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Resonance Imaging (MRI) is the most widely used non-invasive technique in the primary diagnosis of glioblastoma.

Although MRI provides very powerful anatomical information, it has proven to be of limited value for diagnosing

glioblastomas in some situations. The final diagnosis requires a brain biopsy that may not depict the high intratumoral

heterogeneity present in this tumor type. The gold standard tracer for most PET cancer imaging is 2-[18F]fluoro-2-deoxy-

D-glucose ([18F]FDG), a fluorine-18 glucose analog, being the most widely used in clinical radiopharmaceutical practice,

and accounting for more than 90% of total PET scans. [18F]FDG is ineffective for diagnosing gliomas due to the high

glucose metabolism in the normal brain, which results in suboptimal tumor detection and delineation, especially upon

treatment. An innovative option for biomarker identification in vivo is termed “immunotargeted imaging”. By merging the

high target specificity of antibodies with the high spatial resolution, sensitivity, and quantitative capabilities of positron

emission tomography (PET), “Immuno-PET” allows us to conduct the non-invasive diagnosis and monitoring of patients

over time using antibody-based probes as an in vivo, integrated, quantifiable, 3D, full-body “immunohistochemistry” in

patients.
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1. Introduction

Glioblastoma is the most common and aggressive tumor of the central nervous system in adults . With an incidence of

3.23 cases per 100,000 individuals in Europe and the USA, glioblastoma represents ~49.1% of primary malignant brain

tumors . Despite continuous advances in the molecular classification of glioblastoma, and the steady progress in

surgical, radiological, and chemotherapeutic treatment options , patient survival has improved only marginally during

the past 3 decades. Current glioblastoma survival rates average just 8–14.6 months, with only ~5% of patients surviving

more than 5 years . Recurrence of glioblastoma is nearly universal and is associated with poor prognosis; patients

with recurrent glioblastoma have a median survival of only 5–7 months with optimal therapy .

The current standard-of-care for treatment of newly diagnosed glioblastoma has remained relatively unchanged since

2005 and consists of maximal safe resection followed by concomitant chemoradiation with the alkylating agent

temozolomide (TMZ), and subsequent adjuvant TMZ .

The DNA-repair enzyme O -methylguanine-DNA methyltransferase (MGMT) impairs the killing of tumor cells by alkylating

agents chemotherapy . Methylation of the MGMT promoter regulates its expression. Despite confirming the prognostic

significance of MGMT promoter methylation, survival did not improve with TMZ .

In 2011, a novel therapeutic approach, the first-generation tumor treating fields (TTF) device, was approved by the Food

and Drug Administration (FDA) for the treatment of recurrent glioblastoma . The TTF device was subsequently

approved as adjuvant therapy for newly-diagnosed glioblastoma in 2015 .

2. Current Status of Glioblastoma Classification and Diagnosis

The 2016 World Health Organization (WHO) Classification of Tumors of the Central Nervous System (WHO CNS4)

incorporated for the first time genetic alterations into the classification system to create more homogenous disease

categories with greater prognostic value . The WHO CNS4 classification symbolized a paradigm shift, replacing

classical histology-based glioma diagnostics with an integrated histological and molecular classification system that

enables more precise tumor categorization . The incorporated diagnostic biomarkers in the 2016 WHO classification
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of gliomas were Isocitrate dehydrogenase (IDH)-1/2 mutations, 1p/19q codeletion, H3 Histone, Family 3A (H3F3A) or

HIST1H3B/C K27M (H3-K27M) mutations, and C11orf95–RELA fusions .

The novel 2021 classification (WHO CNS5) moves further to advance the role of molecular diagnostics in CNS tumor

classification but stills remains rooted in other established approaches to tumor characterization, including histology and

immunohistochemistry . The WHO CNS5 assumes that most tumor types are aligned to distinct methylation profiles

. While these are not specified in every tumor definition, the information about diagnostic methylation is included in the

“Definitions” and “Essential and Desirable Diagnostic Criteria” sections of WHO CNS5 and could provide more critical

guidance for diagnosis .

WHO CNS5 considers all IDH mutant diffuse astrocytic tumors as “Astrocytoma, IDH-mutant” and are then graded as

CNS WHO grade 2, 3, or 4. Furthermore, grading is no longer entirely histological, since the presence of CDKN2A/B

homozygous deletion results in a CNS WHO grade of 4, even in the absence of microvascular proliferation or necrosis .

For a diagnosis of “Glioblastoma, IDH-wildtype” the novel WHO CNS5 incorporates 3 genetic parameters (TERT promoter

mutation, EGFR gene amplification, combined gain of entire chromosome 7 and loss of entire chromosome 10) as criteria.

For IDH-wildtype diffuse astrocytic tumors in adults, several works have shown that the presence of 1 or more of the 3

genetic parameters is sufficient to assign the highest WHO grade . Consequently, “Glioblastoma, IDH-wildtype” in

adults should be diagnosed in the setting of an IDH-wildtype diffuse and astrocytic glioma if there is either microvascular

proliferation, or necrosis, or TERT promoter mutation, or EGFR gene amplification, or +7/−10 chromosome copy number

changes. In IDH-wildtype diffuse astrocytomas occurring in younger age groups, however, consideration should be given

to the different types of diffuse pediatric-type gliomas .

3. Neuroimaging

Neuroimaging has transformed neuro-oncology and the way glioblastoma is diagnosed and treated. First, with the advent

of Computed Tomography (CT), and subsequently the Magnetic Resonance Imaging (MRI), these technologies have

permitted an earlier identification of asymptomatic lesions. Nowadays, imaging is critical for pre-surgical diagnosis,

intraoperative management, surgery, and ultimately monitoring after treatment with radiation and chemotherapy .

Anatomic imaging remains critical to identifying glioblastomas, but increasingly, advanced imaging methods allowing

physiologic imaging have impacted the way these patients are managed .

4. Elements of Immuno-PET: Target, Antibody and Radionuclide

We live within a “cancer-omics” revolution that reveals many clinically relevant alterations that are not yet included into the

medical practice, at least partly due to the limited number of non-invasive imaging biomarkers . An innovative option,

termed “immunotargeted imaging”, merges the target specificity and selectivity of antibodies and derivatives towards a

given tumor cell surface marker with the capabilities of a given imaging technique. Immunotargeted imaging by PET

necessitates three components that are required to fulfill several characteristics: a suitable target for imaging, an optimally

engineered antibody for imaging applications, and selecting an appropriate radionuclide for immuno-PET (Figure 1).
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Figure 1. Representation of the three main components of the immuno-PET. Targets present in the external surface of the

plasma membrane, antibody, and its derived immune fragments F(ab′) , Fab, scFv, and Nb, and the most commonly used

radionuclides are represented. A typical antibody (Immunoglobulin G, IgG) is composed of two heavy (H) chains and 2

light (L) chains. Heavy chains contain a series of immunoglobulin domains, usually with one variable domain (VH) that is

important for antigen binding, and several constant domains (CH1, CH2, CH3). Light chains are composed of one variable

(VL) and one constant (CL) domain. Abbreviations: Variable (V) and constant (C), Light (L), and Heavy (H); Ab, Antibody;

Fab, Fragment antigen-binding; F(ab′) ,Fab dimer; scFv, single-chain variable fragment; Nb, Nanobody; F, Fluorine;

Sc, Scandium; Mn, Manganese; Cu-Copper; Ga, Gallium; Br, Bromine; Y, Yttrium; Zr, Zirconium; I, Iodine

. Figure adapted with permission from Gónzalez-Gómez et al. . Image created with BioRender.com (accessed

on 6 September 2021).

5. Current Perspectives of Immuno-PET for Glioblastoma

Several targets are functionally relevant in glioblastoma, since they have clinical potential as prognostic markers. In

addition, they could be used as molecular targets for the delivery of agents for their detection. To date, immuno-PET

imaging probes have been mainly designed to target glioblastoma tumors in preclinical models. Several of them have

already been successful in detecting gliomas in preclinical studies, as shown in Table 1. These tracers allow for

evaluating multiple hallmarks  of gliomas and the treatment response in preclinical settings.

Table 1. Immune-PET tracers for glioblastoma.
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PET Imaging Probes
Conjugation

Strategy
Targets Application Models References

[ F]AlF-

NOTA/NODAGA-

PODS-Z-

EGFR:03115

(EGFR-targeting

affibody molecule)

Cysteine-

based

random

EGFR

Many EGFR gene alterations

have been identified in gliomas,

especially glioblastomas.

Subcutaneous

xenograft mouse

model with U-87

MG vIII cells

[ I]I-PEG -

tptddYddtpt-ch806

(tptddYddtpt is a

peptide ‘‘clicked″ onto

dibenzyl-

clooctyne(DBCO)-

derivatized ch806)

Click

chemistry
EGFR

ch806, an anti-EGFR mAb, can

distinguish tumor cells with an

amplified/overexpressed EGFR

phenotype from normal cells

having wild-type levels of EGFR

expression.

Subcutaneous

xenograft mouse

model with U-87

MG.de2-7 cells

[ Sc]Sc−CHX-A″-

DTPA−Cetuximab-

Fab

Lysine-

based

random

EGFR

Radiolabeling and preclinical

evaluation of Sc-labeled

protein molecules.

Subcutaneous

xenograft mouse

model with U-87

MG

[ Zr]Zr-DFO-

cetuximab

Lysine-

based

random

EGFR

Zr-cetuximab was used to

assess transient BBB disruption

in vivo permeability induced by

the combination of injected

microbubbles with low intensity

focused ultrasound.

Orthotopic murine

glioma with

GL261 cells

[ Cu]Cu-NOTA-Bs-

F(ab)  (bispecific

immunoconjugate by

linking two antibody

Fab……fragments,

an anti-EGFR and an

anti-CD105)

Lysine-

based

random

EGFR

and

CD105

EGFR has been extensively

studied as a target for

anticancer therapy, and its

activation stimulates tumor

proliferation and angiogenesis.

Similarly, CD105 (also called

endoglin) is abundantly

expressed on activated

endothelial cells, and such over-

expression is an adverse

prognostic factor in many

malignant tumor types.

Subcutaneous

xenograft mouse

model with U-87

MG

[ Cu]Cu-NOTA-

EphA2-4B3 (human

anti-EphA2 mAb)

Lysine-

based

random

EphA2

EphA2 receptor tyrosine kinase

is overexpressed in several

tumors, including glioblastoma.

Orthotopic brain

glioblastoma

murine models

(two patient-

derived cell lines

and U-87 MG

cells)
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PET Imaging Probes
Conjugation

Strategy
Targets Application Models References

[ Zr]Zr-DFO-mCD47

Lysine-

based

random

CD47

CD47 is a membrane protein

overexpressed on the surface of

most cancer cells. It is involved

in the increase in intracellular

[Ca ] that occurs upon cell

adhesion to the extracellular

matrix and is also a receptor for

the C-terminal cell-binding

domain of thrombospondin.

Orthotopic murine

glioma with

GL261 cells

[ Cu]Cu-NOTA-

AC133 (anti-AC133

mAb)

Lysine-

based

random

AC133

AC133 is an N-glycosylation-

dependent epitope of the

second extracellular loop of

CD133/prominin-1, a

cholesterol-binding protein of

unknown function that locates to

plasma membrane protrusions.

AC133  tumor stem cells have

been described for glioblastoma

multiforme.

Orthotopic and

subcutaneous

xenograft mouse

models with

NCH421k and U-

251 MG cells

[ Zr]Zr-DFO-

bevacizumab

(humanized anti-

VEGF)

Lysine-

based

random

VEGF

Zr-labeled bevacizumab was

used to assess BBB opening

with mannitol.

C3HeB/FeJ mice

without tumors

[ Ga]Ga-DOTA-

bevacizumab

(humanized anti-

VEGF)

Lysine-

based

random

VEGF

Ga-labeled bevacizumab was

used to assess BBB opening

with focused ultrasound

exposure in the presence of

microbubbles.

Orthotopic murine

glioma with U-87

MG cells

[ Zr]Zr-DFO-YY146

(anti-CD146 mAb)

Lysine-

based

random

CD146

CD146 plays an important role

in several processes involved in

tumor angiogenesis,

progression, and metastasis. Its

expression has been correlated

with aggressiveness in high-

grade gliomas.

Subcutaneous

xenograft mouse

model with U-87

MG and U251

cells

[ Cu]Cu-NOTA-

YY146

(anti-CD146 mAb)

Lysine-

based

random

CD146

CD146 plays an important role

in several processes involved in

tumor angiogenesis,

progression, and metastasis. Its

expression has been correlated

with aggressiveness in high-

grade gliomas.

Orthotopic and

subcutaneous

xenograft mouse

models with U-87

MG and U-251

MG cells
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PET Imaging Probes
Conjugation

Strategy
Targets Application Models References

[ Cu]Cu-NOTA-61B

(human anti-Dll4

mAb)

Lysine-

based

random

DII4

DII4 plays a key role to promote

the tumor growth of numerous

cancer types.

Subcutaneous

xenograft mouse

model with U-87

MG

[ Zr]Zr-DFO-

LEM2/15

(anti-MM1-MMP

mAb)

Lysine-

based

random

MT1-

MMP/

MMP14

MMP14 is a metalloprotease

frequently overexpressed in

many tumors, and it is

associated with tumor growth,

invasion, metastasis, and poor

prognosis.

Xenograft mice

bearing human

U251 cells and

two orthotopic

brain

glioblastoma

murine models

(patient-derived

TS-543

neurospheres and

U-251 MG cells)

[ Zr]Zr-DFO-

fresolimumab

(human IgG4 mAb,

1D11)

Lysine-

based

random

TGFβ

TGFβ mediates extracellular

matrix (ECM) remodeling,

angiogenesis, and

immunosuppression, and

regulates tumor cell motility and

invasion.

Orthotopic murine

glioma with

GL261 and SB28

cells

[ Zr]Zr-DFO-

fresolimumab

(human IgG4 mAb,

1D11)

Lysine-

based

random

TGFβ

TGFβ mediates ECM

remodeling, angiogenesis, and

immunosuppression, and

regulates tumor cell motility and

invasion.

Patients with

recurrent high-

grade glioma

[ Zr]Zr-DFO-F19

(anti-FAP monoclonal

antibody)

Lysine-

based

random

FAP

FAP, a 170 kDa type II

transmembrane serine

protease, is expressed on

glioma cells and within the

glioma tumor microenvironment.

Subcutaneous

xenograft mouse

model with U-87

MG cells

[ Zr]Zr-DFO-PD-1

Lysine-

based

random

PD-1

Zr labeled αPD-1 antibody

was used to assess focal BBB

permeability induced by high-

intensity, focused ultrasound.

Orthotopic murine

glioma with G48a

cells

[ Ga]Ga-NOTA-

Nb109

(anti-PD-L1

nanobody)

Lysine-

based

random

PD-L1

Evaluate the specific affinity of

68Ga-NOTA-Nb109 to several

cancer cell lines that expressed

endogenous PD-L1.

Subcutaneous

xenograft mouse

model with U-87

MG cells
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PET Imaging Probes
Conjugation

Strategy
Targets Application Models References

[ Zr]Zr-DFO-169

cDb

(anti-CD8 cys-

diabody)

Lysine-

based

random

CD8

Proof-of-concept to detect CD8+

T cell immune response to

oncolytic herpes simplex virus

(oHSV) M002 immunotherapy in

a syngeneic glioblastoma

model.

Orthotopic

syngeneic murine

glioma with

GSC005 cells

[ Zr]Zr-DFO-CD11b

Lysine-

based

random

CD11b

The most abundant population

of immune cells in glioblastoma

is the CD11b  tumor-associated

myeloid cells.

Mice bearing

established

orthotopic

syngeneic GL261

gliomas

[ Zr/ Lu]Zr/Lu-

Lumi804-CD11b

Lysine-

based

random

CD11b

Theragnostic approach for

monitoring and reducing tumor-

associated myeloid cells in

gliomas to improve

immunotherapy responses.

Mice bearing

established

orthotopic

syngeneic GL261

gliomas

[ Zr]Zr-DFO-OX40

Lysine-

based

random

CD134

CD134 (or OX40) is an

activated T-cell surface marker,

known to be a costimulatory

transmembrane molecule of

TNF superfamily, primarily

expressed on activated effector

T cells and regulatory T cells.

Mice bearing

established

orthotopic GL261

gliomas

Abbreviations: CD8—Cluster of differentiation 8; CD11b—Integrin αM; CD47—Cluster of differentiation 47; CD105—

endoglin; CD134—Tumor necrosis factor receptor superfamily, member 4 (TNFRSF4); CD146—Cluster of Differentiation

146; DLL4—Delta-Like Ligand 4; EGFR—Epidermal Growth Factor Receptor; EPHA2—Ephrin type-A receptor 2; FAP—

Fibroblast activation protein alpha; MT1-MMP/MMP14—Membrane-type 1 matrix metalloproteinase; PD-1—programmed

cell death receptor-1; PD-L1—Programmed cell death ligand 1; TGFβ—Transforming growth factor β; VEGF—Vascular

Endothelial Growth Factor.

Several immuno-PET tracers’  target membrane proteins whose expression is altered in

glioblastoma including the Epidermal Growth Factor Receptor (EGFR), Delta-Like Ligand 4 (DLL4), Ephrin type-A receptor

2 (EPHA2), Cluster of differentiation 47 (CD47), the AC133 antigen, and the Membrane-type 1 matrix metalloproteinase

(MT1-MMP/MMP14). In vivo administration of these tracers showed high-specific-contrast imaging of the target in an

MT1-MMP expressing glioblastoma tumor model and provided strong evidence for their utility as an alternative to non-

specific imaging of glioblastoma

Glioblastomas develop in complex tissue environments, which support sustained growth, invasion, progression, and

response to therapies . Several components of the tumor microenvironment such as vessels , macrophages,

and extracellular matrix proteins  are also promising candidates for the development of immuno-PET diagnostic

approaches in glioblastoma .

Re-education of the tumor microenvironment of glioblastomas emerges as a novel opportunity for therapeutic intervention,

as it has anti-tumorigenic effects .

Macrophages and microglia accumulate with glioblastoma progression and can be targeted via inhibition of Colony-

Stimulating Factor-1 Receptor (CSF-1R) to regress high-grade tumors in animal models of glioblastoma . A recent

immuno-PET tracer targeting the Integrin αM (CD11b) expressing cells (macrophages) with high specificity in a mouse
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model of glioblastoma was developed, demonstrating the potential for non-invasive quantification of tumor-infiltrating

CD11b+ immune cells during disease progression and immunotherapy in patients suffering of glioblastoma . Another

anti-CD11b tracer has been shown to be effective in mouse models for imaging tumor-associated myeloid cells (TAMCs),

which constitute up to 40% of the cell mass of gliomas .

Immunotherapy, especially immune-checkpoint inhibitors, is transforming oncology. Despite glioblastomas frequently

express the programmed cell death ligand 1 (PD-L1), the results obtained with anti-PD1 therapy are below expectations.

The frequent intratumor variability of PD-L1 expression carries significant implications for determination accuracy. PET

imaging of immune-checkpoint inhibitors may serve as a robust biomarker to predict and monitor responses to these

immunotherapies, complementing the existing immunohistochemical techniques .

Other immuno-PET tracers targeting immune cells have been evaluated. A tracer targeting CD8+ T cell immune response

to oncolytic herpes simplex virus (oHSV) M002 immunotherapy was evaluated as a proof of concept in a syngeneic

glioblastoma model . Another monoclonal antibody-based tracer was developed for immuno-PET imaging of T-cell

activation targeting the costimulatory receptor OX40, and used to monitor the stimulated T-cell response in a murine

orthotopic glioma model .

Furthermore, some of these immuno-PET tracers are valuable tools to determine the transient BBB disruption and

permeability induced by mannitol  or produced by the combination of injected microbubbles with low-intensity focused

ultrasound in vivo . Notably, [ Zr]Zr-DFO-fresolimumab, an immuno-PET tracer based on a monoclonal antibody

that can neutralize all mammalian isoforms of TGF-β, was assayed in humans and penetrated recurrent high-grade

gliomas but did not result in clinical benefit .

6. Novel Nanobody-Based Immuno-PET Imaging Methods for
Glioblastoma

The development of immuno-PET probes for the diagnosis of glioblastoma may encounter several hurdles to be reached

due to the intracranial location of this tumor type. CNS barriers may limit the delivery of conventional antibody-based

immuno-PET probes. The restricted entrance of molecules into the CNS is exerted mainly by the blood–brain barrier

(BBB) and the blood–cerebrospinal fluid (CSF) barrier (BCSFB) . These dynamic interfaces allow the exclusive

passage from the blood into the CNS of receptor-specific ligands and small molecules (MW < 400 Da) that are lipid-

soluble . The delivery of peptide and protein drugs through the BBB is a major challenge for treating CNS diseases,

and strategies to achieve therapeutic concentrations are under development . In this regard, only 0.01–0.4% of the

total amount of administered therapeutic antibodies have access to the CNS through passive diffusion . Transport of

therapeutic antibodies, mostly with the IgG isotype (150 kDa), may be hampered by the binding of their Fc domain to Fc

receptors in the BBB . Both the Fcγ receptor (FcγR) and neonatal Fc receptor (FcRn) have been implicated in the

inverse transport of IgG through the BBB and their subsequent return from the brain to blood circulation .

Nevertheless, recent studies have proposed that antibody transcytosis across the BBB is carried by non-saturable, non-

specific, Fc-independent mechanisms . These mechanisms may hinder the diagnostic potential of monoclonal

antibody-based immune-PET tracers for glioblastoma patients.

The development of antibody subunits targeting glioblastoma biomarkers that overcome the BBB selectivity emerges as a

promising tool that could contribute to glioblastoma diagnosis by immuno-PET . Single-domain antibodies (sdAbs) such

as nanobodies have a lower MW, enabling better BBB penetrance, tumor uptake, and faster blood clearance than

monoclonal antibodies . Nanobodies are the single variable domain of the heavy-chain-only antibodies of Camelidae
(camel, dromedary, llama, alpaca, vicuñas, and guananos) . Nanobodies constitute the smallest molecules derived

from antibodies (diameter of 2.5 nm and height of 4 nm; 15 kDa), although they still conserve full antigen-binding capacity

with high specificity and affinity . Nanobodies exert low toxicity and immunogenicity. Nanobodies have demonstrated

their potential utility in diagnosing, monitoring, and therapy of a wide range of diseases . Several differentially

expressed proteins have been identified as glioblastoma targets with potential tumor-class predictive biomarker values 

. Furthermore, a wide range of nanobodies targeting glioblastoma targets that have shown cytotoxic effects might

constitute potential candidates for developing nanobody-based molecular imaging probes. Candidate nanobodies for

immuno-PET approaches recognize molecular targets which play important roles in protein biosynthesis (TUFM, TRIM28),

DNA repair and cell cycle (NAP1L1), and cellular growth and maintenance (EGFR, DPYSL2, β-Actin) . Recently,

a PD-L1-targeting nanobody-based tracer was evaluated to assess the changes in PD-L1 expression sensitively and

specifically in different cancer types, which could help screen patients with high expression and guide PD-L1-targeting

immunotherapies (Table 1) .

[30][45]

[46]

[51]

[44]

[47]

[33]

[28][34][42] 89

[40]

[52]

[53][54]

[55]

[56][57]

[58]

[59][60]

[61]

[62]

[63][64]

[65][66]

[67]

[68][69]

[70]

[71]

[72][73][74]

[43]



In contrast to conventional antibodies, nanobody-based immuno-PET probes may launch a novel era for the diagnosis of

glioblastoma. Various molecular mechanisms for the transportation of nanobodies through the BBB have been extensively

described  (Figure 2). Receptor-mediated transcytosis performs the movement of receptor ligands (e.g.,

transferrin, lactoferrin) across the BBB by a specific affinity-dependent unidirectional transport . Nanobody FC5

(GenBank no. AF441486), the first nanobody described to traverse the BBB, binds the alpha(2,3)-sialoglycoprotein

receptor in the brain endothelium . FC5 set the basis for delivering BBB-impermeable therapeutic agents into the

brain parenchyma by exploiting the receptor-mediated transcytosis of nanobodies . Adsorptive-mediated transcytosis

triggers the transport of basic molecules by electrostatic interactions with anionic microdomains on the cell membrane 

. Several nanobodies with high isoelectric points (pI~9.5) have reported spontaneous delivery into the brain

parenchyma. Basic nanobodies mVHH E9 (pI = 9.4), R3VQ (pI > 8.3), and A2 (pI > 9.5) have been shown to traverse the

BBB and specifically label their molecular brain targets in vivo . Transcytosis of nanobodies may be improved by

other molecular shuttles such as peptide-decorated liposomes and cell-penetrating peptides (CPPs), which interact with

the endothelial cells of the BBB and undergo nanobody internalization into the brain parenchyma .

Figure 2. Molecular mechanisms of BBB permeability to antibodies. Comparison of conventional IgG antibodies (passive

diffusion) and nanobodies (transcytosis mediated by BBB receptors, adsorptive processes, and BBB shuttle molecules).

Image created with BioRender.com (accessed on 6 September 2021).

In this regard, nanobodies crossing the BBB can be utilized as the targeting moieties of diagnostic and/or therapeutic

immuno-PET tracers for CNS diseases. Nanobodies have already been used as non-invasive probes in several imaging

techniques to visualize molecular pathologies, including glioblastoma . First attempts labeled nanobodies with

fluorescent dyes to perform in vivo optical imaging. The named EG2 nanobody and its bivalent (EG2-hFc) and

pentavalent (V2C-EG2) formats were conjugated to the near-infrared (NIR) Cy5.5 fluorophore and successfully detected

EGFRvIII expressing tumors in orthotopic mouse models of glioblastoma by NIR fluorescence imaging . Similar results

were obtained with the derivative nanobody EG2-Cys, labeled with NIR quantum dot Qd800 . Cy5.5-labeled VHH 4.43,

a nanobody directed against insulin-like growth factor-binding protein 7 (IGFBP7), was able to selectively detect blood

vessels of glioblastoma after systemic injection in orthotopic glioblastoma bearing mice . In addition, nanobodies have

exhibited applicability as tracers in magnetic resonance imaging (MRI). Small unilamellar vesicles decorated with high Gd

payload (Gd-DPTA), Cy5.5, and anti-IGFBP7 were used for dual (optical and MRI) in vivo imaging of glioblastoma

orthotopic models . Glioblastoma immuno-PET probes based on nanobodies targeting the hepatocyte growth factor

(HGF) have demonstrated diagnostic potential in preclinical models. Nanobodies 1E2 and 6E10, linked to an albumin-

binding nanobody (Alb8) and labeled with the positron emitter Zr, assessed HGF expression in xenografted glioblastoma

mouse models . These nanobody-based immuno-PET probes showed therapy potential as they delayed tumor growth.

Other nanobody-based probes have evidenced diagnostic properties by performing MRI (R3VQ-S-(DOTA/Gd) )  and

micro-SPECT imaging ([ In]In-DTPA-pa2H ; ([ In]In-DTPA-pa2H-Fc ) of Alzheimer’s disease mouse models.

These examples highlight the importance of the innovative field of immuno-PET tools based on the diagnostic potential of

nanobodies for nuclear imaging and image-guided surgery .

Nanobodies have already evinced their clinical benefit in patients. In 2019, the Food and Drug Administration (FDA) and,

more recently, the European Medicines Agency (EMA), approved the use of ALX-0681 (Caplacizumab; Ablynx NV, Ghent,

Belgium) for adult patients with acquired thrombotic thrombocytopenic purpura . ALX-0681 was the first nanobody
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reaching the clinic field, paving the way for a new era of diagnostics and therapeutics based on nanobodies. Nanobody-

derived immuno-PET tracers are advancing through clinical trials. A human epidermal growth factor receptor 2 (HER2)-

targeting nanobody ([ Ga]Ga-NOTA-anti-HER2 VHH1) has demonstrated its efficient diagnosis of primary breast

carcinoma patients by PET/CT in a phase I study . This nanobody-based tracer is being evaluated for the detection of

breast-to-brain metastasis in a phase II trial (ClinicalTrials.gov NCT03331601). Recently, a phase I study was conducted

to analyze the diagnostic potential of a Tc labeled anti-PD-L1 nanobody ([ Tc]Tc-NM-01) in non-small cell lung

cancer patients by SPECT/CT imaging . Nanobodies constitute a promising toolbox for innovative opportunities in the

immuno-PET field towards personalized medicine.
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