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Abstract (100 words)

Zirconium-89 (¥Zr) is a cyclotron-produced positron-emitting radioisotope with a half-life of 3.27 days,
which makes delayed or longitudinal imaging possible. It is a superior isotope for tracking particles
over several days at a high sensitivity, resolution, and specificity. Zr-monoclonal antibodies (**Zr-
mAb) have gained significant attention in the field of molecular imaging. However, the past decade has
shown an avid increase in research concerning 3°Zr-radiopharmaceuticals apart from ¥Zr-mAb. In this
article we highlight and discuss the status and challenges attributed to current preclinical and clinical
investigations of ¥Zr-radiopharmaceuticals developed beyond ¥Zr-mAb, e.g., mAb-derived variants
and macro-biomolecules, proteins, peptides, nanoparticles, and living cells.
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Introduction

For nuclear medical imaging or therapy, a monoclonal antibody (mAb) may be commonly labeled with
various radionuclides such as actinium-225 (***Ac), astatine-211 (*''At), bismuth-213 (*'*Bi), indium-
111 (""In), iodine-123/-124-131 (¥12¥131]) lead-212 (*'’Pb), lutetium-177 (”’Lu), technetium-99m
(*™Tc), copper-64 (**Cu), gallium-68 (**Ga), yttrium-86/90 (3¢°°Y), or zirconium-89 (**Zr).! The ever-
growing number of valuable **Zr mAbs for personalized medicine has gained significant attention in
the field of molecular imaging using mAb-based positron emission tomography (PET), also known as
897r-"immuno-PET”. By using metal-chelation, *Zr is conjugated to mAbs that demonstrate high
affinity to specific antigens expressed on tumor cells. In turn, immuno-PET allows for highly specific
targeted imaging where the 3Zr-labeled mAb can specifically bind to tumor-associated antigens, which
will provide detailed images of solid tumor and cancer burden in vivo and in real time. Furthermore,
immuno-PET may be capable of monitoring treatment response to enable clinicians to evaluate the

effectiveness of therapies and follow the uptake of ¥Zr-labeled mAbs over time.

During the last three decades a significant amount of preclinical data has been produced using ¥Zr-PET
imaging to facilitate clinical translation of radiopharmaceuticals. As a result, the versatility and potential
of immuno-PET has been demonstrated in various clinical settings, mainly in oncology, but also in
cardiovascular and neurodegenerative discases and the imaging of inflammation, infection and
autoimmune disorders.>* The first clinical use of immuno-PET dates back to 2006, involving a %°Zr -
mAD to detect lymph node metastases in patients presenting with head and neck cancer.* A well-
understood radiochemistry, applicable to numerous %°Zr-labeled mAbs, now supports a world-wide ease

of access, widespread availability and a significant clinical footprint of **Zr-immuno-PET.?

PET imaging of °Zr-radiopharmaceuticals has also become a consistent tool in preclinical and clinical
drug development, and patient selection, primarily due to the advantageous physical properties of *Zr,
which allow for straightforward radiolabeling approaches. The ability of ¥Zr-PET to provide detailed
images of tumor biology, predict treatment toxicity and immune responses, positions it as a critical

component in the development of personalized cancer therapies. To date, several targeted radionuclide



diagnostic and therapeutic technologies are in development, comprising positron-emitting diagnostic
agents for targeted PET imaging and beta- and alpha-emitting agents as radionuclide therapies, or
radioimmunotherapy (RIT). Recent suggestions for a combination of ¥Zr-labeled compounds for
imaging with other therapeutic isotopes like *°Y, '""Lu, 2*’Th or **Ac for treatment exemplifies their
usefulness in a theranostic approach. For example, a study evaluated a glypican-1 targeting 3°Zr-labeled
mAb, allowed for precise imaging and subsequent 2!!At-targeted alpha therapy to effectively reduce

pancreatic tumor growth.®

To warrant a significant role, value and high impact of ¥Zr-PET for RIT and theranostics, scientists
also began investigating *Zr-radiolabeling techniques suited for the various antibody fragments or other
relevant compound classes - apart from radiolabeled antibodies. This addition of novel ¥Zr-labeled
radioimmune-conjugates and %Zr-radiopharmaceuticals is considered an rapidly emerging research
field expected to offer both unique diagnostic and therapeutic benefits in a single, streamlined process.”
8 Due to the constantly growing attention and demand for ¥Zr-immuno-PET, research and clinical
translation for new applications using mAb derivatives or other non-mAb compounds are becoming a
rapid reality, but with their own challenges. As the current state of 3°Zr-radiolabeled mAbs has been
recently reviewed; in this article we will highlight and discuss the status and challenges attributed to
current preclinical and clinical investigations of those %°Zr-radiopharmaceuticals developed beyond
897r-mAb, e.g., mAb-derived variants and macro-biomolecules, proteins and peptides, nanoparticles,

and living cells.’

Zirconium-89 - a broadly utilized radioisotope for
Positron Emission Tomography Imaging

Zirconium-89 (*¥Zr) is a long-lived, cyclotron-produced PET radioisotope with a half-life of 78.4 h
(3.27 d). Thus, it is a superior isotope for tracking particles (most common are larger bio-molecules like
mAbs or cells) over several days to a week at a high sensitivity, resolution, and specificity.'
Importantly, delayed or longitudinal imaging is thus possible, with %Zr via sequential imaging

providing excellent in vivo data for pharmacokinetics of the same molecule/particle in the same subject.



The %Zr benefits are from its relatively low mean positron emission energy of 395.5 keV (23% and
maximum positron energy of 0.91 MeV), compared to the commonly used Fluorine-18 (249.8 keV,
97% and maximum 0.63 MeV), which translates into high image resolution.'® Zirconium-89 decays to
yttrium-89m that further decays in 16 s to stable yttrium-89 emitting a high energy vy, 909 keV. This
emission, together with the low-abundance positron emission, is a concern for patient and staff radiation
burdens, thereby limiting the amount of ¥Zr that may be injected into a patient.'! From an imaging

perspective the 909 keV photons do not interfere with the PET signal (511 keV).

Zirconium-89 can be obtained through the Y (p,n)*Zr reaction with high radionuclide purity, high
specific activity and at high yields through well described processes from Yttrium (natural) solid targets
(yttrium foil or a thin layer of yttrium that has been sputtered onto a niobium backing). Post irradiation
processing results in 3Zr-activity in the form of oxalic acid (1M or lower) which facilitates the chelation
to desferrioxamine (DFO) - the most commonly used bifunctional chelator suited for zirconium-89°s
coordination chemistry (oxidation state +4).!> A possible downside of oxalic acid is that it offers limited
buffering capacity above pH = 6.0 making physiological pH adjustment difficult. DFO is an approved
pharmaceutical, clinically used for aluminum and iron demetallation therapies, allowing for easier
clinical approval and can be easily attached to proteins through p-NCS-Bz-DFO - epsilon-N-lysine

conjugation.

Production of %Zr through liquid cyclotron targetry systems has been reported; however, the
comparative quantities of *Zr produced are substantially lower.!* Radiolabeling with [*¥Zr]ZrCl, is
sometimes preferred for better radiochemical yields at lower reaction temperatures; furthermore oxalate
has to be removed before administration as it is highly toxic.!* For incorporation into highly lipophilic
molecules, liposomes and living cells that also require neutral reaction conditions [**Zr]Zr(oxinate)s is

preferred.'



Discussion of novel ¥Zr-labeled compounds

For this review two authors independently screened publications of the past decade (up to August 2024),
and excluded literature that solely investigated mAbs labeled with 3°Zr, and/ or applications of mAb-

immuno-PET.
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Figure 1 — Overview of available groups of *Zr radiopharmaceuticals, Created in BioRender.com

The classes of *Zr-compounds as displayed in Figure 1 (bold colors) could be identified. Literature on
these compounds is discussed below; clinical studies using these ¥Zr-compounds are summarized in

Table 1.



89Zr-labeled Proteins and Peptides

Bioactive proteins and peptides can be considered suitable molecules for #Zr-PET imaging as they may
demonstrate a prolonged biodistribution in vivo.'® ¥Zr-labeled proteins have been investigated

17-19

preclinically for PET imaging in various murine tumor models, including transferrin, engineered

2.2 and thyroid-

single-chain vascular endothelial growth factor proteins,?’ anticalin proteins,
stimulating hormone receptor-targeting proteins. Furthermore, ¥Zr-labeled human serum albumin has
been developed for the early identification of inflammatory foci in a mouse model of atherosclerosis .**
Various clustered, regularly-interspaced short palindromic repeats (CRISPR) proteins have recently
emerged as promising therapeutic agents for a wide range of diseases due to their gene modification
capabilities. For example, such a 3°Zr-labeled protein under preclinical investigation is ¥Zr-labeled
LbCas12a.” The authors successfully performed *Zr-labeling of LbCas12a loaded with crRNA, to
track it’s in vivo delivery to targeted cells. They demonstrated that the radiolabel entities (*Zr-DFOs)
did not alter the therapeutic function of the protein in a mouse model of liver fibrosis and concluded

that, in future, radiolabeled CRISPR proteins may be attributed with an important in vivo tracking role

in various research fields.

[**Ga]Ga-PSMA-PET for the detection and localization of prostate cancer recurrence and metastases is
well established, often presenting extensive (superscan) tumor uptake shortly after tracer
administration.?® However, the short half-lives of gallium-68 (°*Ga) and fluorine-18 (**F), do not allow
late image acquisition. Zr-labeled PSMA has been investigated for its role in low PSMA-expressing
prostate cancer cells, where [®*Ga]Ga-PSMA or ['®F]F-PSMA fail to detect these foci; delayed imaging
may improve tumor-to-background ratios. A long-lived tracer may also more accurately determine the
retention time of the ligand in the tumor, which can potentially aid in predicting the response to
radionuclide therapy.?’*! Véazquez et al. performed the first-in-human [¥Zr]Zr-DFO-PSMA-PET??
imaging. The group published a more recent study enrolling prostate cancer patients with biochemical
recurrent cancer and no PSMA-avid lesions detected with [*®*Ga]Ga-PSMA-11- or ['*F]F-PSMA-007-
PET imaging.”’ [*Zr]Zr-DFO-PSMA was able to localize 15 PSMA-positive lesions in § patients, with

a significantly increased SUVmax (11.5 + 5.8) when compared to the initial PET scans (4.7 + 2.8).



These promising results confirmed the potential benefit of prolonged PET imaging with [¥Zr]Zr-DFO-
PSMA (i.e., performed 2 to 3 days after administration), to allow ligand internalization for increased
tumor-to-background ratios, especially relevant in patients with foci suspected for crucially low PSMA

avidity.

In 2022, Privé et al. performed first-in-human [¥Zr]Zr-PSMA-617-PET/CT with two further clinical

2931 including a retrospective study which assessed the performance of [¥Zr]Zr-PSMA-617-

studies,
PET/CT enrolling patients with negative [*®*Ga]Ga-PSMA-11-PET and biochemical recurrence of
prostate cancer (Table 1).*! In 18 of the 23 patients, prostate cancer foci were detected with [¥Zr]Zr-

PSMA-617-PET/CT, with a resultant 36 lesions detected in total, including local recurrence, lymph

node metastases, and bone metastases. Prospective clinical studies were recommended.

The radiolabeling of peptides other than PSMA ligands with ¥Zr , for various clinical applications, has
been investigated; however, these studies are still confined to the preclinical space. To mention one
interesting recent example; a ¥Zr-labeled pH-low insertion peptide, [*Zr]Zr-DFO-Cys-Var3 was
developed and investigated by Bauer et al. for its ability to quantify the acidic tumor environment.*?
Acidic cancer cells are associated with tumor growth and progression and are caused by the increased
glycolytic rate, carbonic anhydrase overexpression and the presence of acidic metabolically active
tumor-associated macrophages. The authors reported high tumor uptake of [**Zr]Zr-DFO-Cys-Var3 in
murine late-stage prostate and breast cancer models, with optimal tumor accumulation after 48 h,
relative to the degree of acidity of the tumor. The authors were of the opinion that [%°Zr]Zr-DFO-Cys-

Var3 demonstrated potential for clinical translation.*

In general, the latter clinical studies, however in small patient cohorts, support the clinical usefulness

of ¥Zr-peptides and -proteins and an increasing number of clinical trials may be expected.

89Zr-labeled Antibody Fragments and Smaller Variants

As stated initially, various mAbs have been used in nuclear medicine as carriers for radionuclides for

imaging and for therapy; however, with the emergence of nuclear medicine radiotheranostics a unique



medical scope has been created. Thus, *'I-, 2’Ac-, and ''"Lu-labeled mAbs have extensively been
studied for their role in radioimmunotherapy, while #*Zr-labeled mAbs have contributed the required in
vivo imaging via immuno-PET. Although mAbs play an indispensable role in nuclear medicine, mainly
due to their specificity, their limitations cannot be denied. These limitations include difficult synthesis,
long biological residence times and high uptake (radiation) in non-specific tissues/organs. The neonatal
Fc-receptor is mainly responsible for the recycling and the subsequent long serum half-lives of mAbs.
Although this usually leads to high tumor uptake, it also results in increased activity in the blood and
other healthy tissues and thereby reduces the image contrast and/or therapeutic value. This challenge
can be overcome by antibody engineering where the Fc-region is removed from the full-sized
antibodies, yielding antigen-binding fragments (Fabs) and other, even smaller-sized mAb variants (e.g.,
the single-chain variable fragment (scFv), affibodies, diabodies, minibodies, and nanobodies).
Numerous pre-clinical studies have been done to evaluate *Zr-labeled smaller mAb variants in nuclear
medicine; however, to date, only a few have progressed to clinical trial investigations.
There are several mAbs that have been approved as immune checkpoint inhibitors (ICI) by targeting
immune checkpoint proteins involved in cancer.?® Through activation of immune cells to enhance tumor
killing, ICIs have shown great efficacy in patients with advanced metastatic cancer, with some ICIs
even suggested to be used as first-line treatment. Although proven beneficial to cancer patients and
decreasing mortality rates, there has been a wide variability in treatment response among patients, with
some experiencing severe adverse effects. Therefore, methods that would allow a predictable response
to ICIs would permit evaluation of patients before treatment. Non-invasive in vivo imaging modalities
would allow a better understanding of the immune responses and thereby assist in development of better
ICIs.

[AB22M2C is a humanized 80 kDa minibody genetically engineered from the murine OHT8 Ab which
targets CD8-positive (CD8+) T cells. Preclinical studies of [3Zr]Zr-IAB22M2C have demonstrated
potential of this probe to be used clinically for PET imaging and thereby assess it as a potential drug
candidate.*® In 2020 Pandit-Taskar et al. the first-in-human imaging of ¥Zr-IAB22M2C was reported
providing preliminary data indicating its favorable pharmacokinetics and targeting ability.’> A phase I
study of [¥Zr]Zr-IAB22M2C has demonstrated that [¥Zr]Zr-IAB22M2C-PET imaging has great

8



potential to visualize whole-body biodistribution of CD8+ leukocytes in tumors and other reference
tissues, and thereby could possibly predict early response to immunotherapy.’® The use of [*Zr]Zr-
[AB22M2C-PET/MRI has additionally demonstrated the potential of this technique to assess changes
in CD8 expression in metastases and primary and secondary lymphatic organs due to immunotherapy.*’
The human epidermal growth factor receptor 2 (HER2) is overexpressed in various cancers, particularly
breast cancer (BCa), and linked with increased tumor proliferation, aggressive disease, and poor
prognosis. HER2-targeted mAbs have improved the survival rate of BCa patients; however, triple-
negative BCa does not express HER2, therefore these mAbs can neither diagnose nor treat these
patients.’® In spite of this, HER2 nuclear imaging tracers have permitted the quantification and
localization of BCa expressing this receptor, and thereby identified patients who would not benefit from
HER2-specific therapy due to the absence of HER2 expression. Zr-labeled trastuzumab is one of the
most studied HER2-positive imaging agents that has made it possible to both visualize and quantify
HER2-expressing lesions. Fab fragments usually have faster clearance rates than trastuzumab and
therefore they are expected to provide good tumor detection at earlier time points. However, this rapid
clearance of Fabs can potentially limit the overall tumor uptake. The proline-alanine-serine (PAS-)
ylation of Fab fragments has been proven to increase their biological half-life. In 2020 Richter et al.
reported the first-in-human nuclear imaging with a PAS-ylated *Zr-labeled anti-HER2 Fab in a patient
with metastatic BCa.** PAS-ylation was achieved by genetically fusing PAS to the C-terminus of the
light chain of the trastuzumab Fab (HER2-Fab). Facile °Zr-DFO-labeling of this HER2-Fab-PAS»00
conjugate was achieved, yielding [*Zr]Zr-HER2-Fab-PAS»p. A newly HER2-positive patient with
metastatic brain lesions (identified by MRI) also underwent [*Zr]Zr-HER2-Fab-PAS,0-PET/CT
imaging to identify the tumor and assist in therapy planning. Tracer accumulation was clearly visible in
the previously diagnosed cranial lymph node metastasis in the left axillary. Additionally, an unknown
lesion was detected within the dense left breast parenchyma. However, no tracer uptake was observed
in the known brain metastasis or the second axillary lymph node (necrosis observed).
Numerous other ¥Zr-labeled fragments and their variants are undergoing pre-clinical investigation for
cancer detection.*** Additionally, *Zr-labeled fragments are also being explored for preclinical
imaging of inflammation and infections.*->> For example, a recent study by Lai ef al. demonstrated how

9



a Zr-labeled Fab that targets B-glucans within the fungal cell wall was able to accurately visualize
Aspergillus infections.> With the 3°Zr-decay matching the physiological half-life of most mAb variants
and fragments it is well foreseeable that an increasing number of such compounds will emerge in

clinical trials and will also address imaging of various diseases beyond cancer.

897Zr-labeled Biomedical Drug Delivery Systems

To date, clinical investigations using *Zr-labeled cell components such as liposomes have not yet
emerged, however, extensive focus has been put on development of lipid-based drug delivery systems
(LBDDS) due to their valuable impact on drug delivery and efficacy. As part of these efforts, dedicated
preclinical investigation addresses ¥Zr-LBDDS to study enhanced drug efficacy through improved
solubility, adsorption, penetration, and site-specific delivery.® Additionally, LBDDS can reduce the
toxicity of drugs. Different LBDDS types include liposomes, extracellular vesicles (EV), and micelles.
In vivo imaging methods can help to assess the therapeutic potential of LBDDS, and preclinical studies

utilizing ¥Zr-PET have played a pivotal role in this aspect.

Patel et al. described a robust method for radiolabelling EVs with ¥Zr-DFO.5* PET imaging was used
to explore the biodistribution and fate of 3°Zr-labeled engineered EVs, administered through different
routes, across numerous mammalian species. Intravenous administration in mice, rats, and non-human
primates revealed rapid kinetics with accumulation in the liver and spleen. Intraperitoneal and
subcutaneous administration showed localisation mainly in lymph nodes, while consistent accumulation
in meninges occurred after administration into the cerebrospinal fluid. This study highlighted the
opportunity that EVs provide for targeted delivery of drugs. In another study, ¥Zr-labeled EVs were
achieved through reaction with [%°Zr]Zr-(oxinate)s.”® The radiosynthesis did not affect the morphology
or damage the EVs, and PET imaging proved that this method can reliably be used in the future for

tracking LBDDS.

Liposomes are the most popular nanoparticle drug delivery system (NPDDS) used. Different %Zr-

labeling strategies of liposomes have been developed and preclinical PET imaging has furthermore

10



allowed determining the stability, pharmacokinetics, biodistribution and fate of these liposomes.’6-*8

Although most of the preclinical evaluation of NPDDS is focused on cancer therapy, there has been
movement to other conditions including imaging of atherosclerosis and bacterial infection.>® *- ¢ For
example, in an attempt to increase the safety profile of the antibacterial drug GSK2485680, the effect
of liposome formulation of the drug (end product Lipo680) was studied by PET imaging of [%Zr]Zr-
Lipo680 in Escherichia coli-infected mice.” PET imaging revealed that [*°Zr]Zr-Lipo680 localized at
the sites of infection, thereby possibly increasing the therapeutic value of the drug.
897r-PET imaging has been utilized for assessing the ability of liposomal nano-reporters to predict the
therapeutic value of a nanodrug. A previous study reported the use of a Zr-labeled liposomal nano-
reporter ([**Zr]Zr-NRep) to determine the effective therapeutic concentration of co-injected
doxorubicin via preclinical PET imaging.®! [*Zr]Zr-NRep was additionally successful in proving that

reversible electroporation can facilitate nanoparticle delivery.®?

The development of polymeric micelles as drug carriers has benefited from micelle-**Zr-labeling
strategies that permitted real time in vivo assessment of polymeric micelles by means of preclinical PET
imaging.®% In 2018 Sun et al. developed multifunctional nanocarrier micelles that combined two
therapeutic anticancer drugs.®> 3°Zr-labeling of these nanocarriers was carried out by simple click
chemistry, allowing for preclinical PET imaging to track the co-delivery of drugs.
Micelles have also been used as a strategy to overcome radioresistant tumor environments, such as
hypoxia. A recent study reported how fluorinated micelles allowed transport and selective delivery of
oxygen to tumor tissues and thereby improved the hypoxic environment to enhance radiation efficacy.
The subsequent *Zr-labeling of such micelles allowed for preclinical imaging of the drug, highlighting
that these micelles could be used as theranostic agents.** 8°Zr-labeled delivery systems are relatively
new in the toolbox of PET imaging, however based on the positive outcome from studies of the past 5

years, this research space is likely to expand and bring forward novel PET imaging strategies.
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89Zr-labeled Nanoparticles

897r-labeled nanoparticles (NP) are gaining attention in the field of medical imaging and cancer
treatment. Overall, NP demonstrate good stability in biological environments, which is suited for
application in long-term imaging studies. However, although the half-life of ¥Zr is ideal to track the in
vivo behavior of NP, the integrity of Zr within the NP-radiopharmaceuticals is crucial to prevent its
unwanted release. Therefore, addressing either prolonged residence times or non-specific accumulation
in non-targeted organs is a current research focus that is expected to improve the safety, tolerability and
also effectiveness of ¥Zr-NP in vivo.®® For ¥*Zr-PET image-guided diagnostic procedures a sufficient
(but safe) amount of ¥Zr-labeled NPs needs to be administered into the body (non-intravenous routes
may be required). The non-invasive signal and time point of optimal imaging may thereby depend on
the NP’s (zeta) potential, size, as well as its in vivo kinetics and targeting abilities.
The clinical usefulness of *Zr for NP-based anticancer drug delivery was first reported in 2019.57
Briefly, the nanoparticle entrapping docetaxel CPC634, designed to improve tumor accumulation and
tolerability compared to conventionally administered docetaxel, has been ¥Zr-radiolabeled and studied
first-in-human in five subjects with different solid tumors. The biodistribution of [**Zr]Zr-DFO-
CPC634 was consistent with a prolonged exposure of NPs containing docetaxel. [*Zr]Zr-DFO-
CPC634-PET/CT hereby visualized a high retention in tumors confirming the enhanced permeability
and retention effect of CPC634 in humans. In 2022, nine patients with adenocarcinoma or squamous
cell carcinoma were enrolled to validate a new *Zr-labeled high-density lipoprotein (HDL) NP.
[¥Zr]Zr-HDL-PET imaging and quantification of the delivered HDL amount to the cancer foci
performed. The authors were confident that the positive results support the development of HDL NP as
a clinical delivery platform for drug agents.®® A meeting report highlighted the readiness of the *Zr
labeled iron oxide nanoparticle drug ferumoxytol ([¥Zr]Zr-FMX) for prospective measurement of
SARS-CoV-2 infection-associated inflammation and “Long Covid” symptomatic. An acceptable
radiation dosimetry in non-human primates and outcome from preliminary GMP production support the

safety for administration of [**Zr]Zr-FMX for first-in-human studies.®’
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Since 2015, the preclinical research landscape has shown a continuously increased use of Zr for
radiolabeling a variety of NPs (Table 2). 3°Zr-labeled co-polymers, clusters, diamonds, co-carrier and
quantum dots are examples for a broad variety of possible applications; however, most of the °Zr-NP
are currently tested first-in-animals for administration safety and in vivo tolerability. An interesting
investigation was published by Winter et a/l. using serum albumin coated nanodiamonds (ND), which
were functionalized with DFO-PEG groups to allow for either ¥Zr or ®®Ga. Their biodistribution was
assessed in two different mouse strains. The [¥Zr]Zr-DFO-PEG-ND-PET/MRI imaging thereby
allowed further evaluation of the ND’s physiological properties in vivo.” By attaching drugs to ¥Zr-
nanoparticles, it is possible to deliver the drugs directly to the tumor site, minimizing the impact on
healthy tissues and reducing side effects. For example doxorubicin could be targeted to triple negative
breast cancer, when it was loaded onto, the nanoscale carrier [¥Zr]Zr-P1@PEG-RGD which showed
the required in vivo behavior to serve as a biocompatible nanoplatform for fluorescence and PET image-
guided cargo delivery.”! In another investigation bone targeting [**Zr]Zr-TiO,-TF-NPs has shown
treatment efficacy towards multiple myeloma cells, a disease of plasma cells originating in the bone
marrow, with [¥Zr]Zr-TiO,-TF generating sufficient amounts of cytotoxic reactive oxygen species to
induce cancer cell apoptosis.”” PET/CT imaging and tissue biodistribution studies hereby revealed that
in vivo administration of [¥Zr]Zr-TiO,-TF-NPs in mice leveraged the osteotropic effect of ¥Zr

selectivity by localizing about 70% of the injected radioactivity in mouse bone tissue.
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Figure 2 — Overview of different types of *Zr-labeled NP tested in clinical trials (bold font) and
preclinical evaluations. Created with Biorender.com.

Although NP are considered excellent delivery systems; however, as recently reviewed, various types
of challenges are attributed to nanoparticulate systems that are considered for clinical application.”
Whilst the use of #Zr-labeled NP seems generally feasible, continued research and development in this

area are essential to fully realize their relevance and clinical potential.
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897r-labeled Blood Elements and Other Cells

Over the past five years *Zr has been investigated extensively for the radiolabeling of a variety of cells,
with the focus on immune cells, as well as stem- and progenitor cells. The relatively long radioactive
half-life of %Zr matches well with the biological half-life and slow trafficking pace or tissue
dissemination of activated cells, thus the longitudinal %Zr-PET imaging (i.e., weeks after re-
administration), potentially results in a more accurate representation of in vivo tracking of radiolabeled
cells.”*"” The most common approaches to direct ¥Zr-cell labeling include the incorporation of the
lipophilic radiolabel within the cell, as is the case with [**Zr]Zr-oxine, as well as cell surface labeling,
most often via a deferoxamine-based bifunctional chelating agent, e.g., activated DFO-esters.”’
In 2022, a first-in-human study with [**Zr]Zr-oxine-labeled autologous leukocytes was performed by
Lapi et al. who reported in vivo tracking of the radiolabeled cells (7.4 — 18.5 MBq) to the spleen, bone
marrow and liver with PET/CT imaging (up to 144 h p.i.). PET/CT imaging of four healthy volunteers
did not reveal significant accumulation of radioactivity in the bone matrix, which illustrated the in vivo
stability of the radiolabel.” The authors stated that these promising preliminary results will be applied
to design larger studies with the specific focus on the tracking of [**Zr]Zr-oxine-labeled autologous
leukocytes into the brain and the localization of systemic infections and inflammatory processes. In
2024, Gultekin et al. performed a dosimetry study on four healthy female volunteers utilizing the same
dose (7.4 - 18.5 MBq) and radiolabel ([*Zr]Zr-oxine-labeled autologous leukocytes) as the Lapi
research group. The authors found that the average effective dose of [¥Zr]Zr-oxine-labeled autologous
leukocytes was similar to that reported for ['!!In]In-oxine-labeled autologous leukocytes, i.e. 1.06 =
0.24 mSv/MBq Vs 1.14 mSv/MBgq, for healthy adult females.”
Kahts et al. utilized the cell surface labeling approach to perform a first-in-human PET/CT infection
imaging study with [¥Zr]Zr-DFO-labeled mononuclear cells in seven patients with clinically or
radiologically confirmed infection.”* Although the authors achieved notable radiolabeling success, the
performance of [*Zr]Zr-DFO-labeled mononuclear cells were generally comparable to [**™Tc]Tc-
HMPAO-labeled mononuclear cells, with potentially improved pathological uptake of [*Zr]Zr-DFO-

labeled mononuclear cells in only two cases of pulmonary disease. The major challenge reported by the
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authors was the pulmonary trapping of the radiolabeled cells, which reduced localization to and the
detection of radioactive signals in target tissues. The authors recommended further studies utilizing
lower concentrations of [¥Zr]Zr-DFO-Bz-NCS as the conjugate for cell labeling to potentially decrease
accumulation of the radiolabeled cells in healthy lung tissues. The inclusion of a wider variety of
infectious diseases was also recommended, as the majority of patients that could be recruited for this

study had pulmonary pathology.”

Many preclinical investigations with %Zr-labeled cells have been reported over the past decade, A
recent, interesting nonhuman primate study reported by Young et al. tracked [**Zr]Zr-oxine labeled
autologous B cells in two healthy rhesus macaques with the use of PET/CT. The authors concluded a
promising outcome for clinical development of engineered B cell medicines, which has emerged as a
topic of interest for the potential treatment of various conditions - including metabolic disorders and
cancer.®® Another example of an interesting preclinical study reported recently, is the radiolabeling of
Escherichia coli (E.coli) cells with [¥Zr]Zr-DFO-Bz-NCS for selective tumor-targeting in a CT-26
xenograft mouse model, hinged on the anaerobic properties of E. coli.’' The authors reported the
potential of the E.coli-based drug delivery systems to reduce toxic drug concentrations in major organs.
Although rapid and prolonged accumulation of [*Zr]Zr-DFO-E.coli in the tumor was observed,
increased uptake by the reticuloendothelial system (especially the liver and spleen) warrants further
investigation.

Although it is evident that the radiolabeling of cells with zirconium-89 is a developing field, it is
noteworthy that current cell labeling approaches with technetium-99m and indium-111 may be deemed
sufficient by many clinical practices, especially those that do not have the necessary infrastructure for

PET, and major investment into ¥Zr-cell labeling approaches may therefore not realize.
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Table 1: Overview of clinical investigation using novel *Zr-radiopharmaceuticals**

Year Tracer Type | Clinical indication Study population

2022 | [®Zr]Zr-oxine-WBC Cells | FIH,RD HV, n=4* .
2024 | [*Zr]Zr-oxine-WBC Cells | FIH,RD HV (®), n=4* ¢
2024 | [®Zr]Zr-DFO-PBMC Cells | suspectedinfection | n=8 &
2016 | [*Zr]Zr-DFO-IAB2M MiB metastatic PC n=18 82
2016 | [*Zr]Zr-DFO-IAB2M MiB metastatic PC N= 38 (phase lla-NCT01923727) | >
2019 | [*Zr]Zr-DFO-IAB2M MiB metastatic PC N= 9% (phase Il-NCT03675451) 8
2022 | [*9Zr]Zr-DFO-IAB2M MiB localized PC n=20 85
2020 | [®Zr]Zr-DFO-IAB22M2C | MiB metastatic cancers N= 6 (Phase |-NCT03107663) 3
2020 | [®Zr]Zr-DFO-IAB22M2C | MiB FIH, melanoma n=2%* 86
2022 | [*Zr]Zr-DFO-IAB22M2C | MiB metastatic cancers N=15 (phase I -NCT03107663) 36
2023 | [®Zr]Zr-DFO-IAB22M2C | MiB metastatic cancers n=8 37
2020 | [ Z1Z-HER2-Fab- Fab | FIH, metastaticBCa | n=1 3

PAS200

2022 | [*Zr)zr-DFO-PSMA Pep | FIH; PC (BCR) n=1 30
2022 | [*°Zr]Zr-DFO-PSMA Pep | PC(BCR) n=14 27
2022 | [*Zr]Zr-DOTA-PSMA-617 | Pep | PC (BCR) n=7 2
2022 | [®9Zr]Zr-DOTA-PSMA-617 | Pep FIH; dosimetry n=1 3
2023 | [*°Zr]Zr-DOTA-PSMA-617 | Pep | PC (BCR) n=23 3
2019 | [*Zr]Zr-DFO-CPC634 | NP lwogzgzed cancer n= 5 61
2022 | [*®Zr]Zr-DFO-HDLcer00yy | NP oesophageal cancer | n=9 68

Footnotes and Abbreviations: *) preliminary meeting report; **) studies using full-sized antibody are excluded;
RD) radiation dosimetry investigation; HV) healthy volunteers; FIH) first-in -human; PBMC) peripheral blood mononuclear
cells; WBC) white blood cells/ leucocytes; PC) prostate cancer, BCa) breast cancer; BCR) biochemical recurrence; MiB)
minibody; Pep) peptide; Fab) antibody fragment antigen binding region; NP) nanoparticles
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Limitations and Challenges

Whilst ¥Zr-radiopharmaceuticals offer significant benefits for PET imaging, particularly in oncology,
literature also reports on various study limitations and challenges. Positively, the production and
radiochemical processing of ¥Zr is now well-understood, with several commercial suppliers making
87r in industrial-level quantities, so a worldwide availability at a reasonable price may be possible.
However, the production of *Zr involves complex radiochemical processes that require stringent safety
protocols to prevent contamination and ensure the stability of the radiolabeled compounds. Improper
handling can lead to radiation exposure for healthcare workers and contamination of the environment.
In addition, regulatory hurdles and safety concerns, as with any radiopharmaceutical, are particularly
associated with the use of 3Zr-NP in humans. Ensuring compliance with safety standards and obtaining
regulatory approvals can be time-consuming and may delay the clinical application of these imaging
agents. Technical limitations in access to imaging technology can also pose challenges. The need for
specialized equipment and expertise to perform %Zr-immuno-PET imaging can limit its accessibility in
clinical practice. Additionally, the complexity of the imaging protocols may require extensive training
for healthcare professionals. Measurement sensitivity, e.g., noise interference is another reported
challenge that complicates the imaging process. The presence of noise may obscure the true signal,
especially from %Zr-NP or other *Zr-labeled macromolecules, making it difficult to distinguish
between healthy and diseased tissues. This interference can lead to false positives or negatives in tumor
detection, which is particularly concerning in clinical settings where accurate diagnosis is critical.
Addressing any secondary (off-target) pharmacology and undesired organ radiation is often
underrepresented within the preclinical settings and may be limiting exploratory clinical investigations.
For example, despite the promising applications of #*Zr-NP, challenges remain, including the potential
for non-specific accumulation in certain tissues and the need for improved targeting strategies. Future
research may also focus on enhancing the specificity of *Zr-labeled agents through advanced

conjugation techniques and the development of novel chelators that improve biodistribution profiles.

18



Conclusive Statements

The past decade has shown an avid increase in research concerning ¥Zr-radiopharmaceuticals aside
from ¥Zr-mAb. 89-Zirconium’s steadily expanding role may be directly attributed to the globally
growing cyclotron landscape, the successful development of highly efficient ¥Zr-production processes
and technological advancement made in PET imaging both preclinically and in the clinics. Overall, ¥Zr
’s unique properties and its integration into advanced imaging techniques make it a valuable tool in
nuclear medicine, particularly for the diagnosis and treatment of complex diseases. Considering ¥Zr as
one of the most versatile radioisotopes, it is likely that more compound classes will soon be joining
897 r-radiopharmaceutical development. As highlighted in this review, a large variety of new compounds
is currently being investigated in this research space. By their demonstrated diagnostic potential, some
novel ¥Zr-PET tracers are clinically tested and increasingly used to monitor cancer therapies, evaluate
the biodistribution of therapeutic compounds or drugs (delivered or shuttled to the target) and assist in
patient selection for targeted treatments.®” For instance, filling the gap in clinical investigations using
[¥Zr]Zr-PSMA-PET/CT imaging for patients with low-density PSMA expression, exemplifies the
value and significance of a late-imaging option to “detect the undetected” prostate cancer lesions
through enhanced sensitivity and diagnostic accuracy. Although this aspect is not being covered in this
review, the development of new chelators and radiolabeling techniques has improved the stability and
effectiveness of ¥Zr-radiopharmaceuticals.®® This move has led to more reliable and accurate imaging
results, further driving their adoption in both preclinical and clinical research. In addition, tremendous
research efforts are ongoing driving the development of humanized animal models such as cancer
xenografts, or PDX as well as animals developing infection, inflammation or autoimmune disease.®*!
To improve the relevance of animal models to better translate results to human diseases, researchers
must develop more sophisticated humanized models that better mimic human physiology, and
standardizie protocols and statistical analyses to enhance reproducibility.”” In addition, in
radiopharmaceutical development sometimes the complexity of diseases may not be sufficiently
represented in animals.

In conclusion, the studies discussed in this review are testament to a future warranting expedited
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research efforts on novel ¥Zr-labeled compounds in diverse cancer types and to refine their application
in clinical settings. Hence, the integration of *Zr-radiopharmaceuticals into routine diagnostic
workflows could significantly enhance patient outcomes through earlier and more accurate detection of

malignancies.
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