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Abstract: Despite significant advances in glioma diagnosis and treatment, overall outcomes remain
suboptimal. Exploring novel therapeutic avenues show promise in advancing the field. Theranostics,
an evolving discipline integrating diagnosis and therapy, emerges as a particularly auspicious
approach. However, an unmet need exists for glioma-associated biomarkers as theranostic targets.
Immuno-positron emission tomography (Immuno-PET), a pioneering method uniting PET diagnostic
precision with antibody specificity, holds potential for identifying cancer-associated biomarkers. This
review aims to provide an updated overview of immuno-PET applications in gliomas. Notably,
[*4Sc]-CHX-A"-DTPA-Cetuximab-Fab targeting Epidermal Growth Factor Receptor (EGFR) has
displayed promise in glioma xenografts, enabling potential imaging at 4 h post-injection. Similarly,
[8Zr]-bevacizumab targeting vascular endothelial growth factor (VEGF) yielded encouraging results
in preclinical models and a pioneering clinical trial for pediatric patients with diffuse intrinsic
pontine glioma (DIPG). Several cell differentiation markers, including CD146, indicative of tumor
aggressiveness, and CD11b, reflecting tumor-associated myeloid cells (TAMCs), proved effective
targets for immuno-PET. Additionally, immuno-PET directed at prostate-specific antigen (PSMA)
demonstrated efficacy in imaging glioma-associated neovasculature. While holding promise for
precise diagnosis and treatment guidance, challenges persist in achieving target specificity and
selecting suitable radionuclides. Further studies are imperative to advance the field and bridge a
translational gap from bench to bedside.

Keywords: gliomas; positron emission computed tomography; precision medicine; gallium-68;
zirconium-89; monoclonal antibodies; molecular imaging

1. Introduction

Gliomas represent a challenging and prevalent category of brain tumors with a sig-
nificant impact on both patients and healthcare systems worldwide [1]. These tumors
originate from the glial cells that support and nourish nerve cells within the brain. Their
incidence is notable, with gliomas accounting for approximately 80% of all malignant
brain tumors. While gliomas can occur in individuals of all ages, they are most frequently
diagnosed in adults, particularly those in their 40s and 50s [2]. The prognosis associated
with gliomas varies widely, depending on several factors, including the tumor’s grade
and location, and the patient’s age and overall health [3]. Gliomas are categorized into
different grades (I to IV) based on their aggressiveness and malignancy. Low-grade gliomas
(grades I and II) tend to progress more slowly and are associated with a better prognosis,
whereas high-grade gliomas (grades III and IV), such as glioblastoma multiforme (GBM),
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are highly malignant and carry a significantly worse prognosis. GBM, in particular, is noto-
rious for its aggressiveness and resistance to treatment, with a median survival of around
14-16 months after diagnosis, despite the use of aggressive therapies like surgery, radiation,
and chemotherapy [4]. The scarcity of viable therapeutic options for gliomas is one of
the biggest obstacles to their management. When possible, surgical excision attempts to
remove the majority of the tumor. However, total tumor excision is sometimes unattainable
due to the infiltrative nature of high-grade gliomas, and tumor persistence/recurrence is
frequent. Although they are often used, chemotherapy and radiation therapy, including
temozolomide, only slightly improve patient survival [5]. There is optimism for better
results derived from research into cutting-edge therapeutic approaches, including targeted
molecular medicines and immunotherapy. These strategies seek to target particular genetic
alterations inside the tumor cells or to activate the body’s immune system [6,7]. However,
challenges related to the blood-brain barrier (BBB) and tumor heterogeneity continue to
pose obstacles in the development of effective glioma treatments. In this context, ther-
anostics, an approach that integrates diagnosis and therapy in a unified process, might
advance the field [8]. There are two main stages in the field of theranostics: (1) the use
of a molecule (radiopharmaceutical) labeled with a radionuclide emitting energy suitable
for imaging to identify tumor-associated biomarkers; (2) the administration of the same
molecule, or a very similar one, conjugated with radionuclide-emitting particles (beta or
alpha) to exert anti-tumoral effects. In this case, there is an unfulfilled need to take into
account glioma-associated biomarkers as potential theranostic targets. Through the novel
technique known as immuno-PET, cancer-associated biomarkers can be found by combin-
ing the high diagnostic performance of positron emission computed tomography (PET/CT)
with the increased specificity of antibodies. This may prove beneficial for therapies that
target certain molecules. In addition to attempting to describe the necessary steps for its
future use in clinical practice, the present research aims to give an updated summary of the
literature on the applications of immuno-PET in gliomas.

2. Gliomas
2.1. Classification

In 2021 the World Health Organization (WHO) published the fifth edition of the Classi-
fication of Tumors of the Central Nervous System (CNS), which comprises many important
data related to molecular features and updates pathologic diagnoses with respect to the
previous version [9,10]. In order to provide a more biologically and molecularly defined
grouping of those neoplasms, our most recent categorization combines histopathological
data with the most recent developments in understanding the molecular etiology of brain
tumors. Additionally, the available of more natural history data has led to a major im-
provement in the most recent classification of CNS tumors [11]. Because histopathological
categorization alone is insufficient to predict the clinical course of gliomas, researchers
additionally depend on genetic classification to inform clinical management and therapy
decisions. Mutations in IDH1 and IDH?2 (two very similar genes) represent the majority of
lower-grade gliomas in adults and establish a subtype that is associated with a favorable
prognosis. In comparison to diffuse gliomas without these changes, lower-grade gliomas
that have both an IDH mutation (in either IDH1 or IDH2) and the deletion of chromosome
arms 1p and 19q (1p/19q codeletion), which is most common in oligodendrogliomas,
respond better to radiochemotherapy and are linked to longer survival. Astrocytomas are
more likely to have TP53 and ATRX mutations, which are significant indicators of clinical
behavior [12].

2.2. Natural History

Documenting the natural history of diseases is very important; this means collecting
information of how a disease affects a person over a lifetime. The rarer the disease is,
the more valuable that data are. Diffusely infiltrating Low-Grade Gliomas (DLGGs) were
approached as slowly progressing and overall benign lesions, especially if the associated
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symptoms were tolerable by the patient. Other research, however, has demonstrated that
untreated DLGGs may develop into high-grade lesions with aggressive and widespread
infiltration that are malignant and incompatible with a surgical strategy intended to be
curative. Patients with developing deep brain gelatin globules typically exhibit concomitant
symptoms such as headaches, seizures, focal neurologic abnormalities, and cognitive
impairments. In the current neuroimaging era, DLGGs that are unintentionally found
are becoming common [13]. Unfortunately, owing to their rapid progression, delayed
diagnosis, and early surgical intervention, High-Grade Gliomas’ (HGGs") natural history
has not been well documented [14].

2.3. Cinical Management
2.3.1. Surgery

Referring to the clinical therapy of gliomas, surgery is unquestionably essential. Nu-
merous studies have shown that the first-line treatment that most improves survival is
the maximally safe extent of tumoral resection (EOR). The current definition of EOR is as
follows: “EOR = preoperative tumor volume—postoperative tumor volume\ preoperative
tumor volume”. This formula provides an accurate and objective calculation of the volume
of a residual tumor. The surgical examination is now more detached from the subjective
assessment of the surgeon thanks to this novel tumor volume-estimating technique [15].
Maintaining functional integrity while removing the maximum amount of the tumor is
the primary objective of surgery for both high-grade and low-grade gliomas. Eloquent
cortical areas and subcortical pathways—which are a component of the sophisticated
motor and associative functions—are among the crucial brain regions that are most vi-
tal for maintaining the patients” quality of life. Utilizing an intraoperative strategy and
anatomo-functional planning, surgical care for each patient must be customized. Frameless
navigational systems, intraoperative imaging, navigated transcranial magnetic stimula-
tion (nNTMS), functional mapping, intraoperative neurophysiological monitoring, real-time
neuropsychological assessment, and awake surgery are all essential tools used by contem-
porary neurosurgical oncologists [16]. Surgery alone is not curative, and radiotherapy
either alone or in combination with chemotherapy is often needed.

2.3.2. Radiotherapy

The role of radiotherapy in gliomas has been long debated. The best way to employ
radiation therapy for this particular population has not yet been determined by clinical trials
conducted in the last ten years. The important points to be decided by clinicians are: the
timing of use of ionizing radiations, their optimal dose and which chemotherapy represents
the best concomitant or sequential active treatment. In order to improve life expectancy,
radiotherapy is currently considered fundamental in gliomas’ clinical management. Many
studies have been carried out and are currently ongoing, seeking to understand which is
the best timing in the postoperative setting—either early, immediately following surgery,
or later, when the illness recurs. Both early and delayed treatment are appropriate at this
time, given the challenging balance between reducing radiation-induced side effects and
increasing tumor control by delaying recurrence. Patients with LGG often receive radiation
doses of 45-54 Gy in 1.8-2 Gy fractions; these dosages represent a fair trade-off between
tumor management and reducing neurological adverse effects [17-19]. Moving on to HGG,
an initial brachytherapy treatment using local sources of 125] may cause a tumor shrinking
that will eventually allow for surgery in those patients where surgical intervention is
initially impossible due to the infiltration of key neurological areas. Studies conducted
in vitro have demonstrated that dividing the overall dosage of radiation therapy into
fractions ten times smaller than the typical 2.0 Gy (also known as ultra-hyper-fractionated
radiotherapy, or ultra-hyper FRT) significantly increases the therapeutic efficiency of the
radiation towards HGG cells [20].
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2.3.3. Chemotherapy

Chemotherapy is the third choice for treating gliomas. Chemotherapy has been shown
to increase the survival rates of patients with malignant gliomas, and can be administered
as an adjuvant or at the time of recurrence. The most chemosensitive tumors found to date
are oligodendrogliomas and anaplastic astocytomas; glioblastomas have demonstrated
more resistance. Carmustine, procarbazine, eflornithine, and their combinations, such as
procarbazine, vincristine, and lomustine, or thioguanine, dibromodulcitol, procarbazine,
lomustine, fluorouracil, and hydroxyurea, are the most active drugs used in chemother-
apy [21]. It has become evident that the management of gliomas requires a multidisciplinary
strategy involving radiation, chemotherapy, and surgery. Chemotherapeutic drugs are
effective when used in treating individuals with newly diagnosed or recurrent gliomas,
according to recent studies. Comprehensive clinical investigations have yielded significant
insights into the effects of chemotherapy on anaplastic oligodendrogliomas. Randomized
trials have shown that chemoradiation is beneficial for glioblastoma patients. More research
is currently being done to determine the role of chemotherapy for both high-grade and
low-grade gliomas [22].

3. Immuno-PET: Basic Principles and Technical Features

The use of radiolabeled antibodies for cancer imaging is not something new. In
past years, immuno-scintigraphy, based on the administration of antibodies labeled with
gamma-emitting radionuclides (i.e., 99mTc and 123I), has been applied with encourag-
ing results in several clinical settings [23]. As concerns gliomas, monoclonal antibodies
(mAbs), specifically those recognizing the type III mutant EGFR (EGFRVIII), were found
to specifically accumulate into subcutaneous or intracranial glioma xenografts expressing
the EGFRVIII [24]. Nevertheless, the use of immunoscintigraphy has been limited by the
low resolution of planar imaging obtained with a gamma-camera, which is only partially
overcome by the implementation of hybrid SPECT/CT [25,26]. Immuno-PET is a cutting-
edge medical imaging technique that has revolutionized the field of molecular imaging and
cancer diagnostics [27,28]. This powerful technology combines the specificity of antibodies
with the high-resolution imaging capabilities of PET scans to provide valuable insights
into the molecular and cellular processes occurring within the body. Immuno-PET holds
immense promise in cancer diagnosis, treatment monitoring, and drug development, as
it allows for the visualization and quantification of specific biomarkers and immune re-
sponses. The fundamental principle of immuno-PET lies in its ability to target and visualize
specific molecules or cells within the body. At its core, immuno-PET involves the use of
radiolabeled antibodies, or antibody fragments, which are designed to bind with high
affinity to particular biomarkers or antigens present on the surface of cancer cells, immune
cells, or other disease-related targets. These radiolabeled antibodies are usually coupled
with a positron-emitting radionuclide, such as fluorine-18 (8F) or copper-64 (®*Cu), which
emits positrons. When injected into the patient’s bloodstream, these radiolabeled antibodies
circulate throughout the body, seeking out and binding specifically to their target antigens.
However, in the advancement of immuno-PET, a pivotal milestone has been the creation of
antibodies tagged with zirconium-89 (8Zr), a positron-emitting element with a physical
half-life of 78.4 h [29]. This half-life aligns with the extended presence of antibodies within
the body following administration, facilitating their use. A schematic representation of
immuno-PET in gliomas is depicted in Figure 1.
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Figure 1. Schematic representation of immuno-PET basic principles. Monoclonal antibodies (a) or
their fragment antigen-binding region (b), labeled with a radioisotope, target a biomarker associated
with gliomas (blue sphere, black arrow). Subsequently, the tumor can be detected through PET
technology (right side of the image). Figure has been created with Biorender.com.

Once the radiolabeled antibodies have localized at the target site, the emitted positrons
undergo annihilation reactions with nearby electrons, resulting in the release of gamma
rays in opposite directions. These gamma rays are then detected by a PET scanner, which
is equipped with sensitive detectors arranged in a ring around the patient’s body. By
measuring the spatial distribution of these gamma rays, the PET scanner creates a three-
dimensional image of the concentration and distribution of the radiolabeled antibodies
within the body [30]. This provides a detailed map of the location and extent of the tar-
geted molecules or cells. Because radiolabeled antibodies are highly selective for their
target antigens, immuno-PET can detect even low levels of specific biomarkers with great
precision. This is particularly valuable in the context of cancer diagnosis, where the early
detection of tumor-associated antigens can lead to earlier and more effective treatments.
Additionally, Immuno-PET can differentiate between cancerous and non-cancerous tissues,
reducing false positives and improving diagnostic accuracy. Another important aspect of
immuno-PET is its ability to provide quantitative information. Unlike traditional imag-
ing techniques like CT or MRI, immuno-PET allows for the measurement of biomarker
expression levels and changes over time [31]. Among the various PET-derived parameters,
maximum and mean standardized uptake values (SUVmax and SUVmean, respectively)
have been shown to have a meaningful prognostic impact in oncology, as well as the
more recently introduced volumetric data, such as metabolic tumor volume (MTV) or total
lesion glycolysis (TLG) [32]. These quantitative data are crucial for monitoring disease
progression, evaluating treatment responses, and guiding treatment decisions. More re-
cently, some technological innovations have further boosted the applications of PET in
immuno-oncology, such as the implementation of silicon photomultiplier (SiMP)-based
detection, referred to as the “digital PET”, and the introduction of long axial field-of-view
(LAFOV) PET/CT scanners, capable of covering the entire scan length in a single or a few
bed positions, and characterized by exquisite sensitivity [33].

4. Targets for Inmuno-PET

A large number of novel positron-emitting radionuclides are being created at the
moment. In recent years, there has been an increase in the production and use of high-purity
radiometals, which are a key component of Inmune-PET imaging probes. Radiometals
have traditionally either been eluted from generators or generated using solid targets and
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cyclotrons. In addition to solid targets, liquid targets (solution targets) can be employed
to optimize the production of radiometals. Physical features (e.g., half-life [T1/2] and
decay mode), chemical properties, production efficiency, safety profiles, and pricing are
all important and must be thoroughly analyzed before they can be used for radiolabeling.
The T1/2 of a selected positron emitter must correspond to the biological half-life of the
targeted vector. The positron emitter in conjugating immuno-PET imaging probes is usually
completed with an inert chelator that is coupled to the targeted antibody. The basic notion
is that the final radiopharmaceutical’s binding affinity, stability, and pharmacokinetic
properties will cooperate with the antibody [27,34,35].

4.1. EGFR

The overexpression of the EGFR in many malignancies makes it a suitable molecular
target for diagnosing and treating different malignancies [36]. Scandium-44/44Sc (with
a half-life of 3.9 h) is a relatively new radioisotope with potential applications in clinical
PET. Chakravarty et al. demonstrated a ground-breaking achievement for in vivo PET
imaging [37]: they generated the Fab fragment of Cetuximab, an mAb known for its strong
binding to the EGFR, and radiolabeled it with #*Sc at room temperature. To achieve this, the
Fab fragment was conjugated with N-[(R)-2-amino-3-(para-isothiocyanato-phenyl)propyl].
CHX-A"-DTPA stands for -trans-(S,S)-cyclohexane-1,2-diamine-N,N,N’,N”,N"-pentaacetic
acid. SDS-PAGE and mass spectrometry were used to thoroughly confirm the high quality
and purity of cetuximab-Fab. After labeling with 44Sc, the potential of this bioconjugate
for the PET imaging of EGFR expression was assessed in a human glioblastoma (U87MG)
tumor-bearing mice model. The PET imaging results show that [*4Sc]-CHX-A"-DTPA-
Cetuximab-Fab was rapidly absorbed in the tumor, with a peak uptake of around 12%
ID/g observed 4 h after injection. Importantly, this uptake showed an outstanding tumor-
to-background ratio, implying the possibility of same-day PET imaging in future clinical
applications. In addition, immunofluorescence labeling was used to correlate tracer uptake
in tumor and normal tissues with EGFR expression. This successful immuno-PET imaging
strategy, utilizing [**Sc]-CHX-A"-DTPA-Cetuximab-Fab, has the potential to advance clini-
cal practices by aiding in patient selection for EGFR-targeted therapy, and by facilitating
the monitoring of the effectiveness of anti-EGFR treatments.

4.2. VEGF

The vascular endothelial growth factor receptor 2 (VEGFR-2/Flk-1/KDR) is a biomarker
that is overexpressed in tumor neo-vasculature and several types of malignancies [38].
Angiogenesis has identified important players as targets, including vascular endothelial
growth factors (VEGF), VEGF receptors (VEGFRs), integrins (particularly v3), and matrix
metalloproteinases (MMPs). These targets are used to produce both imaging and ther-
apeutic medicines. Several specialized imaging agents, such as HuMV833, VG76e, and
bevacizumab, have been developed using radiolabeled VEGF or monoclonal antibodies
against VEGE. Furthermore, ['8F]-fluciclatide, a radioisotope-labeled short cyclic peptide
comprising the arginyl-glycyl-aspartic acid (RGD) tripeptide with great binding affinity
to v3 integrins, has shown promise for imaging angiogenesis. Reduced ['®F]-fluciclatide
absorption was associated with the decreased expressions of three integrins and an early
response to antiangiogenic targeted therapies in both experimental and clinical studies.
Furthermore, in a preclinical MMP study, I8F_labeled marimastat, an MMP inhibitor, and
MMP2 /9 substrates were observed to accumulate in tumor locations. As a result, radiola-
beling therapeutic antiangiogenic drugs has become a well-established practice in scientific
literature [39]. Beyond the mentioned angiogenesis indicators, researchers have identified
a minimum of 46 potential therapeutic targets residing on the endothelial cells of tumor
blood vessels. These specific markers on tumor endothelial cells, referred to as TEMs
(Tumor Endothelial Markers), constitute a cluster of genes participating in angiogenesis
regulation. Among these TEMs, TEMS stands out as it has been observed to exhibit in-
creased expression in tumor vasculature across various tumor types in both human patients
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and mouse models bearing tumors. Importantly, this upregulation is not observed in
the context of normal reparative angiogenesis during processes such as wound healing
or ovulation [40]. Bevacizumab is a humanized monoclonal antibody with a distinct ca-
pacity to bind exclusively to vascular endothelial growth factor A (VEGF-A). VEGF-A is
an overexpressed biomarker in cervical cancer, where it plays a critical role in the begin-
ning and maintenance of tumor-associated neo-angiogenesis, or the development of new
blood vessels to support tumor growth. However, the effectiveness of the VEGF-targeted
mADb bevacizumab in treating diffuse intrinsic pontine glioma (DIPG) remains uncertain.
Jansen et al. investigated how bevacizumab labeled with zirconium-89 (8Zr) behaves in
DIPG mouse models regarding biodistribution and uptake [41]. Human E98-FM, U251-FM
glioma cells, and HSJD-DIPG-007-FLUC primary DIPG cells were injected into nude mice
through subcutaneous, pons, or striatum injection. Tumor development was tracked via
bioluminescence imaging and observed using MRI. PET scans were performed 72 to 96 h
post [¥Zr]-bevacizumab administration, and biodistribution was assessed through ex vivo
analysis. The researchers verified elevated VEGF expression in human DIPG using publicly
available mRNA data. However, no significant uptake of [8Zr]-bevacizumab was identified
in the brain or brain tumors at any disease stage, although significant uptake was observed
in subcutaneous tumors. VEGF expression was definitely detectable in the perinecrotic
areas of subcutaneous E98-FM tumors, despite the absence of VEGF expression in cerebral
tumors via in situ hybridization. The low absorption of [8Zr]-bevacizumab in brain-based
xenografts shows that bevacizumab targeting VEGF may be ineffective in treating diffuse
infiltrative portions of glial brain tumors in mice. Extrapolating these results to clinical sce-
narios implies that administering bevacizumab to DIPG patients should only be considered
after confirming VEGF targeting through [%Zr]-bevacizumab immuno-PET. Following this,
the same research group conducted a preliminary investigation to explore the accessibility
of bevacizumab to tumors in children with DIPGs [42]. The study involved measuring the
tumor uptake of [¥Zr]-bevacizumab and determining the optimal time for PET imaging.
Seven children with DIPG participated, including one with spinal cord metastases and
another with disease extension to the facial nerve. All subjects had previously undergone
radiation therapy in conjunction with gemcitabine or temozolomide. PET scans yielded
positive results in five cases and negative results in two. Tumor uptake of the tracer varied
among patients, with tumor SUVs ranging from 1.0 to 5.3 at 72 h and from 1.0 to 6.7 at
144 h post-injection. In the case of spinal cord metastases, the PET scan was positive in all
metastatic locations. A biodistribution study revealed that tracer uptake was highest in the
liver, followed by the kidneys, spleen, lungs, and vertebrae, resulting in an effective dose
of 0.9 mSv/MBq. Notably, four out of five tumors exhibited significant [¥Zr]-bevacizumab
uptake only within contrast-enhanced areas on MRI, indicating substantial variability in
tracer uptake among tumors and suggesting differences in local VEGF expression. While
these findings were promising and supported the potential utility of immuno-PET with
[39Zr]-bevacizumab for assessing VEGF expression in DIPGs in vivo, the limited number
of enrolled patients and the absence of pathological validation underscore the need for
further studies to establish more robust confirmation.

4.3. Cell Differentiation Antigens

CD146 is a key biomarker in cancer that was first discovered in 1987 in metastatic
lesions and advanced original melanoma, with infrequent detection in benign lesions, and
was dubbed “MIC18”. CD146’s principal functions are associated with intercellular and cell-
matrix adhesion [43]. Nonetheless, its involvement in a variety of other processes, including
development, cell motility, signal transmission, stem cell differentiation, immunological
response, angiogenesis, and, more recently, the onset of epithelial-mesenchymal transition,
has been documented. Yang et al. developed YY146, an mAb -targeting human CD146, us-
ing a novel approach for noninvasive CD146 imaging in GBM mice [44]. Their research also
studied CD146’s correlation with tumor traits and used a unique immunization approach,
identifying YY146 as the top CD146-binding clone, especially in CD146-overexpressing
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melanoma cells. They compared CD146 levels in US7MG and U251 GBM cell lines, showing
higher CD146 expression in U87MG cells. In vivo, immuno-Pet with [¢*Cu]-NOTA-YY146
effectively located CD146-overexpressing US87MG tumors, with high-contrast PET imaging.
Blocking studies confirmed specificity, and biodistribution studies and immunofluores-
cence validated uptake. Of note, CD146-positive staining correlated with high tumor
grade, highlighting [**Cu]-NOTA-YY146's potential for use in GBM detection and targeted
therapy. The antibody YY146 was subsequently labeled with the 8Zr radionuclide, known
for its longer half-life (t1/2: 78.4 h), aiding in distribution and kinetics studies. Hernandez
and colleagues synthesized [*Zr]-Df-YY146, a new mAb for imaging CD146 expression
in GBM mouse models via noninvasive immuno-PET [45]. YY146 was linked to deferox-
amine (Df) for 8 Zr labeling. In vitro assays on two different cell lines, U87MG and U251
GBM, defined CD146 levels. The CD146-binding affinities of YY146 and Df-YY146 were
compared (5%), and their activity was 44 GBq/mol. Longitudinal PET revealed significant
and persistent US7MG absorption (14.00 3.28%ID/g at 48 h p.i.). U251 tumors, on the other
hand, displayed lesser uptake (5.15 0.99%ID/g at 48 h p.i.) due to lower CD146 expression.
CD146-specificity was confirmed by a competitive inhibition experiment that prevented
U87MG absorption. PET data from biodistribution were confirmed, and histological investi-
gation associated tracer uptake with CD146 expression. Notably, [**Zr]-Df-YY146 exhibited
significant and specific uptake in brain tumors, highlighting its potential for use in the
noninvasive PET imaging of CD146 expression. In future clinical applications, this might
guide interventions and assess responses to CD146-targeted therapies. In recent years,
immunoevasion has emerged as one of the most significant mechanisms underlying tumor
growth and proliferation. This is especially important in the setting of GBM, where tumor-
associated myeloid cells (TAMCs) account for roughly 40% of the tumor mass. TAMCs
play a pivotal role not only in disease progression, but also in therapy resistance, making
them promising targets for therapeutic interventions [46,47]. Therefore, it is imperative to
develop imaging and molecular biomarkers capable of detecting and monitoring TAMCs.
Nigam et al. devised a novel approach by conjugating a human/mouse cross-reactive
anti-CD11b antibody with desferrioxamine, incorporating 8°Zr for the purpose of detecting
TAMC infiltration in GBM models [48]. Inmuno-PET imaging was conducted, with and
without the administration of a blocking dose of anti-CD11b antibody, 72 h after injecting
[3°Zr]-anti-CD11b antibody into mice bearing orthotopic syngeneic GL261 gliomas, as well
as in non-tumor-bearing mice. Significantly, increased tracer uptake was observed at tumor
sites compared to the contralateral brain hemisphere. Notably, the use of a radiocompound
with a 10-fold lower specific activity for blocking substantially reduced the SUV in tumor
xenografts, providing compelling evidence of binding specificity. It is essential to empha-
size that the immuno-PET biodistribution study revealed physiological tracer accumulation
in the spleen and lymph nodes, both of which are rich in myeloid cells. Furthermore,
the CD11b signal detected in PET images exhibited a strong correlation with biomarker
expression, as determined by histochemistry and flow cytometry.

4.4. Prostate-Specific Membrane Antigen (PSMA)

PSMA (prostate-specific membrane antigen) is a type II transmembrane glycoprotein
that includes zinc and works as a metal enzyme. It is well-known for use in the molecularly
targeted approach to prostate cancer (PC). PSMA has been widely researched throughout
the last three decades. Previously, immunoscintigraphy with 111In-capromab pendetide,
an mAb-targeting PSMA, was used to image PC recurrence and metastases. However,
its low sensitivity and specificity were attributable to the fact that it targeted the PSMA
intracellular domain, which is only present in dying or necrotic cells. The discovery of
radiolabeled urea-based PSMA inhibitors targeting PSMA’s extracellular enzymatic region
was a watershed moment in the field. This innovation cleared the way for the develop-
ment of a plethora of PSMA inhibitors labeled with radionuclides, appropriate for use in
both PET imaging ([*3Ga]-PSMA-11 or ['F]-PSMA-1007) and therapy (['”” Lu]-PSMA-617).
PSMA, despite its name, is not just associated with prostate cancer. Antibodies targeting
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this biomarker react strongly with neovasculature in a wide range of cancers, including
colorectal and breast cancer. Moving on to gliomas, immunohistochemistry has verified
PSMA expression in high-grade gliomas. Furthermore, PSMA-PET has shown promise in
preliminary investigations on GBM diagnosis and recurrence [49,50]. From this perspective,
it is important to note that PSMA-PET conducted using PSMA inhibitors should not be
classified as immuno-PET because it does not utilize radiolabeled antibodies. However, in
a different approach, a humanized mAb known as huJ591 (J591), which specifically targets
the extracellular domain of PSMA, has been conjugated with various radiometals such
as 111In and ¥Zr. This conjugate has been subject to investigation as a potential imaging
agent in a phase I/II clinical study carried out in PC patients [51]. However, scientific data
on the potential use of immuno-PET with [*°Zr]-J591 for glioma imaging remain limited.
Recently, Krebs et al. published a clinical report detailing the detection of grade II oligo-
dendroglioma (1p/19q co-deleted, IDH mutant) using [3°Zr]-1591 immuno-PET [52]. The
patient, who had undergone multiple treatments (surgery, chemotherapy, radiation therapy,
and IDH inhibitor AG-120), showed MRI findings suggestive of disease progression. Serial
immuno-PET scans targeting PSMA were conducted on days 1, 2, and 6 post-injection, and
these scans were fused with axial post-contrast T1-weighted MRI images. They revealed a
nodular enhancing lesion located anterior and inferior to the resection cavity. The authors
propose that immuno-PET, owing to the extended physical half-life of 8Zr, not only holds
promise for glioma diagnosis, but also offers the potential for precise dosimetric calcula-
tions through serial PET/CT scans, with implications for future radioimmunotherapeutic
approaches.

Table 1 provides a summary of the key conclusions derived from research articles on
the use of immuno-PET in gliomas.
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Table 1. Main findings of selected papers on the applications of immuno-PET to target cell differentiation antigens.

Immuno-PET

Animal/Human Study Comparison with Other

Reference Location/Year Study Isotope Half-Life Ligand Target and Tracer Imaging Modaliti Comment
gan Administration Modality aging Viodalities
#Gc-Cetuximab-Fab in the
Chak tal human glioblastoma t;lmor, W%th ilieall;})}pfgk/e
akravarty et al. USA /2014 Pre-clinical g 397h #Sc- Cetuximab-Fab EGFR (US7MG) tumor-bearing N.A. otapproximately 127 10/g
[37] mice. iv. observed at4 h
T post-injection, potentially
suitable for 1 day protocol
D(Ilﬁsrgiuggggﬁel 897r-bevacizumab
B The . w© » . U251-FM glioma cells, _ immuno-PET might help
Jansen et al. [41] Netherlands/2016 Pre-clinical Zr 784h Zr-bevacizumab VEGF and N.A. identify patients affected by
HSJD-DIPG-007-FLUC b DIPG smtibtf for
primary DIPG cells), i.v. evacizumab therapy
8971 ;
Differently from MRI, . Zr be\i)aé:;z umal])a
The Pilot study ™Zr-bevacizumab PET fea;riﬁtl?;rrll (c)ilildr;::aa};fe;ed
y 89 897, : ; ; ; no i ;

Jansen et al. [42] Netherlands /2017 (fist-in-humans) Zr 784 h Zr-bevacizumab VEGF DIPG patients, i.v. imaging 1,5 helpf.ul in by DIPG, potentially useful
candidates’ selection for h .
bevacizumab treatment to assess heterogeneity in

VEGEF expression in tumors
In animal models,
. . immuno-PET targeting
Yang et al. [44] USA/2015 Pre-clinical #4Cu 127h 64Cu-NOTA-YY146 CD146 mice bearing US7MG and NA. CD146 showed potential for
€nogratts, 1.v. use in GBM detection and
targeted therapy
Immuno-PET showed
. . 897 Ty .
Hernandez et al. [45] USA/2016 Pre-clinical 897y 784h 975 DE-YY146 CD146 Mice bearing US7MG and NA. Zr-Df-YY146 in GBM
U251 xenografts, i.v. xenografts, peaking at 48 h
pAi.
MRI is useful for tumor Immuno-PET showed
Mice bearing established VOlurirslilﬁsf:S:;gt(’fm it promising results when
Nigam et al. [48] USA /2020 Pre-clinical 897r 784h 89Zr-anti-CD11b Ab CD11b orthotopic syngeneic ot cap used to visualize
. . quantifying immune cell . .
GL261 gliomas, i.v. population status of tumor-associated myeloid
tumor microenvironment cells (TAMCs) in GBM
Human study (grade II PSMA-targeted
89 897 oligodendroglioma, MRI used for immuno-PET was able to

Krebs etal. [52] USA/2022 Case report Zr 784h Zr-huf591 PSMA 1p/19q co-deleted, IDH fusion imaging detect oligodendroglioma-

mutant), i.v. associated neovasculature

EGEFR: epidermal growth factor receptor. VEGEF: vascular endothelial growth factor. PSMA: prostate specific membrane antigen. GBM: glioblastoma multiforme. PET: positron emission
tomography. i.v.: intravenous. N.A.: not applicable.
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5. Discussion

Despite advances in the field of diagnosis and therapy, primary brain tumors, of
which gliomas represent the most common category, remain a diagnostic and therapeutic
challenge. In particular, the prognosis for high-grade gliomas is still grim, with a me-
dian survival of around 13 months [53]. In addition, the introduction of new therapeutic
approaches, such as the combination of radiotherapy with temozolomide, has led to the
emergence of atypical patterns in MRI and CT, such as pseudoprogression [54,55]. The
latter, which occurs more frequently in the first 3 months after the completion of combined
radiotherapy and chemotherapy, is predominantly associated with edema, increased cap-
illary permeability, and inflammatory components. In this context, molecular imaging
with PET can provide an important contribution through the use of radiopharmaceuticals
targeted towards specific metabolic pathways characteristic of tumors, such as radiolabeled
amino acids [56]. The utilization of amino acid radiopharmaceuticals in PET imaging shows
promise for diagnosing and grading gliomas. It can serve as a valuable tool for guiding
biopsies and planning surgical and radiotherapy procedures. Specifically, integrating PET
imaging into the resection process and radiotherapy planning may offer more insightful
information compared to standard MRI, potentially leading to improved survival outcomes
for patients with gliomas [57]. However, PET with radiolabeled amino-acids exploits a
non-specific metabolic mechanism. In the era of personalized medicine, it is imperative
to identify biomarkers associated with gliomas that can be used for molecular imaging
and potential targeted therapy. In this context, our review of the existing literature has
prompted several considerations. First, although several attempts have been made in
the field, none among the examined potential targets (i.e., EGFR, VEGF, CD146, CD11b,
PSMA) have emerged as predominantly effective in the field, since their expression has
been found to be not homogeneous, and strictly depending on the tumor grade and type
(i.e., DIPG, GBM, oligodendroglioma etc.). Secondly, other relevant considerations should
be made on the various radionuclides and ligands employed for immuno-PET. One of the
most challenging aspects of immuno-PET is its reliance on mAbs, or sometimes antibody
fragments. Despite their high specificity, these agents are characterized by slow clearance,
necessitating delayed imaging (e.g., 48 h p.i.) to achieve an adequate target-to-background
ratio [58]. Notably, certain radionuclides traditionally used in clinical practice, such as ®Ga
and '8F, have a too-short physical half-life, rendering them unsuitable for delayed imaging.
In contrast, 8°Zr has shown more promising results due to its longer physical half-life [59].
In this context, it is crucial to emphasize that specific radiochemical approaches merit ex-
ploration to facilitate the labeling of mAbs with [®3Ga] or ['8F], particularly those involving
in vivo bio-orthogonal reactions [60]. Initial steps in investigating this methodology were
taken by Devaraj et al. in 2012 [61]. The researchers conjugated anti-CD45 mAbs with Trans-
CycloOctyne (TCO) and administered them intravenously to mice 24 h prior to in vivo
click chemistry. They employed polymer-modified tetrazine (PMT) as a pivotal facilitator.
Subsequent to the reaction between TCO and tetrazine, ['8F]-PMT was successfully utilized
for whole-body PET imaging. This approach holds significant implications and warrants
further exploration in the realm of glioma-targeted immuno-PET. Although humanized
mAbs have been recently integrated for immuno-PET imaging, careful consideration is
warranted for potential host immuno-mediated adverse reactions [62]. Furthermore, the
application of mAb in CNS tumors is constrained by the BBB, which impedes the delivery
of both small-molecule drugs and therapeutic proteins. It is crucial to note that, while
highly aggressive gliomas like GBM lead to significant BBB leakage, facilitating the integra-
tion of radiopharmaceuticals into tumors, low-grade gliomas may maintain an intact BBB,
obstructing the passage of radiolabeled mAbs. To address challenges associated with BBB
permeability, researchers have devised antibody-based carriers that utilize the inherent
macromolecule transportation pathway known as receptor-mediated transcytosis (RMT). A
substantial portion of existing studies in this area focus on RMT receptors, specifically the
transferrin receptor (TfR), insulin receptor (InsR), and FC5 antibody binding receptor [63].
Adopting this approach involves the utilization of bispecific antibodies (BsAbs), which
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possess the capability to bind to RMT-associated receptors with one arm, facilitating BBB
crossing. Once within the brain, the other arm of these BsAbs can target tumor-associated
biomarkers. In this context, Schaller and colleagues developed a BsAb that activates cells,
demonstrating promising outcomes in orthotopic patient-derived malignant glioma and
syngeneic glioblastoma in mice [64]. This innovative BsAb comprises two single-chain anti-
body fragments (bi-scFvs) that bind to the mutant epidermal growth factor receptor variant
III (EGFRvIII), a common mutation GBM, and human CD3e on T cells. Consequently,
the BsAb-based approaches hold considerable potential and merit further exploration to
address BBB permeability challenges, especially in the case of low-grade gliomas, thereby
expanding the range of applications for immuno-PET in clinical settings. Another potential
critique of immuno-PET in gliomas is associated with the mechanisms through which vari-
ous tracers are assimilated [65]. There is a hypothesis that their incorporation may be more
indicative of BBB disruption than relying on specific biomarker-mediated processes. This
aspect warrants further investigation in future studies. Shaping the future of immuno-PET
in gliomas will depend significantly on the synergy between technology and radiopharma-
ceutical research. For instance, aptamers, single-stranded oligonucleotide DNA or RNA
sequences, exhibit extremely high specificity toward tumor-associated biomarkers without
inducing immunogenicity [66]. However, despite their promise, radiolabeled aptamers
have seen limited application in PET imaging. Other noteworthy advancements include the
incorporation of glioma-associated biomarkers for functionalizing nanoparticles, paving
the way for radiotheranostic-based approaches [67,68].

In the near future, the significance and potential integration of immuno-PET in the
diagnostic evaluation of gliomas will be enhanced through a comparative analysis with al-
ternative non-radionuclide-based imaging techniques, including fluorescence and biolumi-
nescent imaging. Regarding fluorescence imaging, particularly Near-Infrared Fluorescence
(NIRF) has garnered increasing attention due to its safety, detection sensitivity, and resolu-
tion [69]. This makes it a valuable tool for the early diagnosis and visualization of various
cancer types, given its convenience. Cyanine and its derivatives have been developed to
emit visible light when excited by a specific wavelength, rendering them valuable tools
for biological imaging [70]. In this context, it is noteworthy to highlight the significance
of tumor specific Heptamethine Cyanine Dyes (HMCDs). Originally recognized for their
fluorescent and mitochondria-targeting properties, these compounds have demonstrated
a distinct preference for tumor up-take both in vitro and in animal models. Furthermore,
their ability to cross the BBB positions HMCDs as an appealing platform for drug delivery
systems. However, as of now, only indocyanine green (ICG) and methylene blue have
received approval from the Food and Drug Administration for use in medical diagnostics
as near-infrared fluorescent (NIRF) compounds. Meanwhile, red-fluorescent dyes such
as 5-ALA are gaining consideration for their potential application in fluorescent-guided
surgery for gliomas [70].

Bioluminescence imaging (BLI) relies on detecting and quantifying light emission
resulting from the conversion of chemical energy into photon energy. This phenomenon
occurs when a substrate undergoes oxidation by the enzyme luciferase in living cells and
tissues [71,72]. Coelenterazine (CLZN), for instance, serves as the substrate for a group of
bioluminescent enzymes derived from marine organisms. Various luciferase genes, such
as those from fireflies, renilla, gaussia, and most recently vargula hilgen-dorfii, have been
cloned and utilized, with firefly luciferase being the most commonly employed. BLI has
found extensive use in assessing and optimizing therapeutic strategies for GBM. One of
the significant advantages of bioluminescence is its ability to offer real-time, non-invasive
evaluation of specific physiological processes. However, conventional BLI is limited to
providing two-dimensional (2D) and qualitative information about the tumor region due
to the light scattering effect, in contrast to immuno-PET technology. Recognizing these
limitations, efforts have been directed towards transitioning from BLI to Bioluminescence
Tomography (BLT). Along this path, Gao et al. developed a new reconstruction method
that accurately locates the tumor and defines its morphology in three dimensions. This
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approach was successfully tested in orthotopic glioma mouse models [73]. Further studies
are essential to better understand the potential contribution of immuno-PET to glioma
research compared to non-radionuclide-based alternatives. Additionally, it is crucial to
define its practical implementation in the clinical workup of gliomas.

6. Conclusions

Despite progress in diagnosis and therapy, effectively managing primary brain tu-
mors, especially high-grade gliomas, remains a challenge. Although immuno-PET holds
promise for accurate diagnosis and treatment guidance, obstacles persist in attaining target
specificity and selecting suitable radionuclides. Further studies are essential to advance the
field and bridge the gap from bench to bedside.
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