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Simple Summary: Tumor-associated macrophages (TAMs) play numerous roles in cancer biology
and are an important component of the relationship between immune system response and tumor
progression. Several new immunotherapy techniques have been developed that target TAMs and are
under investigation in both clinical and preclinical settings. Despite this surge of new immunotherapy
techniques, a means to specifically and quantifiably measure the presence of TAMs to ensure the
viability of these therapies, has yet to be widely investigated. The development of molecular imaging
agents that target TAMs provides a path to noninvasively gain valuable insight into the molecular and
functional characteristics of the tumor microenvironment and how the immune response facilitates
the progression of cancer or therapy response. This article reviews published preclinical and clinical
research in the imaging of TAMs through Positron Emission Tomography (PET).

Abstract: Macrophages are large phagocytic cells that can be classified as a type of white blood
cell and may be either mobile or stationary in tissues. The presence of macrophages in essentially
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every major disease makes them attractive candidates to serve as therapeutic targets and diagnostic
biomarkers. Macrophages that are found in the microenvironment of solid tumors are referred
to as tumor-associated macrophages (TAMs) and have been shown to influence chemoresistance,
immune regulation, tumor initiation and tumor growth. The imaging of TAMs through Positron
Emission Tomography (PET) has the potential to provide valuable information on cancer biology,
tumor progression, and response to therapy. This review will highlight the versatility of macrophage
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1. Introduction

The year 1883 marked the beginning of an exciting new era for immunology. Ellie
Metchnikoff introduced the concept of macrophages by determining phagocytes functions
as a critical host-defense mechanism. This eventually led Metchnikoff and Paul Ehrlich to
receive a Nobel Prize for their work on immunity in 1908. This study provided the earliest
description of macrophages and opened up a new field of research as numerous scientists
propelled the field forward by working to advance current knowledge and understanding
of the role of macrophages in many disease states [1,2].

Today, macrophages are described as large phagocytic cells that can be classified as
a type of white blood cell that may be either mobile or stationary in tissues [3]. They are
involved in a variety of significant roles and functions such as wound healing facilitation,
tissue homeostasis maintenance, pathogen defense, immune system stimulation, and
foreign substance digestion [3].

Macrophages represent a diverse set of cells which are associated with a distinct
Attribution (CC BY) license (https:// et of disease states such as tuberculosis [4], sepsis [5], neurodegenerative disease [6,7],
creativecommons.org/licenses /by / infection [8], chronic inflammatory diseases [9], and cancer [10-13]. The presence of
40/). macrophages in essentially every major disease makes them attractive candidates to serve
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as therapeutic targets and diagnostic biomarkers. Macrophages that are found in the mi-
croenvironment of solid tumors are referred to as tumor-associated macrophages (TAMs).
They have been shown to influence chemoresistance, immune regulation, tumor initiation,
and tumor growth [10]. Macrophages can directly promote tumor growth through angio-
genesis and resistance to certain types of chemotherapies. Indirect promotion of tumor
growth can also be influenced as macrophages can induce immune dysfunctions through
interactions with other immune cells within the tumor microenvironment [14].

Macrophages can be broadly classified into two main groups with differing roles
in immune defense and immune surveillance: classically activated macrophages (M1)
and alternatively activated macrophages (M2) [1,3]. M1 and M2 represent polarization
states that result from differentiation by the local microenvironment. M1 macrophages
are characterized by possessing pro-inflammatory and microbicidal functions whereas M2
macrophages prevent inflammation and promote tissue remodeling and angiogenesis [15].
M1 macrophages can be considered antitumor due to their ability to kill tumor cells through
the production of pro-inflammatory cytokines. As a result, M1 polarized macrophages can
be thought of as effector cells that possess the important role of protecting the body from
pathogen and tumor cell attacks [16]. M2 macrophages can be considered protumor due to
their production of anti-inflammatory cytokines [11].

Macrophage polarization can be influenced by antitumoral treatments such as chemother-
apy and radiotherapy and thus can facilitate resistance to such therapies [17,18]. Im-
munotherapy treatments can also be negatively affected by the presence of TAMs [19].
In particular, PD-L1 expression on TAMS have been shown to diminish the therapeutic
response of PD-1 targeted therapies such as Pembrolizumab (Keytruda) and Nivolumab
(Opdivo) [19,20].

It has previously been demonstrated that the presence of TAMs in a variety of human
cancers can result in a poor clinical prognosis. Such examples include gastric cancer [21],
colorectal cancer [22], prostate cancer [23], and Classical Hodgkin lymphoma [24]. An
extensive list can be found in the literature review of Baojin Hua and colleagues [12].

TAMs have become increasingly more relevant in cancer biology as they represent
a biomarker that could lead to improved diagnostic and prognostic outcomes [25]. The
understanding of the regulation of the immune system response to tumor progression
by TAMs has resulted in the development of several therapies that target TAMs in the
preclinical and clinical settings [26]. Thus, a means to specifically and quantifiably measure
the presences of the TAMs, preferably in a non-invasive manner, is an important tool to
ensure the viability of these therapies.

Despite this need, clinical imaging of tumor-associated macrophages has yet to be
widely investigated. The development of molecular imaging agents that specifically target
TAMs is an area that is growing in order to address this need. The imaging of macrophages
can provide a noninvasive approach to gain valuable insight into the molecular and
functional characteristics of the tumor microenvironment and how the immune response
facilitates the progression of cancer or therapy response.

Positron emission tomography (PET) is a form of molecular imaging that allows for
a noninvasive assessment of physiologic information by utilizing radioactive contrast
agents. It is widely used in both clinical and preclinical settings due to its wide array of
translational possibilities, sensitivity, and quantitative accuracy. The use of PET has proved
to be an instrumental tool in the diagnosis and monitoring of a variety of disease states such
as cancer [27]. This review will provide a discussion of recent advances in the development
of imaging agents for tumor-associated macrophages focusing specifically on agents for
Positron Emission Tomography (PET). For more information about MRI technologies, we
refer the reader to the excellent review by Mukherjee et al. [28].

2. [18FIFDG-PET

In the field of oncology, 2-deoxy-2-[fluorine-18]fluoro-D-glucose (FDG) is a widely
used PET imaging probe for the detection and staging of numerous types of cancer. FDG is
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an analog of glucose which allows for the ability to provide functional information of the
glucose metabolism of cancer cells [29].

['8F]FDG PET has also been explored in relation to TAMs. In 2015, Cencini and
colleagues investigated the relationship between ['®F]FDG-PET assessment of classical
Hodgkin lymphoma (cHL) and TAMs in their roles as potential prognostic predictors.
Their study involved the retrospective analysis of 200 cHL patients from 2005-2012. They
hypothesized that a positive early ["*FIFDG-PET assessment could be synonymous with a
high TAM score. The patients’ disease progression was staged using a bone marrow biopsy
and [®F]FDG-PET/CT. Therapy consisted of 2-6 cycles of ABVD (doxorubicin, bleomycin,
vinblastine and dacarbazine) [30]. TAMs were determined by immunohistochemistry for
CD68, a marker for macrophages. Key results showed that 81.5 percent of patients had a
negative ['®FJFDG-PET which exhibited a positive correlation for progression free survival
in that it was significantly higher in ['8F][FDG-PET negative patients. CD68 expression
was classified as low, intermediate, or high and demonstrated no significant difference
between the groups when compared with progression free survival. The authors concluded
that TAMs did not show a correlation with ["®FJFDG-PET in classical Hodgkin lymphoma
possibly due to the selected TAM markers, antibodies, or cut-off values for TAM scores [30].

More recently, ['8FJFDG-PET was utilized by Jeong and colleagues to explore the
relationship between TAMSs with hypoxia and aerobic glycolysis as these have been linked
to poor response to chemotherapy and radiotherapy [31-33]. This study sought to demon-
strate both clinically and preclinically that TAMs contribute to aerobic glycolysis and
hypoxia through the competition of oxygen and glucose with cancer cells. Studies were
conducted using mice with subcutaneous tumors and patients with non-small cell lung
cancer [31]. Patients with stage I and II non-small cell lung cancer were enrolled in the
study and 98 biopsy samples were collected: 48 adenocarcinomas and 50 squamous cell
carcinomas. Previously, these patients were also imaged with ["®FJFDG-PET and immuno-
histochemistry was conducted for TAMs by using CD68 antibodies to differentiate between
tumors with low CD68 and high CD68 levels. Contrary to the previous study, significant
results showed that there was a strong correlation between ['8FIFDG uptake and TAMs
in tumors. The authors also observed that high CD68 expression was associated with
a higher ["®F]JFDG Standardized Uptake Value (SUV). However, when considering the
subtype of non-small cell lung cancer (adenocarcinomas or squamous cell carcinomas),
[8F]FDG uptake and TAM levels only showed a significant correlation in adenocarcinomas.
In addition, a strong correlation was found between CD68 and glycolysis related molecules
such as GLUT1 and HK2 through the utilization of The Cancer Genome Atlas [31]. The
preclinical studies were used to further explore the clinical findings and involved the
implantation of LLC tumor cells subcutaneously in mice in order to measure ['8F]FDG
uptake by PET/MRI. Clodronate liposome was also administered intravenously in order
to deplete TAMs. Small animal imaging results demonstrated that ['®F]JFDG signals were
significantly lowered by the administration of Clodronate liposome [31].

Early in 2020, Ohashi and colleagues explored the relation of M2-macrophage polar-
ization and ["®F]JFDG-PET in head and neck squamous cell carcinoma (HNSCC). Their
study involved 73 advanced HNSCC patients in which four parameters were studied
using ['®F]JFDG PET/CT: the standardized uptake value, mean standardized uptake
value metabolic tumor volume, and total lesion glycolysis. Key results demonstrated
that increased glucose uptake, SUVmax, and SUVmean were correlated with higher M2-
macrophage polarization [34].

3. Imaging Agents for CD206 (Macrophage Mannose Receptor)

The macrophage mannose receptor (CD206 or MMR) is a C-type lectin that is closely
associated with the M2 phenotype in tumor-associated macrophages making it a potential
biomarker of several types of cancer [35,36]. The development of PET imaging probes
that are capable of targeting CD206 have the potential to advance the understanding of
the biology of cancer as well as contribute to the discovery of innovative vehicles for the
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delivery of imaging or therapeutic agents to the tumor microenvironment. Currently, there
are several CD206 targeting PET imaging probes that have been studied preclinically.

Locke and colleagues contributed to this area of research in 2012 by conducting a study
that involved utilizing PET to image TAMs associated with lung cancer in a mouse model.
The imaging agent consisted of a mannosylated liposome (MAN-LIP) that was radiolabeled
with copper-64 [37]. Liposomes were chosen due their advantageous characteristics of their
lipid bilayer to deliver imaging agents, over previously used molecular imaging agents for
TAMs in lung cancer such as nanoparticles attached to small molecules [38,39]. Key results
included MAN-LIPs exhibiting a significantly higher association with M2 macrophages
versus plain liposomes in in vitro studies and a correlation of lung tumor location with
MAN-LIPs signal when compared to remote lung locations in in vivo studies. In addition,
the verification of macrophages within the area of lung tumors and internalization of
liposomes by TAMs was accomplished by confocal microscopy. They also demonstrated in
this study that MAN-LIPS, when compared to PEG liposomes, are quickly cleared from the
blood and normal lung [37].

Blykers and colleagues approached targeting CD206 with the utilization of a fluorine-
labeled camelid derived single-domain antibody fragment(sdAb) in 2015 [40]. The ca-
pability of these antibody fragments to serve as targeting moieties for CD206 positive
macrophages has been previously shown [41-44]. This group developed novel sdAbs
that specifically targeted CD206 with a cross reactivity for both mouse and human CD206
through the utilization of an immune sdAb phage-display library. Four potential lead
candidates were identified through surface plasmon resonance measurements to expose
binders with nanomolar affinity. Flow cytometry revealed only two (anti-MMR 3.49 and
14.4) possessed affinity for cells that expressed human and mouse CD206. The lead com-
pound was further advanced with a biodistribution study of tumor bearing mice with
Technetium-99m labeled sdAb which demonstrated rapid renal clearance, and specific
retention in the liver, spleen, lymph nodes, bone, and 3LL-R Lewis lung carcinoma tumor
cells. In addition, specificity for the anti-MMR 3.49 to CD206 was accomplished through an
in vivo study with CD206 deficient mice which demonstrated no tracer uptake excluding
the normal route of excretion. Technetium-99m was replaced with Fluorine-18 in order
to take advantage of Positron Emission Tomography’s higher sensitivity when compared
to Single Photon Emission Computed Tomography (SPECT). In vivo biodistribution il-
lustrated specific targeting of fluorine-18-sdAb to CD206 expressing organs and tissues
such as the liver and the TAMs in the tumor. Control mice, which possessed reduced
macrophage numbers in the tumor microenvironment, also showed significantly lower
tumor uptake when directly compared with wild type mice. PET imaging results agreed
with the biodistribution results in that retention in the tumor and CD206 expressing organs
such as the liver was apparent. When compared with CD206 deficient mice, this control
only showed evidence of uptake in the kidneys and bladder [40].

Xavier and colleagues continued their research with the utilization of single-domain
antibody fragments to target CD206 with PET imaging, in hopes of measuring the presence
of protumorigenic TAMs, in a recent study published in 2019 [45]. They optimized their
previous PET probe from their 2015 study to incorporate gallium-68 instead of fluorine-
18 to make it more translatable to clinical evaluation when considering the precedence
that Keyaerts and colleagues created with their phase I study of a gallium-68 nanobody
for PET/CT assessment of HER2 expression in breast carcinoma [46]. This probe proved
to be stable in both the final buffer and in human plasma for 4 h and 1 h, respectively. In
addition, the conjugation of the chelating group (NOTA) and complexation with gallium
did not affect the affinity. In vivo studies demonstrated uptake of [©8Ga]Ga-NOTA-anti-
MMR-sdAb in organs such as the liver, spleen, and 3LL-R Lewis lung carcinoma tumors
which are known to be areas of higher amounts of CD206 TAMs. CD206 deficient mice
served as controls and verified specificity as there was no uptake in healthy organs or
the 3LL-R tumors. Additionally, it was shown in imaging and biodistribution studies
that the probe was rapidly excreted through the kidneys and urine (Figure 1). Dosimetry
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studies demonstrated that the kidneys and the bladder would receive the highest dose of
up to 90 mGy and up to 42 mGy, respectively. Toxicity studies also showed no adverse
effects after a 7-day daily injection. This group plans to initiate a phase I clinical trial with
[#8Ga]Ga-NOTA-anti-MMR-sd Ab in cancer patients in the near future [45].

1h post injection 1h post injection 2.5h post injection 2.5h post injection

Figure 1. Coronal PET/CT images of [®®Ga]Ga-NOTA-anti-MMR-sdAb in 3LL-R tumor-bearing
wild-type (WT) and CD206-deficient (KO) mice. Images collected at: (a) 1 h post injection and
(b) 2.5 h post injection. PET signals in color scale overlaid on CT image in gray scale. T, K, L, and B
are tumor, kidney, liver, and bladder, respectively. From Xavier, C., et al. [45] used with permission.

Venturing outside the theme of this review, it is worth noting the agent Timanocept
for the imaging of macrophages. **™Tc-Tilmanocept is an FDA approved SPECT agent
indicated for guiding sentinel node biopsy in several different types of tumors such as
clinically node negative breast cancer, melanoma, and oral cavity squamous cell carcinoma.
The mechanism of action depends on its mannose moieties which bind to CD206. For
more information about ™ Tc-Tilmanocept, we refer the reader to the excellent review by
Cope et al. [47].

4. TSPO Translocator Protein

Tumor progression is related to inflammation as a variety of cancer types emerge from
sites of irritation and inflammation. The progression of inflammation is known to rely on
macrophage infiltration. This has created an interest in the creation of PET tracers that can
target macrophages in order to assess inflammation [48,49].

The translocator protein (TSPO) is primarily found on the outer mitochondrial mem-
brane of various different types of cells such as macrophages, neutrophils, and lymphocytes.
There have been numerous studies in literature in which TSPO has been used as a target
for PET imaging of inflammation [50-52]. Although not specifically targeting TAMs, Wu
and colleagues carried out a study in 2014 in which they used N, N-Diethyl-2-(2-(4-(2-['®F]
fluoroethoxy) phenyl)-5, 7-dimethylpyrazolo [1, 5-a] pyrimidin-3-yl) acetamide (['®F]-DPA-
714), a tracer targeting TSPO, to differentiate inflammation from tumor [48]. They were
able to accomplish this by performing PET imaging with this tracer and numerous tumor
models (A549, HT29, US7MG, INS-1 and 4T1) and a hind limb muscular inflammation
model by injecting oil of turpentine. When compared with the uptake values in inflam-
matory muscles, ['®F]-DPA-714 showed significantly lower values for each tumor model
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which suggested that this tracer could have the potential to separate tumors from other
inflammatory diseases using PET [48].

In 2018, Lanfranca and colleagues utilized [Y1C]PBR28, a PET tracer that targets TSPO,
in a mouse model of pancreatic ductal adenocarcinoma(PDAC). PDAC is an aggressive
type of cancer with a five-year survival rate of less than 10 percent [53]. It has previously
been shown in literature that an improved chemotherapy response can be achieved if bone
marrow monocyte derived M2 macrophage accumulation to tumors is averted [54]. The aim
of this study was to use PET to follow the accumulation and depletion of macrophages. It
was demonstrated through autoradiography after tracer injection that there was abundant
uptake in the pancreatic tumors when compared to kidney and normal muscle which served
as positive and negative controls, respectively. Verification of macrophage specificity for
the tracer uptake was also accomplished through autoradiography with the use of a model
of macrophage depletion. The mouse model used was Cd11b-DTR which are mice that
are genetically modified in myeloid cells to be susceptible to macrophage death when
diphtheria toxin (DT) is administered. It was shown that the tracer uptake was significantly
less in pancreatic tumors that did not contain macrophages. In vivo data demonstrated
uptake in the spleen, kidney, lungs, and readily detected tumor (Figure 2) [53].

Coronal

Figure 2. ['!C]PBR28 uptake in a mouse model of pancreatic ductal adenocarcinoma(PDAC) in
(A) coronal images and (B) axial images. From Lanfranca, M.P,, et al. [53] used with permission.

Sanni and colleagues sought to evaluate N,N-diethyl-2-(2-(4-([*®F]fluoro)phenyl)-
5,7-dimethylpyrazolo[1,5-a]pyrimidin-3-yl)acetamide (['®F]F-DPA), another TSPO tracer,
in head and neck squamous cell carcinoma (HNSCC) [55]. ['8F]F-DPA is similar to the
tracer discussed previously (['*F]-DPA-714) but differs in the placement of the fluorine
atom. Nude female mice were injected with either FaDu or Cal33 cells and separated
into non-irradiated and irradiated groups. Two experiments were conducted with the
FaDu xenografts in which ['8F]F-DPA and ['®F]FDG imaging occurred either one or two
weeks after radiotherapy. The third experiment was conducted with the Cal33 xenografts
in which solely ['"®F]F-DPA imaging was performed one week after radiotherapy. TAM
analysis, immunohistochemistry, ex vivo biodistribution, and Western Blot experiments
were also executed. Key results demonstrated that ['8F]F-DPA had a significantly higher
uptake in FaDu irradiated tumors when compared to non-irradiated tumors in both one
week and two weeks after treatment. [\8F]JFDG uptake in irradiated tumors one week after
treatment remained constant whereas uptake was significantly lower in irradiated tumors
two weeks after treatment. TSPO expression in tumors showed varied expression with
no statistical difference between irradiated and non-irradiated tumors one and two weeks
after treatment. Ex vivo biodistribution and autoradiography results also portrayed sig-
nificantly higher uptake of ['®F]F-DPA in irradiated tumors versus non-irradiated tumors.
Results also demonstrated that radiotherapy decreased the proportion of macrophages
in M1 and M2 when compared to non-irradiated tumors but increased non-polarized



Cancers 2021, 13, 1921

7of 11

migratory /macrophages. In addition, TSPO blocking studies done with pre-treatment with
PK1195 reduced uptake by 88 percent in non-irradiated tumors and 78 percent in irradiated
tumors compared with non-treated cells [55].

Overall, TSPO imaging studies have shown variation in terms of experimental design
and aim of the study. TSPO can be useful in differentiating inflammation from tumor
which was illustrated through the use of ['8F]-DPA-714 in numerous tumor models (A549,
HT29, US7MG, INS-1 and 4T1) compared to in a muscular inflammation model. Targeting
TSPO has also shown promise in tracking the accumulation and depletion of macrophages
with [M'C]PBR28 in a mouse model of pancreatic ductal adenocarcinoma (PDAC). In
addition, the effect of radiotherapy on TAMs was investigated with a TSPO targeting agent,
['8F]F-DPA.

5. Endocytosis

Endocytosis is a type of active transport in which materials are engulfed and inter-
nalized [56]. Phagocytosis, a subset of endocytosis, mostly occurs in phagocytes such
as macrophages. Uptake of materials by macrophages occurs in three main steps which
involve the particle reaching the surface of the macrophage, the particle being recognized
by receptors on the macrophage membrane, and then changes to the membrane such as
protrusion [56]. Endocytic ability of macrophages differs depending on the specific phe-
notype. The M1 phenotype typically possesses a lower endocytic ability when compared
with M2 macrophages [57,58].

The design and application of nanoparticle-based imaging agents exploits this en-
docytic ability of macrophages. In 2015, Medina and colleagues developed reconstituted
high-density lipoprotein nanoparticles radiolabeled with 8Zr in order to utilize PET imag-
ing in a breast cancer model [25]. High-density lipoprotein (HDL) has been shown to
possess a specificity for macrophages [59-61]. The goal of their study was to explore the
macrophage targeting capabilities of two radiolabeled HDL-based nanoparticles (3Zr-Al-
HDL and 8 Zr-PL-HDL) that differed in the placement of the radiolabel [25]. The overall
goal of the design of the tracers was to target TAMs utilizing the biologic function of HDL
as opposed to the enhanced permeability and retention effect of passive accumulation.
HDL’s main function involves the transport of cholesterol from tissues and cells to the
liver [62]. In vivo experiments included pharmacokinetic analysis, biodistribution, and
PET imaging. Histologic analysis of tumor tissues was also conducted and flow cytometry
to determine cell-targeting specificity. Key results showed that both tracers accumulated
in the tumor. Moreover, there was a difference between the blood radioactivity clearance
between the two tracers suggesting that HDL’s natural biologic function may be influencing
the distribution actively as opposed to solely passively. The biodistribution results showed
that most of the radioactivity remains in the blood at 2 h and that tumor uptake increases
significantly at the 24-h time point. Kidney, bone, liver, and spleen uptake was also seen at
the 24-h time-point, with differences between the two tracers being observed with tumor,
kidney and bone. At the 24-h time-point, 89Zr-Al-HDL had a significantly higher uptake in
the tumor and the kidneys when compared with 8Zr-PL-HDL, but demonstrated a signifi-
cantly lower uptake in the bone. Quantitative PET data coincided with the biodistribution
results. Histologic analysis using H&E staining, autoradiography, IBA-1 staining, CD31
staining, and flow cytometry confirmed TAMs as the two tracers” main target [25].

6. Discussion

Tumor-associated macrophages represent a versatile biomarker that have proven to be
relevant in the field of oncology and more specifically, in the molecular imaging of cancer
biology. The versatility of macrophage imaging in cancer is highlighted with the variability
shown in the approaches, designs, and targets of tracers developed. Each tracer discussed
demonstrated unique advantages and disadvantages of designing and implementing a
macrophage targeting agent.
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The utilization of ['8F]FDG in relation to TAMs has shown variable results. In 2015,
Cencini and colleagues concluded that TAMs did not show a correlation with ['8F]FDG-
PET in classical Hodgkin lymphoma despite a 2010 study by Steidl and colleagues that was
able to identify a correlation between a high TAM score and results of intervention, also in
classical Hodgkin lymphoma [63]. In addition, two studies that also sought to uncover a
relationship with TAM score and [18F]FDG-PET in classical Hodgkin lymphoma, in 2015,
showed conflicting results in that one observed a correlation between the two, while the
other did not [64,65]. These differing results were discussed as being possibly due to a
variety of reasons such as the selected TAM markers, antibodies for IHC, or cut-off values
for TAM scores [30].

It is worth noting recent findings indicating that differentiation of macrophages be-
tween the M1 and M2 phenotypes results, at least partially, from a switch in their individual
metabolic pathways. Although macrophage metabolism in cancer is not completely un-
derstood, key metabolic differences between M1 and M2 macrophages and the relation
of metabolism to each phenotype’s specific function, have been reported. One key dif-
ference is that M1 macrophages principally rely on aerobic glycolysis for energy which
consequently includes an increase in glucose uptake, while M2 macrophages principally
rely on fatty acid oxidation and oxidative metabolism for their energy needs [66]. For more
information about macrophage metabolism in the context of cancer, we refer the reader to
the excellent review by Mehla and Singh [67].

Jeong and colleagues were able to show that there was a strong correlation between
['8FJFDG uptake and TAMs in non-small cell lung cancer tumors. However, when con-
sidering the subtype of non-small cell lung cancer (adenocarcinomas or squamous cell
carcinomas), ["® FJFDG uptake and TAMs only showed a significant correlation in adeno-
carcinomas [31]. Goodwin and colleagues demonstrated in a 2017 study that squamous cell
carcinomas had an increased expression of the GLUT1 glucose transporter which results in
a significant glycolysis reliance when compared to adenocarcinomas [68]. The difference
in glucose metabolism could explain why there would be a difference in the correlation
between ['®F]FDG uptake and TAMs in the two predominant subtypes of non-small lung
cell cancer [31].

The variability of ['8F]FDG- PET assessment in correlation with TAMs can hint at a
possible limitation when considering the use of ['8F]JFDG as means to draw conclusions
or observations on TAMs. In addition, [18F]FDG-PET also has the limitation of differen-
tiating tumors and non-tumor inflammatory diseases due to its lack of specificity [69].
The utilization of CD206 and TSPO as targets for tumor-associated macrophages could
address FDG’s limitations in regard to specificity. However, TSPO has been shown to be
present in a variety of cell types so imaging agents targeting it could provide less selective
information [70]. CD206 as a PET target for TAMs can provide more specificity but its
limitation lies in limited expression of macrophages in diverse phenotypes [71].

Given the importance of TAMs in cancer and advances in macrophage imaging in
other disease states, there is an opportunity to employ tracers that have been developed for
PET imaging in inflammatory and cardiovascular diseases for imaging in cancer models.
For example, the (3-isoform of the folate receptor, a glycosylphosphatidylinositol-anchored
cell membrane protein, has been shown to be an emerging marker for M2 polarized
macrophages, but has not been extensively explored with TAMs. This target has been
successfully imaged with ['8F]fluoro-PEG-folate (polyethylene glycol folate) which was
used to visualize rheumatoid arthritis in a first in man study in early 2020 [72]. Future
studies may investigate tracers designed for macrophage imaging in other disease states in
the cancer setting.

7. Conclusions

TAMs have proven their relevance in cancer biology as valuable tools to gain insight
on the relationship between immune system response and tumor progression which has
resulted in an exciting new era of the development of therapies that target TAMs. Despite
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an emergence of new immunotherapy techniques, clinical imaging of TAMs has yet to be
widely investigated. The imaging of macrophages can provide a noninvasive approach
to gain valuable insight into the molecular and functional characteristics of the tumor
microenvironment and how the immune response facilitates the progression of cancer or
therapy response. The promising data included in this review emphasizes the importance
of continuing to expand the research in this area.
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