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Neutrophils are the first responders to infection and inflammation and are thus a critical component of innate immune
defense. Understanding the behavior of neutrophils as they act within various inflammatory contexts has provided insights into
their role in sterile and infectious diseases; however, the field of neutrophils in cancer is comparatively young. Here, we
summarize key concepts and current knowledge gaps related to the diverse roles of neutrophils throughout cancer
progression. We discuss sources of neutrophil heterogeneity in cancer and provide recommendations on nomenclature for
neutrophil states that are distinct in maturation and activation. We address discrepancies in the literature that highlight a
need for technical standards that ought to be considered between laboratories. Finally, we review emerging questions in
neutrophil biology and innate immunity in cancer. Overall, we emphasize that neutrophils are a more diverse population than
previously appreciated and that their role in cancer may present novel unexplored opportunities to treat cancer.

Introduction infection and maintain tissue homeostasis. They differentiate
Neutrophils are polymorphonuclear granulocytes of the innate  within the bone marrow (BM) to yield short-lived cytotoxic cells
immune system that are the first line of defense to fight whose ebbs and flows in the vasculature and tissues are
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diurnally regulated. Neutrophils are highly abundant in circu-
lation, accounting for up to ~70% of all peripheral leukocytes in
humans and ~10-20% in mice (Mestas and Hughes, 2004).
Rough estimates suggest humans produce ~1 billion neutrophils
daily per kilogram of body weight at steady state, and this may
extend to 10 billion under inflammatory conditions (Ley et al.,
2018). Neutrophils contain granules with an arsenal of cytotoxic
factors, such as antimicrobial compounds, serine proteases, ly-
sozyme, defensins, metalloproteases, and enzymes that mediate
oxidative burst (Amulic et al., 2012). Their principal innate
functions include degranulation, phagocytosis, and release of
neutrophil extracellular traps (NETs; expelled DNA webs deco-
rated with microbicidal proteins such as myeloperoxidase,
elastase, and defensins). In addition, emerging studies indicate
that some neutrophils can present antigens, co-regulate T cell
responses, and kill in an antibody-dependent manner (Mantovani
et al., 2011; Matlung et al., 2018). Usually, neutrophil cytotox-
icity is beneficial and necessary to fight off infection; however,
under chronic conditions, it can cause collateral tissue
damage, particularly within highly vascularized tissues
(Adrover et al., 2020; Adrover et al., 2019; Blanco et al., 2021;
Clark et al., 2007).

Neutrophils are recruited to sites of sterile injury in large
numbers, challenging the notion that these cells are exclusively
antimicrobial and raising the possibility that they actively or-
chestrate tissue repair (Peiseler and Kubes, 2019; Phillipson and
Kubes, 2011). This includes cancer, where various pro-tumorigenic
functions of neutrophils have been described. Notably, neu-
trophils promote almost every aspect of cancer progression,
such as primary tumor growth and metastasis (Coffelt et al.,
2015; Cools-Lartigue et al., 2013; Demers et al., 2016; EIl Rayes
et al., 2015; Engblom et al., 2017; Gershkovitz et al., 2018a;
Park et al., 2016; Quail et al., 2017; Yang et al., 2020), cancer
stem cell maintenance (Wculek and Malanchi, 2015), exit
from dormancy and cell cycle progression (Albrengues et al.,
2018; Houghton et al., 2010; Szczerba et al., 2019), impaired
immunosurveillance (Casbon et al., 2015; Shaul et al., 2021;
Spiegel et al., 2016; Veglia et al., 2019; Yajuk et al., 2021), and
therapeutic resistance (Salvagno et al., 2019; Siwicki et al.,
2021; Wisdom et al., 2019). Nevertheless, other studies have
found that neutrophils can have an anti-tumorigenic role,
including cytotoxicity against tumor cells (Bouti et al., 2021;
Cui et al., 2021; Gershkovitz et al., 2018a; Gershkovitz et al.,
2018b; Hirschhorn-Cymerman et al., 2020; Martinez Sanz
et al., 2021; Martinez-Sanz et al., 2021; Matlung et al., 2018)
and enhanced tumor cell clearance (Blaisdell et al., 2015;
Eruslanov et al., 2014; Singhal et al., 2016), particularly in
early-stage disease. Given the discordant mechanisms by
which neutrophils can influence cancer, it is apparent that we
lack a fundamental understanding of how neutrophil biology
shifts in the context of malignancy.

This consensus statement follows a meeting at the Banbury
Center at Cold Spring Harbor Laboratory focused on new and
emerging concepts in the field of neutrophils in cancer. Here we
summarize and expand on those discussions by reviewing cur-
rent literature on neutrophil heterogeneity, discrepancies in the
field, and open questions requiring further investigation.
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The unheeded complexity of neutrophil heterogeneity

in cancer

Classical views of neutrophils in cancer have adopted a binary
classification system that compartmentalizes neutrophils as ei-
ther pro- or anti-tumorigenic. For many years, this has served as
a satisfactory working hypothesis; however, with emerging re-
search, it is clear that this polarized paradigm is inadequate.
Akin to our evolving understanding of macrophage diversity
(Ginhoux et al., 2016), recent research has identified diverse
neutrophil states with widespread functionality. The effects of
neutrophils on tumor biology have been covered by several
excellent reviews (Coffelt et al., 2016; Engblom et al., 2016; Giese
et al., 2019; Granot, 2019; Hedrick and Malanchi, 2022; Jaillon
et al., 2020; Nicolas-Avila et al., 2017; Shaul and Fridlender,
2019). Therefore, we focus our discussion on the reciprocal ef-
fect, i.e., how the tumor and host environments regulate neu-
trophil heterogeneity (quantity and quality) to yield highly
diverse cellular states with broad functionality.

Neutrophil phenotypes driven by the tumor

Tumor regulation of neutrophil quantity. Tumor-induced
neutrophilia requires signals to expand neutrophil progenitor
pools and mediate chemotaxis. Two CSFs critical for granulo-
poiesis are granulocyte (G)-CSF (CSF-3) and GM-CSF (CSF-2;
Hamilton and Achuthan, 2013). Early studies identified that
highly metastatic tumors were capable of secreting G-CSF to
stimulate the accumulation of neutrophils to promote metastasis
(Kowanetz et al., 2010). The effect of tumor- or stroma-derived
G-CSF on Ly6G* or Grl*/M granulocytes has since been con-
firmed by many additional groups (Casbon et al., 2015; Coffelt
et al., 2015; Hsu et al., 2019; Strauss et al., 2015; Wculek and
Malanchi, 2015; Welte et al., 2016), and it is now known that
mechanistically, tumor-derived G-CSF skews hematopoiesis
within BM toward the myeloid lineage resulting in elevated
systemic frequencies of both immature and mature neutrophils
with immunosuppressive properties in mice (Casbon et al.,
2015). G-CSF production by tumors can be regulated upstream
by IL-23 and IL-17 supplied by phagocytes and T cells, respec-
tively (Coffelt et al., 2015; Smith et al., 2007; Stark et al., 2005).
Additional studies have suggested a similar role for tumor- or
stroma-derived GM-CSF in promoting the expansion of neu-
trophils and their progenitors in association with cancer pro-
gression (Bayne et al., 2012; Bronte et al., 1999; Bronte et al.,
2003; Kohanbash et al., 2013; Wu et al., 2014). The central role
of these CSFs in tumor-associated inflammation mirrors that of
emergency granulopoiesis, a survival mechanism to systemically
control disseminated infections when the immune system be-
comes maximally challenged (Manz and Boettcher, 2014). As
such, questions have emerged over the use of G/GM-CSF in
cancer patients following chemotherapy-induced myelosup-
pression. This is now being explored in retrospective studies, in
which, fortunately, G-CSF does not appear to exacerbate brain
metastasis in patients with de novo stage IV breast cancer (Fujii
et al., 2021); however, these analyses need to be expanded to
additional cancer contexts.

Activation of the chemokine receptor CXCR2 is a key event
for neutrophil mobilization from BM (Ley et al., 2018), whereas
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BM retention is regulated by CXCR4 (Adrover et al., 2019; Eash
et al., 2010; Martin et al., 2003). The coordination of CXCR2 and
CXCR4 is regulated diurnally and underlies circadian pattern of
neutrophil flux in steady state (Adrover et al., 2019; Casanova-
Acebes et al., 2013). In human cancer, the CXCR2 ligand CXCL8
(IL-8) is abundantly secreted by various tumor types
(Sanmamed et al., 2014) and is sufficient to regulate neutrophil
recruitment and NETosis (Alfaro et al., 2016; Nie et al., 2019).
Consistently, CXCR2 inhibitors can reduce tumor-associated
NETs in models of melanoma, breast cancer, and colorectal
cancer (Park et al., 2016; Park et al., 2015; Teijeira et al., 2020).
Neutrophil CXCR2 signaling has been linked to adaptive im-
mune responses by CD8* T cells, and there is interest in com-
bining CXCR2 inhibitors with immunotherapy. For example, in
models of colitis-induced tumorigenesis, CXCR2 signaling
within Ly6G* myeloid cells suppresses tumoricidal functions of
CD8* T cells, as assessed by CD107a, IFNY, Prfl, and Gzmb
(Katoh et al., 2013). In murine oral, renal, and pancreatic tumor
models, CXCR2 inhibition results in neutrophil depletion co-
inciding with increased survival, T cell infiltration, and im-
munotherapy response (Chao et al., 2016; Najjar et al., 2017;
Steele et al., 2016; Sun et al., 2019). In preclinical models of
childhood cancers such as rhabdomyosarcoma, CXCR2*Ly6G*
cells mediate local immunosuppression, while CXCR2 inhibi-
tion improves immune checkpoint blockade efficacy (Highfill
et al., 2014). Similarly, retrospective studies have shown that
serum IL-8 is an independent biomarker of reduced efficacy of
immune checkpoint inhibitors in patients, and coincides with
increased neutrophils within tumors (Schalper et al., 2020; Yuen
et al,, 2020). Preclinical studies have implicated other CXCR2
ligands in neutrophil recruitment to tumors (Liu et al., 2016), and
it is possible that these may serve as additional biomarkers in
patients. In the era of cancer immunotherapy, these findings
highlight the importance of understanding neutrophil dynamics
as they relate to anti-tumor T cell responses.

In addition to specific tumor-supplied factors, genetic events
within cancer cells underlie a broader shift in the tumor se-
cretory profile with compounded effects on microenvironmental
composition (Duits and de Visser, 2021). One such event is Tp53
loss, which has pronounced effects on the tumor myeloid land-
scape. In breast cancer, loss of Tp53 upregulates the secretion of
WNT ligands, which stimulate macrophages to produce IL-1B,
mediate neutrophilic inflammation, and potentiate metastatic
progression (Wellenstein et al., 2019). In lung cancer, Tp53 loss
and Kras activation lead to elevated levels of the receptor for
advanced glycation end products (RAGE) within blood, which
educates distant osteoblasts to stimulate the expansion of long-
lived pro-tumorigenic SiglecF? neutrophils (in contrast,
SiglecFl° neutrophils are enriched in healthy lung; Engblom et al.,
2017; Pfirschke et al., 2020). In Kras-driven pancreatic can-
cer, loss of Tp53 stimulates the production of myeloid chemokines,
including CXCR2/3 ligands, resulting in the recruitment of
immunosuppressive CD11b* myeloid cells (Blagih et al., 2020). In
prostate cancer, the combination of Pten and Tp53 loss enhances
CXCL17 secretion and recruitment of CD11b*Grl* immunosup-
pressive neutrophils (Bezzi et al., 2018). Combined loss of Pten
and Tp53 is also linked to CD11b*Grl* myeloid cell accumulation
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in breast cancer models (Welte et al, 2016). These studies
demonstrate that loss of Tp53 in cancer cells, either alone or
combined with additional genetic events, leads to an infiltrative
myeloid microenvironment coinciding with tumor progression.
Other genetic driver mutations might influence the neutrophilic
immune landscape, such as oncogenic Kras mutations that en-
hance IL-8 production (Hamarsheh et al., 2020; Sparmann and
Bar-Sagi, 2004). However, in comparing each study, neutrophil
phenotypes were highly diverse, underscoring the regulatory
relationship between tumor genotypes and neutrophil states in
cancer.

Tumor regulation of neutrophil quality. One of the first pre-
clinical studies to discriminate between neutrophil states in
cancer described N1/anti-tumorigenic and N2/pro-tumorigenic
neutrophils within tumors, whereby transition to N2 was reg-
ulated by TGF-B (Fridlender et al., 2009). TGF-B acts in part
through its ability to regulate pro-inflammatory cytokines and
neutrophil chemoattractants, such as CXCR2 ligands CXCL1/2/5
(Fridlender et al., 2009; Haider et al., 2019; Yang et al., 2008),
and may even synergize with CSFs in BM (Celada and Maki,
1992; Hestdal et al., 1993; Keller et al., 1991). Although TGF-B
can be supplied by the tumor itself, it can also be derived from
microenvironmental sources, including myeloid cells (Yang
et al, 2008). Subsequent studies ascribed the terms high-
density neutrophils (also known as “normal density”) or low-
density neutrophils to anti/pro-tumoral subsets, based on
buoyant density, granularity, and maturation state (Hsu et al.,
2019; Sagiv et al., 2015). These density fractions were first de-
scribed in early work in autoimmunity (Hacbarth and Kajdacsy-
Balla, 1986; Pember et al., 1983; Pember and Kinkade, 1983) and
later refined using mass cytometry (cytometry time of flight
[CyTOF]) to identify subpopulations within each fraction asso-
ciated with cancer outcomes (Shaul et al., 2020; Zhu et al.,
2020). Like N2 neutrophils, the low-density neutrophil subset
is driven by TGF-B and exhibits immunosuppressive properties
in cancer (Sagiv et al., 2015), and is associated with advanced
disease (Brandau et al., 2011; Schmielau and Finn, 2001; Shaul
et al., 2020). These early discoveries were among the first to
challenge our understanding of neutrophil plasticity and het-
erogeneity in cancer.

Since then, many studies have identified unique neutrophil
phenotypes in cancer. Single-cell RNA sequencing (RNA-seq) of
patient lung tumors identified five neutrophil clusters that only
partially overlap with those in blood (Zilionis et al., 2019). Of
these, three clusters are conserved in mice, including one that is
uniquely found in tumors and not healthy tissue, with high
levels of Ctsb and Ccl3 (termed N5; see Fig. 2 A; Siwicki and Pittet,
2021; Zilionis et al., 2019). Similar observations were made with
CyTOF on blood samples from melanoma and lung cancer pa-
tients (Shaul et al., 2020; Zhu et al., 2020), where at least five
neutrophil states were identified (Zhu et al., 2020). Specific
neutrophil states are associated with patient outcomes (Zhu
et al., 2020; Zilionis et al., 2019); for example, N5 neutrophils
(detected by immunostaining for peptidase inhibitor 3) are as-
sociated with tumor growth and worse prognosis in lung cancer
patients (Zilionis et al, 2019), and partially resemble pro-
tumorigenic SiglecF™ neutrophils in mice (Engblom et al.,

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

3 0f 23


https://doi.org/10.1084/jem.20220011

2017). Moreover, distinct functional proficiencies can be as-
cribed to each state, including differential capacities for
phagocytosis and ROS production (Zhu et al., 2020). However,
studies exhaustively testing additional functions, such as
NETosis, have been limited, as most research is focused on the
bulk analysis of neutrophils. As single-cell technologies have
gained considerable momentum in recent years, expanding our
mechanistic understanding of how distinct neutrophil states
may yield unique effects in cancer immunology will be im-
portant for developing neutrophil-targeted immunotherapies.
Moreover, it will be critical to understand the contribution of
distinct neutrophil states to immunotherapy-related adverse
events (Siwicki et al., 2021), which often necessitate discon-
tinuation of these therapies.

ROS production by neutrophils has several functional con-
sequences, one of which is NETosis. In laboratory models,
neutrophils from mice with leukemia, breast cancer, or lung
cancer are prone to NETosis compared with those from healthy
mice (Demers et al., 2012). Similar observations have been re-
ported in humans; in esophageal, gastric, and lung cancer pa-
tients, NETs are elevated in blood compared with healthy
individuals (Rayes et al., 2019). Although these observations are
associative, emerging work is now addressing the possibility
that tumors play a causative role in NETosis. Moreover, it is
becoming clear that NETs that form in response to malignancy
have multifaceted effects. Early studies have shown that cancer-
induced NETs act largely within the circulation, where they
facilitate cancer-associated thrombosis (Demers et al., 2012; Hell
etal., 2016; Thalin et al., 2016; Thomas et al., 2015) and sequester
circulating tumor cells to escort metastases (Cools-Lartigue
et al.,, 2013). Subsequent studies revealed that NETs affect es-
sentially every step of the metastatic cascade, including primary
tumor progression (Guglietta et al., 2016), invasion and migra-
tion (Park et al., 2016), survival in the circulation (Spiegel et al.,
2016; Szczerba et al., 2019; Teijeira et al., 2020), chemotaxis to
secondary niches (Yang et al., 2020), extravasation (McDowell
et al., 2021; Spiegel et al., 2016), metastatic colonization (Wculek
and Malanchi, 2015; Yang et al., 2020), and outgrowth of met-
astatic tumor cells (Albrengues et al., 2018; Xiao et al., 2021).
However, a remaining knowledge gap is how tumors trigger
NETosis—Is this a direct consequence of tumor-derived factors?
Is it a systemic response to cancer-associated inflammation? Or
is it a broader shift in neutrophil developmental and aging
programs? Co-culture experiments with tumor cells and NE-
Tosing neutrophils have hinted toward tumor-supplied factors,
such as G-CSF, IL-8, or cathepsin C (Alfaro et al., 2016; Demers
et al., 2012; Demers et al., 2016; Park et al., 2016; Xiao et al.,
2021), but deeper mechanistic insights are needed to dissect
contributions from developmental and diurnal neutrophil states.
To date, there are no clinical trials testing NET inhibitors in cancer
patients; however, clinical trials with recombinant human DNasel
are being conducted in patients with COVID-19 (NCT04409925,
NCT04359654, NCT04445285, NCT04541979, NCT04432987, and
NCT04402944), which will provide a foundation for translating
NET-targeted therapies to immuno-oncology.

Neutrophils can adopt immunosuppressive functions both
systemically and within the tumor microenvironment. This is

Quail et al.
Neutrophil heterogeneity in cancer

partially due to metabolic reprogramming of neutrophils in the
context of cancer, where nutrient sharing between cells and
tissues becomes subverted to accommodate the high energy
demands of a rapidly growing tumor. The prevailing dogma is
that neutrophils are almost exclusively glycolytic, and while this
is true in some cancer settings (Ancey et al., 2021; Patel et al.,
2018), it is not always the case. In the 4Tl transplantable
mammary tumor model, the glucose-restricted microenviron-
ment causes neutrophils to utilize mitochondrial fatty acid ox-
idation, leading to enhanced ROS production, T cell suppression,
NETosis, and liver metastasis (Hsu et al., 2019; Rice et al., 2018).
Moreover, in the spontaneous MMTV-PyMT breast cancer
model, neutrophils secrete leukotrienes, which are lipid prod-
ucts of Alox5-mediated oxidation of arachidonic acid, to promote
tumor survival and colonization within the pre-metastatic niche
(Wculek and Malanchi, 2015). Changes in lipid metabolism in
neutrophils have also been observed in mouse models of lung
cancer, colon cancer, and rhabdomyosarcoma (Al-Khami et al.,
2017; Hossain et al., 2015; Kaczanowska et al., 2021; Tavazoie
et al,, 2018), and in patients in association with immunosup-
pression (Condamine et al., 2016). Lipid uptake by neutrophils
has been reported in several cancer models via fatty acid
transport protein 2 (FATP2) or adipose triglyceride lipase (Li
et al., 2020b; Veglia et al., 2019), which not only causes immu-
nosuppression of antigen-specific CD8* T cells (Veglia et al.,
2019), but also creates an energy reservoir for metastasizing
cells (Li et al., 2020b). Lipid uptake can also be regulated by
tumor-derived G/GM-CSF (Al-Khami et al., 2017). Elegant
models using a cell-penetrant fluorescent labeling system to
study cellular neighbors of metastatic breast cancer cells in the
lung microenvironment have shown that neutrophils within the
immediate niche of the tumor exhibit elevated oxidative phos-
phorylation and ROS production (Ombrato et al., 2019), although
immunosuppressive functions in this context have not been
evaluated. Of note, the immunosuppressive consequences of low
glucose levels in the tumor microenvironment are not restricted
to granulocytes and may extend to regulatory T cells, dendritic
cells, and M2-like macrophages (Angelin et al., 2017; Cubillos-
Ruiz et al., 2015; Vats et al., 2006; Vitale et al., 2019; Wang et al.,
2020a; Watson et al., 2021).

Neutrophil phenotypes driven by the host environment
Physiologic states that influence neutrophil biology. Neutrophil
biology is strongly influenced by variables in host physiology,
such as sex, age, circadian rhythms, and anatomical location
(Fig. 1). For example, peripheral neutrophils with an immature
phenotype are elevated in young men compared with young
women and exhibit increased mitochondrial metabolism
(Blazkova et al., 2017; Gupta et al., 2020). In contrast, women
have more mature neutrophils with a heightened capacity for
activation, including hyperresponsiveness to type I IFNs and
enhanced capacity for NETosis (Blazkova et al., 2017; Gupta
et al., 2020). Of note, ex vivo NETosis assays with mouse neu-
trophils have reported the opposite effect (Lu et al., 2021). Ad-
ditionally, neutrophil phenotypes are not static; sex dimorphism
is lost with aging, and in females, the immature neutrophil
phenotype is enhanced during pregnancy as estrogen levels rise
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(Blazkova et al., 2017; Lu et al., 2021). Interestingly, estrogen
signaling can promote intratumoral immunosuppressive activity
of estrogen receptor (ER)-positive Ly6C°Ly6G* myeloid cells and
enhance cancer progression in mice, even in ER-negative tumors
(Svoronos et al., 2017). At the molecular level, multi-omics
analyses of male versus female BM neutrophils in mice have
confirmed sex dimorphic differences: transcriptomics revealed a
female bias for extracellular matrix and cell surface-related
pathways and a male bias for chromatin and cell cycle-related
pathways; metabolomics showed differences in nucleotide and
amino acid metabolism; and lipidomics showed a male bias for
increased lipid storage (Lu et al., 2021). These fundamental dif-
ferences are likely to mechanistically underlie sex dimorphic
functional variations observed in steady-state, autoimmunity, and
infection (Klein and Flanagan, 2016; Kourtis et al., 2014); however,
the impact on tumor biology remains unexplored.

Although neutrophils are highly sex dimorphic throughout
life, the effects of aging on neutrophils appear to be similar,
regardless of sex (Lu et al., 2021). Aging is associated with
chronic, low-grade inflammation leading to a gradual decline in
immune function over time, which likely underlies the higher
incidence of infection, autoimmunity, and cancer in the elderly.
In mouse models, hematopoietic stem cells (HSCs) in BM are
skewed toward myeloid lineage specification both in steady-
state and following transplantation of aged HSCs into young
mice (Rossi et al., 2005), suggesting that the age-related myeloid
bias is cell intrinsic. Similar observations have been made in
humans by comparing elderly (65-85 yr) and young (20-31 yr)
individuals (Pang et al., 2011). In mice, analysis of male and fe-
male BM neutrophils from young (4-5 mo) and old (20-21 mo)
mice has shown that aging is associated with significant changes
to neutrophil gene expression, with relatively minimal changes
to metabolomic or lipidomic profiles (Lu et al.,, 2021). Aging
downregulates pathways related to chromatin organization,
despite no functional differences in cell-cycle phase distribution,
suggesting possible relevance to NETosis. Pathways related to
autophagy, which are critical for normal neutrophil differenti-
ation and function (Riffelmacher et al., 2017), are also upregu-
lated with aging (Lopez-Otin et al., 2013; Lu et al., 2021). Within
some lymphoid organs, including BM, LNs, and spleen, neutro-
phil frequencies increase in aged mice (22-24 mo; equivalent to
60-70 human yr) compared to young mice (2-3 mo; equivalent
to 18 human yr), yet become functionally dysregulated (e.g.,
display reduced phagocytosis, increased senescence, and dys-
regulated NETosis; Hazeldine et al., 2014; Lu et al., 2021; Tomay
et al., 2018; Wenisch et al., 2000). It remains unclear how
phenotypes reported in young mice (which are typically used in
cancer research) compare with those in aged mice where neu-
trophil function may be intrinsically different. It is possible that
this variable contributes to the differences observed between
neutrophils in mouse models and humans (discussed in Neu-
trophils with an anti-tumorigenic...; Eruslanov et al., 2017).

In both males and females, neutrophils are replenished di-
urnally, and the circadian regulation of neutrophil aging trans-
lates to distinct phenotypes at different times of the day
(Adrover et al., 2019; Casanova-Acebes et al., 2018; Casanova-
Acebes et al., 2013). In mice, neutrophils newly released into the
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circulation (“fresh” neutrophils) exhibit enhanced migratory
programs including an enhanced capacity for vascular rolling,
adhesion, and extravasation into inflamed tissues, whereas neu-
trophils toward the end of their lifecycle (“aged” neutrophils)
show enhanced antimicrobial activity and can be retained
within healthy tissues during periods of organismal activity
(note that for mice, the active period is at night; Adrover
et al., 2019; Zhang et al., 2015). In steady-state, circulating
neutrophils “disarm” their cytotoxic functions as they age by
progressively degranulating; this phenomenon likely makes
them less harmful once they reach tissues and may help offset
potential collateral damage to highly vascularized niches, in-
cluding lung (Adrover et al., 2020). These changes are dependent
on CXCR2 (Adrover et al., 2020), which, in addition to its
functions above, is a master regulator of neutrophil diurnal ac-
tivation (Adrover et al., 2019). A functional consequence of these
time-dependent properties is that metastatic events may be di-
urnally regulated. Elegant circadian experiments have shown
that B16F1 melanoma cells injected intravenously into syngeneic
mice in the morning form overt lung metastases while injections
in the evening yield minimal metastatic disease, and this dif-
ference is mitigated when neutrophils are depleted (Casanova-
Acebes et al., 2018). These findings raise the possibility that the
efficacy of neutrophil-targeted therapies may be different de-
pending on the time of administration, and may even extend to
other therapies that are influenced by neutrophil function. This
concept was recently explored in the context of immune
checkpoint blockade in melanoma patients, where it was sug-
gested that daytime infusions may be more effective than
evening infusions (Qian et al., 2021).

Neutrophil aging is regulated in part by intrinsic factors,
such as the molecular clock transcription factor Bmall (Adrover
et al., 2019), and also extrinsic factors, such as the microbiome,
which neutrophils can sense through signaling from their pat-
tern recognition receptors (Zhang et al., 2015). The microbiome
regulates neutrophil differentiation and function during infec-
tion (Balmer et al., 2014; Clarke et al., 2010; Deshmukh et al.,
2014; Khosravi et al., 2014). Germ-free and antibiotic-treated
mice have reduced frequencies of circulating aged neutrophils,
whereas this phenomenon is reversed by fecal transplantation
or LPS administration (Zhang et al., 2015). These studies suggest
that dysbiosis, obesity, antibiotic use, or other factors that
modify the microbiome may alter neutrophil activity both in
steady-state and in response to inflammatory stimuli, including
cancer. A role for the gut microbiome in regulating cancer
progression and response to immunotherapy is also emerging in
humans (Gopalakrishnan et al., 2018; Helmink et al., 2019;
Matson et al., 2018; Routy et al., 2018). For instance, two-phase
I/1I clinical trials found that fecal microbiota transplantation can
sensitize previously refractory cancer patients to immune
checkpoint inhibitors (Baruch et al., 2021; Davar et al., 2021).
These responses were associated with improved T cell infiltra-
tion and activation within tumors, and it is likely that innate
immune components, including neutrophils, are also involved,
given their ability to directly sense bacteria.

Neutrophils patrol healthy tissues in steady-state, and there
is tissue specificity to the dynamics of neutrophil infiltration and
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Figure 1. Physiologic and pathologic states that influence neutrophil heterogeneity in cancer. Tumor-derived factors (e.g., G-CSF, GM-CSF, CXCR2
ligands, TGF-B) and tumor genetics (e.g., Tp53 loss, oncogenic Kras) regulate neutrophil recruitment and activation states in cancer. This is compounded by
physiologic (e.g., age, sex, time, tissue, microbes) and pathologic (e.g., obesity, infection, cigarette smoke) states of the host that differentially prime neutrophils
to respond to tumor-derived cues. Each of these factors culminate to yield a myriad of different neutrophils “flavors” in cancer that regulate essentially all steps
of disease progression, from the primary site to the metastatic niche. Created with BioRender.com.

phenotype. At homeostatic baseline, neutrophils are abundant in
BM, spleen, and lung, and with lower frequencies in liver, in-
testine, muscle, skin, and white adipose tissue (Casanova-Acebes
et al., 2018). Studies have also identified neutrophils that re-
circulate through LNs where they protect against infection
within the lymphatics (Bogoslowski et al., 2020). Parabiosis
experiments with CD45.1 and CD45.2 mice showed that blood-
derived neutrophils accumulate and are retained in most tissues
in the evening, whereas the intestine and liver show minimal
rhythmicity (Casanova-Acebes et al., 2018). Neutrophil spatial
patterning is also tissue specific, where distribution within tis-
sues appears to be somewhat random in most organs, whereas
the intestine and spleen exhibit a more purposeful localization
pattern (Casanova-Acebes et al., 2018; Puga et al, 2011).
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Functionally, neutrophil half-life is dramatically distinct be-
tween tissues; the total lifespan ranges from 28.9 h in liver (8.7 h
half-life) to 67.1 h in BM (20.2 h half-life), with blood, spleen,
lung, intestine, and skin ranging in between (Ballesteros et al.,
2020). Similarly in humans, a lifespan of up to 5.4 d has been
reported (Pillay et al., 2010), though this remains controversial
(Tofts et al., 2011). Moreover, tissue-specific analyses of RNA,
protein, and chromatin have revealed striking heterogeneity
between mouse neutrophils from distinct anatomical sites, in-
cluding BM, lung, intestine, skin, spleen, and blood (Ballesteros
et al., 2020; Xie et al., 2020). Together these findings strongly
challenge the prevailing dogma that neutrophils are functionally
uniform cells with rapid turnover. Despite neutrophils being the
most abundant myeloid cell type in the body, a comparison of
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how tissue-specific properties of neutrophils might differen-
tially impact cancers arising in different organs has not been
explored.

Pathologic states that influence neutrophil biology. Pathologic
conditions add further complexity to the influence of host
physiology on immune function (Fig. 1). One condition with high
relevance to oncology is infection, given the relationship be-
tween postoperative infection and poor outcomes (Scaife et al.,
2013). Surgical stress, itself even in the absence of infection, is
sufficient to trigger NETosis in liver ischemia-reperfusion
models, leading to accelerated metastatic progression (Tohme
et al,, 2016). In a mouse model of intra-abdominal sepsis by
cecal ligation and puncture, it has been shown that neutrophils
exhibit enhanced NETosis, which facilitates trapping of tumor
cells in blood and aids in the establishment of hepatic metastases
(Cools-Lartigue et al., 2013). Interactions between NETs and
circulating tumor cells were achieved through the expression of
Bl-integrins on tumor cells, which are upregulated in response
to infection (Najmeh et al., 2017). Infection-enhanced metastasis
can be mitigated by treatment with DNasel in vivo, which de-
grades extracellular DNA to prevent NETs from escorting tumor
cells into the metastatic niche (Najmeh et al., 2017). Additional
studies have shown that inflammation following treatment with
bacterial LPS promotes neutrophil-mediated pulmonary metas-
tasis (Albrengues et al., 2018; El Rayes et al., 2015). This occurs in
part by triggering NETosis, which enables dormant metastatic
cells to re-engage their proliferative capacity (Albrengues et al.,
2018) or by enhanced degranulation, resulting in secretion of
proteases, such as elastase and cathepsin-G, that cleave anti-
tumorigenic thrombospondin-1 (Tsp-1; El Rayes et al., 2015).
Given the diversity of neutrophil states, an open question is
whether neutrophils uniformly respond to infection. Single-cell
RNA-seq has shown that although bacterial infection primes
neutrophils for activation at the transcriptional level, it does not
affect core gene signatures that distinguish subpopulation
identities (Xie et al., 2020). However, it is unclear which sub-
population of neutrophils is primarily responsible for cancer-
associated NETosis and how this may change during infection.
Outside the context of cancer, it is established that bacterial in-
fection and sepsis promote NETosis (Barnes et al., 2020;
Brinkmann et al., 2004; Fuchs et al., 2007; Ode et al., 2018;
Pilsczek et al., 2010; Qiang et al., 2013; Yipp et al., 2012); for ex-
ample, in mouse models of hemorrhagic and septic shock, extra-
cellular cold-inducible RNA-binding protein, an endogenous
damage-associated molecular pattern, stimulates a unique subset
of ICAMI* neutrophils to exhibit enhanced NETosis and reverse-
transmigration (Chen et al., 2021; de Oliveira et al., 2016; Jin et al.,
2019; Murao et al., 2020; Takizawa et al., 2021). Whether ICAM1*
neutrophils play a specialized role during cancer metastasis by
virtue of their inflammatory properties remains unknown.

Cigarette smoke is another external stimulus that has sys-
temic effects on host immune responses and is the leading
preventable risk factor for cancer mortality, accounting for
~30% of all cancer deaths. In addition to direct genotoxic effects
of cigarettes on the lung epithelium, there are dramatic effects
on the lung immune landscape. Nicotine promotes the recruit-
ment of N2-like neutrophils to the pre-metastatic lung, where
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they support mesenchymal-to-epithelial transition of incoming
tumor cells, thereby facilitating colonization (Tyagi et al., 2021).
Exposing mice to nicotine or tobacco also causes neutrophils to
undergo NETosis (Albrengues et al., 2018; Hosseinzadeh et al.,
2016). Proteases within NETs, including neutrophil elastase and
MMP9, subsequently cleave laminin within the extracellular
matrix to facilitate integrin signaling and proliferation of dor-
mant cancer cells within the lung (Albrengues et al., 2018).
Genotoxic properties of additional components of cigarette
smoke, such as urethane, may also be amplified by neutrophils.
Urethane directly induces neutrophil ROS, which exacerbates
DNA damage and proliferation of the lung epithelium (Wculek
et al., 2020). As a consequence, urethane-induced lung tumor-
igenesis is blunted in neutropenic Gesf~/~ mice, and remarkably,
when neutrophils are transiently replenished with recombinant
G-CSF treatment during urethane exposure (~1 wk), this is
sufficient to rescue lung tumorigenesis up to 4 mo later (Wculek
et al., 2020). These findings implicate neutrophils in tumor in-
itiation in smokers’ lungs and corroborate previous work
showing a role for neutrophils during neoplastic transformation
in other tissues (Antonio et al., 2015; Katoh et al., 2013).
Finally, obesity is another major contender for the top
modifiable risk factor for cancer incidence and mortality, esti-
mated to be responsible for up to ~20% of all cancer deaths
(Calle et al., 2003; Lauby-Secretan et al., 2016; Petrelli et al.,
2021). The adipose tissue microenvironment undergoes wide-
spread immunological remodeling during weight gain, which
regulates systemic inflammatory changes that contribute to
metabolic syndrome (Brestoff and Artis, 2015; Hildreth et al.,
2021; Jaitin et al., 2019; Vijay et al., 2020). In the non-tumor
bearing setting, obesity stimulates myelopoiesis to yield ele-
vated neutrophils and Grl* cells in multiple organs (Nagareddy
et al,, 2014; Xia et al., 2011). Lung neutrophils from obese and
lean mice have a highly divergent transcriptome, with a sig-
nificant enrichment in pathways related to oxidative stress in
obese hosts coinciding with enhanced NETosis (McDowell et al.,
2021). In cancer, both genetic- and diet-induced obesity models
have elevated peripheral and pulmonary neutrophils that
promote breast cancer metastasis to the lung in a GM-
CSF-dependent manner (McDowell et al., 2021; Quail et al.,
2017). Similar findings have been reported in murine models
of high fat diet-induced hypercholesterolemia, where the cho-
lesterol metabolite 27-hydroxycholesterol supports neutrophil
recruitment to distal sites to promote metastasis (Baek et al.,
2021; Baek et al., 2017; Ma et al.,, 2020). Consistently, it has
been shown that a high-fat diet promotes the accumulation of
Grl* myeloid cells within multiple tissues concomitant with
suppressed CD8* T cells and enhanced cancer progression
(Clements et al., 2018; Ringel et al., 2020; Xia et al., 2011). In a
liver cancer model driven by non-alcoholic fatty liver disease/
non-alcoholic steatohepatitis, live imaging studies have shown
that a high-fat diet promotes neutrophil infiltration into the
liver, and that treatment with the anti-diabetic drug metformin
is sufficient to reverse this effect and reduce early cancer pro-
gression (de Oliveira et al., 2019). Human studies have similarly
found that obesity is associated with peripheral neutrophilia
(Herishanu et al., 2006) concomitant with elevated markers of
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neutrophil activation such as myeloperoxidase and neutrophil
elastase (Ali et al., 2018; Xu et al., 2015). Importantly, obesity
interventions, such as bariatric surgery (Adams et al., 2007;
Sjostrom et al., 2007), exercise (Moore et al., 2016), or diet
(Toledo et al., 2015), have been linked to reduced cancer inci-
dence and/or mortality in association with decreased circulating
inflammatory markers.

Taken together, many host conditions influence neutrophil
heterogeneity and function—this includes infection, smoking,
and obesity as discussed, but also extends to other chronic in-
flammatory conditions (Mistry et al., 2019; Wang et al., 2020b),
seasonal viral infections (Jenne and Kubes, 2015; Tate et al.,
2009; Toussaint et al., 2017), the gut microbiome (Zhang and
Frenette, 2019), severe COVID-19 (Barnes et al., 2020; Wilk
et al., 2020; Zuo et al., 2020a), and stress (Ince et al., 2018),
among other factors. The combination of pathogens and in-
flammatory stimuli we are exposed to throughout life is unique
between individuals and contributes to trained immunity.
Moreover, the effects of cancer genotypes compounded with
diverse host conditions and environmental exposures underlie
highly complex neutrophil heterogeneity, as has been observed
by many groups. The role that each of these different factors
plays in tumor progression is a growing area of investigation.

Neutrophils with an anti-tumorigenic phenotype: An emerging
paradox
It has been paradoxically observed that tumor-associated neu-
trophils can be protective against cancer. In some cases, tumor
cells succumb to neutrophil cytotoxicity and are thus effectively
cleared. Neutrophil tumoricidal functions can be blunted by
catalase (Granot et al., 2011), suggesting a role for H,0,. Con-
sistently, elevated expression of the H,0,-dependent calcium
channel, transient receptor potential cation channel-M2, sensi-
tizes metastatic tumor cells to neutrophil cytotoxicity, while
sparing cells at the primary tumor site (Gershkovitz et al.,
2018a). The discrepancy in susceptibility to neutrophil cyto-
toxicity in primary versus secondary tumors can be explained in
part by cellular functions required for dissemination; metastatic
tumor cells become susceptible to neutrophil cytotoxicity follow-
ing epithelial-to-mesenchymal transition (Gershkovitz et al.,
2018b), a process regulated by TGF-B signaling, echoing earlier
studies implicating this pathway in neutrophil functional diversity
(Fridlender et al., 2009; Sagiv et al., 2015). Beyond oxidative stress,
neutrophils utilize additional ammunition to kill tumor cells, in-
cluding granule enzymes such as elastase (Cui et al., 2021) or
cathepsin-G (Sionov et al., 2019). In addition, neutrophils can kill
antibody-opsonized tumor cells via trogocytosis (Bouti et al., 2021;
Martinez Sanz et al., 2021; Martinez-Sanz et al., 2021; Matlung
et al,, 2018), which could translate to tumor-targeting antibody
therapeutics. These studies suggest that harnessing neutrophil
tumoricidal functions, including innate immune checkpoints
(Matlung et al., 2017), may help combat cancer. However, they
also exemplify that some neutrophil-derived mediators, such as
elastase or ROS, can elicit both pro- and anti-tumoral effects
depending on context—a concept that is still a puzzle in the field.
Complementing cytotoxicity, neutrophils can conspire with
the adaptive immune system to facilitate tumor cell recognition
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and clearance. Co-culture experiments using cells from early-
stage human lung cancer have shown that tumor-associated
neutrophils enhance T cell activation compared to their blood-
borne counterparts (Eruslanov et al., 2014). In turn, activated
T cells prolong the lifespan of neutrophils in vitro and upregu-
late co-stimulatory molecules on the neutrophil plasma mem-
brane, leading to a positive-feedback loop that perpetuates T cell
stimulation (Eruslanov et al., 2014). In subsequent work, a
specialized subset of tumor-associated HLA-DR* neutrophils
was identified in early-stage tumors, which is capable of cross-
presenting exogenous tumor antigens to CD8* T cells to stimu-
late tumor-specific effector T cell responses (Singhal et al.,
2016). Others have similarly reported that FcyR engagement
converts neutrophils into antigen presenting cells that cross-
present to CD8* T cells to induce anti-tumor immunity in mel-
anoma models (Mysore et al., 2021). However, over time, the
ability of tumor-associated neutrophils to engage adaptive im-
mune pathways declines as tumors progress (Singhal et al.,
2016). These data support a model where neutrophils undergo
an immunogenic “switch” from anti-tumorigenic to pro-
tumorigenic as cancer advances; however, this temporal re-
sponse may be context specific. For example, in mouse models of
melanoma, neutrophils maintain some anti-tumorigenic prop-
erties in the advanced disease under specific therapeutic set-
tings. Combining a triple therapy of chemotherapy, infusion of
CD4* T cells specific to the melanoma antigen Trpl, and co-
stimulation or immune checkpoint blockade is sufficient to
eliminate tumors, due to a significant infiltration of neutrophils
that exhibit anti-tumor behavior (Hirschhorn-Cymerman et al.,
2012; Hirschhorn-Cymerman et al., 2020). The increase in these
anti-tumorigenic neutrophils was associated with an increase in
cutaneous immune adverse events. In human melanoma sam-
ples, treatment with immune checkpoint inhibitors is associated
with enhanced NETosis, which has been proposed as a potential
mechanism to eradicate tumor antigen escape variants that arise
in response to treatment selection pressure (often in concordance
with immune-related adverse events; Hirschhorn-Cymerman
et al., 2020). Although many studies have characterized the role
of neutrophils in cancer progression, how neutrophils are altered
in response to specific therapies at different stages of disease re-
mains unanswered and needs further exploration.

Many anti-tumorigenic neutrophil functions have been de-
scribed in humans, raising questions about species-specific roles
in cancer (Eruslanov et al., 2017). Single-cell RNA-seq of human
and mouse neutrophils from lung tumors showed considerable,
but not complete, overlap between species (Zilionis et al., 2019).
At the functional level, several differences have been reported.
First, the NETosis potential of circulating neutrophils from mice
versus patients with cancer is distinct, including their ability to
release NETs in response to G-CSF (Arpinati et al., 2020). Sec-
ond, the tumoricidal functions of neutrophils may be species
specific, based on differences in their granule/secretory profile
(Cui et al., 2021; Rausch and Moore, 1975) or utilization of dis-
tinct ROS pathways (Bagaitkar et al., 2012). Third, mouse and
human neutrophils differ in their expression of Arg-1 and ability
to metabolize arginine (Jacobsen et al.,, 2007; Munder et al.,
2005; Rodriguez et al., 2007). This could affect T cell
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responses, as decreased arginine availability in the tumor mi-
croenvironment is associated with T cell immunosuppression.
Another explanation for the protective role of neutrophils in
cancer is the possibility of stage-dependent enrichment for
specific neutrophil states. For example, when comparing the
immune infiltrate of highly and poorly metastatic murine tu-
mors, both increase myeloid infiltration in the pre-metastatic
lung; however, poorly metastatic tumors also secrete prosapo-
sin, which induces Tsp-1 expression in lung-infiltrating Gr1* cells
to impair metastasis (Catena et al., 2013; Wang et al., 2016).
Similar mechanisms between early and advanced tumors in
patients have yet to be compared.

Neutrophil heterogeneity is observed throughout granulopoiesis
A major source of neutrophil heterogeneity comes from the
dynamics of their maturation and release from BM. Neutrophils
arise from HSCs in BM, which give rise to multipotent progen-
itors, then common myeloid progenitors, granulocyte-monocyte
progenitors (GMPs), and neutrophil-committed precursors
(Table 1). This linear model may in part underlie our confounded
understanding of neutrophil heterogeneity, as neutrophil on-
togeny and phenotypic plasticity are likely to be more complex.
Learning from other myeloid lineages, monocyte heterogeneity
and functionality reflect both ontogeny and response to micro-
environmental stimuli. Inflammatory monocytes can arise in-
dependently from both GMPs and monocyte-dendritic cell
progenitors (MDPs), where GMPs give rise to neutrophil-like
monocytes, while MDPs give rise to monocytes that can fur-
ther differentiate into dendritic cells (Yanez et al., 2017). More-
over, factors within the microenvironment confer a preference
for monocyte maturation along one of these developmental tra-
jectories; LPS favors neutrophil-like monocyte maturation from
GMPs, while exposure to CpG favors the MDP lineage (Yanez
et al., 2017). These developmental mechanisms may in part ex-
plain the functional breadth of monocyte and macrophage
identities. Indeed, the lessons that we have learned from
monocytes may be relevant to a modified understanding of
granulopoiesis and neutrophil plasticity.

In recent years, single-cell technologies have made substan-
tial advancements toward defining neutrophil maturation from
GMPs (Dinh et al., 2020; Drissen et al., 2016; Evrard et al., 2018;
Kwok et al., 2020; Olsson et al., 2016; Velten et al., 2017; Xie
et al., 2020; Zhu et al., 2018). Across studies, several new
terms have been coined for overlapping neutrophil develop-
mental states, which are in need of consolidation (Table 1 and
Fig. 2 A). In mouse BM, GMPs mature into pro-neutrophils
(proNeu [Dinh et al., 2020; Evrard et al., 2018; Kwok et al.,
2020; Muench et al., 2020], corresponding to clusters GO/Gl
in similar work [Xie et al., 2020]) and then into highly prolif-
erative, poorly motile precursors (preNeu) that drive expansion
within spleen and BM (Evrard et al., 2018). Cells defined as
preNeu (Evrard et al., 2018) are transcriptionally similar to
unipotent neutrophil progenitors (NeP; Zhu et al., 2018), neu-
trophil precursors (NeuP; Kim et al., 2017), and to a G2 cluster
that resembles myelocytes/metamyelocytes (Xie et al., 2020;
also see Ng et al., 2019). Subsequently, preNeu differentiate into
immature (Ly6G™CXCR2"; immNeu) or mature (Ly6GMCXCR2";
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mNeu) neutrophils that are non-proliferative and mediate
trafficking and effector functions (Evrard et al., 2018). ImnmNeu
overlaps transcriptionally with a band cell-like G3 cluster that
expresses low Cxcr2 and high secondary granule genes (Xie etal.,
2020), and with late-stage progenitors (cluster C2; high Ly6G
expression), as confirmed by adoptive transfer experiments
with NeP (Zhu et al., 2018). Mature neutrophils correspond to
cluster G4 from Xie et al. (2020), representing the most mature
state in BM with high expression of Mmp8 and Cxcl2, while the
G5 cluster was the most mature overall and predominant in
blood (Xie et al., 2020). A summary of overlapping states can be
found in Table 1.

Neutrophil development coincides with shifts in chromatin
accessibility and transcription factor activity (Ai and Udalova,
2020; Ballesteros et al., 2020). Developmental trajectory analysis
of single-cell RNA-seq data unveiled a developmental continuum
known as “neutrotime,” which spans the maturation spectrum
from neutrophil precursors in BM to mature neutrophils in
blood and spleen (Grieshaber-Bouyer et al., 2021). The sharpest
changes in neutrotime occur during granulopoiesis (transition
from immature to mature) and mobilization (transition from
BM to blood; Grieshaber-Bouyer et al., 2021). Consistently, in
steady-state and inflammation, neutrophil chromatin land-
scapes and transcription factor networks shift in waves. In
steady-state, the initiation of granulopoiesis in BM involves
RUNXI1 and C/EBPa transcription factors within GMPs, followed
by a shift to GFI1 and C/EBPe in preNeu during early neutrophil
differentiation, and then C/EBP8 and PU.1 as mNeu enter the
circulation (Evrard et al., 2018). The temporal expression of
C/EBP-family members mirrors the pattern of granule enzyme
expression; primary granule enzymes (e.g., Mpo) are expressed
at the GMP stage, secondary granules (e.g., Ltf) at the preNeu/
immNeu stage, and tertiary granules (e.g., Mmp8) at the mNeu
stage, corresponding to Cebpa, Cebpe, and Cebpd, respectively
(Evrard et al, 2018). In comparison, chromatin profiling of
neutrophils combined with genetic validation approaches has
identified transcription factors involved in neutrophil matura-
tion during acute inflammation. For example, RUNX1 and KLF6
drive neutrophil maturation in BM, and after cells are mobilized,
chromatin is remodeled to enable access by RFX2 and RELB to
promote survival (Khoyratty et al., 2021). Within tissues, another
chromatin remodeling event enables the transcriptional activity
of RELB, IRF5, and JUNB, which license innate effector functions
that are pre-programmed in early developmental stages (Khoyratty
etal., 2021). These findings echo those from earlier work describing
two major waves of chromatin remodeling between developmental
transitions from (pro)myelocyte to metamyelocytes and from seg-
mented neutrophils to polymorphonuclear neutrophils (Grassi
et al., 2018), and extend them by charting a transcriptional blue-
print for each transition. The remaining knowledge gaps include
understanding how environmental signals integrate with tran-
scription factor landscapes to yield functional outputs, and how the
release of neutrophils from BM at different maturation states is
regulated.

Functionally, there are still many unknowns surrounding
the kinetics of neutrophil maturation, trafficking, and ef-
fector function (Barros-Becker et al., 2020; Hind et al., 2021;

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

9of 23


https://doi.org/10.1084/jem.20220011

Table 1. Cell surface markers defining neutrophil developmental states

Acronym Full name Function Surface markers Surface markers Overlapping states References
(mouse) (human)
CMP Common myeloid High proliferation, low LKS- CD34" CD16/ Lin- CD34* CD38* Kwok et al,,
progenitors self-renewal, multipotent 321t Flt3* CD115% CD45RA- 2020; Yanez
Antibody combination et al, 2017
excludes monocyte-DC
progenitors, known as
“MDP”
GMP Granulocyte-monocyte High proliferation, low LKS™ CD34* CD16/32"  Lin~ CD34* CD38* Yanez et al,,
progenitors self-renewal, oligopotent Ly6C~ CD45RA* 2017; Kwok
Antibody combination et al, 2020
excludes committed
granulocyte progenitors
and monocyte
progenitors
proNeul  Pro-neutrophils (stage 1) Committed progenitors; ~ LKS~ CD34* CD16/32"  CD15* CD66b* Mouse: GO (Xie et al,, Kwok et al,,
expand in BM during Ly6C* CD115 CD81*  CD1lb* CD49d"  2020); 2020; Evrard
emergency CD11b- CD106- SSCl (also CD34' Human: eNeP/N1 (Dinh et al, 2018
granulopoiesis at the CD38l) et al,, 2020)
expense of monocytes
proNeu2  Pro-neutrophils (stage 2) Intermediate progeny; do LKS- CD34* CD16/32"  CD15* CD66b* Mouse: G1 (Xie et al, Kwok et al,,
not expand during Ly6C* CD115° CD81*  CD1lb* CD49d™  2020); 2020; Evrard
emergency CD11b* CD106* SSCMi (also CD34~  Human: N1 (Dinh et al,, et al, 2018
granulopoiesis CD38") 2020)
preNeu  Neutrophil precursors High proliferation, low LCS™ cKit™ Ly6C* CD15* CD66b* Mouse: G2 (Xie et al., Kwok et al,,
motility, low effector CD11b* Ly6Gl° CXCR2™  CD11b* CD49d™  2020), NeuP (Kim et al, 2020; Evrard
functions; expand in BM  CXCR4" CD101~ 2017), C1/NeP (Zhuetal,, et al, 2018
and spleen during 2018);
emergency Human: N2 (Dinh et al,,
granulopoiesis 2020)
immNeu? Immature neutrophils Intermediate LCS™ cKit'® Ly6C' CD15* CD66b* Mouse: G3 (Xie et al,, Kwok et al,,
proliferation, motility and CD11b* Ly6G™ CXCR2~ CD11b* CD49d~  2020), C2 (Zhu et al,, 2020; Evrard
effector functions CXCR4lo CD101* CD16t 2018); et al,, 2018
CD10~ Human: N3 (Dinh et al.,
2020)
mNeu?  Mature neutrophils Low proliferation, high ~ LCS™ cKit™ Ly6C' CD15* CD66b* Mouse: G4 (BM) and G5 Kwok et al,,
motility, high effector CD11b* Ly6GM CXCR2*  CD11b* CD49d- (blood; Xie et al., 2020); 2020; Evrard
functions CXCR4- CD101* CD16M Human: N4 and 5 (Dinh et al, 2018

CD10*

et al,, 2020)

LKS*, Lin™ cKit* Scal*; LKS™, Lin~ cKit* Scal™; LCS™, Lin~ CD115" SiglecF~; Lin, cocktail of lineage marker antibodies, which should include anti-CD11b up to the

GMP stage, but exclude it for analysis of proNeu-mNeu.

3CXCR2 can be downregulated within tumors; to define mouse immNeu and mNeu in this context, CD101 can be used (CD101- immNeu and CD101* mNeu;

Evrard et al,, 2018).

Houseright et al., 2021; Klemm et al., 2021). For example, some
neutrophils are capable of reverse transmigration from inflamed
tissues back into the circulation (de Oliveira et al., 2016; Wang
et al., 2017). Moreover, in cancer, multiple neutrophil develop-
mental states co-exist: in orthotopic mouse models of pancreatic
cancer, CD101- immNeu accumulate intratumorally in associa-
tion with disease progression (Evrard et al., 2018), corroborating
studies that have reported a pro-tumorigenic role for neutrophils
with a banded (immature) nuclear morphology (Coffelt et al.,
2015; Hsu et al., 2019; Sagiv et al.,, 2015). Consistently, in or-
thotopic melanoma models, NeP are elevated in BM, blood, and
tumor, and they promote tumor growth in association with el-
evated expression of PD-L1 (Zhu et al., 2018). In melanoma pa-
tients, human NeP are found at higher frequencies in blood
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compared to healthy donors, where they are extremely rare
(zZhu et al., 2018). Even earlier developmental stages can be
detected in blood and tumors of lung cancer patients, including
precursors to NeP/preNeu states (Dinh etal.,, 2020). Moreover,
extramedullary granulopoiesis has been described in the context
of cancer where neutrophil maturation in spleen yields an im-
munosuppressive phenotype (Alshetaiwi et al., 2020; Cortez-
Retamozo et al., 2012; Mastio et al., 2019). Therefore, shifts in
the developmental states of granulocytes, their premature
egress from BM at different stages (which may influence granule
cargo), and their distinct functional contributions to tumor
growth shed light on the high degree of neutrophil heteroge-
neity observed in cancer. This echoes findings in other inflam-
matory conditions, like systemic lupus erythematosus, where
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Figure 2. Neutrophil maturation and activation. (A) Comparison of neutrophil states described in landmark studies using single-cell analyses. Overlaid are
transcriptional states in normal development and cancer, cell morphology (morph), transcription factor (TF) activity in steady-state (SS) and acute inflam-
mation (Al), neutrotime developmental transition waves, and anatomical location. MB/PM, myeloblasts and promyelocytes; MC, myelocytes; MM, meta-
myelocytes; BC/SC, band cells and segmented neutrophils. (B) Projection of MDSC single-cell RNA-seq data from Veglia et al. (2021a) onto established
neutrophil states (comparative datasets obtained from Xie et al. [2020], Immgen [Aran et al., 2019], and Ballesteros et al. [2020]). All intratumoral poly-
morphonuclear populations referred to as MDSC express canonical signatures of neutrophil maturation and identity states. Created with BioRender.com.

distinct neutrophil states identified through single-cell RNA-seq
uniquely regulate disease pathogenesis (Mistry et al., 2019).
Finally, it remains unknown how trained immunity at the
individual (host) level may influence this complex system.
Studies in animal and plant models that lack adaptive immunity
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have shown that innate immune cells or their developmental
precursors can become “trained” following exposure to an in-
flammatory stimulus, resulting in an altered response to sec-
ondary challenges even after cells have returned to a resting
state (Chavakis et al, 2019; Netea et al., 2020). Trained
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immunity is thus different between individuals, depending on
history of pathogen exposures, vaccination, cancer, or other
inflammatory stimuli. Indeed, studies have identified B-glucan,
Bacillus Calmette-Guérin, and other vaccines as prototypical
agonists of trained immunity, mediated by education of myeloid
cells within the BM and myeloid-bias progenitor expansion
(Kaufmann et al., 2018; Mitroulis et al., 2018); however, trained
immunity can also be achieved through sterile triggers, such as
diet-induced changes to myeloid progenitor reprogramming
(Christ et al., 2018). Recent studies have explored the role of
trained immunity in cancer in the context of granulopoiesis.
B-glucan induces myeloid expansion concomitant with elevated
innate immune signaling mediators, such as IL-1B and GM-CSF
(Mitroulis et al., 2018), which mediate neutrophil expansion in
tumors. Treatment of mice with B-glucan 1 wk prior to subcuta-
neous inoculation of B16F10 melanoma or Lewis lung carcinoma
lung cancer cells into syngeneic hosts blunts tumor growth, even in
Ragl~/~ mice that lack T and B cells (Kalafati et al., 2020). Mecha-
nistically, B-glucan causes epigenetic and transcriptomic re-
programming of granulopoiesis, yielding progenitor cells with
enhanced IFN signaling and tumoricidal mature neutrophils with
elevated ROS (Kalafati et al., 2020). Moreover, the anti-tumor effect
of B-glucan is maintained and transferrable following BM trans-
plantation or neutrophil adoptive transfer from B-glucan-treated
donor mice into naive recipients (Kalafati et al., 2020). Outside the
context of cancer, activated neutrophils can prime macrophages to
exhibit long-term responses against parasitic infection (Chen et al.,
2014), raising the possibility that neutrophils may participate in
training of other myeloid cells in tumors. These findings support
the notion that myeloid-targeted immunotherapies that aim to re-
program, rather than deplete, target cells are an attractive thera-
peutic approach to harnessing anti-tumor immunity.

Discrepancies in neutrophil research and proposed solutions

Owing to the complexity of neutrophil diversity, it is not sur-
prising that we have encountered several experimental dis-
crepancies as a field. First, amongst many possible functional
states, neutrophils can be immunosuppressive, thus challenging
the designation of granulocytic myeloid-derived suppressor cells
(G-MDSCs; also known as PMN-MDSC) as a distinct population.
G-MDSC and neutrophils are indistinguishable by archetypal
cell surface markers and have identical granular and nuclear
morphologies. Moreover, there are no genetic models to trace or
target G-MDSCs due to lack of genetic differences from neu-
trophils. Instead, antibody depletion via anti-Grl or anti-Ly6G is
often used to test their functional role in disease; however, these
antibodies also deplete neutrophils, making causative functional
assessment of MDSCs uninterpretable. For associative func-
tional studies, it has been suggested that identification of MDSCs
requires confirmation of immunosuppression ex vivo (Bronte
et al., 2016; Veglia et al., 2021b), but often cell surface markers
are used alone. Single-cell RNA-seq studies have attempted to
identify MDSC in tumors (Veglia et al., 2021a); however, puta-
tive G-MDSCs share transcriptional similarities with canonical
neutrophils as defined by Immgen (Heng et al., 2008), as well as
signatures of mature neutrophils (Evrard et al., 2018; Xie et al.,
2020) across multiple tissues (Ballesteros et al., 2020; Fig. 2 B).
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Given the diversity of neutrophil identities, which can include
immunoregulatory functions, it remains controversial whether
G-MDSCs should simply be called “immunosuppressive neu-
trophils” and thus terminology is used inconsistently between
groups. Although putative surface markers have been identified
to distinguish G-MDSC and neutrophils such as CD84, CD14,
FATP2, or LOX-1 (Alshetaiwi et al., 2020; Condamine et al., 2016;
Veglia et al., 2021a; Veglia et al., 2019), these have not been used
by the broader research community and they may be expressed
by bona fide neutrophils under certain conditions. Given the
lack of existing genetic and phenotypic markers to distinguish
bona fide neutrophils from putative G-MDSC, it has been sug-
gested that the monolithic MDSC terminology be dropped in
favor of a more colorful view of myeloid biology that embraces
the high degree of cellular and functional heterogeneity (Hegde
etal., 2021). We support this view and urge scientists to consider
the literature on both neutrophils and G-MDSCs to inform on-
going research within these evolving fields.

Second, antibody-mediated neutrophil depletion has context-
dependent efficacy. The most common antibodies used are anti-
Ly6G (clone 1A8, rat IgG2a) and anti-Grl (clone RB6-8C5, rat
IgG2b); anti-Ly6G is often preferred since mature neutrophils
are Ly6G*/M, while Grl also targets monocytes, some immature
myeloid cells, and even a subset of CD8* memory T cells by
virtue of Ly6C expression. However, in C57BL/6 mice, anti-Grl
effectively ablates neutrophils, whereas anti-Ly6G is less effec-
tive because depletion is slower than neutrophil repopulation
from BM (Boivin et al., 2020; Faget et al., 2018 Preprint). Despite
this, numerous studies have used anti-Ly6G to deplete neu-
trophils successfully, suggesting that experimental design is key:
first, dose and duration are variables that affect any mAb-based
depletion approach. Short-term experiments (1-2 d) with anti-
Ly6G result in highly effective neutrophil depletion (Deniset
et al,, 2017; Lee et al., 2018; Siwicki et al., 2021); however, in
longer trials (>3-7 d), neutrophil numbers may begin to rebound
(Deniset et al., 2017; Moses et al., 2016). Second, there are dif-
ferences in neutrophil depletion efficacy depending on experi-
mental context. Comparative analyses with anti-Grl and anti-Ly6G
mAbs showed enhanced depletion in Balb/c and FVB/n back-
grounds compared to C57BL/6, especially when C57BL/6 mice were
aged (Boivin et al., 2020; Faget et al., 2018 Preprint). Moreover,
neutrophils are more difficult to eliminate in certain tissues, such
as BM (Pollenus et al., 2019). Third, for experimental contexts in
which anti-Ly6G is ineffective, a more durable protocol has been
developed via co-administration of rat anti-mouse Ly6G and anti-
rat mAbs, which enhance the killing efficacy of anti-Ly6G to de-
plete neutrophils for at least 18 d in C57BL/6 models (Boivin et al.,
2020; Faget et al., 2018 Preprint). Finally, neutrophil depletion ef-
ficacy cannot be validated using anti-Ly6G (1A8), as antigen
masking produces false-negative staining (Boivin et al., 2020).
Alternative strategies include intracellular Ly6G staining, histology
for myeloperoxidase (MPO) or neutrophil elastase (NE), or re-
porter mice, such as LysM-cre or Ly6G-cre, combined with Ly6Clo/t,
and side scatter assessment (Boivin et al., 2020; Deniset et al., 2017
Hasenberg et al., 2015). Genetic neutrophil depletion approaches,
as discussed below, may also provide functional confirmation of
antibody effects (Ballesteros et al., 2020).
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Common genetic approaches to target or deplete neutrophils
in vivo include the Mrp8-cre model (Passegue et al., 2004), either
combined with a specific floxed allele or ROSA-DTA mice (cre-
dependent expression of diphtheria toxin), respectively. The
Mrp8-cre model targets ~80% of mature neutrophils in vivo;
however, Mrp8 is also expressed in 10-20% of GMPs (Passegue
et al., 2004). Alternatively, the Ela2-cre model targets mature
neutrophils expressing elastase, a serine protease within neu-
trophil primary granules (Tkalcevic et al., 2000; Wculek and
Malanchi, 2015). Newer models, such as the Ly6G-cre mouse
(Hasenberg et al., 2015), offer a more specific alternative;
however, the efficacy of recombination is purportedly allele-
specific depending on the particular floxed strain being used.
Further, activation of recombinase under control of this gene
occurs late in neutrophil development, such that proteins al-
ready produced may persist for the short lifetime of the cell. For
combinations with fluorescent reporter strains for intravital
microscopy or other imaging modalities (such as the Ai9 cre
reporter mouse), the Ly6G-cre mouse is an excellent option for
neutrophil-specific tracing (Hasenberg et al., 2015). However,
for gene deletion studies, this model should be used in parallel
with Mrp8-cre or Ela2-cre, and recombination should be carefully
validated.

Third, methods to target NETosis have raised debate within
the field. Genetic knockout studies have shown that protein
arginine deiminase 4 (PAD4) is required for nuclear deconden-
sation and nuclear rupture preceding NETosis (Li et al., 2010).
Yet, some studies have found that targeting PAD4 is effective
against NETosis (Hemmers et al., 2011; Li et al., 2010; Martinod
et al., 2013; Munzer et al., 2021; Thiam et al., 2020), while others
have not (Claushuis et al., 2018; Guiducci et al., 2018; Kenny
et al., 2017; Tsourouktsoglou et al., 2020). There are several
plausible explanations for this discrepancy: First, some defining
features of NETosis can be mimicked in other contexts. Exam-
ples include leukotoxic hypercitrullination (involving non-
bactericidal hyperactivation of PAD leading to DNA extrusion),
constitutively defective mitophagy (resulting in mitochondrial
DNA expulsion; Caielli et al., 2016; Lood et al., 2016; Yousefi
et al, 2009), or epigenetic regulation of pluripotency
(whereby PAD4-mediated citrullination promotes an open
chromatin structure; Christophorou et al., 2014). Thus, a stan-
dardized readout for NETosis is needed. Although citrullinated
histone H3 (H3cit) is a reasonably specific marker for NETs in
disease models since PAD4 deficiency/inhibition prevents cit-
rullination of histones, histological assessment of NE or MPO
associated with extracellular DNA is required to measure NETs
in the context of PAD4 blockade. Second, NETosis may not al-
ways rely on PAD4, as observed in models of pneumosepsis
(Claushuis et al., 2018). NETosis can be NOX2 dependent (in-
duced by phorbol esters, LPS, etc.) or NOX2 independent (in-
duced by calcium ionophores, UV light, etc.; Douda et al., 2015;
Fuchs et al., 2007; Lood et al., 2016; Parker et al., 2012; Pilsczek
et al., 2010). Hypercitrullination of histones only occurs during
calcium ionophore-activated NETosis, suggesting PAD4 may
contribute specifically to NOX2-independent NETosis (Douda
et al, 2015; Khan and Palaniyar, 2017). Third, mouse back-
ground strain may influence PAD4 dependency. C57BL/6 mice
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have a Thil-type bias, whereas other strains tend to favor Th2
responses, therefore, we recommend that background strains be
reported in publications. Finally, PAD4 reliance may be context
dependent. For example, “aged” neutrophils exhibit lower
NETosis than “fresh” neutrophils newly released from BM (Adrover
et al,, 2019); neutrophils responding to bacterial infection ex-
hibit pronounced NETosis compared with those responding to
sterile injury (Yipp et al., 2012); and PAD4 inhibitor efficacy may
have species-specific variation (Arpinati et al., 2020; Lewis et al.,
2015). Of note, it is uncertain how targeting NETs might impact
innate immune responses in humans, given their role in auto-
immunity (Khandpur et al., 2013; Li et al, 2020), aging
(Martinod et al., 2017), emergency granulopoiesis, vascular in-
flammation (Knackstedt et al., 2019), and other inflammatory
conditions (Jorch and Kubes, 2017; Papayannopoulos, 2018;
Phillipson and Kubes, 2011). This question is being addressed for
the first time in patients with severe COVID-19 who exhibit el-
evated NETosis (Ackermann et al., 2021; Barnes et al., 2020;
Middleton et al., 2020; Zuo et al., 2020b Preprint), which will
provide insight for cancer patients.

Concluding remarks: Open questions in neutrophil biology

and cancer

Going forward, it will be critical to reconsider how neutrophils
are classified and studied in the laboratory setting. First, there is
a knowledge gap in reconciling the root cause of neutrophil
heterogeneity. Adopting principles from the mononuclear
phagocyte system, in which cells are classified developmentally
and phenotypically (Guilliams et al.,, 2014), may help clarify
tissue-specific neutrophil biology in steady-state and inflamma-
tion. Although neutrophils originate from definitive hematopoie-
sis, efforts in this direction are now emerging (Evrard et al., 2018;
Kim et al., 2017; Muench et al., 2020; Zhu et al., 2018), and there is
a growing appreciation that functionally distinct developmental
identities can co-exist in cancer. We propose to use the terms
“states” to refer to phenotypically distinct neutrophil populations,
including those that are immunosuppressive since it is the envi-
ronment that appears to drive neutrophil heterogeneity via shifts
in maturation and/or activation.

Second, there is a need to standardize techniques. This in-
cludes methods to deplete neutrophils with antibodies, dis-
criminate between neutrophil states, and validate NET targeting
approaches. Of note, currently, the preferred methods for NET
detection are immunohistochemistry (association of MPO, NE,
or Ly6G with extracellular DNA, or H3cit in the presence of
MPO/DNA complexes) or dual-target ELISA (e.g., anti-elastase
and anti-DNA-peroxidase), and new detection tools are emerg-
ing, including antibodies against histone H3 cleavage events
specific to NETs in humans (Tilley et al., 2021 Preprint). How-
ever, alternative approaches are readily used, including H3cit
ELISA/immunohistochemistry or flow cytometry for different
combinations of MPO, H3cit, and/or SYTOX viability dyes, while
these provide reasonable estimates, they are not conclusive.
Although we see value in these techniques under certain cir-
cumstances, for example, to analyze limited patient material, we
recommend that orthogonal approaches to validate findings are
employed.
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Third, most studies are focused on bulk analysis of neu-
trophils. However, single-cell technologies can resolve shifts in
the relative proportions of neutrophil states that co-exist outside
the BM. Using these datasets to map differentiation trajectories
and epigenetic regulation of neutrophil development using
single-cell assay for transposase-accessible chromatin sequenc-
ing may also reveal relationships not evident from the tran-
scriptome. These efforts will be particularly informative to
understand molecular mechanisms and transcriptional regu-
lators that govern neutrophil maturation and function (Evrard
et al., 2018; Muench et al., 2020; Weiss et al., 2015). Moreover,
they will allow us to resolve nomenclature for various neutro-
phil developmental stages (see Table 1 and Ng et al., 2019). In
addition, in vivo techniques to trace or target individual cell
subsets would be of value (Harvie and Huttenlocher, 2015). For
example, three neutrophil states are conserved within tumors in
both humans and mice (Zilionis et al., 2019). Whether these
neutrophil states are functionally plastic and/or whether they
can be individually targeted has yet to be determined.

Finally, our knowledge of neutrophils in cancer largely de-
pends on data from murine models. However, it is clear that
there are some species-specific differences in neutrophil regu-
lation of tumor biology. In human studies, most experimental ap-
proaches are limited to ex vivo analyses of blood neutrophils,
transcriptomic profiling of tumor-associated neutrophils, and basic
correlations with clinical outcomes. Although these approaches are
informative, they shed light on disease association and not causa-
tion. Therefore, a comprehensive understanding of the functional
impact of human neutrophils on cancer is lacking and needs to be
further elucidated to develop relevant therapeutic strategies.

Taken together, our fundamental understanding of neutro-
phil maturation, heterogeneity, and function in the context of
cancer has recently seen remarkable advances with emerging
fate-tracing, high-parameter, and single-cell technologies that
are now allowing us to study fundamental neutrophil biology at
unprecedented depth. The next challenge is to reconcile existing
data and unify nomenclature so that our collective discoveries
can be integrated and directly compared. Ultimately, we aim to
harness our emerging understanding of neutrophil phenotypic
heterogeneity to characterize neutrophil states at the functional
level, and effectively exploit them for therapeutic purposes.

Acknowledgments

This consensus statement is dedicated to our esteemed col-
leagues, Zena Werb and Paul S. Frenette, who attended and
participated in the Banbury Center meeting and encouraged a
collective effort by attendees to write this report. Both made
significant contributions to ideas and discussions that are
represented here.

The Banbury Center meeting was organized by M. Egeblad, P.
Kubes, K.E. de Visser, R. Leshan, and Banbury Center staff. The
meeting was supported financially by Cold Spring Harbor Lab-
oratory Northwell Health Affiliation. The funder had no in-
volvement with the writing of this consensus statement. D.F.
Quail acknowledges funding from the Canadian Institutes of
Health Research (PJT-159742, PJT-178306), Terry Fox Research

Quail et al.
Neutrophil heterogeneity in cancer

Institute, and Tier II Canada Research Chair. B. Amulic ac-
knowledges funding from the Medical Research Council (MR/
R02149%/1). M. Aziz acknowledges funding from the National
Institutes of Health (NIH; ROIGM129633). B.J. Barnes acknowl-
edges funding from the NIH National Institute of Arthritis and
Musculoskeletal and Skin Diseases (AR065959-01) and Depart-
ment of Defense (CDMRP LRP W8IXWH-18-1-0674). E. Erusla-
nov acknowledges funding from the NIH National Cancer
Institute (NCI; RO1CA187392) and the Department of Defense
(CDMRP W81XWH-15-1-0717). Z.G. Fridlender acknowledges
funding from the the Israel Science Foundation (grant number
1708/20) and the Sasson and Luisa Naor Fund. H.S. Goodridge
acknowledges funding from the NIH National Institute of Al-
lergy and Infectious Diseases (RO1AI134987). Z. Granot ac-
knowledges funding from the Israel Science Foundation Grant
405/18, the Israel Cancer Research Fund, the Deutsche For-
schungsgemeinschaft, and the Rosetrees Trust. A. Hidalgo ac-
knowledges funding from FET-OPEN (861878) from the
European Commission; the Centro Nacional de Investigaciones
Cardiovasculares (CNIC) is supported by the Ministerio de
Ciencia e Innovacién and the Pro-CNIC Foundation. M.J. Kaplan
acknowledges funding from the Intramural Research Program of
the NIH, National Institute of Arthritis and Musculoskeletal and
Skin Diseases (ZIAAR041199). . Malanchi acknowledges funding
from the European Research Council grant (ERC CoG-H2020-
725492) and from the Francis Crick Institute, which receives its
core funding from Cancer Research UK (FCOO01112), the UK
Medical Research Council (FCO01112), and the Wellcome Trust
(FCoo1112). T. Merghoub acknowledges funding from the NIH/
NCI Cancer Center Support Grant (P30 CA008748/NCI RO1
CA056821), Swim Across America, Ludwig Institute for Cancer
Research, Ludwig Center for Cancer Immunotherapy at Memo-
rial Sloan Kettering, Cancer Research Institute, and Parker In-
stitute for Cancer Immunotherapy. E. Meylan acknowledges
funding from the Swiss National Science Foundation
(310030_179324) and Fonds de la Recherche Scientifique (MISU
F.6003.22). M.J. Pittet acknowledges funding from the Institut
Suisse de Recherche Expérimentale sur le Cancer Foundation,
Ludwig Cancer Research, and the NIH (P01CA240239,
RO1CA218579). LA. Udalova acknowledges funding from the
Wellcome Trust Investigator Award (209422/Z/17/Z). T.X. van
den Berg acknowledges funding from Byondis BV, the Dutch
Ministry of Health, and the Dutch Cancer Society (10300). D.D.
Wagner acknowledges funding from the NIH National Health,
Lung and Blood Institute (R35HL135765). P. Wang acknowledges
funding from the NIH National Institute of General Medical Sci-
ences (R35GM118337). A. Zychlinsky acknowledges funding from
the Max Planck Society. K.E. de Visser acknowledges funding from
the Dutch Cancer Society (KWF10623, KWF10083, and KWF13191),
Oncode Institute, and the Netherlands Organization for Scientific
Research (NWO-VICI 91819616). M. Egeblad acknowledges funding
from the Department of Defense, Congressional Directed Medical
Research Program (W81XWH2010753). P. Kubes acknowledges
funding from the Canadian Institutes of Health Research.

Author contributions: A. Rubio-Ponce performed computa-
tional analysis included in Fig. 1 B. All other authors attended
Banbury Center meeting on Diverse Functions of Neutrophils in

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

14 of 23


https://doi.org/10.1084/jem.20220011

Cancer, and this manuscript reflects an updated perspective on key
areas of discussion. KE. de Visser, M. Egeblad, and P. Kubes contrib-
uted to the conceptualization, design, and organization of the meeting.
D.F. Quail collated and summarized written and verbal meeting notes
from attendees; all authors who attended the meeting contributed ideas
and assisted with writing, editing, and revising the manuscript.

Disclosures: E. Eruslanov reported a patent to the use of HLA-
DR+CD32hiCD64hi hybrid neutrophils with characteristics of
antigen-presenting cells to augment therapy for cancer or in-
fectious diseases pending. Z.G. Fridlender reported “other” from
Immunyx outside the submitted work; in addition, Z.G. Frid-
lender had a patent to ID - 6494-1licensed "Immunyx." Z. Granot
reported personal fees from Immunyx Pharma outside the
submitted work. A. Hidalgo is a paid consultant for Flagship
Pioneering, which is not related to this work. M.J. Pittet reported
personal fees from AstraZeneca, Debiopharm, Elstar Therapeu-
tics, ImmuneOncia, KSQ Therapeutics, MaxiVax, Merck, Mo-
lecular Partners, Third Rock Ventures, and Tidal outside the
submitted work; in addition, M.]. Pittet has been a consultant for
Aileron Therapeutics, Cygnal Therapeutics, and Siamab Thera-
peutics. T.K van den Berg is an inventor on patent application
WO02009/131453 Al, owned by Sanquin Blood Supply Organi-
zation, licensed to Byondis BV, related to the targeting of CD47-
SIRPa in cancer. D.D. Wagner reported personal fees from
Takeda Pharmaceutical and “other” from Neutrolis, SAB during
the conduct of the study. K.E. de Visser reported grants from
Roche/Genentech and personal fees from Macomics outside the
submitted work. M. Egeblad is a member of the research advi-
sory board for brensocatib for Insmed, Inc, a member of the
scientific advisory board for Vividion Therapeutics, Inc., and a
consultant for Protalix, Inc outside the submitted work. T.
Merghoub is a co-founder and holds equity in IMVAQ Thera-
peutics. He is a consultant of Immunos Therapeutics, Immuno-
Genesis, and Pfizer. In addition, T Merghoub has research
support from Bristol-Myers Squibb, Surface Oncology, Kyn
Therapeutics, Infinity Pharmaceuticals Inc., Peregrine Pharma-
ceuticals Inc., Adaptive Biotechnologies, Leap Therapeutics Inc.,
and Aprea. He has patents on applications related to work on
oncolytic viral therapy, a-virus-based vaccine, neo antigen
modeling, CD40, GITR, OX40, PD-1, and CTLA-4. No other dis-
closures were reported.

Submitted: 23 December 2021
Revised: 11 March 2022
Accepted: 23 March 2022

References

Ackermann, M., H.]. Anders, R. Bilyy, G.L. Bowlin, C. Daniel, R. De Lorenzo,
M. Egeblad, T. Henneck, A. Hidalgo, M. Hoffmann, et al. 2021. Patients
with COVID-19: In the dark-NETs of neutrophils. Cell Death Differ. 28:
3125-3139. httpS://dOi.OI'g/IO.1038/541418—021»00805—Z

Adams, T.D., R.E. Gress, S.C. Smith, R.C. Halverson, S.C. Simper, W.D. Ro-
samond, M.J. Lamonte, A.M. Stroup, and S.C. Hunt. 2007. Long-term
mortality after gastric bypass surgery. N. Engl. J. Med. 357:753-761.
https://doi.org/10.1056/NEJMo0a066603

Adrover, ].M., A. Aroca-Crevillen, G. Crainiciuc, F. Ostos, Y. Rojas-Vega, A.
Rubio-Ponce, C. Cilloniz, E. Bonzon-Kulichenko, E. Calvo, D. Rico, et al.

Quail et al.
Neutrophil heterogeneity in cancer

2020. Programmed ‘disarming’ of the neutrophil proteome reduces the
magnitude of inflammation. Nat. Immunol. 21:135-144. https://doi.org/
10.1038/541590-019-0571-2

Adrover, ]J.M., C. Del Fresno, G. Crainiciuc, M.I. Cuartero, M. Casanova-
Acebes, L.A. Weiss, H. Huerga-Encabo, C. Silvestre-Roig, J. Rossaint, I.
Cossio, et al. 2019. A neutrophil timer coordinates immune defense and
vascular protection. Immunity. 51:966-967. https://doi.org/10.1016/j
.immuni.2019.11.001

Ai, Z., and L.A. Udalova. 2020. Transcriptional regulation of neutrophil dif-
ferentiation and function during inflammation. J. Leukoc. Biol. 107:
419-430. https://doi.org/10.1002/JLB.1RU1219-504RR

Al-Khami, A.A., L. Zheng, L. Del Valle, F. Hossain, D. Wyczechowska, J. Za-
baleta, M.D. Sanchez, M.J. Dean, P.C. Rodriguez, and A.C. Ochoa. 2017.
Exogenous lipid uptake induces metabolic and functional reprogram-
ming of tumor-associated myeloid-derived suppressor cells. Oncoim-
munology. 6:¢1344804. https://doi.org/10.1080/2162402X.2017.1344804

Albrengues, J., M.A. Shields, D. Ng, C.G. Park, A. Ambrico, M.E. Poindexter, P.
Upadhyay, D.L. Uyeminami, A. Pommier, V. Kuttner, et al. 2018. Neu-
trophil extracellular traps produced during inflammation awaken
dormant cancer cells in mice. Science. 361:eaa04227. https://doi.org/10
.1126/science.aa04227

Alfaro, C., A. Teijeira, C. Onate, G. Perez, M.F. Sanmamed, M.P. Andueza, D.
Alignani, S. Labiano, A. Azpilikueta, A. Rodriguez-Paulete, et al. 2016.
Tumor-produced interleukin-8 attracts human myeloid-derived sup-
pressor cells and elicits extrusion of neutrophil extracellular traps
(NETs). Clin. Cancer Res. 22:3924-3936. https://doi.org/10.1158/1078
-0432.CCR-15-2463

Ali, M., S. Jasmin, M. Fariduddin, S.M.K. Alam, M.I. Arslan, and S.K. Biswas.
2018. Neutrophil elastase and myeloperoxidase mRNA expression in
overweight and obese subjects. Mol. Biol. Rep. 45:1245-1252. https://doi
.org/10.1007/s11033-018-4279-4

Alshetaiwi, H., N. Pervolarakis, L.L. McIntyre, D. Ma, Q. Nguyen, J.A. Rath, K.
Nee, G. Hernandez, K. Evans, L. Torosian, et al. 2020. Defining the
emergence of myeloid-derived suppressor cells in breast cancer using
single-cell transcriptomics. Sci. Immunol. 5:eaay6017. https://doi.org/10
.1126/sciimmunol.aay6017

Amulic, B., C. Cazalet, G.L. Hayes, K.D. Metzler, and A. Zychlinsky. 2012.
Neutrophil function: From mechanisms to disease. Annu. Rev. Immunol.
30:459-489. https://doi.org/10.1146/annurev-immunol-020711-074942

Ancey, P.B., C. Contat, G. Boivin, S. Sabatino, J. Pascual, N. Zangger, ].Y.
Perentes, S. Peters, E.D. Abel, D.G. Kirsch, et al. 2021. GLUT1 expression
in tumor-associated neutrophils promotes lung cancer growth and re-
sistance to radiotherapy. Cancer Res. 81:2345-2357. https://doi.org/10
.1158/0008-5472.CAN-20-2870

Angelin, A., L. Gil-de-Gomez, S. Dahiya, J. Jiao, L. Guo, M.H. Levine, Z. Wang,
W.J. Quinn 3rd, P.K. Kopinski, L. Wang, et al. 2017. Foxp3 reprograms
T cell metabolism to function in low-glucose, high-lactate environ-
ments. Cell Metab. 25:1282-1293.€7. https://doi.org/10.1016/j.cmet.2016
12.018

Antonio, N., M.L. Bonnelykke-Behrndtz, L.C. Ward, J. Collin, 1J. Christensen,
T. Steiniche, H. Schmidt, Y. Feng, and P. Martin. 2015. The wound in-
flammatory response exacerbates growth of pre-neoplastic cells and
progression to cancer. EMBO J. 34:2219-2236. https://doi.org/10.15252/
embj.201490147

Aran, D., A.P. Looney, L. Liu, E. Wu, V. Fong, A. Hsu, S. Chak, R.P. Naikawadi,
P.J. Wolters, A.R. Abate, et al. 2019. Reference-based analysis of lung
single-cell sequencing reveals a transitional profibrotic macrophage.
Nat. Immunol. 20:163-172. https://doi.org/10.1038/541590-018-0276-y

Arpinati, L., M.E. Shaul, N. Kaisar-Iluz, S. Mali, S. Mahroum, and Z.G.
Fridlender. 2020. NETosis in cancer: A critical analysis of the impact of
cancer on neutrophil extracellular trap (NET) release in lung cancer
patients vs. mice. Cancer Immunol. Immunother. 69:199-213. https://doi
.org/10.1007/500262-019-02474-x

Baek, A.E., N. Krawczynska, A. Das Gupta, S.V. Dvoretskiy, S. You, J. Park,
Y.H. Deng, J.E. Sorrells, B.P. Smith, L. Ma, et al. 2021. The cholesterol
metabolite 27HC increases secretion of extracellular vesicles which
promote breast cancer progression. Endocrinology. 162:bqab095. https://
doi.org/10.1210/endocr/bqab095

Baek, A.E., Y.-R.A. Yu, S. He, S.E. Wardell, C.-Y. Chang, S. Kwon, R.V. Pillai,
H.B. McDowell, J. Will Thompson, L.G. Dubois, et al. 2017. The choles-
terol metabolite 27 hydroxycholesterol facilitates breast cancer metas-
tasis through its actions on immune cells. Nat. Commun. 8:864. https://
doi.org/10.1038/541467-017-00910-z

Bagaitkar, J., ].D. Matute, A. Austin, A.A. Arias, and M.C. Dinauer. 2012.
Activation of neutrophil respiratory burst by fungal particles requires

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

15 of 23


https://doi.org/10.1038/s41418-021-00805-z
https://doi.org/10.1056/NEJMoa066603
https://doi.org/10.1038/s41590-019-0571-2
https://doi.org/10.1038/s41590-019-0571-2
https://doi.org/10.1016/j.immuni.2019.11.001
https://doi.org/10.1016/j.immuni.2019.11.001
https://doi.org/10.1002/JLB.1RU1219-504RR
https://doi.org/10.1080/2162402X.2017.1344804
https://doi.org/10.1126/science.aao4227
https://doi.org/10.1126/science.aao4227
https://doi.org/10.1158/1078-0432.CCR-15-2463
https://doi.org/10.1158/1078-0432.CCR-15-2463
https://doi.org/10.1007/s11033-018-4279-4
https://doi.org/10.1007/s11033-018-4279-4
https://doi.org/10.1126/sciimmunol.aay6017
https://doi.org/10.1126/sciimmunol.aay6017
https://doi.org/10.1146/annurev-immunol-020711-074942
https://doi.org/10.1158/0008-5472.CAN-20-2870
https://doi.org/10.1158/0008-5472.CAN-20-2870
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.15252/embj.201490147
https://doi.org/10.15252/embj.201490147
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1007/s00262-019-02474-x
https://doi.org/10.1007/s00262-019-02474-x
https://doi.org/10.1210/endocr/bqab095
https://doi.org/10.1210/endocr/bqab095
https://doi.org/10.1038/s41467-017-00910-z
https://doi.org/10.1038/s41467-017-00910-z
https://doi.org/10.1084/jem.20220011

phosphatidylinositol 3-phosphate binding to p40(phox) in humans but
not in mice. Blood. 120:3385-3387. https://doi.org/10.1182/blood-2012
-07-445619

Ballesteros, I., A. Rubio-Ponce, M. Genua, E. Lusito, I. Kwok, G. Fernandez-
Calvo, T.E. Khoyratty, E. van Grinsven, S. Gonzalez-Hernandez, J.A.
Nicolas-Avila, et al. 2020. Co-option of neutrophil fates by tissue en-
vironments. Cell. 183:1282-1297.e18. https://doi.org/10.1016/j.cell.2020
.10.003

Balmer, M.L., C.M. Schurch, Y. Saito, M.B. Geuking, H. Li, M. Cuenca, L.V.
Kovtonyuk, K.D. McCoy, S. Hapfelmeier, A.F. Ochsenbein, et al. 2014.
Microbiota-derived compounds drive steady-state granulopoiesis via
MyD88/TICAM signaling. J. Immunol. 193:5273-5283. https://doi.org/10
.4049/jimmunol.1400762

Barnes, B.J., .M. Adrover, A. Baxter-Stoltzfus, A. Borczuk, J. Cools-Lartigue,
J.M. Crawford, J. Dafler-Plenker, P. Guerci, C. Huynh, J.S. Knight, et al.
2020. Targeting potential drivers of COVID-19: Neutrophil extra-
cellular traps. J. Exp. Med. 217:e20200652. https://doi.org/10.1084/
jem.20200652

Barros-Becker, F., ].M. Squirrell, R. Burke, J. Chini, J. Rindy, A. Karim, KW.
Eliceiri, A. Gibson, and A. Huttenlocher. 2020. Distinct tissue damage and
microbial cues drive neutrophil and macrophage recruitment to thermal
injury. iScience. 23:101699. https://doi.org/10.1016/j.isci.2020.101699

Baruch, E.N., I. Youngster, G. Ben-Betzalel, R. Ortenberg, A. Lahat, L. Katz, K.
Adler, D. Dick-Necula, S. Raskin, N. Bloch, et al. 2021. Fecal microbiota
transplant promotes response in immunotherapy-refractory melanoma
patients. Science. 371:602-609. https://doi.org/10.1126/science.abb5920

Bayne, L.J., G.L. Beatty, N. Jhala, C.E. Clark, A.D. Rhim, B.Z. Stanger, and R.H.
Vonderheide. 2012. Tumor-derived granulocyte-macrophage colony-
stimulating factor regulates myeloid inflammation and T cell immu-
nity in pancreatic cancer. Cancer Cell. 21:822-835. https://doi.org/10
.1016/j.ccr.2012.04.025

Bezzi, M., N. Seitzer, T. Ishikawa, M. Reschke, M. Chen, G. Wang, C. Mitchell,
C. Ng, J. Katon, A. Lunardi, et al. 2018. Diverse genetic-driven immune
landscapes dictate tumor progression through distinct mechanisms.
Nat. Med. 24:165-175. https://doi.org/10.1038/nm.4463

Blagih, J., F. Zani, P. Chakravarty, M. Hennequart, S. Pilley, S. Hobor, A.K.
Hock, ].B. Walton, ].P. Morton, E. Gronroos, et al. 2020. Cancer-specific
loss of p53 leads to a modulation of myeloid and T cell responses. Cell
Rep. 30:481-496.e6. https://doi.org/10.1016/j.celrep.2019.12.028

Blaisdell, A., A. Crequer, D. Columbus, T. Daikoku, K. Mittal, S.K. Dey, and A.
Erlebacher. 2015. Neutrophils oppose uterine epithelial carcinogenesis
via debridement of hypoxic tumor cells. Cancer Cell. 28:785-799. https://
doi.org/10.1016/j.ccell.2015.11.005

Blanco, L.P., X. Wang, P.M. Carlucci, ].]J. Torres-Ruiz, ]. Romo-Tena, H-W. Sun,
M. Hafner, and M.J. Kaplan. 2021. RNA externalized by neutrophil ex-
tracellular traps promotes inflammatory pathways in endothelial cells.
Arthritis Rheumatol. 73:2282-2292. https://doi.org/10.1002/art.41796

Blazkova, J., S. Gupta, Y. Liu, B. Gaudilliere, E.A. Ganio, C.R. Bolen, R. Saar-
Dover, G.K. Fragiadakis, M.S. Angst, S. Hasni, et al. 2017. Multicenter
systems analysis of human blood reveals immature neutrophils in
males and during pregnancy. J. Immunol. 198:2479-2488. https://doi
.org/10.4049/jimmunol.1601855

Bogoslowski, A., S. Wijeyesinghe, W.Y. Lee, C.S. Chen, S. Alanani, C. Jenne,
D.A. Steeber, C. Scheiermann, E.C. Butcher, D. Masopust, and P. Kubes.
2020. Neutrophils recirculate through lymph nodes to survey tissues
for pathogens. J. Immunol. 204:2552-2561. https://doi.org/10.4049/
jimmunol.2000022

Boivin, G., J. Faget, P.B. Ancey, A. Gkasti, J. Mussard, C. Engblom, C.
Pfirschke, C. Contat, ]. Pascual, ]J. Vazquez, et al. 2020. Durable and
controlled depletion of neutrophils in mice. Nat. Commun. 11:2762.
https://doi.org/10.1038/541467-020-16596-9

Bouti, P., X.W. Zhao, P.J.J.H. Verkuijlen, A.T.J. Tool, M. van Houdt, N. Koker,
M.Y. Koker, O. Keskin, S. Akbayram, R. van Bruggen, et al. 2021.
Kindlin3-dependent CD11b/CD18-integrin activation is required for
potentiation of neutrophil cytotoxicity by CD47-SIRPa checkpoint dis-
ruption. Cancer Immunol. Res. 9:147-155. https://doi.org/10.1158/2326
-6066.CIR-20-0491

Brandau, S., S. Trellakis, K. Bruderek, D. Schmaltz, G. Steller, M. Elian, H.
Suttmann, M. Schenck, J. Welling, P. Zabel, and S. Lang. 2011. Myeloid-
derived suppressor cells in the peripheral blood of cancer patients
contain a subset of immature neutrophils with impaired migratory
properties. J. Leukoc. Biol. 89:311-317. https://doi.org/10.1189/j1b.0310162

Brestoff, ].R., and D. Artis. 2015. Immune regulation of metabolic homeostasis
in health and disease. Cell. 161:146-160. https://doi.org/10.1016/j.cell
.2015.02.022

Quail et al.
Neutrophil heterogeneity in cancer

Brinkmann, V., U. Reichard, C. Goosmann, B. Fauler, Y. Uhlemann, D.S.
Weiss, Y. Weinrauch, and A. Zychlinsky. 2004. Neutrophil extracellular
traps kill bacteria. Science. 303:1532-1535. https://doi.org/10.1126/
science.1092385

Bronte, V., S. Brandau, S.H. Chen, M.P. Colombo, A.B. Frey, T.F. Greten, S.
Mandruzzato, P.J. Murray, A. Ochoa, S. Ostrand-Rosenberg, et al. 2016.
Recommendations for myeloid-derived suppressor cell nomenclature
and characterization standards. Nat. Commun. 7:12150. https://doi.org/
10.1038/ncomms12150

Bronte, V., D.B. Chappell, E. Apolloni, A. Cabrelle, M. Wang, P. Hwu, and N.P.
Restifo. 1999. Unopposed production of granulocyte-macrophage
colony-stimulating factor by tumors inhibits CD8+ T cell responses by
dysregulating antigen-presenting cell maturation. J. Immunol. 162:
5728-5737.

Bronte, V., P. Serafini, C. De Santo, I. Marigo, V. Tosello, A. Mazzoni, D.M.
Segal, C. Staib, M. Lowel, G. Sutter, et al. 2003. IL-4-induced arginase
1 suppresses alloreactive T cells in tumor-bearing mice. J. Immunol. 170:
270-278. https://doi.org/10.4049/jimmunol.170.1.270

Caiellj, S., S. Athale, B. Domic, E. Murat, M. Chandra, R. Banchereau, J. Baisch,
K. Phelps, S. Clayton, M. Gong, et al. 2016. Oxidized mitochondrial
nucleoids released by neutrophils drive type I interferon production in
human lupus. J. Exp. Med. 213:697-713. https://doi.org/10.1084/jem
20151876

Calle, E.E., C. Rodriguez, K. Walker-Thurmond, and M.]J. Thun. 2003. Over-
weight, obesity, and mortality from cancer in a prospectively studied
cohort of U.S. adults. N. Engl. J. Med. 348:1625-1638. https://doi.org/10
.1056/NEJMo0a021423

Casanova-Acebes, M., J.A. Nicolas-Avila, J.L. Li, S. Garcia-Silva, A. Balac-
hander, A. Rubio-Ponce, L.A. Weiss, ].M. Adrover, K. Burrows, N.
A-Gonzilez, et al. 2018. Neutrophils instruct homeostatic and patho-
logical states in naive tissues. J. Exp. Med. 215:2778-2795. https://doi
.org/10.1084/jem.20181468

Casanova-Acebes, M., C. Pitaval, L.A. Weiss, C. Nombela-Arrieta, R. Chévre,
N. A-Gonzalez, Y. Kunisaki, D. Zhang, N. van Rooijen, L.E. Silberstein,
et al. 2013. Rhythmic modulation of the hematopoietic niche through
neutrophil clearance. Cell. 153:1025-1035. https://doi.org/10.1016/j.cell
.2013.04.040

Casbon, AJ., D. Reynaud, C. Park, E. Khuc, D.D. Gan, K. Schepers, E. Passegue,
and Z. Werb. 2015. Invasive breast cancer reprograms early myeloid
differentiation in the bone marrow to generate immunosuppressive
neutrophils. Proc. Natl. Acad. Sci. USA. 112:E566-E575. https://doi.org/10
.1073/pnas.1424927112

Catena, R., N. Bhattacharya, T. El Rayes, S. Wang, H. Choi, D. Gao, S. Ryu, N.
Joshi, D. Bielenberg, S.B. Lee, et al. 2013. Bone marrow-derived Grl+
cells can generate a metastasis-resistant microenvironment via induced
secretion of thrombospondin-1. Cancer Discov. 3:578-589. https://doi
.org/10.1158/2159-8290.CD-12-0476

Celada, A., and R.A. Maki. 1992. Transforming growth factor-beta enhances
the M-CSF and GM-CSF-stimulated proliferation of macrophages.
J. Immunol. 148:1102-1105.

Chao, T., E.E. Furth, and R.H. Vonderheide. 2016. CXCR2-Dependent accu-
mulation of tumor-associated neutrophils regulates T-cell immunity in
pancreatic ductal adenocarcinoma. Cancer Immunol. Res. 4:968-982.
https://doi.org/10.1158/2326-6066.CIR-16-0188

Chavakis, T., I. Mitroulis, and G. Hajishengallis. 2019. Hematopoietic pro-
genitor cells as integrative hubs for adaptation to and fine-tuning of
inflammation. Nat. Immunol. 20:802-811. https://doi.org/10.1038/s41590
-019-0402-5

Chen, F., W. Wu, A. Millman, ].F. Craft, E. Chen, N. Patel, J.L. Boucher, J.F. Urban
Jr., C.C. Kim, and W.C. Gause. 2014. Neutrophils prime a long-lived ef-
fector macrophage phenotype that mediates accelerated helminth expul-
sion. Nat. Immunol. 15:938-946. https://doi.org/10.1038/ni.2984

Chen, K., A. Murao, A. Arif, S. Takizawa, H. Jin, J. Jiang, M. Aziz, and P. Wang.
2021. Inhibition of efferocytosis by extracellular CIRP-induced neu-
trophil extracellular traps. J. Immunol. 206:797-806. https://doi.org/10
.4049/jimmunol.2000091

Christ, A., P. Giinther, M.A.R. Lauterbach, P. Duewell, D. Biswas, K. Pelka, C.]J.
Scholz, M. Oosting, K. Haendler, K. Bafller, et al. 2018. Western diet
triggers NLRP3-dependent innate immune reprogramming. Cell. 172:
162-175.e14. https://doi.org/10.1016/j.cell.2017.12.013

Christophorou, M.A., G. Castelo-Branco, R.P. Halley-Stott, C.S. Oliveira, R.
Loos, A. Radzisheuskaya, K.A. Mowen, P. Bertone, J.C.R. Silva, M.
Zernicka-Goetz, et al. 2014. Citrullination regulates pluripotency and
histone H1 binding to chromatin. Nature. 507:104-108. https://doi.org/
10.1038/naturel2942

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

16 of 23


https://doi.org/10.1182/blood-2012-07-445619
https://doi.org/10.1182/blood-2012-07-445619
https://doi.org/10.1016/j.cell.2020.10.003
https://doi.org/10.1016/j.cell.2020.10.003
https://doi.org/10.4049/jimmunol.1400762
https://doi.org/10.4049/jimmunol.1400762
https://doi.org/10.1084/jem.20200652
https://doi.org/10.1084/jem.20200652
https://doi.org/10.1016/j.isci.2020.101699
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1016/j.ccr.2012.04.025
https://doi.org/10.1016/j.ccr.2012.04.025
https://doi.org/10.1038/nm.4463
https://doi.org/10.1016/j.celrep.2019.12.028
https://doi.org/10.1016/j.ccell.2015.11.005
https://doi.org/10.1016/j.ccell.2015.11.005
https://doi.org/10.1002/art.41796
https://doi.org/10.4049/jimmunol.1601855
https://doi.org/10.4049/jimmunol.1601855
https://doi.org/10.4049/jimmunol.2000022
https://doi.org/10.4049/jimmunol.2000022
https://doi.org/10.1038/s41467-020-16596-9
https://doi.org/10.1158/2326-6066.CIR-20-0491
https://doi.org/10.1158/2326-6066.CIR-20-0491
https://doi.org/10.1189/jlb.0310162
https://doi.org/10.1016/j.cell.2015.02.022
https://doi.org/10.1016/j.cell.2015.02.022
https://doi.org/10.1126/science.1092385
https://doi.org/10.1126/science.1092385
https://doi.org/10.1038/ncomms12150
https://doi.org/10.1038/ncomms12150
https://doi.org/10.4049/jimmunol.170.1.270
https://doi.org/10.1084/jem.20151876
https://doi.org/10.1084/jem.20151876
https://doi.org/10.1056/NEJMoa021423
https://doi.org/10.1056/NEJMoa021423
https://doi.org/10.1084/jem.20181468
https://doi.org/10.1084/jem.20181468
https://doi.org/10.1016/j.cell.2013.04.040
https://doi.org/10.1016/j.cell.2013.04.040
https://doi.org/10.1073/pnas.1424927112
https://doi.org/10.1073/pnas.1424927112
https://doi.org/10.1158/2159-8290.CD-12-0476
https://doi.org/10.1158/2159-8290.CD-12-0476
https://doi.org/10.1158/2326-6066.CIR-16-0188
https://doi.org/10.1038/s41590-019-0402-5
https://doi.org/10.1038/s41590-019-0402-5
https://doi.org/10.1038/ni.2984
https://doi.org/10.4049/jimmunol.2000091
https://doi.org/10.4049/jimmunol.2000091
https://doi.org/10.1016/j.cell.2017.12.013
https://doi.org/10.1038/nature12942
https://doi.org/10.1038/nature12942
https://doi.org/10.1084/jem.20220011

Clark, S.R., A.C. Ma, S.A. Tavener, B. McDonald, Z. Goodarzi, M.M. Kelly, K.D.
Patel, S. Chakrabarti, E. McAvoy, G.D. Sinclair, et al. 2007. Platelet TLR4
activates neutrophil extracellular traps to ensnare bacteria in septic
blood. Nat. Med. 13:463-469. https://doi.org/10.1038/nm1565

Clarke, T.B., K.M. Davis, E.S. Lysenko, A.Y. Zhou, Y. Yu, and J.N. Weiser.
2010. Recognition of peptidoglycan from the microbiota by Nodl en-
hances systemic innate immunity. Nat. Med. 16:228-231. https://doi
.org/10.1038/nm.2087

Claushuis, T.A.M., L.E.H. van der Donk, A.L. Luitse, H.A. van Veen, N.N. van
der Wel, L.A. van Vught, ].J.T.H. Roelofs, O.J. de Boer, ].M. Lankelma, L.
Boon, et al. 2018. Role of peptidylarginine deiminase 4 in neutrophil
extracellular trap formation and host defense during Klebsiella pneu-
moniae- induced pneumonia-derived sepsis. J. Immunol. 201:1241-1252.
https://doi.org/10.4049/jimmunol.1800314

Clements, V.K., T. Long, R. Long, C. Figley, D.M.C. Smith, and S. Ostrand-
Rosenberg. 2018. Frontline science: High fat diet and leptin promote
tumor progression by inducing myeloid-derived suppressor cells.
J. Leukoc. Biol. 103:395-407. https://doi.org/10.1002/JLB.4HI0517-210R

Coffelt, S.B., K. Kersten, C.W. Doornebal, ]J. Weiden, K. Vrijland, C.-S. Hau,
N.J.M. Verstegen, M. Ciampricotti, L.J.A.C. Hawinkels, J. Jonkers, and
K.E. de Visser. 2015. IL-17-producing y8 T cells and neutrophils conspire
to promote breast cancer metastasis. Nature. 522:345-348. https://doi
.org/10.1038/naturel4282

Coffelt, S.B., M.D. Wellenstein, and K.E. de Visser. 2016. Neutrophils in
cancer: Neutral no more. Nat. Rev. Cancer. 16:431-446. https://doi.org/10
.1038/nrc.2016.52

Condamine, T., G.A. Dominguez, J.I. Youn, A.V. Kossenkov, S. Mony, K.
Alicea-Torres, E. Tcyganov, A. Hashimoto, Y. Nefedova, C. Lin, et al.
2016. Lectin-type oxidized LDL receptor-1 distinguishes population of
human polymorphonuclear myeloid-derived suppressor cells in cancer
patients. Sci. Immunol. 1:aaf8943. https://doi.org/10.1126/sciimmunol
.aaf8943

Cools-Lartigue, J., ]. Spicer, B. McDonald, S. Gowing, S. Chow, B. Giannias, F.
Bourdeau, P. Kubes, and L. Ferri. 2013. Neutrophil extracellular traps
sequester circulating tumor cells and promote metastasis. J. Clin. Invest.
123:3446-3458. https://doi.org/10.1172/JC167484

Cortez-Retamozo, V., M. Etzrodt, A. Newton, P.]. Rauch, A. Chudnovskiy, C.
Berger, RJ.H. Ryan, Y. Iwamoto, B. Marinelli, R. Gorbatov, et al. 2012.
Origins of tumor-associated macrophages and neutrophils. Proc. Natl.
Acad. Sci. USA. 109:2491-2496. https://doi.org/10.1073/pnas.1113744109

Cubillos-Ruiz, J.R., P.C. Silberman, M.R. Rutkowski, S. Chopra, A. Perales-
Puchalt, M. Song, S. Zhang, S.E. Bettigole, D. Gupta, K. Holcomb, et al.
2015. ER stress sensor XBP1 controls anti-tumor immunity by dis-
rupting dendritic cell homeostasis. Cell. 161:1527-1538. https://doi.org/
10.1016/j.cell.2015.05.025

Cui, C., K. Chakraborty, X.A. Tang, G. Zhou, K.Q. Schoenfelt, K.M. Becker, A.
Hoffman, Y.F. Chang, A. Blank, C.A. Reardon, et al. 2021. Neutrophil
elastase selectively kills cancer cells and attenuates tumorigenesis. Cell.
184:3163-3177.e21. https://doi.org/10.1016/j.cell.2021.04.016

Davar, D., A.K. Dzutsev, J.A. McCulloch, R.R. Rodrigues, J.-M. Chauvin, R.M.
Morrison, R.N. Deblasio, C. Menna, Q. Ding, O. Pagliano, et al. 2021.
Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy
in melanoma patients. Science. 371:595-602. https://doi.org/10.1126/
science.abf3363

de Oliveira, S., R.A. Houseright, A.L. Graves, N. Golenberg, B.G. Korte, V.
Miskolci, and A. Huttenlocher. 2019. Metformin modulates innate
immune-mediated inflammation and early progression of NAFLD-
associated hepatocellular carcinoma in zebrafish. J. Hepatol. 70:
710-721. https://doi.org/10.1016/j.jhep.2018.11.034

de Oliveira, S., E.E. Rosowski, and A. Huttenlocher. 2016. Neutrophil mi-
gration in infection and wound repair: Going forward in reverse. Nat.
Rev. Immunol. 16:378-391. https://doi.org/10.1038/nri.2016.49

Demers, M., D.S. Krause, D. Schatzberg, K. Martinod, J.R. Voorhees, T.A.
Fuchs, D.T. Scadden, and D.D. Wagner. 2012. Cancers predispose neu-
trophils to release extracellular DNA traps that contribute to cancer-
associated thrombosis. Proc. Natl. Acad. Sci. USA. 109:13076-13081.
https://doi.org/10.1073/pnas.1200419109

Demers, M., S.L. Wong, K. Martinod, M. Gallant, J.E. Cabral, Y. Wang, and
D.D. Wagner. 2016. Priming of neutrophils toward NETosis promotes
tumor growth. Oncoimmunology. 5:e1134073. https://doi.org/10.1080/
2162402X.2015.1134073

Deniset, J.F., B.G. Surewaard, W.Y. Lee, and P. Kubes. 2017. Splenic Ly6-
G(high) mature and Ly6G(int) immature neutrophils contribute to
eradication of S. pneumoniae. J. Exp. Med. 214:1333-1350. https://doi
.org/10.1084/jem.20161621

Quail et al.
Neutrophil heterogeneity in cancer

Deshmukh, H.S., Y. Liu, O.R. Menkiti, ]. Mei, N. Dai, C.E. O’Leary, P.M. Oliver,
J.K. Kolls, ].N. Weiser, and G.S. Worthen. 2014. The microbiota regulates
neutrophil homeostasis and host resistance to Escherichia coli K1 sepsis
in neonatal mice. Nat. Med. 20:524-530. https://doi.org/10.1038/nm
.3542

Dinh, H.Q., T. Eggert, M.A. Meyer, Y.P. Zhu, C.E. Olingy, R. Llewellyn, R. Wu,
and C.C. Hedrick. 2020. Coexpression of CD71 and CD117 identifies an
early unipotent neutrophil progenitor population in human bone mar-
row. Immunity. 53:319-334.e6. https://doi.org/10.1016/j.immuni.2020.07
.017

Douda, D.N., M.A. Khan, H. Grasemann, and N. Palaniyar. 2015. SK3 channel
and mitochondrial ROS mediate NADPH oxidase-independent NETosis
induced by calcium influx Proc. Natl. Acad. Sci. USA. 112:2817-2822.
https://doi.org/10.1073/pnas.1414055112

Drissen, R., N. Buza-Vidas, P. Woll, S. Thongjuea, A. Gambardella, A. Gius-
tacchini, E. Mancini, A. Zriwil, M. Lutteropp, A. Grover, et al. 2016.
Distinct myeloid progenitor-differentiation pathways identified through
single-cell RNA sequencing. Nat. Immunol. 17:666-676. https://doi.org/10
.1038/ni.3412

Duits, D.E.M., and K.E. de Visser. 2021. Impact of cancer cell-intrinsic fea-
tures on neutrophil behavior. Semin. Immunol. 101546. https://doi.org/
10.1016/j.smim.2021.101546

Eash, KJ., A.M. Greenbaum, P.K. Gopalan, and D.C. Link. 2010. CXCR2 and
CXCR4 antagonistically regulate neutrophil trafficking from murine
bone marrow. J. Clin. Invest. 120:2423-2431. https://doi.org/10.1172/
JCI41649

El Rayes, T., R. Catena, S. Lee, M. Stawowczyk, N. Joshi, C. Fischbach, C.A.
Powell, AJ. Dannenberg, N.K. Altorki, D. Gao, and V. Mittal. 2015. Lung
inflammation promotes metastasis through neutrophil protease-mediated
degradation of Tsp-1. Proc. Natl. Acad. Sci. USA. 112:16000-16005. https://
doi.org/10.1073/pnas.1507294112

Engblom, C., C. Pfirschke, and M.J. Pittet. 2016. The role of myeloid cells in
cancer therapies. Nat. Rev. Cancer. 16:447-462. https://doi.org/10.1038/
nrc.2016.54

Engblom, C., C. Pfirschke, R. Zilionis, J. Da Silva Martins, S.A. Bos, G. Courties,
S. Rickelt, N. Severe, N. Baryawno, ]. Faget, et al. 2017. Osteoblasts re-
motely supply lung tumors with cancer-promoting SiglecF(high) neu-
trophils. Science. 358:eaal5081. https://doi.org/10.1126/science.aal5081

Eruslanov, E.B., P.S. Bhojnagarwala, J.G. Quatromoni, T.L. Stephen, A. Ran-
ganathan, C. Deshpande, T. Akimova, A. Vachani, L. Litzky, W.W.
Hancock, et al. 2014. Tumor-associated neutrophils stimulate T cell
responses in early-stage human lung cancer. J. Clin. Invest. 124:
5466-5480. https://doi.org/10.1172/JCI77053

Eruslanov, E.B., S. Singhal, and S.M. Albelda. 2017. Mouse versus human
neutrophils in cancer: A major knowledge gap. Trends Cancer. 3:149-160.
https://doi.org/10.1016/j.trecan.2016.12.006

Evrard, M., LW.H. Kwok, S.Z. Chong, K.W.W. Teng, E. Becht, ]J. Chen, J.L.
Sieow, H.L. Penny, G.C. Ching, S. Devi, et al. 2018. Developmental
analysis of bone marrow neutrophils reveals populations specialized in
expansion, trafficking, and effector functions. Immunity. 48:364-379.e8.
https://doi.org/10.1016/j.immuni.2018.02.002

Faget, J., G. Boivin, P.B. Ancey, A. Gkasti, J. Mussard, C. Engblom, C.
Pfirschke, ]. Vazquez, N. Bendriss-Vermare, C. Caux, et al. 2018. Effi-
cient and specific Ly6G+ cell depletion: A change in the current prac-
tices toward more relevant functional analyses of neutrophils. bioRxiv.
https://doi.org/10.1101/498881 (Preprint posted December 18, 2018)

Fridlender, Z.G., J. Sun, S. Kim, V. Kapoor, G. Cheng, L. Ling, G.S. Worthen,
and S.M. Albelda. 2009. Polarization of tumor-associated neutrophil
phenotype by TGF-beta: “N1” versus “N2” TAN. Cancer Cell. 16:183-194.
https://doi.org/10.1016/j.ccr.2009.06.017

Fuchs, T.A., U. Abed, C. Goosmann, R. Hurwitz, I. Schulze, V. Wahn, Y.
Weinrauch, V. Brinkmann, and A. Zychlinsky. 2007. Novel cell death
program leads to neutrophil extracellular traps. J. Cell Biol. 176:231-241.
https://doi.org/10.1083/jcb.200606027

Fujii, T., H. Rehman, S.Y. Chung, J. Shen, ]J. Newman, V. Wu, A. Hines, E.
Azimi-Nekoo, F. Fayyaz, M. Lee, et al. 202l. Treatment with
granulocyte-colony stimulating factor (G-CSF) is not associated with
increased risk of brain metastasis in patients with de novo stage IV
breast cancer. J. Cancer. 12:5687-5692. https://doi.org/10.7150/jca.63159

Gershkovitz, M., Y. Caspi, T. Fainsod-Levi, B. Katz, J. Michaeli, S. Khawaled,
S. Lev, L. Polyansky, M.E. Shaul, R.V. Sionov, et al. 2018a. TRPM2
mediates neutrophil killing of disseminated tumor cells. Cancer Res. 78:
2680-2690. https://doi.org/10.1158/0008-5472.CAN-17-3614

Gershkovitz, M., T. Fainsod-Levi, S. Khawaled, M.E. Shaul, R.V. Sionov, L.
Cohen-Daniel, R.I. Aqeilan, Y.D. Shaul, Z.G. Fridlender, and Z. Granot.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

17 of 23


https://doi.org/10.1038/nm1565
https://doi.org/10.1038/nm.2087
https://doi.org/10.1038/nm.2087
https://doi.org/10.4049/jimmunol.1800314
https://doi.org/10.1002/JLB.4HI0517-210R
https://doi.org/10.1038/nature14282
https://doi.org/10.1038/nature14282
https://doi.org/10.1038/nrc.2016.52
https://doi.org/10.1038/nrc.2016.52
https://doi.org/10.1126/sciimmunol.aaf8943
https://doi.org/10.1126/sciimmunol.aaf8943
https://doi.org/10.1172/JCI67484
https://doi.org/10.1073/pnas.1113744109
https://doi.org/10.1016/j.cell.2015.05.025
https://doi.org/10.1016/j.cell.2015.05.025
https://doi.org/10.1016/j.cell.2021.04.016
https://doi.org/10.1126/science.abf3363
https://doi.org/10.1126/science.abf3363
https://doi.org/10.1016/j.jhep.2018.11.034
https://doi.org/10.1038/nri.2016.49
https://doi.org/10.1073/pnas.1200419109
https://doi.org/10.1080/2162402X.2015.1134073
https://doi.org/10.1080/2162402X.2015.1134073
https://doi.org/10.1084/jem.20161621
https://doi.org/10.1084/jem.20161621
https://doi.org/10.1038/nm.3542
https://doi.org/10.1038/nm.3542
https://doi.org/10.1016/j.immuni.2020.07.017
https://doi.org/10.1016/j.immuni.2020.07.017
https://doi.org/10.1073/pnas.1414055112
https://doi.org/10.1038/ni.3412
https://doi.org/10.1038/ni.3412
https://doi.org/10.1016/j.smim.2021.101546
https://doi.org/10.1016/j.smim.2021.101546
https://doi.org/10.1172/JCI41649
https://doi.org/10.1172/JCI41649
https://doi.org/10.1073/pnas.1507294112
https://doi.org/10.1073/pnas.1507294112
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1038/nrc.2016.54
https://doi.org/10.1126/science.aal5081
https://doi.org/10.1172/JCI77053
https://doi.org/10.1016/j.trecan.2016.12.006
https://doi.org/10.1016/j.immuni.2018.02.002
https://doi.org/10.1101/498881
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1083/jcb.200606027
https://doi.org/10.7150/jca.63159
https://doi.org/10.1158/0008-5472.CAN-17-3614
https://doi.org/10.1084/jem.20220011

2018b. Microenvironmental cues determine tumor cell susceptibility to
neutrophil cytotoxicity. Cancer Res. 78:5050-5059. https://doi.org/10
.1158/0008-5472.CAN-18-0540

Giese, M.A., L.E. Hind, and A. Huttenlocher. 2019. Neutrophil plasticity in the
tumor microenvironment. Blood. 133:2159-2167. https://doi.org/10
.1182/blood-2018-11-844548

Ginhoux, F., ]J.L. Schultze, P.J. Murray, ]. Ochando, and S.K. Biswas. 2016. New
insights into the multidimensional concept of macrophage ontogeny,
activation and function. Nat. Immunol. 17:34-40. https://doi.org/10
.1038/ni.3324

Gopalakrishnan, V., C.N. Spencer, L. Nezi, A. Reuben, M.C. Andrews, T.V.
Karpinets, P.A. Prieto, D. Vicente, K. Hoffman, S.C. Wei, et al. 2018. Gut
microbiome modulates response to anti-PD-1 immunotherapy in mel-
anoma patients. Science. 359:97-103. https://doi.org/10.1126/science
.aan4236

Granot, Z. 2019. Neutrophils as a therapeutic target in cancer. Front. Immunol.
10:1710. https://doi.org/10.3389/fimmu.2019.01710

Granot, Z., E. Henke, E.A. Comen, T.A. King, L. Norton, and R. Benezra. 2011.
Tumor entrained neutrophils inhibit seeding in the premetastatic lung.
Cancer Cell. 20:300-314. https://doi.org/10.1016/j.ccr.2011.08.012

Grassi, L., F. Pourfarzad, S. Ullrich, A. Merkel, F. Were, E. Carrillo-de-Santa-
Pau, G. Yi, LH. Hiemstra, A.T.]. Tool, E. Mul, et al. 2018. Dynamics of
transcription regulation in human bone marrow myeloid differentia-
tion to mature blood neutrophils. Cell Rep. 24:2784-2794. https://doi
.org/10.1016/j.celrep.2018.08.018

Grieshaber-Bouyer, R., F.A. Radtke, P. Cunin, G. Stifano, A. Levescot, B. Vi-
jaykumar, N. Nelson-Maney, R.B. Blaustein, P.A. Monach, P.A. Nigrovic,
and C. ImmGen. 2021. The neutrotime transcriptional signature defines
a single continuum of neutrophils across biological compartments. Nat.
Commun. 12:2856. https://doi.org/10.1038/s41467-021-22973-9

Guglietta, S., A. Chiavelli, E. Zagato, C. Krieg, S. Gandini, P.S. Ravenda, B.
Bazolli, B. Lu, G. Penna, and M. Rescigno. 2016. Coagulation induced by
C3aR-dependent NETosis drives protumorigenic neutrophils during
small intestinal tumorigenesis. Nat. Commun. 7:11037. https://doi.org/10
.1038/ncomms11037

Guiducdi, E., C. Lemberg, N. Kung, E. Schraner, A.P.A. Theocharides, and S.
LeibundGut-Landmann. 2018. Candida albicans-induced NETosis is
independent of peptidylarginine deiminase 4. Front. Immunol. 9:1573.
https://doi.org/10.3389/fimmu.2018.01573

Guilliams, M., F. Ginhoux, C. Jakubzick, S.H. Naik, N. Onai, B.U. Schraml, E.
Segura, R. Tussiwand, and S. Yona. 2014. Dendritic cells, monocytes and
macrophages: A unified nomenclature based on ontogeny. Nat. Rev.
Immunol. 14:571-578. https://doi.org/10.1038/nri3712

Gupta, S., S. Nakabo, L.P. Blanco, L.J. O'Neil, G. Wigerblad, R.R. Goel, P.
Mistry, K. Jiang, C. Carmona-Rivera, D.W. Chan, et al. 2020. Sex dif-
ferences in neutrophil biology modulate response to type I interferons
and immunometabolism. Proc. Natl. Acad. Sci. USA. 117:16481-16491.
https://doi.org/10.1073/pnas.2003603117

Hacbarth, E., and A. Kajdacsy-Balla. 1986. Low density neutrophils in patients
with systemic lupus erythematosus, rheumatoid arthritis, and acute
rheumatic fever. Arthritis Rheum. 29:1334-1342. https://doi.org/10
.1002/art.1780291105

Haider, C., J. Hnat, R. Wagner, H. Huber, G. Timelthaler, M. Grubinger, C.
Coulouarn, W. Schreiner, K. Schlangen, W. Sieghart, et al. 2019.
Transforming growth factor-B and Axl induce CXCL5 and neutrophil
recruitment in hepatocellular carcinoma. Hepatology. 69:222-236.
https://doi.org/10.1002/hep.30166

Hamarsheh, S., O. Grof, T. Brummer, and R. Zeiser. 2020. Immune modu-
latory effects of oncogenic KRAS in cancer. Nat. Commun. 11:5439.
https://doi.org/10.1038/s41467-020-19288-6

Hamilton, J.A., and A. Achuthan. 2013. Colony stimulating factors and mye-
loid cell biology in health and disease. Trends Immunol. 34:81-89.
https://doi.org/10.1016/}.it.2012.08.006

Harvie, E.A., and A. Huttenlocher. 2015. Neutrophils in host defense: New
insights from zebrafish. J. Leukoc. Biol. 98:523-537. https://doi.org/10
1189/jlb.4MRI1114-524R

Hasenberg, A., M. Hasenberg, L. Mann, F. Neumann, L. Borkenstein, M.
Stecher, A. Kraus, D.R. Engel, A. Klingberg, P. Seddigh, et al. 2015.
Catchup: A mouse model for imaging-based tracking and modulation of
neutrophil granulocytes. Nat. Methods. 12:445-452. https://doi.org/10
.1038/nmeth.3322

Hazeldine, J., P. Harris, I.L. Chapple, M. Grant, H. Greenwood, A. Livesey, E.
Sapey, and J.M. Lord. 2014. Impaired neutrophil extracellular trap
formation: A novel defect in the innate immune system of aged in-
dividuals. Aging Cell. 13:690-698. https://doi.org/10.1111/acel.12222

Quail et al.
Neutrophil heterogeneity in cancer

Hedrick, C.C., and I. Malanchi. 2022. Neutrophils in cancer: Heterogeneous
and multifaceted. Nat. Rev. Immunol. 22:173-187. https://doi.org/10
.1038/541577-021-00571-6

Hegde, S., A.M. Leader, and M. Merad. 2021. MDSC: Markers, development,
states, and unaddressed complexity. Immunity. 54:875-884. https://doi
.org/10.1016/j.immuni.2021.04.004

Hell, L., J. Thaler, K. Martinod, C. Ay, F. Posch, D.D. Wagner, and I. Pabinger.
2016. OC-16-Neutrophil extracellular traps and tissue factor-bearing
microvesicles: A liaison dangereuse causing overt DIC in cancer pa-
tients?. Thromb. Res. 140:5174-S175. https://doi.org/10.1016/S0049
-3848(16)30133-5

Helmink, B.A., M.AW. Khan, A. Hermann, V. Gopalakrishnan, and J.A.
Wargo. 2019. The microbiome, cancer, and cancer therapy. Nat. Med.
25:377-388. https://doi.org/10.1038/541591-019-0377-7

Hemmers, S., J.R. Teijaro, S. Arandjelovic, and K.A. Mowen. 2011. PAD4-
mediated neutrophil extracellular trap formation is not required for
immunity against influenza infection. PLoS One. 6:€22043. https://doi
.org/10.1371/journal.pone.0022043

Heng, T.S.P., M.W. Painter; Immunological Genome Project Consortium.
2008. The Immunological Genome Project: Networks of gene expres-
sion in immune cells. Nat. Immunol. 9:1091-1094. https://doi.org/10
.1038/ni1008-1091

Herishanu, Y., O. Rogowski, A. Polliack, and R. Marilus. 2006. Leukocytosis
in obese individuals: Possible link in patients with unexplained per-
sistent neutrophilia. Eur. J. Haematol. 76:516-520. https://doi.org/10
.1111/j.1600-0609.2006.00658.x

Hestdal, K., S.E. Jacobsen, F.W. Ruscetti, D.L. Longo, T.C. Boone, and J.R.
Keller. 1993. Increased granulopoiesis after sequential administration of
transforming growth factor-beta 1 and granulocyte-macrophage
colony-stimulating factor. Exp. Hematol. 21:799-805.

Highfill, S.L., Y. Cui, A.J. Giles, J.P. Smith, H. Zhang, E. Morse, R.N. Kaplan,
and C.L. Mackall. 2014. Disruption of CXCR2-mediated MDSC tumor
trafficking enhances anti-PD1 efficacy. Sci. Transl Med. 6:237ra67.
https://doi.org/10.1126/scitranslmed.3007974

Hildreth, A.D., F. Ma, Y.Y. Wong, R. Sun, M. Pellegrini, and T.E. O’Sullivan.
2021. Single-cell sequencing of human white adipose tissue identifies
new cell states in health and obesity. Nat. Immunol. 22:639-653. https://
doi.org/10.1038/541590-021-00922-4

Hind, L.E., MLA. Giese, T.J. Schoen, D.J. Beebe, N. Keller, and A. Huttenlocher.
2021. Immune cell paracrine signaling drives the neutrophil response to
A. fumigatus in an infection-on-a-chip model. Cell Mol Bioeng. 14:
133-145. https://doi.org/10.1007/s12195-020-00655-8

Hirschhorn-Cymerman, D., S. Budhu, S. Kitano, C. Liu, F. Zhao, H. Zhong,
A.M. Lesokhin, F. Avogadri-Connors, J. Yuan, Y. Li, et al. 2012. Induc-
tion of tumoricidal function in CD4+ T cells is associated with con-
comitant memory and terminally differentiated phenotype. J. Exp. Med.
209:2113-2126. https://doi.org/10.1084/jem.20120532

Hirschhorn-Cymerman, D., J.M. Ricca, B. Gasmi, O. De Henau, L.M.B. Man-
garin, D. Redmond, S. Budhu, Y. Li, C.A. Cortez, C. Liu, etal. 2020. T cell
immunotherapies trigger neutrophil activation to eliminate tumor an-
tigen escape variants. SSRN. https://doi.org/10.2139/s5rn.3596599

Hossain, F., A.A. Al-Khami, D. Wyczechowska, C. Hernandez, L. Zheng, K. Reiss,
L.D. Valle, J. Trillo-Tinoco, T. Maj, W. Zou, et al. 2015. Inhibition of fatty
acid oxidation modulates immunosuppressive functions of myeloid-
derived suppressor cells and enhances cancer therapies. Cancer Immunol.
Res. 3:1236-1247. https://doi.org/10.1158/2326-6066.CIR-15-0036

Hosseinzadeh, A., P.R. Thompson, B.H. Segal, and C.F. Urban. 2016. Nicotine
induces neutrophil extracellular traps. J. Leukoc. Biol. 100:1105-1112.
https://doi.org/10.1189/jlb.3AB0815-379RR

Houghton, A.M., D.M. Rzymkiewicz, H. Ji, A.D. Gregory, E.E. Egea, H.E. Metz,
D.B. Stolz, S.R. Land, L.A. Marconcini, C.R. Kliment, et al. 2010. Neu-
trophil elastase-mediated degradation of IRS-1 accelerates lung tumor
growth. Nat. Med. 16:219-223. https://doi.org/10.1038/nm.2084

Houseright, R.A., V. Miskolci, O. Mulvaney, V. Bortnov, D.F. Mosher, ]. Rindy,
D.A. Bennin, and A. Huttenlocher. 2021. Myeloid-derived growth factor
regulates neutrophil motility in interstitial tissue damage. J. Cell Biol.
220:e202103054. https://doi.org/10.1083/jcb.202103054

Hsu, B.E., S. Tabaries, R.M. Johnson, S. Andrzejewski, ]. Senecal, C. Lehuede,
M.G. Annis, E.H. Ma, S. Vols, L. Ramsay, et al. 2019. Immature low-
density neutrophils exhibit metabolic flexibility that facilitates breast
cancer liver metastasis. Cell Rep. 27:3902-3915.e6. https://doi.org/10
.1016/j.celrep.2019.05.091

Ince, L.M., ]J. Weber, and C. Scheiermann. 2018. Control of leukocyte traf-
ficking by stress-associated hormones. Front. Immunol. 9:3143. https://
doi.org/10.3389/fimmu.2018.03143

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

18 of 23


https://doi.org/10.1158/0008-5472.CAN-18-0540
https://doi.org/10.1158/0008-5472.CAN-18-0540
https://doi.org/10.1182/blood-2018-11-844548
https://doi.org/10.1182/blood-2018-11-844548
https://doi.org/10.1038/ni.3324
https://doi.org/10.1038/ni.3324
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://doi.org/10.3389/fimmu.2019.01710
https://doi.org/10.1016/j.ccr.2011.08.012
https://doi.org/10.1016/j.celrep.2018.08.018
https://doi.org/10.1016/j.celrep.2018.08.018
https://doi.org/10.1038/s41467-021-22973-9
https://doi.org/10.1038/ncomms11037
https://doi.org/10.1038/ncomms11037
https://doi.org/10.3389/fimmu.2018.01573
https://doi.org/10.1038/nri3712
https://doi.org/10.1073/pnas.2003603117
https://doi.org/10.1002/art.1780291105
https://doi.org/10.1002/art.1780291105
https://doi.org/10.1002/hep.30166
https://doi.org/10.1038/s41467-020-19288-6
https://doi.org/10.1016/j.it.2012.08.006
https://doi.org/10.1189/jlb.4MR1114-524R
https://doi.org/10.1189/jlb.4MR1114-524R
https://doi.org/10.1038/nmeth.3322
https://doi.org/10.1038/nmeth.3322
https://doi.org/10.1111/acel.12222
https://doi.org/10.1038/s41577-021-00571-6
https://doi.org/10.1038/s41577-021-00571-6
https://doi.org/10.1016/j.immuni.2021.04.004
https://doi.org/10.1016/j.immuni.2021.04.004
https://doi.org/10.1016/S0049-3848(16)30133-5
https://doi.org/10.1016/S0049-3848(16)30133-5
https://doi.org/10.1038/s41591-019-0377-7
https://doi.org/10.1371/journal.pone.0022043
https://doi.org/10.1371/journal.pone.0022043
https://doi.org/10.1038/ni1008-1091
https://doi.org/10.1038/ni1008-1091
https://doi.org/10.1111/j.1600-0609.2006.00658.x
https://doi.org/10.1111/j.1600-0609.2006.00658.x
https://doi.org/10.1126/scitranslmed.3007974
https://doi.org/10.1038/s41590-021-00922-4
https://doi.org/10.1038/s41590-021-00922-4
https://doi.org/10.1007/s12195-020-00655-8
https://doi.org/10.1084/jem.20120532
https://doi.org/10.2139/ssrn.3596599
https://doi.org/10.1158/2326-6066.CIR-15-0036
https://doi.org/10.1189/jlb.3AB0815-379RR
https://doi.org/10.1038/nm.2084
https://doi.org/10.1083/jcb.202103054
https://doi.org/10.1016/j.celrep.2019.05.091
https://doi.org/10.1016/j.celrep.2019.05.091
https://doi.org/10.3389/fimmu.2018.03143
https://doi.org/10.3389/fimmu.2018.03143
https://doi.org/10.1084/jem.20220011

Jacobsen, L.C., K. Theilgaard-Monch, E.I. Christensen, and N. Borregaard.
2007. Arginase 1 is expressed in myelocytes/metamyelocytes and lo-
calized in gelatinase granules of human neutrophils. Blood. 109:
3084-3087. https://doi.org/10.1182/blood-2006-06-032599

Jaillon, S., A. Ponzetta, D. Di Mitri, A. Santoni, R. Bonecchi, and A. Mantovani.
2020. Neutrophil diversity and plasticity in tumour progression and
therapy. Nat. Rev. Cancer. 20:485-503. https://doi.org/10.1038/541568
-020-0281-y

Jaitin, D.A., L. Adlung, C.A. Thaiss, A. Weiner, B. Li, H. Descamps, P.
Lundgren, C. Bleriot, Z. Liu, A. Deczkowska, et al. 2019. Lipid-associated
macrophages control metabolic homeostasis in a Trem2-dependent
manner. Cell. 178:686-698.e14. https://doi.org/10.1016/j.cell.2019.05
.054

Jenne, C.N., and P. Kubes. 2015. Virus-induced NETs-critical component of
host defense or pathogenic mediator?. PLoS Pathog. 11:¢1004546.
https://doi.org/10.1371/journal.ppat.1004546

Jin, H., M. Aziz, Y. Ode, and P. Wang. 2019. CIRP induces neutrophil reverse
transendothelial migration in sepsis. Shock. 51:548-556. https://doi.org/
10.1097/SHK.0000000000001257

Jorch, S.K., and P. Kubes. 2017. An emerging role for neutrophil extracellular
traps in noninfectious disease. Nat. Med. 23:279-287. https://doi.org/10
.1038/nm.4294

Kaczanowska, S., D.W. Beury, V. Gopalan, A.K. Tycko, H. Qin, M.E. Clements,
J. Drake, C. Nwanze, M. Murgai, Z. Rae, et al. 2021. Genetically en-
gineered myeloid cells rebalance the core immune suppression pro-
gram in metastasis. Cell. 184:2033-2052.e21. https://doi.org/10.1016/j
.cell.2021.02.048

Kalafati, L., I. Kourtzelis, J. Schulte-Schrepping, X. Li, A. Hatzioannou, T.
Grinenko, E. Hagag, A. Sinha, C. Has, S. Dietz, et al. 2020. Innate im-
mune training of granulopoiesis promotes anti-tumor activity. Cell. 183:
771-785.e12. https://doi.org/10.1016/j.cell.2020.09.058

Katoh, H., D. Wang, T. Daikoku, H. Sun, S.K. Dey, and R.N. Dubois. 2013.
CXCR2-expressing myeloid-derived suppressor cells are essential to
promote colitis-associated tumorigenesis. Cancer Cell. 24:631-644.
https://doi.org/10.1016/j.ccr.2013.10.009

Kaufmann, E., ]. Sanz, ].L. Dunn, N. Khan, L.E. Mendonca, A. Pacis, F. Tze-
lepis, E. Pernet, A. Dumaine, J.C. Grenier, et al. 2018. BCG educates
hematopoietic stem cells to generate protective innate immunity
against tuberculosis. Cell. 172:176-190.e19. https://doi.org/10.1016/j.cell
.2017.12.031

Keller, J.R., S.E. Jacobsen, K.T. Sill, L.R. Ellingsworth, and F.W. Ruscetti. 1991.
Stimulation of granulopoiesis by transforming growth factor beta:
Synergy with granulocyte/macrophage-colony-stimulating factor. Proc.
Natl. Acad. Sci. USA. 88:7190-7194. https://doi.org/10.1073/pnas.88.16
.7190

Kenny, E.F., A. Herzig, R. Kruger, A. Muth, S. Mondal, P.R. Thompson, V.
Brinkmann, H.V. Bernuth, and A. Zychlinsky. 2017. Diverse stimuli
engage different neutrophil extracellular trap pathways. Elife. 6:624437.
https://doi.org/10.7554/eLife.24437

Khan, M.A., and N. Palaniyar. 2017. Transcriptional firing helps to drive
NETosis. Sci. Rep. 7:41749. https://doi.org/10.1038/srep41749

Khandpur, R., C. Carmona-Rivera, A. Vivekanandan-Giri, A. Gizinski, S.
Yalavarthi, ].S. Knight, S. Friday, S. Li, R.M. Patel, V. Subramanian, et al.
2013. NETs are a source of citrullinated autoantigens and stimulate
inflammatory responses in rheumatoid arthritis. Sci. Transl. Med. 5:
178ra40. https://doi.org/10.1126/scitranslmed.3005580

Khosravi, A., A. Yanez, ].G. Price, A. Chow, M. Merad, H.S. Goodridge, and
S.K. Mazmanian. 2014. Gut microbiota promote hematopoiesis to con-
trol bacterial infection. Cell Host Microbe. 15:374-381. https://doi.org/10
.1016/j.chom.2014.02.006

Khoyratty, T.E., Z. Ai, I. Ballesteros, H.L. Eames, S. Mathie, S. Martin-Sala-
manca, L. Wang, A. Hemmings, N. Willemsen, V. von Werz, et al. 2021.
Distinct transcription factor networks control neutrophil-driven in-
flammation. Nat. Immunol. 22:1093-1106. https://doi.org/10.1038/
$41590-021-00968-4

Kim, M.H,, D. Yang, M. Kim, S.Y. Kim, D. Kim, and S.J. Kang. 2017. A late-
lineage murine neutrophil precursor population exhibits dynamic
changes during demand-adapted granulopoiesis. Sci. Rep. 7:39804.
https://doi.org/10.1038/srep39804

Klein, S.L., and K.L. Flanagan. 2016. Sex differences in immune responses.
Nat. Rev. Immunol. 16:626-638. https://doi.org/10.1038/nri.2016.90

Klemm, L.C., R.A. Denu, L.E. Hind, B.L. Rocha-Gregg, M.E. Burkard, and A.
Huttenlocher. 2021. Centriole and Golgi microtubule nucleation are
dispensable for the migration of human neutrophil-like cells. Mol. Biol.
Cell. 32:1545-1556. https://doi.org/10.1091/mbc.E21-02-0060

Quail et al.
Neutrophil heterogeneity in cancer

Knackstedt, S.L., A. Georgiadou, F. Apel, U. Abu-Abed, C.A. Moxon, AJ.
Cunnington, B. Raupach, D. Cunningham, J. Langhorne, R. Kruger, et al.
2019. Neutrophil extracellular traps drive inflammatory pathogenesis
in malaria. Sci. Immunol. 4:eaaw0336. https://doi.org/10.1126/
sciimmunol.aaw0336

Kohanbash, G., K. McKaveney, M. Sakaki, R. Ueda, A.H. Mintz, N. Aman-
kulor, M. Fujita, J.R. Ohlfest, and H. Okada. 2013. GM-CSF promotes the
immunosuppressive activity of glioma-infiltrating myeloid cells
through interleukin-4 receptor-a. Cancer Res. 73:6413-6423. https://doi
.org/10.1158/0008-5472.CAN-12-4124

Kourtis, A.P., ].S. Read, and D.J. Jamieson. 2014. Pregnancy and infection. N.
Engl. J. Med. 370:2211-2218. https://doi.org/10.1056/NE]Mral213566

Kowanetz, M., X. Wu, J. Lee, M. Tan, T. Hagenbeek, X. Qu, L. Yu, J. Ross, N.
Korsisaari, T. Cao, et al. 2010. Granulocyte-colony stimulating factor
promotes lung metastasis through mobilization of Ly6G+Ly6C+ gran-
ulocytes. Proc. Natl. Acad. Sci. USA. 107:21248-21255. https://doi.org/10
.1073/pnas.1015855107

Kwok, L, E. Becht, Y. Xia, M. Ng, Y.C. Teh, L. Tan, M. Evrard, J.L.Y. Li, H.T.N.
Tran, Y. Tan, et al. 2020. Combinatorial single-cell analyses of
granulocyte-monocyte progenitor heterogeneity reveals an early uni-
potent neutrophil progenitor. Immunity. 53:303-318.e5. https://doi.org/
10.1016/j.immuni.2020.06.005

Lauby-Secretan, B., C. Scoccianti, D. Loomis, Y. Grosse, F. Bianchini, K. Straif;
International Agency for Research on Cancer Handbook Working. 2016.
Body fatness and cancer--viewpoint of the IARC working group. N. Engl.
J. Med. 375:794-798. https://doi.org/10.1056/NEJMsr1606602

Lee, E.K.S., M.R. Gillrie, L. Li, ].W. Arnason, ]J.H. Kim, L. Babes, Y. Lou, A.
Sanati-Nezhad, S.K. Kyei, M.M. Kelly, et al. 2018. Leukotriene B4-
mediated neutrophil recruitment causes pulmonary capillaritis during
lethal fungal sepsis. Cell Host Microbe. 23:121-133.e4. https://doi.org/10
.1016/j.chom.2017.11.009

Lewis, H.D., J. Liddle, J.E. Coote, S.J. Atkinson, M.D. Barker, B.D. Bax, K.L.
Bicker, R.P. Bingham, M. Campbell, Y.H. Chen, et al. 2015. Inhibition of
PAD4 activity is sufficient to disrupt mouse and human NET formation.
Nat. Chem. Biol. 11:189-191. https://doi.org/10.1038/nchembio.1735

Ley, K., H.M. Hoffman, P. Kubes, M.A. Cassatella, A. Zychlinsky, C.C. Hedrick,
and S.D. Catz. 2018. Neutrophils: New insights and open questions. Sci.
Immunol. 3:eaat4579. https://doi.org/10.1126/sciimmunol.aat4579

Li, D., B. Matta, S. Song, V. Nelson, K. Diggins, K.R. Simpfendorfer, P.K.
Gregersen, P. Linsley, and B.J. Barnes. 2020a. IRF5 genetic risk variants
drive myeloid-specific IRF5 hyperactivation and presymptomatic SLE.
JCI Insight. 5:124020. https://doi.org/10.1172/jci.insight.124020

Li, P., M. Li, M.R. Lindberg, M.J. Kennett, N. Xiong, and Y. Wang. 2010. PAD4
is essential for antibacterial innate immunity mediated by neutrophil
extracellular traps. J. Exp. Med. 207:1853-1862. https://doi.org/10.1084/
jem.20100239

Li, P., M. Lu, J. Shi, Z. Gong, L. Hua, Q. L, B. Lim, X.H.-F. Zhang, X. Chen, S. i,
et al. 2020b. Lung mesenchymal cells elicit lipid storage in neutrophils
that fuel breast cancer lung metastasis. Nat. Immunol. 21:1444-1455.
https://doi.org/10.1038/541590-020-0783-5

Liu, Y., Y. Gu, Y. Han, Q. Zhang, Z. Jiang, X. Zhang, B. Huang, X. Xu, ]. Zheng, and
X. Cao. 2016. Tumor exosomal RNAs promote lung pre-metastatic niche
formation by activating alveolar epithelial TLR3 to recruit neutrophils.
Cancer Cell. 30:243-256. https://doi.org/10.1016/j.ccell.2016.06.021

Lood, C., L.P. Blanco, M.M. Purmalek, C. Carmona-Rivera, S.S. De Ravin, C.K.
Smith, H.L. Malech, J.A. Ledbetter, K.B. Elkon, and M.J. Kaplan. 2016.
Neutrophil extracellular traps enriched in oxidized mitochondrial DNA
are interferogenic and contribute to lupus-like disease. Nat. Med. 22:
146-153. https://doi.org/10.1038/nm.4027

Lopez-Otin, C., M.A. Blasco, L. Partridge, M. Serrano, and G. Kroemer. 2013.
The hallmarks of aging. Cell. 153:1194-1217. https://doi.org/10.1016/j.cell
.2013.05.039

Lu, RJ., S. Taylor, K. Contrepois, M. Kim, J.I. Bravo, M. Ellenberger, N.K.
Sampathkumar, and B.A. Benayoun. 2021. Multi-omic profiling of pri-
mary mouse neutrophils predicts a pattern of sex- and age-related
functional regulation. Nat. Aging. 1:715-733. https://doi.org/10.1038/
543587-021-00086-8

Ma, L., L. Wang, A.T. Nelson, C. Han, S. He, M.A. Henn, K. Menon, J.J. Chen,
A.E. Baek, A. Vardanyan, et al. 2020. 27-Hydroxycholesterol acts on
myeloid immune cells to induce T cell dysfunction, promoting breast
cancer progression. Cancer Lett. 493:266-283. https://doi.org/10.1016/j
.canlet.2020.08.020

Mantovani, A., M.A. Cassatella, C. Costantini, and S. Jaillon. 2011. Neutrophils
in the activation and regulation of innate and adaptive immunity. Nat.
Rev. Immunol. 11:519-531. https://doi.org/10.1038/nri3024

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

19 of 23


https://doi.org/10.1182/blood-2006-06-032599
https://doi.org/10.1038/s41568-020-0281-y
https://doi.org/10.1038/s41568-020-0281-y
https://doi.org/10.1016/j.cell.2019.05.054
https://doi.org/10.1016/j.cell.2019.05.054
https://doi.org/10.1371/journal.ppat.1004546
https://doi.org/10.1097/SHK.0000000000001257
https://doi.org/10.1097/SHK.0000000000001257
https://doi.org/10.1038/nm.4294
https://doi.org/10.1038/nm.4294
https://doi.org/10.1016/j.cell.2021.02.048
https://doi.org/10.1016/j.cell.2021.02.048
https://doi.org/10.1016/j.cell.2020.09.058
https://doi.org/10.1016/j.ccr.2013.10.009
https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1073/pnas.88.16.7190
https://doi.org/10.1073/pnas.88.16.7190
https://doi.org/10.7554/eLife.24437
https://doi.org/10.1038/srep41749
https://doi.org/10.1126/scitranslmed.3005580
https://doi.org/10.1016/j.chom.2014.02.006
https://doi.org/10.1016/j.chom.2014.02.006
https://doi.org/10.1038/s41590-021-00968-4
https://doi.org/10.1038/s41590-021-00968-4
https://doi.org/10.1038/srep39804
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1091/mbc.E21-02-0060
https://doi.org/10.1126/sciimmunol.aaw0336
https://doi.org/10.1126/sciimmunol.aaw0336
https://doi.org/10.1158/0008-5472.CAN-12-4124
https://doi.org/10.1158/0008-5472.CAN-12-4124
https://doi.org/10.1056/NEJMra1213566
https://doi.org/10.1073/pnas.1015855107
https://doi.org/10.1073/pnas.1015855107
https://doi.org/10.1016/j.immuni.2020.06.005
https://doi.org/10.1016/j.immuni.2020.06.005
https://doi.org/10.1056/NEJMsr1606602
https://doi.org/10.1016/j.chom.2017.11.009
https://doi.org/10.1016/j.chom.2017.11.009
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.1126/sciimmunol.aat4579
https://doi.org/10.1172/jci.insight.124020
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1084/jem.20100239
https://doi.org/10.1038/s41590-020-0783-5
https://doi.org/10.1016/j.ccell.2016.06.021
https://doi.org/10.1038/nm.4027
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1038/s43587-021-00086-8
https://doi.org/10.1038/s43587-021-00086-8
https://doi.org/10.1016/j.canlet.2020.08.020
https://doi.org/10.1016/j.canlet.2020.08.020
https://doi.org/10.1038/nri3024
https://doi.org/10.1084/jem.20220011

Manz, M.G., and S. Boettcher. 2014. Emergency granulopoiesis. Nat. Rev.
Immunol. 14:302-314. https://doi.org/10.1038/nri3660

Martin, C., P.C.E. Burdon, G. Bridger, ].C. Gutierrez-Ramos, T.J. Williams, and
S.M. Rankin. 2003. Chemokines acting via CXCR2 and CXCR4 control
the release of neutrophils from the bone marrow and their return fol-
lowing senescence. Immunity. 19:583-593. https://doi.org/10.1016/s1074
-7613(03)00263-2

Martinez Sanz, P., D.J. van Rees, L.M.J. van Zogchel, B. Klein, P. Bouti, H.
Olsman, K. Schornagel, I. Kok, A. Sunak, K. Leeuwenburg, et al. 2021.
G-CSF as a suitable alternative to GM-CSF to boost dinutuximab-
mediated neutrophil cytotoxicity in neuroblastoma treatment.
J. Immunother. Cancer. 9:e002259. https://doi.org/10.1136/jitc-2020
-002259

Martinez-Sanz, P., A.]. Hoogendijk, P.J.J.H. Verkuijlen, K. Schornagel, R. van
Bruggen, T.K. van den Berg, G.A.M. Tytgat, K. Franke, T.W. Kuijpers,
and H.L. Matlung. 2021. CD47-SIRPa checkpoint inhibition enhances
neutrophil-mediated killing of dinutuximab-opsonized neuroblastoma
cells. Cancers (Basel). 13:4261. https://doi.org/10.3390/cancers13174261

Martinod, K., M. Demers, T.A. Fuchs, S.L. Wong, A. Brill, M. Gallant, J. Hu, Y.
Wang, and D.D. Wagner. 2013. Neutrophil histone modification by
peptidylarginine deiminase 4 is critical for deep vein thrombosis in
mice. Proc. Natl. Acad. Sci. USA. 110:8674-8679. https://doi.org/10.1073/
pnas.1301059110

Martinod, K., T. Witsch, L. Erpenbeck, A. Savchenko, H. Hayashi, D. Cher-
pokova, M. Gallant, M. Mauler, S.M. Cifuni, and D.D. Wagner. 2017.
Peptidylarginine deiminase 4 promotes age-related organ fibrosis.
J. Exp. Med. 214:439-458. https://doi.org/10.1084/jem.20160530

Mastio, J., T. Condamine, G. Dominguez, A.V. Kossenkov, L. Donthireddy, F.
Veglia, C. Lin, F. Wang, S. Fu, J. Zhou, et al. 2019. Identification of
monocyte-like precursors of granulocytes in cancer as a mechanism for
accumulation of PMN-MDSCs. J. Exp. Med. 216:2150-2169. https://doi
.org/10.1084/jem.20181952

Matlung, H.L., L. Babes, X.W. Zhao, M. van Houdt, L.W. Treffers, D.J. van
Rees, K. Franke, K. Schornagel, P. Verkuijlen, H. Janssen, et al. 2018.
Neutrophils kill antibody-opsonized cancer cells by trogoptosis. Cell
Rep. 23:3946-3959.e6. https://doi.org/10.1016/j.celrep.2018.05.082

Matlung, H.L., K. Szilagyi, N.A. Barclay, and T.K. van den Berg. 2017. The
CD47-SIRPa signaling axis as an innate immune checkpoint in cancer.
Immunol. Rev. 276:145-164. https://doi.org/10.1111/imr.12527

Matson, V., J. Fessler, R. Bao, T. Chongsuwat, Y. Zha, M.L. Alegre, JJ. Luke,
and T.F. Gajewski. 2018. The commensal microbiome is associated with
anti-PD-1 efficacy in metastatic melanoma patients. Science. 359:
104-108. https://doi.org/10.1126/science.aa03290

McDowell, S.A.C., R.B.E. Luo, A. Arabzadeh, S. Doré, N.C. Bennett, V. Breton,
E. Karimi, M. Rezanejad, R.R. Yang, K.D. Lach, et al. 2021. Neutrophil
oxidative stress mediates obesity-associated vascular dysfunction and
metastatic transmigration. Nat. Cancer. 2:545-562. https://doi.org/10
.1038/543018-021-00194-9

Mestas, J., and C.C.W. Hughes. 2004. Of mice and not men: Differences be-
tween mouse and human immunology. J. Immunol. 172:2731-2738.
https://doi.org/10.4049/jimmunol.172.5.2731

Middleton, E.A., X.-Y. He, F. Denorme, R.A. Campbell, D. Ng, S.P. Salvatore,
M. Mostyka, A. Baxter-Stoltzfus, A.C. Borczuk, M. Loda, et al. 2020.
Neutrophil extracellular traps contribute to immunothrombosis in
COVID-19 acute respiratory distress syndrome. Blood. 136:1169-1179.
https://doi.org/10.1182/blood.2020007008

Mistry, P., S. Nakabo, L. O'Neil, R.R. Goel, K. Jiang, C. Carmona-Rivera, S.
Gupta, D.W. Chan, P.M. Carlucci, X. Wang, et al. 2019. Transcriptomic,
epigenetic, and functional analyses implicate neutrophil diversity in the
pathogenesis of systemic lupus erythematosus. Proc. Natl. Acad. Sci.
USA. 116:25222-25228. https://doi.org/10.1073/pnas.1908576116

Mitroulis, I., K. Ruppova, B. Wang, L.S. Chen, M. Grzybek, T. Grinenko, A.
Eugster, M. Troullinaki, A. Palladini, I. Kourtzelis, et al. 2018. Modula-
tion of myelopoiesis progenitors is an integral component of trained
immunity. Cell. 172:147-161.e12. https://doi.org/10.1016/j.cell.2017.11.034

Moore, S.C., LM. Lee, E. Weiderpass, P.T. Campbell, J.N. Sampson, C.M. Ki-
tahara, S.K. Keadle, H. Arem, A. Berrington de Gonzalez, P. Hartge, et al.
2016. Association of leisure-time physical activity with risk of 26 types
of cancer in 1.44 million adults. JAMA Intern. Med. 176:816-825. https://
doi.org/10.1001/jamainternmed.2016.1548

Moses, K., J.C. Klein, L. Mann, A. Klingberg, M. Gunzer, and S. Brandau. 2016.
Survival of residual neutrophils and accelerated myelopoiesis limit the
efficacy of antibody-mediated depletion of Ly-6G+ cells in tumor-
bearing mice. J. Leukoc. Biol. 99:811-823. https://doi.org/10.1189/jlb
.1HI0715-289R

Quail et al.
Neutrophil heterogeneity in cancer

Muench, D.E., A. Olsson, K. Ferchen, G. Pham, R.A. Serafin, S. Chuti-
pongtanate, P. Dwivedi, B. Song, S. Hay, K. Chetal, et al. 2020. Mouse
models of neutropenia reveal progenitor-stage-specific defects. Nature.
582:109-114. https://doi.org/10.1038/541586-020-2227-7

Munder, M., F. Mollinedo, J. Calafat, J. Canchado, C. Gil-Lamaignere, J.M.
Fuentes, C. Luckner, G. Doschko, G. Soler, K. Eichmann, et al. 2005.
Arginase I is constitutively expressed in human granulocytes and
participates in fungicidal activity. Blood. 105:2549-2556. https://doi
.org/10.1182/blood-2004-07-2521

Munzer, P., R. Negro, S. Fukui, L. di Meglio, K. Aymonnier, L. Chu, D.
Cherpokova, S. Gutch, N. Sorvillo, L. Shi, et al. 2021. NLRP3 in-
flammasome assembly in neutrophils is supported by PAD4 and pro-
motes NETosis under sterile conditions. Front. Immunol. 12:683803.
https://doi.org/10.3389/fimmu.2021.683803

Murao, A., A. Arif, M. Brenner, N.L. Denning, H. Jin, S. Takizawa, B. Nicastro,
P. Wang, and M. Aziz. 2020. Extracellular CIRP and TREM-1 axis pro-
motes ICAM-1-Rho-mediated NETosis in sepsis. FASEB J. 34:9771-9786.
https://doi.org/10.1096/1}.202000482R

Mysore, V., X. Cullere, J. Mears, F. Rosetti, K. Okubo, P.X. Liew, F. Zhang, I.
Madera-Salcedo, F. Rosenbauer, R.M. Stone, et al. 2021. FcyR engage-
ment reprograms neutrophils into antigen cross-presenting cells that
elicit acquired anti-tumor immunity. Nat. Commun. 12:4791. https://doi
.org/10.1038/541467-021-24591-x

Nagareddy, P.R., M. Kraakman, S.L. Masters, R.A. Stirzaker, D.J. Gorman,
R.W. Grant, D. Dragoljevic, E.S. Hong, A. Abdel-Latif, S.S. Smyth, et al.
2014. Adipose tissue macrophages promote myelopoiesis and monocy-
tosis in obesity. Cell Metab. 19:821-835. https://doi.org/10.1016/j.cmet
.2014.03.029

Najjar, Y.G., P. Rayman, X. Jia, P.G. Pavicic Jr., B.I. Rini, C. Tannenbaum, ]. Ko,
S. Haywood, P. Cohen, T. Hamilton, et al. 2017. Myeloid-derived sup-
pressor cell subset accumulation in renal cell carcinoma parenchyma is
associated with intratumoral expression of IL1B, IL8, CXCL5, and mip-
la. Clin. Cancer Res. 23:2346-2355. https://doi.org/10.1158/1078-0432
.CCR-15-1823

Najmeh, S., J. Cools-Lartigue, R.F. Rayes, S. Gowing, P. Vourtzoumis, F.
Bourdeau, B. Giannias, J. Berube, S. Rousseau, L.E. Ferri, and J.D. Spicer.
2017. Neutrophil extracellular traps sequester circulating tumor cells
via Bl-integrin mediated interactions. Int. J. Cancer. 140:2321-2330.
https://doi.org/10.1002/ijc.30635

Netea, M.G., ]. Dominguez-Andres, L.B. Barreiro, T. Chavakis, M. Divangahi,
E. Fuchs, L.A.B. Joosten, ].W.M. van der Meer, M.M. Mhlanga, W.J.M.
Mulder, et al. 2020. Defining trained immunity and its role in health
and disease. Nat. Rev. Immunol. 20:375-388. https://doi.org/10.1038/
541577-020-0285-6

Ng, L.G., R. Ostuni, and A. Hidalgo. 2019. Heterogeneity of neutrophils. Nat.
Rev. Immunol. 19:255-265. https://doi.org/10.1038/s41577-019-0141-8

Nicolas-Avila, J.A., .M. Adrover, and A. Hidalgo. 2017. Neutrophils in ho-
meostasis, immunity, and cancer. Immunity. 46:15-28. https://doi.org/
10.1016/j.immuni.2016.12.012

Nie, M., L. Yang, X. Bi, Y. Wang, P. Sun, H. Yang, P. Liu, Z. Li, Y. Xia, and W.
Jiang. 2019. Neutrophil extracellular traps induced by IL8 promote
diffuse large B-cell lymphoma progression via the TLR signaling. Clin.
Cancer Res. 25:1867-1879. https://doi.org/10.1158/1078-0432.CCR-18
-1226

Ode, Y., M. Aziz, and P. Wang. 2018. CIRP increases ICAM-1* phenotype of
neutrophils exhibiting elevated iNOS and NETs in sepsis. J. Leukoc. Biol.
103:693-707. https://doi.org/10.1002/JLB.3A0817-327RR

Olsson, A., M. Venkatasubramanian, V.K. Chaudhri, B.J. Aronow, N. Salo-
monis, H. Singh, and H.L. Grimes. 2016. Single-cell analysis of mixed-
lineage states leading to a binary cell fate choice. Nature. 537:698-702.
https://doi.org/10.1038/naturel9348

Ombrato, L., E. Nolan, I. Kurelac, A. Mavousian, V.L. Bridgeman, I. Heinze, P.
Chakravarty, S. Horswell, E. Gonzalez-Gualda, G. Matacchione, et al. 2019.
Metastatic-niche labelling reveals parenchymal cells with stem features.
Nature. 572:603-608. https://doi.org/10.1038/541586-019-1487-6

Pang, W.W., E.A. Price, D. Sahoo, I. Beerman, W.J. Maloney, D.J. Rossi, S.L.
Schrier, and I.L. Weissman. 2011. Human bone marrow hematopoietic
stem cells are increased in frequency and myeloid-biased with age. Proc.
Natl. Acad. Sci. USA. 108:20012-20017. https://doi.org/10.1073/pnas
.1116110108

Papayannopoulos, V. 2018. Neutrophil extracellular traps in immunity and
disease. Nat. Rev. Immunol. 18:134-147. https://doi.org/10.1038/nri.2017
105

Park, J., R.W. Wysocki, Z. Amoozgar, L. Maiorino, M.R. Fein, J. Jorns, A.F.
Schott, Y. Kinugasa-Katayama, Y. Lee, N.-H. Won, et al. 2016. Cancer

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

20 of 23


https://doi.org/10.1038/nri3660
https://doi.org/10.1016/s1074-7613(03)00263-2
https://doi.org/10.1016/s1074-7613(03)00263-2
https://doi.org/10.1136/jitc-2020-002259
https://doi.org/10.1136/jitc-2020-002259
https://doi.org/10.3390/cancers13174261
https://doi.org/10.1073/pnas.1301059110
https://doi.org/10.1073/pnas.1301059110
https://doi.org/10.1084/jem.20160530
https://doi.org/10.1084/jem.20181952
https://doi.org/10.1084/jem.20181952
https://doi.org/10.1016/j.celrep.2018.05.082
https://doi.org/10.1111/imr.12527
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1038/s43018-021-00194-9
https://doi.org/10.1038/s43018-021-00194-9
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1182/blood.2020007008
https://doi.org/10.1073/pnas.1908576116
https://doi.org/10.1016/j.cell.2017.11.034
https://doi.org/10.1001/jamainternmed.2016.1548
https://doi.org/10.1001/jamainternmed.2016.1548
https://doi.org/10.1189/jlb.1HI0715-289R
https://doi.org/10.1189/jlb.1HI0715-289R
https://doi.org/10.1038/s41586-020-2227-7
https://doi.org/10.1182/blood-2004-07-2521
https://doi.org/10.1182/blood-2004-07-2521
https://doi.org/10.3389/fimmu.2021.683803
https://doi.org/10.1096/fj.202000482R
https://doi.org/10.1038/s41467-021-24591-x
https://doi.org/10.1038/s41467-021-24591-x
https://doi.org/10.1016/j.cmet.2014.03.029
https://doi.org/10.1016/j.cmet.2014.03.029
https://doi.org/10.1158/1078-0432.CCR-15-1823
https://doi.org/10.1158/1078-0432.CCR-15-1823
https://doi.org/10.1002/ijc.30635
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/s41577-020-0285-6
https://doi.org/10.1038/s41577-019-0141-8
https://doi.org/10.1016/j.immuni.2016.12.012
https://doi.org/10.1016/j.immuni.2016.12.012
https://doi.org/10.1158/1078-0432.CCR-18-1226
https://doi.org/10.1158/1078-0432.CCR-18-1226
https://doi.org/10.1002/JLB.3A0817-327RR
https://doi.org/10.1038/nature19348
https://doi.org/10.1038/s41586-019-1487-6
https://doi.org/10.1073/pnas.1116110108
https://doi.org/10.1073/pnas.1116110108
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1038/nri.2017.105
https://doi.org/10.1084/jem.20220011

cells induce metastasis-supporting neutrophil extracellular DNA traps.
Sci. Transl Med. 8:361ral38. https://doi.org/10.1126/scitranslmed.aagl711

Park, J.H., M.G. Rasch, J. Qiu, LK. Lund, and M. Egeblad. 2015. Presence of
insulin-like growth factor binding proteins correlates with tumor-
promoting effects of matrix metalloproteinase 9 in breast cancer. Ne-
oplasia. 17:421-433. https://doi.org/10.1016/j.ne0.2015.04.003

Parker, H., M. Dragunow, M.B. Hampton, A.]. Kettle, and C.C. Winterbourn.
2012. Requirements for NADPH oxidase and myeloperoxidase in neu-
trophil extracellular trap formation differ depending on the stimulus.
J. Leukoc. Biol. 92:841-849. https://doi.org/10.1189/j1b.1211601

Passegue, E., E.F. Wagner, and I.L. Weissman. 2004. JunB deficiency leads to a
myeloproliferative disorder arising from hematopoietic stem cells. Cell.
119:431-443. https://doi.org/10.1016/j.cell.2004.10.010

Patel, S., S. Fu, J. Mastio, G.A. Dominguez, A. Purohit, A. Kossenkov, C. Lin, K.
Alicea-Torres, M. Sehgal, Y. Nefedova, et al. 2018. Unique pattern of
neutrophil migration and function during tumor progression. Nat.
Immunol. 19:1236-1247. https://doi.org/10.1038/541590-018-0229-5

Peiseler, M., and P. Kubes. 2019. More friend than foe: The emerging role of
neutrophils in tissue repair. J. Clin. Invest. 129:2629-2639. https://doi
.org/10.1172/]CI124616

Pember, S.0., K.C. Barnes, SJ. Brandt, and J.M. Kinkade Jr. 1983. Density
heterogeneity of neutrophilic polymorphonuclear leukocytes: Gradient
fractionation and relationship to chemotactic stimulation. Blood. 61:
1105-1115.

Pember, S.0., and ].M. Kinkade Jr. 1983. Differences in myeloperoxidase ac-
tivity from neutrophilic polymorphonuclear leukocytes of differing
density: Relationship to selective exocytosis of distinct forms of the
enzyme. Blood. 61:1116-1124.

Petrelli, F., A. Cortellini, A. Indini, G. Tomasello, M. Ghidini, O. Nigro, M.
Salati, L. Dottorini, A. Iaculli, A. Varricchio, et al. 2021. Association of
obesity with survival outcomes in patients with cancer: A systematic
review and meta-analysis. JAMA Netw. Open. 4:¢213520. https://doi.org/
10.1001/jamanetworkopen.2021.3520

Pfirschke, C., C. Engblom, ]. Gungabeesoon, Y. Lin, S. Rickelt, R. Zilionis, M.
Messemaker, M. Siwicki, G.M. Gerhard, A. Kohl, et al. 2020. Tumor-
promoting ly-6G* SiglecFPigh cells are mature and long-lived neu-
trophils. Cell Rep. 32:108164. https://doi.org/10.1016/j.celrep.2020
.108164

Phillipson, M., and P. Kubes. 2011. The neutrophil in vascular inflammation.
Nat. Med. 17:1381-1390. https://doi.org/10.1038/nm.2514

Pillay, J., I. den Braber, N. Vrisekoop, L.M. Kwast, R.J. de Boer, ]J.A.M. Bor-
ghans, K. Tesselaar, and L. Koenderman. 2010. In vivo labeling with
2H20 reveals a human neutrophil lifespan of 5.4 days. Blood. 116:
625-627. https://doi.org/10.1182/blood-2010-01-259028

Pilsczek, F.H., D. Salina, K.K.H. Poon, C. Fahey, B.G. Yipp, C.D. Sibley, S.M.
Robbins, F.H.Y. Green, M.G. Surette, M. Sugai, et al. 2010. A novel
mechanism of rapid nuclear neutrophil extracellular trap formation in
response to Staphylococcus aureus. J. Immunol. 185:7413-7425. https://
doi.org/10.4049/jimmunol. 1000675

Pollenus, E., B. Malengier-Devlies, L. Vandermosten, T.T. Pham, T. Mitera, H.
Possemiers, L. Boon, G. Opdenakker, P. Matthys, and P.E. Van den
Steen. 2019. Limitations of neutrophil depletion by anti-Ly6G anti-
bodies in two heterogenic immunological models. Immunol. Lett. 212:
30-36. https://doi.org/10.1016/j.imlet.2019.06.006

Puga, I, M. Cols, C.M. Barra, B. He, L. Cassis, M. Gentile, L. Comerma, A.
Chorny, M. Shan, W. Xu, et al. 2011. B cell-helper neutrophils stimulate
the diversification and production of immunoglobulin in the marginal
zone of the spleen. Nat. Immunol. 13:170-180. https://doi.org/10.1038/ni
.2194

Qian, D.C., T. Kleber, B. Brammer, K.M. Xu, J.M. Switchenko, J.R. Janopaul-
Naylor, J. Zhong, M.L. Yushak, R.D. Harvey, C.M. Paulos, et al. 2021.
Effect of immunotherapy time-of-day infusion on overall survival
among patients with advanced melanoma in the USA (MEMOIR): A
propensity score-matched analysis of a single-centre, longitudinal
study. Lancet Oncol. 22:1777-1786. https://doi.org/10.1016/S1470-2045(21)
00546-5

Qiang, X., W.L. Yang, R. Wu, M. Zhou, A. Jacob, W. Dong, M. Kuncewitch, Y.
Ji, H. Yang, H. Wang, et al. 2013. Cold-inducible RNA-binding protein
(CIRP) triggers inflammatory responses in hemorrhagic shock and
sepsis. Nat. Med. 19:1489-1495. https://doi.org/10.1038/nm.3368

Quail, D.F., O.C. Olson, P. Bhardwaj, L.A. Walsh, L. Akkari, M.L. Quick, I.C.
Chen, N. Wendel, N. Ben-Chetrit, ]. Walker, et al. 2017. Obesity alters
the lung myeloid cell landscape to enhance breast cancer metastasis
through IL5 and GM-CSF. Nat. Cell Biol. 19:974-987. https://doi.org/10
.1038/ncb3578

Quail et al.
Neutrophil heterogeneity in cancer

Rausch, P.G., and T.G. Moore. 1975. Granule enzymes of polymorphonuclear
neutrophils: A phylogenetic comparison. Blood. 46:913-919.

Rayes, R.F., ].G. Mouhanna, I. Nicolau, F. Bourdeau, B. Giannias, S. Rousseau, D.
Quail, L. Walsh, V. Sangwan, N. Bertos, et al. 2019. Primary tumors induce
neutrophil extracellular traps with targetable metastasis promoting ef-
fects. JCI Insight. 5:e128008. https://doi.org/10.1172/jci.insight.128008

Rice, C.M., L.C. Davies, ].J. Subleski, N. Maio, M. Gonzalez-Cotto, C. Andrews,
N.L. Patel, E.M. Palmieri, ].M. Weiss, ].M. Lee, et al. 2018. Tumour-
elicited neutrophils engage mitochondrial metabolism to circumvent
nutrient limitations and maintain immune suppression. Nat. Commun.
9:5099. https://doi.org/10.1038/5s41467-018-07505-2

Riffelmacher, T., A. Clarke, F.C. Richter, A. Stranks, S. Pandey, S. Danielli, P.
Hublitz, Z. Yu, E. Johnson, T. Schwerd, et al. 2017. Autophagy-
dependent generation of free fatty acids is critical for normal neutro-
phil differentiation. Immunity. 47:466-480.e5. https://doi.org/10.1016/j
.immuni.2017.08.005

Ringel, A.E., .M. Drijvers, G.J. Baker, A. Catozzi, ].C. Garcia-Canaveras, B.M.
Gassaway, B.C. Miller, V.R. Juneja, T.H. Nguyen, S. Joshi, et al. 2020.
Obesity shapes metabolism in the tumor microenvironment to suppress
anti-tumor immunity. Cell. 183:1848-1866.€26. https://doi.org/10.1016/j
.cell.2020.11.009

Rodriguez, P.C., D.G. Quiceno, and A.C. Ochoa. 2007. L-arginine availability
regulates T-lymphocyte cell-cycle progression. Blood. 109:1568-1573.
https://doi.org/10.1182/blood-2006-06-031856

Rossi, D.J., D. Bryder, ].M. Zahn, H. Ahlenius, R. Sonu, A.J. Wagers, and LL.
Weissman. 2005. Cell intrinsic alterations underlie hematopoietic stem
cell aging. Proc. Natl. Acad. Sci. USA. 102:9194-9199. https://doi.org/10
.1073/pnas.0503280102

Routy, B., E. Le Chatelier, L. Derosa, C.P.M. Duong, M.T. Alou, R. Daillere, A.
Fluckiger, M. Messaoudene, C. Rauber, M.P. Roberti, et al. 2018. Gut
microbiome influences efficacy of PD-1-based immunotherapy against
epithelial tumors. Science. 359:91-97. https://doi.org/10.1126/science
.aan3706

Sagiv, ].Y., J. Michaeli, S. Assi, I. Mishalian, H. Kisos, L. Levy, P. Damti, D.
Lumbroso, L. Polyansky, R.V. Sionov, et al. 2015. Phenotypic diversity
and plasticity in circulating neutrophil subpopulations in cancer. Cell
Rep. 10:562-573. https://doi.org/10.1016/j.celrep.2014.12.039

Salvagno, C., M. Ciampricotti, S. Tuit, C.S. Hau, A. van Weverwijk, S.B.
Coffelt, K. Kersten, K. Vrijland, K. Kos, T. Ulas, et al. 2019. Therapeutic
targeting of macrophages enhances chemotherapy efficacy by un-
leashing type I interferon response. Nat. Cell Biol. 21:511-521. https://doi
.org/10.1038/541556-019-0298-1

Sanmamed, M.F., O. Carranza-Rua, C. Alfaro, C. Onate, S. Martin-Algarra, G.
Perez, S.F. Landazuri, A. Gonzalez, S. Gross, I. Rodriguez, et al. 2014.
Serum interleukin-8 reflects tumor burden and treatment response
across malignancies of multiple tissue origins. Clin. Cancer Res. 20:
5697-5707. https://doi.org/10.1158/1078-0432.CCR-13-3203

Scaife, C.L., A. Hartz, L. Pappas, P. Pelletier, T. He, R.E. Glasgow, and S.J.
Mulvihill. 2013. Association between postoperative complications and
clinical cancer outcomes. Ann. Surg. Oncol. 20:4063-4066. https://doi
.org/10.1245/510434-013-3267-0

Schalper, K.A., M. Carleton, M. Zhou, T. Chen, Y. Feng, S.P. Huang, A.M.
Walsh, V. Baxi, D. Pandya, T. Baradet, et al. 2020. Elevated serum
interleukin-8 is associated with enhanced intratumor neutrophils and
reduced clinical benefit of immune-checkpoint inhibitors. Nat. Med. 26:
688-692. https://doi.org/10.1038/541591-020-0856-x

Schmielau, J., and O.J. Finn. 2001. Activated granulocytes and granulocyte-
derived hydrogen peroxide are the underlying mechanism of sup-
pression of t-cell function in advanced cancer patients. Cancer Res. 61:
4756-4760

Shaul, M.E., O. Eyal, S. Guglietta, P. Aloni, A. Zlotnik, E. Forkosh, L. Levy,
L.M. Weber, Y. Levin, A. Pomerantz, et al. 2020. Circulating neutrophil
subsets in advanced lung cancer patients exhibit unique immune sig-
nature and relate to prognosis. FASEB J. 34:4204-4218. https://doi.org/
10.1096/1}.201902467R

Shaul, M.E., and Z.G. Fridlender. 2019. Tumour-associated neutrophils in
patients with cancer. Nat. Rev. Clin. Oncol. 16:601-620. https://doi.org/
10.1038/541571-019-0222-4

Shaul, M.E., A. Zlotnik, E. Tidhar, A. Schwartz, L. Arpinati, N. Kaisar-Iluz, S.
Mahroum, I. Mishalian, and Z.G. Fridlender. 2021. Tumor-associated
neutrophils drive B-cell recruitment and their differentiation to plas-
ma cells. Cancer Immunol. Res. 9:811-824. https://doi.org/10.1158/2326
-6066.CIR-20-0839

Singhal, S., P.S. Bhojnagarwala, S. O’'Brien, E.K. Moon, A.L. Garfall, A.S. Rao,
J.G. Quatromoni, T.L. Stephen, L. Litzky, C. Deshpande, et al. 2016.

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

210f 23


https://doi.org/10.1126/scitranslmed.aag1711
https://doi.org/10.1016/j.neo.2015.04.003
https://doi.org/10.1189/jlb.1211601
https://doi.org/10.1016/j.cell.2004.10.010
https://doi.org/10.1038/s41590-018-0229-5
https://doi.org/10.1172/JCI124616
https://doi.org/10.1172/JCI124616
https://doi.org/10.1001/jamanetworkopen.2021.3520
https://doi.org/10.1001/jamanetworkopen.2021.3520
https://doi.org/10.1016/j.celrep.2020.108164
https://doi.org/10.1016/j.celrep.2020.108164
https://doi.org/10.1038/nm.2514
https://doi.org/10.1182/blood-2010-01-259028
https://doi.org/10.4049/jimmunol.1000675
https://doi.org/10.4049/jimmunol.1000675
https://doi.org/10.1016/j.imlet.2019.06.006
https://doi.org/10.1038/ni.2194
https://doi.org/10.1038/ni.2194
https://doi.org/10.1016/S1470-2045(21)00546-5
https://doi.org/10.1016/S1470-2045(21)00546-5
https://doi.org/10.1038/nm.3368
https://doi.org/10.1038/ncb3578
https://doi.org/10.1038/ncb3578
https://doi.org/10.1172/jci.insight.128008
https://doi.org/10.1038/s41467-018-07505-2
https://doi.org/10.1016/j.immuni.2017.08.005
https://doi.org/10.1016/j.immuni.2017.08.005
https://doi.org/10.1016/j.cell.2020.11.009
https://doi.org/10.1016/j.cell.2020.11.009
https://doi.org/10.1182/blood-2006-06-031856
https://doi.org/10.1073/pnas.0503280102
https://doi.org/10.1073/pnas.0503280102
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1016/j.celrep.2014.12.039
https://doi.org/10.1038/s41556-019-0298-1
https://doi.org/10.1038/s41556-019-0298-1
https://doi.org/10.1158/1078-0432.CCR-13-3203
https://doi.org/10.1245/s10434-013-3267-0
https://doi.org/10.1245/s10434-013-3267-0
https://doi.org/10.1038/s41591-020-0856-x
https://doi.org/10.1096/fj.201902467R
https://doi.org/10.1096/fj.201902467R
https://doi.org/10.1038/s41571-019-0222-4
https://doi.org/10.1038/s41571-019-0222-4
https://doi.org/10.1158/2326-6066.CIR-20-0839
https://doi.org/10.1158/2326-6066.CIR-20-0839
https://doi.org/10.1084/jem.20220011

Origin and role of a subset of tumor-associated neutrophils with
antigen-presenting cell features in early-stage human lung cancer.
Cancer Cell. 30:120-135. https://doi.org/10.1016/j.ccell.2016.06.001

Sionov, R.V., T. Fainsod-Levi, T. Zelter, L. Polyansky, C.T. Pham, and Z.
Granot. 2019. Neutrophil cathepsin G and tumor cell RAGE facilitate
neutrophil anti-tumor cytotoxicity. Oncoimmunology. 8:e1624129.
https://doi.org/10.1080/2162402X.2019.1624129

Siwicki, M., N.A. Gort-Freitas, M. Messemaker, R. Bill, J. Gungabeesoon, C.
Engblom, R. Zilionis, C. Garris, G.M. Gerhard, A. Kohl, et al. 2021.
Resident Kupffer cells and neutrophils drive liver toxicity in cancer
immunotherapy. Sci. Immunol. 6:eabi7083. https://doi.org/10.1126/
sciimmunol.abi7083

Siwicki, M., and M.J. Pittet. 2021. Versatile neutrophil functions in cancer.
Semin. Immunol. 101538. https://doi.org/10.1016/j.smim.2021.101538

Sjostrom, L., K. Narbro, C.D. Sjostrom, K. Karason, B. Larsson, H. Wedel, T.
Lystig, M. Sullivan, C. Bouchard, B. Carlsson, et al. 2007. Effects of
bariatric surgery on mortality in Swedish obese subjects. N. Engl. J. Med.
357:741-752. https://doi.org/10.1056/NEJMoa066254

Smith, E., A. Zarbock, M.A. Stark, T.L. Burcin, A.C. Bruce, P. Foley, and K.
Ley. 2007. IL-23 is required for neutrophil homeostasis in normal and
neutrophilic mice. J. Immunol. 179:8274-8279. https://doi.org/10.4049/
jimmunol.179.12.8274

Sparmann, A., and D. Bar-Sagi. 2004. Ras-induced interleukin-8 expression
plays a critical role in tumor growth and angiogenesis. Cancer Cell. 6:
447-458. https://doi.org/10.1016/j.ccr.2004.09.028

Spiegel, A., M.W. Brooks, S. Houshyar, F. Reinhardt, M. Ardolino, E. Fessler,
M.B. Chen, J.A. Krall, J. DeCock, 1.K. Zervantonakis, et al. 2016. Neu-
trophils suppress intraluminal NK cell-mediated tumor cell clearance
and enhance extravasation of disseminated carcinoma cells. Cancer
Discov. 6:630-649. https://doi.org/10.1158/2159-8290.CD-15-1157

Stark, M.A., Y. Huo, T.L. Burcin, M.A. Morris, T.S. Olson, and K. Ley. 2005.
Phagocytosis of apoptotic neutrophils regulates granulopoiesis via IL-23
and IL-17. Immunity. 22:285-294. https://doi.org/10.1016/j.immuni
.2005.01.011

Steele, C.W., S.A. Karim, ].D.G. Leach, P. Bailey, R. Upstill-Goddard, L. Rishi,
M. Foth, S. Bryson, K. McDaid, Z. Wilson, et al. 2016. CXCR2 inhibition
profoundly suppresses metastases and augments immunotherapy in
pancreatic ductal adenocarcinoma. Cancer Cell. 29:832-845. https://doi
.0rg/10.1016/j.ccell.2016.04.014

Strauss, L., S. Sangaletti, F.M. Consonni, G. Szebeni, S. Morlacchi, M.G. To-
taro, C. Porta, A. Anselmo, S. Tartari, A. Doni, et al. 2015. RORC1 reg-
ulates tumor-promoting “emergency” granulo-monocytopoiesis. Cancer
Cell. 28:253-269. https://doi.org/10.1016/j.ccell.2015.07.006

Sun, L., P.E. Clavijo, Y. Robbins, P. Patel, ]. Friedman, S. Greene, R. Das, C.
Silvin, C. Van Waes, L.A. Horn, et al. 2019. Inhibiting myeloid-derived
suppressor cell trafficking enhances T cell immunotherapy. JCI Insight.
4:e126853. https://doi.org/10.1172/jci.insight.126853

Svoronos, N., A. Perales-Puchalt, M.J. Allegrezza, M.R. Rutkowski, K.K.
Payne, A.J. Tesone, ].M. Nguyen, T.J. Curiel, M.G. Cadungog, S. Singhal,
et al. 2017. Tumor cell-independent estrogen signaling drives disease
progression through mobilization of myeloid-derived suppressor cells.
Cancer Discov. 7:72-85. https://doi.org/10.1158/2159-8290.CD-16-0502

Szczerba, B.M., F. Castro-Giner, M. Vetter, L. Krol, S. Gkountela, J. Landin,
M.C. Scheidmann, C. Donato, R. Scherrer, J. Singer, et al. 2019. Neu-
trophils escort circulating tumour cells to enable cell cycle progression.
Nature. 566:553-557. https://doi.org/10.1038/541586-019-0915-y

Takizawa, S., A. Murao, M. Ochani, M. Aziz, and P. Wang. 2021. Frontline
Science: Extracellular CIRP generates a proinflammatory Ly6G(+)
CD11b(hi) subset of low-density neutrophils in sepsis. J. Leukoc. Biol. 109:
1019-1032. https://doi.org/10.1002/JLB.3HI0620-416R

Tate, M.D., Y.M. Deng, J.E. Jones, G.P. Anderson, A.G. Brooks, and P.C.
Reading. 2009. Neutrophils ameliorate lung injury and the develop-
ment of severe disease during influenza infection. J. Immunol. 183:
7441-7450. https://doi.org/10.4049/jimmunol.0902497

Tavazoie, M.F., I. Pollack, R. Tanqueco, B.N. Ostendorf, B.S. Reis, F.C. Gon-
salves, I. Kurth, C. Andreu-Agullo, M.L. Derbyshire, J. Posada, et al.
2018. LXR/ApoE activation restricts innate immune suppression in
cancer. Cell. 172:825-840.e18. https://doi.org/10.1016/j.cell.2017.12.026

Teijeira, A., S. Garasa, M. Gato, C. Alfaro, I. Migueliz, A. Cirella, C. de Andrea,
M.C. Ochoa, I. Otano, I. Etxeberria, et al. 2020. CXCR1 and CXCR2
chemokine receptor agonists produced by tumors induce neutrophil
extracellular traps that interfere with immune cytotoxicity. Immunity.
52:856-871.e8. https://doi.org/10.1016/j.immuni.2020.03.001

Thalin, C., M. Demers, B. Blomgren, S.L. Wong, M. von Arbin, A. von Heijne,
A.C. Laska, H. Wallen, D.D. Wagner, and S. Aspberg. 2016. NETosis

Quail et al.
Neutrophil heterogeneity in cancer

promotes cancer-associated arterial microthrombosis presenting as is-
chemic stroke with troponin elevation. Thromb. Res. 139:56-64. https://
doi.org/10.1016/j.thromres.2016.01.009

Thiam, H.R., S.L. Wong, R. Qiu, M. Kittisopikul, A. Vahabikashi, A.E. Gold-
man, R.D. Goldman, D.D. Wagner, and C.M. Waterman. 2020. NETosis
proceeds by cytoskeleton and endomembrane disassembly and PAD4-
mediated chromatin decondensation and nuclear envelope rupture.
Proc. Natl. Acad. Sci. USA. 117:7326-7337. https://doi.org/10.1073/pnas
1909546117

Thomas, G.M., A. Brill, S. Mezouar, L. Crescence, M. Gallant, C. Dubois, and
D.D. Wagner. 2015. Tissue factor expressed by circulating cancer cell-
derived microparticles drastically increases the incidence of deep vein
thrombosis in mice. J. Thromb. Haemost. 13:1310-1319. https://doi.org/10
1111/jth.13002

Tilley, D.O., U. Abuabed, U.Z. Arndt, M. Schmid, S. Florian, P.R. Jungblut, V.
Brinkmann, A. Herzig, and A. Zychlinsky. 2021. Histone H3 clipping is a
novel signature of human neutrophil extracellular traps. bioRxiv.
https://doi.org/10.1101/2021.03.15.434949 (Preprint posted March 24,
2021)

Tkalcevic, J., M. Novelli, M. Phylactides, J.P. Iredale, A.W. Segal, and J. Roes.
2000. Impaired immunity and enhanced resistance to endotoxin in the
absence of neutrophil elastase and cathepsin G. Immunity. 12:201-210.
https://doi.org/10.1016/s1074-7613(00)80173-9

Tofts, P.S., T. Chevassut, M. Cutajar, N.G. Dowell, and A. Michael Peters. 2011.
Doubts concerning the recently reported human neutrophil lifespan of
5.4 days. Blood. 117:6050-6052; author reply 6053-6054. https://doi
.org/10.1182/blood-2010-10-310532

Tohme, S., H.O. Yazdani, A.B. Al-Khafaji, A.P. Chidi, P. Loughran, K. Mowen,
Y. Wang, R.L. Simmons, H. Huang, and A. Tsung. 2016. Neutrophil
extracellular traps promote the development and progression of liver
metastases after surgical stress. Cancer Res. 76:1367-1380. https://doi
.org/10.1158/0008-5472.CAN-15-1591

Toledo, E., ]. Salas-Salvado, C. Donat-Vargas, P. Buil-Cosiales, R. Estruch, E.
Ros, D. Corella, M. Fito, F.B. Hu, F. Aros, et al. 2015. Mediterranean diet
and invasive breast cancer risk among women at high cardiovascular
risk in the PREDIMED trial: A randomized clinical trial. JAMA Intern.
Med. 175:1752-1760. https://doi.org/10.1001/jamainternmed.2015.4838

Tomay, F., K. Wells, L. Duong, J.W. Tsu, D.E. Dye, H.G. Radley-Crabb, M.D.
Grounds, T. Shavlakadze, P. Metharom, D.J. Nelson, and C. Jackaman.
2018. Aged neutrophils accumulate in lymphoid tissues from healthy
elderly mice and infiltrate T- and B-cell zones. Immunol. Cell Biol. 96:
831-840. https://doi.org/10.1111/imch.12046

Toussaint, M., D.J. Jackson, D. Swieboda, A. Guedan, T.D. Tsourouktsoglou,
Y.M. Ching, C. Radermecker, H. Makrinioti, J. Aniscenko, N.W. Bartlett,
etal. 2017. Host DNA released by NETosis promotes rhinovirus-induced
type-2 allergic asthma exacerbation. Nat. Med. 23:681-691. https://doi
.org/10.1038/nm.4332

Tsourouktsoglou, T.D., A. Warnatsch, M. Ioannou, D. Hoving, Q. Wang, and
V. Papayannopoulos. 2020. Histones, DNA, and citrullination promote
neutrophil extracellular trap inflammation by regulating the localiza-
tion and activation of TLR4. Cell Rep. 31:107602. https://doi.org/10.1016/
j.celrep.2020.107602

Tyagi, A., S. Sharma, K. Wu, S.Y. Wu, F. Xing, Y. Liu, D. Zhao, R.P. Deshpande,
R.B. D’Agostino Jr., and K. Watabe. 2021. Nicotine promotes breast
cancer metastasis by stimulating N2 neutrophils and generating pre-
metastatic niche in lung. Nat. Commun. 12:474. https://doi.org/10.1038/
$41467-020-20733-9

Vats, D., L. Mukundan, J.I. Odegaard, L. Zhang, K.L. Smith, C.R. Morel, R.A.
Wagner, D.R. Greaves, P.J. Murray, and A. Chawla. 2006. Oxidative
metabolism and PGC-lbeta attenuate macrophage-mediated inflam-
mation. Cell Metab. 4:13-24. https://doi.org/10.1016/j.cmet.2006.05.011

Veglia, F., A. Hashimoto, H. Dweep, E. Sanseviero, A. De Leo, E. Tcyganov, A.
Kossenkov, C. Mulligan, B. Nam, G. Masters, et al. 2021a. Analysis of
classical neutrophils and polymorphonuclear myeloid-derived sup-
pressor cells in cancer patients and tumor-bearing mice. J. Exp. Med.
218:€20201803. https://doi.org/10.1084/jem.20201803

Veglia, F., E. Sanseviero, and D.I. Gabrilovich. 2021b. Myeloid-derived sup-
pressor cells in the era of increasing myeloid cell diversity. Nat. Rev.
Immunol. 21:485-498. https://doi.org/10.1038/541577-020-00490-y

Veglia, F., V.A. Tyurin, M. Blasi, A. De Leo, A.V. Kossenkov, L. Donthireddy,
T.K.J. To, Z. Schug, S. Basu, F. Wang, et al. 2019. Fatty acid transport
protein 2 reprograms neutrophils in cancer. Nature. 569:73-78. https://
doi.org/10.1038/541586-019-1118-2

Velten, L., S.F. Haas, S. Raffel, S. Blaszkiewicz, S. Islam, B.P. Hennig, C.
Hirche, C. Lutz, E.C. Buss, D. Nowak, et al. 2017. Human haematopoietic

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

22 0f 23


https://doi.org/10.1016/j.ccell.2016.06.001
https://doi.org/10.1080/2162402X.2019.1624129
https://doi.org/10.1126/sciimmunol.abi7083
https://doi.org/10.1126/sciimmunol.abi7083
https://doi.org/10.1016/j.smim.2021.101538
https://doi.org/10.1056/NEJMoa066254
https://doi.org/10.4049/jimmunol.179.12.8274
https://doi.org/10.4049/jimmunol.179.12.8274
https://doi.org/10.1016/j.ccr.2004.09.028
https://doi.org/10.1158/2159-8290.CD-15-1157
https://doi.org/10.1016/j.immuni.2005.01.011
https://doi.org/10.1016/j.immuni.2005.01.011
https://doi.org/10.1016/j.ccell.2016.04.014
https://doi.org/10.1016/j.ccell.2016.04.014
https://doi.org/10.1016/j.ccell.2015.07.006
https://doi.org/10.1172/jci.insight.126853
https://doi.org/10.1158/2159-8290.CD-16-0502
https://doi.org/10.1038/s41586-019-0915-y
https://doi.org/10.1002/JLB.3HI0620-416R
https://doi.org/10.4049/jimmunol.0902497
https://doi.org/10.1016/j.cell.2017.12.026
https://doi.org/10.1016/j.immuni.2020.03.001
https://doi.org/10.1016/j.thromres.2016.01.009
https://doi.org/10.1016/j.thromres.2016.01.009
https://doi.org/10.1073/pnas.1909546117
https://doi.org/10.1073/pnas.1909546117
https://doi.org/10.1111/jth.13002
https://doi.org/10.1111/jth.13002
https://doi.org/10.1101/2021.03.15.434949
https://doi.org/10.1016/s1074-7613(00)80173-9
https://doi.org/10.1182/blood-2010-10-310532
https://doi.org/10.1182/blood-2010-10-310532
https://doi.org/10.1158/0008-5472.CAN-15-1591
https://doi.org/10.1158/0008-5472.CAN-15-1591
https://doi.org/10.1001/jamainternmed.2015.4838
https://doi.org/10.1111/imcb.12046
https://doi.org/10.1038/nm.4332
https://doi.org/10.1038/nm.4332
https://doi.org/10.1016/j.celrep.2020.107602
https://doi.org/10.1016/j.celrep.2020.107602
https://doi.org/10.1038/s41467-020-20733-9
https://doi.org/10.1038/s41467-020-20733-9
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1084/jem.20201803
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1038/s41586-019-1118-2
https://doi.org/10.1038/s41586-019-1118-2
https://doi.org/10.1084/jem.20220011

stem cell lineage commitment is a continuous process. Nat. Cell Biol. 19:
271-281. https://doi.org/10.1038/ncb3493

Vijay, J., M.F. Gauthier, R.L. Biswell, D.A. Louiselle, ]J.J. Johnston, W.A.
Cheung, B. Belden, A. Pramatarova, L. Biertho, M. Gibson, et al. 2020.
Single-cell analysis of human adipose tissue identifies depot and disease
specific cell types. Nat. Metab. 2:97-109. https://doi.org/10.1038/s42255
-019-0152-6

Vitale, I., G. Manic, L.M. Coussens, G. Kroemer, and L. Galluzzi. 2019. Mac-
rophages and metabolism in the tumor microenvironment. Cell Metab.
30:36-50. https://doi.org/10.1016/j.cmet.2019.06.001

Wang, H., F. Franco, Y.C. Tsui, X. Xie, M.P. Trefny, R. Zappasodi, S.R.
Mohmood, J. Fernandez-Garcia, C.H. Tsai, I. Schulze, et al. 2020a. CD36-
mediated metabolic adaptation supports regulatory T cell survival and
function in tumors. Nat. Immunol. 21:298-308. https://doi.org/10.1038/
$41590-019-0589-5

Wang, J., M. Hossain, A. Thanabalasuriar, M. Gunzer, C. Meininger, and P.
Kubes. 2017. Visualizing the function and fate of neutrophils in sterile
injury and repair. Science. 358:111-116. https://doi.org/10.1126/science
.aam9690

Wang, L., Z. Ai, T. Khoyratty, K. Zec, H.L. Eames, E. van Grinsven, A. Hudak,
S. Morris, D. Ahern, C. Monaco, et al. 2020b. ROS-producing immature
neutrophils in giant cell arteritis are linked to vascular pathologies. JCI
Insight. 5:e139163. https://doi.org/10.1172/jci.insight.139163

Wang, S., A. Blois, T. El Rayes, J.F. Liu, M..S. Hirsch, K. Gravdal, S. Palakurthi,
D.R. Bielenberg, L.A. Akslen, R. Drapkin, et al. 2016. Development of a
prosaposin-derived therapeutic cyclic peptide that targets ovarian
cancer via the tumor microenvironment. Sci. Transl Med. 8:329ra34.
https://doi.org/10.1126/scitranslmed.aad5653

Watson, M.J., P.D.A. Vignali, S.J. Mullett, A.E. Overacre-Delgoffe, R.M. Per-
alta, S. Grebinoski, A.V. Menk, N.L. Rittenhouse, K. DePeaux, R.D.
Whetstone, et al. 2021. Metabolic support of tumour-infiltrating regu-
latory T cells by lactic acid. Nature. 591:645-651. https://doi.org/10
.1038/541586-020-03045-2

Weculek, SK., V.L. Bridgeman, F. Peakman, and I. Malanchi. 2020. Early
neutrophil responses to chemical carcinogenesis shape long-term lung
cancer susceptibility. iScience. 23:101277. https://doi.org/10.1016/j.isci
.2020.101277

Weculek, S.K., and I. Malanchi. 2015. Neutrophils support lung colonization of
metastasis-initiating breast cancer cells. Nature. 528:413-417. https://
doi.org/10.1038/naturel6140

Weiss, M., AJ. Byrne, K. Blazek, D.G. Saliba, ].E. Pease, D. Perocheau, M.
Feldmann, and I.A. Udalova. 2015. IRF5 controls both acute and chronic
inflammation. Proc. Natl. Acad. Sci. USA. 112:11001-11006. https://doi
.org/10.1073/pnas.1506254112

Wellenstein, M.D., S.B. Coffelt, D.E.M. Duits, M.H. van Miltenburg, M.
Slagter, I. de Rink, L. Henneman, S.M. Kas, S. Prekovic, C.S. Hau, et al.
2019. Loss of p53 triggers WNT-dependent systemic inflammation to
drive breast cancer metastasis. Nature. 572:538-542. https://doi.org/10
.1038/541586-019-1450-6

Welte, T., 1.S. Kim, L. Tian, X. Gao, H. Wang, J. Li, X.B. Holdman, J.I
Herschkowitz, A. Pond, G. Xie, et al. 2016. Oncogenic mTOR signalling
recruits myeloid-derived suppressor cells to promote tumour initiation.
Nat. Cell Biol. 18:632-644. https://doi.org/10.1038/ncb3355

Wenisch, C., S. Patruta, F. Daxbock, R. Krause, and W. Horl. 2000. Effect of
age on human neutrophil function. J. Leukoc. Biol. 67:40-45. https://doi
.0rg/10.1002/jlb.67.1.40

Wilk, AJ., A. Rustagi, N.Q. Zhao, J. Roque, GJ. Martinez-Colon, J.L.
McKechnie, G.T. Ivison, T. Ranganath, R. Vergara, T. Hollis, et al. 2020.
A single-cell atlas of the peripheral immune response in patients with
severe COVID-19. Nat. Med. 26:1070-1076. https://doi.org/10.1038/
541591-020-0944-y

Wisdom, AJ., C.S. Hong, A.J. Lin, Y. Xiang, D.E. Cooper, J. Zhang, E.S. Xu, H.C.
Kuo, Y.M. Mowery, D.J. Carpenter, et al. 2019. Neutrophils promote
tumor resistance to radiation therapy. Proc. Natl. Acad. Sci. USA. 116:
18584-18589. https://doi.org/10.1073/pnas.1901562116

Wu, P., D. Wu, C. Nj, J. Ye, W. Chen, G. Hu, Z. Wang, C. Wang, Z. Zhang, W.
Xia, et al. 2014. y8T17 cells promote the accumulation and expansion of
myeloid-derived suppressor cells in human colorectal cancer. Immunity.
40:785-800. https://doi.org/10.1016/j.immuni.2014.03.013

Xia, S., H. Sha, L. Yang, Y. Ji, S. Ostrand-Rosenberg, and L. Qi. 2011. Gr-1+
CD11b+ myeloid-derived suppressor cells suppress inflammation and
promote insulin sensitivity in obesity. J. Biol. Chem. 286:23591-23599.
https://doi.org/10.1074/jbc.M111.237123

Xiao, Y., M. Cong, J. Li, D. He, Q. Wu, P. Tian, Y. Wang, S. Yang, C. Liang, Y.
Liang, et al. 2021. Cathepsin C promotes breast cancer lung metastasis

Quail et al.
Neutrophil heterogeneity in cancer

by modulating neutrophil infiltration and neutrophil extracellular trap
formation. Cancer Cell. 39:423-437.e7. https://doi.org/10.1016/j.ccell
.2020.12.012

Xie, X., Q. Shi, P. Wu, X. Zhang, H. Kambara, J. Su, H. Yu, S.Y. Park, R. Guo, Q.
Ren, et al. 2020. Single-cell transcriptome profiling reveals neutrophil
heterogeneity in homeostasis and infection. Nat. Immunol. 21:1119-1133.
https://doi.org/10.1038/541590-020-0736-z

Xu, X., S. Su, X. Wang, V. Barnes, C. De Miguel, D. Ownby, J. Pollock,
H. Snieder, W. Chen, and X. Wang. 2015. Obesity is associated
with more activated neutrophils in African American male
youth. Int. J. Obes. (Lond.) 39:26-32. https://doi.org/10.1038/ijo
.2014.194

Yajuk, O., M. Baron, S. Toker, T. Zelter, T. Fainsod-Levi, and Z. Granot. 2021.
The PD-L1/PD-1 axis blocks neutrophil cytotoxicity in cancer. Cells. 10:
1510. https://doi.org/10.3390/cells10061510

Yanez, A., S.G. Coetzee, A. Olsson, D.E. Muench, B.P. Berman, D.]. Hazelett, N.
Salomonis, H.L. Grimes, and H.S. Goodridge. 2017. Granulocyte-
monocyte progenitors and monocyte-dendritic cell progenitors inde-
pendently produce functionally distinct monocytes. Immunity. 47:
890-902.e4. https://doi.org/10.1016/j.immuni.2017.10.021

Yang, L., J. Huang, X. Ren, A.E. Gorska, A. Chytil, M. Aakre, D.P. Carbone,
L.M. Matrisian, A. Richmond, P. Charles Lin, and H.L. Moses. 2008.
Abrogation of TGF beta signaling in mammary carcinomas recruits Gr-
1+CD11b+ myeloid cells that promote metastasis. Cancer Cell. 13:23-35.
https://doi.org/10.1016/j.ccr.2007.12.004

Yang, L., Q. Liu, X. Zhang, X. Liu, B. Zhou, J. Chen, D. Huang, J. Li, H. Li, F.
Chen, et al. 2020. DNA of neutrophil extracellular traps promotes
cancer metastasis via CCDC25. Nature. 583:133-138. https://doi.org/10
.1038/541586-020-2394-6

Yipp, B.G., B. Petri, D. Salina, C.N. Jenne, B.N.V. Scott, L.D. Zbytnuik, K.
Pittman, M. Asaduzzaman, K. Wu, H.C. Meijndert, et al. 2012. Infection-
induced NETosis is a dynamic process involving neutrophil multi-
tasking in vivo. Nat. Med. 18:1386-1393. https://doi.org/10.1038/nm
.2847

Yousefi, S., C. Mihalache, E. Kozlowski, I. Schmid, and H.U. Simon. 2009.
Viable neutrophils release mitochondrial DNA to form neutrophil ex-
tracellular traps. Cell Death Differ. 16:1438-1444. https://doi.org/10.1038/
cdd.2009.96

Yuen, K.C,, L.F. Liu, V. Gupta, S. Madireddi, S. Keerthivasan, C. Li, D. Rish-
ipathak, P. Williams, E.E. Kadel 3rd, H. Koeppen, et al. 2020. High
systemic and tumor-associated IL-8 correlates with reduced clinical
benefit of PD-L1 blockade. Nat. Med. 26:693-698. https://doi.org/10
.1038/541591-020-0860-1

Zhang, D., G. Chen, D. Manwani, A. Mortha, C. Xu, J.J. Faith, R.D. Burk, Y.
Kunisaki, J.E. Jang, C. Scheiermann, et al. 2015. Neutrophil ageing is
regulated by the microbiome. Nature. 525:528-532. https://doi.org/10
.1038/naturel5367

Zhang, D., and P.S. Frenette. 2019. Cross talk between neutrophils and the
microbiota. Blood. 133:2168-2177. https://doi.org/10.1182/blood-2018-11
-844555

Zhu, Y.P., T. Eggert, D.J. Araujo, P. Vijayanand, C.H. Ottensmeier, and C.C.
Hedrick. 2020. CyTOF mass cytometry reveals phenotypically distinct
human blood neutrophil populations differentially correlated with
melanoma stage. J. Immunother. Cancer. 8:¢000473. https://doi.org/10
.1136/jitc-2019-000473

Zhu, Y.P., L. Padgett, H.Q. Dinh, P. Marcovecchio, A. Blatchley, R. Wu, E.
Ehinger, C. Kim, Z. Mikulski, G. Seumois, et al. 2018. Identification of an
early unipotent neutrophil progenitor with pro-tumoral activity in
mouse and human bone marrow. Cell Rep. 24:2329-2341.e8. https://doi
.org/10.1016/j.celrep.2018.07.097

Zilionis, R., C. Engblom, C. Pfirschke, V. Savova, D. Zemmour, H.D. Saat-
cioglu, I. Krishnan, G. Maroni, C.V. Meyerovitz, C.M. Kerwin, et al.
2019. Single-cell transcriptomics of human and mouse lung cancers
reveals conserved myeloid populations across individuals and species.
Immunity. 50:1317-1334.e10. https://doi.org/10.1016/j.immuni.2019.03
.009

Zuo, Y., S. Yalavarthi, H. Shi, K. Gockman, M. Zuo, J.A. Madison, C. Blair, A.
Weber, BJ. Barnes, M. Egeblad, et al. 2020a. Neutrophil extracellular
traps in COVID-19. JCI Insight. 5:e138999. https://doi.org/10.1172/jci
.insight.138999

Zuo, Y., S. Yalavarthi, H. Shi, K. Gockman, M. Zuo, ].A. Madison, C. Blair, A.
Weber, BJ. Barnes, M. Egeblad, et al. 2020b. Neutrophil extracellular
traps (NETs) as markers of disease severity in COVID-19. medRxiv.
https://doi.org/10.1101/2020.04.09.20059626 (Preprint posted April 14,
2020)

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20220011

620z Jequiade( G0 uo 3senb Aq ypd-| 1002202 Wel/LSSH08L/L 10022028/9/6 L z/4pd-eoie/wal/Bi0 sseidnyj/:dny wouy papeojumoq

230f 23


https://doi.org/10.1038/ncb3493
https://doi.org/10.1038/s42255-019-0152-6
https://doi.org/10.1038/s42255-019-0152-6
https://doi.org/10.1016/j.cmet.2019.06.001
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1038/s41590-019-0589-5
https://doi.org/10.1126/science.aam9690
https://doi.org/10.1126/science.aam9690
https://doi.org/10.1172/jci.insight.139163
https://doi.org/10.1126/scitranslmed.aad5653
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1038/s41586-020-03045-2
https://doi.org/10.1016/j.isci.2020.101277
https://doi.org/10.1016/j.isci.2020.101277
https://doi.org/10.1038/nature16140
https://doi.org/10.1038/nature16140
https://doi.org/10.1073/pnas.1506254112
https://doi.org/10.1073/pnas.1506254112
https://doi.org/10.1038/s41586-019-1450-6
https://doi.org/10.1038/s41586-019-1450-6
https://doi.org/10.1038/ncb3355
https://doi.org/10.1002/jlb.67.1.40
https://doi.org/10.1002/jlb.67.1.40
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1038/s41591-020-0944-y
https://doi.org/10.1073/pnas.1901562116
https://doi.org/10.1016/j.immuni.2014.03.013
https://doi.org/10.1074/jbc.M111.237123
https://doi.org/10.1016/j.ccell.2020.12.012
https://doi.org/10.1016/j.ccell.2020.12.012
https://doi.org/10.1038/s41590-020-0736-z
https://doi.org/10.1038/ijo.2014.194
https://doi.org/10.1038/ijo.2014.194
https://doi.org/10.3390/cells10061510
https://doi.org/10.1016/j.immuni.2017.10.021
https://doi.org/10.1016/j.ccr.2007.12.004
https://doi.org/10.1038/s41586-020-2394-6
https://doi.org/10.1038/s41586-020-2394-6
https://doi.org/10.1038/nm.2847
https://doi.org/10.1038/nm.2847
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1038/cdd.2009.96
https://doi.org/10.1038/s41591-020-0860-1
https://doi.org/10.1038/s41591-020-0860-1
https://doi.org/10.1038/nature15367
https://doi.org/10.1038/nature15367
https://doi.org/10.1182/blood-2018-11-844555
https://doi.org/10.1182/blood-2018-11-844555
https://doi.org/10.1136/jitc-2019-000473
https://doi.org/10.1136/jitc-2019-000473
https://doi.org/10.1016/j.celrep.2018.07.097
https://doi.org/10.1016/j.celrep.2018.07.097
https://doi.org/10.1016/j.immuni.2019.03.009
https://doi.org/10.1016/j.immuni.2019.03.009
https://doi.org/10.1172/jci.insight.138999
https://doi.org/10.1172/jci.insight.138999
https://doi.org/10.1101/2020.04.09.20059626
https://doi.org/10.1084/jem.20220011

	Neutrophil phenotypes and functions in cancer: A consensus statement
	Introduction
	The unheeded complexity of neutrophil heterogeneity in cancer
	Outline placeholder
	Tumor regulation of neutrophil quantity
	Tumor regulation of neutrophil quality
	Neutrophil phenotypes driven by the host environment
	Physiologic states that influence neutrophil biology
	Pathologic states that influence neutrophil biology
	Neutrophils with an anti
	Neutrophil heterogeneity is observed throughout granulopoiesis


	Discrepancies in neutrophil research and proposed solutions
	Concluding remarks: Open questions in neutrophil biology and cancer
	Acknowledgments
	References


