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SUMMARY

The role of tumor-associated neutrophils (TANSs) infiltrating colorectal cancers (CRCs) is still debated. Here, we
unravel that TAN recruitment and functions are modulated by intratumoral microbiota and only defined bacterial
species can unleash neutrophil cytotoxic potential. Fusobacterium nucleatum promotes the production of
neutrophil-recruiting chemokines by tumor cells and enhances neutrophil migration more efficiently than Bac-
teroides fragilis. Importantly, Fusobacterium nucleatum, but not Bacteroides fragilis, triggers neutrophils to
release cytotoxic proteins showing tumoricidal activity in vitro and in xenograft models. Mechanistically, these
effects are elicited upon Fusobacterium nucleatum binding to sialic-acid-binding immunoglobulin-like lectin
(Siglec)-14 expressed by neutrophils but are impaired upon Siglec-14 blockade or loss-of-function polymor-
phisms. Supporting these findings, in human CRCs, elevated Fusobacterium nucleatum loads and high TAN
densities correlate with improved prognosis, whereas lack of Siglec-14 expression is associated with reduced
patient survival. Our findings identify microbiota composition and host genetic background as critical determi-
nants of neutrophil functional profiles, offering insights into neutrophil-targeted therapeutic strategies in CRC.

INTRODUCTION by defined populations of immune cells is widely known to

be associated with clinical outcome. However, although
The tumor microenvironment (TME) plays a key role in colo- high T cell density in tumor tissues has consistently been
rectal cancer (CRC) development and progression.’ Infiltration  recognized to predict prolonged survival,®® the clinical
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Figure 1. Gut bacterial species differentially promote the production of neutrophil-recruiting chemokines by CRC cells

(A) Expression of indicated chemokine genes was assessed by real-time PCR in a cohort of primary CRC tissues and matched adjacent non-tumoral tissues
(cohort 1, n = 61, Table S1). Statistical significance was assessed by Wilcoxon test (***p < 0.0001).

(B) Expression of indicated chemokine genes was evaluated in a publicly available single-cell RNA-seq database.“° Data refer to average expression levels and
percentages of positive cells among tumoral (n = 108,131) and non-tumoral epithelial cells (n = 60,164).

(C and D) NSG mice were inoculated intra-cecum (i.c., n = 17) or intraperitoneal (i.p., n = 66) with human CRC cells (3 x 10° cells/mouse) from LS180 cell line.
Following tumor development, starting from day 10, a randomized group of mice inoculated i.p. (n = 7) or i.c. (n = 28) were treated with ampicillin and vancomycin
for 3 weeks (see Figure S1C). On day 31, xenografts were removed and expression levels of the indicated chemokine genes (C) and of the 16S gene (D) were

analyzed by real-time PCR, using the GAPDH gene as reference. Cumulative data from three independent experiments are reported. Statistical significance was
assessed by Kruskal-Wallis test (“o < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001).

(legend continued on next page)
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significance of tumor-associated neutrophils (TANs) is still
debated.

Studies in experimental models suggest a pro-tumoral func-
tion of TANs through direct support of tumor development and
spreading®™” or inhibition of T cell-mediated immune re-
sponses.®? In contrast, studies investigating the prognostic
significance of neutrophil infiltration in human CRC show
contradictory results. Intriguingly, studies including Asian pa-
tient cohorts have mostly reported an association of neutro-
phil infiltration with reduced survival,'®'? whereas those
focusing on European or US patients consistently indicate
that neutrophil infiltration correlates with favorable prognosis
and responsiveness to chemotherapy in CRC,'*'® possibly
suggesting that genetic variants between patients from
different ethnic groups or geographical areas may impact on
TANS’ clinical course.

The antitumor potential of neutrophils has recently been
reported in other tumor types due to their ability to release cyto-
toxic factors,'® boost antitumor T cell-mediated immune re-
sponses,”®?" and successfully synergize with immunological
checkpoint inhibitors (ICls) in cancer treatment.”>>* However,
the stimuli that elicit the antitumor functions of neutrophils
remain unclear.”®

CRC arises in a microenvironment heavily populated by bacte-
ria of gut microbiota. Increased mucosal permeability, already
detectable in early precancerous conditions, favors bacterial
translocation into the submucosa® and direct interaction with im-
mune cells. The impact of the gut microbiota on CRC has been
explored in detail,*®” and the presence of defined bacterial spe-
cies, such as Fusobacterium nucleatum, in stools and tumor tis-
sues has been shown to promote cancer cell proliferation and
immune evasion.”®? A modest but significant association be-
tween Fusobacterium nucleatum abundance in CRC tissues
and unfavorable tumor prognosis has also been reported.®*°
Yet, intriguingly, Fusobacterium nucleatum and other CRC-infil-
trating bacteria were found to trigger in tumor cells the produc-
tion of a large spectrum of chemokines, including those promot-
ing neutrophil recruitment.®®~*8

Neutrophils represent a first-line defense against bacteria,*
and spatial transcriptomics analysis has recently unraveled their
presence within tumor areas heavily colonized by CRC-infil-
trating bacteria.®® However, the functional outcome and prog-
nostic relevance of these interactions have not been thoroughly
investigated.

To address these issues, in this study we investigated the
impact of the most abundant CRC-associated bacteria on
neutrophil recruitment and functional modulation.
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RESULTS

Expression and clinical relevance of neutrophil-
recruiting chemokine genes in CRC

We initially investigated the expression of genes encoding
neutrophil-recruiting chemokines, including CXCL1, CXCL2,
CXCL5, and CXCL8, in human CRC tissues (Tables S1 and
S2). The expression of these genes, as assessed by quantitative
PCR using specific probes, was significantly higher in tumor than
in corresponding adjacent non-tumoral tissues (cohort 1, n = 61,
Figure 1A; Table S1). Moreover, data from single-cell RNA
sequencing (scRNA-seq) databases’’ indicated that this
difference is particularly evident within the epithelial com-
partment (Figure 1B), thus suggesting that tumor cells may
represent a major source of neutrophil-recruiting chemokines.
In CRC tissues (cohort 2, n = 145, Table S2), the expression of
genes encoding neutrophil-recruiting chemokines significantly
correlated with neutrophil infiltration, as indicated by the ex-
pression of CEACAMS8, encoding the neutrophil marker CD66b
(Figure S1A). Furthermore, in The Cancer Genome Atlas
(TCGA) database, it was associated with prolonged survival
(Figure S1B).

Neutrophil-recruiting chemokine production by CRC
cells is enhanced upon interaction with gut microbiota
To evaluate the impact of CRC-infiltrating bacteria on the pro-
duction of neutrophil-recruiting chemokines by tumor cells, we
took advantage of a transplantable CRC model based on intra-
cecal (i.c.) or intraperitoneal (i.p.) injection of human CRC cells
into immunodeficient non-obese diabetic-severe combined im-
munodeficiency-gamma (NSG) mice (Cremonesi et al.*® and
Mele et al.*'; Figure S1C). We observed a significantly higher
expression of neutrophil-recruiting chemokine genes in i.c. tu-
mors, exposed to the gut microbiota, compared with virtually
sterile i.p. tumors (Figure 1C), showing negligible bacterial load
(Figure 1D). Antibiotic treatment abolished this difference, thus
indicating that the bacterial component was indeed the main
factor responsible for this effect (Figures 1C and 1D).

Gut bacterial species promote the production of
neutrophil-recruiting chemokines by CRC cells

We next investigated the effects mediated by the two most abun-
dant bacterial species in human CRC tissues, i.e., Fusobacterium
nucleatum and Bacteroides fragilis, as detected in a previously
analyzed cohort®® as well as in a publicly available human CRC
database (Sepich-Poore et al.*?; Figures S1D and S1E). Exposure
of human CRC cell lines to these bacteria boosted chemokine

(E and F) CRC cells from LS180 cell line (3.5 x 10%/mL) were incubated with control (CTRL) medium or liveFusobacterium nucleatum or Bacteroides fragilis
(bacteria: CRC cell ratio = 50:1). Fn, Fusobacterium nucleatum; Bf, Bacteroides fragilis. (E) Expression of indicated chemokine genes in tumor cells was assessed
after 4 h by real-time PCR. Cumulative data from 4 independent experiments are reported. Individual dots represent average levels from 3 replicates. Statistical
significance was assessed by Kruskal-Wallis test (*p < 0.05, **p < 0.01). (F) Release of the indicated chemokines was measured by specific ELISA assays after
overnight culture. Cumulative data from 5 independent experiments are shown. Individual dots represent average levels from 3 replicates. Statistical significance
was assessed by Kruskal-Wallis test (‘o < 0.05, *p < 0.01, **p < 0.001).

(G) PBN migration toward culture supernatants from Fusobacterium nucleatum- or Bacteroides fragilis-stimulated LS180 cells was tested in transwell plates (5 pm
pore size, 1.5 x 10° PBNs/well), in the presence or absence of the indicated chemokine-specific antibodies. Numbers of PBNs migrated into lower chambers
were quantified after 2 h by CyQUANT Cell Proliferation Assay Kit. Cumulative data from 5 independent experiments are shown. Statistical significance was
assessed by Tukey’s multiple comparison test (***p < 0.0001).

(H) Correlation between expression of CEACAMS8 gene and Fusobacterium nucleatum loads in human primary CRC samples (cohort 2, n = 145, Table S2) as
assessed by real-time PCR by using specific probes (see key resources table). Spearman r coefficients and p values are indicated.
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expression at both gene and protein levels (Figures 1E, 1F, S1F,
and S1G). However, only Fusobacterium nucleatum-induced che-
mokine gene expression and protein release to significantly
higher levels than controls. Consistently, supernatants from Fuso-
bacterium nucleatum-stimulated tumor cells promoted chemo-
kine-dependent neutrophil migration in vitro more efficiently
than those from Bacteroides fragilis-stimulated CRC cells
(Figures 1G and S1H). Comparable bacteria-mediated effects
on chemokine gene expression were also observed in murine
MC38 and CT26 CRC cell lines in vitro (Figures S2A and S2B).
Furthermore, in immunocompetent mice bearing i.c. xenografts,
gut colonization with Fusobacterium nucleatum led to increased
expression of the CXCL1 gene in both MC38 and CT26 tumors
and of the CXCL5 gene in MC38 tumors. In contrast,
colonization with Bacteroides fragilis induced CXCL1
expression only in MC38 but not in CT26 tumors. Importantly,
Fusobacterium nucleatum, but not Bacteroides fragilis,
colonization resulted in increased TAN densities (Figures S2F
and S2G). In line with these findings, in human primary CRC
tissues, Fusobacterium nucleatum abundance was associated
with neutrophil infiltration (cohort 2, Figure 1H).

CRC-associated bacteria differentially trigger

neutrophil activation

We then evaluated the outcome of direct bacteria-neutrophil
interaction. Exposure of peripheral blood neutrophils (PBNs)
from healthy donors (HDs) to Fusobacterium nucleatum resulted
in strong activation, as indicated by CD66b and CD54 marker
upregulation and concomitant CD16 and CD62L downregulation
(Figures 2A and 2B), as detected by flow cytometry. This pheno-
typic modulation was detectable as early as 5 min after exposure
and reached a plateau after approximately 3 h of stimulation
(Figures 2A, 2B, and S3A-S3C). In contrast, a phenotypic mod-
ulation of a lesser magnitude was detectable in Bacteroides fra-
gilis-stimulated neutrophils (Figures 2A, 2B, and S3A-S3C).
Comparable results were observed in PBNs from patients with
CRC (cohort 3, Table S3; Figure 2C).

Based on CD66b and CD16 expression levels, as detectable in
PBNs from HD as well as from patients with CRC, we could iden-
tify three main neutrophil subpopulations: CD66b™ CD16"9",
referred to as CD16™9", mostly prevalent in non-stimulated and
Bacteroides fragilis-exposed PBNs; CD66b"9"CD16™, referred
to as CD16™, mostly abundant in Fusobacterium nucleatum-
exposed PBNs, and CD66b™CD16"°Y, referred to as CD16"",
including minor PBN fractions in all experimental conditions
(Figures 2D and 2E).

Live cell-imaging of bacteria-activated human PBNs (Videos
S1, S2, S3, and S4) further demonstrated that, unlike PBNs un-
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dergoing phorbol 12-myristate 13-acetate (PMA) stimulation
(Video S2), Fusobacterium nucleatum-activated PBNs remained
viable over time and exhibited increased motility and cluster for-
mation (Video S4; Figure S3D). Interestingly, PBNs formed stable
clusters in response to Fusobacterium nucleatum incubation and
were characterized by the release of multiple intracytoplasmic
DNA-containing vesicles (Figure S3D), possibly suggesting the
occurrence of vital NETosis.*® In contrast, the behavior and
morphology of Bacteroides fragilis-exposed PBNs (Video S3;
Figure S3D) did not significantly differ from those of unstimulated
PBNs (Video S1; Figure S3D).

Distinct secretomes are detected upon neutrophil
interaction with different bacterial species

Proteomic analysis of neutrophil-conditioned media after bacte-
rial stimulation revealed differential secretion of several soluble
factors. In particular, upon Fusobacterium nucleatum—but not
Bacteroides fragilis—exposure, a panel of seven proteins,
including elastase, defensin A3, lipocalin-2, myeloperoxidase,
matrix metalloproteinases (MPPs) 8 and 9, and cathelicidin
(Figure 3A; Table S4) were released, consistent with the activa-
tion of defense responses, including degranulation, and cyto-
toxic pathways (Figure 3B). In contrast, exposure to Bacteroides
fragilis appeared to inhibit the release of several proteins,
including CFL1, CUTA, TMSB4X, HIST1H1C, IGFBP2, APOCS,
and FKBP12-Exin.

Cytotoxic functions of human neutrophils are elicited
upon exposure to Fusobacterium nucleatum but not
Bacteroides fragilis

Because enzymes produced by activated human neutrophils
were previously shown to be endowed with cytotoxic activity, '
we then tested the cytotoxic potential of Fusobacterium nucle-
atum-activated PBNs. Remarkably, neutrophil-conditioned me-
dia following Fusobacterium nucleatum, but not Bacteroides
fragilis, stimulation from HD and patients with CRC showed
tumoricidal activity on CRC cells in vitro (Figures 3C-3E, S3E,
and S3F).

To test the cytotoxic potential of bacteria-activated neu-
trophils in vivo, we first evaluated the reactivity of murine neutro-
phils to CRC-associated bacteria in vitro. Upon stimulation with
Fusobacterium nucleatum, but not Bacteroides fragilis, murine
neutrophils underwent phenotypic modulation, characterized
by upregulation of Ly6G, CD54, CD18, and, unlike human neu-
trophils, CD62L as well, (Figures S4A and S4B). However, unex-
pectedly, we did not detect any significant cytotoxic activity in
tumor cells (Figures S4C and S4D). Consistently, in mice bearing
orthotopic  xenografts, colonization with Fusobacterium

Figure 2. CRC-associated bacteria differentially induce neutrophil activation

PBNSs (5 x 10%in 1 mL) from healthy donors (HDs) and patients with CRC (Pt) from cohort 3 (Table S5) were incubated with CTRL medium, live Fusobacterium
nucleatum, or Bacteroides fragilis (bacteria: neutrophil ratio 50:1) at 37°C. At different time points, expression levels of the indicated surface markers were
analyzed by flow cytometry upon staining with specific antibodies (see key resources table). Fn, Fusobacterium nucleatum; Bf, Bacteroides fragilis.

(A) Expression kinetics of indicated markers in untreated or bacteria-stimulated PBNs from HD (n = 3). Average levels of mean fluorescence intensity (MFI) + SD

are reported.

(B and C) MFI of indicated markers in untreated or bacteria-stimulated PBNs from HD (B, n = 9) and Pt (C, n = 10) after 3 h of stimulation. Each dot represents the
average of 3 replicates from individual donors. Statistical significance was assessed by Friedman test (“o < 0.05, **p < 0.01, ***p < 0.001; ***p < 0.0001).

(D) Representative dot plots illustrating PBN subsets identified based on CD16 and CD66b expression levels under the different stimulatory conditions.

(E) Percentages (average + SD) of PBN subsets detected under the different stimulatory conditions in PBNs from HD (n = 9) and Pt (n = 10).
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Figure 3. Fusobacterium nucleatum, but not Bacteroides fragilis, triggers neutrophil cytotoxic functions
Neutrophil-conditioned media collected from HD following 3 h of bacteria stimulation was evaluated by proteomic analysis. Differentially released proteins were
identified upon ANOVA multiple sample test (false discovery rate [FDR] < 0.05, see Table S4). Fn, Fusobacterium nucleatum; Bf, Bacteroides fragilis.

(legend continued on next page)
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nucleatum or Bacteroides fragilis did not lead to any significant
effect on tumor growth (Figures S4E and S4F).

Therefore, to provide in vivo validation of our findings, we
tested the effects of human neutrophil-conditioned media after
bacterial stimulation on the growth of CRC xenografts, gener-
ated by subcutaneous (s.c.) injection of human CRC cells in
immunodeficient non-obese diabetic (NOD)-Rag1 and IL2 re-
ceptor gamma-chain-deficient (NRG) mice (Figure 3F). Intratu-
moral injection of neutrophil-conditioned media following Fuso-
bacterium nucleatum stimulation resulted in significant tumor
growth inhibition and increased tumor cell death. In contrast, in-
jection of neutrophil-conditioned media following Bacteroides
fragilis stimulation failed to induce any significant effect
(Figures 3G-3L). Thus, CRC-associated bacteria differ in their
capacity to trigger neutrophils’ cytotoxic functions.

Bacteria-mediated neutrophil activation is induced

upon engagement of Siglec-14

Next, we investigated mechanisms mediating bacteria-ne-
utrophil interaction resulting in the elicitation of cytotoxic effects.
Binding of fluorescence-labeled Fusobacterium nucleatum was
detectable in up to 25% of neutrophils following 5 min of stimu-
lation and decreased over time, possibly suggesting bacterial
internalization. In contrast, Bacteroides fragilis binding was
only marginally detected (Figures 4A and 4B).

Human neutrophils express different surface receptors poten-
tially binding bacterial determinants, including Toll-like receptor
2 (TLR2), TLR4, and the paired sialic-acid-binding immunoglob-
ulin-like lectin (Siglec)-5 and -14.**“> We therefore assessed
bacteria-induced neutrophil activation in the presence of block-
ing antibodies targeting TLR2, TLR4, and both Siglec-5 and -14.
Indeed, due to the high homology of their extracellular domains,
currently available blocking antibodies are unable to discriminate
between these two Siglec receptors. Blocking of TLR4, but not of
TLR2 or Siglec-5/14, completely inhibited Fusobacterium nucle-
atum-mediated phenotypic modulation (Figure 4C). However, it
did not significantly affect neutrophil tumor-killing capacity
(Figure 4D). In contrast, cytotoxicity was completely abolished
upon Siglec-5/14 blockade (Figure 4D), thus indicating that Si-
glec-5/14 engagement is essential for the elicitation of Fusobac-
terium nucleatum-induced neutrophil cytotoxic functions. As ex-
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pected, simultaneous TLR4 and Siglec-5/14 blocking abrogated
both Fusobacterium nucleatum-mediated neutrophil phenotypic
modulation and elicitation of cytotoxic activity (Figures S5A
and S5B).

Expression of Siglec-5/14 was clearly detectable on PBNs and
was slightly downmodulated upon exposure to Fusobacterium
nucleatum and, to a lower extent, to Bacteroides fragilis
(Figures S5C and S5D). Confocal imaging demonstrated coloc-
alization of Siglec-5/14 with Fusobacterium nucleatum but not
with Bacteroides fragilis (Figure 4E). Notably, although in unsti-
mulated and Bacteroides fragilis-exposed neutrophils Siglec-5/
14 appeared to be localized only at the cell membrane level, in
Fusobacterium nucleatum-stimulated neutrophils both mem-
brane and cytoplasmic localization were detected, suggesting
internalization of the receptor upon Fusobacterium nucleatum
binding (Figures 4E and 4F). Consistently, transmission electron
microscopy (TEM) imaging confirmed Fusobacterium nuclea-
tum, but not Bacteroides fragilis, internalization, which was in-
hibited upon Siglec-5/14, but not TLR4, blocking (Figure 4G).

To further investigate the molecular determinants mediating
the interaction between Fusobacterium nucleatum and
Siglec-5 and -14, we evaluated the binding capacity of soluble
Siglec-5 and Siglec-14-Fc chimeras to Fusobacterium nuclea-
tum-derived LPS (Figures S5E and S5F). Strikingly, Siglec-14
bound efficiently to Fusobacterium nucleatum-LPS, whereas
Siglec-5 exhibited minimal binding (Figure 4H).

Extent of bacteria-mediated neutrophil activation
correlates with Siglec-14 genotype
Notably, Siglec-5 and -14 differ in their signaling pathways. Like
most Siglecs, Siglec-5 contains an immunoreceptor-tyrosine
inhibitory motif (ITIM), thereby mediating inhibitory signals. In
contrast, Siglec-14 has no tyrosine regulatory motifs but can
deliver an activating signal upon association with theDNAX-acti-
vating protein of 12 kD (DAP12) coreceptor, containing an immu-
noreceptor-tyrosine activation motif (ITAM).*®

Thus, to further demonstrate the specific involvement of Siglec-
14 in Fusobacterium nucleatum-induced neutrophil cytotoxic ef-
fects, we tested responsiveness to Fusobacterium nucleatum of
neutrophils isolated from donors harboring different genotypes
at the Siglec-14 locus (Figures S5G and S5H). Indeed, a common

(A) Unsupervised hierarchical analysis of Z score values of label-free quantification intensity (LFQI).

(B) The impact of identified proteins on defined biological pathways was evaluated upon analysis of Reactome pathways and Gene Ontology (GO) databases.
Size of depicted dots is proportional to the number of proteins involved in the indicated pathways. Colors indicate FDR values.

(C-E) PBNs from healthy donors (HDs, n = 9) or patients with CRC (Pt, n = 10, cohort 3, Table S3) were stimulated as described in Figure 2. At the indicated time
points, supernatants were collected and, following high-speed centrifugation and filtering at 0.2 um to remove potential residual bacteria, were incubated with
LS180 cells. After 24 h, tumor cell viability was assessed by flow cytometry following annexin-V and LIVE/DEAD staining. (C) Percentages of tumor cell killing upon
incubation of tumor cells with supernatants collected at the indicated time points from untreated or bacteria-stimulated PBNs from HD (n = 9). Average + SD are
shown. (D and E) Percentages of tumor cell killing upon incubation of tumor cells with supernatants collected from PBNs of HD (D) or Pt (E) after 3 h of stimulation.
Statistical significance was assessed by Friedman test (*p < 0.05, *p < 0.01).

(F) Experimental scheme used for in vivo experiments. Luciferase-expressing LS180 cells (Luc-LS180) were injected s.c. in NRG mice (10° cells/mouse). Upon
tumor development, starting from day 6, supernatants from untreated (CTRL), Bacteroides fragilis- or Fusobacterium nucleatum- stimulated PBNs were injected
intratumorally (100 pL) twice daily (10-13 mice/group).

(G and H) Tumor growth was monitored over time by assessing tumor volumes by caliper (G) and bioluminescence intensity (BLI, H). Statistical significance was
assessed by Tukey’s multiple comparison test (o < 0.05; *“p < 0.01).

(Iand J) On day 15, tumors were harvested from surviving mice and tumor cell death in tissue was evaluated by cleaved-caspase-3 (CC3) staining. (l) Repre-
sentative CC3 staining in tumors treated with supernatants from different PBN cultures. (J) Cumulative percentages of CC3* cells detected in all tumors treated
with supernatants from different PBN cultures. Each dot represents average from regions of interest (ROIs) detected in individual tumors (n = 6 ROI/tumor).
Columns indicate average in each experimental group. SD are indicated by bars.

Statistical significance was assessed by Tukey’s multiple comparison test (***p < 0.0001).
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genetic polymorphism has previously been described, implying a
fusion between Siglec-5 and Siglec-14 loci, resulting in the func-
tional deletion of Siglec-14.%"

Neutrophils from Siglec-14 null HD showed a phenotypic
modulation upon co-culture with Fusobacterium nucleatum
comparable to that detectable in cells from wild-type (WT) or het-
erozygous (WT/null) donors (Figure S5I). Most strikingly, how-
ever, they failed to display tumor-killing activity (Figure 5A).
Accordingly, in all PBNs tested, the extent of cytotoxic activity
correlated with Siglec-14 genotype, being higher in WT and pro-
gressively decreasing in WT/null and null individuals (Figure 5B).
Activation of DAP12 signaling pathways, involving mitogen-acti-
vated protein kinase (MAPK) family, as indicated by phospho-
p38 and pERK, was detected in Fusobacterium nucleatum-stim-
ulated neutrophils from Siglec-14 WT but not Siglec-14 null
donors (Figure 5C). Furthermore, in myeloid cell lines transduced
with Siglec-14, but not in those transduced with Siglec-5, a
higher phosphorylation of spleen tyrosine kinase (SYK) following
Fusobacterium nucleatum stimulation was evident (Figures S5J
and S5K). Altogether, these data support the engagement of Si-
glec-14 and its activating pathway in Fusobacterium nucleatum-
induced neutrophil cytotoxic functions.

Engagement of Siglec-14 triggers distinct activating
signatures in Fusobacterium nucleatum-stimulated
neutrophils

To investigate in greater detail signaling pathways and transcrip-
tional programs activated downstream of Siglec-14, we evalu-
ated the transcriptional profiles of Fusobacterium nucleatum-
or Bacteroides fragilis-stimulated neutrophils from Siglec-14
WT or null donors at the single-cell level. Three major clusters
corresponding to untreated (cluster 1), Bacteroides fragilis-
(cluster 2), and Fusobacterium nucleatum-stimulated neutrophils
(cluster 3) were detectable (Figure 5D). Upon differential expres-
sion analysis, most expressed genes in each cluster were
identified (Figure 5E). Untreated neutrophils showed overexpres-
sion of baseline housekeeping and cytoskeletal regulators
(ARHGAP25 and RHOB) and of negative regulators of nuclear
factor kB (NF-kB) (LRRC25) and MAPK (DUSP6) pathways,
consistent with their resting state. In contrast, these pathways
were downregulated in Bacteroides fragilis-exposed and
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completely suppressed in Fusobacterium nucleatum-exposed
neutrophils, whereas the concomitant upregulation of cytokine-
and chemokine-related genes (IL1B, CCL3, CCL4, CCL4L2, and
CCL3L3) was detectable, indicating the activation of a canonical
inflammatory response. However, in Bacteroides fragilis-stimu-
lated neutrophils, genes associated with regulatory feedback
(ZC3H12A, TNFAIP3, NFKBID, and NFKBIZ) were also upregu-
lated, suggesting the engagement of negative-control mecha-
nisms. In contrast, Fusobacterium nucleatum-exposed neutro-
phils displayed lower expression of negative regulators but
overexpression of MAPK/ERK pathway activation (BRAF,
MAPKG6, ETS2, and NR4A3), NF-xkB pathway engagement
(IRAK2 and NFKBT), and genes related to cytoskeletal remodel-
ing and motility (DOCK4 and FGD4), thus reflecting a transition
toward a fully transcriptionally active and migratory inflammatory
phenotype (Figure 5E).

Transcriptional profiles of Siglec-14 WT and null neutrophils
within each cluster could be further discriminated (Figure 5F).
In cluster 3 (Fusobacterium nucleatum-stimulated neutrophils),
243 genes differentially expressed between WT and null neutro-
phils were identified (see Table S6), mostly related to cytokine-
mediated signaling, positive regulation of NF-xB and MAPK
cascade, and neutrophil migration (Figure 5G). These additional
data demonstrate that Siglec-14 is a key mediator of the
signaling pathways activated in neutrophils in response to Fuso-
bacterium nucleatum stimulation.

CRC-derived TANs express Siglec-14 and show
evidence of bacteria-induced activation

Altogether, the above-described findings indicate that Siglec-14
engagement by Fusobacterium nucleatum results in the elicita-
tion of neutrophil-mediated cytotoxic functions. To verify that
similar interaction and activation also occur within CRC tissues,
we investigated the phenotypes of CRC-TANs in freshly excised
clinical specimens of tumor and matched non-tumor colonic tis-
sues (cohort 3, n = 34, Table S3) by large-scale flow cytometry.
Neutrophils were detected within the myeloid cell fraction and in
most samples appeared to be enriched in tumors compared with
non-tumor tissues (Figures 6A, S6A, and S6B). TANs displayed
high expression of CD66b, as previously observed,'® and
heterogeneous expression of CD16 and CD54 markers.

Figure 4. Fusobacterium nucleatum-mediated neutrophil activation is induced upon engagement of Siglec-14

(A and B) PBNs from HD were incubated with Bacteroides fragilis or Fusobacterium nucleatum, labeled with DID fluorescent dye. At the indicated time points,
binding of bacteria to PBNs and expression of Siglec-5/14 was assessed by flow cytometry. (A) Representative dot plot showing acquisition of fluorescence by
PBNs upon exposure to labeled bacteria. (B) Percentages of bacteria* PBNs detected over time. Average + SD of triplicate cultures are shown.

(C and D) PBNs from HD were stimulated with Bacteroides fragilis or Fusobacterium nucleatum in the presence of blocking antibodies specific for TLR2
(10 pg/mL), TLR4 (20 uM), Siglec-5/14 (10 pg/mL), or with immunoglobulin G (IgG) isotype CTRL. After 1.5 h, neutrophil phenotypic modulation and cytotoxic
activity of neutrophil-conditioned media post-bacteria stimulation were assessed. (C) MFI of indicated markers in untreated or bacteria-stimulated PBNs under
the different experimental conditions. Each dot represents the average of duplicates from individual donors (n = 5). (D) Percentages of tumor cell killing upon
incubation of LS180 cells with neutrophil-conditioned media following bacteria stimulation. Statistical significance was assessed by Tukey’s multiple comparison
test (o < 0.05, *p < 0.01, **p < 0.001; ***p < 0.0001).

(E and F) PBNs were stimulated with labeled bacteria (red), as detailed above. At the indicated time points, confocal imaging was performed upon staining with
DAPI (blue) and anti-Siglec-5/14 (green). Representative pictures at 63x magnification are shown. (F) Enlarged view of Fusobacterium nucleatum-stimulated
PBNs after 5 min. Fusobacterium nucleatum colocalization with Siglec-5/14 (front view) and internalization (side view) is detectable.

(G) Bacteria-stimulated PBNs untreated or exposed to Bacteroides fragilis or Fusobacterium nucleatum, in the absence or presence of anti-TLR4 or anti-Siglec5/
14 blocking antibodies, were harvested after 1.5 h stimulation and TEM imaging was performed. Pictures taken at low (2,000-3,400x, upper) and high
magnification (4,300-8,500x, lower) are shown. Arrows indicate internalized bacteria. Fn, Fusobacterium nucleatum; Bf, Bacteroides fragilis.

(H) Binding of soluble Siglec-5-Fc and Siglec-14-Fc chimeras, pre-complexed with AP-conjugated goat-anti-human IgG antibodies, was evaluated by ELISA.
Following development with p-nitrophenyl phosphate (pNPP), absorbance at 405 nm wavelength was measured. Optical density (OD) values from six replicates
from two independent experiments are reported. Statistical significance was assessed by Kruskal-Wallis test (***p < 0.001).
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Figure 5. Engagement of Siglec-14 triggers distinct activating signatures in Fusobacterium nucleatum-stimulated neutrophils

(A) PBNs from HD carrying WT alleles (WT/WT, n = 5), or homozygous loss-of-function polymorphism at Siglec-5/14 locus*’ (null/null, n = 5), were stimulated with
Bacteroides fragilis or Fusobacterium nucleatum, as detailed above. After 3 h, culture supernatants were collected, and their tumor cell killing ability was assessed
on LS180 cells, as detailed above. Each dot represents average of triplicate cultures from individual donors. Average among donors is indicated by columns; SD is
indicated by bars. Statistical significance was assessed by Tukey’s multiple comparison test (*p < 0.05).

(legend continued on next page)
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Interestingly, expression levels of CD54 and CD16 appeared to
be inversely modulated, similar to the phenotypes of in vitro Fu-
sobacterium nucleatum-stimulated PBNs (Figure 6B). Moreover,
the three main neutrophil subtypes identified in bacteria-stimu-
lated PBNs, based on CD16 levels, were also clearly detectable
in TANs, with the CD16™™ subset representing the most prevalent
phenotype, consistent with bacteria-induced activation (Figures
6C and 6D). Notably, percentages of CD16™ TANSs significantly
correlated with those of Fusobacterium nucleatum-stimulated
autologous PBNs (Figure S6C).

RNAscope and immunohistochemical (IHC) staining
confirmed CRC infiltration by Fusobacterium nucleatum and
TANSs, respectively (Figures 6E and S6D). Siglec-14 was ex-
pressed in a large fraction of CRC-derived TANs, as assessed
by flow cytometry (Figures 6F, 6G, and S6B) and confocal imag-
ing (Figure 6H). Strikingly, TEM imaging of Siglec-14-expressing
TANSs revealed a morphology resembling that of Fusobacterium
nucleatum-activated PBNs, with evidence of bacterial internali-
zation (Figures 6H and 6l).

Furthermore, analysis of a publicly available scRNA-seq data-
base of human primary CRCs“° confirmed activation of MAPK
and NF-xB cascades among the most upregulated signaling
pathways in CRC-associated TANs (Figure 6J), consistent with
the identified transcriptomic profiles of Fusobacterium nuclea-
tum-stimulated neutrophils.

To verify the clinical impact of Fusobacterium nucleatum-TAN
interactions occurring within CRC tissues, we evaluated the rela-
tive prognostic significance of neutrophil infiltration and Fuso-
bacterium nucleatum loads in a well-characterized tissue micro-
array (TMA) including >500 CRC cases'®'*'® (Table S7) and in
the publicly available TCGA database. High densities of CRC-
TANSs, as detected by high numbers of CD66b+ cells in the
TMA, were significantly associated with improved overall sur-
vival in both univariate and multivariate analyses (Figures 7A
and S7A). Consistently, high expression of CEACAMS8 in TCGA
was also predictive of improved clinical outcome (Figure 7B).
In contrast, tumor colonization by high Fusobacterium nuclea-
tum loads, as assessed by fluorescence in situ hybridization
(FISH) in the TMA, did not show any significant association
with survival per se. Instead, in TCGA, high CRC colonization
by Fusobacterium nucleatum, as assessed based on RNA tran-
scripts in The Cancer Microbiome Atlas (TCMA),** showed a
trend toward association with improved clinical outcome
(Figures 7C, 7D, and S7B). Remarkably, in the TMA cohort, the
positive prognostic significance of neutrophil infiltration ap-
peared to be dependent on Fusobacterium nucleatum presence,
as it was dramatically reduced in CRC cases with absent/low Fu-
sobacterium nucleatum loads (Figures 7E, S7C, and S7D). A

¢? CellPress

OPEN ACCESS

similar trend was observed in TCGA, although no statistical sig-
nificance was achieved (Figure 7F).

Finally, we assessed the clinical relevance of SIGLEC14
expression. In TCGA database, we identified a subgroup of pa-
tients (n = 31) whose tumors selectively lack expression of
SIGLEC14 (Figure 7G), despite retaining CEACAMS8 and
SIGLECS5 expression (Figures S7F and S7G). Notably, this sub-
group exhibited significantly reduced overall survival compared
with patients with preserved SIGLEC14 expression (Figure 7H),
thus strongly supporting the functional and prognostic impor-
tance of Siglec-14 in CRC.

DISCUSSION

A high density of TANs in the TME is widely considered to be
associated with immunosuppression and to promote tumor
progression.*® However, a number of recent studies have docu-
mented TANs’ antitumor potential,'®~%25° and in human CRC,
TAN infiltration has been reported to be associated with either
favorable or unfavorable clinical outcomes.'®">">~'" Neverthe-
less, stimuli potentially eliciting cytotoxic functions in neutrophils
and factors determining their prognostic significance remain
unclear.

In this study we unraveled how neutrophil functional profiles
are steered by bacterial components of the intratumoral micro-
biota and that only defined bacterial taxa are able to unleash
neutrophil cytotoxic potential. Paradoxically, we found that
among the most abundant bacteria of the intratumoral CRC
microbiota, Fusobacterium nucleatum, a known pathogenic
bacterium, but not Bacteroides fragilis, efficiently recruits neu-
trophils into tumor beds and triggers them to release cytotoxic
factors mediating tumor cell killing in vitro and in vivo. Accord-
ingly, high CRC colonization by Fusobacterium nucleatum im-
proves the positive prognostic significance of TANs, as as-
sessed in a TMA, including 444 CRC patients. Most
importantly, mechanistically, we demonstrated that Fusobacte-
rium nucleatum-neutrophil interaction is mediated by Siglec-14,
as Fusobacterium nucleatum-induced neutrophil activation is
abrogated in the presence of Siglec-14-neutralizing antibodies
or in responders carrying a loss-of-function Siglec-14 polymor-
phism. scRNA-seq and protein analyses confirmed activation
of Siglec-14 downstream pathways specifically following Fuso-
bacterium nucleatum activation and in Siglec-14 WT donors
only. Importantly, transcription signatures associated with Si-
glec-14 pathway activation were also detected in TANs from
primary CRC tissues. Consistently, lack of SIGLEC14 expres-
sion is associated with reduced survival probability in patients
with CRC.

(B) Percentages of tumor cell killing detected upon incubation of LS180 with supernatants from bacteria-stimulated PBNs from all HDs and patients assessed, as
stratified according to donors’ Siglec-14 genotype (WT/WT, n = 10; heterozygous, WT/null, n = 9; null/null, n = 5). Statistical significance was assessed by Tukey’s

multiple comparison test (****p < 0.0001).

(C) Western blot analysis showing phosphorylation of p38 and ERK in untreated, Bacteroides fragilis- or Fusobacterium nucleatum-stimulated neutrophils from

Siglec-14 WT or null donors.

(D-G) Single-cell RNA-seq analysis of untreated, Bacteroides fragilis or Fusobacterium nucleatum-stimulated neutrophils from a Siglec-14 WT or null donor. (D)
Uniform manifold approximation and projection (UMAP) showing identified clusters. (E) Differential gene expression analysis in untreated, Bacteroides fragilis- or
Fusobacterium nucleatum-stimulated neutrophils. Data refer to average expression levels and percentages of positive cells within each group. (F) UMAP showing
identified clusters based on treatment and Siglec-14 genotype. (G) GO analysis on cluster 3 showing pathways differentially activated in Siglec-14 WT and null

neutrophils. Fn, Fusobacterium nucleatum; Bf, Bacteroides fragilis.
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Figure 6. Phenotypic and transcriptional analysis of TANs from human primary CRCs
(A-D) Single-cell suspensions were obtained from freshly resected specimens of primary CRC and corresponding healthy colonic tissues following enzymatic
digestion (cohort 3, n = 34). Large-scale flow cytometry was performed upon staining with specific antibodies (see key resources table). (A) UMAP cluster analysis
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Altogether, our findings identify microbiota composition and
host genetic profile as key factors influencing TANs’ functional
potential.

The ability of Fusobacterium nucleatum and other bacteria to
stimulate chemokine production in tumor cells has previously
been documented,®®™® but their relative effectiveness has not
been comparatively evaluated. Unexpectedly, we found that, in
comparison with Bacteroides fragilis, Fusobacterium nucleatum
most efficiently promotes neutrophil recruitment by stimulating
chemokine production by tumor cells. Moreover, Fusobacterium
nucleatum effectively triggers the elicitation of neutrophils’ cyto-
toxic functions.

Fusobacterium nucleatum powerfully modulated phenotypic
profiles of PBNs from patients and HDs by inducing upregulation
of CD66b and CD54, and downregulation of CD16 and CD62L,
resulting in the expression of a CD66b high/CD16 intermediate
phenotype, whereas Bacteroides fragilis only elicited minor
effects.

Notably, Fusobacterium nucleatum has consistently been re-
ported to mediate pro-tumorigenic effects in vitro and in mouse
models,?®~%C and this activity has been proposed to be due to its
capacity to invade tumor cells.”®2%*° However, gut colonization
by Fusobacterium nucleatum has recently been suggested to be
associated with responsiveness to ICls in human microsatellite-
stable (MSS) CRC.*° In contrast, the outcome of Fusobacterium
nucleatum interaction with CRC-derived TANs has not been
thoroughly investigated so far.

Here, we provide evidence that Fusobacterium nucleatum in-
duces in neutrophils a so-called “vital NETosis,” characterized
by the release of extracellular traps, composed of nuclear
DNA, through nuclear membrane vesiculation and vesicular
export, in the absence of plasma membrane rupture.*® More
importantly, we observed that Fusobacterium nucleatum, but
not Bacteroides fragilis, triggers in neutrophils the release of a
cocktail of cytotoxic factors, including MMP8 and 9,
lipocalin-2, elastase, defensin A1, cathelicidin, and myeloperox-
idase (MPO), promoting tumor cell death.

Previous studies have highlighted the antitumor potential of
some of these factors. Human neutrophil-derived elastase was
shown to induce death of different types of tumor cells and to
inhibit primary tumor growth in a mouse model.'® Notably,
elastase is not produced by murine neutrophils.’® Moreover,
cathelicidin was also reported to induce apoptosis in human
CRC cells.®" On the other hand, CRC cells overexpressing
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lipocalin-2 were previously shown to be characterized by limited
proliferation and metastatic potential compared with control
cells.®**® However, the stimuli triggering the release of these
molecules within the CRC microenvironment had not thus far
been clarified.

Our findings delineate a scenario in which these factors are
released within the CRC TME upon interaction between TANs
and selected bacterial species, such as Fusobacterium nuclea-
tum or, possibly, other bacteria. Thus, gut microbiota composi-
tion may critically impact not only TAN recruitment but also the
elicitation of their cytotoxic functions.

The ability of neutrophils to mediate tumor cell killing upon Fu-
sobacterium nucleatum stimulation might explain the reported
association of TANs with a more favorable clinical outcome in
CRC. Indeed, the analysis of our own TMA cohort and of publicly
available databases indicates that, in the absence of high Fuso-
bacterium nucleatum loads, TANs’ positive prognostic signifi-
cance is significantly reduced.

Admittedly, studies investigating TANs’ prognostic signifi-
cance in human CRC have so far provided contradictory
results.*® The heterogeneity of the methodologies used for
investigation, e.g., IHC staining of neutrophil-specific'®'%15-17
versus-related markers,'*°* or evaluation of expression levels
of different panels of neutrophil-related genes,”®°® may
partially account for these discrepancies. However, different
results have also emerged in studies assessing neutrophil infil-
tration with similar technologies. For instance, in three studies
from European countries, i.e., Italy, including 178 patients,'®
Switzerland (n = 650),'® and Sweden (n = 448),"” TME den-
sities of CD66b+ cells, assessed by IHC staining, were found
to be associated with improved overall'® and disease-free sur-
vival, irrespective of disease stage.’>'” In line with these re-
sults, in the COAD-READ cohorts of TCGA database,
including patients from the US, the expression of genes en-
coding neutrophil-recruiting chemokines, such as CXCLT,
CXCL2, CXCL5, and CXCLS, is also associated with favorable
prognosis. In contrast, in studies evaluating patient cohorts
from Guangzhou,'® Bengbu,'' and Shanghai,'? all in the Peo-
ple’s Republic of China, CRC infiltration by CD66b+ cells has
been reported to correlate with reduced disease-free survival.
In this context, our study, identifying Siglec-14 as a key medi-
ator of bacteria-induced neutrophil cytotoxic effects, might
offer an innovative interpretation that potentially reconciles
these discrepancies.

of CD45" live cells within concatenated healthy colonic tissues and corresponding primary CRC (n = 34). The indicated immune cell subsets are identified by
specific colors. (B) Among CD11b* myeloid cells, neutrophils and monocytes are identified based on CD11b* CD66b* and CD11b* CD14* phenotypes,
respectively. Expression of CD66b, CD54, and CD16 markers within the neutrophil cell cluster is depicted. (C and D) Representative dot plot (C) and percentages
(D) of neutrophil subsets identified among TANs based on CD16 expression levels.

(E) Upper: CRC-infiltrating TANs were identified by IHC staining of CD66b. Lower: Fusobacterium nucleatum was visualized by RNAscope. Representative
pictures at 10x magnification showing TAN and Fusobacterium nucleatum infiltration within the same tissue area are depicted.

(F) Representative dot plots of Siglec-14 staining on CRC-infiltrating TANSs.

(G) Percentages of Siglec-14* TANs detected in CRC cell suspensions (n = 11) by flow cytometry.

(H) Left: immunofluorescence staining of Siglec-5/14 (yellow), CD66b (red), and DAPI (blue) was performed on FFPE-CRC tissues. Representative pictures of
Siglec-5/14 expression on TANs at 40x magnification are shown. Right: the same tissue slides were evaluated by CLEM. Pictures show ultracellular structure of
identified TANs. Arrows indicate internalized bacteria.

(I) TANs were sorted from CRC cell suspensions, based on CD11b* CD66b™ phenotype, and evaluated by TEM analysis. Representative images showing putative
vital NETosis and bacterial internalization (indicated by arrows) are depicted. Upper: magnification 3,400-5,300x; lower: magnification 6,700-36,000.

(J) GO analysis of a previously published scRNA-seq database from human CRC tissues”® showing mostly upregulated signaling pathways in cells classified as
“granulocytes.”
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Figure 7. Prognostic significance of CRC infiltration by TANs and Fusobacterium nucleatum
The prognostic significance of CRC infiltration by TANs and Fusobacterium nucleatum was evaluated in a tissue microarray (TMA, A, C, and E) including 444
primary CRC cases (Table S7) and in the COAD-READ cohort of TCGA databases (B, D, and F-H). Fn, Fusobacterium nucleatum.

(legend continued on next page)
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Siglec-14 represents an important exception within the Siglec
family, as, in contrast to the other family members, it is devoid of
an intracellular ITIM domain and is rather associated with
DAP12, displaying an activating ITAM.*®

Siglec-14 did not appear to be responsible for neutrophil
phenotypic modulation occurring upon Fusobacterium nuclea-
tum stimulation, which, instead, was clearly dependent on
TLR4 engagement. However, Siglec-14 appeared to play a crit-
ical role in the elicitation of neutrophils’ cytotoxic effects, which
were fully abrogated in the presence of specific neutralizing an-
tibodies or were missing in neutrophils from donors carrying a
common genetic polymorphism leading to loss of function of Si-
glec-14.%"

Most interestingly, this polymorphism has been reported
to occur in <10% of Europeans but in up to 70% of East Asian
populations.?” It is therefore reasonable to hypothesize that, in
most European patients with CRC, the interaction between Fu-
sobacterium nucleatum and TANs expressing Siglec-14"" might
result in the release of cytotoxic factors, potentially promoting
antitumor effects. Conversely, in most Asian patients, the expo-
sure of Siglec-14"" _carrying TANs to Fusobacterium nucleatum
might fail to induce cytotoxic activity, thereby allowing Fusobac-
terium nucleatum-mediated pro-tumorigenic effects to predom-
inate and ultimately to negatively impact patients’ survival.
Whether Fusobacterium nucleatum-initiated signaling through
Siglec-5 in the absence of Siglec-14 might additionally elicit im-
mune-suppressive functions in TANs from these patients re-
mains to be explored.

Collectively, our findings suggest that several factors concur
to influence CRC clinical outcome. Besides TME and intratu-
moral microbiota composition, polymorphisms of genes
involved in the innate immune response may critically influence
prognosis. Notably, TLR4, which we found to mediate neutrophil
phenotypic modulation in response to Fusobacterium nuclea-
tum, and other TLRs also harbor different polymorphic variants,
which have been suggested to be differentially associated with
CRC development and progression.””*® Finally, tumor cell
genomic and epigenomic instability, leading to amplification,
deletion, or silencing of chemokine genes,®®" might also shape
the CRC immune context and, ultimately, the clinical outcome.

Our data also urge caution in the interpretation of results
regarding CRC-neutrophil interactions emerging from ex-
perimental animal models.®® Neutrophils from humans and
experimental animals are known to present major differences.®®
For instance, elastase and defensins are released by human
neutrophils upon Fusobacterium nucleatum activation but are
not produced by murine neutrophils. Also, chemokines and che-
mokine receptors playing key roles in the interaction between
CRC cells and neutrophils, such as CXCL8 and its receptor
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CXCR1, are not expressed by murine neutrophils.'®® Most
importantly, Siglecs’ expression largely differs between human
and murine neutrophils. Indeed, the latter do not express Si-
glec-14 or any other activating Siglec. Instead, they are known
to express Siglec-E, the ortholog of human Siglec-9, and, in
the TME, Siglec-F,°® both containing ITIM motifs and thereby
transmitting inhibitory signals.*® Accordingly, in our study, mu-
rine neutrophils failed to display cytotoxic activity upon Fusobac-
terium nucleatum exposure.

On the other hand, the impossibility of validating our findings in
a microbiota-controlled syngeneic mouse CRC model repre-
sents the most important limitation of our study. Although hu-
manized mouse models may represent an interesting alternative
experimental approach, currently available models achieve
limited reconstitution of PBNs, not exceeding 30% of white
blood cells, as compared with 50%-70% detectable in healthy
humans.®®” Therefore, to fully recapitulate functional neutro-
phil-driven antitumor responses in experimental animals, the im-
plementation of multiple novel strategies is needed.®’

Further research is also warranted to identify bacterial molec-
ular determinants responsible for Siglec-14 triggering. Although
we observed Siglec-14 binding to Fusobacterium nucleatum-
derived LPS, the specific glycan structures involved remain to
be fully characterized.

In addition, although Fusobacterium nucleatum and Bacter-
oides fragilis, as major components of CRC-associated micro-
biota, represent the focus of our study, additional species other
than Fusobacterium nucleatum might be able to trigger Siglec-
14-mediated neutrophil activation®®®° and possibly synergize
with Fusobacterium nucleatum in modulating neutrophil func-
tions. Indeed, microbial consortia have been described within
CRC-associated intratumoral microbiota, and their composition
may also vary according to tumor localization within the intestinal
tract.”%"" The investigation of their potential antitumor functions
could be of high interest, as bacterial species inducing tumor
cytotoxicity, without being associated with the potentially pro-
tumoral effects of Fusobacterium nucleatum, might qualify for
clinical studies. On the other hand, the impact of antibiotic treat-
ment on Fusobacterium nucleatum-mediated neutrophil activa-
tion in CRC patients also deserves to be explored.””

Nevertheless, our findings provide important suggestions for
innovative immunotherapy treatments beyond adaptive immu-
nity. In patients expressing WT Siglec-14, adequate conditioning
of gut microbiota might result in the successful elicitation of
neutrophil-mediated antitumor effects.

Therapies taking advantage of neutrophil activation could
also complement currently available immunotherapies based
on ICls, considering that synergisms between granulocytes
and T cells in the elicitation of antitumor effects have previously

(A and B) Kaplan-Meier curves illustrating overall survival (OS) probability in patients stratified according to TAN density (high versus low), as assessed by
numbers of CD66b* cells in the TMA (A) and by CEACAMS8 gene expression levels in TCGA (B, n = 597).

(C and D) Kaplan-Meier survival curves showing OS in patients stratified according to Fusobacterium nucleatum abundance (absent/low versus high) as eval-
uated by FISH in the TMA (C) and annotated in The Cancer Microbiome Atlas (TCMA, n = 170, D).

(E and F) Kaplan-Meier survival curves showing OS in patients stratified based on TAN density and Fusobacterium nucleatum abundance (CD66b or
CEACAMB8"S"/Fne" CDB6b or CEACAMSMS"/Fnabsentlow Gheeh or CEACAMS"™) in the TMA (E) or in TCGA (F).

(G) Histogram showing the distribution of normalized mRNA expression (RSEM, log,) of SIGLEC14 across patients in the COAD-READ cohort of TCGA.

(H) Kaplan-Meier OS curves comparing patients with SIGLEC14 expression =0 (SIGLEC14-NE) and >0 (SIGLEC14-E) in the COAD-READ TCGA cohort (TCGA,
Firehose Legacy). Survival differences were assessed using the log-rank test. Tables show numbers of patients alive and at risk of death at each time point after

CRC diagnosis.
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been reported.'®"*"> Notably, Fusobacterium nucleatum has
recently been shown to enhance responsiveness to ICls in a
MSS CRC mouse model.*°

In conclusion, our work identifies both intratumoral microbiota
composition and the host genetic makeup as critical factors for
the elicitation of neutrophil cytotoxic effects and unravels
Siglec-14 as a potential therapeutic target for the development
of innovative immunotherapies unleashing TANs’ cytotoxic
potential.
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Goat polyclonal anti-human IgG-ALP Sigma-Aldrich Cat# A-9544; RRID: AB_258459
Leave/Dead viability dye-BV570 Invitrogen Cat# L34968

Mouse monoclonal anti-CD103-BV605, Ber-ACT8
Mouse monoclonal anti-CD11B-APC, ICRF44
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Mouse monoclonal anti-CD15-BV750, W6D3
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Mouse monoclonal anti-CD19-BUV563, SJ25C1
Mouse monoclonal anti-CD1C-PE-CF594, L161
Mouse monoclonal anti-CD3-APC-Cy7, SK7
Mouse monoclonal anti-CD45-BUV805, HI30
Mouse monoclonal anti-CD54-BV480, HA58
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unconjugated, G10F5
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Mouse monoclonal anti-CD89-AF700, A59
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Rabbit monoclonal anti-SIGLEC-14 (purified),
unconjugated, 2457E

Rabbit monoclonal anti-SIGLEC-14-PerCP, 2457E
Rabbit monoclonal anti-Syk, EP573Y (WB)

Rabbit polyclonal anti-Phospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) (WB)

Rabbit polyclonal anti-p44/42 MAPK (Erk1/2) (WB)

Rabbit polyclonal anti-Phospho-p38 MAPK
(Thr180/Tyr182) (WB)

Rabbit polyclonal anti-Phospo Syk (Y323) (WB)
Rabbit polyclonal anti-p38 MAPK (WB)

Rat monoclonal anti-CCR7-BUV661, 3D12

Rat monoclonal anti-CD115-BV711, 9-4D2-1E4
Rat monoclonal anti-CD11B-Pacific Blue, M1/70
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Rat monoclonal anti-CD54-APC, YN1/1.7.4

Rat monoclonal anti-CD62L-PerCP, MEL-14
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BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences

BD Biosciences
BioLegend
BioLegend

BD Biosciences
BioLegend
Santa Cruz

BD Biosciences
BioLegend
R&D Systems

R&D Systems
R&D Systems

Novus Biologicals
Abcam
Cell signaling

Cell signaling
Cell signaling

Abcam

Cell signaling
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BioLegend
BioLegend
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Cat#746638; RRID: AB_2743917
Cat# 337238; RRID: AB_2721552
Cat#563079; RRID: AB_2737993
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Cat#751572; RRID: AB_AB_2875567
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Cat#750692; RRID: AB_2874814
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Cat#sc-47724; RRID: AB_627678
Cat#748339; RRID: AB_2872758
Cat#331945; RRID: AB_2810508
Cat#MAB10721; RRID: AB_2738889

Cat#MABO002; RRID: AB_ 357344
Cat#MAB4905; RRID: AB_ 3658383

Cat#FAB4905T
Cat# ab40781; RRID: AB_778196
Cat#9101; RRID: AB_331646

Cat#9102; RRID: AB_330744
Cat#9211; RRID: AB_331641

Cat# ab63515; RRID: AB_1143194
Cat#9212; RRID: AB_330713

Cat# 741560; RRID: AB_2870987
Cat#743144; RRID: AB_2741303
Cat#101223; RRID: AB_755985
Cat#750433; RRID: AB_2874596
Cat#553293; RRID: AB_394762
Cat#116119; RRID: AB_10613645
Cat#104429; RRID: AB_893397
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Rat monoclonal anti-CX3CR1-BUV496, 2A9-1
Rat monoclonal anti-F4/80-BV480, T45-2342
Rat monoclonal anti-Ly-6C-BV605, HK1.4
Rat monoclonal anti-Ly-6G-BUV737, 1A8

Recombinant antibody (REAfinity ™)
anti-SIGLEC-5/14-PE, REA393

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Miltenyi Biotec

Cat#750692; RRID: AB_2874814
Cat# 565635; RRID: AB_2739313
Cat#755205; RRID: AB_3687612
Cat# 741813; RRID: AB_2871151
Cat#130-128-007; RRID: AB_2905383

Secondary anti-Mouse IgM p-chain Abcam Cat# ab97230
HRP Conjugate

Secondary anti-rabbit IgG HRP Conjugate Promega Cat# W401B
Bacterial and virus strains

Fusobacterium nucleatum (subsp. Leibniz Institute DSMZ. N/A
Nucleatum, DSM 15643, Fn)

Bacteroides fragilis (non-enterotoxigenic Leibniz Institute DSMZ. N/A

strain, DSM 2151, Bf)

Biological samples

Human Colon Rectal Cancer tissue samples
and corresponding adjacent tumor-free tissues

Peripheral Blood Mononuclear Cells from
CRC patient and healthy donors

This manuscript

This manuscript

University Basel Hospital, Basel; Ente
Ospedaliero Cantonale (EOC), Lugano
and Bellinzona, Switzerland;University
Basel Hospital, and Klinikum Rechts
Der Isar, Munich, Germany

University Basel Hospital, Basel; Ente
Ospedaliero Cantonale (EOC),

Lugano and Bellinzona

Chemicals, peptides, and recombinant proteins

Ampicillin sodium salt

Collagenase D

Dimethyl sulfoxide (DMSO)

DNase |

Fetal bovine serum (FBS)
Fluoromount-G™ Mounting Medium
GlutaMAX

Growth Factor Reduced Matrigel
Hoechst 33342

Human serum

Human Siglec-5-Fc chimera
Human Siglec-14-Fc chimera
Hyaluronidase type |

Kanamycin sulfate

Ketamine

Lysozyme

Paraformaldehyde (PFA)

PEI Prime™ linear polyethylenimine
Phenol (agueous)
Phosphate-buffered saline (PBS)
PMA (phorbol 12-myristate 13-acetate)
p-Nitrophenyl phosphate (PNPP)
Polybrene

Poly-L-lysine

Proteinase K (molecular biology grade)
Protein Bloking Buffer

Amresco

Merck

Sigma-Aldrich

Merck

Gibco (Thermo Fisher)
Thermo Fisher Scientific (Invitrogen)
Gibco (Thermo Fisher)
Corning Costar
Thermo Fisher Scientific
Sigma-Aldrich

R&D

R&D

Sigma-Aldrich

Gibco (Thermo Fisher)
Streuli Pharma AG
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Gibco (Thermo Fisher)
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermo Scientific
Dako

N/A
Cat#11088882001
Cat#D8418
Cat#10104159001
Cat#10270-106
Cat#00-4958-02
Cat#35050-061
N/A

Cat#62249
Cat#H4522
Cat#1072-SL
Cat#4905-SL
Cat#H3506
Cat#15160-047
N/A

Cat#L6876
Cat#158127
Cat#919012

N/A
Cat#14190-144
Cat#P8139
Cat#36199-67-4
Cat#H9268
Cat#P8920
Cat#EO0491
Cat#X0909
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Puromycin Sigma-Aldrich Cat#P8833
RNAsi A Roche Cat#10109142001
Reduced Serum Medium Gibco (Thermo Fisher) Cat#31985070
RPMI-1640 medium Gibco (Thermo Fisher) Cat#42401-018
Triton X-100 Sigma-Aldrich Cat#X100

Trypsin Gibco (Thermo Fisher) Cat#25300-054
Oxoid™ Tryptone Soya Broth Thermo Fisher Cat#EB0351w
Vancomycin Hydrochloride Bio Basic Canada Cat#VB0983
BBL™ Vitamin K1-Hemin Solution BD Cat#212354
TLR2 Inhibitor BioLegend Cat#153002
TLR4 Inhibitor, TAK-242, Calbiochem Sigma-Aldrich Cat#243984-11-4

Critical commercial assays

CyQUANT Cell Proliferation Assay Kit
EasySep™ Human Neutrophil Isolation Kit
Human CXCL1/GRO alpha DuoSet ELISA
Human CXCL2/GRO beta DuoSet ELISA
Human CXCL5 DuoSet ELISA

Human CXCL8 DuoSet ELISA

LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit

Moloney Murine Leukemia Virus Reverse
Transcriptase (M-MLV RT)

NucleoSpin RNA Mini Kit for RNA Purification

Propylene Oxide/Epoxy Resin (Epoxy
Embedding Medium Kit)

Pur-A-Lyzer Mega 3500 Dialysis Kit

RNAscope Hydrogen Peroxide

RNAscope Multiplex Fluorescent Reagent Kit v2
RNAscope Protease Plus

RNAscope Target Retrieval Reagent

SYTOX™ Green Nucleic Acid Stain

TagMan Universal Master Mix, No AmpErase UNG
BD Rhapsody™ cDNA Kit

BD Rhapsody™ WTA Amplification Kit

Thermo Fisher Scientific (Invitrogen)
Stem Cell Technologies

R&D Systems (UK)

R&D Systems (UK)

R&D Systems (UK)

R&D Systems (UK)

Thermo Fisher Scientific (Invitrogen)
Sigma-Aldrich

Macherey-Nagel
Sigma-Aldrich

Sigma-Aldrich

ACDBio

ACDBio

ACDBIo

ACDBIo

Thermo Fisher Scientific
Applied Biosystems

BD Biosciences

BD Biosciences

Cat#C7026
Cat#17957
Cat#DY275-05
Cat#DY276-05
Cat#DY254-05
Cat#DY208-05
Cat#L.34968
Cat#M1302-40KU

Cat#40955.50
Cat#45359

Cat# PURG35010
Cat#322335
Cat#323110
Cat#322381
Cat#322000
Cat#S7020
Cat#4440040
Cat# 633773
Cat# 633801

Deposited data

Raw and analyzed single-cell data This paper GEO: GSE311000

Mass spectrometry proteomics data This paper ProteomeXchange
Consortium,PRIDE: PXD069316

Experimental models: Cell lines

LS180 Human Colon Cancer cell line ATCC Cat#ATCC-CL-187

Luciferase-expressing LS180 (Luc-LS180)
DLD-1 (Human Colon Cancer cell line)
MC38 (Murin Colon Cancer cell line)

CT26 (Murin Colon Cancer cell line)

HEK293T (human embryonic kidney cells)

As described in ref. Ali et al.®®
ATCC

European Collection of
Cell Cultures (ECACC)

European Collection of
Cell Cultures (ECACC)

ATCC

N/A
Cat#ATCC-CCL-221
N/A

N/A

CRL-1573; RRID: CVCL_0045

Experimental models: Organisms/strains

Mice strain: NOD-SCID-gamma (NSG) mice

(NOD.Cg-Prkdcscid l12rgtm1Wijl/
SzJ Charles River, Germany)
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Mice strain: NOD-rag-gamma-deficient NOD.Cg-Rag1tmi1Mom li2rgtm1Wijl/ N/A

(NRG) mice SzJ, Charles River, ltaly)

Oligonucleotides

Universal bacterial 16S rRNA gene primers; Microsynth N/A

FW- TCCTACGGGAGGCAGCAGT; RW-

GGACTACCAGGGTATCTAATCCTGTT

Fusobacterium nucleatum 16s rRNA gene primers; Microsynth N/A

FW- GCCTCACAGCTAGGGACAAC; RW-

GAGTAAGGGCCGTGTCTCAG

CXCL1 (human primers): Hs00236937_m1 Applied Biosystems Cat#4331182
CXCL2 (human primers): Hs00236966_m1 Applied Biosystems Cat# 4331182
CXCL5 (human primers): Hs00171085_m1 Applied Biosystems Cat# 4331182
CXL8 (human primers): Hs00174103_m1 Applied Biosystems Cat# 4331182
CD66b (human primers); Microsynth N/A

FW- 5-TCAAAGCATTTGCAATCAGC-3';

RW- 5'-GTGGGCAACTTCACAAAGGT-3

GAPDH (human primers): Hs02786624_g1 Applied Biosystems Cat#4331182
SIGLEC-14 (human primers); Sigma-Aldrich N/A

FW: 5-AGGATTTATTCTCCCATCTCGCT-3;

RW: 5'-GATGCTGATGGCGAGGTTCTG-3’

SIGLEC-5 (human primers); Sigma-Aldrich N/A

FW: 5-GTGGTTCTGACATCTCACCTCATC-3';

RW: 5'-CCTGAAGATGGTGATGGTCTG-3

Recombinant DNA

pLenti-C-mGFP-P2A-Puro Origene Cat#PS100093
Human SIGLEC5 ORF clone (mGFP-tagged) Origene Cat#RC206610L4
Human SIGLEC14 ORF clone (mGFP-tagged) Origene Cat#RC224202L4
pCMV-dR8.2 Addgene Cat #8455
pVSV-G Addgene Cat#138479
Software and algorithms

Adobe lllustrator 27.4 Adobe RRID: SCR_010279

cBioPortal

CellSense Microscope Imaging Software
clusterProfiler (v4.6.2)

DoubletFinder (v2.0.6)

FACS Diva Software

FACS Symphony A5 Cell Analyzer

FlowJo v10 + Downsample v3.0.0 + UMAP v2.2 +
XShift/Cluster Explorer

GraphPad Prism v8.3.1
Human Protein Atlas (v23)
ImageJ

Imaged (FiJi)

Leiden algorithm

MAPS software

PCA

R (v4.4.3)
Seurat (v5.3)
Seurat R package v5.1.0

https://www.cbioportal.org
Olympus

Bioconductor

GitHub

BD Biosciences

BD Biosciences

FlowJo LLC

GraphPad
https://www.proteinatlas.org
NIH

https://imagej.net/Fiji
Seurat /R

FEI / Thermo Fisher Scientific
Seurat /R

The R Project
Satija Lab / CRAN
CRAN/Bioconductor

N/A

N/A
RRID:SCR_016884
RRID:SCR_018301
RRID: SCR_001456
RRID: SCR_022674
RRID: SCR_008520

RRID:SCR_002798
N/A
RRID:SCR_003070
RRID:SCR_002285
N/A
N/A

RRID:SCR_016341;
https://satijalab.org/seurat

RRID:SCR_001905
RRID:SCR_016341

RRID:SCR_016341;
https://satijalab.org/seurat
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SoupX (v1.6.2) GitHub / Bioconductor RRID:SCR_022543

survival (v3.8-3) CRAN RRID:SCR_021065

survminer (v0.4.9) CRAN RRID:SCR_021182

TCMA (The Cancer Microbiome Atlas) https://tcma.pratt.duke.edu/ N/A

UMAP v0.2.10.0 Seurat /R RRID:SCR_016341;
https://satijalab.org/seurat

Other

Fusobacterium nucleatum -targeted probe for FISH This paper N/A

(ATTO488-labeled, 5’-CTA ATG GGA CGC AAA

GCT CTC-3’)

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical specimen collection and processing

Clinical specimens were collected from patients undergoing surgical resection for primary CRC. Cohort 1 included CRC samples and
corresponding adjacent tumor-free tissues from patients treated at University Basel Hospital, Basel, and Ente Ospedaliero Cantonale
(EOC), Lugano and Bellinzona, Switzerland.

Cohort 2 included only CRC samples from patients treated at University Basel Hospital, and Klinikum Rechts Der Isar, Minich,
Germany. Cohorts 3 included CRC samples, corresponding adjacent tumor-free tissues and autologous peripheral blood from pa-
tients treated at EOC, Lugano and Bellinzona, Switzerland. Clinicopathological characteristics of patients included in the three co-
horts are listed in Tables S1, S2, and S4, respectively.

Informed consent was obtained from all patients. Use of samples and clinical information was approved by local ethical authorities,
i.e. Ethikkommission Nordwestund Zentralschweiz (project n. EKNZ 2014-388), Ethics Committee of the School of Medicine of
Health of the TUM (project n375/16-S and 2022-169-S-KH), and Comitato Etico Cantonale Ticino (project n. 2020-00437 | CE 3598).

Peripheral blood was used for PBNs isolation (see below). Tumor and adjacent mucosa tissues were snap-frozen for RNA extrac-
tion or treated by enzymatic digestion to obtain single-cell suspensions. Briefly, tissues were minced and digested in phosphate-buff-
ered saline (PBS) supplemented with 2 mg/ml collagenase D, 0.2 mg/ml DNAse |, and 0.4 mg/ml hyaluronidase type | for 1 hour on an
orbital shaker at 37°C. Single-cell suspensions were then filtered through 70 pm cell strainers and washed twice with PBS
supplemented with 2% human serum. They were subsequently used for flow cytometry characterization or preserved at -150°C
in human serum with a 10% DMSO final concentration.

Cell lines
Established human (DLD-1, LS180) and murine CRC cell lines (MC38, CT26) were purchased from the European Collection of Cell
Cultures and immediately stored in liquid nitrogen. Cells used for individual experiments were thawed from original cryopreserved
aliquots and maintained at 37 °C with 5% CO. in a humidified incubator, for a maximum of 10 passages, in RPMI 1640 supplemented
with 10% fetal bovine serum, 2mM Glutamine and 100 pg/ml kanamycin sulphate. Prior to the investigation, absence of mycoplasma
contamination in cell cultures was verified by PCR testing.

LLS180 cells and firefly luciferase-expressing LS180 cells (Luc-LS180 cells)’® were used for in vivo experiments.

Animals

All in vivo experiments were performed in accordance with institutional and national guidelines and regulations. Experimental pro-
tocols were approved by the Commissione cantonale sugli esperimenti su animali (CCEA, project n. R-34752-TI 31/2022/2022).
Mice were housed under standard husbandry conditions, including controlled temperature (22 + 2 °C), humidity (50-60%), a 12 h
light/dark cycle, and ad libitum access to food and water and maintained under specific pathogen-free conditions in the BIOS+ An-
imal Facility.

To assess the impact of gut microbiota on chemokine expression, eight-week-old female mice NOD-SCID-gamma (NSG) mice
(NOD.Cg-Prkdcscid 112rgtm1Wijl/SzJ Charles River, Germany) were injected intra peritoneum (i.p.) or intra cecum (i.c.) with Luc-
LS180 cells (3x10%/ mouse), resuspended in a 1:1 mixture of PBS and Growth Factor Reduced Matrigel.

Intracecal injection was performed as previously reported.®”® Briefly, mice were anesthetized with ketamine and xylazine i.p.
Following laparotomy, cecum was exteriorized, and tumor cells were injected into cecum wall (30 pl / injection). After injection,
gut was returned to the abdominal cavity and the incision was closed by atraumatic, resorbable sutures. Following tumor develop-
ment, starting from day 10, a randomised group of injected mice was treated with Ampicillin sodium salt (1 g/L) and Vancomycin
Hydrochloride (0.2 g/L) administered in drinking water. Tumors were harvested on day 30 and assessed for chemokine gene
expression.

e5 Cell Host & Microbe 34, 425-443.e1-e11, March 11, 2026


https://tcma.pratt.duke.edu/
https://satijalab.org/seurat

Cell Host & Microbe ¢ CelPress

OPEN ACCESS

To evaluate the cytotoxic effect of factors released by bacteria-stimulated neutrophils in vivo, eight-week-old female NOD-rag-
gamma-deficient (NRG) mice (NOD.Cg-Rag1tm1Mom Il12rgtm1Wjl/SzJ, Charles River, Italy) were injected with Luc-LS180 cells
subcutaneously and upon tumor development, approximately at day 6 post-injection, previously collected PBN-bacteria superna-
tants were injected intratumorally, daily for 10 days. Tumor growth was monitored by bioluminescence and by assessing tumor
volumes with a caliper.

Bacteria

Fusobacterium nucleatum (subsp. Nucleatum,DSM 15643, Fn) and Bacteroides fragilis (non-enterotoxigenic strain, DSM 2151, Bf)
were purchased from the Leibniz Institute DSMZ. Lyophilized cultures were resuspended in filtered Tryptic Soy Broth supplemented
with vitamin K and hemin (VWR), and cultured under anaerobic conditions (5% CO2, 0.1% 02, 37°C). First inoculums were diluted in
fresh TSB medium and seeded on Schaedler Anaerobe Agar plates during the expansion phase. To obtain growth curves, colony-
forming units (CFU) on plates were correlated to the optical density (OD) values of liquid cultures, as assessed by NanoDrop One/
OneC spectrophotometer. Frozen stocks of fresh liquid bacterial cultures were prepared in skim milk. For experiments, bacteria cul-
tures were freshly prepared from frozen stocks over a 48-72-hour culture. Bacteria concentration was estimated based on culture OD
values.

Neutrophils and bacteria co-cultures

PBNs from healthy donors or CRC patients were isolated by negative sorting with magnetic beads. Purity of isolated cells, as as-
sessed by flow cytometry, was consistently >99% (Figure S2). Freshly isolated PBNs were resuspended into phenol red- and
serum-free RPMI and plated at a 0.5x10%/ml concentration.

They were then cocultured alone or in the presence of live bacteria at a 50:1 bacteria: neutrophil ratio. Neutrophils and their super-
natants were collected at different time points (i.e. 1.5, 3, and 6 hours). Neutrophil phenotypes were assessed by large-scale flow
cytometry upon staining with specific antibodies (see below). Culture supernatants were centrifuged at high speed and filtered at
0.2 um, to remove potentially residual bacteria, and then tested for cytotoxic activity (see below).

METHOD DETAILS

RNA isolation and Real-time reverse transcription PCR assays

Total RNA was extracted from stored aliquots of CRC tissues or sorted cell populations using Nucleospin RNA kit and reverse tran-
scribed using the Moloney Murine Leukemia Virus Reverse Transcriptase (M-MLV RT). Quantitative Real-Time PCR (qRT-PCR) was
performed in the ABI prism™ 7700 sequence detection system, using TagMan Universal Master Mix, No AmpErase UNG and
commercially available primer sequences, as listed in Table S3.

scRNA-seq dataset analysis

ScRNA-seq data from Pelka et al.” were retrieved from the GEO series GSE178341. Data relative to cells classified as “Epithelial”
isolated from tumoral (n=108131) and non-tumoral tissues (n=60164) were downloaded. Normalization and scaling of raw read
counts were performed using the R package Seurat v5.1.0.””

|_4O

Tumor cells and bacteria coculture

Cells from established LS180 and DLD-1 cell lines were incubated with control medium or live Fn or Bf (bacteria: CRC cell ratio = 50:1)
at 37°C. After 4 hours, tumor cells were harvested and, following RNA extraction, chemokine gene expression was assessed by
quantitative reverse transcription (QRT)-PCR. Alternatively, tumor cells were incubated with bacteria overnight and culture superna-
tants were collected to perform migration assays (see below) and assess chemokine contents by specific ELISA assays according to
the instruction manual.

Migration Assay

Neutrophils isolated from the peripheral blood (PBNs) of healthy donors (see below) were resuspended in serum-free medium,
seeded into upper chambers of transwell plates (5 pm pore size, and allowed to migrate towards culture supernatants from tumor
cells-bacteria cocultures, at 37°C. After 2 hours inserts were removed and numbers of PBNs migrated into the lower chambers
were quantified by CyQUANT Cell Proliferation Assay Kit. In specific experiments, migration assays were performed in the presence
of specific chemokine-neutralizing antibodies (10 ug/ml).

Flow cytometry

To assess surface marker expression, cell cultures or single-cell suspensions from tissues were incubated with PBS containing 1%
human serum and 2 mM EDTA and stained with fluorochrome-conjugated marker-specific antibodies for 20 minutes at 4°C. Cell
viability was determined using the LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit to exclude non-viable cells from the analysis.
Following staining, cells were washed and analyzed using the FACSymphony A5 Cell Analyzer. Data were collected using
FACSDiva Software. Compensation controls were set up using single stained compensation beads or cells to correct for spectral
overlap. Data analysis was performed using FlowJo software. After compensation matrix adjustment, samples were concatenated
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and analyzed using FlowdJo plugins (https://flowjo.com/exchange/#/), namely: Downsample (v.3.0.0), UMAP (v2.2), and XShift with
Cluster Explorer. UMAP was run using the default settings (Euclidean distance function, nearest neighbors: 15 and minimum
distance: 0.5). Antibody used in this study are listed in key resources table.

Western Blot Analysis

Cells were lysed by RIPA buffer containing a protease inhibitor cocktail and phosphatase inhibitor. Lysates were clarified by centri-
fugation at 14,000 x g for 10 min, protein concentration was determined by BCA Protein Assay Kit, and equal protein amounts were
mixed with LDS sample buffer and reducing agent and loaded to an 8-12% SDS-polyacrylamide gels for electrophoresis. Following
transfer to polyvinylidene difluoride membranes by electroblotting and blocking with 5% (w/v) skim milk in Tris-Buffered Saline with
Tween 20 (TBST) for 30 min at room temperature. After that, membranes were incubated overnight with primary antibodies in block-
ing solution at 4°C. Membranes were then washed and incubated with HRP conjugated secondary antibodies for 1 h at RT. All an-
tibodies are listed in key resources table. Protein was detected by using ECL Western blotting substrate. Antibody used in this study
are listed in key resources table.

Proteomic analysis
Culture supernatants from untreated or Fn- or Bf-activated neutrophils were collected after 1.5 and 3 hours and treated as detailed
above. Quantitative proteomics analysis was then performed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Briefly, for protein extraction and enzymatic digestion, 150 pl of each sample were cleared by centrifugation, flash frozen and
stored at -80°C. Proteins were denatured by adding an equal volume of 8M urea, 50 mM ammonium bicarbonate (ABNC, final
urea concentration 4M). Proteins were then reduced with 10 mM dithiothreitol for 20 minutes at room temperature and alkylated
with 50 mM iodoacetamide for 30 minutes at room temperature. Digestion was carried out in 4M urea supplemented with 1 pg of
LysC (1:100 w/w) for 2 hours at room temperature. The digestion buffer was then diluted 1:2 with 50 mM ABC (final concentration
2M urea) and 1 pg of trypsin (1:100 w/w) was added for overnight digestion at room temperature. Digestion was stopped by adding
2% acetonitrile (ACN), 0.3% trifluoroacetic acid (TFA) and the samples were cleared by centrifugation for 5 minutes at maximum
speed. Peptides were purified by loading the supernatant into C18 StageTips,’® and eluted with 80% ACN, 0.5% acetic acid. Finally,
the elution buffer was removed by vacuum centrifugation and purified peptides were resolved in 2% ACN, 0.5% acetic acid, 0.1%
TFA for single-shot LC-MS/MS measurements.

For LC-MS/MS analysis 1 pg of peptides per sample were separated on an EASY-nLC 1200 HPLC system coupled online via a
nanoelectrospray source to a Q Exactive HF mass spectrometer. Peptides were loaded in buffer A (0.1% formic acid buffer) into
a 75 pm inner diameter, 50 cm length column in-house packed with ReproSil-Pur C18-AQ 1.9 um resin (Dr. Maisch HPLC GmbH),
and eluted over a 150-min linear gradient of 5 to 30% buffer B (80% ACN, 0.1% formic acid) at a 250 nl/min flow rate. The Q Exactive
HF was operated in a data-dependent mode with the Xcalibur software, with a survey scan range of 300-1,650 m/z, resolution of
60,000 at 200 m/z, maximum injection time of 20 ms and AGC target of 3e6.

The top 10 most abundant ions with charge 2-5 were isolated with a 1.8 m/z isolation window and fragmented by higher-energy
collisional dissociation (HCD) at a normalized collision energy of 27. MS/MS spectra were acquired with a resolution of 15,000 at 200
m/z, maximum injection time of 55 ms and AGC target of 1e5. Dynamic exclusion was set to 30 s to avoid repeated sequencing.

For LC-MS/MS data analysis, MS raw files were processed using the MaxQuant software v.1.6.7.0.”° The integrated Andromeda
search engine®® was employed to search spectra against the Human (June 2019), Bf (strain DSM 2151, February 2023), and Fn (strain
DSM 15643, February 2023) UniProt databases and a common contaminants database (247 entries), to identify peptides and pro-
teins with a false discovery rate of < 1%. Enzyme specificity was set as “Trypsin/P” with a maximum of 2 missed cleavages and a
minimum length of 7 amino acids. N-terminal protein acetylation and methionine oxidation were set as variable modifications, and
cysteine carbamidomethylation as a fixed modification. Match between runs was used to transfer identifications across samples
based on mass and normalized retention times, with a matching time window of 0.7 min and an alignment time window of 20 min.

Label-free protein quantification (LFQ) was performed with the MaxLFQ algorithm®' with a minimum required peptide ratio count of
1. Data analysis was performed using the Perseus software v.1.6.2.3.%° Data were filtered by removing proteins only identified by site,
reverse hits, and potential contaminants and only human proteins were kept for subsequent analysis. After log2 transformation of
LFQ intensities, four biological replicates from both the same and different donors were grouped and a filter for a minimum of
70% valid values in at least one group was applied.

For statistical analysis, missing data points were replaced by imputation from a normal distribution with 0.3 width and 1.8 down-
shift, and an ANOVA multiple-sample test (0.05 permutation-based FDR, 250 randomizations) was used to identify significant protein
intensity changes across the experimental groups. Differentially expressed proteins were visualized by Z-scoring with the R package
ComplexHeatmap v2.14%° and are listed in Table S6. Hierarchical clustering (complete) of ANOVA-significant protein intensities and
samples was also performed.

Transmission Electron Microscopy

Cells pellets were fixed with 2,5% glutaraldehyde in 0,1M cacodylate buffer (pH 7.4) for 1 hour at room temperature. After several
washes in cacodylate buffer, samples were post-fixed in reduced osmium solution (1% OsO4, 1,% potassium ferrocyanide in
0,1M cacodylate buffer, pH 7.4) for 2 hours on ice. Following multiple washes in Milli-Q water, sections were incubated in 0,5%uranyl
acetate overnight at 4°C. Samples were then dehydrated with increasing concentration of ethanol, rinsed in propylene oxide an
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infiltrated overnight at room temperature in a mixture of propylene oxide/epoxy resin (Epoxy Embedding Medium kit). There were
embedded in pure resin and baked at 60°C for 48hours. Ultrathin sections were cut using an ultramicrotome (UC7, Leica microsys-
tem, Vienna, Austria), collected on copper grids stained with uranyl acetate and Sato’s lead solutions. Sections were examined on a
Transmission Electron Microscope Talos L120C (FEI, Thermo Fisher Scientific) operating at 120kV and images were acquired using
Velox software.

Correlative Light Electron Microscopy (CLEM) on FFPE tissue sections

After confocal imaging the glass slide were soaked in PBS and the glass coverslips were carefully removed. Sections were fixed with
2,5% glutaraldehyde in 0,1M cacodylate buffer for 1h at RT. After several rinses in 0,1M cacodylate buffer, samples were postfixed
using the ROTO technique consisting in treatments for 90 minutes on ice in reduced osmium solution (1% Os0O4, 1,5% potassium
ferrocyanide in 0,1M cacodylate buffer pH 7.4), 20 minutes at RT in thiocarbohydrazide (1% in water) and for 30 minutes at RT in
osmium tetroxide (2% in water). After several washes in milliQ water sample were en-bloc stained overnight at 4°C in 0,5% uranyl
acetate. Samples were then dehydrated with increasing concentration of ethanol embedded in epoxy resin and polymerized over-
night at 45C° and 24 hours at 60C°. Resin blocks were detached from glass slides using liquid nitrogen. Thin sections (70-90 nm) were
collected using an ultramicrotome (UC7, Leica microsystem, Vienna, Austria) and deposited on copper carbon-coated slot grids.
Grids were contrasted with uranyl acetate and Sato’s lead solution and imaged using a TALOS L120C transmission electron micro-
scope. Confocal images were imported in MAPS software and DAPI staining were used as a reference in order to relocate the same
region in ultrathin sections. Large view fields were acquired by tile image acquisition and stitched using MAPS software.

Confocal and EM images were then aligned using the ec-CLEM plugin in Icy software.

Cytotoxic activity of culture supernatants

LS180 cells were seeded in triplicate in 24-well plates at a density of 3.5x10° cells/well in 1mlI RPMI 1640 medium. On the following
day, culture medium was removed, and cells were treated with 0.25 ml of fresh medium (control), or culture supernatant derived from
bacteria-stimulated PBNs cocultures. Following a 24-hour treatment period, cells were harvested and stained with Live/Dead, and
sequentially incubated with Annexin V, according to the manufacturer’s protocol. Percentages of dead CRC cells was determined by
flow cytometry and calculated as the sum of the proportions of Annexin V* and Annexin V*Live/Dead* cells. Statistical significance of
differential cell death rates was assessed by Friedman test.

Siglec-5/14 Genotyping
Genotyping of Siglec-5 and-14, was performed as previously reported.””

SIGLEC-5 and SIGLEC-14 and were amplified by using specific primer pairs, i.e. 5FW + 5RW and 14FW + 14RW, respectively (see
key resources table). SIGLEC-5/14 fusion gene was amplified by using 14FW + 5RW pair. Each reaction tube contained the following
(in 20 pl): genomic DNA, 100 ng; primers, 0.3 pM each; dNTP, 0.2 mM each; Expand High Fidelity enzyme (Roche Diagnostics, Basel,
Switzerland), 0.49 U; in 1 A~ PCR plus MgClI2 buffer (Roche). Thermal cycling parameters were as follows: 94°C, 2 min; (94°C, 15's;
56°C, 30 s; 72°C, 1.5 min) A~ 10 cycles; (94°C, 15 s; 56°C, 30 s; 72°C, 1.5 min + 5 s/cycle) A~ 20 cycles; 72°C, 7 min.

LPS purification

LPS from F. nucleatum was purified using the hot aqueous-phenol method as described.® Briefly, bacteria were harvested froma 1L
culture at ODgog 1.8, pelleted by centrifugation at 10,000 x g for 10 min, washed with 40 mL of ice-cold water and pelleted again. Cell
pellets were resuspended in 20 mL of 2% SDS, 10% glycerol, 2% p-ME in 50 mM Tris-HCI, pH 6.8, boiled at 95°C for 30 min and froze
down. Samples were then incubated twice with DNase | and RNase A at a final concentration of 50 pg/mL, 37°C for 30 min, followed
by a subsequent proteinase K treatment at a final concentration of 50 pg/mL at 55°C overnight. Equal volumes of phenol were added
to the samples, thoroughly mixed and incubated for 15 min at 65°C. For the extraction, after the addition of diethyl ether (150 ml) to the
samples, vortexing for 30 s and centrifuged at 13,000 x g for 20 min. The upper phase was discarded, and phenol extraction was
repeated. For precipitation, samples were supplemented with 0.5 M sodium acetate, along with 10-times the volume of 95% ethanol
and stored overnight at -20°C. Samples were centrifuged at 3,000 x g at 4°C for 10 min, and the pellet was resuspended in 20 mL
deionized water and dialyzed using the Pur-A-Lyzer Mega 3500 Dialysis Kit and lyophilized. Phenol extractions and dialysis were
repeated, and final products were stored at -20°C.

ELISA analysis of bacterial LPS

Bacterial LPS was resuspended in methanol and ELISA plates were coated by evaporating the methanol.®® The wells were washed
with HBSS and blocked with 0.5% BSA in HBSS for 1 h at RT. Human-Siglec-5 and Siglec-14-Fc chimera at concentration of 1ug/mL
were pre-complexed with goat-anti-human IgG Ab conjugated with alkaline phosphatase at 1:100 for 1 h at RT. Pre-complexed
chimeras were then incubated with LPS for 2 h at RT. The wells were washed with 0.5% BSA in HBSS followed by three washes
with HBSS. After a final wash, the p-nitrophenyl phosphate substrate was added and allowed to develop for 1-5 min at RT, and absor-
bance was measured at 405 nm.
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PEl-mediated transfection and lentiviral infection

The HEK293T cells were transfected with a vector for each overexpression plasmid, packaging, and envelope vector using the
PolyEthylenimine (PEI) method. The HEK293T cells were seeded in a 100mm culture dish (4x10%cells/plate) and incubated overnight
at 37 C in a 5% CO2-humidified atmosphere. After 24 h, the vector plasmid (3 pg), packaging plasmid (pCMV-dR8.2; 2.7 pg), and
envelope plasmid (pVSV-G; 0.7 pg) were mixed in Opti-MEM | Reduced Serum Medium (300 pL/10 cm culture dish; Cat
31985070, Gibco) and with 1.25 mM PEI (Sigma-Aldrich 919012) solution (ratio pL PEI: pg DNA 4:1). The DNA/PEI mixture were incu-
bated for 15 min at room temperature and added to the HEK 293T cell supernatant. After 48 h of transfection, the viral supernatants
were collected and filtered through a 0.45um filter. The THP1 cell line is then incubated with the viral supernatant and 8 pg/ml Poly-
brene (for 72h and then selected with 5 pg/mL puromycin for one week.

Plasmids

The pLenti-C-mGFP-P2A-Puro, Lenti vector with C-terminal mGFP tag and P2A-Puro the Lenti ORF clone of Human sialic acid bind-
ing Ig-like lectin 5 (SIGLEC5), mGFP tagged, and the Lenti ORF clone of Human sialic acid binding Ig-like lectin 14 (SIGLEC14), mGFP
tagged were purchased from Origene.

Immunofluorescence microscopy
PBNs, isolated as described above, were seeded at 0.510° cell/well into 24 wells with poly-L-lysine coated glass circle slides (12mm
diameter) and rested at 37°C, in 5% CO2, for 30 minutes. Fn or Bf ware then added (bacteria: neutrophil ratio 50:1), and slides were
incubated at 37°C, in 5% CO2, for 5, 30, and 90 minutes. To visualize bacteria attachment to cell surface, in specific experiments
slides were kept on ice, thus preventing bacteria internalization. DID-fluorescence was used to visualize bacteria internalization
into PMN. Following PBS washes, cells were fixed with 1% PFA diluted in PBS for 10 minutes at room temperature. Cells were per-
meabilized with 0.3% Triton X-100 in PBS for 15 minutes and blocked with PBS 2% FBS. Nuclei were stained with Hoescht 33342
(1 pg/mL) and coverslips were mounted over slides in Fluoromount-G™ mounting medium. Images were captured using a confocal
laser-scanning fluorescence microscope Leica SP5 (Molecular Probes, Leica Microsystem, Manheim, Germany). For qualitative and
quantitative analyses, the Imaged software with the Fiji plugin was used (Rasband, W-S, Imaged, U.S. National Institute of Health,
Bethesda, Maryland, USA). A Leica TCS SP5 microscope (Leica Microsystems) with a Leica HCX PL APO lambda blue
63.0 x 1.40 OIL UV objective was used to acquire confocal images. The acquisition software Leica LAS X was used. Image process-
ing was performed with Fiji/lmageJ and Imaris software 460 (Oxford Instruments, v9.9.1).

For Siglec-5/14-Fn colocalization, three-dimensional images were acquired using an HCX PL APO Lambda Blue x63.0 1.40 nu-
merical aperture oil-immersion objective. Three-dimensional cell surface reconstruction was performed using Imaris software.

Live imaging

A chambered coverslip (u-Slide 8 Well High Glass Bottom, Ibidi),were coated with 0.01% (m/v) poly-L-lysine solution upon incubation
in dH20 at room temperature for 30 minutes. PBNSs, isolated as described above were seeded at 0.5x106 cells/well and incubated at
37°C in 5% CO2. After a 30 minute-incubation at 37°C in 5% CO2, PBNs were washed with RPMI without Phenol Red and stained
with Hoescht 33342 (1 pg/mL) Sytox Green (1pg/ml) in complete RPMI without Phenol Red for 10 min at 37°C with 5% CO2. Cells
were treated with Fn or Bf (bacteria: neutrophil ratio 50:1), or PMA (100nM), and incubated at 37°C, in 5% CO2, for 6 hours.
Time-lapse video microscopy was conducted every 5 minutes for 3 hours using an ImageXpress® (Molecular Devices) high
throughput microscope, equipped with an incubation system, at 20x magnification.

RNAscope
RNAscope staining was performed on 4-um sections of formalin-fixed paraffin-embedded (FFPE) CRC tissues using RNAscope
Multiplex Fluorescent Reagent Kit v2 Assay, according to the manufacturer’s protocol with minor adaptations.

Deparaffinization was achieved upon sequential incubation in OTTIX Plus (Diapath, X0076; 2x 5 minutes) and in OTTIX Shaper (Di-
apath, X0096; 1x 5 minutes). Afterwards, sections were incubated in RNAscope Hydrogen Peroxide for 10 min at RT, then in RNA-
scope Target retrieval reagent for 45 minutes and finally in RNAscope Protease Plus for 30 min at 40 °C.

To permeabilize bacteria Gram+ envelopes, samples were then treated with lysozyme 10 mg/ml for 90 min at 40°C, prior to incu-
bation with a mix of probes specific for Fn (RNAscope™ Probe- B-Fusobacterium-23S-3zz-C3), or pan-16SrRNA (RNAscope™
Probe- EB-16S-rRNA-C2), for 2h at 40°C. Signal amplification and development were carried out using RNAscope Multiplex Fluo-
rescent Reagent Kit v2 Assay, according to the instruction manual. As fluorophores, TSA Vivid 570 (1:1500) for pan-16SrRNA-spe-
cific, and TSA Vivid 650 (1:1000) for Fn-specific probe were used.

Images were captured using a confocal laser-scanning fluorescence microscope Leica SP5 (Molecular Probes, Leica Microsys-
tem, Mannheim, Germany). For qualitative analyses, the ImagedJ software with the Fiji plugin was used (Rasband, W-S, ImageJ, U.S.
National Institute of Health, Bethesda, Maryland, USA). A Leica TCS SP5 microscope (Leica Microsystems) was used to acquire
confocal images at 40x magnification.

Immunohistochemistry
Four-pm-sections of FFPE CRC tissues were deparaffinized upon sequential incubation in OTTIX (2x 5 minutes) and in OTTIX Shaper
(Diapath, X0096; 1x 5 minutes). Antigen retrieval was performed upon incubation in a pH 6 solution at 98°C for 20 minutes.
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Subsequently, samples were incubated in 3% H,O, for 10 minutes, to block endogenous peroxidases, and in Protein-Block solution
to prevent non-specific binding. Sections were then stained for anti-Cleaved Caspase 3 antibodies (1:2000) and CD66b (1:100) an-
tibodies developed with DAP Peroxidase (HRP) substrate. Slides were acquired with an Aperio AT2 Slide scanner using Imagescope
software (Leica Biosystems). Antibody used in this study are listed in key resources table.

Rhapsody
Six samples were processed in this experiment using the BD Rhapsody™ single-cell RNA-seq workflow. The number of cells recov-
ered per sample was from approximately 2x1 0°. Reverse transcription was performed on mRNA captured by BD Rhapsody™ Cell
Capture Beads using the BD Rhapsody™ cDNA Kit, following the manufacturer’s instructions. This step generated bead-bound
cDNA via oligo(dT)-primed reverse transcription. Whole transcriptome amplification (WTA) was then carried out using the BD
Rhapsody™ WTA Amplification Kit, which amplifies 3’ end transcript fragments through targeted PCR to produce whole-transcrip-
tome libraries. Purification steps were conducted using SPRIselect magnetic beads according to the recommended ratios for
each step of the protocol. Final libraries were quantified using the Qubit™ dsDNA High Sensitivity Assay Kit (Thermo Fisher Scientific),
and size distribution was assessed on an Agilent 2100 Bioanalyzer using the High Sensitivity DNA kit (Agilent Technologies). The re-
sulting libraries were sequenced on an lllumina NextSeq 2000 system using 100-cycle kits, with read configuration 51-8-8-71
(Read1-i7-i5-Read?2).

Samples were distributed across two separate runs on P4 flow cells to ensure sufficient sequencing depth. Final libraries were
stored at —20 °C prior to pooling and sequencing.

BD Rhapsody™ Whole Transcriptome Analysis (WTA)

Raw FASTQ data were processed using the BD Rhapsody™ Sequence Analysis Pipeline (v2.2.1), with the pre-built RhapRef_Hu-
man_WTA_2025-03 reference. All parameters were left at their default settings. Single cell RNA-seq data analysis was conducted
with the R package Seurat (v5.3), and with R version 4.4.3. For each sample, ambient RNA contamination was corrected using SoupX
(v1.6.2) after initial clustering with SCTransform, PCA, UMAP, and graph-based clustering. Cells with fewer than 200 detected genes
or more than 10% mitochondrial transcript content were excluded. Doublets were identified and removed with DoubletFinder (v2.0.6)
by estimating expected doublet rates from BD Rhapsody specifications and correcting for homotypic doublets. After quality control,
single-cell objects from individual donors were merged into a single Seurat object, with metadata annotations for donor genotype
(wild-type or null) and treatment condition (neutrophils-Fn, neutrophils-Bf, or normal neutrophils), and resulted in a total of 157248
cells. Data were normalized, highly variable genes identified, scaled, and reduced by PCA. Clustering was performed using the Lei-
den algorithm (resolution = 0.05), and UMAP was used for visualization. Differential expression analysis was performed with Seurat’s
Wilcoxon test, considering genes with adjusted p < 0.05 and |log2FC| > 0.25 as significant. Functional enrichment analysis was
conducted with the R package clusterProfiler (v4.6.2) using GO biological process and KEGG pathways.

TMA construction

The TMA used in this work was constructed by using >500 non-consecutive, formalin-fixed and paraffin-embedded primary CRC
samples, from the tissue biobank of the Institute of Pathology of the University Hospital Basel (Switzerland), as previously
described.®'%'% A semi-automated tissue arrayer was used to transfer 0.6 mm diameter punches from tissue blocks onto glass
slides. Punches were derived from tumor centers and consisted of at least 50% tumor cells. Clinical-pathological data of patients
included in the TMA are summarized in Table S7. Use of clinical information was approved by local ethical authorities.

Fn detection in CRC TMA by FISH

FISH assay was performed as previously reported.*® Five-uym TMA sections were fixed with 4% PFA for 20 min on ice followed by a
washing step in PBS. Slides were then dipped into ice-cold methanol prior to hybridization with a Fn-targeted probe (ATTO488-
labeled, 5’-CTA ATG GGA CGC AAA GCT CTC-3’) in hybridization buffer (20mM Tris-HCL; 0.9% NaCl; 0.1% SDS) at 48°C for
16h. Subsequently, slides were washed twice in hybridization wash buffer (20mM Tris-HCL; 0.9% NaCl; pH 7.2) for 30 min at
48°C, dipped in PBS, mounted with ProLong Gold Antifade Mountant with DAPI and evaluated with a fluorescence microscopy
(Bx43 Olympus). Images were analyzed using CellSense software (Olympus) and Imaged (FiJi).

Survival analyses in TMA

CD66b staining was performed as previously described.'® Patients were stratified as CD66b™" versus CD66b'°" using an optimal
cut-off value of 8 cells per punch. Stratification as Fn-high versus Fn-absent/low was based on numbers of Fn-positive spots
detected per punch. Tumor were considered Fn-high when >=30 spots per punch and/or presence of large aggregates were
detected. After dichotomization, Kaplan-Meier curves were plotted, and compared by log-rank test. Cox proportional hazards
regression models from the R package ‘survival’ (v3.8-3) were fitted to account for MSI status, patient age, and tumor grade. Forest
plots were generated using the ‘survminer’ (v0.4.9) package to display covariate-adjusted p-values and HRs.

Survival Analysis in TCGA
Expression data of CXCL1, CXCL2, CXCL5, CXCL8, and CEACAMS8 genes from COAD and READ TCGA cohorts, were retrieved from
the Human Protein Atlas.®® Survival data for TCGA samples were retrieved from Liu et al..®”
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For each gene, patients were dichotomized in “high” and “low” expression groups based on the optimal FPKM expression cut-off,
i.e. the FPKM value of each gene that yields maximal difference with regard to survival between the two groups at the lowest log-rank
P-value (CXCL1: cut-off=35.05; CXCL2: cut-off=7.41; CXCL5: cut-off=0.72; CXCLS8: cut-off=17.39; CEACAMS: cut-off= 0.036).
Overall survival was defined as the time from diagnosis to death from any cause or to the date of last follow-up, with patients alive
at last follow-up censored.

Relative Fn abundance was evaluated from The Cancer Microbiome Atlas (TCMA)®® website (https://tcma.pratt.duke.edu/) by
downloading data from the COAD and READ cohorts and selecting genus as the taxonomic level. This filtering yielded 170 samples
which were then stratified into Fn-high versus Fn-absent/low based on median relative abundance.

Overall survival analysis was performed using Kaplan-Meier estimates and log-rank testing to compare the following groups: Fn-
high versus Fn-absent/low, and Fn-high/CEACAMS8-high or Fn-absent/low/CEACAMS8-high versus CEACAMS8-low. Hazard ratios
(HRs) and corresponding 95% confidence intervals (Cls) were estimated using Cox proportional hazards regression models.

Normalized mRNA expression values (RNA Seq V2) of SIGLEC14 and SIGLECS5 in the COAD-READ TCGA cohort (TCGA, Firehose
Legacy, n=382), were retrieved from cBioPortal.?® Patients were stratified in two groups: SIGLEC14-NE, characterized by absent
SIGLEC14 expression (=0; n=31), and SIGLEC14-E, characterized by detectable SIGLEC14 expression (>0; n=351). Overall survival
in the two patient groups was compared using Kaplan-Meier estimates and log-rank testing. SIGLEC5 and CEACAMS8 expression
levels in SIGLEC14-NE and SIGLEC14-E groups were comparatively evaluated using a two-sided Wilcoxon rank-sum test.

Survival analyses were performed using the R package survminer v0.4.9.

QUANTIFICATION STATISTICAL ANALYSIS

Statistical analyses were performed in R with RStudio, or in GraphPad Prism (GraphPad Prism 9.0 software). Microscopy images
were analyzed with Fiji/lmaged and Imaris for qualitative and quantitative assessments, including 3D reconstructions and colocali-
zation. Immunohistochemistry and FISH were quantified using ImageScope, CellSense, and Fiji. Tumors were stratified as CD66b
high/low or Fn high/low based on predefined cut-offs. Survival analyses (Kaplan-Meier and log-rank test) were performed using
the R package survminer (v0.4.9). Statistical analyses of quantitative experimental models were performed using the Mann-
Whitney test for group comparisons, one-way or two-way ANOVA for multiple comparisons, as appropriate. In vitro experiments
were carried out with at least three independent biological experiments or as indicated by N in the figure legends. Data are repre-
sented as mean + SD with the level of significance defined as p < 0.05, unless otherwise specified. Figure asterisks correlate to
p-value: * p < 0.05, ™ p <0.01, ™ p < 0.001, ™ = p 0.0001, ns=not significant; unless otherwise specified.
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