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Abstract

Tumor necrosis is a common histological feature and poor prognostic predictor in various cancers. 

Despite its significant clinical implications, the mechanism underlying tumor necrosis remains 

largely unclear due to lack of appropriate pre-clinical modeling. We propose that tumor necrosis is 

a synergistic consequence of metabolic stress and inflammation, which lead to oxidative stress-

induced cell death, such as ferroptosis. As a natural consequence of tumor expansion, tumor cells 

are inevitably stripped of vascular supply, resulting in deprivation of oxygen and nutrients. The 

resulting metabolic stress has commonly been considered the cause of tumor necrosis. Recent 

studies found that immune cells, such as neutrophils, when recruited to tumors, can directly trigger 

ferroptosis in tumor cells, suggesting that immune cells can be involved in amplifying tumor 

necrosis. This article will discuss potential mechanisms underlying tumor necrosis development 

and its impact on tumor progression as well as the immune response to tumors.
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Introduction

Cancer is equally a derangement of cell proliferation and death. Large-scale unscheduled 

cell/tissue death commonly occurs in cancers, particularly in solid tumors, collectively and 

histopathologically termed tumor necrosis. In addition to being a histological hallmark of 

solid tumors, tumor necrosis frequently predicts poor prognoses in a variety of advanced 

cancers, such as metastatic breast cancer [1], non-small cell lung cancer [2], malignant 

mesothelioma [3], clear cell renal cell carcinoma [4], malignant gastrointestinal stromal 
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tumors [5], Ewing’s sarcoma of the bone [6], endometrial cancer [7], and glioblastomas 

(GBMs) [8, 9]. Moreover, tumor necrosis often positively correlates with sizes, stages, and 

histological grades of tumors [6, 10, 11]. Such a strong association between necrosis and 

tumor aggressiveness raises a longstanding yet unresolved question as to whether necrosis is 

an epiphenomenon accompanying tumor progression or a direct cause of tumor 

aggressiveness. Resolving the uncertainty could have significant clinical implications. 

However, there has been little experimental testing of these notions, probably due to gaps in 

knowledge of the mechanisms underlying tumor necrosis and lack of experimental models 

which recapitulate the extent of necrosis observed in cancer patients.

In contrast to well-characterized programmed cell death, such as apoptosis and autophagy, 

necrosis was previously thought to be a catastrophic and disordered cell death process 

characterized by compromised plasma membrane integrity, swelling of cellular organelles, 

random DNA degradation, and uncontrolled release of pro-inflammatory molecules [12]. 

However, studies in the past decade have discovered that necrosis can occur in a regulated 

fashion and includes several cell death mechanisms known as necroptosis, parthanatos, 

oxytosis, ferroptosis, NETosis, pyronecrosis and pyroptosis [13]. These cell death 

mechanisms have been employed to explain a variety of necroses observed in vivo in various 

pathological situations [14]. Still, whether tumor necrosis is regulated through these 

mechanisms and how necrosis unfolds in tumor development remain largely unclear. As a 

natural consequence of tumor expansion, tumor cells are inevitably stripped of vascular 

supply, resulting in deprivation of oxygen and nutrients. The resulting metabolic stress of the 

affected cells has been commonly considered the cause of tumor necrosis. This notion 

suggests that the extent of tumor necrosis directly depends on tumor size and extent of 

intratumoral hypoxia and ischemia. While it is generally true that the extent of tumor 

necrosis positively correlates with tumor size [10], this correlation can be inconsistent and 

vague in some advanced solid-organ malignancies, such as GBMs, where small tumors can 

also form necrosis [15]. Pre-clinical GBM models also indicate that large tumors do not 

always form necrosis [16]. Moreover, although hypoxia can directly cause tumor cell injury 

and subsequently trigger tumor necrosis, some studies reported that the area of extensive 

tumor necrosis was oddly and surprisingly accompanied by enormous amounts of neo-

angiogenesis and microvascular proliferation, as reflected in remarkably higher numbers of 

microvessels [17]. Therefore, the formation of tumor necrosis appears to be a complex 

process detertermined by multlple interconnected factors. Recent studies found that immune 

cells, such as neutrophils, when recruited to tumors, can directly trigger ferroptosis in tumor 

cells, suggesting that immune cells can contribute to formation and amplification of tumor 

necrosis [16]. This article will discuss potential mechanisms which may explain the 

development of tumor necrosis, with a particular focus on the interaction between tumor 

cells and neutrophils. The impact of tumor necrosis on tumor progression as well as the 

immune response to tumors will also be discussed.

Metabolic stress induces initial tumor necrosis

Convention has held that tumor necrosis is caused by rapid tumor expansion outstripping 

vascular supply, which results in ischemia and eventually hypoxia as well as nutrient (e.g., 

glucose) starvation in the tumor. This notion is supported by several observations. First, 
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tumor necrosis is usually localized in the inner region of solid tumors, often termed the 

necrotic core. Second, tumor cells in this inner region of a solid tumor are more likely to 

undergo hypoxia as a direct consequence of diffusion limitation of oxygen. Third, these 

tumor cells also experience enhanced aerobic glycolysis due to their farther distance from 

vasculature [18–20]. Moreover, necrosis, along with hypoxia, is more commonly observed 

when solid tumors have expanded to more than 4 mm in diameter [21]. Along with this 

canonical view, several interrelated microenvironmental determinants, such as hypoxia, 

glucose deprivation, and reactive oxygen species (ROS) have been proposed to instigate 

tumor cell injury and contribute to the development of tumor necrosis.

Hypoxia-induced cell death

Hypoxia is a feature of solid tumors and is closely associated with poor prognosis in cancer 
[22, 23]. It has been proposed that tumor cells undergoing hypoxic insults are forced to switch 

from aerobic to anaerobic metabolism, which in turn leads to reduction in ATP production, 

overproduction of lactate, and lowering of extracellular pH [24]. Such perturbations of acid/

base homeostasis in combination with ATP shortage may trigger malfunction of ATPase-

dependent ion transport, leading to elevation of calcium levels both within the cytoplasm and 

within mitochondria, precipitating the eventual swelling and rupture of organelles and cell 

death [25].

Glucose deprivation-induced cell death

Glucose deprivation has been implicated as another microenvironmental instigator of tumor 

necrosis. Under normal physiological conditions, metabolic stress, such as glucose 

deprivation, can directly compromise mitochondrial membrane potential and 

impermeability, specifically of the inner mitochondrial membrane, resulting in leakage of 

mitochondrial apoptotic molecules and triggering apoptosis [26]. The uncontrolled and 

accelerated growth of tumor cells creates high demand for energy, which is normally 

supplied by aerobic glycolysis. Glucose deprivation in tumor cells may lead to metabolic 

stress, which, if unable to be resolved by alternative energy supplies, such as autophagy, 

eventually leads to metabolic catastrophe [20]. This will cause cancer cell death, either 

through apoptosis or, in most cases, through necrosis, as many cancer cells are resistant to 

apoptosis due to mutation of TP53 or other apoptotic genes.

ROS-induced cell death

Oxidative stress caused by accumulation of intracellular ROS is another trigger that can lead 

to tumor cell death and is closely associated with metabolic stress such as glucose 

deprivation. The impacts of ROS on cancer cells can drastically vary, largely depending on 

the local amounts of ROS, the types of ROS, and the locations where ROS are generated. 

For instance, while low yet tolerable amounts of hydrogen peroxide (H2O2) and superoxide 

(O2
−) have been implicated in promotion of tumor growth in various types of cancers, high 

concentrations of the same types of ROS can induce cancer cell death [27]. Additionally, the 

type of cell death mechanism involved in ROS-instigated tumor cell death seems to depend 

on the concentration of intracellular ROS. Those tumor cells undergoing apoptotic cell death 

at low levels of ROS may be influenced to undergo necrosis when subject to high levels of 

ROS [26]. In the latter condition, high concentrations of intracellular ROS were reported to 
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precipitate dysfunction of mitochondria, which are among the most ROS-sensitive 

organelles. This latter event in turn leads to a shortage of energy supply and ATP depletion, 

eventually resulting in necrosis [12, 28].

Both hypoxia and glucose deprivation have been shown to increase intracellular ROS 

production in cancer cells, leading to mitochondrial dysfunction, energy depletion, and 

eventual cellular demise [12, 29]. Hypoxia is closely associated with elevation in ROS 

production, specifically under the circumstances of ischemic-reperfusion injury [25]. 

Disrupted redox homeostasis triggered by elevated oxidative stress can further amplify 

hypoxia-initiated tumor cell death. In many cases, accumulation and production of 

mitochondrial ROS, including both H2O2 and O2
−, is a direct consequence of glucose 

deprivation in various types of cancer cells. Pharmacological inhibition of ROS production 

via treatment with N-acetyl-L-cysteine (NAC) and catalase abolished tumor cell death in a 

study using A549 human lung cancer cells, suggesting glucose deprivation-instigated cell 

death is accomplished via production of intracellular ROS [30].

Overall, hypoxia and nutrient deprivation, especially of glucose, may serve as initial triggers 

of necrosis in certain tumors. These insults could instigate cell death by precluding oxidative 

phosphorylation and depleting intracellular ATP. In turn, mitochondrial strain and 

uncontrolled accumulation of ROS would lead to catastrophic and irreversible perturbations 

of a series of intracellular homeostatic processes and, eventually, to tumor cell demise. Still, 

the exact order of, interrelationship among, and individual contributions of the 

aforementioned intracellular events in tumor cell death as a result of hypoxia and nutrient 

deprivation remain to be clarified. While several molecular and environmental instigators of 

tumor cell death/necrosis have been identified, the majority of these previous studies relied 

on in vitro models and focused on one microenvironmental perturbation at a time. The 

experimental setting contrasts with the reality that tumor cells, specifically those localized in 

the inner regions/cores of tumors, are subjected to a combination of all of these stressors. In 

addition, these stressors can also induce inflammatory responses and infiltration of immune 

cells, which may also influence tumor cell survival. Therefore, development of tumor 

necrosis in vivo could be a more complex process.

Recruitment of neutrophils by tumor cells

Neutrophil genesis in normal physiological conditions

Neutrophils are the most abundant leukocytes in humans and account for more than 70% of 

all white blood cells. Compared to other immune cells, such as macrophages or 

lymphocytes, neutrophils are relatively short-lived. To maintain a steady supply available to 

respond to infection, inflammation, or other pathological stimuli, the physiological turnover 

rate of neutrophils is very high, with production of up to 2 × 1011 cells per day in humans 
[31]. Under normal physiological conditions, neutrophils are derived from the granulocyte-

monocyte progenitors (GMPs) in the bone marrow and released into the circulation as well 

as several peripheral lymphoid organs, including spleen, liver, and lung, upon maturation 
[32]. Within the marrow, where granulocyte colony-stimulating factor (G-CSF) or 

granulocyte-macrophage colony-stimulating factor (GM-CSF) is continuously supplied, 

GMPs in turn differentiate into a granulocyte-designated lineage followed by further 
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maturation processes [33]. During this differentiation process, the developing neutrophils 

alter their nuclear morphology from a round shape to a banded shape and then eventually 

into the segmented, multi-lobular morphology observed in terminally-differentiated 

neutrophils. Overall, neutrophil production and differentiation within the bone marrow are 

governed by the G-CSF receptor (G-CSFR)-signal transducer and activator of transcription 3 

(STAT3) signaling pathway [34]. Outside of the bone marrow, a cascade of cytokine 

signaling, such as that from IL-23-expressing phagocytes (macrophages and dendritic cells) 

and IL-17-producing T lymphocytes (e.g., Tregs and natural killer T cells), intricately 

increases the production of G-CSF within the bone marrow so that neutrophil production 

and differentiation are strictly maintained and regulated [35, 36]. The presence of G-CSF is 

not absolutely required for the generation of neutrophils, as other molecules, such as GM-

CSF, interleukin 6 (IL-6), and KIT ligand (KITL, a.k.a. KITLG) share similar and redundant 

roles with G-CSF, although to a lesser extent [37, 38]. Circulating mature neutrophils account 

for merely 1–2 % of all neutrophils throughout the body. The majority of mature cells are 

retained in the bone marrow via the C-X-C motif chemokine 12 - C-X-C chemokine receptor 

type 4 (CXCL12-CXCR4) signaling axis-mediated bone marrow retention [39–43]. 

Additionally, several adhesion molecules, such as integrin subunit α4 (ITGα4) and vascular 

cell adhesion molecule 1 (VCAM1), as well as some proteases, are also important in 

neutrophil retention [40, 42–45]. As neutrophils differentiate, they downregulate surface 

receptors required for their retention in the bone marrow while upregulating receptors for 

neutrophil-specific chemotactic factors, such as CXCR2. When neutrophil-specific 

chemotactic factors, such as CXCL1 and CXCL2, are released by endothelial cells or 

megakaryocytes during tissue injury or damage, CXCR2-CXCL1/2 signaling then liberates 

mature neutrophils into the circulation [40, 42–44].

Cancer induces distorted neutrophil genesis

In the context of cancer, both production and retention of bone marrow neutrophils are 

disrupted. Neutrophil production is pathologically enhanced due to overproduction of G-

CSF, GM-CSF, and other granulopoiesis-promoting cytokines, such as IL-6, by tumor cells 
[31, 46]. These cytokines shift marrow hematopoiesis from lymphocytic to granulocytic, 

resulting in neutrophilia as observed in a variety of pre-clinical and clinical cancer models. 

Under certain contexts, tumor cells can trigger a process termed emergency granulopoiesis, 

shifting steady-state neutrophil production into rapid and uncontrolled production in both 

marrow and secondary lymphoid organs, such as the spleen, as observed in both pre-clinical 

and clinical models of pancreatic or colon cancers [47]. In addition to its direct contribution 

to the promotion of granulopoiesis, G-CSF is well-known for its counteracting action on 

neutrophil retention in the bone marrow. In the context of cancer, tumor-secreted G-CSF is 

capable of pressuring bone marrow into releasing neutrophils, both mature and immature, by 

various mechanisms [48–51]. These include 1) thrombopoietin (THPO)-mediated 

upregulation of neutrophil-specific chemotactic factors (e.g., CXCL1 and 2), which in turn 

leads to activation of CXCR2 signaling [51], 2) reduction of CXCL12 expression in bone 

marrow stromal cells[48], and 3) downregulation of CXCR4 expression in neutrophils [50]. 

Moreover, several factors regulating neutrophil release from the bone marrow are commonly 

upregulated, either locally within tumors or systemically, as a result of cancers [52–55]. These 

neutrophil release-promoting factors overpower retention signals within the marrow, 
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resulting in release of neutrophils regardless of their differentiation status. For instance, 

interleukin-1β (IL-1β) released by tumor cells or tumor-associated macrophages within the 

tumor microenvironment stimulates neutrophil production and egress from the bone marrow 

and increases the number of circulating neutrophils, both peripherally and within tumor 

tissues, in breast and gastric cancer mouse models [53, 56–58]. Together, these studies 

suggested that dysregulated production of cytokines involved in neutrophil production and 

bone marrow egress by tumor cells, stromal cells, or other immune cells within the tumor 

microenvironment leads to pathological overproduction and release of neutrophils (Fig. 1a). 

In addition, such aberrant signaling also results in the emergence of immature neutrophils in 

the peripheral circulation. In the context of cancer, these immature neutrophils often assume 

an immunosuppressive phenotype, lacking typical cytotoxic neutrophilic granules and even 

inhibiting the production and proliferation of tumor-specific T effector cells. Such immature 

neutrophils are thus termed myeloid-derived suppressor cells (MDSCs), or more specifically, 

PMN-MDSCs [59].

Neutrophil recruitment by cancer

In most tissues, the neutrophil recruitment cascade involves several steps shared with all 

other leukocytes, including tethering, rolling, adhesion, crawling, and, finally, transmigration 

to leave vessels and go into peripheral tissues. Chemokines, such as CXCL8 (i.e., IL-8) in 

humans and its murine analogues, CXCL1, CXCL2, and CXCL5, establish an intravascular 

chemotactic gradient. The guidance provided by such a chemokine gradient allows 

neutrophils to transmigrate and exit the vasculature at the designated site(s) adjacent to the 

site of inflammation or tumors, where the concentrations of chemokines are the highest (Fig. 

1a) [60, 61]. Necrotic tumor cells appear to have enhanced expression and release of these 

chemokines (Fig. 1c). Gene expression analysis indicated that IL-8 is the most upregulated 

factor (approximately 100-fold increase) released by tumor cells located in the peri-necrotic 

region as compared to the cellular tumor region in human GBMs [16]. In non-neoplastic 

tissue inflammation, damaged/dying cells are known to passively release damage-associated 

molecular patterns (DAMPs), such as high mobility group box 1 (HMGB1), which are able 

to preferentially recruit neutrophils over other immune cells to tissue damage sites [62]. The 

temporal and spatial correlation between tumor necrosis and infiltrating neutrophils suggests 

that when tumors experience hypoxia/ischemic insults, initial hypoxic cellular demise or 

inflammation might already start releasing these neutrophil-recruiting factors (Fig. 1b). 

Cytokine profiling suggested that necrotic/dying GBM tumor cells secrete a variety of 

factors related to neutrophil recruitment, such as IL-8, IL-6, and CXCL1 [16]. Studies using a 

mouse model of PTEN-deficient uterine cancer showed a tight association between hypoxia 

and neutrophil accumulation in the tumors [63]. Relief of tumor hypoxia by housing mice in 

a hyperoxic environment reduces neutrophil infiltration [64]. Because these observations 

were made at early tumorigenic stages, the hypoxia-induced neutrophil recruitment is 

unlikely an indirect effect of tumor cell death. In fact, hypoxia-induced STAT3 activation 

followed by CXCL5 expression and release from the tumor cells is a major signaling 

effector in hypoxic tumor cells, and CXCR2 on neutrophils is responsible for sensing 

CXCL5 [63, 64]. Furthermore, hypoxia-induced activation of the master transcriptional 

mediator responsible for cellular response under hypoxic stress—hypoxia inducible factor 

1α (HIF1α) leads to upregulation of IL-8 [65], the major chemotactic factor of neutrophils in 
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humans. Therefore, hypoxia in tumors not only directly induces tumor cell death, but also 

leads to an inflammatory response by recruiting neutrophils and prolonging their survival 
[63, 64, 66]. In addition, hypoxia may also modulate the function of neutrophils in various 

circumstances. On one hand, hypoxia can enhance their degranulation-associated tissue 

damage capacity [67]; on the other hand, hypoxia can inhibit neutrophil respiratory burst 

activity and the NADPH oxidase-dependent cell killing ability [64, 68].

Neutrophils induce tumor cell death

Anti-tumor effect of neutrophil-induced cell death

Neutrophils have been known to be a heterogeneous cell population with conflicting roles in 

cancer [31, 46, 69]. These cells can play a pro-tumorigenic role by promoting tumor cell 

proliferation, angiogenesis, metastasis, and immunosuppression in the tumor 

microenvironment. On the other hand, neutrophils can play an anti-tumorigenic role by 

directly inducing tumor cell death and facilitating the anti-tumor ability of cytotoxic T cells. 

Previous studies have provided mechanistic insights into the neutrophil cytotoxicity (Fig. 2). 

Clark and Klebanoff demonstrated that the neutrophil-derived peroxidase system, including 

the myeloperoxidase (MPO)−H2O2−chloride (Cl−) cascade, is involved in neutrophil-

triggered tumor cytotoxicity [70, 71]. Once secreted from neutrophils, MPO and H2O2 work 

with extracellular Cl−to generate cytotoxic reactive oxidants [72]. Slivka and Weiss further 

proposed that hypochlorous acid, a product of the MPO−H2O2−Cl− system, could be a 

mediator of such neutrophil-mediated tumor cytotoxicity [73, 74]. These early studies 

revealed that neutrophil-mediated cytotoxicity against tumor cells relies on an oxidative 

process. Later, Saito et al. [75] observed that the oxidative process occurs at the site of 

contact between tumor cells and neutrophils, suggesting direct contact is required for the 

cell-killing by neutrophils. In studying lung metastasis of breast cancer cells, Granot et al. 
[76] found that the NADPH oxidase-H2O2 pathway is required for neutrophil-triggered tumor 

cytotoxicity in killing 4T1 tumor cells and preventing their metastasis. Such tumor cell-

killing appears to be independent of hypochlorous acid, because the hypochlorous acid 

scavenger, taurine, does not inhibit the tumor cell-killing. This study also suggested that 

physical contact of tumor cells is required for triggering neutrophils to secrete H2O2. Later, 

it was found that cathepsin G on the surface of neutrophils and the human receptor for 

advanced glycation end products (RAGE) on tumor cells form a bridge for the interaction of 

these cells, leading to the subsequent tumor cell-killing [77]. In follow-up studies, 

Gershkovitz et al. [78] found that transient receptor potential cation channel subfamily M 

member 2 (TRPM2), a H2O2-dependent Ca2+ channel, in tumor cells is required for 

neutrophil-mediated cell-killing by increasing Ca2+ in tumor cells. Consistently, elevated 

TRPM2 expression level sensitized tumor cells to neutrophil cytotoxicity [79]. In addition to 

direct involvement in the cell-killing signaling, TRPM2 is also involved in tumor cells’ 

capacities to recruit neutrophils in a CXCL2-mediated fashion [80]. Although neutrophil 

cytotoxicity relies on reactive oxidants in most situations, these cells can also generate other 

cytotoxic factors, such as tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), 

which is able to induce apoptosis in other cells [81].

Yee and Li Page 7

Bioessays. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In addition to direct cell-killing, neutrophils can eliminate tumor cells through other 

mechanisms (Fig. 2). For example, in the mouse model of PTEN-deficient uterine cancer, 

infiltrated neutrophils induce basement membrane detachment of the transformed but viable 

epithelial cells, which then die after the detachment [63, 64]. NADPH oxidase-derived ROS 

were also suggested to be involved in the basement membrane detachment induced by 

neutrophils. In addition, infiltrating neutrophils may also modulate the tumor 

microenvironment by enhancing hypoxia in tumors. This could be achieved by consuming 

microenvironmental O2, resulting in local tissue hypoxia, similar to what occurs when 

neutrophils transmigrate into intestinal epithelium in an acute colitis model [82]. 

Alternatively, neutrophils in cancers can generate neutrophil extracellular traps (NETs), 

which contribute to thrombosis and subsequent vascular obstruction [83], resulting in 

hypoxia and nutrient deprivation.

Pro-tumor effect of neutrophil-induced cell death

Neutrophil cytotoxicity has usually been studied as an anti-tumor property. This may work 

when tumors are at early developmental stages or when tumor cells colonize secondary 

organs in metastasis [63, 76]. In these situations, the neutrophil-triggered cytotoxic effects 

may be sufficient to wipe out the whole transformed cell group due to their relatively small 

numbers. However, in developed tumors with relatively large sizes, neutrophil-induced 

tumor cell death may not necessarily have an overall anti-tumor effect due to the recurrent 

and persistent local inflammatory response elicited by tumor cell death. More specifically, 

dying tumor cells (necrotic cores) may stimulate growth of surrounding tumor cells by 

directly secreting tumorigenic factors or initiating local inflammatory responses (see below). 

This wound-healing-like response may offset the loss of tumor mass caused by cell death 

and eventually promote tumor growth. Recently, in studying the development of tumor 

necrosis during glioblastoma progression, Yee et al. found that neutrophil-induced tumor 

cell death can counterintuitively promote tumor aggressiveness [16]. In this process, tumor 

cells undergo ferroptosis when encountering neutrophils infiltrating into the tumor stroma. 

Ferroptosis is a type of iron-dependent regulated cell death mediated by lethal accumulation 

of lipid peroxides [84]. When cocultured with activated neutrophils in vitro or encountering 

tumor-infiltrating neutrophils in an orthotopic GBM mouse model, LN229 GBM cells show 

increased amounts of lipid peroxides. Adding ferroptosis inhibitors or an iron chelator into 

the coculture rescued tumor cells from being killed by neutrophils. Ferroptosis blockade by 

either expressing phospholipid peroxidase glutathione peroxidase 4 (GPX4) or depleting 

acyl-CoA synthetase long chain family member 4 (ACSL4) in tumor cells dampened 

necrosis and lessened tumor aggressiveness in this tumor model. In both in vitro and in vivo 
settings, MPO-containing granules were found in tumor cells. Adding MPO inhibitors to the 

coculture or knocking down MPO from neutrophils rescued tumor cells from the neutrophil-

induced tumor cell-killing in vitro. These observations suggested that neutrophils induce 

tumor cell ferroptosis by transferring MPO-containing granules into tumor cells (Fig. 2) [16]. 

This notion is consistent with the early observation that neutrophils from MPO-deficient 

patients lack such cytotoxicity [70].
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Necrosis promotes tumor progression

Necrotic cells are able to release a broad spectrum of factors that can modulate the tumor 

microenvironment. Certain factors, such as HMGB1, IL-8 and IL-6, can affect tumor cells or 

stroma cells to enhance tumor cell proliferation, invasion, and angiogenesis [85]. Several 

intracellular components, when released, are able to directly or indirectly activate and recruit 

immune cells which then facilitate inflammation or immunosuppression. These components 

include HMGB1 [86–90], uric acid [91–93], nucleosomes [94–96], heat shock protein family 

members hsp 70, hsp 60, and gp96 [97–101], as well as fragmented chromatin/DNA [102–104]. 

The released cellular components have been generally called DAMPs. Because these factors 

could be released throughout the whole dying process, including when cells may still be 

metabolically active, these doomed cells may impact the tumor even before the appearance 

of overt necrosis.

Chronic inflammation induced by tumor necrosis

Chronic inflammation has been shown in several studies to promote initiation and 

progression of cancers [105, 106]. Many recent studies, undertaken to explain how and why 

tumor necrosis negatively impacts patients’ prognoses, have provided new insights regarding 

the link between tumor necrosis and inflammation. In addition to local (within the tumor 

microenvironment) inflammation triggered by cell death, tumor necrosis may cause systemic 

(within the whole body of the host) inflammation, as demonstrated by elevation of serum 

inflammatory markers, erythrocyte sedimentation rate (ESR), and total white blood cell 

count commonly observed in cancer patients [107]. The presence of tumor necrosis, through 

so-called necroinflammation, is capable of persistently triggering pro-inflammatory 

responses and thereby creating a chronically pro-inflammatory environment at both local 

and systemic levels, thereby shortening the host’s survival. Long-term local inflammation 

can escalate into chronic dysregulated inflammation, subjecting the host to constant 

exposure to pro-inflammatory cytokines (e.g., IL-1, IL-6, and TNFα), which in turn 

increases production and recruitment of a variety of pro-inflammatory immune cells (Fig. 3). 

While these pro-inflammatory responses may be beneficial for the host to eliminate 

pathogens under normal physiological circumstances, chronic activation of inflammatory 

reactions within the host may lead to generalized cachexia, failure to thrive, and eventual 

multi-organ deterioration, thereby worsening prognoses in cancer patients [108, 109]. 

Additionally, subjection to a chronic inflammatory state may lower the host’s tolerance 

threshold to cytotoxic anti-cancer chemotherapy or radiotherapy and increase chances of 

complications.

Immunogenic and immunosuppressive effects by tumor necrosis

In certain conditions, tumor cell death can initiate both innate and adaptive immune 

responses. Such immunogenic cell death (ICD) may trigger enhancing signals that facilitate 

tumor-associated neoantigens generated by mutations in stimulating the adaptive immune 

response (Fig. 3) [110]. In this scenario, the tumor cell-derived DAMPs activate pattern 

recognition receptors (PRRs) that initiate the immunity. Through the DAMPs-PRRs 

signaling, necroptotic cancer cells can promote dendritic cell maturation, cytotoxic T cell 

priming, and IFN-γ production [111, 112]. Although it is still unclear whether tumor cells 
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undergoing ferroptosis are immunogenic like necroptotic cancer cells, it was suggested that 

lipid metabolites and autophagy-mediated HMGB1 released from ferroptotic cancer cells 

can recruit antigen-presenting cells and other immune cells [113]. These ferroptosis-

associated DAMPs may trigger Toll-like receptor 4 (TLR4) singling, which can then recruit 

and activate multiple immune cells, including dendritic cells and neutrophils [113].

The fact that certain cancers (e.g., GBMs) almost always develop remarkable necrotic cores 

suggests that necrotic cells, likely initially immunogenic, find a way eventually to 

circumvent the immune surveillance (Fig. 3). Although it is still unclear how such escape 

occurs in necrotic cells, some mechanisms may be similar to that used by tumor cells when 

escaping immune surveillance in early tumorigenesis [114]. In this latter case, the escaping 

process may rely on reducing release and sensing of DAMPs, interfering with the 

downstream immunological processes, or more immunosuppressive mechanisms as 

discussed below [110]. First, shortages of glucose (hypoglycemia) and oxygen (hypoxia) in 

tumors associated with necrosis provide a metabolic challenge for cytotoxic T cells to 

generate sufficient energy for proliferation and activation in tumors [115]. Second, released 

metabolic products may have immunosuppressive functions. For example, tumor cells can 

generate ROS in response to hypoxia [116]. In addition, tumor infiltrating immune cells, such 

as MDSCs, macrophages, regulatory T cells, and neutrophils, can also release ROS into the 

tumor microenvironment. While low levels of ROS are required for T cell propagation and 

activation, when ROS reaches a certain level, it can inhibit the antitumor function and 

proliferation of T cells and reduce T cell survival [117]. In addition, accumulation of lactate 

due to increased tumor-associated glycolysis can impede the proliferation and cell-killing 

ability of cytotoxic T cells [118]. This is likely due to disrupted export of lactate from T cells 

and reduced glycolysis in T cells for energy production. Other metabolic products or 

released cell contents may also contribute to immunosuppression within the tumor 

microenvironment. For example, while antigen-presenting dendritic cells can provide a 

chemically-reducing microenvironment favorable for T lymphocyte activation via the 

extracellular release of cysteine and thioredoxin, extracellular glutamate, which is aberrantly 

elevated in the GBM microenvironment, can inhibit antigen-dependent T lymphocyte 

proliferation [119]. In addition, because nucleosomes can induce lymphocyte necrosis [96], 

nucleosomes released from necrotic tumor cells may contribute to immunosuppression in 

necrotic tumors. Furthermore, the arachidonic acid metabolites, such as prostaglandin E2, 

generated under the cellular peroxide tone may allow immune evasion by tumors [113, 120]. 

Other inhibitory DAMPs, such as adenosine, may also suppress the immunogenic response 
[121]. Notably, the above immunosuppressive components in the necrotic tumor 

microenvironment could be directly generated by tumor cells at various stages of necrosis. 

However, these tumor cells may also recruit or modulate other immune cells, such as M2-

polarized macrophages, neutrophils, MDSCs, or regulatory T cells, which in turn facilitate 

creation of the immunosuppressive microenvironment [114]. It is still unclear whether there is 

a point of no return beyond which the balance of immunogenic and immunosuppressive 

properties of necrotic cells is tipped toward immunosuppression and eventually lead to 

immune surveillance escape. However, amplifying the release of DAMPs may convert the 

non-immunogenic cell death to ICD [122]. In addition, blockade of IL-8 or its receptors may 

inhibit neutrophil recruitment and the formation of neutrophil extracellular traps, thereby 
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relieving immunosuppression and benefitting immunotherapy [123]. Therefore, finding a 

method to counteract the ways by which necrotic tumors escape immune surveillance and 

revive the immunogenicity of cell death associated with necrosis may benefit cancer 

therapeutics.

Conclusions and Outlook

Emerging evidence suggests that the formation of tumor necrosis is a complex process 

orchestrated by multlple interconnected factors, including molecular aberrations within the 

tumor cells, the metabolic statuses of the tumors, as well as the influence of non-neoplastic 

(e.g., immune) cells in the tumor microenvironment (Fig. 3). Ferroptotic cell death in 

necrotic GBM offers a glimpse into this complex regulation. The molecular aberrations 

associated with activation of TAZ [124] and RAS-RAF-ERK signaling [125] could increase 

ferroptosis sensitivity [126–129], thereby sensitizing GBM cells to ferroptosis when 

intracellular ROS imbalance is triggered by metabolic insults, such as hypoxia, glucose 

deprivation, and extracellular glutamate accumulation [130]. The resulting tumor damage 

would in turn recruit neutrophils to the site of tissue damage and thereby result in a positive 

feedback loop, amplifying GBM necrosis development to its fullest extent [16]. Given that 

other immune cells, such as macrophages and microglia, are also abundant in GBMs, 

whether they play a role similar to that of neutrophils in necrosis formation is an open 

question. In addition, whether the necrosis development modality laid out in GBMs also 

applies to other cancers awaits future investigation. The interrelationship among tumor 

necrosis and tumor progression remains complex and challenging to study. Tumor cells 

dedicated to necrosis may impact tumor progression in various ways that are manifested by 

chronic inflammation as well as the immunogenic and immunosuppressive effects. The fact 

that inhibiting ferroptosis can prolong the survival of mice bearing xenografted GBM 

suggests that necrosis may enhance tumor aggressiveness and that targeting ferroptotic cell 

death in necrotic GBM might benefit GBM patients by curtailing tumor necrosis-triggered 

comorbidities [16]. On the other hand, identification of the tipping point at which ICDs 

transform to non-immunogenic cell death may benefit immunotherapy by stimulating the 

adaptive immune response and blocking immunosuppression.
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Figure 1. Recruitment of neutrophils by a tumor.
a) Under normal physiology, neutrophils arise from granulocyte-monocyte progenitors 

(GMPs) in bone marrow and are released upon maturation, and the whole process is tightly 

regulated. In the context of cancer, both production and retention of neutrophils are 

disrupted. Tumor cells overproduce a variety of granulopoiesis-promoting factors, which not 

only pathologically promote granulopoiesis in the bone marrow but also overpower retention 

signals within the marrow, resulting in peripheral neutrophilia. Certain tumor cells can 

further secrete neutrophilic chemotactic factors, forming a chemokine gradient that guides 

neutrophils to transmigrate and extravasate into the site of the tumor. Neutrophils that are 

recruited into the tumor are collectively termed tumor-associated neutrophils (TANs). b) 
Following natural tumor progression and expansion, cells in the center of a solid tumor are 

likely to undergo hypoxia and other potential stressors within the tumor microenvironment, 

resulting in tumor cell/tissue damage. Damaged tumor cells further release damage-

associated molecular patterns (DAMPs), which can preferentially recruit neutrophils over 

other immune cells to tissue damage sites, further augmenting the extent of TANs 

infiltration. c) As tumor progression advances, oxygen- and nutrient-deprived tumor cells in 

the center of the solid tumor die, forming a visible tumor necrosis. Dead tumor cells 

aberrantly upregulate expression and release of a variety of factors, reinforcing bone marrow 

granulopoiesis and neutrophil release and further magnifying the extent of TANs infiltration 

within the tumor. Once recruited, TANs can cause additional tumor cell damage/death, 

augmenting inflammatory responses within the tumor, resulting in further tumor cell/tissue 

death. Together, these aberrations of marrow granulopoiesis and recruitment of neutrophils 

into the damaged tumor site facilitated by necrotic tumor cells, as well as TANs-triggered 

tumor cytotoxicity, form a positive feedback loop, magnifying and accelerating both TANs 

infiltration and tumor necrosis to their fullest extents.
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Figure 2. Neutrophils can induce tumor cell death via multiple mechanisms.
Neutrophils are well-known for their innate capacities to execute oxidative bursts, causing 

oxidative damage to surrounding cells/tissues. Unsurprisingly, most previously identified 

neutrophil-triggered tumor cell-killing primarily relies on neutrophils’ production of reactive 

oxidants. Several byproducts (e.g., hypochlorous acid, HOCl) generated via the neutrophilic 

MPO−H2O2−Cl− cascade, has been proposed to play a role in neutrophil-mediated tumor 

cytotoxicity. A study revealed that H2O2 generated in the neutrophilic oxidase cascade can 

directly instigate tumor cell death via the H2O2-activated nonselective cation channel—

transient receptor potential cation channel subfamily M member 2 (TRPM2)—resulting in 

TRPM2-facilitated uncontrolled Ca2+ influx into tumor cells and subsequent tumor cell 

death. Neutrophils also execute tumor cytotoxicity via transfer of neutrophilic MPO into 

tumor cells, which in turn leads to aberrant intracellular accumulation of lipid ROS and 

eventual tumor cell ferroptosis. Moreover, neutrophils can also generate other tumor-

cytotoxic factors, such as tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), 

to instigate tumor apoptotic cell death. Neutrophils’ capacities to generate tumor-cytotoxic 

materials depend on physical contact between neutrophils and tumor cells mediated by 

neutrophilic cathepsin G (CTSG) and receptor for advanced glycation end products (RAGE). 

Additionally, neutrophils are capable of triggering tumor cytotoxicity indirectly by causing 

damage or metabolic disturbances to tumor cells, such as 1) detachment of neoplastically-

transformed epithelial cells in a neutrophilic NADPH oxidase-mediated manner, 2) 

competitive consumption of oxygen in the tumor microenvironment to augment hypoxic 

stress, and 3) NETs-facilitated vascular damage, leading to thrombosis and obstruction of 

blood flow, further magnifying hypoxia and nutrient deprivation among tumor cells.
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Figure 3. A proposed model of tumor necrosis development and its impact on tumor progression.
As the tumor expands during early tumorigenesis, rapid tumor expansion outstrips vascular 

supply and results in ischemia. Ischemic tumor cells at the center of the tumor face multiple 

metabolic challenges, including deprivation of oxygen (O2) and glucose as well as aberrant 

accumulation of ROS and lactate, resulting in pH reduction. Tumor cells residing in such a 

harsh microenvironment could die in a way that may be immunogenic and able to recruit 

immune cells involved in both innate and adaptive responses. These immune cells could 

further facilitate tumor cell death. As tumor cell death in this zone persists, the size of tumor 

necrosis expands; meanwhile, dying tumor cells release various chemotactic molecules, 

recruiting more macrophages and neutrophils as well as MDSCs into the tumor necrotic 

zone. These recruited immune cells, along with other released tumor cellular contents and 

metabolites, together create an immunosuppressive tumor microenvironment and dampen 

resolution of inflammation, leading to persistence of unresolved, so-called chronic 

inflammation. The chronic inflammation and immune escape could then promote tumor 

growth and malignant tumor progression.
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