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Abstract

Neutrophils sense microbes and host inflammatory mediators, and traffic to sites of infection
where they direct a broad armamentarium of antimicrobial products against pathogens.
Neutrophils are also activated by damage-associated molecular patterns (DAMPS), which are
products of cellular injury that stimulate the innate immune system through pathways that are
similar to those activated by microbes. Neutrophils and platelets become activated by injury, and
cluster and cross-signal to each other with the cumulative effect of driving antimicrobial defense
and hemostasis. In addition, neutrophil extracellular traps are extracellular chromatin and granular
constituents that are generated in response to microbial and damage motifs and are pro-thrombotic
and injurious. Although neutrophils can worsen tissue injury, neutrophils may also have a role in
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facilitating wound repair following injury. A central theme of this review relates to how critical
functions of neutrophils that evolved to respond to infection and damage modulate the tumor
microenvironment (TME) in ways that can promote or limit tumor progression. Neutrophils are
reprogrammed by the TME, and, in turn, can cross-signal to tumor cells and reshape the immune
landscape of tumors. Importantly, promising new therapeutic strategies have been developed to
target neutrophil recruitment and function to make cancer immunotherapy more effective.
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Introduction

The presence of white cells within tumors was observed in the 19" century by Rudolf
Virchow and raised the notion that inflammation may play a role in cancer. It is now
recognized that inflammation plays a critical role at multiple stages of cancer: initiation,
growth, metastasis, and response to therapy. As examples of inflammation-induced
cancer, chronic hepatitis B infection is a major cause of hepatocellular carcinoma, and
inflammatory bowel disease increases the risk of colorectal cancer. Inflammation and
oxidant stress increases genetic damage required for tumor initiation. Moreover, recruitment
of inflammatory cells may contain or eradicate the tumor or be the “fuel that feeds

the flames™L. As an example, nuclear factor kappa B (NF-kB), is a critical driver of
inflammation-associated cancer and acts in a cell type-specific manner by activating
survival genes within cancer cells and inflammation-promoting genes in cells in the tumor
microenvironment (TME)%3,

Once a tumor is established, it creates a stroma comprised of inflammatory cells, fibroblasts,
vasculature, and extracellular matrix. The similarity between tumor stroma and non-healing
wounds has been recognized for decades®. The TME is characterized by persistent cellular
injury and the production of cytokines and chemokines that recruit mixed populations of
inflammatory cells that form the immune landscape of the TME. In this context, tumor cells
and stroma are altered by tissue-resident and recruited immune cells and vice versa. The
landscape of tumor-associated myeloid cells and lymphoid cells is critical for prognosis and
a target for therapy®®.

Circumstantial evidence for a role of neutrophils in the TME was inferred by several studies.
For instance, an elevated circulating neutrophil count and a high circulating neutrophil to
lymphocyte ratio, are both associated with worse prognosis in multiple solid tumors9-19,

In patients with newly diagnosed solid tumors, a significant expansion of circulating
hematopoietic stem and progenitor cells was demonstrated to occur with a myeloid cell

bias, which is characterized by increased granulocyte-monocyte progenitors skewed toward
granulocytic differentiation?0. These myeloid precursors were enriched in tumor tissues,

and high levels of circulating granulocyte-monocyte progenitors were correlated with more
advanced disease?0. Gentles at al.2! analyzed expression signatures from ~18,000 human
tumors with overall survival outcomes across 39 malignancies and identified intra-tumoral
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neutrophil signatures as the most significant adverse cancer-wide prognostic marker. Si et
al.22 noted intra-tumoral hotspots for co-localization of neutrophils and T cells in primary
head and neck tumors. In these areas, T cells had significantly reduced proliferation and
granzyme B expression, suggesting that intra-tumoral neutrophils can suppress T cell
activation.

Definite characterization of these neutrophils within the TME in human cancer has
remained incomplete to date. Granulocytic myeloid-derived suppressor cells (PMN-MDSC)
are commonly defined as immature populations of granulocytes resulting from disordered
granulopoiesis that suppress T cells and are barriers to antitumor immunity23. However,

the distinction between PMN-MDSC and normal circulating neutrophils that have acquired
a suppressor function in the TME is also suggested by tumor histology, with important
conceptual and therapeutic consequences. Results from our labs and others increasingly
support the notion of normal neutrophils being recruited to and reprogrammed in the TME
to acquire suppressor function and other features typically associated with PMN-MDSC.

Importantly, induction of suppressor function in neutrophils is not a universal feature of

the TME, and different inflammatory or tumor-derived cues can prime neutrophil responses
that enhance T-cell immunity2423, In a chemically induced sarcoma model, Ponzetta et
al.26 observed that neutrophils mediated resistance to primary carcinogenesis by stimulating
type 1 responses by a subset of unconventional CD4~ CD8™ ap T cells. Neutrophil
infiltration was associated with better prognosis and higher interferon-ry expression in
human undifferentiated pleomorphic sarcomas and in other selected tumors. Neutrophils are
also capable of direct lysis of tumor cells?” and killing tumor cells by antibody-dependent
cell-mediated cytotoxicity (ADCC)%8:29, The potential for tumor-associated neutrophils to
be friends or foes in cancer3? underscores the importance of context-dependent factors in
the tumor microenvironment and neutrophil heterogeneity that modulate the interactions
between neutrophils and cancer.

In addition to modulating T cell accumulation and function in the TME, neutrophils can
influence the TME and have direct signaling effects on tumor cells. Neutrophils and platelets
cross-signal to each other and cumulatively can cause endothelial cell injury, thrombosis,
and angiogenesis, as well as direct signaling to tumor cells. Paraneoplastic thrombocytosis

is associated with worse outcomes in multiple solid tumors31:32, Neutrophil extracellular
traps (NETSs), complement, and coagulation pathways can cross-signal to and amplify each
other33, and, in the TME, create niches for metastatic seeding34:3°. NET generation is

a distinct injurious mode of neutrophil death that accelerates metastasis in several tumor-
bearing mouse models. NETs can stimulate thrombosis, have direct signaling effects on
tumor cells, and disable T cell-driven anti-tumor immunity in the TME.

To date, the predominance of the evidence points to neutrophils in the TME being more
likely to be foes than friends regarding antitumor immunity. Promising targets for novel
therapies that include disabling neutrophil trafficking to the TME and abrogating their
suppressor function. In addition, neutrophils have plasticity, and there is potential to modify
neutrophil function in ways that augment tumor cell attack.
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Neutrophils respond to and are modified by injury and inflammatory cues
in the TME

In the late 19t century, Metchnikoff made seminal observations on the injury-induced
recruitment of phagocytic cells in starfish and posited that phagocytes digest microbes. After
impaling transparent starfish larvae with thorns, he observed moving cells surrounding the
foreign material, similar to what happens to a human finger with a splinter36. Starfish are
echinoderms with an open circulatory system and contain circulating cells (coelomocytes)
that perform diverse functions, such as clot formation, phagocytosis, encapsulation, and
clearance of bacteria and other foreign materials3’. Both invertebrates with primitive
immune systems, such as starfish, and mammals with complex innate and adaptive immune
systems must respond to injury as a condition for survival. Metchnikoff’s observations
provide evolutionary context for innate immune responses to injury that we believe apply to
the TME, a pathologic condition characterized by persistent injury.

Metchnikoff further made the distinction between macrophages and neutrophils (the latter
referred to as microphages) based on morphology, and recognized their “protective role
against injurious agents which are either formed by the organism itself or enter the organism
from outside.”38 Today, it is well-recognized that non-infectious injury (e.g., from trauma or
a caustic insult) results in the release of damage-associated molecular patterns (DAMPS)
and pro-inflammatory cytokines, chemokines, and leukotrienes that rapidly recruit and
activate neutrophils. Although DAMPs and microbial products can stimulate similar pattern
recognition receptors, neutrophils can have distinct signaling responses to bacteria and
DAMPs released by sterile injury3®. From an adaptive standpoint, this rapid mobilization of
neutrophils defends against pathogens that can be introduced following injury.

Neutrophils respond to a broad range of damage motifs through pattern recognition
receptors rather than having a tailored response to specific insults. In this rule-of-thumb
concept, damage and inflammatory cues in cancer aren’t unique to the TME, but simply
reflect persistent injury, and neutrophils will respond to these cues in a similar fashion

to other chronic injuries (e.g. from unresolved infection or a persisitent foreign body).

While in the non-cancer setting, these neutrophil responses are adaptive in defending against
infection and likely supporting wound repair, these same responses in the TME can either
accelerate or limit tumor growth. Furthermore, direct tissue injury during surgical oncologic
tumor resections could further exacerbate neutrophil responses in the TME, especially if

the resection is incomplete. We believe that this wound-centric model in which neutrophilic
responses in the TME are driven by generalized wound repair responses as opposed to
tumor-specific responses provides a foundation for understanding common pathways driving
neutrophil phenotypes and therapeutic approaches that modify these phenotypes.

The initial response to acute insults involves the rapid recruitment of neutrophils and
platelets to the site of injury. Neutrophil recruitment to extravascular sites of injury

is a hallmark of early innate immunity and is mediated by coordinated neutrophil

and endothelial cell interactions. Once outside the vessel, neutrophils have coordinated
chemotaxis and cluster formation, referred to as neutrophil swarms, in which, integrins,
leukotriene B4 and other chemoattractants promote local neutrophil interactions resulting in
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awound seal*0. In addition, mitochondrial-derived DNA and formylated peptides (reflecting
the bacterial origin of mitochondria) are released following cellular injury and recruit and
activate neutrophils and can guide their localization to sites of injury#142. Neutrophils
recruited to sites of injury can exacerbate organ damage through the release of reactive
oxidant species (ROS), granular proteases, and other injurious products. However, there

is growing recognition for neutrophils promoting the resolution of inflammation and
facilitating wound repair#3. For example, neutrophils transport newly formed extracellular
matrix to sites of traumatic injury via CD11b/CD18 binding to collagens, an effect predicted
to heal wounds*4.

Following the elimination of the acute insult, termination of the acute inflammatory
response is necessary to avert excessive inflammatory injury. Macrophages have multiple
roles in wound repair, including forming extravascular thrombus-like structures in response
to injury that mimics the function of platelets and promotes scar formation?®. Macrophages
also help to clear neutrophilic inflammation through efferocytosis (removal of dying cells
by phagocytosis). The next stage involves a more chronic process characterized by tissue
remodeling and fibrosis.

In contrast to normal wound healing, pathological wound healing is characterized by a
persistent and disorganized inflammatory response in which neutrophil recruitment and
injury are ongoing and regenerative responses are ineffective?6. Solid tumors are composed
of malignant cells and tumor stroma that can support tumor growth by providing vascular
supply, signaling cues, and a barrier to immunologic attack. In the 1980s, Dvorak noted
the similarities between tumor stroma and wound healing®. The TME releases several

cues that mimic other chronic wounds, including DAMPs and pro-inflammatory cytokines
and chemokines that recruit and activate neutrophils. Indeed, data from our groups and
others point to neutrophils being reprogrammed in the TME in ways that can impair
anti-tumor immunity by T cells. While this suppressive function of neutrophils may be

a generalized response to injury and serve to avoid excessive T cell responses that can
impair wound healing (e.g., by the generation of tissue granulomata), this suppressive
phenotype is expected to be a barrier to T cell activation and expansion in the TME required
for durable antitumor immunity. There is precedent for similar suppressive responses

in macrophages that are adaptive in supporting wound repair but can disable T cell
responses in the TME. Although the concept of M1/M2 polarization in macrophages is

an oversimplification, in general terms, M2 macrophages facilitate normal wound healing
by suppressing inflammatory responses and producing pro-angiogenic factors#”:48. Tumor-
associated macrophages are commonly similarly M2-polarized, impede T cell-driven anti-
tumor immunity, and are promising targets for new cancer therapies*®.

Based on our work and that of others, we propose that the acquisition of T cell

suppressor function in the TME is a predominant mode by which neutrophils impair
anti-tumor immunity. There are multiple other modes in which neutrophils can promote
tumor progression, including cross signaling with platelets, promoting thrombosis and
angiogenesis, remodeling matrix, and direct signaling to tumor cells. However, neutrophils
in other contexts can injure or kill tumor cells and enhance anti-tumor immunity. These
results underscore the heterogeneity of neutrophil effector activities in the TME, which can
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reflect factors driving granulopoiesis of myeloid progenitor cells and phenotypic changes
that occur within the TME.

The overall premise of this review is that whether tumor-associated neutrophils are friends or
foes, their responses in the TME are governed by evolutionary conserved responses to injury
and inflammatory cues that characterize wounds in general rather than unique tumor-derived
factors. In this light, we evaluate the interactions of neutrophils with endothelial cells,
platelets, and T cells in the TME. We argue that in most cases, these interactions favor

tumor progression rather than control, and are targets for therapeutic modulation. Finally,

we discuss the direct and indirect interactions of neutrophils with tumor cells. Although
neutrophils can accelerate tumor progression through several mechanisms, they can also be
modified therapeutically to attack tumor cells.

Challenges in defining neutrophil sub-populations and their effects on T

cell function

In addressing the subject of neutrophil interactions with the TME and specifically their
inhibitory effects on T cells, we need to review how neutrophil sub-populations are defined
in the field. In the tumor immunology field, the definitions of neutrophils in circulation

and in the TME are changing, the terminology is often confusing and contradictory, and
different investigators refer to the same granulocyte populations with different terminology.
MDSC are widely described as an immature subset of myeloid cells that are expanded

as a result of disordered myelopoiesis and are defined by their ability to suppress T

cell immunity. Disordered myelopoiesis is a central mechanism for MDSC expansion

in cancer. Tumor-derived factors (e.g., G-CSF or GM-CSF) produced by tumor cells or

the TME drive this pathologic myeloid cell expansion in the marrow that results in the
release of MDSC systemically and subsequent accumulation in the TME. Human MDSC
populations have been grouped into granulocytic (PMN-MDSC) and monocytic populations
(M-MDSC), with the understanding that further heterogeneity may exist within each of these
groups®. PMN-MDSC are typically defined as low density (co-sedimenting with peripheral
blood mononuclear cells (PBMC) in density centrifugation) granulocytes that inhibit T

cell responses®L, and express surface markers have been attributed to PMN-MDSC52,
PMN-MDSC can also drive tumor progression independently of their effect on adaptive
immunity. They can stimulate tumor angiogenesis by releasing pro-angiogenic factors and
promote the epithelial-to-mesenchymal (EMT) transition, which drives tumor progression
and metastasis®3. A meta-analysis of 40 studies showed that pre-treatment circulating
PMN-MDSC and M-MDSC were associated with worse prognosis in patients with solid
tumor malignancies®. However, we make the important caveat that a validated signature
immunophenotype for human PMN-MDSC does not exist to date and that low density has
become a widely used criterion to identify and quantify PMIN-MDSC.

In consensus criteria for MDSC nomenclature, PMN-MDSC surface markers were defined
based on CD11b*CD14-CD15" or CD11b*CD14-CD66b* expression®0. However, these
surface markers are also expressed on normal neutrophils. In tumor-bearing mice, depletion
or inhibition of trafficking of granulocytes can enhance antitumor responses®>-60, However,
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most of these approaches, such as anti-Ly6G61:62 or cytotoxic chemotherapy®3, deplete
both neutrophils and PMN-MDSC. These ideas about the origin, phenotype, and activity
of PMN-MDSC are mostly derived from mouse studies, many of which have not been
confirmed in human studies, suggesting the existence of fundamental differences between
PMN-MDSC in these species®4, complicating extrapolations from experimental mouse
studies. Compounding the difficulty in interpreting experimental results, granulocytic cells
within human tumors and tumor-bearing mice are typically defined as PMN-MDSC based
on these non-specific markers that do not distinguish them from neutrophils. Whether these
granulocytic cells are called neutrophils or PMN-MDSC usually reflects the background of
the investigators rather than a clearly defined distinction between these populations.

These observations raise a central question: Should PMN-MDSC be considered a distinct
granulocytic cell population with intrinsic T cell suppressor activity that results from
disordered granulopoiesis? Alternatively, are PMN-MDSC simply a subset of neutrophils
with suppressor function that can be acquired within the TME or systemically but not

driven by disordered granulopoiesis? Given the diversity of neutrophil sub-populations,
which can include differences in immunoregulatory functions, some investigators argue that
PMN-MDSC should be called “immunosuppressive neutrophils”®4. We agree with this point
and would argue that if authors define PMN-MDSC based on disordered granulopoiesis,
then they should provide proof in their experimental system that the specific PMN-MDSC
population developed due to a dysregulated marrow and is distinguishable from normal
neutrophils. Alternatively, authors may choose to define PMN-MDSC solely based on their
T cell suppressor function and without regard to where and how the suppressor function was
acquired; using this definition, PMN-MDSC are de facto a functional subset of neutrophils
that are expanded in cancer and other diseases. Our research (described below) supports this
latter concept — specifically that neutrophils can acquire an MDSC-like phenotype following
activation by microbial motifs®® and products in the TME®6:67, However, this notion does
not negate that PMN-MDSC can also be the result of disordered granulopoiesis, but simply
that there are diverse pathways that can result in an MDSC phenotype.

In contrast to the expansion of an immature population of MDSC, Engblom et al.%8 showed
a different mechanism for tumors inducing the expansion of cancer-promoting neutrophils.
They showed that lung adenocarcinomas can remotely activate bone-resident osteocalcin-
expressing osteoblasts. These osteoblasts caused an expansion of SiglecF9" neutrophils that
were rare in the healthy tissue but expanded ~70-fold in tumor-bearing lungs. SiglecFnigh
neutrophils had a distinct transcriptional profile that mimicked profiles associated with
PMN-MDSC. The SiglecF"9" neutrophil gene signature was associated with a worse
outcome in patients with lung adenocarcinoma, and depletion of osteocalcin-expressing
osteoblasts reduced lung tumor growth in mice. SiglecF"9" neutrophils are morphologically
mature, long-lived, and are enriched in tumor, but not found in marrow or circulation®,
which suggests that their tumor-promoting phenotype is at least in part acquired in the
TME. In a non-cancer setting, SiglecF-expressing neutrophils were associated with collagen
| production and renal fibrosis’?, raising the possibility that this neutrophil subset might
have a wound-healing function’1.
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Fridlender’s group proposed the definition of N1 and N2 tumor-associated neutrophils.

In mice, N1 neutrophils can promote anti-tumor effector responses both by directly
targeting tumor cells and by stimulating T cell immunity, while N2 neutrophils facilitate
tumor progression by suppressing T cell responses and upregulating angiogenic factors
such as VEGF and matrix metalloproteinase-9 (MMP-9)72-74, Sagiv et al.”> proposed

three distinct neutrophil populations observed in tumor-bearing mice and in patients with
cancer: mature high-density neutrophils, mature low-density neutrophils, and immature low-
density neutrophils. The mature high-density neutrophils had an N1-like phenotype and

the capacity to kill tumor cells. The low-density population included immature neutrophils
(equated with PMN-MDSC) and mature neutrophils with T cell suppressive capacity. When
treated with TGF-, the mature high-density neutrophils polarized to become low-density
neutrophils and acquired a suppressive phenotype, pointing to the plasticity of neutrophil
subpopulations. The N1 and N2 tumor-associated neutrophil designation has been largely
characterized in mouse models. Human neutrophils can be polarized ex vivoto acquire
features associated with N1 and N2 neutrophils’8, and the role of these neutrophil sub-
populations in shaping the human TME is still unclear and an important area for research.

Neutrophils in the TME are heterogeneous and have plasticity in which their phenotypes
are altered by various cues, such as DAMPs, cytokines, and chemokines®4:77:78, There

is greater recognition that specific phenotypes such as T cell suppressor function, low
density, and surface expression of various markers can be induced by the TME. Low-density
neutrophils (LDN) are observed in patients with cancer and other inflammatory conditions
(e.g., sepsis, autoimmune conditions, and trauma)’%-81, Rica et al.82 observed heterogeneity
in circulating neutrophils in patients with acute trauma, including a distinct LDN population
with activated CD11b/CD18 but reduced surface marker expression of nearly all other
surface markers including receptors for formyl peptides, leukotrienes, chemokines and
complement. LDNs are also present in normal individuals, are morphologically mature,

and have increased ROS production and phagocytic capacity consistent with an activated
phenotype®3. Veglia et al.>! argued that low density is one of the defining characteristics

of PMN-MDSC and that the term LDN creates an incorrect impression of the existence

of multiple neutrophil populations with immunosuppressive function when in fact they are
all PMN-MDSC. However, we would argue that LDN can be expanded under a number

of pathologic conditions, and likely represent activated neutrophils. Indeed, normal human
neutrophils stimulated ex vivo with formylated peptide become low density and suppress T
cell activation through a ROS-dependent pathway84. LDNs may or may not have become
pre-activated during their maturation in the bone marrow by tumor-derived factors released
into the blood and hence show a different neutrophil density, activated phenotype, and
differ functionally. As we ourselves have not observed a significant number of LDNSs in
treatment-naive cancer patients®>, not all cancer patients seem to have increased numbers
of LDNs with T-cell suppressive MDSC activity. We should note that neutrophil isolation
remains a delicate procedure and artifactual findings by pre-activation in the laboratory
setting may easily occur.

The idea of (pre)activation or priming of circulating neutrophils may also explain previous
observations of increased MDSC activity in LDNs. The presence of such LDNs with MDSC
activity points to neutrophil activation as a mechanism for acquiring suppressive activity

Immunol Rev. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Segal et al.

Page 9

rather than suppressor function being an inherent characteristic of a specific neutrophil
subset. In support of this notion, we observed that neutrophils activated by fMLF and other
stimuli acquire a T cell suppressor phenotype through pathways requiring neutrophil-T cell
contact, CD11b/CD18, neutrophil degranulation, and NADPH oxidase activation® (Figure
1). Neutrophils can damage extracellular parasites® and tumor cells®” by trogocytosis, a
process involving the transfer of plasma membrane fragments between conjugated cells. We
observed trogocytosis of T cells by activated neutrophils®® (Figure 1). During trogocytosis,
neutrophils may cause the target cell to shrink to a level where it is no longer functional or
viable. These results led us to consider that neutrophil effector functions may collectively
impair the tumor-infiltrated T cells from their cytotoxic activity against tumor cells, thereby
impairing durable antitumor immunity®®.

Neutrophils are reprogrammed in the TME

When evaluating various surface markers or functional phenotypes (e.g., suppressor function
or tumoricidal activity) of neutrophils in the TME, it is challenging to determine how and
where these features were acquired. As described above, PMN-MDSC are traditionally
defined by abnormal granulopoiesis and, therefore, the features that define PMN-MDSC
should be present both in circulation and in the TME. By contrast, if the specific neutrophil
populations are enriched or are almost exclusively found in the TME, then we would
conclude that they have been re-programmed in the TME. The term “tumor-educated
neutrophils” defines neutrophil features acquired by cues in the TMES?,

A number of markers have been proposed to define PMN-MDSC, including lectin-type
oxidized LDL receptor-1 (LOX-1)%, arginase | (a constituent of neutrophil tertiary
granules®), CD14N9" (in mice)>2, CD84%2, and CD101™9 (CD101 is a marker of neutrophil
maturity®3), and require validation. Condamine et al.?? identified LOX-1 (receptor of
oxidized LDL) as a PMN-MDSC marker, but it is also inducible in normal neutrophils

by endoplasmic reticulum (ER) stress. LOX-1+ granulocytes were enriched in tumors,

had distinct transcriptome profiles, suppressed T cell immunity, and were associated with
tumor niches with reduced T cell accumulation and activation?2:52.90, Sj et al.22 examined
intratumoral interactions of neutrophils and T cells in head and neck tumors. Some of these
regions contained colocalization of neutrophils and T cells in which neutrophils expressed
LOX-1 and arginase | and T cell activation, assessed by the expression of Granzyme B

and Ki67 (proliferation marker), was suppressed. This study raises the question of whether
LOX-1 expression reflects an activated neutrophil in which LOX-1 has mobilized to the
plasma membrane and whether LOX-1 is driving suppressor function as opposed to being
simply a marker of suppressor neutrophils.

LOX-1 surface expression seemed to be promising as a PMN-MDSC marker, but our data
indicates this surface marker is an excellent marker to assess specific granules in human
neutrophils and its immediate upregulation upon neutrophil activation. As we and many
others have already shown three decades ago®, rapid upregulation of surface markers

is observed by the isolation of neutrophils per se or intended /n vitro activation. Under
these conditions, the expression of many surface markers is subject to upregulation from
intracellular stores, which is also consistent with our previous cellular proteomics studies
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on neutrophils on the different protein content of azurophil, secondary, and tertiary granules
during neutrophil developmental stages and their activation®®. We observed that human
neutrophils become LOX-1 positive upon neutrophil activation. In line with this, almost 90%
of neutrophils stained by the neutrophil-specific CD66b marker in TME sections are also
labeled by anti-LOX-1 monoclonal antibodies (data not shown), suggesting that this marker
cannot be used to discriminate PMN-MDSC as a separate subset. However, caution should
be taken with the interpretation of immunohistochemistry, knowing that it is impossible to
distinguish between intracellular stores and surface staining in histology samples.

Consistent with these findings, we observed that healthy donor neutrophils exposed to
ascites fluid supernatants from patients with newly diagnosed metastatic epithelial ovarian
cancer acquire features of PMN-MDSC: low density, increased LOX-1 surface expression,
and T-cell suppressor function8 (Figure 2). Ascites fluid exposure induces surface
mobilization of CD11b and granule membrane constituents, including CD66b and the
gp91PM1oX1n22PhoX heterodimer of the NADPH oxidase®”. The increased surface expression of
these proteins is dependent on C5aR signaling, pointing to a role for complement in priming
neutrophil effector functions. Surface CD10 expression has been linked to a suppressive
population of mature neutrophils®. Neutrophil CD10 expression can be increased after C5a
exposure?”, and we observed that ascites fluid exposure induces CD10 surface expression

in healthy donor neutrophils®”. In addition, CyTOF analysis of neutrophils exposed to
epithelial ovarian cancer ascites fluid supernatants showed that neutrophils could be divided
into 15 phenotypically distinct clusters, whose relative populations change over 3 hours®”.
Linking these neutrophil sub-populations to T cell suppressor function will be pursued in
future studies. We also observed that ascites fluid exposure results in normal neutrophils
having an increased lifespan and nuclei acquiring a hypersegmented morphology similar to
nuclear morphologic changes induced by Helicobacter pyloriinfection87:98, These results
provide further evidence for neutrophils being modified in the TME by various cues (e.g.,
DAMPs, cytokines, chemokines) in ways that mimic features attributed to PMN-MDSC and
in additional ways that may be relevant to tumor progression or control.

While neutrophils were considered to be glycolytic with very limited mitochondrial
metabolism, tumor-associated neutrophils can shift to mitochondrial fatty acid metabolism
(likely an adaptation to limited glucose in the TME), generate increased NADPH oxidase-
dependent ROS, and suppress T cell responses®®. In mice, fatty acid transport protein

2 (FATP-2) is upregulated in PMN-MDSC and linked to their suppressive function,
further supporting an association between metabolism and suppressor function1%. FATP2-
mediated suppressive activity involves the uptake of arachidonic acid and the synthesis

of prostaglandin E210, In addition, FATP2 inhibition enhanced the antitumor efficacy of
checkpoint inhibitors90,

Extracellular nucleotides, particularly ATP and adenosine, are major biochemical
constituents of the TME. Purinergic receptor signaling can promote tumor growth through
a direct effect on tumor cells and by modulating immune cell function. The purinergic
receptor, P2RX1, is an ATP-gated ion channel. Wang et al.101 identified a subset of P2RX1-
negative neutrophils that are recruited to murine pancreatic cancer metastatic lesions and
are characterized by increased mitochondrial metabolism and immunosuppressive activity.
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The ROS-inducible transcription factor, nuclear erythroid factor-2 (NRF-2), was upregulated
in P2RX1-deficient neutrophils and contributed to immunosuppression and metabolic
reprogramming9, Together, these experimental studies suggest that the TME can modify
the phenotype of neutrophils, including metabolic reprogramming, and raise the notion of
modulation of metabolic pathways in neutrophils as a therapeutic approach.

Additional questions relate to the stability of neutrophil sub-populations over time and
within specific immunologic niches in the TME. As an example, mobilization of neutrophil
granular membrane products to the plasma membrane will result in increased surface
expression of these products, but this can be a dynamic process with surface membrane
expression changing over time. Damage and inflammatory cues in the TME can also induce
changes in transcription and protein synthesis in neutrophils resulting in phenotypic changes
that might persist or be transient. We also expect that neutrophil-driven modulation of

T cell immunity will be influenced by the proximity of neutrophils to T cells and local

cues within the TME. In addition, since neutrophils are short-lived cells, the capacity for
neutrophils to cause durable changes to the TME relies on ongoing neutrophil recruitment.
Finally, the mode of neutrophil death — by apoptosis, NET generation, necrosis, or another
pathway — is another example of neutrophil heterogeneity. We therefore expect neutrophil
sub-populations within the TME to have plasticity in their phenotypes, which are influenced
by multiple signaling cues and the time that neutrophils are exposed to these cues.

Neutrophils as drivers of cellular injury in the TME

Our own data in treatment-naive patients with either breast cancer or head and neck
squamous cell cancer8® did not show either the presence of circulating PMN-MDSC
subsets by immunostaining of a set of surface markers or evidence for spontaneous PMN-
MDSC activity. We observed that all circulating neutrophils can be stimulated to exert
suppressive activity in T cell proliferation or cytokine release assays, but only following
their activation®°. We tested in the past various stimuli to activate neutrophils to obtain
so-called MDSC activity of infectious or inflammatory origin, such as fMLF, LPS or TNF-
a. However, we would argue that fMLF is a biologically relevant stimulus that mimics

the immune activation of mitochondrial formylated proteins (which are bona fide DAMPS)
that are released following cellular injury192, This also applies to the broader range of
many endogenous TLR4 ligands other than the classical microbial LPS from Gram-negative
bacteria.

Considering the TME as a local inflammatory or wound healing process, local endogenous
activation of neutrophils within the TME is further supported by studies on the induction of
PMN-MDSC activity by ascites of patients with metastatic epithelial ovarian cancer86.67.103,
Using live cell imaging, we observed that upon coculture in OC ascites fluid supernatants,
healthy donor neutrophils and T cells form stable interactions. Neutrophils were more likely
to be elongated and flattened and caused stretching of T-cell membranes. Trogocytosis

by neutrophils of T cell membranes was observed by confocal microscopy and quantified
by flow cytometry. Trogocytosis was increased by ascites fluid exposure and decreased
using anti-CD11b, suggesting that CD11b/CD18 drives trogocytosis by enabling neutrophil
adherence to T cells®”. RNAseq of T cells exposed to neutrophil suppressors showed
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induction in fatty acid biosynthesis and transport and cholesterol efflux pathways
(unpublished observations), a finding consistent with the important role of lipid synthesis
and transport in the repair response to plasma membrane injury194,

Although a likely obstacle to T cell immunity, neutrophil-driven trogocytosis can also have
the benefit of injuring opsonized tumor cells. SIRPa is a transmembrane protein expressed
on myeloid cells with a cytoplasmic region containing immunoreceptor tyrosine-based
inhibitory motifs that facilitate binding of the tyrosine phosphatases SHP-1 and SHP-2

and serves as a myeloid-specific immune checkpoint pathway. Inhibition of SIRP-a or its
ligand, CD47, is an exciting investigational approach to arm monocytes/macrophages and
neutrophils to kill tumor cells19®, In addition, Matlung et al.8” showed that neutrophils

can kill tumor cells through antibody-mediated trogocytosis, an effect augmented by CD47-
SIRPa blockade. These studies raise the potential for directing the injurious activity of
activated neutrophils to tumor cells.

A reflection of PMN-MDSC activity in vivo

Upon infiltration into the TME human neutrophils may express FcyR type | (CD64),
which can be induced locally or already prior to or during the process of infiltration itself.
Expression can be induced by several growth factors and cytokines, including G-CSF,
GM-CSF, IFN-y, TNF-a and IL-1. A clear indication of the exact moment when or where
the neutrophils start to express this IgG receptor remains obscure. Therefore, if possible,
local staining of molecular markers that have been affected by ROS production (oxidized
amino acid or nucleotide residues) may be of help to detect neutrophil activation within
the TME. However, these molecular changes in tissue sections are not definite proof of
neutrophil-derived ROS since the latter may also be generated by tumor cells themselves.

Other options to investigate local neutrophil activation are possible by staining of
extracellular MPO or neutrophil elastase released by activated neutrophils from the
azurophilic granules upon local activation. However, extracellular MPO or neutrophil
elastase staining could indicate degranulation by viable activated neutrophils or local
association with NETs from adjacent neutrophils. Both ROS and neutrophil elastase were
shown to be important in both functional PMN-MDSC activity®® and NET generation106,
which has been further substantiated by experiments with neutrophils from patients with
well-characterized genetic defects. The presence of NETs within the TME strongly suggests
local neutrophil activation and its subsequent death. Another option would be to stain
neutrophils for activated CD11b/CD18, indicating integrin engagement by neutrophils in the
TME, since we have recently identified enhanced surface expression of these markers in
circulating neutrophils from patients with tissue injury.

Targeting Neutrophils to Enhance Anti-tumor Immunity

In recent years, treatment of multiple cancer types has been changed by the introduction
of immunotherapies, mainly in the form of antibody-mediated inhibitors of immune
checkpoints and adoptive T cell therapies. These therapies are effective by boosting anti-
tumor T cell immune responses. In the wake of these immunotherapies, interest in the
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cellular composition of and more particular the role of neutrophils in the TME has grown
over the years. The pathologist does not usually report on the presence of neutrophils
within tumor since their relevance to clinical practice and treatment strategies is still largely
lacking. However, tumor-associated neutrophils may exert strong suppression of T cell
mediated anti-tumor responses and are targets for immunotherapy.

Neutrophils are recruited to the TME through multiple pathways that can include DAMPs
(e.g. release of formylated peptides from mitochondrial®7), leukotrienes1%8, complement
and cytokines and chemokines, such as ligands of CXCR255-57:59.109 | addition to
recruitment, these mediators cumulatively alter the function of neutrophils in the TME.
IL-17A is a pro-inflammatory cytokine secreted predominately by CD4+ Th17 cells, but
also can be produced by other immune cells such as y8 T cells. IL-17A plays a major

role in neutrophil-mediated host defense. IL-23 supports the expansion of IL-17A-producing
Th17 cells and also regulates granulopoiesis!19. While important for antimicrobial host
defense, the IL-23/IL-17A axis is also associated with autoimmunity and is the basis for
the development of FDA-approved monoclonal antibody drugs that target this pathway. The
IL-23/IL-17A axis has also been shown to have important effects on the TME, raising the
notion of applying these same drugs to cancer. IL-23 promoted tumor incidence and growth
in mice!ll, which was associated with the expansion of 1L-17A-producing lymphocytes
that, in turn, stimulated myeloid growth factors and pro-inflammatory cytokines that drive
neutrophilic inflammation. 1L-23 produced by myeloid cells augmented the intratumoral
IL-17 response and promoted tumor growth in murine colorectal cancer!'2. The authors
proposed a model in which barrier erosion by the tumor enabled mucosal invasion by
bowel flora that triggered IL-23/IL-17-dependent inflammation and acceleration of tumor
growth!12, In addition, enterotoxigenic Bacteroides fragilis, a human colonic bacterium,
can activate Th17 responses that result in myeloid cell recruitment and colon cancer113.114,
Coffelt et al.11® showed that IL-17 production by y6 T cells stimulated G-CSF-dependent
expansion of neutrophils in a mouse model of spontaneous mammary tumor development.
Tumor-induced neutrophils suppressed CTL responses, and depletion of IL-17 or G-CSF
and absence of -y6 T cells prevented neutrophil accumulation within tumors and abrogated
the T cell suppressive phenotype of neutrophils.

Experiments in tumor-bearing mice provide strong premise for inhibiting neutrophil
recruitment to the TME to enhance anti-PD-1 therapy. CXCR2 inhibition resulted in
impaired neutrophil accumulation (referred to by the authors as neutrophils/MDSCs) in
tumor and reduced metastasis®’. Moreover, combined inhibition of CXCR2 and PD-1
significantly extended survival in murine pancreatic ductal cancer®’. In another study
complement C5a inhibition resulted in reduced accumulation of neutrophils (referred to by
the authors as PMN-MDSC) in tumors and enhanced the efficacy of anti-PD-1 therapy!16.
These studies raise the potential for inhibiting neutrophil recruitment and activation as
strategies to augment checkpoint inhibitor therapy, including in tumors that typically do not
respond to existing immunotherapies.
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Neutrophil extracellular traps, coagulation, and effects on T cell immunity

Our laboratory has made observations about neutrophil and complement interactions in

the human TME that provide further rationale for inhibiting complement to augment

T cell immunity. Though our work is mostly based on epithelial ovarian cancer (OC),

we expect that the principles are broadly relevant to the TME in metastatic solid

tumors. Ascites fluid is common in metastatic OC, and both the presence and volume

of ascites at diagnosis are negative predictors of survivall1’-120, OC ascites can impair
antitumor immunity through several mechanisms193.121-124 ¢an facilitate tumor spread and
chemotherapy resistancel2%, and is often associated with miliary dissemination and worse
clinical outcomes!18.120.126-129  Agcites fluid is a distinct part of the OC TME that contains
specific TAL populations!39 and immunosuppressive myeloid cells'21:131 and exosomes!23
that are obstacles to antitumor immunity. While OC is an immunogenic tumor and increased
infiltration of CTL correlates with longer survivall32133 single-agent checkpoint inhibitors
are largely ineffective in relapsed/refractory OC, with response rates of 8-159%134-136 These
results suggest that abrogating suppressive pathways in the OC TME might make checkpoint
inhibitors and other approaches to expand T cell immunity more effective.

Our results support a model in which products of cellular injury (DAMPs) and pro-
inflammatory cytokines and chemokines in the TME recruit neutrophils and induce a T

cell suppressor phenotype56.137.138 \\e consider this suppressor function to be a generalized
response to injury rather than to tumor-specific factors, and to be mechanistically distinct
from PMN-MDSC that are traditionally defined by suppressor function resulting from
disordered granulopoiesis23. Neutrophils in the circulation and from OC ascites fluid are
morphologically mature, and only ascites neutrophils suppress the ex vivo proliferation

and activation of T cells!3, Circulating neutrophils from OC patients are not intrinsically
immunosuppressive but acquire a T cell suppressor phenotype following exposure to OC
ascites fluid supernatants86, This same suppressor phenotype is also induced in normal
donor neutrophils exposed to ASC. Neutrophil suppressors inhibit the proliferation of naive,
central memory and effector memory T cells and of tumor-associated lymphocytes (TALS)
from patients with newly diagnosed OC. The induction of neutrophil suppressor function
requires a number of neutrophil signaling pathways, including complement signaling

and NADPH oxidase activity!38. A similar complement-dependent neutrophil suppressor
phenotype is induced by malignant effusions from patients with different metastatic cancers,
demonstrating the generalizability of our findings. Neutrophil suppressors cause a profound
immunoparalysis in T cells, characterized by inhibition of stimulated cytokine responses,
NFAT translocation, glucose uptake, mitochondrial mass and depolarization, and mTOR
activation!38 (Figure 3). Results in tumor-bearing micel16:139-151 ‘including in syngeneic
0OC152 support targeting the complement system to limit tumor progression and enhance
antitumor immunity. In addition, C5a is a potent neutrophil chemoattractant, and C3a,

C4a, and Cbha are anaphylatoxins that cause vascular leakiness and extravascular fluid
accumulation. Thus, C3 inhibition, by depletion anaphylatoxins, may result in reduced
accumulation of malignant effusions.

Based on this scientific premise, we will evaluate APL-2 (pegcetacoplan), a peptide C3
inhibitor, in a phase 2 trial in patients with recurrent OC and persistent malignant effusions
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(NCT04919629). APL-2 was safe and superior to eculizumab in paroxysmal nocturnal
hemoglobinuria (PNH)153, and is FDA-approved for this indication:; its use in cancer is
novel. Following a safety lead-in, patients will be randomized to the following cohorts:

(i) bevacizumab (anti-VEGF); (ii) APL-2 + pembrolizumab (anti-PD1); and (iii) APL-2 +
pembrolizumab + bevacizumab. This trial will enable us to gain safety and preliminary
efficacy data on APL-2-based regimens in recurrent OC with malignant effusions and a
detailed understanding of how these regimens modulate the immune landscape in the TME.

Neutrophils, Platelets and Endothelial Cells: Partnership in Tumor Spread

Neutrophils and platelets become activated as emergency responders to infection and

injury, and are critical for defense against infection, controlling bleeding, and promoting
wound repair. Neutrophil recruitment requires coordinated neutrophil and endothelial cell
interactions, characterized by neutrophil rolling along endothelial cells mediated by lectin-
glycan interactions, firm neutrophil adhesion along the vascular endothelium mediated
principally by CD11b/CD18-ICAM-1 binding, and extravasation from the blood stream

into affected tissues. Leukocyte adhesion deficiency 1 results from an inherited CD18
deficiency and is characterized by recurrent infections and lack of pus formation at

infected sites, a reflection of the major role of CD11b/CD18 in neutrophil trafficking. Firm
adhesion between platelets and activated endothelial cells is mediated by platelet a; 33
(CD41/CD61) and contributes to thrombosis1>4. The interactions between neutrophils and
platelets are orchestrated by both their surface molecules that enable physical interactions
between these cells and secreted products. Activated platelets express P-selectin (CD62P),
which binds to P-selectin glycoprotein ligand-1 (PSGL-1) on the surface of neutrophils.
Platelet-leukocyte interactions are augmented via the interaction of the myeloid cell integrin
CD11b/CD18 with platelet glycoprotein Iba, junctional adhesion molecule A, or fibrinogen
bound to the activated platelet integrin allbp3195-157_ Platelets release microparticles during
inflammation, which are internalized by activated neutrophils and amplify inflammation in
arthritis1®8:159, |n addition, activated platelets release mitochondria into the extracellular
environment, which, similar to bacteria, activate and interact with neutrophils /n vivo,
triggering neutrophil adhesion to the endothelial wall'%. Although these coordinated
neutrophil-platelet interactions are required to induce hemostasis and limit infection,
excessive activation of these pathways, which can result from both severe infection and non-
infectious injury, exacerbates organ injury. Consequently, inhibition of neutrophil-platelet
interactions can be protective in experimental models of acute injury61-163,

Neutrophils and platelet activation can drive thrombosis, a required component of the
vascular repair response, and modulate wound repair responses in the vascular space.

Of central importance to the TME is the pro-angiogenic function of neutrophils and
platelets. Tumor angiogenesis is stimulated by local factors in the TME, such as hypoxia
and thrombosis, and is augmented by tumor cell-derived products that activate platelets.
Antiangiogenic therapies that inhibit vascular endothelial growth factor (VEGF) signaling
(e.g., bevacizumab and tyrosine kinase inhibitors directed against the VEGF receptor)
have been used widely as first- and second-line treatments for cancer. Activated platelets
release vascular endothelial growth factor (VEGF) and act as transporters of VEGF, and
their contribution to tumor angiogenesis has been posited for more than 20 years164.
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Activated platelets can also induce tumor cell signaling that promotes proliferation

and metastasis65-168, platelet-derived TGF-p, a cytokine that drives collagen deposition
required for wound healing, and direct platelet-tumor cell contacts synergistically activate
the TGFR/SMAD and NF-kB pathways in cancer cells, resulting in their transition

to a mesenchymal-like phenotype and enhanced metastasis in micel8. Paraneoplastic
thrombocytosis predicted worse outcomes in patients with a number of solid tumors31:32,

Neutrophil-derived pro-angiogenic factors include VEGF, Bv8, MMP-9, and S100A8/
S100A9169, MMP-9 remodels the extracellular matrix and promotes angiogenesis indirectly
by interacting with VEGF. Nozawa et al.170 showed that infiltrating neutrophils activated
MMP-9-dependent angiogenesis during early stage pancreatic tumors in mice. MMP-9-
expressing neutrophils accumulated within the tumor, and neutrophil depletion suppressed
VEGF:VEGF-receptor association and inhibited angiogenic induction.

These results point to neutrophil-platelet interactions favoring tumor spread through a
number of mechanisms, including angiogenesis and direct signaling to tumor cells. Labelle
et al.34 showed that platelet-derived signals stimulated the recruitment of granulocytes to
tumor cells to form early metastatic niches. In mice, granulocyte recruitment was dependent
on CXCL5 and CXCL7 chemokines by platelets upon contact with tumor cells, and
inhibition of the CXCL5/7 receptor CXCR2 or transient depletion of either platelets or
granulocytes prevented the formation of early metastatic niches and significantly reduced
metastasis3?. In addition, platelet infiltration into tumors after anti-angiogenic therapy
withdrawal was associated with enhanced tumor rebound in patients with epithelial ovarian
cancerl’l,

These results support platelets being recruited to an activated by the TME, where they

drive thrombosis and metastasis. In ascites fluid collected at primary surgery from patients
with newly diagnosed metastatic epithelial ovarian cancer, we observed fibrin aggregates
embedded with neutrophils and tumor cells (Figure 4). Since fibrin adheres to surfaces, these
fibrin-neutrophil-tumor cell networks are likely to be important for seeding serosal surfaces,
a characteristic feature of advanced ovarian cancer. Activated platelets can also interact with
tumor cells and promote their proliferation via TGF-B-dependent signaling'67. Guglietta et
al.172 observed increased spontaneous intestinal tumorigenesis in APC™IN mice associated
with the accumulation of low-density neutrophils with a pro-tumorigenic N2 phenotype and
increased capacity for NETs. They propose a model in which systemic LPS derived from
bowel flora primes complement activation and neutrophil activation, NET generation, and
coagulation, which, in turn, promote tumorigenesis’2 (Neutrophil-driven cross-signaling to
tumor cells is discussed below in Neutrophil Interactions with Tumor Cells).

Together, these results support a model for neutrophil-platelet interactions and their
downstream effects on vasculature and tissue remodeling as being pro-tumorigenic and
accelerating metastasis. This model does not rely on specific tumor-derived factors but
posits these interactions as a generalized response to injury and has functional similarity
to circulating cells in invertebrates that seal wounds and have phagocytic capacity. We
proposed a model of OC progression that links injury, neutrophilic inflammation, and
thrombosis37. This model is not expected to be unique to OC, but is based on our

Immunol Rev. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Segal et al.

Page 17

observations from patients with OC. This combination of factors in the TME enables
tumor seeding of serosal surfaces where early metastasis in OC occurs. In addition to the
direct adhesive effect of fibrin, activated platelets cross signal with neutrophils and release
pro-proliferative and angiogenic factors that enhance tumor progression and metastasis. In
addition, ascites fluid chemoattracts and induces a suppressor phenotype in neutrophils that
is expected to be a barrier to tumor immunity. The capacity for the TME to stimulate

NET generation supports the concept of neutrophils as sensors of damage and as drivers of
inflammation, injury, and thrombosis in cancer.

Neutrophil-generated Reactive Oxygen Species

The phagocyte NADPH oxidase generates ROS in response to infection and other stimuli
and is critical for antimicrobial defense. Chronic granulomatous disease (CGD), an inherited
disorder of the phagocyte NADPH oxidase, is characterized by severe infections and by
excessive inflammatory responses (e.g., inflammatory bowel disease and granulomatous
cystitis)1”3. Following activation, NADPH oxidase converts molecular oxygen to superoxide
anion and to downstream metabolites, including HoO5 and hydroxyl anion. In neutrophils,
myeloperoxidase (MPO) converts H,0, to HOCI74-176_|n a series of studies by Clark and
colleagues, neutrophil-mediated killing of tumor cells ex vivo depended on activation of

the MPO-H,0,-halide system77-180_ |n addition, cationic proteins from human neutrophil
granules, which can be activated by NADPH oxidasel81, were cytotoxic against tumor
cells!®2, Although ex vivo studies cannot model the complexity of the TME, these studies
raise the notion that specific tumors might have different levels of sensitivity to neutrophil-
generated ROS, which is likely driven in part by induction of ROS-scavenging pathways
such as NRF-2 and other cytoprotective pathways183,

Zhong et al.184 showed a role for the phagocyte NADPH oxidase in promoting lung

tumor seeding after intravenous administration of melanoma tumor cells. Mice deficient in
NADPH oxidase (p47”7°X-deficient) had fewer lung metastatic lesions. Neutrophil depletion
by anti-Ly6G increased lung metastasis in wildtype, but not in NADPH oxidase-deficient,
mice. This is an unexpected finding since in most tumor-bearing models, anti-Ly6G either
has no effect or reduces tumor progression and metastasis. NADPH oxidase-generated ROS
can signal to tumor cells and to other immune cells in the TME. The neutrophil NADPH
oxidase/MPO system can also inhibit T cell and natural killer (NK) cell function185-187,
Aydin et al.188 showed that NADPH oxidase in phagocytes can inhibit the function of NK
cells, thereby facilitating metastasis.

NADPH oxidase can cross-signal to T cells and limit T cell responses!89-192: this
dampening effect on T cell activation likely averts excessive granulomatous responses and
autoimmunity. Neutrophil NADPH oxidase-generated ROS and downstream metabolites
could oxidize residues on the T cell receptor (TCR) leading to impaired T cell activation193,
To delineate the role of NADPH oxidase in neutrophil suppressor function, we evaluated
neutrophils from patients with CGD. Normal donor neutrophils suppressed stimulated

T cell proliferation following exposure to ovarian cancer ascites fluid, while similarly
treated neutrophils from gp91779X_deficient CGD patients did not®”. However, incubation
of normal donor neutrophils in OC ascites fluid supernatants did not stimulate extracellular
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ROS production or result in increased peroxynitrite formation on T cells, and addition of
superoxide dismutase and catalase to neutralize ROS did not abrogate neutrophil suppressor
function®’. These data suggest that suppression of T cell proliferation does not occur from

a direct effect of neutrophil-generated ROS on the T cells, but likely involves indirect
signaling pathways. Aarts et al.55 showed that neutrophils activated by N-Formylmethionyl-
leucyl-phenylalanine (fMLF) and other stimuli acquire a suppressor phenotype through
pathways that include NADPH oxidase. We speculate that phagocyte-derived ROS limit T
cell activation as an adaptive response to avert excessive T cell responses following injury
that may manifest as exuberant tissue granulomata that characterize CGD. In the TME, these
same pathways might limit T cell expansion required for tumor control.

Neutrophil extracellular traps, coagulation, and effects on T cell immunity

In addition to pathogen killing via oxidant injury, NADPH oxidase can augment host
defense by intracellular activation of granular proteases®! and generation of NETs194.195,
NET production is a distinct response to microbial products and DAMPs, characterized

by the breakdown of membranes and extracellular release of stretches of DNA, histones,
granular proteases and other constituents192, NET generation can be stimulated by
infections196:197 and by non-infectious insults that activate innate immune receptors198-201,
and can be stimulated by NADPH oxidase--dependent and -independent pathways2%2. NETs
limit pathogen spread and directly injure or kill extracellular microbes. While apoptosis of
neutrophils results in non-inflammatory cell death, NETS release products such as proteases
and histones that can cause tissue injury200.201,203.204 | the TME, these NET products
that degrade and remodel the extracellular matrix may promote tumor cell migration and
invasion.

During neutrophil activation myeloid-specific protein arginine deiminase-4 (PAD4)
facilitates the ‘loosening’ of the densely packed DNA by histone citrullination, which can
be visualized by staining of citrullinated histone 3 (CitH3). The presence of NETs within
tumor may not only reflect the local activation of neutrophils within the TME but could also
drive tumor progression, as was reported in several experimental mouse models®9.205-210,
and which still needs to be substantiated in the human cancer setting.

NET generation occurs at different stages of tumor development and dissemination.
Several hypotheses need to be explored to understand how NETS interact with the tumor
immune landscape. Broadly speaking, NETs have the potential to promote thrombosis and
angiogenesis in the local TME and to predispose to large vessel thrombosis and embolic
events commonly observed in patients with advanced cancer. NETs can also modulate
anti-tumor immunity, remodel matrix, and directly signal to tumor cells.

NETSs are pro-thrombogenic, likely due to the released extracellular stretches of
chromatin?11-216_and tissue factor?l’. In mice, depletion of NETSs resulted in limiting
thrombosis?1%:216, PAD4, an enzyme that catalyzes histone citrullination required for NET
generation, mediated experimental deep venous thrombosis?18. Activated platelets can also
stimulate NET production?19220 sypporting the notion of a positive feedback loop driving
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neutrophil activation and thrombosis. Thus, activated neutrophils and platelets can cross-
signal in a positive feedback loop in the context of inflammation and injury.

Patients with cancer are at high risk of developing arterial and venous thromboembolism
(VTE). Depending on the type of tumor, cancer therapy, and other risk factors, 1% to

25% of patients with cancer will develop thrombosis, and risk assessment models can
identify patients at the highest risk for cancer-associated thrombosis who might benefit
from thromboprophylaxis22L, There is growing evidence for NETs playing a role in cancer-
associated venous and arterial thrombosis214:222, and circulating citrullinated histone H3, a
biomarker of NETSs, predicted the risk of VTE in cancer patients?23

As mentioned earlier, NETs can affect local tumor vasculature and cross-signal to

stromal and tumor cells that facilitate tumor spread. NETs have been identified in a
number of cancers including sarcoma,?24, pancreatic cancer?2%, and ovarian cancer3’.
NETs, complement, and coagulation pathways can cross-signal and amplify each other’s
effects in the TME33, creating niches for metastatic seeding34:3%, Several studies point

to NETSs accelerating tumor progression in mice and inhibiting NETS as a therapeutic
approach®9:172.206,208,209 \\fe observed NETS within resected human epithelial ovarian
cancer, and ovarian cancer ascites fluid induced NET production by healthy donor
neutrophils137. These results are consistent with various DAMPs expected to be abundant
in the TME that ligate neutrophil receptors and induce NET generation198.199.225,226

In addition, tumor-secreted products can recruit neutrophils and induce NETS. Xiao et
al.227 showed that tumor-secreted protease cathepsin C-promoted metastasis in mice by
recruitment of neutrophils and stimulation of ROS and NETS, and inhibiting cathepsin

C reduced metastasis. Cathepsin C, or dipeptidyl aminopeptidase I, is a lysosomal

protease capable of removing dipeptides from the amino terminus of protein substrates
including elastase, cathepsin G and granzymes. Nonetheless, patients with Papillon Lefevre
syndrome, a disorder of CTSC function, do not have significant immunodeficiency, but
their neutrophils do not form NETs228, These results show important species-dependent
requirements for neutrophil-driven antimicrobial defense, and, by extension, their effects on
the TME.

In addition to accelerating thrombosis, NETs are capable of disabling T cell immunity
and signaling to tumor cells. Zhang et al.229 showed that 1L-17-recruited neutrophils,
stimulated NET production and excluded CTLs from tumors in murine pancreatic cancer,
and inhibition of IL-17 enhanced the efficacy of checkpoint inhibitors. Teijeira et al.>®
observed that CXCR1 and CXCR?2 ligands produced by tumors were the major mediators
of cancer-associated NET production. NETs coated tumor cells and impaired their contact
with immune cells, resulting in diminished CD8+ T cell- and NK cell-directed cytotoxicity.
A limitation of the experimental model was that tumor cells were pre-incubated with
neutrophils undergoing NET formation, which is somewhat artificial since pre-NET-ed
tumor cells will not exist in real life. In addition, PAD4 inhibitors enhanced the anti-tumor
effect of immune checkpoint inhibitors. The extent that NETs drive MDSC activity either
by a direct effect on NK or T cells or by shielding tumor cells from immune attack is an
interesting subject to pursue both mechanistically and as a therapeutic target to abrogate
neutrophil-driven immunosuppression.
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Interestingly, there are settings in which NETS are potentially beneficial. Intrapleural
instillation of methotrexate packaged tumor cell-derived microparticles to treat malignant
pleural effusions resulted in recruitment of neutrophils to the pleural space and NET
formation that was associated with tumor cell killing and pleural effusion resolution in
tumor-bearing mice230. These studies reinforce a common theme of neutrophils having pro-
or anti-tumor effects that can depend on specific tumors and the tumor immune landscape as
well as interactions with specific therapeutics.

Neutrophil Interactions with Tumor Cells

Neutrophils are involved in regulating tumor progression at multiple stages from
establishing primary tumors to preparing the pre-metastatic niche for seeding and
influencing metastatic spread. Neutrophils can affect these stages via direct interaction with
the tumor cells and by interactions with cells in the TME such as the stromal fibroblasts,
platelets and immune cells. In this section, we discuss the major concepts regarding the
more direct effects of neutrophils on tumor cells. We note that this is a simplification since
signaling interactions between neutrophils and tumor cells and between neutrophils and
other cells that constitute the TME occur concurrently, and cumulatively affect tumor growth
and metastasis.

Neutrophils can be recruited early during tumor initiation and affect the growth of the
primary tumor. In addition, the presence of neutrophilic inflammation can affect the
likelihood of tumor establishment either following tumor injection or tumor initiation

in genetically predisposed mice. For example, in a K-ras mutant mouse model with
experimental COPD, the influx of neutrophils and the resultant increase in production

of 1L-6 were associated with an increased propensity for lung tumor development231,
Neutrophil-dependent IL-6 production was also implicated in colorectal cancer incidence
and progression in an inflammatory colitis-associated cancer model where infiltrating
neutrophils activated by the commensal gut flora produce IL-1b and subsequently, IL-6 by
macrophages and dendritic cells, promoting the proliferation of intestinal epithelial cells232,
Similar observations were made by Katoh et al.233 where they describe a role for infiltration
of CXCR2-expressing granulocytes in tumor establishment. Depletion of neutrophils in a
Helicobacter hepaticus-driven mammary adenocarcinoma model in genetically susceptible
C3-1-TAg mice abrogated tumorigenesis234. Depletion of infiltrating neutrophils abrogated
Myc-inducible liver tumorigenesis in a zebrafish model23°,

NETSs are implicated in transforming dormant cancer cells into aggressive lung metastasis
in an experimental lung inflammation model. Exposure to tobacco smoke or intranasal

LPS stimulated metastasis in previously dormant tumor cells, an effect attributed to NETS.
Neutrophil elastase and MMP-9, which are released following neutrophil degranulation and
NET generation, remodeled tumor cell-associated laminin, resulting in the activation of
integrin and ERK signaling in tumor cells that drove their metastatic potential2%?. However,
Cui et al.236 show a tumoricidal role for neutrophil elastase. Human neutrophils release
neutrophil elastase that kills many cancer cell types through a mechanism dependent on
cleavage of the CD95 death domain in cancer cells236. Mouse neutrophils lacked this
effect due to increased production of secretory leukocyte peptidase inhibitor (SLPI), which
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inactivates neutrophil elastase. Intratumoral administration of neutrophil elastase reduced
tumor growth and induced a CD8+ T cell-mediated abscopal effect against distant metastatic
sites236, Breast cancer cells have been observed to take up neutrophil elastase, generating

an increase in neo-antigen presentation, which further allows for CTL-dependent tumor
clearance?3”. These findings support a recurring theme of this review: neutrophils and their
specific products can have different effects on tumor progression based on the signaling cues
they deliver to tumor cells and the TME.

Epithelial-mesenchymal transition (EMT) is characterized by changes in gene expression
and post-translational regulation that leads to the loss of these epithelial characteristics and
the acquisition of mesenchymal characteristics. EMT in cancer cells is a reversible process
associated with increased invasiveness, migratory and metastatic capacity, and chemotherapy
resistance. Cancer stem cells (CSCs) are a fraction of undifferentiated cancer cells that
exhibit stem cell-like features, drive tumor initiation and relapses, and are associated with
resistance to therapy. Overexpression of several EMT transcription factors is associated with
stemness in cancer cells and suggests a link between EMT and CSCs238. In addition, TGF-B
can promote tumor invasion and metastasis by inducing EMT and stem cell-like features23°,

Xia et al.240 showed that post-operative infections can stimulate NET production, an
adaptive response to control infection. In gastric cancer, NETs promoted cell proliferation,
invasion and EMT, an effect that was dependent on TGF-B signaling, and TGF-f blockade
reduced metastatic spread in tumor-bearing mice. These findings raise the question of
whether the ability of NETs to induce EMT is due to neutrophil-derived products, platelet
cross-activation that releases TGF-B, or the concurrent activation of both neutrophils and
platelets (see Neutrophils, Platelets and Endothelial Cells: Partnership in Tumor Spread).

Multiple studies have shown the potential for neutrophils/PMN-MDSC to induce stem
cell-like features in tumor cells?41 242243 prostaglandin E2 produced by myeloid cells/
MDSCs increased the stem cell-like features and PD-L1 expression in murine epithelial
ovarian cancer244, Neutrophil-tumor cell interactions may result in a positive feedback loop
in a model of hepatocellular carcinoma resulting in the bolstering of stemness in cancer
cells and increased recruitment of neutrophils to the TME. In this setting, tumor-associated
neutrophils secrete BMP-2 and TGF-f, which induce miR-301b-3p expression in tumor
cells, increasing stemness. These stem cell-like tumor cells secrete increased levels of
CXCLS that, in turn, recruit neutrophils to the TME?245, Tumor-associated neutrophils in
gastric cancer models secrete inflammatory factors such as 1L-17, IL-23 and TNF-a, which
can transform mesenchymal stem cells in the tumor stroma to cancer-associated fibroblasts
by activation of PI3K/Akt pathways8®. Cancer-associated fibroblasts can induce stemness in
tumor cells by stimulating tumor production of TGF-B and CXCL6246,

Neutrophils can affect tumor cell invasiveness and metastasis through a direct effect

on tumor cells and by modifying endothelial cell function and extracellular matrix.

Studies /n vitro showed that neutrophils can adhere to the tumor cells and facilitate
migration across the endothelial layer via CD11b/CD18 and ICAM-1 interactions47-249,
Spiegel et al.2%0 showed that tumor-associated neutrophils enhance metastasis by two
mechanisms. Neutrophils inhibited NK cell function, which reduces tumor cell killing, and
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neutrophils facilitate extravasation of tumor cells through the secretion of IL1-B and matrix
metalloproteinases?®0. As discussed earlier, there is precedent for the neutrophil NADPH
oxidase dampening NK cell function188,

Circulating tumor cells (CTCs) are precursors of metastasis in several cancers and are
occasionally found in the bloodstream in association with white blood cells. Neutrophils
can adhere directly to tumor cells and influence their proliferation and metastatic

potential. Neutrophils promoted liver metastasis via CD11b/CD18-mediated interactions
with circulating tumor cells25! Intravital microscopy showed direct adhesion of the

tumor cells on the cell surface of arrested neutrophils on the liver sinusoids, an initial

step in hepatic seeding of tumor. This group subsequently showed in a model of

concurrent sepsis and tumor challenge that NETs bound to circulating tumor cells and
facilitated hepatic metastasis2%6. Weculek et al.252 demonstrated a role for neutrophil-derived
leukotrienes in driving breast cancer metastasis to the lungs. Szczerba et al.253 characterized
CTCs embedded within white blood cell clusters in patients with breast cancer and in
tumor-bearing mice. CTCs associated with neutrophils, and neutrophil clustering induced
transcriptome profiles in tumor cells characterized by cell cycle progression, leading

to more efficient metastasis. Yang et al.3® showed that NETs in the liver or lungs

enhanced metastasis by recruiting cancer cells to these sites. They further identified the
transmembrane protein CCDC25 as a NET-DNA receptor on cancer cells that senses
extracellular DNA and drives signaling responses in tumor cells that enhance matility. In
patients, CCDC25 expression on primary cancer cells was associated with poor prognaosis.
NETSs can also alter the metabolic programming of cancer cells characterized by increased
mitochondrial biogenesis and ATP production to increase tumor growth?>4,

Activated neutrophils can reactivate dormant tumor cells. Cancer cell dormancy is defined as
tumor cells in a reversible state of cell cycle arrest and can be associated with a senescence-
like state induced by genes, chemotherapy, or radiation. Perego et al.2%° observed that

tumor recurrence in mice was inducible by stress-activated neutrophils through a mechanism
dependent on S100A8/A9 and oxidized lipids. Albrengues et al.2%7 observed that the NET-
associated proteases, neutrophil elastase and matrix metalloproteinase 9, cleaved laminin
resulting in a proliferative signal to tumor cells and abrogation of dormancy.

Activated neutrophils and NETS can also create a “pre-metastatic niche” in which
neutrophils enhance metastasis by preparing a distant site for metastatic seeding208.256-258,
Chronic nicotine exposure in mice resulted in the recruitment of N2 neutrophils (defined
based on CD206, CCL2, and ARG2 expression) to the lungs that facilitated mammary
cancer metastasis to the lungs?®°. Consistent with these results, lung metastasis was more
common in breast cancer patients who were current or ex-smokers compared to never
smokers?>9, This pre-metastatic niche is likely mediated by a number of factors driven by
activated neutrophils, including their direct interactions with tumor cells and modulation
of local vasculature, thrombosis, tissue remodeling, and dampening of T cell responses260,
The notion of neutrophils forming a pre-metastatic niche also applies to platelets261. As
previously discussed, neutrophils and platelets cross-signal and form aggregates in response
to infection and injury, and activated platelets rapidly degranulate, and therefore may not
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be detectable in the TME without specific imaging techniques or detection of platelet
microparticlest37.171,

Recent studies provide mechanistic knowledge about contexts in which neutrophils are
friends rather than foes of both direct and T-cell mediated anti-tumor responses. The TME
has distinct immunologic niches that can vary within the same patient’s tumor262, This
concept applies to distinct neutrophil populations within different tumor niches whose
function can be regulated by multiple cues that change as a function of tumor location (e.g.,
tumor-specific features, alterations in oxygen levels, DAMPs, local cytokines, chemokines,
and cell populations). As an example of susceptibility to neutrophil cytotoxicity, tumor cell
expression of TRPM2, an H,0,-dependent Ca2* channel, was upregulated after EMT and
rendered tumor cells more susceptible to neutrophil cytotoxicity263. Mahiddine et al.264
showed that tumor hypoxia regulated the recruitment and function of neutrophils and that
relief of tumor hypoxia improved neutrophil-driven tumor control, an effect that was T-cell
independent. These studies underscore the importance of niches within tumors that influence
both tumor cell and immune cell function, including whether recruited neutrophils are pro-
or anti-tumorigenic.

Future Directions for Research

One of the important challenges in the field of tumor-associated neutrophils relates to
nomenclature. As we have discussed, the criteria to define PMN-MDSC are inconsistent,
and different investigators use different terms for defining the same cells (e.g., neutrophil,
PMN-MDSC, or the compromise of neutrophil/PMN-MDSC). In addition to the value

of consistent and accurate nomenclature, these questions are important both from the
standpoint of mechanisms driving neutrophil suppressor function and therapeutic approaches
to reverse suppression. If the principal mode that neutrophils/PMN-MDSC acquire
suppressive function is through disordered granulopoiesis, then therapies should be designed
to correct this bone marrow disorder. If on the other hand, neutrophils acquire suppressor
function based on signaling within the circulation or the TME, then therapies should be
tailored to abrogating this suppressor function. Neutrophils can acquire suppressor function
through multiple mechanisms, and we consider PMN-MDSC as a neutrophil subset. We also
argue that there should be evidence of disordered granulopoiesis before concluding that this
is the principal mode for neutrophils acquiring suppressor function.

Although neutrophil heterogeneity was proposed 40-years ago2%°, we now have the tools to
dissect neutrophil heterogeneity at a single cell level in circulation and in inflamed tissue266,
Mass cytometry and metabolic and functional studies (e.g., in causing T cell suppression)
provide additional tools to characterize neutrophil subsets and how they are modified by

the TME. Neutrophil phenotypes in circulation and in the TME should be compared and
contrasted with those observed in other conditions, such as major trauma. An exciting area
of research relates to distinct neutrophil sub-populations within different tumor regions, e.g.,
in close proximity to T cells, tumor cells, or perivascular, and the extent that this spatial
localization affects neutrophil function.
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Another important area of investigation relates to when neutrophils engage tumor cells and
the TME. This engagement can occur during initial tumorigenesis, tumor growth at the
primary site, within vasculature, at the pre-metastatic niche, microscopic metastasis that may
enter a dormant phase, or uncontrolled metastatic disease with extensive tumor burden. The
damage and inflammatory cues that recruit neutrophils differ based on these conditions, and
these cues can direct neutrophil responses in ways that limit or worsen tumor progression
and metastasis.

Mechanistic knowledge about neutrophil recruitment to the TME and how the TME alters
neutrophil function has paved the way for new therapeutic approaches. In general, strategies
that deplete neutrophils or disable their recruitment to the TME favor tumor control — but
this is not a universal observation. For example, studies in tumor-bearing mice support the
notion of CXCR2 inhibitors to limit tumor growth and enhance the effect of checkpoint
inhibitors. This approach is attractive since CXCR2 antagonists are safe (but not effective) in
clinical trials of asthma267:268 and are now being evaluated in patients with cancer. In most
tumor-bearing models, NETs promote tumor progression through a number of mechanisms
including thrombosis, entrapping and mobilizing tumor cells, and direct signaling to tumor
cells. These results establish the rationale for a clinical trial of NET inhibition. Yet another
approach would be drugs targeting the IL-23/IL-17 axis for immunotherapy for metastatic
tumors. Our group and others are investigating complement inhibition as a means of limiting
neutrophil recruitment to the TME and abrogating their suppressor function.

Given the plasticity of neutrophils, can we arm them to have enhanced tumor cell
cytotoxicity or alter their effect on T cells in ways that promote anti-tumor immunity?
One approach is to enhance neutrophil and monocyte/macrophage killing of tumor cells
through blockade of SIRPa and other myeloid checkpoint receptors that limit phagocytic
attack87:269, The combination of IgA antibodies against tumor antigens and CD47-SIRPa
checkpoint inhibition might be particularly effective in neutrophil-driven tumor attack?°.
Such approaches could in principle shift the overall effect of tumor-infiltrating neutrophils
from being a barrier to antitumor immunity to enhancing tumor control (Figure 5). Therapies
directed against myeloid checkpoint pathways might be of particular value in patients with
myeloid cell-rich tumors, which could be the basis for selecting such patients for clinical
trials.
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Figure 2. Neutrophils can be reprogrammed in the tumor microenvironment to acquire features
of PMN-MDSC: low density, increased L OX-1 expression, and T-cell suppressor function.

Ascites fluid supernatants (ASC) from patients with newly diagnosed metastatic ovarian
cancer were used as a biologically important component of the TME. A) ASC exposure
increased the proportion of low-density neutrophils (LDN). Representative Wright-Giemsa-
stained slides show abundance of LDN in the PBMC monolayer following ASC exposure.
Buffy coat cells from healthy donor blood were incubated in ASC or media for Llhr,

then subjected to gradient centrifugation. The PBMC monolayer consisted of 34.5% vs.
10.5% LDN following exposure to ASC or media, respectively. Data representative of two
independent experiments. B) ASC exposure increased LOX-1 expression on neutrophils.
Healthy donor neutrophils (CD15+) were incubated in media, ASC or 20nM PMA (positive
control) for 1.5 hours, then analyzed by flow cytometry. Representative gating shows effects
of media, PMA, and ASC on LOX-1 expression. C) Healthy donor naive, central memory,
and effector memory T cells were purified, and incubated with autologous neutrophils
(PMN), ASC, or ASC + PMN, and anti-CD3/CD28-stimulated T cell proliferation was

assessed at 96h by thymidine incorporation. Data are from Singel et al.%6 and Emmons et
al.b7.
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Figure 3. Modéel of neutrophil-mediated T cell injury and immunoparalysisin the TME.
Circulating neutrophils are recruited to the TME where they acquire suppressor

function directed at T cells. Malignant effusions have multiple products, including

DAMPs, cytokines, chemokines, and activated complement that chemoattract and activate
neutrophils and induce suppressor function. Multiple neutrophil effector functions including
complement signaling, CD11b/CD18 (CR3; receptor for iC3b), NADPH oxidase, SNARE-
mediated intracellular transport and exocytosis of granular and/or vesicular constituents, and
phosphatidylserine drive this suppressor phenotype. A positive feedback loop through C5aR
activation increases surface expression of CD11b/CD18 and cytochrome b558 (membrane-
bound gp91PhoX/p22PhoX component of NADPH oxidase), predicted to amplify complement
signaling and surface NADPH oxidase. Activated neutrophils also cause CD11b-dependent
trogocytosis of T cell membranes, expected to cause membrane injury. These neutrophil-
generated signaling and injury cues to T cells cumulatively result in non-responsiveness,
characterized by suppression of stimulated cytokine responses, NFAT translocation, glucose
uptake, mitochondrial mass and depolarization, and mTOR activation. Model is from
Emmons et al.b7.

Immunol Rev. Author manuscript; available in PMC 2024 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Segal et al.

**
Peritoneal cavity —>
filled with ascites / \

Tumor cell o ”9 DAMPs @ Neutrophil Histones
\Ve)
@ Tcell [ Platelet with PAR (N-terminus cleaved) /\/ Fibrin

Page 41
Pl r '
- \eLs -
" ¢
AL Pl
i 0
A "
3 ' 2 -
v ’ ﬁ-x r- z
p »
P ;‘/_;’ L 9
) =

‘w 3

: Z 2 & t‘-' &h)"f.

¢ Tumor‘cellé

-~
o
By .
o

.

=" .| Neutrophils

Figure 4. Model of DAM Ps and neutrophil-platelet responsesin the ascites of patientswith

advanced epithelial ovarian cancer.

(1) A hallmark of advanced cancer is cellular necrosis, which releases DAMPs, and minor
numbers of tumor cells into the ascites. (2) DAMPs and other inflammatory mediators
recruit and activate neutrophils and induce NETS, and (3) activate platelets. (4) Platelet
activation and aggregation with NETs and fibrin filaments are expected to trap tumor cells
and enhance seeding to the serosa and local dissemination within the peritoneal cavity.
Right panel: Floating aggregates in ascites fluid of patients with newly diagnosed epithelial
ovarian cancer shows abundant neutrophils (boxes) and a sparse number of tumor cells
(arrow) embedded in fibrin deposits (pink filaments). Model and imaging are from Singel et

al. 137,
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Figure5. Potential to shift the balance between neutrophil-driven injury directed at T cells (foe)
to tumor cells (friend) in the TME.

Model to change neutrophils (green cells) with PMN-MDSC activity against tumor-
infiltrating T cells (purple) into PMN-ADCC activity against tumor cells (red) when

aided by target recognition by specific anti-tumor antibodies. One approach to do so is

the combination of myeloid checkpoint blockade (e.g., directed at SIRPa) and antibodies
directed against tumor antigens. Right panel: Histology section of colon carcinoma. With
8-color Airyscan confocal microscopy the cellular composition of the TME can be dissected
into areas with tumor-associated neutrophils (red), macrophages (green), and CD8+ T cells
(magenta) with DRAQS as nuclear staining. Within the TME, contact between PMN and T
cells is observed (quadrant), and is expected to inhibit T cell expansion and activation.
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