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Neutrophils [polymorphonuclear leukocytes (PMNs)] execute important effector functions protecting
the host against invading pathogens. However, their activity in tissue can exacerbate inflammation and
inflammation-associated tissue injury and tumorigenesis. Until recently, PMNs were considered to be
short-lived, terminally differentiated phagocytes. However, this view is rapidly changing with the
emerging evidence of increased PMN lifespan in tissues, PMN plasticity, and phenotypic heterogeneity.
Specialized PMN subsets have been identified in inflammation and in developing tumors, consistent
with both beneficial and detrimental functions of PMNs in these conditions. Because PMN and tumor-
associated neutrophil activity and the resulting beneficial/detrimental impacts primarily occur after
homing to inflamed tissue/tumors, studying the underlying mechanisms of PMN/tumor-associated
neutrophil trafficking is of high interest and clinical relevance. This review summarizes some of the key
findings from over a decade of work from my laboratory and others on the regulation of PMN
recruitment and identification of phenotypically and functionally diverse PMN subtypes as they pertain
to gut inflammation and colon cancer. (Am J Pathol 2024, 194: 2e12; https://doi.org/10.1016/
j.ajpath.2023.10.009)
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The American Society for Investigative Pathology (ASIP) Cotran

Early Career Investigator Award recognizes early career investigators
with demonstrated excellence as an investigator with recently estab-
lished or emerging independence and with a research focus leading to an
improved understanding of the conceptual basis of disease. Ronen
Sumagin is the recipient of the ASIP 2023 Cotran Early Career Inves-
tigator Award, and delivered a lecture entitled “Neutrophil Phenotypic
and Functional Plasticity in Gut Inflammation and Colon Cancer” on
October 24, 2023, at the 2023 Joint Meeting of the American Society
for Matrix Biology (ASMB), The Histochemical Society (HCS), and
ASIP held in Salt Lake City, Utah.
Neutrophils or polymorphonuclear leukocytes (PMNs) ac-
count for up to 70% of circulating immune cells in humans
and up to 25% in mice.1 PMNs execute most of their effector
functions as they enter tissues, and so crossing of the vascular
barrier is an important regulatory barrier in health and dis-
ease. Until recently, PMNs were considered to be short-lived,
terminally differentiated phagocytes providing the first line of
host defense during initial stages of inflammation. This view,
however, is rapidly changing with the emerging evidence of
increased PMN lifespan in tissues, and PMN plasticity and
phenotypic heterogeneity. It is now well appreciated that
environmental cues, such as cytokines, hypoxia, or pathogen
encounters, promote PMN survival both in the circulation
and even more so in tissues, supporting the idea of PMN
transitional stages and acquisition of new phenotypes.
Indeed, recent studies using state-of-the-art single-cell
sequencing analyses of mouse and human tissue revealed
heterogeneous PMN subsets as early as their development in
the bone marrow and later as they are released to the
stigative Pathology. Published by Elsevier Inc
circulation and on entering various tissues.2,3 Given this ev-
idence of PMN phenotypic heterogeneity, it is not surprising
that their function in numerous pathologic conditions is
similarly highly diverse. For example, in many diseases,
including lung and heart disorders, inflammatory bowel
. All rights reserved.
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Neutrophil Trafficking and Plasticity
diseases (IBDs), and cancer, PMNs have been assigned both
beneficial and detrimental roles. The pathologic PMN activity
in the conditions mentioned has been associated with poor
prognosis and more severe disease symptoms, largely due to
PMN-produced proteinases and reactive oxygen species
(ROS).4,5 However, PMNs were also shown to play impor-
tant roles in disease resolution, promoting processes such as
angiogenesis, immune modulation, and tissue remodeling/
cellular debris removal during wound healing. Thus, PMNs
are now being increasingly recognized as instrumental
components of homeostatic restoration. Here, I will review
some of the key findings from over a decade of research from
my laboratory and others on the underlying mechanisms for
PMN trafficking and retention in inflamed tissues and tumors
and the emerging PMN phenotypic and functional diversity
as it pertains to gut inflammation and colon cancer. These
data are summarized by the schematic diagram (Figure 1).
Neutrophil Plasticity in Inflammation and
Cancer

As omics and sequencing technologies became more user
friendly and more commonly used, PMN plasticity and
functional diversity began to emerge, rebuking the long-
existed dogma that PMNs are transcriptionally not active,
committed effector cells. PMN plasticity in inflamed tissue
and in tumors is now well appreciated,2,3,6 with evidence
emerging of specific tissue niche-driven PMN reprogram-
ming and phenotypic/functional adaptation.7 However, the
roles of various PMN subsets within the respective niches
are less understood, especially compared with other better
studied immune cells, including tissue-resident macro-
phages or T lymphocytes. This perhaps is due to technical
challenges in working with PMNs, given their relatively
lower transcriptomes8 and higher turnover. Additionally, to
date, PMN classifications into subsets have been primarily
based on the identification of phenotypically and/or func-
tionally distinct PMN populations in various tissues.
Therefore, whether these are truly committed cell subsets
or the same cell population caught at different transitional
stages remains to be determined. Recent observation of
several transcriptionally distinct PMN subsets in the bone
marrow and in the circulation9 perhaps supports the idea of
early classification and phenotypic imprinting that could be
carried into tissue compartments. Further supporting this
notion, transcriptome-guided analyses of PMN gran-
ulopoiesis trajectories in pseudo-time revealed a distinct
interferon response gene enriched PMN subtype in the
circulation that has emerged from the bone marrow while
skipping a full maturation program.2 On the other hand,
given the robust de novo production and rapid PMN
turnover rate in the systemic circulation following initia-
tion of inflammation or tumorigenic cues, the heterogeneity
of circulation and tissue PMNs can stem from different
aging and activation states. Indeed, both mature and
The American Journal of Pathology - ajp.amjpathol.org
immature neutrophils distinguished respectively by the
multilobular versus more banded nuclei morphology and
high versus low surface expression of CD16, CD10, and
CD66b can be found in peripheral blood in time of
immunologic stress in mice and humans.9e11 The func-
tional properties of the immature CD10-PMN subset are
still debatable, with both immunosuppressive activity or
stimulation of T-cell survival and proliferation being pro-
posed.12,13 Similarly, activation-driven changes in the
expression of surface markers, including increases in
CD11b and CD66b and decreases in CD62 ligand and
junctional adhesion molecule-like protein, may contribute
to phenotypical PMN heterogeneity.14e16 Other examples
of PMN plasticity and functional adaptation in tissue
include ability to present antigens via up-regulation of
major histocompatibility complex II and other cos-
timulatory molecules,17 acquisition of dendritic cell func-
tionalities and CD11c expression,18,19 as well as
expression of what was considered until recently a bonified
eosinophilic marker, Siglec-F, to become profibrotic in-
flammatory cells.20 Murine bone marrow PMNs trans-
differentiate into Siglec-F eosinophils with IL-5 treatment
and even into monocytes resembling cells in response to
macrophage colony-stimulating factor treatment.21 For a
detailed summary of markers of PMN maturation, activa-
tion, and tissue specialization, please refer to an elegant
recent review attempting to standardize PMN nomencla-
ture.22 Finally, although tissue-specific niches clearly
impact PMN/tumor-associated neutrophil (TAN) tran-
scriptional programs and protein expression, they could
also elicit more dynamic post-transcriptional modifications
(ie, protein phosphorylation or glycosylation), contributing
to PMN/TAN phenotypic diversity. Although this topic is
understudied and requires further investigation, modifica-
tion of protein glycosylation, for example, has already been
shown to impact PMN effector functions (maturation,
migration, or phagocytosis),23,24 and as such likely con-
tributes to the establishment of distinct cellular phenotypes.

PMN Phenotypes in Human IBD

Macrophages and PMNs are represented by most diverse
phenotypes in IBD, as shown by a recent transcriptomic
profiling of the colon cellular landscape comparing patients
with ulcerative colitis and Crohn disease. These studies
identified three unique PMN subtypes with inferred differ-
ences in maturity/activation states (based on expression of
CXCR4, CCL3, CG63, GBP1, and IRF1), scattered across
spatial mucosal compartments, highlighting the potentially
important and diverse PMN functions in IBD.25 Another
similar transcriptomics analysis of ulcerative colitis and
Crohn disease patient colon tissue identified several distinct
inflammatory gene modules predicative of nonresponse to
antietumor necrosis factor (TNF) and corticosteroid ther-
apy. PMNs and fibroblasts encoding genes were primarily
enriched within these modules, where fibroblasts in
3
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Figure 1 The schematic summarizes polymorphonuclear leukocyte (PMN) recruitment mechanisms in inflamed colon mucosa and colon cancer, highlighting
the requirement of transendothelial migration (TEM) portal formation, involving vessel-associated macrophage (VAM) and pericyte signaling, enrichment of
adhesion molecules intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), and establishment of chemokine gradients. As
PMNs cross the blood vessels and enter tissues, they undergo niche-specific reprogramming, acquiring diverse functional phenotypes, resulting in beneficial or
detrimental impacts on disease outcomes. Most protective and detrimental PMN effector functions are enacted via the release of either proresolution or
cytotoxic factors, as summarized above. Finally, potential therapeutic approaches currently under investigation or in various testing phases, including in-
hibition of PMN chemokine receptors or secreted damaging factors, have been discussed. CRC, colorectal cancer; CXCR2, C-X-C chemokine receptor 2; DC,
dendritic cell; DSB, double-stranded break; ECM, extracellular matrix; H2O2, hydrogen peroxide; IBD, inflammatory bowel disease; MDSC, myeloid-derived
suppressor cell; MMP, matrix metalloproteinase; MPO, myeloperoxidase; NET, neutrophil extracellular trap; NK, natural killer; ROS, reactive oxygen species;
TGF-1b, transforming growth factor-1b; VEGF, vascular endothelial growth factor.
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response to IL-1b stimulation were identified as source of
neutrophil-targeting C-X-C chemokine receptor (CXCR) 1/
CXCR2 ligands, CXCL1-3, CXCL5, CXCL6, and CXCL8.26

PMN Phenotypes in Cancer

The tumor microenvironment (TME) is perhaps the best and
most studied example of the ability of PMNs to adapt to envi-
ronmental cues, not only switching their transcriptional pro-
grams but also changing functional phenotypes. TANs in
response to interferons were shown to adopt anti-tumorigenic
functionalities, characterized by increased ROS generation and
secretion of TNF-a and other cytotoxic factors. In contrast,
transforming growth factor (TGF)-b polarized neutrophils into
the tumor-promoting phenotype, featuring release of arginase,
matrixmetalloproteinase (MMP)-9, vascular endothelial growth
factor (VEGF), and other chemokines supporting immune
suppression, tumor vascularization, and growth.27 One example
of theTME impact onTANspecialization is the tumor-produced
CXCL1 and CXCL12, driving angiogenic VEGF receptor 1þ/
CD49dþ/CXCR4þ TAN specialization and production of
VEGF-A/MMP-9 to promote tumor angiogenesis.28,29 Another
example is that of immature PMNs released by the bonemarrow
during emergency granulopoiesis driven by tumor-produced
granulocyte-macrophage colony-stimulating factor or gran-
ulocyte colony-stimulating factor.30 These cells represent a large
portion of TANs; and in response to polarizing cues inducing
TGF-b or the IL-17eregulated granulocyte-macrophage
4

colony-stimulating factor/granulocyte colony-stimulating factor
signaling, they may be shaped into myeloid-derived suppressor
cells.30,31 Mature PMNs can similarly execute both immuno-
suppressive/protumorigenic and anti-tumoral functions.11,32,33

These include mature TANs expressing immunosuppressive
arginase 1 (ARG1), programmed death-ligand 1 (PD-L1), and
CCR534 or activated intercellular adhesion molecule 1 (ICAM-
1)high/CD62 ligandlow TAN subtypes featuring high ROS and
proinflammatory cytokines interferon-g, IL-12, and TNF-a
levels.33
PMN Recruitment and Retention in Inflamed
Tissue and the TME

PMN Trafficking in Inflamed Intestines

PMNs execute their effector functions once they exit the
blood vessels and enter the underlying tissue. As such,
the endothelial layer lining the lumen of blood vessels is the
first critical regulatory barrier for this process. PMN trans-
endothelial migration (TEM) involves several well-studied
sequential adhesive interactions with vascular endothelial
cells (ECs). They start with PMN margination and selectin-
mediated rolling, adhesion and intraluminal crawling using
b2 integrins and endothelial adhesion molecules, such as
ICAM-1/2 and vascular cell adhesion molecule 1, and end
with crossing of ECs at designated locations (portals).35e37
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Murine colitis/colorectal cancer models feature a robust polymorphonuclear leukocyte (PMN) tissue infiltration. This is shown by representative
immunohistochemistry images stained for the PMN marker S100A9 (brown) and nuclei stain hematoxylin (blue). Scale bar Z 100 mm. AOM, azoxymethane;
DSS, dextran sulfate sodium.

Neutrophil Trafficking and Plasticity
Although PMN-EC adhesive interactions and the molecular
cues involved in PMN TEM have been well characterized,
mechanisms initiating and terminating PMN TEM are less
understood. For example, using murine models, our labo-
ratory and others have noted that PMN TEM in inflamed
tissue takes place in designated locations/portals enriched
for ICAM-1 expression35,38 and reduced pericyte and
collagen density in the perivascular space.39,40 However,
mechanisms guiding formation of such portals are not well
defined. In a recent work, we identified one such mechanism
in inflamed gut mucosa. We found that following colon
injury and the resulting inflammation, interstitial mucosal
macrophages were recruited to interact with the vessel wall.
Vessel-associated macrophages, via TNF-a release and EC
TNF receptor 2 signaling, induced localized increases in
ICAM-1/vascular cell adhesion molecule 1, forming critical
platforms to initiate PMN-EC adhesive interactions, PMN
TEM, and subsequent accumulation in the intestinal
mucosa.41

In inflamed gut and pathologies underlining inflammatory
bowel conditions (such as IBD), PMN accumulation in the
crypt epithelium and the luminal space is a prominent
feature, closely associating with disease severity. PMN
infiltration of the colon mucosa is similarly a major feature
of murine colitis models, such as dextran sulfate sodium
(DSS)einduced injury/colitis (Figure 2). Because the crypt
mucosa is highly vascularized and blood perfused, we
poised that microvessels surrounding intestinal crypts are
well positioned to support PMN migration into the epithelial
and luminal spaces. Intravital imaging to track PMNs in real
time in anesthetized mice indicated distinct trafficking pat-
terns, with initial PMN entry into the inflamed gut mucosa
being restricted to larger submucosal vessels. These com-
partmentalized PMN migration patterns were driven by the
elevated CXCL1/2 levels enriched in the submucosal
compartment.42 Differences in vascular EC composition and
activation may also contribute to distinct PMN migratory
patterns; however, this remained to be determined. Entry
remote from destination (crypt epithelium or the luminal
The American Journal of Pathology - ajp.amjpathol.org
space) and evidenced increased PMN lifespan in inflamed
tissue may allow for transitional stages and PMN adaptation
to local environmental cues, consistent with the apparent
plasticity of tissue PMNs discussed in Neutrophil Plasticity
in Inflammation and Cancer. Interestingly, another recent
work has identified mobile and immobile pools of PMNs in
the inflamed mucosa.43 Mobile PMNs swarmed to sites of
gut injury following leukotriene B4 (LtB4) gradient,
whereas immobile fraction exhibited aging/apoptotic
markers, indicating perhaps exhausted PMN phenotype.
What the function of these exhausted PMNs in gut inflam-
mation is still not defined; however, these observations once
more highlight the phenotypic heterogeneity and diverse
functions of PMNs in inflamed tissue.

In mouse models of gut inflammation, CXCL1/2, through
interactions with PMN receptors CXCR1/2, seem to be
major drivers of PMN accumulation in inflamed mucosa.
Gut resident T cells, macrophages, and mast cells produce
CXCL1/2 to mobilize PMNs into inflamed gut,44,45 whereas
CXCR2 inhibition alleviated DSSeacute colitis symptoms,
by reducing excessive neutrophil recruitment to the colonic
lamina propria.46 Similarly, CXCR1/2 high PMNs were
noted in patients with active IBD, as well as high expression
of another CXCR1/2 ligand, CXCL8 (IL-8).47 Other mole-
cules that have been implicated in PMN gut infiltration are
the complement proteins C5a48 and eicosanoid hepoxilin A3
synthesized by epithelial cells and secreted from their apical
surface via multidrug resistance protein 2 to promote PMN
migration across epithelial cells.49 Indeed, based on multi-
drug resistance protein 2/hepoxilin A3 roles in mediating
PMN transepithelial migration, a small molecule inhibitor,
ADS051, has been designed, to efficiently suppress PMN
trafficking across epithelial layers.50 Glycans coating PMN
integrins, including sialic acid, which is present in abun-
dance on PMN CD11b/CD18, have also emerged as
important regulators of PMN intestinal trafficking; and their
removal suppressed PMN accumulation and activity in
inflamed mucosa.51 Interestingly, an unexpected role of
myeloperoxidase (MPO) was recently identified in negative
5
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regulation of PMN trafficking in inflamed mucosa. MPO is
an azurophilic granule enzyme, which, together with
hydrogen peroxide, forms a powerful antimicrobial system
designed to kill ingested bacteria. However, in activated
PMNs, it is mobilized to the cell surface to antagonize PMN
binding to endothelial cells suppressing their ability to
extravasate.52

Mechanisms of TAN Recruitment

Many molecular events in TAN recruitment and retention
within the tumor niche have been identified; however, this is
still an active area of investigation. This investigation
particularly considers the emerging TAN plasticity and still
debated bona fide TAN subtypes versus adaptation within
the TME. PMN recruitment and homing to tumors involves
cytokines, growth factors, and chemokines produced by
stromal, immune, and tumor cells. As with tissue inflam-
mation, carcinomas up-regulate CXCL8 expression to
facilitate PMN recruitment.53 CXCL1 and its receptor,
CXCR2, are elevated in human sporadic colorectal cancer
(CRC).54 CXCR2 deletion in murine azoxymethane
(AOM)/DSS-induced CRC model (dominated by TAN
infiltration, as shown by the representative image) (Figure 2)
attenuates tumor growth via reduction of tumor burden.55

CXCR2-dependent TAN accumulation within the premeta-
static niche has been shown to be driven by epithelial
neurogenic locus notch homolog protein 1 (NOTCH1)e
dependent induction in TGF-b signaling to generate an
immunosuppressive environment in murine KrasG12D/
þ-driven CRC model.56

CXCL8 in human CRC has also been shown to be
released by apoptotic tumor cells, preferentially attracting
PMNs to these regions, and via interactions with tumor
macrophages promoting immunosuppressive TME.57 Simi-
larly, CD4þ type 17 helper T cells in CRC facilitated
recruitment of neutrophils through CXCL8 secretion.58

CXCL8 expression is not limited to CRC and has been
shown to mediate PMN recruitment via CXCR2 in various
tumor types.59 Chemokine (C-C motif) ligand (CCL) 15 is
another chemokine that was induced by SMAD4 in CRC
cells to recruit both immature and mature PMNs, impacting
tumor development.60

PMN Beneficial versus Detrimental Activity in
Inflamed Gut Mucosa

PMN Pathology in Gut Inflammation

PMN presence in the tissue is often viewed as detrimental
and is associated with exacerbated inflammation and
injury.61 The pathologic effects of PMNs in gut inflamma-
tion are driven by excessive ROS production and release of
MPO, elastase, proteinases, neutrophil extracellular traps
(NETs), inflammatory cytokines, and miRNAs. These fac-
tors cause DNA damage and epithelial cell death and drive
6

disruption of epithelial junctions and epithelial monolayer
integrity, resulting in epithelial barrier dysfunction and
impaired wound healing.
PMNs are known to produce ROS aimed at bacterial

killing; however, in tissue, high ROS levels leads to lipid
peroxidation and DNA oxidation, resulting in shifts in cell
metabolism, cytotoxic stress, and cell cycle arrest.62,63 An
additional and perhaps more prominent mechanism of
PMN-mediated DNA damage to epithelial cells was
recently identified, resulting in significant impairments of
inflammation resolution and colon wound healing.64

Mucosa-infiltrating PMNs were found to release extracel-
lular vesicles (or microparticles) shuttling inflammatory
miRNAs, miR-23a and miR-155, which were deposited to
intestinal epithelial cells (IECs) to down-regulate nuclear
envelope protein lamin B1 and homologous recombination
regulator RAD51. Depletion of both proteins in IECs
resulted in an induction of double-stranded breaks (DSBs)
and inability to resolve these cytotoxic DNA lesion due to
potent suppression of DSB repair by homologous recom-
bination.64 Extracellular vesicles released by PMNs infil-
trating the epithelial layers can similarly transport MMP-9
and MPO to damage IECs. MMP-9 shuttled by PMN
extracellular vesicles and deposited to IECs induced
cleavage of desmoglein-2, leading to disruption of IEC
intercellular adhesions and barrier dysfunction.65 MPO
released in association with PMN extracellular vesicles was
similarly found to inhibit IEC wound closure in vitro and
in vivo by suppressing IEC migration and proliferation.66

Whether these observed impacts of MPO were due to its
enzymatic activity and ROS generation or via another more
direct mechanism remains to be determined. Junctional
adhesion molecule-like protein is another neutrophil-
derived factor that has been shown to compromise IEC
barrier and wound healing. Junctional adhesion molecule-
like protein is shed from the PMN surface during trans-
epithelial migration; and in its soluble form, it binds
epithelial tight junction protein coxsackie-adenovirus re-
ceptor to exacerbate epithelial damage.16 Finally, PMN
NETs correlate with disease severity and intestinal damage
in patients with IBD and in murine models of colitis.67,68

NETs have been suggested to impair epithelial barrier
function and promote IEC cell apoptosis; however, the exact
mechanisms remain to be elucidated.

PMN Contributions to Resolution of Gut Inflammation

As highlighted in PMN Pathology in Gut Inflammation,
PMN pathologic impacts mostly associate with conditions
featuring heightened numbers of tissue-infiltrating PMNs.
However, the view that PMNs are the bad guys is changing
with the emerging evidence of PMN homeostatic and pro-
resolution functions. PMNs can contribute to tissue repair
by multiple mechanisms, including clearance of cellular
debris, immune regulation/suppression, resolution of
inflammation, and tissue remodeling. Specific examples
ajp.amjpathol.org - The American Journal of Pathology
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include the release of MMP-9, which degrades
damage-associated molecular pattern molecules to dampen
recruitment of other immune cells. Via the release of VEGF
and dynamic interactions with macrophages, PMNs can
promote vascular growth and neovascularization.69 Simi-
larly, clearance of apoptotic PMNs by tissue-resident mac-
rophages in a process termed efferocytosis shifts the
macrophage phenotype from inflammatory to proresolution,
facilitating tissue repair.70 PMNs can also serve as sources
of proresolving soluble mediators, such as annexin A1,
which has been shown to reduce inflammatory cartilage
damage71 and promote intestinal wound repair,72 or IL-22
produced by the specialized CD177þ PMN subtype,
which has been suggested to play protective roles in human
IBD and mouse models of colitis.73 Finally, we showed that
PMNs migrating toward the intestinal lumen can engage
epithelial apical surface adhesion receptors, such as ICAM-
1, to initiate reparative signaling to promote reepithelization
and wound healing.74

PMN Pro-Tumor Activity versus Anti-Tumor
Activity

Tumor-Promoting Functions of TANs

As with acute or chronic inflammatory conditions, func-
tional diversity of TANs is well recognized. TANs can
promote tumorigenesis or suppress tumor growth, depend-
ing on the tumor type and tumor grade/stage. TANs have
been recognized for their pathologic significance in several
cancers, including gastric cancers,75 cholangiocarcinoma,76

melanoma,77 renal cell carcinoma,78 and hepatocellular
carcinoma.79 Particularly in CRC, inflammation and TANs
play prominent roles in tumor progression and dissemina-
tion. Patients with IBD with heightened PMN activity and
an underlying chronic inflammation are at a significantly
higher risk of developing CRC80; however, sporadic CRCs
similarly feature prominent inflammatory responses and an
abundance of TANs. Systemic inflammation and the
important roles PMNs/TANs play in CRC are evidenced by
the prognostic ability of neutrophil/lymphocyte ratio to
predict inferior disease outcomes and overall survival in
patients with CRC.81

TANs can promote tumor growth through immunosup-
pression, modulation of the DNA repair landscape, tumor
cell proliferation, and angiogenesis. As discussed in PMN
Phenotypes in Cancer, immature TAN populations have a
substantial footprint in developing CRC. In mice, these cells
were identified by CD11bþ/Ly6Gþ/Ly6Clow expression;
and in humans, they were identified by Lin�/human
leukocyte antigen-DR�/CD11bþ/CD14�/CD15þ/CD33þ.82

These cells suppress the adaptive immunity aimed at
recognition and killing of tumor cells via heightened pro-
duction of immunosuppressive cytokines, such as TGF-b
and IL-10 or arginase I, which depletes L-arginine to halt
T-cell proliferation and CD8þ T cell antitumor responses
The American Journal of Pathology - ajp.amjpathol.org
(previously reviewed in Sieminska and Baran82). Height-
ened ROS and hydrogen peroxide production similarly
potently suppress T-cell proliferation.83,84

TANs are potent modulators of the tumor cell DNA
damage repair landscape. TANs, via miR-155 activity in
progressive CRC, suppress DSB repair by homologous
recombination, pushing tumor DNA damage repair adapta-
tion and use of highly error-prone nonhomologous end
joining. With highly active nonhomologous end joining,
tumor cells overcome significant DSB burden, which is
caused by TANs themselves, oxidative stress,85 or hypox-
ia,86 and survive with unstable genomes. Through crosstalk
with mesenchymal stem cells, TANs can promote cancer-
associated fibroblast trans-differentiation to drive tumor
cell proliferation.87 TANs can similarly promote tumor
growth by facilitating tumor vascularization by supplying
angiogenic factors, such as matrix remodeling MMP-9 and
VEGF, in the tumor microenvironment.88

Finally, TANs can promote tumor cell dissemination to
distant organs by facilitating their escape from primary tu-
mors, survival, and guidance in the circulation and seeding
of the metastatic niche.89,90 Via the release of proteinases,
such as MMP-9 and neutrophil elastase, TANs can cleave
interepithelial junctions and degrade the extracellular ma-
trix, facilitating tumor cell release into the circulation.
Through NET release, PMNs/TANs can reawaken dormant
metastatic cells re-engage their proliferative capacity, pro-
moting pulmonary metastasis,91 or trap circulating tumor
cells via b1-integrin binding to help escort tumor cells into
the metastatic niche. PMNs, through direct interactions with
circulating tumor cells, forming tumor-immune clusters,
promote their survival in the circulation92 or, via ROS/NET
release, compromise the endothelial barrier facilitating
transendothelial migration of breast cancer cells, promoting
successful metastatic seeding in a distant organ.93

Protective Roles of TANs in Cancer

As with inflammation, TANs can also provide protection
against tumor development via various cytotoxic mecha-
nisms. In the early stages of CRC establishment, TANs can
promote tumor cytotoxicity via suppression of DSB repair by
homologous recombination and an induction of replicative
stress and cell cycle arrest.94 TANs can kill tumor cells via
elastase-mediated liberation of the CD95 death domain95 or
cathepsin-Gemediated killing following TAN recognition of
the cancer cell receptor for advanced glycation end prod-
ucts.96 TANs recognize monoclonal antibodyeopsonized
tumor cells and kill them via activation of Fas/FasL
pathway.97 TANs can suppress tumor cell proliferation via
release of hydrogen peroxide acting on cancer cell hydrogen
peroxideedependent Ca2þ channel transient receptor poten-
tial cation channel 2 (TRPM2) expression.98 TANs can exert
their anti-tumorigenic effects by modulating tumor immune
responses and enhancing tumor cell recognition and clear-
ance. TANs can recruit cytotoxic CD8þ T cells via the
7
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release of CCL3, CXCL10, or IL-12 or cross-present tumor
antigens to CD8þ T cells to stimulate tumor-specific effector
T-cell responses.19,99 TANs can also activate dendritic cells,
increasing antitumor T-cell priming,100 or activate natural
killer cells to promote tumor killing.101
Neutrophil-Aimed Therapies in Inflammation
and Cancer

Given the roles of PMNs in inflammation and cancer, tar-
geting their activity in tissues could offer potential new
therapeutic opportunities. However, although the evaluation
of PMNs as therapeutic targets is still ongoing, given the
many potentially beneficial functions of PMNs in host de-
fense and resolution of inflammation and tumorigenesis,
approaches targeting specific PMN/TAN subtypes and ac-
tivities should be considered.

Although the field of specialized PMN phenotypes and
functions for therapeutics is still evolving, inhibition of
PMN trafficking is perhaps the best studied and closest to
being used in the clinic.

Several small-molecule inhibitors directed at PMN traf-
ficking are currently in phase 2/3 clinical trials. Reparixin and
ladarixin, both CXCR2 inhibitors, are trialed for treatment of
metastatic triple-negative breast cancer (NCT02370238,102

https://clinicaltrials.gov/study/NCT02370238, last accessed
September 16, 2022) and type 1 diabetes
(NCT04628481,103,104 https://clinicaltrials.gov/study/NCT04
628481, last accessed October 5, 2023). In preclinical
animal models, CXCR2 inhibition has been shown to
improve immune checkpoint blockade efficacy105 and
reduce tumor-associated NETs in models of melanoma and
breast and colorectal cancers.106 Dual blockade of CXCR2þ

TANs and CCR2þ TAMs disrupts myeloid cell recruitment,
improving anti-tumor immunity in a mouse model of
pancreatic cancer.107 AZD5069, another CXCR2 small-
molecule inhibitor, has been successfully used to block
TAN accumulation and suppressed metastasis of genetically
induced CRC.56

Other approaches to target PMN/TAN activity may
include chemokine antagonism, inhibition of PMN pro-
teinases, miRNAs, and NET release. As such, inhibition or
genetic deletion of MMP-9 shows a reduction in the severity
of DSS experimental colitis due to reduced neutrophil
infiltration in the colon.108 Inhibition of MPO activity by the
synthetic inhibitor, AZD3241, or use of the antimalarial
drug atovaquone (repurposing this US Food and Drug
Administrationeapproved drug for the use in IBD), im-
proves DSS-induced colitis outcomes.109,110 Disruption of
the 12-lipoxygenase pathway reduces PMN-mediated tissue
trauma in colitis in mice models.49 Similarly, in DSS-colitis
and in AOM/DSS-driven CRC models, specific inhibition of
PMN-derived miR-23a/miR-155 improves mucosal healing
and limited tumor growth. miRNA therapy has a significant
potential given its high targeting efficacy, with the caveat of
8

miRNAs acting on multiple targets. Intratumoral delivery of
neutrophil elastase or neutralization of serine proteases in
the TME, including a-1-antitrypsin, secretory leukocyte
peptidase inhibitor, and serpin family B member 1, im-
proves TAN cancer cell killing capability.95 Given the
ability of TGF-b to modulate and polarize TANs into tumor-
supporting phenotypes, it is also an attractive target for anti-
tumor therapies, of course with a caveat of it playing central
roles in many other processes and cell types. A TGF-b re-
ceptor II antibody (IMC-TR1) has been developed, showing
potent tumor growth inhibition in murine CRC and breast
cancer by acting on tumor immune cells.111

Finally, another important aspect of mucosal injury,
tumor immunity, and therapeutic response, particularly in
CRC, is the gut microbiome. The current review does not
touch upon this, but the field of microbiome interactions
with the immune system, impacting their cell trafficking and
activity and likely phenotypic specialization, is evolving and
should be further explored and considered in the design of
new proresolution or anti-tumor therapeutic strategies.
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