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Abstract

Purpose The remarkable amount of preclinical data achieved on 3°Zr-PET imaging led to a significant clinical translation,
concerning mainly immuno-PET applications. The aim of this systematic review is to provide a complete overview on
clinical applications of ®Zr-PET imaging, using a systematic approach to identify and collect published studies performed
in humans, sorted by field of application and specific disease subsections.

Methods A systematic literature search of articles suiting the inclusion criteria was conducted on Pubmed, Scopus, Central,
and Web Of Science databases, including papers published from January 1967 to November 2020. Eligible studies had to be
performed on humans through PET imaging with 3°Zr-labeled compounds. The methodological quality was assessed through
the Quality Assessment of Diagnostic accuracy Studies-2 tool.

Results A total of 821 articles were screened. 74 studies performed on humans were assessed for eligibility with the exclu-
sion of further 18, thus 56 articles were ultimately selected for the qualitative analysis.

Conclusions 3°Zr has shown to be a powerful PET-imaging tool, in particular for radiolabeling antibodies in order to study
antigen expression, biodistribution, anticancer treatment planning and follow-up. Other than oncologic applications, 3Zr-
radiolabeled antibodies have been proposed for use in inflammatory and autoimmune disorders with interesting results. 3°Zr-
labeled nanoparticles represent groundbreaking radiopharmaceuticals with potential huge fields of application. To evaluate
the clinical usefulness of ¥Zr PET-imaging in different conditions and in real-world settings, and to widen its use in clinical
practice, further translation of preclinical to clinical data is needed.
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Introduction

Among the large and still growing number of valuable
radiotracers developed for positron emission tomography
(PET) applications in precision medicine, the emerging
radiometal Zirconium-89 (3°Zr) has recently shown great
potential in various fields of application. Produced by a
medical cyclotron at a low cost, in a reasonable time and
without high impurity, 3°Zr decays via positron emission
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(23%) and electron capture (77%) to a metastable level of
Yttrium (3*™Y), which in turn decays via y-ray emission to
stable ¥Y [73]. The associated photons of 908.97 keV (99%
abundance) emitted from the excited state can be separated
by setting the energy windows and are not in coincidence
with the PET signal, due to the half-life of the metastable
level (t;,,=15.8 s) [11]. The relatively low-energy of 3°Zr-
positrons (Eg, 1., =897 keV; Eg, . =396.9 keV) leads to a
maximum positron-range in water of 3.6 mm, thus provid-
ing high-resolution PET images [71]. With a long half-life
of 3.3 days, 897 as other long-lived radionuclides, such as
4Cu (t,,=12.7 h), "Br (t,,=16.2 h), **Y (t,,,=14.7 h) and
24 (¢, »=4.2 days), is particularly apt to follow radiophar-
maceuticals for several days and up to one week[59], allow-
ing for reliable biodistribution assessment [75]. Assuming
that 3°Zr shares the same residualizing properties of other
known radionuclides, such as *0Y, it might be internalized
and trapped after binding to the surface of cells, resulting
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in extremely high target to-background ratios [65], but as
a metallo-radionuclide, it requires complexation to prevent
non-specific binding to non-targeted tissues, particularly to
the bone marrow [71]. Desferrioxamine B (DFO), an iron-
sequestering natural bacterial siderophore, with hydroxam-
ate groups as binding sites for 3°Zr, represents by far the
most commonly used bifunctional chelator, particularly suit-
able for labeling monoclonal antibodies (mAbs) [72]. mAbs
have been widely used for both diagnostic and therapeutic
purposes for decades in a broad range of medical indica-
tions, particularly in oncology [42]. The specific imaging
features paired with the favorable matching between the long
half-life and the slower pharmacokinetics of mAbs, make
897r an effective imaging tool for antibody or immune-based
PET, referred to as “immuno-PET” [39]. Combining the sen-
sitivity of PET with the specificity of mAbs, immuno-PET
aims to provide a non-invasive and direct readout of antigen
expression, along with a reliable characterization of both
pharmacokinetic and dosimetric properties of mAbs [69].
The application of radiolabeled mAbs as imaging probes
for both diagnosis and antibody-based treatment planning
has always been a vibrant area in molecular imaging and has
generated great interest in PET-labeling strategies [33, 50].
To date, immuno-PET represents by far the widest field of
application of ®Zr-PET imaging, but in recent years, a grow-
ing number of studies has focused on ¥Zr-labeled nanopar-
ticles (NPs) with promising results in tumor detection, drug
monitoring, inflammation imaging, as well as tumor-asso-
ciated macrophage and sentinel lymph mapping [70]. The
substantial preclinical data flourished on *Zr-PET imaging
have led to a successful translation to clinical trials.

This systematic review aims to provide a complete over-
view of clinical applications of ¥Zr-PET imaging, using a
systematic approach to identify and collect published studies
performed in humans.

Materials and methods
Search strategy and study selection

This systematic review was drawn up according to PRISMA
guidelines [31]. An online literature search of articles that
suited the inclusion criteria was conducted on Pubmed,
Scopus, Central (Cochrane Library), and Web Of Science
databases and included papers published from January 1967
to November 2020. The following search keywords were
applied for each database: “Positron Emission Tomography”
OR “PET” AND “Zirconium-89” OR “®°Zr”. Eligible stud-
ies had to be performed on humans through PET imaging
with 3°Zr-labeled compounds. The references of the pro-
vided articles were also examined in order to find out any
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additional relevant studies. For the inclusion in the qualita-
tive analysis English language was mandatory.

Data extraction and methodological quality
assessment

General data about the article, specifically authors, journal,
year of publication, country, study design, and patient char-
acteristics, were retrieved for all the included studies.

The methodological quality was assessed through the
Quality Assessment of Diagnostic accuracy Studies-2
(QUADAS 2) tool, widely used and recommended for sys-
tematic reviews of diagnostic accuracy by the Agency for
Healthcare Research and Quality, Cochrane Collaboration
(Cochrane Handbook for Systematic Reviews of Diagnostic
Test Accuracy), and the U.K. National Institute for Health
and Clinical Excellence [53, 67, 68]. Both data extraction
and quality assessment were independently performed by
two reviewers and eventual disagreements were resolved by
unanimous approval after discussion.

Results
Search results

A total of 821 articles were screened by examining each
abstract to identify potentially suitable studies. From the
overall group of 821, 437 articles concerning preclinical
studies, four studies performed on phantoms, 79 studies
focusing on 3°Zr production and/or radiolabeling chemistry,
as well as 68 reviews, 141 articles not satisfying the inclu-
sion criteria and 18 articles not in English language were
excluded. The 74 remaining studies performed on humans,
were assessed for eligibility with the exclusion of further
18 papers (four case reports, four dosimetric studies, three
studies performed on healthy volunteers, five analyses of
clinical data and two studies with no full text available).
56 articles were considered suitable and ultimately selected
for the qualitative analysis of this systematic review. Search
strategy and selection criteria applied are represented in flow
chart (see Fig. 1).

Study characteristics

The 56 selected papers were published from 2006, year
of publication of the first-in-human study with 89Zr as
PET-imaging radionuclide [7], to 2020. Most studies were
conducted by authors from the USA and Europe, with two
studies performed by researchers from Japan. The number
of enrolled patients ranged from 3 to 268, the latter cor-
responding with the ARTFORCE randomized phase II trial
for individualized treatment of head and neck cancer [22].
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Fig. 1 Study selection flow chart

As subjects were primarily cancer patients, selected studies
were mostly about immuno-PET imaging in the oncological
field. A minority of studies focused on immuno-PET appli-
cations other than oncological ones (n=06), while only few
studies (n=4) were performed with 897r-labeled NPs.

Methodological quality assessment

Considering the methodological quality of the studies
included as a whole, this was found to be quite good: 42 of
56 studies satisfied at least three and 22 of 56 all of the four
QUADAS-2 domains for the bias risk assessment and 40
satisfied each of the three applicability assessment domains,
with 49 satisfying at least two domains (Table 1). Ponder-
ing the results within each bias assessment domain in a
independent way, at least 52 studies obtained a low concern
of bias and no more than nine studies showed high risk in
some of those (see Fig. 2 and Fig. 3). Taking into account
all four bias assessment domains, only nine studies reported
more than two unclear results, in relation to insufficient
information given to achieve an optimal methodological
protocol appraisal, and no one reported a high risk of bias
more than one domain. Considering the patient selection
domain, three studies had an unclear risk of bias because of
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¢ Fulltext not available = 2

a lack of detailed information or it was not reported patients
enrollment. Two studies reported high risk of bias because
of the heterogeneity of the inclusion criteria. For index test
domain, two studies reported high risk of bias as a conse-
quence of different PET imaging acquisition and/or elabora-
tion work out, leading to a certain grade of heterogeneity. A
high concern of applicability was found, both in index test
domains and patient selection, in three studies. Finally, the
concern for global applicability was mainly low (see Figs. 4
and 5).

Discussion
89 :

Zr-immuno-PET
Oncological applications
Breast cancer As treatment options with targeting agents
such as trastuzumab, pertuzumab and trastuzumab-emtan-
sine for patients with metastatic breast cancer are largely
dependent upon the presence of human epidermal growth

factor receptor 2 (HER2), the development of non-invasive
imaging techniques for the assessment of HER2 status has
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Table. 1 Tabular visual of quality assessment results

Study RISK OF BIAS APPLICABILITY CONCERNS
PATIENT INDEX REFERENC FLOW PATIENT INDEX
SELECTION TEST E AND SELECTION TEST REFERENCE
STANDARD TIMING STANDARD

He Zheng et al. 2016 © ® ? © © i U

Adams et al. 2019 © © ? ? © © ?
Ankersmit et al. 2019 © i ? © © © ©
Heuveling et al. 2013 © © © © © © ©
Heuveling et al. 2018 © © ? © © © ©
Bensch et al. 2018 © © © © © © ©
Bensch et al. 2017 © © ? © © © ©
Bensch* et al. 2018 ® © g © ® © ©
Borjesson et al. 2006 © © &) © © © ©
Borjesson et al. 2009 © © © © © © ©
Bruijnen et al. 2016 © © © © © © ©
Carrasquillo et al. 2019 © © © © © © ©
Cornelis et al. 2017 © © ? © © © ©
Den Hollander et al. 2015 © ? ? © © © ©
Dehdashti et al. 2018 © © © ? © © ©

Dijikers et al. 2010 © © &) @ © © g
Sanchez-Vega et al. 2019 © 4 © © © © ®
Gaykema et al. 2013 © ®) © © © © ©
Gaykema et al. 2014 © © [ © © © ©
Gebhart et al. 2015 © © © © © © ©
Hagens et al. 2016 © ? ? © © | ©

Hekman et al. 2018 ® © ? ? © © I
Heukelom et al. 2013 © © © &) © © ©
Bahce et al. 2014 © © © ? © © ©
Joraku et al. 2019 © © © © © © ©
Jansen et al. 2016 © © © © © © ©
Laban et al. 2019 ® © ? 4 4 © ©
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Table. 1 (continued)

Lambert et al. 2015 © © © ? © © ©
Laforest et al. 2016 © © @ © © © ©
Linderberg et al. 2017 © ? ? &) © g ©
Matsuda et al. 2018 © © © © © © ©
Mock et al. 2019 © © ® ? © i ©
Muylle et al. 2015 © © © © © © ©
0'Donoghue et al.2017 © © B © © © ©
O'Donoghue et al.2019 © © © © © © ©
Oosting et al. 2015 ? © ? © © © 2
Oosting et al. 2016 © © © © © © ©
Osborne et al. 2014 © © 2 © © © ©
Pandit- Taskar et al. 2014 © © B © © © B
Pandit- Taskar et al. 2015 © © © © © © ©
Pandit- Taskar et al. 2016 © © © © © © ©
Pandit- Taskar et al. 2019 © © ? © © © ©
Rizvi et al. 2012 © © © © © © ?
Ulaner et al. 2016 © © ? &) © © g
Ulaner et al. 2017 © © ? ® © © ?
Ulaner* et al. 2017 © © ? © © © ©
Ulaner et al. 2020 © © B © © © ©
Ulaner* et al. 2020 © © © © © © ©
Van Asselt et al. 2020 © © ® ? © ® ©
Van Brummelen ctal. 2018 © © ? © © © ©
Van der Houven et al. 2015 © ? ? ® © B B
Van der Houven etal. 2019 © © © © © © ©
Van Es et al. 2017 © © © ? © © ©
Van Helden et al. 2019 © © © ® © © ©
Van Loon et al. 2016 © © © © © © ©
Verhoeff et al. 2019 © © © © © © ©
©LowRisk  ®HighRisk  ? Unclear Risk
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RISK OF BIAS ASSESSMENT
Patient Selection Index Test |Reference Standard| Flow and Timing
He Zheng et al. 2016 Low Unclear Low
Adamsetal. 2019 Low Low Unclear Unclear
Ankersmit et al. 2019 Low Unclear Unclear Low
Heuveling etal. 2013 Low Low Low Low
Heuveling et al. 2018 Low Low Unclear Low
Bensch etal.2018 Low Low Low Low
Bensch etal. 2017 Low Low Unclear Low
Bensch* etal. 2018 Low Unclear Low
Borjesson et al. 2009 Low Low Low Low
Borjesson et al. 2006 Low Low Low Low
Bruijnenetal. 2016 Low Low Low Low
Carrasquilloetal. 2019 Low Low Low Low
Cornelisetal. 2017 Low Low Unclear Low
Den Hollander et al. 2015 Low Unclear Unclear Low
Dehdashtietal. 2018 Low Low Low Unclear
Dijikersetal. 2010 Low Low Low Unclear
Gaykemaetal. 2013 Low Low Low Low
Gaykemaetal. 2014 Low Low Unclear Low
Gebhart et al. 2015 Low Low Low Low
Hagensetal. 2016 Low Unclear Unclear Low
Hekman et al. 2018 Low Unclear Unclear
Heukelom et al. 2013 Low Low Low Low
Bahceetal. 2014 Low Low Low Unclear
Joraku et al. 2019 Low Low Low Low
Jansen etal. 2016 Low Low Low Low
Labanetal. 2019 Low Unclear Unclear
Lambertetal. 2015 Low Low Low Unclear
Laforest et al. 2016 Low Low Unclear Low
Linderberg etal. 2017 Low Unclear Unclear Low
Matsudaetal. 2018 Low Low Low Low
Moek etal. 2019 Low Low Unclear
Muylle etal. 2015 Low Low Low Low
0'Donoghueetal.2017 Low Low Unclear Low
0'Donoghue et al.2019 Low Low Low Low
Oosting etal. 2015 Unclear Low Unclear Low
Qosting etal. 2016 Low Low Low Low
Osborneetal. 2014 Low Low Unclear Low
Pandit- Taskar et al. 2014 Low Low Unclear Low
Pandit- Taskar et al. 2015 Low Low Low Low
Pandit- Taskar et al. 2016 Low Low Low Low
Pandit- Taskar et al. 2019 Low Low Unclear Low
Rizvi etal. 2012 Low Low Low Low
Sanchez-Vegaetal. 2019 Low Unclear Low Low
Ulaner etal. 2016 Low Low Unclear Low
Ulaner etal. 2017 Low Low Unclear
Ulaner® etal. 2017 Low Low Unclear Low
Ulaner etal. 2020 Low Low Unclear Low
Ulaner® etal. 2020 Low Low Low Low
Van Asselt et al. 2020 Low Low Unclear
Van Brummelenetal. 2018 Low Low Unclear Low
Van der Houven van Oordt etal. 2015 Low Unclear Unclear
Van der Houven van Oordt et al. 2019 Low Low Low Low
Van Es etal. 2017 Low Low Low Unclear
Van Heldenetal. 2019 Low Low Low
Van Loonetal. 2016 Low Low Low Low
Verhoeff etal. 2019 Low Low Low Low

Fig. 2 Risk of bias assessment through Quadas2 for each study

generated great interest in recent years. Laforest et al. evalu-  and defined optimal imaging time at least four days post-
ated radiation dosimetry of %°Zr-trastuzumab PET, with  injection [29]. Several studies investigated the role of ¥Zr-
liver being the dose-limiting organ, reported a safe profile  trastuzumab PET imaging in selecting metastatic patients
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Fig.3 Results of risk of bias
assessment through Quadas2
along with its graphic represen- Patient Selection I
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with HER2-positive lesions, with Ulaner et al. focusing on
patients with HER2-negative primary breast cancer [16, 55,
56]. In 2018 Dehdashti et al. showed the potential of 3°Zr-
trastuzumab PET in characterizing HER?2 status of patients
with breast cancer, in order to avoid repeat or multiple tis-
sue sampling [13], while Bensch et al. reported its value
in supporting diagnostic understanding and clinical deci-
sion making in twenty patients with unclear HER2 status
after standard workup, specifically bone scan, '|F-FDG
PET, CT and, if feasible, biopsy [4]. The ZEPHIR trial
performed by Gebhart et al. investigated the heterogene-
ity of advanced HER2-positive breast cancer and demon-
strated the prognostic value of combining '*F-FDG PET
and %°Zr-trastuzumab PET in predicting patient outcome
under Trastuzumab-emtansine treatment [19]. In a recent
work published in 2020, Ulaner et al. successfully identified
HER2-positive metastases in six patients with HER2-neg-
ative primary breast cancer through %°Zr-pertuzumab PET
[54], after a preliminary first-in-human dosimetric study
[57]. As concerning tumor angiogenesis, in 2013 Gaykema
et al. performed a feasibility study with ¥Zr-bevacizumab
PET investigating whether vascular endothelial growth fac-
tor (VEGF)-A imaging can be used for detection of primary
breast tumors [17]. In a following paper, the same authors
used both ¥Zr-trastuzumab and 3°Zr-bevacizumab PET to
evaluate the effect of the HSP90 inhibitor NVP-AUY922 in
sixteen patients with advanced HER?2 or estrogen receptor-
positive metastatic breast cancer [18].

Head and neck cancer (HNC) In the first in humans %Zr
immuno-PET study published in 2006 by Borjesson et al.,
the 3°Zr-labeled chimeric mAb U36 showed high accuracy
in the detection of both primary tumor and lymph node
metastases in twenty patients head and neck squamous

20% 40% 60% 80% 100%

Proportion of studies with low, high or unclear
RISK of BIAS

cell carcinoma (HNSCC) [7]. In a later study 897r-labeled
mAb U36 was used to quantitatively assess biodistribu-
tion, uptake, organ residence times, and radiation dose in
HNSCC patients planned to undergo neck dissection [8].
In a randomized controlled phase II trial, Heukelom et al.
analyzed the predictive value of 3°Zr-cetuximab uptake to
improve patient selection for chemoradiotherapy with either
the anti-epidermal growth factor receptor (EGFR) mAb
cetuximab, or cisplatin [22].

Prostate cancer In 2014 Osborne et al. published the
results of a pilot study exploring the feasibility of %Zr-
PET imaging with radiolabeled J591, a humanized mAb
that specifically binds to the prostate-specific membrane
antigen (PSMA) extracellular domain, in eleven patients
with localized prostate cancer undergoing radical pros-
tatectomy and demonstrated the usefulness of *Zr-J591
PET in identifying tumor foci, as well as a relationship
between tumor uptake and aggressiveness, as defined by
Gleason score [45]. Similar data on ¥Zr-J591 PET have
been reported in patients with metastatic prostate cancer
(mPC) by Pandit-Taskar et al., who performed a first-in-
human phase I/I study comparing the detection ability
of ¥7r-J591 PET with conventional imaging modalities
and pathology [47], following a preliminary work on
safety, biodistribution and dosimetry [46]. Exploiting the
relatively new identification of the six-transmembrane
epithelial antigen of prostate-1 (STEAP1), O’Donoghue
et al. assessed pharmacokinetics and biodistribution of
$97r-DFO-MSTP2109A, a radiolabeled antibody that rec-
ognizes STEAP1 in seven patients with metastatic castra-
tion resistant prostate cancer (mCRPC) who had at least
one archival STEAPI-positive biopsy [40]. In a later
study published in November 2019, Carrasquillo et al.
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APPLICABILITY CONCERNS ASSESSMENT
Patient Selection Index Test Reference Standard
He Zheng et al. 2016 Low Unclear Unclear
Adamsetal. 2019 Low Low Unclear
Ankersmitetal. 2019 Low Low Low
Heuveling etal. 2013 Low Low Low
Heuveling et al. 2018 Low Low Low
Bensch etal.2018 Low Low Low
Bensch etal. 2017 Low Low Low
Bensch* etal. 2018 [ High | Low Low
Borjesson et al. 2006 Low Low Low
Borjesson et al. 2009 Low Low Low
Bruijnenetal. 2016 Low Low Low
Carrasquilloetal. 2019 Low Low Low
Cornelisetal. 2017 Low Low Low
Den Hollander et al. 2015 Low Low Low
Dehdashtietal. 2018 Low Low Low
Dijikersetal. 2010 Low Low Unclear
Gaykemaetal. 2013 Low Low Low
Gaykemaetal. 2014 Low Low Low
Gebhartetal. 2015 Low Low Low
Hagensetal. 2016 Low Unclear Low
Hekman et al. 2018 Low Low Unclear
Heukelom et al. 2013 Low Low Low
Bahceetal 2014 Low Low Low
Joraku etal. 2019 Low Low Low
Jansen etal. 2016 Low Low Low
Labanetal. 2019 Unclear Low Low
Lambertetal. 2015 Low Low Low
Laforest et al. 2016 Low Low Low
Linderberg etal. 2017 Low Unclear Low
Matsudaetal. 2018 Low Low Low
Moek etal. 2019 Low Unclear Low
Muylle etal. 2015 Low Low Low
0'Donoghueetal.2017 Low Low Low
0O'Donoghueetal.2019 Low Low Low
Qosting etal. 2015 Low Low Unclear
Qosting etal. 2016 Low Low Low
Osborneetal. 2014 Low Low Low
Pandit- Taskar et al. 2014 Low Low Unclear
Pandit- Taskar et al. 2015 Low Low Low
Pandit- Taskar et al. 2016 Low Low Low
Pandit- Taskar et al. 2019 Low Low Low
Rizvi etal. 2012 Low Low Unclear
Sanchez-Vegaetal. 2019 Low Low
Ulaner etal. 2016 Low Low Unclear
Ulaner etal. 2017 Low Low Unclear
Ulaner® etal. 2017 Low Low Low
Ulaner etal. 2020 Low Low Low
Ulaner® etal. 2020 Low Low Low
Van Asseit et al. 2020 Low Low
Van Brummelenetal. 2018 Low Low Low
Van der Houven van Oordt etal. 2015 Low Unclear Unclear
Van der Houven van Oordt et al. 2019 Low Low Low
Van Es etal. 2017 Low Low Low
Van Heldenetal. 2019 Low Low Low
Van Loonetal. 2016 Low Low Low
Verhoeff etal. 2019 Low Low Low

Fig.4 Applicability concerns assessment through Quadas2 for each study

confirmed excellent tumor uptake in both soft tissue and
bone lesions in nineteen mCRPC patients and proposed
897r-DFO-MSTP2109A as a companion diagnostic in
patients undergoing STEAP1-directed therapy warranting
further exploration [10]. Aiming to provide new insights
on mPC imaging, Pandit-Taskar et al. conducted a first-in-

@ Springer

human phase I dose-escalation PET-imaging study with
the anti-PSMA minibody “IAB2M” labeled with *°Zr,
and reported favorable pharmacokinetics, biodistribution,
dosimetry, and lesion uptake of the radiopharmaceutical
for targeting mPC [48].
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Fig.5 Results of applicability
concerns assessment through
Quadas2 along with its graphic
representation

Patient Selection

Index Test

Low

I B High

QUADAS-2 domains

Reference Standard

B Unclear

0%

Urological malignancies The above-mentioned radiophar-
maceutical has been subsequently used in a phase I/Ila PET
imaging study among patients with urological malignancies
(thirteen patients with prostate cancer and four patients with
other urological cancer) by Joraku et al. who confirmed the
safety and tolerability of °Zr-TAB2M in terms of adverse
events and radiation exposure and protection [26].

Gastrointestinal tumors The mAb Trastuzumab is the first
Food and Drug Administration—approved targeted agent for
treatment of patients with esophagogastric adenocarcinoma
(EGA) overexpressing the anti-human epidermal growth
factor receptor 2 (HER2). In 2018, O’Donoghue et al. pub-
lished a first report evaluating safety, pharmacokinetics, bio-
distribution, and dosimetry of 3°Zr-trastuzumab PET as a
non-invasive imaging tool for assessing HER2 expression
in patients with EGA [41]. Based on these data, Sanchez-
Vega et al. conducted a phase II trial of afatinib, an irre-
versible pan-HER kinase inhibitor, in patients with trastu-
zumab-refractory HER2-amplified EGA, after performing
functional imaging with 3°Zr-trastuzumab PET to determine
sensitivity and resistance to therapy [52]. In a feasibility
study, Moek et al. assessed the biodistribution of AMG 211,
a bispecific T-cell engager against carcinoembryonic anti-
gen on tumor cells and cluster of differentiation 3 (CD3)
on T-cells, by radiolabeling AMG 211 with 3Zr in patients
with advanced gastrointestinal adenocarcinomas [37]. The
anti-epidermal growth factor receptor (EGFR) mAbs cetux-
imab and panitumumab have been radiolabeled with **Zr for
PET imaging in order to investigate biodistribution, tumor
uptake and response to treatment in patients with advanced
colorectal cancer. Van der Houven van Oordt et al. proposed
897r-cetuximab PET/CT as a potential selection method
for cetuximab treatment needing further clinical validation
[35], while van Helden et al. failed to predict treatment ben-

T T T T

20% 40% 60% 80% 100%

Proportion of studies with low, high, or unclear

CONCERNS regarding APPLICABILITY

efit and progression free survival (PFS) through 3°Zr-PET
imaging, underlining the different factors which may cor-
relate with intrinsic resistance to therapy [63]. In 2017, Lin-
denberg et al. reported the first in human experience and
study of dosimetry with 3°Zr-panitumumab [32].

Renal cell carcinoma (RCC) To find predictive biomarkers
for antiangiogenic treatment, **Zr-bevacizumab has been
investigated as vascular endothelial growth factor A (VEGF-
A)-binding PET-tracer in metastatic RCC (mRCC) patients.
Following a pilot study revealing a significant decrease of
89Zr-bevacizumab uptake during treatment with bevaci-
zumab/interferon-a and sunitinib [43], van Es et al. reported
similar findings with everolimus in thirteen patients with
mRCC and prospected a potential role of ¥Zr-bevacizumab
PET in selecting patients for everolimus treatment [62].

Exploiting the high expression of carbonic anhydrase IX
(CAIX) in clear cell RCC (ccRCC), Hekman et al. showed
the value of PET/CT imaging with the 3°Zr-labeled anti-
CAIX mAb girentuximab in case of diagnostic dilem-
mas concerning ccRCC [21], while Verhoeff et al. under-
lined how the addition of *Zr-girentuximab-PET/CT and
BE_FDG-PET/CT increases lesion detection compared to
CT alone in newly diagnosed metastatic ccRCC (mccRCC)
patients [66].

Brain tumors Using %Zr-Df-IAB2M (anti-PSMA mini-
body) PET scans, Matsuda et al. showed high expression
of PSMA in tumor-associated neovasculature of high-grade
gliomas and metastatic brain tumors in respect to primary
central nervous system lymphomas (PCNSL) and radiation
necrosis, and prospected a potential role of ¥Zr-PET imag-
ing in the differential diagnosis and prediction of treatment
response to bevacizumab therapy in high-grade gliomas
[34]. Similarly, Jansen et al. proposed 3°Zr-PET scanning for
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the selection of patients with the greatest chance of benefit
from bevacizumab treatment by measuring the tumor uptake
of 3°Zr-labeled bevacizumab in seven children with diffuse
intrinsic pontine glioma (DIPG) [25]. In a recent publication
den Hollander et al. imaged transforming growth factor—b
(TGF-b) expression in twelve patients with recurrent high-
grade glioma using 3°Zr-fresolimumab PET, but revealed no
treatment benefit after fresolimumab [14].

Haematological malignancies %°Zr has been recently
used for biodistribution and radiation dosimetry studies in
patients with relapsed and refractory non-Hodgkin’s lym-
phoma (NHL) eligible for radioimmunotherapy (RIT) with
%0Y-labeled anti-CD20 mAbs. Rizvi et al. demonstrated that
the biodistribution of 3°Zr-ibritumomab tiuxetan is not influ-
enced by the simultaneous therapy with *°Y-ibritumomab
tiuxetan in seven patients with relapsed or refractory aggres-
sive CD20-positive B-cell NHL [51]. In 2015, Muylle et al.
showed that the administration of a standard preload of
unlabeled rituximab impairs tumor targeting of the radio-
conjugate in the majority of patients eligible for RIT, using
89Zr-rituximab PET/CT imaging in five patients with CD20-
positive B-cell lymphoma and progressive disease [38]. Fol-
lowing successful preclinical data, Ulaner et al. managed to
measure osseous disease burden in ten patients with multi-
ple myeloma using CD38-targeted immunologic PET imag-
ing with ¥Zr-DFO-daratumumab [58].

Neuroendocrine tumors (NETs) In a recent study van
Asselt et al. investigated the effect of everolimus on tumor
uptake of ¥Zr-labeled bevacizumab in fourteen patients
with advanced progressive well-differentiated NETs. The
Authors revealed a reduction of ¥Zr-bevacizumab tumor
uptake during everolimus treatment and proposed serial
89Zr-bevacizumab PET as early predictive biomarker of
anti-VEGF-directed treatment [60].

Lung cancer In a pilot study, Bahce et al. visualized and
quantified the uptake of bevacizumab, a monoclonal anti-
body against vascular endothelial growth factor-A (VEGF-
A), through ¥Zr-PET imaging in patients with advanced
non-small cell lung cancer (NSCLC) and underlined the
need for further investigation to validate this technique as a
predictive biomarker for selecting patients for bevacizumab
treatment [3].

Head and neck (HNC) and lung cancer A phase I trial with
897 r-cetuximab, a mAb specifically blocking the EGFR, was
performed by van Loon et al. to determine safety and tumor
uptake in three HNC patients and six NSCLC patients [64].

Pancreatic and ovarian cancer In 2016, Lamberts et al.
performed an ¥Zr-PET imaging study with the Meso-
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thelin (MSLN) antibody “MMOTO0530A” in conjunction
with a phase I study with the antibody—drug conjugate
“DMOT4039A”, containing MMOTO0530A bound to the
potent mitotic agent monomethyl auristatin “MMAE” in
eleven patients, seven with pancreatic and four with ovar-
ian cancer. The authors concluded that the use of *Zr-
MMOTO0530A in future trials with DMOT4039A may be
used to guide individualized antibody-based treatment [30].

Solid malignancies In 2017, Bensch et al. evaluated %°Zr-
lumretuzumab uptake before and during treatment with
lumretuzumab, a human epidermal growth factor receptor 3
(HER3)-targeting mAb in twenty patients with histologically
confirmed locally advanced or metastatic HER3-expressing
solid tumors [5]. In a later study the authors demonstrated
the feasibility of PET-imaging with 3°Zr-atezolizumab as
a non-invasive approach to assess clinical response to pro-
grammed cell death ligand-1 (PD-L1) blockade in twenty-
two patients across three tumor types (locally advanced or
metastatic bladder cancer, NSCLC, or triple-negative breast
cancer (TNBC) [6]. Aiming to provide new insights into the
mechanisms of immunotherapy, Pandit-Taskar et al. suc-
cessfully imaged tumor-infiltrating CD8-positive (CD8+) T
lymphocytes through ¥Zr-IAB22M2C, a radiolabeled mini-
body against CD8 + T cells in six patients with solid malig-
nancies [49]. In 2018, van Brummelen et al. conducted an
immuno-PET imaging study to assess biodistribution and
tumor accumulation of %°Zr-labeled cergutuzumab amu-
naleukin (CEA-IL2v), an immunocytokine directed against
carcinoembryonic antigen (CEA), in twenty-four patients
with advanced solid tumors, confirming selective and tar-
geted tumor accumulation of this novel immunocytokine
[61]. Similarly, Menke-van der Houven van Oordt et al.
investigated biodistribution and tumor uptake of the %°Zr-
labeled anti-HER3, mAb GSK2849330, and demonstrated
a dose-dependent inhibition of tumor uptake by unlabeled
mAb confirming target engagement to the HER3 receptor
[36].

Non-oncologic applications

Rheumatoid Arthritis (RA) In a recent work Bruijnen et al.
demonstrated the clinical value of baseline non-invasive
B-cell imaging with ¥Zr-rituximab PET/CT in selecting
RA responders to rituximab treatment and prospected a
potential use in other B-cell drove autoimmune diseases,
from systemic lupus erythematosus to Sjogren’s disease [9].

Multiple sclerosis (MS) A pilot study was performed by
Hagens et al. to assess whether 3°Zr-rituximab is able to
detect active CD20-positive lesions in three patients with
active relapsing—remitting MS. In the two patients complet-
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ing the entire study protocol, no evidence for cerebral pen-
etration of ®Zr-rituximab was found [20].

Interstitial pneumonitis In 2019, Adams et al. investigated
the possibility of imaging *Zr-rituximab uptake as future
early predictor of treatment response in a pilot study per-
formed in ten patients with therapy refractory interstitial
pneumonitis [1].

Orbital inflammatory disease Twelve patients with thyroid
eye disease and suspected idiopathic orbital inflammation
were scanned by Laban et al. to assess the potential value of
897 r-rituximab PET/CT for diagnostic and therapeutic man-
agement of refractory inflammation [28].

Von Hippel-Lindau disease (VHL) Twenty-two VHL patients
with at least one measurable hemangioblastoma were
enrolled by Oosting et al. to assess vascular endothelial
growth factor A (VEGF-A) expression through 3°Zr-bevaci-
zumab PET. The Authors explored the possibility of differ-
entiating progressive from non-progressive lesions and pro-
posed 3Zr-bevacizumab PET as a possible tool for selecting
VHL patients for anti-VEGF therapy [44].

Percutaneous biopsy Cornelis et al. demonstrated the feasi-
bility of using %Zr-labeled radiotracers for PET/CT-guided
biopsy in patients with metastatic prostate or breast carci-
noma. Within-suite PET/CT biopsy has successfully per-
formed a mean of 6.2 days after diagnostic imaging with
897r-labeled anti-PSMA (J591 antibody or minibody) or
trastuizumab in seven men and five women, respectively,
without the need for reinjection [12].

89Zr-labeled nanoparticles
Lymphoscintigraphy

A pilot study on the clinical feasibility of PET/CT lym-
phoscintigraphy with 8Zr-nanocolloidal albumin for sen-
tinel nodes (SNs) identification was performed by Heuve-
ling et al. in five patients with oral cavity cancer, in 2012.
A head-to-head comparison with y-camera-based imaging
using **™Tc-nanocolloidal albumin showed identical drain-
age patterns but PET/CT lymphoscintigraphy with ¥Zr-
nanocolloidal albumin detected additional foci near the pri-
mary tumor site and improved the visualization of lymphatic
vessels, thus resulting in more detailed anatomic localiza-
tion [24]. A subsequent study performed in 2018, proved
the feasibility of intraoperative detection of SNs containing
89Zr-nanocolloidal albumin using a handheld high-energy
gamma probe in five patients with oral cavity cancer planned
for surgical resection [23]. Similar results were reported by
Ankersmit et al. using preoperative endoscopical injection

of ¥Zr-nanocolloidal albumin and intraoperative injection of
the near-infrared (NIR) tracer Indocyanine Green (ICG) in
ten patients with early colon cancer eligible for laparoscopic
resection [2].

Atherosclerosis

In 2016, Zheng et al. used 897 for radiolabeling CER-001,
an engineered lipoprotein complex mimicking pre-beta
High Density Lipoproteins (HDL), and evaluated the tar-
geted delivery of the radiopharmaceutical in atherosclerotic
carotid artery plaques of eight patients. Using serial PET/CT
imaging, the authors provided evidence of targeted accumu-
lation of 3°Zr-labeled CER-001 in advanced atherosclerotic
plaques after infusion, thus prospecting a potential role as
nano-carrier for both imaging and therapeutic purposes in
future plaque-targeted delivery strategies [74].

Drawbacks and limitations

Considering the large number of ongoing studies and the
perspective of an even larger clinical application, a men-
tion of some major limitations and drawbacks of %Zr -based
radiopharmaceuticals is needed.

With regard to 3°Zr production, it is worth highlighting
that a medium or high-energy cyclotron and a solid target
system are currently needed, limiting its use to a small
number of institutes worldwide. However, in recent years
some improvements in the yttrium target design, such as the
use of a liquid target, showed the opportunity to facilitate
897r production procedure, in adequate amounts for clinical
applications. Moreover, one of the major concerns regard-
ing the clinical application of a longer-lived radionuclide is
the substantial radiation dose received by patients compared
to shorter-lived nuclides. In fact, considering the physical
characteristics of 89Zr mentioned in the Introduction, radia-
tion dosimetry of 3Zr-labeled mAb PET is not particularly
favorable, being generally poorer as compared to the most
commonly applied '*F -FDG PET, ranging approximately
between 20 and 40 mSv for 37-74 MBq 897r (68). Novel
strategies aiming to reduce radiation dose and improve
radiodosimetric profile are currently under investigation.
The improvements in PET technology, such as the devel-
opment of digital PET systems, characterized by a higher
sensitivity, may lead to a significant reduction of adminis-
tered activities in clinical applications. In addition, as it is
known that the instability of 3Zr-DFO chelation generates
several dechelated forms of 3°Zr, such as 3Zr chloride, %Zr-
citrate, and 3°Zr-oxalate, which accumulates in bone marrow,
recent radiochemistry studies are exploiting new chelating
approaches, focusing on the development of more stable 3°Zr
chelating agents [15, 27].
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The prevailing opinion is that the advantage of °Zr-
labeled radiopharmaceuticals to provide reliable biodistri-
bution studies, particularly in the case of slow pharmacoki-
netics, is worth the above mentioned limitations.

Conclusions

Following the promising preclinical data, 3°Zr has been
successfully used in several clinical studies. The favorable
imaging properties combined with the long half-life, make
897r a versatile PET-imaging tool, particularly for radiola-
beling mAbs to assess antigen expression, analyze biodistri-
bution, plan treatment and evaluate response to anticancer
therapies. Despite oncology represents by far the largest field
of application, ¥Zr-radiolabeled mAbs have been proposed
for possible use in inflammatory and autoimmune disorders
with interesting results. As concerning applications other
than immuno-PET, 3°Zr-labeled nanoparticles represent
promising radiopharmaceuticals with potential huge fields of
application, ranging from lymphoscintigraphy with nanocol-
loidal albumin to engineered nanoparticles. Further transla-
tion of preclinical data in clinical studies is needed to assess
the utility of ¥Zr as PET-imaging agent in different settings
and widen its use in clinical practice.
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