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37 ABSTRACT

38 Neutrophils are a highly heterogenous cellular population. However, a thorough examination
39 of the different transcriptional neutrophil states, between health and malignancy, has not
40 been performed. We utilised single-cell RNA-sequencing of human and murine datasets,
41  both publicly available and independently generated, to identify neutrophil transcriptomic
42  subtypes and their developmental lineages in health and malignancy. Datasets of lung,
43  breast and colorectal cancer (CRC) were integrated to establish and validate the
44  reproducibility of neutrophil gene-signatures. Pseudo-time analysis was used to identify
45 genes driving neutrophil development from health to cancer. Finally, ligand-receptor
46  interactions and signalling pathways between neutrophils and other immune cell populations
47 in primary CRC and metastatic CRC were investigated. We define two main neutrophil
48  subtypes in primary tumours: an activated subtype sharing the transcriptomic signatures of
49  healthy neutrophils; and a tumour-specific subtype. This signature is conserved in murine
50 and human cancer, across different tumour types. In CRC metastases, neutrophils are more
51  heterogenous, exhibiting additional transcriptomic subtypes. Pseudo-time analysis implicates
52 an IL1B/CXCL8/CXCR2 axis in the progression of neutrophils from health to cancer and
53 metastasis, with effects on T-cell effector function. Assessment of global communication
54  signalling identified CD4+ T-cells and macrophages as dominant regulators of the
55 immunosuppressive, metastatic niche, whereas CD8+ T-cells are receivers of signals from
56 other immune cells. We propose that the emergence of metastatic-specific neutrophil
57 subtypes is driven by an IL1L/CXCL8/CXCR2 axis, with the evolution of different
58 transcriptomic signals that impair T-cell function at the metastatic site. Thus, a better
59 understanding of the neutrophil transcriptomic programming could optimise
60 immunotherapeutic interventions into early and late interventions, targeting different

61  neutrophil subtypes.
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62 INTRODUCTION

63  Neutrophils are short lived cells released from the bone marrow in response to infection and
64 inflammation and represent the most abundant white blood cells circulating. Traditionally
65 thought of as terminally differentiated cells, neutrophils have been shown to demonstrate
66 remarkable plasticity in response to different tissue environments(l), particularly to the
67  tumour microenvironment(2). Indeed, in murine models of human disease, we observed
68  significant phenotypic differences in response to inhibition of neutrophil populations using
69 genetic and pharmacological approaches. In both metastatic pancreatic and colorectal
70  cancer (CRC) models, we observed targeting neutrophil infiltration to metastases resulted in
71  reduction of metastatic burden but with limited impact on primary tumour growth(3-5). These
72 observations are in-keeping with other studies that have shown the potential of targeting
73  metastasis associated neutrophils therapeutically in murine models of cancer(6,7).
74  Understanding the regulation of neutrophils within metastases will permit future therapeutic
75  efforts, with the aim of promoting an anti-tumoural neutrophil phenotype. Oncogenic KRAS
76  driver mutations in lung and colorectal cancers(8,9) are thought to play a key role in driving a
77  neutrophil phenotype within tumours, with clear upregulation of neutrophil chemotactic
78  protein production from metastatic lesions(10). Systemic neutrophilia and inflammation have
79  repeatably been associated with poor outcomes in CRC as well as in other cancers (11).
80  Whilst these observations suggest the key role of neutrophils for promoting metastasis,
81 dense neutrophil infiltration in the primary tumour microenvironment also correlates with poor
82  prognosis in CRC suggesting neutrophils have roles in cancer progression at both primary
83 and metastatic sites (11). Overall clear clinical and pre-clinical evidence exists for pro-

84  tumourgenic neutrophil populations(12).

85  Several studies have utilised single-cell RNA sequencing (ScRNAseq) to delineate the
86 immune cell populations infiltrating the tumour microenvironment in different cancers and
87  their respective mouse models, with a focus on macrophages and T-cell populations(13-18).
88  However, to date, no study has thoroughly investigated neutrophil populations to specifically
89 identify recurrent transcriptional subtypes in health and cancer. This underrepresentation of
90 neutrophil populations in ScCRNAseq datasets is largely owing to their short half-life, which
91 dictates the fast processing of freshly procured samples, and the challenges in isolating
92 adequate quality and quantity of RNA for downstream analysis, making neutrophils harder to
93  capture using the common single-cell platforms. However, combining datasets can enable
94  analysis of this underrepresented cell type that has not been extensively evaluated before.
95 Likewise, neutrophil phenotypic differences between normal and tumour associated

96 neutrophils have never been described at a single cell level.
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97 Therefore, we sought to assess the differences in neutrophil transcriptional phenotypes
98 between healthy tissue, primary tumour (PT) tissue and liver metastatic (LM) tissue across
99 different cancer types: lung; breast; and CRC. Neutrophils have been shown in these cancer
100 types to influence outcomes, in both mice and humans(19). We hypothesised that
101  neutrophils show plasticity and adaptation to their surroundings to support anti- or pro-
102  tumorigenic processes, with the metastatic site co-opting neutrophils to promote pro-
103  tumorigenic neutrophil function. We demonstrated using publicly available ScRNAseq
104 datasets and data generated from CRC murine models that two main subsets of neutrophils
105 can be identified in health and cancer. We identified the developmental trajectory of these
106 cells and observed a heterogenous group within LM tissue consistent with tissue specific
107 adaptation at the metastatic site. This study lends novel insights to neutrophil single cell
108 transcriptomic phenotypes and infers how these cells may be manipulated for therapeutic
109  benefit in the future.
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110 MATERIALS AND METHODS
111  Processing publicly available datasets

112  Datasets were retrieved from the GEOdatabase and National Omics Encyclopaedia(Tablel)
113 and processed using Seurat(version 4.3.0) on R(versions 3.17 and 4.1.1). Datasets were
114  integrated by RPCA using the IntegrateData function then scaled and normalised. Dimension
115 reduction was performed using PCA followed by clustering using the FindNeighbours and
116  FindClusters functions. Marker genes for individual clusters were determined using the
117  FindAllMarkers function and neutrophils were isolated by authors using the cluster identities
118 and markers assigned in the original publications. Datasets were integrated to establish and
119 test neutrophil gene-signatures using the AddModuleScore function. Pseudo-time analysis
120 was performed using Slingshot(version 2.8.0) to identify neutrophil lineages. Gene
121  expression along the different trajectories was performed using TradeSeq(version 1.14.0).
122  Gene Set Enrichment (GSE), Gene Ontology (GO) and KEGG analyses were performed
123 using ClusterProfiler(version 4.8.1) and EnrichR(version 3.2). Ligand-receptor (L-R)
124  interactions and signalling pathways between neutrophils and other immune cell populations
125 in primary and metastatic sites were investigated using CellChat (version 1.6.1). Software
126  processing pipelines are listed in Table2 and all relevant code can be accessed on Github

127 (https://github.com/ranafetit/NeutrophilCharacterisation).

128 Mouse Housing and Ethics

129  All animal experiments were performed in accordance with the UK Home Office guidelines
130  under project licences 70/9112 and PP390857, adhered to ARRIVE guidelines and were
131  reviewed and approved by the University of Glasgow Animal Welfare and Ethical Review
132  Board. Mice were housed in accordance with UK Home Office Regulations. Mice were fed
133  standard chow diet and given drinking water ad libitum. A mixture of individually ventilated
134 cages and conventional open top cages were used. Both genders of mice were used.
135  Supplementary TableS1 summarises the numbers, sex and genotype of the mice used in
136  this study.

137 Mouse Models

138  The different intestinal cancer models are listed in Table 3. Two models of tumour genesis
139  were used, aged genetically engineered mice and intracolonic transplants of murine derived
140 organoids (Supplementary TableS1). All genetically engineered mouse models (GEMMS)
141 were induced with a single 2mg intraperitoneal injection of Tamoxifen (Sigma-Aldrich T5648)
142  when mice weighed >20g aged 6-18 weeks. Mice were aged until clinical endpoint defined

143  as weight loss and/or hunching and/or piloerection and/or paling. For transplant mice, murine
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144  tumour derived organoids were injected intracolonically into male immune competent
145 C57BL/6J mice (Charles River strain 632) using previously described methods(20). Tumour
146  organoids were mechanically dissociated into fragments by pipetting and washed twice in
147  PBS. Each mouse was injected with the equivalent of one well of a six well plate in 70uL of
148  PBS. This was injected into the colonic submucosa using a Karl Storz TELE PACK VET X
149 LED endoscopic video unit with associated needle. Transplanted mice were aged until

150 clinical endpoint.

151  Tissue processing

152  Endpoint mice were culled and dissected. Entire primary tumour was removed and placed in
153  PBS onice. The tumour was then chopped into a smooth paste using a Mcllwain Tissue
154  Chopper. The paste was transferred to GentleMACS C tubes (Miltenyi Biotec, 130-093-237)
155  with digestion enzymes from the Miltenyi Mouse Tumour Dissociation Kit (Miltenyi Biotec,
156  130-096-730) (2.35mL of RPMI1640, 100uL Enzyme D, 50uL Enzyme R, and 12.5uL

157 Enzyme A). Samples were run on a GentleMACS Octo Dissociator with Heaters (Miltenyi
158  Biotec, 130-096-427) using the 37C_m_TDK_1 programme. After digestion, samples were
159  briefly spun, 10ml of RPMI-10%FBS-2mM EDTA was added and passed through a 70um
160  strainer. The resultant suspension was then spun down at 1800 RPM for 3 minutes at 4°C,
161  supernatant discarded and the pellet resuspended in 0.5ml DPBS+0.05% BSA and

162 transferred to a FACS collection tube on ice.

163  ScRNA-sequencing

164  Mouse tumour cells were sorted using a BD FACSAria (BD Biosciences) and DAPI
165  (Invitrogen, D1306) to remove dead cells, then loaded onto a Chromium Chip G using
166  reagents from the 10x Chromium Single-Cell 3' v3 Gel Bead Kit and Library (10x Genomics)
167 according to the manufacturer’'s protocol. Libraries were analysed using the Bioanalyzer
168  High Sensitivity DNA Kit (Agilent Technologies) and sequenced on the lllumina NovaSeq
169 6000 with paired-end 150-base reads. Sequence alignment of single cell data to the mm10
170 genome was performed using the count tool from Cellranger(version6.1.2) according to the
171  developers’ instructions, generating barcodes, features and matrix output files for each
172 sample. Subsequent analysis was done using R (version 4.1.1) using Seurat (version4.0.4).
173  Samples were input using the Read10X function, filtered to include cells with a minimum of
174 100 expressed genes and genes that are present in at least 3 cells, then further filtered to
175 only include cells with <5% mitochondrial genes, <10% hemoglobin genes, >100 genes/cell
176  and >400 reads/cell. Samples were then integrated by RPCA using the IntegrateData
177  function before being scaled and normalised. Dimension reduction was performed using

178 PCA followed by clustering using the FindNeighbours and FindClusters functions. Marker
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179  genes for individual clusters were determined using the FindAllMarkers function. Cell types
180 were annotated using CellTypist and custom gene lists, and subset using the subset

181  function.

182  Bulk-RNA-sequencing of autochthonous CRC mouse models

183  Tissue processing, RNA isolation and sequencing were performed as described in(5). Briefly,
184  primary and metastatic tumours were harvested from 5 villin-cre-ER, Kras®*?*®"*, Trp53""
185  Ro0sa26™P" (KPN) mice (model of metastatic CRC). Tumours from intestine, and liver were
186  processed using the Mouse Tumour Dissociation Kit (Miltenyi Biotec #130-096-730) as per
187  the manufacturer’s instructions, along with blood obtained by cardiac puncture upon terminal
188  anaesthesia. Neutrophils were sorted based on CD48"°Ly6G*, CD11b*Ly6G" expression
189 and RNA was extracted using the RNeasy Mini kit (QIAGEN, #74104). Purified RNA quality
190 was tested on an Agilent 2200 Tapestation using RNA screen tape. Libraries for cluster
191  generation and RNA sequencing were prepared using the lllumina TruSeq RNA LT Kit after
192  assessing RNA quality and quantity on Agilent 2200 Tapestation (D1000 screentape) and
193  Qubit (Thermo Fisher Scientific), respectively. Libraries were run on lllumina Next Seq 500
194  using the High Output 75 cycles kit. Quality checks on the raw RNA-Seq data files were
195 done using fastqc and fastq_screen (versions 0.11.2 and 0.11.3, respectively). RNA-seq
196 paired-end reads were aligned to the GRCh38 mouse genome using tophat2 with Bowtie
197  (versions 2.0.13 and 2.2.4.0, respectively). Expression levels were determined and analysed
198 using HTSeq (version0.6.1) in R (version3.2.2), utilising Bioconductor data analysis suite
199 and DESeq2.

200 IHC of human CRCLM tissue

201  Access to colorectal cancer liver metastatic (CRCLM) patient tissue was authorized by the
202  NHS Greater Glasgow and Clyde Biorepository under their NHS Research Ethics Committee
203 (REC) approval with ethical approval granted in biorepository application #602. Upon
204  successful metastatic liver resections, surplus tissue was stored in 4%PFA at 4°C for 20-48
205  hours. Samples were then transferred to 70% Ethanol and processed by standard histology

206  processing techniques.

207 The following antibodies were stained on a Leica Bond Rx autostainer: CD3 (ab16669,
208  Abcam) and TXNIP (40-3700, Thermo Scientific). All FFPE sections underwent on-board
209 dewaxing (AR9222, Leica) and epitope retrieval using ER2 retrieval solution (AR9640, Leica)
210  for 20 minutes at 95°C. Sections were rinsed with Leica wash buffer (AR9590, Leica) and
211  peroxidase block was performed (Intense R kit; DS9263, Leica) for 5 minutes. Primary
212  antibodies were added at optimal dilutions (CD3, 1/100; TXNIP, 1/400;) then rabbit envision
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213 secondary antibody (K4003, Agilent) was applied for 30 minutes. Sections were rinsed and

214  visualised using DAB in Intense R Kkit.

215  FFPE sections for CD11b/ITGAM (49420, Cell Signaling) staining were loaded into the
216  Agilent pre-treatment module for dewaxing and heat induced epitope retrieval (HIER) using
217  high pH target retrieval solution (TRS) (K8004, Agilent). Sections were heated to 977C for
218 20 minutes in high pH TRS buffer, rinsed in flex wash buffer (K8007, Agilent) then loaded
219 onto the Dako autostainer. Peroxidase blocking (S2023, Agilent) was performed for 5
220  minutes. Primary CD11b/ITGAM antibody was added (1/400) for 35 minutes, then rabbit
221  envision secondary antibody was applied for 30 minutes. Sections were rinsed before
222  applying Liquid DAB (K3468, Agilent) for 10 minutes. Sections were washed in water and
223 counterstained with haematoxylin z (RBA-4201-00A, CellPath). Finally, all sections were
224  rinsed in tap water, dehydrated through graded ethanol’s, placed in xylene then coverslipped
225  using DPX mountant (SEA-1300-00A, CellPath).
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226 RESULTS
227  Neutrophils exhibit distinct tissue-specific and tumour-specific signatures.

228 To examine the transcriptomic signatures of neutrophil subtypes in healthy and tumour
229  tissue, we integrated neutrophil clusters from bone marrow, blood, lung and spleen of
230  healthy mice(14), together with neutrophils from tumour-bearing mouse models of non-small-
231 cell lung cancer (NSCLC)(13) and CRC (KPN). Both NSCLC and CRC tumour models
232 shared a comparable C57BL/6 background with Kras and Trp53 mutations. For CRC,
233 neutrophils were derived from two models of tumour genesis: aged GE mice and intracolonic
234  transplants of murine derived organoids, with the majority being from the latter (Fig.S1A).
235  Unsupervised clustering of neutrophil transcriptomic signatures revealed distinct neutrophil
236  clusters based on their tissue of origin in health (Fig.1A). KPN and lung adenocarcinoma
237  neutrophils formed distinct tumour-specific clusters, suggesting transcriptomic differences
238  (Fig.1B).

239  KPN neutrophils encompassed clusters: 0,4,7,8,10,11,12 and 14 (Fig.1B and Fig.S1B,
240  Fig.S2A). Clusters 0 and 7 were enriched for Cxcl2 and Thbs1, which encode proteins that
241  influence neutrophil motility and chemotaxis. Cluster 0 also expressed Ccl4 and Ccl3, critical
242 for T-cell recruitment and antitumor immunity(21) (Supplementary Table S1). Cluster 10
243  expressed Cd74, which plays a role in neutrophil accumulation(22). Cluster 4 was common
244  to both KPN and NSCLC primary tumours (PTs) (Fig.1B; Fig.S1B), and expressed Cdknla,
245  Ppia, Gngt2 ler3, and Rps27] (Supplementary Table S2). Three smaller clusters were shared
246  between both PTs: Cluster 12, enriched for the lysosomal genes Lyz1 and Psap, Cluster 14
247  expressing Ppia, Jun and Slfn4, and Cluster 11 enriched for S100al0 and Ptma. Finally,
248  Cluster 8 was equally conserved across healthy and tumour-associated neutrophils
249  (Fig.1A,B; Fig.S1B) and was enriched for interferon (IFN) markers: Isgl5, Rsad2, Ifit3, Ifitl
250 and SIfn4 (Supplementary Table S2), a phenomenon previously reported in several
251  ScRNAseq studies of neutrophils(23).

10
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252 Neutrophils in PTs encompass two transcriptional subtypes in mice

253  Using the highly expressed markers in healthy and tumour tissues (Supplementary Table
254  S2), we defined two neutrophil signatures. The first represented neutrophils associated with
255  healthy tissue (Healthy-enriched; (H_enriched). This subtype was observed in both healthy
256 and tumour tissue. The second signature was specific to tumour-associated neutrophils
257  (Tumour-enriched; T_enriched) (Fig.1C-N).

258  To validate the established signatures across different tissues and tumours, we scored them
259  on additional neutrophil SCRNA-seq datasets derived from a mouse model of healthy and
260  breast cancer tissue, utilising the mouse mammary tumour virus (MMTV) promoter—driven
261  expression of the polyomavirus middle-T oncoprotein (PYMT, GSE139125) and neutrophils
262  derived from a compendium of CRC mouse models generated in our lab (Table 2).

263  In PYMT, neutrophils clearly separate into distinct healthy and tumour-specific clusters,
264  recapitulating the findings in NSCLC and CRC datasets (Fig.1C,F). Signature scoring in both
265 PYMT and CRC mouse models revealed that within the PT, tumour-specific neutrophils can
266  be separated into two subgroups: (1) activated neutrophils, which are transcriptionally similar
267  to neutrophils from healthy tissue (Fig.1D,G), and (2) a subtype specific to PTs (Fig.1E,H).
268  Both signatures were preserved in both GEM and transplant models of CRC (Fig. S2B,C).

269  Neutrophil signatures are conserved between mouse and human.

270  We then investigated whether these signatures (Table 4) could be translated to humans,
271 using 2 datasets: patient-derived neutrophils from NSCLC tumour and blood (Fig. 1l,
272  GSE127465); and breast carcinomas (BC) and adjacent healthy tissue (Fig.1L,
273  GSE114727). Signature scoring in NSCLC confirmed the presence of both neutrophil
274  subsets within the PT (Fig.1J,K) recapitulating the trends observed in mice. Blood-derived
275  neutrophils largely resemble the H_enriched subtype (Fig. 1J). Although the BC dataset
276  contained very few cells, we successfully observed the enrichment of both neutrophil
277  subtypes in tumour-derived neutrophils (Fig.1M,N). Our analysis validates the presence of
278  both neutrophil transcriptomic subtypes in patient PTs, albeit to different extents in the
279  different cancer types and tissues, implying a role of the neutrophil’'s environment in shaping

280 their transcriptome.

281 Pseudo-time analysis demonstrates neutrophil lineages progress from H_enriched
282  towards T_enriched neutrophils.

283  To investigate the developmental trajectory of neutrophils from health to cancer, we
284  performed unsupervised pseudo-time analysis on our integrated mouse dataset (Fig.10).
285 Individual lineages are shown in Supplementary Table S3. Our results recapitulated the

11


https://doi.org/10.1101/2023.07.13.548820
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.13.548820; this version posted July 13, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

286  Neutrotime lineage(14): from bone marrow to spleen and blood in healthy neutrophil
287  populations (Fig.10; Lineagel, Supplementary Table S3), with additional lineages as
288  tumour-specific clusters develop. This trend was equally observed in the murine PYMT and
289  CRC datasets (Fig.1P,Q). In human NSCLC, lineages begin from the blood-derived clusters
290  enriched for the H_enriched signature, and progress towards the tumour-derived clusters
291  enriched for the T_enriched signature (Lineages 1 and 4, Supplementary Table S3 and
292  Fig.1R). Our data identified a developmental trajectory beginning with activated, healthy

293  neutrophils and ending at tumour-specific neutrophils in these datasets.
294  Interleukin-1B (ll1b) is a driver of T_enriched Neutrophil signature.

295  We analysed gene expression along the different trajectories to identify genes that drive
296  neutrophil differentiation from health to cancer-associated lineages. Specifically, we
297 investigated the genes differentially expressed at the end of the lineages compared with the
298  start. In our integrated dataset, ll1b was upregulated in the lineages ending with the tumour
299  clusters (Fig.1S,W). ll1b was also among the top 30 lineage-specific differentially expressed
300 genes and was specific to the T_enriched neutrophil clusters PYMT (Fig.1T,X;
301 Supplementary Table S4). This was true for CRC (Fig. 1U,Y; Lineages 4 and 6;
302  Supplementary Table S5). In human-NSCLC, the same trend was observed in Lineages 1, 2
303 and 4 (Supplementary Table S6; Fig.1V,Z). The human BC dataset was too small to perform
304 such an analysis. Taken together, our lineage-specific differential gene expression analyses

305 implicate II1b in the progression of neutrophils towards the T-enriched population in PT.

306  Neutrophils in CRC liver metastasis (LM) display heterogenous transcriptional

307 programmes.

308 To investigate whether these neutrophil subtypes are present in metastatic cancer, we
309 isolated neutrophils from the publicly available CRCLM dataset(16) (Fig.2A) and scored
310 them for the two signatures we established in PTs. Neutrophils in CRCLM expressed both
311 H_and T_enriched signatures. However, a remarkable overlap between the two signatures
312 was observed, with no clear separation between the two subtypes, reflecting their
313  heterogeneity (Fig.2B). Some clusters were not enriched for either the H_ or T_enriched
314  neutrophil signature (Fig.2B, blue arrow), suggesting the presence of an additional

315 transcriptionally segregated neutrophil population, specific to metastatic CRC.

316  Unsupervised pseudo-time analysis revealed 5 neutrophil lineages, starting from the clusters
317 enriched for the T_enriched signature (Fig.2C). All lineages shared the same sequence for
318 the first 6 clusters and differed at their terminal clusters (Supplementary Table S3). We
319 focused on lineages 2 and 4 because lineage 2 progressed towards the cluster not enriched

320  for either signature observed in PT while lineage 4 terminated with a cluster expressing both
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321  signatures observed in PT (Supplementary Table S3). Collectively, our findings suggest
322  progressive transcriptomic development of neutrophil phenotype from healthy to tumour-

323  specific signatures in PT and finally, a metastatic-specific neutrophil subtype.
324 CRCLM-specific neutrophils display T-cell suppressive markers.

325  To characterise the transcriptomic signature of the metastatic-specific neutrophil population,
326  we identified marker genes for the lineage endpoints. The endpoint of Lineage 4 (Cluster 5;
327  Supplementary Table S3) was enriched for the chemokine CXCL8 (Fig.2F,G), the major
328 ligand for G-Protein coupled receptor CXCR2 and associated with immune suppression and
329  tumour progression in this context(24). This cluster also highly expressed IL1B (Fig.2H),
330 supporting our hypothesis that IL1B is implicated in the progression of neutrophils towards
331 malignancy associated phenotypes. Lineage2 endpoint was enriched for the mRNA
332 encoding Trx-interacting protein (TXNIP, Fig.2C,D), the upregulation of which inhibits TRX1
333 and restrains late T-cell expansion(25). This cluster was also enriched for the chemokine
334  receptor CXCR2 (Fig.2E), which is a commonly studied target in murine models of cancer
335 influencing metastatic burden, suggesting these neutrophils identified are functionally
336 relevant. We confirmed the expression of TXNIP in a patient CRCLM sample (Fig. 2K), in
337  tumour regions where immune cells cluster (Fig. 2I-J; black arrows). Moreover, among the
338 10 most highly expressed markers in this cluster were the genes: RIPOR2 and STK17B,
339 which are important for naive T-cell quiescence, survival and activation(26,27) (Fig.2l;
340 Supplementary Table S7). Our findings suggest that the metastasis-specific neutrophil

341  subtype transcribes genes that are T-cell suppressive.

342  Murine neutrophils express a metastasis-specific signature in CRCLM bulk-RNA-seq
343  dataset.

344 We selected the top 11 highly expressed genes in the metastasis-specific neutrophil
345 clusters, which we called Metastasis-enriched (M_enriched) signature (Table 3; Fig.2L,0;
346  Supplementary Table S7). We then compared the established H_enriched, T_enriched and
347  M_enriched gene signatures in a bulk-RNA-seq dataset generated from neutrophils from an
348  autochthonous KPN mouse model of CRC-PT and LM generated in our lab. Higher
349  expression of H_enriched genes was observed in LM compared with the PT tissue (Fig.2M).
350  Neutrophils in both PT and LM tissue equally expressed the T_enriched signature, with a
351  higher expression of few genes such as Ptma and Ifitm1 in LM (Fig.2N). A similar trend was
352  observed in the M_enriched signature, where an increase in Stk17b, Fkbp5, and Cxcr2 was
353 observed in LM (Fig.20). This further validates the trends observed in our ScRNAseq

354  analysis and demonstrates cross-species relevance.

355 GSE analysis implicates IL-17/CXCR2 axis in metastatic neutrophil populations.
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356  We integrated patient-derived neutrophil Sc-RNAseq signatures from lung and breast cancer
357 PTs (PT_NSCLC and PT_BC), with neutrophils from CRCLM tissue (M_CRC) (Fig.2P). Co-
358  expression analysis revealed that neutrophils from both PT and LM tissue expressed IL1B,
359  however, CXCR2 expression was largely specific to LM (Fig.2Q). Metastatic neutrophils co-
360 expressed CXCR2 and TXNIP (Fig.2Q), highlighting the specificity of these markers to
361 neutrophils in CRCLM. Differential gene expression between neutrophils in PT and in
362 CRCLM revealed the upregulation of the NETosis marker GOS2 and NFKB1A. (Fig.2R).
363  Supplementary Table S8 shows the top10 differentially expressed genes, grouped by tumour
364  type. Using the differentially expressed genes in M_CRC neutrophils (Supplementary Table
365 S9), we performed GSE analysis. GOS2 and S100A8 were upregulated and are implicated in
366  positive regulation of apoptotic signalling (Fig.2S). GO analysis revealed an upregulation of
367  cytokine-mediated signalling and positive regulation of inflammatory response (Fig.2T).
368 KEGG analysis revealed the up regulation of IL17, TNF and NF-kappa-beta signalling
369 pathways (Fig.2U). This supports the data implicating the IL17/CXCR2 axis in metastatic
370  neutrophil populations(28).

371 CRCLM-derived CD4+T-cells transcriptionally diverge from their PT counterparts.

372 We revisited the publicly available datasets of CRC PT(17) and CRCLM(16) to isolate T-cells
373 and investigate transcriptomic differences in metastasis given the T-cell suppressive
374  phenotype of neutrophils found in CRCLM. Upon integration, CD8+T-cells from both PT and
375 LM largely co-cluster, reflecting their transcriptomic similarity. However, CRCLM-derived
376  CD4+T-cells formed a distinct cluster (Fig. 3A,B). Differential gene expression analysis
377 revealed 660 and 26 differentially expressed genes for the CRCLM-derived CD4 and
378  CD8+T-cells, respectively, compared with their equivalent PT populations (Supplementary
379 Tables S10 and S11). Henceforth, we focused on CD4+T-cells. IL1B and CXCL8 were
380 upregulated, the same genes we identified as drivers of metastatic neutrophil subtype
381 (Fig.3C), suggesting that the IL1B/CXCL8/CXCR2 axis drives the interaction between
382  neutrophils and T-cells in metastatic tissue.

383 In addition, we observed a downregulation of RORA, implicated in CD4 T-cell activation(29),
384  together with Granzyme A (GZMA) and pro-inflammatory lipid-mediator leukotriene B (LTB);
385  further suggesting the possibility of impaired cytotoxic CD4+T-cell function in CRCLM. GO
386 and KEGG analyses revealed the dysregulation of biological processes converging on the
387 complement system, antigen processing and presentation, together with perturbations in
388 PD1-PDL1 and T-cell receptor signalling pathways in the CRCLM-derived CD4+T-cells
389 (Fig.3D,E). Collectively, this suggests that the regulatory function of CD4+T-cells may be

390 impaired in metastasis, contributing to an immunosuppressive phenotype.
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391 Neutrophils and CD4+T-cells interact through IL1, CXCL and TNF signalling pathways
392  in CRCLM.

393 We then assessed the global cell-cell communication network to investigate how the
394 impaired CD4+T-cells in the metastatic niche may influence neutrophils and other T-cell
395 subtypes. Signals from CD4+T-cells interact with CD8+T-cells and T-regulatory cells (Tregs)
396 and, to a lesser extent, neutrophils (Fig.3F-H). Outgoing signals from neutrophils are
397 received by CD8+T-cells (Fig.J), supporting our hypothesis that neutrophils impair CD8+T-
398 cell function in metastasis. Signals from CD8+T-cells are mostly autocrine (Fig.3l) and Tregs
399 mainly influence CD8+T-cells (Fig.3K). We identified 20 signalling pathways showing
400 significant communications between neutrophils, CD4+, CD8+ T-cells and Tregs
401 (Supplementary Fig.S3). Supplementary Fig.S4A-D show the significant ligand-receptor (L-
402 R) interactions between neutrophils, CD4+T-cells, CD8+T-cells and Tregs to other target
403 cell groups. Neutrophils primarily communicate with CD8+T-cells through the MHC-I
404 pathway (Fig.S4A). CD4+T-cells strongly interact with CD8+T-cells through MHC-I and
405 MHC-II pathways and with Tregs through the MHC-II pathway (Fig.S4B). CD8+T-cells
406 communicate with CD4+T-cells and neutrophils through CD45 and ANNEXIN signalling
407 pathways, respectively (Fig.S4C). Finally, Tregs target CD8+T-cells through the MHC-I
408 signalling pathway (Fig.S4D).

409  We then focused on IL1, CXCL and TNF pathways, based on their involvement in defining
410 the phenotype of metastatic neutrophils. CXCL12-CXCR4 and CXCL8-CXCR2 were the
411  major L-R interactions observed(Fig.3L). CD4+T-cells are major senders of the CXCL12-
412 CXCR4 signals, whereas CXCL8-CXCR2 signals are largely autocrine within neutrophils
413  (Fig.30). IL1B-IL1R2 significantly contributed to the IL1 pathway in CRCLM (Fig.3M), an L-R
414 interaction largely driven by the CD4+T-cells and neutrophil interactions, as well as
415  neutrophils’ autocrine signalling (Fig.3P). This observation supports our pseudo-time findings
416 in the different neutrophil populations. Finally, CD4+T-cells communicate with Tregs,
417  neutrophils and CD8+T-cells through TNF-TNFRSF1B interactions (Fig.3N,Q). Our findings
418  suggest that within the metastatic niche, neutrophils primarily target CD8+T-cells through the
419 MHC-I pathway, in addition to their autoregulation through CXCL and IL1 pathways with

420 CDA4+T-cells undertaking a prominent regulatory role.
421  CD4+T-cells are dominant signal senders in CRCLM.

422 To elucidate how cells coordinate different pathways to drive communication, we
423  investigated the global communication patterns between the different immune cell
424  populations. We identified 4 outgoing patterns (Fig.4A) and 4 incoming patterns (Fig.4B).

425  Outgoing signals from CD4+T-cells formed the largest communication pattern, with MHC-II
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426 and PECAM signalling being autocrine (Fig.4A,B). Outgoing signals from CD8+T-cells
427  converge on the CLEC pathway, which is autocrine, together with signals from ANNEXIN,
428  CD99 and IFN-II pathways. Tregs send signals along the LCK and VCAM pathways and are
429 recipient to CD86 signalling. The IL1 signalling pathway is the most prominent outgoing
430 pathway for neutrophils, which is also autocrine (Fig.4A,B). Neutrophils are influenced by
431  CXCL ligands and ICAM signals from CD4+T-cells, ANNEXIN signals from CD8+T-cells, and
432 ADREGS5 signals most likely from other cells in the metastatic microenvironment not
433  explored here. CD4+T-cells receive signals from Tregs through the VCAM pathway, as well
434  as signals along the CD45, CCL and ITGB2 pathways. CD8+T-cells are influenced by LCK
435 signals from Tregs, and additional signals along the CD99 and MHC-I signalling pathways.
436  Finally, we compared the overall signalling roles of CD8 and CD4+T-cells in CRCPT and LM.
437  Our analysis revealed that in PT, CD8+T-cells are prominent senders, whereas the CD4+T-

438  cells are prominent receivers. In CRCLM, these roles are strikingly reversed (Fig.4C).

439 Macrophages communicate with T-cells and TXNIP+Neutrophils through MHC and
440 CXCL pathways in CRCLM.

441  We then characterised the neutrophil subtypes in CRCLM to investigate their communication
442  patterns with T-cell and macrophage populations from the same dataset, focusing on the
443  immunosuppressive TXNIP+Neutrophils and SPP1+macrophages(16). We identified 11
444  additional neutrophil subtypes in CRCLM(Fig. 4D, Supplementary Tables S7 and 13):
445  Inflammation regulatory (Inf_reg) neutrophils expressing genes important for inflammatory
446  regulation (TMG2, CCL4,CCL3 and PI3), COX+ neutrophils expressing glycolysis genes
447  (DYNLL1, COX20 and ENO1), IFN+ neutrophils enriched for interferon response genes
448  (ISG15, IFIT3, IFIT1 and IFITM3), ARG1+ neutrophils expressing canonical neutrophil
449  markers (MMP9 and S100A12) together with the T-cell suppressive markers ARG1 and
450  TXNIP, HLA-DR+ neutrophils expressing several genes from the human leukocyte antigen
451  (HLA) family (HLA-DRB1, HLA-DRA), activated neutrophils enriched for markers of
452  neutrophil activation (DEFA3, CAMP, LTF, MMP8) and HSP+, MT+ and RPS+ neutrophils
453  highly expressing heat shock, mitochondrial and ribosomal proteins, respectively and
454  PLPP3+ neutrophils expressing genes that converge on JAK-STAT and EGFR signalling
455 (PLPP3, FNIP2,PLIN2,SNAPC1, CSTB, CTSD,VEGFA) and has been reported in other
456  ScRNA-seq studies of neutrophils(13,30).

457  Analysis of the communication network between neutrophil subtypes, T-cells and
458  macrophages confirmed the recipient role of CD8+T-cells in the CRCLM microenvironment
459  (Fig. 4E) with signals from TXNIP+ neutrophils specifically targeting CD8+ T-cells(Fig.4F).

460  Macrophages exhibited diverse communication patters, interacting with all other immune cell
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461  subtypes with stronger interactions with CD4+ and CD8+T-cells. This was observed for all
462 macrophage subtypes (Fig.4G-l). The significant L-R interactions with highest
463 communication probabilites from SPP1+, proliferating MKI67+, M1- and M2-like
464  macrophages targeting CD4+ and CD8+T-cells were through the MHC-II and MHC-I
465  pathways, respectively (Supplementary Fig. S5A-D). Both MKI67+ and SPP1+ macrophages
466  exhibited stronger communication probabilities with M1-and M2-like macrophages along the
467 MIF-(CD74/CXCR4) and MIF-(CD74/CXCR2) axes (Fig.S5C,D). Both M1-like and SPP1+
468 macrophages showed the highest communication probability with TXNIP+ neutrophils
469  through the CXCL8-CXCR2 L-R interaction(Fig.S5A,D).Further analysis of the CXCL
470 pathway identified CXCL8-CXCR2 as the major L-R interaction (Fig.4J), with additional
471  outgoing signals from other neutrophil subtypes targeting the TXNIP+ population (Fig.4K).
472  M2-like macrophages communicate with all immune cell populations investigated here
473  through CXCL12-CXCR4 interactions (Fig.4L) whereas signals from both M1-like and
474  SPP1+ macrohages target TXNIP+ and IFN+ neutrophils through the CXCL2-CXCR2
475 interactions (Fig.4M). Finally, analysis of the aggregated cell-cell communication network
476  from all signalling pathways identified both macrophages and CD4+ T-cells as dominant
477 senders in CRCLM (Fig. 4N). Collectively, our data confirm the importance of the
478 CXCL8/CXCR2 axis in immune cell interactions and highlight the dominant roles of

479  macrophages and CD4+ T-cells within the immunosuppressive CRCLM environment.
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430 DISCUSSION

481 There is a need to identify novel targets for therapy in advanced CRC to circumvent
482  resistance to current treatments(31). Here we have explored neutrophil and T-cell single cell
483  transcriptomic profiles to assess differences in neutrophil phenotypes in health, primary
484  tumours and metastases and gain insight into how the microenvironment is regulated. The
485  major interactions between the different immune cell populations in CRCLM are summarised
486  in Fig. 40.

487 We demonstrate that in health, neutrophils exhibit different transcriptomic signatures
488 according to the tissue they are derived from. This is also true in cancer, where we
489  demonstrated 2 distinct transcriptomic signatures are observed in PT. In metastases, tumour
490 associated neutrophils exhibit the same signatures as the primary site, however, these
491 populations are heterogenous, encompassing additional, distinct transcriptomic changes.
492  Our findings support the role of the tumour microenvironment in recruiting and transforming

493  neutrophils into more immunosuppressive phenotypes (32).

494  Recent studies have highlighted the roles of opposing neutrophil phenotypes, anti-
495  tumorigenic N1 or pro-tumorigenic N2, that exacerbate the progression of cancer depending
496  on their prevalence(11), however, with advances in understanding of plasticity of neutrophils
497 these states appear oversimplified, with neutrophils likely responsive to both the tissue of
498 residence and microenvironmental signalling of the tumour and associated stromal cells.
499  These populations were largely defined based on their function and no cell surface markers
500 have been identified thus far to differentiate between the two(33). In this study, we
501 established the transcriptomic signatures of two distinct neutrophil subtypes in PTs: Healthy-
502 enriched and Tumour-enriched neutrophil subtypes, which are conserved across species

503 and across different cancers.

504  Neutrophils within CRCLM include a subset enriched for genes implicated in T-cell
505 expansion, survival and activation(25,27). This metastatic-specific signature identified in
506 human CRCLM was equally present in a murine CRCLM Bulk-RNAseq dataset generated in
507  our laboratory. Through the TNF pathway, tumour associated neutrophils induce CD8+Tcell
508 apoptosis, further exacerbating their immunosuppressive phenotype(34). Moreover, S100A8
509 expressing neutrophils facilitate metastasis through the suppression of CD8+T-cells(35).
510 Here, we show an upregulation of TNF signalling in metastatic neutrophils, concomitant with
511 the overexpression of S100A8 and G0S2, implicated in the positive regulation of apoptosis.
512 As such, we propose the presence of a metastasis-specific neutrophil subtype that

513  specifically targets T-cells in order to suppress them.
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514 Our pseudo-time analysis suggests a developmental trajectory of neutrophils that
515 progresses from the healthy subtype to the tumour-specific population and finally a
516  metastasis-specific population; a lineage that is largely driven by IL1B/CXCL8/CXCR2 axis.
517 We show that tumour-associated neutrophils not only respond to IL1B/CXCR2 in their
518 environment but equally signal through IL1B and CXCR2 in an autocrine fashion. The
519 IL1B/CXCL8/CXCR2 axis has been implicated in several tumour types and plays a role in
520 neutrophil recruitment(5,36). The genetic ablation of CXCR2 in mice eliminates tumour
521  accumulation and enhances T-cell infiltration and function(37). Moreover, targeting CXCR2+
522  immunosuppressive neutrophils, either independently or in combination with additional
523 treatments, enhances anti-tumour immune activity; specifically, that of CD8+T-cells, and
524  reduces tumour burden across different cancer types(38). This supports the presence of a
525 CXCR2+ T-cell supressing neutrophil subset in CRCLM, the elimination of which can

526 enhance T-cell infiltration and function.

527 It is important to account for the tumour stage when considering the tumour-suppressive
528  effect of targeting CXCR2. We propose that targeting IL1B independently or in combination
529 with CXCR2, could be more favourable at earlier stages, where it may hinder the
530 progression of neutrophils towards the tumour-specific subtype, permitting re-education of
531 neutrophils to a tumour-killing phenotype, in addition to permitting an opportunity for other
532 tumour-directed therapies. Late-stage interventions could target the CXCR2+ T-cell
533  suppressive neutrophil subtypes through utilising CXCR2 antagonists in combination with
534  immune checkpoint inhibitors to counteract T-cell exhaustion. Our findings also implicate the
535 TNF pathway in CRCLM associated neutrophil populations, as well as LTB, complement
536 system and antigen presentation pathways in CD4+T-cells from the same tissue, highlighting
537 the potential of harnessing these aspects of the tumour microenvironment to selectively

538  activate neutrophils for immunotherapy(7).

539 Finally, we demonstrate that the transcriptomic signature of CD4+T-cells is altered in
540 CRCLM. They are drivers of the signalling network in CRCLM and their interaction with
541  neutrophils, CD8+T-cells and Tregs is essential to mediate immunosuppression as
542  summarised in Fig.4D. CD8+ and CD4+T-cells receive signals along the MHC-I and MHC-II
543  pathways respectively, from macrophages and presumably due to direct interactions with
544  tumour cells. The direct effects of IFN-Il on T-cells are largely suppressive(39), thus, we
545  hypothesise that incoming IFN-II signals from CD8+T-cells may drive the suppression of
546  CD4+T-cells in metastasis, specifically the cytotoxic subtype. Amongst the outgoing
547  signalling pathways from CD4+T-cells was GALACTIN. The upregulation of Galectin-9 by
548 IFN-Il has an apoptosis-inducing activity in both CD4+ and CD8+T-cells; with CD8+T-cells
549  being more susceptible(40). We identified two autocrine signalling pathways in CD4+ and
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550 CD8+T-cells: PECAM1 and CLEC, respectively. The adhesion molecule PECAM1 inhibits T-
551  cell function in mice through the effects of TGF-B(41) and the C-type lectin receptor CLEC-1
552  negatively regulates antigen cross-presentation by dendritic cells to CD8+T-cells (42),

553  supporting our hypothesis of diminished T-cell activity in the metastatic environment.

554  We demonstrate that neutrophils receive immunosuppressive signals from both CD4+ and
555  CD8+T-cells. ANNEXIN signalling elicits pro-invasive and pro-tumoral properties in a number
556  of cancers, whereby neutrophil micro-vesicles enriched in Annexin-Al and TGF-B are
557 immunosuppressive(43). ICAM1 expression immobilises neutrophils and enhances their
558  migration and infiltration(44). Several L-R interactions in the CXCL pathway were between
559  neutrophils, macrophages and CD4+T-cells, suggesting an additional role of CD4+T-cells
560 and macrophages in driving the immunosuppressive neutrophil phenotype. Autocrine IL1B-
561 IL1R2 and CXCL8-CXCL2 interactions within neutrophils support our pseudo-time analysis.
562  Neutrophils are recipients to ADGRES5 signalling, which has a role in tumour invasion and
563  metastasis(45), potentially reflecting tumour-neutrophil interactions. We show that Tregs
564 receive CD86 signals, which upon their engagement with CTLA-4 receptor hamper the
565 antigen presenting ability of antigen presenting cells to activate T-cells(46). They primarily
566  suppress CD4+ and CD8+T-cells via the VCAM and LCK pathways, respectively. VCAML1 is
567  essential for T-cell extravasation and the Src-kinase LCK plays a critical role in initiating and
568 regulating T-cell receptor signalling, whereby LCK inhibition selectively depletes effector

569  Tregs and increases memory CD8+T-cells(47).

570 In conclusion, there exist two neutrophil transcriptomic subtypes that predominate PTs and
571  are conserved across human and mouse cancers. We propose a developmental trajectory
572 progressing from healthy neutrophils towards a tumour-specific subtype in PTs, with
573  heterogenous expression profiles of neutrophils present within metastases, however, a T-cell
574  suppressive neutrophil lineage can be identified in CRCLM that specifically interacts with
575 CD8+T-cells. This lineage is largely driven by the IL1B/CXCL8/CXCR2 axis. The metastatic
576  niche further fosters an immunosuppressive environment, through the interplay between
577  neutrophils, macrophages, CD8+T-cells, CD4+T-cells and Tregs, with CD4+T-cells and
578 macrophages being dominant signal senders and regulators of the immunosuppressive
579  microenvironment. As such, these interactions, and their timings should be considered when

580  developing future immunotherapy trials in CRCLM.
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728 TABLES
729  Table 1: Description of public datasets used in this study.
Author Accession Species | Tissue Tumour | Description
number
Zilionis et al., 2019 GSE127465 Human, | Blood, Lung | PT Non-small-cell lung
Mouse cancer
Grieshaber-Bouyer GSE165276 Mouse Bone None Healthy tissue
et al., 2021 marrow,
Blood,
Spleen
Alshetaiwi et al., | GSE139125 Mouse Breast PT Polyomavirus middle T
2020 oncoprotein breast
cancer
Azizi et al., 2018 GSE114727 Human | Breast PT Breast carcinomas and
adjacent healthy tissue
Wu et al., 2022 OEP001756 Human | Liver MET Colorectal cancer liver
metastasis
Zhang et al., 2020 GSE146771 Human | Colon PT Colorectal cancer
730  PT=Primary Tumour, MET=Metastatic Tumour
731 Table 2: Links to software processing pipelines on Github.
Software Github Identifier
Seurat https://github.com/satijalab/seurat
Slingshot https://github.com/kstreetl3/slingshot
TradeSeq https://github.com/statOmics/tradeSeq
ClusterProfiler https://github.com/YuLab-SMU/clusterProfiler
EnrichR https://github.com/wjawaid/enrichR
CellChat https://github.com/sgjin/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/DESeq?2
732
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733  Table 3: Description of CRC mouse models used.

Mouse model Mutations Reference
AKPT Transplant villinCre™Apc™ Kras®*®" Trp53" TgfbR1"" | (48)

BP GEMM villinCreRBraf"**"*Trp53"" (4,49)
BPN GEMM villinCre= Braf"*"*"* Trp53"" Rosa26™"* (49)

KP GEMM villinCreFRKras®™"" Trp53™ (5)

KPN GEMM and Transplant villinCre®™Kras®*™*, Trp53" Rosa26™¥* | (5)

734

735 Table 4: Healthy- and Tumour- enriched neutrophil signatures in human and mouse.

Human Mouse
Healthy- Tumour- Metastasis- Healthy- Tumour- Metastasis-
enriched enriched enriched enriched enriched enriched
MMP8 CDKN1A TXNIP Mmp8 Cdknla Txnip
IFITM2 PPIA RIPOR2 Ifitm6 Ppia Riopr2
IFITM3 IFITM1 CXCR2 S100a6 Ifitm1 Cxcr2
S100A6 TAGLN2 FKBP5 Lyzl Tagin2 Fkbp5
LYz ISG15 CEBPD Lyz2 Isg15 Cebpd
CTLA4 GNGT2 STK17B Ctla2a Gngt2 Stk17b
CHI3L1 CXCL8 SMAP2 Chil3 Cxcl12 Smap2
G0S2 CCcL4 CTSS G0s2 Ccl4 Ctss
FPR2 CDh14 JAML Fpr2 Cd14 Jaml
RPS27L IGHM Rps27! Ighm
IER3 CD74 ler3 Cd74
CCL3 Ccl3
IFIT3 Ifit3
IFIT1 Ifitl
IL1B l11b
WFDC1 Wfdcl7
THBS1 Thbs1
PTMA Ptma

736
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Fig.1. Characterisation of neutrophil signatures and Iine_ages in health and primary tumours. , _ _
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(A) UMAP plot of healthy neutrophils geosipe inydissirestype-NBM:ohealthyolonemarrow, Slg: healthy sp)ieen, L: healthy
lung, BL: healthy blood. (B) UMAP plots of healthy and tumour-derived neutrophils grouped by tissue type and Seurat clus-
ters (0-15). 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 tumour.
(D,E) Scoring of Healthy enriched (H_enriched) and Tumour_enriched (T_enriched) neutrophil signatures. (F) UMAP plot
of neutrophils in mouse CRC model. All neutrophils are tumour-derived. (G,H) H_enriched and T_enriched signatures in
CRC. (I) UMAP plot of human NSCLC neutrophils. Blood: blood-derived, tumour: tumour-derived. (J,K) H_enriched and
T_enriched signatures NSCLC. (L) UMAP plot of human breast cancer (BC) neutrophils. Most neutrophils are tumour-
derived. (M,N) H_enriched and T_enriched signatures in BC. (O-R) Unsupervised pseudo-time analysis of neutrophils in
mouse and human datasets. Lineages in the individual datasets are numbered. (S-V) lI1b/IL1B is differentially expressed
at the end of tumour-specific lineages. (W-Z) Estimated smoothers for //1b/IL1B expression over pseudo-time across the

different lineages.
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Fig.2. Characterisation of neutrophils in metastasis.

(AUMAPA oy i Y ORGLIE (31 003545 miohegond Tholsiongy Pyyahros Oy koo
for either signature (blue arrow). (C,D) Unvsilgdisvirstsd a6seBididirie ankipsistana liestisnated smoothers for TXNIP expression
over the different numbered pseudo-time lineages. (E) Co-expression of TXNIP and CXCR2. (F,G) Expression and estimated
smoothers for CXCL8 over pseudo-time. (H) Co-expression of CXCL8 and IL1B. (I,J) IHC staining of CD3 (T-cells) and
ITGAM (Neutrophils) in a patient CRCLM sample at 4x, scalebars=50um. Black arrows indicate regions where immune cells
cluster. (K) IHC staining of TXNIP in a patient CRCLM sample at 4x (left) and 10x(right). Scalebars=50um. (L) Differentially
expressed genes in metastasis-specific neutrophil cluster. (M-O) H_enriched, T_enriched and M_enriched gene signatures in
mouse Bulk-RNAseq neutrophil dataset. PT: Primary tumour, LMET: Liver metastasis. (P)UMAP plot of integrated human
neutrophils from primary tumours (PT) and metastatic (M) datasets of different cancers. (Q) Co-expression of CXCR2 with
IL1B (top) and TXNIP (bottom). (R) Differential gene expression between neutrophils in malignancy compared to PT. (S-U)

GESA, GO and KEGG analysis of M_CRC neutrophils.
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Fig.3. CD4+T-cells are transcriptomically altered in metastasis.
(A,B)UMAP plots of CD4+ and CD8+T-cells in PT and LM grouped by cell type and tumour type, respectively. (C)
Differential gene expression of CD4+T-cells in LM compared to PT. (D,E) GO and KEGG analyses of metastatic
CD4+T-cells. (F,G) Global cell-cell communication network and the interaction strengths between Neutrophils,
CD4+,CD8+ and Treg cells. (H-K) Outgoing signals sent from each cell group. (L-N) The contribution of each L-R pair
to the overall signalling pathway for CXCL, IL1 and TNF pathways. (O-Q) Visualization of the cell-cell communication

patterns mediated by each significant L-R pair for the three pathways.
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Fig. 4

Outgoing communication patterns of secreting cells

Incoming communication patterns of target cells

101/20: ; thi ié)%_posted JuIyGBQEZE The copyright holder for t%%t (which
S e

B
;
[

bioRxi p
wi BioRYiv a license te,glispl@ the preprifgin pﬁ&tw"ty. It is made
i H = cel
D‘l“w%u' ternational license. T Count
- n Count 37 ®
=
; = ® 5 =2 @® =0
El ®x & ®
= A =, cos T celff)
2z ® 2 = & =
E0.30 £
2 @
g ®x 2| o o
E0.25 E1 @
(=] (=] .
y o o Neutrophils
g #CD4 T cel S e p
= T T T T T T =
0.50 0.55 0.60 0.65 0.70 0.75 15 20 25 3.0
Outgoing interaction strength Outgoing interaction strength
| 4 HADRNe oot HAGRNOM Goxonon
F e I e G e § g 2o
ouea > 3 Pt ke ;
Cell groups. Pattems Patterns Signaling ~ Cell aroups Pattemns  Patterns Signaling o \ \ COATeor
o e ey /
D E Interaction weights/strength g
e, / s,
et et
HLA DR+NesbxsNeut \f"" 8
HSPeewt Y eodida - W.MP\\
4 Z N
o / R
© Inf_reg_Neut i o ™ —~ TS
® HLA-DR+Neut . 4 o - MT+Newt P
© Acivated_Neut S [ RGT+Neut e — %)
N o MrsNeut o " e 4 oSN
1 * ARG1+Neut .
%0 © RPSNeut B H
> * PLPP3s+Neut ted_Neut HUADRWNO!  Coxeneu l HADRONA!  coxoment
= *  Pro-apoptotic_Neut Heghe CO8Teol HoPeNeu coBTcel
© IFNeNeut k v ) -~ o~
* HSP+Neut D N .
- Coxeet \ SAK Z2 AN ot < coutest
* TXNIP+Neut A
4
. Activatgd_Neut = \
HLA-DR+Neut tod i NG
B Pmap‘op(olig L.
5 0 5
UMAP 1
Contribution of each L-R pair \
filiar WL L i WL
orcer| [N K S L
CXCL12 - CXCR4 M CXCL2 - CXCR2
S AR —
HSP‘N.' A @ CmTeel HLADR#NevtcoxNeut HSP‘N.MHW’N""CO)“MQHI
; ' HSP+Neut e COB T cell
cxeL2 - excr2 4 hd
CD4 T cell IFN+Neut
4T eal o4 T sl
CHCL1 - CXCR2 . In_reg Ny Inf_reg_Net
G1+Neut RG1+Neut
onccoe| [l -
M1-like-Mg Mt-ike-M
CHCL2 - CHCRY I P ivated_Neut @ivated_Neut
e Mo M2-like-Mph
onrcen| || — -—
eI MKI67+Mph
CHCL3 - CXCRT I Treg
MIsNet @
CHL15 - CXERS | SPP1sMph ks @ @  sPPiMgh
PLEPINOL - oic NERSNet PLEPINeu PLePase Setleut
popeted Pro-apoptotic NETS MUt Pro-apoptotic_NET
Relative contribution
N fo) 'METASTATIC SITE
L o Healthy-activated Neutrophil
Outgoing signaling patterns Incoming signaling patterns
:: 1 Tumor-specific Neutrophil
II Hewm II III-I ] H II_I-I_-. T | Metastasis-specific Neutrophil
- [ —
— - — —- gy coATeel
= @ cos Teel
q q
— Treg
—— -
PP1+ Macrophage

D III qII“I

| i g s

= Pathway promoting pro-tumor function
=B Therapeutic interventions:

Al

r
T

Relative strength
-

o

¥
'.JI 'l

53
1

T
N

e

T

k-

o
IIII

-—
- -l
5533 5555555858335 35355¢9°3 5S5S3TESSSSS £353535S593
33333333388833338F3  33TRI33338883333583
Trzeiifzgeescogog & TizeiEgz¢ Eeddpg &
F26868392EEZ3£=8¢ H 528688385 £=EE 2
$E°°83 §=§=;{§5‘?§§5 °;z=gg%é
° ° CXCR2 and/or
m immune checkpoint
inhibitors

PRIMARY SITE



https://doi.org/10.1101/2023.07.13.548820
http://creativecommons.org/licenses/by-nc-nd/4.0/

Fig.4. Signalling patterns in CRCLM.

bioRxiv preprint doi: https://doi.org/10.1101/2023.07.13.548820; this version posted July 13, 2023. The copyright holder for this preprint (which
(A,B) Outgesingt apidfietcanmieg rsigﬁvﬁllmgeggatﬁggfgs&ﬁgramo:w gencelnnBriysldecese Hotismanhe arepansiiHeLEs) hiromeasiceiv-

er aCC-BY-NC-ND 4.0 International license.
ers (targets) in CRCPT and LM. (D)UMAP plot of neutrophil subtypes in CRCLM. (E) Interaction strength of the global
communication patterns between neutrophil, T-cell and macrophage subtypes. (F-1) 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 signalling pathway amongst 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) Heatmap showing
significant outgoing and incoming signalling patterns in all communication pathways with dominant sender and receiver
immune cell subtypes. (O) Summary of findings. IL1/CXCL8/CXCR2 axis drives neutrophil progression from health to
cancer and malignancy. Several signalling pathways between neutrophils and other immune cells come to play to foster
an immunosuppressive, metastatic niche. Targeting different chemokines in along the IL1/CXCL8/CXCR2 will allow fu-
ture stratification of treatments into targeting different neutrophil subtypes at early and late stages of cancer.
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