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ABSTRACT

Neutrophils are a highly heterogeneous cellular population. However, a
thorough examination of the different transcriptional neutrophil states
between health and malignancy has not been performed. We utilized
single-cell RNA sequencing of human and murine datasets, both publicly
available and independently generated, to identify neutrophil transcrip-
tomic subtypes and developmental lineages in health and malignancy.
Datasets of lung, breast, and colorectal cancer were integrated to estab-
lish and validate neutrophil gene signatures. Pseudotime analysis was used
to identify genes driving neutrophil development from health to cancer.
Finally, ligand–receptor interactions and signaling pathways between neu-
trophils and other immune cell populations in primary colorectal cancer
and metastatic colorectal cancer were investigated. We define two main
neutrophil subtypes in primary tumors: an activated subtype sharing the
transcriptomic signatures of healthy neutrophils; and a tumor-specific sub-
type. This signature is conserved in murine and human cancer, across
different tumor types. In colorectal cancer metastases, neutrophils are
more heterogeneous, exhibiting additional transcriptomic subtypes. Pseu-

dotime analysis implicates IL1β/CXCL8/CXCR2 axis in the progression of
neutrophils from health to cancer and metastasis, with effects on T-cell
effector function. Functional analysis of neutrophil-tumoroid cocultures
and T-cell proliferation assays using orthotopic metastatic mouse mod-
els lacking Cxcr in neutrophils support our transcriptional analysis. We
propose that the emergence of metastatic-specific neutrophil subtypes is
driven by the IL1β/CXCL8/CXCR2 axis, with the evolution of different tran-
scriptomic signals that impair T-cell function at the metastatic site. Thus, a
better understanding of neutrophil transcriptomic programming could op-
timize immunotherapeutic interventions into early and late interventions,
targeting different neutrophil states.

Significance: We identify two recurring neutrophil populations and
demonstrate their staged evolution from health to malignancy through
the IL1β/CXCL8/CXCR2 axis, allowing for immunotherapeutic neutrophil-
targeting approaches to counteract immunosuppressive subtypes that
emerge in metastasis.

Introduction
Neutrophils are short-lived cells released from the bone marrow in response
to infection and inflammation and represent the most abundant circulating
white blood cells. Traditionally thought of as terminally differentiated cells,
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neutrophils have been shown to demonstrate remarkable plasticity in response
to different tissue environments (1), particularly to the tumor microenviron-
ment (2). In previous studies, in murine models of human disease, we observed
significant phenotypic differences between primary and metastatic tumors in
response to inhibition of neutrophil populations using genetic and pharmaco-
logic approaches. In both metastatic pancreatic and colorectal cancer models,
we observed targeting neutrophil infiltration to metastases resulted in reduc-
tion of metastatic burden but with limited impact on primary tumor (PT)
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growth (3–5). These observations are in-keeping with other studies that have
shown the potential of targeting metastasis-associated neutrophils therapeu-
tically in murine models of cancer (6, 7). Oncogenic KRAS driver mutations
in lung and colorectal cancers (8, 9) are thought to play a key role in driv-
ing neutrophil phenotype within tumors, with clear upregulation of neutrophil
chemotactic protein production from metastatic lesions (10). Understanding
the regulation of neutrophils within metastases will permit future therapeu-
tic efforts, with the aim of promoting an antitumoral neutrophil phenotype.
Indeed, recent work has shown the importance of antitumor neutrophils in
clearing tumor cells during successful immunotherapy treatment (11, 12). Sys-
temic neutrophilia and inflammation have repeatably been associated with
poor outcomes in colorectal cancer as well as in other cancers (13). While
these observations suggest the key role of neutrophils for promoting metasta-
sis, dense neutrophil infiltration in the PT microenvironment also correlates
with poor prognosis in colorectal cancer suggesting neutrophils have roles
in cancer progression at both primary and metastatic sites (13). Overall,
clear clinical and preclinical evidence exists for protumorigenic neutrophil
populations, though awareness of neutrophils states is only just becoming
recognized (14).

Indeed, several studies have utilized single-cell RNA sequencing (scRNA-seq)
to delineate the immune cell populations infiltrating the tumor microenviron-
ment in different cancers and their respective murine models, with a focus on
macrophages and T-cell populations (15–20). However, to date, no study has
thoroughly investigated neutrophil populations to specifically identify recur-
rent transcriptional subtypes in health and cancer. This underrepresentation of
neutrophil populations in scRNA-seq datasets is largely owing to their short
half-life, which dictates the fast processing of freshly procured samples, and
the challenges in isolating adequate quality and quantity of RNA for down-
stream analysis, making neutrophils harder to capture using the common
single-cell platforms. Moreover, Ficoll separation discards hypersegmented
cells, making it difficult to isolate neutrophils from the blood (21). Furthermore,
neutrophils and monocytes coexpress several antigens and produce similar ef-
fector molecules, proteins, chemokines, and cytokines, rendering them harder
to identify or more likely to be mislabeled (22). However, combining datasets
can enable analysis of this underrepresented cell type that has not been exten-
sively evaluated before. Likewise, neutrophil phenotypic differences between
normal and tumor-associated neutrophils have never been described at the
single-cell level.

Therefore, we sought to assess the differences in neutrophil transcriptional phe-
notypes between healthy tissue, PT tissue, and liver metastatic (LM) tissue
across different cancer types: lung, breast, and colorectal cancer. Neutrophils
have been shown in these cancer types to influence outcomes, in bothmice and
humans (23). We hypothesized that neutrophils show plasticity and adaptation
to their surroundings to support antitumorigenic or protumorigenic processes,
with the metastatic site co-opting neutrophils to promote protumorigenic neu-
trophil function. We demonstrate using publicly available scRNA-seq datasets
anddata generated fromcolorectal cancermurinemodels that twomain subsets
of neutrophils can be identified in health and cancer. We identify the develop-
mental trajectory of these cells and observed a heterogeneous group within LM
tissue consistent with tissue-specific adaptation at the metastatic site and show
using neutrophil specific Cre-recombinase knockout of Cxcr that this path-
way functionally influences neutrophil biology. This study lends novel insights
to neutrophil single-cell transcriptomic phenotypes and infers how these cells
may be manipulated for therapeutic benefit in the future.

Materials and Methods
Processing Publicly Available Datasets
Datasets which had successfully captured and identified neutrophil clusters in
their original publications were retrieved from the Gene Expression Omnibus
(GEO) database andNational Omics Encyclopaedia (Table 1) and processed us-
ing Seurat (version 4.3.0) on R (versions 3.17 and 4.1.1). Datasets were integrated
by reciprocal principal component analysis (RPCA) using the IntegrateData
function then scaled and normalized. Dimension reduction was performed
using principal component analysis (PCA) followed by clustering using the
FindNeighbors and FindClusters functions. Marker genes for individual clus-
ters were determined using the FindAllMarkers function. Neutrophils were
isolated by the authors using the cluster identities assigned in themeta-data and
markers used in the original publications (Table 1). Datasets were integrated
to establish and test neutrophil gene signatures using the AddModuleScore
function. Pseudotime analysis was performed using Slingshot (version 2.8.0)
to identify neutrophil lineages. Gene expression along the different trajectories
was performed using TradeSeq (version 1.14.0). Gene set enrichment (GSE),
GeneOntology (GO), andKyoto Encyclopedia of Genes andGenomes (KEGG)
analyses were performed usingClusterProfiler (version 4.8.1) and EnrichR (ver-
sion 3.2). Ligand-receptor (L-R) interactions and signaling pathways between
neutrophils and other immune cell populations in primary and metastatic sites
were investigated using CellChat (version 1.6.1). Software processing pipelines
are listed in Table 2 and all relevant code can be accessed on Github (https://
github.com/ranafetit/NeutrophilCharacterisation).

Mouse Housing and Ethics
All animal experiments were performed in accordance with the UK Home Of-
fice project licenses 70/9112 and PP3908577 andwere reviewed and approved by
theUniversity ofGlasgowAnimalWelfare andEthical ReviewBoard.Micewere
fed standard chow diet and given drinking water ad libitum. A mixture of indi-
vidually ventilated cages and conventional open top cages were used. Both sexes
of mice were used in ageing models, with male mice used for transplants. Sup-
plementary Table S1 summarizes the numbers, sex, and genotype of the mice
used in this study.

In-House Generated Mouse Models for scRNA-seq
The different intestinal cancer models are listed in Table 3. Two models of
tumorigenesis were used: aged genetically engineered mice; and intracolonic
transplants of murine-derived organoids (Supplementary Table S1). All genet-
ically engineered mouse models (GEMM) were induced with a single 2 mg
intraperitoneal injection of tamoxifen (Sigma-Aldrich T5648) and aged to a
clinical endpoint. For transplant mice, murine tumor-derived organoids were
injected intracolonically intomale immune competent C57BL/6Jmice (Charles
River strain 632) using previously described methods (24). Tumor organoids
were mechanically dissociated into fragments by pipetting and washed twice in
PBS. Each mouse was injected with the equivalent of one well of a 6-well plate
in 70 μL of PBS. This was injected into the colonic submucosa using a Karl Storz
TELE PACK VET X LED endoscopic video unit with associated needle.

Tissue Processing
PTs were excised into PBS on ice. The tumor was then chopped into a smooth
paste using a McIlwain Tissue Chopper. The paste was transferred to Gen-
tleMACS C tubes (Miltenyi Biotec, 130-093-237) with digestion enzymes from
the Miltenyi Mouse Tumor Dissociation Kit (Miltenyi Biotec, 130-096-730;
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TABLE 1 Description of public datasets used in this study

Author
Accession
number Species Tissue Tumor Description

Neutrophil
identification method Neutrophil Markersa

Zilionis et al.,
2019

GSE127465 Human,
Mouse

Blood, Lung PT Non–small cell
lung cancer

Bayesian cell type
classifier of CD45+

immune cell types
and comparison cell
states to published
datasets

CXCL8, G0S2, CXCR2,
S100A8, S100A9
FCGR3B, CSF3R,
FFAR2

Grieshaber-
Bouyer et al.,
2021

GSE165276 Mouse Bone marrow,
Blood,
Spleen

None Healthy tissue Sorting Ly6G+ CD11b+
neutrophils

Chil3, Camp, Lcn2, Ltf,
Mmp9, Csf3r, IL1β,
Ccl6

Alshetaiwi et al.,
2020

GSE139125 Mouse Breast PT Polyomavirus
middle T
oncoprotein
breast cancer

FACS purification of live
CD45+CD11b+Gr1+
cells

Ly6g, Cxcr2, Camp,
Arg2, Cebpe, Retnig,
Tuba1b, Cdc20

Azizi et al., 2018 GSE114727 Human Breast PT Breast
carcinomas
and adjacent
healthy tissue

PhenoGraph clustering;
genome-wide
correlations between
cluster mean
expression and
previously
characterized
transcriptional
profiles of sorted
immune cells

CXCR1, MME, CXCR2,
CSF3R, IL-1ΒR2,
IFITM2, S100A8,
S100A12, ICAM3,
CXCL1

Wu et al., 2022 OEP001756 Human Liver MET Colorectal cancer
liver
metastasis

Tissue dissociation and
reservation of CD45+

clusters at single-cell
resolution

LYZ, FCGR3B

Zhang et al.,
2020

GSE146771 Human Colon PT Colorectal cancer Neutrophils were not
sufficiently captured

N/A

Abbreviations: MET = metastatic tumor, N/A = unavailable, PT = primary tumor.
aNeutrophil markers used in the original publications to identify neutrophils.

2.35 mL of RPMI1640, 100 μL Enzyme D, 50 μL Enzyme R, and 12.5 μL En-
zyme A). Samples were run on a GentleMACS Octo Dissociator with Heaters
(Miltenyi Biotec, 130-096-427) using the 37C_m_TDK_1 programme. After
digestion, samples were briefly spun, 10 mL of RPMI-10%FBS-2 mmol/L
Ethylenediaminetetraacetic acid (EDTA) was added and passed through a
70 μm strainer. The resultant suspension was then spun down at 900 RPM for
2 minutes at 4°C, supernatant discarded, and the pellet resuspended in 0.5 mL
DPBS+0.05% BSA and transferred to a FACS collection tube on ice.

scRNA-seq
Dissociated cells were sorted using a BD FACSAria (BD Biosciences) and
DAPI (Invitrogen, D1306) to remove dead cells, then loaded onto a Chromium
Chip G using reagents from the 10x Chromium Single-Cell 3′ v3 Gel Bead
Kit and Library (10x Genomics) according to the manufacturer’s protocol. Li-
braries were analyzed using the Bioanalyzer High Sensitivity DNA Kit (Agilent
Technologies) and sequenced on the Illumina NovaSeq 6000 with paired-end
150-base reads. Sequence alignment of single-cell data to the mm10 genome
was performed using the count tool from Cellranger (version 6.1.2) accord-

ing to the developers’ instructions, generating barcodes, features, and matrix
output files for each sample. Subsequent analysis was done in R (version 4.1.1)
using Seurat (version 4.0.4). Samples were input using the Read10X function,
filtered to include cells with a minimum of 100 expressed genes and genes that
are present in at least three cells, then further filtered to only include cells
with <5% mitochondrial genes, <10% hemoglobin genes, >100 genes/cell and
>400 reads/cell. Samples were then integrated by RPCA using the Integrate-
Data function before being scaled and normalized. Dimension reduction was
performed using PCA followed by clustering using the FindNeighbors and
FindClusters functions. Marker genes for individual clusters were determined
using the FindAllMarkers function. Cell types were annotated using CellTypist
and custom gene lists, and subset using the subset function.

Bulk-RNA-seq of Autochthonous Colorectal Cancer
Mouse Models
Tissue processing, RNA isolation and sequencing were performed as described
previously (5). Briefly, PTs were harvested from the intestine of 4 villin-CreERT2

KrasG12D/+ Trpfl/flRosaN1CD/+ (KPN) mice (model of metastatic colorectal
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TABLE 2 Links to software processing pipelines on Github

Software Github Identifier

Seurat https://github.com/satijalab/seurat
Slingshot https://github.com/kstreet13/slingshot
TradeSeq https://github.com/statOmics/tradeSeq
ClusterProfiler https://github.com/YuLab-SMU/clusterProfiler
EnrichR https://github.com/wjawaid/enrichR
CellChat https://github.com/sqjin/CellChat
Cellranger https://github.com/10XGenomics/cellranger
CellTypist https://github.com/Teichlab/celltypist
tophat2 https://github.com/DaehwanKimLab/tophat2
Bowtie https://github.com/BenLangmead/bowtie
HTSeq https://github.com/simon-anders/htseq
DESeq2 https://github.com/mikelove/DESeq2

cancer), and of these mice, 2 also had liver metastases which were harvested
(onemouse hadmultiple livermetastases harvested). Liver tissue was harvested
from 5wild-type (WT)mice on aC57BL/6 background. Tumors from intestine,
liver metastases, and liver were processed using the Mouse Tumor Dissocia-
tion Kit (Miltenyi Biotec #130-096-730) as per the manufacturer’s instructions,
along with blood obtained by cardiac puncture upon terminal anesthesia. Neu-
trophils were sorted on the basis of CD48−/loLy6G+, CD11b+Ly6G+ expression
and RNA was extracted using the RNeasy Mini kit (QIAGEN, #74104). Pu-
rified RNA quality was tested on an Agilent 2200 Tapestation using RNA
screen tape. Libraries for cluster generation and RNA sequencing were pre-
pared using the Illumina TruSeq RNA LT Kit after assessing RNA quality
and quantity on an Agilent 2200 Tapestation (D1000 screentape) and Qubit
(Thermo Fisher Scientific), respectively. Libraries were run on an Illumina
NextSeq 500 using the High Output 75 cycles kit. Quality checks on the raw
RNA-seq data files were done using fastqc and fastq_screen (versions 0.11.2 and
0.11.3, respectively). RNA-seq paired-end reads were aligned to the GRCh38
mouse genome using tophat2 with Bowtie (versions 2.0.13 and 2.2.4.0, respec-
tively). Expression levels were determined and analyzed using HTSeq (version
0.6.1) in R (version 3.2.2), utilizing Bioconductor data analysis suite and
DESeq2.

IHC of Human Colorectalcancer Liver Metastasis
(CRCLM) Tissue
Studies were conducted in line with the Declaration of Helsinki and all patients
provided written informed consent for their tissues to be used for research

TABLE 3 Description of colorectal cancer mouse models used

Mouse model Mutations Reference

AKPT Transplant villin-CreERT2Apcfl/fl KrasG12D/+

Trp53fl/fl Alk5fl/fl
(58)

BP GEMM villin-CreERT2BrafV600E/+Trp53fl/fl (4, 59)
BPN GEMM villin-CreERT2BrafV600E/+

Trp53fl/fl Rosa26N1icd/+
(59)

KP GEMM villin-CreERT2KrasG12D/+ Trp53fl/fl (5)
KPN GEMM and

Transplant
villin-CreERT2KrasG12D/+, Trp53fl/fl,

Rosa26N1icd/+
(5)

purposes. Application to access patient tissue was authorized by the NHS
Greater Glasgow and Clyde Biorepository under their NHS Research Ethics
Committee approval with ethical approval granted in biorepository applica-
tion no. 602. Upon successful metastatic liver resections, surplus tissue was
stored in 4% paraformaldehyde at 4°C for 20–48 hours. Samples were then
transferred to 70% ethanol and processed by standard histology processing
techniques.

The following antibodies were stained on a Leica Bond Rx autostainer:
CD3 (ab16669, Abcam) and TXNIP (40-3700, Thermo Fisher Scientific). All
formalin-fixed paraffin-embedded (FFPE) sections underwent on-board de-
waxing (AR9222, Leica) and epitope retrieval using ER2 retrieval solution
(AR9640, Leica) for 20 minutes at 95°C. Sections were rinsed with Leica
wash buffer (AR9590, Leica) and peroxidase block was performed (Intense
R kit; DS9263, Leica) for 5 minutes. Primary antibodies were added at op-
timal dilutions (CD3, 1/100; TXNIP, 1/400) then rabbit envision secondary
antibody (K4003, Agilent) was applied for 30 minutes. Sections were rinsed
and visualized using 3,3ʹ-Diaminobenzidine (DAB) in Intense R kit.

FFPE sections for CD11b/ITGAM (49420, Cell Signaling Technology) staining
were loaded into the Agilent pretreatment module for dewaxing and heat-
induced epitope retrieval using high pH target retrieval solution (TRS; K8004,
Agilent). Sections were heated to 97°C for 20 minutes in high pH TRS buffer,
rinsed in flex wash buffer (K8007, Agilent) then loaded onto the Dako au-
tostainer. Peroxidase blocking (S2023, Agilent) was performed for 5 minutes.
Primary CD11b/ITGAM antibody was added (1/400) for 35 minutes, then rab-
bit envision secondary antibody was applied for 30 minutes. Sections were
rinsed before applying Liquid DAB (K3468, Agilent) for 10 minutes. Sections
were washed in water and counterstained with hematoxylin Z (RBA-4201-00A,
CellPath). Finally, all sections were rinsed in tap water, dehydrated through
graded ethanol’s, placed in xylene then coverslipped using DPX mountant
(SEA-1300-00A, CellPath).

Organoid Culture
Tumoroids derived from KPN mice were used as described previously
(5). Briefly, advanced DMEM/F12 was supplemented with 10 mmol/L
HEPES (15630080), 2 mmol/L l-glutamine (25030081), 100 U/mL/100 μg/mL
penicillin/streptomycin (15140122), N2-supplement (17502001), and B27 sup-
plement (17504044; all fromGibco or Thermo Fisher Scientific) and is referred
to as ADF base from hereon. ENmediumwas prepared by supplementing ADF
base with 100 ng/mL Recombinant Murine Noggin (250–38) and 50 ng/mL
recombinant human EGF (AF-100-15; both from Peprotech). Organoids were
cultured in Matrigel and ENmedium in 5% CO2 at 37°C, with passaging every
2–3 days.

Intrasplenic Injection of Tumor Cells
Following culture of KPN organoids as described above, tumor organoids were
released from plating by vigorous scraping followed by washing in cold PBS.
Organoids were fragmented with vigorous pipetting, followed by incubation
for 7 minutes at 37°C in 0.25% trypsin in EDTA-PBS. Following quenching of
trypsinization by immersion in 10% FBS, cells were passed through a 40 μm
strainer, counted using the Countess Automated Cell Counter (Thermo Fisher
Scientific, AMQAF2000), and resuspended in PBS to achieve a final volume of
1 × 107 cells/mL. Mice were then injected with 5 × 105 cells intrasplenically in
a volume of 50 μL.
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Mouse Models for Functional Analysis
GEMMswere selectively bred in house using theCre-lox systemwithmice with
an Mrp-Cre (25) crossed with mice carrying a conditional deletion of Cxcr
(26) on an n ≥ 9 C57BL/6 background and genotyped at Transnetyx. All mice
in these studies were homozygous for conditional deletion of Cxcr (Cxcrfl/fl),
with Mrp8-Cre deficient mice used in control, and Mrp8-Cre proficient mice
used in experimental groups.

Where indicated in the experimental design, samples were either taken from
healthy male and female mice ages between 14 and 20 weeks, or frommice ages
between 17 and 21 weeks that were injected intrasplenically with 500,000 single
cells prepared from KPN organoids as described above. All mice were sampled
at 28 days following injection of tumor cells. Nomice were excluded from anal-
ysis. No formal randomization of mice was carried out, allocation of mice to
groups was unblinded, but surgery and data analysis were blinded.

Tissue Preparation for Sorting
Whole livers from healthy mice, and those 28 days after KPN intrasplenic in-
jection were fragmented and digested using the Mouse Tumor Dissociation
Kit (Miltenyi Biotec, 130-096-730) in GentleMACS tubes on the GentleMACS
Octo dissociator with heaters (Miltenyi Biotec, 130-096-427) on the setting
37C_m_LIDK_1. Cells were passed through a 40 μm strainer and enzymatic
digestion was quenched using RPMI1640 10% FBS 2mmol/L EDTA. Cells were
then processed using debris removal solution (Miltenyi Biotec, 130-109-398).
Bloodwas suspended in erythrocyte lysis buffer on ice, and then passed through
a 70 μm strainer following quenching in RPMI1640 10% FBS 2 mmol/L EDTA.
Liver and blood samples were then resuspended in PBS. T cells for coculture
were obtained from WT mice. Spleen tissue was passed through a 70 μm fil-
ter and washed through with RPMI1640 10% FBS 2 mmol/L EDTA. Following
centrifuge, spleen cells were resuspended in PBS.

Flow Cytometric Sorting of Neutrophils
Neutrophils for coculture with KPN organoids were positively selected using
FACS. Liver and blood samples prepared as described above were stained with
TruStain FcX (anti-mouse CD16/32) Antibody (BioLegend, 101319) at a 1:200
concentration in 300 μL PBS 1% BSA for 10 minutes on ice in the dark. Subse-
quently, 300 μL of antibody cocktail with the following antibodies was added:
CD45-SB600 (Thermo Fisher Scientific, 63-0451-82), Ly6G-APC (BioLegend,
127614), CD11b-FITC (BioLegend, 553310), CD48-PE/Cy7 (BioLegend, 103424),
and cells were incubated for 30minutes in the dark on ice. Gating of neutrophils
was unaffected by expression ofMrp8Cre-GFP at 525/50 nm, as with the excita-
tion peak of CD11b-FITC. Cells were then washed and resuspended in PBS 1%
BSA, and 1 μL of 1 mg/mL DAPI (Thermo Fisher Scientific 62248) was added.

On the BD FACSAria III (BD Biosciences) neutrophils were sorted as Live,
CD45+, CD48−/lo, CD11b+, Ly6G+, and collected in PBS 50% FBS.

Negative Selection of Neutrophils and T-cell Coculture
Neutrophils for coculture with T cells, from healthy mouse liver and blood as
well as liver and blood frommice 28 days after KPN intrasplenic injection were
negatively selected usingMojoSortMouseNeutrophil IsolationKit (BioLegend,
480058) and their described protocol. T cells for the same experiments were
isolated from WT mouse spleen tissue using the MojoSort Mouse CD3 T cell
isolation kit (BioLegend, 480024) and their described protocol. Cells were incu-
bated in MojoSort buffer 1x (BioLegend, 480017) with 10 μL of biotin-antibody
cocktail per 1 × 107 cells. Following incubation on ice for 15 minutes, 10 μL of

streptavidin nanobeads were added, and further incubated on ice for 15 min-
utes. Samples were then magnetically sorted, with the remaining suspension
containing the cells of interest. The remaining cells that had been magnetically
trappedwere then resuspended inMojoSort buffer and once againmagnetically
sorted to increase yield.

Following counting, T cells were stained with CellTrace Yellow Proliferation
kit (Thermo Fisher Scientific, C34567). A total of 500,000 T cells were placed
into a well of a flat-bottomed 96-well plate, and cocultured with 1 × 106 neu-
trophils in 250 μL Iscove’s modified Dulbecco’s medium, 10% FBS, 50 mmol/L
2-mercaptoethanol with 2 mmol/L l-glutamine and 100 U/mL/100 μg/mL
penicillin-streptomycin. Cells were harvested following 44 hours of incubation
at 37°C 21%O2 5% CO2.

Neutrophil-KPN Organoid Cocultures
KPNorganoids were propagated in culture as described above. Three days prior
to collection of neutrophils, 50,000 KPN organoid cells were seeded in each
well per experimental condition. Following positive selection of neutrophils
using FACS as described above, 50,000 neutrophils were placed in coculture
with KPN organoids grown from previously seeded cells. Neutrophils and KPN
organoids were suspended in Matrigel and plated in a flat-bottomed 24-well
plate, in EN media. These were incubated at 37°C 21%O2 5% CO2 for 12 hours.

Assessment of Extracellular DNA Release
To quantify extracellular DNA release, just prior to coculture, neutrophils were
stained with 1 μmol/L cell tracker red (Thermo Fisher Scientific, C34552) in
ADF base, and incubated in this for 45 minutes at 37°C. Sytox Green nucleic
acid stain (Thermo Fisher Scientific, S7020) was added to ENmedium in which
the neutrophils and KPN organoids were cocultured.

A Nikon TE2000 microscope was used to obtain time-lapse images every
30minutes for 11 hours, with three technical replicates per condition. Brightfield
(organoid imaging), 525/50 nm detecting Sytox green (excitation max 504 nm,
emission max 523 nm) fluorescence for release of DNA and 630/75 nm detect-
ing neutrophils stained with cell tracker red (excitation max 577 nm, emission
max 602 nm) fields were captured at each timepoint. Images were processed
using FIJI, andmean fluorescence at each timepoint wasmeasured and normal-
ized against KPN organoid-only controls. Statistical analysis was performed in
GraphPad Prism (Dotmatics), using aMann–Whitney test at each timepoint to
test for statistical significance.

Flow Cytometric Analysis
Three flow cytometry panels were designed. The first, referred to as the
T-cell proliferation panel, contained CD8a-BV421 (BioLegend, 100753), CD4-
BUV395 (BDBiosciences, 563790), andCD3-PE/Cy7 (BioLegend, 100220). The
second, referred to as the organoid viability panel contained Annexin V-FITC
(BioLegend, 640906), EpCAM-BV650 (BioLegend, 118241), propidium iodide
(PI; BioLegend, 421301), and CD45-PE (BioLegend, 103106). The third, referred
to as the neutrophil activation panel, contained MPO-FITC (Cambridge Bio-
science, HM1051F-100UG), MMP9-AF405 (Biotechne, NBP2-59699AF4050),
CD62L-BUV395 (BD Biosciences, 740218), CD45-SB600, CD48-BV711 (Bi-
oLegend, 103439), CD11b-BUV805 (BD Biosciences, 741934), Ly6G-BV510
(BioLegend, 127633), and LTF-AF680 (Stratech, BS-5810R-A680-BSS).

Neutrophils from blood and liver of mice 28 days following intrasplenic in-
jection of KPN tumor cells and T cells from healthy WT mice (n = 14) in
coculture were harvested and incubated for 20 minutes on ice in the dark with
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100 μL LIVE/DEAD fixable near-IR stain kit (Thermo Fisher Scientific L10119)
at 1:1,000 dilution in PBS. Following washing in PBS 1% BSA, cells were resus-
pended in 25 μL of PBS 1% BSA containing a 1:200 dilution of TruStain FcX
(anti-mouse CD16/32) Antibody and incubated on ice in the dark for 20 min-
utes. The T-cell proliferation panel antibody cocktail was then added in 25 μL
PBS 1% BSA and incubated for 30 minutes in the dark on ice. Following wash-
ing and resuspending cells in PBS, they were fixed in PBS 4%paraformaldehyde
for 15 minutes at room temperature. Cells were then washed and resuspended
in PBS.

Neutrophils in coculture with KPN organoids were all from healthy mice.
These were harvested by incubating at 37°C in 200 μL TrypLE Express Enzyme
(Thermo Fisher Scientific, 12604013), and then stained and fixed as described
above, using the organoid viability panel and the neutrophil activation panel in
place of the T-cell proliferation panel. Following fixation, samples stained with
the neutrophil activation panel were resuspended in 1x permeabilzation buffer
(Thermo Fisher Scientific, 00-8333-56) containingMPO-FITC,MMP9-AF405,
and LTF-AF680 antibodies. Cells were thenwashed and resuspended in PBS for
analysis on the flow cytometer.

All cells were initially identified for analysis by gating on FSC-A and SSC-A,
and subsequently on FSC-A and FSC-H. Cells were then gated on LIVE/DEAD
NIR. T cells were defined subsequently as CD3+, and CD4+ andCD8+ subsets.
CellTrace Yellow was used to analyze T-cell proliferation, with defined gener-
ations of T cells based on strength of the fluorescent signal. Generation 0 are
undivided T cells, generation 1 have undergone one division, generation 2 two
divisions etc. Neutrophils were defined as CD45+, CD48−/lo, CD11b+, Ly6G+,
and MPO, MMP9, LTF and CD62 L used as markers of activation. Tumor cells
were defined as CD45−, EpCAM+, with Annexin V+/PI−, PI+/Annexin V−,
andAnnexinV+/PI+. All Flow analysis was performed in FlowJo software (BD
Life Sciences), and statistical analysis was performed in GraphPad Prism, using
unpaired t tests to establish statistical significance in T-cell proliferation assays
and two-way ANOVA in neutrophil activation, maturity, and viability.

Quantification of Neutrophil Response to
Exogenous Stimuli
Neutrophils from 6 BALB/c WTmice were flushed from the bone marrow fol-
lowing lethal injection of phenobarbital. Neutrophils were negatively selected
from the bone marrow solution using the MojoSort Mouse Neutrophil Isola-
tion Kit as described above. Neutrophils were then plated with either vehicle,
20 ng/mL GMCSF (Peprotech, 315-03-20ug) or 10 ng/mL IL1β (ImmunoTools,
12340013) and cultured for 2 hours at 37°C in 5% CO2 and 21%O2. Neutrophils
from 3 mice were cultured with vehicle or GMCSF, and with vehicle or IL1β
from the remaining 3 mice. As all mice were WT, they were not random-
ized, but analysis of results was blinded. One plate was excluded from analysis
(neutrophils treated with IL1β for analysis of Cxcr2 due to issues with seal-
ing the plate. Cells were collected into TRIzol (Life Tech), and RNA prepped
as per manufacturer’s instructions. cDNA was synthesized using 1 μg RNA as
template using Quantitect Reverse Transcription Kit (Qiagen) as per the man-
ufacturer’s instructions. qPCR was performed using x1 SyBr green (Qiagen),
1:10 dilution of cDNA template, 0.5 μmol/L forward primer (custommade, Life
Tech), 0.5 μmol/L reverse primer (custommade, Life Tech), and reactions con-
ducted using a three-step protocol, corresponding to 95°C for 3 minutes, x40
cycles of 95°C for 20 seconds, 60°C for 20 seconds, 72°C for 20 seconds, with
a final extension of 72°C for 5 minutes, and melt-curve from 65°C to 95°C in
0.5°C increments. Data were collected and analyzed in CFXManager Software

(Bio-Rad). Expression of genes of interest was normalized to Actb. Statistical
significance was tested using an unpaired t test. Primer sequences can be found
in Supplementary Table S2.

Data Availability
All relevant code has been deposited on Github (https://github.com/ranafetit/
NeutrophilCharacterisation). Data analyzed from publicly available datasets
were obtained fromGEO database and National Omics Encyclopaedia as listed
in Table 1. Data generated independently from GEM and transplant models
of colorectal cancer in this study are available from Zenodo at (https://doi.
org/10.5281/zenodo.8133995). Any other data generated in this study are avail-
able within the article and its Supplementary Data, or upon request from the
corresponding author.

Results
Neutrophils Exhibit Distinct Tissue-specific and
Tumor-specific Signatures
To examine the transcriptomic signatures of neutrophil subtypes in healthy and
tumor tissue, we integrated neutrophil clusters from bonemarrow, blood, lung,
and spleen of healthy mice (16), together with neutrophils from tumor-bearing
mouse models of non–small cell lung cancer (NSCLC; ref. 15) and colorectal
cancer (KPN; Fig. 1). BothNSCLC and colorectal cancer tumormodels shared a
comparable C57BL/6 background with Kras and Trpmutations. For colorec-
tal cancer, neutrophils were derived from twomodels of tumor genesis: agedGE
mice and intracolonic transplants ofmurine derived organoids, with themajor-
ity being from the latter (Supplementary Fig. S1A). Unsupervised clustering of
neutrophil transcriptomic signatures revealed distinct neutrophil clusters based
on their tissue of origin in health (Fig. 1A). KPN and lung adenocarcinoma
neutrophils formed distinct tumor-specific clusters, suggesting transcriptomic
differences between neutrophils in KPN, lung adenocarcinoma and healthy
tissues (Fig. 1B).

KPN neutrophils encompassed clusters: 0, 4, 7, 8, 10, 11, 12, and 14 (Fig. 1B; Sup-
plementary Fig. S1B and S2A). Clusters 0 and 7 were enriched for Cxcl and
Thbs, which encode proteins that influence neutrophil motility and chemo-
taxis. Cluster 0 also expressed Ccl and Ccl, critical for T-cell recruitment and
antitumor immunity (ref. 27; Supplementary Table S3). Cluster 10 expressed
Cd, which plays a role in neutrophil accumulation (28). Cluster 4 was com-
mon to both KPN and NSCLC PTs (Fig. 1B; Supplementary Fig. S1B), and
expressed Cdkna, Ppia, Gngt, Ier, and Rpsl (Supplementary Table S3).
Three smaller clusters were shared between both PTs: Cluster 12 was enriched
for the lysosomal genes Lyz and Psap, Cluster 14 expressed Ppia, Jun, and Slfn,
and Cluster 11 was enriched for Sa and Ptma. Finally, Cluster 8 was equally
conserved across healthy and tumor-associated neutrophils (Fig. 1A andB; Sup-
plementary Fig. S1B) and was enriched for IFN markers: Isg, Rsad, Ifit,
Ifit, and Slfn (Supplementary Table S3), a phenomenon previously reported
in several scRNA-seq studies of neutrophils (29).

Neutrophils in PTs Encompass Two Transcriptional
Subtypes in Mice
Using the highly expressed markers in healthy and tumor tissues (Supplemen-
tary Table S3), we defined two neutrophil signatures. The first represented
neutrophils associated with healthy tissue (Healthy-enriched; H_enriched).
This subtype was observed in both healthy and tumor tissue. The second
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FIGURE 1 Characterization of neutrophil signatures and lineages in health and PTs. A, Uniform Manifold Approximation and Projection for Dimension
(UMAP) plot of healthy neutrophils grouped by tissue type. BM: healthy bone marrow, SP: healthy spleen, L: healthy lung, BL: healthy blood. B, UMAP
plots of healthy and tumor-derived neutrophils grouped by tissue type and Seurat clusters (0–15). BM: healthy bone marrow, SP: healthy spleen,
L: healthy lung, BL: healthy blood, L_AC: lung adenocarcinoma, KPN: colorectal cancer with Kras, Trp53 and Notch mutations. C, UMAP plot of
neutrophils in mouse breast cancer model. WT: healthy breast tissue, PyMT: polyomavirus middle-T oncoprotein tumor. D and E, Scoring of H_enriched
and T_enriched neutrophil signatures. F, UMAP plot of neutrophils in mouse colorectal cancer model. (Continued on the following page.)
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Conserved Transcriptomic Signatures of Neutrophils

(Continued) All neutrophils are tumor-derived. G and H, H_enriched and T_enriched signatures in colorectal cancer (CRC). I, UMAP plot of human
NSCLC neutrophils. Blood: blood-derived, tumor: tumor-derived. J and K, H_enriched and T_enriched signatures NSCLC. L, UMAP plot of human
breast carcinoma (BC) neutrophils. Most neutrophils are tumor-derived. M and N, H_enriched and T_enriched signatures in breast carcinoma.
O–R, Unsupervised pseudotime analysis of neutrophils in mouse and human datasets. Lineages in the individual datasets are numbered. S–V, Il1β/IL1β
is differentially expressed at the end of tumor-specific lineages. W–Z, Estimated smoothers for Il1β/IL1β expression over pseudotime across the
different lineages.

signature was specific to tumor-associated neutrophils (Tumor-enriched;
T_enriched; Fig. 1C–N).

To validate the established signatures across different tissues and tumors, we
scored them on additional neutrophil scRNA-seq datasets derived from a
mouse model of healthy and breast cancer tissue, utilizing the mouse mam-
mary tumor virus promoter–driven expression of the polyomavirus middle-T
oncoprotein (PyMT, GSE139125) and neutrophils derived from a compendium
of colorectal cancer mouse models generated in our lab (Table 2).

In PyMT, neutrophils clearly separate into distinct healthy and tumor-specific
clusters, recapitulating the findings in NSCLC and colorectal cancer datasets
(Fig. 1C and F). Signature scoring in both PyMT and colorectal cancer mouse
models revealed that within the PT, tumor-specific neutrophils can be sepa-
rated into two subgroups: (i) activated neutrophils, which are transcriptionally
similar to neutrophils from healthy tissue (Fig. 1D and G), and (ii) a subtype
specific to PTs (Fig. 1E and H). Both signatures were preserved in both GEMM
and transplant models of colorectal cancer (Supplementary Fig. S2B and S2C
for healthy and tumor derived neutrophils, respectively).

Neutrophil Signatures are Conserved Between
Mouse and Human
We then investigated whether these signatures (Table 4) could be translated to
humans, using two datasets: patient-derived neutrophils from NSCLC tumor

and blood (Fig. 1I, GSE127465); and breast carcinomas and adjacent healthy
tissue (Fig. 1L, GSE114727). Signature scoring in NSCLC confirmed the pres-
ence of both neutrophil subsets within the PT (Fig. 1J and K) recapitulating
the trends observed in mice. Blood-derived neutrophils largely resemble the
H_enriched subtype (Fig. 1J). Although the breast carcinoma dataset contained
very few cells, we successfully observed the enrichment of both neutrophil sub-
types in tumor-derived neutrophils (Fig. 1M and N). Our analysis validates the
presence of both neutrophil transcriptomic subtypes in patient PTs, albeit to
different extents in the different cancer types and tissues, implying a role of the
neutrophil’s environment in shaping their transcriptome.

Pseudotime Analysis Demonstrates Neutrophil
Lineages Progress from H_Enriched Toward
T_Enriched Neutrophils
To investigate the developmental trajectory of neutrophils from health to can-
cer, we performed unsupervised pseudotime analysis on our integrated mouse
dataset (Fig. 1O). Individual lineages are shown in Supplementary Table S4. Our
trajectory analysis, which relies on cellular transcriptional information, reca-
pitulated the neutrotime RNA velocity analysis (16), which relies on splicing
dynamics. Lineage development is observed from bone marrow neutrophils
to populations in the spleen and then blood in a stepwise transcriptomic
progression in healthy neutrophil populations (Fig. 1O; Lineage 1, Supplemen-
tary Table S4). Additional lineages then become apparent as tumor-specific

TABLE 4 Healthy- and Tumor-enriched neutrophil signatures in human and mouse

Human Mouse

Healthy-enriched Tumor-enriched Metastasis-enriched Healthy-enriched Tumor-enriched Metastasis-enriched

MMP8 CDKN1A TXNIP Mmp8 Cdkn1a Txnip
IFITM2 PPIA RIPOR2 Ifitm6 Ppia Ripor2
IFITM3 IFITM1 CXCR2 S100a6 Ifitm1 Cxcr2
S100A6 TAGLN2 FKBP5 Lyz1 Tagln2 Fkbp5
LYZ ISG15 CEBPD Lyz2 Isg15 Cebpd
CTLA4 GNGT2 STK17B Ctla2a Gngt2 Stk17b
CHI3L1 CXCL8 SMAP2 Chil3 Cxcl12 Smap2
G0S2 CCL4 CTSS G0s2 Ccl4 Ctss
FPR2 CD14 JAML Fpr2 Cd14 Jaml

RPS27L IGHM Rps27l Ighm
IER3 CD74 Ier3 Cd74
CCL3 Ccl3
IFIT3 Ifit3
IFIT1 Ifit1
IL1Β IL1β
WFDC1 Wfdc17
THBS1 Thbs1
PTMA Ptma
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clusters develop. This trend was observed in both the murine PyMT and breast
carcinoma datasets (Fig. 1P and Q). In the human NSCLC neutrophil dataset,
lineages begin from the blood-derived clusters enriched for the H_enriched
signature, and progress toward the tumor-derived clusters enriched for the
T_enriched signature (Lineages 1 and 4, Supplementary Table S4; Fig. 1R). Our
data identified a developmental trajectory beginning with activated, healthy
neutrophils and ending at tumor-specific neutrophils in these datasets.

IL1β is a Driver of T_Enriched Neutrophil Signature
We analyzed gene expression along the different trajectories to identify genes
that drive neutrophil differentiation from health to cancer-associated lineages.
Specifically, we investigated the genes differentially expressed at the end of the
lineages compared with the start. In our integrated mouse dataset, Ilb was up-
regulated in the lineages ending with the tumor clusters (Fig. 1S and W). Ilb
was also among the top 30 lineage-specific differentially expressed genes and
was specific to the T_enriched neutrophil clusters PyMT (Fig. 1T andX; Supple-
mentary Table S5). This was true for colorectal cancer (Fig. 1U and Y; Lineages
4 and 6; Supplementary Table S6). In human NSCLC, the same trend was ob-
served in Lineages 1, 2, and 4 (Supplementary Table S7; Fig. 1V and Z). The
human breast carcinoma dataset was too small to perform such an analysis.
Taken together, our lineage-specific differential gene expression analyses impli-
cate ILβ in the progression of neutrophils towards the T-enriched population
in PT.

Neutrophils in Colorectal Cancer LM Display
Heterogeneous Transcriptional Programmes
To investigate whether these neutrophil subtypes are present in metastatic can-
cer, we isolated neutrophils from the publicly available CRCLM dataset (ref. 18;
Fig. 2A) and scored them for the two signatures we established in PTs. Neu-
trophils in CRCLM expressed both H_and T_enriched signatures. However, a
remarkable overlap between the two signatures was observed, with no clear sep-
aration between the two subtypes, reflecting their heterogeneity (Fig. 2B). Some
clusters were not enriched for either theH_ or T_enriched neutrophil signature
(Fig. 2B, blue arrow), suggesting the presence of an additional transcriptionally
segregated neutrophil population, specific to metastatic colorectal cancer.

Unsupervised pseudotime analysis revealed five neutrophil lineages, starting
from the clusters enriched for the T_enriched signature (Fig. 2C). All lineages
shared the same sequence for the first six clusters and differed at their terminal
clusters (Supplementary Table S4).We focused on lineages 2 and 4 because Lin-
eage 2 progressed toward the cluster not enriched for either signature observed
in PTs while Lineage 4 terminated with a cluster expressing both signatures
observed in PTs (Supplementary Table S4). Collectively, our findings highlight
neutrophil plasticity, suggesting that there is no fundamental pathway across all
diseases but rather multiple developmental pathways. We specifically focused
on the progressive transcriptomic development of neutrophil phenotype from
healthy to tumor-specific signatures in PTs and finally, a metastatic-specific
neutrophil subtype in colorectal cancer.

Human CRCLM-specific Neutrophils Display T-cell
Suppressive Markers
To characterize the transcriptomic signature of the metastatic-specific neu-
trophil population, we identified marker genes for the lineage endpoints.
Lineage 2 endpoint was enriched for the mRNA encoding Trx-interacting pro-
tein (TXNIP, Fig. 2C and D), the upregulation of which inhibits TRX1 and
restrains late T-cell expansion (30). This cluster was also enriched for the

chemokine receptor CXCR2 (Fig. 2E), which is a commonly studied target in
murine models of cancer influencing metastatic burden, suggesting these neu-
trophils identified are functionally relevant (31). The endpoint of Lineage 4
(Cluster 5; Supplementary Table S4) was enriched for the chemokine CXCL
(Fig. 2F and G), the major ligand for G-Protein coupled receptor CXCR2
and associated with immune suppression and tumor progression in this con-
text (32). This cluster also highly expressed ILB (Fig. 2H), supporting our
hypothesis that ILβ is implicated in the progression of neutrophils toward
malignancy-associated phenotypes.

We confirmed the expression of TXNIP in a patient CRCLM sample (Fig. 2I),
in tumor regions where immune cells cluster (Fig. 2J and K; dashed squares).
Moreover, among the 10 most highly expressed markers in this cluster, com-
pared with other neutrophil clusters were the genes: RIPOR and STKB,
which are important for naïve T-cell quiescence, survival, and activation
(refs. 33, 34; Fig. 2L; Supplementary Table S8). Our findings suggest that
the metastasis-specific neutrophil subtype transcribes genes that are T-cell
suppressive.

Murine Neutrophils Express a Metastasis-specific
Signature in CRCLM Bulk-RNA-seq Dataset
We selected the top 11 highly expressed genes in the metastasis-specific neu-
trophil clusters, which we called Metastasis-enriched (M_enriched) signature
(Table 3; Fig. 2L–N; Supplementary Table S8). These geneswere not strongly ex-
pressed in the PTdatasets, and those that expressed them showed very low score
for the signature (Supplementary Fig. S3A). We then compared the established
H_enriched, T_enriched, and M_enriched gene signatures in a bulk-RNA-seq
dataset generated from neutrophils from an autochthonous KPNmouse model
of colorectal cancer PT, LM, and healthy liver tissue (L) we generated (Fig. 2M).
Higher expression of H_enriched genes was observed in the healthy liver tis-
sue, compared with the PT and LM tissue (Fig. 2M). Neutrophils in both PT
and LM tissue equally expressed the T_enriched signature, with a higher ex-
pression of genes such as Thbs, Ccl and Cd in PTs (Fig. 2M). The average
expression of the individual genes across the three signatures revealed a grad-
ual increase inTxnip expression, with this expression being highest in LM tissue
(Fig. 2N). This further validates the trends observed in our scRNA-seq analysis
and demonstrates cross-species relevance.

GSE Analysis Implicates IL17/CXCR2 Axis in Metastatic
Neutrophil Populations
We integrated patient-derived neutrophil scRNA-seq signatures from lung and
breast cancer PTs (PT_NSCLC and PT_BC), with neutrophils from CRCLM
tissue (M_CRC) to identify differences in gene expression between PT tis-
sue and metastatic samples (Fig. 2O). Coexpression analysis revealed that
neutrophils from both PT and LM tissue expressed ILB; however, CXCR
expression was largely specific to LM (Fig. 2P). Metastatic neutrophils co-
expressed CXCR and TXNIP (Fig. 2P), highlighting the specificity of these
markers to neutrophils in CRCLM. Differential gene expression between neu-
trophils in PT and in CRCLM revealed the upregulation of the NETosis
marker GS and NFKBA (Fig. 2Q). Supplementary Table S9 shows the top
10 differentially expressed genes, grouped by tumor type. Using the differen-
tially expressed genes in M_CRC neutrophils (Supplementary Table S10), GO
analysis revealed an upregulation of cytokine-mediated signaling and posi-
tive regulation of inflammatory response (Fig. 2R). KEGG analysis revealed
the upregulation of IL17, TNF, and NFκB signaling pathways (Fig. 2S). This
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Conserved Transcriptomic Signatures of Neutrophils

FIGURE 2 Characterization of neutrophils in metastasis. A, UMAP of neutrophils in CRCLM. B, Coexpression of H_enriched and T_enriched
signatures. One cluster is not enriched for either signature (blue arrow). C and D, Unsupervised pseudotime analysis and estimated smoothers for
TXNIP expression over the different numbered pseudotime lineages. E, Coexpression of TXNIP and CXCR2. F and G, Expression and estimated
smoothers for CXCL8 over pseudotime. H, Coexpression of CXCL8 and IL1β. I, IHC staining of TXNIP in a patient CRCLM sample at 4x (left) and 10x
(right). Scale bars = 50 μm. J and K, IHC staining of ITGAM (Neutrophils) and CD3 (T cells) in a patient CRCLM (Continued on the following page.)

AACRJournals.org Cancer Res Commun; 4(2) February 2024 597

D
ow

nloaded from
 http://aacrjournals.org/cancerrescom

m
un/article-pdf/4/2/588/3420382/crc-23-0319.pdf by U

niversity of G
lasgow

 user on 07 M
arch 2024



Fetit et al.

(Continued) sample at 4x, scale bars = 50 μm. Dashed squares indicate regions where immune cells cluster. L, Differentially expressed genes in
metastasis-specific neutrophil cluster. M, H_enriched, T_enriched, and M_enriched gene signatures in mouse bulk-RNA-seq neutrophil dataset.
L, Healthy liver tissue, PT: Primary tumor, LMET: Liver metastasis. N, Averaged expression of the individual genes of the three signatures. O, UMAP plot
of integrated human neutrophils from PT and metastatic (M) datasets of different cancers. P, Coexpression of CXCR2 with IL1β (top) and TXNIP
(bottom). Q, Differential gene expression between neutrophils in malignancy compared with PT. R and S, GO and KEGG analysis of M_CRC neutrophils.

supports the data implicating the IL17/CXCR2 axis in metastatic neutrophil
populations (35).

CRCLM-derived CD4+ T Cells Transcriptionally Diverge
from their PT Counterparts
We revisited the publicly available datasets of colorectal cancer PT (19) and
CRCLM (18) to isolate T cells and investigate transcriptomic differences in
metastasis given the T-cell suppressive phenotype of neutrophils found in CR-
CLM (Fig. 3). Upon integration, CD8+ T cells from both PT and LM largely
cocluster, reflecting their transcriptomic similarity. However, CRCLM-derived
CD4+ T cells formed a distinct cluster (Fig. 3A and B). Differential gene ex-
pression analysis revealed 660 and 26 differentially expressed genes for the
CRCLM-derived CD4+ and CD8+ T cells, respectively, compared with their
equivalent PT populations (Supplementary Tables S11–S13). Henceforth, we fo-
cused on CD4+ T cells. ILB and CXCL were upregulated, the same genes we
identified as drivers of metastatic neutrophil subtype (Fig. 3C), suggesting that
the IL1β/CXCL8/CXCR2 axis drives the interaction between neutrophils and
T cells in metastatic tissue.

In addition, we observed a downregulation of RORA, implicated in CD4+ T-
cell activation (36), together with Granzyme A (GZMA) and proinflammatory
lipid-mediator leukotriene B (LTB); further suggesting the possibility of im-
paired CD4+ T-cell function in CRCLM. GO and KEGG analyses revealed the
dysregulation of biological processes converging on the complement system,
antigen processing and presentation, together with perturbations in PD1-PD-
L1 and T-cell receptor signaling pathways in the CRCLM-derived CD4+ T cells
(Fig. 3D and E). Collectively, this suggests that the regulatory function of CD4+

T cells may be impaired in metastasis, contributing to an immunosuppressive
phenotype.

Neutrophils and CD4+ T Cells Interact Through IL1B,
CXCL, and TNF Signaling Pathways in CRCLM
We then assessed the global cell-cell communication network using the Rpack-
age (CellChat) to investigate how the impaired CD4+ T cells in the metastatic
niche may influence neutrophils and other T-cell subtypes. Signals from CD4+

T cells interact with CD8+ T cells and regulatory T cells (Treg) and, to
a lesser extent, neutrophils (Fig. 3F and G). Outgoing signals from neu-
trophils are received by CD8+ T cells (Supplementary Fig. S3B), supporting
our hypothesis that neutrophils impair CD8+ T-cell function in metastasis.
Signals from CD8+ T cells are mostly autocrine and Tregs mainly influ-
ence CD8+ T cells (Supplementary Fig. S3B). We identified 20 signaling
pathways showing significant communications between neutrophils, CD4+

T cells, CD8+ T cells, and Tregs (Supplementary Fig. S4). Supplementary Fig-
ure S5A–S5D show the significant L-R interactions between neutrophils, CD4+

T cells, CD8+ T cells, and Tregs to other target cell groups. Neutrophils
primarily communicate with CD8+ T cells through the MHC-I pathway (Sup-
plementary Fig. S5A). CD4+ T cells strongly interact with CD8+ T cells
through MHC-I and MHC-II pathways and with Tregs through the MHC-II
pathway (Supplementary Fig. S5B). CD8+ T cells communicate with CD4+

T cells and neutrophils through CD45 and ANNEXIN signaling pathways, re-
spectively (Supplementary Fig. S5C). Finally, Tregs target CD8+ T cells through
the MHC-I signaling pathway (Supplementary Fig. S5D).

We then focused on IL1β, CXCL, and TNF pathways, based on their involve-
ment in defining the phenotype ofmetastatic neutrophils. CXCL12-CXCR4 and
CXCL8-CXCR2 were the major L-R interactions observed where CD4+ T cells
are major senders of the CXCL12-CXCR4 signals and CXCL8-CXCR2 signals
are largely autocrine within neutrophils (Fig. 3H and K). IL1β-IL1βR2 signifi-
cantly contributed to the IL1β pathway in CRCLM, an L-R interaction largely
driven by the CD4+ T cells and neutrophil interactions, as well as neutrophils’
autocrine signaling (Fig. 3I and L). This observation supports our pseudotime
findings in the different neutrophil populations. Finally, CD4+ T cells com-
municate with Tregs, neutrophils, and CD8+ T cells through TNF–TNFRSF1B
interactions (Fig. 3J, M). Our findings suggest that within the metastatic niche,
neutrophils primarily target CD8+ T cells through the MHC-I pathway, in ad-
dition to their autoregulation through CXCL and IL1β pathways with CD4+

T cells undertaking a prominent regulatory role.

CD4+ T Cells are Dominant Signal Senders in CRCLM
To elucidate how cells coordinate different pathways to drive communication,
we investigated the global communication patterns between the different im-
mune cell populations. We identified four outgoing patterns (Fig. 4A) and four
incoming patterns (Fig. 4B). Outgoing signals from CD4+ T cells formed the
largest communication pattern, with autocrine MHC-II and PECAM signaling
observed (Fig. 4A and B). Outgoing signals from CD8+ T cells converge on
the CLEC pathway, which is autocrine, together with signals from ANNEXIN,
CD99, and IFN-II pathways. Tregs send signals along the LCK and VCAM
pathways and are recipient to CD86 signaling. The IL1β signaling pathway is
the most prominent outgoing pathway for neutrophils, which is also autocrine
(Fig. 4A and B). Neutrophils are influenced by CXCL ligands and ICAM sig-
nals from CD4+ T cells, ANNEXIN signals from CD8+ T cells, and ADREG5
signals most likely from other cells in the metastatic microenvironment not
explored here. CD4+ T cells receive signals from Tregs through the VCAM
pathway, as well as signals along the CD45, CCL, and ITGB2 pathways. CD8+ T
cells are influenced by LCK signals from Tregs, and additional signals along the
CD99 andMHC-I signaling pathways. Finally, we compared the overall signal-
ing roles of CD8+ and CD4+ T cells in CRCPT and LM. Our analysis revealed
that in PT, CD8+ T cells are prominent senders, whereas the CD4+ T cells are
prominent receivers. In CRCLM, these roles are strikingly reversed (Fig. 4C).

Macrophages Communicate with T Cells and TXNIP+
Neutrophils Through MHC and CXCL Pathways in CRCLM
We then characterized the neutrophil subtypes in CRCLM to investigate their
communication patterns with T cell and macrophage populations from the
same dataset, focusing on the immunosuppressive TXNIP+ neutrophils and
SPP1+ macrophages (18). We identified 11 additional neutrophil subtypes in
CRCLM (Fig. 4D; Supplementary Tables S8 and S14): Inflammation regulatory
(Inf_reg) neutrophils expressing genes important for inflammatory regulation
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Conserved Transcriptomic Signatures of Neutrophils

FIGURE 3 CD4+ T cells are transcriptomically altered in metastasis. A and B, UMAP plots of CD4+ and CD8+ T cells in PT and LM grouped by cell
type and tumor type, respectively. C, Differential gene expression of CD4+ T cells in LM compared with PT. D and E, GO and KEGG analyses of
metastatic CD4+ T cells. F and G, Global cell-cell communication network and the interaction strengths between neutrophils, CD4+, CD8+, and Tregs.
H–J, The contribution of each L-R pair to the overall signaling pathway for CXCL, IL1, and TNF pathways. K–M, Visualization of the cell-cell
communication patterns mediated by each significant L-R pair for the three pathways.
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FIGURE 4 Signaling patterns in CRCLM. A and B, Outgoing and incoming signaling patterns in CRCLM. C, Cellular roles as dominant senders
(sources) and receivers (targets) in CRCPT and LM. CRCPT dataset did not contain any Tregs or neutrophils. D, UMAP plot of neutrophil subtypes in
CRCLM. E, Interaction strength of the global communication patterns between neutrophil, T-cell, and macrophage subtypes. F–I, Outgoing signal
strengths from TXNIP+ neutrophils, SPP1+ macrophages, M1- and M2-like macrophages, respectively. J, The contribution of each L-R pair to the overall
CXCL signaling pathway among macrophage, neutrophil, and T-cell subtypes. K–M, Visualization of the cell-cell communication patterns mediated by
the most significant L-R pairs in CXCL pathway. N, Heat map showing the relative strengths of the significant outgoing and incoming signaling patterns
in all communication pathways with dominant sender and receiver immune cell subtypes. The top colored bar plot represents the sum of column of
values displayed in the heat map representing the different cell populations. The right gray bar plots represents the sum of row of values, representing
the different signaling pathways.
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(TMG, CCL, CCL, and PI), COX+ neutrophils expressing glycolysis genes
(DYNLL, COX, and ENO), IFN+ neutrophils enriched for IFN response
genes (ISG, IFIT, IFIT, and IFITM), ARG1+ neutrophils expressing
canonical neutrophil markers (MMP and SA) together with the T-cell
suppressive markersARG and TXNIP, HLA-DR+ neutrophils expressing sev-
eral genes from the HLA family (Hla-drb, hla-dra), activated neutrophils
enriched for markers of neutrophil activation (DEFA, CAMP, LTF, MMP)
and HSP+, MT+ and RPS+ neutrophils highly expressing heat shock, mi-
tochondrial and ribosomal proteins, respectively and PLPP3+ neutrophils
expressing genes that converge on JAK-STAT and EGFR signaling (PLPP,
FNIP, PLIN, SNAPC, CSTB, CTSD, VEGFA) and has been reported in other
scRNA-seq studies of neutrophils (15, 37).

Analysis of the communication network between neutrophil subtypes, T cells
and macrophages confirmed the recipient role of CD8+ T cells in the CR-
CLM microenvironment (Fig. 4E) with signals from TXNIP+ neutrophils
specifically targeting CD8+ T cells (Fig. 4F). Macrophages exhibited diverse
communication patterns, interacting with all other immune cell subtypes with
stronger interactions with CD4+ and CD8+ T cells. This was observed for
all macrophage subtypes, where subtypes were defined by the markers used
in the original publications (Fig. 4G–I). The significant L-R interactions with
highest communication probabilities fromM1- andM2-likemacrophages, pro-
liferatingMKI67+ and SPP1+macrophages targeting CD4+ and CD8+ T cells
were through the MHC-II and MHC-I pathways, respectively (Supplementary
Fig. S6A–S6D). Both MKI67+ and SPP1+ macrophages exhibited stronger
communication probabilities with M1-and M2-like macrophages along the
MIF-(CD74/CXCR4) and MIF-(CD74/CXCR2) axes (Supplementary Fig. S5C
and S5D). Both M1-like and SPP1+ macrophages showed the highest commu-
nication probability with TXNIP+ neutrophils through the CXCL8-CXCR2
L-R interaction (Supplementary Fig. S5A and S5D). Further analysis of the
CXCLpathway identifiedCXCL8-CXCR2 as themajor L-R interaction (Fig. 4J),
with additional outgoing signals from other neutrophil subtypes targeting the
TXNIP+ population (Fig. 4K). M2-like macrophages communicate with all
immune cell populations investigated here through CXCL12–CXCR4 interac-
tions (Fig. 4L) whereas signals from both M1-like and SPP1+ macrophages
target TXNIP+ and IFN+ neutrophils through CXCL2–CXCR2 interactions
(Fig. 4M). Finally, analysis of the aggregated cell-cell communication net-
work from all signaling pathways identified both macrophages and CD4+

T cells as dominant senders in CRCLM (Fig. 4N). Collectively, our data con-
firm the importance of the CXCL8/CXCR2 axis in immune cell interactions
and highlight the dominant roles of macrophages and CD4+ T cells within the
immunosuppressive CRCLM environment.

Neutrophil-specific Cxcr2 Expression Influences T-cell
Suppression in CRCLM
To recapitulate the microenvironmental influences on neutrophils, we stimu-
latedWTneutrophils with bothGMCSF, which has been shown to be produced
by mouse KrasGD/+ mutant tumors (38) and IL1β, the major influence on
lineage generation we had observed. IL1β stimulation induced upregulation
of Txnip expression (Supplementary Fig. S7A; Supplementary Table S2) but
not Cxcr expression (Supplementary Fig. S7B) suggesting a possible autocrine
loop in this context. Neutrophils stimulated with GMCSF showed higher levels
of both Txnip (Supplementary Fig. S7C) and Cxcr expression suggesting an
influence of tumor produced chemokines on neutrophil lineage development
(Supplementary Fig. S7D).

Furthermore, tumors producing CXCR2 and CXCR1 chemokine receptor ag-
onists induce neutrophil extracellular traps (NET), which pose a level of
functional impairment on cytotoxic T or natural killer cells (39). To investi-
gate the potential mechanisms through which our proposed T-cell suppressive
neutrophil subtypes may impair T-cell function, we performed T-cell prolifera-
tion assays (gating strategy shown in Fig. 5A) and coculturedWT and CXCR2fl
neutrophils with KPN organoids to assess the presence of extracellular DNA
(which is released in NETosis), neutrophil activation, and neutrophil maturity.

Neutrophils sorted from the livers of villin-CreERT2 KrasGD/+ Trpfl/fl

RosaN1icd/+ (KPN) tumor-bearing mice 28 days following intrasplenic
injection of Mrp8-Cre-Cxcr2fl/fl or Mrp8-Cre-negative-Cxcr2fl/fl (WT) back-
grounds showed significantly attenuated suppression of T-cell proliferation in
the Cxcr2fl/fl setting compared withWTneutrophils, with a significantly higher
proportion of CD3+ T cells entering proliferation, and number of CD3+ T-cell
divisions (Fig. 5B–D). This effect was exerted on both CD4+ (Fig. 5E–G) and
CD8+ T cells (Fig. 5H–J). This effect was not seen in CD3+, CD4+, or CD8+

T cells in coculture with neutrophils from blood from tumor-bearing mice
(Fig. 5K–S) which could suggest a liver tumor microenvironmental influence.
Coculture of KPN organoids and Cxcr2fl/fl neutrophils (flow gating strategy in
Supplementary Fig. S8A and S8B) revealed no influence on organoid viabil-
ity (Supplementary Fig. S8C), neutrophil activation (Supplementary Fig. S8D)
or presence of extracellular DNA seen in NETosis (Supplementary Fig. S8E)
in this context when compared with WT controls. This suggests that CXCR2
is required to induce the maximum immunosuppressive effect seen in tumor-
associated neutrophils within theCRCLMmicroenvironment but does not alter
neutrophil phenotype in health.

Discussion
There is a need to identify novel targets for therapy inmetastatic colorectal can-
cer to circumvent resistance to current treatments (40). Previous work we have
performed has suggested a clear role for neutrophils enhancing metastatic pro-
gression of KRAS-mutant cancer, across different tumor types (3, 41). Here, we
have used publicly available scRNA-seq datasets and data generated in-house to
explore single-cell transcriptomic profiles and assess differences in neutrophil
transcriptomic states in health, PTs, andmetastases across different diseases. By
considering these cells in the context of the microenvironment, we gain insight
into how the microenvironment is regulated.

We show that across species, mouse and human, and tissue types, healthy
and tumor-specific neutrophil populations can be identified at single-cell tran-
scriptomic level. We demonstrate that in health, neutrophils exhibit different
transcriptomic signatures according to the tissue they are derived from. This
is also true in cancer, where we demonstrate two distinct transcriptomic sig-
natures observed in PT. In CRCLM, tumor-associated neutrophils exhibit the
same signatures as the primary site; however, these populations are heteroge-
neous, encompassing additional, distinct transcriptomic changes. Our findings
support the role of the tumor microenvironment in recruiting and transform-
ing neutrophils into more immunosuppressive phenotypes (42). The major
interactions between the different immune cell populations in CRCLM are
summarized in Supplementary Fig. S9.

Recent studies have highlighted the roles of opposing neutrophil phenotypes,
antitumorigenic N1 or protumorigenic N2, that exacerbate the progression
of cancer depending on their prevalence (13), however, with advances in
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FIGURE 5 Loss of neutrophil-specific CXCR2 attenuates suppression of T-cell proliferation in neutrophils from the metastatic niche in mice bearing
tumors. Neutrophils from the liver and blood of littermate mice either Mrp8-Cre-Cxcr2+/+ (WT) or Mrp8-Cre-Cxcr2fl/fl (CXCR2fl) mice were harvested
28 days following intrasplenic injection of villinCreER KrasG12D/+ Trp53f l/fl Rosa26N1CD/+ (KPN) cells. These were placed in coculture with T cells from
WT mice, and analyzed through flow cytometry 44 hours later. A, Flow cytometry gating of T cells and neutrophils from coculture. Cells were gated on
FSC-A/SSC-A (not shown), FCS-A/FSC-H for singlets, Live/Dead, CD3, and CD4/CD8 to define CD3+, CD3+/CD4+, (Continued on the following page.)
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(Continued) and CD3+/CD8+ populations for analysis. Cell trace yellow allows for tracking of T-cell proliferation. The signal for each T-cell division
becomes subsequently dimmer, and allows for calculation of the number of T-cell generations. Gating obtained from CXCR2fl mouse (blue) and
unstimulated T cell control (red). B, Proportion of CD3+ T cells that proliferated in coculture with WT and CXCR2fl neutrophils from tumor-bearing
livers (B–J, four replicates from 2 WT mice and six replicates from 3 CXCR2fl mice). C, Expansion index of CD3+ T cells in coculture with WT and
CXCR2fl neutrophils from tumor-bearing livers. D, Division index of CD3+ T cells in coculture with WT and CXCR2fl neutrophils from tumor-bearing
livers. E, Proportion of CD4+ T cells that proliferated in coculture with WT and CXCR2fl neutrophils from tumor-bearing livers. F, Expansion index of
CD4+ T cells in coculture with WT and CXCR2fl neutrophils from tumor-bearing livers. G, Division index of CD4+ T cells in coculture with WT and
CXCR2fl neutrophils from tumor-bearing livers. H, Proportion of CD8+ T cells that proliferated in coculture with WT and CXCR2fl neutrophils from
tumor-bearing livers. I, Expansion index of CD8+ T cells in coculture with WT and CXCR2fl neutrophils from tumor-bearing livers. J, Division index of
CD8+ T cells in coculture with WT and CXCR2fl neutrophils from tumor-bearing livers. K, Proportion of CD3+ T cells that proliferated in coculture with
WT and CXCR2fl neutrophils from blood of tumor-bearing mice (K–S, three replicates from 2 WT mice and four replicates from 2 CXCR2fl mice).
L, Expansion index of CD3+ T cells that proliferated in coculture with WT and CXCR2fl neutrophils from blood of tumor-bearing mice. M, Division index
of CD3+ T cells that proliferated in coculture with WT and CXCR2fl neutrophils from blood of tumor-bearing mice. N, Proportion of CD4+ T cells that
proliferated in coculture with WT and CXCR2fl neutrophils from blood of tumor-bearing mice. O, Expansion index of CD4+ T cells that proliferated in
coculture with WT and CXCR2fl neutrophils from blood of tumor-bearing mice. P, Division index of CD4+ T cells that proliferated in coculture with WT
and CXCR2fl neutrophils from blood of tumor-bearing mice. Q, Proportion of CD8+ T cells that proliferated in coculture with WT and CXCR2fl
neutrophils from blood of tumor-bearing mice. R, Expansion index of CD8+ T cells that proliferated in coculture with WT and CXCR2fl neutrophils from
blood of tumor-bearing mice. S, Division index of CD8+ T cells that proliferated in coculture with WT and CXCR2fl neutrophils from blood of
tumor-bearing mice. *, P < 0.05 on unpaired t test. **, P < 0.01 on unpaired t test.

understanding of plasticity of neutrophils these states appear oversimplified,
with neutrophils likely responsive to both the tissue of residence and mi-
croenvironmental signaling of the tumor and associated stromal cells. These
populations were largely defined on the basis of their function and no cell
surface markers have been identified thus far to differentiate between the two
(43). In this study, we established the transcriptomic signatures of two distinct
neutrophil subtypes in PTs: H_enriched and T_enriched neutrophil subtypes,
which are conserved across species and across different cancers.

Neutrophils within CRCLM include a subset enriched for genes implicated
in T-cell expansion, survival, and activation (30, 34). This metastatic-specific
neutrophil signature identified in human CRCLM was equally present in a
murine CRCLM bulk-RNA-seq dataset generated in our laboratory. Through
the TNF pathway, tumor-associated neutrophils induce CD8+ T-cell apopto-
sis, further exacerbating their immunosuppressive phenotype (44). Moreover,
S100A8-expressing neutrophils facilitate metastasis through the suppression
of CD8+ T cells (45). Here, we show an upregulation of TNF signaling in
metastatic neutrophils, concomitant with the overexpression of S100A8 and
G0S2, implicated in the positive regulation of apoptosis. As such, we propose
the presence of a metastasis-specific neutrophil subtype that specifically targets
T cells to suppress them.

Our pseudotime analysis suggests a developmental trajectory of neutrophils
that progresses from the healthy subtype to the tumor-specific population
and finally a metastasis-specific population; a lineage that is largely driven
by IL1β/CXCL8/CXCR2 axis. We show that tumor-associated neutrophils not
only respond to IL1β/CXCR2 in their environment but equally signal through
IL1β and CXCR2 in an autocrine fashion. When stimulated by IL1β we see
upregulation of Txnip in neutrophils, but not Cxcr. Interestingly, GMCSF,
produced by KRAS mutant tumors (38), increases expression of both Txnip
and Cxcr compared with controls. The IL1Β/CXCL8/CXCR2 axis has been
implicated in several tumor types and plays a role in neutrophil recruitment
(5, 46). The genetic ablation of Cxcr in mice eliminates tumor accumula-
tion and enhances T-cell infiltration and function (47). Moreover, targeting

CXCR2+ immunosuppressive neutrophils, either independently or in com-
bination with additional treatments, enhances antitumor immune activity;
specifically, that of CD8+ T cells, and reduces tumor burden across different
cancer types (48). Here, we provide data that supports the role of neutrophil-
specific CXCR2 expression in enhancing colorectal liver metastasis in KRAS
mutant cancer. Our data suggest education of these neutrophils by themicroen-
vironment, in particular CD4+ T cells and a direct regulation of CD8+ T cells.
We confirm this with T-cell proliferation assays in the tumor-bearing setting
demonstrating that loss of neutrophil-specific Cxcr attenuates the immuno-
suppressive function of neutrophils in the metastatic niche. Collectively, our
functional analysis suggests that Cxcr is important to neutrophil function in
the tumor-bearing setting within CRCLM, and this stimulus may be derived
from tumor cell and microenvironmentally produced chemokines. Stimula-
tion experiments support transcriptomic analyses suggesting the importance
of the IL1β/TXNIP/CXCR2 axis in supporting the development of metastatic
specific neutrophils with potential to enhance T-cell suppression. This supports
the presence of a CXCR2+ T-cell supressing neutrophil subset in CRCLM, the
elimination of which can enhance T-cell infiltration and function.

It is important to account for tumor stage when considering the tumor-
suppressive effect of targeting CXCR2. We propose that targeting IL1β
independently or in combination with CXCR2, could be more favorable
at earlier stages, where it may hinder the progression of neutrophils to-
ward the tumor-specific subtype, permitting re-education of neutrophils to a
tumor-killing phenotype, in addition to permitting an opportunity for other
tumor-directed therapies. Late-stage interventions could target the CXCR2+
T-cell suppressive neutrophil subtypes through utilizing CXCR2 antagonists
in combination with immune checkpoint inhibitors to counteract T-cell ex-
haustion. However, the dynamic nature of the tumormicroenvironment should
not be overlooked and the potential temporal shifts in the abundance and
dominance of certain neutrophil subtypes should be considered during tumor
progression. Our findings also implicate the TNF pathway in CRCLM associ-
ated neutrophil populations, as well as LTB, complement system and antigen
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presentation pathways in CD4+ T cells from the same tissue, highlighting
the potential of harnessing these aspects of the tumor microenvironment to
selectively activate neutrophils for immunotherapy (7).

Finally, we demonstrate that the transcriptomic signature of CD4+ T cells
is altered in CRCLM. They are drivers of the signaling network in CRCLM
and their interaction with neutrophils, CD8+ T cells and Tregs is essential
to mediate immunosuppression as summarized in Fig. 4D. CD8+ and CD4+

T cells receive signals along the MHC-I and MHC-II pathways respectively,
frommacrophages and presumably due to direct interactions with tumor cells.
The direct effects of IFN-II on T cells are largely suppressive (49), thus, we
hypothesize that incoming IFN-II signals from CD8+ T cells may drive the
suppression of CD4+ T cells in metastasis, specifically the cytotoxic subtype.
Among the outgoing signaling pathways from CD4+ T cells was GALECTIN.
The upregulation of Galectin-9 by IFN-II has an apoptosis-inducing activity
in both CD4+ and CD8+ T cells; with CD8+ T cells being more susceptible
(50). We identified two autocrine signaling pathways in CD4+ and CD8+ T
cells: PECAM1 and CLEC, respectively. The adhesion molecule PECAM1 in-
hibits T-cell function in mice through the effects of TGFβ (51) and the C-type
lectin receptor CLEC-1 negatively regulates antigen cross-presentation by den-
dritic cells to CD8+ T cells (52), supporting our hypothesis of diminished T-cell
activity in the metastatic environment.

We demonstrate that neutrophils receive immunosuppressive signals fromboth
CD4+ and CD8+ T cells. ANNEXIN signaling elicits proinvasive and protu-
moral properties in a number of cancers, whereby neutrophil microvesicles
enriched in Annexin A1 and TGFβ are immunosuppressive (53). ICAM1 ex-
pression immobilizes neutrophils and enhances theirmigration and infiltration
(54). Several L-R interactions in the CXCL pathway were between neutrophils,
macrophages, and CD4+ T cells, suggesting an additional role of CD4+ T cells
and macrophages in driving the immunosuppressive neutrophil phenotype.
Autocrine IL1β-IL1βR2 and CXCL8–CXCL2 interactions within neutrophils
support our pseudotime analysis. Neutrophils are recipients to ADGRE5 sig-
naling, which has a role in tumor invasion and metastasis (55), potentially
reflecting tumor–neutrophil interactions. We predict that Tregs receive CD86
signals, which upon their engagement with CTLA-4 receptor hamper the
antigen-presenting ability of antigen-presenting cells to activate T cells (56).
They primarily suppress CD4+ and CD8+ T cells via the VCAM and LCK
pathways, respectively. VCAM1 is essential for T-cell extravasation and the
Src-kinase LCK plays a critical role in initiating and regulating T-cell recep-
tor signaling, whereby LCK inhibition selectively depletes effector Tregs and
increases memory CD8+ T cells (57).

Study Limitations
The integration of multiple scRNA-seq datasets allow for the systematic com-
parison of different cell types across different cancers; however, the approach
still holds several shortcomings owing to inevitable batch effects due to differ-
ent cell isolation methods, tissue handling protocols, library preparation, and
sequencing platforms that remain sources of undesired biological and technical
variability.

Our results implicate the IL1β/CXCL8/CXCR2 axis in the developmental tra-
jectory of neutrophils; however, the validation of the interaction between these
molecules and neutrophil behavior was beyond the primarily computational
scope of this study. Additional upregulation of TXNIP in this context has not

been previously described and requires further study as to its role and regu-
lation of these processes. We have previously shown that treating KPN mice
with a CXCR2 small-molecule inhibitor had no effect on either survival or PT
burden but rather reducedmetastasis profoundly. Moreover, targeted depletion
of neutrophils resulted in an increase of infiltrating CD8+ T cells within the
metastatic niche (5) which is in line with our findings. Future work should
address the effects of targeting IL1β to investigate how this molecule alters
neutrophil behavior and polarization.

In conclusion, there exist two neutrophil transcriptomic subtypes that pre-
dominate in PTs and are conserved across human and mouse cancers. We
propose a developmental trajectory progressing from healthy neutrophils to-
ward a tumor-specific subtype in PTs, with heterogeneous expression profiles of
neutrophils presentwithinmetastases.However, a T-cell suppressive neutrophil
lineage can be identified in CRCLM that specifically interacts with CD8+

T cells. This lineage is largely driven by the IL1β/CXCL8/CXCR2 axis. The
metastatic niche further fosters an immunosuppressive environment, through
the interplay between neutrophils, macrophages, CD8+ T cells, CD4+ T cells,
and Tregs. CD4+ T cells andmacrophages are the dominant signal senders and
regulators of the immunosuppressive microenvironment with CD8-positive
T cells largely receiving signals. As such, these interactions, and their tim-
ings should be considered when developing future immunotherapy trials in
CRCLM.
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