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Abstract
Targeted radionuclide theranostics is becoming more and more prominent in clinical oncology. Currently, most nuclear medi-
cine compounds researched for cancer theranostics are directed towards targets expressed in only a small subset of cancer 
types, limiting clinical applicability. The identification of cancer-specific targets that are (more) universally expressed will 
allow more cancer patients to benefit from these personalized nuclear medicine–based interventions. A tumor is not merely 
a collection of cancer cells, it also comprises supporting stromal cells embedded in an altered extracellular matrix (ECM), 
together forming the tumor microenvironment (TME). Since the TME is less genetically unstable than cancer cells, and TME 
phenotypes can be shared between cancer types, it offers targets that are more universally expressed. The TME is character-
ized by the presence of altered processes such as hypoxia, acidity, and increased metabolism. Next to the ECM, the TME 
consists of cancer-associated fibroblasts (CAFs), macrophages, endothelial cells forming the neo-vasculature, immune cells, 
and cancer-associated adipocytes (CAAs). Radioligands directed at the altered processes, the ECM, and the cellular compo-
nents of the TME have been developed and evaluated in preclinical and clinical studies for targeted radionuclide imaging and/
or therapy. In this review, we provide an overview of the TME targets and their corresponding radioligands. In addition, we 
discuss what developments are needed to further explore the TME as a target for radionuclide theranostics, with the hopes 
of stimulating the development of novel TME radioligands with multi-cancer, or in some cases even pan-cancer, application.
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Introduction

In the last decades, it has become clear that solid tumors 
are more than a collection of malignant cells. The extracel-
lular matrix (ECM) and host-derived, but altered, stromal 
cells are an important part of the tumor, and together form 
the tumor microenvironment (TME). Although the exact 
composition of the TME varies between patients, there is 
a general overlap in TME phenotypes among individuals 
[1, 2]. The TME can encompass more than half of the total 
tumor mass; it consists of different cellular components, i.e., 

tumor-infiltrating lymphocytes (TILs), tumor-associated 
macrophages (TAMs), cancer-associated fibroblasts (CAFs), 
cancer-associated adipocytes (CAAs), and endothelial cells 
of the neo-vasculature, that are embedded in the ECM. In 
addition, the TME is characterized by the occurrence of 
altered processes, such as acidity, altered metabolism, and 
hypoxia [3, 4]. Altogether, the TME is a mixture of anti- and 
pro-tumorigenic factors, and a shift in the balance towards 
a pro-tumorigenic TME will promote cancer growth and 
metastasis formation. In addition, the TME can form a pro-
tective barrier around cancer cells, hampering optimal drug 
delivery, hereby playing a crucial role in therapy resistance 
[5].

In nuclear medicine, radioligands can be used for tar-
geted radionuclide imaging and targeted radionuclide ther-
apy (TRT). These radioligands exploit biomarkers that are 
overexpressed on cancer cells, but not or only in low levels 
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on healthy tissues, for the precise delivery of radioactiv-
ity. Nuclear imaging is relevant for disease staging, therapy 
selection, and treatment monitoring. Single-photon emis-
sion computed tomography (SPECT), using ligands radi-
olabeled with γ-emitting radionuclides (e.g., 99mTC, 111In, 
123/125I), or positron emission tomography (PET), accom-
plished with positron emitters (e.g., 18F, 68Ga and 60/64Cu) is 
used, often in combination with computed tomography (CT) 
or magnetic resonance imaging for anatomical reference. 
TRT allows for internal irradiation of cancer cells. For this, 
ligands coupled to cytotoxic alpha- or beta-emitting radio-
nuclides (e.g., 225Ac or 177Lu and 90Y respectively) are used. 
These therapeutic radionuclides can induce DNA damage, 
ultimately leading to cell death. Ideally, the same ligand, 
only differing in radioisotope, can be used for both imaging 
and therapy (i.e., theranostics).

The most successful clinically applied radioligand is 
[DOTA-Tyr3]octreotate (DOTATATE). DOTATATE, 
labeled with lutetium-177 or gallium-68, is EMA- and 
FDA-approved for theranostic application in somatostatin 
receptor type-2 expressing neuroendocrine tumors [6]. Thus, 
its use is limited to a specific subset of patients with over-
expression of this receptor, as is the case for the majority 
of radioligands. More patients could benefit from theranos-
tic radioligands when tumor-specific, yet more universally 
expressed biomarkers are discovered. Biomarkers present in 
the TME are very interesting for this purpose. The dynamic 
interactions between cancer cells and the surrounding stroma 
can make it challenging to find a suitable TME target. Nev-
ertheless, when compared to healthy tissue stroma, these 

dynamics lead to the occurrence of TME-specific processes 
and the expression of TME-specific biomarkers, which can 
be exploited for precise tumor targeting [7]. Furthermore, 
genetic studies have shown that even though TME cells 
differ in gene expression from their healthy counterparts, 
the mutation rate in TME cells is low, and therefore these 
cells are, in general, less genetically unstable than cancer 
cells. For this reason, TME cells often provide more stably 
expressed biomarkers [8].

TME-directed radioligands have been developed and 
are evaluated in preclinical and clinical studies. Regarding 
nuclear imaging, this can be of value for tumor characteri-
zation, disease staging, patient selection (for non-nuclear 
medicine–based therapies, as well as for TRT), and treat-
ment monitoring. Multiple non-radioactive TME-targeted 
anti-cancer therapies are in clinical trials or approved, and 
here nuclear imaging, often using a radiolabeled variant of 
the treatment compound, can offer a non-invasive method for 
patient selection. In addition, TRT can offer a personalized 
and precise treatment option for more patients.

In this review, we will give an overview of the TME 
targets in solid tumors and their most relevant correspond-
ing radioligands for imaging and therapy. We distinguish 
between targeting the altered TME processes and ECM, 
including molecular markers expressed as a consequence 
of these processes, and targeting the cellular components of 
the TME (Fig. 1). Hereby, we will provide insights into the 
current status of radionuclide imaging and therapy directed 
at the TME. Furthermore, we will discuss the challenges 
that need to be overcome to accelerate this specific field of 

Fig. 1   Targets in the TME suitable for radionuclide imaging and/or therapy. This includes altered TME processes and the EMC (left) and cel-
lular components of the TME (right)
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nuclear medicine, with the goal of promoting the develop-
ment and application of novel TME-targeting radioligands, 
with potential multi-cancer, or even pan-cancer, application.

Targeting altered TME processes 
and the ECM

Hypoxia

Hypoxia, a status of low oxygen levels, is a common fea-
ture of the TME [9]. It induces genetic instability and 
affects gene expression, leading to an aggressive pheno-
type and treatment resistance [10, 11]. Despite its clinical 
relevance, it is not routinely measured in the clinic due 
to the lack of a non-invasive method. Therefore, PET and 
SPECT imaging radioligands directed at the low oxygen 
levels in the TME, carbon anhydrase IX (CAIX), and 
hypoxia-induced factor-1 (HIF-1) have been developed 
and evaluated. The latter two are molecular markers that 
are expressed on TME cells as a result of the hypoxic 
TME status.

Low oxygen levels have mainly been targeted with nitro-
imidazole-based radioligands. In normoxic conditions, nitro-
imidazoles are reduced after which they are immediately re-
oxidized. In contrast, in hypoxic conditions, these reduced 
nitroimidazoles cannot be re-oxidized, and as a consequence, 
they bind to intracellular macromolecules (e.g., DNA, pro-
teins) in the hypoxic area. Based on this, nitroimidazole radi-
oligands have been developed for SPECT or PET imaging, 
which show selective accumulation in hypoxic cells [12]. [18F]
fluoromisonidazole (FMISO) is a first-generation radiola-
beled nitroimidazole, of which increased uptake is correlated 
to a poor prognosis in multiple cancers [13]. Next-generation 
nitroimidazole agents include [18F]fluoroerythronitroimida-
zole (FETNIM), [18F]fluoroazomycin arabinoside (FAZA), 
[18F]-2-(2-itroimidazol-1-yl)-N-(3,3,3-mono/tri/pentafluoropropyl)-
acetamide (EF1/3/5), [18F]-3-fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)
methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol ([18F]-HX4), and [18F]
fluoroetanidazole (FETA) [14, 15]. These next-generation 
radioligands show promising characteristics, especially [18F]
FAZA, one of the most researched compounds. In preclinical 
animal studies, [18F]FAZA demonstrated a superior tumor-to-
background ratio compared to the first-generation [18F]FMISO 
[16, 17]. Uptake of one of the other next-generation radioligands 
[18F]FETNIM had a prognostic value in patients, as was reported 
for [18F]FMISO [18]. A drawback is that most of the aforemen-
tioned next-generation nitroimidazoles show increased uptake 
in the bladder compared to first-generation [18F]FMISO, except 
for [18F]EF5 [19]. Furthermore, SPECT radioligands have been 

researched, but these were less successful than the above-men-
tioned radioligands for PET imaging [12].

Another class of hypoxia-targeted compounds that 
exploits a similar mechanism is the copper-labeled diacetyl-
bis(N4-methylthiosemicarbazone) (Cu-ATSM). Cu-ATSM 
radioligands only get reduced in hypoxic conditions and as 
a consequence, like nitroimidazoles, are trapped in hypoxic 
cells [20]. [60Cu]Cu-ATSM has been clinically evaluated in 
several pilot studies with promising results. In 19 non-small 
cell lung cancer patients, [60Cu]Cu-ATSM PET could predict 
the response to chemotherapy and radiation therapy [21]. 
In another clinical study with 19 rectal carcinoma patients, 
[60Cu]Cu-ATSM uptake was found to predict tumor response 
to neo-adjuvant chemotherapy, and overall patient survival 
[22]. Cu-ATSM radioligands demonstrate advantageous 
pharmacokinetics and a higher detection threshold compared 
to FMISO [23]. Furthermore, the Cu-ATSM radioligands 
have more user-friendly properties than nitroimidazoles, 
including the longer half-life of copper isotopes compared 
to 18F [10]. Due to the benefits of 64-copper (e.g., high 
LET, short-range auger electron), [64Cu]Cu-ATSM is under 
preclinical and clinical investigation for both PET imaging 
(NCT03951337) and TRT (NCT04875871) in cervical can-
cer, rectal cancer, and glioblastoma [24, 25].

Two molecular markers, CAIX and HIF-1, are expressed 
on hypoxic cells that can be exploited for nuclear medi-
cine–based interventions. CAIX expression is regulated by 
the transcription factor HIF-1, which is overexpressed in 
hypoxic tissues (pO2 of < 40 mmHg) [26]. To target CAIX, 
anti-CAIX monoclonal antibody (mAb) radioligands have 
been developed with varying degrees of success. To date, 
the most successful anti-CAIX radioligand in clinical trials 
is the chimeric mAb cG250 (Girentuximab). cG250 has been 
labeled with 111In, 124I, and 89Z for SPECT and PET imag-
ing, as well as with 90Y and 177Lu for TRT [27]. Clinical 
pilot studies in metastatic renal cell carcinoma patients with 
111In- and 124I-labeled cG250 demonstrated successful lesion 
detection [28, 29]. In addition, [111In]In-cG250 tumor uptake 
was predictive for [177Lu]Lu-cG250 accumulation [30]. In 
phase I/II clinical trials in renal cell carcinoma patients, both 
[177Lu]Lu-cG250 and [90Y]Y-cG250 demonstrated stabili-
zation of disease, although myelotoxicity is a limiting fac-
tor [30, 31]. Another anti-CAIX mAb called “A3” has been 
preclinically evaluated; however, it demonstrated low tumor 
uptake and retention [27]. Antibodies have longer circulation 
times and slower tumor uptake than smaller compounds. 
To shorten the time between administration and imaging, 
and limit background noise, an improved blood clearance 
is necessary. This can be achieved by using smaller radioli-
gands. In line with this, CAIX-targeted antibody fragments 
(Fabs), peptides, and small-molecule inhibitors have been 
developed. For example, the small immunoprotein (SIP) 
format of the aforementioned mAb A3, named SIP(A3). 
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Unfortunately, similar to the full-size antibody, the SIP also 
demonstrated a low tumor uptake and retention [27]. In 
contrast, radiolabeled DTPA-cG250(FAb’)2 showed more 
promising results in preclinical studies. This Fab allowed 
for precise quantitative assessment of CAIX-positive tis-
sue in mice xenografted with head and neck cancer cells 
[32]. The synthetic radiopeptides that have been produced 
were unfortunately not successful so far; they showed low 
tumor uptake and low CAIX specificity [33]. Concerning 
radiolabeled small-molecule inhibitors, a series of 18F- and 
99mTc-labeled benzene sulfonamide–based CAIX inhibitors 
have been tested in vitro by Lu et al. [34] for respective 
PET and SPECT imaging. These radiolabeled inhibitors 
demonstrate high target affinity; however, in vivo studies 
are needed to determine tumor uptake and retention, and 
tumor-to-background ratios. Another radiolabeled ben-
zene sulfonamide CAIX inhibitor is ATS-DTPA-In[In111], 
which showed promising tumor-to-background ratios in a 
colorectal cancer xenograft mouse model [35]. In addition, 
Lau et al. [36] created three sulfonamide-based inhibitors 
with potent CAIX inhibition, and when radiolabeled dem-
onstrated good imaging potential in tumor xenografted mice. 
More recently, affibodies targeting CAIX have been devel-
oped. The radiolabeled affibody ZCAIX:1, and its variations 
ZCAIX:2 and ZCAIX:3, showed promising results in pre-
clinical models [37, 38]. [99mTc]Tc(CO)3-(HE)3-ZCAIX:2 
showed to be the most promising because of its high tumor 
uptake [39]. The 111In-labeled variant of this affibody, [111In]
In-DOTA-ZCAIX:2, showed a twofold higher tumor uptake 
in renal cell carcinoma xenografted mice, outperforming the 
uptake of the aforementioned [111In]In-DTPA-G250(Fab’)2 
[37]. However, the same group found that despite the high 
tumor uptake of [111In]In-DOTA-ZCAIX:2, the mAb [111In]
In-DTPA-G250 still showed the best tumor-to-background 
ratio in this preclinical setting [40].

Next to targeting CAIX, the upstream transcription fac-
tor HIF-1 can be targeted. To target HIF-1-positive tumor 
cells, a 123/125I-labeled fusion protein, PTD-ODD-SAV 
(IPOS), has been developed. IPOS has the same oxygen-
dependent degradation domain as HIF-1 and therefore fol-
lows the same degradation pathway. Thus, radiolabeled 
IPOS is degraded in normal tissues, and accumulates in 
hypoxic cells. [123I]-IPOS showed high and selective tumor 
accumulation in hypoxic and HIF-1 active tumors in pre-
clinical studies [41]. Another probe based on this degrada-
tion domain is [125I]I-DKOP30, which is a radiopeptide with 
improved immunogenicity and pharmacokinetics compared 
to [125I]-IPOS. Similar to IPOS, [125I]I-DKOP30 showed 
tumor accumulation coinciding with hypoxic regions in 
animal studies [42].

For clinical implications, it is important to note that 
necrosis is common in hypoxic areas. Because necrotic 
cells do not have radioligand uptake, they decrease the PET 

and SPECT signal of hypoxia-targeted radioligands, which 
affects image interpretation [43].

Acidity

In many cancers, a low pH is observed in the interstitial 
space of the tumor (pH 6.3–7.0). This is linked to increased 
production of lactic acid, which is a consequence of 
increased glucose uptake in cancer cells, the so-called War-
burg effect [44]. The lactic acid load is transported out of 
the cancer cells, however, cannot be transported out of the 
tumor due to poor blood flow, which results in an acidic 
TME [45]. The previously described state of hypoxia in the 
TME can trigger the Warburg effect, thus hypoxia is one of 
the causes of an acidic TME. Studies have shown that a low 
extracellular pH is associated with treatment resistance, a 
less favorable prognosis, and promotes metastasis forma-
tion [46, 47]. It is therefore clinically relevant to develop 
radioligands for imaging acidity in tumors.

The pH-low insertion peptides (pHLIPs) are promising 
pH-sensitive ligands. These pHLIPs change their shape 
under low pH conditions, which allows them to penetrate 
the cellular membrane and accumulate in tumor cells [48]. 
Multiple pH-sensitive pHLIP constructs such as WT, Var3 
&Var7 have been developed and labeled with 64Cu and 18F. 
In preclinical evaluation, the NO2A-cysVar3 was proved to 
be the best construct, yielding a high tumor uptake at 4 h 
post injection (p.i.) when labeled with 18F and 64Cu [49]. 
The Var7 pHLIP was also labeled with iodine-125 by Yu 
et al. [50]. [125I]I-pHLIP showed rapid tumor uptake in mice 
bearing breast cancer xenografts, but unfortunately tumor 
uptake and retention were lower than that observed for 18F- 
or 64Cu-labeled Var-3. A modified 18F-labeled Var3 con-
struct has been evaluated in a phase I clinical trial in breast 
cancer patients (NCT04054986), of which the results are not 
yet published. Even though the results of pHLIP imaging 
are promising, radiolabeling of these peptide inserts can be 
challenging due to their large size, and more experience is 
needed to accelerate radiolabeled pHLIP development [51].

Preclinical pH-responsive PET imaging has also been 
accomplished with [18F]-fluorodeoxyglucose ([18F]FDG) 
amines. The amine functions as a cage, which is cleaved 
at low pH to release [18F]FDG, which can enter the tumor 
cells to be imaged with PET (Fig. 2). In vivo stability is an 
issue with this compound, as an unstable cage can result in 
uptake in non-acidic tissues, herewith decreasing the accu-
racy of the method [52]. Nevertheless, this approach is inter-
esting as it can potentially be applied for the pH-dependent 
release of other radioligands. Another pH-responsive exam-
ple is the malonic acid derivatives, which become lipo-
philic and penetrate the cell membrane only at a pH < 6.5. 
The most promising malonic acid derivative is 2-(4-[123I]
iodophenethyl)-malonic acid ([123I]-IPM), which showed 
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reliable pH-dependent uptake in tumor cells in a preclinical 
setting [53].

Metabolism

Tumors arise from the unlimited proliferation of cancer 
cells, which results in an increased need for ATP, amino 
acids, and other building blocks of the cell. To account for 
this, cancer cells exhibit an altered metabolism [54]. Differ-
ences in metabolic activity arise heterogeneously throughout 
the tumor, and this has been used as a target for nuclear 
imaging to monitor changes in the TME after treatment [55].

The gold standard for cancer imaging is the radiolabeled 
glucose analog [18F]FDG PET. It relies on the increased 
glucose uptake in cancers, due to the previously explained 
Warburg effect, and in line with this tumors have a high 
uptake of [18F]FDG [56]. Research has shown that the TME 
can affect [18F]FDG uptake, and thus tumor imaging. Espe-
cially, inflammation and hypoxia, which both result in a 
high glucose demand and increased [18F]FDG uptake, as 
well as necrosis, associated with a relative low [18F]FDG 
uptake, alter the [18F]FDG PET signal [57, 58]. In addi-
tion, specific cell types such as CAFs, TAMs, and TILs 
can increase the [18F]FDG SUVmax on PET scans, due to 
increased proliferation and herewith associated increased 
glucose demand [59–61]. In line with the above, a higher 
SUVmax was observed in tumors with a higher number of 
tumor-promoting stromal cells. Furthermore, a study by 

Sasada et al. [62] demonstrated that [18F]FDG SUVmax 
together with Ki67 labeling and tumor size could be used 
to determine TIL score, which in turn predicted response to 
neo-adjuvant chemotherapy in breast cancer patients. Thus, 
ECM components can distort tumor [18F]FDG PET signal. 
Correct identification of the source of the [18F]FDG PET 
signal, if possible, is challenging. Additional information, 
e.g., coming from scans with complementary radioligands 
or biomarker analyses (e.g., IHC for cell-specific molecular 
markers), is needed for exact identification of the cellular 
source responsible for the [18F]FDG PET signal.

Extracellular matrix

Tumor ECM differs significantly from healthy ECM in 
its stiffness and composition, which is the result of ECM 
remodeling [63]. Remodeling of the ECM is under the regu-
lation of tenascin-C (TNC) and matrix metalloproteinases 
(MMPs), and increased stiffness is promoted by fibronectin 
(FN). TNC, MMPs, and FN stimulate cancer cell invasion 
and serve as ECM targets for radionuclide interventions.

TNC is an ECM component that is commonly expressed 
in healthy tissues. However, isoforms containing the A1 
domain (TNC-A1) are involved in angiogenesis and are 
exclusively overexpressed in pathological conditions, includ-
ing tissue remodeling, wound healing, and cancers [64]. 
TNC-A1 can be targeted with the specific mini antibody 
F16SIP (Tenarad). The iodine-124 and iodine-131 labeled 

Fig. 2   The concept of using 
[18F]FDG amine for pH-depend-
ent (pH < 6.5) release of [18F]
FDG. The [18F]FDG amine cage 
is cleaved at low extracellular 
pH. Consequently, [.18F]FDG 
is released, which then enters 
tumor cells through the GLUT 
receptor, enabling visualization 
of acidic lesions on PET scans. 
The figure is based on Flavell 
et al. [52]
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variants of F16SIP can be used for TNC-A1-targeting 
radionuclide imaging and TRT. Using [124I]I-F16SIP PET, 
a tumor-specific signal was observed in 4 head and neck 
cancer patients. For TRT, [131I]I-F16SIP was evaluated in a 
phase I/II clinical trial with Hodgkin’s lymphoma patients. 
The radioligand was able to reduce lesion size and number 
of lesions in 5/8 Hodgkin’s lymphoma patients. Figure 3 
shows a representative example of a patient responsive to 
[131I]I-F16SIP treatment. Unfortunately, none of the patients 
demonstrated a lasting response. Furthermore, minor hema-
tological toxicity was observed in most patients, and one 
patient even presented with severe toxicity [65, 66]. This 
needs further evaluation before larger clinical studies with 
[131I]I-F16SIP TRT are performed.

FN is the most abundant ECM protein [67]. FNs are 
key factors in communication between the ECM and can-
cer cells, and are especially overexpressed at the invasive 
front [68]. In particular, the FN isoforms contain the extra-
domain-A (EDA-FN) or extradomain-B (EDB-FN), which 
are absent in healthy adult tissues [69]. In addition, EDA-
FN and EDB-FN interact with integrins αvβ1 and α5β1, 
involved in angiogenesis [70, 71]. EDB-FN can be targeted 
with mAb L19, or Fabs L19SIP, L19(ScFv)2, and AP39 [68]. 
All these L19 Fabs showed promising results for imaging 
EDB-FN in patients with various cancers, of which L19SIP 
demonstrated the best tumor-to-background ratios [72–74]. 
In a clinical trial in patients with extracranial brain tumor 
lesions, radiolabeled L19SIP theranostics was evaluated. In 
this study, [124I]I-L19SIP PET was used for patient selec-
tion for consecutive [131I]I-L19SIP treatment. [124I]I-L19SIP 
PET successfully identified patients that responded to con-
sequent [131I]I-L19SIP treatment, which reduced lesion 
size as observed on [18F]FDG PET [75]. Next to these Fabs, 
radiopeptides targeting FN have been developed. Arnoldini 
et al. [76] synthesized [111In]In-FnBPA5, a radiopeptide that 
targets relaxed FN, to determine the stiffness of the ECM. 
The radiopeptide showed reasonable tumor uptake and reten-
tion in preclinical in vivo studies (4.74 ± 0.77% injected 
dose/gram (ID/g) 1 h p.i. vs. 3.59 ± 0.53%ID/g 24 h p.i.). 
However, excessive kidney uptake is a major limiting fac-
tor for this peptide (140.58 ± 18.10%ID/g 1 h p.i.). Another 
radiopeptide, ZD2-(68Ga-NOTA), showed improved tumor-
to-kidney ratios in mice xenografted with pancreatic tumors, 
however, with a very low tumor uptake [69]. More recently, 
Jailkhani et al. [77] generated NJB2, a single-domain anti-
body (sdAb) against EDB-FN. NJB2 has a high affinity for 
EDB-FN, and [64Cu]Cu-NJB2 could successfully image 
early pancreatic cancer lesions and breast cancer metasta-
ses in mice. This was more effective than lesion detection 
with [18F]FDG.

MMPs are also explored for radioligand targeting. MMPs 
play an important role in the degradation and remodeling of 
the ECM, and hereby they promote cancer progression [78]. 

For cancer treatment, various MMP inhibitors (MMPIs) have 
been developed, and targeted radionuclide imaging can help 
identify the expression of specific MMPs or MMP families in 
cancer for treatment selection. For this purpose, it is impor-
tant to design radiolabeled MMPIs that are highly selective 
for a specific MMP or MMP family. A variety of radiolabeled 
MMPIs has been designed for imaging, including 18F-labeled 
inhibitors against MMP-2, -8, -9, or -13 [79], 11C-labeled 
analogs of the MMP-3 inhibitor CGS 27023A [80], a specific 
MMP-13 inhibitor labeled with 11C, 18F, and 68Ga [81], and 
a series of fluorinated MMP2/MMP9-family inhibitors [82]. 
These radioligands show promising affinities for their cor-
responding MMPs; however, further studies are needed to 
determine the in vivo biodistribution and tumor uptake. Little 
in vivo preclinical and clinical research has been performed 
with radiolabeled MMPs, because no radiolabeled MMP cur-
rently has an optimal balance between target affinity, hydro-
philicity, and intrinsic albumin affinity, for optimal tumor 
accumulation and tumor-to-background ratios [83]. Another 
approach to image areas in the TME with high ECM remod-
eling is by using an MMP cleavable pre-targeting system. 
This is performed with a modified bacterial protein, called 
protective antigen, which attaches to the cancer cell mem-
brane and creates a pore, only in the presence of MMP-2, -9, 
and/or- 14. The modified protective antigen is administered 
first. Hereafter, the 111In-labeled compound (i.e., LFE687A) is 
administered that selectively binds to the cleaved protective 
antigen, resulting in [111In]In-LFE687A internalization through 
the created pore (Fig. 4). This pre-targeting system demon-
strated MMP-dependent tumor accumulation and rapid blood 
clearance of [111In]In-LFE687A in animal studies. However, 
due to hepatic clearance of the compound, there was high 
accumulation in the liver and spleen, resulting in a subopti-
mal tumor-to-background ratio [84].

Summary: targeting TME processes and the ECM

A number of radioligands targeting altered TME processes, 
and the molecular markers that are expressed as a con-
sequence hereof, and the ECM have been developed and 
evaluated (Table 1). As altered oxygen levels, acidity, and 
metabolism are a prerequisite for tumor growth, they occur 
in many cancer types. Therefore, these processes offer semi-
universal targets for nuclear medicine–based interventions. 
Both TME hypoxia and acidity induce treatment resistance 
and have a negative prognostic value [11, 47]. Nuclear imag-
ing can provide a non-invasive method for monitoring these 
processes for treatment selection. A number of the afore-
mentioned radioligands (i.e., nitroimidazoles, pHLIPs, [18F]
FDG) have high clinical potential to aid herein [47, 55]. For 
imaging of hypoxia and acidity, more research is needed to 
understand the influence of necrosis and tumor heterogeneity 
on hypoxia- and pH-targeted radioligand uptake [43]. This 
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Fig. 3   PET/CT scans of 1/5 responding Hodgkin’s lymphoma 
patients treated with the TNC-A1-targeting radioligand [131I]I-F16SIP 
(Tenarad). a Maximum intensity projection image of the baseline 
FDG PET/CT scan (left), the [131I]I-F16SIP SPECT/CT scan 24  h 
post-injection (middle), and the FDG PET/CT scan 4  weeks after 
[131I]I-F16SIP treatment (right). b Whole-body images at different 

time points after 3.33 GBq [131I]I-F16SIP administration, demonstrat-
ing uptake in tumor lesions. A: anterior view, P: posterior view. The 
figure was originally published in EJNNMI by Aloj et al. [65]. Radio-
immunotherapy with Tenarad, a 131I-labeled antibody fragment tar-
geting the extradomain A1 of tenascin-C, in patients with refractory 
Hodgkin's lymphoma (2014) Vol 41(5):867–877

4622 European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3



will help comprehend radioligand distribution and improve 
image interpretation. Regarding [18F]FDG PET for imaging 
TME components, more research is needed to determine 
whether and how to attribute the source of the [18F]FDG 
PET signal to cancer cells or TME cells. Since [18F]FDG is 
already approved, clinical implementation for novel applica-
tions is relatively straightforward.

Radioligands targeting hypoxia and acidity have poten-
tial multi-cancer imaging applications, since the majority of 
cancers have an acidic and hypoxic TME. Targeting of these 
altered processes for TRT is relatively unexplored, indicat-
ing that they might be not suitable for this purpose. In con-
trast, the specific molecular biomarkers HIF-1, CAIX, and 
ECM targets TNC and EDB-FN have been more explored 
for TRT. However, only a few preclinical and clinical stud-
ies are available on HIF-1 and ECM-targeting radioligands, 
possibly due to the lack of target specificity and poor phar-
macokinetics of most of these radioligands.

Concerning the molecular markers, HIF-1 and CAIX, radi-
oligands targeting the latter have been more clinically evalu-
ated; however, CAIX is not always expressed in hypoxic cells, 
making it less suitable for a multi-cancer approach [85]. In line 
with this, it is important to identify which cancer (sub)types 
express CAIX, to select patient subsets that can be eligible for 
CAIX-targeted nuclear interventions. In addition, different iso-
forms of both HIF-1 and CAIX can exist, and isoform-specific 
compounds can be valuable [85]. A nuclear medicine–based 

theranostic strategy can be promising to select patients with 
CAIX expression that will benefit from CAIX TRT. Other 
compounds that are especially relevant for theranostics are 
the radiolabeled MMPIs. These can play an important role in 
patient selection for therapy with the corresponding unlabeled 
MMPI. The development of specific MMP-targeting radioli-
gands for which radioligands are not available yet is needed for 
improved patient selection and MMPI treatment. Furthermore, 
innovative strategies, such as the MMP-dependent radioligand 
uptake and the caged-[18F]FDG, are important to stimulate the 
development of novel TME-targeting radioligands for nuclear 
imaging and TRT.

In conclusion, TME-specific processes and the ECM pro-
vide semi-universal cancer targets for nuclear imaging. These 
processes and their corresponding molecular markers are not 
extensively explored for TRT. Targets that are more promising 
for both targeted radionuclide imaging and TRT can be found 
on the cellular TME components that will be discussed in the 
next section.

Cellular components of the TME

Cancer‑associated fibroblasts

CAFs are the most abundant cell type in the TME [86]. 
They are heterogeneous and originate from different cellular 

Fig. 4   Pre-targeting system for imaging of ECM remodeling. Protec-
tive antigen binds to the cell membrane in the presence of MMP-2, 
-9, and/or -14 allowing to form a pore in the membrane. Hereafter, an 

indium-111 labeled LF.E687A is administered which selectively binds 
to the cleaved protective antigen, and enters the cells via the created 
pore. The figure is based on Xavier et al. [84]
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sources (e.g., fibroblasts, endothelium, epithelium); together 
with the disease stage, this determines if they are tumor-
promoting or tumor-restraining [87]. CAFs are characterized 
by the expression of fibroblast activation protein-α (FAP), 
a membrane-bound protease that is expressed in over 90% 
of all epithelial carcinomas [88]. In addition, FAP is almost 
exclusively expressed in chronic inflammation, wound 
healing, and cancer, thus absent from healthy tissues. FAP-
expressing CAFs can promote tumor growth and invasion, 
and are often associated with poor prognosis [89]. Apart 
from CAFs, FAP expression has been found on colon, breast, 
bone, lung, ovarian, and pancreas cancer cells [90, 91]. 
Together, the abundance and the unique expression of FAP 
make FAP-expressing CAFs an appealing target for nuclear 
imaging and TRT with potential pan-cancer application.

FAP-targeting radioligands are an exciting recent devel-
opment in the field of nuclear medicine. In recent years, 
these radioligands have shown promising initial results and 
have gained a lot of attention. Researchers of the Univer-
sity of Heidelberg were the first to report on FAP inhibi-
tors (FAPIs) for radionuclide theranostics. A panel of 

radiolabeled FAPIs were developed by this group, of which 
FAPI-04, FAPI-46, and FAPI-74 were proved to be the 
most successful in clinical imaging studies [92–94]. PET/
CT scans with FAPI-04 allowed for the diagnosis of 28 dif-
ferent tumor types in 80 patients (Fig. 5) [95], illustrating 
the potential pan-cancer application of the radioligand. In 
addition, FAPI-04 imaging outperformed [18F]FDG PET/
CT in several cancer types; improved tumor-to-background 
ratios were observed with [68Ga]Ga-FAPI-04 [96, 97]. 
Although ideal for imaging, these radioligands unfortunately 
demonstrate short tumor retention, which makes them inad-
equate for treatment. FAPI-46 and FAPI-74 show improved 
tumor retention compared to the rest of the FAPI-series; 
however, the tumor retention remains suboptimal for treat-
ment [98–100]. In pancreatic and glioma mouse models, 
efficacy studies with [177Lu]Lu-FAPI-46 and [225Ac]FAPI-
46 accomplished tumor growth inhibition [101, 102]. How-
ever, in advanced-stage metastatic cancer patients, [177Lu]
Lu-FAPI-04 demonstrated no treatment effect [103].

The compound with the highest reported FAP affin-
ity so far is OncoFAP, an organic small natural FAP 

Table 1   An overview of the targets expressed as a result of altered TME processes and the tumor ECM, with a number of their corresponding 
radioligands

a In clinical use for tumor imaging, not for specific TME imaging

Source Target Compound Research phase Reference

Hypoxia Nitroimidazole analogs FMISO
FAZA
FETNIM
Cu-ATSM
FETA
EF1/3/5
FRP170
HX4
N4-NIM

Approved
Approved
Clinical trial
Clinical trial
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical

[12, 14, 15, 24]

CAIX cG250
cG250-F(Ab’)
A3/SIP(A3)
CAIX inhibitors
ZCAIX:1/2/3/4

Clinical trial
Preclinical
Preclinical
Preclinical
Preclinical

[30, 31, 34, 36, 37]

HIF-1 IPOS
(m)DKOP

Preclinical
Preclinical

[41, 42]

TME acidity Low extracellular pH
(6.0–7.0)

pHLIPs
FDG amine
Malonic acid derivatives

Clinical trial
Preclinical
Preclinical

[52, 53]

Metabolism Elevated glucose uptake FDG Approveda [59, 60, 62]
Extracellular matrix TNC-A1 F16SIP (Tenarad) Clinical trial [64, 65]

EDB-FN L19
L19SIP
L19(ScFv)2
AP39
FnBPA5
ZD2-NOTA
NJB2

Clinical trial
Clinical trial
Clinical trial
Preclinical
Preclinical
Preclinical
Preclinical

[69, 73, 76, 77]

MMPs MMPIs
Protective antigen + LFE687a

Preclinical
Preclinical

[78, 84]
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Fig. 5   [68Ga]Ga-FAPI-04 PET/CT scans in 15 different cancer types 
demonstrating the pan-cancer potential of FAP-targeting radionuclide 
imaging. Ca cancer; CCC​ clear cell carcinoma; CUP carcinoma of 
unknown primary; MTC medullary thyroid cancer; NET neuroendo-

crine tumor NSCLC non-small cell lung cancer. The figure was origi-
nally published in JNM. Kratochwil et al. [95]. 68Ga-FAPI PET/CT: 
Tracer Uptake in 28 Different Kinds of Cancer (2019) Vol. 60(6): 
801–805
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ligand, developed by Backhaus et al. [104]. The IC50 of 
natGa-OncoFAP is 0.51 ± 0.11 nM, compared to an IC50 
of 8.37 ± 0.71 nM for natGa-FAPI-46. However, it has not 
been established whether the improved affinity results in 
increased tumor uptake and retention in vivo. Another novel 
compound, which was first reported by Baum et al. [105] 
and is currently under patent, is FAP-2286. The first results 
of [177Lu]Lu-FAP-2286 treatment in a group of metastatic 
cancer patients demonstrated high tumor uptake and reason-
able retention, with stable disease in 2/11 patients after one 
treatment cycle [105]. FAP-2286 is currently in two ongo-
ing clinical trials ([68Ga]Ga-FAP-2286 (NCT04621435) and 
[177Lu]Lu-FAP-2286 (NCT04939610) for evaluation of its 
imaging and therapy potential respectively, in various solid 
tumors.

In an attempt to improve the retention time of FAP-
targeting radioligands, dimers have been developed. This 
includes dimers of the previously discussed FAPI-46 and 
OncoFap. The FAPI-46-based dimer, DOTA-2P(FAPI)2 
was radiolabeled with gallium-68 and demonstrated signifi-
cantly prolonged tumor retention compared to its monomer 
in a patient-derived xenograft mouse model (7.61 ± 0.64 
vs. 3.81 ± 0.18%ID/g respectively). Moreover, a pilot study 
in three patients demonstrated a significantly higher SUV-
max with the dimer compared to the monomer (SUVmax 
1 h p.i.: 8.1–39.0 vs. 1.7–24.0, respectively). The increased 
SUVmax is most likely the result of longer blood retention 
of [68Ga]Ga-DOTA-2P(FAPI)2, compared to the monomer, 
which next to the tumor unfortunately also leads to a higher 
effective dose to healthy organs [106]. In addition, dimeri-
zation of OncoFap resulted in BiOncoFap. In a preclinical 
investigation, [177Lu]Lu-BiOncoFap demonstrated a longer 
retention time compared to [177Lu]Lu-OncoFap, and promis-
ing tumor-to-background ratios were observed for the dimer 
[107]. Two other FAP-dimers were developed based on the 
monomer SA.FAPI, the homodimers DOTA.(SA.FAPI)2, 
and DOTAGA.(SA.FAPi)2. [68Ga]Ga-DOTAGA.(SA.FAPi)2 
had the best tumor uptake out of the two. Similar to what 
was reported for the other dimers, a clinical study with 
[68Ga]Ga-DOTAGA.(SA.FAPi)2 demonstrated higher tumor 
retention, as well as an increased blood pool accumulation 
compared to the monomer in six cancer patients [108].

Tumor‑associated macrophages

TAMs are the most prominent immune cell in the TME. 
They can exhibit a tumor-suppressing (M1) or tumor-pro-
moting (M2) phenotype [109]. An abundance of TAMs in 
the TME is related to poor prognosis and disease progres-
sion in most cancers [110]. Even though research on TAMs 
has increased in the last decade, radioligands targeting 
TAMs are only slowly being developed. Possibly, due to 
the difficulty to identify markers specifically expressed by 

tumor-promoting M2 macrophages [111]. Targets that have 
been considered so far are the macrophage mannose receptor 
(MMR/CD206), the translocator protein (TSPO), the folate 
receptor-β (FRβ), the scavenger receptor (CD163), and the 
increased endocytic activity of TAMs.

MMR is overexpressed on M2 macrophages, making it a 
potent TAM target. However, its expression is not exclusive 
to TAMs. Other dendritic cells and phagocytic cells also 
demonstrate expression of MMR at lower levels [112]. The 
MMR-targeting compound [99mTc]Tc-Tilmanocept (Lym-
phoseek®) has been FDA-approved for the identification of 
sentinel lymph nodes, and is under clinical investigation for 
imaging of TAMs in metastatic melanoma (NCT04663126) 
[112]. In the search for other MMR-targeting radioligands, 
sdAbs have successfully been radiolabeled and evaluated 
preclinically [109]. These sdAbs demonstrate high potential 
for nuclear imaging in mice, when labeled with 99mTc, 18F, 
or 68Ga. Tumor uptake of radiolabeled NOTA-anti-MMR-
sdAb was similar for all three aforementioned isotopes 
[113, 114]. Unfortunately, high uptake in the kidneys and 
MMR-expressing tissues (e.g., liver and spleen) was also 
observed. Of note, kidney uptake was drastically lower for 
the 18F-labeled anti-MMR-sdAb compared to the 99mTc- and 
68Ga-labeled compounds [109, 113, 114]. A different sdAb, 
[68Ga]Ga-NOTA-anti-MMR-VHH2, is currently under eval-
uation for PET imaging of TAMs in a phase I/II clinical trial 
in various solid tumors (NCT04168528). MMR targeting has 
also been studied using mannose-decorated liposomes (Man-
Lips) carrying 64Cu. The Man-Lips demonstrated specific 
accumulation and high uptake in TAMs in a lung cancer 
mouse model. However, due to long retention in the blood, 
a long time interval between injection and imaging is needed 
to accomplish optimal tumor-to-background ratios [115]. 
[18F]FDM, which is an MMR-targeting radioligand based 
on [18F]FDG, has been created by replacing the D-glucose 
with D-mannose. [18F]FDM demonstrated 35% higher spe-
cific TAM uptake compared to [18F]FDG [116]. However, 
[18F]FDM showed equal uptake in inflamed tissues as in 
tumors [117].

TSPO is another biomarker explored for M2 radioli-
gand targeting. TSPO-targeting radioligands have mainly 
been tested in glioblastoma, due to the overexpression of 
TSPO in activated microglial cells next to its expression in 
TAMs. In addition, TSPO expression is not limited to M2 
macrophages and can also be found on other phagocytotic 
cells [118]. The first-generation TSPO-targeting radioli-
gand [11C]-(R)PK11195 has been extensively researched 
for inflammation and tumor imaging, despite its low 
tumor-to-background ratio and lack of specificity [119]. 
To overcome these limitations, novel TSPO-targeting 
radioligands are being developed such as the acetamides 
PBR01, PBR06, and PBR28, of which the latter is the most 
promising [120, 121]. [11C]-PBR28 allowed for specific 
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tracking of TAMs in a pancreatic cancer mouse model 
[122]. Moreover, [11C]-PBR28 has been clinically evalu-
ated for detecting macrophage infiltration after treatment 
in glioblastoma and melanoma patients (NCT02431572). 
To our knowledge, the results of this study have not been 
published yet. Carbon-11 is impractical due to its short 
half-life (t1/2 = 20.38 min), and therefore an 18F-labeled 
PBR28 has been developed [120]. In line with this, other 
TSPO-targeting radioligands, DPA-714 and DPA-713, 
have been designed, which also allowed for labeling with 
18F. Clinical research showed that [18F]-DPA-714 can pro-
vide information on the degree of immunosuppression in 
the TME in a glioblastoma mouse model, and it was con-
cluded that imaging can assist in monitoring chemotherapy 
treatment outcomes [119, 123]. Wadsworth et al. [124] 
developed next-generation TSPO radioligands, which 
resulted in [18F]-GE-180 as the most promising candidate. 
In glioblastoma patients, [18F]-GE-180 showed improved 
tumor-to-background ratios compared to the former gen-
eration TSPO-targeting radioligands [125, 126]. Although 
the uptake was not only caused by TSPO expressing 
TAMs, as this recent research showed specific uptake in 
TSPO-expressing tumor cells as well.

Another M2-specific macrophage marker is FRβ [127]. 
Radioligand imaging of multiple FR isoforms has already 
been accomplished in 1994 with 125I-labeled folate [128]. 
Over the years, various other folate analogs with different 
chelators have been developed and optimized [129]. Two 
have been tested in clinical trials: [111In]In-DTPA-folate and 
[99mTc]Tc-EC20 [130]. These radioligands also bind to the 
FRα isoform, which can be beneficial since FRα has been 
found overexpressed on the tumor cell membrane of various 
cancers [131]. Nevertheless, their lack of FRβ specificity 
hampers TAM-specific nuclear imaging. A specific anti-FRβ 
antibody is available [132]; however, no studies have been 
reported on radiolabeling of this compound.

Furthermore, M2 macrophages exhibit higher endocytic 
activity compared to M1 macrophages, a process that can 
be targeted with high-density lipoproteins (HDLs). HDLs 
have demonstrated increased uptake specific to TAMs [133]. 
Pérez-Medina et al. [134] synthesized HDL nanoparticles 
and labeled them with 89Zr, resulting in [89Zr]Zr-Al-HDL 
and [89Zr]Zr-PL-HDL, which showed high selective uptake 
for M2 TAMs in a preclinical mouse model. [89Zr]Zr-Al-
HDL demonstrated the highest uptake of 16.5 ± 2.8%ID/g 
compared to 8.6 ± 1.3%ID/g for [89Zr]Zr-PL-HDL. Unfor-
tunately, the HDL-targeting radioligands also showed high 
unspecific kidney and bone uptake. Mason et  al. [135] 
developed different 89Zr-labeled HDL nanoparticles, and 
demonstrated that their compounds can be used to quantify 
the TAM fraction in the TME. In line with this, the HDL 
nanoparticles could successfully assess the response to a 
macrophage-targeted therapy.

The scavenger receptor, CD163, is a more M2-specific 
biomarker than the above-mentioned targets. The presence 
of CD163-positive TAMs is correlated to a reduced survival 
in multiple cancers [136]. Unfortunately, not a lot of studies 
have exploited CD163 for targeted radionuclide theranos-
tics. Presumably, this is because in humans shedding of the 
receptor is observed, which makes targeting difficult [111, 
136]. An anti-CD163 mAb in a rat model demonstrated 
selective targeting of M2 macrophages; however, no radi-
olabeled variant has been published yet [137].

Neo‑angiogenic endothelial cells

Tumor angiogenesis is the result of proliferative endothelial 
cells that form a network of new blood vessels to supply the 
tumor with oxygen. Hypoxia and acidity in the TME stimu-
late the release of pro-angiogenic factors, and hereby pro-
mote neo-angiogenesis for improved tumor blood flow [138, 
139]. Perfusion has been imaged with nuclear medicine for 
decades by [15O]-water PET. However, due to the short half-
life of oxygen-15 of 2 min, this technique is only available 
at centers with a cyclotron [140]. Furthermore, many anti-
angiogenic therapies have been developed, and assessing 
target expression for these therapies by nuclear imaging is 
very valuable for patient selection [141]. Together, this indi-
cates the need for angiogenesis-targeting radioligands. The 
most potent targets studied for this include integrins (i.e., 
αvβ3), aminopeptidase N (APN/CD13), vascular endothe-
lial growth factor receptor (VEGFR), and prostate-specific 
membrane antigen (PSMA) [142].

Integrins are the most researched biomarkers for imag-
ing and therapy of angiogenesis, in particular αvβ3, which 
is overexpressed by the endothelial cells of almost all tumor 
vasculature, and on some cancer cells [143]. Most anti-angi-
ogenic radioligands are radiopeptides, based on the Arg-
Gly-Asp (RGD) motif, that bind to αvβ3. A wide variety 
of RGD peptides, labeled with different radioisotopes, have 
been developed for monitoring response to non-nuclear med-
icine–based anti-angiogenic therapies [139, 144]. The radio-
ligands are based on the RGDfK or RGDyK structure and are 
available in cyclic variants, monomers, and multimers. Fig-
ure 6 depicts several structures of monomeric and dimeric 
RGD-based PET radioligands. The most researched and 
promising RGD-based radioligands include PPRGD2, Fluci-
clatdie, Alfatide I and II, NOTA-RGD and DOTA-RGD, and 
Galacto-RGD [145]. Of these radioligands, [18F]Galacto-
RGD was the first αvβ3-targeting PET radioligand applied 
in the clinic, demonstrating promising tumor-to-background 
ratios [146]. Research has shown that cyclic RGD peptides 
have a higher αvβ3 affinity and that multimerization of RGD 
peptides increases the tumor uptake and retention time. In 
line with this, cyclic dimers such as FPPRGD2 and Galacto-
RGD2 were developed. [18F]FPPRGD2 was the first clinically 
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assessed dimer; it was proved to be successful in predicting 
the early response to anti-angiogenic therapy in a small pilot 
study with cervical and ovarian cancer patients [147], and 
in patients with metastatic renal cell cancer [148]. Evidence 
for improved tumor uptake and retention of cyclic dimers 
vs. monomers was provided by a clinical study comparing 
[18F]-FPPRGD2 and [18F]-Galacto-RGD in 8 breast cancer 
patients. The dimer clearly outperformed the monomer; the 
SUVmax range was 2.4–9.4 and 0.3–6.8, respectively [149, 
150]. Another example of improvement by multimerization 
is the 7.3-fold increased αvβ3 affinity and 3.9-fold increased 
preclinical tumor uptake of an RGD trimer, compared to 
the monomer Galacto-RGD [151]. Unfortunately, increased 
tumor uptake and retention do not always result in better 

tumor-to-background ratios, due to a possible simultane-
ous increase in uptake by healthy tissues. Next to nuclear 
RGD-targeted imaging of angiogenesis, TRT has also been 
studied. One example is a theranostic case study in a thy-
roid cancer patient that underwent [68Ga]Ga-DOTA-RGD2 
pre- and post-treatment with [177Lu]Lu-DOTA-RGD2, which 
demonstrated a reduction in metastatic lesions, as well as 
pain relief [152]. In vivo preclinical studies have demon-
strated that next to radioligand affinity, αvβ3 activation sta-
tus determines radioligand uptake [138], stressing the impor-
tance of biological understanding of the target. Next to αvβ3, 
the integrins α5β1, αvβ6, and αvβ8 have been researched for 
nuclear imaging [153]. However, the developed radioligands 
for targeting these integrins are less specific.

Fig. 6   Chemical structures of several monomeric (i.e., [18F]Galacto-
RGD, [18F]RGD-K5, [68Ga]NOTA-RGD, [18F]Fluciclatide) and 
dimeric (i.e., [18F]FPPRGD2, [68Ga]NOTA-PRGD2, [18F]Alfatide, 
[18F]Alfatide II) RGD-based PET radioligands. The figure was origi-

nally published in Theranostics by Chen et al. [144]. Clinical applica-
tion of radiolabeled RGD peptides for PET imaging of integrin αvβ3 
(2016) Vol. 6(1): 78–92
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A different target is APN, which is solely expressed by 
activated endothelial cells in blood vessels, and is a criti-
cal regulator of angiogenesis. Radiopeptides with an Asn-
Gly-Arg (NGR) motif are applied for APN targeting. Dénes 
et al. [154] produced a library of NGR peptides, of which 
[68Ga]Ga-NOTA-c(NGR) showed the best uptake in a cancer 
mouse model. As seen with RGD peptides, the cyclic and 
multimeric NGR peptides show an improved binding affin-
ity compared to linear monomers [155]. For instance, the 
dimeric [99mTc]Tc-NGR2 showed improved binding affin-
ity, tumor uptake, and retention over monomeric [99mTc]
Tc-NGR1 (5.03 ± 0.74%ID/g vs 2.67 ± 0.68%ID/g 4 h p.i. 
respectively). Unfortunately, this also resulted in a signifi-
cantly higher liver uptake of the dimer (9.07 ± 0.67%ID/g vs 
7.85 ± 0.96%ID/g 4 h p.i. respectively) [156]. To compare 
αvβ3 and APN targeting modalities, 99mTc-labeled cyclic 
NGRyK and RGDyK have been evaluated in a melanoma 
mouse model. The comparison demonstrated significantly 
higher tumor uptake of the RGDyK compared to NGRyK 
(7.85 ± 2.34%ID/g vs 1.07 ± 0.23%ID/g) [157]. In an attempt 
to optimize tumor targeting, a [68Ga]Ga-NGR-RGD heter-
odimer with an affinity for both APN and αvβ3 was devel-
oped. As expected [68Ga]Ga-NGR-RGD demonstrated bet-
ter targeting efficiency than the NGR and RGD monomers 
[158]. Even though preclinical results with NGR-targeting 
radiopeptides are promising, studies have demonstrated that 
these peptides are very unstable due to their susceptibility 
for non-enzymatic degradation. For this reason, no clinical 
trials have been performed with NGR radiopeptides to date 
[154].

Another potent target for angiogenesis, expressed by 
vascular tumor endothelial cells, is the VEGFR. More than 

10 VEGF(R)-targeted drugs are FDA-approved [159] and 
there is a need for a non-invasive method to select patients 
eligible for these treatments. Radiolabeled anti-VEGF anti-
bodies, VEGF radiopeptides, and small-molecule inhibi-
tors have been evaluated for imaging, and some for therapy 
[160]. A potent example of an anti-VEGF mAb radioligand 
is radiolabeled bevacizumab. Bevacizumab has been labeled 
with 111In and 99mTc for imaging and with 177Lu for therapy. 
Labeled with all aforementioned isotopes, bevacizumab 
demonstrated selective and stable tumor uptake in preclini-
cal studies. Unfortunately, the radioligand is also associ-
ated with high uptake in healthy tissues, which needs to be 
resolved before clinical studies can be considered [161, 162]. 
Next to mAbs, VEGF radiopeptides have been explored, 
with the VEGF121 and VEGF165 isoforms being the most 
promising. [123I]I-VEGF165 scintigraphy in 23 patients with 
brain tumors allowed for visualization of gliomas and cor-
relation with disease grade [163]. However, PET/SPECT 
images obtained with radiolabeled VEGF ligands can be 
distorted by endogenous VEGF expression of cancer cells, 
resulting in VEGFR saturation [164]. Lastly, VEGFR tar-
geting was accomplished with radiolabeled small-molecu-
lar inhibitors of VEGFR tyrosine kinase, with high target 
affinity. Particularly radiolabeled versions of the clinically 
approved sunitinib and sorafenib have been extensively 
researched for both SPECT and PET imaging in preclinical 
studies. So far, no clinical trials have been reported [160]. 
Figure 7 shows an example of [123I]I-VEGF165 imaging 
before and after external beam radiation therapy in a patient 
with grade IV glioma.

More recently, it has been discovered that PSMA is 
upregulated on the endothelial cells of the neo-vasculature 

Fig. 7   [123I]I-VEGF165 SPECT/MRI of a grade IV glioma in a 
60-year-old patient. a Acial T1-weighted MRI for anatomical refer-
ence of the tumor lesion. b [123I]I-VEGF SPECT imaging before radi-
ation therapy and c lower radioligand accumulation 1 week post-radi-

ation therapy. White arrows indicate the tumor lesion. The figure was 
originally published in EJNMMI by Rainer et al. [163]. The prognos-
tic value of [123I]-vascular endothelial growth factor ([.123I]-VEGF) in 
glioma (2018) Vol. 45(13): 2396–2403
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in over 70% of solid tumors [165]. PSMA radioligands 
PSMA-11, PSMA-617, and PSMA-I&T have been exten-
sively researched in prostate cancer, and this experience can 
be beneficial to translate its use to target neo-angiogenesis 
in other solid cancers. In a triple-negative breast cancer cell 
line and xenograft mouse model, the application of [177Lu]
Lu-PSMA-617 impaired blood vessel formation, which is an 
encouraging result [166].

Next to the above, vascular endothelium-cadherin [167], 
PDGFRβ, endoglin [168], or phosphatidylserine [169] are 
less researched molecular targets of neo-angiogenesis for 
radionuclide imaging and therapy [170].

Tumor‑infiltrating lymphocytes

TILs are supposed to exhibit an inflammatory response to 
clear cancer. However, through cytokine secretions and 
ligand interactions, the tumor can evade the immune system, 
creating an immunosuppressive environment that aids can-
cer progression [171]. In line with this, immune checkpoint 
inhibitors are currently one of the most researched novel 
anti-cancer treatments. Nuclear imaging can be crucial for 
selecting patients that will benefit from these immunothera-
pies. After immunotherapy, [18F]FDG PET/CT scans show 
pseudo-progression caused by the enhanced immune infil-
tration, which cannot be distinguished from tumor growth. 
Therefore, TIL-targeting nuclear imaging can help visual-
ize the treatment response more accurately, and in addition 
monitor the immune status of cancers [172]. It has been 
proven challenging to find a molecular marker that is suit-
able to specifically target TILs, because of their conflicting 
roles (i.e., pro- and anti-tumorigenic), and because marker 
expression adapts when TILs mature [172]. Radioligands 
have been developed targeting programmed cell death (PD1) 
and PD ligand (PDL1) interactions, and the chemokine 
receptor 4 (CXCR4) and its ligand C-X-C motif chemokine 
ligand 12 (CXCL12).

The PDL1/PD1 axis is a promising target because 
immune checkpoint inhibitors against PDL1/PD1 have 
shown great results as an anti-cancer treatment, and there 
is an urgent need to develop radioligands targeting PDL1/
PD1 to select potential responders. Radiolabeled antibod-
ies against PDL1 have been clinically evaluated, including 
[89Zr]Zr-atezolizumab and [89Zr]Zr-avelumab [173, 174]. 
[89Zr]Zr-atezolizumab uptake could be related to atezoli-
zumab treatment response in lung cancer patients [174]. In 
addition, anti-PD-1 antibodies, including 89Zr-labeled pem-
brolizumab and nivolumab, have been evaluated. Clinical 
trials in melanoma and non-small cell lung cancer patients 
showed that the uptake of both these radioligands corre-
lates with patient responses to anti-PD-1 checkpoint inhibi-
tion therapy with their corresponding inhibitor [175, 176]. 
Notably, studies showed that the level of PDL1 expression 

determined by immunohistochemistry does not accurately 
predict the response to therapy. This illustrates the need 
for radiolabeled PDL1 and PD1 antibodies for improved 
response prediction. Even though all the antibodies men-
tioned above show good results in clinical pilot studies, 
smaller ligands can have advantageous pharmacokinetics. 
In line with this, smaller ligands have been evaluated in 
clinical trials, such as anti-PDL1 sdAb [99mTc]Tc-NM-01 
(NCT02978196) and [18F]F-BMS-986192 [177]. Of these, 
[99mTc]Tc-NM-01 demonstrated faster clearance than the 
radiolabeled antibodies in lung cancer patients [176].

The CXCR4 and its ligand CXCL12 affect the tumor 
immune status. CXCR4 is commonly overexpressed on 
macrophages, lymphocytes, neutrophils, and other hemat-
opoietic cells in the TME. These CXCR4-expressing cells 
are attracted to areas with high CXCL12 expression, hereby 
directing immune cell trafficking in the TME. Moreover, 
cancer cells hijack this system by overexpressing CXCR4, 
allowing for rapid metastasizing to distant organs with high 
CXCL12 expression [178, 179]. Altogether, CXCR4 is an 
appealing target for therapy and various CXCR4-targeting 
imaging and therapeutic radioligands have been designed. 
Three classes of compounds are relevant for nuclear inter-
ventions directed at CXCR4; that is FC-131-based penta-
peptides, radiolabeled cyclam derivatives, and T140 analogs 
[180].

The most successful FC-131-based radioligand is 
[68Ga]Ga-Pentixafor, which showed superior imaging 
results compared to [18F]FDG in a clinical pilot study 
with multiple myeloma patients [181]. In a pilot study 
with esophageal cancer patients, [68Ga]Ga-Pentixafor 
imaging was feasible; however, heterogeneous CXCR4 
expression limited its application in this cancer type 
[182]. As Pentixafor does not allow for labeling with 
therapeutic isotopes, the structurally closely related Pen-
tixather was developed. Since CXCR4 is overexpressed 
on the surface of hematological cancer cells, 177Lu- and 
90Y-labeled Pentixather have been evaluated as adjunct to 
high-dose chemotherapy in this cancer type. This resulted 
in a more beneficial outcome of the combination ther-
apy vs monotherapy with the radioligand [183, 184]. In 
addition, a case study in B-cell lymphoma patients dem-
onstrated the possibility of a theranostic approach with 
[68Ga]Ga-Pentixafor and [177Lu]Lu-Pentixather [185]. No 
therapeutic or theranostic studies have been performed 
with CXCR4 radioligands targeting the TME. However, 
the above studies indicate the potential of [68Ga]Ga-
Pentixafor and [177Lu]Lu-Pentixather theranostics for 
targeting CXCR4-positive stromal cells. Furthermore, it 
should be noted that even small structural differences can 
affect compound behavior, and in this particular case, a 
difference in radioligand accumulation of [68Ga]Ga-Pen-
tixafor and [177Lu]Lu-Pentixather in healthy organs (i.e., 
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liver, spleen, kidneys) was observed. The (differences in) 
chemical structures of [68Ga]Ga-Pentixafor and [177Lu]
Lu-Pentixather are shown in Fig. 8.

Next, T140 peptide analogs showing high CXCR4 
affinity have been considered for CXCR4-targeting 
nuclear medicine–based interventions. The most promis-
ing compound is NOTA-NFB; a modified T140 radiopep-
tide, specifically developed to improve pharmacokinetics 
and enable radiolabeling. In a pilot trial with glioblastoma 
patients, [68Ga]Ga-NOTA-NFB showed specific tumor 
accumulation, and favorable SUVmax compared to [18F]
FDG PET. Although, the reported effective radiation dose 
to healthy tissues of [68Ga]Ga-NOTA-NFB exceeded that 
of formerly mentioned [68Ga]Ga-Pentixafor (25.4 µSv/
MBq vs. 15.3 µSv/MBq respectively) [186, 187].

Lastly, the FDA has approved non-radiolabeled bicy-
clam AMD3100 (Plerixafor/Mozobil) for anti-CXCR4 
therapy. For the patient selection of this therapy, radiola-
beling of AMD3100 has been performed with a variety 
of radioisotopes, including 68Ga, 64Cu, and 111In [188, 
189]. In addition, the improved monocyclam AMD3465 
was developed and radiolabeled. Preclinical in vivo stud-
ies demonstrated improved pharmacokinetics of [64Cu]
Cu-ADM3465 compared to [64Cu]Cu-AMD3100. Unfor-
tunately, both compounds, as well as their derivatives, 
showed high liver uptake [190, 191]. To exclude if the 
copper isotopes are responsible for the observed liver 
uptake, Brickute et al. [190] developed an 18F-labeled 
AMD3465-derivative (MCFB). [18F]F-MCFB showed 
selective tumor detection; however, high liver uptake 
was still observed. This hampers the translation of these 
radiolabeled cyclam derivatives to the clinic.

Apart from the above, radioligands targeting specific 
immune cell types have been developed; however, we 
consider this beyond the scope of this review.

Cancer‑associated adipocytes

CAAs are crucial for storing and providing energy to cancer 
cells, which is necessary for tumor growth and metastasiz-
ing [192]. Cancer cells show a higher dependency on fatty 
acids produced by adipocytes than healthy cells. Radioligand 
targeting of CAAs is still a very unexplored field. However, 
CAAs provide a multi-cancer target for nuclear imaging or 
could even serve as a target for TRT. A few studies evalu-
ated this concept by evaluating radioligands targeting fatty 
acid–binding protein 4 (FABP4) or the increased expression 
of the key enzyme fatty acid synthase (FASN) [193].

FABP4 plays a critical role in the interaction between 
cancer cells and CAAs. It was found to be elevated at the 
boundary between tumor cells and CAAs. Temma et al. 
[194] developed FABP4-targeting TAP1 and radiolabeled it 
with 125I and 18F for SPECT and PET imaging, respectively. 
[18F]F-TAP1 showed a tumor uptake of 3.86 ± 0.39%ID/g, 
and an uptake in the blood of 10.38 ± 0.56%ID/g (3 h p.i.), 
resulting in a very poor tumor-to-blood ratio (0.37 ± 0.05). 
The observed high blood signal is a limiting factor for 
imaging analyses. The iodine-125 labeled version of TAP1 
showed lower, but more rapid tumor uptake, and lower 
blood levels than [18F]F-TAP1. Despite the lower blood 
levels, [125I]I-TAP1 tumor-to-blood ratios remained poor 
(0.42 ± 0.04), and in addition, a very high kidney uptake 
was observed [195]. Another group developed the FABP4 
inhibitor [14C]C-BMS-309403 which showed reasonable 
target affinity; however, no in vitro or in vivo results are 
reported [196]. Next to CAAs, FABP4 expression is found 
on TAMs and a variety of cancer cells; thus, radioligand 
uptake is not CAA specific [197].

Cancer cells are metabolic-dependent on increased fatty 
acid production facilitated by CAAs. FASN facilitates 
in this, and is overexpressed in CAAs in the TME [198]. 
11C-labeled acetate has been researched to determine FASN 

Fig. 8   Chemical structures of 
[68Ga]Ga-Pentixafor and [177Lu]
Lu-Pentixather. Originally 
published in Theranostics by 
Schottelius et al. [185]. [.177Lu]
pentixather: Comprehensive 
Preclinical Characterization of 
a First CXCR4-directed Endo-
radiotherapeutic Agent (2017) 
Vol. 7(9): 2350–2362
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expression levels in vivo in prostate cancer xenografted 
mice. Radioligand uptake could be related to FASN expres-
sion; however, the uptake was very low (0.276 ± 0.05%ID/g) 
and high radioligand uptake in normal tissues was observed 
[198].

Summary: targeting the cellular components 
of the TME

As described above, there is a wide variety of molecular 
markers available on the cellular TME components for 
nuclear imaging and TRT (Table 2). Radioligands targeting 
the cellular components of the TME can play an important 
role in patient selection and treatment response monitor-
ing. The above-described radioligands that are far in clinical 
development are often aided by a well-defined target. This 
is demonstrated by radiolabeled Pentixafor/Pentixather and 
PD(L)1 inhibitors for imaging of TILs, and RGD-targeting 
radioligands for imaging of neo-angiogenesis. Moreover, the 
recent discovery that RGD-targeting radioligand uptake is 
also affected by the αvβ3 activation status, and not solely 
by its expression [138], further illustrates the importance of 
biological understanding for the development of improved 
radioligands.

However, in the case of anti-TAM radioligands, extensive 
biological information is available, but a radioligand specific 
for an M2 marker has yet to be developed. The FRβ and 
CD163 were identified as highly specific M2 TAM mark-
ers; however, no radioligands specifically targeting these 
biomarkers have been reported yet. Thus, next to the under-
standing of the target biology, the development of highly 
specific radioligands is crucial for the success of nuclear 
imaging and TRT.

In contrast to TAMs, there is still less known about CAFs 
and CAAs. This is also reflected in the development of radi-
oligands for targeting these TME components. Regarding 
CAFs, recently, there is a relatively high nuclear research 
output and the FAP-targeting radioligands are extremely 
promising for pan-cancer nuclear imaging. However, it 
has proven difficult to increase tumor retention for effec-
tive TRT, and more knowledge on FAP behavior is needed 
to overcome this problem. In addition, only few studies 
described the use of radioligands for targeting the TME 
(i.e., a VEGF- and FAP-targeting radioligand) of intracra-
nial tumors, mostly likely because there is a lack of under-
standing on the mechanisms behind radioligands passing the 
blood–brain barrier. More and better understanding hereof 
will not only be of benefit for TME-targeting radioligands, 
but for radioligands in general.

Whereas the processes described in the first section are 
mainly interesting for imaging, the above-described molecu-
lar markers of the cellular TME components have shown to 

be more promising for both nuclear imaging and TRT in a 
multi-cancer setting.

Future perspectives for TME‑targeting 
radionuclide interventions

A radioligand directed towards a universally expressed 
tumor biomarker allows for broad application of nuclear 
imaging and therapy. In contrast to biomarkers expressed by 
cancer cells, TME biomarkers are more universally available 
across different cancer types. Thus, radioligands directed 
against these biomarkers have multi-cancer, or even pan-
cancer, applications. A single-cell RNA and protein analysis 
showed that 46/68 stromal cell populations overlap between 
different cancer types [2], indicating that there are many 
shared TME phenotypes between solid cancers that provide 
biomarkers for tumor targeting. In line with this, relevant 
TME biomarkers have been identified and radioligands tar-
geting these biomarkers have been developed and evaluated, 
some only preclinically while others have also been applied 
clinically. From these studies, it has become clear that there 
are a few challenges that need to be overcome to acceler-
ate the development and to promote clinical translation of 
(novel) TME-targeting radioligands.

First, since only a few of the explored TME targets are 
suitable for pan-cancer targeting (i.e., hypoxia, CAFs, and 
angiogenesis), and the majority has multi-cancer applica-
tions, it is relevant to identify which cancer types can benefit 
the most from the application of a specific TME-targeting 
radioligand. Next, it is known that external beam radiation 
can induce radioresistance and senescence, and promote 
angiogenesis and matrix stiffness in the TME [199]. Little 
is known about the effect of local radiation with TRT on 
the TME, and this should be explored for the correct appli-
cation of radioligands for treatment purposes. In addition, 
knowledge of the bystander effect, which is the effect irra-
diated cells indirectly exhibit on surrounding cells, is also 
important to understand how radiation delivered to the TME 
will affect the cancer cells. Lastly, one of the most press-
ing issues in the TME is that specific cell types often exist 
in pro-tumorigenic or anti-tumorigenic forms, e.g., CAFs 
and TAMs [87]. Regarding TAMs, the ability to differenti-
ate between anti-tumorigenic M1 and pro-tumorigenic M2 
TAMs underscores the importance of identifying subtypes, 
which can promote the development of very specific pro-
tumorigenic-targeted agents [109]. Altogether, an increased 
(radio)biological understanding of the TME is necessary to 
aid research on novel TME-targeting radioligands and pro-
mote their clinical translation.

Partly due to the lack in (radio)biological understand-
ing, most of the investigated TME-targeting radioligands 
are researched for imaging, and not (yet) for therapy. As 
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solely nuclear imaging agents, these radioligands can 
play a role in patient selection for non-nuclear medi-
cine–based anti-cancer interventions; thus, they are used 

in interdisciplinary theranostic applications. Examples 
are imaging by RGD-based radioligands for the selection 
of anti-angiogenic therapies, and radiolabeled checkpoint 

Table 2   An overview of the targets available on cellular TME components, with a number of their corresponding radioligands

b Affinity for rat CD163, tested in arthritis, not cancer. cFDA-approved for treatment of prostate cancer, not in angiogenesis setting

Source Target Compound Research phase Reference

Cancer-associated fibroblasts FAP FAPI-04
FAPI-46
FAPI-74
FAPI-2286
OncoFAP
BiOncoFap
DOTA-2P(FAPI)2
DOTAGA.(SA.FAPi)2

Clinical trial
Clinical trial
Clinical trial
Clinical trial
Clinical trial
Preclinical
Preclinical
Preclinical

[92, 95, 
100, 104, 
106–108]

Tumor-associated macrophages MMR (CD206) γ-Tilmanocept
NOTA-anti-MMR-sdAb
Man-LIPs

Approved
Clinical trial
Preclinical

[113, 115, 133]

TSPO RPK11195
PBR28
DPA-714
GE-180
DPA-713

Clinical trial
Clinical trial
Clinical trial
Clinical trial
Preclinical

[122, 123, 125]

Folate receptor β DTPA-folate
EC20

Clinical trial
Clinical trial

[129, 130]

Elevated endocytosis Al-HDL
PL-HDL

Preclinical
Preclinical

[134, 135]

CD163 Anti-CD163 mAbb n/a [137]
Neo-angiogenic endothelial cells Perfusion 15O-water Approved [140]

αvβ3 Integrin Galacto-RDG
FPPRGD2
Fluciclatide
Alfatide
Alfatide II
NOTA-RGD2
DOTA-RGD2

Clinical trial
Clinical trial
Clinical trial
Clinical trial
Clinical trial
Clinical trial
Clinical trial

[145, 152]

APN/CD13 DOTA-NGR1/2
cNGR
NGRyk

Preclinical
Preclinical
Preclinical

[154, 155]

VEGF/VEGF-R VEGF165
VEGF121
Bevacizumab

Clinical trial
Preclinical
Preclinical

[160, 163]

PSMA PSMA-11
PSMA-I&T
PSMA-617

Approvedc

Clinical trial
Clinical trial

[165, 166]

Tumor-infiltrating immune cells PDL1
(tumor/stromal cells)

Atezolizumab
Avelumab
NM-01
BMS-986192

Clinical trial
Clinical trial
Clinical trial
Clinical trial

[174, 176, 177]

PD1
(immune cells)

Nivolumab
Pembrolizumab

Clinical trial
Clinical trial

[175]

CXCR4/CXCL12 Pentixather/Pentixafor
NOTA-NFB
AMD3100
AMD3465

Clinical trial
Clinical trial
Preclinical
Preclinical

[185–187, 190]

Cancer-associated adipocytes FABP4 TAP1
BMS-309403

Preclinical
Preclinical

[194–196]

FASN Acetate Preclinical [198]
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inhibitors for identifying patients suitable for treatment 
with the corresponding PD1/PDL1 immune checkpoint 
inhibition therapy [200]. This multidisciplinary theranos-
tic strategy allows for quick redirection and adjustment of 
treatment schedules when necessary, which is especially 
relevant for TME markers of which expression is highly 
variable between patients. In contrast to radioligands tar-
geting TME biomarkers that are only expressed in subset 
of patients, e.g., CAIX or PD1/PDL1, the developed radi-
oligands targeting hypoxia, the ECM, CAFs, and CAAs 
are suitable for more universal nuclear imaging of solid 
tumors. These radioligands could potentially offer a valu-
able addition to the current gold standard [18F]FDG PET 
scans. However, clinical experience for improved scan 
interpretation is needed to determine whether a decrease 
in radioligand uptake should be interpreted as a treatment 
response and consequent tumor shrinkage, or only as 
depletion of the corresponding TME component.

In addition to radioligands that predict the response to 
non-radioactive anti-cancer therapies, radioligands that 
can be used for both nuclear imaging and TRT, and thus 
for nuclear medicine–based theranostics, have also been 
developed. Currently, the most potent targets in the TME 
for nuclear imaging and TRT are TNC and FAP. In addi-
tion, αvβ3 integrin, CXCR4, TSPO, and FRα/β have been 
found to be expressed by both stromal cells and cancer 
cells making them less TME-specific, but nevertheless an 
appealing target for nuclear medicine–based theranostics 
[125, 131, 143, 178]. Furthermore, TRT directed at the 
TME was studied as a combination treatment in one case, 
in which177Lu/90Y-labeled Pentixather was administered 
adjunct to high-dose chemotherapy [184]. In the past, TRT 
has proven to be promising as a combined modality for 
cancer treatment [201], and thus treatment strategies com-
bining TME-directed TRT, with other anti-cancer thera-
pies are worth exploring. Especially, since the TME can 
act as a protective barrier against anti-cancer treatment, 
TME-directed radionuclide therapy could offer a solu-
tion, by paving the way for other anti-cancer treatments 
to reach the tumor cells. However, for this, more TME-
targeting radioligands for TRT first need to be developed 
and evaluated.

In conclusion, TME-targeting radioligands are promising 
for nuclear imaging and TRT with multi-cancer, and even 
pan-cancer application. Next to imaging, there should be 
more focus on the possibilities for TRT and nuclear medi-
cine–based theranostics. The growing (radio)biological 
understanding and the increasing research output on nuclear 
medicine–based interventions will hopefully stimulate the 
development and application of TME-targeting radioligands. 
We are confident that TME-targeted radionuclide interven-
tions will offer a valuable strategy for improved cancer 
patient care.

Acknowledgements  We would like to thank Sabrina Gunput from the 
Erasmus MC Medical Library for developing and updating the search 
strategy.

Author contribution  Conceptualization by C. H. and S. D.; C. H. wrote 
the manuscript; S. D. contributed with comments to reach the final ver-
sion; all authors read and approved the final manuscript.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution 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.	 Abadjian MCZ, Edwards WB, Anderson CJ. Imaging the tumor 
microenvironment. Adv Exp Med Biol; 2017. p. 229–57.

	 2.	 Qian J, Olbrecht S, Boeckx B, Vos H, Laoui D, Etlioglu E, et al. 
A pan-cancer blueprint of the heterogeneous tumor microenvi-
ronment revealed by single-cell profiling. Cell Res. 2020;30:745–
62. https://​doi.​org/​10.​1038/​s41422-​020-​0355-0.

	 3.	 Arneth B. Tumor microenvironment. Medicina. 2020;56:15.
	 4.	 Anderson NM, Simon MC. The tumor microenvironment. Curr 

Biol. 2020;30:R921–5. https://​doi.​org/​10.​1016/j.​cub.​2020.​06.​
081.

	 5.	 Ni Y, Zhou X, Yang J, Shi H, Li H, Zhao X, et al. The role 
of tumor-stroma interactions in drug resistance within tumor 
microenvironment. Frontiers in Cell and Developmental Biol-
ogy. 2021;9. https://​doi.​org/​10.​3389/​fcell.​2021.​637675.

	 6.	 Hennrich U, Benešová M. [(68)Ga]Ga-DOTA-TOC: the first 
FDA-approved (68)Ga-radiopharmaceutical for PET imaging. 
Pharmaceuticals (Basel). 2020;13.

	 7.	 Quail DF, Joyce JA. Microenvironmental regulation of tumor 
progression and metastasis. Nat Med. 2013;19:1423–37.

	 8.	 Palumbo A, de Oliveira Meireles Da Costa N, Bonamino MH, 
Ribeiro Pinto LF, Nasciutti LE. Genetic instability in the tumor 
microenvironment: a new look at an old neighbor. Mol Cancer. 
2015;14:145. https://​doi.​org/​10.​1186/​s12943-​015-​0409-y.

	 9.	 Brown JM. Tumor hypoxia in cancer therapy. Methods Enzymol. 
2007;435:297–321.

	 10.	 Bourgeois M, Rajerison H, Guerard F, Mougin-Degraef M, 
Barbet J, Michel N, et al. Contribution of [164Cu]-ATSM PET 
in molecular imaging of tumour hypoxia compared to classical 
[18F] -MISO - a selected review. Nucl Med Rev. 2011;14:90–5. 
https://​doi.​org/​10.​5603/​nmr.​2011.​00022.

	 11.	 Lee CT, Boss MK, Dewhirst MW. Imaging tumor hypoxia 
to advance radiation oncology. Antioxid Redox Signal. 
2014;21:313–37. https://​doi.​org/​10.​1089/​ars.​2013.​5759.

4634 European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41422-020-0355-0
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.3389/fcell.2021.637675
https://doi.org/10.1186/s12943-015-0409-y
https://doi.org/10.5603/nmr.2011.00022
https://doi.org/10.1089/ars.2013.5759


	 12.	 Ali MS, Kong FL, Rollo A, Mendez R, Kohanim S, Smith DL, 
et al. Development of (99m)Tc-N4-NIM for molecular imaging 
of tumor hypoxia. J Biomed Biotechnol. 2012;2012:828139.

	 13.	 Rajendran JG, Krohn KA. F-18 fluoromisonidazole for imaging 
tumor hypoxia: imaging the microenvironment for personalized 
cancer therapy. Semin Nucl Med. 2015;45:151–62. https://​doi.​
org/​10.​1053/j.​semnu​clmed.​2014.​10.​006.

	 14.	 Wijsman R, Kaanders JH, Oyen WJ, Bussink J. Hypoxia and 
tumor metabolism in radiation oncology: targets visualized by 
positron emission tomography. Q J Nucl Med Mol Imaging. 
2013;57:244–56.

	 15.	 Fleming IN, Manavaki R, Blower PJ, West C, Williams KJ, Har-
ris AL, et al. Imaging tumour hypoxia with positron emission 
tomography. Br J Cancer. 2015;112:238–50. https://​doi.​org/​10.​
1038/​bjc.​2014.​610.

	 16.	 Sorger D, Patt M, Kumar P, Wiebe LI, Barthel H, Seese A, et al. 
[18F]Fluoroazomycinarabinofuranoside (18FAZA) and [18F]
Fluoromisonidazole (18FMISO): a comparative study of their 
selective uptake in hypoxic cells and PET imaging in experimen-
tal rat tumors. Nucl Med Biol. 2003;30:317–26.

	 17.	 Reischl G, Dorow DS, Cullinane C, Katsifis A, Roselt P, Binns 
D, et al. Imaging of tumor hypoxia with [124I]IAZA in compari-
son with [18F]FMISO and [18F]FAZA–first small animal PET 
results. J Pharm Pharm Sci. 2007;10:203–11.

	 18.	 Carlin S, Humm JL. PET of hypoxia: current and future per-
spectives. J Nucl Med. 2012;53:1171–4. https://​doi.​org/​10.​2967/​
jnumed.​111.​099770.

	 19.	 Savi A, Incerti E, Fallanca F, Bettinardi V, Rossetti F, Monterisi 
C, et al. First evaluation of PET-based human biodistribution and 
dosimetry of 18F-FAZA, a tracer for imaging tumor hypoxia. J 
Nucl Med. 2017;58:1224–9. https://​doi.​org/​10.​2967/​jnumed.​113.​
122671.

	 20.	 Holland JP, Lewis JS, Dehdashti F. Assessing tumor hypoxia by 
positron emission tomography with Cu-ATSM. Q J Nucl Med 
Mol Imaging. 2009;53:193–200.

	 21.	 Dehdashti F, Mintun MA, Lewis JS, Bradley J, Govindan 
R, Laforest R, et al. In vivo assessment of tumor hypoxia in 
lung cancer with 60Cu-ATSM. Eur J Nucl Med Mol Imaging. 
2003;30:844–50. https://​doi.​org/​10.​1007/​s00259-​003-​1130-4.

	 22.	 Dietz DW, Dehdashti F, Grigsby PW, Malyapa RS, Myerson 
RJ, Picus J, et al. Tumor hypoxia detected by positron emis-
sion tomography with 60Cu-ATSM as a predictor of response 
and survival in patients undergoing Neoadjuvant chemoradio-
therapy for rectal carcinoma: a pilot study. Dis Colon Rectum. 
2008;51:1641–8.

	 23.	 Liu T, Karlsen M, Karlberg AM, Redalen KR. Hypoxia imag-
ing and theranostic potential of [64Cu][Cu(ATSM)] and ionic 
Cu(II) salts: a review of current evidence and discussion of the 
retention mechanisms. EJNMMI Res. 2020;10. https://​doi.​org/​
10.​1186/​s13550-​020-​00621-5.

	 24.	 Weeks AJ, Paul RL, Marsden PK, Blower PJ, Lloyd DR. Radio-
biological effects of hypoxia-dependent uptake of 64Cu-ATSM: 
enhanced DNA damage and cytotoxicity in hypoxic cells. Eur J 
Nucl Med Mol Imaging. 2010;37:330–8.

	 25.	 Marcu LG, Moghaddasi L, Bezak E. Imaging of tumor charac-
teristics and molecular pathways with PET: developments over 
the last decade toward personalized cancer therapy. Int J Radiat 
Oncol Biol Phys. 2018;102:1165–82. https://​doi.​org/​10.​1016/j.​
ijrobp.​2018.​04.​055.

	 26.	 Jiang BH, Semenza GL, Bauer C, Marti HH. Hypoxia-inducible 
factor 1 levels vary exponentially over a physiologically relevant 
range of O2 tension. Am J Physiol. 1996;271:C1172–80.

	 27.	 Lau J, Lin K-S, Bénard F. Past, present, and future: development 
of theranostic agents targeting carbonic anhydrase IX. Theranos-
tics. 2017;7:4322–39. https://​doi.​org/​10.​7150/​thno.​21848.

	 28.	 Chaitanya RD, Robert GU, Constantine G, Roman B, Silke 
T, Jian Qin Y, et al. Positron emission tomography/computed 
tomography identification of clear cell renal cell carcinoma: 
results from the REDECT trial. J Clin Oncol. 2013;31:187–94. 
https://​doi.​org/​10.​1200/​jco.​2011.​41.​2445.

	 29.	 Muselaers CH, Boerman OC, Oosterwijk E, Langenhuijsen JF, 
Oyen WJ, Mulders PF. Indium-111-labeled girentuximab immu-
noSPECT as a diagnostic tool in clear cell renal cell carcinoma. 
Eur Urol. 2013;63:1101–6.

	 30.	 Oosterwijk-Wakka JC, Boerman OC, Mulders PF, Oosterwijk 
E. Application of monoclonal antibody G250 recognizing 
carbonic anhydrase IX in renal cell carcinoma. Int J Mol Sci. 
2013;14:11402–23.

	 31.	 Muselaers CHJ, Boers-Sonderen MJ, van Oostenbrugge TJ, 
Boerman OC, Desar IME, Stillebroer AB, et al. Phase 2 study 
of lutetium 177–labeled anti–carbonic anhydrase IX monoclo-
nal antibody girentuximab in patients with advanced renal cell 
carcinoma. Eur Urol. 2016;69:767–70. https://​doi.​org/​10.​1016/j.​
eururo.​2015.​11.​033.

	 32.	 Huizing FJ, Hoeben BAW, Franssen GM, Boerman OC, Hes-
kamp S, Bussink J. Quantitative imaging of the hypoxia-related 
marker CAIX in head and neck squamous cell carcinoma xeno-
graft models. Mol Pharm. 2019;16:701–8. https://​doi.​org/​10.​
1021/​acs.​molph​armac​eut.​8b009​50.

	 33.	 Rana S, Nissen F, Lindner T, Altmann A, Mier W, Debus J, 
et al. Screening of a novel peptide targeting the proteoglycan-like 
region of human carbonic anhydrase IX. Mol Imaging. 2013;12.

	 34.	 Lu G, Hillier SM, Maresca KP, Zimmerman CN, Eckelman WC, 
Joyal JL, et al. Synthesis and SAR of novel Re/99mTc-labeled 
benzenesulfonamide carbonic anhydrase IX inhibitors for molec-
ular imaging of tumor hypoxia. J Med Chem. 2013;56:510–20. 
https://​doi.​org/​10.​1021/​jm301​5348.

	 35.	 Guan SS, Cheng CC, Ho AS, Wang CC, Luo TY, Liao TZ, et al. 
Sulfonamide derivative targeting carbonic anhydrase IX as a 
nuclear imaging probe for colorectal cancer detection in vivo. 
Oncotarget. 2015;6:36139–55.

	 36.	 Lau J, Zhang Z, Jenni S, Kuo HT, Liu Z, Vullo D, et al. PET 
imaging of carbonic anhydrase IX expression of HT-29 tumor 
xenograft mice with (68)Ga-labeled benzenesulfonamides. Mol 
Pharm. 2016;13:1137–46.

	 37.	 Garousi J, Huizing FJ, Vorobyeva A, Mitran B, Andersson KG, 
Leitao CD, et al. Comparative evaluation of affibody- and anti-
body fragments-based CAIX imaging probes in mice bearing 
renal cell carcinoma xenografts. Sci Rep. 2019;9:14907. https://​
doi.​org/​10.​1038/​s41598-​019-​51445-w.

	 38.	 Honarvar H, Garousi J, Gunneriusson E, Höidén-Guthenberg I, 
Altai M, Widström C, et al. Imaging of CAIX-expressing xeno-
grafts in vivo using 99mTc-HEHEHE-ZCAIX:1 affibody mol-
ecule. Int J Oncol. 2015;46:513–20.

	 39.	 Garousi J, Honarvar H, Andersson KG, Mitran B, Orlova A, 
Buijs J, et al. Comparative evaluation of affibody molecules for 
radionuclide imaging of in vivo expression of carbonic anhydrase 
IX. Mol Pharm. 2016;13:3676–87.

	 40.	 Huizing FJ, Garousi J, Lok J, Franssen G, Hoeben BAW, Frejd 
FY, et al. CAIX-targeting radiotracers for hypoxia imaging in 
head and neck cancer models. Scientific Reports. 2019;9. https://​
doi.​org/​10.​1038/​s41598-​019-​54824-5.

	 41.	 Kudo T, Ueda M, Kuge Y, Mukai T, Tanaka S, Masutani M, 
et al. Imaging of HIF-1-active tumor hypoxia using a protein 
effectively delivered to and specifically stabilized in HIF-1-active 
tumor cells. J Nucl Med. 2009;50:942–9.

	 42.	 Ueda M, Ogawa K, Miyano A, Ono M, Kizaka-Kondoh S, Saji 
H. Development of an oxygen-sensitive degradable peptide probe 
for the imaging of hypoxia-inducible factor-1-active regions in 
tumors. Mol Imaging Biol. 2013;15:713–21.

4635European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3

https://doi.org/10.1053/j.semnuclmed.2014.10.006
https://doi.org/10.1053/j.semnuclmed.2014.10.006
https://doi.org/10.1038/bjc.2014.610
https://doi.org/10.1038/bjc.2014.610
https://doi.org/10.2967/jnumed.111.099770
https://doi.org/10.2967/jnumed.111.099770
https://doi.org/10.2967/jnumed.113.122671
https://doi.org/10.2967/jnumed.113.122671
https://doi.org/10.1007/s00259-003-1130-4
https://doi.org/10.1186/s13550-020-00621-5
https://doi.org/10.1186/s13550-020-00621-5
https://doi.org/10.1016/j.ijrobp.2018.04.055
https://doi.org/10.1016/j.ijrobp.2018.04.055
https://doi.org/10.7150/thno.21848
https://doi.org/10.1200/jco.2011.41.2445
https://doi.org/10.1016/j.eururo.2015.11.033
https://doi.org/10.1016/j.eururo.2015.11.033
https://doi.org/10.1021/acs.molpharmaceut.8b00950
https://doi.org/10.1021/acs.molpharmaceut.8b00950
https://doi.org/10.1021/jm3015348
https://doi.org/10.1038/s41598-019-51445-w
https://doi.org/10.1038/s41598-019-51445-w
https://doi.org/10.1038/s41598-019-54824-5
https://doi.org/10.1038/s41598-019-54824-5


	 43.	 Busk M, Horsman MR, Overgaard J, Jakobsen S. Dual-tracer 
PET of viable tumor volume and hypoxia for identification of 
necrosis-containing radio-resistant Sub-volumes. Acta Oncol. 
2019;58:1476–82. https://​doi.​org/​10.​1080/​02841​86x.​2019.​16488​
64.

	 44.	 Lee SH, Griffiths JR. How and why are cancers acidic? Carbonic 
anhydrase ix and the homeostatic control of tumour extracellular 
ph. Cancers. 2020;12:1–23. https://​doi.​org/​10.​3390/​cance​rs120​
61616.

	 45.	 Dharmaratne NU, Kaplan AR, Glazer PM. Targeting the hypoxic 
and acidic tumor microenvironment with ph-sensitive peptides. 
Cells. 2021;10:1–14. https://​doi.​org/​10.​3390/​cells​10030​541.

	 46.	 Kato Y, Ozawa S, Miyamoto C, Maehata Y, Suzuki A, Maeda T, 
et al. Acidic extracellular microenvironment and cancer. Cancer 
Cell Int. 2013;13:89. https://​doi.​org/​10.​1186/​1475-​2867-​13-​89.

	 47.	 Anemone A, Consolino L, Arena F, Capozza M, Longo DL. 
Imaging tumor acidosis: a survey of the available techniques for 
mapping in vivo tumor pH. Cancer Metastasis Rev. 2019;38:25–
49. https://​doi.​org/​10.​1007/​s10555-​019-​09782-9.

	 48.	 Wyatt LC, Lewis JS, Andreev OA, Reshetnyak YK, Engelman 
DM. Applications of pHLIP technology for cancer imaging and 
therapy. Trends Biotechnol. 2017;35:653–64. https://​doi.​org/​10.​
1016/j.​tibte​ch.​2017.​03.​014.

	 49.	 Demoin DW, Wyatt LC, Edwards KJ, Abdel-Atti D, Sarparanta 
M, Pourat J, et al. PET imaging of extracellular pH in tumors 
with 64Cu- and 18F-labeled pHLIP peptides: a structure-activ-
ity optimization study. Bioconjugate Chem. 2016;27:2014–23. 
https://​doi.​org/​10.​1021/​acs.​bioco​njchem.​6b003​06.

	 50.	 Yu M, Sun Y, Yang G, Wang Z. An experimental study on [125I]
I-pHLIP (Var7) for SPECT/CT imaging of an MDA-MB-231 
triple-negative breast cancer mouse model by targeting the tumor 
microenvironment. Mol Imaging. 2021;2021. https://​doi.​org/​10.​
1155/​2021/​55659​32.

	 51.	 Daumar P, Wanger-Baumann CA, Pillarsetty N, Fabrizio L, 
Carlin SD, Andreev OA, et al. Efficient (18)F-labeling of large 
37-amino-acid pHLIP peptide analogues and their biological 
evaluation. Bioconjug Chem. 2012;23:1557–66. https://​doi.​org/​
10.​1021/​bc300​0222.

	 52.	 Flavell RR, Truillet C, Regan MK, Ganguly T, Blecha JE, 
Kurhanewicz J, et  al. Caged [18F]FDG glycosylamines for 
imaging acidic tumor microenvironments using positron emis-
sion tomography. Bioconjugate Chem. 2016;27:170–8. https://​
doi.​org/​10.​1021/​acs.​bioco​njchem.​5b005​84.

	 53.	 Bauwens M, De Saint-Hubert M, Cleynhens J, Brams L, Devos 
E, Mottaghy FM, et al. Radioiodinated phenylalkyl malonic 
acid derivatives as pH-sensitive SPECT tracers. PLoS ONE. 
2012;7:e38428.

	 54.	 Coller HA. Is cancer a metabolic disease? Am J Pathol. 
2014;184:4–17. https://​doi.​org/​10.​1016/j.​ajpath.​2013.​07.​035.

	 55.	 Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metab-
olism. Nat Rev Cancer. 2011;11:85–95. https://​doi.​org/​10.​1038/​
nrc29​81.

	 56.	 Peppicelli S, Andreucci E, Ruzzolini J, Bianchini F, Calorini 
L. FDG uptake in cancer: a continuing debate. Theranostics. 
2020;10:2944–8. https://​doi.​org/​10.​7150/​thno.​40599.

	 57.	 Avril N, Menzel M, Dose J, Schelling M, Weber W, Jänicke F, 
et al. Glucose metabolism of breast cancer assessed by 18F-FDG 
PET: histologic and immunohistochemical tissue analysis. J Nucl 
Med. 2001;42:9–16.

	 58.	 Hasbek Z, Ozer H, Erturk SA, Erdiş E, Yucel B, Çiftçi E, et al. 
Relationships between hypoxia induced factor-1α and 18F-FDG 
PET/CT parameters in colorectal cancer. Rev Esp Med Nucl Ima-
gen Mol. 2019;38:355–61. https://​doi.​org/​10.​1016/j.​remn.​2019.​
05.​006.

	 59.	 Ichikawa T, Aokage K, Miyoshi T, Tane K, Suzuki K, Maki-
noshima H, et al. Correlation between maximum standardized 
uptake values on FDG-PET and microenvironmental factors in 
patients with clinical stage IA radiologic pure-solid lung adeno-
carcinoma. Lung Cancer. 2019;136:57–64. https://​doi.​org/​10.​
1016/j.​lungc​an.​2019.​08.​003.

	 60.	 Lee S, Choi S, Kim SY, Yun MJ, Kim HI. Potential utility 
of FDG PET-CT as a non-invasive tool for monitoring local 
immune responses. J Gastric Cancer. 2017;17:384–93. https://​
doi.​org/​10.​5230/​jgc.​2017.​17.​e43.

	 61.	 Park S, Min EK, Bae SJ, Cha C, Kim D, Lee J, et al. Rela-
tionship of the standard uptake value of 18F-FDG-PET-CT 
with tumor-infiltrating lymphocytes in breast tumors measur-
ing ≥ 1 cm. Sci Rep. 2021;11:12046. https://​doi.​org/​10.​1038/​
s41598-​021-​91404-y.

	 62.	 Sasada S, Kimura Y, Emi A, Masumoto N, Kadoya T, Arihiro K, 
et al. Tumor-infiltrating lymphocyte score based on FDG PET/
CT for predicting the effect of neoadjuvant chemotherapy in 
breast cancer. Anticancer Res. 2020;40:3395–400. https://​doi.​
org/​10.​2196/​10.​21873/​antic​anres.​14323.

	 63.	 Henke E, Nandigama R, Ergün S. Extracellular matrix in the 
tumor microenvironment and its impact on cancer therapy. Front 
Mol Biosci. 2019;6:160.

	 64.	 Brack SS, Silacci M, Birchler M, Neri D. Tumor-targeting prop-
erties of novel antibodies specific to the large isoform of tenas-
cin-C. Clin Cancer Res. 2006;12:3200–8.

	 65.	 Aloj L, D’Ambrosio L, Aurilio M, Morisco A, Frigeri F, Caraco 
C, et al. Radioimmunotherapy with Tenarad, a 131I-labelled 
antibody fragment targeting the extra-domain A1 of tenascin-
C, in patients with refractory Hodgkin’s lymphoma. Eur J Nucl 
Med Mol Imaging. 2014;41:867–77. https://​doi.​org/​10.​1007/​
s00259-​013-​2658-6.

	 66.	 Spenlé C, Saupe F, Midwood K, Burckel H, Noel G, Orend G. 
Tenascin-C: exploitation and collateral damage in cancer man-
agement. Cell Adh Migr. 2015;9:141–53.

	 67.	 Schwarzbauer JE, DeSimone DW. Fibronectins, their fibrillo-
genesis, and in vivo functions. Cold Spring Harb Perspect Biol. 
2011;3.

	 68.	 Han Z, Lu ZR. Targeting fibronectin for cancer imaging and 
therapy. J Mater Chem B. 2017;5:639–54. https://​doi.​org/​10.​
1039/​c6tb0​2008a.

	 69.	 Gao S, Qin J, Sergeeva O, Sergeev M, Qiao P, Roelle S, et al. 
Synthesis and assessment of ZD2-(68Ga-NOTA) specific to 
extradomain b fibronectin in tumor microenvironment for PET 
imaging of pancreatic cancer. Am J Nucl Med Mol Imaging. 
2019;9:216–29.

	 70.	 Khan ZA, Chan BM, Uniyal S, Barbin YP, Farhangkhoee H, 
Chen S, et al. EDB fibronectin and angiogenesis – a novel mecha-
nistic pathway. Angiogenesis. 2005;8:183–96. https://​doi.​org/​10.​
1007/​s10456-​005-​9017-6.

	 71.	 Demartis S, Tarli L, Borsi L, Zardi L, Neri D. Selective targeting 
of tumour neovasculature by a radiohalogenated human antibody 
fragment specific for the ED-B domain of fibronectin. Eur J Nucl 
Med. 2001;28:534–9. https://​doi.​org/​10.​1007/​s0025​90100​480.

	 72.	 Borsi L, Balza E, Bestagno M, Castellani P, Carnemolla B, Biro 
A, et al. Selective targeting of tumoral vasculature: comparison 
of different formats of an antibody (L19) to the ED-B domain of 
fibronectin. Int J Cancer. 2002;102:75–85.

	 73.	 Lieverse RIY, Marcus D, van der Wiel AMA, Van Limbergen 
EJ, Theys J, Yaromina A, et al. Human fibronectin extra domain 
B as a biomarker for targeted therapy in cancer. Mol Oncol. 
2020;14:1555–68.

	 74.	 Santimaria M, Moscatelli G, Viale GL, Giovannoni L, Neri G, 
Viti F, et al. Immunoscintigraphic detection of the ED-B domain 
of fibronectin, a marker of angiogenesis, in patients with cancer. 
Clin Cancer Res. 2003;9:571–9.

4636 European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3

https://doi.org/10.1080/0284186x.2019.1648864
https://doi.org/10.1080/0284186x.2019.1648864
https://doi.org/10.3390/cancers12061616
https://doi.org/10.3390/cancers12061616
https://doi.org/10.3390/cells10030541
https://doi.org/10.1186/1475-2867-13-89
https://doi.org/10.1007/s10555-019-09782-9
https://doi.org/10.1016/j.tibtech.2017.03.014
https://doi.org/10.1016/j.tibtech.2017.03.014
https://doi.org/10.1021/acs.bioconjchem.6b00306
https://doi.org/10.1155/2021/5565932
https://doi.org/10.1155/2021/5565932
https://doi.org/10.1021/bc3000222
https://doi.org/10.1021/bc3000222
https://doi.org/10.1021/acs.bioconjchem.5b00584
https://doi.org/10.1021/acs.bioconjchem.5b00584
https://doi.org/10.1016/j.ajpath.2013.07.035
https://doi.org/10.1038/nrc2981
https://doi.org/10.1038/nrc2981
https://doi.org/10.7150/thno.40599
https://doi.org/10.1016/j.remn.2019.05.006
https://doi.org/10.1016/j.remn.2019.05.006
https://doi.org/10.1016/j.lungcan.2019.08.003
https://doi.org/10.1016/j.lungcan.2019.08.003
https://doi.org/10.5230/jgc.2017.17.e43
https://doi.org/10.5230/jgc.2017.17.e43
https://doi.org/10.1038/s41598-021-91404-y
https://doi.org/10.1038/s41598-021-91404-y
https://doi.org/10.2196/10.21873/anticanres.14323
https://doi.org/10.2196/10.21873/anticanres.14323
https://doi.org/10.1007/s00259-013-2658-6
https://doi.org/10.1007/s00259-013-2658-6
https://doi.org/10.1039/c6tb02008a
https://doi.org/10.1039/c6tb02008a
https://doi.org/10.1007/s10456-005-9017-6
https://doi.org/10.1007/s10456-005-9017-6
https://doi.org/10.1007/s002590100480


	 75.	 Poli GL, Bianchi C, Virotta G, Bettini A, Moretti R, Trachsel 
E, et al. Radretumab radioimmunotherapy in patients with brain 
metastasis: a 124I–L19SIP dosimetric PET study. Cancer Immu-
nol Res. 2013;1:134–43.

	 76.	 Arnoldini S, Moscaroli A, Chabria M, Hilbert M, Hertig S, 
Schibli R, et al. Novel peptide probes to assess the tensional 
state of fibronectin fibers in cancer. Nat Commun. 2017;8. https://​
doi.​org/​10.​1038/​s41467-​017-​01846-0.

	 77.	 Jailkhani N, Ingram JR, Rashidian M, Rickelt S, Tian C, Mak 
H, et al. Noninvasive imaging of tumor progression, metastasis, 
and fibrosis using a nanobody targeting the extracellular matrix. 
Proc Natl Acad Sci U S A. 2019;116:14181–90. https://​doi.​org/​
10.​1073/​pnas.​18174​42116.

	 78.	 Rangasamy L, Geronimo BD, Ortín I, Coderch C, Zapico JM, 
Ramos A, et al. Molecular imaging probes based on matrix met-
alloproteinase inhibitors (MMPIs). Molecules. 2019;24. https://​
doi.​org/​10.​3390/​molec​ules2​41629​82.

	 79.	 Schrigten D, Breyholz HJ, Wagner S, Hermann S, Schober O, 
Schäfers M, et al. A new generation of radiofluorinated pyrim-
idine-2,4,6-triones as MMP-targeted radiotracers for positron 
emission tomography. J Med Chem. 2012;55:223–32. https://​
doi.​org/​10.​1021/​jm201​142w.

	 80.	 Zheng QH, Fei X, Liu X, Wang JQ, Bin Sun H, Mock BH, 
et al. Synthesis and preliminary biological evaluation of MMP 
inhibitor radiotracers [11C]methyl-halo-CGS 27023A analogs, 
new potential PET breast cancer imaging agents. Nucl Med 
Biol. 2002;29:761–70.

	 81.	 Hugenberg V, Wagner S, Kopka K, Schäfers M, Schuit RC, 
Windhorst AD, et al. Radiolabeled selective matrix metallopro-
teinase 13 (MMP-13) inhibitors: (radio)syntheses and in vitro 
and first in vivo evaluation. J Med Chem. 2017;60:307–21. 
https://​doi.​org/​10.​1021/​acs.​jmedc​hem.​6b012​84.

	 82.	 Selivanova SV, Stellfeld T, Heinrich TK, Müller A, Krämer 
SD, Schubiger PA, et al. Design, synthesis, and initial evalu-
ation of a high affinity positron emission tomography probe 
for imaging matrix metalloproteinases 2 and 9. J Med Chem. 
2013;56:4912–20. https://​doi.​org/​10.​1021/​jm400​156p.

	 83.	 Casalini F, Fugazza L, Esposito G, Cabella C, Brioschi C, 
Cordaro A, et  al. Synthesis and preliminary evaluation in 
tumor bearing mice of new 18F-labeled arylsulfone matrix 
metalloproteinase inhibitors as tracers for positron emission 
tomography. J Med Chem. 2013;56:2676–89. https://​doi.​org/​
10.​1021/​jm400​1743.

	 84.	 Elvina Xavier MA, Liu S, Bugge TH, Torres JB, Mosley M, 
Hopkins SL, et al. Tumor imaging using radiolabeled matrix 
metalloproteinase-activated anthrax proteins. J Nucl Med. 
2019;60:1474–82.

	 85.	 Li J, Zhang G Fau - Wang X, Wang X Fau - Li X-F, Li XF. Is 
carbonic anhydrase IX a validated target for molecular imag-
ing of cancer and hypoxia? Future Oncol. 2015;11:1531–41. 
https://​doi.​org/​10.​2217/​fon.​15.​11.

	 86.	 Tao L, Huang G, Song H, Chen Y, Chen L. Cancer associated 
fibroblasts: an essential role in the tumor microenvironment. 
Oncol Lett. 2017;14:2611–20.

	 87.	 Koustoulidou S, Hoorens MWH, Dalm SU, Mahajan S, Debets 
R, Seimbille Y, et al. Cancer-associated fibroblasts as players 
in cancer development and progression and their role in tar-
geted radionuclide imaging and therapy. Cancers. 2021;13:1–
19. https://​doi.​org/​10.​3390/​cance​rs130​51100.

	 88.	 Patsouras D, Papaxoinis K, Kostakis A, Safioleas MC, Lazaris 
AC, Nicolopoulou-Stamati P. Fibroblast activation protein 
and its prognostic significance in correlation with vascular 
endothelial growth factor in pancreatic adenocarcinoma. Mol 

Med Rep. 2015;11:4585–90. https://​doi.​org/​10.​3892/​mmr.​
2015.​3259.

	 89.	 Liu F, Qi L, Liu B, Liu J, Zhang H, Che D, et al. Fibroblast acti-
vation protein overexpression and clinical implications in solid 
tumors: a meta-analysis. PLoS ONE. 2015;10:e0116683.

	 90.	 Puré E, Blomberg R. Pro-tumorigenic roles of fibroblast 
activation protein in cancer: back to the basics. Oncogene. 
2018;37:4343–57. https://​doi.​org/​10.​1038/​s41388-​018-​0275-3.

	 91.	 Coto-Llerena M, Ercan C, Kancherla V, Taha-Mehlitz S, Eppen-
berger-Castori S, Soysal SD, et al. High expression of FAP in 
colorectal cancer is associated with angiogenesis and immu-
noregulation processes. Frontiers in Oncology. 2020;10. https://​
doi.​org/​10.​3389/​fonc.​2020.​00979.

	 92.	 Lindner T, Loktev A, Altmann A, Giesel F, Kratochwil C, Debus 
J, et al. Development of quinoline-based theranostic ligands 
for the targeting of fibroblast activation protein. J Nucl Med. 
2018;59:1415–22. https://​doi.​org/​10.​2967/​jnumed.​118.​210443.

	 93.	 Lindner T, Giesel FL, Kratochwil C, Serfling SE. Radioligands 
targeting fibroblast activation protein (FAP). Cancers (Basel). 
2021;13.

	 94.	 Loktev A, Lindner T, Burger EM, Altmann A, Giesel F, Kra-
tochwil C, et al. Development of fibroblast activation protein-
targeted radiotracers with improved tumor retention. J Nucl Med. 
2019;60:1421–9. https://​doi.​org/​10.​2967/​jnumed.​118.​224469.

	 95.	 Kratochwil C, Flechsig P, Lindner T, Abderrahim L, Altmann A, 
Mier W, et al. 68Ga-FAPI PET/CT: tracer uptake in 28 different 
kinds of cancer. J Nucl Med. 2019;60:801–5. https://​doi.​org/​10.​
2967/​jnumed.​119.​227967.

	 96.	 Giesel FL, Kratochwil C, Schlittenhardt J, Dendl K, Eiber M, 
Staudinger F, et al. Head-to-head intra-individual comparison of 
biodistribution and tumor uptake of 68Ga-FAPI and 18F-FDG 
PET/CT in cancer patients. Eur J Nucl Med Mol Imaging. 2021. 
https://​doi.​org/​10.​1007/​s00259-​021-​05307-1.

	 97.	 Guglielmo P, Guerra L. Radiolabeled fibroblast activation 
protein inhibitor (FAPI) PET in oncology: has the time come 
for 18F-fluorodeoxyglucose to think to a well-deserved retire-
ment? Clin Transl Imaging. 2021;9. https://​doi.​org/​10.​1007/​
s40336-​020-​00402-z.

	 98.	 Giesel FL, Adeberg S, Syed M, Lindner T, Jiménez-Franco LD, 
Mavriopoulou E, et al. FAPI-74 PET/CT using either 18F-AlF 
or cold-kit 68Ga labeling: biodistribution, radiation dosimetry, 
and tumor delineation in lung cancer patients. J Nucl Med. 
2021;62:201–7. https://​doi.​org/​10.​2967/​jnumed.​120.​245084.

	 99.	 Lindner T, Altmann A, Krämer S, Kleist C, Loktev A, Kratoch-
wil C, et al. Design and development of 99mTc-labeled FAPI 
tracers for SPECT imaging and 188re therapy. J Nucl Med. 
2020;61:1507–13. https://​doi.​org/​10.​2967/​jnumed.​119.​239731.

	100.	 Watabe T, Liu Y, Kaneda-Nakashima K, Shirakami Y, Lind-
ner T, Ooe K, et al. Theranostics targeting fibroblast activation 
protein in the tumor stroma: 64Cu- And 225Ac-labeled FAPI-
04 in pancreatic cancer xenograft mouse models. J Nucl Med. 
2020;61:563–9. https://​doi.​org/​10.​2967/​jnumed.​119.​233122.

	101.	 Liu Y, Watabe T, Kaneda-Nakashima K, Shirakami Y, Naka S, 
Ooe K, et al. Fibroblast activation protein targeted therapy using 
[(177)Lu]FAPI-46 compared with [(225)Ac]FAPI-46 in a pan-
creatic cancer model. Eur J Nucl Med Mol Imaging. 2021.

	102.	 Ma H, Li F, Shen G, Pan L, Liu W, Liang R, et al. In vitro 
and in vivo evaluation of 211At-labeled fibroblast activation 
protein inhibitor for glioma treatment. Bioorg Med Chem. 
2022;55:116600. https://​doi.​org/​10.​1016/j.​bmc.​2021.​116600.

	103.	 Kuyumcu S, Kovan B, Sanli Y, Buyukkaya F, Has Simsek D, 
Özkan ZG, et al. Safety of fibroblast activation protein-targeted 
radionuclide therapy by a low-dose dosimetric approach using 
177Lu-FAPI04. Clin Nucl Med. 2021;46:641–6. https://​doi.​org/​
10.​1097/​rlu.​00000​00000​003667.

4637European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3

https://doi.org/10.1038/s41467-017-01846-0
https://doi.org/10.1038/s41467-017-01846-0
https://doi.org/10.1073/pnas.1817442116
https://doi.org/10.1073/pnas.1817442116
https://doi.org/10.3390/molecules24162982
https://doi.org/10.3390/molecules24162982
https://doi.org/10.1021/jm201142w
https://doi.org/10.1021/jm201142w
https://doi.org/10.1021/acs.jmedchem.6b01284
https://doi.org/10.1021/jm400156p
https://doi.org/10.1021/jm4001743
https://doi.org/10.1021/jm4001743
https://doi.org/10.2217/fon.15.11
https://doi.org/10.3390/cancers13051100
https://doi.org/10.3892/mmr.2015.3259
https://doi.org/10.3892/mmr.2015.3259
https://doi.org/10.1038/s41388-018-0275-3
https://doi.org/10.3389/fonc.2020.00979
https://doi.org/10.3389/fonc.2020.00979
https://doi.org/10.2967/jnumed.118.210443
https://doi.org/10.2967/jnumed.118.224469
https://doi.org/10.2967/jnumed.119.227967
https://doi.org/10.2967/jnumed.119.227967
https://doi.org/10.1007/s00259-021-05307-1
https://doi.org/10.1007/s40336-020-00402-z
https://doi.org/10.1007/s40336-020-00402-z
https://doi.org/10.2967/jnumed.120.245084
https://doi.org/10.2967/jnumed.119.239731
https://doi.org/10.2967/jnumed.119.233122
https://doi.org/10.1016/j.bmc.2021.116600
https://doi.org/10.1097/rlu.0000000000003667
https://doi.org/10.1097/rlu.0000000000003667


	104.	 Backhaus P, Gierse F, Burg MC, Büther F, Asmus I, Dorten P, 
et al. Translational imaging of the fibroblast activation protein 
(FAP) using the new ligand [(68)Ga]Ga-OncoFAP-DOTAGA. 
Eur J Nucl Med Mol Imaging. 2021.

	105.	 Baum RP, Schuchardt C, Singh A, Chantadisai M, Robiller FC, 
Zhang J, et al. Feasibility, biodistribution and preliminary dosim-
etry in peptide-targeted radionuclide therapy (PTRT) of diverse 
adenocarcinomas using (177)Lu-FAP-2286: first-in-human 
results. J Nucl Med. 2021.

	106.	 Zhao L, Niu B, Fang J, Pang Y, Li S, Xie C, et al. Synthesis, 
preclinical evaluation, and a pilot clinical PET imaging study of 
68Ga-labeled FAPI dimer. 2021. https://​doi.​org/​10.​2967/​jnumed.​
121.​263016.

	107.	 Galbiati A, Zana A, Bocci M, Millul J, Elsayed A, Mock J, 
et  al. A novel dimeric FAP-targeting small molecule-radio 
conjugate with high and prolonged tumour uptake. bioRxiv. 
2022:2022.02.21.481260. https://​doi.​org/​10.​1101/​2022.​02.​21.​
481260.

	108.	 Moon ES, Ballal S, Yadav MP, Bal C, Van Rymenant Y, 
Stephan S, et al. Fibroblast activation protein (FAP) target-
ing homodimeric FAP inhibitor radiotheranostics: a step to 
improve tumor uptake and retention time. Am J Nucl Med Mol 
Imaging. 2021;11:476–91.

	109.	 Blykers A, Schoonooghe S, Xavier C, D’Hoe K, Laoui D, 
D’Huyvetter M, et  al. PET imaging of macrophage man-
nose receptor-expressing macrophages in tumor stroma using 
18F-radiolabeled camelid single-domain antibody fragments. J 
Nucl Med. 2015;56:1265–71. https://​doi.​org/​10.​2967/​jnumed.​
115.​156828.

	110.	 Qian BZ, Pollard JW. Macrophage diversity enhances tumor 
progression and metastasis. Cell. 2010;141:39–51.

	111.	 Mukherjee S, Sonanini D, Maurer A, Daldrup-Link HE. The 
yin and yang of imaging tumor associated macrophages with 
PET and MRI. Theranostics. 2019;9:7730–48. https://​doi.​org/​
10.​7150/​thno.​37306.

	112.	 Azad AK, Rajaram MV, Metz WL, Cope FO, Blue MS, Vera 
DR, et al. γ-Tilmanocept, a new radiopharmaceutical tracer for 
cancer sentinel lymph nodes, binds to the mannose receptor 
(CD206). J Immunol. 2015;195:2019–29.

	113.	 Xavier C, Blykers A, Laoui D, Bolli E, Vaneyken I, Bridoux 
J, et al. Clinical translation of [68Ga]Ga-NOTA-anti-MMR-
sdAb for PET/CT imaging of protumorigenic macrophages. 
Mol Imaging Biol. 2019;21:898–906. https://​doi.​org/​10.​1007/​
s11307-​018-​01302-5.

	114.	 Movahedi K, Schoonooghe S, Laoui D, Houbracken I, Wael-
put W, Breckpot K, et al. Nanobody-based targeting of the 
macrophage mannose receptor for effective in vivo imaging of 
tumor-associated macrophages. Cancer Res. 2012;72:4165–77. 
https://​doi.​org/​10.​1158/​0008-​5472.​Can-​11-​2994.

	115.	 Locke LW, Mayo MW, Yoo AD, Williams MB, Berr SS. 
PET imaging of tumor associated macrophages using man-
nose coated 64Cu liposomes. Biomaterials. 2012;33:7785–93. 
https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2012.​07.​022.

	116.	 Tahara N, Mukherjee J, de Haas HJ, Petrov AD, Tawakol A, 
Haider N, et al. 2-deoxy-2-[18F]fluoro-d-mannose positron 
emission tomography imaging in atherosclerosis. Nat Med. 
2014;20:215–9. https://​doi.​org/​10.​1038/​nm.​3437.

	117.	 Furumoto S, Shinbo R, Iwata R, Ishikawa Y, Yanai K, Yosh-
ioka T, et al. In vitro and in vivo characterization of 2-deoxy-
2–18f-fluoro-d-mannose as a tumor-imaging agent for PET. 
Journal of Nuclear Medicine. 2013:jnumed.112.113571. 
https://​doi.​org/​10.​2967/​jnumed.​112.​113571.

	118.	 Ammer L-M, Vollmann-Zwerenz A, Ruf V, Wetzel CH, 
Riemenschneider MJ, Albert NL, et al. The role of translo-
cator protein TSPO in hallmarks of glioblastoma. Cancers. 
2020;12:2973.

	119.	 Wu C, Yue X, Lang L, Kiesewetter DO, Li F, Zhu Z, et al. Lon-
gitudinal PET imaging of muscular inflammation using 18F-
DPA-714 and 18F-alfatide II and differentiation with tumors. 
Theranostics. 2014;4:546–55. https://​doi.​org/​10.​7150/​thno.​8159.

	120.	 Damont A, Boisgard R, Kuhnast B, Lemée F, Raggiri G, Scarf 
AM, et al. Synthesis of 6-[18F]fluoro-PBR28, a novel radiotracer 
for imaging the TSPO 18kDa with PET. Bioorg Med Chem Lett. 
2011;21:4819–22. https://​doi.​org/​10.​1016/j.​bmcl.​2011.​06.​048.

	121.	 Scarf AM, Luus C, Da Pozzo E, Selleri S, Guarino C, Martini 
C, et al. Evidence for complex binding profiles and species dif-
ferences at the translocator protein (TSPO) (18 kDa). Curr Mol 
Med. 2012;12:488–93.

	122.	 Lanfranca MP, Lazarus J, Shao X, Nathan H, Di Magliano MP, 
Zou W, et al. Tracking macrophage infiltration in a mouse model 
of pancreatic cancer with the positron emission tomography 
tracer [11C]PBR28. J Surg Res. 2018;232:570–7. https://​doi.​
org/​10.​1016/j.​jss.​2018.​07.​015.

	123.	 Foray C, Valtorta S, Barca C, Winkeler A, Roll W, Müther M, 
et al. Imaging temozolomide-induced changes in the myeloid 
glioma microenvironment. Theranostics. 2021;11:2020–33. 
https://​doi.​org/​10.​7150/​thno.​47269.

	124.	 Wadsworth H, Jones PA, Chau W-F, Durrant C, Fouladi N, Pass-
more J, et al. [18F]GE-180: a novel fluorine-18 labelled PET 
tracer for imaging translocator protein 18kDa (TSPO). Bioorg 
Med Chem Lett. 2012;22:1308–13. https://​doi.​org/​10.​1016/j.​
bmcl.​2011.​12.​084.

	125.	 Albert NL, Unterrainer M, Fleischmann DF, Lindner S, Vet-
termann F, Brunegraf A, et al. TSPO PET for glioma imaging 
using the novel ligand 18F-GE-180: first results in patients with 
glioblastoma. Eur J Nucl Med Mol Imaging. 2017;44:2230–8. 
https://​doi.​org/​10.​1007/​s00259-​017-​3799-9.

	126.	 Kaiser L, Holzgreve A, Quach S, Ingrisch M, Unterrainer M, 
Dekorsy FJ, et al. Differential spatial distribution of TSPO or 
amino acid PET signal and MRI contrast enhancement in glio-
mas. Cancers (Basel). 2021;14.

	127.	 Puig-Kröger A, Sierra-Filardi E, Domínguez-Soto A, Samaniego 
R, Corcuera MT, Gómez-Aguado F, et al. Folate receptor β is 
expressed by tumor-associated macrophages and constitutes a 
marker for M2 anti-inflammatory/regulatory macrophages. Can 
Res. 2009;69:9395–403. https://​doi.​org/​10.​1158/​0008-​5472.​
Can-​09-​2050.

	128.	 Kulkarni PV, Antich PP, Constantinescu A, Prior J, Nguyen T, 
Fernando J, et al. Folate receptor imaging with 125I labeled 
folic acid with a whole body small animal imaging device built 
with plastic scintillating optical fibers. Nucl Instrum Methods 
Phys Res, Sect B. 1995;99:800–3. https://​doi.​org/​10.​1016/​0168-​
583X(95)​00220-0.

	129.	 Müller C, Schibli R. Prospects in folate receptor-targeted radio-
nuclide therapy. Frontiers in Oncology. 2013;3. https://​doi.​org/​
10.​3389/​fonc.​2013.​00249.

	130.	 Müller C, Reddy JA, Leamon CP, Schibli R. Effects of the anti-
folates pemetrexed and CB3717 on the tissue distribution of 
99mTc-EC20 in xenografted and syngeneic tumor-bearing mice. 
Mol Pharm. 2010;7:597–604. https://​doi.​org/​10.​1021/​mp900​
296k.

	131.	 Cheung A, Bax HJ, Josephs DH, Ilieva KM, Pellizzari G, 
Opzoomer J, et al. Targeting folate receptor alpha for cancer 
treatment. Oncotarget. 2016;7:52553–74.

	132.	 Feng Y, Shen J, Streaker ED, Lockwood M, Zhu Z, Low PS, et al. 
A folate receptor beta-specific human monoclonal antibody rec-
ognizes activated macrophage of rheumatoid patients and medi-
ates antibody-dependent cell-mediated cytotoxicity. Arthritis Res 
Ther. 2011;13:R59. https://​doi.​org/​10.​1186/​ar3312.

	133.	 Parker CC, Lapi SE. Positron emission tomography imaging of 
macrophages in cancer. Cancers. 2021;13. https://​doi.​org/​10.​
3390/​cance​rs130​81921.

4638 European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3

https://doi.org/10.2967/jnumed.121.263016
https://doi.org/10.2967/jnumed.121.263016
https://doi.org/10.1101/2022.02.21.481260
https://doi.org/10.1101/2022.02.21.481260
https://doi.org/10.2967/jnumed.115.156828
https://doi.org/10.2967/jnumed.115.156828
https://doi.org/10.7150/thno.37306
https://doi.org/10.7150/thno.37306
https://doi.org/10.1007/s11307-018-01302-5
https://doi.org/10.1007/s11307-018-01302-5
https://doi.org/10.1158/0008-5472.Can-11-2994
https://doi.org/10.1016/j.biomaterials.2012.07.022
https://doi.org/10.1038/nm.3437
https://doi.org/10.2967/jnumed.112.113571
https://doi.org/10.7150/thno.8159
https://doi.org/10.1016/j.bmcl.2011.06.048
https://doi.org/10.1016/j.jss.2018.07.015
https://doi.org/10.1016/j.jss.2018.07.015
https://doi.org/10.7150/thno.47269
https://doi.org/10.1016/j.bmcl.2011.12.084
https://doi.org/10.1016/j.bmcl.2011.12.084
https://doi.org/10.1007/s00259-017-3799-9
https://doi.org/10.1158/0008-5472.Can-09-2050
https://doi.org/10.1158/0008-5472.Can-09-2050
https://doi.org/10.1016/0168-583X(95)00220-0
https://doi.org/10.1016/0168-583X(95)00220-0
https://doi.org/10.3389/fonc.2013.00249
https://doi.org/10.3389/fonc.2013.00249
https://doi.org/10.1021/mp900296k
https://doi.org/10.1021/mp900296k
https://doi.org/10.1186/ar3312
https://doi.org/10.3390/cancers13081921
https://doi.org/10.3390/cancers13081921


	134.	 Perez-Medina C, Tang J, Abdel-Atti D, Hogstad B, Merad M, 
Fisher EA, et al. PET Imaging of tumor-associated macrophages 
with 89Zr-labeled high-density lipoprotein nanoparticles. J Nucl 
Med. 2015;56:1272–7. https://​doi.​org/​10.​2967/​jnumed.​115.​
158956.

	135.	 Mason CA, Kossat S, Carter LM, Pirovano G, Brand C, Guru N, 
et al. An 89Zr-HDL PET tracer monitors response to a CSF1R 
inhibitor. J Nucl Med. 2020;61:433–6. https://​doi.​org/​10.​2967/​
jnumed.​119.​230466.

	136.	 Skytthe MK, Graversen JH, Moestrup SK. Targeting of cd163+ 
macrophages in inflammatory and malignant diseases. Int J Mol 
Sci. 2020;21:1–31. https://​doi.​org/​10.​3390/​ijms2​11554​97.

	137.	 Polfliet MM, Fabriek BO, Daniëls WP, Dijkstra CD, van den 
Berg TK. The rat macrophage scavenger receptor CD163: expres-
sion, regulation and role in inflammatory mediator production. 
Immunobiology. 2006;211:419–25.

	138.	 Andriu A, Crockett J, Dall’Angelo S, Piras M, Zanda M, Flem-
ing IN. Binding of αvβ3 integrin-specific radiotracers is mod-
ulated by both integrin expression level and activation status. 
Mol Imaging Biol. 2018;20:27–36. https://​doi.​org/​10.​1007/​
s11307-​017-​1100-z.

	139.	 Höltke C, Faust A. Molecular imaging of integrins in oncology. 
Rep Med Imaging. 2017;10:17–30. https://​doi.​org/​10.​2147/​rmi.​
S96767.

	140.	 Laking G, Price P. Radionuclide imaging of perfusion and 
hypoxia. Eur J Nucl Med Mol Imaging. 2010;37:S20–9. https://​
doi.​org/​10.​1007/​s00259-​010-​1453-x.

	141.	 Cui J, Yue JB. Current status and advances in arginine-glycine-
aspartic acid peptide-based molecular imaging to evaluate 
the effects of anti-angiogenic therapies. Precis Radiat Oncol. 
2019;3:29–34. https://​doi.​org/​10.​1002/​pro6.​60.

	142.	 Florea A, Mottaghy FM, Bauwens M. Molecular imaging of 
angiogenesis in oncology: current preclinical and clinical status. 
Int J Mol Sci. 2021;22. https://​doi.​org/​10.​3390/​ijms2​21155​44.

	143.	 Baum RP, Kulkarni HR, Muller D, Satz S, Danthi N, Kim YS, 
et al. First-in-human study demonstrating tumor-angiogenesis 
by PET/CT imaging with (68)Ga-NODAGA-THERANOST, a 
high-affinity peptidomimetic for alphavbeta3 integrin receptor 
targeting. Cancer Biother Radiopharm. 2015;30:152–9. https://​
doi.​org/​10.​1089/​cbr.​2014.​1747.

	144.	 Chen H, Niu G, Wu H, Chen X. Clinical application of radiola-
beled RGD peptides for PET imaging of integrin αvβ3. Thera-
nostics. 2016;6:78–92. https://​doi.​org/​10.​7150/​thno.​13242.

	145.	 Li L, Chen X, Yu J, Yuan S. Preliminary clinical application 
of RGD-containing peptides as PET radiotracers for imaging 
tumors. Frontiers in Oncology. 2022;12. https://​doi.​org/​10.​3389/​
fonc.​2022.​837952.

	146.	 Beer AJ, Haubner R, Goebel M, Luderschmidt S, Spilker ME, 
Wester HJ, et al. Biodistribution and pharmacokinetics of the αvβ 
3-selective tracer 18F-Galacto-RGD in cancer patients. J Nucl 
Med. 2005;46:1333–41.

	147.	 Minamimoto R, Karam A, Jamali M, Barkhodari A, Gambhir SS, 
Dorigo O, et al. Pilot prospective evaluation of (18)F-FPPRGD2 
PET/CT in patients with cervical and ovarian cancer. Eur J Nucl 
Med Mol Imaging. 2016;43:1047–55. https://​doi.​org/​10.​1007/​
s00259-​015-​3263-7.

	148.	 Toriihara A, Duan H, Thompson HM, Park S, Hatami N, 
Baratto L, et al. (18)F-FPPRGD(2) PET/CT in patients with 
metastatic renal cell cancer. Eur J Nucl Med Mol Imaging. 
2019;46:1518–23.

	149.	 Liu S. Radiolabeled cyclic RGD peptides as integrin αvβ 3-tar-
geted radiotracers: maximizing binding affinity via bivalency. 
Bioconjugate Chem. 2009;20:2199–213. https://​doi.​org/​10.​1021/​
bc900​167c.

	150.	 Gaertner FC, Kessler H, Wester HJ, Schwaiger M, Beer AJ. Radi-
olabelled RGD peptides for imaging and therapy. Eur J Nucl 

Med Mol Imaging. 2012;39(Suppl 1):S126–38. https://​doi.​org/​
10.​1007/​s00259-​011-​2028-1.

	151.	 Notni J, Šimeček J, Hermann P, Wester HJ. TRAP, a powerful 
and versatile framework for gallium-68 radiopharmaceuticals. 
Chemistry. 2011;17:14718–22.

	152.	 Parihar AS, Sood A, Kumar R, Bhusari P, Shukla J, Mittal 
BR. Novel use of (177)Lu-DOTA-RGD(2) in treatment of (68)
Ga-DOTA-RGD(2)-avid lesions in papillary thyroid cancer with 
TENIS. Eur J Nucl Med Mol Imaging. 2018;45:1836–7.

	153.	 Alday-Parejo B, Stupp R, Rüegg C. Are integrins still practicable 
targets for anti-cancer therapy? Cancers. 2019;11. https://​doi.​org/​
10.​3390/​cance​rs110​70978.

	154.	 Dénes N, Kis A, Szabó JP, Jószai I, Hajdu I, Arató V, et al. 
In vivo preclinical assessment of novel 68Ga-labelled peptides 
for imaging of tumor associated angiogenesis using positron 
emission tomography imaging. Appl Radiat Isot. 2021;174. 
https://​doi.​org/​10.​1016/j.​aprad​iso.​2021.​109778.

	155.	 Zhu L, Ding Z, Li X, Wei H, Chen Y. Research progress of radi-
olabeled Asn-Gly-Arg (NGR) peptides for imaging and therapy. 
Mol Imaging. 2020;19. https://​doi.​org/​10.​1177/​15360​12120​
934957.

	156.	 Ma W, Kang F, Wang Z, Yang W, Li G, Ma X, et  al. 
99mTc-labeled monomeric and dimeric NGR peptides for 
SPECT imaging of CD13 receptor in tumor-bearing mice. 
Amino Acids. 2013;44:1337–45. https://​doi.​org/​10.​1007/​
s00726-​013-​1469-1.

	157.	 Oliveira EA, Faintuch BL, Nunez EG, Moro AM, Nanda PK, 
Smith CJ. Radiotracers for different angiogenesis receptors in 
a melanoma model. Melanoma Res. 2012;22:45–53. https://​
doi.​org/​10.​1097/​CMR.​0b013​e3283​4e6a7e.

	158.	 Gai Y, Jiang Y, Long Y, Sun L, Liu Q, Qin C, et al. Evaluation 
of an integrin αvβ3 and aminopeptidase N dual-receptor target-
ing tracer for breast cancer imaging. Mol Pharm. 2020;17:349–
58. https://​doi.​org/​10.​1021/​acs.​molph​armac​eut.​9b011​34.

	159.	 Hu K, Shang J, Xie L, Hanyu M, Zhang Y, Yang Z, et al. PET 
imaging of VEGFR with a novel 64Cu-labeled peptide. ACS 
Omega. 2020;5:8508–14. https://​doi.​org/​10.​1021/​acsom​ega.​
9b039​53.

	160.	 Masłowska K, Halik PK, Tymecka D, Misicka A, Gniazdowska 
E. The role of vegf receptors as molecular target in nuclear 
medicine for cancer diagnosis and combination therapy. Can-
cers. 2021;13:1–46. https://​doi.​org/​10.​3390/​cance​rs130​51072.

	161.	 Stollman TH, Scheer MG, Leenders WP, Verrijp KC, Soede 
AC, Oyen WJ, et al. Specific imaging of VEGF-A expression 
with radiolabeled anti-VEGF monoclonal antibody. Int J Can-
cer. 2008;122:2310–4.

	162.	 Camacho X, García MF, Calzada V, Fernández M, Chabal-
goity JA, Moreno M, et al. [99mTc(CO)3]-radiolabeled beva-
cizumab: in vitro and in vivo evaluation in a melanoma model. 
Oncology. 2013;84:200–9. https://​doi.​org/​10.​1159/​00033​8961.

	163.	 Rainer E, Wang H, Traub-Weidinger T, Widhalm G, Fueger 
B, Chang J, et al. The prognostic value of [123I]-vascular 
endothelial growth factor ([123I]-VEGF) in glioma. Eur J Nucl 
Med Mol Imaging. 2018;45:2396–403. https://​doi.​org/​10.​1007/​
s00259-​018-​4088-y.

	164.	 Galli F, Artico M, Taurone S, Manni I, Bianchi E, Piaggio 
G, et al. Radiolabeling of VEGF165 with 99mTc to evalu-
ate VEGFR expression in tumor angiogenesis. Int J Oncol. 
2017;50:2171–9. https://​doi.​org/​10.​3892/​ijo.​2017.​3989.

	165.	 Uijen MJM, Derks YHW, Merkx RIJ, Schilham MGM, 
Roosen J, Privé BM, et  al. PSMA radioligand therapy for 
solid tumors other than prostate cancer: background, oppor-
tunities, challenges, and first clinical reports. Eur J Nucl Med 
Mol Imaging. 2021;48:4350–68. https://​doi.​org/​10.​1007/​
s00259-​021-​05433-w.

4639European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3

https://doi.org/10.2967/jnumed.115.158956
https://doi.org/10.2967/jnumed.115.158956
https://doi.org/10.2967/jnumed.119.230466
https://doi.org/10.2967/jnumed.119.230466
https://doi.org/10.3390/ijms21155497
https://doi.org/10.1007/s11307-017-1100-z
https://doi.org/10.1007/s11307-017-1100-z
https://doi.org/10.2147/rmi.S96767
https://doi.org/10.2147/rmi.S96767
https://doi.org/10.1007/s00259-010-1453-x
https://doi.org/10.1007/s00259-010-1453-x
https://doi.org/10.1002/pro6.60
https://doi.org/10.3390/ijms22115544
https://doi.org/10.1089/cbr.2014.1747
https://doi.org/10.1089/cbr.2014.1747
https://doi.org/10.7150/thno.13242
https://doi.org/10.3389/fonc.2022.837952
https://doi.org/10.3389/fonc.2022.837952
https://doi.org/10.1007/s00259-015-3263-7
https://doi.org/10.1007/s00259-015-3263-7
https://doi.org/10.1021/bc900167c
https://doi.org/10.1021/bc900167c
https://doi.org/10.1007/s00259-011-2028-1
https://doi.org/10.1007/s00259-011-2028-1
https://doi.org/10.3390/cancers11070978
https://doi.org/10.3390/cancers11070978
https://doi.org/10.1016/j.apradiso.2021.109778
https://doi.org/10.1177/1536012120934957
https://doi.org/10.1177/1536012120934957
https://doi.org/10.1007/s00726-013-1469-1
https://doi.org/10.1007/s00726-013-1469-1
https://doi.org/10.1097/CMR.0b013e32834e6a7e
https://doi.org/10.1097/CMR.0b013e32834e6a7e
https://doi.org/10.1021/acs.molpharmaceut.9b01134
https://doi.org/10.1021/acsomega.9b03953
https://doi.org/10.1021/acsomega.9b03953
https://doi.org/10.3390/cancers13051072
https://doi.org/10.1159/000338961
https://doi.org/10.1007/s00259-018-4088-y
https://doi.org/10.1007/s00259-018-4088-y
https://doi.org/10.3892/ijo.2017.3989
https://doi.org/10.1007/s00259-021-05433-w
https://doi.org/10.1007/s00259-021-05433-w


	166.	 Morgenroth A, Tinkir E, Vogg ATJ, Sankaranarayanan RA, 
Baazaoui F, Mottaghy FM. Targeting of prostate-specific mem-
brane antigen for radio-ligand therapy of triple-negative breast 
cancer. Breast Cancer Res. 2019;21:116. https://​doi.​org/​10.​1186/​
s13058-​019-​1205-1.

	167.	 Behling K, Maguire WF, Puebla JCL, Sprinkle SR, Ruggiero A, 
O’Donoghue J, et al. Vascular targeted radioimmunotherapy for 
the treatment of glioblastoma. J Nucl Med. 2016;57:1576–82. 
https://​doi.​org/​10.​2967/​jnumed.​115.​171371.

	168.	 Sier VQ, van der Vorst JR, Quax PHA, de Vries MR, Zonoobi E, 
Vahrmeijer AL, et al. Endoglin/cd105-based imaging of cancer 
and cardiovascular diseases: a systematic review. Int J Mol Sci. 
2021;22. https://​doi.​org/​10.​3390/​ijms2​20948​04.

	169.	 Laforest R, Dehdashti F, Liu Y, Frye J, Frye S, Luehmann H, 
et al. First-in-man evaluation of 124I-PGN650: a PET tracer for 
detecting phosphatidylserine as a biomarker of the solid tumor 
microenvironment. Mol Imaging. 2017;16. https://​doi.​org/​10.​
1177/​15360​12117​733349.

	170.	 Hong H, Chen F, Zhang Y, Cai W. New radiotracers for imaging 
of vascular targets in angiogenesis-related diseases. Adv Drug 
Deliv Rev. 2014;76:2–20. https://​doi.​org/​10.​1016/j.​addr.​2014.​07.​
011.

	171.	 Hinshaw DC, Shevde LA. The tumor microenvironment innately 
modulates cancer progression. Can Res. 2019;79:4557–66. 
https://​doi.​org/​10.​1158/​0008-​5472.​Can-​18-​3962.

	172.	 Galli F, Aguilera JV, Palermo B, Markovic SN, Nisticò P, Signore 
A. Relevance of immune cell and tumor microenvironment imag-
ing in the new era of immunotherapy. J Exp Clin Cancer Res. 
2020;39. https://​doi.​org/​10.​1186/​s13046-​020-​01586-y.

	173.	 Bensch F, Veen EVD, Jorritsma A, Hooge ML-D, Boellaard R, Oost-
ing S, et al. Abstract CT017: first-in-human PET imaging with the 
PD-L1 antibody 89Zr-atezolizumab. Cancer Res. 2017;77:CT017-
CT. https://​doi.​org/​10.​1158/​1538-​7445.​Am2017-​ct017.

	174.	 Bensch F, van der Veen EL, Lub-de Hooge MN, Jorritsma-Smit 
A, Boellaard R, Kok IC, et al. 89Zr-atezolizumab imaging as 
a non-invasive approach to assess clinical response to PD-L1 
blockade in cancer. Nat Med. 2018;24:1852–8. https://​doi.​org/​
10.​1038/​s41591-​018-​0255-8.

	175.	 Kok IC, Hooiveld JS, van de Donk PP, Giesen D, van der Veen 
EL, Lub-de Hooge MN, et al. 89Zr-pembrolizumab imaging 
as a non-invasive approach to assess clinical response to PD-1 
blockade in cancer. Ann Oncol. 2022;33:80–8. https://​doi.​org/​
10.​1016/j.​annonc.​2021.​10.​213.

	176.	 van de Donk PP, de Ruijter LK, Lub-De Hooge MN, Brouwers 
AH, van der Wekken AJ, Oosting SF, et al. Molecular imaging 
biomarkers for immune checkpoint inhibitor therapy. Theranos-
tics. 2020;10:1708–18. https://​doi.​org/​10.​7150/​thno.​38339.

	177.	 Huisman MC, Niemeijer A-LN, Windhorst AD, Schuit RC, 
Leung D, Hayes W, et al. Quantification of PD-L1 expression 
with 18F-BMS-986192 PET/CT in patients with advanced-stage 
non–small cell lung cancer. J Nucl Med. 2020;61:1455–60. 
https://​doi.​org/​10.​2967/​jnumed.​119.​240895.

	178.	 Chatterjee S, Behnam Azad B, Nimmagadda S. The intricate role 
of CXCR4 in cancer. Adv Cancer Res; 2014. p. 31–82.

	179.	 Daniel SK, Seo YD, Pillarisetty VG. The CXCL12-CXCR4/
CXCR7 axis as a mechanism of immune resistance in gastro-
intestinal malignancies. Semin Cancer Biol. 2020;65:176–88. 
https://​doi.​org/​10.​1016/j.​semca​ncer.​2019.​12.​007.

	180.	 Kircher M, Herhaus P, Schottelius M, Buck AK, Werner RA, 
Wester H-J, et al. CXCR4-directed theranostics in oncology and 
inflammation. Ann Nucl Med. 2018;32:503–11. https://​doi.​org/​
10.​1007/​s12149-​018-​1290-8.

	181.	 Philipp-Abbrederis K, Herrmann K, Knop S, Schottelius M, 
Eiber M, Lückerath K, et  al. In vivo molecular imaging of 
chemokine receptor CXCR4 expression in patients with advanced 
multiple myeloma. EMBO Mol Med. 2015;7:477–87.

	182.	 Linde P, Baues C, Wegen S, Trommer M, Quaas A, Rosen-
brock J, et al. Pentixafor PET/CT for imaging of chemokine 
receptor 4 expression in esophageal cancer – a first clinical 
approach. Cancer Imaging. 2021;21:22. https://​doi.​org/​10.​1186/​
s40644-​021-​00391-w.

	183.	 Hänscheid H, Schirbel A, Hartrampf P, Kraus S, Werner RA, 
Einsele H, et al. Biokinetics and dosimetry of [177Lu]Lu-Pen-
tixather. J Nucl Med. 2021:jnumed.121.262295. https://​doi.​org/​
10.​2967/​jnumed.​121.​262295.

	184.	 Herrmann K, Schottelius M, Lapa C, Osl T, Poschenrieder 
A, Hänscheid H, et al. First-in-human experience of CXCR4-
directed endoradiotherapy with 177Lu- and 90Y-labeled pen-
tixather in advanced-stage multiple myeloma with extensive 
intra- and extramedullary disease. J Nucl Med. 2016;57:248–51. 
https://​doi.​org/​10.​2967/​jnumed.​115.​167361.

	185.	 Schottelius M, Osl T, Poschenrieder A, Hoffmann F, Beykan S, 
Hänscheid H, et al. [(177)Lu]pentixather: comprehensive pre-
clinical characterization of a first CXCR4-directed endoradio-
therapeutic agent. Theranostics. 2017;7:2350–62.

	186.	 Wang Z, Zhang M, Wang L, Wang S, Kang F, Li G, et al. Pro-
spective study of (68)Ga-NOTA-NFB: radiation dosimetry in 
healthy volunteers and first application in glioma patients. Thera-
nostics. 2015;5:882–9.

	187.	 Herrmann K, Lapa C, Wester HJ, Schottelius M, Schiepers C, 
Eberlein U, et al. Biodistribution and radiation dosimetry for the 
chemokine receptor CXCR4-targeting probe 68Ga-pentixafor. J 
Nucl Med. 2015;56:410–6.

	188.	 Poty S, Gourni E, Désogère P, Boschetti F, Goze C, Maecke HR, 
et al. AMD3100: a versatile platform for CXCR4 targeting (68)Ga-
based radiopharmaceuticals. Bioconjug Chem. 2016;27:752–61.

	189.	 Jacobson O, Weiss ID, Szajek L, Farber JM, Kiesewetter DO. 
64Cu-AMD3100–a novel imaging agent for targeting chemokine 
receptor CXCR4. Bioorg Med Chem. 2009;17:1486–93.

	190.	 Brickute D, Braga M, Kaliszczak MA, Barnes C, Lau D, Car-
roll L, et al. Development and evaluation of an 18F-radiolabeled 
monocyclam derivative for imaging CXCR4 expression. Mol 
Pharm. 2019;16:2106–17. https://​doi.​org/​10.​1021/​acs.​molph​
armac​eut.​9b000​69.

	191.	 Woodard LE, De Silva RA, Behnam Azad B, Lisok A, Pullamb-
hatla M, G. Lesniak W, et al. Bridged cyclams as imaging agents for 
chemokine receptor 4 (CXCR4). Nucl Med Biol. 2014;41:552–61. 
https://​doi.​org/​10.​1016/j.​nucme​dbio.​2014.​04.​081.

	192.	 Wu Q, Li B, Li Z, Li J, Sun S, Sun S. Cancer-associated adipo-
cytes: key players in breast cancer progression. J Hematol Oncol. 
2019;12:95. https://​doi.​org/​10.​1186/​s13045-​019-​0778-6.

	193.	 Svensson RU, Parker SJ, Eichner LJ, Kolar MJ, Wallace M, Brun 
SN, et al. Inhibition of acetyl-CoA carboxylase suppresses fatty 
acid synthesis and tumor growth of non-small-cell lung cancer 
in preclinical models. Nat Med. 2016;22:1108–19.

	194.	 Temma T, Nishigori K, Onoe S, Sampei S, Kimura I, Ono M, 
et al. Radiofluorinated probe for PET imaging of fatty acid bind-
ing protein 4 in cancer. Nucl Med Biol. 2015;42:184–91. https://​
doi.​org/​10.​1016/j.​nucme​dbio.​2014.​10.​006.

	195.	 Nishigori K, Temma T, Onoe S, Sampei S, Kimura I, Ono M, 
et al. Development of a radioiodinated triazolopyrimidine probe 
for nuclear medical imaging of fatty acid binding protein 4. PLoS 
ONE. 2014;9:e94668.

	196.	 Okada T, Hiromura M, Otsuka M, Enomoto S, Miyachi H. Syn-
thesis of BMS-309403-related compounds, including [14C]BMS-
309403, a radioligand for adipocyte fatty acid binding protein. 
Chem Pharm Bull (Tokyo). 2012;60:164–8.

	197.	 Floresta G, Pistarà V, Amata E, Dichiara M, Marrazzo A, Prez-
zavento O, et al. Adipocyte fatty acid binding protein 4 (FABP4) 
inhibitors A comprehensive systematic review. Eur J Med Chem. 
2017;138:854–73. https://​doi.​org/​10.​1016/j.​ejmech.​2017.​07.​022.

4640 European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3

https://doi.org/10.1186/s13058-019-1205-1
https://doi.org/10.1186/s13058-019-1205-1
https://doi.org/10.2967/jnumed.115.171371
https://doi.org/10.3390/ijms22094804
https://doi.org/10.1177/1536012117733349
https://doi.org/10.1177/1536012117733349
https://doi.org/10.1016/j.addr.2014.07.011
https://doi.org/10.1016/j.addr.2014.07.011
https://doi.org/10.1158/0008-5472.Can-18-3962
https://doi.org/10.1186/s13046-020-01586-y
https://doi.org/10.1158/1538-7445.Am2017-ct017
https://doi.org/10.1038/s41591-018-0255-8
https://doi.org/10.1038/s41591-018-0255-8
https://doi.org/10.1016/j.annonc.2021.10.213
https://doi.org/10.1016/j.annonc.2021.10.213
https://doi.org/10.7150/thno.38339
https://doi.org/10.2967/jnumed.119.240895
https://doi.org/10.1016/j.semcancer.2019.12.007
https://doi.org/10.1007/s12149-018-1290-8
https://doi.org/10.1007/s12149-018-1290-8
https://doi.org/10.1186/s40644-021-00391-w
https://doi.org/10.1186/s40644-021-00391-w
https://doi.org/10.2967/jnumed.121.262295
https://doi.org/10.2967/jnumed.121.262295
https://doi.org/10.2967/jnumed.115.167361
https://doi.org/10.1021/acs.molpharmaceut.9b00069
https://doi.org/10.1021/acs.molpharmaceut.9b00069
https://doi.org/10.1016/j.nucmedbio.2014.04.081
https://doi.org/10.1186/s13045-019-0778-6
https://doi.org/10.1016/j.nucmedbio.2014.10.006
https://doi.org/10.1016/j.nucmedbio.2014.10.006
https://doi.org/10.1016/j.ejmech.2017.07.022


	198.	 Yoshii Y, Furukawa T, Oyama N, Hasegawa Y, Kiyono Y, Nishii 
R, et al. Fatty acid synthase is a key target in multiple essential 
tumor functions of prostate cancer: uptake of radiolabeled ace-
tate as a predictor of the targeted therapy outcome. PLoS ONE. 
2013;8:e64570.

	199.	 Arnold KM, Flynn NJ, Raben A, Romak L, Yu Y, Dicker AP, 
et al. The impact of radiation on the tumor microenvironment: 
effect of dose and fractionation schedules. Cancer Growth Metas-
tasis. 2018;11:1179064418761639.

	200.	 Roma-Rodrigues C, Mendes R, Baptista PV, Fernandes AR. Targeting 
tumor microenvironment for cancer therapy. Int J Mol Sci. 2019;20.

	201.	 Gill MR, Falzone N, Du Y, Vallis KA. Targeted radionu-
clide therapy in combined-modality regimens. Lancet Oncol. 
2017;18:e414–23.

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

4641European Journal of Nuclear Medicine and Molecular Imaging  (2022) 49:4616–4641

1 3


	Radionuclide imaging and therapy directed towards the tumor microenvironment: a multi-cancer approach for personalized medicine
	Abstract
	Introduction
	Targeting altered TME processes and the ECM
	Hypoxia
	Acidity
	Metabolism
	Extracellular matrix
	Summary: targeting TME processes and the ECM

	Cellular components of the TME
	Cancer-associated fibroblasts
	Tumor-associated macrophages
	Neo-angiogenic endothelial cells
	Tumor-infiltrating lymphocytes
	Cancer-associated adipocytes
	Summary: targeting the cellular components of the TME

	Future perspectives for TME-targeting radionuclide interventions
	Acknowledgements 
	References


