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Abstract

Neutrophils are increasingly recognized as key players in the tumour immune response, and

are associated with poor clinical outcomes. Despite recent advances characterizing the diversity
of neutrophil states in cancer, common trajectories and mechanisms governing the ontogeny
and relationship between these neutrophil states remain undefined. Here, we demonstrate

that immature and mature neutrophils that enter tumours undergo irreversible epigenetic,
transcriptional and proteomic modifications to converge into a distinct, terminally differentiated
dcTRAIL-R1™ state. dcTRAIL-R1* reprogrammed neutrophils predominantly localise to a
glycolytic and hypoxic niche at the tumour core, and exert pro-angiogenic function that favors
tumoral growth. We find similar trajectories in neutrophils present across tumour types and in
humans, suggesting that targeting this deterministic program may provide an effective way to
enhance cancer immunotherapy.
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One-Sentence Summary:

Deterministic reprogramming of neutrophils drives their convergent differentiation in the tumoral

niche

Neutrophils play significant roles in the immune response to infection and injury. As

one of the first cells to enter a damaged site from the circulation, the rapid recruitment

of large numbers of neutrophils into the tissue is key for their protective function (1).
Notably, this process is co-opted in pathological settings such as cancer, where persistent
neutrophil infiltration into the tumour has been consistently associated with poorer patient
outcomes (2). Many studies have associated pro-tumoral functions to neutrophils, which in
this context, have been referred to as granulocytic myeloid-derived suppressor cells (3). This
uniform view has since been disrupted by the identification of a wide spectrum of neutrophil
states in cancer, with differences in density (4, 5), surface marker (6-10), and transcript
expression (11-13).

Neutrophil heterogeneity also exists in the bone marrow in the form of various maturation
stages. Numerous studies have shown that granulocytic progenitor cells differentiate
sequentially into precursor, immature and finally mature neutrophils, and each subset of
cells possesses unique functional capabilities. (14-19). Notably, tumour-induced chronic
inflammation triggers the premature egress of these precursors into the circulation and
subsequently into the tumour (4, 14, 17, 19, 20), and extramedullary sites such as the spleen,
(13, 14) have been proposed to be priming sites of pro-tumoral neutrophils (12, 21, 22).
Collectively, this spectrum of neutrophil states, encompassing phenotypic and maturation
differences, is proposed to make up the functional diversity of neutrophils in cancer (23-26).

Here, we utilize multi-omics approaches in pancreatic tumours at single-cell transcriptional
and spatial resolution to examine neutrophil functional diversity in the context of their
ontogenetic order, origin and influence from tissue signals. We find, unexpectedly, that
although various populations of neutrophils enter the tumour, it is only inside the tumour
that neutrophils enter a convergent trajectory that directs them towards a unique pro-tumoral
state. Our findings challenge current models and reveal the potential of targeting neutrophils
for cancer immunotherapy.

Intratumoral neutrophils converge into a distinct transcriptional state

To dissect neutrophil heterogeneity in cancer, we used an orthotopic model of pancreatic
ductal adenocarcinoma (PDAC). Using a pancreatic cancer cell line previously established
from a tumor in the Pdx1C€¢; KrasG12D/+: Trp53R172H+ (KpC) genetically modified mouse
model (23), cultured cells were orthotopically transplanted into the pancreas, which grow 7n
situto form a tumor characterized by copious neutrophil infiltration (14). Single-cell RNA
sequencing (scRNAseq) was performed on total CD11b*CD115 Ly6G™* cells from the bone
marrow (BM), spleen, blood, and tumors (n=2, Fig. 1A, fig. S1A and 1B) to characterize
neutrophil heterogeneity in the context of their ontogenetic order and origin. Uniform
Manifold Approximation and Projection (UMAP) analysis revealed that neutrophils from
the bone marrow, spleen, and blood clustered according to their developmental states, from
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pre-neutrophils (preNeus) to immature neutrophils (IMM 1-2) and mature neutrophils (MAT
1-5) (Fig. 1B, fig. S1C). Integration with a previous dataset containing healthy mouse
neutrophils from matching tissues (19) showed that despite potential perturbations from the
tumor, no new developmental clusters or trajectories emerged in neutrophils from tissues

of the tumor-bearing mice (fig. S1D and E). This thus demonstrated a robust adhesion

of neutrophils to a single developmental trajectory within the tissues where they develop

and circulate. In contrast, neutrophils acquired unique transcriptional profiles in the tumor
(Fig. 1B and fig. S1C) and formed three distinct clusters (T1-T3) separate from the other
compartments.

Next, we sought to uncover links between neutrophil clusters in the tumor and the other
tissue compartments by utilizing a diffusion map approach, which orders cells based on
transitional probabilities and better preserves differentiation trajectories (24, 25). We found
that tumor neutrophils deviated from the normal neutrophil developmental trajectory (Fig.
1C). Specifically, T1 and T2 neutrophils progressed along the tumor-specific branch and
converged at the T3 state, suggesting that T1 and T2 may both give rise to the T3 population,
which is predicted to be the most terminally differentiated. Because immature and mature
neutrophils can infiltrate tumoral tissue (14,15), we investigated the relationship between the
maturation and functional states of the T1-T3 neutrophil populations utilizing a neutrophil
maturation gene signature (table S1) curated by Xie et al (19), where each cluster in our
dataset was graded by a maturation score. T1 neutrophils had a maturation score comparable
to immature neutrophils (i.e. IMM 2 cluster), whereas T2 neutrophils had a maturation

score comparable to mature neutrophils (MAT 1-5 clusters) (Fig. 1D). Interestingly, RNA
velocity (26) indicated a chronological progression from immature neutrophils to T1, and
mature neutrophils to T2, suggesting that T1 and T2 neutrophils are transitory states from
immature and mature neutrophils that have migrated into the tumor (Fig. 1E). In contrast,
T3 neutrophils exhibited a maturation score that was in between T1 and T2 neutrophils (Fig.
1D), representing a potential admixture of T1 and T2 cells. Accordingly, we observed that
velocity vectors originating from both T1 and T2 populations terminated in the T3 cluster
(Fig. 1E). These findings thus corroborate earlier studies demonstrating that both mature
and immature neutrophils infiltrate tumor tissue (4), and become T1 and T2 neutrophils,
respectively. More importantly, our data predicts that these stages are transitional, as both T1
and T2 neutrophils remain amenable to further differentiation into T3 neutrophils.

Epigenetic reprogramming of tumor-infiltrating neutrophils

To confirm that T3 neutrophils can be reprogrammed from both immature (T1) and

mature (T2) tumor neutrophils, we performed ATACseq (Assay for transposase-accessible
chromatin followed by sequencing) on sorted CD101~ (immature) and CD101* (mature)
neutrophils from various tissue compartments of control and tumor-bearing mice. Principal
component analysis (PCA) revealed that both immature and mature tumor neutrophils
clustered separately from neutrophils of other tissues (Fig. 1F), indicating that common
changes in chromatin accessibility are imprinted in neutrophils that enter the tumor and are
different from those in other tissues, even if they share the same maturation stage. We then
identified all open chromatin regions (OCRs) that are differentially accessible in immature
and mature tumor neutrophils (table S2), and found increased chromatin accessibility
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for genes upregulated in T3 neutrophils (T3 genes) in both immature and mature tumor
neutrophils (Fig. 1G), including genes involved with hypoxia, glycolysis, and angiogenesis,
such as Vegfaand Hk2 (fig. S2A). These changes in chromatin were absent in neutrophils
from other tissues, which still shared similar accessibility for canonical neutrophil genes
such as Cebpaand Gfil (fig. S2B).

Since chromatin accessibility patterns at T3 genes were already altered in immature

and mature tumor neutrophils, we investigated the upstream transcription factors of this
differentiation program. We utilized pySCENIC (27) to identify transcription factors
predicted in T3 neutrophils that had minimal presence in the other neutrophil subsets

(Fig. 1H). This was then correlated to motifs found in the bulk ATACseq analysis (fig.
S2C), which revealed T3-specific transcription factors with enriched motifs in immature
and mature tumor neutrophil OCRs (fig. S2D and E). Among the T3-specific transcription
factors, Mark, Nfe2l2and Atf3were implicated in regulating metabolic and oxidative stress
typical of the tumor microenvironment (fig. S2D and E). This altered chromatin accessibility
landscape in immature and mature tumor-infiltrating neutrophils thus correlated with motif
usage of transcription factors governing the T3 state, suggesting that epigenetic changes
initiated at the T1 and T2 states are reinforced as they transition towards a T3 state. These
findings demonstrate that tumor-infiltrating neutrophils can be reprogrammed by the tumor
microenvironment regardless of their stage of maturity by converging transcriptional and
chromatin trajectories towards a distinct T3 state.

CD101 and dcTRAIL-R1 discriminate tumor neutrophils states

Having shown that immature T1 and mature T2 neutrophils in the tumor undergo
transcriptional and epigenetic reprogramming towards the T3 neutrophils, we next assessed
if we could distinguish these subsets by protein expression. This was particularly important,
since increases in RNA expression in neutrophils typically precedes protein expression,
especially for genes tightly regulated in neutrophil development such as granule proteins.T1,
T2 and T3 neutrophils had differential expression of surface marker genes, suggesting

that a combination of surface markers could be used to identify them (fig. S3A). Using a
multiparametric flow cytometry approach where live CD45" cells of the PDAC tumor were
screened for 249 surface markers, we then clustered all captured cells with InfinityFlow (28,
29), and evaluated co-expression patterns of all tested markers (fig. S3B) which revealed
two distinct neutrophil clusters (Fig. 2A). Interestingly, high levels of immune-modulatory/
suppressive markers such as dcTRAIL-R1, PD-L1 (CD274) (6), CD14 (13), CD371 (30),
VISTA (31), and CD39 (32) distinguished Cluster 2 neutrophils from those of Cluster
1(Fig. 2B). These markers correlated with surface marker genes enriched in T3 neutrophils
(fig. S3C), indicating that they may serve to identify the T3 state. Indeed, we found

that dcTRAIL-R1 was expressed mainly by a population of tumor neutrophils (Fig. 2C)
while having minimal expression in tumor-infiltrating monocytes and macrophages and in
neutrophils in the bone marrow, spleen, and blood (Fig. 2C and fig. S3D). In contrast,
staining for other markers such as VISTA and CD14 showed expression across multiple
neutrophil subsets, and was less restricted to tumor neutrophils (Fig. 4C and fig. S3D).
Interestingly, dcTRAIL-R1 expression in tumor-infiltrating neutrophils was also conserved
across several other tumor types, including orthotopic breast cancer (median: 20.4%, IQR:
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18.0-23.1%) and orthotopic lung cancer (median: 12.1%, IQR: 4.54 — 19.5%) models
(fig. S3E). Across all experimental tumor models examined, dcTRAIL-R1 expression was
similarly limited to a subset of tumor neutrophils, indicative of a promising candidate
marker for T3 neutrophils.

Consistent with its protein expression pattern, gene expression and RNA velocity (indicative
of active gene transcription) for the gene encoding dcTRAIL-R1 ( 7nfrsf23) were highest
in the T3 neutrophil cluster (fig. S4A). Therefore, we attributed the T3 population to the
dcTRAIL-R1™ cluster (cluster 2), while the T1 and T2 populations are likely contained
within the dcTRAIL-R1™ cluster (cluster 1) identified in our InfinityFlow analysis (Fig
2A). Since T1 and T2 neutrophils were transcriptionally identified as immature and mature
respectively in our sScRNAseq data (Fig. 1D), we next evaluated CD101 expression, which
separates immature neutrophils from mature neutrophils (14). Cluster 1 exhibited a two
distinct levels of CD101 expression (Fig. S4B), suggesting that CD101 can be used to
distinguish T1 and T2 neutrophils within the dcTRAIL-R1~ population. Using CD101 and
dcTRAIL-R1 to identify the different neutrophil types by flow cytometry (Fig. 2D), we
isolated putative T1, T2, and T3 neutrophils and discovered that putative T1 neutrophils
possessed a toroidal nuclear morphology resembling immature neutrophils from the bone
marrow (Fig. S4D). Putative T2 neutrophils had hyper-segmented nuclei similar to mature
BM neutrophils (Fig. S4D) while putative T3 neutrophils had both hyper-segmented and
toroidal nuclear morphology (Fig. S4D), congruent with our findings that T3 neutrophils
are reprogrammed from both immature and mature neutrophils. Next, we found that
dcTRAIL-R1* neutrophils showed the highest expression of T3 genes (Table S3), whereas
dcTRAIL-R1CD101™ and dcTRAIL-R1"CD101* populations were strongly enriched for
genes associated with T1 and T2 neutrophils respectively (Fig. 2E and fig. S4C). Finally,
all three neutrophil populations were identified in all experimental tumor models examined
(fig. S4E), and the frequencies of T1-T3 populations in PDAC as determined by scRNAseq
were comparable to the median frequencies of putative T1-T3 populations isolated by flow
cytometry (fig. S4E and F). Thus, dcTRAIL-R1 and CD101 expression phenotypically
divides tumor neutrophils into three distinct populations and successfully recapitulates the
T1-T3 populations defined in our transcriptomic and epigenetic approaches.

Spatial compartmentalization of neutrophils in tumors

Spatial mapping of immune microenvironments in tumors have been highly informative by
providing insights into their diversity and functionality based on their localization within
the tumor (33). To gain a better understanding of how tumor neutrophils are impacted by
their localization in the tumor, we first dissected possible functional differences between the
three tumor neutrophil subsets by performing Gene Ontology (GO) analysis on differentially
expressed T1, T2, and T3 genes (table S4). T1 neutrophils were enriched for pathways
relating to transcription and translation (including genes governing ribosomal biogenesis
such as Appm1), and oxidative phosphorylation (proton membrane transport) (Fig. 3A),
which are consistent with the immature phenotype of T1 neutrophils (14). T2 neutrophils
were enriched in pathways related to transcriptional regulation, amide and reactive oxygen
species metabolism, and immune responses as well as type | interferon genes including
Ifit1, Ifit2, Ifit3, and /sg15 (Fig. 3B), which likely reflect neutrophil activation upon tumor
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infiltration. Finally, T3 neutrophils featured pathways of cell stress and survival, including
response to hypoxia, oxidative stress, and glycolysis, (Fig. 3C), suggesting adaptation to the
hostile tumor environment. Interestingly, T3 neutrophils were also enriched for angiogenic
genes, including Vegfa, Thbsi (34), and Lgals3(35) that combined, were suggestive of a
strong pro-tumoral role.

We next characterized how neutrophils with distinct transcriptional states would interact
with the neighboring tumor microenvironment. Using DAPI and pan-cytokeratin (panCK)
co-staining, we noted that our orthotopic tumors were mainly comprised of tumor cell
regions (PanCKMINDAPININ fibrotic/necrotic regions (panCKMINDAPI=/1oW) "and sparse
stromal regions along the edges (panCK/1°WDAPINidM) (fig. S5A and B). We performed
spatial transcriptomics on four cryo-sections of three different PDAC tumor samples, taking
two cryosections from one tumor to evaluate variability within the same tumor (Fig. 3D). As
expected, necrotic regions with low numbers of DAPI+ cells contained low quality counts,
which were manually annotated and filtered to mitigate RNA contamination from nearby
spots and improve downstream analyses (fig. S5C and D). We next assessed the tumor
architecture by utilizing BayesSpace (36) to identify transcriptionally similar neighborhoods
within the tumor (fig. S5E). Indicative of the complexity of the tumor environment, the

two cryosections (region of interest, ROI1, ROI2) taken from different regions of the

tumor showed different distributions of spatial clusters identified (fig. SSE). Nevertheless,
clustering and UMAP embedding revealed 10 clusters shared across all four sections (fig.
S5E), each possessing specific functional pathways associated with their distribution (fig.
S5F). For example, regions enriched for pathways related to epithelial-to-mesenchymal
transition (EMT, clusters 1 and 10), typically associated with the invasive tumor front (37),
were present closer to the tumor periphery, while regions associated with hypoxia (cluster 6)
and cell cycle progression (G2-M checkpoint, cluster 2) were located close to the core of the
tumor (fig. S5E and F).

Utilizing Cell2location (38) with a pre-annotated sSCRNAseq dataset (fig. S6A) allowed us
map the full transcriptional signature of each cell cluster within the tumor and estimate

cell type abundances within each spot. To ensure the accuracy of neutrophil assigned spots,
we ascertained the presence of Ly6G immunofluorescence staining falling within the spot
as a selection cutoff (fig. S6B). Cell2location revealed that T1, T2 and T3 neutrophils
mapped to different regions within the tumor (Fig. 3E), with visualization of T3 enriched
spots on the UMAP embedding indicating that T3 neutrophils had the highest enrichment

in spatial cluster 6, which was associated with hypoxia (Fig. 3F). T3 neutrophils were also
observed to be mostly distributed adjacent to PanCKNINDAPI=/19W necrotic zones, (Fig. 3G),
consistent with their localization to cluster 6 (fig. S5F). In contrast, T1 neutrophils were
highly enriched in in cluster 1 (EMT), 7 and 8 (IL-2 and STAT5 signaling) regions, while
T2 neutrophils were mostly found in cluster 3 associated with p53 signaling (Fig. 3F). Both
T1 and T2 annotated spots were generally localized closer to the tumor periphery compared
to T3 neutrophils (Fig. 3G). Our data thus reveals that neutrophils are spatially organized
within the tumor, and T3 neutrophils occupy a tumor niche that is distinct from that of T1 or
T2 neutrophils.
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Reprogrammed neutrophils occupy a hypoxic and glycolytic tumor niche

Since T3, but not T1 or T2, neutrophils had transcriptional and epigenetic profiles that

were enriched for hypoxia, glycolysis and angiogenesis pathways, we evaluated whether this
was reflected in their localization to hypoxic, glycolytic or angiogenic regions within the
tumor. All spots within the tumor region were first scored for GO pathways corresponding to
glycolysis (fig. S6C), hypoxia (fig. S6D) and angiogenesis (fig. S6E), with a 50th percentile
cut-off employed to determine low and high regions. We then determined the frequency

of neutrophil-containing spots falling into low and high regions for each tumor neutrophil
subset. Notably, T3 neutrophils were found at greater frequencies in high scoring regions
for glycolysis (68.8% + 19.7), hypoxia (53.3% + 4.65) and angiogenesis (62.2% +14.2)
(Fig. 3H). In contrast, the majority of T2 (fig. S6F) and T1 (fig. S6G) neutrophil-containing
spots fell into regions with low glycolysis, hypoxia and angiogenesis scores, indicating that
partitioning of the neutrophil subsets potentially results from T3 neutrophils occupying a
specific regional hypoxic and glycolytic tumor niche.

We next set out to validate these observations at single-cell resolution using MACSima
imaging cyclic staining (MICS) (Fig. 4A), where iterative immunofluorescence staining

and photobleaching allows for evaluation of large numbers of antibody targets within the
same tissue slice (39). Optimization was first carried out to determine working markers
within orthotopic pancreatic tumor tissues (fig. S7A and B), given that MICS staining

times were relatively short at 10 minutes. Testing revealed that CD29, Galectin-3 and

CD44, which typically mark fibroblasts (40-42) displayed the greatest staining at peripheral
stromal/desmoplastic (panCK'WDAPIN) regions (fig. S7C), while CD31 and CD105
marked vessels within the stromal and tumor region (panCK™*). Notably, CD105 was able to
better resolve intra-tumoral vessels (fig. S7C), consistent with their role in marking tumor-
associated endothelium (43). To identify hypoxic regions within the tumor, Hifla, CD39 and
CD73 staining was evaluated. CD73, an adenosine monophosphate ectoenzyme, has been
found to be directly induced by hypoxia and Hifla in cancer (44-47). Immunofluorescence
analysis revealed diverse staining patterns of CD73 in both stromal/desmoplastic and tumor
(panCK™) regions (fig. S7C), resembling the spatial distribution of hypoxia gene signature
scores observed in our 10x Visium analysis (fig. S6B). In contrast, Hifla did not stain within
the MICS timeframe, while CD39 mostly identified vessels (fig. S7C). Similarly, GLUT1
(glucose transporter 1) staining showed regional restriction (fig. S7C) similar to glycolysis
signature scores (fig. S6B). Thus, CD73 and GLUT1 representative staining was utilized to
define the hypoxic and glycolytic tumor niche. T1, T2 and T3 neutrophils were identified by
staining for Ly6G, CD101 and dcTRAIL-R1 based on our flow cytometric strategy (Figure
2D) and successfully annotated in both confocal (fig. S7D) and MICS (fig. STE).

We carried out MICS for five different ROIs across two different orthotopic pancreatic
tumors at 4-6 weeks post injection. ROIs were selected to unequivocally cover an entire
region from the left to right margin encompassing the core of the tumor (fig. S8A-B),

and we observed staining across the full panel for all markers surveyed (fig. S9). We next
specifically evaluated staining for the tumor vasculature (CD105), hypoxic (CD73) and
glycolytic (GLUT1) across all five ROIs (Fig. 4C and fig. SSA-B). CD105* blood vessels
were present as a diffuse network scattered throughout the tumor (Fig. 4C and fig. S8A-B).
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A gradient of CD73 staining was apparent throughout the tumor, while GLUT1 staining was
more tightly localized, however GLUT1M areas strongly co-localized with CD73M regions
marking a distinct hypoxic and glycolytic niche (Fig. 4D and fig. S8A-B). Annotation of
T1 (Ly6G*CD101 dcTRAIL-R17) and T2 (Ly6G*CD101*dcTRAIL-R1™) neutrophils (fig.
S8C) revealed that T1 and T2 neutrophils were distributed throughout the tumor parenchyma
in two different patterns reflective of their likely routes into the tumor — bordering the tumor
edges in CD73" stromal regions or diffused throughout GLUT1~CD73* regions, both of
which contained a substantial network of CD105" vessels (Fig. 4E and fig. SSA-B). In
contrast, T3 (Ly6G*CD1017*dcTRAIL-R1") neutrophils across all ROls were more likely
to cluster together at the CD73MNGLUT1N hypoxic and glycolytic niche (Fig. 4E), thus
giving rise to a clear spatial segregation of the three neutrophil populations as suggested by
our 10x Visium analysis (Fig. 4F and fig. SSA-B).

Next, we agnostically quantified the three neutrophil subgroups’ relative locations

within the tumor. Using marker intensities on segmented cells, we excluded CD45*

immune and CD105" endothelial cells, and subdivided the remaining cells into three
distinct regions — stromal (CD73GLUT1"), tumor parenchyma (CD73*GLUT1") and

the hypoxichidhglycolytichigh tumor niche (CD73NGLUT1M) (Fig. 4G and fig. S8C).

In all five ROIs, T3 neutrophils had the shortest average minimum distance to the
hypoxichidhglycolytichi9 niche compared to T1 and T2 neutrophils (Fig. 4H). We then
assessed normalized mixing scores, which quantify proportion of direct touches between the
target regions and reference neutrophil cells (target-reference) against reference-reference
interactions (Feng et al., 2023). T3 neutrophils had the greatest mixing scores within
hypoxichi9nglycolytichigh tumor regions, which was conserved with each radius of area
investigated (Fig. 4H). Scores for the stromal region showed a trend for highest scores

in T1, followed by T2, with T3 being minimally detected within the stroma (fig. S8D).
Finally, T2 neutrophils trended towards higher proportions of interspersion within the tumor
parenchyma compared to T1 and T3 neutrophils (fig. S8D). These observations suggest

a possible migration pattern of neutrophils from vessels into tumor stroma/parenchyma

as T1 and T2 neutrophils. Although the temporal timeline for when T3 reprogramming
occurs is still unclear, our spatial data implies that T3 neutrophils likely migrate into

and occupy the specialized hypoxic-glycolytic tumor niche. This is consistent with our
finding that transcription factor regulons enriched in T3 neutrophils (Fig. 1H) include

those upregulated in response to hypoxia (Hifla, Bhlhe40) and to metabolic and ER stress
(Atf4, Ddit3, Atf3, Nfe2l2). As such, epigenetic and transcriptional upregulation of these
pathways in T3 neutrophils could prime them for added survival and/or function within these
microenvironments. Collectively, our data provides a spatial representation by which tumor
neutrophils converge upon the occupancy of a specialized tumor niche upon reprogramming.

Deterministic reprogramming of neutrophils in the tumor

Because both mature and immature neutrophils appear to functionally converge inside

the tumor, we examined the impact of the maturation state on the acquisition of the

T3 signature. We first isolated immature and mature neutrophils from wild-type mice

and cultured them with tumor conditioned media (TCM), a strategy that allowed us to
mimic the infiltration of immature and mature neutrophils into the tumor microenvironment
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(Fig. 5A). We then measured upregulation of dcTRAIL-R1 on cultured neutrophils across
multiple timepoints as a proxy to estimate the acquisition of the T3 profile (Fig. 5A).

After three days, a substantial proportion of bone marrow immature and mature neutrophils
cultured in TCM were dcTRAIL-R1* but not those cultured in control media (cDMEM)
(Fig. 5A). We obtained similar results regardless of tissue origin or maturation state, such
that neutrophils isolated from the bone marrow, spleen and circulation cultured in TCM

all exhibited dcTRAIL-R1 upregulation and concurrent increased survival (Fig. 5B, fig.
S10A-B). Specifically, exposure to TCM triggered dcTRAIL-R1 expression 24h hours into
culture, prolonged survival up to three days in comparison to culture in cDMEM (fig.
S10A-B) and induced the upregulation of the T3 gene signature in immature and mature
neutrophils (Fig. 5C). We then further assessed if culture in hypoxic conditions would
enhance neutrophil survival or dcTRAIL-R1 upregulation of wild type neutrophils. Culture
in hypoxic conditions slightly augmented neutrophil survival in vitro, especially for mature
neutrophils (fig. S10C), but did not induce dcTRAIL-R1 expression (fig. S10D), indicating
that hypoxic conditions are not the main driver of T3 reprogramming. Adoptive transfer

of CD45.1* immature and mature neutrophils into tumor-bearing mice (Fig. 5D) further
confirmed that exposure to tumor microenvironment was necessary for their upregulation of
dcTRAIL-R1 (Fig. 5E), and dcTRAIL-R1 upregulation /n vivo followed the same Kinetics as
in vitro (Fig. 5F, fig. S11A). Hence, direct contact with tumor-derived stimuli is sufficient to
extend the survival of wild-type neutrophils and acquisition of the T3 phenotype.

Both TCM-cultured immature and mature neutrophils upregulated dcTRAIL-R1 expression
and the T3 gene signature to an equal degree, indicating that immature neutrophils could
directly be reprogrammed into T3 neutrophils (Fig. 5A—C). RNA velocity analysis suggested
that this occurs in a stepwise fashion as immature neutrophils transit into T1 neutrophils, and
subsequently differentiate into T3 neutrophils (Fig. 1E). As expected, transfer of CD45.1*
immature neutrophils resulted in the appearance of dcTRAIL-R1"CD101™ T1 neutrophils
within the tumor one day posttransfer (fig. S11B). In contrast, only dcTRAIL-R1~CD101*
T2 neutrophils, and not T1 neutrophils, were observed in the tumor with CD45.1*

mature neutrophil adoptive transfer (fig. S11B). Both T1 and T2 populations derived from
transferred cells were undetected after three days, as the majority of these transferred cells
completed their reprogramming into dcTRAIL-R1* T3 neutrophils (fig. S11C). We further
corroborated the transitory nature of T1 and T2 subsets by /n vitro culture (fig. S11D-E).
Isolated T1 and T2 neutrophils upregulated dcTRAIL-R1 expression after 24 hours in
culture. Unlike tumor-naive neutrophils, dcTRAIL-R1 upregulation was independent of the
media utilized for both T1 (fig. S11F) and T2 neutrophils (fig. S11G). As such, T1 and

T2 neutrophils reflect immature and mature neutrophil populations captured in the process
of T3 differentiation, and thus do not require any further input from tumor soluble factors.
Taken together, our findings uncover a deterministic program within neutrophils that enables
them to acquire the T3 phenotype independent of their maturation stage.
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T3 neutrophils are long-lived, terminal effectors within the tumor

microenvironment

To better understand the temporal regulation of neutrophil differentiation into the T3 state
within the tumor microenvironment /n vivo, we administered BrdU intravenously at selected
timepoints prior to harvest, pulse-labelling all proliferating neutrophil precursors (Fig. 5G).
This approach defines a timestamp at the point of labelling, allowing us to evaluate all
timepoints simultaneously, thereby minimizing batch effects. Modelling the disappearance
rate from the peak of BrdU™* signal (fig. SL2A-B) and incorporating the entire temporal
interval measured allowed the prediction the neutrophil half-life and lifespans (fig. S12C),
reflecting their dwell time within each tissue compartment (Fig. 5G).

The earliest peak of BrdU neutrophils was observed in the bone marrow and spleen, due
to active granulopoiesis within these organs in the tumor-bearing state, while recruitment
of BrdU-labelled neutrophils into the blood and subsequently the tumor placed the peak at
roughly 4-5 days post labelling (Fig. 5G). As the dwell times of neutrophils in the bone
marrow and spleen are complicated by continual neutrophil production, we focused our
comparison between the blood and tumor neutrophils. Blood neutrophils had a half-life

of 31.4 hours, reflecting an increased transit time in circulation compared to previously
predicted times for wild type blood neutrophils (48). Importantly, tumor neutrophils had
an even longer half-life (41.8h) and a predicted lifespan of 135 hours (up to 5.625 days)
(Fig. 5G, fig. S12C-D), representing a remarkable extension of neutrophil lifespan within
the tumor microenvironment. Notably, when compared to the unmarked BrdU~ fraction,
the proportion of BrdU* dcTRAIL-R1* neutrophils increased over time, surpassing baseline
levels at day 6 post labelling (fig. S12E and F). Newly recruited BrdU* tumor neutrophils
already expressed dcTRAIL-R1 at 1-day post-labelling (fig. S12E), suggesting that T3
reprogramming is initiated upon tumor entry. dcTRAIL-R1 expression steadily increased
and was the highest in neutrophils at 15 days post-labelling, (Fig 5H and 1), confirming
that acquisition of the T3 phenotype was associated with their extended lifespans /in vivo.
Our results show that a notable increase in the duration of neutrophil half-life and residence
in the tumor, as compared to those in non-tumor tissues (fig. S12D) — indicating that
neutrophils can survive long enough within the tumor to undergo reprogramming and
sustained persistence within the tumor as long-lived dcTRAIL-R1* T3 neutrophils.

To examine if the T3 state is transitory or is stably maintained once it has been acquired,
we isolated and cultured T3 neutrophils overnight, and up to 3 days in the presence

or absence of TCM (Fig. 5J). Survival of T3 neutrophils in culture was not affected

by the media type (fig. S12G), and dcTRAIL-R1 expression was maintained despite the
absence of tumor-derived factors (Fig. 5K) with expression levels comparable to freshly
isolated T3 neutrophils at both timepoints (fig. S12H). Additionally, T3 neutrophils did
not downregulate their gene signature in culture (Fig. 5L). This /n vitro evidence indicates
that once neutrophils have been reprogrammed to T3 neutrophils, they do not revert their
phenotype in the absence of supportive tumor factors and that they represent the terminally
differentiated neutrophil population within the tumor.
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T3 neutrophils are pro-angiogenic and promote tumor growth

Prior studies have identified key roles for neutrophils in tumor progression, especially

via the promotion of tumor angiogenesis (49-51). We therefore sought to determine the
functional specialization of T1-T3 neutrophils in promoting tumor growth. Given their
phenotypic stability, distribution near angiogenic regions, and the expression of a pro-
angiogenic transcriptional signature (Fig. 3C), we speculated that T3 neutrophils promoted
angiogenesis from their hypoxic-glycolytic niche to support continual tumor growth. In
contrast, we anticipated that the transient T1 and T2 neutrophil states would not yet feature
pro-angiogenic ability. T3 neutrophils had the highest transcript (Fig. 6A) and protein
expression (Fig. 6B—C) of Vegfa (vascular endothelial growth factor a) in comparison to the
other neutrophil subsets in the tumor and periphery. We evaluated whether T3 neutrophils
had a greater capacity to induce blood vessel formation /7 vivo using a modified Matrigel
plug assay and measured angiogenesis by the rate of vascular flow measured by Doppler
imaging (48, 52) (fig. S13A). Matrigel plugs co-injected with T3 neutrophils showed the
greatest flux intensity when compared to control WT BM neutrophil plugs within the same
mouse (fig. S13B) and this increase in vascularization, while modest, was consistent across
all mice observed in the assay (fig. S13C). In contrast, co-injection of T2 and T1 neutrophils
did not enhance vascular flow (fig. S13B-C), indicating that T3 population contains the
most potent angiogenic ability (Fig. 3C).

The tumor triggers angiogenesis in order to maintain the supply of oxygen and other
nutrients to the core of the tumor to sustain continual growth (53). To test whether

T3 neutrophils residing in their hypoxic-glycolytic niche at the tumor core support

this angiogenic switch, we modified our PDAC model by implanting PDAC tumors
subcutaneously to enable longitudinal tumor size measurements. We then assessed whether
injection of neutrophils within the tumor affected their subsequent growth (Fig. 6D). PDAC
cells co-injected with T3 neutrophils formed tumors that grew rapidly (Fig. 6D), while
co-injection with other neutrophil types had little influence in tumor growth. T3 co-injected
had a 100% tumor growth rate (Fig. 6E, as evaluated in fig. S13D), and had the greatest
mass at the endpoint (Fig. 6F). Interestingly, we noticed that T2-coinjected tumors showed
the lowest tumor incidence rates (5/12) (Fig. 6F), suggestive of increased tumor rejection,
consistent with the expression of pro-inflammatory genes in T2 neutrophils detected in our
scRNAseq dataset (Fig. 3B). T3-coinjected tumors continued to grow rapidly for up to 3
weeks past the last injection of neutrophils, suggesting that even after their disappearance
T3 neutrophils generated long-lasting effects that sustained this accelerated growth rate.
Neutralization of VEGFa in our model resulted in the reduction of growth in T3 co-injected
tumors, but had no impact on the growth of WTBM MAT co-injected tumors (Fig. 6G). To
assess if this growth inhibition was due to increased angiogenesis driven by T3 neutrophils,
we optically cleared T3- and WTBM MAT co-injected tumors (fig. S13E), and visualized
the intratumoral 3D vessel network via CD31 staining (Fig. 6H). Notably, T3 tumors had
greater CD31 staining density towards the tumor core (Fig. 6H, Movie S1), while the
vessel network in WTBM MAT co-injected controls showed greater distribution along

the tumor edges (Fig. 6H, Movie S2). Normalization for tumor size revealed that both

T3 and WTBM MAT co-injected tumors had similar densities of CD31* blood vessels
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(fig. S13F) but drastically differed in their distribution (Fig. 61). Although T3 neutrophils
were the highest expressors of Vegfain the pancreatic tumor, V&gfa expression was also
detected in macrophage populations (fig. S13G), indicating that neutrophils may not be
the sole pro-angiogenic contributor for tumor growth support. Nonetheless, blockade of T3
neutrophils with an anti-dcTRAIL-R1 antibody decreased tumor growth in T3 co-injected
tumors compared to isotype controls (Fig. 6J), indicating that T3 neutrophils are the
predominant cells responsible for increasing the tumor growth rate, most likely through
vascular remodeling.

Evidence for conserved neutrophil reprogramming across tumor types and
human PDAC

Phenotypic differences in tumor-infiltrating neutrophils have been observed across mouse
and human cancers, and multiple subsets have been characterized by differential surface
marker or transcriptome expression (6—-13). Whether such neutrophil profiles are conserved
across tumor types and species remains unclear. We therefore assessed if T1-T3 neutrophil
states can be detected in previously published mouse cancer scRNAseq datasets containing
annotated neutrophils (11, 13). We projected these datasets onto a reference UMAP
embedding, mapping each cell on the same UMAP space as our dataset (fig. S14A). As

in the PDAC model, neutrophils within Lewis lung carcinoma (LLC) tumors (13) could
be assigned to the T1-T3 states, while spleens from wild type or tumor-bearing mice
mostly contained non-tumor neutrophil clusters (fig. S14B). An intermediate neutrophil
subset identified in cancer-bearing individuals (PMN2 in (13)) was enriched in the preNeu
and IMM 1-2 clusters (fig. S14C), while T1-T3 clusters scored highly for the tumor-
specific neutrophils (PMN3; fig. S14D). Similarly, re-analysis of a different study showed
that neutrophils from KP.10 tumor-bearing lung model (11) mapped as T1-T3 clusters,
while the normal lung tissue was mostly enriched for mature neutrophils (fig. S14E).
Likewise, neutrophil types identified as tumor-specific neutrophil clusters in this model
(mN3-6 in (11)), corresponded to T1-T3 clusters (fig. S14F), confirming that the tumor
microenvironment induces a prototypical transcriptional trajectory that is deterministic

in nature. In contrast, the signature of neutrophils from healthy lungs (48) was largely
independent of tumor-induced transcriptional changes (fig. S14G). Taken together, these
data suggest that reprogramming of tumor neutrophils is conserved across different tumor
types, and that T3 neutrophils represent terminal differentiated tumor neutrophils.

To examine cross-species conservation of the neutrophil tumoral trajectory found in mice,
we evaluated if our neutrophil classification could account for heterogeneity present in
human tumors. We examined independent scRNAseq datasets (54, 55) from two human
PDAC cohorts (fig. S14H and I) and mapped them to a simplified reference UMAP
embedding via label transfer (fig. S14J). T3 and T2 neutrophils were amply labelled in
both datasets, and a smaller cluster of T1 neutrophils was also identified (fig. S14K and

L). These tumor neutrophil subsets were predominantly enriched in the pancreatic tumor
and not in adjacent normal pancreatic tissue (fig. S14K) or in peripheral blood (fig. S14L).
Interestingly, a pro-angiogenic neutrophil type expressing genes linked to hypoxia and
glycolysis in one of these studies (referred to as TAN-1 (55)) strongly matched the T3 state
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in the murine tumor, indicative that our T3 classification can capture subsets independently
identified to be pro-tumoral (fig. S15A). Similarly, tumor neutrophil gene signatures derived
from our mouse dataset (fig. S15B) were conserved in their ability to distinguish between
human tumor neutrophils, and showed strong specificity in identifying T3, T2 and T1
neutrophils within the tumor and not in the adjacent normal tissue (fig. S15B). In all, our
findings suggest that tumor-induced reprogramming of neutrophils is conserved in humans.

Because T3 neutrophils promote the growth of pancreatic tumors, we hypothesized that

the genetic signature associated with the T3 state might be predictive of pancreatic cancer
outcomes in human patients. To test this, we performed survival analysis on two independent
pancreatic cancer cohorts from The Cancer Genome Atlas (TCGA) and International Cancer
Genome Consortium Pancreatic Cancer-Australia (PACA-AU) by scoring patients based

on high and low expression of each signature (see Methods for scoring criteria). Patients
with high expression of the T3 neutrophil signature had poorer overall survival across both
data sets, with a median of 652 (TCGA) and 427 (PACA-AU) days respectively (Fig. 6K),
and this was independent of potential confounders such as patient gender, age and tumor
stage (Table S5). Similarly, when disease-free survival (DFS, assessed as time to an adverse
event from the initial treatment) was evaluated, patients with high T3 neutrophil signature
expression had reduced DFS (Fig. 6M), with equal distribution of potential confounders
across the two groups (Table S6). When T1 and T2 signatures were considered, high T2
signature expression correlated with worse OS only in the TCGA dataset (fig. S15C-D)

but this was confounded by gender (Table S5), while high T1 signature expression was
associated with lower DFS only in the PACA-AU dataset (fig. SI5E-F). Hence, only the

T3 signature was consistently associated with poorer OS and DFS across both datasets.

We next considered whether the T3 neutrophil signature was also associated with poorer
overall survival in other solid tumors. Within the TCGA pan-cancer database (56), higher
expression of the T3 signature was associated with a significantly higher risk of death
across a subset of solid cancers, including pancreatic cancer (PAAD), (Fig. 6L, Table

S7 for p-values and confidence intervals). In contrast, T2 and T1 signatures were both
protective against (lower hazard ratios, HRs) and associated with (higher HRs) patient death
depending on the solid tumor (Fig. 6L, Table S7), in line with their nature as transitional
subsets in the process of reprogramming. Taken together, these data support a model where
tumor-educated T3 neutrophils drive tumor progression both in mouse and human cancers.

Discussion

Environmental cues can fine-tune immune responses by inducing cell recruitment and
expansion of immune cells, generating productive responses with adequate numbers and
specialized phenotypes. Unable to further proliferate, neutrophils rely on their ability

to swiftly mobilize into tissues to perform their functions effectively and, in diseases

like cancer, neutrophils at various maturation stages, tissue origins, and phenotypes are
recruited into the tumor in large numbers (12-14, 17, 19). Given the likely co-existence of
multiple tumor neutrophil states with different functional phenotypes, it is thus unclear how
neutrophils exert a focused local effect in the tumor. Here, we examine how neutrophils
decouple their initial maturation phenotype from their eventual pro-tumoral function by
undergoing convergent reprograming within the tumor.
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Our study demonstrates that tumor-infiltrating immature and mature neutrophils acquire
distinct epigenetic, transcriptomic, and proteomic phenotypes while retaining features

of their initial maturation status. We find that both immature (T1) and mature (T2)

tumor neutrophils within the tumor converge towards a third population (T3) expressing
dcTRAII-R1. T3 neutrophils thus show intermediate maturation scores when quantified

at the population level, and have both toroidal (immature) and hyper-segmented (mature)
neutrophil nuclei, representative of them being an admixture of reprogrammed neutrophils
of T1 and T2 origin. Our data reveals the capacity of neutrophils to simultaneously integrate
different types of signal from the environment, allowing them to layer a new functional
phenotype onto their pre-existing differentiation stage. We demonstrated this plasticity

with immature and mature neutrophils from tumor-naive mice, which are both capable

of acquiring phenotypic (dcTRAIL-R1 expression) and transcriptional traits of the T3

state when cultured in tumor-conditioned media or upon entering the tumor in vivo. By
bypassing neutrophil maturation as a rate-limiting step, this adaptability allows immature
neutrophils to be equally mobilized and reprogrammed within the tumor within a shorter
timeframe. Subsequently, this intrinsic ability embedded in neutrophils consolidates the
various functional neutrophil states into one terminal neutrophil phenotype as directed by the
tissue, in this case, a tumor.

Circulating neutrophils have a predicted half-life of ~10 hours (57), while tissue-resident
neutrophils persist for up to one day (48). Although studies have hinted that neutrophils
persist far longer within the tumor (10, 58, 59), whether this coincides with terminal
differentiation in the tumor remains an open question. Using a BrdU pulse-labelling
approach, we revealed that up to 5% of the originally labelled neutrophils could remain
within the tumors for as long as 5.625 days upon entry. In addition, while our curve-fit

was accurate for the first labelling timepoints, there was a noticeable underfitting at

12- and 15-days post-labelling, representing a possible underestimation of the full tumor
neutrophil lifespan and indicating that a small population of neutrophils could persist

even longer within the tumor. Long-lived neutrophils were predominantly of the dcTRAIL-
R1Ni T3 phenotype, which indicates a correlation between their ability to survive within
challenging hypoxic and glycolytic environments and their continued persistence within
the tumor. Spatial mapping at the transcriptome and protein level placed T3 neutrophils
predominantly within a hypoxic-glycolytic niche nearer to the tumor core. In contrast,

T1 and T2 neutrophils were positioned at the stromal and tumor parenchyma where a

large vessel network exists, supporting the notion that these cell states are in the process

of reprogramming after tumor entry. Given that hypoxia is not required to trigger T3
reprogramming, which can occur in normoxic conditions, we propose that migration towards
the hypoxic-glycolytic niche occurs after acquisition of T3 epigenetic and transcriptional
programs is fully complete to ensure neutrophil survival. Consistent with this possibility,
upstream transcription factors regulating metabolic and oxidative stress are switched on in
T3 neutrophils compared to T1 or T2 populations. Deletion or inhibiting these transcription
factors to trace the timeline of T3 reprogramming thus represent important goals for future
studies within the field.

T3 neutrophils accelerated early tumor growth experimentally, and while we still observed
tumor growth with other introduced neutrophil subsets, this occurred at a slower rate likely
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due to recruitment and reprogramming of endogenous T3 neutrophils at the later timepoints.
Notably, T1 and T2 neutrophils did not show statistically significant enhancement or
inhibition of tumor growth compared to other control neutrophil populations or PBS,
reflecting their transitional nature as opposed to a fully anti- or pro-tumoral population.

In contrast, the sustained growth advantage conferred by T3 neutrophils stemmed, at least
in part, from T3-dependent remodeling of the vasculature towards the core of the tumor.
Given their localization within the glycolytic-hypoxic niche, an intriguing scenario would
see T3 neutrophils serve as possible guide-rails to direct angiogenesis to relieve hypoxic
and nutrient stress in areas that would most require it. In accordance, resistance towards
anti-angiogenic therapies in human cancer has been associated with neutrophil infiltration
(60), and neutrophil depletion reduces tumor vascularization and growth (50, 51, 61, 62).
Studies facilitating further understanding of T3-mediated vascular remodelling would reveal
new therapeutic targets against pathological angiogenesis within the tumor.

A particularly striking finding is the conservation of this differentiation program in tumor-
infiltrating neutrophils across tumor type and species. When scRNAseq datasets from other
tumor models were examined, T3 annotation could identify pro-tumoral clusters found both
in mouse (i.e. mN5, (11)) and in human (i.e. TAN-1,(55)). T3 neutrophils promoted PDAC
tumor growth in mice, while ablation of T3 neutrophils or their pro-angiogenic function
removed this growth advantage. In parallel, the T3 signature consistently predicted poorer
patient outcomes in two independent human PDAC cohorts, as well as in a subset of

other solid tumors. Thus, different studies converge upon our identification of a terminally
differentiated neutrophil state, whose signature can now be used to better understand
neutrophil function in cancer and to predict tumor progression. We propose that the reported
heterogeneity of neutrophils across tumors more likely reflects transitional states derived
from populations at different stages of maturation and/or reprogramming.

Collectively, by ordering neutrophils through the lens of their ontogeny, we assess global
neutrophil phenotypic heterogeneity through maturation stages, extra-medullary sources, and
the specialization of each neutrophil to each tissue (48). Although all of these states co-exist
within the tumor-bearing mouse, the neutrophil maturation trajectory remains unchanged,
consistent with findings in other pro-inflammatory settings (19, 20, 63, 64). As such, while
our findings do not fully exclude the possibility of neutrophil reprogramming outside of

the tumor, they suggest that it is unlikely that upstream changes in neutrophil progenitors
specifically drive the formation of a pro-tumoral neutrophil population. Instead, it is the
intrinsic capacity of recruited neutrophils to adapt in response to the tumor environment,
regardless of their initial phenotype, that allows them to adopt convergent trajectories to
settle upon a final, pro-tumoral state. This feed-forward loop thus ensures the continued
supply and differentiation of long-lived, pro-angiogenic neutrophils that support tumor
growth. Expanding from the results of our study, we propose that it is advantageous for
tissues to induce functional homogeneity in neutrophils at the local scale to support tissue
growth and function. This process is then hijacked by the tumor to favor a functional
neutrophil state that promotes aberrant tumor growth (fig. S16). Our findings thus reveal a
general mechanism by which short-lived effector cells such as neutrophils efficiently adjust
their functions to meet the demands of a tissue, and suggests that local neutrophil responses
can be therapeutically targeted.
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Figure 1. Neutrophilsinfiltrating the pancreatic tumor undergo further differentiation and
converge upon atranscriptionally distinct T3 neutrophil state.

(A) Schematic shows scRNAseq workflow. CD11b*Ly6G™* neutrophils were sorted from
the bone marrow, spleen, blood and pancreatic tumor for tumor bearing mice 6 weeks
post orthotopic injection (n=2). Each sample was individually tagged with cell-hashing
antibodies before they were pooled for analysis with 10X V3 3’ scRNAseq. (see also fig.
S1A and Materials and Methods)
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(B) UMAP projection of total neutrophils in bone marrow (BM), spleen, blood and tumor
show strong enrichment of three clusters (T1, T2 and T3) in the tumor. Louvain clustering
was performed and colors correspond to clusters identified.

(C) Low dimensional embedding of all neutrophils using a diffusion-map approach reveals a
branch point between mature and tumor neutrophils. Scatterplot shows diffusion components
1 and 2. Light grey arrows are used to indicate the trajectory from precursor, immature and
mature neutrophil states. Black arrows denote the branching into T3 neutrophils from T1 and
T2 states.

(D) The neutrophil maturation score can be used to identify Louvain clusters along

their differentiation trajectory. Histograms show the module score of the maturation gene
signature for each cluster identified in (B), with scores closest to 1 being the most mature.
Dotted line in grey defines the cut-off for mature neutrophils, and is set at the lower bound
of the Mature 2 cluster.

(E) RNA velocity suggests the convergent differentiation of T1 and T2 into T3 neutrophils.
RNA velocity vectors are projected on the diffusion map embedding with velocity vectors
terminating in the tumor and mature neutrophils.

(F) Principal component analysis of bulk ATAC (Assay for transposase accessible
chromatin) sequencing (ATACseq) indicate that changes in chromatin accessibility
established in tumor neutrophils cluster them away from other neutrophil subsets. ATACseq
was performed for immature (circles) and mature (squares) neutrophils sorted from the bone
marrow (grey and dark blue, n= 3 each), spleen (light blue, n=3 each), blood (red, n=3
mature, n=2 immature) and tumor (orange, n =3 each) in wild type (WT) or tumor-bearing
(tumor) mice.

(G) Open chromatin regions (OCRs) matched to differentially expressed T3 genes, have
increased accessibility only in immature and mature tumor neutrophils. Heatmap shows
intensity of fragment mapping across indicated neutrophil subsets, histograms indicate
average mapping intensity. T3 genes linked to hypoxia, glycolysis and angiogenesis are
annotated. (see also table S2)

(H) Heatmap shows scaled AUC scores of the top 25 transcription factor regulons enriched
in T3 neutrophils computed by PySCENIC (see also table S2). Numbers in brackets denote
the number of genes assigned to the transcription factor regulon. Transcription factors

that also had increased motif enrichment in tumor immature and mature bulk neutrophil
populations are in bold.
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Figure 2. Combinatorial CD101 and dcTRAIL-R1 expression identifiesT3, T2and T1
neutrophils

(A) UMAP projection of live, CD45* immune cells within the pancreatic ductal

adenocarcinoma tumor reveals two clusters of neutrophils present in the tumor. High
parameter flow cytometry was carried on single cell suspensions of pooled tumours (n=10)
using the LEGENDScreen™ panel (Biolegend). Live, CD45* well-compensated FCS were
first analyzed and then exported out for analysis using the InfinityFlow package in R.
UMAP shows Ly6G expression intensity imputed by InfinityFlow from high (red) to low
(blue). Clusters are annotated by canonical surface marker expression. (see also fig. S3B).
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(B) Neutrophil cluster 2 has increased expression of immunosuppressive/
immunomodulatory surface markers compared to cluster 1. Surface marker expression
intensities are shown for curated surface markers from clockwise: dcTRAIL-R1, PD-L1,
CD14, CD371, VISTA and CD39. Data are represented as a .Zscore based on predicted log,
mean fluorescence intensity (MFI) from high (red) to low (blue). (see also fig. S3C)

(C) dcTRAIL-R1 expression marks and is restricted to a separate population of tumor
infiltrating neutrophils. Representative contour flow cytometry plots (top) show dcTRAIL-
R1 expression against Ly6G expression in the tumor for indicated cell populations. Heatmap
(bottom) shows scaled mean fluorescence intensity (MFI) for markers in (B), scaled between
0-1 across all populations, with 0 being the lowest MFI. Populations were analyzed by

flow cytometry, where total neutrophils were gated as CD11b*CD115"Ly6G™ in the bone
marrow (BM), spleen, blood and tumor. Tumor macrophages (CD11b*Gr-1F4/80NMHCI1MT)
and monocytes (CD11b*Ly6G~Ly6C") were gated accordingly. (see also fig. S3D)

(D) Proposed gating strategy to isolate T3, T2 and T1 neutrophils by dcTRAIL-R1 and
CD101 expression.

(E) Sorted dcTRAIL-R1* tumor neutrophils have the highest expression of the T3
transcriptional signature. Heatmap shows scaled Nanostring gene counts (normalized
against internal positive controls and housekeeping genes) for T1 (n=4), T2 (n=4) and

T3 (n=4) neutrophils sorted according to (D). Genes belonging to either the T3, T2 or T1
transcriptional signature are indicated. (see also fig. S4C).
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Figure 3. Spatial compartmentalization of T1, T2 and T3 neutrophilsin the pancreatic tumor
(A) Chord diagram shows differentially expressed genes (DEGS) in T1 neutrophils that are

enriched for gene ontology pathways linked to transcription and oxidative phosphorylation.
(B) Chord diagram shows DEGs in T2 neutrophils that are enriched for gene ontology
pathways linked to metabolism and immune response.
(C) Chord diagram shows DEGs in T3 neutrophils that are enriched for gene ontology
pathways linked to survival and angiogenesis. (A-C) Bars associated with each gene are
colored by strength of fold change of differential expression, and are sized based on the
number of pathways it interacts with. (see also table S4 for DEG lists)
(D) Spatial transcriptomic analysis workflow. PDAC tumors were isolated and cut into
quarters, where the sharp edges denote the core facing regions, before flash-freezing. Fresh
frozen PDAC tumors were sectioned and placed on 10X Visium slides containing spatially
barcoded capture spots. After processing and sequencing, the data was clustered spatially
(BayesSpace) and cell type deconvolution was performed (Cell2location). Gene signatures
of various biological processes were then probed and mapped with the UCell package.
(E) Tumor neutrophils localize to different spatial clusters. Projection of T3, T2 and
T2 neutrophil enriched spots identified by Cell2location on merged UMAP derived from
BayeSpace enhanced clustering analysis of tumor sections (n=4)
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(F) Merged UMAP representation of spots of tumor sections analysed, color-coded
according to BayesSpace identified clusters (top). Violin plots show frequency of T1, T2
and T3 neutrophils enriched spots mapping to each cluster (bottom).

(G) Spatial mapping of T1, T2 and T3 neutrophils across tumor sections (n=4) by
Cell2location. Black lines denote the outline of the section, grey colored areas indicated the
excluded DAP1-panCKMi regions annotated to be fibrotic/necrotic. Spots are filtered based
on Ly6G positive staining (see also fig. S6B).

(H) Quantification of deconvoluted T3 neutrophil-enriched spots falling into high or low
scoring spots for GO ontology pathways: glycolytic (GO:0061621), hypoxic (GO:001666),
and angiogenic (GO:0045766). Boxplots show median (centre line) with standard deviation
(whiskers). p<0.05*, by one-tailed T test.
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Figure 4. T3 neutrophils occupy a hypoxic-glycolytic niche in the pancreatic tumor
(A) Workflow diagram of multiplexed imaging using MICS technology. Cryosections of

halved PDAC tumors were placed on slides, fixed and permeabilized, before region of
interest (ROI) selection with DAPI staining. Sections were stained for 10 minutes per cycle
containing antibodies in FITC, PE and APC. After scanning, sections are photobleached

and scanned to subtract background signals. After imaging the desired cycles, images were
registered, segmented and exported for conventional flow cytometric annotation of cell types
which are further used for spatial statistical analysis with SPIAT.
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(B) Tumor pictograph showing ROI1 selection area.

(C) Immunofluorescent image of ROI1 with indicated stain markers of respective tumor
regions. Scale bar = 100um.

(D) (left) Expression marker intensity map of CD73 and GLUTL. (right) Co-expression plot
of CD71 and GLUT1 marker intensities.

(E) Spatial mapping of each annotated tumor neutrophil subsets in ROI1.

(F) Co-mapping of neutrophil subsets in ROI1.

(G) (left) Gating strategy of CD45-negative, CD105-negative tumor regions demarcated by
CD73 and GLUT1. (right) Mapped gated regions on segmented data of ROI1.

(H) Spatial statistical analysis of segmented tumor neutrophils. (left) Average minimum
distance of each segmented neutrophil subset to hypoxichglycolytichidh regions. (right)
Co-localisation of tumor neutrophils with hypoxichi9nglycolytichi9" regions, measured using
a normalized mixing score for each radius of interaction.
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Figure 5. Reprogramming within the tumor environment resultsin long-lived, terminally
differentiated T3 neutrophils

(A) Experimental set-up of /n vitro culture of sorted neutrophils from wild type (WT) mice
in control media (complete DMEM, cDMEM) versus tumor conditioned media (TCM).
Representative flow cytometry plots show dcTRAIL-R1 expression increases on sorted
immature and mature WT neutrophils from the bone marrow (BM) after three days of
culture in TCM but not in cDMEM.
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(B) Neutrophils cultured in TCM upregulate dcTRAIL-R1 over time. Lineplots show the
percentage of dcTRAIL-R1* cells gated as in (B), dots indicate the median, error bars
indicate Q1 and Q3 intervals for neutrophil subsets cultured in cDMEM (dotted line) and
TCM (solid line) over 1 and 3 days. Each group contains the following number of samples

— Day 1 cDMEM: BM immature (n=8), BM mature (n=8), Spleen Mature (8), Blood Mature
(3), Day 1 TCM: BM immature (n=8), BM mature (n=8), Spleen Mature (8), Blood Mature
(5), Day 3 cDMEM: BM immature (n=10), BM mature (n=10), Spleen Mature (10), Blood
Mature (4), Day 3 TCM: BM immature (n=10), BM mature (n=10), Spleen Mature (10),
Blood Mature (5). p<0.05*, p<0.01**, p<0.001***, by Mann-Whitney U test.

(C) Neutrophils cultured in TCM upregulate the T3 gene signature. Scatter dot plots for T3
gene signature expression in BM immature (WT BM IMM) and mature (WT BM MAT) that
were freshly sorted (DO) or cultured for 3 days (D3), n=3 for all samples. Each dot denotes a
single gene, lines denote the mean, error bars show standard error mean (SEM). p<0.001***,
by Wilcoxon signed-rank test with Bonferonni’s correction, comparisons indicated on graph.
(D) Experimental set-up for transfer of CD45.1" neutrophils into pancreatic tumor bearing
mice. Sorted WTBM immature and mature neutrophils were intravenously injected into

WT PDAC tumor-bearing mice. At 1- and 3-days post transfer, CD45.1" neutrophils

were evaluated within the blood, spleen and tumour for dcTRAIL-R1 expression by flow
cytometry.

(E) Upregulation of dcTRAIL-R1 expression is restricted to the tumor. Representative flow
plots show dcTRAIL-R1 expression present on transferred CD45.1* immature and mature
neutrophils present in the blood or tumor at 3-days post transfer.

(F) Lineplots show proportion of WT BM CD45.1" immature (n=4 at day 1, n=3 at day 3)
or mature neutrophils (n=3 at both timepoints) expressing dcTRAIL-R1. Each dot denotes a
single gene, lines denote the mean, error bars show standard error mean (SEM). p<0.05*, by
Kruskal-Wallis test with Dunn’s post-test.

(G) Experimental set-up for BrdU pulse-labelling in tumor-bearing mice. WT mice received
orthotopic injection of the pancreatic ductal adenocarcinoma (PDAC) cells, and the tumor
was allowed to grow. At days 15 (n=4), 12 (n=4), 8 (n=5), 6 (n=3), 4 (n=4), 3 (n=4),

2 (n=3), and 1 (n=4) prior to the harvest, mice were injected with BrdU, thus labelling
proliferating neutrophils within the bone marrow and spleen. At day 42 (6 weeks) post
injection, mice were harvested, and BrdU* neutrophils within the bone marrow, spleen,
blood and tumor were quantified. BrdU percentages at all timepoints were then normalized
to the maximal BrdU™* percentage value for each tissue, which was set to 100%. Dots shows
mean expression with error bars denoting 95% confidence intervals. A mathematical model
capturing the full temporal window was fitted to estimate half-life (t;/2)and lifespan (tso,)for
each organ, denoted on each plot in hours (see also Methods and fig. S12C).

(H) BrdU labelled neutrophils upregulate dcTRAIL-R1 over time. Histograms show
geometric mean fluorescence intensity (gMFI1) of dcTRAIL-R1 within BrdU* (orange) and
BrdU~ (grey) neutrophils over day 2,3,4,6,8,12 and 15 timepoints post BrdU labelling.

(1) Quantification of gMFI in (H). Line plots fold change of dcTRAIL-R1 gMFI of BrdU™*
against BrdU™ neutrophils. BrdU™ neutrophils served as a measure of baseline dcTRAIL-
R1 gMFI within the tumour. Each dot denotes the mean, with error bars showing SEM.
p<0.05*, p<0.01**, by Mann-Whitney U test, one-tailed, alternative = “greater”.
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(J) Experimental set-up of /in vitro culture of sorted T3 neutrophils from PDAC mice in
cDMEM or TCM at 1 or 3 days. Representative flow cytometry plots show dcTRAIL-R1
expression is retained on T3 neutrophils after 1 day of culture in both cDMEM and TCM.
(K) Boxplots show quantification of frequency of dcTRAIL-R1* neutrophils (n=5) in (1),
where lines denote the mean. p = n.s. (non significant), by Kruskal-Wallis followed by
many-to-one U test comparing against the DO timepoint.

(L) T3 neutrophils cultured overnight do not downregulate the T3 gene signature. Scatter dot
plots for T3 gene signatures in sorted, cDMEM or TCM cultured neutrophils (n=3 each),
each dot denotes a single gene, lines denote the mean, error bars show standard error mean.
p = n.s., by Kruskal-Wallis followed by Dunn’s post-test.
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Figure 6. Pro-tumoral T3 neutrophils promote tumor growth and associate with poorer patient
outcomes

(A) T3 neutrophils have the highest expression of Vegfatranscripts. UMAP projection of
total neutrophils in bone marrow (BM), spleen, blood and tumor shows expression density of
Vegfa.

(B) T3 neutrophils have the highest expression of VEGFa.. Representative flow plots show
intracellular VEGFa protein staining in neutrophils from the spleen and T1, T2 and T3
neutrophils in the pancreatic tumor.
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(C) Boxplots quantify VEGFa expression as shown in (B). Boxplots show median (centre
line) with standard deviation (whiskers). p<0.05*, p<0.01**, by Kruskal-Wallist followed by
many-to-one U test comparing against T3 neutrophils.

(D) T3 neutrophils promote rapid tumor growth. Schematic of experimental set-up to
determine the ability of neutrophils to promote tumor growth /7 vivo. Equal numbers of
neutrophils and pancreatic ductal adenocarcinoma cells (PDAC) were mixed in Matrigel
before subcutaneous injection into the right flank. Neutrophils in the tumor was boosted on
day 3 (D3) and D7, by direct subcutaneous injection into the visible matrigel plug/tumor.
Tumor growth was measured by calipers weekly until the day 28 endpoint. Line plots show
volume of measured subcutaneous tumors co-injected with PBS (n=8), WT BM immature
(WTBM IMM, n = 10), WT BM mature (WTBM MAT, n =12), T1 (n=7), T2 (n=12), and
T3 (n =7) neutrophils. Dots show mean with error bars indicating standard error of mean
(SEM), over all three measurement timepoints. p<0.05*, p<0.01**, by Kruskal-Wallis test
followed by many-to-one U test comparing all other conditions to PBS co-injection.

(E) Quantification of PDAC subcutaneous tumor incidence after neutrophil co-injection (see
fig. S13D for quantification method). Piecharts show frequency of mice with tumours (light
grey) or no tumor growth (dark grey) at day 28 endpoint in (A).

(F) Tumors co-injected with T3 neutrophils had the biggest weights compared other
conditions. Each dot represents one biological replicate, with boxplots showing median with
interquartile range, and whiskers indicating lowest and highest measurement. p<0.05* by
Kruskal-Wallis test followed by many-to-one U test comparing all other conditions to PBS
co-injection.

(G) Antibody neutralization of VEGFa. reduces T3-mediated acceleration of tumor growth.
Schematic of experimental set-up with sorted T3 neutrophils are co-injected with PDAC
tumor with anti-VEGFa targeting antibody (n=10) or isotype control (n=7). WTBM mature
neutrophils were utilized as controls (anti-VEGFa targeting antibody, n=4, isotype, n=5).
Neutrophils were further injected on D3 and D7 with the corresponding antibody added, and
tumour growth was measured at D14 and D21, 7 and 14 days post tumor injection. Boxplots
show median tumour volume with whiskers representing the interquartile range. p<0.05* by
by Mann-Whitney U test.

(H) Visualization of CD31 vessels within T3 and WTBM MAT co-injected subcutaneous
tumours. Subcutaneous tumours from (A) for T3 (n=3) and WTBM MAT (n-3) were
dissected, optically cleared and permeabilized, stained with anti-CD31 antibody, and imaged
in 3D at 0.65X (100% of total volume) and 2X resolution (35% of total volume starting
from midpoint). Representative 3D immunofluorescence images show T3 (top, quarter) and
WTBM MAT (bottom, whole) co-injected tumors, with tumour margins marked out in white
dotted lines and indicated.

(I Subcutaneous PDAC tumors co-injected with T3 neutrophils have greater CD31 vessel
density within the tumor core. Quantification of CD31 staining intensity at 2X resolution as
in (E). CD31 staining was surfaced with a seedpoint of 16.2, and binned in 10% quantiles
according to the distance from left or right margins towards the tumour core. To account

for differences in tumor sizes, CD31 staining intensity was further normalized over total
slice volume for each quantile. Lineplots represent volume-normalized staining intensity,
with dots representing the mean and errors bars indicating SEM for T3 (orange) or WTBM
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MAT (grey) co-injected tumours. p<0.05* by Mann-Whitney U test, one-tailed, alternative =
“greater”.

(J) Antibody-mediated blockade of T3 neutrophils reduces their ability to promote rapid
tumour growth. Schematic of experimental set-up - sorted T3 neutrophils are co-injected
with PDAC tumor with anti-dcTRAIL-R1 targeting antibody (n=8) or isotype control (n=8).
T3 neutrophils were further injected on D3 and D7 with the corresponding antibody added,
and tumour growth was measured at D14 and D21, 7 and 14 days post tumor injection.
Boxplots show median tumour volume with whiskers representing the interquartile range.
p<0.05* by by Mann-Whitney U test.

(K) The T3 neutrophil gene signature is associated with poorer patient overall survival

(OS) and disease-free survival (DFS) in pancreatic cancer. Kaplan-Meier plots show OS
(top) and DFS (bottom) for patients in the TCGA-PAAD (The Cancer Genomics Atlas,
Pancreatic Adenocarcinoma) and PACA-AU (international Cancer Genome Consortium
Pancreatic Cancer-Australia). Patients were split into high and low expression of the T3
curated signature. Median OS and DFS survival are represented on the graph when available.
Events are represented by vertical lines and were defined from days to death (from initial
pathological diagnosis) or days to first event (from initial treatment, for TCGA, and from
clinical disease-free diagnosis for PACA-AU)). p<0.05* as calculated by log-rank test.

(L) The T3 neutrophil gene signature is associated with poorer patient overall survival in a
subset of solid tumor human cancers. Each data set within the curated TCGA Pan Cancer
data set was scored for T3, T2 and T1 signatures (see also table S4). Forest plots show
hazard ratio (HR) scores associated with patient overall survival (OS) that were significant
(p<0.05) by Cox proportional hazards test across all signatures. Dots indicate the calculated
HR, whiskers indicate 95% confidence intervals.
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