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Simple Summary: Neutrophils are a type of white blood cell that also play a role in cancer. They have
been shown to influence various aspects of the disease, including resistance to therapy. The role of
neutrophils in cancer is now known to involve the extrusion of their DNA in a process called NETosis.
The resulting protein-covered DNA webs are called neutrophil extracellular traps (NETs), which
have been shown to interact with cancer cells. This interaction is now thought to drive resistance
to various cancer therapies, including chemotherapy, immunotherapy, and radiation therapy. The
evidence now suggests that NETs may be central facilitators of therapy resistance, bringing cancer
cells into proximity with various proteins and factors, and driving multiple mechanisms concurrently.
This paper will therefore provide an overview of current evidence implicating NETs in cancer therapy
resistance and potential clinical applications.

Abstract: Neutrophils and their products are increasingly recognized to have a key influence on
cancer progression and response to therapy. Their involvement has been shown in nearly every
aspect of cancer pathophysiology with growing evidence now supporting their role in resistance
to a variety of cancer therapies. Recently, the role of neutrophils in cancer progression and therapy
resistance has been further complicated with the discovery of neutrophil extracellular traps (NETs).
NETs are web-like structures of chromatin decorated with a variety of microbicidal proteins. They
are released by neutrophils in a process called NETosis. NET-dependent mechanisms of cancer
pathology are beginning to be appreciated, particularly with respect to tumor response to chemo-,
immuno-, and radiation therapy. Several studies support the functional role of NETs in cancer
therapy resistance, involving T-cell exhaustion, drug detoxification, angiogenesis, the epithelial-to-
mesenchymal transition, and extracellular matrix remodeling mechanisms, among others. Given
this, new and promising data suggests NETs provide a microenvironment conducive to limited
therapeutic response across a variety of neoplasms. As such, this paper aims to give a comprehensive
overview of evidence on NETs in cancer therapy resistance with a focus on clinical applicability.

Keywords: neutrophil extracellular traps; cancer therapy; inflammation

1. Introduction

Inflammation has long been recognized as a key component of cancer pathophysiol-
ogy [1]. It is increasingly apparent that the complex orchestra of immune cells comprising
the innate and adaptive immune system are implicated in the growth, invasion, and spread
of tumor cells [1,2]. More specifically, neutrophils are increasingly being recognized as
central to cancer outcomes, and their well-established role in tumor development make
them and their derivatives potential therapeutic targets [3–6]. The population of cells
classified as neutrophils is heterogeneous, owing to the great diversity of genetic expression
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profiles and roles in immunity and disease [3,7]. In the context of human cancers, neu-
trophils are known to play a dual role as pro- or anti-tumor [3,5,8,9]. Neutrophil-dependent
cancer progression is known to occur through the elaboration of reactive oxygen species,
myeloperoxidase (MPO), and the programmed death receptor 1 (PD-1)/programmed death
receptor ligand 1 (PD-L1) axis, among other mechanisms [5]. From a clinical standpoint,
the association between poor outcomes and higher circulating neutrophil-to-lymphocyte
ratio has underscored interest surrounding the role of the neutrophil in cancer [4,10–14].

The discovery of neutrophil extracellular traps (NETs) has revealed this role to be more
complex than originally envisioned [7,15]. In a process called NETosis, neutrophils extrude
networks of peptide-decorated decondensed chromatin called NETs, which enhance the
immune response through pathogen sequestration [3,15]. Classical NETosis culminates
in cell lysis, but a non-lytic, vital NETosis pathway has also been described [16,17]. The
classical pathway has been the focus of cancer immunology, but the role of vital NETosis
is of increasing interest [17]. In both immunity and disease, the adhesive capabilities of
NETs underscore their function [17]. They are known to sequester not only pathogens
but also neoplastic cells in the context of cancer [3,17,18]. The formation and biological
activity of NETs involves various peptides that have been implicated in cancer progression
and resistance to therapy [3,19,20]. NETs are decorated with a variety of proteins, among
them neutrophil elastase (NE), cathepsin G (CG), and matrix metalloproteinase 9 (MMP-9),
all of which have been implicated in cancer progression [3,19,21–24]. Evidence generated
by our group and others has implicated NETs as pro-tumorigenic agents that potentiate
cancer metastasis, leading to increased interest over their influence on response to ther-
apy [3,15,17,18,22,25–28]. Consequently, NETs as therapeutic targets in the treatment of
human cancers is increasingly being explored.

The landscape of NETs in cancer is quickly changing thanks to new basic and clinical
research implicating them in resistance to cancer therapies. Chemo-, immuno-, and radi-
ation therapy are critical components of cancer treatment, so the development of novel
strategies to mitigate resistance to these modalities is of vital importance [29–31]. This
paper therefore aims to give a comprehensive overview of the current evidence supporting
the role of NETs in cancer therapy resistance with special focus on clinical applicability.

2. Neutrophils in Cancer Therapy Resistance

Neutrophil recruitment and activation are well-established as hallmarks of cancer-
associated inflammation [7,24,32]. Moreover, existing evidence supports a role for neu-
trophils and neutrophil-derived elements in response to cancer therapy [33–37]. Tumor-
associated neutrophils (TANs) are important components of the tumor microenvironment
(TME), which is thought to play a central role in cancer therapy resistance [9,33–38]. Neu-
trophils have been shown to produce soluble factors like cytokines and chemokines that
potentiate cancer cell-survival mechanisms and consequently inhibit response to ther-
apy [6,7,36,39–45]. This observation is underscored by clinical findings that show improved
therapeutic response and prognosis in patients with mild chemotherapy-induced neu-
tropenia [46–56]. The similar trend elucidated across these studies is notable since it
suggests that inhibiting TANs may improve response to chemotherapy independent of
other confounders. The association between neutropenia and improved prognosis was
originally considered a coincidence. It is now proposed, however, that neutropenia is not
just a marker for sufficient therapeutic dosing but also evidence of TAN-dependent mecha-
nisms of resistance [21,39,46,49]. The involvement of neutrophils in treatment resistance is
well-described, leading to interest regarding NETosis as a mechanism thereof [57–60].

3. The Functional Role of NETs in Cancer Therapy Resistance

Current and emerging treatments for cancer include chemotherapy, immunotherapy,
and radiation therapy, yet resistance remains a cause for poor prognosis. Building upon
the role of neutrophils in cancer progression and resistance to therapy, recent evidence
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has implicated NETosis as a central mechanism of resistance to chemo-, immuno-, and
radiation therapy (Figure 1).

3.1. NETs in Chemotherapy Resistance

Although few studies examine the clinical association between circulating NET levels
and response to chemotherapy, preliminary in vitro and in vivo data supports NETosis as
a mechanism of chemoresistance (Figure 1). Dr. Nefedova’s group [57] reported that neu-
trophils exhibited potent chemoprotective effects and played a functional role in promoting
multiple myeloma (MM) cell survival in response to doxorubicin. Notably, the researchers
reproduced this finding with human cells, finding that mature neutrophils from the bone
marrow of MM patients protected various MM cell lines from doxorubicin [57]. Mecha-
nistically, neutrophil-dependent chemoprotection seems to be driven by soluble factors
produced by TANs in TME [57]. The same group later built upon this work by demonstrat-
ing NETosis as a mechanism of this neutrophil-dependent MM chemoresistance [61]. The
researchers’ imaging flow cytometry and confocal microscopy results showed that NETs
could be internalized by neoplastic cells and subsequently bind to and detoxify various
anthracycline drugs such as doxorubicin (Figure 1) [61]. Degrading NETs through DNase
treatment abrogated the observed effect and restored chemosensitivity in their animal
models, demonstrating a functional role for NETs in chemoresistance [61]. Although this
finding has yet to be corroborated in other tumors, this emerging evidence is notable since
it raises NETs as therapeutic targets for the improvement of chemotherapy response.

3.2. NETs in Immunotherapy Resistance

Immunotherapy is an emerging systemic cancer therapy and several clinical trials
have shown promising results for checkpoint blockade immunotherapy across various
neoplasms [62–72]. Several checkpoint inhibitor drugs have been developed that target the
PD-1/PD-L1 axis, promoting T cell activity against cancer [30,73–75]. Levels of circulating
neutrophils have been previously associated with poor response to checkpoint blockade
immunotherapies, and recent evidence has implicated NETosis as a possible mechanism
of such resistance [59,76–78]. NETs were shown to underscore immunotherapy resistance
in pancreatic ductal adenocarcinoma by Zhang et al. [77], who reported that neutrophils
recruited by interleukin-17 (IL-17) undergo NETosis and bar CD8+ T cells from cancer cells
(Figure 1). The researchers found that IL-17 blockade was able to sensitize the neoplasms
to checkpoint blockade [77]. Interestingly, abrogating NETosis was found to lead to the
same immunotherapy-sensitive phenotype, demonstrating a functional role for NETs
in immunotherapy resistance [77]. Although human data on NETs in immunotherapy
resistance remains scant, the preclinical data reported from Zhang et al. nonetheless points
to the relevance of NETs in fostering an immunosuppressive TME that abrogates efficacy of
immunotherapy (Figure 1) [77].

Such NET-associated immunosuppression was further corroborated by Teijeira
et al. [76] who found that CXCR1 and CXCR2 chemokine receptor agonists induced the
production of NETs, which in turn protected tumor-cells from immune cytotoxicity, curtail-
ing the efficacy of checkpoint blockade. In vitro, the researchers reported that NETs coat
tumor cells, physically obstructing contact with CD8+ T cells and natural killer cells [76].
Such cytotoxic protection was verified as NET-dependent since DNase 1 treatment restored
proper effector-target contact and the consequent killing of cancer cells [76]. Their intravital
microscopy experiments in murine models of Lewis lung carcinoma validated these conclu-
sions in vivo [76]. The clinical relevance of this study is underscored by their finding that
NETs act as described to limit response to checkpoint blockade immunotherapy, the efficacy
of which was restored with the pharmacological targeting of NETs [76]. This data supports
the need to further investigate the combinatorial use of NET-targeting therapeutics in
patients that would otherwise respond poorly to immunotherapy.
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3.3. NETs in Radiation Therapy Resistance

Radiation therapy is used as a treatment modality for a variety of neoplasms, yet a
substantial proportion of patients present with resistance, complicating the local control
of tumors [60,79,80]. Recent evidence has implicated NETs in playing a functional role
in such radioresistance, supporting NET inhibition as a modality for restoring treatment
sensitivity (Figure 1) [81]. Shinde-Jadhav et al. [81] reported radiation-induced NETosis
as a mechanism of radioresistance in murine models of muscle invasive bladder cancer
(Figure 1). The researchers found that tumor irradiation induced the elaboration of NETs,
which in turn played a functional role in radiotherapy resistance [81]. Inhibiting NETosis
or NET degradation through neutrophil elastase inhibitor (NEi) or DNase 1 respectively
led to sensitization to radiation therapy, highlighting the use of these agents as modalities
to mitigate radiation therapy resistance [81]. Importantly, the researchers demonstrated
clinical relevance, reporting that a higher proportion of patients who responded poorly
to radiation therapy had NETs in their tumors, and such deposition was associated with
poorer overall survival, independent of other confounders [81]. NETs thus seem to have a
pivotal influence on radiation therapy resistance [81]. Further clinical exploration of novel
combinatorial regimens involving NETosis inhibition or NET degradation could potentially
improve therapeutic response.

4. NET Components in Cancer Therapy Resistance

The evidence presented thus far highlights that NETs likely contribute to resistance
to a variety of gold-standard and emerging cancer therapies. While a functional role for
NETs in chemo-, immuno-, and radiation therapy has been reported, further elaborating
the involvement of NET components in such resistance could allow for novel methods
of therapeutic targeting [61,77,81]. While there are many NET components, five have
been well-described within the context of cancer therapy resistance. NE, MMP-9, and CG
decorate NETs and have been studied in treatment resistance [3]. Additionally, other factors,
such as PD-(L)1 and carcinoembryonic antigen cell adhesion molecule 1 (CEACAM1), have
been explored in the context of NET-dependent immunotherapy resistance. The subsequent
sections of this review will therefore focus on the postulated mechanisms of therapeutic
resistance involving these NET-associated proteins.

4.1. Neutrophil Elastase

NE is a serine protease that is found in azurophilic granules and potentiates the
microbicidal activity of neutrophils [3,19,82]. NE is released into the extracellular space
during degranulation and NETosis [3,17,19,20,82]. NE is implicated in various physiological
and pathological events, including inflammation, ECM degradation and the progression of
cancer [3,19]. The pro-tumorigenic properties of NE have increased interest regarding its
influence on the response to therapy [3,19].

Pre-clinical and clinical evidence suggests NE could promote systemic treatment resis-
tance through inducing the epithelial-to-mesenchymal transition (EMT) (Figure 1) [83–85].
EMT is a well-recognized hallmark of cancer, characterized by a biochemical cascade that
promotes metastasis [85–88]. The cell changes to a mesenchymal phenotype with greater
migratory and antiapoptotic capacity [85–91]. Thus, EMT promotes enhanced malignancy
and resistance to chemo- and immunotherapies [85]. The association between EMT and
such systemic therapy resistance has been described across tumor sub-types, but largely
without reference to NETs [85,92–98]. With that said, evidence has emerged supporting
neutrophil infiltration in the TME as a driver of EMT through NE-activity [19,82,99–102].
The relevance of NE to EMT and associated treatment resistance is particularly striking
considering recent evidence on the role of NETs in EMT [83,84]. Various groups have
reported that NETs enhanced the migratory ability of cancer cells and upregulated various
EMT markers [83,84]. Such effects were abrogated with DNAse-1 treatment, suggesting
that NETs play a functional role in promoting EMT, perhaps through NE activity [83,84].
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A NET-dependent, NE-mediated EMT pathway of resistance could be pharmacologically
targeted to restore treatment sensitivity, yet this hypothesis remains to be further explored.

4.2. Matrix Metalloproteinase 9

Matrix metalloproteinases are a family of endopeptidases that can degrade various
components of the tumor microenvironment [103]. MMP-9 is a neutrophil-derived pro-
tein that is known to facilitate cancer progression through extracellular matrix (ECM)
degradation [40,103–107]. Furthermore, recent evidence has elaborated MMP-9-associated
chemoresistance [108,109]. Gao et al. [108] conducted immunohistochemical staining of
cancerous and healthy tissue samples obtained from advanced primary gastric cancer
patients and found that the positive expression of MMP-9 and associated ECM degradation
and angiogenesis markers were associated with poor response to chemotherapy. Yang
et al. [109] corroborated this finding by showing that MMP-9 inhibition improved the
response of colorectal cancer cells to chemotherapy in vitro. Although functional data
examining MMP-9 in the context of therapeutic resistance is scant, emerging clinical data
associates elevated MMP-9 and poor response to systemic treatment.

Moreover, existing evidence implicates neutrophil-derived MMP-9 in therapeutic
resistance. One such mechanism is angiogenesis, which is known to complicate cancer ther-
apeutic management since the formation of abnormal tumor vascular network inhibits the
diffusion of chemotherapeutic agents [6,110,111]. Hawinkels et al. [105] studied neutrophil
MMP-9-mediated colorectal cancer angiogenesis, analyzing plasma and tissue samples
from patients undergoing resection for primary colorectal cancer. The researchers reported
elevated leukocyte-derived MMP-9 in the tumors of these patients, which was correlated
with the expression of various markers of angiogenesis [105]. Their research thus corrobo-
rates that TANs are a major source of MMP-9 and key promoters of angiogenesis, which
is intriguing given the well-established association between angiogenesis and systemic
therapy resistance (Figure 1) [35,105,106,112,113]. With all of this said, the current data on
neutrophil MMP-9 in treatment resistance is promising, but further research is needed to
elaborate a functional role and evaluate therapeutic targeting.

4.3. Cathepsin G

Pre-clinical and clinical evidence directly implicating CG in resistance to therapy is
scant, yet the protein is known to drive ECM remodeling and angiogenesis, which are mech-
anisms associated with cancer progression and resistance to therapy (Figure 1) [3,114,115].
Furthermore, there exists evidence associating cathepsin G expression with an aggressive
neoplastic phenotype that is associated with treatment resistance [116,117]. Further re-
search is needed, however, to elaborate any cathepsin G-dependent processes that may
influence such resistance to therapy.

4.4. Carcinoembryonic Antigen Cell Adhesion Molecule 1

In a recent study, our group identified CEACAM1 as a NET-associated protein respon-
sible for enhanced metastatic potential [118]. CEACAM1 is a transmembrane glycoprotein
belonging to the carcinoembryonic antigen (CEA) family of proteins, which are known
to play functional roles in cancer progression and neutrophil activation [118–120]. We
showed that CEACAM1, which is known to decorate NETs, facilitates pro-metastatic NET-
dependent interactions, enhancing colon carcinoma cell adhesion and migration in vitro
and in vivo [118]. Our data thus established a functional role for NET-associated CEA-
CAM1 in cancer, leading to renewed interest over its potential influence on response to
therapy as well [118].

A growing number of pre-clinical and clinical studies have in turn associated CEA-
CAM1 with resistance to systemic therapy [119–124]. Ortenberg et al. [122] conducted a
longitudinal retrospective study to evaluate association between serum CEACAM1 expres-
sion and response to immunotherapy in progressive melanoma patients, reporting that
the protein was elevated over time in poor responders. Additionally, Huang et al. [121]
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elaborated the mechanistic underpinnings of CEACAM1-associated immunotherapy re-
sistance, finding that the protein regulates T-cell exhaustion through interactions with
T-cell immunoglobulin domain and mucin domain-3 (TIM-3) (Figure 1). T cell exhaustion
is a dysfunctional phenotype that is characterized by attenuated effector activity against
cancer cells, allowing for tumor progression [125]. TIM-3 and CEACAM1 co-expression
was thus associated with an immunosuppressive TME conducive to cancer progression and
therapy resistance (Figure 1) [121]. These results were later corroborated in clinical cohorts
of colorectal and head and neck cancer patients underscoring the clinical relevance of this
work [123,124]. With that said, it stands to reason that therapeutically targeting NETs in
conjunction with CEACAM1 could potentially restore sensitivity to immunotherapy, but
this hypothesis remains to be tested.

4.5. PD-(L)1

T cell activity against both pathogens and cancers is regulated by the membrane
receptor PD-1 which can drive T cell exhaustion upon interacting with its ligand PD-
L1 [125]. T cell exhaustion is, in turn, a well-described mechanism of cancer progression
and resistance to immunotherapy [125–127]. A recent study by Dr. Tohme’s group found
NETs can play a functional role in T cell exhaustion and potentially, immunotherapy
resistance [128]. The researchers reported that human and murine neutrophils extruded
NETs decorated with PD-L1, which in turn drove T cell exhaustion in vitro (Figure 1) [128].
Such NET-dependent T-cell exhaustion was abrogated with DNase, supporting the use
of NET-targeting therapeutics to restore proper T cell activity against cancer [128]. T-cell
exhaustion could therefore be a mechanism underlying the functional role of NETs in
immunotherapy resistance, supporting the need for further study and clinical translation
(Figure 1) [128].

Figure 1. Involvement of NETs in resistance to systemic and local cancer therapies. NETs are DNA
webs extruded by neutrophils and associated with NE, MMP-9, CG, CEACAM1, and PD-L1 proteins,
among others. These proteins are known to drive mechanisms associated with neoplastic resistance
to systemic and local therapies. NETs may promote a microenvironment that favors the development
of such a phenotype by sequestering tumor cells, bringing them into contact with these proteins, and
driving multiple mechanisms of resistance concurrently. The functional role of NETs in resistance to
chemo-, immuno-, and radiation therapy has been reported [61,76,77,81,128]. Proposed mechanisms
thereof include NETs coating neoplasms and preventing contact with cytotoxic immune cells, T-cell
exhaustion through CEACAM1/TIM-3 interactions and the PD-1/PD-L1 axis, drug detoxification,
angiogenesis through CG and MMP-9 activity, and NE-dependent EMT, among others. Created with
BioRender.com (accessed on 28 January 2022).

BioRender.com
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5. Clinical Relevance of NETs in Resistance to Cancer Therapy

Building upon the hypothesis that NETs promote treatment resistance, future clinical
applications could involve both monitoring and pharmacological targeting of NETs to
predict and improve response to therapy. The culminating section of this review will
therefore highlight potential clinical applications of NETs in the management of treatment-
resistant neoplasms.

5.1. NETs and Monitoring Therapeutic Response

Building upon studies examining NETs in cancer therapy resistance, using circulating
NET levels to monitor therapeutic response is a potential clinical application (Figure 2).
Studies examining the association between circulating NET levels and response to therapy
remain scant, but evidence has emerged suggesting a relationship between elevated plasma
cell-free DNA (cfDNA) and resistance to therapy. Neutrophils could be a source of this
cfDNA, and we have previously suggested cfDNA monitoring to predict cancer progression
and therapeutic response [3].

Indeed, emerging evidence supports an association between circulating nucleosomes
and response to therapy. Nucleosomes are a type of cfDNA composed of double stranded
DNA and histones [3]. Holdenrieder et al. [129] studied the use of circulating nucleosomal
DNA as a biomarker for chemotherapy response. The researchers analyzed nucleosome
levels throughout the first cycle and at the start of every subsequent chemotherapy cycle in
patients diagnosed with stage III or IV non-small cell lung cancer [129]. They showed that
improved response to therapy correlated with lower nucleosome levels before the second
and third cycle of chemotherapy, independent of other confounders [129]. Various other
groups have in turn shown cfDNA levels predict limited response to chemotherapy and
immunotherapy in various cancers [130–139]. This human data is notable since it suggests a
pan-cancer clinical association between elevated cfDNA and limited therapeutic response.

While most research thus far has focused on the tumor as the dominant source of
cfDNA, our group has previously suggested neutrophils as additional contributors [3].
This hypothesis is based on clinical and basic science research that showed cfDNA can be
neutrophil-derived and characteristically similar to NETs [3,140]. Therefore, the elevated
cfDNA observed in patients presenting treatment resistance could be attributed in part
to NETosis, supporting the use of NETs as cancer biomarkers. To that end, the detection
and measurement of NETs in blood has been demonstrated using sensitive and specific
signatures, including associated proteins such as NE and MPO; citrullinated histone H3;
and, recently, NET-specific histone H3 clipping [141–143]. These markers distinguish NETs
from other tumor-derived cfDNA, raising the possibility of clinical translation [141–143].
Considering the functional data reported herein implicating NETs in treatment resistance,
the future study of NETs as biomarkers for resistance to therapy could allow for novel
clinical tests to predict response (Figure 2).

5.2. NETs as Targets for Combinatorial Cancer Therapy

Mitigating cancer treatment resistance is of vital importance, and the in vitro, in vivo,
and clinical evidence presented herein points to NET degradation and NETosis inhibition
as potential modalities thereof (Figure 2). Our group and others have shown that neu-
trophil elastase inhibitor (NEi) and DNase 1 can inhibit the NET-dependent mechanisms
of cancer progression and therapeutic resistance (Figure 2) [18,26,28,61,81,118,128]. Given
their established safety and efficacy profiles in non-cancer contexts, the use of these drugs
in cancer therapy regimens is worth considering.

DNase is used for the treatment of various conditions, including cystic fibrosis,
empyema, and recently SARS-COV-2 [3,144]. Although there are no clinical trials inves-
tigating the use of DNase in the management of treatment-resistant cancers, pre-clinical
studies in cancer have yielded promising results [18,26,28,61,118,128]. The use of DNase
to degrade NETs is being explored in non-cancer contexts, among them the treatment of
COVID-19 patients in the ongoing DISCONNECT-1 trial [144–146]. Across the pre-clinical
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and clinical studies thus referred to, the safety and efficacy of DNase is well-described,
supporting further clinical exploration of its use in cancer (Figure 2).

NEi has also been proposed as a possible addition to current curative cancer therapy
regimens [3,18,26,28]. NE activity is necessary for NETosis to occur so inhibiting this
protein could disrupt NET extrusion and the associated treatment resistance [20,82,147,148].
Although clinical studies investigating the anti-tumor effects of NEi remain scant, interest
surrounding its use in various clinical contexts has only increased with time. The clinical
utility of NEi has been studied in the treatment of acute respiratory distress syndrome, in
cancer patients undergoing video-assisted thoracoscopic esophagectomy, and recently in
the management of COVID-19 [3,145,149–152]. Although these are non-cancer contexts,
this work nonetheless highlights the drug’s efficacy and safety, supporting the need for
further investigation of its use against cancers (Figure 2).

Figure 2. NETs are relevant for the clinical management of cancer. The emerging role of NETs
in cancer progression and treatment resistance highlights their relevance to the management of
aggressive cancers. Their status as a potential therapeutic target is underscored by their well-
described functional role in various mechanisms of treatment resistance [61,76,77,81,128]. Targeting
NETs pharmacologically offers a novel avenue to mitigate poor treatment efficacy and ultimately
improve outcomes across neoplasms. Potential modalities thereof include the use of DNase and/or
NEi. In additional to a therapeutic target, NETs may allow for enhanced prognostication and
monitoring of response as a clinical biomarker [3]. The potential implications of NETs for cancer care
could be realized through a combination of NET-targeting therapy along with regular monitoring.
Created with BioRender.com (accessed on 28 January 2022).

6. Conclusions

NETosis is a critical mechanism of neutrophil biology, yet its significance in the clinical
management of cancer is only beginning to be appreciated. The nuances of NETs in cancer
continue to be explored, yet what is already apparent is that these DNA webs can have
disastrous consequences for patients. The emerging role of NETs in resistance to chemo,
immuno-, and radiation therapy is particularly notable given the importance of treatment
sensitivity to outcomes.

There are likely multiple mechanisms underpinning NET-dependent treatment re-
sistance. As reviewed herein, NETs have been shown to attenuate the efficacy of chemo,
immuno-, and radiotherapy through the activity of a variety of associated proteins and

BioRender.com
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factors in the TME. Both the clinical and basic science data outlined in this paper support
the need for the further investigation of NET-dependent interactions that allow neoplasms
to resist various therapies. Given this, we hypothesize that NETs promote a TME conducive
to treatment resistance. Within this environment, NETs could possibly act to bring neo-
plastic cells in contact with the various proteins and factors that potentiate mechanisms of
resistance covered in this review. NETs may be central facilitators of treatment resistance,
driving multiple pathways concurrently.

Despite the evidence linking NETs to such treatment resistance, there are currently no
clinical trials investigating the therapeutic targeting of NETs in cancer patients. With that
said, the wealth of data associating NETs with resistance to cancer therapy may yet have
intriguing implications for patient care. Further the investigation of NETs in resistance
to therapy could lead to the development of NET-targeting therapies that may improve
response to treatment and prognosis. Clinically measuring NETs could allow for efficient
prognostication and therapeutic response monitoring. Taken together, the emerging role for
NETs in resistance to cancer therapy underscores the need for targeting cancer-associated
inflammation, of which NETs are one component. The human, in vitro, and in vivo data
outlined herein supports therapeutically targeting NETs in cancer care.

Author Contributions: Conceptualization, M.H.S. and J.J.C.-L.; methodology, M.H.S. and J.J.C.-L.;
writing—original draft preparation, M.H.S. and J.J.C.-L.; writing—review and editing, M.H.S., L.F.,
X.S., A.B., I.D.-D., L.E.F., J.D.S., and J.J.C.-L.; supervision, J.J.C.-L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [CrossRef] [PubMed]
2. Gonzalez, H.; Hagerling, C.; Werb, Z. Roles of the immune system in cancer: From tumor initiation to metastatic progression.

Genes Dev. 2018, 32, 1267–1284. [CrossRef] [PubMed]
3. Cools-Lartigue, J.; Spicer, J.; Najmeh, S.; Ferri, L. Neutrophil extracellular traps in cancer progression. Cell. Mol. Life Sci. 2014, 71,

4179–4194. [CrossRef] [PubMed]
4. Shaul, M.E.; Fridlender, Z.G. Tumour-associated neutrophils in patients with cancer. Nat. Rev. Clin. Oncol. 2019, 16, 601–620.

[CrossRef] [PubMed]
5. Powell, D.R.; Huttenlocher, A. Neutrophils in the Tumor Microenvironment. Trends Immunol. 2016, 37, 41–52. [CrossRef]
6. Mizuno, R.; Kawada, K.; Itatani, Y.; Ogawa, R.; Kiyasu, Y.; Sakai, Y. The Role of Tumor-Associated Neutrophils in Colorectal

Cancer. Int. J. Mol. Sci. 2019, 20, 529. [CrossRef]
7. Burn, G.L.; Foti, A.; Marsman, G.; Patel, D.F.; Zychlinsky, A. The Neutrophil. Immunity 2021, 54, 1377–1391. [CrossRef]
8. Liu, Y.; Liu, L. The pro-tumor effect and the anti-tumor effect of neutrophils extracellular traps. Biosci. Trends 2020, 13, 469–475.

[CrossRef]
9. Hinshaw, D.C.; Shevde, L.A. The Tumor Microenvironment Innately Modulates Cancer Progression. Cancer Res. 2019, 79,

4557–4566. [CrossRef]
10. Capone, M.; Giannarelli, D.; Mallardo, D.; Madonna, G.; Festino, L.; Grimaldi, A.M.; Vanella, V.; Simeone, E.; Paone, M.; Palmieri,

G.; et al. Baseline neutrophil-to-lymphocyte ratio (NLR) and derived NLR could predict overall survival in patients with advanced
melanoma treated with nivolumab. J. Immunother. Cancer 2018, 6, 74. [CrossRef]

11. Diem, S.; Schmid, S.; Krapf, M.; Flatz, L.; Born, D.; Jochum, W.; Templeton, A.J.; Früh, M. Neutrophil-to-Lymphocyte ratio (NLR)
and Platelet-to-Lymphocyte ratio (PLR) as prognostic markers in patients with non-small cell lung cancer (NSCLC) treated with
nivolumab. Lung Cancer 2017, 111, 176–181. [CrossRef] [PubMed]

12. Feng, Z.; Wen, H.; Bi, R.; Ju, X.; Chen, X.; Yang, W.; Wu, X. Preoperative Neutrophil-to-Lymphocyte Ratio as a Predictive and
Prognostic Factor for High-Grade Serous Ovarian Cancer. PLoS ONE 2016, 11, e0156101. [CrossRef] [PubMed]

13. Van Soest, R.J.; Templeton, A.J.; Vera-Badillo, F.E.; Mercier, F.; Sonpavde, G.; Amir, E.; Tombal, B.; Rosenthal, M.; Eisenberger,
M.A.; Tannock, I.F.; et al. Neutrophil-to-lymphocyte ratio as a prognostic biomarker for men with metastatic castration-resistant
prostate cancer receiving first-line chemotherapy: Data from two randomized phase III trials. Ann. Oncol. 2015, 26, 743–749.
[CrossRef] [PubMed]

14. Wu, Y.; Li, C.; Zhao, J.; Yang, L.; Liu, F.; Zheng, H.; Wang, Z.; Xu, Y. Neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios
predict chemotherapy outcomes and prognosis in patients with colorectal cancer and synchronous liver metastasis. World J. Surg.
Oncol. 2016, 14, 289. [CrossRef] [PubMed]

http://doi.org/10.1038/nature01322
http://www.ncbi.nlm.nih.gov/pubmed/12490959
http://doi.org/10.1101/gad.314617.118
http://www.ncbi.nlm.nih.gov/pubmed/30275043
http://doi.org/10.1007/s00018-014-1683-3
http://www.ncbi.nlm.nih.gov/pubmed/25070012
http://doi.org/10.1038/s41571-019-0222-4
http://www.ncbi.nlm.nih.gov/pubmed/31160735
http://doi.org/10.1016/j.it.2015.11.008
http://doi.org/10.3390/ijms20030529
http://doi.org/10.1016/j.immuni.2021.06.006
http://doi.org/10.5582/bst.2019.01326
http://doi.org/10.1158/0008-5472.CAN-18-3962
http://doi.org/10.1186/s40425-018-0383-1
http://doi.org/10.1016/j.lungcan.2017.07.024
http://www.ncbi.nlm.nih.gov/pubmed/28838390
http://doi.org/10.1371/journal.pone.0156101
http://www.ncbi.nlm.nih.gov/pubmed/27203425
http://doi.org/10.1093/annonc/mdu569
http://www.ncbi.nlm.nih.gov/pubmed/25515657
http://doi.org/10.1186/s12957-016-1044-9
http://www.ncbi.nlm.nih.gov/pubmed/27852294


Cancers 2022, 14, 1359 10 of 15

15. Brinkmann, V.; Reichard, U.; Goosmann, C.; Fauler, B.; Uhlemann, Y.; Weiss, D.S.; Weinrauch, Y.; Zychlinsky, A. Neutrophil
extracellular traps kill bacteria. Science 2004, 303, 1532–1535. [CrossRef]

16. Yipp, B.G.; Kubes, P. NETosis: How vital is it? Blood 2013, 122, 2784–2794. [CrossRef]
17. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nat. Rev. Immunol. 2018, 18, 134–147. [CrossRef]
18. Cools-Lartigue, J.; Spicer, J.; McDonald, B.; Gowing, S.; Chow, S.; Giannias, B.; Bourdeau, F.; Kubes, P.; Ferri, L. Neutrophil

extracellular traps sequester circulating tumor cells and promote metastasis. J. Clin. Investig. 2013, 123, 3446–3458. [CrossRef]
19. Huang, H.; Zhang, H.; Onuma, A.E.; Tsung, A. Neutrophil Elastase and Neutrophil Extracellular Traps in the Tumor Microenvi-

ronment. Adv. Exp. Med. Biol. 2020, 1263, 13–23. [CrossRef]
20. Papayannopoulos, V.; Metzler, K.D.; Hakkim, A.; Zychlinsky, A. Neutrophil elastase and myeloperoxidase regulate the formation

of neutrophil extracellular traps. J. Cell Biol. 2010, 191, 677–691. [CrossRef]
21. Coffelt, S.B.; Wellenstein, M.D.; de Visser, K.E. Neutrophils in cancer: Neutral no more. Nat. Rev. Cancer 2016, 16, 431–446.

[CrossRef] [PubMed]
22. Garley, M.; Jablonska, E.; Dabrowska, D. NETs in cancer. Tumour. Biol. 2016, 37, 14355–14361. [CrossRef]
23. Maffia, P.C.; Zittermann, S.E.; Scimone, M.L.; Tateosian, N.; Amiano, N.; Guerrieri, D.; Lutzky, V.; Rosso, D.; Romeo, H.E.; Garcia,

V.E.; et al. Neutrophil elastase converts human immature dendritic cells into transforming growth factor-beta1-secreting cells and
reduces allostimulatory ability. Am. J. Pathol. 2007, 171, 928–937. [CrossRef] [PubMed]

24. Rosales, C. Neutrophils at the crossroads of innate and adaptive immunity. J. Leukoc. Biol. 2020, 108, 377–396. [CrossRef]
[PubMed]

25. Albrengues, J.; Shields, M.A.; Ng, D.; Park, C.G.; Ambrico, A.; Poindexter, M.E.; Upadhyay, P.; Uyeminami, D.L.; Pommier, A.;
Kuttner, V.; et al. Neutrophil extracellular traps produced during inflammation awaken dormant cancer cells in mice. Science
2018, 361, eaao4227. [CrossRef]

26. Najmeh, S.; Cools-Lartigue, J.; Rayes, R.F.; Gowing, S.; Vourtzoumis, P.; Bourdeau, F.; Giannias, B.; Berube, J.; Rousseau, S.; Ferri,
L.E.; et al. Neutrophil extracellular traps sequester circulating tumor cells via beta1-integrin mediated interactions. Int. J. Cancer
2017, 140, 2321–2330. [CrossRef]

27. Ravindran, M.; Khan, M.A.; Palaniyar, N. Neutrophil Extracellular Trap Formation: Physiology, Pathology, and Pharmacology.
Biomolecules 2019, 9, 365. [CrossRef]

28. Rayes, R.F.; Mouhanna, J.G.; Nicolau, I.; Bourdeau, F.; Giannias, B.; Rousseau, S.; Quail, D.; Walsh, L.; Sangwan, V.; Bertos, N.;
et al. Primary tumors induce neutrophil extracellular traps with targetable metastasis promoting effects. JCI Insight 2019, 5,
e128008. [CrossRef] [PubMed]

29. Baskar, R.; Lee, K.A.; Yeo, R.; Yeoh, K.W. Cancer and radiation therapy: Current advances and future directions. Int. J. Med. Sci.
2012, 9, 193–199. [CrossRef]

30. Heinhuis, K.M.; Ros, W.; Kok, M.; Steeghs, N.; Beijnen, J.H.; Schellens, J.H.M. Enhancing antitumor response by combining
immune checkpoint inhibitors with chemotherapy in solid tumors. Ann. Oncol. 2019, 30, 219–235. [CrossRef]

31. Riley, R.S.; June, C.H.; Langer, R.; Mitchell, M.J. Delivery technologies for cancer immunotherapy. Nat. Rev. Drug Discov. 2019, 18,
175–196. [CrossRef] [PubMed]

32. Mantovani, A.; Cassatella, M.A.; Costantini, C.; Jaillon, S. Neutrophils in the activation and regulation of innate and adaptive
immunity. Nat. Rev. Immunol. 2011, 11, 519–531. [CrossRef] [PubMed]

33. Hirata, E.; Sahai, E. Tumor Microenvironment and Differential Responses to Therapy. Cold Spring Harb. Perspect. Med. 2017, 7,
a026781. [CrossRef] [PubMed]

34. Van der Spek, Y.M.; Kroep, J.R.; Tollenaar, R.; Mesker, W.E. Chemotherapy resistance and stromal targets in breast cancer
treatment: A review. Mol. Biol. Rep. 2020, 47, 8169–8177. [CrossRef] [PubMed]

35. Wang, S.; Li, Y.; Xing, C.; Ding, C.; Zhang, H.; Chen, L.; You, L.; Dai, M.; Zhao, Y. Tumor microenvironment in chemoresistance,
metastasis and immunotherapy of pancreatic cancer. Am. J. Cancer Res. 2020, 10, 1937–1953. [PubMed]

36. Wu, T.; Dai, Y. Tumor microenvironment and therapeutic response. Cancer Lett. 2017, 387, 61–68. [CrossRef] [PubMed]
37. Zheng, H.C. The molecular mechanisms of chemoresistance in cancers. Oncotarget 2017, 8, 59950–59964. [CrossRef]
38. Quail, D.F.; Joyce, J.A. Microenvironmental regulation of tumor progression and metastasis. Nat. Med. 2013, 19, 1423–1437.

[CrossRef]
39. Park, J.; Wysocki, R.W.; Amoozgar, Z.; Maiorino, L.; Fein, M.R.; Jorns, J.; Schott, A.F.; Kinugasa-Katayama, Y.; Lee, Y.; Won,

N.H.; et al. Cancer cells induce metastasis-supporting neutrophil extracellular DNA traps. Sci. Transl. Med. 2016, 8, 361ra138.
[CrossRef]

40. Deryugina, E.I.; Zajac, E.; Juncker-Jensen, A.; Kupriyanova, T.A.; Welter, L.; Quigley, J.P. Tissue-infiltrating neutrophils constitute
the major in vivo source of angiogenesis-inducing MMP-9 in the tumor microenvironment. Neoplasia 2014, 16, 771–788. [CrossRef]

41. Giese, M.A.; Hind, L.E.; Huttenlocher, A. Neutrophil plasticity in the tumor microenvironment. Blood 2019, 133, 2159–2167.
[CrossRef] [PubMed]

42. Wang, X.; Qiu, L.; Li, Z.; Wang, X.Y.; Yi, H. Understanding the Multifaceted Role of Neutrophils in Cancer and Autoimmune
Diseases. Front. Immunol. 2018, 9, 2456. [CrossRef] [PubMed]

43. Masucci, M.T.; Minopoli, M.; Carriero, M.V. Tumor Associated Neutrophils. Their Role in Tumorigenesis, Metastasis, Prognosis
and Therapy. Front. Oncol. 2019, 9, 1146. [CrossRef] [PubMed]

http://doi.org/10.1126/science.1092385
http://doi.org/10.1182/blood-2013-04-457671
http://doi.org/10.1038/nri.2017.105
http://doi.org/10.1172/JCI67484
http://doi.org/10.1007/978-3-030-44518-8_2
http://doi.org/10.1083/jcb.201006052
http://doi.org/10.1038/nrc.2016.52
http://www.ncbi.nlm.nih.gov/pubmed/27282249
http://doi.org/10.1007/s13277-016-5328-z
http://doi.org/10.2353/ajpath.2007.061043
http://www.ncbi.nlm.nih.gov/pubmed/17690184
http://doi.org/10.1002/JLB.4MIR0220-574RR
http://www.ncbi.nlm.nih.gov/pubmed/32202340
http://doi.org/10.1126/science.aao4227
http://doi.org/10.1002/ijc.30635
http://doi.org/10.3390/biom9080365
http://doi.org/10.1172/jci.insight.128008
http://www.ncbi.nlm.nih.gov/pubmed/31343990
http://doi.org/10.7150/ijms.3635
http://doi.org/10.1093/annonc/mdy551
http://doi.org/10.1038/s41573-018-0006-z
http://www.ncbi.nlm.nih.gov/pubmed/30622344
http://doi.org/10.1038/nri3024
http://www.ncbi.nlm.nih.gov/pubmed/21785456
http://doi.org/10.1101/cshperspect.a026781
http://www.ncbi.nlm.nih.gov/pubmed/28213438
http://doi.org/10.1007/s11033-020-05853-1
http://www.ncbi.nlm.nih.gov/pubmed/33006013
http://www.ncbi.nlm.nih.gov/pubmed/32774994
http://doi.org/10.1016/j.canlet.2016.01.043
http://www.ncbi.nlm.nih.gov/pubmed/26845449
http://doi.org/10.18632/oncotarget.19048
http://doi.org/10.1038/nm.3394
http://doi.org/10.1126/scitranslmed.aag1711
http://doi.org/10.1016/j.neo.2014.08.013
http://doi.org/10.1182/blood-2018-11-844548
http://www.ncbi.nlm.nih.gov/pubmed/30898857
http://doi.org/10.3389/fimmu.2018.02456
http://www.ncbi.nlm.nih.gov/pubmed/30473691
http://doi.org/10.3389/fonc.2019.01146
http://www.ncbi.nlm.nih.gov/pubmed/31799175


Cancers 2022, 14, 1359 11 of 15

44. Hedrick, C.C.; Malanchi, I. Neutrophils in cancer: Heterogeneous and multifaceted. Nat. Rev. Immunol. 2022, 22, 173–187.
[CrossRef]

45. Peng, Z.; Liu, C.; Victor, A.R.; Cao, D.Y.; Veiras, L.C.; Bernstein, E.A.; Khan, Z.; Giani, J.F.; Cui, X.; Bernstein, K.E.; et al. Tumors
exploit CXCR4(hi)CD62L(lo) aged neutrophils to facilitate metastatic spread. Oncoimmunology 2021, 10, 1870811. [CrossRef]

46. Di Maio, M.; Gridelli, C.; Gallo, C.; Shepherd, F.; Piantedosi, F.V.; Cigolari, S.; Manzione, L.; Illiano, A.; Barbera, S.; Robbiati, S.F.;
et al. Chemotherapy-induced neutropenia and treatment efficacy in advanced non-small-cell lung cancer: A pooled analysis of
three randomised trials. Lancet Oncol. 2005, 6, 669–677. [CrossRef]

47. He, Y.; Li, T.; Liu, J.; Ou, Q.; Zhou, J. Early onset neutropenia: A useful predictor of chemosensitivity and favorable prognosis in
patients with serous ovarian cancer. BMC Cancer 2020, 20, 116. [CrossRef]

48. Kan, M.; Imaoka, H.; Watanabe, K.; Sasaki, M.; Takahashi, H.; Hashimoto, Y.; Ohno, I.; Mitsunaga, S.; Umemoto, K.; Kimura, G.;
et al. Chemotherapy-induced neutropenia as a prognostic factor in patients with pancreatic cancer treated with gemcitabine plus
nab-paclitaxel: A retrospective cohort study. Cancer Chemother. Pharmacol. 2020, 86, 203–210. [CrossRef]

49. Kasi, P.M.; Grothey, A. Chemotherapy-Induced Neutropenia as a Prognostic and Predictive Marker of Outcomes in Solid-Tumor
Patients. Drugs 2018, 78, 737–745. [CrossRef]

50. Meisel, A.; von Felten, S.; Vogt, D.R.; Liewen, H.; de Wit, R.; de Bono, J.; Sartor, O.; Stenner-Liewen, F. Severe neutropenia during
cabazitaxel treatment is associated with survival benefit in men with metastatic castration-resistant prostate cancer (mCRPC): A
post-hoc analysis of the TROPIC phase III trial. Eur. J. Cancer 2016, 56, 93–100. [CrossRef]

51. Roviello, G.; Ramello, M.; Catalano, M.; D’Angelo, A.; Conca, R.; Gasperoni, S.; Dreoni, L.; Petrioli, R.; Ianza, A.; Nobili, S.; et al.
Association between neutropenia and survival to nab-paclitaxel and gemcitabine in patients with metastatic pancreatic cancer.
Sci. Rep. 2020, 10, 19281. [CrossRef]

52. Shitara, K.; Matsuo, K.; Takahari, D.; Yokota, T.; Inaba, Y.; Yamaura, H.; Sato, Y.; Najima, M.; Ura, T.; Muro, K. Neutropaenia as a
prognostic factor in metastatic colorectal cancer patients undergoing chemotherapy with first-line FOLFOX. Eur. J. Cancer 2009,
45, 1757–1763. [CrossRef] [PubMed]

53. Shitara, K.; Matsuo, K.; Takahari, D.; Yokota, T.; Shibata, T.; Ura, T.; Ito, S.; Sawaki, A.; Tajika, M.; Kawai, H.; et al. Neutropenia as
a prognostic factor in advanced gastric cancer patients undergoing second-line chemotherapy with weekly paclitaxel. Ann. Oncol.
2010, 21, 2403–2409. [CrossRef] [PubMed]

54. Wang, Y.; Chen, Y.; Yin, H.; Gu, X.; Shi, Y.; Dai, G. Timing of chemotherapy-induced neutropenia is a prognostic factor in patients
with advanced gastric cancer undergoing first-line chemotherapy with oxaliplatin and capecitabine: A retrospective study. Cancer
Med. 2018, 7, 997–1005. [CrossRef] [PubMed]

55. Yoshino, T.; Cleary, J.M.; Van Cutsem, E.; Mayer, R.J.; Ohtsu, A.; Shinozaki, E.; Falcone, A.; Yamazaki, K.; Nishina, T.; Garcia-
Carbonero, R.; et al. Neutropenia and survival outcomes in metastatic colorectal cancer patients treated with trifluridine/tipiracil
in the RECOURSE and J003 trials. Ann. Oncol. 2020, 31, 88–95. [CrossRef] [PubMed]

56. Han, Y.; Yu, Z.; Wen, S.; Zhang, B.; Cao, X.; Wang, X. Prognostic value of chemotherapy-induced neutropenia in early-stage breast
cancer. Breast Cancer Res. Treat. 2012, 131, 483–490. [CrossRef] [PubMed]

57. Ramachandran, I.R.; Condamine, T.; Lin, C.; Herlihy, S.E.; Garfall, A.; Vogl, D.T.; Gabrilovich, D.I.; Nefedova, Y. Bone marrow
PMN-MDSCs and neutrophils are functionally similar in protection of multiple myeloma from chemotherapy. Cancer Lett. 2016,
371, 117–124. [CrossRef]

58. Teijeira, A.; Garasa, S.; Ochoa, M.C.; Villalba, M.; Olivera, I.; Cirella, A.; Eguren-Santamaria, I.; Berraondo, P.; Schalper, K.A.; de
Andrea, C.E.; et al. IL8, Neutrophils, and NETs in a Collusion against Cancer Immunity and Immunotherapy. Clin. Cancer Res.
2021, 27, 2383–2393. [CrossRef]

59. Zhang, Y.; Guoqiang, L.; Sun, M.; Lu, X. Targeting and exploitation of tumor-associated neutrophils to enhance immunotherapy
and drug delivery for cancer treatment. Cancer Biol. Med. 2020, 17, 32–43. [CrossRef]

60. Wisdom, A.J.; Hong, C.S.; Lin, A.J.; Xiang, Y.; Cooper, D.E.; Zhang, J.; Xu, E.S.; Kuo, H.C.; Mowery, Y.M.; Carpenter, D.J.; et al.
Neutrophils promote tumor resistance to radiation therapy. Proc. Natl. Acad. Sci. USA 2019, 116, 18584–18589. [CrossRef]

61. Lin, C.; Herlihy, S.E.; Li, M.; Deng, H.; Bernabei, L.; Gabrilovich, D.I.; Vogl, D.T.; Nefedova, Y. NETs promote tumor resistance
to anthracyclines. In Proceedings of the American Association for Cancer Research Annual Meeting, Altanta, GA, USA,
29 March–3 April 2019; p. 2103.

62. Baas, P.; Scherpereel, A.; Nowak, A.K.; Fujimoto, N.; Peters, S.; Tsao, A.S.; Mansfield, A.S.; Popat, S.; Jahan, T.; Antonia, S.;
et al. First-line nivolumab plus ipilimumab in unresectable malignant pleural mesothelioma (CheckMate 743): A multicentre,
randomised, open-label, phase 3 trial. Lancet 2021, 397, 375–386. [CrossRef]

63. Bellmunt, J.; de Wit, R.; Vaughn, D.J.; Fradet, Y.; Lee, J.L.; Fong, L.; Vogelzang, N.J.; Climent, M.A.; Petrylak, D.P.; Choueiri,
T.K.; et al. Pembrolizumab as Second-Line Therapy for Advanced Urothelial Carcinoma. N. Engl. J. Med. 2017, 376, 1015–1026.
[CrossRef] [PubMed]

64. Borghaei, H.; Paz-Ares, L.; Horn, L.; Spigel, D.R.; Steins, M.; Ready, N.E.; Chow, L.Q.; Vokes, E.E.; Felip, E.; Holgado, E.; et al.
Nivolumab versus Docetaxel in Advanced Nonsquamous Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2015, 373, 1627–1639.
[CrossRef] [PubMed]

65. Gandhi, L.; Rodríguez-Abreu, D.; Gadgeel, S.; Esteban, E.; Felip, E.; De Angelis, F.; Domine, M.; Clingan, P.; Hochmair, M.J.;
Powell, S.F.; et al. Pembrolizumab plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2018, 378,
2078–2092. [CrossRef]

http://doi.org/10.1038/s41577-021-00571-6
http://doi.org/10.1080/2162402X.2020.1870811
http://doi.org/10.1016/S1470-2045(05)70255-2
http://doi.org/10.1186/s12885-020-6609-x
http://doi.org/10.1007/s00280-020-04110-3
http://doi.org/10.1007/s40265-018-0909-3
http://doi.org/10.1016/j.ejca.2015.12.009
http://doi.org/10.1038/s41598-020-76465-9
http://doi.org/10.1016/j.ejca.2009.01.019
http://www.ncbi.nlm.nih.gov/pubmed/19217278
http://doi.org/10.1093/annonc/mdq248
http://www.ncbi.nlm.nih.gov/pubmed/20494962
http://doi.org/10.1002/cam4.1308
http://www.ncbi.nlm.nih.gov/pubmed/29532995
http://doi.org/10.1016/j.annonc.2019.10.005
http://www.ncbi.nlm.nih.gov/pubmed/31912801
http://doi.org/10.1007/s10549-011-1799-1
http://www.ncbi.nlm.nih.gov/pubmed/21971729
http://doi.org/10.1016/j.canlet.2015.10.040
http://doi.org/10.1158/1078-0432.CCR-20-1319
http://doi.org/10.20892/j.issn.2095-3941.2019.0372
http://doi.org/10.1073/pnas.1901562116
http://doi.org/10.1016/S0140-6736(20)32714-8
http://doi.org/10.1056/NEJMoa1613683
http://www.ncbi.nlm.nih.gov/pubmed/28212060
http://doi.org/10.1056/NEJMoa1507643
http://www.ncbi.nlm.nih.gov/pubmed/26412456
http://doi.org/10.1056/NEJMoa1801005


Cancers 2022, 14, 1359 12 of 15

66. Hellmann, M.D.; Paz-Ares, L.; Bernabe Caro, R.; Zurawski, B.; Kim, S.W.; Carcereny Costa, E.; Park, K.; Alexandru, A.; Lupinacci,
L.; de la Mora Jimenez, E.; et al. Nivolumab plus Ipilimumab in Advanced Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2019,
381, 2020–2031. [CrossRef]

67. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef]

68. Motzer, R.J.; Tannir, N.M.; McDermott, D.F.; Arén Frontera, O.; Melichar, B.; Choueiri, T.K.; Plimack, E.R.; Barthélémy, P.; Porta,
C.; George, S.; et al. Nivolumab plus Ipilimumab versus Sunitinib in Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2018, 378,
1277–1290. [CrossRef]

69. Paz-Ares, L.; Ciuleanu, T.E.; Cobo, M.; Schenker, M.; Zurawski, B.; Menezes, J.; Richardet, E.; Bennouna, J.; Felip, E.; Juan-Vidal,
O.; et al. First-line nivolumab plus ipilimumab combined with two cycles of chemotherapy in patients with non-small-cell lung
cancer (CheckMate 9LA): An international, randomised, open-label, phase 3 trial. Lancet Oncol. 2021, 22, 198–211. [CrossRef]

70. Provencio, M.; Nadal, E.; Insa, A.; García-Campelo, M.R.; Casal-Rubio, J.; Dómine, M.; Majem, M.; Rodríguez-Abreu, D.;
Martínez-Martí, A.; De Castro Carpeño, J.; et al. Neoadjuvant chemotherapy and nivolumab in resectable non-small-cell lung
cancer (NADIM): An open-label, multicentre, single-arm, phase 2 trial. Lancet Oncol. 2020, 21, 1413–1422. [CrossRef]
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