different human neutrophil subtypes (i.e., N0, N1, or N2 neutrophils) from the central
channel into side channel A housing cancer cells, thus achieving spatial compartmentalization. Both neutrophils and cancer cells were embedded
in 3D collagen hydrogel to mimic the extracellular matrix of the tumor tissue. Side channel B housed empty hydrogel, acting as a negative control
for neutrophil migration. Created with Rhino 7 and https://BioRender.com. (B) Representative 10× brightfield and epifluorescence images showing
neutrophils (blue) migrating from the central channel into side channel A housing cancer cells (red) on the NTI-chip at t = 6 h as a representative
time point. Scale bar, 100 μm. (C) The workflow of a typical experiment for scenario 1. Neutrophil migration into side channel A and neutrophil
motility after migration into side channel A were quantified as readouts. Created with https://BioRender.com. (D) In scenario 2, the NTI-chip
models the interaction of N0, N1, or N2 neutrophils with tumor spheroids embedded in 3D collagen hydrogel, which mimics the solid tumor tissue.
Side channels A and B are technical replicates. Created with Rhino 7 and https://BioRender.com. (E) Representative 10× brightfield (i) and
epifluorescence images (ii) and 3D rendering of 10× confocal images (iii) showing neutrophils (blue) and tumor spheroids (red) in the side channels
of the NTI-chip. Apoptotic cells were stained with Caspase-3/7 Green. Scale bar, 100 μm in (ii). X–y–z coordinates are shown around the field of
view in (iii). (F) The workflow of a typical experiment for scenario 2 and the behaviors of neutrophils and tumor spheroids that were quantified as
readouts. IF, immunofluorescence. EMT, epithelial–mesenchymal transition. Created with https://BioRender.com.
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focus on neutrophils; nor did they examine other aspects of
tumor progression than apoptosis such as invasion,
proliferation, and epithelial–mesenchymal transition (EMT)
which is known as an early sign of metastasis.59,60 A
comprehensive study that integrates both real-time and end-
point measurements to map the full “behaviorome” (i.e., a
collection of behaviors) of N1 and N2 neutrophils in solid
tumor tissues could significantly advance our understanding
of their complex roles in cancer progression and therapeutic
potential.

In this study, we engineered a human cell-based
microphysiological system termed “NTI-chip” (neutrophil–
tumor interactions on-a-chip) to monitor and quantify the
interactions of N1-like or N2-like human neutrophil subtypes
with pancreatic cancer in both the individual cancer cell
format and the tumor spheroid format in a 3D collagen
matrix (Fig. 1). The NTI-chip enabled us to characterize the
behavioral differences between N1-like and N2-like
neutrophils in migration to cancer cells, motility, contact
with tumor spheroids, and infiltration into tumor spheroids.
The NTI-chip also allowed us to examine the reciprocal
responses of tumor spheroids to the two neutrophil subtypes
including apoptosis, invasion, proliferation, and EMT. We
found that N2-like neutrophils showed greater migration to
individual cancer cells and higher motility after migration
than N1-like neutrophils. N1-like neutrophils engaged in
longer contact with tumor spheroids and infiltrated greater
into tumor spheroids than N2-like neutrophils. N1-like
neutrophils also attenuated the progression of tumor
spheroids in terms of invasion, proliferation (Ki-67
expression), and EMT (vimentin expression) compared to N2-
like neutrophils, although tumor apoptosis was not affected.
This study reveals the distinct behavioromes of human
neutrophil subtypes in pancreatic cancer, which adds a
valuable dimension to the existing multi-omics approach that
dominates the field of immunology research. The NTI-chip
developed in this study can also facilitate the translation of
neutrophil-based immunotherapies into cancer patients by
serving as a complementary tool to animal models for
cellular mechanism studies and preclinical drug testing.

Results
Design and characterization of the NTI-chip

We developed a microphysiological system “NTI-chip” to model
the interactions of different neutrophil subtypes with cancer
cells in two independent scenarios. The NTI-chip comprised a
central channel (blue), side channel A (red), side channel B
(green), and two outermost medium channels, each having two
medium reservoirs (orange) (Fig. 1A). The five parallel channels
were compartmentalized and interconnected by regularly
spaced trapezoidal microposts. In scenario 1, the central
channel housed neutrophils and side channel A housed cancer
cells to model neutrophil migration toward cancer (Fig. 1A).
Pancreatic cancer cells and neutrophils were separately
embedded in 3D hydrogel made of type I collagen, as type I

collagen is the major component of the extracellular matrix in
pancreatic cancer.61–63 Side channel B housed empty hydrogel
without cancer cells, acting as a negative control. The two
medium channels were filled with culture medium to keep the
cells alive and prevent evaporation (Fig. 1A). Time-lapse imaging
was performed to capture neutrophil migration from the central
channel into side channel A housing cancer cells over 24 h and
neutrophil motility inside side channel A in real time
(Fig. 1B and C). In scenario 2, neutrophils were co-embedded
together with pancreatic tumor spheroids in the same 3D
collagen hydrogel and loaded into both side channels A and B
to model neutrophil–tumor interactions in the solid tumor
tissue (Fig. 1D). The two side channels served as technical
duplicates in the same chip, creating the benefit of doubling
the throughput or the number of data points collected per
experiment.64–66 The central channel was filled with culture
medium in this scenario. Tumor spheroids were shown to be
surrounded by neutrophils in the NTI-chip using brightfield, 2D
epifluorescence, and 3D confocal microscopy (Fig. 1E and S1A).
The experimental workflow was designed to capture neutrophil
motility (velocity, directionality, and displacement), contact with
tumor spheroids (frequency and duration), and tumor spheroid
invasion in the gel matrix in real time during a 24 h live
imaging session (Fig. 1F). The NTI-chip was fixed at 24 h to
collect end-point measurements using confocal imaging
including neutrophil–tumor infiltration, tumor spheroid
apoptosis, and Ki-67 and vimentin expressions by tumor
spheroids as markers of proliferation and EMT respectively67–70

(Fig. 1F). To better mimic the 3D shape and structure of solid
tumors in vivo,71 we grew tumor spheroids which are 3D
aggregates of cancer cells from the RFP-PANC-1 human
pancreatic cancer cell line (abbreviated as PANC-1) before
loading them into the two side channels of the NTI-chip in
scenario 2. We visualized the spatial structure of tumor
spheroids via immunofluorescence of F-actin to show the
borders between individual cancer cells in the spheroid (Fig.
S1B). We then validated the high viability of tumor spheroids
after 24 h of culture in the NTI-chip (percentage of live volume
= 99.73 ± 0.48%) (Fig. S1C). We characterized the frequency
distributions of both the diameter and the number of spheroids
loaded per channel. The mean diameter of tumor spheroids
was 96.7 ± 17.6 μm (n = 667) and each side channel was loaded
with an average of 9.0 ± 3.9 spheroids (n = 191) (Fig. S1D). We
also confirmed the ability of tumor spheroids to secrete
interleukin-8 (IL-8), a known chemoattractant for
neutrophils37,72 and the main chemokine released by the tumor
tissue to recruit neutrophils in vivo12,13 (Fig. S1E).

N1-like neutrophils show higher levels of pro-inflammatory
hallmarks and 2D cancer cytotoxicity than N2-like
neutrophils

In this study of N1 and N2 human neutrophils, we used the HL-
60 human promyelocytic leukemia cell line that has been
extensively characterized and is the most commonly used model
for primary human neutrophils.73,74 We first differentiated HL-
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Fig. 2 Generation, validation, and characterization of N1-like and N2-like neutrophils. (A) HL-60 cells were differentiated with 1.5% DMSO for 5
days into a neutrophil-like state and polarized for 24 h with 100 ng mL−1 LPS, 50 ng mL−1 IFN-γ, and 50 ng mL−1 IFN-β towards an N1-like state or
with 100 ng mL−1 TGF-β toward an N2-like state. The unpolarized control was denoted as N0 neutrophils. Created with https://BioRender.com.
(B) Surface expression levels of general neutrophil marker CD11b (i) and N1/N2-related markers CD54 (ICAM-1) (ii), CD62L (L-selectin) (iii), and
CD182 (CXCR2) (iv) by N0, N1-like, and N2-like neutrophils were examined using flow cytometry. CD11b expression by undifferentiated HL-60 cells
was also examined as a negative control. MFI, median fluorescence intensity. Raw values in (ii)–(iv) were normalized by the mean of the N0
condition. (C) Phorbol myristate acetate (PMA)-induced reactive oxygen species (ROS) production by N0, N1-like, and N2-like neutrophils was
assessed by flow cytometry. Raw values were normalized by the mean of the N0 condition. **: p < 0.01, ***: p < 0.001, three unpaired t tests
between each pair. (D) IL-8 secretion by N0, N1-like, and N2-like neutrophils was assessed by ELISA. (E) (i) Representative 20× images showing the
release of neutrophil extracellular traps (NETs) (Sytox Green, extracellular DNA) by N0, N1-like, and N2-like neutrophils (Hoechst blue, nuclei)
induced by PMA on a 96-well plate at t = 0 h and 6 h. Scale bar, 50 μm. (ii) Temporal dynamics of PMA-induced NET release over 6 h. (iii) A bar plot
showing the percentage of NET-releasing neutrophils at t = 6 h. Bars show mean ± SD of n = 15–20 random ROIs per condition. (F) N1-like
neutrophils are cytotoxic against PANC-1 cancer cells. PANC-1 cancer cells in 2D monolayers were cultured alone (control), co-cultured with N0,
N1-like, or N2-like neutrophils at a 1 : 20 ratio, or with 5% DMSO (positive control) for 24 h on a 96-well plate. (i) Representative 20× images
showing PANC-1 cancer cells (red, RFP) and apoptotic cells (caspase-3/7 green) in specified conditions. Scale bar, 100 μm. (ii) Bar plot showing the
normalized cancer cell apoptosis per ROI, defined by the ratio of the number of apoptotic cancer cells to the percentage of RFP fluorescence area
of all cancer cells, in specified conditions. Apoptotic neutrophils were excluded from analysis by a size filter (<50 μm2) in ImageJ. Each data point
is an ROI and n = 33–54 random ROIs per condition. At least three independent experiments were performed. ns: ≥0.05, ****: p < 0.0001, ANOVA with
Tukey multiple comparisons test.
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60 cells into a neutrophil-like state denoted as dHL-60
neutrophils73,75 and then polarized them into either a N1-like
(anti-tumor) or a N2-like (pro-tumor) state as previously
described19,24,25 (Fig. 2A). The unpolarized control was denoted
as N0 neutrophils, representing the naïve state.19,20 Using the
HL-60 cell line enabled us to perform stable N1 and N2
polarization in vitro for 24 h without worrying about the short
life span (<24 h) and the loss of functionality of primary human
neutrophils once isolated from peripheral blood.20,73 We first
confirmed the success of HL-60 differentiation by showing a
significant upregulation of neutrophil surface marker
CD11b74,75 by N0, N1-like, and N2-like dHL-60 neutrophils (%
CD11b-positive cells = 84.6%, 96.1%, and 91.3% respectively)
compared to undifferentiated HL-60 cells (% CD11b-positive
cells = 9.0%) (p < 0.0001) (Fig. 2Bi and S2A). We then validated
the identity of our N1-like and N2-like neutrophils by showing
that N1-like neutrophils were CD54high/CD62Llow/CD182low and

N2-like neutrophils were CD54low/CD62Lhigh/CD182high (p <

0.0001), which agrees with the expression patterns of typical N1
and N2 surface markers previously reported2,19 (Fig. 2Bii–iv and
S2B–D). We also validated using immunofluorescence that N1-
like and N2-like neutrophils maintained their polarization states
for at least 24 h in the NTI-chip (Fig. S3). We also found that
N1-like neutrophils showed higher levels of pro-inflammatory
hallmarks than N2-like neutrophils in terms of production of
reactive oxygen species (ROS)15,17 (p < 0.01), secretion of IL-876,77

(p < 0.0001), and release of NETs17 (p < 0.0001)
(Fig. 2C–E and S2E and S4). ROS production is also reported to
be a direct cytotoxic mechanism employed by neutrophils.2,20

Lastly, we found that N1-like neutrophils showed cytotoxicity
against PANC-1 cancer cells in 2D monolayer co-cultures by
inducing apoptosis (p < 0.0001) while N2-like and N0
neutrophils did not, thus validating the anti-tumor nature of
N1-like neutrophils (Fig. 2F).

Fig. 3 In scenario 1, N2-like neutrophils show greater migration towards PANC-1 cancer cells than N1-like neutrophils. (A) Representative 10×
images showing N0, N1-like, or N2-like neutrophils (white) migrating from the central channel into side channel A housing cancer cells (not shown)
at t = 0 h, 6 h, 12 h, 18 h, and 24 h. The yellow dashed line marks the boundary between the central channel and side channel A. Scale bar, 100
μm. (B) Line graphs showing the percentage of neutrophil migration, defined as the number of neutrophils in side channel A at a given time point
divided by the initial number of neutrophils in the central channel at t = 0 h (i), and the rate of neutrophil accumulation inside side channel A,
defined as the increase in the percentage of neutrophil migration per hour (ii), every 2 h over 24 h in specified conditions. Bars show mean + SD.
(C) Bar plots showing the percentage of neutrophil migration at t = 12 h (i) and the rate of neutrophil accumulation (ii) at t = 2 h as representative
time points. Bars show mean ± SD with mean values written above the points. Each data point represents an NTI-chip and n = 8 chips per
condition. At least four independent experiments were performed. ANOVA with Tukey multiple comparisons test was performed for comparisons between
N0, N1, and N2 conditions at each time point. ns: p > 0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001. Asterisks in (B) represent the significance of
differences between N1-like and N2-like neutrophils. Time points without asterisks mean no statistically significant differences.
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N2-like neutrophils show greater migration toward PANC-1
cancer cells and higher motility after migration than N1-like
neutrophils

In scenario 1, we examined the migratory behaviors of
different neutrophil subtypes toward cancer cells. Side
channel A was loaded with individual PANC-1 cancer cells
embedded in collagen hydrogel to mimic the extracellular
matrix of the tumor tissue. The central channel was loaded
with N0, N1-like, or N2-like neutrophils embedded in
collagen hydrogel. Side channel B was loaded with empty
hydrogel without cancer cells, acting as a negative control.
Using time-lapse imaging of the NTI-chip, we captured the
temporal dynamics of neutrophil migration from the central
channel into side channels A and B every 2 h over 24 h
(Fig. 3A and S5A; Video S1). Neutrophil migration to cancer

was quantified as the percentage of neutrophils that migrated
into side channel A, and neutrophil migration to empty gel
as the percentage of neutrophils that migrated into side
channel B. The percentage of migration into side channel A
(cancer cells) was higher than that into side channel B (empty
gel control) over the course of 24 h for all three neutrophil
subtypes ( p < 0.01) (Fig. S5), thus showing the ability of
neutrophils to migrate toward PANC-1 cancer cells.
Importantly, N2-like neutrophils showed a higher percentage
of migration to cancer cells than N1-like neutrophils at all
examined time points from t = 2 h to t = 24 h (3.41% vs.
0.19%, p < 0.01 at t = 2 h; 5.39% vs. 1.58%, p < 0.05 at t = 12
h; 5.54% vs. 2.56%, p = 0.24 at t = 24 h) (Fig. 3Bi and Ci). N2-
like neutrophils showed a lower percentage of migration than
N0 neutrophils (3.41% vs. 4.03%, p = 0.72 at t = 2 h; 5.39%
vs. 7.19%, p = 0.47 at t = 12 h; 5.54% vs. 8.44%, p = 0.28 at t =

Fig. 4 In scenario 1, N2-like neutrophils show higher motility than N1-like neutrophils after migration toward PANC-1 cancer cells. (A)
Representative 10× images showing the single-cell trajectories (color-coded) of neutrophils (white) after migration into side channel A housing
cancer cells (not shown) at t = 0 h, 2 h, 4 h, 6 h, and 8 h of time-lapse imaging. Neutrophils were tracked over 20 min intervals every 2 h using
TrackMate (ImageJ). Scale bar, 100 μm. (B) Definitions and significances of the following motility parameters of a single-cell trajectory: mean
velocity, maximum velocity, displacement, y-forward migration index (y-FMI), and directionality. (C) Line graphs showing the mean velocity (i),
maximum velocity (ii), displacement (iii), y-FMI (iv), and directionality (v) of motile neutrophils every 2 h over 8 h in N0, N1, and N2 conditions. Each
data point represents the average value of all tracked neutrophils per NTI-chip and n = 9 chips per condition. Bars show mean ± SD. Ordinary
one-way ANOVA was performed for comparisons between N0, N1, and N2 conditions at each time point. *: p < 0.05, **: p < 0.01, ***: p < 0.001,
****: p < 0.0001. Asterisks represent the significance of differences between N1-like and N2-like neutrophils. Time points without asterisks mean
no statistically significant differences. (D) Bar plots showing the mean velocity (i), maximum velocity (ii), displacement (iii), y-FMI (iv), and
directionality (v) of motile neutrophils with single-cell resolution at t = 4 h as a representative time point in specified conditions. Each data point
represents a single neutrophil and n = 202–1042 neutrophils per condition. Bars show mean ± SD with mean values written above the points. At
least four independent experiments were performed. ns: ≥0.05, ***: p < 0.001, ****: p < 0.0001, Kruskal–Wallis test.
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24 h), although the differences were not statistically
significant (Fig. 3Bi and Ci). N2-like neutrophils also showed
a higher rate of accumulation inside side channel A
(measured as the increase in the percentage of migration per
hour) than N1-like neutrophils at t = 2 h (1.71 vs. 0.10% h−1,
p < 0.01) (Fig. 3Bii and Cii). These results suggest that pro-
tumor (N2) neutrophils may be more capable of migrating to
the tumor tissue than anti-tumor (N1) neutrophils.

We also captured the motility of different neutrophil subtypes
after migration into side channel A every 2 h over the first 8 h of
time-lapse imaging. We first extracted neutrophil trajectories at
each time point (t = 0 h, 2 h, 4 h, 6 h, and 8 h) (Fig. 4A; Video S2)
and then quantified the following motility parameters of each
trajectory with single-neutrophil resolution: mean velocity,
maximum velocity, displacement, y-forward migration index
( y-FMI), and directionality (definitions illustrated in Fig. 4B). We
presented the results using the average values of all tracked
neutrophils per chip as population measures in Fig. 4C and S6
and using the values of each tracked neutrophil at t = 4 h as a
representative time point in Fig. 4D. We found that N0
neutrophils showed an overall higher motility than N2-like
neutrophils at all examined time points from t = 0 h to t = 8 h in
terms of mean velocity (4.53 vs. 3.40 μm min−1 at t = 4 h),
maximum velocity (8.90 vs. 7.15 μm min−1 at t = 4 h), and
displacement (23.81 vs. 17.24 μm at t = 4 h) (p < 0.0001)
(Fig. 4C and Di–iii and S6). Importantly, N2-like neutrophils
showed an overall higher motility than N1-like neutrophils at all
examined time points from t = 0 h to t = 8 h in terms of mean
velocity (3.40 vs. 2.11 μm min−1 at t = 4 h), maximum velocity
(7.15 vs. 5.21 μm min−1 at t = 4 h), and displacement (17.24 vs.
10.61 μm at t = 4 h) (p < 0.0001) (Fig. 4C and Di–iii and S6).
Nonetheless, no statistically significant differences were found
between N0, N1-like, and N2-like neutrophils in y-FMI (0.03 vs.
−0.02 vs. 0.03 at t = 4 h) and directionality (0.46 vs. 0.43 vs. 0.44 at
t = 4 h) (Fig. 4C and Div and v and S6). These results suggest that
pro-tumor (N2) neutrophils may be more motile than anti-tumor
(N1) neutrophils after migration into the tumor tissue. The lower
motility of N1-like neutrophils could be due to their
downregulation of chemokine receptor CXCR2 (CD182)
compared to N0 and N2-like neutrophils (Fig. 2Biv and S2D) and
thus a reduced responsiveness to cancer cell-secreted
chemokines. The underlying reason for the higher motility of N0
neutrophils than N2-like neutrophils remains unclear and can be
investigated by examining the gene expression differences
between the two cell types via qPCR or RNA-sequencing in the
future. The wide distribution in motility among individual
neutrophils from each condition may suggest the existence of
subpopulations within each subtype of neutrophils (N0, N1-like
and N2-like neutrophils) that warrants further investigation.

N1-like neutrophils engage in longer contact with PANC-1
tumor spheroids than N2-like neutrophils

After studying the differences between N0, N1-like, and N2-like
neutrophils in migration to cancer and post-migration motility
in scenario 1, we sought to examine the neutrophil–cancer

contact inside the tumor tissue. To achieve this purpose, we
used PANC-1 tumor spheroids (3D cancer cell aggregates) in
scenario 2, a format that more closely mimics the solid tumor
tissue in vivo than individual cancer cells used in scenario 1. In
scenario 2, N0, N1-like, or N2-like neutrophils, together with
tumor spheroids, were embedded in collagen hydrogel which
mimics the extracellular matrix of the tumor tissue and loaded
into side channels A and B of the NTI-chip. Using time-lapse
imaging of the NTI-chip, we captured the temporal dynamics of
contact between different neutrophil subtypes and tumor
spheroids over 6 h. For each tumor spheroid, we measured both
the frequency and duration of contact with the surrounding
neutrophils. Here, contact is defined as a situation in which the
distance between the center of a tumor spheroid and the center
of a neutrophil is less than the sum of the radius of the tumor
spheroid and the diameter of the neutrophil47,51,53 (Fig. 5A). The
frequency of contact is the number of times that a given tumor
spheroid formed contact with any neutrophil. The duration of
contact is the length of time for which the contact between each
neutrophil and the tumor spheroid lasted. We first found that
both N1-like and N2-like neutrophils showed similar frequencies
of contact with tumor spheroids (10.1 vs. 9.5, p > 0.999) and
showed higher frequencies of contact with tumor spheroids than
N0 neutrophils (10.1 vs. 4.5; 9.5 vs. 4.5, p < 0.0001)
(Fig. 5B and Ci; Videos S3–S5). The rate of contact is defined as
the frequency of contact divided by the total duration of imaging
(6 h). Thus, the mean rates of contact for N0, N1-like, and N2-
like neutrophils are 0.75 times per h, 1.68 times per h, and 1.58
times per h, respectively. Nonetheless, N1-like neutrophils
showed a longer mean duration of contact per tumor spheroid
than N2-like neutrophils (32.7 vs. 20.3 min, p < 0.0001)
(Fig. 5B and Cii; Videos S2–S4). To further probe the contact with
single-neutrophil resolution, we then analyzed the duration of
contact per neutrophil instead of the mean values per spheroid.
The distributions and quartiles of the durations of contact per
neutrophil for N0, N1-like, and N2-like neutrophils are reported
in Fig. S7. The frequency distributions of durations of contact
per neutrophil showed an increase in the frequency of durations
of contact longer than 30 min in N1-like neutrophils compared
to N2-like and N0 neutrophils (Fig. 5D). Thus, we classified all
contacts into two arbitrary categories: short contacts (≤30 min)
and long contacts (>30 min).51 While there was no significant
difference in the duration of short contact between N0, N1-like,
and N2-like neutrophils (14.2 vs. 13.9 vs. 13.6 min, p = 0.174),
N1-like neutrophils showed a longer duration of long contact
than N2-like and N0 neutrophils (80.8 vs. 62.4 min, p = 0.026;
80.8 vs. 59.7 min, p = 0.006) (Fig. 5E). Overall, these results
showed that N1-like neutrophils engaged in longer contact with
tumor spheroids than N2-like neutrophils, suggesting that anti-
tumor neutrophils may form longer contact with cancer cells in
the tumor tissue than pro-tumor neutrophils. The observed
difference could be possibly due to the upregulation of
intercellular adhesion molecule ICAM-1 (CD54) in N1-like
neutrophils compared to N2-like neutrophils (Fig. 2Bii), leading
to a stronger adhesion of N1-like neutrophils with tumor
spheroids. The molecular mechanisms underlying the
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differences in the tumor contact dynamics between different
neutrophil subtypes warrant further investigation.

N1-like neutrophils show greater infiltration into PANC-1
tumor spheroids than N2-like neutrophils

After quantifying the contact of different neutrophil subtypes
with tumor spheroids as a real-time behavior, we also assessed
the infiltration of N0, N1-like, and N2-like neutrophils into
tumor spheroids after 24 h incubation using end-point confocal
imaging of the NTI-chip. Using 3D image analysis software
Imaris, we quantified both the number of infiltrated
neutrophils per tumor spheroid and the infiltration depth per
neutrophil. Specifically, the shortest distance of a neutrophil to
the 3D surface of a given tumor spheroid was measured, and
neutrophils located outside the tumor spheroid would have
positive values and those located inside the tumor spheroid
would have negative values. Here, any neutrophil whose

shortest distance to the spheroid surface is lower than the
radius of the neutrophil, including those with negative values,
was considered as infiltrated (Fig. 6A). Infiltration depth was
defined as the absolute value of the shortest distance of an
infiltrated neutrophil to the surface of the tumor spheroid78

(Fig. 6A). We found a higher number of N1-like neutrophils that
infiltrated into tumor spheroids than N2-like and N0
neutrophils (4.7 vs. 2.9 cells per spheroid, p < 0.001; 4.7 vs. 2.8
cells per spheroid, p < 0.0001) (Fig. 6B and Ci). There was no
significant difference in infiltration depth between N0, N1-like,
and N2-like neutrophils (6.9 vs. 7.6 vs. 6.6 μm, p = 0.315),
although N1-like neutrophils showed a slight increase than the
other two subtypes (Fig. 6Cii). The frequency distributions of
infiltration depths per neutrophil also showed an increase in
deep infiltration (arbitrarily defined as >15 μm) in N1-like
neutrophils compared to N2-like and N0 neutrophils (Fig. 6D).
These results showed an overall greater infiltration of N1-like
neutrophils into tumor spheroids than N2-like neutrophils,

Fig. 5 In scenario 2, N1-like neutrophils engage in longer contact with PANC-1 tumor spheroids than N2-like neutrophils. (A) A schematic showing the
definition of contact between a motile neutrophil (track shown in blue) and a given tumor spheroid. r1 = radius of the tumor spheroid, r2 = radius of a
neutrophil. T = duration of contact. Black = boundary of the tumor spheroid, orange = boundary of the circular “contact” region with a radius of r1 + 2 ×
r2, green = neutrophils in contact, red = neutrophils not in contact. Only contacts longer than 5 min were included to remove random collisions. (B)
Representative 10× images showing N0, N1-like, and N2-like neutrophils (blue) interacting with tumor spheroids (brightfield) at t = 0 h, 2 h, 4 h, and 6 h of
time-lapse imaging, overlaid with neutrophil tracks (color-coded) extracted by TrackMate. Any neutrophils that entered the circular ROI (yellow) around
the spheroid were considered to be in contact with the spheroid. The number of neutrophil tracks (frequency) and the mean duration of contact for each
image are shown on the right side. Scale bar, 50 μm. (C) Bar plots showing the frequency (i) and mean duration (ii) of contact with N0, N1-like, and N2-
like neutrophils per tumor spheroid over 6 h. Each data point represents a spheroid and n = 68–79 spheroids per condition. Bars show mean ± SD with
mean values written above the points. (D) Distributions of durations of contact per neutrophil in specified conditions. Only contacts shorter than 150 min
are shown. (E) Contact between a neutrophil and a tumor spheroid was classified into two categories: short (≤30 min) and long (>30 min). A bar plot
showing the duration of contact per neutrophil in specified conditions. Each data point represents a neutrophil and n = 332–708 neutrophils per
condition. Bars show mean ± SD with mean values written above the points. At least three independent experiments were performed. ns: ≥0.05, *: p <

0.05, **: p < 0.01, ****: p < 0.0001, Kruskal–Wallis test.
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suggesting that anti-tumor neutrophils might have a greater
ability to infiltrate into the solid tumor mass than pro-tumor
neutrophils. The overall low number of tumor-infiltrated
neutrophils of all three subtypes observed in this study could be
partially attributed to the small size of the tumor spheroids
(∼100 μm in diameter shown in Fig. S1Cii) compared to those
in previous studies of neutrophil–tumor infiltration (∼250 μm
and ∼820 μm in diameter)39,45,79 and thus a limited capacity of
smaller spheroids to allow neutrophil infiltration. Larger tumor
spheroids can be grown in a future study to allow for greater
infiltration of different neutrophil subtypes. The infiltration
state of neutrophils at other time points than t = 24 h were not
examined here and can be measured as a real-time behavior
using time-lapse confocal imaging in a future study.

N1-like neutrophils attenuate the invasion, proliferation, and
epithelial–mesenchymal transition of PANC-1 tumor
spheroids compared to N2-like neutrophils

After observing the distinct behaviors of N0, N1-like, and N2-
like neutrophils in response to tumor spheroids, we went on to
examine the reciprocal behaviors of tumor spheroids in

response to different neutrophil subtypes in the NTI-chip.
Tumor invasion into the stroma is a critical step in metastasis
in vivo,80,81 as cancer cells in the primary tumor site must first
invade into the surrounding extracellular matrix before entering
the bloodstream and finally seeding at a secondary site in a
distant organ to complete metastasis.82 Therefore, we measured
the invasion of tumor spheroids into the surrounding gel matrix
as an early-stage behavior of metastasis under the influence of
different neutrophil subtypes. We quantified spheroid invasion
over 24 h in the NTI-chip by measuring the normalized invasion
area, defined as the difference between the final projected area
of the spheroid (t = 24 h) and the initial projected area (t = 0 h)
divided by the initial projected area39,45,83–85 (Fig. 7Ai). We
found that N1-like neutrophils reduced tumor spheroid
invasion compared to N2-like neutrophils and N0 neutrophils,
as evidenced by a reduction of normalized invasion area from
0.51 (N2-like, p < 0.0001) or 0.45 (N0, p < 0.001) to 0.35 (N1-
like) (Fig. 7Aii and iii).

In addition to invasion, we also examined proliferation and
epithelial–mesenchymal transition (EMT) as two other
hallmarks of tumor progression. We measured the expression
of proliferation marker Ki-6770 and EMT marker

Fig. 6 In scenario 2, N1-like neutrophils show greater infiltration into PANC-1 tumor spheroids than N2-like neutrophils. (A) A schematic showing
the definition of neutrophil infiltration in a given tumor spheroid. Black = boundary of the tumor spheroid, orange = infiltration boundary, green =
infiltrated neutrophils, red = non-infiltrated neutrophils, yellow line = infiltration depth. Any neutrophil whose shortest distance to the spheroid
surface is lower than the radius of the neutrophil, including those with negative values, was considered as infiltrated. Infiltration depth was defined
as the absolute value of the shortest distance of an infiltrated neutrophil to the surface of the tumor spheroid. (B) 3D rendering of representative
10× confocal images showing the infiltration of N0, N1-like, and N2-like neutrophils (blue) in tumor spheroids (red) fixed at t = 24 h after
neutrophils and tumor spheroids were loaded into the NTI-chip and the extraction of spheroid surfaces and infiltrated neutrophil spots by Imaris.
Images were acquired as z-stacks with a 2 μm step size. Scale bar, 50 μm. (C) (i) A bar plot showing the number of infiltrated neutrophils per tumor
spheroid in specified conditions. Each data point represents a spheroid and n = 64–91 spheroids per condition. (ii) A bar plot showing the
infiltration depth per neutrophil in specified conditions. Each data point represents a neutrophil and n = 123–332 neutrophils per condition. Bars
show mean ± SD with mean values written above the points. (D) Frequency distributions of infiltration depths per neutrophil in specified
conditions. Infiltration depths less than 15 μm were arbitrarily defined as “shallow” and those greater than 15 μm as “deep”. At least three
independent experiments were performed. ns: ≥0.05, ***: p < 0.001, ****: p < 0.0001, Kruskal–Wallis test.
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vimentin67–69 by tumor spheroids using immunofluorescence
and confocal imaging after 24 h incubation with different
neutrophil subtypes in the NTI-chip. The levels of proliferation

and EMT of tumor spheroids were quantified as the mean Ki-
67 intensity per spheroid and the mean vimentin intensity per
spheroid, respectively (Fig. 7Bi). We found that N1-like

Fig. 7 In scenario 2, N1-like neutrophils attenuate the invasion, proliferation, and epithelial–mesenchymal transition (EMT) of PANC-1 tumor
spheroids compared to N2-like neutrophils. (A) (i) Invasion of tumor spheroids into the surrounding collagen gel matrix was quantified by
normalized invasion area, defined as the ratio of increase in the projected area of the invaded spheroid over 24 h to the initial projected area at t =
0 h. (ii) Representative 10× epifluorescence images showing the invasion of tumor spheroids (red, boundaries circled in yellow) at t = 0 h and 24 h
after tumor spheroids were treated with culture medium (control), N0 neutrophils, N1-like neutrophils, or N2-like neutrophils in the NTI-chip.
Scale bar, 50 μm. (iii) A bar plot showing the normalized invasion area of tumor spheroids in specified conditions. Each data point represents a
spheroid and n = 58–101 spheroids per condition. (B) (i) Representative 3D rendering of 20× confocal images showing tumor spheroids (red)
immunostained for proliferation marker Ki-67 (green) and EMT marker vimentin (magenta) at t = 24 h after tumor spheroids were loaded into the
NTI-chip and the extraction of the spheroid volume (yellow) by Imaris. Images were acquired as z-stacks with a 2 μm step size. The mean Ki-67
intensity and vimentin intensity within the extracted spheroid volume were measured. Scale bar, 30 μm. (ii) Maximum intensity projections of
representative 20× confocal images of neutrophils (blue) and tumor spheroids (red) immunostained for Ki-67 (green) and vimentin (magenta) at t =
24 h in specified conditions. Scale bar, 50 μm. (iii) Bar plots showing the normalized mean Ki-67 intensity (upper panel) and vimentin intensity
(lower panel) per tumor spheroid. Raw values were normalized by the mean of the control condition. n = 74–113 spheroids per condition. Bars
show mean ± SD with the mean values written above the points. At least three independent experiments were performed. ns: p ≥0.05, *: p <

0.05, **: p < 0.01, ****: p < 0.0001, Kruskal–Wallis test.
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neutrophils reduced tumor proliferation compared to N2-like
and N0 neutrophils, as evidenced by a reduction of mean Ki-67
intensity per spheroid from 1.89 (N2-like, p = 0.038) or 2.05
(N0, p = 0.009) to 1.57 (N1-like) (Fig. 7Bii). We also found that
N1-like neutrophils reduced tumor EMT compared to N2-like
neutrophils, as evidenced by a reduction of mean vimentin
intensity per spheroid from 2.35 to 1.70 (p = 0.001) (Fig. 7Bii).
N1-like neutrophils also led to a non-significantly lower level of
tumor EMT than N0 neutrophils (1.70 vs. 2.09, p = 0.478)
(Fig. 7Bii). Overall, these results show that N1-like neutrophils
attenuated the progression of tumor spheroids compared to
N2-like neutrophils in terms of invasion, proliferation, and
EMT, which corroborates the anti-tumor nature of N1-like
neutrophils and the pro-tumor nature of N2-like neutrophils
in a 3D spheroid setting. Nonetheless, N1-like neutrophils still
led to a higher level of invasion (0.35 vs. 0.27, p = 0.028),
proliferation (1.57 vs. 1.00, p < 0.0001), and EMT (1.70 vs.

1.00, p < 0.0001) of tumor spheroids than the negative control
condition without neutrophils (Fig. 7A and B). This result
suggests the complexity of the secretome of N1-polarized
neutrophils in this study and the need for alternative
polarization methods to achieve a more profound anti-tumor
therapeutic effect. Although showing a tumor-suppressive
effect compared to N2-like and N0 neutrophils, N1-like
neutrophils may still secrete certain soluble factors capable of
promoting tumor progression. The secretomes of different
neutrophil subtypes were not examined in this study and merit
further investigation. Moreover, we found no significant
difference between N0 and N2-like neutrophils in terms of
invasion (0.45 vs. 0.51, p = 0.255), proliferation (2.05 vs. 1.89, p
> 0.999), and EMT (2.09 vs. 2.35, p = 0.363) of tumor spheroids
(Fig. 7A and B), suggesting that naïve N0 neutrophils may
already resemble a pro-tumor phenotype even before N2
polarization.

Fig. 8 In scenario 2, both N1-like and N2-like neutrophils induced limited apoptosis of PANC-1 tumor spheroids. (A) 3D rendering of
representative 10× confocal images showing the apoptosis (caspase-3/7 green) of tumor spheroids (red) fixed at t = 24 h after tumor spheroids
were loaded into the NTI-chip and the extraction of the apoptotic volume and the total spheroid volume by Imaris. Images were acquired as
z-stacks with a 2 μm step size. Apoptotic signals co-localized with CellTracker Violet-stained neutrophils were excluded from the apoptotic
volume to remove apoptotic neutrophils. Tumor apoptosis was quantified as the apoptotic volume divided by the total spheroid volume. Scale bar,
30 μm. (B) Maximum intensity projections of representative 10× confocal images showing the apoptosis (green) of tumor spheroids (red) treated
with culture medium alone (control), N0 neutrophils, N1-like neutrophils, N2-like neutrophils, or 5% DMSO (positive control) for 24 h. Neutrophils
(blue) were also shown. Scale bar, 50 μm. (C) A bar plot showing the percentage of apoptotic volume per tumor spheroid in specified conditions.
Each data point represents a spheroid and n = 45–89 spheroids per condition. Bars show mean ± SD with mean values written above the points. At
least three independent experiments were performed. ns: p ≥ 0.05, ****: p < 0.0001, Kruskal–Wallis test.
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Both N1-like and N2-like neutrophils demonstrate limited
cytotoxicity against PANC-1 tumor spheroids

Lastly, we examined the apoptosis of tumor spheroids as a
measure of neutrophil cytotoxicity. Using staining of apoptosis
marker caspase-3/755,86 and end-point confocal
imaging, we captured apoptosis after 24 h incubation with
different neutrophil subtypes in the NTI-chip. We measured the
total volume and the apoptotic volume of each tumor spheroid
and quantified apoptosis as the percentage of apoptotic volume
per spheroid (Fig. 8A). Interestingly, we found no significant
difference in tumor spheroid apoptosis between N0, N1-like,
and N2-like neutrophils (0.40% vs. 0.43% vs. 0.35%, p > 0.999)
(Fig. 8B and C). There was also no significant difference

between the negative control condition without neutrophils
(0.60%) and any of the three neutrophil subtypes (p > 0.999)
(Fig. 8B and C). We then examined the effect of different
neutrophil subtypes on the overall death of tumor spheroids
using DRAQ7 staining as opposed to apoptosis alone, as
neutrophils may exert cytotoxic effects through inducing other
mechanisms of cell death than apoptosis. We found no
significant difference in the overall death of tumor spheroids
between N0, N1-like, and N2-like neutrophils (1.59% vs. 2.44%
vs. 1.86%, p > 0.999), although there was a moderate increase
in tumor death in the N1-like neutrophil condition compared to
the negative control condition without neutrophils (2.44% vs.
1.10%, p = 0.046) (Fig. S8). Overall, these results showed a
limited cytotoxicity of N1-like neutrophils against tumor

Fig. 9 Heatmaps summarizing the distinct behavioromes of N0, N1-like, and N2-like human neutrophils quantified in three scenarios. (A) In
scenario 0 (off the NTI-chip), surface marker expressions, pro-inflammatory hallmarks, and 2D cancer cytotoxicity of neutrophils were validated on
well plates. (B) In scenario 1 on the NTI-chip, we measured real-time behaviors of neutrophils at multiple time points including the percentage of
migration to cancer cells, the rate of accumulation, and the post-migration motility in terms of mean velocity, maximum velocity, displacement,
y-forward migration index, and directionality. (C) In scenario 2 on the NTI-chip, we measured neutrophil–tumor spheroid contact and tumor
spheroid invasion as real-time behaviors, and neutrophil infiltration into tumor spheroids, proliferation and EMT of tumor spheroids, and neutrophil
cytotoxicity against tumor spheroids as end-point behaviors. Each row of the heatmap represents a quantified behavior, and each column
represents a condition (N0, N1, or N2). Z-Score normalization was used to transform the raw data so that each value represents the number of
standard deviations away from the mean. Negative values are below the mean, while positive values are above the mean. The lower the value, the
darker the color; the higher the value, the brighter the color. The neutrophil behaviorome quantified in this study adds a valuable dimension to the
existing multi-omics approach in cancer immunology research.
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spheroids. This could be partially explained by the greater
difficulty of cancer killing in a 3D spheroid format than in a 2D
monolayer format,71,87 as cytotoxicity of N1-like neutrophils was
observed in 2D monolayer co-cultures in Fig. 2F. A recent study
of murine pancreatic cancer by Ng et al. shows that neutrophils
of different initial states entering the tumor tissue all undergo
deterministic reprogramming and converge into the same pro-
tumor state.88 Thus, it is also possible that anti-tumor N1-like
neutrophils became corrupted by tumor spheroids over 24 h
and eventually turned into a pro-tumor N2-like phenotype, thus
diminishing their cytotoxic power. The potential phenotypic
and transcriptional changes of N1-like neutrophils under the
influence of tumor spheroids over the course of time were not
examined in this study and warrants further investigation.

The NTI-chip enables the quantification of distinct
behavioromes of N1-like and N2-like neutrophil subtypes

In this study, the NTI-chip enabled both real-time and end-
point measurements of neutrophil–cancer interactions which
formed a comprehensive “behaviorome” of N0, N1-like, and N2-
like neutrophil subtypes, as summarized in heatmaps in Fig. 9.
Specifically, we first performed an array of biological validations
of the three neutrophil subtypes including surface marker
expressions, pro-inflammatory hallmarks, and 2D cancer
cytotoxicity on well plates, i.e., off the NTI-chip (denoted as
“scenario 0”) (Fig. 9A). We then used the NTI-chip to quantify
an array of real-time behaviors including neutrophil migration
to cancer cells, rate of accumulation, and motility (mean
velocity, maximum velocity, displacement, y-FMI, and
directionality) in scenario 1, and kinetics of neutrophil–tumor
spheroid contact (frequency and duration) and tumor spheroid
invasion in the collagen gel matrix in scenario 2 (Fig. 9B and C).
The detailed quantitative temporal information with single-
neutrophil resolution enabled by live imaging of the NTI-chip
would be difficult to attain using in vivo models and standard
molecular biology assays.36,73 We also quantified an array of
end-point behaviors including neutrophil infiltration in tumor
spheroids (abundance and depth), proliferation (Ki-67
expression) and epithelial–mesenchymal transition (vimentin
expression) of tumor spheroids, and neutrophil cytotoxicity
against tumor spheroids (apoptosis and overall death) in
scenario 2 (Fig. 9C). The neutrophil behaviorome measured in
this study adds a valuable dimension to the existing multi-
omics paradigm that dominates the landscape of cancer
immunology research.36,87

Discussion

In this work, we combined microfluidic technology with 3D cell
culture and tissue engineering to construct a microphysiological
system “NTI-chip” where we could examine human neutrophil–
cancer interactions in a physiologically relevant
microenvironment with single-cell resolution both in real time
and at endpoints. The five-channel design of the NTI-chip,
compared to three-channel designs,89–92 enables the real-time
monitoring of immune cell migration to cancer cells and end-

point immunofluorescence of markers in the same device. The
increased width and height of the side channels compared to
previously published dimensions64,66 facilitate the loading of
sizeable tumor spheroids into the channels. The NTI-chip also
incorporated multiple biological components including 3D
cancer cells and tumor spheroids, extracellular matrix-
mimicking collagen hydrogel, and three subtypes of neutrophils
(anti-tumor “N1”, pro-tumor “N2”, and neutral “N0”). This
combination of microfluidics, tissue engineering, and immuno-
oncology featured in our system presents a novel addition to
the cause of using lab-on-a-chip technologies to tackle
biomedical challenges. The NTI-chip also possesses several
advantages for studying neutrophil–cancer interactions over
traditional cell culture systems such as well plates. Firstly, the
microposts in the NTI-chip enable different spatial
arrangements of different cell types, i.e., being positioned in
two separate channels (scenario 1) or together in the same
channel (scenario 2). In scenario 1, the NTI-chip allows for the
spatial separation between neutrophils and cancer cells and
real-time visualization of neutrophil migration from one
channel to another (Fig. S9). The compartmentalization feature
is absent in Petri dishes and well plates, while the real-time
visualization feature is absent in transwell chambers.34,35,37

Secondly, in contrast to the tall thickness of the hydrogel and
thus uneven distances of different tumor spheroids to the
objective lens of the microscope in well plates, the NTI-chip in
scenario 2 ensures an almost even distance of different tumor
spheroids to the objective lens due to the small height of its
microfluidic channels relative to the diameter of the spheroid,
which makes imaging faster and easier (Fig. S9). Thirdly,
compared to large volumes in well plates, the small volume of
microfluidic channels in the NTI-chip would also lead to faster
diffusion and higher concentrations of biochemical signals
secreted by cells and thus stronger neutrophil–cancer
interactions and elevated neutrophil behaviors to be measured
in our research93–96 (Fig. S9).

In this study, we leveraged microfluidics to pioneer a
quantitative “behaviorome” approach for studying different
subtypes of neutrophils in pancreatic cancer, a recalcitrant
solid tumor being the fourth leading cause of cancer-related
deaths in the USA with a 5 year survival rate of only 9%.7,97

For the first time, this study reveals that anti-tumor (N1-like)
and pro-tumor (N2-like) human neutrophils indeed behave
and interact with cancer differently in terms of migration,
motility, contact, infiltration, and the effects on tumor
progression. Our findings suggest that although anti-tumor
neutrophils may be less capable of migrating to the tumor
tissue and less motile than pro-tumor neutrophils, they could
form longer contact with cancer cells in the tumor tissue and
infiltrate better into the solid tumor mass than pro-tumor
neutrophils. Such nuanced insight into the behavioral
differences between neutrophil subtypes can inform the
design and optimization of novel cancer immunotherapies in
the future that aim to modulate specific neutrophil behaviors
such as migration to tumor, contact with tumor, and
infiltration into tumor. We also found a tumor-suppressive
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effect of N1-like neutrophils in terms of invasion,
proliferation, and EMT of tumor spheroids, but their tumor-
killing ability was limited against tumor spheroids. These
findings point to the need for more effective polarization or
modification strategies to confer a stronger anti-tumor
phenotype on neutrophils. Recent studies in mouse models
have attempted to unleash and boost the anti-tumor activity
of neutrophils to kill cancer cells in different ways.98–101

Notably, Linde et al. developed an antibody cocktail therapy
consisting of tumor necrosis factor (TNF), anti-CD40
monoclonal antibody, and a tumor-binding antibody to
activate neutrophils.98 Chang et al. genetically engineered
chimeric antigen receptor (CAR)-neutrophils from human
pluripotent stem cells for glioblastoma treatment.99 We can
utilize the NTI-chip to test and quantify the effects of these
novel therapies on human neutrophil behaviors such as
cytotoxicity against tumor spheroids in future studies.

The layout of the NTI-chip provides opportunities for
recapitulating more physiologically complex scenarios to answer
more intricate biological questions in the future. For example,
we can study the preference of neutrophils in response to two
competitive signals. Specifically, we can load neutrophils into
the central channel and two different types of tumor-related
signals in two side channels to examine the preferential
migration of neutrophils towards either side.50,73 We can also
build an endothelium in the central channel to mimic the blood
vessel wall102–108 and measure the extravasation of N1-like and
N2-like neutrophils from the central channel into the tumor
spheroid-loaded side channel, which will contribute
extravasation as another important behavior to the neutrophil
behaviorome. Moreover, further studies are needed to better
understand the molecular machinery that drives the distinct
behavioromes between N1-like and N2-like neutrophils
observed in this study; other-omes such as transcriptomes and
proteomes can be examined to build a more comprehensive
multi-omics profile for anti-tumor and pro-tumor human
neutrophils in cancer. Furthermore, the simplistic N1/N2
terminology does not capture the entire spectrum of neutrophil
diversity and plasticity in cancer.20,109 Recent single-cell RNA
sequencing studies in mice and human patients have revealed
multiple distinct transcriptional states and clusters of
neutrophils in tumors which go beyond the traditional N1/N2
binary concept.88,100,101 Hence, a more nuanced and refined
approach dealing with neutrophil subtypes can be adopted in
future studies. Lastly, we only used immortalized human cell
lines in this work, which limits its clinical relevance. Since only
the neutrophil-like cell line HL-60 and the pancreatic cancer cell
line PANC-1 were used, the conclusions in this study may not
apply to primary human neutrophils and cancer cells or to other
cancer cell lines. The NTI-chip will enable future research using
sparse clinical samples of only a few microliters and a few
thousand cells,51 allowing for the measurement of interactions
between patient-derived tumor cells and autologous neutrophils
in the presence of drug candidates. This can open up avenues
for personalized medicine and facilitate the translation of novel
immunotherapies into cancer patients.58,110 The US Food and

Drug Administration (FDA) approved the first clinical trial based
solely on organ-on-a-chip models in July 2022 and President
Biden signed into law the FDA Modernization Act 2.0 adding
“organ chips and microphysiological systems” to the list of
nonclinical tests in December 2022.111,112 Hence, it is now
possible for complex in vitro models like the NTI-chip to serve
as a crucial complementary tool to animal models for both
cellular mechanism studies and preclinical testing of novel
neutrophil-based cancer immunotherapies.113

Conclusions

In summary, we developed a human cell-based
microphysiological system to quantitatively characterize the
behavioral differences between anti-tumor N1-like and pro-
tumor N2-like neutrophil subtypes in an engineered solid
tumor microenvironment. We performed both real-time and
end-point measurements of neutrophil–cancer interactions to
form a comprehensive behaviorome consisting of neutrophil
migration, motility, neutrophil-tumor spheroid contact,
neutrophil–tumor spheroid infiltration, and invasion,
proliferation, EMT, and apoptosis of tumor spheroids. We
found that N2-like neutrophils showed greater migration to
cancer cells and higher motility after migration than N1-like
neutrophils. N1-like neutrophils engaged in longer contact with
tumor spheroids and infiltrated greater into tumor spheroids
than N2-like neutrophils. N1-like neutrophils also attenuated
the progression of tumor spheroids in terms of invasion,
proliferation, and EMT compared to N2-like neutrophils,
although the tumor cytotoxicity of N1-like neutrophils was
limited. The behaviorome measured in this study adds a
valuable dimension to the existing multi-omics approach in
cancer immunology research. The insight into the distinct
behavioromes between anti-tumor and pro-tumor neutrophils
can guide the development of novel cancer immunotherapies
targeting specific neutrophil behaviors. In the future, the
microphysiological system can be used to study the
extravasation of different neutrophil subtypes into the tumor
tissue and test novel therapeutic candidates using patient-
derived tumor cells and autologous neutrophils for personalized
medicine, thus holding strong potential to facilitate the clinical
translation of therapeutics and improve human health.

Materials and methods
Cell culture

The human promyelocytic leukemia cell line HL-60 (American
Type Culture Collection ATCC, CCL-240) was cultured in Iscove's
modified Dulbecco's medium (IMDM, ATCC) supplemented
with 20% fetal bovine serum (FBS, ATCC) and 1% penicillin–
streptomycin (ATCC), denoted as complete IMDM. The red
fluorescent protein (RFP)-transfected human pancreatic cancer
cell line RFP-PANC-1 (FenicsBIO, CL-1191) was cultured in
Dulbecco's modified Eagle's medium (DMEM, ATCC)
supplemented with 10% FBS and 1% penicillin–streptomycin,
denoted as complete DMEM. For passaging, RFP-PANC-1 cells
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(abbreviated as PANC-1 cells) were detached using TrypLE™
Express Enzyme (Gibco) for 2 min at 37 °C with 5% CO2. All cell
cultures were maintained at 37 °C with 5% CO2.

Differentiation and polarization of neutrophil-like HL-60 cells

HL-60 cells from passages 2 to 17 were seeded at a density of
2 × 105 cells per mL in T-25 culture flasks (10 mL per flask)
and differentiated with 1.5% dimethyl sulfoxide (DMSO,
ATCC) for 5 days into a neutrophil-like state (denoted as
dHL-60 neutrophils).73–75 dHL-60 neutrophils were then
polarized for 24 h with 100 ng mL−1 lipopolysaccharide (LPS,
Sigma Aldrich, L2630), 50 ng mL−1 interferon-γ (IFN-γ, R&D
Systems, 285-IF-100/CF), and 50 ng mL−1 interferon-β (IFN-β,
R&D Systems, 8499-IF-010/CF) to induce an N1-like (anti-
tumor) phenotype19 and with 100 ng mL−1 transforming
growth factor-β (TGF-β, Sigma Aldrich, T7039) to induce an
N2-like (pro-tumor) phenotype24,25 as previously described. As
a control for polarization, dHL-60 neutrophils were treated
with the same volume of phosphate-buffered saline (PBS,
Gibco) as a vehicle control for 24 h and denoted as N0
neutrophils. Both differentiation and polarization were
performed at 37 °C with 5% CO2. The mean and standard
deviation among different experiments repeated for
validating surface marker expressions by N1-like and N2-like
neutrophils are listed in Table S1. The generation of N1-like
and N2-like neutrophils using the HL-60 cell line was robust
and reproducible, as shown by the standard deviation being
less than 8% of the mean value for all markers (Table S1).

3D tumor spheroid culture

PANC-1 cells were harvested from passages 3 to 44 for 3D
tumor spheroid culture. 3D tumor spheroids were generated
using the Elplasia™ round-bottom ultra-low attachment
(ULA) six-well plate (Corning, 4440) according to the
manufacturer's protocol. Briefly, each well on the plate was
prewetted with 1.5 mL of complete DMEM supplemented
with 1% Matrigel (Corning, 354277) and centrifuged to
remove air bubbles from the microcavities. Each well was
then seeded with 1.5 mL of ∼86 550 PANC-1 cells (∼30 cells
per microcavity, 2885 microcavities per well) in complete
DMEM supplemented with 1% Matrigel to induce spheroid
formation.114,115 The plate was then incubated at 37 °C with
5% CO2 for 48 h to form one spheroid in each microcavity
with an average diameter of 96.7 ± 17.6 μm (Fig. S1Cii).

Design and fabrication of the NTI-chip

The NTI-chip comprises a central channel for loading culture
medium (9 mm long, 400 μm wide), two side channels A and
B for loading PANC-1 tumor spheroids and dHL-60
neutrophils (N0, N1-like, or N2-like) embedded in hydrogel
mimicking the extracellular matrix of the tumor tissue (9 mm
long, 700 μm wide), and two medium channels, each having
two medium reservoirs for loading culture medium (6.7 mm
long, 1 mm wide) (Fig. 1A). The two side channels served as
technical duplicates of each other. The five parallel channels

are approximately 148 μm in height and interconnected by
four arrays of 16 trapezoidal posts (base lengths: 200 μm and
84 μm, height: 100 μm, distance between posts: 50 μm) that
enable the confinement of hydrogel through a balance
between surface tension and capillary forces.51

The master mold was fabricated using standard
photolithography techniques in the cleanroom. Briefly, the
design of the NTI-chip was drawn in AutoCAD (Autodesk)
and printed onto a chrome-on-glass dark-field photomask. A
silicon wafer (University Wafer) was spin-coated with negative
photoresist SU-8 50 (Kayaku Advanced Materials) at 1000 rpm
for 30 s and soft-baked at 65 °C for 10 min and 95 °C for 2.5
h. The silicon wafer was exposed to ultraviolet (UV) light
through the photomask at 450 mJ cm−2. The exposed wafer
was then baked at 65 °C for 1 min and 95 °C for 10 min and
developed with SU-8 developer for 16 min. Lastly, the height
of the features on the wafer was measured by a profilometer.

NTI-chips were fabricated using standard soft lithography
techniques. Briefly, polydimethylsiloxane (PDMS) and the
curing agent (Sylgard 184, Dow Corning) were mixed
thoroughly at a 10 : 1 ratio, degassed in a desiccator for 1 h,
poured over the master mold, and cured in an oven at 65 °C
overnight. Solidified PDMS was then peeled from the master
mold and individual chips were cut out. The inlets and
outlets of the two medium channels were punched using a 4
mm biopsy puncher (Ted Pella Inc.) to create medium
reservoirs and those of the two side channels and the central
channel using a 1 mm biopsy puncher. Following air plasma
treatment (Harrick Plasma) at high radio frequency (RF)
power for 2 min, six chips were bonded to a glass-bottom six-
well plate (Cellvis, P061.5HN) and placed on a hotplate at 80
°C overnight to strengthen bonding and restore
hydrophobicity.116 The NTI-chips were sterilized under UV
light in a biosafety cabinet for 30 min before use.

Neutrophil migration toward cancer cells in the NTI-chip

1 mL of cold sterile water was dispensed around each NTI-
chip on the glass-bottom six-well plate to maintain humidity
and minimize evaporation. To prepare 200 μL of a 1.2 mg
mL−1 collagen gel solution with a pH of 7.4, 80 μL of 3 mg
mL−1 rat-tail type I collagen gel (Corning, 354236) was diluted
in a mixture of 20 μL of 10× phosphate-buffered saline (PBS,
Gibco), 96 μL of sterile deionized water, and 4 μL of 0.5 N
NaOH (Fisher Chemical) on ice. The final pH of the gel
solution was confirmed to be ∼7.4 using a pH indicator
paper. ∼18 000 PANC-1 cancer cells (3 × 106 cells per mL) in 6
μL of collagen gel solution was loaded into side channel A of
the NTI-chip on ice to mimic the tumor tissue. 6 μL of
collagen gel solution alone was loaded into side channel B
on ice to act as a negative control. The NTI-chips were
incubated at 37 °C with 5% CO2 for 30 min to polymerize the
gel. The two medium channels were then filled with 100 μL
of complete IMDM respectively to keep the cells alive and
hydrated. The NTI-chips were then incubated at 37 °C with
5% CO2 for 24 h to allow cancer cells to secrete neutrophil-
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attracting chemokines before loading neutrophils into the
central channel. The central channel was left empty (filled
with air) during the 24 h incubation to prevent cancer-
secreted chemokines from diffusing into empty gel in side
channel B, which would undermine the chemical gradient
needed for neutrophil migration. N0, N1-like, and N2-like
dHL-60 neutrophils were collected after 24 h polarization,
stained with Vybrant™ DiD dye (1 : 1000, Invitrogen, V22887)
at 37 °C for 20 min, and washed once with complete IMDM
to terminate staining. After 24 h incubation of the NTI-chips,
∼30 000 dHL-60 neutrophils (5 × 106 cells per mL) in 6 μL of
collagen gel solution was loaded into the central channel on
ice. After 30 min gel polymerization, the NTI-chips were
immediately time-lapse imaged to capture neutrophil
migration and motility.

Neutrophil–tumor spheroid interactions in the NTI-chip

N0, N1-like, and N2-like dHL-60 neutrophils were collected
after 24 h polarization, stained with 10 μM CellTracker Violet
BMQC dye (Invitrogen, C2110) at 37 °C for 30 min,64,92 and
washed once with complete IMDM to terminate staining.
PANC-1 tumor spheroids were collected from the ULA six-well
plate after 48 h of 3D culture. All pipette tips used to transfer
tumor spheroids were pre-coated with 2% bovine serum
albumin (BSA, Sigma-Aldrich) to reduce spheroid loss. 1 mL
of cold sterile water was dispensed around each NTI-chip on
the glass-bottom six-well plate to maintain humidity and
minimize evaporation. To prepare 200 μL of a 2.5 mg mL−1

collagen gel solution with a pH of 7.4, 166.7 μL of 3 mg mL−1

rat-tail type I collagen gel was diluted in a mixture of 20 μL
of 10× PBS, 4.3 μL of sterile deionized water, and 9 μL of 0.5
N NaOH on ice.92,116 The final pH of the gel solution was
confirmed to be ∼7.4 using a pH indicator paper. A mixture
of ∼9 tumor spheroids and ∼30 000 dHL-60 neutrophils (5 ×
106 cells per mL) in 6 μL of collagen gel solution was loaded
into each of the two side channels of the NTI-chip on ice to
mimic the tumor tissue. dHL-60 neutrophils alone without
tumor spheroids in gel was loaded to assess baseline motility
of neutrophils. Tumor spheroids alone without dHL-60
neutrophils in gel were loaded to assess baseline apoptosis of
tumor spheroids. The NTI-chips were incubated at 37 °C with
5% CO2 for 30 min to polymerize the gel. The two medium
channels and the central channel were then filled with 100
μL and 7 μL of complete IMDM respectively to keep the cells
alive and hydrated. To create a positive control condition for
tumor spheroid death and apoptosis, complete IMDM
containing 5% DMSO, a small molecule known to kill cancer
cells,92,117 was used to fill the NTI-chips. To capture tumor
spheroid apoptosis at the endpoint using confocal imaging,
the culture medium was pre-treated with 2 μM CellEvent™
Caspase-3/7 Green (Invitrogen, C10423) before loading into
the NTI-chips.51,55,86 To capture the overall death of tumor
spheroids at the endpoint using confocal imaging, the
culture medium was pre-treated with 3 μM DRAQ7
(BioLegend, 424001) before loading into the NTI-chips.92,118

Time-lapse imaging and analysis

Time-lapse live imaging of six NTI-chips was performed
concurrently on a fully automated Nikon ECLIPSE Ti2-E
microscope using a Plan Apo 10× objective (NA = 0.45) at 37 °C
with 5% CO2 for 24 h. In scenario 1, images were acquired
using NIS-elements (Nikon Inc.) software and recorded using
brightfield, Cy5 (neutrophils), and TRITC (cancer cells) channels
at 2 h intervals for 24 h to capture neutrophil migration from
the central channel into side channel A housing cancer cells.
Images were also acquired every 2 min for 20 min at 2 h
intervals for the first 8 h to enable cell tracking and
measurement of neutrophil motility after migration into side
channel A.102 In scenario 2, images were acquired using NIS-
elements software and recorded using brightfield, DAPI
(neutrophils), and mCherry (tumor spheroids) channels at 2.5
min intervals for the first 6 h for cell tracking and at 1 h
intervals for the remaining 18 h to minimize photobleaching
over time. The goal was to capture the contact dynamics
between neutrophils and tumor spheroids and the invasion of
tumor spheroids in the gel matrix.

To quantify neutrophil migration in scenario 1, the
number of cells in side channel A every 2 h was counted
using the TrackMate plugin in ImageJ (National Institutes of
Health) and divided by the number of cells initially in the
central channel at t = 0 h for normalization.102 To quantify
neutrophil motility in side channel A in scenario 1, automatic
cell tracking was performed on Cy5 images for every 20 min
duration using TrackMate.53,119 The following parameters of
cell motility were exported from TrackMate for statistical
analysis: mean velocity, maximum velocity, displacement
(Euclidean distance), and directionality (linearity of forward
progression) (Fig. 4B). The y-forward migration index (y-FMI)
of neutrophils was quantified using the Chemotaxis and
Migration Tool plugin (Ibidi) in ImageJ by importing the raw
positional data exported from TrackMate (Fig. 4B).120 Only
tracks whose mean velocity was higher than 0.50 μm min−1

were used for analysis to exclude non-motile cells.
To quantify neutrophil–tumor spheroid contact in

scenario 2, a circular region of interest (ROI) was defined
around a certain tumor spheroid using brightfield images in
ImageJ.47,50,51,53 The diameter of the ROI equals the sum of
the measured diameter of the tumor spheroid at t = 0 h and
twice the diameter of an average neutrophil (13 μm) (Fig. 4A).
The center of the ROI was manually placed at the
approximate center of the tumor spheroid at t = 0 h. Any
neutrophils that entered this ROI were considered to be in
contact with the tumor spheroid. Automatic tracking of
neutrophils within the circular ROI was performed on DAPI
images from 0 to 6 h using TrackMate. The number of
detected tracks is the frequency or the number of times that
a neutrophil formed contact with the tumor spheroid. The
duration of each track is the duration of contact between
each neutrophil and the tumor spheroid. Only durations
longer than 5 min were counted to exclude random collisions
between neutrophils and tumor spheroids.55 The mean
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duration of contact per tumor spheroid was calculated by
averaging durations of all tracks per ROI. The approach of
modeling tumor spheroids and neutrophils as round objects
in this study is an approximation, and thus a more refined
approach accounting for the irregularity of cellular shapes
can be adopted in future studies.

To quantify the invasion of tumor spheroids in the collagen
gel matrix in scenario 2, the boundary of each tumor spheroid
at t = 0 h and t = 24 h were defined by thresholding of mCherry
signals in ImageJ. The area of the defined boundary was
measured in ImageJ. The normalized invasion area of a
spheroid was calculated as the difference between the final
projected area (t = 24 h) and the initial projected area (t = 0 h)
divided by the initial projected area (Fig. 6Ai).39,45,83,84,86

Immunofluorescence staining, confocal imaging, and
analysis

After 24 h incubation alone or with N0, N1-like, or N2-like
neutrophils in the NTI-chip in scenario 2, PANC-1 tumor
spheroids were stained for Ki-6770 and vimentin67–69 to
assess their levels of proliferation and EMT, respectively. In
separate experiments, N0, N1-like, and N2-like neutrophils pre-
stained with Vybrant™ DiD dye were stained for typical N1
marker CD54 (ICAM-1) to validate their polarization states at t =
0 h and t = 24 h in the NTI-chip.2,19,121 Immunofluorescence
staining in the NTI-chip was performed as previously
described.47,116 Briefly, cells were washed with PBS (Gibco) twice
and fixed with 4% paraformaldehyde (PFA, Electron Microscopy
Sciences) for 15 min at room temperature. The cells were then
washed with PBS twice and permeabilized with 0.1% Triton
X-100 (Thermo Scientific Chemicals) for 30 min at room
temperature. Permeabilization was skipped for staining surface
marker CD54 on neutrophils. Cells were washed with PBS twice
and blocked with 10% goat serum (Invitrogen, 50062Z) for 2 h
at room temperature. To examine tumor spheroid phenotypes,
the NTI-chips were incubated overnight at 4 °C with a mixture
of mouse anti-Ki-67 (1 : 500, Invitrogen, 14569980) and rabbit
anti-vimentin (1 : 500, Proteintech, 103661AP) primary
antibodies diluted in 10% goat serum. To examine the
polarization state of neutrophils, the NTI-chips were incubated
overnight at 4 °C with the fluorescently conjugated antibody
anti-human CD54-Brilliant Violet 421 (1 : 100, BioLegend,
353131) diluted in 10% goat serum. The NTI-chips were washed
with PBS twice and incubated with PBS for 24 h at 4 °C on a
rocker for thorough washing. Tumor spheroids in the NTI-chips
were incubated for 10 h at 4 °C with a mixture of the goat anti-
mouse Alexa Fluor 488 (1 : 1000, Invitrogen, A11001) and goat
anti-rabbit Alexa Fluor 647 (1 : 1000, Invitrogen, A21245)
secondary antibodies diluted in 10% goat serum. To stain
F-actin separately, tumor spheroids in the NTI-chips were
incubated for 1 h at room temperature with Alexa Fluor 488
phalloidin (1 : 400, Invitrogen, A12379) and nuclei stain Hoechst
33342 (1 : 1000, Thermo Scientific, 62249) diluted in PBS. The
NTI-chips were washed with PBS twice and incubated with PBS
for 24 h at 4 °C on a rocker for thorough washing. To assess the

end-point apoptosis and overall death of tumor spheroids and
neutrophil infiltration after 24 h of time-lapse imaging, the NTI-
chips were fixed with 4% PFA for 15 min at room temperature,
filled with PBS, and stored at 4 °C in the dark until confocal
imaging. To validate the viability of tumor spheroids, the LIVE/
DEAD™ Viability/Cytotoxicity Assay Kit (1 : 2000, Invitrogen,
L32250) was added to the NTI-chips after 24 h culture in
medium alone or in 5% DMSO as a positive control. All reagents
were added to and removed from the NTI-chips through the
medium reservoirs in the volume of 100 μL.

The NTI-chips were imaged with a spinning disk confocal
microscope (Nikon CSU-W1) using a PLAN APO 10× (NA =
0.45) air objective to capture the viability, overall death, and
apoptosis of tumor spheroids and neutrophil infiltration or a
20× (NA = 0.80) air objective to capture F-actin, Ki-67, and
vimentin expressions. Z-stacks were acquired at 2 μm
intervals using NIS-elements software (AR 5.42.04) and
covered a thickness of ∼80–120 μm. For tumor spheroids,
PANC-1 cancer cells were captured on the mCherry channel,
apoptotic cells, Ki-67, or F-actin on the GFP channel, and
vimentin on the Cy5 channel. CellTracker BMQC Violet-
stained neutrophils or cell nuclei were captured on the DAPI
channel.

Tumor spheroid apoptosis was quantified by normalizing
the apoptotic volume by the total volume of the spheroid.91,92

The apoptotic volume of the spheroid was measured based
on FITC signals and the total volume of the spheroid based
on mCherry signals using the surface function of Imaris
10.2.0 software (Oxford Instruments) (Fig. 7A). FITC signals
colocalized with DAPI signals were apoptotic neutrophils and
thus excluded from analysis. To quantify neutrophil
infiltration per tumor spheroid, the number of neutrophils
within the reconstructed spheroid surface was measured
based on DAPI signals using the spot function of Imaris.78

Specifically, the XY diameter of the spots was set to 6.5 μm.
An infiltrated neutrophil was defined as a spot whose
shortest distance to the reconstructed spheroid surface is
lower than 3 μm, including those with negative values78

(Fig. 5A). Infiltration depth was defined as the absolute value
of the shortest distance of an infiltrated neutrophil to the
surface of the tumor spheroid. To quantify CD54 expression
per neutrophil, the surfaces of DiD-stained neutrophils were
created based on Cy5 signals, and the mean intensity of DAPI
signals within the reconstructed neutrophil surface was
measured. To quantify Ki-67 and vimentin expressions per
neutrophil, the surfaces of neutrophils were created based on
DAPI signals, and the mean intensities of FITC and Cy5
signals within the reconstructed neutrophil surface were
measured respectively. To quantify Ki-67 and vimentin
expressions per tumor spheroid, the mean intensities of FITC
and Cy5 signals within the spheroid surface created based on
mCherry signals were measured respectively. As neutrophils
were found to not express Ki-67 but express vimentin (Fig.
S10), Cy5 signals co-localized with DAPI signals were
vimentin-expressing neutrophils and thus removed from
analysis. Imaris was used to create 3D rendering of both
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experimental and extracted versions of representative
confocal images. ImageJ was used to create representative
confocal images using maximum intensity projections of
z-stacks and the same brightness and contrast settings were
applied to images of all experimental conditions for each
channel.

Flow cytometry to confirm marker expressions of neutrophil
subtypes

To validate the success of differentiation of HL-60 cells and the
polarization of dHL-60 neutrophils, we performed flow
cytometry to examine the expression levels of surface markers
by each cell type. N0, N1-like, and N2-like dHL-60 neutrophils
were collected after polarization to examine expressions of
general neutrophil marker CD11b,74,75 typical N1 markers CD54
(ICAM-1)high and CD62L (L-selectin)low, and typical N2 marker
CD182 (CXCR2)high.19 HL-60 cells without differentiation were
also collected to examine CD11b expression as a negative
control. All cells were washed with PBS once and stained with
Zombie R685™ Fixable Viability Kit (BioLegend, 423119) to
label dead cells for 15 min at room temperature. After washing
with Flow Cytometry Staining Buffer (Invitrogen, 00422226)
once, cells were stained with the corresponding fluorescently
conjugated antibodies: anti-human CD11b-Alexa Fluor 488 (1 :
200, BioLegend, 301317), anti-human CD54-Brilliant Violet 421
(1 : 20, BioLegend, 353131), anti-human CD62L-Brilliant Violet
605 (1 : 20, BioLegend, 304833), and anti-human CXCR2-PE (1 :
20, BioLegend, 320706) diluted in the staining buffer for 20 min
at 4 °C. After washing with the staining buffer once, cell
samples were fixed with 4% PFA for 10 min, resuspended in the
staining buffer, and stored at 4 °C in the dark until being
analyzed by an LSR Fortessa flow cytometer (BD Biosciences).

Data were analyzed using FlowJo 10.8.1 software (BD
Biosciences). For the gating strategy, cells were first gated
based on the side scatter area (SSC-A, cell granularity) versus
forward scatter area (FSC-A, cell size) density plot to exclude
debris. Single cells were then gated based on the forward
scatter height (FSC-H) versus forward scatter area (FSC-A)
density plot to exclude cell doublets. Live cells were then
gated based on their negative staining for the zombie dye to
exclude dead cells.

Reactive oxygen species (ROS) production assay

After polarization, N0, N1-like, and N2-like dHL-60
neutrophils were seeded on a V-bottom 96-well plate at a
concentration of 106 cells per mL in 100 μL of complete
IMDM and treated with 200 nM phorbol 12-myristate 13-
acetate (PMA) (Sigma-Aldrich, P8139) to induce ROS
production or with DMSO vehicle control in 100 μL for 30
min at 37 °C with 5% CO2. Dihydrorhodamine 123 (DHR
123) (Invitrogen, D23806) at 1 μM was pre-added to the
mixture to stain ROS. Cells were then incubated for 10 min at
4 °C to stop the reaction.122 After washing with Flow
Cytometry Staining Buffer at 4 °C once, cell samples were
kept on ice in the dark and analyzed by a LSR Fortessa flow

cytometer immediately. The median fluorescence intensity
(MFI) on the FITC channel was measured in FlowJo to
represent the level of ROS production.

Neutrophil extracellular trap (NET) release assay

After polarization, N0, N1-like, and N2-like dHL-60
neutrophils were incubated with nuclei stain Hoechst 33342
(1 : 1000, Thermo Scientific, 62249) diluted in complete
IMDM on a rotator at 37 °C for 10 min and washed with
complete IMDM once. Cells were then seeded on a glass-
bottom 96-well plate (Cellvis, P961.5HN) at a concentration of
8 × 105 cells per mL in 100 μL of complete IMDM and treated
with 50 nM PMA to induce NET release or with DMSO vehicle
control in 100 μL. SYTOX Green (Invitrogen, S7020) at 100
nM was pre-added to the mixture to stain extracellular DNA
as a component of NETs.13,123 Time-lapse imaging was
performed on a fully automated Nikon ECLIPSE Ti2-E
microscope using a Plan Apo 20× objective (NA = 0.80) at 37
°C with 5% CO2 to capture NET release over 6 h. Images were
acquired using NIS-elements (Nikon Inc.) software and
recorded using DAPI (dHL-60 neutrophils) and FITC (NETs)
channels at 1 h intervals. Image analysis was performed in
ImageJ. NET release was quantified as the percentage of NET-
releasing cells per image, i.e., the number of NETs divided by
the total number of cells per image. The number of NETs
was measured based on FITC signals using Thresholding and
Analyze Particles functions. Only objects with a larger area
than 13 μm2 were classified as NETs. The total number of
cells was measured based on DAPI signals using the
TrackMate plugin.

Neutrophil cytotoxicity assay in 2D monolayers

To validate the anti-tumor nature of N1-like neutrophils,
neutrophil cytotoxicity against PANC-1 cancer cells was
assessed in 2D monolayer co-cultures. PANC-1 cancer cells
from passages 4 to 14 were seeded on a glass-bottom 96-well
plate at a concentration of 105 cells per mL in 100 μL of
complete IMDM and incubated at 37 °C with 5% CO2 for 24
h. After media removal from the wells, N0, N1-like, or N2-like
neutrophils were added at a concentration of 2 × 106 cells per
mL in 100 μL of complete IMDM to the cancer cells to form
co-cultures. Complete IMDM containing 5% DMSO was
added where applicable as a positive control for cytotoxicity.
CellEvent™Caspase-3/7 Green at 2 μM was added to all
conditions to stain apoptotic cells. After 24 h incubation at
37 °C with 5% CO2, the cells were imaged on a Nikon
ECLIPSE Ti2-E microscope using a Plan Apo 20× objective
(NA = 0.80) to capture apoptosis. Images were acquired using
NIS-elements software and recorded using FITC (apoptotic
cells) and mCherry (cancer cells) channels. Image analysis
was performed in ImageJ. Neutrophil cytotoxicity was
quantified as the percentage of apoptotic cancer cells per
image, i.e., the number of apoptotic cancer cells divided by
the percentage of RFP fluorescence area occupied by all
cancer cells. A size filter of 50 μm2 to infinity was applied in
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the Analyze Particles function to exclude apoptotic
neutrophils and debris.

IL-8 secretion assay via enzyme-linked immunosorbent assay
(ELISA)

The secretion levels of IL-8 by different neutrophil subtypes
and by tumor spheroids were examined using ELISA. The
supernatants or conditioned media from N0, N1-like, and N2-
like dHL-60 neutrophils were collected after 24 h
polarization. The supernatant of PANC-1 tumor spheroids
was collected from the ULA six-well plate on day 2 of
spheroid culture. All supernatants were centrifuged at 2000 ×
g for 10 min at 4 °C to remove cellular debris. All
supernatants were frozen at −80 °C for up to one month until
analyzed. Concentrations of IL-8 in supernatants were
measured using the human IL-8 ELISA kit (BioLegend,
431507) according to the manufacturer's protocol. Samples
were tested in triplicate or duplicate without dilution. A
microplate reader (BioTek Epoch 2) was used to read the
absorbance at 450 nm. Prism 9 software (GraphPad) was used
to generate standard curves using the Richard's five-
parameter logistic equation and perform data interpolation.

Statistical analysis

All experiments were performed and replicated independently
at least three times, unless otherwise stated. Statistical
analysis was performed using Prism 9 software (GraphPad).
Data were expressed as means ± standard deviations (SD) as
indicated. All statistical tests used for the experiments can be
found in the corresponding figure legends. A Kruskal–Wallis
test or a Mann–Whitney test was used when the data did not
pass the Shapiro–Wilk normality test; otherwise, ANOVA or
an unpaired t test was used. Differences were considered
statistically significant for p < 0.05.
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