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Agonist signaling drives neutrophil
subpopulations to promote/inhibit
colorectal cancer liver metastasis
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Liver metastasis is a primary cause of death in colorectal cancer, yet the role of
immune cells called neutrophils in this process remains complex. In this study,
we identify three distinct neutrophil subtypes: anti-tumor high-density neu-
trophils, pro-tumor mature low-density neutrophils, and immature low-
density neutrophils. Here we show that tumor-derived GM-CSF converts anti-
tumor neutrophils into a pro-tumor state via the AKT-NF-kB-NFATS5 signaling
axis. These activated neutrophils, when further stimulated by CXCR2 ligands,
release web-like structures known as neutrophil extracellular traps which
promote cancer spread by enhancing cancer cell growth, suppressing immune
responses, and preparing the liver for metastasis. Importantly, we demon-
strate that using antibodies depleting neutrophils or drugs inhibiting their pro-
tumor activity effectively reduces liver metastasis in mice. Our work defines
specific neutrophil subsets as key drivers of cancer progression and highlights
their therapeutic potential in preventing metastatic spread.

Inrecent years, numerous advances in the diagnosis and treatment of  liver metastasis by promoting the migration and invasion of CRC

colorectal cancer (CRC) have been made; however, the associated
mortality rate remains very high'. Distant metastases, especially liver
metastases, are the leading causes of death in patients with CRC%
Malignant tumor cells metastasize to distant organs through a
complex series of steps, including invasion, circulation in vivo,
extravasation, and colonization, which are driven by both the
intrinsic and extrinsic factors of the tumor®>®. Our previous studies
have shown that the chemokine—CXCL5—is overexpressed in CRC
and is associated with distant metastasis and that CXCL5 promotes

cells and tumor angiogenesis’®. CXCLS, an epithelial-derived neu-
trophil-activating peptide’, is crucial in the recruitment and regula-
tion of neutrophil function in the tumor microenvironment
(TME)lo—B.

Neutrophils play an important role in tumor progression and
distant metastasis'". Neutrophils reportedly accumulate in the per-
ipheral blood of patients with advanced tumors, and a high circulating
neutrophil-to-lymphocyte ratio is a reliable biomarker for the poor
prognosis of various cancers'. Neutrophils support metastasis
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progression by releasing immunomodulators, growth factors, inflam-
matory mediators, proteases, and neutrophil extracellular traps
(NETs)""2°. Conversely, neutrophils have been evidenced to limit
malignant progression through direct tumor cytotoxicity or activation
of cells with anti-tumor functions®**. Therefore, the role of neu-
trophils in cancer has been debated, in addition to the hypothesis that
the presence of tumors could affect neutrophil activity and
function®?.

Given the complex role of neutrophils in cancer, herein, we dis-
tinguished three neutrophil subgroups in patients and mice with CRC,
namely high-density neutrophils (HDNs), mature low-density neu-
trophils (M-LDNs), and immature low-density neutrophils (IM-LDNs).
We comprehensively evaluated the surface marker characteristics,
gene expression levels, biological functions, and micromorphology of
the three neutrophil subsets. Additionally, we sought to understand
the interactions among neutrophils, CRC cells, and other anti-tumor
immune cells. Furthermore, we explored the potential of targeting
neutrophils and their two activation processes in CRC therapy. Our
study has important implications, as it offers insights on “double-
edged-sword” role of neutrophils in cancer.

Results

CXCLS5 promotes CRC liver metastasis by recruiting neutrophils
in vivo

The CXCL5-CXCR2 axis drives CRC liver metastasis’®, with neutrophil
involvement supported by existing evidence?”. Analysis of TIMER
database revealed positive correlations between CXCL5/CXCR2
expression and neutrophil infiltration across malignancies, including
CRC (Fig. S1A-F). GEPIA data further demonstrated CXCL5/CXCR2 co-
expression with neutrophil-associated genes (CD16, SIO0A9, CSF3R,
ITGAM, CD33, OLRI) in CRC (Fig. S1G). TCGA and CPTAC analysis
confirmed associations between neutrophil marker expression, CRC
progression, and poor prognosis (Fig. S2A-E). A tissue microarray of
78 pairs of CRC and adjacent normal intestinal tissues’ showed
CXCL5/CXCR2 expression positively correlated with CD66b*MPO*
neutrophil infiltration (Fig. S3A-H). Consistently, immunohisto-
chemical (IHC) analysis of paired CRC liver metastasis specimens
revealed elevated CXCLS5 expression and neutrophil density in both
primary tumors and metastatic tissues (Fig. S3I, J).

Using CT26 mouse models, we found CXCL5 knockdown (sh-
CXCLS5) significantly inhibited colon cancer growth and liver metas-
tasis in immunocompetent BALB/c mice, while suppressing only liver
metastasis in T-cell-deficient nude mice (Fig. 1A, S4A-D). Neutrophil
infiltration (labeled by CD11b/LY6G/S100A9 staining) was markedly
reduced in sh-CXCL5 tumors and liver metastases (Fig. 1B, S4E-G).
Subsequent anti-Ly6G-mediated neutrophil depletion further sup-
pressed metastatic progression (Fig. 1C, S4H), confirming that CRC-
derived CXCL5 promotes liver metastasis through neutrophil
recruitment.

CRC cells recruit and activate neutrophils through CXCR2
ligands in vitro

Given CRC cells recruit neutrophils in vivo (Fig. S41, J), we investigated
their effects on neutrophils in vitro. Neutrophils isolated from CRC
patient peripheral blood were used, as tumors typically recruit circu-
lating neutrophils to the TME*’. Both CRC cell-conditioned medium
(CM) and CXCLS5 induced neutrophil chemotaxis (Fig. 1D, E, S4K).
SB225002 (CXCR2 inhibitor) completely blocked CRC-induced neu-
trophil migration, while anti-CXCL5 neutralizing antibodies only par-
tially inhibited it (Fig. 1F), suggesting additional CXCR2 ligands
contribute to recruitment. UALCAN analysis confirmed high expres-
sion levels of CXCL1, CXCL2, CXCL3, CXCL6, CXCL7, and CXCL8 in CRC
(Fig. S5A), and TIMER data revealed their positive correlations with
neutrophil infiltration in solid tumors (Fig. S5B, C). Finally, CXCL5/6/8-
induced chemotaxis was verified in vitro (Fig. 1G).

NETosis, a distinct form of neutrophil death inducible by external
stimuli and implicated in tumor progression”*, was quantified by
measuring extracellular NETs release using SYTOX Green staining. CRC
cells effectively induced neutrophil activation and NETosis (Fig. 1H),
and this process was blocked by SB225002 (Fig. 1I). Single CXCR2
ligands (5ng/mL) failed to trigger NETosis (Fig. 1)), but high con-
centrations (20 ng/mL) of CXCL5/6/8 significantly induced NETosis in
stage IlI-IV CRC neutrophils (Fig. 1K), consistent with known
concentration-dependent responses®. This differential responsive-
ness to CXCR2 ligands across tumor stages prompted us to char-
acterize neutrophil heterogeneity across CRC progression stages.

Three neutrophil types are present in patients and mice

with CRC

Previous studies have reported a classification method for neutrophil
subpopulations defined by the density gradient?**’. Dual-density
centrifugation divided cells into three layers: low-density layer (rich
in LDNs), high-density layer (rich in HDNs), and red blood cell (RBC)
layer (Fig. 2A). Analysis of CRC patient peripheral blood revealed
increased low-density neutrophils in stage IlI-IV versus stage I-II
patients (Fig. 2B). Microscopically, nuclear morphology dis-
tinguished immature (IM-LDN; lobular nucleus) and mature LDNs (M-
LDN; segmented nucleus) in low-density layer, while HDNs were
uniformly mature (Fig. 2C). Flow cytometry was then used to detect
the cell subsets in each layer, selecting the granulocyte marker
(CD11b), monocyte marker (CD14), and neutrophil maturation mar-
kers (CD66b, CD10) as the detection indices. The results showed that
the high-density layer contained mature HDNs
(CD14'CD11b*CD66b*CD10*SSCMe"FSCen), whereas the low-density
layer contained M-LDN (CD14 CDI11b*CD66b*CD10*SSCMeE"FSChieh),
monocytes (CD14'CD11b*CD66b'CD10'SSC*"FSC™), and IM-LDN
(CD14°CD11b*CD66b CD10'SSCFSC'™) (Fig. 2D, E). Analysis of 30
patients demonstrated significantly increased M-LDN proportions
during tumor progression, with stable HDN/IM-LDN levels
(Fig. 2F, S6A).

The orthotopic CRC model with spontaneous metastasis was
established using Microsurgical Implantation (MSOI) method®
(Fig. S6B). Peripheral blood from CRC mice was also analyzed, and the
three types of neutrophils (HDNs, M-LDNs, and IM-LDNs) were
observed under a microscope (Fig. 2G). Flow cytometry confirmed that
both HDNs and M-LDNs expressed neutrophil markers CD11b and
Ly6G, while CDI11b*Ly6G myeloid cells were distinctly identified
(Fig. 2H, ). Neutrophil subset distributions in peripheral blood were
assessed across four groups: normal controls, early-stage CRC,
advanced-stage CRC, and liver metastasis-bearing mice. HDN and
M-LDN proportions progressively increased with tumor progres-
sion (Fig. 2)).

Next, neutrophils in the tumor tissues from patients with CRC
were detected. Microscopy and flow cytometry confirmed the pre-
sence of CD11b*CD66b" M-LDN and CD11b*CD66b* HDN (Fig. 2K, L).
M-LDNs showed elevated CD11b/CD66b but reduced CD16/CD10 ver-
sus HDNs (Fig. S6C). Multispectral IHC (mIHC) of CRLM tissues showed
HDNs predominant in normal intestine, M-LDNs dominant in CRC and
metastatic liver tissues, and both HDN and M-LDN were identified in
the adjacent liver tissues (Fig. 2M). With tumor progression, HDN and
M-LDN infiltration in the CRC tissues significantly increased (Fig. 2N,
S6D). Similar to the results in human CRC, CD11b*Ly6G" M-LDNs and
CD11b'Ly6G* HDNs were identified in mouse colon cancer tissues
(Fig. 20, P).

HDNs exhibit anti-tumor properties while M-LDNs display pro-
tumor characteristics

Neutrophil heterogeneity between circulation and TME can be ana-
lyzed using specific biomarkers**, We purified HDNs, M-LDNs, and
IM-LDNs from CRC patient peripheral blood via magnetic bead sorting,
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Fig. 1| Colorectal cancer (CRC) cells recruit and activate neutrophils both

in vivo and in vitro, in part through CXCR2 ligands. Knockdown of CXCL5
expression in colon cancer cells significantly inhibited liver metastases (A) and
neutrophil infiltration (B) in Balb/c mice and nude mice. Scale bars, 1000 pum.n=3,
data were presented as mean + SD, two-tailed unpaired T-test. C Neutrophil
depletion by anti-Ly6G significantly inhibited colon cancer liver metastases in Balb/
¢ mice and nude mice. Scale bars, 1000 um. n =3, data were presented as mean +
SD, two-tailed unpaired T-test. D The migration assay showed that the culture
medium (CM) from human colon epithelial cells NCM460 and CRC cell lines (LOVO,
SW620, SW480, SW1463) significantly recruited neutrophils. n =3 for each group,
data were presented as mean + SD, one-way ANOVA. E The migration assay
demonstrated CXCLS5-induced neutrophil recruitment in a concentration-
dependent manner (stimuli concentrations indicated). n =4, data were presented
as mean + SD, one-way ANOVA. F The migration assay revealed that CXCR2 inhi-
bition (§B225002, 10 nM) completely prevent neutrophil chemotaxis toward CRC
cells, while anti-CXCLS neutralizing antibodies (10 pg/mL) partially inhibited
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chemotaxis. n =4, data were presented as mean + SD, two-way ANOVA. G The
migration assay confirmed that CXCL5, CXCL6, and CXCLS8 (5 ng/mL) recruited
neutrophils effectively in vitro. n =3, data were presented as mean + SD, one-way
ANOVA. H NETosis analysis indicated that CM from CRC cell lines effectively acti-
vate neutrophils to release NETs. PMA (25 ng/mL) was used as positive control.
Scale bars, 200 pm. n =3, data were presented as mean + SD, one-way ANOVA.

I NETosis analysis showed that CXCR2 inhibitor (SB225002, 10 nM) effectively
prevent NETosis development. Scale bars, 200 um. n =3, data were presented as
mean * SD, two-tailed unpaired T-test.J CXCR2 ligands (5 ng/mL) did not effectively
activate neutrophil NETosis. PMA (25 ng/mL) was used as positive control. Scale
bars, 200 pm. n =3, data were presented as mean * SD, one-way ANOVA. K High
concentrations of CXCLS, CXCL6, and CXCL8 (20 ng/mL) significantly activated
NETosis in neutrophils from stage IlI-IV CRC patients. Stimuli concentrations as in
Supplementary Data. 2, PMA (25 ng/mL) as positive controls. Scale bars, 200 pm.
n =3, data were presented as mean + SD, two-way ANOVA. See also Figs. S1-5.
Source data are provided as a Source Data file.

with efficiency validated by flow cytometry and microscopy (Fig. S7A-
C). Flow cytometry was used to detect the expression of cell surface
markers, and revealed that IM-LDNs lacked maturation markers
(CD66b/CD15/CD16/CD10/CXCR2) compared with mature neutrophils
(Fig. 3A, S7D). M-LDNs showed elevated maturation markers (CD11b/
CD66b/CD15) and G-MDSC markers (CD274/LOX-1) with consistent
expression across CRC stages (Fig. S7E).

Gene expression profiles of HDNs, M-LDNs, and IM-LDNs were
determined using Digital RNA with Perturbation of Genes (DRUG-seq),
showing strong intra-subset consistency across CRC patient sources
(Fig. 3B, S8A). Correlation analysis with five independent studies®*°
demonstrated alignment between our neutrophil states and published
tumor-infiltrating neutrophil subpopulations (Fig. 3C, S8B). Single-cell
RNA sequencing (scRNA-seq) of 11 CRC tumor tissues was performed,
followed by dimensionality reduction and neutrophil clustering. After
the correction of batch effect, six neutrophil subclusters were identi-
fied (Fig. 3D, S8C, D, F). These subclusters correlated with our neu-
trophil subsets: HDNs with Neutrophils_SI00A12, M-LDNs with
Neutrophils_LCN2, and IM-LDNs with Neutrophils IGHG3 (Fig. 3E).

Differentiation trajectories suggested Neutrophils LCN2 derivation
from Neutrophils_S1I00A12 (Fig. S8E). Gene-set variation analysis
revealed Neutrophils_LCN2 enrichment in oxidative phosphorylation
genes and Neutrophils_S100A12 in T-cell activation genes (Fig. S8G).
These results suggested that HDNs, M-LDNs, and IM-LDNs in the per-
ipheral blood from CRC patients were highly similar to tissue-
infiltrating neutrophils, and that HDNs and M-LDNs may have differ-
ent functions in terms of oxidative burst and T cell activation.

The functions of the neutrophils include chemotaxis, phagocy-
tosis, antitumor activity, immunosuppression, oxidative stress,
degranulation, and NETosis***. Chemotaxis assays revealed HDNs
exhibited strongest migration toward CRC cells and normal intestinal
epithelial cells (NCM460), while M-LDNs showed partial chemotaxis
to CRC cells and IM-LDNs had no chemotaxic property (Fig. 3F).
Phagocytic capacity was retained in HDNs and M-LDNs but absent in
IM-LDNs (Fig. 3G). Co-culture experiments demonstrated only HDNs
killed and induced apoptosis in CRC cells (Fig. 3H, I, S9A), whereas
M-LDNs uniquely suppressed T-cell proliferation and antitumor
function (Fig. 3J, K). Oxidative stress analysis showed that M-LDNs
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released high H,0, into CM (Fig. 3L), M-LDNs mainly produced ROS,
and HDNs mainly produced mitochondrial ROS (Fig. 3M, N). M-LDNs
were more prone to higher levels of NETosis than HDN and IM-LDN
(Fig. 30). Oxidative bursts and NETosis inducers were used to pre-
treat neutrophils to measure the ability of neutrophil subsets to
respond to external stimuli. HDNs responded to PMA, ionomycin,
and LPS to produce H,0, and mitochondrial ROS, whereas M-LDNs
were mainly stimulated by PMA to produce ROS and release H,0,
into the CM (Fig. 3P, S9B-D). PMA, ionomycin, and LPS could induce
HDN and M-LDNs undergoing NETosis (Fig. 3Q), demonstrating
shared responsiveness to external stimuli.

Neutrophil granules include elastase (NE), azurocidin (AZU),
myeloperoxidase (MPO), and cathepsin G (CG)****. Enzyme-linked
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immunosorbent assay (ELISA) measured granule protein levels in
HDN- and M-LDN-CM, revealing greater particle release from HDNs.
HDNs secreted NE, MPO, AZU, and CG, while M-LDNs primarily
released MPO and AZU (Fig. 3R). Electron microscopy showed HDNs
as spherical with abundant cytoplasmic particles, whereas M-LDNs
appeared elliptical with reduced particles (Fig. 3S). CRC cell line
SW620 was used to construct liver metastasis model in nude mice,
adoptively transferred HDNs inhibited metastases while M-LDNs
promoted them (Fig. 3T, S9E, F). These results suggest that HDNs
may predominantly function as anti-tumor neutrophils, while
M-LDNs appear to exhibit pro-tumor properties. Given that the
degranulation process of HDNs may potentially contribute to the
formation of pro-tumor neutrophil pools, we next examined the
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Fig. 2 | Patients and mice with colorectal cancer (CRC) have three different
types of neutrophils. A Cells were separated into three distinct layers via dual-
density Histopaque centrifugation (1077/1119). Top to bottom were low-density
layer, high-density layer, and red blood cell (RBC) layer, respectively. B Microscopic
images showed that the low-density layers in the blood from patients with stage IlI-
IV CRC were rich in neutrophils. Scale bars, 200 um. C Based on the morphology of
the nucleus, low-density neutrophils (LDNs) comprised immature neutrophils (IM-
LDNs) and mature neutrophils (M-LDNs), while the high-density neutrophils (HDNs)
were uniformly mature. Scale bars, 200 um. D The low-density layer contained
three cell populations: M-LDNs (CD14 CD11b*CD66b"CD10*SSC"e"FSC"e"), mono-
cytes (CD14*CD11b*CD66b CD10'SSC'**FSC™), and IM-LDNs

(CD14 CD11b*CD66b'CD10'SSC°*FSC'*"). E The high-density layer contained HDNs
(CD14'CD11b*CD66b*CD10*SSCM"FSCMe"), F During tumor progression, the pro-
portions of HDNs and IM-LDNs did not significantly change, while the proportion of
M-LDNs significantly increased. n = 6, data were presented as mean * SD, one-way
ANOVA. G Microscopic examination of peripheral blood from mice with CRC liver
metastases revealed M-LDNs and IM-LDNs in the low-density layer, and HD in the
high-density layer. Scale bars, 200 pm. H, I The low-density layer contained M-LDNs
(CD11b*Ly6G*SSC"e"FSC"e") and CD11b*Ly6G myeloid cells

(CD11b*Ly6G SSC'FSC™"), while the high-density layer included HDNs
(CD11b*Ly6G'SSC™e"FSC"e"), J Orthotopic CRC spontaneous metastasis model was
established by Microsurgical Implantation, and mice were divided into healthy
controls, early-stage CRC, advanced-stage CRC, and liver metastasis groups based
on tumor progression timeline. During tumor progression, the proportion of
CD11b*Ly6G myeloid cells decreased, while the proportion of HDNs and M-LDNs
significantly increased. n =7, data were presented as mean + SD, one-way ANOVA.
K, L The tumor tissue from patients with CRC contained M-LDNs
(CD16*CD11b*CD66b'CD10*SSC"e"FSC"") and HDNs
(CD16'CD11b"CD66b"CD10*SSCE"FSC™e"), Scale bars, 200 pm. M Multiplex
immunohistochemical (mIHC) analysis revealed HDNs predominance in healthy
intestinal tissues, M-LDN predominance in CRC and liver metastases, and coex-
istence of both HDN and M-LDN in metastasis-adjacent normal liver tissues. Scale
bars, 200 pm. N During tumor progression, the proportion of HDNs and M-LDNs
significantly increased. n =3, data were presented as mean + SD, one-way ANOVA.
0, P The tumor tissue from the liver metastases mice contained M-LDNs
(CD11b*Ly6G*SSCe"FSC"e") and HDNs (CD11b*Ly6G*'SSC"e"FSCMe"), Scale bars, 200
pm. Data shown in Fig. 2B, C, G, K, M, and O are representative of three independent
experiments. See also Figure S6. Source data are provided as a Source Data file.
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Fig. 3 | Functional and gene expression characteristics of three neutrophil
subsets in colorectal cancer (CRC) patients. A Surface marker expression profiles
of three neutrophil subsets. Created in BioRender. Guo, Z. (2025) https://
BioRender.com/lay5uxr. B DRUG-seq analysis of HDNs, M-LDNs, and IM-LDNs from
the peripheral blood of CRC patients. Heatmap shows upregulated genes.

C Comparison of three neutrophil subsets from the peripheral blood samples in
this study with published human neutrophil states. D The scRNA-seq of 11 CRC
tumor tissues (GSE302903), and UMAP plots displayed the six neutrophil subsets in
the CRC tissues. E Comparisons among three neutrophil subsets from peripheral
blood with six neutrophil subsets from the tumor tissues of patients with CRC.

F The migration assay showed that HDNs exhibited the highest chemotaxis toward
both CRC and healthy intestinal epithelial cells, M-LDNs showed partial chemotaxis
toward CRC cells, whereas no chemotaxis was observed for IM-LDNs. n=3, data
were presented as mean + SD, two-way ANOVA. G Phagocytosis assay showed
M-LDNs exhibited higher phagocytic ability than HDNs, whereas IM-LDNs retained
no phagocytic function. Scale bars, 200 pm. n=9, data were presented as mean +
SD, one-way ANOVA. H The killing assay showed that HDNs were cytotoxic to CRC
cells in a coculture environment, whereas M-LDN and IM-LDN did not show any
cytotoxic effects. n=3, data were presented as mean + SD, two-way ANOVA. I The
apoptosis detection showed that HDNs induced apoptosis in CRC cells in a cocul-
ture environment, whereas M-LDNs and IM-LDNs did not. n =4, data were pre-
sented as mean * SD, one-way ANOVA. J CFSE staining was used to evaluate the
proliferation of T cells, and the fluorescence of the proliferating cells was reduced.
M-LDNs inhibited T-cell proliferation, whereas HDNs and IM-LDNs did not.

K CD8'T cells were pretreated with neutrophils and then co-cultured with CRC
patient-derived organoids (PDOs). The killing assay showed that activated CD8 T

were toxic to CRC PDOs. M-LDN and IM-LDN significantly inhibited the T-cell killing
of CRC PDOs, whereas HDNs exhibited no such effect. n = 3, data were presented as
mean + SD, two-way ANOVA. L The H,0, content in the cell culture medium (CM)
and the lysate of neutrophils were detected, M-LDNs released high H,0, into the
CM. n =3, data were presented as mean * SD, two-way ANOVA. M, N The oxidative
stress level analysis showed that M-LDNs mainly produced and released reactive
oxygen species (ROS), whereas HDNs mainly produced and released mitochondrial
ROS. O SYTOX Green was used to measure NET release to assess NETosis rate in
neutrophils. M-LDNs were more prone to high rate of NETosis. Scale bars, 200 pm.
P M-LDNs were more prone to release H,0 into the CM when induced by PMA
(25 ng/mL), ionomycin (5 pM), or LPS (100 ng/mL). n =3, data were presented as
mean + SD, two-way ANOVA. Q NETosis was induced in HDNs and M-LDNs using
PMA (25 ng/mL), ionomycin (5 uM), and LPS (100 ng/mL). Scale bars, 200 pm. n=3,
data were presented as mean + SD, two-way ANOVA. R The content of granular
constituents in the CM of HDN and M-LDN were analyzed using ELISA. HDNs can
release more particles than M-LDNs. HDNs secreted NE, MPO, AZU, and CG,
whereas M-LDNs mainly secreted MPO and AZU. n = 6, data were presented as mean
+ SD, two-tailed unpaired T-test. S The electron microscope showed the intracel-
lular structure. HDN was spherical, and the cytoplasmic particles were large,
whereas M-LDN was oblong with smaller cytoplasmic particles. Data are repre-
sentative of three independent experiments. Scale bars, 2 um. T CRC cell line,
SW620, was used to construct liver metastasis model in nude mice. HDN treatment
inhibited liver metastases, whereas M-LDN promoted liver metastases. Data are
representative of three independent experiments. Scale bars, 2000 pm. Stimuli
concentrations as in Supplementary Data. 2. See also Figure S7-9. Source data are
provided as a Source Data file.

ability of CRC cells to transform HDNs into M-LDNs and the asso-
ciated regulatory mechanisms.

GM-CSF promotes HDN-mediated tumor cell killing and drives
phenotypic conversion toward M-LDN
Given tumor microenvironments mimic chronic inflammation**, neu-
trophil subsets were analyzed in inflammatory conditions. Both human
inflammatory patients and LPS-treated mice showed increased M-LDN
proportions versus controls (Fig. SI0A-J). As inflammatory conditions
activate neutrophils and induce degranulation®, we propose tumor-
derived stimuli may trigger HDN degranulation and drive their phe-
notypic conversion toward M-LDN (Fig. 4A). To identify activating
molecules, CRC cell line CM was screened for HDN activation capacity
using tumor-killing assays (Fig. 4B, S11A). Surface marker changes
(CD11b/CD66b/LOX-1/CD274) and ROS production served as conver-
sion indicators (Fig. S11B). Based on the detection of the various indi-
cators, CT26, SW480, LOVO, SW48, HT29, SW620, and SW1463 were
defined as HDN-activated CRC cells, whereas Caco2, DLD1, RKO,
SWI116, and HCT116 were defined as non-HDN-activated CRC cells
(Fig. 4C, SI1C).

Luminex analysis showed high secretion of eight proteins in the
CM of the HDN-activated CRC cells (Fig. S11D, Supplementary Data 6),
and microarray analysis showed high secretion levels for 11 proteins
(Fig. 4D, Supplementary Data 7). The CCLE database showed high
expression levels of five genes in the HDN-activated CRC cells
(Fig. SIIE). Integration revealed seven candidate activators: GM-CSF,
BMP4, IL-13, CXCL6, CCL15, CCL24, and IGFBP4 (Fig. 4E). Functional
validation confirmed only GM-CSF activated HDN-to-M-LDN conver-
sion, enhancing tumor-killing (Fig. 4F), upregulating surface markers
(CD11b/CD66b/LOX-1/CD274), inducing mitochondrial ROS, and ele-
vating M-LDN signature genes’ expression (Fig. 4G, H). Anti-GM-CSF
blocked CRC-CM-induced HDN activation (Fig. 41, SIIF, G). Public
datasets (GSE166555, EMTAB8107, and GSE146771) showed GM-CSF
expression in macrophages, T cells, B cells, fibroblasts, and epithelial
cells (Fig. S11H). mIHC staining showed that GM-CSF co-localized with
the CRC cell-specific marker EpCAM (Fig. S11I).

HDN activation can cause the release of ROS, mitochondrial ROS,
degranulation, and NETs, all of which reportedly have lethal effects®*.,
Activated HDNs were fractionated into cell precipitate, NETs, and CM,

with CM mediating primary anti-tumor activity (Fig. 4)). Pretreatment
with MitoTEMPO (mitochondria-targeting antioxidant) and Nex-
inhib20 (degranulation inhibitor) reversed the anti-tumor effect of
HDN (Fig. 4K), confirming its mitochondrial ROS and degranulation
dependency. Electron microscopy visualized GM-CSF-enhanced
degranulation (Fig. 4L). Ultrafiltration centrifugation of HDN CM
showed >10 kDa, >30 kDa, and <100 kDa components killed CRC cells
(Fig. 4M). Per manufacturer data, effective proteins approximated
30 kDa; prior studies note NE, AZU, and CG at ~30 kDa versus MPO at
80 kDa. ELISA confirmed GM-CSF-induced NE, AZU, and CG release
(Fig. S12A). Recombinant human AZU and NE proteins confirmed
cytotoxic effects in vitro (Fig. 4N, S12B), demonstrating that HDN-
mediated CRC cell killing primarily involves mitochondrial ROS and
degranulation products AZU/NE.

Next, we assessed the effect of targeted inhibition of GM-CSF on
liver metastasis in vivo. Anti-GM-CSF neutralizing antibodies promoted
CRC liver metastasis in mice (Fig. 40, S12C). While GM-CSF targeting
didn’t affect total neutrophil recruitment to metastases, it significantly
reduced MPO* neutrophil infiltration in liver metastasis and decreased
blood M-LDN proportions and NETs concentrations (Figs. S12D, E,
S17F-I). To directly visualize HDN-mediated tumoricidal effects in vivo,
we conducted complementary studies in T cell-deficient nude mice.
Local intratumoral injection of HDNs significantly suppressed
SW620 subcutaneous tumor growth in neutrophil-depleted nude mice
pretreated with anti-Ly6G (Fig. S12F, G). Although anti-Ly6G mono-
therapy suppressed CRC progression, suggesting net pro-tumor neu-
trophil activity in vivo, and GM-CSF increased M-LDN proportions in
CRC, these effects were insufficient to reverse the dominant anti-
tumor outcome resulting from GM-CSF-induced HDN activation
(Fig. S12H-I).

GM-CSF induces the conversion of HDN to M-LDN through the
AKT/NF-kB/NFATS axis

To identify gene expression changes in GM-CSF-activated HDN, we
performed DRUG-seq (Fig. 5A, B). KEGG pathway analysis of differen-
tially expressed genes after GM-CSF treatment identified enrichment
in PPARYy, PI3K-Akt, and NF-kB signaling pathways (Fig. 5C). GM-CSF
upregulated RNA expression of transcription factors PPARG, XBPI,
NFATS, and BHLHE40 (Fig. 5D), with protein-level validation showing
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Fig. 4 | GM-CSF induced HDN:s to kill colorectal cancer (CRC) cells and trans-
form HDNs into M-LDNs. A Hypothesis diagram showing how CRC cells activate
HDNs to induce degranulation and their transformation into M-LDNs, followed by
re-degranulation and NETosis of M-LDNs. Created in BioRender. Guo, Z. (2025)
https://BioRender.com/dcwuy59. B Experimental design: culture medium (CM)
from different CRC cell lines was used to culture HDNs, and then HDN-CM was
collected to treat CRC cells. HDN activation was evaluated by the killing effect of
HDN-CM on CRC cells, identifying CRC cell lines capable of effectively activating
HDNs (HDN-activated CRC cells). C Killing assay: CT26, SW480, LOVO, SW48, HT29,
SWI1463, and SW620 potently activated HDNs and are defined as HDN-activated
CRC cells. Caco2, DLD1, RKO, SW1116, and HCT116 did not effectively activate HDNs
and are defined as non-HDN-activated CRC cells. D Microarray analysis showed
elevated levels of 11 proteins (CCLS, IL4, IGFBP2, CCL7, CCL24, GM-CSF, CCL15,
CXCL6, IGFBP4, BMP4, IL-1B) in the CM for the HDN-activated CRC cells (SW620
and SW1463). E Venn diagram identified seven HDN-activating candidates: CCL24,
GM-CSF, CCL15, CXCL6, IGFBP4, BMP4, and IL-1B. F GM-CSF significantly induce the
anti-tumor function of HDNSs versus other candidates. n = 7, data were presented as
mean * SD, one-way ANOVA. G GM-CSF upregulated M-LDN surface markers
(CD66b, CD11b, CD274, LOX-1) expressions and mitochondrial ROS production in
HDNs. H GM-CSF downregulated HDN signature genes but upregulated M-LDN
signature genes in HDNSs. I Anti-GM-CSF, anti-BMP4, and anti-IL-1B antibodies

inhibited CRC-CM-induced HDN activation. n =3, data were presented as mean +
SD, two-way ANOVA. J HDNs were fractionated into three components: cell pre-
cipitation, NETs, and CM. The anti-tumor functions of activated HDNs were pri-
marily mediated through HDN-CM, whereas NETs conversely promoted CRC cell
proliferation. n = 6, data were presented as mean + SD, two-way ANOVA.

K MitoTEMPO (mitochondria-targeted antioxidant) and Nexinhib20 (neutrophil
degranulation inhibitor) blocked antitumor effects of HDNs. n =3, data were pre-
sented as mean + SD, two-way ANOVA. L Electron microscopy showed the intra-
cellular structure of HDNs, and GM-CSF stimulation reduced cytoplasmic granules
in HDNs. Data are representative of three independent experiments. Scale bars,

2 pm. M The results of killing assay. In the CM of activated HDN, components with
molecular weights >10 kDa, >30 kDa, and <100 kDa significantly killed CRC cells.
n =3, data were presented as mean * SD, two-way ANOVA. N Human recombinant
AZU and NE had dose-dependent killing effects on CRC cells in vitro. 0 CT26 was
used to establish a liver metastasis model in BALB/c and nude mice. Anti-GM-CSF
antibody treatment significantly promoted liver metastases. Scale bars, 1000 pm.
n =3, data were presented as mean + SD, two-tailed unpaired T-test. Stimuli con-
centrations: GM-CSF (10 ng/mL); others as in Supplementary Data. 2; PMA (25 ng/
mL)/ionomycin (5 uM) as positive controls. See also Figure S10-12 and Supple-
mentary Data. 6, 7. Source data are provided as a Source Data file.

increased expression and activation of XBP1, NFATS5, and p65 (NF-kB)
(Fig. 5E, S13S). Pretreatment with B-I09 (IRE-1 RNase inhibitor), KRN2
(NFATS inhibitor), and BAY11-7082 (NF-kB inhibitor) blocked HDN-to-
M-LDN, evidenced by suppressed upregulation of CD11b/CD66b/LOX-
1/CD63, reducing mitochondrial ROS, downregulating M-LDN sig-
nature genes, and enhancing HDN anti-tumor function (Fig. SF-H).

Neutrophil extracellular stimulation signals are reportedly trans-
mitted downstream through specific receptors to activate MAPK, PI3K,
and other pathways***°. GM-CSF upregulated the phosphorylation
levels of AKT and mTOR in HDNs (Fig. 51, S13B). LY294002 (PI3K
inhibitor) and AZD5363 (AKT inhibitor) inhibited GM-CSF-induced
conversion of HDN to M-LDN (Fig. 5J, S13C, D). The interaction between
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NFATS5 and NF-kB has been reported®**. Western blot confirmed that
PI3K/AKT/NF-kB promoted XBP1/NFATS expression and participated
in the cleavage of XBP1 and dephosphorylation activation of NFATS,
while XBP1/NFATS5 enhanced NF-kB phosphorylation (Fig. 5K, S13E).
GO analysis showed top pathways in GM-CSF-stimulated HDNs
including calcium signaling, mitochondrion organization, protein
secretion, and leukocyte activation (Fig. 5L). qRT-PCR confirmed GM-
CSF upregulated ER stress, immunosuppression, degranulation, water
channel, and mitochondrial oxidative stress genes in HDN (Fig. 5SM).
GM-CSF promoted the activity of ER stress and calcium signaling-
related regulatory proteins in HDN (Fig. S13F). GM-CSF inhibited HDN
apoptosis (Fig. 50, S13G), elevated mitochondrial membrane potential
(Fig. 5P, SI13H), and increased intracellular Ca2* (Fig. 5Q). TUDCA (ER

inhibitor), Nexinhib20, and MitoTEMPO pretreatment revealed
TUDCA/Nexinhib20/MitoTEMPO blocked the GM-CSF-induced con-
version of HDN to M-LDN (Fig. 5R, S).

In vivo, Nexinhib20 decreased the proportion of M-LDNs in the
blood of mice, but had no effect on the proportions of HDN or IM-LDN
(Fig. S13I). XBP1 and NFATS5 were involved in the regulation of intra-
cellular calcium (Fig. 5T), AKT/ NF-kB was involved in the anti-
apoptosis signaling (Fig. 5U, S13J), and PI3K/AKT/NF-kB was involved in
the stabilization of mitochondrial membrane potential (Fig. 5V, S13K).
gPCR assay showed that NF-kB, NFATS5, PI3K and AKT participated in
the regulation of genes related to immunosuppression, degranulation,
water channel, and mitochondrial oxidative stress, while XBP1 was
mainly involved in the regulation of ER stress (Fig. SW). The results
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Fig. 5| GM-CSF induces the conversion of HDN to M-LDN through the AKT/NF-
KkB/NFATS axis. DRUG-seq was used to analyze HDNs and HDNs after GM-CSF
stimulation. Volcano plot (A) and Heatmap (B) of differentially expressed genes
(DEGs).n =9, two-sided Wald test. DEGs were defined as [log2FC| > 1 and adjusted p-
value < 0.05. C KEGG pathway analysis identified top enriched pathways in GM-CSF-
stimulated HDNs. D qPCR confirmed GM-CSF-induced upregulation of transcrip-
tion factors PPARG, XBP1, NFATS and BHLHE40 in HDNs. E Western blot showed that
GM-CSF upregulated the expression of XBP1 splicing isoform (XBP1s) and NFATS;
promoted phosphorylation of p65; and reduced phosphorylation of p65 NFATS.
n =3, data were presented as mean + SD, two-tailed Ratio paired T-test. F Inhibitors
B-109 (IRE1 RNase), KRN2 (NFATS5), and BAY11-7082 (NF-kB) blocked GM-CSF-
induced conversion of HDN to M-LDN, including the upregulation of CD66b,
CD11b, CD63, and LOX-1, as well as the production of mitochondrial ROS. G KRN2
and BAY11-7082 blocked GM-CSF-induced conversion of HDN to M-LDN, including
downregulated the expression of the HDN signature genes and upregulated M-LDN
signature genes. H B-109, KRN2 and BAY11-7082 blocked GM-CSF-induced HDN
anti-tumor function. n =3, data were presented as mean + SD, two-way ANOVA.

I Western blot showed that GM-CSF up-regulated the phosphorylation of AKT and
mTOR. n=3, data were presented as mean + SD, two-tailed Ratio paired T-test.
JLY294002 (PI3K inhibitor) and AZD5363 (AKT inhibitor) blocked GM-CSF-induced
HDN anti-tumor function. n =3, data were presented as mean + SD, two-way
ANOVA. K Western blot demonstrated that GM-CSF upregulated the expression of
XBP1s and XBP1u, which could be blocked by B-109, BAY11-7082, LY294002 and
AZD5363; GM-CSF up-regulated the expression of NFATS5, which could be blocked
by B-109, KRN2, BAY11-7082 and AZD5363; GM-CSF up-regulated NFATS activation
through dephosphorylation, which could be blocked by BAY11-7082 and
LY294002; GM-CSF promoted the phosphorylation of p65, which could be blocked
by B-109, BAY11-7082, LY294002 and AZD5363. n = 3, data were presented as mean
+SD, one-way ANOVA. L GO pathway analysis shows top enriched pathways in GM-
CSF-stimulated HDNs. M qPCR confirmed the differentially expressed genes in GM-
CSF-induced HDNs associated with endoplasmic reticulum (ER) stress, immuno-
suppression, degranulation, water channel, and mitochondrial oxidative stress.

N Western blot showed that GM-CSF upregulated the phosphorylation of IREla,
elF2A, and CaMKII in HDNs. n =3, data were presented as mean + SD, two-tailed
Ratio paired T-test. O The apoptosis detection showed that GM-CSF inhibited the

apoptosis of HDNs. n =3, data were presented as mean + SD, two-tailed unpaired
T-test. P Mitochondrial membrane potential was determined by JC-1 staining: JC-1
aggregates indicated higher potential; JC-1 monomers indicated lower potential.
GM-CSF increased mitochondrial membrane potential in HDNs. n =3, data were
presented as mean + SD, two-tailed unpaired T-test. Q Intracellular Ca** levels were
measured using Fluo-3 AM. GM-CSF increased intracellular Ca** level in HDNSs.

R TUDCA (ER inhibitor), Nexinhib20 (neutrophil degranulation inhibitor), and
MitoTEMPO (mitochondria-targeted antioxidant) blocked the GM-CSF-induced
conversion of HDN to M-LDN, including the upregulation of CD66b, CD11b, CD63,
and LOX-1, as well as the production of mitochondrial ROS. S TUDCA, Nexinhib20,
and MitoTEMPO blocked GM-CSF-induced HDN anti-tumor function. n=3, data
were presented as mean + SD, two-way ANOVA. T B-109 and KRN2 inhibited the GM-
CSF-induced increase in intracellular Ca2+ level of HDNs. U BAY11-7082 and
AZD5363 blocked the anti-apoptosis effect of GM-CSF on HDN. n =3, data were
presented as mean + SD, one-way ANOVA. V The results of JC-1 staining. GM-CSF
increased the mitochondrial membrane potential of HDN, which could be blocked
by BAY11-7082, LY294002 and AZD5363. n = 3, data were presented as mean + SD,
one-way ANOVA. W qPCR results showed that GM-CSF upregulated the expression
of ER stress-related genes, which was blocked by B-109, KRN2, BAY11-7082,
LY294002, and AZD5363. GM-CSF upregulated immunosuppression, degranula-
tion, and water channel-associated genes, which was blocked by KRN2, BAY11-7082,
LY294002, and AZD5363 GM-CSF downregulated mitochondrial oxidative stress-
associated genes, which was blocked by KRN2, BAY11-7082, LY294002, and
AZD5363. X The mechanism diagram of this chapter. GM-CSF activated the PI3K-
AKT pathway in HDN and promoted NF-kB phosphorylation, which was blocked by
LY294002 (PI3K inhibitor) and AZD5363 (AKT inhibitor). Additionally, GM-CSF
activated NF-kB to induce ER stress via XBP1, which was blocked by BAY11-7082 (NF-
KB inhibitor) and B-109 (XBP1 inhibitor). Moreover, GM-CSF activated NF-kB to
promote the expression of NFATS, and NFATS5/NF-kB synergistically regulated
downstream target genes to induce HDN activation, degranulation, mitochondrial
ROS production, and anti-apoptosis phenomenon, which was blocked by BAY11-
7082 (NF-kB inhibitor) and KRN2 (NFATS inhibitor). Created in BioRender. Guo, Z.
(2025) https://BioRender.com/8dc71vo. Stimuli concentrations: GM-CSF (10 ng/
mL); others as in Supplementary Data. 2. See also Figure S13. Source data are
provided as a Source Data file.

suggested that GM-CSF induced the conversion of HDN to M-LDN
through phosphorylated activation of PI3K/AKT/NF-kB. Activated NF-
kB promoted XBP1 expression (inducing ER stress) and NFAT5
expression, with NFAT5/NF-kB synergistically regulating downstream
genes to drive HDN activation, degranulation, mitochondrial ROS
production, and anti-apoptosis (Fig. 5X).

CXCR2 ligands activate M-LDN to induce NETosis and promote
CRC liver metastasis

Neutrophil subsets from advanced CRC patients showed heightened
CXCR2 ligand responsiveness (Fig. 1K). Given that progressive M-LDN
increased during tumor progression (Fig. 2), we investigated CXCR2
ligand-specific M-LDN activation. CRC cells potently activated M-LDNs
to produce ROS and release H,0, into CM, which was blocked by
SB225002 (CXCR2 inhibitors) (Fig. S14A, B). The NETosis induced by
CRC cells could also be prevented by SB225002 (Fig. 6A). Among six
CXCR2 ligands tested, CXCL5, CXCL6, and CXCL8 induced M-LDN ROS
production, H,0; release, and NETosis (Fig. 6B-D).

Numerous studies reported the pro-tumor effects of neutrophils,
including their pro-proliferative, anti-apoptotic, and immunosup-
pressive functions™*?°, Here, CXCL5, CXCL6, and CXCLS8 enhanced M-
LDN-mediated T-cell proliferation inhibition (Fig. 6E) and cytotoxicity
inhibition (Fig. 6F). M-LDNs pretreated with CXCR2 ligands were
fractionated into cellular precipitate, NETs, and CM. M-LDN-CM pri-
marily mediated T-cell proliferation inhibition (Fig. 6G), while NETs
and CM suppressed T-cell cytotoxicity (Fig. 6H). M-LDNs and NETs
suppressed T-cell migration (Fig. 61, S4C). Immunosuppressive neu-
trophils inhibit T cell function mainly by releasing ROS, H,0,, and
ARG1?*%, ARGl secretion analysis revealed CXCR2 ligands activated
M-LDNs to secrete ARG (Fig. S14D-E). MitoTEMPO, NAC, catalase, and

Nor-NOHA (Argl inhibitor) were added to M-LDN-CM, and indicated
that M-LDN exerted immunosuppressive effects mainly through the
release of ROS and H,0, (Fig. 6J, K). NETs reduced CRC cell apoptosis
in suspension culture (Fig. 6L, S14F). Immunofluorescence confirmed
M-LDNs wrapped CRC cells via NET release (Fig. 6M). CXCR2 ligand-
activated M-LDNs promoted CRC proliferation via NETs (Fig. 6N).
Public datasets (GSE166555, EMTAB8107, and GSE146771) showed
CXCLS, CXCL6, and CXCLS8 were expressed in epithelial cells, macro-
phages, and fibroblasts (Fig. S14G-J), with mIHC confirming CXCLS5 and
CXCL6 were co-localized with CRC cells, and CXCL8 was co-localized
with macrophages (Fig. S14K).

Neutrophils construct pre-metastatic niches by creating immu-
nosuppressive microenvironments and promoting circulating tumor
cell colonization®. Assessment of neutrophil infiltration in orthotopic
CRC mice livers showed significantly increased levels pre-metastasis
(Fig. 60, S15A). Advanced-stage CRC mice exhibited high NETs infil-
tration (MPO*citH3* regions) and reduced CD8" T cells in liver tissues
(Fig. S15B). CRLM patient tissues confirmed elevated neutrophil and
NETs infiltration and diminished CD8" T cells in paracancer liver
(Fig. S15C). Neutrophil recruitment mechanisms revealed CXCLS5 co-
localized with hepatic stellate cells (FAP*SMA*) and hepatocytes
(ALB*), CXCL6 co-localized with HSCs and CD45* cells, and CXCL8
with CD45* immune cells (Fig. 6P, S15D). In orthotopic CRC models,
colonization of circulating CRC cells in the liver was elevated, and
reduced by anti-Ly6G neutrophil depletion or DNase-mediated NET
removal (Fig. 6Q). Neutrophil depletion increased CD8" T-cell infil-
tration in pre-metastatic livers (Fig. 6R, S15E, F).

IHC staining of liver metastases from patients and mice with
CRLM confirmed neutrophil infiltration correlated with higher Ki-67
(proliferation marker), lower TUNEL (apoptosis marker), and reduced
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Fig. 6 | CXCR2 ligands activated M-LDN to induce NETosis and promote liver
metastasis in colorectal cancer (CRC). A The NETosis assay showed that
SB225002 (CXCR2 inhibitors) prevented CRC-induced M-LDN activation. Scale
bars, 200 pm. n =3, data were presented as mean + SD, two-tailed unpaired T-test.
B CXCL1, CXCL2, CXCLS5, CXCL6, and CXCL8 induced ROS production in M-LDNs.
C CXCLS5, CXCL6, and CXCL8 significantly activated M-LDN to release H,0, into CM.
n =3, data were presented as mean + SD, one-way ANOVA. D CXCLS5, CXCL6, and
CXCLS significantly induced M-LDN NETosis. Scale bars, 200 pm. n =3, data were
presented as mean + SD, one-way ANOVA. E CXCLS5, CXCL6, and CXCL8 enhanced
M-LDN-mediated T-cell proliferation inhibition. F CXCLS5, CXCL6, and CXCL8
enhanced M-LDN inhibition of CD8* T-cell-mediated CRC PDO killing. n=3, data
were presented as mean + SD, two-way ANOVA. G M-LDNs were fractionated into
three components: cell precipitation, NETs, and CM. M-LDN cells and M-LDN-CM
inhibited T cell proliferation. H M-LDN cells, NETs, and M-LDN-CM inhibited T-cell-
mediated CRC PDO killing. n =3, data were presented as mean + SD, two-way
ANOVA. I M-LDN cells and NETs inhibited T cell migration. n=3, data were pre-
sented as mean * SD, one-way ANOVA. NAC (ROS scavenger) and catalase pre-
vented M-LDN-mediated inhibition of T-cell proliferation (J) and anti-tumor
function (K). n=3, data were presented as mean + SD, two-way ANOVA. L NETs
reduced the apoptosis of CRC cells under suspension culture. n =3, data were
presented as mean * SD, two-tailed paired T-test. M M-LDNs and NETs wrapped
CRC cells in the co-culture environment. Scale bars, 50 um. N CXCL5, CXCL6, and

CXCLS8 activated M-LDN to promote CRC cells proliferation by releasing NETSs.
n=3, data were presented as mean + SD, two-way ANOVA. O The orthotopic CRC
spontaneous metastasis model was established via microsurgical Implantation in
BALB/c mice. Neutrophil infiltration (CD11b"LY6G*S100A9* cells) in the liver was
significantly increased in advanced-stage CRC and metastatic-stage mice. n=3,
data were presented as mean + SD, one-way ANOVA. P mIHC staining showed that
CXCLS primarily co-localized with hepatic stellate cells (HSCs) (FAP*/SMA*) and
ALB* hepatocytes in peritumoral liver tissue of CRC liver metastasis patients. Scale
bars, 200 pm. Q Compared to normal mice, circulating tumor cell colonization in
livers of advanced-stage CRC mice increased but was reduced after anti-Ly6G and
DNase treatment. Scale bars, 1000 pm. n =3, data were presented as mean + SD,
one-way ANOVA. R Neutrophil depletion via Ly6G-neutralizing antibodies sig-
nificantly increased CD8"* T-cell infiltration in the livers of pre-metastatic (early/
advanced-stage CRC) mice. n =3, data were presented as mean + SD, two-tailed
unpaired T-test. S Neutrophil depletion significantly inhibited Ki-67 expression
while increasing CD8* T-cell infiltration and TUNEL* areas in liver metastases. n=3,
data were presented as mean + SD, two-tailed unpaired T-test. Stimuli concentra-
tions: CXCL5, CXCL6, and CXCL8 (20 ng/mL); others as in Supplementary Data. 2;
PMA (25 ng/mL) as positive controls. In Fig. 6 G-M, M-LDNs were pretreated with
CXCL5/6/8 mixture (20 ng/mL each). See also Figs. S13-16. Source data are provided
as a Source Data file.

CD8* T cell staining intensities (Fig. S16A, B). Neutrophil depletion via
anti-Ly6G decreased Ki-67* regions but increased CD8* T cell infiltra-
tion and TUNEL* areas in liver metastases (Fig. 6S, S16C). These results
indicate CRC cells activate M-LDNs and induce NETosis via CXCR2
ligands, facilitating liver metastasis by promoting proliferation, anti-
apoptosis, immunosuppression, and pre-metastatic niche formation.

CXCR2 ligands induce NETosis in M-LDN through the activation
of the MAPK pathway, mediated by NOX and MPO

Key NETosis processes include ROS production, cytoskeleton degra-
dation, and citrolinated histone H3 (cit-H3) formation as previously
described®. Electron microscopy showed that M-LDN retained cyto-
plasmic particles, and CXCR2 ligands induced re-degranulation and
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Fig. 7 | The NETosis of M-LDN induced by CXCR2 ligands is dependent on NOX
and MPO, via the MAPK pathway. A Electron microscopy shows that the CXCR2
ligands induced re-degranulation and NETosis in M-LDN (derived from CRC patient
peripheral blood and GM-CSF-treated HDNs). Data are representative of three
independent experiments. Scale bars, 2 pm. B Immunohistochemical (IHC) staining
of CRC liver metastases confirmed colocalization of CD66b* neutrophil infiltration
with MPO and NOX2 staining in liver metastases and tumor regions. n = 6, data were
presented as mean + SD, two-way ANOVA. C The NETosis assay showed that DPI
(NADPH oxidase inhibitor) and MPO-in-28 (MPO inhibitor) blocked CXCR2 ligand-
induced M-LDN NETosis, whereas DPI, Cl-amidine (PAD inhibitor), MPO-IN-28, and
sivelestat (NE inhibitor) blocked PMA-induced NETosis. Scale bars, 200 um. n=3,
data were presented as mean + SD, two-way ANOVA. D DPI and MPO-IN-28 inhibited
CXCR2 ligand-induced ROS generation in M-LDNs, whereas DPI, Cl-amidine, MPO-
IN-28, and sivelestat inhibited PMA-induced ROS generation. E DPIl and MPO-IN-28
blocked CXCR2 ligand-induced M-LDN promotion of CRC cells proliferation. n=3,
data were presented as mean + SD, two-way ANOVA. F DPI and MPO-IN-28 reversed
CXCR2 ligand-enhanced M-LDN inhibition of T-cell migration. n=3, data were
presented as mean + SD, one-way ANOVA. G Western blot analysis showed that
CXCR2 ligands upregulated the phosphorylation of ERK1/2 and p38, and JNK. n=3,
data were presented as mean + SD, two-tailed Ratio paired T-test. H U0126 (MEK1/2
inhibitor) and FR180204 (ERK1/2 inhibitor) inhibit CXCR2 ligand-induced ROS
generation in M-LDNs. I U0126, FR180204, and SP600125 (JNK inhibitor) prevent

Ros NeTosis!

CXCR2 ligand-induced M-LDN NETosis. n =3, data were presented as mean + SD,
two-way ANOVA. ] CXCR2 ligands promoted M-LDN-mediated T-cell proliferation
inhibition, which was blocked by U0126, FR180204, and SP600125. K CXCR2
ligands promoted M-LDN inhibition of T-cell-mediated CRC PDO killing, which was
blocked by U0126, FR180204, and SP600125. n = 3, data were presented as mean +
SD, two-way ANOVA. L CT26 was used to establish a liver metastasis model in BALB/
¢ and nude mice. Anti-Ly6G, SB225002 and MPO-IN-28 treatment significantly
inhibited liver metastases. Scale bars, 1000 pm. n = 3, data were presented as mean
+ SD, one-way ANOVA. M Anti-Ly6G, SB225002, and MPO-IN-28 significantly
reduced neutrophil infiltration (CD11b*LY6G*S100A9*) and NETs (MPO*citH3*) but
increased CD8* T-cell infiltration in liver metastases. n =3, data were presented as
mean + SD, one-way ANOVA. N The mechanism diagram of this chapter. CXCR2
ligands (e.g., CXCL5, CXCL6, CXCL8) bind CXCR2 on M-LDNs, activating the
downstream MEK1/2-ERK1/2 pathway to induce ROS production and NETosis in an
MPO- and NOX2-dependent manner. These processes are blocked by SB225002
(CXCR2 inhibitor), U0126 (MEK1/2 inhibitor), FR180204 (ERK1/2 inhibitor), DPI
(NADPH oxidase inhibitor), and MPO-in-28 (MPO inhibitor). Created in BioRender.
Guo, Z. (2025) https://BioRender.com/xpwfru8. In Fig. 7, M-LDNs pretreated with
CXCL5/6/8 mixture (20 ng/mL each). Stimuli were introduced at the indicated
concentration as listed in Supplementary Data. 2. PMA (25 ng/mL) served as posi-
tive controls. See also Fig. S17. Source data are provided as a Source Data file.
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Fig. 8 | Three neutrophil subsets were identified in colorectal cancer (CRC)
patients and mice: anti-tumor high-density neutrophils (HDNs), pro-tumor
mature low-density neutrophils (M-LDNs), and immature low-density neu-
trophils (IM-LDNs). CRC cells and liver region secrete CXCR2 ligands (e.g., CXCLS5,
CXCL6, CXCLS8) to recruit neutrophils. CRC cells secreted GM-CSF to induce the
degranulation of HDNs into M-LDNs, releasing azurocidin (AZU) and neutrophil
elastase (NE) that kill CRC cells via mitochondrial ROS dependent on the AKT/NF-

KB/NFATS axis. Activated M-LDNs undergo CXCR2 ligand-induced NETosis through
NOX/MPO-dependent MEK1/2-ERK1/2 signaling, generating ROS that suppresses
T-cell function. NETosis promotes CRC liver metastasis by promoting tumor pro-
liferation, inhibiting apoptosis, inducing immunosuppression, and constructing
pre-metastatic niches. Created in BioRender. Guo, Z. (2025) https://BioRender.
com/uc7804a.

NETosis in M-LDN (Fig. 7A). Prior studies indicate neutrophil enzymes
NE/MPO degrade cytoskeletons while PAD4 induces citH3
formation®**, IHC of CRC liver metastases confirmed colocalization of
CD66b* neutrophil infiltration with MPO and NOX2 staining in liver
metastases and tumor regions (Fig. 7B, S17A).

DPI, Cl-amidine (PAD inhibitor), MPO-IN-28, and sivelestat (NE
inhibitor) were added during CXCR2 ligand and PMA stimulation of
M-LDN. DPI and MPO-IN-28 prevented CXCR2 ligand-induced NETosis
and ROS production in M-LDN, while all inhibitors blocked PMA-
induced NETosis and ROS production (Fig. 7C, D). Additionally, DPI
and MPO-IN-28 abrogated CXCR2 ligand-induced M-LDN promotion of
CRC cell proliferation (Fig. 7E) and impaired M-LDN-mediated inhibi-
tion of T cell migration (Fig. 7F, S17B).

CXCR2 ligands activated MAPK in M-LDNs (unlike GM-CSF’s PI3K-
AKT activation in HDNs), MAPK pathway in M-LDN, upregulating
phosphorylation of ERK1/2, p38, and JNK (Fig. 7G, S17C). U0126 (MEK1/
2 inhibitor), FR180204 (ERK1/2 inhibitor), SB202190 (p38 inhibitor),
and SP600125 (JNK inhibitor) were added during CXCR2 ligand sti-
mulation. U0126 and FR180204 prevented CXCR2 ligand-induced ROS
production and NETosis in M-LDN (Fig. 7H, 1), while U0126, FR180204,
and SP600125 blocked CXCR2 ligand-induced M-LDN inhibition of T
cell migration and cytotoxic function (Fig. 7J, K).

We evaluated targeting key M-LDN activation mediators as a
CRLM treatment strategy. Anti-Ly6G, SB225002 (CXCR2 inhibitor),
and MPO-IN-28 inhibited liver metastasis in mice (Fig. 7L, S17D),
reducing neutrophil/NETs infiltration while increasing CD8* T cells in
liver metastasis (Fig. 7M, S17E). These treatments decreased blood
M-LDNs and NETs (Fig. S17F-I). The results suggested that CXCR2
ligands, such as CXCLS5, CXCL6, and CXCLS8, bound to CXCR2 on the
surface of M-LDN and activated downstream MEK1/2-ERK1/2 pathways
to induce NOX/MPO-dependent ROS and NETosis (Fig. 7N).

Clinical significance of the proportion of M-LDN and circulating
GM-CSF, CXCR2 ligand, and NETs levels in human and mice
with CRC

The relationship between GM-CSF, CXCL5, CXCL6, CXCLS8, and NETs
levels and the clinical features of the patients with CRC was analyzed.
With CRC progression, circulating GM-CSF and CXCLS8 initially
increased but decreased at stage IV (Fig. S18A, D), while CXCL5, CXCL6,
and NETs concentrations progressively increased, peaking in stage IV

(Fig. S18B, C, E). Peripheral blood M-LDN proportions positively cor-
related with circulating GM-CSF, CXCL5, CXCL6, and CXCLS8 levels
(Fig. S18F-K). Peripheral blood NETs concentrations positively corre-
lated with CXCL5 and CXCLS6 levels (Fig. SI8L-O). Circulating GM-CSF,
LIX (mouse CXCLS5), and NETs levels were analyzed in CRC mice. Cir-
culating GM-CSF, LIX, and NETs concentrations increased in advanced-
stage CRC and liver metastases (Fig. SI8P-R). Peripheral blood M-LDN
proportions and NETs concentrations positively correlated with GM-
CSF and LIX. NETs concentrations also positively correlated with cir-
culating GM-CSF and LIX levels (Fig. S18S-V).

Discussion

In this study, we investigated the role of CRC cells in promoting liver
metastasis through the recruitment and activation of neutrophils. Our
results suggest three distinct neutrophil subpopulations in CRC
patients and mice models: HDNs may predominantly function as
antitumor effectors, M-LDNs appear associated with pro-metastatic
characteristics, and IM-LDNs represent an immature state. The CRC
cells secrete GM-CSF to activate the AKT/NF-kB/NFATS5 axis and induce
the conversion of HDN into M-LDN. This process generates mito-
chondrial ROS and secreted granulocyte enzymes to kill CRC cells.
CRC cells then activate M-LDN by secreting CXCR2 ligands and indu-
cing NETosis, a process that depends on NOX and MPO and is primarily
mediated by the MEK1/2-ERK1/2 pathway. During this process, NETosis
promotes CRC liver metastasis through pro-proliferation, anti-apop-
tosis, immunosuppression, and formation of a pre-metastatic
niche (Fig. 8).

A previous study suggested that neutrophils play a dual role in
malignant tumors; that is, neutrophils can promote tumor growth or
prevent tumor progression®*°, However, the ability to distinguish
between “good” and “bad” neutrophils in cancer is currently limited.
Neutrophils can be divided into subtypes such as pro-tumor LDN and
anti-tumor HDN***2,

Herein, we comprehensively characterized HDNs, M-LDNs, and
IM-LDNs through extensive in vitro experiments. HDNs exhibit com-
plete neutrophil functionality, including robust chemotaxis, phago-
cytosis, tumor-killing capacity, oxidative stress response,
degranulation, and NETosis induction, but lack immunosuppressive
activity. M-LDNs have impaired chemotaxis and tumor-killing ability
but enhanced phagocytosis and oxidative stress response, with
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heightened susceptibility to NETosis induction and immunosuppres-
sive function acquisition. IM-LDNs demonstrate defective neutrophil
functions and mild immunosuppressive properties. Moreover, we
analyzed gene expression profiles of neutrophil subsets in the per-
ipheral blood and tumor tissue of patients with CRC based on DRUG-
seq and scRNA-seq analyses. Our neutrophil states showed strong
consistency with some published tumor-infiltrating neutrophilic
states. Our findings also suggest that HDN, M-LDN, and IM-LDN in the
peripheral blood of patients with CRC are highly similar to specific
subsets of CRC-infiltrating neutrophils and that HDN and M-LDN have
different functions in terms of oxidative burst and T cell activation.
Overall, this study contributes evidence that helps differentiate tumor-
associated neutrophil subsets, thereby complementing the under-
standing of their roles in tumors.

Single-cell omics studies have shown that tumor-associated neu-
trophils (TAN) form a continuous state with different phenotypes™-,
Different studies have reported that M-LDNs can be derived from HDN
through a TGF-B-dependent mechanism?**°, In this study, in vitro
observations indicate that M-LDNs could derive from HDNs following
GM-CSF stimulation. During this phenotypic transition, HDNs exhibit
progressively diminished anti-tumor capacity while acquiring
enhanced immunosuppressive activity. Currently, several clinical stu-
dies use GM-CSF as an adjuvant in immunotherapy and targeted
therapy to enhance anti-tumor responses®. In contrast, some resear-
ches also emphasized that GM-CSF can recruit MDSCs into tumors to
contribute to tumor resistance against VEGFA therapy®. Given this
contradictory research landscape, our study proposes that when
substantial neutrophils infiltrate tumors in response to immunother-
apy, GM-CSF may exert anti-tumor effects by enhancing neutrophil
cytotoxicity. However, this process could simultaneously drive the
generation of M-LDNs and NETs with pro-tumor properties. In our
study, M-LDNs, similar to MDSCs, have pro-tumor and immunosup-
pressive functions. These findings are consistent with those of pre-
vious studies on the tumor immune microenvironment, in which
immune cells recruited to the TME show anti-tumor effects at the early
stages of tumor development, a process known as immune
surveillance®. However, as the tumor progresses and the inflammatory
response continues, immune cells change from immune activators to
immune suppressors®>,

The role of NETosis in tumor progression and metastasis has
recently received considerable attention. Different studies have
reported different types of stimulants as initiating factors for NETosis,
including immune complexes, complement activators, bacterial pep-
tides, lipopolysaccharides, and chemokines”'®?”?°_ In this study, we
found that CRC cells activate M-LDNs to induce NETosis by secreting
multiple CXCR2 ligands in vitro. Similar to previous studies, we have
demonstrated the pro-tumorigenic effects of NETs on CRC, including
promoting the proliferation of tumor cells, trapping and wrapping
circulating tumor cells to resist lost-nest apoptosis, preventing T cell
migration, and exerting cytotoxic effects to exert an immunosup-
pressant function®”**, Neutrophils preinfiltrated the premetastatic site,
remodeling the pre-metastatic immunosuppressive microenviron-
ment, forming pre-metastatic niches, and increasing tumor coloniza-
tion by trapping circulating tumor cells through NETs>**%", Similarly,
our study also detected an abnormal accumulation of neutrophils and
NETs in the liver before metastasis and demonstrated the role of
neutrophils in pre-metastatic niches. These results would facilitate the
elucidation of the regulation and functions of NETosis in cancer.

Many studies have been conducted that interfere with the func-
tions of neutrophils using pharmacological methods to inhibit tumor
growth and distant metastasis. The in vivo antitumor effects of various
therapeutic strategies, including Ly6G neutralizing antibodies, CXCRY/
2 inhibitors, DNase I, PAD4 inhibitors, and NE inhibitors, have been
reported®?>*¢*%8_ Qur study found that the use of Ly6G neutralizing
antibodies to deplete neutrophils in mice, or the use of CXCR2 and

MPO inhibitors to block M-LDN activation, inhibited CRC metastasis,
whereas an anti-GM-CSF treatment inhibited HDN activation and pro-
moted CRC metastasis. These results support us to develop CRC
therapy targeted at M-LDN. Our study found that the use of Ly6G
neutralizing antibodies to deplete neutrophils in mice, or the use of
CXCR2 and MPO inhibitors to block M-LDN activation, inhibited CRC
metastasis, whereas an anti-GM-CSF treatment promoted CRC metas-
tasis. Our work provides evidence deciphering how neutrophil sub-
population transformation and activation regulate CRC liver
metastasis, while acknowledging several limitations. Although exten-
sive in vitro experiments utilizing CRC patient-derived primary cells
closely modeled parental tumor biology, fundamental differences
between in vitro and in vivo environments persist. Consequently, the
study lacks robust in vivo models to fully validate the temporal balance
between the anti-tumor activity of HDNs and the pro-metastatic
function of M-LDNs, particularly considering the potential masking
effect of HDN-dominated early responses. While comprehensively
characterizing the neutrophil transition from HDN to M-LDN culmi-
nating in NETosis, the pursuit of breadth partially compromised
mechanistic depth, particularly in genetic-level validation. Further-
more, the proposed mechanisms do not fully account for all experi-
mental observations, especially given the dynamic complexity of the
in vivo microenvironment where the net outcome of neutrophil subset
activities may shift over time. These gaps underscore the need for
future studies employing more complex and extended in vivo models
to resolve the context-dependent roles of neutrophil subsets and drive
our commitment to further mechanistic investigations to extend the
present theoretical framework.

The role of neutrophils in cancer is controversial as they have both
pro-tumor and anti-tumor functions. Based on the definition of tumor-
associated macrophages, researchers have attempted to distinguish
TAN into “N1” types with an antitumor phenotype and “N2” types with a
pro-tumor phenotype. However, how the TME affects the polarization
of TAN to N1 or N2°¢, and whether the polarization of TAN can be
artificially manipulated, remain poorly understood®”*’. Our study
reports GM-CSF as the key regulator of HDN-to-M-LDN transformation
through activation of the AKT/NF-kB/NFAT5 pathway, alongside
CXCR2 ligand-receptor interactions and their downstream MAPK/MPO
signaling pathway critical for NETosis induction. The results provide a
basis for future research aimed at manipulating TAN polarization by
promoting HDN activation (N1 phenotype) and reducing M-LDN acti-
vation (N2 phenotype), ultimately inhibiting the progression and
metastasis of CRC.

Methods

Ethics approval statement

This study complied with all relevant ethical regulations. All human
procedures were reviewed and approved by the Biomedical Ethics
Committee of Ruijin Hospital (Approval Nos. 2020-315 and 2021-035)
and followed the tenets of the Declaration of Helsinki. All animal
experiments were approved by the Laboratory Animal Welfare & Ethics
Committee of PHENOTEK Biotech (AUP-220925-01) and conducted in
accordance with institutional guidelines.

Patients and specimens

All samples were collected following approval from the Biomedical
Ethics Committee of Ruijin Hospital. From 2020-2024, we collected
peripheral blood and tumor tissues from patients with colorectal
adenoma, CRC, and inflammatory disease at the Ruijin Hospital for
research. In addition, we recruited healthy volunteers as controls. All
patients with CRC were pathologically diagnosed with CRC and
underwent laparoscopic surgery at the Shanghai Minimally Invasive
Surgery Medical Center. The exclusion criteria were inflammatory
disease, autoimmune disease, infection, neoadjuvant therapy, immu-
nosuppression, or immunomodulatory therapy. TNM staging was
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performed in each patient with CRC in accordance with the 2015
National Comprehensive Cancer Network guidelines. All patients were
fully informed about the study and had provided written informed
consent. For peripheral blood samples, 10 mL of peripheral blood was
extracted from each subject using a standard sterilization procedure.
The clinical and pathological details of the patients included in this
study are provided in Supplementary Data. 1.

Cell lines

Human CRC cell lines SW620 (CCL-227), LOVO (CCL-229), SW480
(CCL-228), SW1463 (CCL-234), HCT116 (CCL-247), Caco-2 (HTB-37),
HT29 (HTB-38), DLD1 (CCL-221), RKO (CRL-2577), SW1116 (CCL-233),
and SW48 (CCL-231), the mouse colon cancer cell line CT26 (CRL-2638)
were purchased from the American Type Culture Collection (ATCC,
USA). The normal human colon epithelial cells NCM460 was pur-
chased from INCELL (USA). Human CRC cell lines and NCM460 were
cultured in RPMI-1640 medium containing 10% FBS serum and 1%
penicillin-streptomycin. CT26 was cultured in DMEM containing 10%
FBS and 1% penicillin-streptomycin solution. The primary neutrophils
and T cells used in this study were cultured in RPMI-1640 medium
containing 10% FBS and 1% penicillin-streptomycin solution. All cells
were cultured at 37°C and 5% CO,, and cell resuscitation, cryopre-
servation, passage, and change of CM were performed in strict
accordance with aseptic procedures. Cells used in this study were
authenticated by STR profiling according to the cell bank.

Lentivirus vectors and shRNA construction

The lentiviral vectors LV3-pGLV-h1-GFP/puro-sh-CXCL5 and LV3-pGLV-
h1-GFP/puro-sh-NC were constructed by the Shanghai GenePharma
Corporation (China). The sequences of sh-CXCL5 are shown in Sup-
plementary Data. 3. Lentivirus transfection was performed as pre-
viously described’. The interfering effects of ShRNA were evaluated by
Western blot and qPCR.

Animal research

All animal procedures in this study were performed at PHENOTEK
Biotech (Shanghai) Co., Ltd, which is a commercially accredited animal
facility commissioned by Ruijin Hospital. All animal experiments were
approved by the Laboratory Animal Welfare & Ethics Committee of
PHENOTEK Biotech (AUP-220925-01) and conducted in accordance
with institutional guidelines. This study adheres to the ARRIVE (Animal
Research: Reporting of In Vivo Experiments) 2.0 guidelines. Animals
were euthanized humanely upon achieving predefined experimental
endpoints without exceeding the maximum permissible tumor burden
(10% of body weight), as stipulated by the Laboratory Animal Welfare &
Ethics Committee of PHENOTEK Biotech and the Guide for the Care
and Use of Laboratory Animals®.

Wild-type BALB/c-Nude mice (male, 6-8 weeks old) and BALB/c
mice (male, 6-8 weeks old) were purchased from SPF (Suzhou) Bio-
technology Co., Ltd. Mice were housed under specific pathogen-free
conditions with a standard chow diet, and were maintained at a room
temperature of 20-26 °C, a relative humidity of 45-60%, and a 12h
light/12 h dark cycle.

This laboratory investigation evaluated neutrophil dynamics
in vivo under conditions mimicking the human colorectal cancer
microenvironment. Study endpoints included longitudinal assessment
of tumor growth kinetics and comprehensive immunological profiling.
Randomization based on tumor volume or baseline measurements was
applied in all in vivo experiments to minimize allocation bias. All
acquired data meeting predefined inclusion criteria are included in the
figures or supplementary materials; no eligible data points were
excluded. All values, including statistical outliers within biologically
plausible ranges, are reported. Key experiments were independently
replicated at least three times using separate biological replicates to
ensure robustness and reproducibility.

For the colon cancer in situ model (Fig. S4A-C, S4E, S4G, S41-)),
mice were anesthetized by intraperitoneal injection of 1% pento-
barbital sodium. A left mid-abdominal incision was made to expose the
cecum, and 1x107 tumor cells suspended in 100 pL PBS were slowly
injected into the cecal wall. The cecum was repositioned within the
abdominal cavity, and the abdomen was closed. Four weeks post-
implantation, mice were euthanized. Tumor burden was quantitatively
assessed using two approaches: (1) excised cecal tumors were weighed
to determine fresh tissue mass; (2) hematoxylin and eosin (H&E)-
stained sections were analyzed to calculate the percentage of total
cecum area occupied by tumor tissue.

For the liver metastasis model (Figs. 1A-C, 3T, 40, 6S, 7L, M, and
Figs. S4D, S4F, S4H, S9E-F, S12C-E, S16A, S16C, S17D-I), mice were
anesthetized by intraperitoneal injection of 1% pentobarbital sodium.
Following abdominal incision, the spleen was exteriorized, and 1 x 107
tumor cells suspended in 100 pL PBS were slowly injected into the
splenic parenchyma. The spleen was repositioned into the abdominal
cavity, and the incision was sutured. Four weeks post-injection, mice
were euthanized. Liver metastasis burden was quantified by calculating
the percentage of tumor area occupancy relative to total liver area in
H&E-stained sections.

For the subcutaneous xenograft model (Fig. SI2F-I), mice were
anesthetized via intraperitoneal injection of 1% pentobarbital sodium.
A suspension containing 1 x 107 tumor cells in 100 pL PBS was injected
into the subcutaneous space of the mid-dorsal region. Tumor growth
was monitored twice weekly by caliper measurements (volume=
length x width? x 0.5) until endpoint. Four weeks post-injection, mice
were euthanized, subcutaneous tumors were surgically excised, and
fresh tissue mass was immediately quantified using an analytical
balance.

For neutrophil depletion studies (Figs. 1C, 6R, S, S15E, F, S16C),
mice received intraperitoneal injections of 200 pg anti-Ly6G anti-
body (Clone 1A8) or rat IgG isotype control every 3 days post-tumor
inoculation. Primary human neutrophils were isolated from CRC
patient peripheral blood via Histopaque®-1077/1119 gradient cen-
trifugation. For adoptive transfer, 5 x 10® neutrophils were delivered
by: (1) tail vein injection in liver metastasis models for systemic dis-
tribution (Fig. 3T, SOE, F), or (2) multi-point intratumoral injection at
three sites surrounding the tumor periphery in subcutaneous
tumor models (Fig. S12F-G). Subsequent transfers occurred every
3 days, preceded by 1A8-mediated depletion 24 h prior to each
transfer.

The orthotopic CRC model with spontaneous metastasis was
established using Microsurgical Implantation (MSOI)* (Fig. S6B).
Briefly, CT26 cells (2 x107 cells in 100 puL PBS) were subcutaneously
inoculated into the right flank of BALB/c mice. After palpable tumors
formed, tumor tissues were surgically excised, minced into 1-mm?3
fragments, and sutured onto the serosal surface of the cecum through
a midline laparotomy. Tumor progression was longitudinally mon-
itored: Visible cecal tumors developed by day 7 post-implantation
(early-stage CRC), exhibited rapid growth without hepatic metastasis
by day 14 (advanced-stage CRC), and demonstrated spontaneous liver
metastases by day 21 (metastatic-stage). Peripheral blood samples
were collected at these timepoints (days 7, 14, 21) (Fig. 2J, SI8P-V).
Following euthanasia and necropsy, primary tumor burden (cecal
mass) and metastatic dissemination were quantified, and tissues were
harvested as required (Figs. 20, P, 60, R, Fig. S15A, B, S15E, F).

For the colonization assays (Fig. 6Q), orthotopic colorectal
tumors were established in BALB/c mice via MSOI of CT26 fragments.
Mice were stratified into three pre-conditioning cohorts receiving
intraperitoneal injections of: (1) 1A8 Ly6G antibody (200 pg/mouse)
every 3 days until splenic injection; (2) DNase I (5 mg/kg) for 3 con-
secutive days prior to splenic injection; (3) PBS vehicle control. Four-
teen days post-MSOI, 2 x 10° GFP-expressing CT26 cells in 100 pL PBS
were injected into the splenic parenchyma. Mice were euthanized 36 h
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post-injection, and colonization was assessed by immunofluorescence
imaging of liver sections.

For the inflammation model (Fig. S1I0OF-J), mice were intraper-
itoneally injected with PBS control or LPS (2.5 mg/kg), and after 24 h,
peripheral blood samples were collected and used for further analyses.

Beginning on day 7 post-tumor cell injection, mice received
intraperitoneal injections every 3 days until the 4-week endpoint with:
(1) anti-Ly6G (1A8, 200 pg/mouse), anti-GM-CSF (200 pg/mouse), or
rat IgG isotype control (Figs. 40, 7L-M, SI12C-E, S12H-I, S17D-I); (2)
small-molecule inhibitors SB225002 (CXCR2 antagonist, 5 mg/kg) or
MPO-IN-28 (myeloperoxidase inhibitor, 5 mg/kg), with DMSO vehicle
control (Fig. 7L, M, S17D-I); (3) recombinant mouse GM-CSF (200 ng/
mouse) with PBS vehicle control (Fig. SI2H-I).

Peripheral blood was collected via terminal cardiac puncture
under anesthesia, followed by isolation of high-density neutrophils
(HDNs), low-density neutrophils (LDNs), and serum using Histopaque®
-1077/1119 density gradient centrifugation. Post-euthanasia, tissues
were harvested as required: tumor-bearing and non-tumor-bearing
liver lobes, tumor-adjacent and normal colonic segments, and sub-
cutaneous tumors. Samples underwent snap-freezing in liquid nitro-
gen, fixation in 4% paraformaldehyde (24 h for paraffin embedding), or
OCT embedding for cryosectioning. Serial 5-um sections were pre-
pared for H&E staining and immunohistochemistry (IHC). Reagents
used for animal experiments are listed in Supplementary Data. 2.

Bioinformatics analysis

The expression levels of neutrophil markers, CXC chemokines,and
CXCR2 in CRC were analyzed using the UALCAN and GEPIA databases.
Neutrophil infiltration into the tumor was analyzed using the TIMER
database (http://timer.cistrome.org). The mutation information and
gene expression of CRC cell lines were obtained from the CCLE and
DepMap (https://depmap.org/) databases.

DRUG-seq

Total RNA was extracted using TRIzol reagent and purified by using the
phenol-chloroform method. Total RNA was mixed and incubated with
Drug beads and 2x Binding Buffer to capture Poly(A) RNA. DTT, dNTP,
RNase inhibitor, and RT enzyme, and 5x RT Buffer was added to the
previous product to synthesize a strand cDNA. Single-stranded DNA
was removed by adding Exonuclease | and 10x Exonuclease I Buffer,
and the Poly(A) RNA was removed by adding Elution Buffer. Random
primer, 10x Reaction Buffer, enhancer, dNTP, and cDNA Extend Poly-
merase | were used for the two-strand cDNA synthesis. DNA beads
were added to the supernatant for fragment recovery. Next, 2x HIFI
Amplification Mix and index were added, followed by PCR Amplifica-
tion for library fragments. DNA beads were screened for library frag-
ments. Bioptic Qsepl0O0 Analyzer was used for library quality
inspection to check whether the library size distribution is in line with
the theoretical size. NovaSeq high-throughput sequencing platform
and PE150 sequencing mode were used for sequencing. DRUG-seq was
performed by Guangzhou Epibiotek Co., Ltd. on an Illumina NovaSeq
6000 platform (Illumina, San Diego, CA, USA)’°. Raw reads were fil-
tered to remove the adapter by cutadapt (v2.5; https://cutadapt.
readthedocs.io/en/stable/). The sequenced reads were single-end
mapped to reference genome sequences (GRCh38) using NextGen-
Map (v0.5.5; http://cibiv.github.io/NextGenMap/) and SAMtools (v1.10;
http://samtools.sourceforge.net). We used featureCounts (v1.6.3;
https://subread.sourceforge.net/featureCounts.html) to  perform
quantification on the mapped sequences. The differential expression
analysis was performed with the DESeq2 (v1.18.1), and differentially
expressed genes (DEGs) are defined as those with FoldChange > 2 and
p value < 0.05. KEGG and GO enrichment analysis was performed using
the package clusterProfiler (v4.10.1) and visualized by pheat-
map (v1.0.12).

Comparison with published scRNA-seq data for human
neutrophils

Published scRNA-seq data of human neutrophils were
downloaded***°. To compare the expression similarity of clusters, we
chose the highly variable genes and calculated Spearman rank corre-
lation. To compare the expression similarity of clusters, we chose the
highly variable genes and calculated Spearman rank correlation. The
gene lists of different neutrophil subtypes were generated from
https://github.com/wu-yc/neutrophil” (PRJCA020880) and the scores
of HDN, IM-LDN and M-LDN were calculated using the GSVA pack-
age (v1.50.0).

scRNA sequencing

CRC samples were taken from patients during surgical debulking. The
clinical characteristics of the collected tumor samples are summarized
in Supplementary Data. 1. scRNA-seq was performed with GEXSCOPE
Single Cell RNA Library kits (Singleron)’ All steps were performed
following the standard manufacturer protocols. The concentrations of
single-cell suspensions were adjusted to target a recovery of
7,000-10,000 cells per sample. The libraries were sequenced on an
lllumina HiSeq X Ten sequencer. The reads were mapped to the
GRCh38 genome using STAR and gene counts, and unique molecular
identifier counts were generated with ‘featureCounts’ software. After
quality control, we used the standard analysis pipeline of the R pack-
age Seurat (v5.0.1)”. We used the ‘FindMarkers’ function of Seurat with
default parameters to identify DEGs. The genes expressed in at least
25% of cells in a cluster of interest were selected and further filtered
using a minimum log2 (fold change) of 0.5 and a maximum false dis-
covery rate of 0.01. The Python package scEntropy (https://github.
com/jzlei/scEntropy) was used for the calculation. To visualize the
likelihood of cell entropy, we constructed the entropy landscape by
integrating the dimensional reduction representation of scRNA-seq
data and the cellular entropy estimation for each cell. RNA velocity
analyses were used to infer cell trajectories”. The Python package
Velocyto was used to determine the unspliced/spliced/ambiguous
transcripts and scVelo was used to calculate the RNA velocity of neu-
tropuils. The velocity (moments) of spliced/unspliced counts was cal-
culated using the functions ‘scv.pp. moments’ and ‘scv.tl. velocity’ with
the mode set to ‘dynamical’. Gene set enrichment analysis was per-
formed using the highly expressed genes. We used Gene Ontology
(GO) to quantify the pathway activity of neutrophils”. Ucell (v2.7.5)
was used to calculated different neutrophil scores for HDN, IM-LDN,
and M-LDN.

Immunohistochemical (IHC) analysis

Tissues were fixed in 4% neutral-buffered formalin, embedded in par-
affin, and cut into 7-um sections. A tissue microarray, including 78
pairs of CRC samples, as described in our previous study’’®, was used
for immunohistochemical (IHC) staining. IHC staining was performed
according to the manufacturer’s protocol (Immunostain SP Kit; Dako
Cytomation, USA). The antibodies used for IHC analysis are listed in
Supplementary Data. 1. IHC staining was scored semi quantitatively by
two independent pathologists.

Peripheral blood neutrophil extraction

Whole blood neutrophils were enriched using the MACSxpress® Neu-
trophil Isolation Kit, according to the manufacturer’s protocol. The
freeze-dried antibody powder and buffer were pre-mixed and then
added to the anticoagulated blood at a volume ratio of 8 mL antic-
oagulated whole blood and 4 mL of the separation solution. The anti-
body was incubated for 5 min, and the tube was placed in the magnetic
field of the magnetic pole for 15 min. The cells labeled by the magnetic
beads adhered to the wall of the tube, and the supernatant compo-
nents were collected. The supernatant containing the target cells was
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centrifuged at 20 °C (300 x g) for 10 min. Red blood cells were elimi-
nated through hypotonic lysis using red blood cell lysis buffer.

Cell medium (CM) preparation

The cells were cultured in RPMI-1640 medium containing 10% FBS and
1% penicillin-streptomycin solution. Once the adherent cells reached
100% confluence, the cell CM was replaced with fresh medium. For the
cell suspension, and 1x 107 cells were cultured in 1 mL of fresh medium.
The cell CM was collected after 24 h.

Cell migration assay

The procedure of cell migration assay was as previously described”. A
transwell chamber (5 pum for 24-well plates, Corning Costar) was used
to perform the cell migration assay. Serum-free medium (200 pL)
containing 1x10° neutrophils was added into the upper transwell
chamber, whereas 800 pL of the CRC cell CM or complete medium was
added into the lower chamber, and recombinant proteins or inhibitors
were added based on the group. After incubation for 4 h, the number
of cells in the lower chamber was counted. For the NET migration
assay, 100 pL of serum-free medium containing 2 x 10° neutrophils or
NETs was added into the upper transwell chamber, and recombinant
proteins or inhibitors were added as required by the experiment. Next,
100 pL of serum-free medium containing 2 x 10° GFP-labeled T cells
was added to the upper transwell chamber, and 800 pL complete
medium containing CCL5 was added into the lower chamber. After 4 h
of incubation, the GFP-labeled cells in the lower chamber were
counted.

NETosis analysis

Prior to NETosis detection, the neutrophils were pre-treated with CRC
cell CM, recombinant proteins, and inhibitors according to the group
for 4h. Extracellular neutrophils were monitored using a cell-
impermeable nucleic acid stain (SYTOX Green, 5uM), followed by
incubation at 20 °C for 10 min in the dark. Images were captured and
analyzed using fluorescence microscopy.

Separation of high-density layer cells and low-density layer cells
For peripheral blood samples, heparinized blood (20 U/mL) was mixed
with an equal volume of phosphate-buffered saline (PBS) and carefully
layered onto a discontinuous Histopaque (Sigma) gradient (1.077 and
1.119). For tissue samples, the tumor tissue was washed with PBS con-
taining penicillin-streptomycin solution. The tissues were then chop-
ped, added to DMEM containing 3 mg/mL collagenase IV (Sigma) and 5
MU/mL DNase I (Sigma), followed by digestion at 37 °C for 30 min. The
digested tissue suspension was passed through a 100-um filter to
remove residual tissue. The filtrate was then collected and centrifuged
to precipitate the cells. The cell precipitates were re-suspended in PBS
and carefully stratified using a density gradient centrifuge. For spleen
samples, the spleen was ground to release cellular components. The
cell precipitates were suspended in PBS and carefully stratified using a
density gradient centrifuge. The density gradient consists of
Histopaque-1077 human lymphocyte isolation solution (Sigma-
Aldrich) in the upper layer and Histopaque-1119 density gradient iso-
lation solution (Sigma-Aldrich) in the lower layer. The cells were cen-
trifuged at 220xg for 20 min at 20°C. High-density cells were
collected from the 1.077-1.119 interface and low-density cells were
collected from the red plasma-1.077 interface. Red blood cell lysis
buffer was used to eliminate red blood cells, followed by the addition
of 10 mL of 1.6% NaCl to restore the isotonic properties. Finally, the
neutrophils were washed thrice with PBS.

Hematoxylin staining of neutrophils

Neutrophils were prepared by cell smear centrifugation at 20°C
(300 x g) for 10 min, fixed with 4% paraformaldehyde for 20 min, and
washed several times with distilled water for 2min per time. The

sections were stained with a hematoxylin staining solution for
5-10 min, rinsed with tap water for approximately 10 min to remove
excess staining solution, and washed again with distilled water. The
results were visualized under a microscope.

Flow cytometry analysis

Neutrophils were centrifuged at 20 °C (300 x g) for 10 min, washed
with staining buffer (PBS containing 3% FBS) and collected into the
flow tube at a concentration of 10° cells per 100 pL. Fluorescent-
conjugated primary antibodies were used to stain cells at 4 °C in the
dark for 30 min. Antibodies against CD11b, CD14, CD66b, CD16, CD45,
CD15, LOX-1, CD63, CD54, CD274, CD10, CXCR2, and Ly6G were used.
The samples were subjected to flow cytometry (BD Biosciences), fol-
lowed by analysis with FlowJo software (Tree Star). Additional infor-
mation on the antibodies is listed in Supplementary Data. 2.

Magnetic-activated cell sorting

Cells were fully suspended in magnetic-activated cell sorting (MACS)
incubation solution (1 x 108 cells/0.5 mL). Primary antibody was added
(20 pg/mL), followed by incubation at 4 °C for 30 min. Primary anti-
bodies against CD11b, CD66b, CD14, CD3, and CD8 were used. The
MACS incubation solution was used to clean the cells. The MACS
incubation solution (1x10°® cells/0.2 mL) was added to fully suspend
the cells. Magnetic beads coated with corresponding secondary anti-
bodies were added, and the mixture was incubated at 8 °C for 15 min.
The separation column was installed in the magnetic pole, and 0.5 mL
of MACS incubation solution was added to pretreat the separation
column. The cell suspension was added to the separation column and
allowed to drain. After the MACS incubation solution was washed off,
the separation column was removed for elution and the target cells
collected. Additional information on the antibodies is listed in Sup-
plementary Data. 2.

Phagocytosis assay

Neutrophil phagocytic activity was measured using a Phagocytosis
Assay Kit (Cayman Chemistry) according to the manufacturer’s
instructions. Briefly, 1x10° neutrophils were reinserted in 200 uL of
phagocytosis buffer, followed by the addition of FITC-labeled micro-
spheres (1:100) and incubation at 37 °C for 2 h. The degree of phago-
cytosis was measured by using fluorescence microscopy or flow
cytometry (BD Biosciences).

Killing and proliferation assays

CRC or non-cancer cells were inoculated into 96-well plates at a con-
centration of 2 x 10° cells/well and grown to 70-80% confluence. Pur-
ified neutrophils were added to adherent cells at a concentration of
10 x 10? cells/pore and co-cultured overnight. The wells were washed
twice with PBS, and next, 10 uL CCK-8 (APExBIO, USA) and 90 pL
complete media were added to each well prior to testing. The mixture
was incubated at 37 °C for 2 h, and the OD values were determined
using a spectrophotometer (BioTek, Winooski, USA).

Cell co-culture

Transwell chambers (0.4 pm for 24-well plates, Corning Costar) were
used for co-culture. Complete medium (200 pL) containing 1x10°
purified neutrophils was added to the upper transwell chamber,
whereas 800 pL of complete medium containing 1x10° CRC cells or
non-cancer cells was added to the lower chamber and co-cultured
overnight. The two cell types were cultured separately, but with the
same cell medium. The cells were cultured in RPMI-1640 with 10% FBS
and 1% penicillin-streptomycin at 37 °C and 5% CO,.

Apoptosis detection
Flow cytometry assay to assess apoptosis was performed as previously
described”. The Annexin V-FITC Apoptosis Detection Kit (BD
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Pharmingen, USA) was used to detect cell surface Annexin V expres-
sion and propidium iodide (PI) uptake using flow cytometry according
to the manufacturer’s instructions. The cells were collected, washed
twice with ice-cold PBS, and suspended in 100 pL binding buffer.
Annexin V-FITC (3 uL) and PI (5 uL) were used to stain the cells in the
dark at 20 °C for 15 min. Apoptosis was analyzed by flow cytometry
using a FACSCalibur system (BD Biosciences).

Peripheral blood T cell extraction

The MACSprep™ HLA Cell Isolation Kit was used to enrich T cells in
whole blood according to the manufacturer’s protocol. MACSprep
HLA cell isolation solution was added to the anticoagulant, rotated,
and incubated for 5 min. The tube was placed in the magnetic field of
the magnetic pole for 15min, where the cells labeled with magnetic
beads adhered to the wall of the tube, and the supernatant compo-
nents were collected. The supernatant containing the target cells was
centrifuged at 20 °C (300 x g) for 10 min. Red blood cell lysate was
added to the precipitate, and T cells were obtained after removing the
red blood cells. Magnetic bead sorting was performed using CD3 or
CDS8 to further purify the T cells.

T cell labeling and proliferation in vitro

T cells were obtained from the peripheral blood of patients with
CRC. The cells were re-suspended at 1x10’ cells/mL in pre-
warmed PBS containing CSFE (1uM, Invitrogen) and incubated at
37 °C for 10 min. Labeling was quenched by adding CM containing
10% FBS and washing twice with PBS. T cells were inoculated into
RPMI 1640 medium containing 20 IU/mL IL-2 at a density of
2x10° cells/mL and stimulated with anti-CD3/CD28 antibodies.
Purified neutrophils were cocultured with T cells according to the
experimental design. After 72 h of culture, the CFSE levels were
detected using flow cytometry.

Patient-derived organoids (PDOs) culture

CRC PDOs were embedded in Matrigel (BD, USA) and overlaid with
organoid culture medium, including 50 ng/mL EGF (PeproTech, USA),
500 nM A83-01 (AbMole, USA), 50 ng/mL Noggin (PeproTech, USA),
3 uM SB202190 (AbMole, USA), 10 nM prostaglandin E2 (AbMole,
USA), and 1X B27 (Gibco, USA). TrypLE™ Express Enzyme (Thermo
Scientific, USA) was used to digest the Matrigel to release PDOs”’.

T cell cytotoxicity assays

For cytotoxicity assays’®, CD8 T cells were pre-stimulated with 20
IU/mL IL-2 and anti-CD3/CD28 antibodies for 48 h. As required,
T cells were co-cultured with neutrophils at this step. 5x103
luciferase-labeled organoids cells were seeded per well of the 96-
well plate, and were grown for 24 h before addition of T cells. CD8
T cells were added to PDOs at a concentration of 10* cells/pore
and co-cultured for 48 h. For luciferase-based quantification, the
supernatant was removed after co-culture and each well was
washed with pre-warmed culture medium. Subsequently, 500 pl
luciferase assay reagent composed of 10% One-Glo EX Reagent
(Promega) in lysis buffer was added to each well and incubated at
room temperature for 15 min protected from light. Lysates were
measured using FlexStation. Cell killing ratio was defined as the
difference between luciferase activity of organoids cultured alone
and residual luciferase activity after co-culture.

H,0, measurements
Purified neutrophils were activated with PMA (25 ng/mL), ionomycin
(5 uM), LPS (100 ng/mL), and fMLP (0.5 nM) to induce the generation
of H,0,. Measurements were performed using a hydrogen peroxide
assay kit (S0038, Beyotime Biotechnology) according to the manu-
facturer’s instructions.

ROS detection

Dihydroethidium and MitoSOX were used to detect cytosolic and
mitochondrial ROS, respectively. The purified neutrophils were acti-
vated with PMA (25 ng/mL), ionomycin (5 pM), LPS (100 ng/mL), and
fMLP (0.5nM) for 1h. Flow cytometry was used for quantitative
analysis.

Enzyme-linked immunosorbent assay

The cell CM was collected from CRC and non-tumor cells. Cytokine
levels were measured using the Human Neutrophil Elastase enzyme-
linked immunosorbent assay (ELISA) Kit (RayBiotech), Human Myelo-
peroxidase/MPO ELISA Kit (RayBiotech), Human Azurocidin/CAP37/
HBP ELISA Kit (RayBiotech), Human Cathepsin G ELISA Kit (Abcam),
Human IL-8/CXCL8 ELISA Kit (Abclonal), and Human CXCL5/ENA-78
ELISA Kit (abclonal), Human GM-CSF ELISA Kit (abclonal), Human IFN-
gamma ELISA Kit (abclonal), and Human ARGI ELISA Kit (abclonal), all
according to the manufacturer’s instructions.

Electron microscopy

The neutrophils were immediately fixed in 2% glutaraldehyde and 2%
paraformaldehyde in 0.1 mol/L sodium phosphate buffer (pH 7.4) at 4
°C for 3 h. The fixed cells were then embedded, sectioned and stained
with osmium tetroxide and uranyl acetate. Sections were examined on
a Hitachi electron microscope equipped with a digital camera.

RNA extraction and qRT-PCR

The procedure of the RNA extraction and qRT-PCR analysis was pre-
viously described’®. Total RNA was extracted from purified neutrophils
using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. The RNA concentration was measured
using a Nanodrop 2000 (Thermo Scientific, USA). Total RNA was
reverse transcribed to cDNA using HiScript Il RT SuperMix (Vazyme),
and qPCR was performed using SYBR Green (Vazyme) according to the
manufacturer’s instructions. The primers for qPCR were purchased
from Genewiz (China), and the sequences are listed in Supplementary
Data. 4. GAPDH was used as the control. The relative expression ratio
of mRNAs in each group was calculated using the 272" method.

Neutrophil isolation

Neutrophils were pre-treated with the recombinant protein and PMA
for 4 h. Neutrophils were collected, centrifuged at 480 x g for 10 min,
and precipitated as cellular components. The supernatant was then
centrifuged at 18,000xg for 15min and the NETs components
precipitated.

Centrifugal filtration

Centrifugal filtration was performed using an Amicon Ultra centrifugal
filter unit (Millipore), according to the manufacturer’s instructions. The
pore sizes of the selected membranes were 100 kDa, 30 kDa, and 10 kDa.
In brief, approximately 500 pL cell medium was added to the filter and
centrifuged at 14,000 x g for 15min. The filter was then reversed and
centrifuged at 2,000 x g for 5 min to collect the purified CM.

Luminex assay

Cytokine levels were measured using a Luminex X-MAP system
(Luminex 200 system, Luminex Corporation, Austin, TX, USA) and a
Bio-Plex Pro Human Chemokine Panel 40-plex (Bio-Rad Laboratories,
California, USA). The assay was performed according to the manu-
facturer’s instructions (Wayen Biotechnologies)’”®. The Bio-Plex Pro
Human Chemokine Panel 40-plex allows for the simultaneous detec-
tion of the following circulating analytes: 6Ckine/CCL21, BCA-1/
CXCL13, CTACK/CCL27, ENA-78/CXCLS5, Eotaxin-2/CCL24, Eotaxin-3/
CCL26, Eotaxin/CCLI11, Fractalkine/CX3CL1, GCP-2/CXCL6, GM-CSF,
Gro-a/CXCL1, Gro-3/CXCL2, I-309/CCL1, I-TAC/CXCLI1], IFN-y, IL-10, IL-
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16, IL-1$3, IL-2, IL-4, IL-6, IL-8/CXCLS, IP-10/CXCL10, MCP-1/CCL2, MCP-
2/CCL8, MCP-3/CCL7, MCP-4/CCL13, MDC/CCL22, MIF, MIG/CXCL9,
MIP-10/CCL3, MIP-16/CCL15, MIP-30/CCL20, MIP-3b/CCL19, MPIF-1/
CCL23, SCYB16/CXCL16, SDF-1a +[(/CXCL12, TARC/CCL17, TECK/
CCL25, and TNF-a. Concentrated human recombinant standards were
provided by the vendor, and a broad range of standards were used to
establish standard curves. The samples and standards tested in this
experiment were detected using a Luminex 200 detector, and the
obtained fluorescence was automatically calculated and optimized
using the software. The original fluorescence of each sample was
substituted into the standard curve to calculate the sample con-
centration. The cytokine concentrations are provided in Supplemen-
tary Data 6.

Cytokine microarray analysis

Cytokine levels were measured using a RayBio Human Cytokine Anti-
body Array G-Series 6 kit (AAH-CYT-G6-4, RayBiotech) according to
manufacturer’s instructions. The Human Cytokine Antibody Array
G-Series 6 kit allows for the simultaneous detection of the following
cytokines: BDNF, BLC, BMP-4, BMP-6, CK beta 8-1, CNTF, EGF, eotaxin,
eotaxin-2, eotaxin-3, FGF-6, FGF-7, Flt-3 ligand, fractalkine, GCP-2,
GDNF, GM-CSF, 1-309, IFN-y, IGFBP-1, IGFBP-2, IGFBP-4, IGF-I, IL-10, IL-
13, IL-15, IL-16, IL-1q, IL-1B, IL-1Ira, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, leptin,
LIGHT, MCP-1, MCP-2, MCP-3, MCP-4, M-CSF, MDC, MIG, MIP-1-8, MIP-
3-a, NAP-2, NT-3, PARC, PDGF-BB, RANTES, SCF, SDF-1, TARC, TGF(3-1,
TGFB-3, TNF-a, and TNF-f. The cytokine concentrations are provided
in Supplementary Data 7.

Tumor spheroid formation

The HT29 CRC cells were inoculated into a non-adherent culture plate
to form tumor spheroids, as previously described®. HT29 tumor
spheroids were co-cultured with neutrophils and NETs for 24 h.
Extracellular NETs were stained with SYTOX Green (5uM) and incu-
bated at 20°C in the dark for 10 min. Images were captured and
recorded using a fluorescence microscope.

Protein extraction and western blotting

Protein extraction and western blotting were performed as previously
described’. Neutrophils were collected by centrifugation, and total
protein was extracted using RIPA buffer (Solarbio, China) in the pre-
sence of a Protease Inhibitor and Protein Phosphatase Inhibitor
Cocktail (APEXBIO, USA). The total protein concentration of the lysate
was quantified using a BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Proteins were separated using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto a PVDF membrane (Tanon, China). The membranes were
blocked with 3% bovine serum albumin (BSA) for 2 h and incubated
with primary antibodies at 4 °C overnight. Goat anti-rabbit or goat anti-
mouse horseradish peroxidase-conjugated IgG (H+L) was used as a
secondary antibody, and the samples were incubated at 37 °C for 2 h.
An ECL chemiluminescence agent (Millipore, USA) was used to visua-
lize the membranes, and images were captured using a Tanon Che-
miluminescence Imaging System (Tanon, China). GAPDH was used as
an internal control. Additional information on the antibodies is listed
in Supplementary Data 2.

BioRender statement

Some figures were created using BioRender.com. Publication licenses
were secured in compliance with BioRender’s academic licensing
terms. Attribution is provided in relevant figure legends per BioR-
ender’s citation requirements.

Quantitative and statistical analysis
All data were processed using GraphPad Prism 8.0. Flow cytometry was
performed using FlowJoV10 software. The drawing materials for the

illustrations in this article were created with BioRende. The details of
the biological replicates and repetitions for each experiment are listed
in the respective figure legends. All data are expressed as “mean *
standard deviation”. Two groups were compared using two-tailed
Student’s ¢ test, and multiple groups were compared using one-way
analysis of variance (ANOVA) or two-way ANOVA, followed by multiple
comparison test, as indicated in the figure legends. Statistical sig-
nificance was set at P <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Bulk RNA sequencing data generated in this study have been deposited
in the Gene Expression Omnibus (GEO) database under accession
codes GSE302900 and GSE302902. Single-cell RNA sequencing data
are available in GEO under accession code GSE302903. Proteomics
datasets (including protein microarray and Luminex liquid suspension
array data) are included in the Additional Supplementary Files (Sup-
plementary Data. 6, 7). The remaining data that support the findings of
this study are available within the article, supplementary information,
or Source Data file. Source data are provided with this paper.
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