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Abstract: Tumor-associated macrophages (TAMs], the most abundant inflammatory cell
group in the tumor microenvironment, play an essential role in tumor immune regulation.
The infiltration degree of TAMs in the tumor microenvironment is closely related to tumor
growth and metastasis, and TAMs have become a promising target in tumor immunotherapy.
Molecular imaging is a new interdisciplinary subject that combines medical imaging
technology with molecular biology, nuclear medicine, radiation medicine, and computer
science. The latest progress in molecular imaging allows the biological processes of cells to
be visualized in vivo, which makes it possible to better understand the density and distribution
of macrophages in the tumor microenvironment. This review mainly discusses the application
of targeting TAM in tumor immunotherapy and the imaging characteristics and progress of
targeting TAM molecular probes using various imaging techniques.

Keywords: cancer, immunotherapy, molecular imaging, tumor-associated macrophages

Received: 16 August 2021; revised manuscript accepted: 10 January 2022.

Introduction

Molecular imaging combines the characteristics
of molecular biology technology and modern
medical imaging with fluorescence tools, and
small molecules and metals can be illuminated to
observe the biological processes of cells and sub-
cells in vivo.1»2 Compared with traditional imag-
ing techniques, the advantages of molecular
imaging can be summarized as follows: (1) turn
complex biological processes (gene expression
and biological signal transduction) into intuitive
visual images, (2) detect early molecular varia-
tions and pathological changes in cells before ana-
tomical changes of the disease, (3) assess the
therapeutic response early by measuring changes
in the expression of molecular targets, and (4)
measure the biological distribution of drugs
v1v0.3 The joint development of medical imaging
instruments and imaging materials (such as con-
trast agents, molecular probes, and reporter
genes) has promoted molecular imaging in clini-
cal applications. The existing imaging techniques
include positron emission tomography (PET),
single-photon emission computed tomography
(SPECT), magnetic resonance imaging (MRI),
computed tomography (CT), ultrasound (US),

optica imaging, and emerging techniques such as
hyperpolarized MRI, magnetic particle imaging
(MPI), and photoacoustic imaging (PAI).*> At
present, molecular imaging technology is widely
used in studies on oncology,® cardiovascular dis-
eases,’ and the nervous system® and has achieved
some breakthroughs in disease diagnosis, treat-
ment, and curative effect evaluations.

In recent years, the role of the tumor microenvi-
ronment (TME) in cancer progression and
metastasis has garnered much interest. New tar-
geted therapies are now focused on tumor cells
themselves and on disrupting the interactions
between tumor and stromal cells.® Inhibitors tar-
geting immune checkpoints (ICs), such as anti-
PD-1/I.L1 and anti-CTLA-4  monoclonal
antibodies (mAbs), have been used to treat non-
small cell lung cancer,!® melanoma,!! and breast
cancer.1? Tumor-infiltrating lymphocytes
(TILs)!? and macrophages'# have also been stud-
ied in preclinical or clinical trials.

Tumor-associated macrophages (TAMs) play par-
ticular functionals in tumor progression, including
cancer initiation and promotion,
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local immunosuppression, metastasis, and drug
resistance.!%16 At present, targeted TAM immuno-
therapy in (pre)clinical applications is mainly
focused on decreasing the TAM population, pro-
moting macrophage phagocytic activity, and repro-
gramming TAMs to an antitumor M1 type. There
is an urgent need for methods that can be used to
evaluate the presence, subtypes, and density of
macrophages in the TME. The gold standard for
assessing macrophages in tumor tissues is immuno-
histochemistry (IHC), flow cytometry, or gene
expression analysis. These techniques can provide
detailed molecular and morphological information.
However, they require the sacrifice of animals and
cannot be used when biopsy samples are not avail-
able. The development of molecular imaging pro-
vides a starting point for solving these problems.
Optical imaging, PET/SPECT, MRI, and US have
been used to track and monitor the dynamic changes
in TAMs noninvasively. Individual or combined
use of these imaging strategies might help stratify
patients before or during the early stages of immu-
notherapy.!” This review mainly discusses the appli-
cation of TAM-based tumor immunotherapy and
highlights the latest advances in molecular imaging
technology for macrophage tracking.

TAMs in cancer immunotherapy

TAMs represent the main immune cell popula-
tion of the TME and have been mainly classified
into the antitumor type M1 phenotype (classically
activated state) and the protumor M2 phenotype
(alternatively activated state).!® In terms of pro-
tein expression, M1 macrophages are character-
ized by the expression of proinflammatory
cytokines (tumor necrosis factor alpha, TNF-a;
interleukin 6, IL-6; or interleukin 12, IL-12),
major histocompatibility complex (MHC) mole-
cules, and inducible nitric oxide synthase (iNOS).
M2 macrophages decrease the expression of these
molecules and recognize various landmarks such
as Argl, mannose receptor, and scavenger recep-
tor.!® Macrophages are plastic cells that can adopt
different phenotypes depending on the immune
context. Under the stimulation of CSF-1 (colony-
stimulating factor-1), interleukin 10 (IL-10), or
interleukin 13 (IL-13), macrophages differentiate
into M2 phenotype, which promotes tumor devel-
opment mainly through the following points: (1)
suppress tumor immunity by (i) secreting effector
molecules (IL-10, ARG1, indoleamine 2, 3-diox-
ygenase (IDO) and transforming growth factor-§
(TGF-B), (i) expressing inhibitory receptors
(MHC-I, PD-L1, and CD86) to reduce the

activities of T cells and natural killer (NK) cells,
or (iii) secreting chemokines CCL5, CCL22, and
CCL20 to recruit immune suppressive cells2%; (2)
promotes tumor angiogenesis by producing pro-
angiogenic cytokines and growth factors such as
vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), angiopoi-
etin 2, CXCL1, and FGF-221; and (3) promotes
tumor cell invasion and metastasis by (i) releasing
effector molecular cathepsin, MMP2, MMP9,
CCL18, and CYP4A, which are involved in
extracellular matrix (ECM) destruction,?? (ii)
various factors such as TNF-a, epidermal growth
factor (EGF), CCL18, osteonectin, and cathep-
sin are able to promote tumor cell intravasation,?3
and (iii) chemokines and cytokines of CXCL8,24
CSF-2, TNF-a, ICAM-1, and IL-6%5 contribute
to epithelial-mesenchymal transition (EMT). In
contrast, lipopolysaccharide (LPS) and inter-
feron-gamma (INF-y) induced macrophages to
differentiate into the M1 phenotype, which has
the antitumor activity of scavenging and destroy-
ing phagocytic tumor cells secreting IL-12,
TNF-a, and iNOS and initiating Th1.26:27

Increased TAM infiltration correlates with an
inert response to cancer treatment and poor prog-
nosis in multiple cancer models.?8 Hence, target-
ing TAMs is a potential and promising strategy
for cancer immunotherapies. Immunotherapeutic
strategies fall into three major categories: (1)
decreasing the TAM population, (2) promoting
macrophage phagocytic activity, and (3) repro-
gramming TAMs to an antitumor M1 phenoty-
ope (Figure 1). TAM-targeted therapies can also
function as combination therapies to promote tra-
ditional or IC treatments’ antitumor effect.

Decreasing the TAM population

TAMs have mainly two different origins: much
greater of them, termed bone marrow—derived
macrophages (BDMs), are derived from circulat-
ing monocytes and recruited to the tumor site via
CSF-1, monocyte chemoattractant protein 1
(MCP1), and hypoxic conditions?®; another is
derived from tissue-resident macrophages
(TRMs), which maintain themselves through
proliferation and limited self-renewal such as in
the lungs (alveolar macrophages), brain (micro-
glia), and liver (Kupffer cells).3? Correspondingly,
there are two main approaches to reduce the
number of TAMs: limiting macrophage recruit-
ment to tumor tissue and depleting the mac-
rophages already extant in tumor tissue.
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Figure 1. Immunotherapeutic strategies of targeting TAMs. The immunotherapeutic strategies fall into three
main points: (1) decreasing the TAM population by blocking the CSF-1/CSF-1R axis and CCL2/CCR2 axis to

inhibit the monocyte recruitment, and depleting TAMs with drugs (bisphosphonates, trabectedin, and CaZol@
pMNPs) to induce their apoptosis; (2) promoting macrophage phagocytic activity by blocking the SIRFo/CD47
axis; and (3) reprogramming TAMs to an antitumor M1 by CD40/TLR agonists, siRNA/miRNA, and MAOIs, and

blocking CSF-1/CSF-1R axis.

CCL2/CCR2, C-C chemokine ligand 2/C-C chemokine receptor 2; CSF-1/CSF-1R, colony-stimulating factor-1/colony-
stimulating factor-1 receptor; IL-10/13, interleukin 10/13; INF-y, interferon-gamma; LPS, lipopolysaccharide; miRNA,
microRNA; siRNA, small interfering RNA; SIRPa, signal regulatory protein alpha; TAMs, tumor-associated macrophages;

TLRs, toll-like receptors.

Limiting the recruitment of circulating monocytes
into the TME is a promising strategy to reduce
protumor TAMs. Some trials targeting chemoat-
tractants secreted by malignant and stromal cells
have been investigated such as macrophage CSF-
131 and C-C motif chemokine ligand 2 (CCL2)32
and their receptors. CSF-1/CSF-1R (colony-stim-
ulating factor-1 receptor) is critical for monocyte
recruitment to the tumor site and differentiation
into M2 macrophages. PLLX3397 (an inhibitor of
CSF-1R) has been found to effectively decrease
the number of TAMs and circulating monocytes
in mesothelioma mouse models. It can augment
survival synergistically, reduce TAMs, and
increase the number and function of CD8+ T
cells when combined with dendritic cell vaccina-
tion.3> In addition to solid tumors, targeting
CSF-1R has been proven effective in hematopoi-
etic malignancies. It has been demonstrated that
BLZ945 (CSF-1R inhibition) could block leuke-
mia-associated monocyte-derived cell (LAM)

polarization and deplete LAMs in a mouse model
of T-cell acute Ilymphoblastic leukaemia
(T-ALL).34

CCL2, a chemokine released by monocytes and
tumor cells, and its receptor C-C chemokine
receptor type 2 (CCR2) play a critical role in
mediating monocyte egress from the bone mar-
row into the TME.35 Blocking the CCL2/CCR2
axis has effectively reduced tumor growth in sev-
eral animal models.3%:37 Wang ez al.32 found that
both CCL2 and CCLS5 are indispensable in pro-
moting TAM infiltration and driving polarization
toward the M2 phenotype during hepatocellular
carcinoma (HCC) progression. Similar results
were found in the glioma of CCR2—-/— (Ccr2KO)
mice. Immunofluorescence staining showed that
the number of TAMs in intratumoral areas
decreased by approximately 30%, while peritu-
moral regions were not significantly affected.38
Recent studies have reported that targeting other
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chemokines, CXCL12/CXCR43° and Periostin,*°
related to the recruitment of TAMs has been con-
firmed to have an antitumor effect.

Depleting macrophages already extant in tumor
tissue has also shown an antitumor effect. Some
compounds, including trabectedin,*! bisphospho-
nates,*? and clodronate liposomes,*?> have been
confirmed to scavenge TAMs by inducing their
apoptosis effectively. Lipid-coated calcium zole-
dronate-encapsulated  complexes (CaZol@
pMNPs) were developed and conjugated to man-
nose, which was used to target TAMs and specifi-
cally enhance the cytotoxicity of macrophages. In
vivo and in vitro experiments showed that it could
specifically aggregate in tumor tissues and deplete
TAMs, and the expression of IL.-10, VEGF, and
MMP9 decreased significantly.4* A recent report
constructed a group of bi- and tri-valent T-cell
engagers (BiTEs/TriTEs) that can preferentially
recognize CD3 ¢ on T cells and CD206 or folate
receptor § (FR-B) on M2-like macrophages to kill
M2-polarized macrophages over MI-polarized
macrophages. This study achieved selective
depletion of specific M2-like macrophage subsets
for the first time.%>

Promoting macrophage phagocytic activity

The successful growth and maturation of tumors
need to evade all kinds of immune surveillance
activities effectively, for example, to escape the
phagocytosis of macrophages. One key mecha-
nism of tumor cell immune escape is through
upregulation of the immunosuppressive signaling
molecule CD47, which interacts with signal regu-
latory protein alpha (SIRPa) on macrophages to
transmit the ‘don’t eat me’ signal.#¢ Blocking the
CD47-SIRPa axis is an exciting strategy to
enhance TAM phagocytic properties. Several
CD47-SIRPa blocking agents have been devel-
oped such as fully human anti-CD47 antibodies,
anti-CD47 single-chain variable fragments, anti-
SIRPa antibodies, and high-affinity monomeric
SIRPa devoid of the Fc portion.4” In i vitro and
preclinical studies, these agents have shown anti-
tumor effects on multiple tumor types, and some
of them are now being tested in clinical trials,*8 for
example, the agents TTI-621 (SIRPaFc)%¥ and
Hu5 F9-G4 (5F9).5° However, recent reports
suggest that blockade of CD47-SIRPa signaling
in isolation is insufficient and might be associated
with toxic reactions such as transient anemia,
fatigue, and headache.5! Apart from this strategy,
some studies have found that interleukin 5 (IL-5),

granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF),>2 and PBI1 - a toll-like receptor
(TLR) agonist33 — can also stimulate macrophages
to enhance phagocytic activity.

Reprogramming TAMs to

antitumor M1 phenotyope

In light of this characteristic plasticity, reprogram-
ming TAMs to antitumor M1 is an ideal strategy for
cancer immunotherapy, including TLR agonists,>*
blockade of the CSF-1/CSF-1R axis,>5 interference
RNAs — small interfering RNA (siRNA) or micro-
RNA (miRNA),>® monoamine oxidase inhibitors
(MAOIs),57 and CD40 agonists.>8

As a type of pathogen pattern recognition recep-
tor (PRR), TLRs are innate immunity PRRs
expressed by antigen-presenting cells (APCs),
including macrophages. The activation of TLRs
can induce the immune response, reprogramming
TAMs to the M1 phenotype, which has been
proven in preclinical or clinical trials with TLR3,
TLR7, TLRS8, and TLRY agonists in many tumor
models.’%5% Recently, to better target mac-
rophages and reduce side effects, TLR agonists
such as CpG oligodeoxynucleotides (CpG
ODNs) have been targeted for delivery with the
nanoparticle vector murine M2 macrophage-tar-
geting peptide M2pep. In four T1 tumor-bearing
mice, these MZ2pep-rHF-CpG nanoparticles
repolarized M2 TAMs to the M1 type and inhib-
ited tumor growth after intravenous injection.%®

miRNAs have been demonstrated to participate
in myeloid differentiation and macrophage acti-
vation in previous studies by suppressing the
expression of target genes.®! In orthotopic HCC
or subcutaneous Lewis lung cancer (LLC) mice,
miR-99b and/or miR-125a were delivered into
TAMs, and the authors found that miR-99b or
miR-125 treatment increased the expression of
M1 markers (such as IL-6, TNF-a, and iNOS)
while decreasing the M2-specific marker Argl,
which contributed to inhibiting tumor growth.56

Monoamine oxidase A (MAQO-A) is an enzyme
best known for its function in the brain, and cor-
relation studies of clinical data show that high
intratumoral MAO-A expression in a wide range
of cancers is associated with poor patient survival.
Sikic et al. demonstrated that the tumor-promot-
ing effect of MAQO-A is related to the promotion
of TAM immunosuppressive polarization. They
found that tumor growth in MAO-A knockout
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(KO) mice was significantly suppressed than
MAO-A wild-type (WT) mice. The TAMs in the
former exhibited a less immunosuppressive phe-
notype, with low expression of immunosuppres-
sive molecules (CD206), while the expression of
immunostimulatory markers (CD86, CD69)
increased.>”

The Cluster of Differentiation 40 (CD40) is a mem-
ber of the tumor necrosis factor (TNF) receptor
family and is widely expressed by tumor cells and
APCs. Studies have found that treatment with
CD40 agonists alone or with anti-CSF-1R anti-
bodies in preclinical tumor models can decrease
immunosuppressive macrophages and increase
maturation and differentiation of proinflamma-
tory TAMs.%2 Two agonistic anti-CD40 antibod-
ies (CP-870,893 and RO7009789) are being
tested in clinical trials. CP-870,893 was adminis-
tered in combination with gemcitabine chemo-
therapy in a phase I trial for patients with
pancreatic cancer; the results showed it was well
tolerated, and partial responses (PRs) were iden-
tified in approximately 20% of patients.53

Overview on molecular imaging

Molecular imaging is a technique based on radio-
nuclides or optical probes to observe tumor bio-
markers in real time and accurately monitor the
dynamic changes in target genes.®* Among the
imaging modalities, each technique has its inher-
ent strengths and weaknesses (Table 1). PET/
SPECT, a radionuclide-based molecular imaging
technology, is used extensively in preclinical and
clinical researches due to its high sensitivity and
total body penetrance. It can realize the early
diagnosis, treatment guidance, and study of the
molecular mechanisms of diseases via evaluating
the molecular changes in the physiological and
biochemical processes of the human body by
using the appropriate radiolabled-imaging
agents.®> However, PET and SPECT are limited
by spatial resolution and examination cost.%¢ MRI
has the characteristics of high-resolution soft tis-
sue and three-dimensional multiparameter imag-
ing. It can effectively detect and diagnose the
disease by combining with contrast agents.
Compared with other molecular imaging modal-
ities, low sensitivity for molecular detection is
the major shortcoming.®” Optical imaging
mainly includes bioluminescence imaging (BLI)
and fluorescence imaging (FLI). The relatively
low implementation, high sensitivity, and

nonradioactive properties make this noninvasive
imaging technique preferred in preclinical
research.%® At present, tissue penetration and
image resolution are still a defect of optical imag-
ing, leading to its not being entered into clinical
application. US imaging, a versatile and mature
diagnostic technique widely used in human and
veterinary medicine, uses the interaction between
sound waves and living tissue to produce images
or to measure the velocity of tissue movement
(mainly blood) based on Doppler mode. Due to
the great influence of gas and high density of
bone, its application in the examination of organs
such as lungs and intestines is limited.®® Since
each imaging technique has its advantages and
disadvantages, particular clinical problems and
biological characteristics are the main determi-
nants of imaging technology selection and joint
application.

Tracking TAMs by molecular imaging

Taking advantage of the characteristics of these
imaging techniques allows us to expand our
knowledge of TAM-based immunotherapies and
provide bridges to the clinical applications of
these therapies. Despite advances in immune-
oncology, most patients still exhibit primary or
acquired therapeutic resistance mediated by
immunosuppressive macrophages.’? The preclin-
ical and clinical data showed that patients with
intense TAM infiltration could benefit from
TAMs targeting immunotherapies, highlighting
the need for specialized techniques to detect and
quantify TAM populations to improve treatment
outcomes for cancer patients. Molecular imaging
can screen suitable patients, and monitor and
evaluate immunotherapeutic efficacy and progno-
sis.”! Therefore, molecular imaging is exceedingly
helpful in the development of TAM-based immu-
notherapies. The characteristics of targeting
TAM imaging techniques and TAM-labeling
strategies are illustrated in Tables 1 and 2. Several
specific targets of TAMs for imaging have been
demonstrated such as the macrophage mannose
receptor (MMR or CD206), translocator protein
(TSPO), phagocytic activity, FR-f, CSF-1R,
F4/80, TLRs, and SIGN-R1 (specific ICAM-3-
grabbing nonintegrin-related 1) (Figure 2(A)).

MMR, CD206
MMR, CD206, is an intracellular C-type lectin
receptor. As an immune adhesion molecule,
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Table 1. Characteristics of targeting TAM imaging techniques.

Imaging Advantages Disadvantages Labeling method Purpose Clinical Applied
modality translation commercially
PET/ e High sensitivity e |ow spatial 99mTc Tracking Yes Yes
SPECT e Unlimited penetration resolution
depth e Expensive
e Accurate quantitation e Radioactive
Cu Tracking Yes Yes
18F Tracking Yes Yes
¢8Ga Tracking Yes Yes
"c Tracking Yes Yes
S5y Tracking Yes Yes
125] Tracking Yes Yes
Min Tracking Yes Yes
MRI e High spatial resolution e Low sensitivity IONPs Trackingand Yes Yes
e Excellent molecularand e Longimaging (Ferumoxytol] therapy
anatomical information time
e No radiation hazard e Expensive
PFC Trackingand Yes Yes
quantification
MPI e High temporal and e Human-sized IONPs Trackingand  Limited Yes
spatial resolution MPI scanners (Ferumoxytol or  quantification
sensitivity are not Ferucarbotran)
e High sensitivity available
e No radiation hazard e Fewtracers
e Quantitation
FLI e Fast acquisition e Poortissue IRDye700 Trackingand  Limited Yes
e FEasydye labeling penetration therapy
e No radiation hazard e Low spatial
e High sensitivity resolution
e Low cost
NIR dye Cy7 Tracking Limited Yes
NIR dye Tracking Limited Yes
DN-ICG Tracking Limited Yes
ZW800-1C Tracking Limited Yes
us e Good temporal e Limited HA-FOL-NBs Trackingand Yes No
resolution examination therapy
e Low cost of skeletal and
e No radiation hazard hollow organs
e Relyonthe
operator’s
technical level
NBesr-1r Tracking Yes No

CSF-1R, colony-stimulating factor-1 receptor; DN-ICG, dextran-indocyanine green; FLI, fluorescence imaging; HA-FOL-NBs, hyaluronic acid folate-
conjugated nanobubbles; IONPs, iron oxide nanoparticles; MPI, magnetic particle imaging; MRI, magnetic resonance imaging; NB, nanobubble;

NIR, near-infrared; PET, positron emission tomography; PFC, perfluorocarbon compound; SPECT, single-photon emission computed tomography;
TAM, tumor-associated macrophage; US, ultrasound.
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Figure 2. Molecular imaging of TAMs. (A] Some techniques have been applied to target TAM molecular imaging such as PET, SPECT,
MRI, US, and optical imaging. The main imaging targets that have been used in clinical or preclinical studies include MMR, TSPO,
CSF-1R, TLRs, SIGN-R1, FR-B, F4/80, and its phagocytic activity. (B) Examples of TAM molecular imaging by targeting MMR. Coronal
PET/CT images of WT versus MMR-deficient (KO) 3LL-R tumor-bearing mice scanned at (a) 1h and (b] 2.5h post-injection of [¢8Ga]
Ga-NOTA-anti-MMR-sdAb. Adapted with permission from Xavier et al.’¢ (C) Examples of TAM molecular imaging by targeting TSPO.
TSPO PET in a patient with newly diagnosed glioblastoma in the right occipital lobe. Adapted with permission from Albert et al.8 (D)
Examples of TAM molecular imaging by targeting phagocytic activity. /n vivo MRI displayed PFC distribution in the tumor periphery
and draining lymph nodes at days 2 and 10 post-PFC injections. (a, ¢} "F signals hotspots of a mouse bearing Cal27 tumors showing
significant macrophage infiltrates in the periphery of the tumors. (b, d) 'F signals hotspots of a mouse bearing SCC4 tumors
showing decreased macrophage burden. (e, f] fluorine hotspots (arrows) within local LN of the same animals in both Cal27 (e)

and SCC4 (f) groups. R1 and R2 indicate tubes for reference quantification, and the color scale is in arbitrary units. Adapted with
permission from Khurana et al.?2 with minor modifications.

B, bladder; K, kidneys; L, liver; LN, lymph nodes; T, tumors; WT, wild type.

MMR is mainly expressed on the surface of APCs
such as specific macrophages and immature den-
dritic cells.’® Some studies have shown that
MMR is abnormally expressed in various tumors
(pancreatic, colorectal, and gastric cancer), and
its expression level correlates with the prognosis
of patients.101-103

Approximately 10years ago, MMR was confirmed
to be a special target for TAM imaging. A report by
intravenous injection of %°mT'c-labeled anti-MMR
nanobodies successfully targeted M2 macrophages
in vivo. Retention of the nanobody proved to be
receptor-specific and absent in MMR-deficient
mice.”? Likewise, Locke er al7® designed a
64¢Cu-mannosylated liposome (MAN-LIPs) injected

into a mouse lung cancer model, and i viwo PET
imaging showed that it mainly accumulated in TAMs
and exhibited little accumulation in remote lung
areas. Recently, several TAM-targeting tracers
binding the MMR have been developed such
as [7T¢c](CO)3-anti-MMR-sdAb, ['®F]FB-anti-
MMR-sdAb,” 125I-aCD206,”> and [®Ga]Ga-
NOTA-anti-MMR-sdAb.7® Zhang et al. used the
tracers of 12I-aCD206 and Dye-aCD206 for
SPECT/CT and NIRF (near-infrared fluores-
cence) imaging demonstrated that they could target
CD206 specifically in 4T1 tumors. Furthermore,
these methods can noninvasively predict post-
chemotherapy tumor relapse and detect metastatic
lymph nodes. They chose the four T1 mouse model
treated with cyclophosphamide (CTX), and the
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result showed that the probe markedly increased
accumulation in relapse-prone tumors at 24h after
probe injection, and uptake of this radiotracer in
tumor-draining lymph nodes was higher than in the
control contralateral lymph nodes.” Previously,
68Ga-labeled compound for PET/CT imaging of
HER?2 was found safe and had a low radiation bur-
den on patients in phase I clinical trials.1% Then, a
68Ga-labeled anti-MMR single-domain antibody
(sdAb) fragment was synthesized to assess the pres-
ence and density of TAMs. Imaging showed a
higher signal in the tumor, liver, and kidneys in WT
tumors than in MMR-deficient (KO) tumors
(Figure 2(B)). Ex vivo evaluation of the bio-distri-
bution confirmed that the specific uptake of this
tracer mainly occurs in MMR-expressing tissues
(e.g. the liver, spleen, lymph nodes, bone marrow,
and tumor).”®

MMR has also been investigated in optical imag-
ing and MRI. Zhang er al.’7 synthesized a probe
(IRD-aCD206) targeting sorafenib-resistant
tumors and demonstrated that it could be used to
visualize TAM recruitment to tumors by NIRF
imaging. Cyanine 7 (Cy7) has been widely applied
to label and detect proteins, antibodies, and other
biological molecules. Jiang et al. chose deoxyman-
nose (DM; a high-affinity ligand of mannose
receptor) labeled with the near-infrared dye Cy7
to target imaging on TAMs. The results showed
that Cy7-DM uptake in the tumor was signifi-
cantly higher than in other organs and tissues.
Moreover, confocal images of tumor tissue show
that Cy7-DM staining colocalizes with CD206,
indicating the specificity of the probe for M2
macrophages.’8 In a mouse breast cancer model,
a  DyLight680-antibody conjugate  (Dye-
antiCD206) was found to allow noninvasive
imaging of TAMs in viwo. Longitudinal NIRF
imaging can be used to reveal the depletion of
TAMs in response to zoledronic acid.”

Given the inevitable shortcomings of nuclear
imaging and optical imaging, to better provide
information on the biological dynamics of mac-
rophages, a recent study reports an approach of
using anti-biofouling PEG-b-AGE polymer-
coated iron oxide nanoparticles (IONDPs) to target
imaging of MMR-expressing M2-like TAMs. In
this case, at 48h after intravenous injection of
mannose iron oxide nanoparticles (Man-IONPs)
in mice bearing orthotopic four T1 mammary
tumors, MRI showed a more significant IONP-
induced decrease in transverse relaxation time
(T2) in tumors compared with nontargeted IONP

probes. More importantly, this study found no
nonspecific uptake cellular of IONPs by M1-like
macrophages and cancer cells, and there was no
nonspecific interaction between IONPs and serum
proteins.80

Mannose receptors targeting radiotracers are cur-
rently applied to the imaging of macrophages in
the TME and proven to have important clinical
significance for detecting tumor sentinel lymph
nodes,195 assessing atherosclerotic plaque stabil-
ityl% and detecting rheumatoid arthritis early.!07
Hence, MMR is a promising target for the nonin-
vasive detection of macrophages to obtain diag-
nostic and  prognostic information on
inflammatory diseases and investigate targeted
macrophage immunotherapy.

TSPO

TSPO is an 18-kDa mitochondrial outer mem-
brane protein mainly expressed in activated micro-
glia, astrocytes, and infiltrating macrophages.
TSPO has become a promising imaging target in
some inflammatory diseases, especially in neuro-
inflammatory diseases (such as multiple sclero-
sis,108 Parkinson’s disease,!9° and glioma).8!

Different studies have shown that the expression
of TSPO is positively correlated with the degree of
malignancy and negatively correlated with sur-
vival. 110,111 Glioma-associated microglia/mac-
rophages (GAMs) were identified as TSPO
sources, and preclinical imaging studies suggested
that PET imaging of TSPO could be a potential
tool to improve tumor detection and track glioma
cell infiltration. The first-generation TSPO radi-
otracer [11C]PK11195 was successfully used in
glioma imaging. However, as a !1C-labeled tracer,
['1C]PK11195 has a short half-life and requires a
cyclotron to produce the tracer in the field, and a
low signal-to-noise ratio limits its use.!1%113 These
limitations have led to the development of new
TSPO ligands for PET imaging such as [!8F]
DPA-714,81:82 [1SF]DPA-713,!14 [18F]PBRO06,83
and ['8F]GE-180.8485 Among the current (pre)
clinical tracers used, ['®F]DPA-714, a second-
generation tracer, has been highlighted as a suita-
ble imaging marker in glioma models.11%116 Pigeon
et al. combined diffusion-weighted imaging (DWI)
to investigate the potential of [8F]DPA-714 for
PET imaging and to assess glioma growth and cell
infiltration in a human invasively growing glioma
model. This study demonstrated that [18SF]DPA-
714 PET in combination with DWI may be
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superior to conventional imaging methods, such
as T2W imaging MRI or ['8F]FET PET, in the
early detection of tumor and tumor infiltration,
respectively.8! One clinical trial found a strong
relationship between [18F]DPA-714 uptake and
the activation level of GAMs in patients with
gliomas. They found that the expression of
TSPO was mainly limited to GAMs, activated
by human leukocyte antigen D-associated posi-
tivity (HLA-DR+), especially tumor-infiltrating
HLA-DR+ MDSCs and TAMs, suggesting that
['8F]DPA-714-PET may act as a noninvasive
imaging paradigm to characterize the degree of
immunosuppressive myeloid cell infiltration.82

Although some results have indicated that TSPO
expression levels are positively correlated with the
grade of malignancy, it is not clear to what extent
the upregulation of TSPO reflects a proinflam-
matory or anti-inflammatory  phenotype.
Recently, Pannell er al. demonstrated that TSPO
is explicitly upregulated in proinflammatory
polarized microglia/macrophages and astrocytes
after LPS and TNF stimulation, and microglia/
macrophage PET imaging with the tracer !8F-
DPA-713 is specific to the proinflammatory sub-
populations of these cells.!14

Third-generation TSPO receptor ligands (8F-
GE-180) were subsequently produced to improve
the target-background contrast. Nathalie er al
used this new tracer for the first time to detect the
expression of TSPO in human gliomas  vivo. All
gliomas were positive on 8F-GE-180 PET and
had extraordinarily high tumor-to-background
contrast. Interestingly, in the direct comparison of
PET images with MRI, the highest uptake inten-
sity could even be found in noncontrast-enhanc-
ing tumor areas, and the delineated PET volumes
were larger than MRI-based tumor volumes
(Figure 2(C)).8* Furthermore, a recent clinical
trial had proved that the specific uptake of 8F-
GE-180 is closely related to the glioma histologi-
cal WHO (World Health Organization) grade and
IDH mutation status. Grade IV gliomas showed
the highest uptake intensity compared with grades
II and III gliomas, and IDH-WT gliomas had a
higher 18F-GE-180-uptake in the overall group.8>

In an experimental study of a mouse model of
pancreatic ductal adenocarcinoma (PDAC),
Lanfranca et al. confirmed the possibility of moni-
toring macrophage infiltration in the TME with
the TSPO-PET tracer [1!C]PBR28. There were
abundant TAMs in the tumor area, and IHC and

immunofluorescence staining showed that TSPO
was restricted to the surface of macrophages
rather than tumor cells or other stromal cells.
Autoreadiography of resected tumors revealed
the uptake of [!!C]PBR28 by macrophages in
tumors. PET imaging shows a high signal in the
lung, spleen, kidney, and tumor after radiotracer
injection, suggesting that [!!C]PBR28 PET can
serve as a valuable tool to select suitable candi-
dates for macrophage-targeted therapies and
evaluate such treatment responses.8¢ Similarly,
the tracer [8F]V-1008, a high-affinity TSPO-
PET ligand selected by Cohen ez al., showed sig-
nificantly increased uptake in precancerous tissue
than normal pancreatic tissue, which is detectable
by PET and found that [!8F]V-1008 has the
potential to distinguish early pancreatic cancer.
However, they did not further investigate whether
the increased uptake of radiotracers was due to
pancreatic tumor cells or TAMs.87 There is evi-
dence that TSPO is preferentially expressed in
activated macrophages. Nevertheless, it is not
specific to M2-like TAMs and is upregulated in
other stromal cells, endothelial cells, and several
kinds of tumor cells.!17:118 This limits the applica-
tion of TSPO tracers in specifically targeting the
imaging of M2-like TAM:s.

Phagocytic activity

Macrophages are an essential component of
innate immunity, and serve as the first line of
defense against infection. Phagocytosis is an
eponymous function and remarkably stable prop-
erty of the macrophage lineage. It is able to engulf
various substances such as pathogens, nanoparti-
cles, and liposomes through surface receptors and
cytoplasmic recognition systems,119-120

At present, tracers based on the phagocytic func-
tion of macrophages are mainly used for MRI,
and some involve radionuclide imaging. Scanning
is usually performed 24 h after intravenous injec-
tion of the contrast agents to allow macrophages
to phagocytize and infiltrate into the tumor area
while allowing the unengulfed contrast agent to
be cleared from the tumor. Several studies previ-
ously demonstrated that TAMs could be tracked
with MRI contrast agents such as gadolinium
(Gd), manganese (Mn) chelates, IONPs, and
fluorine 19 (!°F)-incorporated perfluorocarbon
compounds (PFCs).121.122 Macrophages and
Kupffer cells mainly engulf IONPS, which have
been more widely used in cancer images because
of their easy synthesis, high surface-to-volume

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 14

ratio, and therapeutic ability.!23:12¢ Ferumoxytol,
a US Food and Drug Administration (FDA)-—
approved ultra-small superparamagnetic iron oxide
(USPIO) nanoparticle, has been proven for the first
time to be able to be used as a contrast agent to
label TAMs by MRI in a mouse breast cancer
model.88 Recent clinical studies by Aghighi er al.
showed that ferumoxytol tumor enhancement was
noted on post-contrast scans in lymphomas and
bone sarcomas of pediatric patients and young
adults, especially in bone sarcomas. The decrease
in MRI signal was noted to be more prominent.
Moreover, the authors found that within each
tumor group, 12* values correlated significantly
with the density of CD68+ and CD163+ TAMs
on histopathology.8® An i vitro study used clinical
3.0T MRI to evaluate USPIO-MR contrast agent
(P904) labeling in different macrophage popula-
tions (M0, M1, and M2) incubated with P904 for
36h and then analyzed in gel phantoms with an
MR scanner. The results showed that the
M?2-polarized population had a much higher T1
signal and a significantly lower T2* signal than the
others. Histological analysis confirmed a higher
iron content in the M2-polarized population than
in the M1- and MO-polarized populations.!25

MPI is a tracer method based on tomographic
imaging technology to detect the spatial distribu-
tion of superparamagnetic iron oxide (SPIO). It
has the characteristics of three-dimensional imag-
ing, high resolution and sensitivity, and no elec-
tric radiation hazard. Its signal strength is
proportional to the tracer concentration and is an
inspection method that can obtain quantitative
data.!?6 MPI has been used to detect iron-labeled
TAMs in a murine model of breast cancer. In this
study, the authors found that ferumoxytol
(USPIO) was a superior iron nanoparticle for this
application than ferucarbotran (SPIO) in vivo. At
the same time, iz vitro labeling of cells with the
latter would provide better results. To detect and
quantify macrophages in the metastatic lung envi-
ronment, ex vivo analyses by MPI showed an
increase iron in metastatic lungs at 24-h injection
of USPIO wersus control lungs, which could pro-
vide additional information that MRI could not.
However, due to a large amount of iron uptake
into the liver, the nanoparticle content in the
lungs could not be determined i viv0.%°

19F-based MRI is emerging as a useful tool for
imaging cells. PFC nanoparticles are preferentially
phagocytosed by monocytes and lack any fluorine
background in the body.'?” 19F signal intensity

(SI) is directly proportional to the tissue amount of
the PFC, which makes °F MRI a highly sensitive
and specific quantitative tool.!?¢ Makela er al
investigated i vivo fluorine-19 (1°F)-based MRI
cell tracking to detect the density and distribution
of TAMs and metastasis-associated macrophages
(MAMs) within murine breast cancer tumors. The
results showed that in the highly aggressive and
metastatic four T1 tumors, the °F signal was
mainly in the periphery of the tumor and in early-
stage tumors, and IHC and fluorescence micros-
copy validated that green fluorescent F4/80 and
red fluorescent PFC were observed in a similar
location, indicating that 1°F MRI could be used to
identify breast tumors with heavy infiltration of
TAMs. Moreover, they showed proof of using 1°F
MRI cell tracking to visualize MAMs in the lungs.°!
Similarly, 19F MRI has been confirmed to provide
a quantitative assessment of macrophage burden
in tumors and sentinel lymph nodes . vivo. In the
mouse model of head and neck squamous cell car-
cinoma (HNSCC), mice were subjected to MRI
on days 2 and 10 after PFC injection. Cal27
tumors (double-hit, TP53 mutation combined
with 3p deletion) and SCC4 tumors (single-hit,
TP53 mutation alone) displayed different extents
of hotspots in the periphery of the tumors, espe-
cially in Cal27 tumors. The proximal lymph nodes
adjacent to the tumor were noted hotspots as well
(Figure 2(D)). In ex wivo hematoxylin—eosin
(H&E) and immunofluorescence staining analy-
ses, the green fluorescent signal from TAMs is
consistent with the MRI hotspots.2

Given macrophage phagocytosis imaging charac-
teristics, the isotope for radionuclide imaging
needs to have a long half-life such as ¢Cu
(t,,=12.7h) and %Zr (z,,=78.4h). Kim er al
used ©%*Cu-labeled polyglucose nanoparticles
(Macrin) for quantitative PET imaging of mac-
rophages in the TME, and found that mac-
rophages took up Macrin with >90% selectivity
by combining high-resolution iz vivo confocal
microscopy and ex wvivo imaging of optically
cleared tissue. The authors demonstrated that
Macrin imaging could offer a translational method
to quantify TAMs and provide therapeutic deci-
sions.?3 Another report designed two high-yield-
ing radiolabeling strategies to generate 8Zr-HDL
nanoparticles (83°Zr-PL-HDL and 8°Zr-AI-HDL),
which were used to target TAMs by PET in a
breast cancer model selectively. Intravenous
administration of both tracers for 24-h results
showed high-radioactivity accumulation in the
tumor area, and ex wiwo histologic and flow
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cytometry analyses compellingly indicated TAMs
as their main target.%*

Other targets

SIGN-R1 is a calcium-dependent lectin highly
expressed on macrophage surfaces.!?® Luo ez al
developed metabolizable dextran-indocyanine
green (DN-ICGQG) nanoprobes that selectively rec-
ognized SIGN-R1 with the second near-infrared
window (NIR-II) FLI to dynamically track TAMs
in subcutaneous and orthotopic mouse models of
pancreatic tumors. The location of fluorescence
signals of DN-ICG nanoprobes coincided per-
fectly with that of TAMs, indicating that this
tracer could label TAMs with high sensitivity and
specificity. The results showed NIR-II FLI of
TAMs with high fluorescence signals in the tumor
areas, liver, and spleen. Moreover, this tracer
achieves a high signal-to-background ratio (SBR)
in deep tissue because it can metabolize gradually
in the liver but remain in pancreatic tumor
stroma.®

TLRs are receptors of the innate immune system
that recognize pathogens and are primarily
expressed on macrophages and dendritic cells.
TLR4 has been most closely connected to inflam-
mation-mediated carcinogenesis and tumor pro-
gression.!30 Tee er al. developed anti-TLR4
antibody-ZW800-1C (TLR4-ZW800) conju-
gates to target TLR4 in HCC using NIRF. The
groups found that this conjugate bio-distribution
reflects the localization of TLR4-positive mac-
rophages. This imaging strategy could be used to
detect the increased TAM content in cancerous
tissue and simultaneously evaluate the status of
TLR4 signaling in solid tumors.?® However,
TLRs are also expressed on other cells, including
endothelial cells, cardiac myocytes, and intestinal
cells, limiting specific targeted TAM imaging.

FR-p is a cell surface receptor that is significantly
upregulated on activated macrophages during
inflammation but not on resting or other immune
cells.’3! For this reason, it has been used as a
macrophage-based therapeutic and imaging
agent. For example, [Ga]Ga-NOTA-folate
(Ga-FOL) was verified to be specific for targeting
FR-B in a study of an atherosclerotic mouse
model.!32 Another targeted FR tracer, aluminum
F-labeled 1,4,7-triazacyclononane-triacetic acid
conjugated folate (F-FOL), demonstrated spe-
cific uptake in inflamed myocardium containing
macrophages expressing FR-B, and the

nonlabeled FR-f ligand folate glucosamine could
efficiently block this response i viv0.133 A new
contrast agent of folate-conjugated and LMW-
HA-loaded ultrasonic nanobubbles (HA-FOL-
NBs) was currently synthesized to target TAMs
for US imaging actively, and it can reprogram
TAM phenotypes from M2 to M1 as well.97
However, targeting this receptor has been primar-
ily used for in vivo imaging of activated mac-
rophages in inflammatory diseases. Nevertheless,
TAMs in the targeted TME have not been widely
used, because they are expressed in specific
human tumor cells, which might not be differen-
tiated whether tracer uptake is caused specifically
by cancer cells or TAMs.

F4/80, a 160-kDa cell surface glycoprotein, is
highly restricted in mouse tissue macrophages. It
is used as a pan-macrophage marker to detect the
distribution, phenotypic heterogeneity, and acti-
vation state of TRMs. F4/80 was critical in the
macrophage-NK interaction and participates in
the induction of peripheral immune tolerance.134
Terry et al.® developed !!'!'In-anti-F4/80-A3-1
and demonstrated that it could specifically bind
F4/80 receptor-positive macrophages with high
affinity and visualize TAMs as well as mac-
rophages in the spleen and liver.

Given that the CSF-1R has been found to be
restrictively expressed by TAMs and mono-
cytes which more prefer to locate at the bound-
ary of HCC. A CSF-1R-conjugated nanobubble
CSF-1R (NB(gr;gr) was developed using the
biotinylation method and demonstrated that it
might be a promising noninvasive diagnostic
modality to detect the margin and residual of
HCC after radiofrequency ablation (RFA).% In
addition to the biomarkers and tracers for the
vivo imaging of TAMs described above, several
other biomarkers have been used to detect acti-
vated macrophages in inflammatory diseases such
as the macrophage scavenger receptors CD163135
and Vsig4 (V-set and Ig domain-containing 4).13¢

Monitoring tumor immunotherapy

with TAM imaging

Among the existing targeted TAM imaging meth-
ods, encouragingly, some of them have been
investigated in clinical trials (Table 3). The com-
bination of molecular imaging and tumor immu-
notherapy for real-time detection of the
therapeutic response is the focus of clinical
research. CD47 represents a promising new
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Table 3. Examples of TAM-targeted imaging in clinical trials.

Target Imaging Tumor type Number of Route of Limitation References
method patients injection
TSPO ['8F]IDPA- Glioma 9 Intravenous  Patient numbers and Zinnhardt
714-PET heterogeneity of the cohort etal.8
TSPO 18F-GE-180 Glioma 11 Intravenous ~ Small sample size and the lack of Albert et al.8
PET histological validation
TSPO 18F-GE-180 Glioma 58 Intravenous  The number of patients with Unterrainer
PET tumor subtypes is relatively et al.8
small and undergrading brain
tumors at initial diagnosis
Phagocytic Ferumoxytol- Lymphomaor 25 Intravenous  Calcification in tumor areas can  Aghighi et al.%?
activity MRI bone sarcoma affect the T2* signal

DPA, (N,N-diethyl-2-(2-(4-(2-fluoroethoxy)phenyl]-5,7-dimethylpyrazolo[1,5-alpyrimidin-3-yllacetamide; MRI, magnetic resonance imaging; PET,
positron emission tomography; TAM, tumor-associated macrophage; TSPO, translocator protein.

target for osteosarcoma immunotherapy, and its
mADbs have been confirmed to inhibit the interac-
tion between CD47 and SIRPa, increasing the
number of M1-like macrophages and activating
phagocytes.137-13% The Mohanty group used feru-
moxytol-enhanced MRI to detect CD47 mAb
therapeutic responses in osteosarcoma-bearing
mice and showed significant hypo-intense (dark)
ferumoxytol enhancement on post-contrast
T2-MR images compared with pre-contrast
images in the tumor area. CD47 mAb-treated
tumors were significantly smaller than control
IgG-treated tumors on day 10 of therapy. This
verified the usefulness of ferumoxytol-MRI for
detecting TAM response to CD47 mAb, and this
imaging model is expected to be applied to moni-
tor the therapies’ response in clinical trials.13°

Increasing evidence suggests that the TME, par-
ticularly tumor-infiltrating immune cells, includ-
ing TAMs, changes significantly after radiotherapy
and chemotherapy. One study used three nano-
particles, QD710-Dendron quantum dots
(QD710-D), ferumoxytol, and PG-Gd-NIR8&13,
for NIRF, T2W MRI, and dual optical/T1W MRI
(Figure 3(A)) in an MDA-MB-435 tumor model.
In wvivo imaging revealed significantly higher
uptake of all three nanoparticles in Abraxane-
treated tumors than untreated tumors. In vitro
studies showed that these nanoparticles were
taken up by macrophages but not by tumor cells,
and macrophage immunofluorescence staining
and flow cytometry of single-cell suspensions from
dissected tumor tissues confirmed that the infiltra-
tion of CD11b+ and CD169+ macrophages in

the tumors increased after Abraxane therapy.
Moreover, NIRF optical imaging visualized
increased uptake of QD710-D in Abraxane-
sensitive MDA-MB-435 tumors but not in drug-
resistant MDA-MB-435R tumors.!40

By NIRF, DN-ICG has been demonstrated to
target TAMs with good sensitivity and specificity.
The authors further designed experiments to con-
firm that this imaging technique could also moni-
tor the treatment response dynamically. Low-dose
radiotherapy (5Gy) and chemotherapy (zole-
dronic acid) were designed elaborately to regulate
the number of TAMs in the subcutaneous model
of the pancreatic tumor. They observed that the
number of TAMs was twice as high as before low-
dose radiotherapy (5Gy) treatment by flow
cytometry. However, after a 3-day treatment with
zoledronic acid, TAMs were 50% lower than that
in the control group. NIRF analysis of TAMs
revealed that the fluorescence signal in the tumor
region increased twofold in the low-dose radio-
therapy group and decreased by 50% in the zole-
dronic acid-treated group at 6, 12, and 24 h after
the injection of DN-ICG (Figure 3(B)), which
was consistent with the flow cytometric analysis.®>
These studies indicate that noninvasive imaging
techniques can observe the quantitative changes
in TAMs and assess the early treatment response
using imageable nanoparticles.

Discussion and conclusion
Given the crucial roles of TAMs in orchestrat-
ing tumor progression, preclinical and clinical
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Control Abraxane

(b) éh

Figure 3. Monitoring immunotherapy by molecular imaging of TAMs. (A] Optical imaging and T1W MRI in vivo
response to Abraxane treatment of MDA-MB-435 tumor. (a) NIRF image MDA-MB-435 tumors at 48 h after
injection of PG-Gd-NIR813. (b) TTW MRI of MDA-MB-435 tumors before and 1, 24, and 48 h after injection of
PG-Gd-NIR813. Adapted with permission from Cao et al.’? (B] In vivo NIR-II fluorescence imaging of DN-ICG
response to low-dose radiotherapy and chemotherapy in the subcutaneous model of the pancreatic tumor. In
vivo NIR-II fluorescence imaging of DN-ICG was intravenously injected in different groups, and images were

acquired after 6, 12, and 24 h, respectively (ICG dose=0.5mg/kg). Adapted with permission from Luo et al.%

with minor modifications.

Ctr, control (without treatment]; RT, radiotherapy (5 Gy X-ray); ZA: zoledronic acid.

trials have demonstrated that targeting TAMs is
a novel and promising approach to improving
antitumor therapy. The classification, distribu-
tion, and density of TAMs in the TME vary
among individuals and tumor types and change
dynamically during treatment. There is an
urgent need to have an accurate understanding
of TAMs in the TME. This review shows that
molecular imaging techniques can provide bet-
ter means for the noninvasive, real-time, and
quantitative i vivo tracking of TAMs, contrib-
uting to selecting suitable patients before immu-
notherapy, and potentially guide clinical
treatment decisions. Further imaging studies
are needed to explore new tracers that can delib-
erately target M1 macrophages and make full
use of the advantages of different imaging tech-
niques to improve the accuracy, specificity, and
sensitivity of macrophage targeting. Moreover,
TAM-targeted diagnostic probes could be cou-
pled with therapeutic drugs to realize individu-
alized treatment guided by real-time dynamic
images.
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