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Abstract

With the technological development of positron emission tomography (PET) and the advent of
novel antibody-directed drug delivery systems, longer-lived positron-emitting radionuclides are
moving to the forefront to take important roles in tracking the distribution of biotherapeutics such
as antibodies, and for monitoring biological processes and responses. Longer half-life
radionuclides possess advantages of convenient on-site preparation procedures for both clinical
and non-clinical applications. The suitability of the long half-life radionuclides for imaging intact
monoclonal antibodies (mAbs) and their respective fragments, which have inherently long
biological half-lives, has attracted increased interest in recent years. In this review, we provide a
survey of the recent literature as it applies to the development of nine-selected longer-lived
positron emitters with half-lives of 9-140 hours (e.g., 1241, 64Cu, 86Y and 89zr), and describe the
biological behaviors of radionuclide-labeled mAbs with respect to distribution and targeting
characteristics, potential toxicities, biological applications, and clinical translation potentials.
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1. Introduction

Positron emission tomography (PET) employs a radionuclide, incorporated into a molecule,
to non-invasively study specific biological processes both quantitatively and qualitatively in
real-time mode. Unlike computed tomography (CT) and magnetic resonance imaging
(MRI), PET can detect the initial molecular changes in response to treatment before
anatomical alteration. Therefore, PET has the potential to evaluate the effectiveness of a
treatment plan at earlier time points [1,2] and to assess the efficacy of new drugs
preclinically and clinically. When integrated with CT or MRI, PET can be more accurate
due to the anatomical and molecular co-registration from integration of these imaging
modalities. Moreover, PET has superiority over single-photon emission computed
tomography (SPECT) in terms of sensitivity, spatial resolution, and quantitation of
radioactivity in tissues. Currently, PET, as a powerful molecular technology, is playing an
increasingly important role in the diagnosis, staging, restaging, and monitoring response to
treatment of cancers in clinical settings. In addition, PET has been applied to identify the
biological characteristics of cancer (molecular events, pharmacokinetics, etc.), providing
valuable information for new drug development. There are at this time 552 PET-involved
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ongoing oncology clinical trials that further demonstrate the promise of PET (data from
http://clinicaltrials.gov).

Currently, 18F-FDG (2-[18F] fluoro-2-deoxy-D-glucose) is the only agent approved by the
U.S. Food and Drug Administration (FDA) for clinical PET imaging in oncology. This agent
is used as a glucose metabolic marker to measure the malignant activity on the basis of
increased glucose uptake and metabolism in cancer cells. From clinical data, the average
sensitivity and specificity of 18F-FDG are 84% and 88%, respectively [3]. 18F-FDG is now
frequently employed as a standard when a new PET radiotracer is in development for
clinical use. Indeed, the broad use of 18F-FDG in oncology in turn boosts the development
of new PET radiotracers.

With the ongoing advances in biotherapeutics and antibody-directed drug delivery systems,
it becomes important to be able to screen patients prior to specific antibody therapies, and to
design personalized therapeutic regimens, thereby avoiding unnecessary toxicities.
Currently, 30 therapeutic monoclonal antibodies (mAbs) have been approved by the FDA
[4]; however, only a few radiolabeled mAbs have gained approval for use in clinical
oncology, including four immunodiagnostic agents and two radioimmunotherapeutic agents
[5]. Immuno-PET, which refers to PET studies that employ radiolabeled mAbs or their
respective fragments as vehicles for specific delivery of B*-emitting radionuclides, is one of
the most promising fields in clinical oncology. This paradigm is believed to provide greater
disease specificity as compared to FDG-PET, which is actually a metabolic marker, and to
provide phenotypic information on tumor-associated antigen/receptor expression that can
guide the management of the therapy of primary and metastatic lesions. For the purpose of
labeling antibodies and their fragments, the half-life of 18F (#, = 1.8 h) is too short to fulfill
the requirements for long-duration PET studies that require longer half-life §*-emitters. It
cannot be neglected that continuing efforts are being made to further improve and broaden
the application of the commonly used “standard PET radionuclides”, 18F, 11C (#, = 20
min), 13N (£, = 10 min), 130 (#, = 2 min). For example, a simple 18F-labeling method,
developed by McBride et al. [6], was successfully applied to label a NOTA-conjugated BBN
analog and image prostate tumors [7]. However, the short half-life of 18F limits the vector
molecules to pharmacokinetically-matched small molecules or peptides, rather than proteins
that stay /n vivo for as long as 1-3 weeks [8].

Longer half-life radionuclides possess advantages suitable for convenient on-site preparation
procedures even in the clinic. In recent years, increased interest in these radionuclides has
arisen from the need to image the inherently long biological half-lives of intact mAbs and
their respective fragments in vivo. Adequate imaging of the distribution of these biologicals
requires complementary long half-life radionuclides to allow studies of long duration. A
comprehensive description of longer-lived p*-emitters, with respect to radiochemistry, is
provided elsewhere [9]. However, to be an ideally effective clinical immuno-PET probe for
cancer studies, numerous criteria need to be fulfilled (Table 1). Although it is irresoluble to
satisfy all the requirements, all factors should be considered and weighed when a probe is
designed for immuno-PET imaging. In this review, we provide a survey of the recent
literature as it applies to the development of nine-selected long-lived B*-emitters with half-
lives of 9-140 hours (e.g. 1241, 64Cu, 8 and 89zr) (Table 2). We describe the biological
behaviors of radionuclide-labeled mAbs with respect to distribution and targeting
characteristics, potential toxicities, biological applications, and clinical translation
potentials. This review also highlights recently reported preclinical and clinical applications
of immuno-PET. The PET nuclides are arranged in order of increasing atomic mass.
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2. Longer-lived positron emitting radionuclides

Tumor delivery and distribution of mAbs can be evaluated by PET using radiolabeled
mADbs. Only relatively recently have technical advances in the production of longer-lived g*-
emitters allowed immuno-PET research to move forward in preclinical and clinical
applications. When predicting the biodistribution of a complementary radioimmunotherapy
(RIT) agent and determining dosing by an antibody-based PET probe, the characteristics of
biodistribution in healthy subjects, as well as animal models, facilitate the understanding and
explanation of the imaging data in patients. Given that an immuno-PET agent is mainly
composed of an antibody (or its fragment) and a corresponding radionuclide, it is instructive
to compare the radiotracers with the same antibody labeled by different radionuclides to
elucidate the differences between emitters. Valuable information on an emitter can also be
provided by labeling different antibodies with the same radionuclide. An example is the
comparison of 76Br- and 12°I- labeled anti-carcinoembryonic antigen (CEA) mAb 38S1 in
PET imaging [10]. The differences observed in distribution, organ uptake, pharmacokinetics
and catabolism can be mainly attributed to distinct radionuclides.

The targets of antibodies for immuno-PET include the antigens present on tumor cells (e.g.
prostate-specific membrane antigen (PSMA), epidermal growth factor receptor (EGFR/
HER-2), epithelial cell adhesion molecule (EpCAM)) and tumor vasculatures (e.g. vascular
endothelial growth factor (VEGF), integrin) (Fig. 1). Cell surface proteins in the target tissue
are especially attractive because they are readily accessible to extracellular mAbs or peptide
probes. VEGF is a different example. After production in tumor cells under hypoxia, VEGF
is secreted into the extracellular matrix (ECM), and then binds to its receptors on endothelial
cells leading to initiation of angiogenesis. Accordingly, VEGF is distributed intracellularly,
in the ECM, and on endothelial cells. However, remarkably, 89Zr-bevacizumab was
suggested as binding to VEGF primarily within the blood vessels of the tumor [11].

Mapping of the antigen expression by immuno-PET is beneficial for individual treatment
decisions and helps obtain effective personalized therapeutic response to antibody or other
therapeutic drugs. This is especially important due to the characteristics of heterogeneity of
tumors. High inter-and intra-tumoral heterogeneity of cancer biomarkers has been frequently
observed in PET studies [12-14]. Furthermore, whole-body distribution patterns, as well as
antibody clearance rate of the same radiotracer, can also vary from one person to another
due to inter-individual variations [12].

Additionally, the biodistribution characteristics of radiopharmaceuticals provide valuable
information on the potential toxicities of new mAbs and drugs along with dosimetric data
for RIT planning; multiple longitudinal scans of the same subject could help assess
pharmacokinetics noninvasively in preclinical studies.

2.1. Manganese-52

A potential candidate for immuno-PET application is ®2Mn (#, = 134.2 h), one of the lesser
studied B*-emitters at this time. Despite an attractive half-life, limited information is
available with regard to the production and radiochemistry of >2Mn. 52Mn decays to a stable
nuclide, but high abundance emission of the accompanying y-ray (E, = 0.74 MeV, 90%)
may add to radiation doses. Research on °2Mn-labeled antibodies is effectively an
untouched field because of its complex redox chemistry. Presently, Mn is generally studied
as a contrast agent for MRI, and has been chelated with dipyridoxyl diphosphate,
macrocyclic Schiff-base ligands, cyclopentadienide, and porphyrin derivatives [9].
Moreover, the present poor availability of the radionuclide impedes broad investigation or
application of ®2Mn immuno-PET in current preclinical settings.

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 July 01.
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Due to the uptake in the intracellular space of the heart, MnCl, was employed in MRI
studies of the ischemic heart and demonstrated its potential for detection of cell viability and
the monitoring of calcium influx [15]. Based on the same mechanism, another Mn PET
radionuclide, 32™Mn (> = 21 min) in the form of “free” radionuclide has been used in
myocardial imaging in pigs [16]. In this study, >2™Mn-PET data indicated high ratios of
myocardium/lung and myocardium/blood; however, 2™Mn failed to provide a quantitative
evaluation of the heart during imaging because of prominent liver uptake [16]. Likewise,
even when chelated, high liver uptake as well as bile, bowel, kidneys and pancreatic uptake
were observed during a biodistribution study using >*Mn-DTPA in dogs [17].

Mn is an essential trace element found in all human tissues, and is indispensable for
maintaining normal physiological function [18]. Within the blood, the majority of Mn is
bound to globulin and albumin [18]. Nonetheless, the blood retention of radiomanganese is
low and does not significantly affect imaging quality [16,19] possibly due to rapid
hepatobiliary clearance of Mn [20].

When administered intravenously, the bioavailability of Mn is much higher than that by oral
administration (100% vs. 5%) [18]. The mass amount of radioactive Mn associated with
radiolabeled Mn radiopharmaceuticals, being so small, is expected to be non-pharmacologic.

2.2. Cobalt-55

55Co (#12 = 17.5 h) decays with 76% abundance of B*-emission (Enax = 1.50 MeV) and
with a 95% abundance of y-rays (Ey = 931 keV). The favorable nuclear properties of 5°Co
make it an interesting p*-emitter for development of immuno-PET. Unfortunately, only a
limited number of studies of 3>Co have been reported despite the large body of well defined
chemistry of this metal ion.

Cobalt is well known to mimic calcium influx in ischemic or infarcted brain tissues. >°CoCl,
has therefore been employed in PET imaging of cerebral damage in patients with stroke,
atherosclerotic carotid artery disease, cerebral tumors and other brain injuries [21-23].
Compared to “old” cerebral infarcts (>2 months), °°Co activity is higher in the ischemic
tissues and can be used to image recent, recurrent infarcts [22]. Accordingly, it can be used
to assess the age of brain infarction. In addition, °Co PET visualizes glioma successfully
with respect to the location and size of the necrotic core of the tumor. This is based on the
fact that calcium influx occurs during cell death and leukocyte activation as in necrosis [23].
The clearance of free ®>Co from blood is fast (#/o, = 1.0 min., fij2p = 123 min), and
becomes undetectable 3 days after injection, although some >Co ions might bind to
leukocytes or other blood proteins [24]. Thus, while a high target-to-background ratio is
expected due to rapid blood clearance and reduced background, 5°Co has also been reported
to accumulate in the liver, kidney and bladder which could limit imaging applications [24].

Although >°Co has thus far not been used to label intact mAbs, an anti-CEA antibody
fragment was labeled with high yield and high stability via different bifunctional chelating
agents such as cyclohexyl EDTA mono-anhydride, 4-isothiocyanato-#rans-1,2,-
diaminocyclohexane N,N,N',N'-tetraacetic acid and diethylenetriamine pentaacetic acid
dianhydride [9]. In addition, small molecules such as ethylenediaminetetraacetic acid
(EDTA) [25] and pendant carbohydrates [26] have been labeled. Interestingly, the biological
half-life of ®>Co-EDTA is exceptionally short (<< 10 min). As a result, the main organs with
high radioactivity are limited to heart, kidneys, and bladder [25]. In contrast to the above
mentioned imaging using *>Co ions, activity in the liver was not detectable by °°Co-EDTA
PET [25].

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 July 01.
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For the development of 5°Co immuno-PET, high abundance of high-energy -y-rays distinct
from B*-annihilation emissions, and long half-life of the daughter isotope %°Fe (#, = 2.73
years) are major concerns [27].

2.3. Copper-64

64Cu (f1o = 12.7 h) is a p*-emitting radioisotope for PET imaging and radiotherapy. Its
decay is characterized by low probability (17.4 %) of * emission, and a low B* energy
(Emax = 656 keV) that is close to that of 18F, along with a B~-emission (Eg.max = 573 keV,
38.4%). Well-established coordination chemistry, as well as an attractive half-life, makes
this radionuclide feasible for efficient labeling with a wide variety of biomolecules such as
peptides, antibodies or nanoparticles. Thus far, a multitude of studies involving $4Cu-labeled
antibodies have been conducted preclinically, and demonstrate the potential application of
this radionuclide for cancer detection, RIT dosing [28], pharmacokinetics [29], therapy
planning and monitoring [30].

Success in cancer imaging and high specificity by 54Cu immuno-PET has been
demonstrated. As an example, 54Cu-DOTA-cetuximab, which targets the extracellular
domain of EGFR, accumulates preferably in xenografted EGFR-positive A431 tumors, but
not EGFR-negative MDA-MB-435 tumors [31]. However, high blood activity is commonly
seen in 84Cu imaging [31,32] which might be related to the either slow clearance of intact
antibodies as evidenced by the high percentage of intact 4Cu-DOTA-cetuximab found in
the blood within the 48 hour experimental period [31], or to radiotracer metabolism and
transchelation due to the existence of circulating copper-binding proteins such as superoxide
dismutase (SOD), ceruloplasmin, and albumin [33]. Either will result in excess activity
remaining in the blood and contributing to background. A linear correlation was established
between the expression of the target protein EGFR and tumor activity as measured by PET
[34]. Nevertheless, an inconsistent result was obtained in a recent study [29]. In that report, a
higher $4Cu-DOTA-cetuximab accumulation was observed in low EGFR expressing UM-
SCC-22B cells whereas low uptake was observed in high EGFR expressing SCC1 cells.
Accordingly, UM-SCC-22B tumors were more responsive to 90YDOTA-cetuximab RIT
treatment than SCC1 tumors. Although it is unknown which factor breaks the linear rule, it
was proposed that target expression alone might not be the dominant factor controlling
tumor uptake /7 vivo, and that low microvessel density and poor vascular permeability
might be the responsible factors [29]. This phenomenon of disparity is also observed

using 89Zr-labeled cetuximab, which shows the highest tumor-to-blood ratio in the
xenografts with moderate expression of EGFR rather than the high expression tumor tissues
[35].

One obstacle to clinical translation of 84Cu immuno-PET is the significant liver uptake that
might be associated with hepatobiliary excretion of copper and/or hepatic metabolism and
transchelation. There are numerous proteins that bind copper in the liver such as Cu/Zn
superoxide dismutase (Cu/Zn SOD), metallothionein, cytochrome ¢ oxidase, etc. As a result,
copper transchelation is anticipated in the liver after administration of $4Cu probes. For
example, 4Cu-DOTA-cetuximab undergoes transchelation to proteins including SOD and
metallothionein as early as 4 hours post-injection [31]. In tumor tissues, such extensive
metabolism and transchelation also occur. In the blood which has a different protein
population, 84Cu-DOTA-cetuximab transchelates to metallothionein and other proteins, but
not to SOD [31]. To reduce transchelation in liver, efforts continue to be made toward
improving bifunctional chelates (BFCs) with the aim of binding 64Cu to mAbs in a stable
fashion under mild conditions with high yield [36]. DOTA is currently the most frequently
used chelator because it is able to sequester a wide variety of isotopes. This is especially
important for PET/RIT radionuclide pairs; thus, with the same immunoconjugate,
radioimmunoimaging can guide RIT dosing and planning effectively and reliably. The Cu-

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 July 01.
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DOTA complex, however, is not highly stable /7 vivo and transchelation of 64Cu often
occurs, as mentioned above. Recently, multiple BFCs were investigated for their potential
use in %4Cu PET imaging, such as CHX-A”-DTPA, p-SCN-Bn-ox0-DO3A, p-SCN-Bn-
PCTA, NOTA, and SarAr [36-38].

64Cu is a residualizing radionuclide, and is often used for labeling of internalizing mAbs.
After delivery into tumor cells by a specific antibody, 54Cu tends to be retained in cells for
long periods (Fig. 2). The characteristic of long retention is especially important for
effective 54Cu RIT of tumors. It is expected that a residualizing radionuclide has an
advantage over a non-residualizing radiolabel with respect to RIT. Although this theory has
been well developed and accepted [39-41], discrepant results were observed in a study

of 84Cu-labeled non-internalizing antibody, cT84.66, and an internalizing antibody, cBR96.
Compared to 84Cu-DOTA-cT84.66, $4Cu-DOTA-cBR96 showed faster tumor accumulation,
slower blood clearance, higher kidney uptake and slower clearance in the mononuclear
phagocyte system (liver, spleen) in nude mice bearing LS174T colon carcinoma xenografts
[42]. Interestingly, there was no significant difference in maximal radiotracer uptake [42],
and RIT results [28] between 4Cu-DOTA-cT84.66 and 64Cu-DOTA-cBR96. Further
mechanistic investigations are necessary to fully define the mechanisms involved.

A phase I/l clinical study has been performed with 64Cu-labeled mAb 1A3 (84Cu-
TETA-1A3) in patients with suspected primary or advanced colorectal cancer [43]. The
sensitivity of tumor localization by 54Cu-TETA-1A3 was 71%. Concurrently, CT/MRI and
FDG-PET were conducted to compare with 84Cu PET imaging results. The superiority

of 64Cu-TETA-1A3 to CT/MRI was apparent for the detection of small foci (< 2 cm in
diameter) with a sensitivity of 73% as compared to 20% by CT/MRI, but not as good as
FDG-PET, whose sensitivity was 100%. Not surprisingly, there were challenges associated
with detecting metastases in the lung and liver due to high hepatic uptake and slow blood
clearance of the radiotracer. Probably due to these obstacles, there have been few clinical
reports within the last decade using $4Cu-labeled mAbs. Recently however, a 54Cu-labeled
peptide 84Cu-DOTATATE, a ligand that targets the somatostatin receptor, was used in
patients with neuroendocrine tumors [44]. At 1 and 3 hours after injection of 84Cu-
DOTATATE, high accumulation of radioactivity in the pituitary, adrenal glands, kidneys,
renal pelvis, urinary bladder followed by moderate uptake in liver and spleen was observed.
Tumors were visualized with high tumor-to-background ratios at 3 hours. After washout
from most organs and lesions, retention of activity in the liver and intestines was obvious at
24 hours. The liver was the organ which received the highest radiation dose.

2.4. Gallium-66

66Ga (#,/, = 9.4 h) is a p*-emitter, which decays with high energy p* emission (Epay = 4.15
MeV, 56%) along with a mixture of high energy y-ray emission (E,, = 1.04 MeV, 37%). The
labeling chemistry of gallium has been extensively studied due to the increasing popularity
of 88Ga (#, = 68 min) in PET imaging [45]. This provides advantages for the development
of Ga immuno-PET. However, the availability of %6Ga is still limited although the
production and separation of 56Ga have been relatively well investigated [46].

A recent study reported a 66Ga-labeled mAb, $6Ga-NOTA-TRC105, which targets CD105/
endoglin, for PET imaging of tumor angiogenesis in an animal model bearing murine 4T1
breast cancer xenografts [47]. It is well documented that the chelator NOTA can efficiently
sequester radiogallium and produce an imaging agent with high /7 vivo stability [45].
During the 36 hour monitoring of the tumor uptake by serial PET imaging, 86Ga-NOTA-
TRC105 displayed high tumor uptake at the 20 and 36 hour time points (~9 %ID/g) with a
tumor-to-muscle ratio of ~10 [47]. From the biodistribution study, persistent high activity in
blood throughout the whole experimental period was evident, and moderate uptake of the
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imaging probe was found in lung, liver, heart, kidney and spleen [47]. In addition, 66Ga has
also been used to label the small molecule, folate,[48] and a somatostatin peptide analogue
[49], further demonstrating its feasibility in PET imaging of tumors.

When %6Ga immuno-PET is under investigation, free 6Ga from either impurities, or if
released from unstable conjugates will accumulate preferably in bone and liver as
demonstrated by intravenous administration of 86GaCls into animals [49]. Although 87Ga
has been used in humans for imaging bone diseases since the 1950's [50], use of %6Ga is not
probable for future clinical applications. The high energy a*- and -y-emissions are expected
to produce reduced spatial resolution, poor image quality, and importantly, impose high
radiation dose to both patients and personnel. These impractical characteristics impede its
further clinical development despite its ready availability by cyclotron production.

2.5. Arsenic-72

25 (1 = 25.9 h) is another B*-emitter that has hitherto not been extensively studied. It
decays with high abundance of B* emission (Emax = 2.5 MeV, 88%), and is an attractive
radionuclide for PET imaging. The optimal method for production and purification of 72As
via a rapid and practical generator system remains under investigation [51,52].

Presently, 72As can be generated either from a 72Se/72As generator system or cyclotron
produced from a germanium target [53]. Because of the limited 72As supply, research
progress towards developing and evaluating 2As continues to be slow and thereby impedes
its further development towards translation to clinical settings.

Arsenic has a specific favorable chemical characteristic in that it can covalently bind to thiol
groups. Based upon this advantage, biomolecules can be directly labeled with 72As or after
some chemical modification. For example, polymers based on N-(2-hydroxypropyl)-
methacrylamide (HPMA) have been successfully labeled with 72/74As with minimal
influence on polymer structure [54]. Thus far, 72As has not been used to radiolabel mAbs.
Instead, "4As (#/, = 17.8 days), has been used as a surrogate for "2As to label an anti-
phophatidylserine mAb, bavituximab, to visualize tumor vasculature in a rat model bearing
prostate cancer xenografts [55]. In this study, bavituximab was first modified by
succinimidyl acetylthioacetate (SATA) to introduce thiol-containing groups for use in
covalently binding the radioarsenic to the protein. Result from an /n vitro experiment
demonstrated that 7Asbavituximab was stable in serum during the experimental period (72
hours). From the PET imaging results, the highest tumor-to-background ratio was achieved
72 hours after administration of the imaging probe; and was accompanied by a high tumor-
to-liver ratio (~22) as well.

2.6. Bromine-76

6Br (1, = 16.2 h) is a radiohalogen that decays by B*-emission (57%) with high production
yield and reduced thyroid accumulation. Both properties make "6Br an interesting alternative
to 1241 (vide infra). However, unlike the large number of 1241 related studies reported,
radiobromination techniques and biological behavior of 7Br-labeled imaging agents have
been far less investigated. Efforts are still focused on the development of effective and
efficient production and radiolabeling methods of 76Br [56-59].

Although the studies on "®Br-labeled antibodies or fragments are limited, there is growing
interest in its potential application for radioimmunoimaging because of the favorable long
physical half-life. An immuno-PET study using a "®Br-labeled anti-CEA mAb, 3851,
displayed the highest tumor uptake and good contrast at 2 days after injection in nude rats
carrying subcutaneous human colon tumor xenografts [10,60]. It is encouraging to see

that 75Br-38S1 was superior to 18F-FDG for imaging xenografted tumors; it exhibited higher
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tumor-to-tissue ratios than 18F-FDG [60] for many organs. In normal tissues, activity
accumulated in the liver, lungs and part of the abdomen [60]. Therefore, the ratios of tumor-
to-liver and tumor-to-lung were low in 76Br-38S1 PET imaging.

Similar biodistribution results were observed in a recent study in which an antibody
fragment L19-SIP, targeting fibronectin of tumor neovasculature, was labeled with 75Br via
an enzymatic approach (bromoperoxidase/H,0,) [61]. MicroPET/microCT imaging
illustrated significant radioactivity in the abdominal area and blood-rich organs (such as
lungs and heart) at 5 hours after injection. At 2 days post injection background activity
decreased, and tumors were visible (SUV=2.4) together with left over activity in the
stomach and bladder.

Slow blood clearance, resulting in increased background activity, appears to be a major
obstacle to the use of 76Br for radioimmunodiagnostics [10,60,61]. Low tumor-to-blood
ratio was observed in both xenografted tumor models and liver metastasis models even at 2
days post-injection, the apparent optimal time point for 75Br immuno-PET imaging [60].
The low ratio is attributed to a mechanism related to /77 vivo debromination of the
radiotracer, although the radiobrominated antibodies or fragments were stable in vitro
[10,61]. For example, only 25% of the intact 7Br-L19-SIP was found in the serum, along
with 21% residual immunoreactivity at 24 hours after injection while less than 1% of the
intact antibody was detected in the urine sample. The majority of excreted activity was in
the form of free 7®Br [61].

Direct administration of free radiobromide into animals facilitated an interpretation of the
biodistribution characteristics of 76Br-labeled proteins. Free bromide distributes rapidly into
the extracellular space because of the negative membrane potential of living cells [62]. Slow
renal clearance and persistent activity in blood were observed in biodistribution studies of
free 7°Br [63,64]. In addition, accumulated activity was found in gastric mucosa [64],
supporting the high stomach uptake of the radiotracer. In fact, free "5Br was detected in
serum at 2 hours after 76Br-L19-SIP injection [61]. At 48 hours, the majority of radioactivity
in the blood was free 78Br. A similar phenomenon was observed for 1251-L.19-SIP [65],
however, the free iodide cleared rapidly from blood and was taken up by the thyroid or
excreted through the kidneys, resulting in low background uptake in non-target organs [66].
Further evidence was provided by the lower uptake of 125-38S1 compared with that

of 7Br-38S1 in tumors, blood and most normal tissues except thyroid at all examined time
points from 2 to 46 hours [10]. Because of the faster excretion of 1291, the concentration

of 125 in urine samples was three times higher than that of "®Br during the first day [10].
Interestingly, 75Br-labeled small molecules also released free bromide /7 vivo and showed
high non-specific uptake in blood [67].

Because free "5Br ions can be produced by either unstable labeling with radiobromide or by
radiotracer metabolism after injection, the evaluation of radiotracer stability under simulated
physiological conditions is critical before applying to animals. From all ®Br immuno-PET
studies reported thus far, poor systemic metabolic stability is a common problem that
requires continued study.

Analogous to 1241, 78Br is non-residualizing (Fig. 2), contributing to poor cellular retention
and slow excretion of bromide, and accordingly, reduced imaging contrast. The concept of
“residualizing labels”, which cannot penetrate cellular membranes, is attractive and might be
helpful if applied to improve the intracellular retention of radiohalogens. When an
internalizing antibody, such as trastuzumab, is labeled with 7Br, the radiometabolites are
expected to be entrapped intracellularly after proteolytic degradation of the antibody in the
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cells if measures are taken to allow residualization of the 7°Br [68]. Nevertheless,
experiments need to be designed to verify the hypothesis using "Br-labeled antibodies.

To our knowledge, to date no radio-brominated antibody has been evaluated clinically. Due
to the well-known distribution in extracellular space free 76Br was employed to evaluate
brain edema in brain tumor patients by PET [62]. Care should be taken, from a dosimetry
point of view, when using “6Br-labeled antibodies for staging and dosimetry support of
clinical RIT. Due to the long biological half-life of bromide in the plasma of humans (~10
days) [69], physical decay would be the major manner of eliminating “°Br-bromide from the
body [62]. Low activity in normal organs (e.g., liver, brain) and blood would be an
important criterion in the selection of a 76Br radiotracer. It is noteworthy that administration
of chloride was found beneficial in the elimination of bromide [70].

2.7. Yttrium-86

90y is now widely used in cancer radiotherapy. Due to the identical chemical form, 86Y is
an ideal imaging counterpart for patient selection and dosimetric calculations for 90Y

RIT. 88Y (#,, = 14.2 h) decays with high B* energy (Emax = 3.1 MeV, 33%) and 83%
abundance of -y-emissions that significantly affect the image quality and recovery
coefficients due to spurious coincidences. Fortunately, the image quality can be greatly
improved when readily available and appropriate corrections are performed [71]. Stimulated
by well-established chelation chemistry, 86Y immuno-PET, has thus far demonstrated its
potential in patient selection for targeted therapy, treatment monitoring, and dosimetric
calculations for 20Y-based RIT [72].

In our group, we have successfully labeled a number of approved antibodies with &Y and
evaluated their potential use in PET imaging of target protein expression and RIT dosimetry
in preclinical studies. These include bevacizumab [71], panitumumab [73,74], and
cetuximab [75]. In these studies, a well-studied bifunctional chelate CHX-A” DTPA was
conjugated to the antibody and used to sequester the radionuclide. As expected, organ
uptake results from 8Y immuno-PET were in good agreement with biodistribution studies
[74,75] and all of these conjugates gave excellent image contrast at day 3 after injection of
the imaging probe (Fig. 3); 8Y-labeled panitumumab F(ab'), showed obvious tumors at day
1 [74]. The tumor-to-background ratios increased with time within the 3 day experimental
period as a result of increased tumor uptake coupled with clearance of the probe from blood
and liver.

In spite of high tumor uptake in both 86 -panitumumab and 86-cetuximab (both bind to the
HER1 receptor), significant differences were observed in blood and liver clearance rate in
athymic mice bearing human mesothelioma xenografts [76]. 86Y-cetuximab demonstrated a
faster blood clearance with a #,4 0f 0.9-1.1 hours compared to 86 -panitumumab with a
Bjpq Of 2.6-3.1 hours. This might be explained by different affinities to Fc receptors of the
chimeric 1gG1 cetuximab and human IgG2 panitumumab [77]. Because the interaction of
IgG and the Fc receptor is associated with the elimination of an antibody, the binding
affinity of panitumumab to FcRn might be lower than that of cetuximab leading to slower
first-phase blood clearance [76,77]. In addition, the liver clearance of 86Y-cetuximab was
slower than that of 86Y-panitumumab, and therefore resulted in a lower tumor-to-liver ratio
for 86Y-cetuximab [76].

To date, there are no 88Y-labeled antibodies reported for dosimetric assessment of RIT in
humans. There are two drawbacks for 8Y immuno-PET. One is the relatively short half-life
compared with 90Y; the other one is bone accumulation if 86Y dissociates from unstable
conjugates. A patient study, using a somatostatin analogue 86Y-DOTA-DPhel-Tyr3-
octreotide (86Y-DOTATOC) to monitor ®0Y-DOTATOC therapy, showed a slow uptake in
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red marrow resulting in acute bone marrow toxicity. This might be related to 86Y
transchelation to transferrin proteins as demonstrated by an /n vitro experiment using human
plasma [78]. However, the detailed mechanism of the loss of 86Y /i vivo remains unclear
with respect to whether this was an actual active transchelation, or a case of simple
dissociation and loss of the radionuclide. Regardless, bone uptake is still a real concern and
the use of stable chelation technology is an obvious requirement.

2.8. Zirconium-89

897r has a favorable half-life (#, = 78.4 h), which is the longest among current
commercially available g*-emitting radiometals, and allows imaging up to 1 week after the
injection of a 89Zr-based probe. Its decay is characterized by high-abundance y-rays (Ey=
909 keV, 99.9%) and low-abundance B* (Emax = 897 keV, 22%) [79]. 89Zr immuno-PET, in
this decade, has risen to the forefront and been successfully employed to assess target
expression, /n vivo biodistribution, and pharmacokinetics of antibodies in applications of
cancer diagnosis, treatment planning and monitoring, and dosimetry [80-90]. Research

on 89Zr immuno-PET had been significantly hindered by complex and time consuming
labeling methods and lack of availability of the radionuclide. With improvements in
radiolabeling technology, antibodies can be labeled with 89Zr efficiently and rapidly [80]. In
addition, the availability of clinical grade 89Zr for worldwide distribution fosters its
popularization in clinical applications [81]. Thus far, multiple antibodies have been labeled
with 89Zr preclinically and clinically, such as HER1-targeted cetuximab [35,82] or
panitumumab [83], HER2-targeted trastuzumab [81,84], VEGF-targeted bevacizumab
[11,85], CD20-targeted ibritumomab tiuxetan [86], transforming growth factor-g (TGF-f)-
targeted fresolimumab [87], CD105-targeted TRC105 [88], PSMA-targeted 7E11 [89], and
others.

When a 89Zr-labeled antibody is under investigation, a counterpart, using the same antibody
labeled with 1111n, is usually employed for comparison of the uptake results as assessed by
immuno-PET quantification and ex vivo biodistribution, while a 89Zr-labeled IgG is
generally used as a non-specific negative control [11,87]. In these studies blocking by an
excess of unlabeled antibody is used to assess saturability and non-specific binding. By
comparison with the robust consistency of 11In-mAb biodistribution results, the reliability
of the quantification of 89Zr immuno-PET with agents, such as 89Zr-bevacizumab

[11], 89Zr-trastuzumab [81] has been demonstrated. The specific targeting of 89Z-
rbevacizumab has been shown by its higher uptake in the tumor (~2 times) than that of
human 89Zr-1gG in SKOV-3 xenografts whereas a similar biodistribution pattern is observed
in other organs except for kidneys [11]. An interesting result was obtained using 89Zr-
fresolimumab which targets TGF-p protein expression [87]. The uptake of 111In-1gG was
found to be comparable to that of 89Zr-fresolimumab in primary tumors and metastases in
addition to most organs. This can be explained by the characteristics of the target TGF-.
More than 90% of TGF-B is in its latent form, and not available to bind fresolimumab [87].
The difference between 89Zr-fresolimumab and 111In-I1gG is in the liver, kidneys, and bone,
suggesting high expression of active TGF-, or an elevated occurrence of metabolism/
excretion in these organs [87]. In addition, the stability of the 89Zr probe is especially
important because released 89Zr tends to localize in the bone and may pose a significant risk
to bone marrow. High bone uptake is observed in studies with both 89Zr-fresolimumab

and 89Zr-bevacizumab [11,87]. The radioactivity in the bone has not yet been adequately
analyzed to prove whether /n vivo metal release or other mechanisms are involved.

A study with 89Zr-panitumumab immuno-PET was recently conducted to quantitatively
visualize HER1-expressing LS-174T human colon carcinoma in animal models bearing
primary or metastatic tumors [83]. Primary tumor xenografts were shown with high contrast
whereas tumors were not visualized in HER1-negative human melanoma A375 tumor
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xenografts [83]. 89Zr-panitumumab immuno-PET demonstrated the expression of HER1 in
distant metastases in different animal models with intraperitoneal or pulmonary metastases.
The peak tumor uptake was approximately 40 %ID/g at 3-4 d, 75 %ID/g at 2 d, and 95
%ID/g at 1-2 days after injection of the tracer for the subcutaneous, thoracic and
intraperitoneal tumors, respectively [83]. This study therefore demonstrated the potential
of 89Zr-panitumumab immuno-PET for assessing HER1 status in distant metastases of
colorectal cancer. The excellent tumor-to-background ratio might be related to the
residualizing property of the radionuclide. This leads to low blood concentration and
generally shows its superiority to radiohalogenmAbs with respect to tumor uptake. The
radionuclide is retained in the target cells after internalization and degradation of the
antibody probe (Fig. 2), as illustrated by the higher uptake of 89Zr-cMAb U36 in tumor
tissues compared to 1241-cMAb U36 [2]. In another animal study using 89Zr-fresolimumab,
unfortunately, immuno-PET/micro-CT failed to detect breast cancer bone metastases,
although bioluminescence imaging visualized tumors in multiple bone sites [87]. This might
be due to the low expression of the lesions, unavailable target, or that the small bone
metastases of the mice were beneath PET resolution. 89Zr-bevacizumab PET also
successfully monitored the antiangiogenic tumor response after heat shock protein 90
(HSP90) inhibition therapy in animal models [85]. 89Zr-desferrioxamine B-7E11, as a
marker of dying cells, was used to assess tumor response to therapy via binding to the
intracellular epitope of PSMA [89].

Clinical studies have been performed using 89Zr-trastuzumab in patients with HER2-positive
metastatic breast cancer [84]. The clinical grade 89Zr-trastuzumab was developed for clinical
immuno-PET determination of HER2 expression, and was stable for up to 7 days in human
serum [81]. Compared to 111In-trastuzumab SPECT, 89Zr-trastuzumab displayed superior
image quality in spite of their similar biodistribution characteristics [81]. 89Zr-trastuzumab
immuno-PET visualized metastatic tumors in liver, lung, bone and brain 4-5 days after
injection with excellent tumor uptake and image contrast. Decreased image quality was
shown at day 6 or 7 after injection because of poor counting statistics [84]. From visual
observation of the PET scan, the probe accumulates in liver, spleen, and kidney, but not
lung, muscle, bone or brain. In this study, both a 50 mg dose for patients without
trastuzumab therapy and a 10 mg dose for patients with trastuzumab treatment obtained
excellent results. However, in patients without trastuzumab treatment, a 10 mg dose was not
effective. This may be due to fast pharmacokinetics for lower concentrations of trastuzumab
in blood [11,84].

897r immuno-PET has been suggested to be promising for /in vivo scouting and dosimetry
predictions for 20Y- and 177Lu-RIT, which showed similar biodistribution characteristics
except in bone in animal models [2,82]. In a recent clinical study, 89Zr-ibritumomab tiuxetan
PET (after coupling DFO to the mAb) was used to monitor biodistribution and estimate
radiation dosimetry for 90Y-ibritumomab tiuxetan in patients with relapsed B-cell non-
Hodgkin's lymphoma scheduled for autologous stem cell transplantation [86]. Results
showed that liver and spleen would be the organs with the highest 20 absorbed dose,
followed by kidneys and lungs, and that there was no significant difference in the tumor
absorbed doses between pre-therapy and therapy scans [86]. Moreover, results obtained
from 89ZrcmAb U36 PET also indicated that its highest absorbed dose in normal organ to be
the liver followed by kidneys, thyroid, lungs, and spleen in patients with head and neck
squamous cell carcinoma (HNSCC) [90].

Collectively, the dramatic progress in 83Zr immuno-PET studies in recent years makes it a
promising tool in radioimmunodiagnostics and therapy management that is very steadily
progressing forward into what will be multiple clinical trials.
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2.9. lodine-124

1241 has been studied extensively in both experimental and clinical immuno-PET. Its
physical half-life (#;, = 100.2 h) is one of the longest among the currently available longer-
lived p*-emitting radionuclides suitable for PET. Accordingly, it has become possible to
image antibody biodistribution over time scales of a week or more after administration. As
one might expect given the extensive history of radioiodination, the radiolabeling chemistry
of 1241 is well characterized; an antibody can be labeled with 124] without loss of
immunobiological activities [91,92]. Clinical grade 1241 is now commercially available for
worldwide distribution [93]. Long physical half-life, together with well-investigated
radiochemistry and biological behavior, makes 1241 an attractive label for preclinical and
clinical PET studies.

Positron decay of 1241 is characterized by its high energy (Emax = 2.14 MeV), albeit low
yield (23%), and the presence of a y-ray emission (E, = 603 keV, 61%) in the same energy
window as the annihilation photons [9,94]. These features of 124] decay potentially pose
several challenges to spatial resolution and high sensitivity during PET imaging. High
energy results in a longer range of emitted B*, and thus limits the image resolution; and
higher scatter and random events are associated with higher background. 1241-PET is
therefore expected to have decreased image quality and challenging quantitative-analysis of
the images as compared to some of the other longer-lived PET radionuclides. However, the
development of hardware and software for data correction compensates for the interfering
factors to a certain extent. For instance, optimization of the image reconstruction produces
high-resolution PET images with reduced errors caused by -y-coincidences [95].

124] immuno-PET has been, thus far, applied in cancer diagnosis [96,97], treatment planning
[1,2] and monitoring [12], pharmacokinetics [12,98], and mechanistic studies. A large
variety of proteins have been targeted, such as tumor associated glycoprotein (TAG)-72
[102], CA19-9 [101], carbonic anhydrase-1X (CA 1X) [91,99,100,103], VEGF [12], A33
[96,97], CD22 [39], and ganglioside GD, [1]. Among the 124I-labeled mAbs that are under
development, 124]-huA33 and 1241-cG250 are in advanced clinical trials.

1241_huA33, which recognizes and targets the A33 antigen in colorectal cancer, is used in
patients with primary or metastatic colorectal cancer [96,97]. Quantitative PET localizes
tumors with excellent tumor-to-background ratio at day 7, with about 20%-50% of A33
antigen in tumor tissue bound [96]. In spite of low activity in the liver and kidneys, the
expression of A33 in normal colon and intestinal epithelial cells results in prominent uptake
of the radiotracer in the intestines that might hinder tumor identification in some patients.
Moreover, possible bowel toxicity needs to be considered although no significant toxicities
have been observed with either a single dose of 1241-huA33 [96] or RIT by infusion of 131]-
huA33 or 125]-huA33 [104]. Importantly, a linear relationship exists between bound 124]-
huA33 and antigen expression [96] that sheds light on quantitative estimation of the
molecular biomarker in diseased tissue for therapeutic regimen planning clinically.

CA X is a biomarker for hypoxic tumor cells, and related to radiotherapeutic and
chemotherapeutic resistance. 1241-cG250 is applied for imaging of hypoxic tumors over-
expressing CA X in patients with clear cell renal cell carcinoma (ccRCC). The sensitivity
and specificity for tumor detection have been reported as 94% and 100%, respectively, as
demonstrated by PET/CT scanning of the abdominal region of patients from the xiphoid
process to the pelvis [91]. A CA IX-negative tumor is highly associated with a less
aggressive phenotype. On the basis of the correlation between PET/CT data and /n vitro y-
counting of tumor tissues [99], 1241-cG250 PET/CT has been suggested to quantify in vivo
radioactivity uptake reliably. Current clinical data hold the potential for accurate pre-
operative identification and intraoperative localization of ccRCC tumor tissues, and for
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guiding complete tumor resection [91,103]. Thus far, no toxic effects have been found to be
associated with this PET probe, at least within 4 weeks after surgery.

It is well known that 1241 is a non-residualizing label (Fig. 2). The major radiocatabolite

of 124]-labeled mAbs is monoiodotyrosine [39]. Unlike radio-metabolites from metal-labeled
mAbs, monoiodotyrosine is lipophilic and can diffuse through lysosomal and cellular
membranes. By virtue of the widespread deiodination enzymes in the body, iodotyrosine is
further metabolized to free iodide as demonstrated by free 1241 found in urine after
administration of 124|-anti-TAG-72 mAbs [102]. As a result of cellular metabolism, tumor
contrast is reduced in PET images, and tumor localization is generally lower than that using
radiometal labels if the radioiodine is directly bound to tyrosine residues of mAb and there is
any significant internalization of the mAb [39]. In an attempt to overcome this limitation,
the introduction of a radioiodinated “residualizing group” to the internalizing proteins has
been demonstrated to maintain 124] intracellularly. This improved radiotracer uptake in
target organs, and enhanced image contrast [39,105,106]. The advantages of applying the
strategy of residualizing label is also illustrated by improvements in therapeutic efficacy of
RIT as a result of enhanced retention time, higher tumor uptake, and absorbed radiation dose
of the radiopharmaceutical compared to results from the agent with a non-residualizing
iodine label [107].

124)_1abeled mAbs are suggested to be suitable for planning the therapeutic doses of 1311-
and 186Re-labeled mAbs [2]. For example, to guide the treatment decisions in a phase

| 1311-3F8 RIT trial, 1241-3F8 immuno-PET was used to evaluate a neuroblastoma patient
[1]. In this study, the accumulated activity and retention time in tumor were measured to
estimate the radiation absorbed dose from the radioiodinated antibodies. Due to the low
uptake and unfavorable dosimetry in some bulky tumors in the patient, it was decided not to
perform 131]-3F8 RIT. It also needs to be considered that the effective predicted radiation
dose by 1241 is ~20% higher than that of 1311 [95]; therefore, the administered dose needs to
be adjusted accordingly.

As with all iodine radionuclides, 1241 is prone to accumulate in the thyroid. Efforts have
been made to increase the /7 vivo stability of 124]-labeled antibodies by using the para-
iodophenyl (PIP) substituted conjugate [108]. While this reduces the thyroid radioiodine
uptake, a more practical strategy in the clinic is to use oral iodine prior to the administration
of an 124]-PET reagent to minimize the the problem.

3. Regulatory affairs

In recent years, the continuing development of PET technology, novel radiopharmaceuticals,
and federal reimbursement for FDG-PET in oncology, has spurred many new businesses,
which are focused on PET imaging, clinically or academically. The limited production of
radionuclides in universities or other institutions resulted in a trend towards distribution by
centralized, for-profit facilities to satisfy clinical needs. Unlike short-lived
radiopharmaceuticals, longer-lived radionuclides have the advantage of being delivered
from remote commercial companies, thus decreases the need for manufacturing facilities at
or close to the sites where the drugs are administered in patients. In the meantime, FDA
regulatory control over the safety and efficacy of PET drugs has significantly increased. The
guidance for current good manufacturing practice (cGMP) production of PET drugs was
released in Aug. 2011 under the requirements of Section 121 of the Modernization Act. The
guidance helps small businesses better understand and comply with the regulations, with
respect to the recommendations in resources, procedures, and documentation for PET drug
production to meet the requirements of cGMP standards coded in 21 CFR Part 212 and USP
Chapter <823> published in 2009 [109]. CGMP is the minimum standard that ensures a drug
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meets the requirements of safety and confirms its presented identity, strength, quality, and
purity characteristics. However, this regulation targets and provides oversight for mainly
short-lived PET radiopharmaceuticals and does not address long-lived radiotracers. With
great hope, this content will be added in the near future.

4. Alternative strategies of PET radioimmunoimaging

Longer-lived positron emitters potentially pose risks to patients from long-term exposure of
radiation dose especially in normal tissue sites of radioactivity accumulation. As
aforementioned, slow blood clearance is frequently seen after administration of radiolabeled
mAbs and other macromolecular agents. Antibody-based probes have the disadvantage of
longer biodistribution times thereby limiting the sensitivity of the tracer during imaging.
Alternative strategies have therefore been proposed and investigated. Here, we will briefly
discuss pre-targeting approaches and various protein-engineering techniques.

4.1. Pre-targeting Approach

An intact antibody usually takes at least 2 days before achieving maximal tumor uptake
while, at the same time, clearing from the non-targeted tissues occurs slowly [110]. To
accommodate the slow pharmacodynamics of antibodies, a pre-targeting strategy has been
proposed which allows a bispecific antibody (bsMADb) to accumulate maximally in the target
before coupling with a radionuclide that is sequestered to a small molecule. Currently, there
are multiple strategies for bsMAb/radio-peptide pairs, such as anti-hapten antibody/hapten,
streptavidin antibody/biotin, oligonucleotide antibody/complementary oligonucleotide, and
others [111]. In short, the targeting vector is permitted to bind to the cell surface target and,
at an optimal time, a small radiolabeled moiety is administered that rapidly binds to the
targeting vector. By virtue of its low molecular weight the small radiolabeled moiety is
excreted very rapidly minimizing extravasation into or retention by normal tissues, thereby
lowering background for imaging (and toxicity for therapy). In the case of a bsMAb, one
binding arm of the antibody binds to the cell target while the other arm binds to the small
radiolabeled moiety. Generally, an antibody clearing step is adopted before administration of
the radiolabeled small molecule or peptide to remove unbound antibodies in the circulation
thereby reducing both the background signal and unnecessary radiation exposure in non-
target organs. In addition, a small, fast-clearing, radiolabeled peptide can be quickly
captured by a pre-targeted tumor-associated bsMADbs. Thus, even short-lived PET
radionuclides, such as 8Ga, and 18F, can be used. Because of the maximal tumor uptake and
rapid targeting and clearance of the radionuclide, the tumor-to-background ratio is expected
to be high. The pre-targeting approach has great potential for radioimmunodiagnosis and
RIT. Efforts are being made to translate this strategy to clinical applications by
Immunomedics, Inc, and others.

The pre-targeting strategy has been successfully applied in a mouse model bearing CEA-
expressing LS174T human colonic xenografts [112]. In this study, a bispecific monoclonal
anti-CEA/anti-hapten antibody was paired with a 8Ga- or a 18F-labeled hapten

peptide, %8Ga-IMP-288 or 18F- IMP-449, with a 16 hour interval between administration of
the two components. Imaging with either %8Ga or 18F displayed excellent imaging contrast 1
hour after injection of the radiopeptide. For example, the tumor uptake was ~10% ID/g

for 68Ga-IMP-288 and the tumor-to-blood ratio was ~70 [112]. Moreover, in a preliminary
clinical trial, an anti-CEA/anti-DTPA bispecific antibody paired with an 111In-di-DTPA
peptide was employed in patients with primary colorectal cancer [113]. Among the intervals
studied, the best imaging contrast was obtained with a 4 day interval, with resulting tumor-
to-background ratios of 5.1 to 14.2 at 24 hours after injection of the radiolabeled peptide.
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4.2. Protein-engineering

To overcome sustained blood accumulation and slow localization of intact antibodies,
antibody-engineering techniques provide a tool to develop optimized immuno-PET
radiotracers, which have a low hepatic uptake, and rapid clearance from blood and kidney.
Ideally, these probes with a small molecular size would produce high-contrast images in a
shorter time due to their rapid pharmacokinetics. A significant advantage is that it makes
same day imaging possible. Currently, a multitude of antibody-based molecules have been
engineered for PET imaging such as affibody (~10 kD), nanobody (~15 kD), single-chain
variable fragment (scFv; ~25 kD), diabody (~50 kD), minibody (~80 kD), scFv-Fc (~105
kD), and others [8,114]. Because of the glomerular filtration barrier, larger proteins are
excreted via liver (e.g., intact antibody, scFv-Fc, minibody); while smaller proteins are
excreted via kidney (e.g., diabody, scFv, minibody, affibody) (Table 3).

Of the engineered proteins depicted in Table 3, the affibody and nanobody have the fastest
clearance rates due to their small size. However, it is frequently found that higher contrast
and faster imaging are achieved at the expense of tumor uptake. In a recent study, a 84Cu-
labeled EGFR-binding fibronectin domain 84Cu-Fng3 4 3 (~10 kD) was assessed for PET
imaging of EGFR in a xenograft mouse model [115]. Although it was characterized by a
rapid accumulation of the probe in the tumor tissue (90% of the maximal uptake within 10
min), superior tumor to background ratio (~9 vs. ~2 for $4Cu-DOTA-cetuximab [31]), lower
liver uptake (~3.5% ID/g vs. ~15% ID/g for $4Cu-DOTA-cetuximab [31]), and long
retention in tumor, the maximal tumor uptake of the radiotracer was low (~3.4% ID/g vs.
~20% ID/g for 84Cu-DOTA-cetuximab [31]). Similarly, an 124|-labeled affibody Zgr2:342)
(~7 kD) identified tumors with a higher tumor-to-blood ratio compared to radioiodinated
trastuzumab (16 vs. 1.2 at 24 hour, respectively), but exhibited a lower tumor uptake in
xenograft-bearing mice [116]. Other disadvantages of the 54Cu-Fng3 4 3 probe include high
renal accumulation (~80% at 1 hour) and durable retention in kidney [115]. Accordingly, the
kidney was potentially exposed to a high radiation dose over a long time. Indeed, this is also
a common challenge in the development of small-sized, engineered antibodies for PET
imaging. Numerous attempts have been made to modify the structure of the radiotracers to
increase tumor uptake and decrease kidney uptake concurrently. For example, by altering
the size of a diabody with a PEG component, a high tumor uptake (37.9% ID/g) was
obtained with a PEG4g conjugate at a later time point (44 hour) than with a smaller- or non-
PEG diabody, along with a high tumor-to-background ratio [117]. Importantly, no
interference from the kidneys was observed in PET imaging. It should also be noted that
tumor retention and affinity might be associated with or influenced by the valency of the
probes to the targeted antigen [118].

5. Future perspective and conclusions

Exhaustive understanding of the molecular biology of cancer and the discovery of new and
specific cancer biomarkers as well as advances in antibody production and engineering
techniques has spurred current advances in antibody development. This in turn has inspired
novel immuno-PET probes. Meanwhile, increased availability of longer-lived positron-
emitting radionuclides, along with improved radiolabeling methods, increases the flexibility
of radioisotope selection to improve imaging quality.

Immuno-PET, characterized by non-invasive, real-time monitoring, holds promise for
diagnostics and therapeutic management of cancer. Considering that there are more than 200
mAb candidates in clinical trials at varying phases of development for treatment of cancer
and immunological diseases, the employment of immuno-PET would non-invasively define
the /in vivobehavior of the therapeutic mAbs and their interaction with the targets. Similarly,
the impact of low molecular weight drugs on the various available cell surface targets could
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equally be determined by monitoring response to therapy. Monitoring response non-
invasively at the molecular level will undoubtedly assist the assessment of efficacy and
safety, and speed up the drug-development process and its approval by FDA. Immuno-PET
is also helpful in both the selection of candidate RIT patients and dosimetry for dose
planning of RIT [105]. Examples of PET/RIT radionuclide pairs

are 84Cu/67Cu, 1241/131) 124|/186Re 124|/188Re 76Ry/131] 86y/90y 897p/177| |

and 89Zr/%0Y (Table 1) despite that some of the therapeutic radionuclides have intrinsic
emissions suitable for -y- or SPECT imaging.

One caveat is the saturability of tracer uptake in tumor tissues when an antibody labeled
with a positron emitter is applied to monitor the therapeutic effect of the same antibody
drug. As observed in a PET study with $4Cu-DOTA-conatumumab targeting to human death
receptor 5, tumor uptake of the radiotracer substantially decreased with the co-injection of
large amount of conatumumab [119]. Similar saturable uptake is also observed in spleen, but
not in other tissues. In this circumstance, uptake of radiolabeled antibodies is expected to be
lower if sufficient time is not allowed prior to the injection of the probe as compared to that
without antibody treatment; and the results would not represent the actual value of the
antigen expression of tumors.

To our knowledge, a relatively unexplored area in the study of immuno-PET is its potential
application in monitoring circulating tumor cells (CTCs). It is well known that the number
of CTCs grow with the progression of cancer whereby CTCs are recognized as a prognostic
marker for cancer [120]. It has been demonstrated that higher numbers of CTCs are
associated with more metastases sites as detected by 18F-FDG PET/CT in patients with
metastatic breast cancer [121]. It would, however, be more interesting if it were possible to
evaluate and monitor the tumor cell load in peripheral blood with the sensitive PET imaging
modality. An encouraging result shows the blood-pool activity from the left ventricle of the
heart, as quantified by PET, is in a good agreement with that obtained from ex vivo activity
counting [90]. We speculate that the total activity of the blood would be increased if
sufficient CTCs are in the circulation.

To achieve images of high tumor-to-background ratio, as summarized in Fig. 4, it is
essential to understand the properties of the selected targeting vector (e.g. antibody,
fragments, peptides), the target antigen, and radiolabeling chemistry, particularly if it
involves having to choose an appropriate chelator. The choice of appropriate longer-lived
positron-emitting radionuclide for immuno-PET should be made judiciously for clinical
applications. If an antibody, such as trastuzumab, cetuximab, or bevacizumab, rapidly
internalizes into cells after antigen binding, a residualizing radionuclide, such as 64Cu, 86y,
or 897r, is a better choice. As noted in section 2 (Fig. 2), “5Br- and 124]-labeled mAbs tend
to release free radionuclides upon antibody internalization, resulting in rapid clearance of the
radionuclides from the target tissue that creates higher background. In contrast, 84Cu, which
is residualizing, is trapped in lysosomes in cells after cellular metabolism of the $4Cu-
labeled mAbs, giving good image contrast. With respect to tumor location, if a PET probe
has a high liver uptake in healthy subjects (for example, 84Cu transchelation in liver),
malignancies that are in the vicinity of liver cannot be detected reliably. In addition, it is also
important to find the optimal imaging time point that shows low background and high tumor
uptake. In sum, a radiopharmaceutical should be designed punctiliously, and all factors need
to be carefully considered in order to get a high-quality image with minimal toxicity.
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Fig. 1.

Schematic representation of potential cancer biomarkers for immuno-PET imaging. Cancer
biomarkers play important roles in cancer cell proliferation, survival, angiogenesis, invasion
and metastasis. The biomarkers can be associated with tumor cells (cytoplasm or surface), in
the extracellular matrix (ECM) of tumor tissue, or on tumor vasculature (angiogenesis).
Growth factor VEGF can be produced by tumor cells, secreted to ECM, and then bind to its
receptors on endothelial cells leading to the initiation of angiogenesis. When PET imaging is
employed in monitoring therapeutic efficacy, the biomarkers for cell apoptosis and necrosis,
e.g. death receptors or caspase signaling can be targeted in addition to other tumor-specific
targets. Note: this is for illustration purposes and does not imply that all biomarkers are
present in one tumor tissue. PSMA.: prostate-specific membrane antigen; CEA:
carcinoembryonic antigen; TGF-: transforming growth factor beta; TGFR: transforming
growth factor receptor; EpCAM: epithelial cell adhesion molecule; EGF: epidermal growth
factor; EGFR/HER-2: epidermal growth factor receptor; VEGF: vascular endothelial growth
factor; VEGFR: vascular endothelial growth factor receptor; TRAIL: TNF-related apoptosis-
inducing ligand.
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Schematic representation of the fate of antibodies (internalized or non-internalized) labeled
with residualizing or non-residualizing radionuclides. a. a non-internalized antibody labeled
with a non-residualizing radionuclide. Antibodies bind to their antigens in a dynamic
association—dissociation equilibrium fashion. b. an internalized antibody labeled with a
nonresidualizing radionuclide. After internalization and degradation of the antibody
conjugates and receptors, non-residualizing radionuclides (such as 1241, 78Br) are released
from the cell and enter the extracellular space. c. an internalized antibody linked with a
residualizing radionuclide. After internalization and degradation of the antibody conjugates
and receptors, residualizing radionuclides (such as 4Cu, 86Y, 89Zr) can be trapped in the
lysosome. Even if released from lysosome, it can transchelate to intracellular proteins and
remain in the cell.
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Representative immuno-PET images from day 1 to day 3 after administration of 86YCHX-
A”-DTPA-bevacizumab, 86Y-CHX-A”-DTPA-panitumumab, 86Y-CHX-A”-DTPA-
cetuximab in female athymic (NCr) nu/nu mouse bearing VEGF-A positive human ovarian
carcinoma SKOV3 xenograft (top) or human colorectal carcinoma LS-174T xenografts
(middle, bottom). The tumors are indicated with a white arrow. The scale represents %
maximum and minimum threshold intensity. This figure is adapted from Nayak, et al.
[71,74,75].
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Fig. 4.
Factors to be considered when selecting a B* emitter.
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Table 1

Criteria for an ideally effective clinical immuno-PET probe.

Number  Criteria
1 The physical half-life of the radionuclide needs to be compatible with the biological half-life of the linked antibody;
2 The target antigen should be significantly overexpressed in tumor tissues versus normal tissues;
3 The radiotracer targets tumor sensitively and specifically;
4 Rapid systemic clearance relative to the radionuclide half-life is critical to achieve high contrast imaging versus normal tissues;
5 Non-specific binding is minimal;
6 The radiotra_cer shoul_d be stable, so that unsafe radiometabolites are minimal and that the radionuclide remains sequestered relative
to the effective half-life of the radiotracer;
7 Toxicity is low;
8 Preparation is simple and amenable to clinical radiopharmacies;
9 The radionuclide is readily available;
10 The radionuclide should have low positron energy and high positron (8*)-decay branch ratio or abundance;
11 Cost is low.
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Engineered protein Size(kDa) Blood clearance(Ty25) Major routeof clearance  Valency
affibody 10 5-60 min Kidney flexible
nanobody 15 10 min-1.5h Kidney flexible

single-chain variable fragment (scFv) 25 0.5-2h Kidney monovalent
diabody (scFv dimers) 50 3-7h Kidney bivalent
minibody (V| -V-CHs) 80 6-11h Liver bivalent
scFv-Fc 105 8h-12d Liver bivalent
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