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Abstract

The advent of antibody-based cancer therapeutics has led to the concomitant rise in the
development of companion diagnostics for these therapies, particularly nuclear imaging agents. A
number of radioisotopes have been employed for antibody-based PET and SPECT imaging,
notably 84Cu, 1241, 111In and 99MTc; in recent years, however, the field has increasingly focused
on 89Zr, a radiometal with near ideal physical and chemical properties for immunoPET imaging.
In the review at hand, we seek to provide a comprehensive portrait of the current state of 89zr
radiochemical and imaging research, including work into the production and purification of the
isotope, the synthesis of new chelators, the development of new bioconjugation strategies, the
creation of novel 89Zr-based agents for preclinical imaging studies, and the translation of 89Zr-
labeled radiopharmaceuticals to the clinic. Particular attention will also be dedicated to emerging
trends in the field, 89Zr-based imaging applications using vectors other than antibodies, the
comparative advantages and limitations of 89Zr-based imaging compared to that with other
isotopes, and areas that would benefit from more extensive investigation. At bottom, it is hoped
that this review will provide both the experienced investigator and new scientist with a full and
critical overview of this exciting and fast-developing field.
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Introduction

The exquisite specificity and affinity of antibodies have made them extremely attractive
candidates for cancer therapeutics and drug delivery agents. Consequently, over the past two
decades, considerable effort has been invested into the construction and development of
antibody-based imaging agents as companion diagnostics for the characterization, treatment
planning, and treatment monitoring of cancer. Importantly, one of the most fundamental
principles in the construction of effective antibody-based nuclear imaging agents is
matching the physical half-life of the radioisotope to the pharmacokinetic half-life of the
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immunoglobulin.[3] Generally, intact antibodies have relatively slow pharmacokinetics,
often requiring multiple days to reach their optimal biodistribution within the body. As a
result, up until just a few years ago, the exigency of matching physical and biological half-
lives has led 111In, 99mT¢, 67Ga, 86 64Cy, and 1241 — with half-lives of 2.80 d, 6.0 h, 3.26
d, 14.74 h, 12.70 h, and 4.18 d, respectively — to be the most often employed radioisotopes
for antibody-based nuclear imaging agents.[4]

Each of these isotopes, however, possesses characteristics that ultimately limit their
suitability for clinical antibody-based imaging. 84Cu, for example, has been employed
successfully as a radiolabel for antibodies in numerous pre-clinical studies in rodents, but its
12.7 h half-life is ultimately too short to prove effective under the slower pharmacokinetic
conditions of imaging in humans.[5-8] 86Y likewise possesses a half-life that is too short for
human imaging and also adds the limitations of sub-optimal decay characteristics and
difficult radionuclide production and purification protocols. 1241, in contrast, has a near ideal
half-life for antibody-based imaging and has thus long been the radionuclide of choice for
immunoPET.[9, 10] However, the expense of the isotope, its relatively low resolution due to
the high energy of its positrons, and the significant dehalogenation of 124]-labeled antibodies
in vivo combine to limit its ultimate clinical potential. Finally, while 111In and 6’Ga also
boast favorable physical half-lives and behavior for antibody-based applications, the
inherent limitations of SPECT relative to its higher resolution and quantitative cousin, PET,
have resulted in a far greater interest in the clinical translation of immunoPET agents rather
than radiopharmaceuticals for immunoSPECT. 29™Tg¢, of course, combines the
aforementioned limitations of SPECT imaging with a half-life that is regarded as too short
for clinical antibody-based imaging.

The desire to find a more suitable radioisotope for antibody-based imaging has been the
driving force behind the recent increase in research into 89Zr-based imaging, led by the
laboratories of Elisabeth de Vries and Guus van Dongen in the Netherlands, among others.
[11-14] Indeed, 89Zr has favorable physical characteristics for antibody-based imaging, with
a half-life of 78.4 h and a relatively low positron energy of 395.5 keV, and its advantages
over the alternatives are manifold: its physical half-life is better suited to antibody-based
imaging than that of 64Cu or 86Y, particularly in the clinic; it is safer to handle, cheaper to
produce, more stable /n7 vivo, and residualizes in tumors far more effectively than 1241;
additionally, its emission of positrons rather than single photons allows for higher
resolution, quantitative imaging.[15, 16] Taken together, these characteristics have spurred
the rise of 89Zr from a relatively obscure positron-emitting radiometal less than ten years
ago to a popular choice for both pre-clinical and clinical immunoPET imaging. To wit, prior
to 2009, the number of publications per year on 89Zr-PET hovered between 2-6; in 2009,
however, this number rose 10, followed by even more pronounced increases to 27 and 33 in
2010 and 2011, respectively. Finally, it is also important to note that while antibodies
represent perhaps the most significant and promising application of 89Zr, the isotope may
also prove useful with other types of targeting vectors, particularly nanoparticles with slow
pharmacokinetics and peptides for which longer imaging studies may prove informative.

In the following pages, we hope to provide a comprehensive review of the rapidly growing
field of 89Zr-based PET imaging. It would be remiss not to mention that other excellent
reviews on 89Zr currently exist in the literature, especially those written by Vugts and van
Dongen at Vrije University in the Netherlands and Severin and Nickles at the University of
Wisconsin. [17, 18] Our more comprehensive review stands apart from these, however, as
the former focuses primarily on 89Zr radiochemistry, and the latter primarily addresses
conjugation methodologies; others that have recently appeared in the literature have
concentrated on 89Zr production[19] or its use in pre-clinical imaging[20] or have

discussed 89Zr in a broader context of PET radiometals or developing radiopharmaceuticals.
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[4, 21-23] In contrast, in the following pages, we will strive to cover a wide range of topics,
ranging from 89Zr production and purification to the design and bioconjugation of chelators
for 89Zr to the most recent clinical imaging studies. Ultimately, it is our hope that this
review will provide a comprehensive and in-depth portrait of the current state of the field,
illustrate both the successes and limitations of 89Zr-based imaging, help identify specific
areas that are in need of additional research, and, in so doing, prove useful to the scientist
new to the field and veteran investigator alike.

Decay Characteristics

Any discussion of PET imaging with 89Zr must necessarily begin with the fundamentals its
decay [24-28]. 89Zr decays with a half-life of 78.41 h via both positron emission and
electron capture to an intermediate 89MY state which in turn decays to stable 89Y via a
gamma ray emission (909 keV) with a half-life of 15.7 s (Figure 1). The relatively low
translational energy of the emitted positrons, 395.5 keV, results in high image resolution,
and the energy disparity between the 511 keV photons and the 909 keV gamma rays
prevents the latter from interfering with the detection of the coincident photons. Importantly,
the suitability of the 89Zr decay characteristics for imaging markedly contrasts with 124,
which emits much higher energy positrons (687 and 974 keV) and also emits a number of
photons with energies within 100-150 keV of the positron-created 511 keV [27]. Both
phenomena combine to grant 89Zr noticeably better resolution than its halogen competitor.

Despite its favorable physical properties overall, an important practical consideration

with 89Zr is its abundant 909 keV gamma-ray; this high-energy, highly penetrating photon is
emitted in 99% of 89Zr decays. The half-value layer in lead for 909 keV photons is ~10 mm,
about that twice that for 511-keV photons. 89Zr will thus necessitate more shielding for
transport and safe handling than is generally considered adequate for pure positron emitters
such as 18F.

Production and Purification

897r has been produced on a cyclotron via both the 89Y (p,7)89Zr and 89Y (d,2n)89Zr
reactions.[18, 25, 26, 29-31] In both cases, these routes provide the added advantage of
employing a 89Y metal target that is commercially available, non-reactive, and in 100%
natural abundance, which drives down costs and precludes the need for cumbersome
recycling of the target. For the deuterium reaction, a minimum beam energy of 5.6 MeV is
required.[31] In practice, the proton reaction is the much more popular of the two and
typically employs proton beams at or above 14 MeV, though early reports employed beams
of 13 MeV. In both cases, the avoidance of the isotopic impurity 88Zr by inadvertent (p, 2n)
or (d, 3n) reactions, respectively, poses a particular concern, for both 88Zr (t;, = 83.4 d) and
its daughter 88Y (ty, = 106 d) are potentially complicating impurities.[30, 31]

The isolation and purification of 89Zr have been subjects of considerable interest. Methods
ranging from solvent extraction to anion exchange chromatography have been employed,
though weak cation exchange chromatography using hydroxamate-modified resin has
emerged as the method of choice [25, 29, 31-33]. Using this method, the 89Zr is loaded onto
a column of hydroxamate resin in 2 M HCI, washed with additional 2 M HCI and metal-free
water, and eluted in a 1.0 M oxalic acid solution that can then be employed for radiolabeling
reactions. As a practical example of the techniques for production and purification described
above, at Memorial Sloan-Kettering Cancer Center in New York City, 89Zr is produced via
the 89Y(p,7)89Zr reaction using a 89Y thin-foil target (99% purity, 0.1 mm width) using a 15
MeV proton beam and a 10° angle of incidence to the target. Using these conditions and the
hydroxamate resin purification methodology described above, 89Zr is produced reliably and
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reproducibly in high specific activity (470-1195 mCi/mmol) and radionuclidic purity
(>99.99%).[26]

Zirconium Chemistry

Basics

Chelation

As we progress, a fundamental understanding of the aqueous chemistry of zirconium is
critical, both to better evaluate the coordinative relationship between the zirconium cation
and its chelator and to provide insight into the possible behavior of the metal if it were
released from its chelate /n vivo.

Zirconium is a group 1V metal, which exists primarily as a +4 ion in aqueous solution. This
Zr** cation is a relatively large, highly-charged ion which typically forms coordination
complexes with high coordination numbers, and, as a ‘hard’ cation, typically prefers anionic
oxygen donors.[34] The effective ionic radius of the Zr** cation with a coordination number
of eight is 0.84 angstroms.[35] The complexity of aqueous zirconium chemistry has led to
somewhat limited study of the area. Oxides and hydroxides of zirconium exhibit very poor
solubility in water, less than 108 M, as well as pH-dependent changes in speciation. At very
low pH, less than zero, zirconium forms polynuclear species upon hydrolysis, while under
slightly less acidic conditions, between zero and two, mononuclear hydrolysis species
predominate. However, around pH two, the solubility of the zirconium species decreases and
precipitation can occur.[36] Even at very low pH, delicate equilibria exist between different
polynuclear zirconium species and slight changes in pH can lead to aggregation.[37] In
contrast to the zirconium hydroxide species, Zr#* salts of halides, perchlorate, and sulfate
are soluble in acidic solution. [34]

Outside of its radioisotopic applications that form the focus of this review, zirconium is
heavily used in ceramics, some of which are used in medical prosthetic applications, in the
form of zirconia or ZrO,.[38] Additionally, due to the low neutron capture cross section of
zirconium, its metal alloys are used for cladding in nuclear reactors. However, the
predominant use of zirconium in chemistry is in the application of organometallic catalysis
including olefin metathesis[39], ring-opening polymerizations[40], aminoalkene
hydroamination[41], and other reactions.[42-44] For different catalytic and waste separation
purposes, a number of different zirconium coordination complexes have been studied,
however, in the context of the construction of 83Zr-labeled bioconjugates for PET, only a
handful of stable, aqueous, bio-compatible complexes are appropriate.

The foundation of any biomolecular PET tracer lies in the formation of a stable radiometal
chelate. To date, a number of different aqueous chelators have been employed with
zirconium (Figure 2), of which desferrioxamine B (DFO) has become by far the most
successful and oft-employed.

Prior to the development of any specialized ligands for Zr#*, the majority of research into
the coordination chemistry of Zr employed some of the most commonly used bifunctional
chelates: ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid
(DTPA), and 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA). Crystal
structures have been obtained for Zr-EDTA [45] and Zr-DTPA[46], and a solution structure
has been obtained in the case of Zr-DOTA using NMR methodologies [47]. Despite the
differences in chelators, each structure indicates a coordination number of eight. EDTA
binds zirconium through two nitrogen atoms, four oxygen atoms, and two exogenous water
molecules, whereas both DTPA and DOTA coordinate the metal using solely the constituent
atoms of the ligand: three nitrogens and five oxygens for DTPA and four of each atom for
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DOTA. The log K values for thermodynamic stability constants are reported as 29.4 for Zr-
EDTA at 25°C in water and an ionic strength of 0.1 and 35.8 for Zr-DTPA at 20°C in water
and an ionic strength of 0.23, but remain unreported for Zr-DOTA.[48] The higher
thermodynamic stability of Zr-DTPA is most likely due to the fact that DTPA coordinatively
saturates the Zr#*, in contrast to EDTA which requires two exogenous water molecules to
complete the coordination sphere. Despite this, an attempt to radiolabel an antibody using
DTPA as the chelator resulted in less than 0.1% successful labeling.[49]

A different tactic for finding chelators came from the study of siderophores or natural iron-
chelating molecules produced by bacteria. The most prominent chelator of Zr4* currently
employed, desferrioxamine (DFO), is an example of a hexadentate, bifunctional siderophore
with three hydroxamate groups for chelating metals and a primary amine tail which can be
modified for conjugation to a biomolecule (Figure 3). Investigations in the 1960s involving
the reprocessing of nuclear fuel found that zirconium had an affinity for hydroxamic acid
groups, displaying stability constants of 1=2.7x1012 and B,=1.2x10%4 with respect to
benzohydroxamic acid.[50] It follows, then, that the presence of the hydroxamate groups in
DFO would make it a suitable and effective chelator for Zr4*, and indeed, the success of the
vast majority of 89Zr-based PET imaging is a testament to the value of DFO as a chelator. In
one of the earliest investigations into the utility of 89Zr as a PET radionuclide, Meijs and co-
workers reported that DFO exhibits rapid and efficient labeling with a 1:1 ratio of metal to
chelate and demonstrates good stability with regard to demetallation, releasing less than
0.2% of the metal in serum after 24 hours.[51] Further evaluation of the complex by Holland
and coworkers utilizing density functional theory (DFT) models Zr-DFO as an octadentate
complex combining the six binding oxygens of DFO with two additional water molecules.
Also, stability studies over longer periods of time indicated that still less than 2%
demetallation occurs after seven days in serum.[52] Unfortunately, thus far, neither physical
structural studies nor thermodynamic stability constants have been reported for Zr-DFO.

While DFO is by far the most widely used zirconium chelator and behaves reasonably well
in vivo, there is a growing school of thought that an even better ligand could be designed
and synthesized. The most basic argument here is that zirconium favors octadentate
coordination, and the DFO ligand itself only offers hexadentate chelation, leaving the

bound 89Zr exposed to solvent. As discussed above, DFT modeling of DFO and Zr4*
suggests that two water molecules are bound to the zirconium in addition to DFO,
reinforcing this idea. A ligand that incorporates all eight binding sites for Zr4* should
benefit from the preorganization of the coordination environment and thus should
demonstrate superior stability compared to DFO when complexed with 89Zr. However,
initial experiments with ligands such as EDTA, DTPA, and DOTA illustrated that these
ligands, despite achieving higher coordination numbers, form complexes with lower stability
compared to DFO. While not proven, the reduction in stability in these cases is likely due to
the additional chelation arising from nitrogen atoms, rather than the oxygen donors preferred
by the oxophilic Zr4* cation. Ultimately, it is believed that the ideal solution for stable Zr#*
chelation would be a ligand that is both octadentate and oxygen-rich. More specifically,
catechols, hydroxypyridinones, and hydroxamates are likely candidates for binding groups.
Investigations are currently underway at a number of institutions toward the design,
synthesis, and evaluation of novel, high-stability Zr4* ligands. A more robust, stable ligand
for 89Zr would help minimize the release of free 89Zr4* jn vivo and thus help alleviate the
concern over dose to bone and other non-targeted organs.

Conjugation Chemistry

With the selection of a targeting vector and radiometal-chelate pair comes the necessity for a
method to covalently link the units together. In the case of 89Zr, the overwhelming majority
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of bioconjugates have utilized DFO as the chelator, so that will be the focus of the following
discussion. The conjugation of DFO to an antibody or other construct has been achieved in a
variety of ways: exploiting thiol linkages, amide couplings, and even click chemistry (Figure
3). Taken together, these conjugation techniques are based most frequently on the reaction
of an activated bifunctional chelator with a lysine or cysteine residue of the protein.

Some of the earliest work of attaching DFO to an antibody comes not from the zirconium
literature, but rather from past work on 6’Ga-based radiopharmaceuticals. In these cases,
conjugation was accomplished by modifying both the primary amine of a lysine residue on
an antibody and the amine tail of DFO with hetero-bifunctional agents and then joining the
units together. For example, the modification of each piece with A~succinimidyl-3-(2-
pyridyldithio) propionate (SPDP) allows for the formation of a disulfide linkage and N-(6-
maleimidocaproyloxy)succinimide (EMCS) can be used to attach a maleimide functionality
to DFO which could then be connected to a thiolated antibody. Alternatively, a homo-
bifunctional agent such as glutaraldehyde can be used to connect the antibody and chelate in
one step. This method, however, comes with the risk of the antibody linking to itself and
forming polymers instead of creating one to one antibody-chelate complexes.[53] With the
advent of 89Zr as a radionuclide for PET imaging came an increased interest in DFO-
antibody conjugation. At this time, the utilization of hetero-bifunctional agents had evolved
to using two different compounds, namely A-succinimidyl-S-acetylthioacetate (SATA) to
append the antibody and succinimidyl 4-(A-maleimidomethyl)cyclohexane- 1 -carboxylate
(SMCC) to modify DFO. These two structures could then be combined through the
formation of a succinimide ring-thioether bond.[54] However, it was later shown that such a
linkage was unstable at physiological pH.[55]

Lysine methods

A major breakthrough was made by Verel and coworkers with the introduction of a new
conjugation method utilizing an activated 2,3,5,6-tetrafluorophenol (TFP) ester of DFO that
could be coupled to the unmodified, native lysine side-chains of an antibody. This involves a
five step procedure which includes the extension of DFO with succinyl anhydride, the
protection of the ligand's hydroxamate groups with Fe(lll), the formation of the activated
TFP ester, conjugation to the unmodified antibody, and removal of the iron to free the
chelate for radiolabeling.[33] Conjugation in this manner with Fe-coordinated TFP-A\-
succinylDFO (A-suc-DFO) offers a reliable procedure to form a stable linkage without the
need to pre-madify the antibody with its own bifunctional moiety and has to date been the
most prevalent conjugation method used in preclinical 89Zr PET imaging. More recently,
Perk and Vosjan et a/. introduced an even simpler method using a p-isothiocyanatobenzyl-
bearing DFO (DFO-Bz-NCS). This commercially available chelate can be attached to the
lysine residues of an unmodified antibody in one step, forming a stable thiourea linkage
between chelator and biomolecule.[56, 57] In only the few years that the isothiocyanate
derivative has been available, it has gained popularity due to its simplicity. However, it is
not a perfect solution, primarily due to the water insolubility of the p-isothiocyanatobenzyl-
DFO precursor, which requires more finesse than the straightforward A-suc-DFO chemistry.

Thiol methods

A significant concern with regard to the lysine-based conjugation methodologies is that
nonspecific attachment of a chelator to an antibody has the potential to hinder
immunoreactivity by attaching the chelate at an antigen-binding site. In response to this
problem, increasing attention has been dedicated to the development of site-specific
conjugation strategies using engineered cysteine residues. In the most prevalent example of
this approach, the thiol-reactive DFO derivatives bromoacetamido-desferrioxamine (DFO-
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Bac), iodoacetamido-desferrioxamine (DFO-lac), and maleimidocyclohexyl-
desferrioxamine (DFO-Chx-Mal) were constructed and then attached to cysteine residues
designed into non-bioactive sites on an antibody. Both DFO-Bac and DFO-lac attach to the
cysteine through nucleophilic substitution reactions, whereas DFO-Chx-Mal undergoes a
Michael addition with the residue. The resulting radiolabeled antibodies were found to be
stable and demonstrated imaging characteristics analogous to the lysine-linked complexes.
In the models tested, however, no significant advantage in immunoreactivity was
demonstrated for site-specific conjugation.[58]

Click methods

Very recently, the use of click chemistry has emerged as a specialized conjugation method
to expand the scope of 89Zr PET imaging possibilities. A click strategy using an inverse
electron demand Diels-Alder reaction between the strained dienophile norbornene and 3-(4-
benzylamino)-1,2,4,5-tetrazine has been harnessed by coupling a norbornene functionality to
lysine residues of an antibody and attaching a tetrazine to DFO. The benefit of this type of
click chemistry is that it allows for modularity, allowing researchers to switch out different
chelator-radiometal pairs or different antibodies while still maintaining the same overall
conjugation methodology.[59] Another click-based strategy attempted to take advantage of
the Staudinger ligation between azides and phosphines for use in pre-targeting experiments
by reacting azide-modified antibodies with phosphine-containing radiometal-chelate
complexes such as 89Zr-DFO-phosphine. Unfortunately however, the Staudinger ligation
was found thus far to be incompatible /in vivo.[60]

Choosing a Conjugation Strategy

With such a variety of methods, it becomes important to select a conjugation method that
fits the task at hand. In most cases, the A~suc-DFO or DFO-Bz-NCS methods are more than
adequate, and while the most commonly used conjugation method is currently the N-
succinyl-DFO TFP ester, one would expect that the already increasing use of the p-
isothiocyanate method will only become more widespread due to the fact that it is a more
rapid and facile method and it employs commercially available starting materials. More
specialized situations, however, may call for other routes. For example, the site specific
system is particularly appropriate in cases where the loss of immunoreactivity is a concern,
and the click methodology may prove beneficial where modularity is desired. As the field
continues to expand and 89Zr-based imaging moves further into the mainstream, it is hoped
that new methodologies will be developed that may combine the convenience of a
commercially available starting materials with some of the benefits of the other systems.

Zirconium Biochemistry

Moving from the test tube to the body, the behavior of free Zr4* within biological systems
has been studied in order to gauge the safety of using 89Zr as a PET tracer as well as to
better understand the fate of the radionuclide in the case of metabolism of parts of the
radiopharmaceutical. This is especially important in the case of zirconium because of the
high affinity of Zr4* for bone.

Biodistribution

The normal composition of the human body includes small amounts of zirconium found in
fat, liver, and gall bladder tissue, as well as trace amounts in the brain. Excretion of
zirconium from food and water intake is thought to involve the hepatobiliary system and
results in fecal, rather than urinary, excretion.[38] The fate of non-dietary zirconium,
however, is less straightforward and depends upon the chemical speciation of the metal
cation as well as perhaps the organism into which it is administered.

Nucl Med Biol. Author manuscript; available in PMC 2014 January 01.
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An example of the clearance mechanism and rate varying between species can be seen when
Zr** is complexed by citrate. In rats, 80-90% of Zr-citrate is rapidly excreted in the urine
within 24 hours[61], while in mice, only 30% of Zr-citrate was cleared within 24 hours.[62]
In an early study of 89Zr-citrate in man, activity was only found in the plasma of blood and
zirconium was shown bound to serum proteins. This study, however, showed low urinary
excretion of the activity.[63] In addition, the physical size of the Zr complex — especially
colloidal or polymeric species — will affect the clearance mechanism, particularly whether
or not renal clearance is possible.

When a complex is poorly understood, as in the case of Zr-chloride, the biodistribution
behavior can be less definitive as well. For example, one study found that Zr-chloride
accumulates in the liver, which suggests it is in a colloidal form[26], while another study
using a different preparation method of Zr-chloride showed no accumulation in soft tissue.
[62] More stable complexes lead to more straightforward biodistribution data. Zr-phosphate
does not demonstrate significant clearance from the body, but instead collects in the liver
and spleen, most likely due to precipitation.[62] Zr-DFO is cleared extremely quickly
through the kidneys and can be excreted through the urine in a matter of minutes.[26, 54]

Overall, the key to consistent biodistribution and fast, dependable clearance largely rests on
the stability and control of the complexation. The stable, organized chelation of Zr-DFO
exhibits clear, predictable biological behavior, while the complicated and uncertain
speciation of lower denticity complexes leads to problematic or complex biological
behavior.

Zirconium is a bone seeker and so, when not tightly bound to a chelate, accumulates
preferentially in bone in both rats[64, 65] and mice[62, 66]. This is a particularly important
consideration in the nuclear medicine community, as the accumulation of high levels of 89Zr
in bone during clinical scans may act as a dose-limiting characteristic of 89Zr PET agents. A
comparison of bone uptake arising from different zirconium species demonstrates that as the
denticity and stability of the complexes increases, the bone uptake decreases since the
osteophilic Zr4* cation is not released. In practice, this trend translates to the highest bone
uptake observed upon the injection of Zr-chloride, followed by Zr-oxalate, then Zr-citrate,
and lastly Zr-DFO with significantly less bone uptake (Figure 4). Notably, Zr-phosphate
does not show considerable bone uptake comparatively. Additionally, the bone marrow is
responsible for much less than one percent (0.1%) of the activity of the bone, while the
calcified tissue comprises the bulk of the zirconium uptake with 33% concentrated in the
epiphyses.[62] Since free Zr** is responsible for the observed bone uptake, a more stable
chelate for zirconium should further limit the observed bone activity. It is worth noting that
early clinical trials with 89Zr do not demonstrate the extent of bone uptake exhibited in
preclinical images.

Preclinical Applications

ImmunoPET

In the past decade, the use of 89Zr for small animal PET imaging has become increasingly
widespread and a considerable amount of work has been undertaken at a variety of different
institutions (Table 1). By far the most prevalent use of 89Zr lies in the radiolabeling of
antibodies due to the favorable match up of the half-life of 89Zr and the circulation time of
1gG antibodies.

The ability to image a radiolabeled antibody several days after its injection allows for vastly
improved image contrast due to decreased background signal. As a residualizing
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isotope, 89Zr remains inside cells once the antibody-antigen complex is internalized,
allowing activity to accumulate and concentrate in tumors while non-localized activity clears
from the body, ultimately resulting in high contrast images. An analysis of each of the
individual preclinical studies would, of course, be outside of the scope of this paper; instead,
we will provide a few interesting examples to demonstrate the utility of 89Zr in different
areas of the preclinical arena.

The potential use of 89Zr immunoPET to monitor and predict the effectiveness of therapy
has been demonstrated by Nagengast and co-workers in ovarian cancer using 89Zr-
bevacizumab and the HSP90 inhibitor NVP-AUY922.[67] HSP90 inhibition has an
antiangiogenic effect and leads to a downstream reduction in the secretion of VEGF which,
as this work shows, can be effectively imaged with 89Zr-bevacizumab. The decrease in 89Zr-
bevacizumab uptake in A2780 xenografts after treatment with NVP-AUY922 corresponds to
the decrease in VEGF levels due to HSP90 inhibition, as confirmed by /n vitro experiments
(Figure 5). Additionally, no such change in uptake was found with CP70 tumors which are
known to not respond to AUY922 therapy. Hence, 89Zr-bevacizumab acts as an early
biomarker for the effectiveness of HSP90 inhibition and allows for /n vivo visualization and
quantification of early antiangiogenic tumor response.[68]

One recent study demonstrating immediate clinical relevance for castration-resistant prostate
cancer was conducted by Ulmert, Evans, and colleagues, who developed a 89Zr-labeled
5A10 antibody targeting free prostate specific antigen (fPSA) that was shown to be able to
track intratumoral androgen receptor (AR) signaling due to testosterone levels or
pharmacological triggers such as antiandrogen MDV3100 (Figure 6). The clinical
importance of PSA levels and the changes thereof has been thoroughly investigated and the
ability to non-invasively monitor these changes in the tumor environment could prove
greatly beneficial. 89Zr-5A10 is not only able to provide diagnostic imaging of a tumor, but
can be used to trace disease progression and evaluate treatment response. Additionally, in
contrast to clinically used radiotracers such as 9™Tc-MDP or 18F-NaF, 89Zr-5A10 was able
to differentiate cancerous bone metastases from normal bone repair. The ability of this
radiotracer to evaluate therapeutic effects and AR-driven tumor activity on the level of
individual lesions could be of great value clinically.[65]

Non-Antibody Applications

Challenges

While immunoPET applications make up the majority of the literature regarding 89Zr-based
PET imaging, there is also a growing amount of research into the development of 89Zr-
labeled nanomaterials. One such study consists of nanoparticles made up of cross-linked,
short chain dextran that were conjugated to p-isothiocyanate DFO for radiolabeling

with 89Zr. These dextran nanoparticles (DNPs) are used as imaging probes for macrophages
as they are engulfed by mononuclear phagocytic cells. The optimal DNPs tested had an
average diameter of 13 nm and were surface modified through succinylation to achieve a
blood half-life of 3.9 h. The 89Zr-labeled DNPs were used to image and quantitate tumor-
associated macrophages (TAMS) in mice with colon carcinoma xenografts. The resulting
PET images showed significant tumor uptake and histology confirmed the co-localization of
TAMs and the 89Zr-labeled DNPs at the microscopic level. This methodology represents a
step forward in the imaging and understanding of macrophage and inflammation levels
associated with cancer and is expected to be helpful in several applications including the
evaluation of cancer therapies using antimacrophage strategies. [69]

As a longer-lived medical radionuclide, one of the principal concerns regarding the use
of 89Zr in the clinic is the substantial radiation dose received by patients compared to
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shorter-lived nuclides. However, as long as the radiotracer clears the healthy tissue as
expected, the prevailing viewpoint is that the increased diagnostic value is worth the
additional dose. Along these lines, a notable issue with 89Zr PET imaging preclinical mouse
models is the uptake in bones. The release of osteophilic Zr** jn vivo leads to accumulation
of the cation in the bone, which can often be seen in the resulting images. Biodistribution
results commonly show up to 10% injected dose per gram activity in the bone. Localization
of radioactivity in the bone is disadvantageous due to the resulting increased dose to the
bone marrow. As discussed earlier, the development of a more favorable zirconium chelate
may be the key to reducing this issue.

89Zr-Based Imaging in the Clinic

Despite the youth of the field, the tremendous success of 89Zr-based radiopharmaceuticals in
pre-clinical imaging studies with rodent models has led to the rapid clinical translation of a
number of 89Zr-labeled antibodies. To date, five reports of clinical investigations using three
different 89Zr-labeled antibody conjugates — 89Zr-cmAb-U36, 89Zr-trastuzumab, and 89Zr-
ibritumomab tiuxetan — have been presented in the literature.[49, 97-100] Importantly, all
of the studies have employed the TFP-A~suc-Fe(DFO) conjugation methodology.

The first report of a clinical study employing a 89Zr-labeled antibody was published in 2006
by Bérjesson, et al., investigating the safety and diagnostic value of 89Zr-cmAb U36 for the
imaging of CD44v6-positive head and neck tumors.[98] In the study, twenty patients with
head and neck squamous cell carcinoma (HNSCC) underwent 89Zr-cmAb U36 immunoPET
along with CT and/or MRI. The patients received 75 MBq of the 89Zr-labeled conjugate,
corresponding to 10 mg of the antibody, and were imaged up to 144 h after injection of the
radiopharmaceutical. The authors report that the conjugate was safe (only two of twenty
patients developed an antichimeric antibody response), and all primary tumors were detected
as well as lymph node metastases in 18 of 25 positive levels (Figure 7). Significantly, the
lymph nodes that were missed were determined to be small, contain relatively little tumor
tissue, and were often also missed by CT or MRI, resulting in the sensitivity of the
immunoPET for lymph node metastases (72%) being comparable if not better to that of CT/
MRI (60%). Further, the authors found that in a subset of the patients (n = 6), imaging

with 89Zr-cmAb U36 gave comparable results to imaging with 18F-FDG.

In a later report from the same group, both the radiation dosimetry and potential for 89Zr-
cmAb-U36 quantification were studied.[97] Here, the authors report that the PET-based
quantification of activity in the left ventricle of the heart agreed quite well with values
obtained from blood samples; likewise, good correlation between PET- and biopsy-derived
values was also observed for tumor uptake. Taken together, these data suggest that 89Zr-
cmAb-U36 may be used to quantitatively assess antibody biodistribution, thereby helping to
differentiate patients with high and low tumor uptake and in turn aiding in treatment
planning. In the same study, the authors determined that the mean effective dose of the
immunoPET was 0.53 + 0.03 mSv/MBq in men and 0.66 + 0.03 mSv/MBq in women,
resulting in an average dose of approximately 40 mSv for the patients in the study receiving
74 mBq. This, of course, is high and could certainly limit the repeated application of 89Zr-
immunoPET, though the authors reasonably argue that subsequent studies employing
different doses and more modern PET scanners can reduce the dose.

Soon after the first-in-man reports of 89Zr-cmAb-U36, an overlapping group of researchers
from the VU Medical Center published a pilot study investigating the use 89Zr-labeled,
DFO-madified ibritumomab tiuxetan for monitoring and predicting the biodistribution

of 90Y-ibritumomab tiuxetan (Zevalin®) in patients with relapsed or refractory low-grade B-
cell non-Hodgkin's lymphoma.[49] The authors report that co-injected 89Zr- and 88Y-
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ibritumomab tiuxetan have very comparable biodistributions, despite a few small
differences, particularly slightly elevated liver and bone uptake levels for the 89Zr-labeled
construct. As a result, they conclude that 89Zr-ibritumomab tiuxetan is well-suited to
predict 20Y- ibritumomab tiuxetan dosimetry. More recently, a complementary study has
been published illustrating that immunoPET scout scans with 89Zr-ibritumomab tiuxetan
prior to radioimmunotherapy with 90Y-ibritumomab tiuxetan can be used to effectively and
accurately predict the biodistribution of the %0Y-labeled antibody and the dose-limiting
organ during therapy, a development which could aid significantly in patient selection and
dose optimization.[99]

In 2010, researchers at the University of Groningen published an investigation into the use
of 89Zr-trastuzumab for imaging Her2-positive lesions in patients with metastatic breast
cancer.[100, 101] In the study, the patients (n = 14 total) were divided into three groups that
received 10 or 50 mg of trastuzumab for antibody-naive patients or 10 mg for patients on
trastuzumab treatment. It was found that for the trastuzumab-naive patients, a 50 mg dose
of 89Zr-trastuzumab was required for effective imaging, while a 10 mg dose was sufficient
for patients on trastuzumab treatment. The 89Zr-trastuzumab produced excellent images,
with high spatial resolution and good signal-to-noise ratio as well as high tumor uptake. It
also allowed for the observation of metastatic lesions in the liver, lung, bone, and brain
(Figure 8). The uptake in brain lesions was particularly interesting, a result that is both
suggestive of the breakdown of the blood brain barrier in the patients studied and indicative
of the utility of 89Zr-trastuzumab and other 89Zr-labeled antibodies for the imaging of brain
tumors. The authors report that the most favorable imaging times were 4-5 d after injection
of the radiopharmaceutical, and while a full study between imaging modalities was not
conducted, the immunoPET results generally correlated well with complementary imaging
with CT, MRI, and bone scans. Finally, and importantly, the radiation dose to patients was
significantly attenuated in this study compare to the 89Zr-cmAb-U36 investigations: patients
received 37 MBq 89Zr-trastuzumab for an average dose of 20 mSv.

As of this writing, all of the published clinical investigations with 89Zr-labeled antibodies
have been performed in the Netherlands; however, the rapid advent of 89Zr-based
immunoPET means this will certainly cease to be the case. At Memorial Sloan-Kettering
Cancer Center, for example, a pilot study focuses on the use of 89Zr-J591 for the detection
of prostate-specific membrane antigen-positive lesions in castrate-resistant prostate cancer
patients. Data collection is still underway, though results from the first few patients are very
promising: the 89Zr-J591 displays high spatial resolution in addition to uptake both in
primary tumors and distant metastases (Figure 9).

Conclusions

In the preceding pages, we have hoped to illustrate to the reader both the depth and breadth
of the research in the rapidly expanding field of 89Zr-based PET imaging, with
investigations ranging from basic metal coordination chemistry to on-going clinical trials.
Indeed, the field is proceeding at such an exciting pace that important contributions to our
knowledge of 83Zr-PET will no doubt be made between the writing of this manuscript and
its ultimate publication. Yet despite the manifold successes, much work is to be done as this
field grows and matures. In particular, we believe that emphasis should be placed on five
areas: (A) the synthesis and evaluation of novel chelators that strike a balance between rapid
coordination kinetics and high thermodynamic stability in order to address the observed /n
vivorelease of 89Zr4* and its subsequent mineralization in the bone; (B) the development of
mild, modular, and site-specific bioconjugation strategies with which to attach DFO to
antibodies; (C) the expansion of 89Zr-based PET imaging from antibodies to other targeting
vectors with suitable pharmacokinetics; (D) the advancement of our understanding of the /n
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vivo metabolism of 89Zr4*-labeled bioconjugates; and finally, but perhaps most important,
(E) the performance of direct comparison studies between 89Zr-labeled antibodies and
antibodies labeled with other relevant isotopes in both pre-clinical models and a clinical
environment to allow for the quantitative and comprehensive comparison between 89Zr-
immunoPET and its competitor modalities.

As these issues are addressed, new 89Zr-labeled radiopharmaceuticals are developed, and
new pre-clinical and clinical studies are performed, we believe that 89Zr-based PET imaging
will continue to progress, expand to involve new disciplines and address different
pathologies, and ultimately take an extremely important place at the forefront of medical
imaging.
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Figure 1.

(A) A simplified decay scheme of 89Zr; (B) Some salient decay characteristics of 89Zr; (C)
Photograph of the custom-made water-cooled solid-target assembly for the TR19/9
cyclotron used at Memorial Sloan-Kettering Cancer; (D) A static 10 minute PET image
recorded by using a Derenzo phantom, with corresponding hole diameters in mm. (C) and
(D) are modified and reprinted from Holland, et a/. Nucl Med Bio 2009; 36:729-39.

Nucl Med Biol. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Deri et al.

Ligand Structure

Page 19

Coordination Scheme  Experimental Structure

DFO

DTPA

EDTA

0

N OH
nu)l\/ N~y
0

Figure 2.

H:N*‘%T
0.

Nor ¥ (,jlll
\/ XL
Hzo//io\m
N

O

o]

b e
F l/% ’ zZr
ok

0
0 «

Crystal
Structure

\!\Zr/nx
()H;() OH, Crystal

Structure

The ligand structure, coordination scheme, and experimental structure of some commonly-
employed chelators for Zr4* and their complexes with the metal.
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Schematic of some common DFO conjugation strategies.
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Figure4.

(A) Biodistribution of radioactivity at 6 days post-injection following i.v. administration of
various chemical form of 89Zr in female NIH Swiss mice (n = 3; note the axis break).
Reprinted with permission from Abou, ef a/. Nucl Med Bio 2011;38:675-81. (B) PET
images showing maximum intensity projection of 89Zr-oxalate at 24 h after intravenous
administration and dynamic PET images of 89Zr-DFO at 1 and 4 min after injection.
Adapted with permission from Holland, et a/. J Nucl Med 2010; 51: 1293-300.
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Figureb.

Rgpresentative transversal and coronal small animal PET images of 89Zr-bevacizumab
obtained before treatment of A2780 (A) and CP70 (B) xenografts (left) and after NVP-
AUY922 treatment (right). Images were obtained at 144 h after injection of 89Zr-
bevacizumab. Tumor is indicated by arrow. Reprinted with permission from Nagengast, et
al. J Nucl Med 2010; 51: 761-767.
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Figure6.

897r-5A10 detects pharmacologic inhibition of AR /n vivo Left: representative transverse
and coronal PET slices of intact male mice bearing LNCaP-AR xenografts on the right flank
and imaged with 89Zr-5A10 24 hours post-injection after manipulation with a subcutaneous
testosterone pellet or a daily oral gavage of vehicle or MDV3100 for 7 days. Arrows
indicate the position of the tumor (T) and the murine liver (L). Right: region-of-interest
analysis of the tumors from the PET study shows statistically significant changes in tumor-
associated 89Zr-5A10. *P, 0.01 compared with vehicle. **P, 0.05 compared with vehicle.
Error bars represent the standard deviation from mean. Reprinted with permission from
Ulmert, et al. Cancer Discovery 2012; ASAP.
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Figure7.

ImmunoPET images with 89Zr-cmAb U36 of head and neck cancer patient with a tumor in
the left tonsil (large arrow) and lymph node metastases (small arrows) at the left (level 11
and I11) and right (level 1) side of the neck. Images were obtained 72 hours post-injection.
A: sagittal image; B: axial image; and C: coronal image. Reprinted with permission from
Borjesson, et al. Clinical Cancer Research 2006; 12: 2133-40.
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Figure8.

Examples of fusion images from 89Zr-Trasutuzmab PET and MRI scans. (a) In a vertebral
metastasis seen on MRI but unapproachable for biopsy, HER2 status was revealed by 897r-
trastuzumab uptake on PET imaging. (b) Example of HER2-positive brain lesion undetected
by conventional scans, revealed by 89Zr-trastuzumab PET imaging, and subsequently
confirmed by MRI. Arrows indicate lesions. Reprinted with permission from Dijkers, ef al. J
Nucl Med 2009; 50: 974-81.

Nucl Med Biol. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1X3]-){Jewtarems

Deri et al.

Page 26

oL

-. -.. - ‘
K

N
. -

y -

“

' s

-

-

N
n
-

BE_FDG BE_NaF 87r-DFO-J591

Figure9.

18F-FDG (13.2 mCi), 18F-NaF (10.2 mCi), and 89Zr-DF0-J591 (4.8 mCi) sagittal PET
images of a 56 year-old male with castrate-resistant prostate cancer. Images courtesy of Drs.
J. Carrasquillo, M. Morris, and S.M. Larson, MSKCC.
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