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Abstract
Neutrophils are the first line of defense against pathogens and abnormal cells. They regulate many biological processes such as 
infections and inflammation. Increasing evidence demonstrated a role for neutrophils in cancer, where different subpopulations 
have been found to possess both pro- or anti-tumorigenic functions in the tumor microenvironment. In this review, we discuss 
the phenotypic and functional diversity of neutrophils in cancer, their prognostic significance, and therapeutic relevance in 
human and preclinical models. Molecular imaging methods are increasingly used to probe neutrophil biology in vivo, as well 
as the cellular changes that occur during tumor progression and over the course of treatment. This review will discuss the role 
of neutrophil imaging in oncology and the lessons that can be drawn from imaging in infectious diseases and inflammatory 
disorders. The major factors to be considered when developing imaging techniques and biomarkers for neutrophils in cancer 
are reviewed. Finally, the potential clinical applications and the limitations of each method are discussed, as well as the chal-
lenges for future clinical translation.
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Introduction
Neutrophils are granulocytes of myeloid origin characterized by the presence of granules in their cytoplasm and multilobed 
nuclei. They play critical roles in the innate immunity and are our first line of defense against pathogens such as bacteria and 
viruses, as well as abnormal cells [1, 2]. Neutrophils regulate many processes, e.g., acute injury and wound repair, autoim-
munity, infections, and chronic inflammatory disorders. They are the most abundant immune cells, representing 50–70% of 
the total circulating leukocytes in humans and 10–30% in mice [3]. It is not clear if this shift towards neutrophil-rich blood in 
humans has any functional significance [4]. In recent years, a role for neutrophils in cancer has emerged, whereby different 
subpopulations of neutrophils have been found to possess both pro- or anti-tumorigenic properties.

Neutrophils: a Double‑Edged Sword in Tumor Immunity
Tumor-associated neutrophils (TANs) demonstrate phenotypic diversity during cancer progression and treatment response 
(Fig. 1). TANs can be classified into two distinct subtypes: N1 and N2 neutrophils. N1 neutrophils are mature high-density 
cells, which are terminally differentiated and relatively short-lived with a survival time of only 8–12 h in circulation and up to 
1–2 days in tissues [1]. N1 neutrophils are anti-tumorigenic, can generate reactive oxygen species (ROS) for cytotoxic killing 
of tumors, and promote  CD8+ T cell recruitment and activation through the secretion of T cell chemoattractants such as CCL3, 
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chemokine receptors (CXCR1 and CXCR2), and vascular 
endothelial growth factor (VEGF) [8, 9].

TANs exhibit distinct roles and functions in the tumor 
microenvironment and can be polarized into N1 or N2 sub-
populations. This multifaceted identity of TANs is context-
dependent and driven by specific inflammatory cytokines 
and oncogenic processes during cancer progression [8]. 
Type I interferons (IFN) such as IFN-β, which is constitu-
tively expressed at low levels in many cell types, is important 
for cancer immunosurveillance [10]. IFN-β has been shown 
to polarize TANs into the N1 anti-tumor phenotype both in 
mice and human [11]. In malignant tumors, the expression 
of the immunosuppressive cytokine transforming growth 
factor beta (TGF-β) can polarize TANs towards a N2 pheno-
type. The blockade of TGF-β signaling in syngeneic mouse 
models of non-small cell lung carcinoma and mesothelioma 
has been found to promote the cytotoxic and immunostimu-
latory profile of N1 neutrophils and enhances their recruit-
ment and persistence in the tumor microenvironment via the 
secretion of neutrophil chemoattractants and expression of 
adhesion molecules on endothelial cells [12]. Inflammatory 
cytokines and oncogenic signaling events can influence other 
immune and stromal cell components in the tumor microen-
vironment, altering their roles and functions during cancer 
progression and in turn influencing the phenotypic func-
tions of neutrophils. For example, type I IFNs have known 

CXCL9, and CXCL10 and proinflammatory cytokines like 
the granulocyte–macrophage colony-stimulating factor (GM-
CSF), tumor necrosis factor alpha (TNF-α), and interleukin 
12 (IL-12) [5]. N1 neutrophils express pattern recognition 
receptors that can detect damage-associated molecular pat-
terns released from abnormal or senescent cells, as well as 
damaged or necrotic tissues during radiotherapy, to facilitate 
the clearance of damaged cells [6]. The anti-tumorigenic 
roles of N1 neutrophils have been widely characterized as 
an immune defense mechanism during the early stages of 
primary tumorigenesis.

In comparison, N2 neutrophils possess pro-tumorigenic 
properties in malignant cancers. They are immature low-
density neutrophils, with delayed apoptosis and a prolonged 
half-life in cancer and inflammatory disorders [1, 7]. Mye-
loid-derived suppressor cells (MDSCs) have been shown to 
exhibit similar properties to N2 neutrophils. They promote 
tumor immunosuppression, proliferation, angiogenesis, and 
metastasis via the expression of factors such as the pro-
grammed cell death receptor ligand 1 (PD-L1), arginase-1, 
neutrophil elastase (NE), matrix metallopeptidase 9 (MMP9), 

Fig. 1.    Tumor-associated 
neutrophils exhibit phe-
notypic diversity over the 
course of cancer progression. 
Oncogenic signaling events 
which regulate the expression 
of TGF-β and IFN-β govern 
the plasticity switch between 
the anti-tumoral (N1) and pro-
tumoral (N2) phenotypes. Image 
created with BioRender.
com (agreement number 
MZ22VWEC70)  
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immunostimulatory properties in enhancing dendritic cell 
maturation, T cell cytotoxicity, survival, and differentiation 
into memory cells [10]. IFN-γ secreted by type 1 helper T 
cells (Th1) can induce the polarization of tumor-associated 
macrophages into an anti-tumor M1 phenotype. These M1 
macrophages secrete IFN-β, which in turn can polarize 
neutrophils to an anti-tumor N1 phenotype. In contrast, the 
presence of cancer-associated fibroblasts can enhance the 
recruitment of MDSCs (or “N2 neutrophils”) via the secre-
tion of proinflammatory cytokines such as IL-6, CXCL1, and 
CXCL2, upregulate the expression of immune checkpoint 
ligands on neutrophils such as PD-L1, and function as physi-
cal barriers to  CD8+  T cell tumor infiltration [13–15].

As a result of the significant role of TANs in tumor inflam-
mation, various immunotherapeutic drugs have been devel-
oped to target TANs in cancer. Some of these treatments are 
anti-inflammatory drugs repurposed from other immune-
mediated diseases to treat cancer by restoring the anti-tumo-
rigenic functions and suppressing the pro-tumorigenic prop-
erties of TANs [16, 17].

Neutrophil Density, Tumor Location, 
and Prognostic Relevance in Human 
Cancers and Preclinical Models
Clinical Studies

Neutrophilia or a high baseline neutrophil-to-lymphocyte 
ratio (NLR) in the peripheral blood of patients has been 
associated with poor prognosis in many cancers [18]. A high 
NLR of more than 5 has been found to be a negative predic-
tor of clinical outcome and response to cancer treatment such 
as surgery, chemotherapy, and immune checkpoint blockade 
[19–21]. The mechanisms by which neutrophilia is induced in 
cancer patients are not fully understood, although aggressive 
tumors have been shown to secrete granulocyte colony-stim-
ulating factor (G-CSF) at the onset of malignant transforma-
tion, resulting in tumor reprogramming of hematopoiesis in 
the bone marrow and the systemic expansion of circulating 
neutrophils, which preferentially accumulate in the lungs and 
facilitate metastatic seeding [22].

The presence and spatial location of TANs have impor-
tant prognostic implications in cancer [17], and therefore, 
the localization of TANs within the tumor microenvironment 
using non-invasive imaging tools could provide important 
clinical information. For example, infiltration of TANs within 
the tumor, but not the stroma or tumor periphery, has been 
associated with poorer prognosis in many cancer types such 
as non-small cell lung carcinoma (NSCLC), melanoma, and 
esophageal cancer [17]. However, the opposite has been 
reported in other cancers such as hepatocellular carcinoma 
(HCC) and cervical cancer, where a high neutrophil count 
in the peritumoral and stromal regions, but not intratumor-
ally, has been correlated with poorer objective survival (OS) 

[23, 24]. These differences in clinical prognosis in relation 
to TAN location may be due to the spatial heterogeneity in 
the expression of local environment cues within tumors [17]. 
For example, in primary colorectal cancer (CRC), TANs have 
been found to localize predominantly at the invasive margin 
of tumors and correlated with TGF-β expression [25]. Circu-
lating TANs in stage III-IV CRC have been shown to express 
higher levels of neutrophil elastase and arginase-1 compared 
to stage I–II disease, implying a more immunosuppressive 
phenotype as the disease progresses [26, 27].

Preclinical Models

The density and function of TANs differ between preclini-
cal mouse models of cancer. The rational selection of the 
most suitable preclinical model to best represent the human 
disease for immuno-oncological imaging and therapeutic 
intervention is crucial [28, 29]. The role of TANs in tumor 
progression and therapy at the preclinical level is context-
dependent and can be influenced by the tumor model and 
genetic background of the mouse strain used. For instance, 
differential expression of chemoattractants for neutrophils 
and MDSCs, such as CXCL1 and CXCL2, has been observed 
in syngeneic mouse models of carcinogen-induced colorectal 
tumors, being higher in MC38 tumors compared to the CT26 
model [29]. MC38 tumors predominantly comprise poly-
morphonuclear MDSCs (50.9%) and are not responsive to 
CTLA-4 and PD-1 therapy, while CT26 tumors have a lower 
infiltration of MDSCs (20.3%), are rich in cytotoxic immune 
infiltrates, and are responsive to immune checkpoint inhibi-
tors [29]. The genetic background of the host mouse can also 
influence neutrophil phenotype and function. For example, 
comparing two immunocompetent mouse models commonly 
used in immuno-oncology studies, naïve non-tumor-bearing 
BALB/c mice contain more peripheral blood neutrophils 
(10.3% of total immune cells) than C57BL/6 mice (3.3%). 
The neutrophils of naïve BALB/c mice are of the  Ly6Ghi/
CD62Llo  phenotype linked to neutrophil aging, whereas the 
neutrophils in C57BL/6 mice are  Ly6Glo/CD62Lhi  and may 
represent younger neutrophils [28]. Factors such as age- and 
sex-specific alterations in immune composition may also 
influence neutrophil function even within the same mouse 
strain, and therefore, it is important to ensure representative 
matching of experimental controls when undertaking neutro-
phil imaging and therapeutic studies [30].

Genetically engineered mouse models (GEMM) which 
mimic spontaneous and autochthonous tumor growth in 
human cancers may more closely recapitulate the disease 
than syngeneic mouse tumors [31]. GEMM tumors arise 
from key driver mutations in immunocompetent mice. 
Tumors grow in the presence of intact immune and stromal 
components, enabling the entire process of cancer progres-
sion and tumor immunity to be interrogated. One of the 
most commonly used GEMMs in immuno-oncology stud-
ies is the mouse mammary specific polyomavirus middle 
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T antigen (MMTV-PyMT) model [31]. The overexpression 
of the oncogene polyomavirus middle T antigen mimics the 
signaling of receptor tyrosine kinases commonly activated 
in many human malignancies including breast cancer. The 
expression of this oncogene in the mammary epithelial cells 
resulted in the rapid transformation and generation of mul-
tifocal breast tumors that readily metastasize to the lungs. 
 CD11b+   Ly6G+  neutrophils have been found to exist at 
low levels within the primary tumors of the MMTV-PyMT 
model and can be systemically mobilized to pre-metastatic 
niches in the lungs by G-CSF secreted from tumors prior 
to metastatic colonization [32]. Interestingly, the activa-
tion of the C3 complement cascade in a spontaneous small 
intestinal tumor model  (APCMin/+  mice) has been found to 
induce the polarization of TANs to a N2 phenotype and 
the release of neutrophil extracellular traps (NETs) as the 
disease progressed. This resulted in blood coagulation and 
neutrophilia which resemble many human cancers [33]. 
Pharmacological blockade of CXCR2 in the same model 
has been demonstrated in another study to attenuate mye-
loperoxidase  MPO+  neutrophil recruitment into tumors 
and suppress the spontaneous formation of benign intes-
tinal lesions [34]. Non-invasive methods to dynamically 
track neutrophils in human and preclinical models have the 
potential to reveal novel mechanisms of neutrophil function 
in cancer, as well as efficiently informing the efficacy of 
therapeutic intervention.

Molecular Imaging of Neutrophils 
at Microscopic and Macroscopic Levels
Immune response and treatment-induced changes in the 
tumor microenvironment are dynamic processes which 
require precise monitoring and longitudinal follow-up 
[35, 36]. Conventional immunological methods like flow 

cytometry, immunohistochemistry, and other in vitro  assays 
are very destructive to tissues and do not provide informa-
tion on the spatial and temporal heterogeneity of immune 
response within living organisms which is a hallmark of 
most tumors and a major driver of therapeutic failure [37].

Molecular imaging methods such as optical imaging, 
magnetic resonance imaging (MRI), single-photon emis-
sion computed tomography (SPECT), and positron emission 
tomography (PET) have been used for detecting changes in 
neutrophil function and cellular kinetics in several immune-
mediated diseases [38–43]. These imaging methods could 
also be repurposed for neutrophil imaging in cancer. Neutro-
phils and associated biomarkers can be imaged at different 
levels of molecular sensitivity and spatial resolution, from the 
microscopic observation of single-cell behavior in tissues to 
the whole-body macroscopic imaging of neutrophil migration 
and functional status in multiple organs [44] (Supplemental 
Table S1). A literature search on the use of molecular imag-
ing in examining neutrophil or neutrophil-related biologi-
cal activity was performed in PubMed including all papers 
published since the 1970s until July 2021. The search terms 
used were “neutrophil” AND “imaging” AND “optical” OR 
“MRI” OR “PET” OR “SPECT”, returning 219 results.

Optical Imaging

Optical imaging uses light in the visible and near infrared 
(NIR) range to interrogate cellular and molecular events in 
vivo. Intravital microscopy (IVM) is the most established 
technique for imaging neutrophil activity at the preclinical 
level. The method has commonly been used for studying 
various aspects of innate and adaptive immunity to cancer, 
infections, and inflammatory disorders. Imaging can be 
conducted at high spatial and temporal resolution to track 
individual live cell behavior and cell–cell interactions, and 
derive metrics such as the velocity, displacement, persis-
tence time, and meandering index from time-lapse videos 

Fig. 2.   Longitudinal imaging using IVM in Catchup mice implanted with small tumors at the ear pinnae showed early effects of CXCR2 
blockade on tumor recruitment of   tdTomato+  neutrophils on day 0 but not  in  the later time points at day 3 and day 6 as the dis-
ease progressed. Images reproduced with permission from [38]
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[15]. Technical advancements in multiphoton microscopy 
for IVM has enabled live imaging of cells over a longer 
time frame, as the lower energy lasers of NIR excitation 
generate lesser cellular damage, photobleaching, and 
phototoxicity effects on tissues compared to the ultravio-
let lasers used in conventional confocal microscopy. The 
longer wavelength of NIR excitation also allows for deeper 
imaging of living tissues (up to 1 mm), improves optical 
sectioning, and minimizes light scattering.

Transgenic mouse models and neutrophil-specific 
fluorescent probes have been developed for interrogating 
neutrophil biology in vivo  using IVM. LysM-EGFP mice 
have been used for tracking myeloid cells which comprise 
mostly neutrophils and to a lesser extent monocytes and 
macrophages [45]. This model has been investigated in 
breast cancer metastases where  GFP+  neutrophils were 
shown to migrate into the lungs facilitating the formation 
of neutrophil extracellular traps (NETs) for colonization 
of new metastatic niches [46]. Newer transgenic models 
like the Catchup mouse, in which the first exon of Ly6G, 
a granulocyte-specific surface receptor, was replaced by 
a knock-in allele encoding for the red fluorescent protein 
tdTomato and Cre recombinase, have been introduced for 
tracking neutrophil dynamics in cancer and infections [47]. 
The Catchup mouse has been used for the longitudinal 
imaging of neutrophil infiltration and persistence in dif-
ferent compartments of small tumor lesions implanted in 
the mouse ear pinnae [38]. Intratumoral neutrophils dem-
onstrate more persistence and reduced motility compared 
to peritumoral neutrophils which were observed moving at 
increasing velocity with tumor progression. The pharma-
cological blockade of CXCR2 signaling has been shown 
to inhibit neutrophil trafficking during the early stages of 
tumorigenesis but not at later time points as the disease 
progressed (Fig. 2).

Fluorochrome-conjugated antibodies targeting Ly6G 
and the myeloid differentiation antigen Gr-1 are com-
monly used for optical imaging of neutrophils in mice. Low 

doses of injected antibodies (1–40 μg) have been shown to 
effectively label neutrophils sufficient for several hours of 
imaging, without causing the depletion of neutrophils or 
affecting their function and behavior [48]. Although neu-
trophils can be imaged at microscopic spatial resolution and 
in multiplex with other cells and tissue structures within 
the tumor microenvironment using IVM, the method is not 
easily translatable for clinical use. The technique is often 
limited by the tissue depth and field-of-view and is invasive 
when used as a terminal imaging technique on exposed tis-
sues or with implanted window chambers for longitudinal 
imaging [15, 49].

Nevertheless, clinical translation of optical imaging for 
studying neutrophil activity in real-time during tissue inflam-
mation may be possible with the development of non-toxic, 
biologically inert fluorescent probes for optical endomi-
croscopy (OEM) [50]. For instance, a multi-branched pep-
tide scaffold fluorescent probe, neutrophil activation probe 
(NAP), has been evaluated in an exploratory trial on clinical 
OEM of the lungs (NCT01532024). This fluorescent probe 
consists of three internally quenched fluorescein moieties, 
each conjugated to an optimized peptide sequence that can 
be phagocytosed by neutrophils and cleaved during the enzy-
matic process of neutrophil activation as a result of human 
neutrophil elastase activity. NAP was administered in micro-
doses into the distal lungs of healthy volunteers and patients 
with acute lung inflammation, with no reported adverse reac-
tion. Heterogeneity in contrast uptake was observed in the 
patients, while no signal was detected in the healthy volun-
teers [39]. A phase 2 trial is currently underway to evaluate 
the feasibility of this approach for quantifying neutrophil 
activation, to predict outcome, and to stratify mechanically 
ventilated patients in the intensive care unit (NCT02804854). 
However, the application of OEM and other clinical optical 
imaging techniques for imaging neutrophil activity in can-
cer on patients is limited by the field-of-view and is rather 
more suitable for imaging superficially located lesions and 
tissues with minimal autofluorescence. Molecular imaging 

Fig. 3.   Cellular tracking 
of changes in 19F signal and 
inflammation resolution over 
20 days in an LPS-induced 
model. Images reproduced with 
permission from [40]
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techniques such as MRI, SPECT, and PET are more useful 
for tracking neutrophil dynamics at a whole-body level and 
across multiple tumors and organs.

Magnetic Resonance Imaging

MRI is widely used in clinical practice to obtain three-
dimensional images at high spatial resolution for diagnosis 
and treatment monitoring and provides excellent soft tissue 
imaging using a range of contrast mechanisms. Immune cell 
tracking in MRI has predominantly been based on superpar-
amagnetic iron oxide (SPIO) nanoparticle labeling of cells 
and imaging local magnetic field inhomogeneities (T2 and 
T2* weighting). SPIO-enhanced MRI relies on the phago-
cytic properties of macrophages, neutrophils, and dendritic 
cells to efficiently take up SPIOs for magnetic labeling and 
detection on MRI. Unlike T cells, phagocytes such as neu-
trophils and macrophages are terminally differentiated, and 
therefore, the MRI signal from the labeled phagocytes does 
not decrease due to cell proliferation, although it may be exo-
cytosed into the extracellular space [51, 52]. Ferumoxytol 
(Feraheme®), an ultrasmall SPIO approved by the US Food 
and Drug Administration (FDA) for the treatment of iron 
deficiency in chronic kidney disease, has been used as an 
off-label MRI contrast agent for the detection of tumor-asso-
ciated macrophages in patients. In one study, 24 h following 
intravenous administration of ferumoxytol, a significant cor-
relation was found between tumor T2* signal enhancement 
(or presence of SPIOs) on clinical MRI and the density of 
tumor-associated macrophages (both M1 and M2) on histol-
ogy. The spatial distribution of T2* signal and the localiza-
tion of macrophages were also found to be different between 
lymphoma and bone sarcoma [53]. This has demonstrated 
the feasibility of using ferumoxytol-enhanced MRI as a sur-
rogate imaging biomarker for tumor-associated macrophages 
in cancer. However, as neutrophils are present in the highest 
density in human blood (50–70%) compared to macrophages 
(<  8%), circulating neutrophils may have contributed to the 
measured SPIO uptake in the tumors, which is a problem 
that affects many molecular imaging approaches to specifi-
cally label neutrophils. Furthermore, the detection of SPIO-
labeled cells based on T2* MRI can be compromised by the 
presence of endogenous iron, hemorrhage, deoxyhemoglobin, 
and inflammation within the tumor [54]. Marked differences 
in the pre- and post-contrast images are required to detect 
differences in SPIO-labeled immune infiltrates. Quantitative 
measurements of SPIO distributions can also be influenced 
by factors such as a non-linear relationship between the con-
trast concentration and T2* relaxation time. Susceptibility 
artifacts that may arise from air–tissue interfaces, such as in 
the lung or brain sinuses, can result in an inaccurate estima-
tion of T2* relaxation, especially at very low concentrations 
of SPIO-labeled cells [55]. Therefore, the use of ferumoxytol-
enhanced MRI as a surrogate biomarker for tumor-associated 
neutrophils requires further validation in future studies.

Another approach is fluorine-19 MRI (19F-MRI) which 
may provide a more quantitative method for imaging inflam-
mation. 19F has a high relative sensitivity comparable to 
1H (83% of 1H), and the 19F signal can be more directly 
related to the presence of the label, compared to the T2* 
approaches described above with SPIOs. This quantifiable 
signal obtained from 19F-based contrast agents is highly spe-
cific due to the lack of endogenous 19F in biological tissues 
and provides positive rather than negative contrast which 
facilitates detection [56]. Perfluorocarbons (PFC) have been 
used for 19F-MRI tracking of immune cells both clinically 
and preclinically. PFCs are biochemically inert, organic mol-
ecules that are lipophilic and can be efficiently taken up into 
cells via passive uptake. PFCs can be emulsified into lipid 
nanoemulsions or incorporated into the synthetic amino acid 
poly(lactide-co-glycolide) or PLGA to improve biocompat-
ibility for imaging applications [57, 58]. Commonly used 
PFCs include perfluoro-15-crown-5 ether and perfluoropol-
yether [56]. Perfluoro-15-crown-5 ether has been used for 
imaging neutrophils and monocyte infiltration in a preclini-
cal model of lipopolysaccharide (LPS) bacterial endotoxin-
induced inflammation [40]. The magnitude of the 19F signal 
at the inflamed site was shown to correlate with the degree 
of tissue inflammation and dose of LPS applied. Longitu-
dinal tracking of the entire process of inflammation and its 
resolution was possible. A gradual decrease in 19F signal was 
detectable on MRI over a period of 20 days (Fig. 3). However, 
perfluoro-15-crown-5 ether has an extremely long biologi-
cal half-life. It can accumulate in the liver and spleen and 
can persist in different organs for several months [59]. This 
precluded its future clinical application for imaging inflam-
mation and early treatment response assessment. As such, 
alternative PFCs with high fluorine content and shorter bio-
logical half-lives have been tested, in which perfluorooctyl 
bromide, which has been used in clinical trials as a blood sub-
stituent, demonstrated similarly high sensitivity as perfluoro-
15-crown-5 ether but better excretion profile (12 days) for in 
vivo  imaging [56, 59]. Although SPIOs and 19F-PFCs labe-
ling of cells offer the opportunity to track neutrophils without 
the use of ionizing radiation, MRI and MR spectroscopy is 
often limited by the poor sensitivity and significant concen-
tration of contrast agents required for detection compared to 
nuclear medicine imaging.

Radionuclide Imaging

Gallium-67 (67Ga)-labeled citrate has been used for over 
30 years in SPECT imaging of infections and inflammatory 
disorders. Gallium functions as an iron analogue in vivo  by 
binding to circulating transferrin and extravasates within 
inflammatory sites due to local increase in blood flow and 
vascular permeability [60]. The exact mechanism for tissue 
retention and neutrophil uptake of the  [67Ga]Ga-citrate/trans-
ferrin complex is unclear but has been postulated to be either 
due to gallium exchange with iron-binding proteins such as 
lactoferrin released by neutrophils at the inflamed site or due 
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to phagocytic uptake of bacteria containing siderophores 
bound to gallium [60, 61]. The long half-life of gallium-67 
(t1/2  =  78.3 h) can potentially be replaced with gallium-68 
(t1/2  =  68 min) which has a suitable half-life and better sen-
sitivity on PET imaging for routine clinical application [62]. 
Furthermore, the kinetics for chemotaxis of innate immune 
cells is usually fast, and neutrophils are known to be recruited 
to the site of inflammation within minutes [2]. Although 
 [67Ga]Ga-citrate has demonstrated good sensitivity in detect-
ing a variety of acute and chronic infections and inflamma-
tory disorders, the technique is more challenging for imag-
ing inflammatory processes in cancer due to the non-specific 
accumulation of  [67Ga]Ga-citrate in malignant tissues, e.g., 
due to enhanced permeability and retention (EPR) effects 
[63].  [67Ga]Ga-citrate also exhibits non-specific intra-abdom-
inal activity due to slow excretion via the gastrointestinal 
tract and uptake in the liver and skeleton. Furthermore, the 
radiopharmaceutical can be retained in normal tissues such as 
the nasopharynx, breast, lacrimal and salivary glands due to 
the presence of lactoferrin. These challenges have hampered 
the application of  [67Ga]Ga-citrate for imaging tumor inflam-
mation in metastatic cancers [64].

White blood cell (WBC) scintigraphy using ex vivo  radi-
olabeled leukocytes and planar scintigraphy is a specific gold 
standard technique that has been used routinely in clinical 
practice for detecting unknown sites of infection and inflam-
mation. Although this involves labeling the full range of cir-
culating white blood cells in the peripheral blood, the major-
ity of these are neutrophils. Since its introduction in 1976, 
WBC scintigraphy has been used in various clinical settings 
for the diagnosis of diseases such as vascular graft infections, 
inflammatory bowel disease (IBD), and osteomyelitis [65]. In 
recent years, radiolabeled autologous neutrophils and SPECT 
imaging have been used in experimental medicine studies 
on human for investigating changes in neutrophil kinetics in 
inflammatory disorders such as acute respiratory distress syn-
drome (ARDS) and chronic obstructive pulmonary disorders 
(COPD), as well as in primary lung cancer [41, 66, 67].

Technetium-99 m (99mTc) hexamethylpropyleneamine 
oxime (HMPAO) and indium-111 (111In) oxine are the most 
common radiopharmaceutical agents used for the direct labe-
ling of human neutrophils [65]. Neutrophils are ideal leuko-
cytes for direct cell labeling using radiopharmaceuticals as 
gamma irradiation at doses less than 175 Gy has not been 
shown to cause alterations in neutrophil migration, ROS pro-
duction, cytotoxic killing, or phagocytosis [68]. The choice 
of radiopharmaceutical for specific labeling and in vivo 
tracking of neutrophils depends on the type of inflammation 
(acute versus chronic) and the circulating half-life and life 
span of neutrophils in the disease of interest. For example, 
technetium-99m has a short half-life (t1/2  =  6 h) sufficient for 
imaging acute inflammation which usually involves mature 
neutrophils with a shorter circulating time. Indium-111 has 
a relatively long half-life (t1/2  =  2.8 days) useful for detecting 
chronic inflammation in peripheral tissues including tumors 

containing neutrophils with heterogenous mature and imma-
ture phenotypes and a prolonged circulating time [1, 69]. The 
size of the circulating and marginated pools of neutrophils 
can be altered in cancer and other immune-mediated dis-
eases [2], and the dynamics of radiolabeled neutrophils can 
be tracked non-invasively using imaging.

SPECT imaging of  [111In]In-tropolone radiolabeled neu-
trophils has been investigated as an approach for studying 
neutrophil kinetics in four patients with primary lung cancer 
prior to surgical resection [41]. Intratumoral uptake of radi-
olabeled neutrophils was detected in a patient with squamous 
cell carcinoma at the 20-h scan. The gamma counts of tissue 
cores taken from different sites of the tumors from all patients 
were found to correlate positively with myeloperoxidase 
 MPO+  neutrophils detected on histology. No obvious tumor 
uptake in neutrophils on gamma counting nor histology was 
found in a patient with lung adenocarcinoma. Interestingly, 
 MPO+  neutrophils were also detected on histology in tumor 
regions where the gamma counts were low, implying the pres-
ence of tissue-resident neutrophils that were not accounted 
for when imaging radiolabeled neutrophils isolated from the 
peripheral blood. However, the pro- or anti-tumoral pheno-
type and activation status of the migrating neutrophils cannot 
be discerned from tracking these labeled cells. Furthermore, 
the procedures involved in direct cell labeling, i.e., isolation, 
purification, and radiolabeling of cells, are relatively time-
consuming and would usually take 2–3 h before the radiola-
beled neutrophils can be reinjected back into the same patient 
for imaging [65].

The development of radiopharmaceuticals based on anti-
bodies, peptides, and small molecules which can be directly 
injected into patients and bind to neutrophils in vivo  would 
provide complementary and additional information to direct 
cell labeling approaches. Several radiopharmaceuticals have 
been developed for imaging neutrophils in infection and 
inflammatory disorders, some of which have been used clini-
cally and can potentially be translated for cancer diagnosis 
and treatment evaluation. Monoclonal antibodies targeting 
cell surface glycoproteins expressed on human neutrophils 
and granulocytes have been evaluated in clinics. One of the 
very first examples is  [99mTc]Tc-fanolesomab (NeutroSpec™, 
Palatin Technologies, USA), a murine IgM anti-stage-spe-
cific embryonic antigen-1 (SSEA-1) targeting the glycopro-
tein CD15 expressed on activated human neutrophils [70]. 
99mTc-fanolesomab has demonstrated high binding affinity 
to activated neutrophils (Kd  =   10−11 mol/L) without affect-
ing their chemotactic behavior. The tracer exhibited rapid 
clearance from the circulation due to specific binding to cir-
culating neutrophils and had comparable diagnostic accuracy 
to WBC scintigraphy.  [99mTc]Tc-fanolesomab was approved 
in 2004 by the US FDA for the diagnosis of appendicitis 
and osteomyelitis [71]. It was available in a kit formulation 
for rapid labeling with  [99mTc]Tc-pertechnetate in a simple 
5-min procedure, avoiding the time-consuming steps associ-
ated with WBC labeling. However, transient neutropenia was 
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Fig. 4.   The cellular kinetics and molecular events involved in neutrophil function in cancer can be imaged using radiopharmaceuticals devel-
oped originally for imaging infection and inflammatory disorders. A Neutrophils can be directly labeled with lipophilic radiopharmaceuticals 
such as  [111In]In-tropolone for cellular tracking in vivo [41]. B Non-invasive detection of neutrophils based on the expression of its specific cell 
surface antigen activation marker CD15 has been performed clinically using  [99mTc]Tc-fanolesomab  [70]. C Neutrophil migration to sites of 
inflammation has been studied using the radiolabeled chemokine  [99mTc]Tc-CXCL8 [42]. D Activation of neutrophils in inflamed tissues can be 
visualized non-invasively by imaging the activity of proteolytic enzymes such as myeloperoxidase with the small molecule  [18F]F-MAPP [43]. E 
The role of complement activation in the inflammatory processes of neutrophil recruitment and activation and dose-dependent changes with 
treatment can be probed with a radiolabeled natural ligand of C3d complement receptor-2,  [99mTc]Tc-rCR2 [88]. F The involvement of neutro-
phils in immunometabolism and tumor metabolic immunosuppression can be imaged using a radiofluorinated small molecule inhibitors of 
arginase-1,  [18F]FBMARS [101]. Images reproduced with permission from  [41–43, 70, 88], and [101]

Table 1.   Radionuclide imaging approaches to probe the molecular events associated with neutrophil activity in cancer, infections, and inflammatory disor-
ders

Biological target Radiopharmaceutical Application Stage of testing Reference

Neutrophil migration
CXC chemokine receptor CXCR1 and 2 [99mTc]Tc-CXCL8 Colitis Inflammatory bowel disease Preclinical Clinical [76] [42]
Proteolytic enzymes
Myeloperoxidase [18F]F-MAPP Myocardial infarction Preclinical [43]
Neutrophil elastase [99mTc]Tc-MAG3-EPI-HNE-2 Bacterial infection Preclinical [77]
Complement activation
Complement component C3a [99mTc]Tc-rCR2 Ischemia–reperfusion injury Preclinical [87, 88]
Immunometabolism
Arginase-1 [18F]FBMARS Asthma and prostate cancer Preclinical [101]
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reported after its introduction due to specific neutrophil bind-
ing and sequestration of the tracer in the liver. Unfortunately, 
 [99mTc]Tc-fanolesomab was suspended from the market in 
2005 due to reports of fatal cardiopulmonary reactions asso-
ciated with its use, the cause of which is unknown and the 
future of  [99mTc]Tc-fanolesomab remains uncertain.

Although there have not been other tracers clinically avail-
able for detecting CD15 or neutrophil-specific cell surface 
marker, monoclonal antibodies and antibody fragments tar-
geting the surface antigens on granulocytes (majority neu-
trophils) have been developed for imaging inflammation 
and infection. A notable example is  [99mTc]Tc-sulesomab 
(LeukoScan™, Immunomedics GmbH, Germany), a murine 
antibody fragment (Fab’) targeting the non-specific cross-
reacting antigen-90 (NCA-90) or CD66c, a cell adhesion mol-
ecule expressed on activated granulocytes including neutro-
phils [72].  [99mTc]Tc-sulesomab has been licensed for several 
years in Europe for imaging musculoskeletal infections. The 
tracer has demonstrated increased binding to granulocytes in 
vitro following priming and activation. The uptake of  [99mTc]
Tc-sulesomab in patients with musculoskeletal infections has 
been shown to be due to local binding to activated granulo-
cytes and increased vascular permeability in inflamed lesions. 
The tracer exhibited a relatively good blood clearance profile, 
minimizing the background blood signal [73]. As  [99mTc]Tc-
sulesomab is a Fab’ fragment, it does not induce significant 
immunogenicity against murine antibodies compared to the 
use of full-length antibody equivalent [72]. Hence,  [99mTc]
Tc-sulesomab is relatively safe for use in follow-up scans 
and tracer re-administration in therapeutic studies. It may be 
feasible as a clinically available tool for imaging granulocytic 
infiltration and as a surrogate biomarker for neutrophils in 
cancer.

Other than cell surface markers expressed on neutrophils, 
newer radiopharmaceuticals have been developed for visual-
izing various molecular events involved in neutrophil func-
tion. These include tracers targeting the chemokine signaling 
pathways, proteolytic enzymes involved in neutrophil antivi-
ral and antimicrobial functions, and complement cascade in 
neutrophil activation, as well as immunometabolism associ-
ated with neutrophils (Fig. 4  and Table 1). These biological 
processes are important pharmaceutical targets for cancer and 
are potential imaging biomarkers for disease prognosis and 
treatment stratification [16].

Neutrophil Migration

TANs and MDSCs migrate towards a concentration gradient 
of chemokines secreted from tumors and metastatic niches via 
the expression of chemokine receptors CXCR1 and CXCR2 
[74]. Elevated serum IL-8 levels (also known as CXCL8) 
have been associated with a higher density of TANs (pre-
dominantly N2) and poorer response to immune checkpoint 
inhibitors in patients with advanced cancers [75]. As such, 
several drugs targeting CXCR1 and CXCR2 are currently in 

clinical trial for treating cancer such as metastatic melanoma 
(NCT03161431).

[99mTc]Tc-CXCL8 has been synthesized for detecting 
CXCR1- and CXCR2-mediated neutrophil recruitment in 
several immune-mediated diseases in preclinical models 
and patients [42, 76]. Inflammatory lesions of experimental 
colitis in rabbits were detected within 1 h following admin-
istration of  [99mTc]Tc-CXCL8 and was superior to  [99mTc]
Tc-HMPAO-labeled granulocytes [76]. In a prospective 
trial conducted on 30 patients with IBD,  [99mTc]Tc-CXCL8 
was able to detect active disease with an overall sensitiv-
ity and specificity of 95% and 44% compared to 71% and 
70% for endoscopy [42]. The accumulation of  [99mTc]Tc-
CXCL8 correlated to the degree of neutrophil infiltration in 
the affected mucosa on histology. However, in some cases, 
increased uptake of  [99mTc]Tc-CXCL8 was observed despite 
the absence of inflammatory features detected on endoscopy. 
This was postulated to be due to the difference in penetra-
tion depth limit between whole-body imaging and optical 
imaging, as the center of inflammation might be deeper than 
the mucosa (transmural involvement) and thus not detectable 
by endoscopy. This demonstrated potential in using  [99mTc]
Tc-CXCL8 for detecting neutrophil recruitment in cancer 
and therapeutic response. However, when using  [99mTc]
Tc-CXCL8 to evaluate the treatment effects of CXCR1/2 
inhibitors, it is important to understand the pharmacokinet-
ics and clearance rate of CXCR1/2 inhibitors and determine 
a suitable imaging time point for treatment follow-up assess-
ment. This would avoid detection of false negatives due to the 
blocking effects of drugs that may bind in a similar fashion 
as the same epitope of the tracer.

Proteolytic Enzymes

Several radiopharmaceuticals have been developed for imag-
ing the proteolytic activity of enzymes involved in the anti-
viral and antimicrobial functions of neutrophils [43, 77]. A 
fluorine-18 radiolabeled myeloperoxidase-activatable PET 
probe  ([18F]F-MAPP) has been synthesized for detecting 
MPO activity in vivo  [43]. MPO is predominantly expressed 
in the azurophilic granules of neutrophils and released during 
phagocytosis to generate reactive oxygen species for neutro-
phil cytotoxic killing of pathogens or abnormal cells [78]. 
Tumor infiltration by  MPO+  neutrophils has been associated 
with a favorable prognosis in colorectal and breast cancers 
[79, 80].  [18F]F-MAPP was shown to accumulate in mice at 
Matrigel sites implanted with human MPO. Specific uptake 
of  [18F]F-MAPP by four-fold was detected in the affected 
tissues of wild-type mice with myocardial infarction. No 
uptake was seen in MPO-deficient mice with myocardial 
infarction. These results demonstrated the potential for using 
 [18F]F-MAPP for the non-invasive detection of MPO activity. 
Furthermore,  [18F]F-MAPP has a shorter radioactive half-life 
and molecular size compared to other 111In- and 67Ga-based 
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SPECT tracers for MPO detection, which would be more 
ideal for clinical translation [81, 82].

Neutrophil elastase (NE) is another attractive target for 
pharmaceutical intervention and imaging due to its impli-
cations in neutrophil-mediated cancer metastasis [83]. A 
radiolabeled peptide  [99mTc]Tc-MAG3-EPI-HNE-2 based 
on a DNA aptamer capable of inhibiting human NE has been 
developed for imaging NE in infected non-human primates 
[77].  [99mTc]Tc-MAG3-EPI-HNE-2 accumulated rapidly in 
sites of bacterial infection following administration. How-
ever, due to its low molecular weight,  [99mTc]Tc-MAG3-EPI-
HNE-2 exhibited rapid blood clearance and high non-specific 
uptake in the kidneys. This masked the detection of infected 
lesions near the kidneys and limited the clinical applicability 
of this approach.

Complement Activation

The activation of the complement components C3 and C5 
has been known to activate and recruit neutrophils to sites 
of complement activation for cytotoxic killing of tumor and 
clearing of dead cells via phagocytosis in treatment response 
[84]. Generation of the cleavage product C3d following C3 
activation has been associated with N1 neutrophil recruitment 
to damaged or stressed cells following radiotherapy, as well 
as in other forms of tissue injury and infection [85, 86]. A 
radiolabeled peptide based on the natural ligand of C3d, com-
plement receptor-2  [99mTc]Tc-rCR2, has been developed for 
the non-invasive imaging of complement activation following 
ischemia–reperfusion injury (IRI) in a murine model of car-
diac transplantation [87]. Higher uptake of  [99mTc]Tc-rCR2 
was detected in the heart isografts following IRI in wild-type 
mice and confirmed on ex vivo  biodistribution studies and 
histology. No accumulation of tracer was observed in the iso-
grafts in  C3−/−  mice following IRI. A dose-dependent reduc-
tion in accumulation of  [99mTc]Tc-rCR2 was also detected in 
myocardial IRI mice given low versus high dose of Crry-Ig, 
an inhibitor of C3 complement activation [88]. Nevertheless, 
high uptake and non-specific retention of the tracer were seen 
in the kidneys and bladder. This may limit the clinical transla-
tion of  [99mTc]Tc-rCR2 for imaging complement activation in 
tissues or tumors located in the lower abdomen.

Immunometabolism

Cellular metabolism plays an important role in governing 
the function and phenotypic plasticity of many immune cells 
[89]. Neutrophils have traditionally been thought to be highly 
dependent on glucose metabolism. However, emerging evi-
dence has demonstrated that neutrophils can upregulate dif-
ferent metabolic pathways such as the tricarboxylic (TCA) 
cycle, oxidative phosphorylation (OXPHOS), pentose phos-
phate pathway (PPP), and fatty acid oxidation (FAO) to fulfill 
their energetic demands and cellular functions. Neutrophils 
are exposed to a variety of metabolic fuels as they transit 

through the blood and across different organs and sites of 
infection, inflammation, and malignant tissues, and this may 
partly explain their metabolic plasticity [90].

Neutrophils differentially express the glucose transporters 
GLUT1, GLUT3, and GLUT4 under resting and activated 
states. They exhibit a rapid increase in glucose consump-
tion following activation [91].  [18F]fluorodeoxyglucose  ([18F]
FDG), a radiolabeled glucose analogue, is the workhorse of 
molecular imaging in cancer. Since its introduction in 1978, 
the technique has been widely used for cancer detection, stag-
ing, and treatment evaluation in patients, as well as for imag-
ing non-specific inflammation and infection in non-malignant 
tissues [92]. Following intravenous injection,  [18F]FDG is 
taken up by glucose transporters, underwent phosphorylation 
by hexokinase and remained trapped intracellularly [92]. It 
has been used more specifically for the evaluation of neutro-
philic inflammation in canine models of ARDS [93].  [18F]
FDG uptake was shown to increase in the lungs of endotoxin-
treated animals and correlated to neutrophil activation and 
3H-deoxyglucose consumption in neutrophils obtained from 
bronchoalveolar lavage [93].  [18F]FDG has also been used for 
detecting immune-related adverse events (irAEs) triggered by 
the autoimmune side effects of immune checkpoint inhibitors 
[94]. For instance, persistent colonic wall thickening and sur-
rounding inflammation in the pericolonic fat stranding with 
intense inflammatory FDG uptake have been reported in 
metastatic melanoma patients diagnosed with autoimmune 
colitis following ipilimumab therapy, which subsided after 
intervention with corticosteroids [94]. However, it is dif-
ficult to reliably differentiate inflammatory processes from 
malignancy as both tumor cells and infiltrating leukocytes 
(including neutrophils) are metabolically active cell types, 
and the relative contribution of each cell types to the detected 
PET signal cannot be deconvolved [95, 96]. Visualization of 
tumors and inflammatory processes in the prostate and brain 
are also limited due to high background physiological uptake 
by the surrounding tissues [97–99].

Amino acid metabolism also plays an important role in 
regulating tumor immunity. Increased L-arginine metabolism 
by arginase-1 released from TANs (predominantly N2 neu-
trophils) in the tumor microenvironment has been associated 
with T cell immunosuppression in mice and humans [100]. 
Radiopharmaceuticals based on arginase-1 inhibitors have 
been developed for imaging arginase expression in preclinical 
models of asthma and prostate cancer [101]. Specific uptake 
of the radiolabeled arginase inhibitor  [18F]FBMARS was 
observed on autoradiography of lung sections from a guinea 
pig model of asthma overexpressing arginase. A significant 
decrease in tracer accumulation in PC3 tumor xenografts 
was also detected in mice treated with arginase inhibitors. 
As  [18F]FBMARS exhibits a short half-life and fast clearance, 
it would be ideal for clinical translation as an indirect marker 
of N2 neutrophils and could potentially be used as a tool to 
stratify patients for treatment with arginase inhibitors.
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Discussion and Conclusions
The role which neutrophils play in tumor progression and 
response to therapy is an emerging research area that offers 
potential new therapeutic targets. For example, the pheno-
typic diversity and plasticity of neutrophils can be exploited 
at different stages of tumor growth and response to therapy, 
whereby neutrophils can be modulated from a pro-tumor-
igenic to an anti-tumorigenic phenotype. Careful selection 
of suitable preclinical models with appropriate genetic 
manipulation and therapeutic interventions is important to 
recapitulate the human disease, allowing changes in this cell 
population to be accurately characterized. Biomarkers of 
neutrophil function derived from whole blood sampling and 
tumor biopsy are invasive and may not reflect the spatiotem-
poral dynamics of neutrophil behavior in cancer patients or 
changes in response to immunomodulatory therapies. The 
development of non-invasive imaging biomarkers will be 
crucial for examining the dynamics of neutrophil behavior 
and function in cancer as well as determining the window of 
opportunity for therapeutic intervention.

Repurposing of molecular imaging tools already used in 
other immune-mediated diseases for oncological applications 
can potentially fast-track the process of examining human 
neutrophils in cancer, without the need to overcome signifi-
cant regulatory hurdles associated with the clinical transla-
tion of new methods. Non-invasive tracking of neutrophils 
based on a direct ex vivo  cell labeling approach can specifi-
cally show the distribution of the injected labeled population 
and how it traffics into the tumor or organ of interest, with 
little or no background signal to confound the analysis. How-
ever, these labor-intensive methods may not be suitable for 
routine clinical application and for frequent treatment follow-
up scans. Moreover, direct cell labeling reveals the presence 
of neutrophils in tumors but not their functional status. The 
use of radiolabeled antibodies, peptides, or small molecules 
for detecting neutrophil-specific biological processes is more 
clinically manageable and can provide functional informa-
tion on the cellular activation status or immunosuppression 
that may reveal the “real identity” of neutrophils. However, 
depending on the specific biological activity, size, or molecu-
lar weight of an imaging probe, it may label more than one 
resident cell population and could demonstrate non-specific 
background accumulation which may reduce the specificity 
and sensitivity for detecting the cell population of interest. 
When using antibodies to target a specific cell population, it 
is important to validate their potential antagonistic or agonis-
tic effects on cell function, viability, and proliferation, both 
in vitro  and in vivo  [47]. The depletion of target cells by the 
presence of an intact Fc region in certain clones of antibod-
ies can be overcome by engineering antibodies with cleaved 
Fc region or antibody fragments without the Fc receptor [47, 
49].

Many imaging modalities have been used to probe neu-
trophil distribution. SPECT has been used routinely for 
white cell scintigraphy for many years and more recently 

has been used to detect enriched and labeled neutrophil 
populations. PET offers much higher sensitivity than both 
SPECT and MRI for examining neutrophil biology. The use 
of short half-life positron-emitting radionuclides in PET 
enables shorter imaging time points and treatment follow-
up scans suitable for a routine clinical workflow and early 
treatment evaluation. On the preclinical level, IVM repre-
sents a highly specific and established method for multi-
plexing and examining single-cell behavior and cell–cell 
interactions. However, as this is an invasive method, it is 
not suitable for longitudinal imaging of immune response. 
Combining these methods using hybrid imaging may offer 
significant advantages by exploiting the distinct benefits 
of each modality. For instance,  [18F]FDG has been used as 
part of a hybrid PET/MRI approach to examine musculo-
skeletal inflammation, providing multiparametric informa-
tion on the tissue structure, function, and immunometabolic 
activity in a single imaging session [102, 103].

An important mechanistic approach in the future will be to 
conduct multiplex in vivo  imaging of neutrophils with other 
tumor or immune cell markers such as T cells and PD-L1, 
using multi-modal or dual-probe imaging approaches, to 
examine the spatiotemporal dynamics of tumor immunity and 
treatment-induced changes. Dual-isotope SPECT/CT imag-
ing combining  [99mTc]Tc-hydroxymethylene diphosphonate 
(assessing bone matrix turnover) or  [99mTc]Tc-sulfur colloid 
(measuring bone marrow uptake) with  [111In]In-leukocytes as 
measure of inflammation has also been used for diagnosing 
and localizing musculoskeletal infections with relatively good 
sensitivity and accuracy [104, 105]. However, dual-isotope 
imaging is logistically more difficult to perform as part of 
routine imaging due to the extended imaging time, increased 
cost, and radiation dose [105]. Although the technique is not 
suitable for standard of care clinical applications, it is poten-
tially useful for examining the complexity and dynamics of 
tumor-immune interactions at a whole-body level in experi-
mental medicine studies.

In conclusion, the development and clinical translation of 
molecular imaging tools and neutrophil imaging biomarkers 
could provide important diagnostic and prognostic informa-
tion and address some of the outstanding questions in the 
field of immuno-oncology. These tools could be used for non-
invasive tracking of neutrophil migration and assessment of 
their retention in tissue and to identify how neutrophil behav-
ior differs from other immune cell subpopulations within the 
tumor. An improved understanding of how neutrophils inter-
act with other tumor-immune cells in time and space could 
facilitate the development of new immunotherapies in the 
future. Important unanswered research questions include the 
specificity of these labels for neutrophils and the functional 
effects of the label on the cell. Molecular imaging tools could 
be used in the future to determine the timing of the plastic-
ity switch between N1 and N2 neutrophils within the tumor, 
which is a key step for therapeutic intervention. Translating 
these imaging methods into clinical care is challenging but 
has the potential to provide important tools for predicting and 
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determining successful treatment response to both conven-
tional and novel therapies.

In conclusion, neutrophils play a significant role in can-
cer prognosis and response to treatment. With the increas-
ing role of immunomodulatory drugs in cancer care, the 
development of molecular imaging methods for non-inva-
sive visualization and quantification of neutrophils could 
provide very powerful clinical decision-making tools as 
well as companion diagnostics for drug development.

Supplementary Information  The online version contains supplementary 
material available at https://  doi.  org/  10.  1007/  s11307-  021-  01649-2.

Acknowledgements  This review is dedicated to Prof. Edwin Chilvers who 
has been a great mentor and a huge influence on Doreen Lau for her scientific 
curiosity and enthusiasm in imaging neutrophils in cancer.

Author Contribution Conceptualization: DL and FAG. Literature search and 
writing — original draft: DL. Writing — review and editing: DL, LML, 
and FAG.

Funding  The researchers are funded by Cancer Research UK (CRUK) 
(C19212/A16628, C19212/A911376), the CRUK Cambridge Centre (C9685/
A25177), a Cambridge Commonwealth, European and International Trust 
PhD Scholarship, the National Institute for Health Research (NIHR) Cam-
bridge Biomedical Research Centre (RG85317), and GlaxoSmithKline.

Declarations 

Conflict of Interest The authors declare that they have no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attribu-
tion 4.0 International License, which permits use, sharing, adaptation, dis-
tribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link 
to the Creative Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to 
the material. If material is not included in the article’s Creative Commons 
licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://  creat  iveco  
mmons.  org/  licen  ses/  by/4.  0/.

References

 1.  Mayadas TN, Cullere X, Lowell CA (2014) The multifaceted 
functions of neutrophils. Annu Rev Pathol Mech Dis 9:181–218

 2.  Summers C, Rankin SM, Condliffe AM et al (2010) Neutrophil 
kinetics in health and disease. Trends Immunol 31:318–324

 3.  Doeing DC, Borowicz JL, Crockett ET (2003) Gender dimor-
phism in differential peripheral blood leukocyte counts in mice 
using cardiac, tail, foot, and saphenous vein puncture methods. 
BMC Clin Pathol 3:3

 4.  Mestas J, Hughes CCW (2004) Of mice and not men: differ-
ences between mouse and human immunology. J Immunol 
172:2731–2738

 5.  Wang X, Qiu L, Li Z et al (2018) Understanding the multifac-
eted role of neutrophils in cancer and autoimmune diseases. 
Front Immunol 9:2456

 6.  Takeshima T, Pop LM, Laine A et al (2016) Key role for neu-
trophils in radiation-induced antitumor immune responses: 

potentiation with  G-CSF.  Proc  Natl  Acad Sci  U S  A 
113:11300–113–11305

 7.  Ostrand-Rosenberg S, Fenselau C (2018) Myeloid-derived sup-
pressor cells: immune-suppressive cells that impair antitumor 
immunity and are sculpted by their environment. J Immunol 
200:422–431

 8.  Giese MA, Hind LE, Huttenlocher A (2019) Neutrophil plastic-
ity in the tumor microenvironment. Blood 133:2159–2167

 9.  Sagiv JY, Michaeli J, Assi S et al (2015) Phenotypic diversity 
and plasticity in circulating neutrophil subpopulations in cancer. 
Cell Rep 10:562–573

 10.  Pylaeva E, Lang S, Jablonska J (2016) The essential role of 
type I interferons in differentiation and activation of tumor-
associated neutrophils. Front Immunol 7:629

 11.  Andzinski L, Kasnitz N, Stahnke S et al (2016) Type I IFNs 
induce anti-tumor polarization of tumor associated neutrophils 
in mice and human. Int J Cancer 138:1982–1993

 12.  Fridlender ZG, Sun J, Kim S et al (2009) Polarization of tumor-
associated neutrophil phenotype by TGF-β: “N1” versus “N2” 
TAN. Cancer Cell 16:183–194

 13.  Monteran L, Erez N (2019) The dark side of fibroblasts: cancer-
associated fibroblasts as mediators of immunosuppression in the 
tumor microenvironment. Front Immunol 10:1835

 14.  Barrett RL, Puré E (2020) Cancer-associated fibroblasts and their 
influence on tumor immunity and immunotherapy. Elife. 9:e57243

 15.  Lau D, Garçon F, Chandra A et al (2020) Intravital imaging of 
adoptive T-cell morphology, mobility and trafficking following 
immune checkpoint inhibition in a mouse melanoma model. Front 
Immunol 11:1514

 16.  Németh T, Sperandio M, Mócsai A (2020) Neutrophils as emerg-
ing therapeutic targets. Nat Rev Drug Discov 19:253–275

 17.  Shaul ME, Fridlender ZG (2019) Tumour-associated neutrophils 
in patients with cancer. Nat Rev Clin Oncol 16:601–620

 18.  Howard R, Kanetsky PA, Egan KM (2019) Exploring the prog-
nostic value of the neutrophil-to-lymphocyte ratio in cancer. Sci 
Rep 9:19673

 19.  Tomita M, Shimizu T, Ayabe T et al (2011) Preoperative neu-
trophil to lymphocyte ratio as a prognostic predictor after cura-
tive resection for non-small cell lung cancer. Anticancer Res 
31:2995–2998

 20.  Dan J, Tan J, Huang J et al (2020) The dynamic change of neu-
trophil to lymphocyte ratio is predictive of pathological com-
plete response after neoadjuvant chemotherapy in breast cancer 
patients. Breast Cancer 27:982–988

 21.  Capone M, Giannarelli D, Mallardo D et al (2018) Baseline neu-
trophil-to-lymphocyte ratio (NLR) and derived NLR could predict 
overall survival in patients with advanced melanoma treated with 
nivolumab. J Immunother Cancer 6:74

 22.  Casbon A-J, Reynaud D, Park C et al (2015) Invasive breast can-
cer reprograms early myeloid differentiation in the bone marrow 
to generate immunosuppressive neutrophils. Proc Natl Acad Sci 
112:E566–E575

 23.  He G, Zhang H, Zhou J et al (2015) Peritumoural neutrophils 
negatively regulate adaptive immunity via the PD-L1/PD-1 signal-
ling pathway in hepatocellular carcinoma. J Exp Clin Cancer Res 
34:141

 24.  Carus A, Ladekarl M, Hager H et  al (2013) Tumour-associ-
ated CD66b+ neutrophil count is an independent prognostic 
factor for recurrence in localised cervical cancer. Br J Cancer 
108:2116–2122

 25.  van Wyk HC, Roseweir A, Alexander P et al (2019) The rela-
tionship between tumor budding, tumor microenvironment, and 
survival in patients with primary operable colorectal cancer. Ann 
Surg Oncol 26:4397–4404

 26.  Richardson JJR, Hendrickse C, Gao-Smith F, Thickett DR (2017) 
Neutrophil extracellular trap production in patients with colorectal 
cancer in vitro. Int J Inflam 2017:1–11

Molecular Imaging and Biology232

https://doi.org/10.1007/s11307-021-01649-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


 27.  Jang TJ, Kim SA, Kim MK (2018) Increased number of argi-
nase 1-positive cells in the stroma of carcinomas compared to 
precursor lesions and nonneoplastic tissues. Pathol - Res Pract 
214:1179–1184

 28.  van Elsas M, Kleinovink JW, Moerland M et al (2020) Host 
genetics and tumor environment determine the functional impact 
of neutrophils in mouse tumor models. J Immunother Cancer. 
8:e000877

 29.  Mosely SIS, Prime JE, Sainson RCA et al (2016) Rational selec-
tion of syngeneic preclinical tumor models for immunotherapeutic 
drug discovery. Cancer Immunol Res 29:42

 30.  Menees KB, Earls RH, Chung J et al (2021) Sex- and age-depend-
ent alterations of splenic immune cell profile and NK cell pheno-
types and function in C57BL/6J mice. Immun Ageing 18:3

 31.  Kersten K, Visser KE, Miltenburg MH, Jonkers J (2017) Geneti-
cally engineered mouse models in oncology research and cancer 
medicine. EMBO Mol Med 9:137–153

 32.  Wculek SK, Malanchi I (2015) Neutrophils support lung colo-
nization of metastasis-initiating breast cancer cells. Nature 
528:413–417

 33.  Guglietta S, Chiavelli A, Zagato E et  al (2016) Coagulation 
induced by C3aR-dependent NETosis drives protumorigenic 
neutrophils during small intestinal tumorigenesis. Nat Commun 
7:11037

 34.  Jamieson T, Clarke M, Steele CW et  al (2012) Inhibition of 
CXCR2 profoundly suppresses inflammation-driven and sponta-
neous tumorigenesis. J Clin Invest 122:3127–3144

 35.  Chen P-L, Roh W, Reuben A et al (2016) Analysis of immune 
signatures in longitudinal tumor samples yields insight into bio-
markers of response and mechanisms of resistance to immune 
checkpoint blockade. Cancer Discov 6:827–837

 36.  Lau D, McLean MA, Priest AN et al (2021) Multiparametric MRI 
of early tumor response to immune checkpoint blockade in meta-
static melanoma. J Immunother Cancer. 9:e003125

 37.  Jamal-Hanjani M, Thanopoulou E, Peggs KS et al (2013) Tumour 
heterogeneity and immune-modulation. Curr Opin Pharmacol 
13:497–503

 38.  Sody S, Uddin M, Grüneboom A, et al (2019) Distinct spatio-
temporal dynamics of tumor-associated neutrophils in small tumor 
lesions. Front Immunol 10

 39.  Craven TH, Walton T, Akram AR et al (2021) Activated neu-
trophil fluorescent imaging technique for human lungs. Sci Rep 
11:976

 40.  Temme S, Jacoby C, Ding Z et al (2014) Technical advance: moni-
toring the trafficking of neutrophil granulocytes and monocytes 
during the course of tissue inflammation by noninvasive 19F MRI. 
J Leukoc Biol 95:689–697

 41.  Farahi N, Gillett D, Southwood M et al (2020) Lesson of the 
month: novel method to quantify neutrophil uptake in early lung 
cancer using SPECT-CT. Thorax 75:1020–1023

 42.  Aarntzen EHJG, Hermsen R, Drenth JPH et al (2016) 99m Tc-
CXCL8 SPECT to monitor disease activity in inflammatory bowel 
disease. J Nucl Med 57:398–403

 43.  Wang C, Keliher E, Zeller MWG, et al (2019) An activatable 
PET imaging radioprobe is a dynamic reporter of myeloperoxi-
dase activity in vivo. Proc Natl Acad Sci 201818434

 44.  Volpe A, Kurtys E, Fruhwirth GO (2018) Cousins at work : how 
combining medical with optical imaging enhances in vivo  cell 
tracking. Int J Biochem Cell Biol 102:40–50

 45.  Faust N, Varas F, Kelly LM et al (2000) Insertion of enhanced 
green fluorescent protein into the lysozyme gene creates mice 
with green fluorescent granulocytes and macrophages. Blood 
96:719–726

 46  Park J, Wysocki RW, Amoozgar Z et al (2016) Cancer cells induce 
metastasis-supporting neutrophil extracellular DNA traps. Sci 
Transl Med 8:361ra138-361ra138

 47.  Hasenberg A, Hasenberg M, Männ L et al (2015) Catchup: a 
mouse model for imaging-based tracking and modulation of neu-
trophil granulocytes. Nat Methods 12:445–452

 48.  Yipp BG, Kubes P (2013) Antibodies against neutrophil LY6G 
do not inhibit leukocyte recruitment in mice in vivo. Blood 
121:241–242

 49.  Biel NM, Lee JA, Sorg BS, Siemann DW (2014) Limitations of 
the dorsal skinfold window chamber model in evaluating anti-
angiogenic therapy during early phase of angiogenesis. Vasc Cell 
6:17

 50.  Kosaka N, Ogawa M, Choyke PL, Kobayashi H (2009) Clini-
cal implications of near-infrared fluorescence imaging in cancer. 
Futur Oncol 5:1501–1511

 51.  Ng LG, Ostuni R, Hidalgo A (2019) Heterogeneity of neutrophils. 
Nat Rev Immunol 19:255–265

 52.  Bulte JWM (2009) In vivo MRI cell tracking: clinical studies. Am 
J Roentgenol 193:314–325

 53.  Aghighi M, Theruvath AJ, Pareek A et al (2018) Magnetic reso-
nance imaging of tumor-associated macrophages: Clinical Trans-
lation. Clin Cancer Res 24:4110–4118

 54.  Chavhan GB, Babyn PS, Thomas B et al (2009) Principles, tech-
niques, and applications of T2*-based MR imaging and its special 
applications. Radiographics 29:1433–1449

 55.  Dahnke H, Schaeffter T (2005) Limits of detection of SPIO at 3.0 
T usingT2* relaxometry. Magn Reson Med 53:1202–1206

 56.  Bouvain P, Temme S, Flögel U (2020) Hot spot 19 F magnetic 
resonance imaging of inflammation. WIREs Nanomedicine and 
Nanobiotechnology 12

 57.  Krafft MP, Riess JG (2009) Chemistry, physical chemistry, 
and uses of molecular fluorocarbon−hydrocarbon diblocks, tri-
blocks, and related compounds—unique “apolar” components 
for self-assembled colloid and interface engineering. Chem Rev 
109:1714–1792

 58.  Srinivas M, Tel J, Schreibelt G et al (2015) PLGA-encapsu-
lated perfluorocarbon nanoparticles for simultaneous visuali-
zation of distinct cell populations by 19 F MRI. Nanomedicine 
10:2339–2348

 59.  Jacoby C, Temme S, Mayenfels F et al (2014) Probing different 
perfluorocarbons for in vivo  inflammation imaging by 19 F MRI: 
image reconstruction, biological half-lives and sensitivity. NMR 
Biomed 27:261–271

 60.  Tsan MF (1985) Mechanism of gallium-67 accumulation in 
inflammatory lesions. J Nucl Med 26:88–92

 61.  Weiner R, Hoffer PB, Thakur ML (1981) Lactoferrin: its role as a 
Ga-67-binding protein in polymorphonuclear leukocytes. J Nucl 
Med 22:32–37

 62.  Segard T, Morandeau LMJA, Dunne ML et al (2019) Compari-
son between gallium-68 citrate positron emission tomography-
computed tomography and gallium-67 citrate scintigraphy for 
infection imaging. Intern Med J 49:1016–1022

 63.  Front D, Israel O (1996) Present state and future role of gal-
lium-67 scintigraphy in lymphoma. J Nucl Med 37:530–532

 64.  Kurdziel KA (2000) The panda sign. Radiology 215:884–885
 65.  Signore A, Jamar F, Israel O et al (2018) Clinical indications, 

image acquisition and data interpretation for white blood cells and 
anti-granulocyte monoclonal antibody scintigraphy: an EANM 
procedural guideline. Eur J Nucl Med Mol Imaging 45:1816–1831

 66.  Summers C, Singh NR, White JF et al (2014) Pulmonary retention 
of primed neutrophils: a novel protective host response, which 
is impaired in the acute respiratory distress syndrome. Thorax 
69:623–629

 67.  Ruparelia P, Szczepura KR, Summers C et al (2011) Quantifica-
tion of neutrophil migration into the lungs of patients with chronic 
obstructive pulmonary disease. Eur J Nucl Med Mol Imaging 
38:911–919

Molecular Imaging and Biology 233



 68.  Eastlund DT (1988) Superoxide generation and cytotactic 
response of irradiated neutrophils. Transfusion 28:368–370

 69.  Roca M, De Vries EFJ, Jamar F et al (2010) Guidelines for the 
labelling of leucocytes with 111In-oxine. Eur J Nucl Med Mol 
Imaging 37:835–841

 70.  Thakur ML, Marcus CS, Henneman P et al (1996) Imaging inflam-
matory diseases with neutrophil-specific technetium-99m-labeled 
monoclonal antibody anti-SSEA-1. J Nucl Med 37:1789–1795

 71.  Gratz S, Behr T, Herrmann A et al (1998) Intraindividual com-
parison of 99m Tc-labelled anti-SSEA-1 antigranulocyte antibody 
and 99m Tc-HMPAO labelled white blood cells for the imaging 
of infection. Eur J Nucl Med Mol Imaging 25:386–393

 72.  Signore A, Annovazzi A, Corsetti F et al (2002) Biological imag-
ing for the diagnosis of inflammatory conditions. BioDrugs 
16:241–259

 73.  Skehan SJ, White JF, Evans JW et al (2003) Mechanism of accu-
mulation of 99mTc-sulesomab in inflammation. J Nucl Med 
44:11–18

 74.  Ha H, Debnath B, Neamati N (2017) Role of the CXCL8-
CXCR1/2 axis in cancer and inflammatory diseases. Theranostics 
7:1543–1588

 75.  Schalper KA, Carleton M, Zhou M et al (2020) Elevated serum 
interleukin-8 is associated with enhanced intratumor neutrophils 
and reduced clinical benefit of immune-checkpoint inhibitors. Nat 
Med 26:688–692

 76.  Gratz S, Rennen HJ, Boerman OC et al (2001) Rapid imaging of 
experimental colitis with (99m)Tc-interleukin-8 in rabbits. J Nucl 
Med 42:917–923

 77.  Rusckowski M, Qu T, Pullman J et al (2000) Inflammation and 
infection imaging with a 99mTc-neutrophil elastase inhibitor in 
monkeys. J Nucl Med 41:363–374

 78.  Lau D, Mollnau H, Eiserich JP et al (2005) Myeloperoxidase 
mediates neutrophil activation by association with CD11b/CD18 
integrins. Proc Natl Acad Sci 102:431–436

 79.  Droeser RA, Hirt C, Eppenberger-Castori S et al (2013) High 
myeloperoxidase positive cell infiltration in colorectal cancer is 
an independent favorable prognostic factor. PLoS One 8:e64814

 80.  Zeindler J, Angehrn F, Droeser R et al (2019) Infiltration by mye-
loperoxidase-positive neutrophils is an independent prognostic 
factor in breast cancer. Breast Cancer Res Treat 177:581–589

 81.  Zhang Y, Seeburg DP, Pulli B et al (2016) Myeloperoxidase 
nuclear imaging for epileptogenesis. Radiology 278:822–830

 82.  Querol Sans M, Chen JW, Weissleder R, Bogdanov AA (2005) 
Myeloperoxidase activity imaging using 67Ga labeled substrate. 
Mol Imaging Biol 7:403–410

 83  Deryugina E, Carré A, Ardi V et al (2020) Neutrophil elastase 
facilitates tumor cell intravasation and early metastatic events. 
iScience 23:101799

 84.  Regal JF, Dornfeld KJ, Fleming SD (2016) Radiotherapy: killing 
with complement. Ann Transl Med 4:94–94

 85.  Elvington M, Scheiber M, Yang X et al (2014) Complement-
dependent modulation of antitumor immunity following radiation 
therapy. Cell Rep 8:818–830

 86.  Sacks SH, Chowdhury P, Zhou W (2003) Role of the complement 
system in rejection. Curr Opin Immunol 15:487–492

 87.  Sharif-Paghaleh E, Yap ML, Meader LL et al (2015) Noninvasive 
imaging of activated complement in ischemia-reperfusion injury 
post-cardiac transplant. Am J Transplant 15:2483–2490

 88.  Sharif-Paghaleh E, Yap ML, Puhl S-L et al (2017) Non-inva-
sive whole-body detection of complement activation using 

radionuclide imaging in a mouse model of myocardial ischaemia-
reperfusion injury. Sci Rep 7:16090

 89.  O’Neill LAJ, Kishton RJ, Rathmell J (2016) A guide to immuno-
metabolism for immunologists. Nat Rev Immunol 16:553–565

 90.  Kumar S, Dikshit M (2019) Metabolic insight of neutrophils in 
health and disease. Front Immunol 10:2099

 91.  Maratou E, Dimitriadis G, Kollias A et al (2007) Glucose trans-
porter expression on the plasma membrane of resting and acti-
vated white blood cells. Eur J Clin Invest 37:282–290

 92.  Rahman WT, Wale DJ, Viglianti BL et al (2019) The impact of 
infection and inflammation in oncologic 18F-FDG PET/CT imag-
ing. Biomed Pharmacother. 117:109168

 93.  Chen DL, Schuster DP (2004) Positron emission tomography with 
[18 F]fluorodeoxyglucose to evaluate neutrophil kinetics during 
acute lung injury. Am J Physiol 286:L834–L840

 94.  Kwak JJ, Tirumani SH, Van den Abbeele AD et al (2015) Cancer 
immunotherapy: imaging assessment of novel treatment response 
patterns and immune-related adverse events. Radiographics 
35:424–437

 95.  Fletcher JW, Djulbegovic B, Soares HP et al (2008) Recommen-
dations on the use of 18F-FDG PET in oncology. J Nucl Med 
49:480–508

 96.  Jamar F, Buscombe J, Chiti A et al (2013) EANM/SNMMI guide-
line for 18 F-FDG use in inflammation and infection. J Nucl Med 
54:647–658

 97.  Jadvar H (2011) Prostate cancer: PET with 18F-FDG, 18F- or 
11C-acetate, and 18F- or 11C-choline. J Nucl Med 52:81–89

 98.  Kitajima K, Nakamoto Y, Okizuka H et al (2008) Accuracy of 
whole-body FDG-PET/CT for detecting brain metastases from 
non-central nervous system tumors. Ann Nucl Med 22:595–602

 99.  Chetan MR, Barrett T, Gallagher FA (2017) Clinical significance 
of prostate 18 F-labelled fluorodeoxyglucose uptake on positron 
emission tomography/computed tomography: a five-year review. 
World J Radiol 9:350–358

 100.  Grzywa TM, Sosnowska A, Matryba P et al (2020) Myeloid cell-
derived arginase in cancer immune response. Front Immunol 
11:938

 101.  Clemente GS, Antunes IF, Kurhade S et al (2021) Mapping argi-
nase expression with 18 F-fluorinated late-generation arginase 
inhibitors derived from quaternary α-amino acids. J Nucl Med 
62:1163–1170

 102.  Sollini M, Berchiolli R, Kirienko M et al (2018) PET/MRI in 
infection and inflammation. Semin Nucl Med 48:225–241

 103.  Hulsen DJW, Geurts J, Arts JJ et al (2019) Hybrid FDG-PET/MR 
imaging of chronic osteomyelitis: a prospective case series. Eur J 
Hybrid Imaging 3:7

 104.  Heiba S, Kolker D, Ong L et al (2013) Dual-isotope SPECT/CT 
impact on hospitalized patients with suspected diabetic foot infec-
tion. Nucl Med Commun 34:877–884

 105.  Heiba SI, Stempler L, Sullivan T et al (2017) The ideal dual-
isotope imaging combination in evaluating patients with sus-
pected infection of pelvic pressure ulcers. Nucl Med Commun 
38:129–134

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Molecular Imaging and Biology234


	Clinical Translation of Neutrophil Imaging and Its Role in Cancer
	Abstract
	Introduction
	Neutrophils: a Double-Edged Sword in Tumor Immunity
	Neutrophil Density, Tumor Location, and Prognostic Relevance in Human Cancers and Preclinical Models
	Clinical Studies
	Preclinical Models

	Molecular Imaging of Neutrophils at Microscopic and Macroscopic Levels
	Optical Imaging
	Magnetic Resonance Imaging
	Radionuclide Imaging
	Neutrophil Migration
	Proteolytic Enzymes
	Complement Activation
	Immunometabolism


	Discussion and Conclusions
	Acknowledgements 
	References




