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Neutrophil (PMN) tissue accumulation is an established feature of ulcerative colitis (UC) lesions and colorectal cancer (CRC).
To assess the PMN phenotypic and functional diversification during the transition from inflammatory ulceration to CRC we
analyzed the transcriptomic landscape of blood and tissue PMNs. Transcriptional programs effectively separated PMNs based
on their proximity to peripheral blood, inflamed colon, and tumors. In silico pathway overrepresentation analysis, protein-
network mapping, gene signature identification, and gene-ontology scoring revealed unique enrichment of angiogenic and
vasculature development pathways in tumor-associated neutrophils (TANs). Functional studies utilizing ex vivo cultures,
colitis-induced murine CRC, and patient-derived xenograft models demonstrated a critical role for TANs in promoting tumor
vascularization. Spp1 (OPN) and Mmp14 (MT1-MMP) were identified by unbiased -omics and mechanistic studies to be highly
induced in TANSs, acting to critically regulate endothelial cell chemotaxis and branching. TCGA data set and clinical specimens
confirmed enrichment of SPP1and MMP14 in high-grade CRC but not in patients with UC. Pharmacological inhibition of TAN
trafficking or MMP14 activity effectively reduced tumor vascular density, leading to CRC regression. Our findings demonstrate
a niche-directed PMN functional specialization and identify TAN contributions to tumor vascularization, delineating what we

Introduction

Neutrophils (PMNs) robustly localize to active ulcerative colitis
(UQC) lesions and the colorectal cancer (CRC) microenvironment.
Colitis-associated CRC, in particular, features en masse intratu-
moral PMN accumulation (1-6). However, across most CRC, PMN
burden has been correlated with advanced cancer stage and poor
clinical outcomes, including treatment failures and higher risk of
distant metastasis (1, 7-9).

The heterogenous nature of circulating and tissue-infiltrating
PMNs is now well recognized (10-13), reflecting malleable transcrip-
tional programs of PMNs in inflammation and cancer. The PMN
epigenetic landscape also appears not to be silent, as distinct sets of
PMN-specific transcriptional factors associated with clusters of tran-
scriptionally active chromatins have been identified (14, 15). As such,
tissue PMNs can acquire diverse functional phenotypes, including
the reported protumorigenic versus antitumorigenic roles.
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believe to be a new therapeutic framework for CRC treatment focused on TAN angiogenic properties.

We and others have previously reported that PMNs can affect
epithelial and tumor cells functions (1, 2). As such, colitis- and
CRC-associated PMNSs, respectively, promoted tissue damage
and antitumorigenic responses during ulceration and early stag-
es of CRC. However, genomic instability caused by persistent
PMN presence facilitated tumor adaptation through upregulation
of error-prone DNA repair, promoting cancer cell resistance to
genotoxic stressors and anticancer therapeutics (1). Surprising-
ly, although the idea of tissue-specific immune cell polarization
resulting in functional diversification is well accepted (16-18), the
affect of the CRC niche on tumor associated neutrophils (TANs)
remains less explored.

In the current work, we examined how spatial PMN localiza-
tion to peripheral blood, colitis tissue, and early versus advanced
stage cancer niches affected PMN specification, and how this con-
tributed to tumor progression. We identified distinct compartmen-
talized activation of PMN transcriptomes favoring proangiogenic
response in TANs, which, in turn, contributes to vascularization
of CRC tumors. An induction of angiogenic programs in PMNs/
TANSs and their localization to regions of active angiogenesis has
been previously seen in transplanted and carcinogenic pancreat-
ic islets (19, 20), melanomas (21), and liver cancer (22). However,
most PMN/TAN angiogenic functionalities in these studies were
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associated with 2 well recognized proangiogenic factors, VEGF
and MMP-9. In our study, pathway analysis, targeted screening
of differentially expressed genes (DEGs), and functional valida-
tion identified the strongest induction of 2 additional angiogen-
ic factors, Sppl (Osteopontin/OPN) and Mmpl4 (MT1-MMP), in
advanced CRC TANSs. Targeting TANs by antibody-mediated
depletion, pharmacological inhibition of trafficking, or specific
suppression of MMP14 by an allosteric inhibitor potently disrupt-
ed tumor vascularization by suppressing new vessel outgrowth,
branch architecture, and depth penetration. Such approaches
curbed CRC development, identifying promising TAN-centered
treatment modalities as an alternative to and/or in additional to
traditional antiangiogenic drugs.

Results

Tissue compartmentalization of PMN immunophenotypes during
the transition from colitis to CRC. Given the emerging PMN
heterogeneity in inflammation and cancer (10-12, 23), we
employed Azoxymethane/Dextran sodium sulfate (AOM/DSS)
carcinogen and colitis-driven colon cancer model to spatiotem-
porally assess the PMN heterogeneity in acutely inflamed colon,
low-grade, well-differentiated CRC tumors and advanced
high-grade tumors with poorly differentiated histology (24, 25)
(Figure 1A and Supplemental Figure 1A; supplemental materi-
al available online with this article; https://doi.org/10.1172/
JCI1174545DS1). This model featured robust and progressively
increasing PMN presence during all transitional stages (Fig-
ure 1, B and C), culminating in intratumoral, peritumoral, and
stromal region TAN accumulation in early and advanced CRC,
determined via whole-mount immunofluorescence confocal
microscopy imaging on myeloid reporter mice Lyz2E¢™* (Figure
1D and Supplemental Figure 1, B and C). Consistently, elevated
PMN mobilization to spleen, peripheral blood, and colon tis-
sues or tumors was confirmed by flow cytometry in colitic and
tumor-bearing mice (gating on Ly6G*/CD11b*/Lyz25¢"* PMNs,
Figure 1E). The number of Ly6C"/Lyz2"°/Ly6G™¢ monocytes
in the peripheral blood of tumor-bearing mice and CD64*/
Lyz2int/Ly6G™ macrophages in CRC tumors remained mostly
unchanged (Supplemental Figure 1, D-F).

Phenotypic PMN profiling using established maturity mark-
ers revealed the transition from CD101"/CXCR2* mature PMNs
in spleen, peripheral blood, and tumor-adjacent tissues to previ-
ously reported protumorigenic CD101°/CXCR2™¢ TANs (Sup-
plemental Figure 1, H and I). Of note, the Ly6G"/CD11b"/Lyz2"
TAN phenotype was distinct from Ly6G'°/CD11b/Lyz2" cells
previously referred to as granulocyte myeloid-derived suppressor
cells (PMN-MDSCs) (14), which was expanded to a lesser degree
in advanced tumors (25%-50% of TANs compared with approxi-
mately 10% PMN-MDSCs, Figure 1E and Supplemental Figure 1G).

Tissue-specific localization drives distinct PMN transcriptional
profiles during CRC progression. Given emerging PMN and TAN
phenotypic plasticity, we assessed changes in their transcrip-
tional programs during CRC progression using total-input RNA-
Seq profiling of FACS-sorted healthy, colitic and early/advanced
CRC-bearing peripheral blood and tissue cells (gating on CD64"&/
EpCAM™e/Ly6Gh/int/Lyz2h/Grl* PMNs/TANs, Supplemental
Figure 2A). PMN purity following sorting was confirmed at great-
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er-than 96% by immunofluorescence and following sequencing at
transcript level based on established immune gene sets (Supple-
mental Figure 2, B-D).

A 3D principal component analysis (PCA) separated PMN
transcriptomes into 3 distinct groups based on their localization to
blood, inflamed colon, and tumors (Figure 1F). Greatest distances
in DEG variance were seen in colitis PMNs and TANs relative to
peripheral blood PMNs. Meanwhile, peripheral blood PMNs from
healthy, colitis, or tumor-bearing mice clustered together with rel-
atively minimal separation within the PCA matrix and correlation
dendrograms (Figure 1F and Supplemental Figure 2E). This indi-
cates rapid PMN adaptation upon entering diseased tissue.

Unsupervised hierarchical clustering of the top 50 DEGs clear-
ly separated PMN gene signatures based on spatial localization.
Five gene modules were identified, including a common gene set
separating (a) all peripheral blood (module 4 in Figure 2A) from (b)
colitic and tumor tissue (module 1) PMNs/TANS; (c) a distinct coli-
tis signature common to both inflamed blood and tissue condition
(module 2); (d) a distinct CRC blood PMN signature (module 3),
and (e) a healthy blood PMN signature (module 5) (Figure 2A and
Supplemental Figure 2G). Distribution quantification of DEG FCin
each module revealed a transcriptional switch as circulating PMNs
transitioned to tissue PMNs and TANs as evidenced through down-
regulated peripheral blood signature in module 4, and enrichment
of colitic and CRC in modules 2 and 3 (Figure 2B). Consistently,
row-scaled expression analyses with K-means clustering revealed
previously established TAN-associated gelatinase/tertiary gran-
ule genes (Mmps12/13, Adam8) to be enriched in advanced CRC
tumors compared with secondary granule genes (Ltf, Mmps8/25,
Adams10/15) associated with blood PMNs (10, 14) (Supplemental
Figure 3A). Using this approach, TANs were clearly distinguished
from blood and colon tissue PMNs based on their expression of the
established TAN markers Cd14, Cd9, Kif6, and Runx1 (Supplemen-
tal Figure 3C). Circulating PMNs in advanced CRC-bearing mice
displayed gene signature previously associated with PMN-MDSCs
(14) (Ltf, Npg, Camp, and Lcn2), whereas matched TANs displayed
more proteolytic (Adam8, Ctsb, and Mmpl2) and secretory gene
signatures (Ccl4, Cxcl1, and Il1b, Supplemental Figure 3, A and B).
Further DEG mapping for PMN/TAN transcription factors (TFs)
(10, 14, 15) identified unique signatures representing TAN (Irf5,
RelB, and Nfkb1/2), colitic PMN (Irf6), and blood PMN (Cebpd and
Cebpe) TFs, as well as distinct surface markers, including CSF3R
and CD44 (Supplemental Figure 3, C-E).

CRC niche drives proangiogenic transcriptional programming in
TANs. Next, the differential functions of blood PMNs and CRC
TANs were inferred using gene ontology (GO) network analyses.
Central gene nodes of blood PMNs from CRC-bearing mice were
overrepresented by degranulation, inflammation, and metabolic
pathways (Figure 3A and Supplemental Figure 4A). In contrast,
inflammation GO gene nodes were reduced in TANs and were
superseded by nodes governing tissue transformation and pro-
liferation (Figure 3B and Supplemental Figure 4B). Intriguingly,
GO terms of both blood PMNs and TANs were overrepresented
by pathways regulating blood vessel morphogenesis and vascula-
ture development. However, TANs were exclusively enriched in
angiogenesis GO annotation GO:0001525 (Figure 3B), suggesting
potential angiogenic specialization.
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Figure 1. Tissue compartmentalization of PMN immunophenotypes during colitis-to-CRC transition. (A) Endoscopic (left) and histological images (right)
of healthy, ulcerated and CRC-bearing colons induced by AOM/DSS treatment. Acute colitis 1 DSS cycle, early and advanced CRC with 3 and 5 DSS cycles,
respectively. Images representative of n = 4 independent experiments. Scale bars: 1 mm for endoscopy and 100 um for H&E. (B) IHC staining and (C) quanti-
fication of STO0A9 PMNs in healthy, inflamed colitis and AOM/DSS induced tumors (n = 3-4 mice per condition, with approximately 50 fields of view [FOVs]
per condition). Insets are higher magnification images showing PMN accumulation in tumors. Scale bar: 50 um. (D) Whole-mount confocal imaging of AOM/
DSS-induced CRC tumors in Lyz25¢*® reporter mice. ECs were visualized by PECAM-1and tumor cells by EpCAM staining. The inset shows magnified image of
area highlighted by dotted line, depicting PMN interacting with blood vessels within the tumor niche. Scale bar: 50 pm. Images representative of n = 4 inde-
pendent experiments. (E) Flow cytometric analyses of Ly6G*/CD11b*/Lyz25F" PMN numbers across tissue compartments during CRC development. n = 5-8 for
healthy and colitis and n = 8-12 for CRC. Data are shown as mean + SEM. **P < 0.01, ***P < 0.001, significance between diseased conditions; **P < 0.01, signif-
icance between cancer and adjacent tissue(1-way ANOVA with Tukey’s multiple comparison test). (F) 3D PCA matrix of RNA-Seq profiles of 7 spatiotemporal
conditions. 3 separate PMN clusters (dotted circles) were identified, representing peripheral blood, inflamed colon, and CRC niches.
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Figure 2. Distinct transcriptomic signatures define PMN/TAN tissue localization. (A) Unsupervised hierarchical clustering of the top 50 DEGs with
Benjamini-Hochberg's correction (FDR < 0.05). Row-scaled heatmap representation. (B) Violin plots showing expression of DEGs in each module. Middle
lines indicate median values (white) with 25th to 75th quartiles (black). *P < 0.05, **P < 0.01, ***P < 0.001, significance between diseased conditions; #P <

0.05, decreased compared with healthy blood, 2-sided Mann-Whitney U test.

Consistently, the number of DEGs associated with the angio-
genesis term GO:0001525 was higher in TANs than in blood
PMNSs (47-52 versus 33-35 genes) or colitic blood and tissue (22
and 31 genes, respectively, Figure 3C). Ancestor chart scoring for
vasculature development and angiogenesis revealed enrichment
of terms involved in endothelial cell (EC) chemotaxis, morpho-
genesis of branching structures, and to a lesser extent, EC pro-
liferation in TANs (Figure 3D and Supplemental Figure 4C). In

contrast, blood PMNs in healthy, colitic, and CRC-bearing mice
showed minimal representation of vessel-regulating functions
(Figure 3D). The TAN proangiogenic profile in advanced CRC was
further corroborated by Gene Set Enrichment Analyses (GSEA)
of the established ‘50 Hallmarks’ gene set (26), revealing positive
enrichment for hypoxia, TGF-p signaling, and Angiogenesis (Figure
3E). Together, these data suggest that TANs acquire a proangio-
genic transcriptomic state and potential vascular functionalities.
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Figure 3. CRC niche drives proangiogenic transcriptional programming
in TANs. (A) GO network analyses of enriched biological processes in
peripheral blood PMNs and (B) TANs in advanced CRC. Node size reflects
significance of the enrichment test where the edges reflect overlap of

GO terms involved in connected biological processes. (C) Analysis of
G0:0001525 (Angiogenesis). Dotted outlines show enriched DEGs in TANs
(magenta) and blood PMNs (blue). (D) GO terms enriched for the indicated
PMN conditions. Significance of enrichment (FDR < 0.05) was indicated

in magenta. The size of each dot shows the percentage of DEGs enriched
in each of the specified GO terms. Magenta arrows indicate GO terms
associated with vasculature development, angiogenesis, and endothelial
cell functions. (E) GSEA and overrepresented pathways in advanced CRC
TANs. Pathways were ranked based on normalized enrichment score (NES)
with adjusted FDR < 0.05 following Benjamini-Hochberg’s correction.
Inflammatory and angiogenesis-related pathways are highlighted in red
and magenta, respectively.

TANs promote CRC tumor vascularization. Given the observed
angiogenic transcriptional specialization, we next asked whether
TANS promote tumor vascularization. To address this, tumor ves-
sel density was quantified with and without TAN depletion. Deple-
tion protocol using increasing dosing of anti-Ly6G mAb (50-100
pg, daily ip.) followed by secondary crosslinking anti-rat anti-
body MAR18.5 (50 pg, every other day i.p.) has been previously
described (1) (27). Over 80% TAN depletion was achieved as quan-
tified (Supplemental Figure 5, A and B). TAN depletion (PMN®
tumors) but not isotype control treatment (PMN" tumors) led to
2-to-3-fold decrease of vessel density in tumors but not in adja-
cent stromal regions (Figure 4, A-C), confirming TAN contribu-
tion to tumor vascularization. The Cancer Genome Atlas (TCGA)
database mining of 592 colorectal adenocarcinoma patient cohort
(COAD, Pan-Cancer Atlas/cBioPortal) (28) consistently linked
high expression of EC PECAM-1 and PMN/TAN S100A8 with
poor prognosis and disease outcomes (Supplemental Figure 5C).
Further, expression of RNASeq-identified TAN surface markers
(CD86,CD14,CD74,and CD33), secondary granules (SIO0A8 and
S100A9), and TFs (SPI1 and RUNX]) significantly correlated with
3 major EC markers (PECAM-1, CDH5, and VWF; Supplemental
Figure 5, D and E).

We next hypothesize that TANs are required for the spatial
organization of tumor vasculature. Thus, ex vivo whole-mount
tumor confocal microscopy and 3D reconstruction of confocal
images following in situ fluorescence labeling of blood vessels (i.v.
administration of anti-PECAM-1 antibody), confirmed a robust
vascular disruption and decreased invasion depth of tumor ves-
sels (10-30 versus 70-90 um, respectively) in PMN" compared
with PMN! tumors (Figure 4, D and E). Frequent tricellular con-
tacts between TANs, tumor ECs, and cancer cells were detected in
PMN! but, expectedly, not in PMN" tumors (representative ROI
[left]land orthogonal view [right], Figure 4F). As such, TANs facil-
itate architectural remodeling and development of CRC tumor
vascular network.

Since tumor vasculature differs from healthy vessels by being
more tortuous and disordered (29, 30) (Supplemental Figure 5,
F-H), we evaluated the impact of TANs on tumor vascular archi-
tecture. Analyses by confocal microscopy of resected tumors
showed strong vessel-disrupting effects of TAN depletion in both
early and advanced CRC (Figure 5A). We next scored the vascular
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development parameters (31) as follows: (a) number of branch-
es, (b) branch points, (c) branch lengths, (d) vessel diameters, (e)
distance between adjacent branches, (f) branching angles as an
index of vessel tortuosity, (g) presence of blind-ending vessels
as an index of defective angiogenesis, and (h) avascularity as an
index of complete hypoxia (schematic, Figure 5B and Supplemen-
tal Figure 5F). Both early and advanced CRC tumor vessels dis-
played highly irregular and sharp-angled branches with variable
lengths compared with more homogeneously structured branches
in healthy colon mucosa (Supplemental Figure 5G). Vessel diame-
ters, branch numbers, and branchpoints were markedly reduced
in PMN" tumors, whereas interbranching distances and branching
angles were substantially elevated, indicating reduced complexity
of branching structures and tortuosity leading to vessel relaxation
(Figure 5, C-G). Branch lengths was reduced with TAN depletion
only in early tumors (Figure 5H). The number of blind-ending
vessels and avascular regions, frequently associated with tissue
hypoxia and necrotic cell death, were significantly increased in
PMN tumors (Figure 5, L and J).

Angiogenic TANs express high levels of MMPI14 and SPP1/
OPN. To identify specific molecular targets that can mitigate the
observed TAN impact on tumor vascular development, we per-
formed a pairwise comparison of transcriptional profiles of blood
PMNs and TANS. Volcano plot analyses comparing DEGs revealed
Mmpl4 (encoding MT1-MMP) and SppI (encoding Osteopontin/
OPN) as top candidate genes enriched in advanced CRC TANs
(Figure 6A). Of interest, both genes have been previously impli-
cated in angiogenesis and malignant transformation (32-35). Sev-
eral other angiogenic genes (F3, Serpinel, and Mmpl2) were simi-
larly upregulated in TANs (Supplemental Figure 4D), supporting
an angiogenic transcriptional state of TANs in advanced CRC.
Targeted DEG screening of the angiogenesis/vessel development
GO pathways identified additional genes encoding several prote-
ases, vascular growth factors (Figure 6B), and hypoxia-responsive
mediators (Supplemental Figure 4D) with well-documented pro-
angiogenic implications (36, 37).

Imaging and flow cytometry analyses (gating strategy shown
in Supplemental Figure 6, A-D) revealed overall MMP14 expres-
sion to be highly induced in TANs compared with circulating
PMNs, with MMP14" TAN subset detected in both early and
advanced tumors, as well as in tumor-adjacent regions (Figure
6C and Supplemental Figure 6, E-G). OPN expression was more
restricted to advanced CRC TANSs (Figure 6C and Supplemental
Figure 6, B and H). Peripheral circulating, tumor-adjacent PMNs
and TANs expressed similarly low levels of proangiogenic VEGF
and IL-17A in early and advanced disease (Supplemental Figure 6,
C, D, I, and J). Consistent with previous reports, MMP14 and OPN
expression was also detected on tumor macrophages and EpCAM*
tumor cells (38-41), however, at 2- to 3-fold lower levels compared
with TANs (Supplemental Figure 6, K, L, O, and P), indicating
TANSs as a major source of MMP14 and OPN in the CRC tumor
niche. Macrophages and tumor cells expressed much high levels of
VEGF compared with TANs, while levels of IL-17A were not higher
(Supplemental Figure 6, M, N, Q, and R).

To test the clinical relevance of our findings, the COAD cohort of
592 patients (cBioPortal) (28) was stratified based on expression of
MMPI14" /SPPI" oncoprint. The majority (n = 469) of patients were
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tumors. Scale bar: 200 um. (B) High-power IHC images depict elevat-
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Dashed line demarcates intratumor versus stromal regions. (C) Quan-
tification of vessel density from images shown in A and B (n = 5 mice
and 8-13 whole-tumor sections per condition). (D) Quantification of
vessel-tumor depth penetration and TAN presence. (E) 3D recon-

struction (rendering planes in XZ direction) and Z-stack projections
of whole-mount tumor tissue in early and advanced PMN" versus
PMN" tumors. For each image, 100 um stacks were generated using
1 um-focal depth steps. (F) Orthogonal views used for vessel depth
penetration analyses (right) depicting a tricellular contact between
TANSs (green), invading blood vessels (blue), and the CRC interface
(red) (n = 4-6 mice per condition with 50-70 z-stacked images ana-
lyzed). Scale bar 10 um. *P < 0.05, **P < 0.01, ****P < 0.0001, 1-way
ANOVA with Tukey’s multiple comparison test.

J Clin Invest. 2024;134(7):e174545 https://doi.org/10.1172/)CI174545

7


https://doi.org/10.1172/JCI174545

RESEARCH ARTICLE

The Journal of Clinical Investigation

A B Vascular architectural parameters
(G]
o
(@]
>
—
©
L
-* -
E:) ii. Branchpoints iv. Diameters
O -
et . : OJ
@
o
c
g
2 i. Branch counts v. Branch length
ii. Branchpoints vi. Branching angle
iii. Interbranching distance vii. Avascularity
PECAM-1 iv. Vessel diameter viii. Blind-ending vessels
c 100 D Kkkk L E O~ 400 F =
*kkk Hkk I =g ‘é -% | *kkk o *kkk
g *kk 60 : S o rrr 5% 754 o=
7403t =, gl 83 e i N
H o = i 29 ©
i ) ; @ 50 -
2 50 ‘ £8 40 £ ¢ 2001 52
< H c 5 4 = 0
G S 3> Py s 2 —— O
H © c H = Q . o ¢ 25+
g 25 552 : 5 =100 A 28 5
s i o E . S - .
m < = L & B e A
- 0 =~ 0 = = 0
Anti-Ly6G - + — + — - Anti-Ly6G - + - + - - Anti-Ly6G - + - + - - Anti-Ly6G - + - + - -
Tumor Distant Tumor Distant Tumor Distant Tumor Distant
G — H = g0 I 5 J, 20
1804 *kkk o @ | Fkkk ©
o £ 0 > - 1
[0) 150 4 =3 S > 6004 NS = 40 Kkkk <15
T & cQ J iy o TS kkkk > >
2 1204 o 2B 2304 o To 20
© ) < £ 4004 ? S w10
S 904i-a §a ] 2 204 i 5 g
S 60-a z S8 — Z ¢S
g 2 o < 2004 < 104 © 5 5
g s S e idal | o £
0 2 0 0 Ho—e—e-o o 0 ‘o
Anti-Ly6G - + - + - - Anti-Ly6G - + - + - - Anti-Ly6G - + - + - — Anti-Ly6G - + — + — —
Tumor Distant Tumor Distant Tumor Distant Tumor Distant

:

== Early CRC PMN"
=3 Early CRC PMNP

mEmm Advanced CRC PMNM
mmm Advanced CRC PMNP

mmm Distal submucosal capillary plexus
=3 Promixal submucosal capillary plexus

Figure 5. TANs modulate multimodal parameters of vascular architecture and spatial organization. (A) Representative confocal microscopy images of
whole-mount tumor vasculature (stained for PECAM-1) in early and advanced PMN" versus PMN" tumors. Scale bar: 50um. Images are representative of n
= 6 tumors with 50-70 FOVs per condition. (B) Illustration of 8 architectural parameters assessed for vascular architecture within tumors and tumor-adja-
cent regions. (C-J) Quantification of architectural and spatial organization factors constructing the vasculature observed in PMN" versus PMN® tumors and
the nontumor submucosal capillary plexus. For panels C-H, each data point represents an individual FOV (600-1,000 vessels analyzed from 50-70 FOVs
from 6-8 mice/condition) shown as distribution of the indicated parameters with median values (black line) and 25th to 75th quartiles (white line). For
panels | and }, each data point represents a tumor-bearing mouse with combined FOV analysis from all tumors. *P < 0.05, ***P < 0.001, ****P < 0.0001,

1-way ANOVA with Tukey’s multiple comparison test.

identified as MMP14" /SPPI" (altered) and as normal/unaltered (1 =
123) MMPI14/SPPI expression relative to healthy tissue (Figure 6D).
The MMPI14" /SPPI" cohort was associated with the aggressive muci-
nous adenocarcinoma subtype and advanced or metastatic disease
stages (Stage I1IB-C and Stage IVA-B, respectively, Supplemental Fig-
ure 6S). Importantly, patients with MMPI4" /SPP1" oncoprint exhib-
ited higher expression of myeloid and TAN (ITGAM, CD14, SIO0AS,
and SIO0A9) or EC (PECAMI, VWF, and NOTCH3) markers (Figure

6D and Supplemental Figure 7, A-C). Complementarily, reverse-tran-
scription quantitative PCR (RT-qPCR) analyses on UC and CRC tis-
sues similarly revealed robust induction of MMPI4, SPP1, and VEGFA
(Figure 6E), but not of the angiogenic receptors VEGFRI and VEG-
FR2, or TGFIB (Supplemental Figure 7D) in grade 3 CRC. Thus, anal-
yses of public patient databases and clinical specimens support our
animal model findings, effectively linking MMP14/SPP1 expression
and TAN presence with tumor vasculature in human cancer.
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Figure 6. Angiogenic TANs express high levels of MMP14 and SPP1/0PN.
(A) Volcano plots of DEGs (red) enriched in peripheral blood PMNs and

CRC TANs from early (left) and advanced (right) CRC. Red dotted circle
highlights Spp7 (encoding OPN) and Mmp14 (encoding MT1-MMP) as top
enriched genes in advanced CRC (P < 107'%°). (B) Row-scaled heatmap rep-
resentation of elevated levels of established angiogenic factors including
proteases and vessel growth factors in TANs. (C) Representative confocal
microscopy images of FACS-sorted blood PMNs and TANs from advanced
CRC stained for intracellular levels of MMP14 and OPN proteins (white).
Nuclei were by Hoechst staining (blue). Scale bar: 5 um. Images represen-
tative of n = 4 independent experiments. (D) Volcano plot (left) stratified
COAD patients from Pan-Cancer Atlas (n = 592) into altered (MMP14"/SP-
P1", n = 469 with log ratio > 1.5, adjusted P cutoff = 0.01) or unaltered (n =
123 remaining patients) groups. Expression levels of PMN markers ITGAM/
CD11b (middle) and EC marker PECAM1 (right) were compared between
MMP14" | SPPT" and unaltered groups by 2-sided student’s t test (P value
and FDR-adjusted g value are shown). (E) mRNA expression (normalized
to adjacent noninflamed or noncancerous tissues) analysis of clinical spec-
imens from UC patients (n = 3 inactive UC, n = 3 active UC, n = 10 severe
UC polyps) and CRC patients (n = 3 grade 1, n = 6 grade 3). (F) Schematic
and (G) mRNA expression analyses of established angiogenic genes in
BM-derived PMNs following 24 hours incubation with dissociated healthy
colon, CRC, or cancer-adjacent tissue. Gene expression was normalized

to unexposed PMNs cultured in the same setup (n = 4 independent
experiments). *P < 0.05, **P < 0.01, ***P < 0.001 (2-sided student’s t test,
exposed versus unexposed BM-derived PMNs). #P < 0.05, 1-way ANOVA
with Tukey’s multiple comparison test.

Ex vivo simulation of the tumor niche activates the proangiogen-
ic TAN signature in bone marrow-derived PMNs. We next tested
whether the CRC microenvironment promotes proangiogenic
TAN specialization. To simulate PMN-to-TAN transition during
tumor development, isolated bone marrow-derived (BM-derived)
PMNs from early or advanced CRC tumor-bearing mice were
exposed to matched early or advanced tumor or tumor-adjacent
epithelial cells (experimental setup shown in Figure 6F). Exposure
to either tumor or tumor-adjacent cells, but not to healthy colon
epithelium, induced PMN activation and significantly upregulat-
ed genes encoding proinflammatory cytokines (Osm, 116, and Tnf)
(Figure 6G). Importantly, BM-PMN exposure to early/advanced
CRC cells induced a robust MmpI4 and Sppl transcription (Fig-
ure 6G). Healthy colon tissue exposure was sufficient to induce
activation of several hypoxic (Hilpda) and angiogenic genes (Veg-
fa, Mmp8, Osm, Ednl, and Emilin2) in PMNs, but not Mmpl4 or
Sppl. This demonstrates specific transcriptional activation of both
genes in PMNs by the CRC niche.

TAN-derived OPN and MMPI14 respectively enhance EC migra-
tion and vascular branching. Transcriptomic analyses indicated
potential TAN regulation of the tumor vasculature development
by enhancing EC migration and de novo vascular branching. To
test this, we examined whether CRC TAN supernatants (isolated
from advanced tumors) induced EC chemotaxis and tube forma-
tion (Figure 7A). Slow-migrating murine ECs (bEND.3) seeded on
fibronectin-coated permeable supports were found to efficiently
migrate toward CRC TAN supernatants introduced to the bottom
chambers. Interestingly, Antibody-mediated OPN but not MMP14
blockade significantly suppressed EC chemotaxis, with recombi-
nant VEGF used as positive control (Figure 7, B and C). Supporting
the role of OPN in promoting EC chemotaxis, at several concen-
trations tested, recombinant OPN (rOPN) induced migration of
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murine (bEnd.3) and human umbilical vein ECs (HUVEC) (Sup-
plemental Figure 7, E and F). These experiments established that
TAN-derived OPN but not MMP14 elicits chemotactic effects
guiding EC migration.

We next examined the role of TANs and specific OPN versus
MMP14 contributions to de novo vascular branching using tube
formation assay. Advanced CRC TAN-conditioned media accel-
erated de novo assembly of bEnd.3 ECs into highly branched tub-
al networks, whereas antibody-mediated inhibition of MMP14
but not OPN abolished EC branching and inhibited formation
of sprouting vessels (Figure 7, D and E). Consistently, increased
concentrations of recombinant MMP14 (rMMP14) but not rOPN
effectively enhanced bEND.3 and HUVEC tube formation (Sup-
plemental Figure 7, G and H), establishing a unique role of MMP14
in de novo vessel branching. Supporting clinical significance of
our observations, well-established catalytic and allosteric inhib-
itors of MMP14 activity (pan-MMP inhibitor, GM6001 (42, 43),
and NSC405020 (44, 45) effectively curbed rMMP14-induced
vessel network formation in murine ECs (Figure 7F and Supple-
mental Figure 7G). The inhibitory impact of NSC405020 was
more pronounced compared with GM6001 at all tested concen-
trations. Consistently, antibody-mediated inhibition of MMP14
significantly reduced EC branching induced by the full-length
(FL) or the catalytic domain (CD) of rMMP14 in HUVECs, with
FL-rMMP14 driving more robust tube formation (Figure 7G
and Supplemental Figure 7H). Of note, high concentrations of
rMMP14 (5.0-7.5 pg/mL in bEND.3 and 10-15 pg/mL in HUVEC)
produced lesser effect on EC branching compared with lower
concentrations (approximately 1.0 pg/mL for both bEND.3 and
HUVEC, Figures 7, F and G), indicating a narrow range for opti-
mal activity of rMMP14. Collectively, these findings demonstrate
2 nonoverlapping angiogenic activities of TANs, with OPN pro-
moting EC chemotaxis and MMP14 accelerating vascular net-
work formation.

Targeting PMN recruitment and TAN angiogenic actions to dis-
rupt tumor vasculature and induce CRC regression. To test whether
inhibiting PMN tumor infiltration or TAN proangiogenic activity
can be used as therapy to curb tumor growth, we utilized com-
mercially available small molecule inhibitors Reparixin (a CXCR2
inhibitor) (46-48) and NSC405020 (allosteric MMP14 inhibitor)
(45). Anti-VEGFR2 neutralizing antibody (clone DC101) with
established antitumorigenic activity (49) was used as a reference
control. All 3 treatment regimens, simulating antitumor therapy,
were initiated at the start of DSS cycle 4 (once tumors are estab-
lished and progressed) and maintained through the endpoint
(schematic, representative tumor images and histology shown in
Figure 8, A and B and Supplemental Figure 8, A and B).

Reparixin treatment (5 mg/kg/day), as an alternative to
Ly6G-mediated PMN depletion, potently reduced TAN numbers,
while slightly decreasing peripheral blood PMNs and monocytes
without a significant impact on TAMs (Figure 8C and Supplemental
Figure 8, C and D). Importantly, Reparixin treatment phenocopied
Ly6G-mediated PMN depletion, reducing tumor burden (Figure 8,
D-F), increasing tumor cell death, (Figure 8G with gating shown in
Supplemental Figure 8E), and suppressing tumor vascularization
(reduced number of branches/branchpoints, elevated avascularity
regions, and disrupted vessel morphology, Figure 9, A-D).
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Figure 7. TAN-derived OPN and MMP14 promote endothelial cell
migration and vascular branching. (A) Schematic of in vitro EC function-
al assays. (B) Representative images of the EC migration assay using
cultured bEND cells with or without TAN-derived supernatant (1:1 PMN/
EC ratio) or rOPN, rVEGF treatment with or without specific antibody
inhibition. Scale bar: 75 um. (€) Quantification of EC migration (relative

to serum-free condition) following coincubation with TAN-conditioned
media, with or without antibody-mediated inhibition of OPN (6 pug/mL)
and MMP14 (10 pug/mL). (D) Representative images of EC tube formation
assay using cultured bEND cells with or without TAN-derived supernatant
treatment (1:3 PMN/EC ratio), or rMMP14 with the indicated antibody
inhibition. Scale bar: 10um. (E) Quantification of formed tube numbers
per FOVs upon coincubation with TAN-conditioned media, with or without
antibody-mediated inhibition of OPN (6 ug/mL) or MMP14 (10 ug/mL).

(F) Dose-response curves of cultured murine bENDs treated with rMMP14
with or without MMP14 inhibition. (G) Dose-response curves of cultured
HUVECs following stimulation with catalytic domain (CD) or full-length
(FL) rMMP14 (0.01-20 pg/mL), with or without Ab-inhibition of MMP14 (10
ug/mL). For tube formation and EC migration, images are representative
of n = 2 independent repeats with TAN supernatants isolated from 3 mice
for each performed in duplicates. For recombinant protein, n = 3 indepen-
dent repeats performed in triplicates. For all quantifications, 15-20 FOVs
were analyzed for each condition. For EC transmigration assay, 2-sided stu-
dent’s t test was performed to compare treatments with serum-free condi-
tion. ****P < 0.0001, *#*¥P < 0.0001, MMP14 blockade versus nonblocking
conditions. For tube formation assays in bEND or HUVEC cells, 1-way
ANOVA was performed comparing Ab-blockade versus control conditions
and between different concentrations of recombinant proteins. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, between treatment conditions.
P < 0.01, %P < 0.0001, selected dose(s) relative to the minimal rMMP14
dose of 0.01 ug/mL.

MMP14 inhibition by NSC405020 (MMP14i, 2 mg/kg/day)
led to a more robust tumor regression (Figure 8, D-G and Supple-
mental Figure 8, B and E) and decreased tumor vascularization
(Figure 9, A-C), resulting in approximately 90% avascularity of
tumor tissues but not adjacent regions (Figure 9D).

Intriguingly, although VEGFR2 inhibition induced vessel
relaxation by increasing interbranching distances (Figure 9E)
and decreased individual and total tumor burden (Figure 8, E and
F), interventions by Reparixin or MMP14i were more efficacious
in suppressing vascularization (Figure 9, A-D and Supplemen-
tal Figure 8F) and reducing tumor burden (Figure 8, D-G) in a
PMN-dominant colitis-associated CRC model.

Consistent with Collagen I being a primary substrate of
MMP14, tissue deposition of Collagen I (50) but not Laminin-1
(51) (another MMP14 substrate) was significantly enhanced with
MMP14 inhibition, resulting in fibrous tumor morphology and
reduced vascularization (Figure 9, F-K and Supplemental Figure
8F). Reparixin, but not VEGFR2 treatment, similarly promoted
intratumoral Collagen I accumulation, consistent with TANs being
the major, though not exclusive, source of MMP14 in the TME.

In the absence of a commercially available small molecule
inhibitor to OPN, we attempted to target OPN using BM chimera
or antibody-neutralization approaches. Unexpectedly, the majority
(approximately 80%) of myeloid OPN*/* chimeras (generated by
OPN*/ BM transfer into irradiated WT hosts) died during the first
AOM/DSS cycle due to exaggerated colitis featuring edema, severe
weight loss, and colon length shortening (Supplemental Figure 9,
A-E). Similarly, antibody-mediated OPN inhibition (clone 103D6
(52), 200 pg, every 48 hours) in an additional colitis model, i.e.,
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IL10%/ treated with DSS to expedite disease progression, signifi-
cantly exaggerated colitis symptoms, promoting severe weight loss,
colon shortening, reduced spleen weight, and colitis-related mor-
tality, even at recovery phase (Supplemental Figure 9, F-K). These
findings revealed a surprising protective role for OPN in acute and
potentially chronic colon injury, indicating that OPN cannot be
therapeutically targeted during colitis-driven tumorigenesis.

MMP14 inhibition curbs tumor development in a CRC PDX model.
To support our observations of the MMP14i-mediated suppression of
tumor vascularization and growth, we employed an additional, clini-
cally relevant patient-derived xenograft (PDX) model. Stage IV met-
astatic CRC tumors were grafted into NSG mice, and once tumors
were established (approximately 100 mm? in volume) animals were
treated with either vehicle control or MM P14 inhibitor (NSC405020,
2.0 mg/kg/day) as illustrated in Figure 10A. NSC405020 treat-
ment had no apparent adverse effects on colon health or on either
BM-PMN or tissue PMN counts (Supplemental Figure 9, L-Q). As
we have previously established in the AOM/DSS CRC model (1, 2),
PMN depletion in PDXs resulted in approximately 2-fold decreases
in tumor vascularity and tumor volumes. MMP14i in this model sim-
ilarly caused a significant tumor regression (reduced tumor volume
and weight by over 50%, Figure 10, B-E and Supplemental Figure
10A) and reduced tumor vascularization (Figure 10, F-I), resulting
in elevated avascular regions (Supplemental Figure 10E) and robust
Collagen I accumulation (Figure 11, A and B). MMP14i treatment
exerted minimal impact on systemic and tumor immune cell com-
position (Supplemental Figure 10, B-D).

To examine the impact of MMP14i on the transcriptional
landscape of PDX tumors, mRNA-Seq was performed on excised
MMP14i tumors. GO analyses revealed overrepresentation of
biological terms involved in negative regulation of vasculature,
cellular damage/instability, collagen fiber-fibril assembly, and
keratinization-fibrosis (Figure 11C and Supplemental Figure 10,
F-H). GSEA using the “50 Hallmarks” human MSigDB data set
(26) identified a strong enrichment of pathways associated with
collagen formation (Collagenogenesis and Myogenesis), fibrosis
and hypoxia (TGF-B signaling and Hypoxia), and tumor cell death
(Apoptrosis and Allograft rejection) in MMP14i-treated tumors (Fig-
ure 11D). Thus, functional and transcriptomic assessment of PDX
tumors indicated MMP14 as a potential therapeutical target for
advanced CRC.

Finally, histological characterization of tissue specimens from
patients with grade 3, stage III-IV CRC identified high MMP14
expression localized to cancer lesions and not adjacent colon
tissue (Supplemental Figure 11A). Further dual IHC staining for
S100A9 and MMP14 followed by digital color deconvolution con-
firmed an abundant presence of high MMP14-expressing TANs in
all 4 patients (Figure 11E and Supplemental Figure 11B), confirm-
ing TANs as a major MMP14 source in CRC and establishing the
relevance of targeting MMP14 in human disease.

Discussion

Active UC and CRC lesions feature robust PMN/TAN accumula-
tion (1-4, 16), suggesting that these cells play important roles in
inflammation and CRC progression. Although, in the past, PMNs
were considered terminally differentiated phagocytes, the cellular
plasticity and the malleable transcriptional and functional nature
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(B) Representative macroscopic images of excised colons and high-resolution endoscopic images of advanced CRC (week 15) treated with either vehi-

cle, anti-VEGFR2 neutralizing mAb (clone DC101(49), 50 mg/kg/day, 3 times/week), CXCR2 inhibitor, Reparixin (5 mg/kg/day (46, 47), daily) or MMP14
allosteric inhibitor NSC 405020 (2.0 mg/kg/day (45), 3 times/week). Scale bar: 1mm. (C) Flow cytometry analyses of Ly6G*/CD11b*/Lyz2" blood PMN and
TAN numbers following indicated treatments (n = 6-9 mice/treatment). (D) Quantifications of tumor penetrance, (E) individual tumor volume, (F) tumor
burden (cumulative tumor volume), and (G) cell death indicated by % Annexin V* and SYTOX-Red" following flow cytometry analysis (Vehicle/ isotype, n
=9; Anti-VEGFR2, n = 6; Reparixin, n = 6; MMP14, n = 9 mice; 1-way ANOVA with Dunnett’s multiple comparison test). *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001, 1-way ANOVA with Tukey’s multiple comparison test.

of PMNs and TANs are increasingly recognized (11, 12, 14, 15).
Here, we examined the extent to which disease-specific transi-
tional states (colitis to CRC transition) and spatial separation of
circulating versus tissue PMNs affect PMN/TAN transcriptional
and functional programs.

Given the relatively low PMN/TAN transcriptional activity
(53, 54), to achieve a reliable sequencing depth of PMN transcrip-
tomes compared with single-cell RNA-Seq, FACS-sorted PMN/
TAN transcriptomes were analyzed by total-input bulk RNA-Seq
(15). Such profiling revealed a distinct spatial separation of tissue
and blood PMNs and TANSs regardless of the disease state, con-
firming transcriptional adaptability and a niche-specific impact.
Omics approaches complemented by in vivo and in vitro func-
tional studies revealed that TANs undergo proangiogenic spe-
cialization within the CRC niche, driving tumor vascularization
and shaping vascular architecture. Our studies identified MMP14
and OPN to be robustly induced in TANSs, serving nonoverlap-
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ping roles in mediating the proangiogenic TAN function. Both
factors have been previously associated with angiogenesis (32,
33, 35, 39, 44); however, we now established TANs as a major
MMP14/0OPN source in CRC tumors and demonstrated a specific
role for each of these molecules in driving tumor vascularization
via a VEGF-independent route. Thus, our findings highlight the
emerging complexity of the immune-associated angiogenic driv-
ers in the tumor microenvironment, adding new elements to the
already established TAN-derived proangiogenic factors including
MMP-9, VEGF, FGF-2, and Bv8/S100 proteins (summarized in a
recent review) (55). The robust impact of MMPs on tumorigenesis
outcomes suggest the potential utilization of natural or synthet-
ic/modified tissue inhibitors of metalloproteinases (TIMPs) as
potential anticancer therapeutic. Of note, we identified TANs as
a major but not the only source of MMP14 and OPN in the tumor
microenvironment, and TAN specific contribution compared with
contributions of other cells, including ECs or TAMs, remains to

= [


https://doi.org/10.1172/JCI174545

RESEARCH ARTICLE The Journal of Clinical Investigation

A PECAM-1 Lyz2 EpCAM
Vascularized “| Vascularized 5 1254 Fhkk kkkk kkkk
» 1001
2
S © 751
el
3 § £ 501 *kkk
s 02 25 g
> 25
0-
Normalized Normalized - 801 Fhkkk Kkkk kkkk
[
o 28%]
240
é é :E, 40 ***
> © < 204
= M
g Nhir ¥ PN
Disrupted Avascular ek
N B 100 d ****’§ Kkkk
c © H
Z % 501 s
§ = LE
CVRMCVRM
Fkkk kkkk @ Isotype/Vehicle (C)
Avascular Avascular _ = 4007 o
IS 0
= 2 3004 @ Reparixin (R)
z 8 2 200- : ® MVP14i (M)
< o
s B 2 100
5 Avascular
S gl > :
cC V R M
F Vehicle Anti-VEGFR2 Reparixin MMP14i G PECAM-1 H Collagen | 1 Laminin-1
A ] § ] 3 = *
b O R T 4 : : % : 6 * *kkk 80
¥ % b % il 128 Kk ok 100 _ P
N { i 2 A i ] ° o 80 [0]
= FoG N e / ¥ & 4- ° g g o0 °
< ¢ % - by ° o o 60 9]
O 3 > > g 40 °
L o [e] 40 [}
o 1 / O 24 g O o
/ X e X 20 X 20 @*
i G s -
i CVRM CVRM CVRM
_ J Collagen | K Laminin-1
GCJ e _ 300 *** _
c=%’é.'~ <3( ° 2
83% < 200 %*S** <
© = 2
‘&; 2 1 o o g
S g 1009¢ 3 8
2] E * " E
N 0
=\ : o
=| c @ Isotype/Vehicle (C)
c
.E O
S © Reparixin (R)
@ MMP14i (M)

Figure 9. MMP14 activity is required for collagen processing and maintenance of the tumor vasculature. (A) Representative whole-mount fluorescence
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green; vessels/PECAM-1, blue, right panel) at treatment endpoints. Scale bars: 50um. (B-E) Quantification of vascular architecture parameters from tumor
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ing of the tumor vascular network (PECAM-1, top), Collagen | (middle, primary substrate) and Laminin-1 (bottom, secondary substrate) for the specified
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from n = 4-5 mice were quantified. *P < 0.05, **P < 0.01, ****P < 0.0001, 1-way ANOVA with Tukey’s multiple comparison test.
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tative of n = 4-6 mice per condition with 50-75 FOVs analyzed per group. For I, a total of approximately 1000 vessels per treatment were analyzed. **P <

0.01, ****P < 0.0001, 2-sided student’s t test.

be determined using cell-specific knockout approaches. Simi-
larly, the underlying mechanisms driving TAN specialization in
the tumor niche and the induction of MMP14/OPN are not well
defined, but may involve activation of the TGF-p pathway, which
has been shown to regulate OPN expression (56, 57) and syner-
gize with MMP14 to control vessel stability (58, 59). Some of these
aspects are being actively explored in our lab.

Whole-mount tumor imaging and 3D reconstruction analyses
revealed close TAN association with tumor vasculature, consistent
with the idea of TANs guiding tumor vascular network formation.
Meanwhile, antibody-mediated TAN depletion or small mole-
cule-inhibition of TAN tumor infiltration significantly impaired
tumor vascularization and vessel depth penetration in both AOM/
DSS and PDX CRC models. This was supported by in silico analyses
and mining of published CRC patient data sets, revealing significant
correlation between TAN markers (SIO0A8, SIO0A9, SPPI, and
MMP14) and established EC genes (PECAM1, VWF, and CDH5).

Mechanistic ex vivo studies identified TANs to actively promote
ECmigration and spontaneous vessel sprouting and branching via the
release and respective actions of OPN and MMP14. MMP14 remod-
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els the extracellular matrix by degrading collagens, fibronectin, and
laminin (45, 50, 51, 60, 61), facilitating vascular network expansion
(62-65). Complementarily, OPN can activate PI3K/AKT and ERK1/2
pathways in ECs to enhance vessel tip migration and induce angio-
genesis by activating the avB3/PI3K-AKT/eNOS/NO signaling in EC
progenitors (33). In vivo inhibition of MMP14 by NSC405020 led to
aberrant tissue collagen I accumulation, resulting in highly fibrotic
tumors, which significantly regressed with treatment. NSC405020
targets the PEX allosteric domain of MMP14, compromising its
dimerization and collagen cleavage (45, 61). Interestingly, while
MMP14i increased tumor Collagen I levels, it did not significantly
impact the levels of Laminin-1, suggesting a lower MMP14 affinity
toward Laminin-1 and/or reduced TAN accessibility to Laminin-rich
regions, such as the tumor basement membrane. Supporting the
idea that MMP14 inhibition-driven induction of fibrosis led to the
observed tumor regression, genetic deletion of MMP14, or allosteric
inhibition of the MMP14 PEX domain has been shown to impair col-
lagen degradation (66, 67), limiting tumor growth (45).
Overrepresentation of pathways related to collagenogene-
sis and fibrosis were similarly noted by transcriptomic analyses
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Figure 11. MMP14 inhibition promotes collagen accumulation and profibrotic programs in CRC PDXs. (A) Representative fluorescence staining
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(blue). White outlines and arrows indicate intact and disrupted vessels with abnormal morphologies, respectively. (B) Quantification of fluo-
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MSigDB “50 Hallmarks'"gene set specifies pathways upregulated (NES > 0, red) and downregulated (NES < 0, blue) following MMP14i inhibition.
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patient were shown. Digital color deconvolution shows separate staining of S100A9 (red), MMP14 (brown), and nuclei (blue) of double-positive TAN
clusters (dotted circles) within intratumoral regions.
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of MMP14i-treated PDX tumors. Increased collagen deposition
leading to ECM stiffening can also impair EC junction integrity
(68), indicating that TANS, via the release of MMP14, create a
more permissive environment for angiogenic vessel sprouting in
developing CRC tumors.

Finally, our work has established what we believe to be a nov-
el therapeutic framework for CRC, focused on the inhibition of
TAN angiogenic properties. VEGE/VEGFR signaling is consid-
ered a classical driver of angiogenesis, guiding formation of vas-
cular networks in developing tumors (49, 69). In fact, PMNs have
been shown to produce VEGF on their own, promoting angiogen-
esis under certain conditions (70, 71). Numerous clinical trials
(NCT04547205, NCT02942329, and NCT03494231) and VEG-
FR-targeting drugs showed promise in anticancer therapy and
are now under development (49, 72, 73). Interestingly, although,
as expected, VEGFR2 inhibition led to normalization of tumor
vasculature and overall reduction in vascular density, we showed
that such treatment was less effective in inducing tumor regres-
sion compared with MMP14i, which more robustly and reproduc-
ibly disrupted tumor vasculature and suppressed tumor growth in
both AOM/DSS and PDX models. MMP14 inhibition was specific
to antitumoral response and did not exaggerate colitis symptoms,
as was the case with OPN inhibition. Mechanisms underlying the
protective OPN function in colitis are not known; however, given
the severe exacerbation of colitis disease with OPN treatment,
these data argue against utilization of such therapy for inflamma-
tion-driven tumors such as CRC.

In summary, our work revealed proangiogenic TAN repro-
graming by the CRC niche, resulting in MMP14/OPN-dependent
promotion of tumor vascularization. Our data further demon-
strate that targeting the pro-angiogenic TAN activity and specific
MMP14 inhibition may provide promising therapeutic option to
suppress tumor growth.

Methods
Animals. Considering sex as a biological variable, all animal studies
included equal representation of male and female mice. WT C57BL6]J,
OPN KO (B6.129S Cg-Spp1™* /], no. 004936) purchased from Jack-
son Laboratory and Lyz2°S™ reporter mice (Lyz2tm1.1Graf, gift from
Harris R. Perlman, Northwestern University) were maintained under
specific pathogen-free conditions at Northwestern University animal
facilities. PDX-bearing (TM00170) NSG mice (NOD.Cg-Prkdcscid
[12rgtm-1Wjl/Sz]) were purchased from Jackson Laboratory.
AOM/DSS colitis-induced CRC model. Tumor formation was
induced by administration of a single dose of azoxymethane (AOM,
12.5 mg/kg i.p.) followed by 3 to 5 cycles of 3% DSS (1 cycle = 5 days
of DSS + 14 days recovery) (1, 24). Colitis ulcerations and CRC lesion
formation (early, low-grade, 3 cycles and advanced poorly differenti-
ated CRC tumors, 5 cycles) was monitored biweekly by high-resolu-
tion endoscopic imaging. Total number of CRC tumors per colon was
quantified and defined as tumor burden, and individual tumor vol-
umes were calculated as volume = length x width?x %2. PMN depletion
in this model was initiated and maintained by repeated administra-
tion of increased dosing of rat anti-Ly6G mAb (clone 1AS8, i.p., daily,
25-100 pg) followed by secondary anti-rat IgG antibody (MAR18.5,
50 pg, every 48 hours) (27). For inhibition studies, CRC-bearing mice
were injected i.p. with either Reparixin (5.0 mg/kg/injection, daily)
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(46, 47), NSC405020 (2.0 mg/kg/injection (45), 3 times per week), or
anti-VEGFR2 monoclonal antibody (50 mg/kg/injection, 3 times per
weeks, clone DC101) (49) at the start of cycle 4 (week 11) where devel-
oping tumors transition toward advanced, high-grade CRC. Drug con-
centrations were selected based on previously published studies.

Tumor cell dissociation and FACS sorting. Excised tumors were digest-
ed by collagenase type VIII (1 mg/mL), hyaluronidase (1 mg/mL), and
DNAse I (100 pg/mL) solution. Single-cell suspensions were generated
by 0.05% Trypsin treatment (10-15 minutes, 37°C) and assessed for via-
bility by Trypan Blue staining. FACS sorting of PMNs was performed on a
6-colorlaser FACS Aria sorter. EpCAM* tumor/epithelial cells and Ly6 G
CD64" macrophages were gated out to avoid RNA contamination.
CD45%/CD11b*/Ly6C™/Lyz2EGFP/Ly6Gh/" PMNs/TANs were sorted
into RNA lysis buffer supplemented with RNaseOUT (10 U/pL).

Tissue/cell analyses. Tissue IHC, gene expression analysis by quan-
titative RT-PCR, flow cytometry, and immunofluorescence were per-
formed as detailed in the supplemental material.

Whole-mount spinning-disk confocal microscopy. For tumor/colon tis-
sue imaging colons were cut open longitudinally to expose the lumen,
washed to remove fecal matter and mucus, secured by Vetbond tissue
adhesive onto a silicon pedestal and submerged into 37°C-warmed phe-
nol red-free DMEM. Nonblocking anti-PECAM-1 antibody (CBL1337)
conjugated to DyLight-650 NHS Ester administered via Retroorbital
injection 30 minutes prior to imaging and EpCAM antibody (clone G8.8,
118205) conjugated with PE or FITC stained in situ were used to visualize
blood vessels and tumor cells, respectively. All imaging was performed
on UltraVIEW VoX imaging system built on an Olympus BX-51WI Fixed
Stage illuminator equipped with a Yokogawa CSU-X1-A1 spinning disk,
a Hamamatsu EMCCD C9100-50 camera and a Modular Laser System
with solid state diode lasers with DPPS modules for 488, 561, and 640
nm and appropriate filters (Perkin Elmer). Data analysis was performed
using Image] and Imaris software.

RNA-Seq and bioinformatic analysis. Bulk RNA-Seq of FACS-sort-
ed tumor/colon tissue PMNs was performed and analyzed following
rigorous quality checks per published methodology as detailed in the
supplemental material. Low-input total cDNA library construction and
RNA-Seq was conducted at the Northwestern University sequencing
core facility using Illumina HiSeq 4000 NGS or the Illumina NovaSeq
6000 systems (Illumina). GSEA and GO Enrichment Analysis were
performed using the HTSAnalyzeR package with a P value cutoff of
0.05 after Benjamini-Hochberg’s correction. For correlation analyses
of vessel and immune markers, gene expression CRC patient data sets
published in TCGA were accessed through cBioPortal (28) for Cancer
Genomics (https://www.cbioportal.org/). CRC patient cohort RNA-Seq
data (n = 594, TCGA PanCancer Atlas) was accessed using keywords
“bowel” and “colorectal adenocarcinoma”.

Statistics. Statistical differences for 2 groups comparisons were
determined by 2-tailed unpaired student’s ¢ test for normally distrib-
uted data and Mann-Whitney U test for nonparametric data. For 3 or
more groups, 1-way ANOVA followed by Dunnett’s or Tukey’s multiple
comparison was used. DEGs in bulk RNA-Seq experiments were ana-
lyzed by 2-sided ¢ test with Bayes moderation (eBayes function in R/
bioconductor limma package) (74). All data, unless otherwise stated,
are shown as * SEM.

Study approval. For expression analyses, freshly frozen resected
human CRC tissue was obtained from the Northwestern Universi-
ty-Robert H. Lurie Comprehensive Cancer Center Pathology Core
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Facility with approval by and in accordance with Northwestern Uni-
versity IRB protocol (STU00212299). All experimental protocols
involving animals were approved by the Northwestern University
Institutional Animal Care and Use Committee (PHS assurance num-
ber A328301).

Data availability. All original files for RNA-Seq data were submit-
ted to NCBI’s Gene Expression Omnibus database with the accession
number GSE232217. The Supporting Data Values file contains all data
points shown in graphs.
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