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Abstract
Positron Emission Tomography (PET) is playing an increasingly important role in the diagnosis,
staging, and monitoring response to treatment in a variety of cancers. Recent efforts have focused
on ImmunoPET, which employs antibody-based radiotracers, to image tumors based on expression
of tumor-associated antigens. It is postulated that the specificity afforded by antibody targeting should
both improve tumor detection and provide phenotypic information related to primary and metastatic
lesions that will guide therapy decisions. Advances in antibody-engineering are providing the tools
to develop antibody-based molecules with pharmacokinetic properties optimized for use as
immunoPET radiotracers. Coupled with technical advances in the design of PET scanners,
immunoPET holds promise to improve diagnostic imaging and to guide the use of targeted therapies.
An overview of the preclinical immunoPET studies in cancer models is reviewed here.

INTRODUCTION
Medical imaging is a critical tool for the accurate diagnosis and staging of cancer, as well as
evaluating response to therapy. Evaluation of therapeutic efficacy through the use of
anatomical imaging modalities, such as computed tomography (CT) and magnetic resonance
imaging (MRI), is based upon structural changes within tumors that are assessed in relation to
standards such as Response Evaluation Criteria In Solid Tumors (RECIST) or WHO criteria
(1), (2). By contrast, positron emission tomography (PET) is a nuclear medicine imaging
modality that employs radiotracers to image tumors based on a functional readout of
biochemical properties, such as metabolism and proliferation rate. Biochemical changes in
response to therapies are often manifested much before anatomical changes become apparent
by other imaging modalities. The ability of PET to evaluate efficacy at earlier timepoints
predicts that it can provide earlier and more sophisticated insight into the efficacy of new agents
during both the preclinical and clinical stages of development. It also has the potential to define
patient populations that are predicted to have favorable outcomes to both new and currently
approved agents. The promise of PET in these types of roles is exemplified by the fact that at
the present time there are at least 70 oncology-focused clinical trials in the Clinical Trials.gov
database (http://clinicaltrials.gov) that incorporate PET for these purposes. Development of
new PET radiotracers has the potential to expand the utility of PET even further.
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POSITRON EMISSION TOMOGRAPHY
PET melds the physics of positron decay with the biochemical properties of a tracer compound
to map and quantitatively measure specific biochemical processes in vivo. As with all
radiological imaging modalities, radiotracers distribute within a subject based upon the
biological properties of the individual tracer. As depicted in Figure 1, positrons emitted from
the PET isotope used to radiolabel the tracer collide with electrons in nearby tissue, resulting
in annihilation and emission of two 511 keV photons oriented at 180 degrees from each other.
Detectors, arranged in a ring configuration, allow for coincidence detection of the emitted
photons and provide lines of response with which to reconstruct a tomographic image of the
radiotracer distribution within the subject. Typical clinical PET scanners have sensitivities that
are roughly 10-fold greater than standard SPECT instruments, facilitating detection of
radiotracer at levels as low as picomolar concentrations in lesions (3). This sensitivity,
combined with the quantitative nature of PET facilitates its use at evaluating the therapeutic
response of tumors.

In the past decade, small animal imaging has begun to play an ever increasing role in studies
designed to both understand the biological underpinnings of cancer as well as in the
development of novel therapeutics for the treatment of disease. Imaging modalities such as
PET allow for serial evaluation of the tissue distribution and the pharmacokinetics of tracers
in individual animals in an unbiased manner. This technology is rapidly replacing “snap-shot”
models that rely upon using cohorts of animals to quantify the radioactivity in specific tissues,
at specified timepoints, in order to reconstruct the biodistribution of tracer molecules. These
efforts have been aided through the development of dedicated small animal PET systems that
incorporate CT for anatomical registration. The theoretical maximum spatial resolution is
limited in PET by the combination of positron range, a function of the radionuclide being used,
and the acolinearity of the annihilation photons. The deleterious effect of acolinearity on
resolution is reduced in dedicated animal PET systems, as compared to clinical scanners, as a
function of the smaller diameter of the detector ring. Similarly, the reduced cross-sectional
area of individual scintillator crystals in small animal PET systems also contributes to the high
spatial resolution achievable with these systems. However, this increase in spatial resolution
comes at the expense of absolute sensitivity as the reduced area of each crystal covers a smaller
solid angle. The limitations imposed by the geometry of detector rings results in commercially
available small animal PET systems with 1 – 2 mm full width at half maximum (FWHM)
resolution and absolute sensitivities in the range of 2 – 6 % when measured at the center of the
field of view (4), (5), (6). The high resolution afforded by these systems, particularly when
combined with the anatomical registration available in combined PET/CT systems, facilitates
accurate tissue localization of the radiotracers and provides a powerful tool for cancer research.

There are significant numbers of PET radioisotopes that can be employed to radiolabel small
molecule and protein-based tracers. Some of these are listed in Table 1 with a subset described
in more detail below. Fluorine-18 (18F) represents the most widely used positron emitting
radioisotope through its use in 18F-fluoro-deoxy-glucose (FDG). This radioisotope is an almost
pure positron emitter (97%, Emax = 635 keV) with a positron range in water of only 0.6 mm
that facilitates high resolution imaging in preclinical scanners. Gallium-68 (68Ga) represents
another short-lived (t ½ = 68 minutes) radioisotope with high probability of positron emission
(89%). It has a higher energy positron emission (Emax = 1.9 MeV, mean=0.89 Mev) and
therefore larger positron spread and decreased intrinsic resolution than 18F (Emax =0.63 Mev,
mean=0.25 Mev). With the spatial resolution at 5 to 7 mm of current clinical scanners, it is
predicted that the imaging quality using 68Ga-based agents can be as good as 18F-based tracers
(7), (8). Furthermore, unlike the other PET isotopes relevant to immunoPET imaging, 68Ga is
a generator produced radioisotope, providing a potential advantage with regards to radioisotope
supply (9). Iodine-124 (124I) and copper-64 (64Cu) are two of the more widely used, longer-
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lived, PET radioisotopes. In contrast to 18F and 68Ga, positrons emitted by 124I and 64Cu
represent a minority of emissions in the decay chains of these two radioisotopes. Iodine-124
decay (t1/2 = 100.3 hours) results in only a 23% probability of positron emission. Positrons
emitted by 124I are of relatively high energy (Emax of 1.5 and 2.1 MeV) and limit intrinsic
resolution to 2.3 mm (10). In addition, 124I decay results in emission of a number of high energy
gamma rays that have been predicted to both decrease resolution through random coincidence
detection of the spurious gamma emissions and inhibit quantification of radiotracer kinetics.
Methods to address both of these concerns have been described (11), (12), (13). 64Cu,,
like 124I, has a low probability (17.4 %) of positron decay. In contrast, it has a positron energy
(Emax = 656 keV) closer to that of 18F and an intermediate t1/2 of 12.7 hours making it a versatile
PET radioisotope. It has the added benefit of being produced through either reactor or
cyclotron-based methods.

PET RADIOTRACERS
Our understanding of the molecular biology of cancer has spurred an immense effort in both
the academic and pharmaceutical industry settings to develop targeted therapeutics designed
to specifically block cellular events that lead to cancer formation and progression (14), (15).
This knowledge has also led, albeit at a reduced rate, to the development of novel PET
radiotracers capable of interrogating specific biological processes. Incorporation of PET
imaging with these novel radiotracers has the potential to make a dramatic impact on the design
and clinical implementation of future targeted therapies.

The use of PET in the preclinical development stage of drug discovery affords the use of FDG,
the only PET radiotracer currently approved by the U.S. Food and Drug Administration (FDA)
for cancer imaging, as a biomarker for efficacy that can be easily translated into the clinical
setting. This fluorinated analog of glucose measures increased glucose uptake in cells as a
surrogate for malignant activity. Clinical trials, across all areas of oncology, demonstrate that
FDG has an average sensitivity and specificity of 84% and 88%, respectively (16). Other small
molecule radiotracers, capable of measuring biological outcomes directly associated with
therapeutic mechanism of action can also be employed and are nicely reviewed in Juweid et
al (17). Examples include, 3’-deoxy-3’-[18F]fluorothymidine (FLT), a thymidine analog, that
has been shown to effectively image proliferating cells in both preclinical and clinical settings
(18), (19) and can potentially be used to evaluate the cytostatic effects of novel agents (3).
Preliminary studies with 16α-[18F]Fluoro-17β-estradiol (FES), an estrogen analog for targeting
hormone-receptor positive tumors, show promise for the use of FES to monitor the
effectiveness of hormonal therapy with tamoxifen in breast cancer (20), (21), (22).

The expanded use of monoclonal antibodies (mAbs; e.g. trastuzumab, cetuximab, rituximab,
etc) and targeted small molecule inhibitors (e.g. lapatinib, erolitinib, etc.) that are specific for
membrane bound tumor-associated antigens, suggests potential roles for immunoPET in
guiding therapy decisions. ImmunoPET is well suited to confirm antigen expression in non-
biopsied lesions to enable selection of patients who are likely to respond to therapy, or to design
informed alternative treatment strategies to improve patient response and/or to avoid
unnecessary treatment-induced toxicities. ImmunoPET can be envisioned to inform on the
biodistribution and pharmacokinetics of new mAb therapies, both during preclinical and
clinical development, to anticipate potential toxicities. Furthermore, immunoPET can be used
to provide dosimetry data in the setting of radioimmunotherapy (RAIT) for dose planning. For
example, 124I is a relevant surrogate for performing PET-based dosimetry studies related
to 131I-radioimmunotherapy (RAIT). In a murine colon cancer xenograft model for studying
the biodistribution of a 124I-A33 humanized mAb, Lee et al demonstrated how quantitative
PET imaging with a radiolabeled antibody can be used for estimating radiation dose for
treatment (23).
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ANTIBODIES AS IMMUNOPET RADIOTRACERS FOR CANCER
With the discovery of hybridoma technology for mAb development in 1975, the concept of
the “magic bullet” that would be capable of selectively targeting tumors has developed into a
plausible option. This is evident from the FDA approval of several mAbs for diagnosis and
treatment of cancer. It is postulated that the specificity afforded by antibody targeting should
both improve tumor detection as compared to FDG-PET, and provide phenotypic information
related to primary and metastatic lesions that will guide therapy decisions. Effective use of
antibodies as immunoPET radiotracers requires that: a) the target antigen expression be
enriched in the tumor, b) the antibody have sufficient affinity for the antigen to be stably
retained in the tumor, c) unbound antibody exhibit rapid systemic clearance to minimize the
time necessary to obtain sufficient image contrast. Intact mAbs specific for tumor associated
antigens meet the first of these two criteria. To date, five technetium-99m (99mTc) or
indium-111 (111In)-labeled murine mAbs have been approved by the FDA for single photon
emission computerized tomography (SPECT) imaging (24). Among these, radiolabeled
antibodies to tumor associated glycoprotein 72 (TAG-72), prostate-specific membrane antigen
(PSMA), carcinoembyonic antigen (CEA), and epithelial cell adhesion molecule have been
approved by the FDA for cancer imaging (Table 2). These mAbs are mainly used for staging
disease in patients suspected of recurrent or metastatic disease. However, their overall clinical
impact has been limited. Advances in protein engineering have facilitated the construction of
antibody-based molecules that retain binding characteristics of intact mAbs while exhibiting
PK profiles that are optimized for in vivo diagnostic purposes.

The antigen binding specificity of a mAb is dictated by the six complementarity determining
regions (CDRs) that are found in its variable domains, three in both the heavy chain and light
chain (VH and VL). Molecular engineering techniques have facilitated the construct of single-
chain Fv (scFv) molecules that are comprised of the VH and VL domains of an mAb joined
together by a short peptide linker. The scFv is approximately 25 kDa and can be readily
produced in a wide range of expression systems. Most importantly it recapitulates the binding
specificity of the parental mAb. Single-chain Fv molecules represent the basic building blocks
of antibody-engineering and can be use to construct a wide range of molecular structures that
vary in their size and valency. Representative examples are detailed in Figure 2. Significant
effort has led to a detailed understanding of the tumor targeting properties of these engineered
antibody fragments (25).

As stated above, durable tumor retention and rapid systemic clearance are desired
characteristics of an immunoPET radiotracer. Physical characteristics of the antibody, such as
molecular size, affinity for its target antigen, and valency directly influence the clearance and
tumor retention of engineered antibodies. To the first approximation, the PK behavior of a
protein correlates with its size relative to the renal threshold; proteins less than approximately
65 kDa can pass through the glomeruli of the kidney and undergo first-pass renal clearance
(26). Of the antibody-based molecules described in Figure 2, only the monovalent scFv, the
dimeric (scFv’)2 and non-covalent scFv (diabody, ~ 50 kDa) are eliminated in this manner
(27), (28), (29). Minibodies (~ 80 kDa) and scFv-Fc (~105 kDa) are larger constructs that
contain single constant domains or intact Fc regions, respectively. The lack of first-pass renal
clearance of these molecules results in longer serum half-life than diabodies or scFv, allowing
higher tumor uptake (30), (31). Although preferable for decreasing scan background, faster
clearance kinetics results directly in lower overall tumor uptake (32), and therefore physical
characteristics must be evaluated in relationship to each other when designing novel
immunoPET radiotracers for the detection of cancer. Of the engineered fragments depicted in
Figure 2, the monovalent scFvs have the fastest clearance rate (33), (34), (28), (35), (36),
(30). However, monovalent binding fails to result in durable tumor retention as compared to
engineered antibody fragments that can bind divalently to the cell surface. Adams et al (37)
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compared tumor targeting and retention of a homodimeric anti-HER2 (scFv’)2 antibody to that
seen with a heterodimeric (scFv’)2 capable of only monovalent binding to HER2. In a xenograft
model of ovarian cancer, the homodimeric (scFv’)2 exhibited a 3-fold higher tumor retention
than the heterodimeric (scFv’)2. Importantly, the heterodimeric (scFv’)2 behaved identically
to its cognate anti-HER2 scFv. Interestingly, avidity may play a larger role in tumor retention
than intrinsic affinity for the target antigen. Diabodies spanning a 133-fold range of functional
affinity (1.33 × 10-7 to 1 × 10-9) were created from a series of anti-HER2 scFv that bind to the
same epitope on HER2 with log variations in affinity, ranging from 10-7 to 10-11 M (38).
Although an increase in functional affinity that correlated with intrinsic affinity was observed,
this did not translate into better tumor retention. In fact, when radiolabeled with 125I, the
diabody with the lowest intrinsic affinity exhibited the highest tumor uptake. Consistent with
these findings, five anti-CEA T84.66 antibody variants [IgG, scFv, diabody, minibody, and F
(ab’)2] were analyzed in the context of determining their merits as imaging agents (39). A
major finding of this study was the importance of divalent binding on tumor retention; all the
divalent molecules exhibited similar tumor retention times independent of molecular size. In
stark contrast, the scFv exhibited a tumor residence time that was an order of magnitude smaller
than the divalent molecules and was predicted to have clearance properties incompatible with
an effective imaging tracer.

It is important to note that the vast majority of tumor targeting properties described for
engineered antibody fragments, and how they relate to their behavior as immunoPET
radiotracers, have been defined in the context of binding to antigens present on the surface of
cells in solid tumor models of cancer (25). Antigens found on the surface of tumor vasculature
represent an additional set of targets that can be exploited for immunoPET imaging. Access of
antibodies to these antigens is not subject to the physical barriers associated with targeting
tumor cell antigens. Phosphatidylserine (PS) is normally tightly segregated to the internal
leaflet of the plasma membrane. This asymmetry is lost on tumor vascular endothelium,
exposing PS on the surface of the endothelial cells. This restricted expression of PS has been
exploited for development of the anti-PS mAb bavituximab (40). Bavituximab, when labeled
with the positron emitting radioisotope 74As (t½ = 17.8 days, 29% β+,128 keV) was able to
effectively localize to tumor vasculature. At 72 hours post-injection, 74As-bavituximab
achieved a 22:1 tumor-to-liver ratio in a rat model of prostate cancer. This compared very
favorably with the 1.5:1 ratio seen with an isotype-matched control antibody and resulted in
effective tumor imaging. PS is exposed on the vasculature of a wide variety of solid tumors,
suggesting that bavituximab, or engineered fragments based on its variable domains, have the
potential to be effective immunoPET tracers for a broad range of diseases. The potential utility
of vasculature imaging is underscored by the increasing use of anti-angiogenic therapies (e.g.
bevacizumab). Leukemia and lymphoma also represent a significant percentage of the cancer
burden. Using anti-CD20 minibody and scFv-Fc antibodies based on the FDA-approved mAb
rituximab, Olafsen et al (41) demonstrated that the 124I-radiolabeled minibody was able to
achieve high (7 ± 3-fold) contrast ratios in CD20 positive tumors as compared to CD20 negative
tumors. The similarly radiolabeled scFv-Fc failed to obtain this high level of contrast, in large
part due to the two-fold lower uptake in CD20 positive tumors. Consistent with the fact that
CD20 is not rapidly internalized upon rituximab binding (42), radiolabeling of the minibody
with 64Cu-DOTA actually decreased tumor:background ratios by 5-fold. In contrast to the
decrease in contrast seen with the scFv-Fc, the decrease in contrast associated with 64Cu-DOTA
radiolabeled minibody was due to increased background; a function of the residualizing nature
of the radiolabel (see below for more details on residualization). These data suggest that as
with solid tumor imaging, biology of the target antigen plays a role in effective immunoPET
imaging of hematological malignancies.
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CHOICE OF RADIOLABEL FOR IMMUNOPET TRACERS
The physical properties of the radionuclides to be paired with an antibody-based radiotracer
must be considered in conjunction with the biological properties of the antibody (described
above), to optimize the effectiveness of immunoPET radiotracers for use in either preclinical
or clinical oncologic imaging. The physical half-life (t1/2) of the radioisotope should be
compatible with the biologic t1/2 of the tracer and the time necessary for the tracer to achieve
optimal tumor:background ratios. The chemistry used to conjugate the radioisotope should
result in efficient and stable labeling of the immunoPET tracer in a manner that doesn’t
negatively impact the antibody’s ability to bind its target antigen. Additionally, data on the
cellular trafficking and catabolic pathway of the radiotracer can be used to inform on whether
to chose a residualizing (e.g. 64Cu, 68Ga, etc.) or non-residualizing (e.g. 124I, 76Br, etc)
radionuclide. Finally, if clinical translation of the radiotracer is a goal, the ease with which the
radioisotope is produced and its cost is also of importance.

It is expected that radiometals, or other forms of intracellularly retained (i.e residualizing),
radiolabels have an advantage over non-residualizing radiolabels (e.g. iodine) in the diagnosis
as well as therapy with mAbs (43). Unlike radiohalogens, radiometals such
as 68Ga, 64Cu, 86Y, and 89Zr are retained intracellularly in lysosomes, and may be preferred
for antibodies that become internalized after binding antigen. As with all metals, effective use
of 64Cu-labeled immunoPET radiotracers requires formation of a stable complex between the
antibody and metal ion. Significant effort has been directed toward development of ligands
that are amenable to use as immunoPET radiotracers. One such example are the cross-bridged
macrocyclics that can stably chelate 64Cu under biological conditions to prevent transchelation.
Methods for developing such agents is the topic of a recent review by (44). However, one
caveat with radiometal-chelate labeled antibody fragments is high accumulation of radioactive
metabolites in liver or kidney following clearance from the blood. Since liver is a major site
for metastasis, this may limit the use of radiometal chelate complexes in the detection of
metastatic spread to liver. This was illustrated in preclinical imaging studies with an anti-CEA
minibody and diabody labeled with 111In. While the size of the minibody resulted in hepatic
clearance and significant retention of radiometals in the liver, the diabody showed lower high
retention in the kidney due to its renal clearance. Labeling both the fragments with radioiodine
decreased the uptake in non target tissues, and resulted in PET images with higher
tumor:background ratios. A phase I/II clinical trial with 64Cu-labeled anticolorectal carcinoma
1A3 mAb showed that while the mAb can detect several occult tumor sites (<2cm) that were
not visualized by a CT or MRI, but failed to detect lung and liver metastases because of the
blood pool activity and accumulation of 64Cu chelate complexes in the liver (45). Similar
observations were made in a phase III clinical trial with 99mTc-labeled anti-CEA mAb 88BV59
to image recurrent, metastatic or occult colorectal cancer (46).

Radiohalogens, such as 124I, can be rapidly coupled to tyrosine residues of immunoPET
radiotracer using oxidants such as Iodogen or Chloramine-T (47). However, if the radiotracer
is internalized upon binding to its antigen target, lysosomal proteolysis of the radiotracer leads
to loss of radiohalogen from the target tissue in vivo, and produces a PET image with reduced
tumor contrast (48). Direct halogenation is therefore better suited for targets that either do not
internalize or do so slowly; in which case, radiolabel will remain high in the target tissue, but
decline rapidly in non-target tissues such as kidney and liver due to metabolism and excretion.
As described above, 124I-labeled anti-CEA T84.66 diabody and minibody fragments have been
applied successfully for imaging tumors in a mouse model of human colon carcinoma.
Dehalogenation can be minimized through indirect labeling strategies that incorporate
residualizing groups such as non-metabolizable carbohydrate adducts (i.e., tyramine-
cellobiose (43), (49) or dilacticol-125I-labeled tyramine (50), (51)), and chelating agents (i.e.,
diethylenetriaminepentaacetic acid (DTPA) (52)), which enable retention of the radiolabel after
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internalization, improving target signal:background ratio. Residualizing forms of radioiodine
have also been developed and introduced into preclinical animal models (53), (51).

The short t1/2 of 18F and 68Ga make them incompatible for use with larger engineered mAbs.
However, Wu and colleagues (54) using Imaging Figures of Merit [IFOM; (55)] predicted that
the T84.66 anti-CEA diabody, which exhibits a high apparent affinity for CEA (KA = 8.2 ×
1010 M-1) and rapid tumor uptake (13.7% injected dose per gram LS174T tumor at 2 hours
post-injection when labeled with 123I) coupled with rapid systemic clearance (tumor:blood
ratios exceeding 9 at 6 hours post-injection) could be effectively used as 18F-labeled PET
radiotracer in a preclinical mouse model. IFOM predicted that optimal imaging would occur
approximately 1.5 hours post-injection. These predictions were validated by Cai et al using N-
succinimidyl-4- 18F-fluorobenzoate to label the T84.66 diabody (56). High-contrast images
were seen by 1 - 2 hours post-injection in the LS174T xenograft model using a dedicated small
animal PET scanner. These data suggest that antibody-based radiotracers, and similar
alternative scaffold molecules, that exhibit both rapid systemic clearance and high tumor
uptake can be effectively used, at least in the preclinical setting, as 18F-labeled PET
radiotracers. Strategies to rapidly radiolabel, purify, and administer the agents will be
absolutely necessary for clinical translation of this type of immunoPET radiotracer.

PRE-TARGETED IMAGING
Pre-targeted immunoPET imaging refers to a multi-step process that aims to improve the
tumor:background contrast achievable with directly labeled antibody-based radiotracers by
uncoupling the PK of antibody targeting from the physical decay characteristics of the PET
radioisotope. In a typical strategy, an anti-tumor/anti-hapten bispecific antibody is
administered and allowed to both localize in tumor, followed by a clearing step to remove
nonbound antibody from circulation (47). Subsequent step includes administration of a
radiolabeled hapten, which is captured by tumor-associated antibody. The kinetics of the hapten
localization and clearance dictate the choice of radionuclide and as such are optimized for, but
not limited to, use of short-lived PET isotopes such as 68Ga and 18F.

Successful pre-targeting strategies that utilize either peptide-based or chelate-based haptens
have been described in the literature (57), (58), (53), (59), (47). This is illustrated in work done
by Schuhmacher et al (60) to develop a pretargeting strategy capable of effectively imaging
MUC-1 positive breast cancer xenografts in a nude mouse model. The preclinical success of
this system resulted in its translation into a preliminary clinical PET study conducted in patients
with primary breast cancer (61). In this trial, 14 of 17 known lesions (25 mm ± 16 mm) were
visualized at 60-90 min after injection of 68Ga-chelate following pretreatment with 10 mg of
an anti-MUC1/anti-chelate bispecific antibody. Successful detection of the lesions was despite
relatively low overall levels of 68Ga-chelate retained in tumor (0.003% ID/g tumor) and only
a 3-fold ratio in uptake when comparing tumor to normal breast. Methods to address the
significant levels of MUC1 antigen shed into circulation and the relatively low affinity of the
antibody for MUC-1 represent potential areas for improving this system.

The benefit of uncoupling the PK of the bispecific antibody from the PK of the radiolabeled
hapten is balanced, in part, by decreased tumor retention observed when antibodies bind
monovalently to the tumor. When a bispecific antibody-based pretargeting system is
considered in the context of the findings by Adams et al (37) and Williams et al (39) that are
discussed above, it suggests that, in general, pre-targeting strategies that depend upon
monovalent association with the tumor cell surface may be sub-optimal. Strategies to easily
generate multivalent antibodies to address this shortcoming have been developed (57). When
considering the design of pre-targeting strategies it is also critical that the biology of the antigen
target be considered. Rapid internalization of the antibody/antigen complex will decrease
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functional antibody on the cell surface required to trap radiolabeled hapten, potentially limiting
the breadth of antigens amenable to pre-targeting strategies.

SELECTION OF APPROPRIATE ANIMAL MODELS FOR IMMUNOPET
By definition, animal models are necessary for the preclinical testing of new radiotracers for
in vivo imaging of cancer. Just as the selection of appropriate animal models is critical for
effective evaluation of novel therapeutics the same is true for evaluation of new imaging
radiotracers. Besides predicting dose-limiting toxicity, tissue distribution and metabolism of
drug, animal models are increasingly being used to guide dose escalation studies in phase I
clinical trials, and to provide tumor microenvironments that closely mimic the clinical setting.
While no animal model is perfect, the main objective of preclinical animal studies should be
to choose an animal model system based on its validity, specificity, predictability, and
reproducibility for the specific human cancer being studied. In selecting the best model system,
consideration should be given to the heterogeneity of the transplanted cell line, immunogenicity
within the host species, and the appropriate biological end point (62).

In general, animal model systems can be broadly classified into either spontaneous or
artificially transplanted systems. While idiopathic spontaneous tumors mimic human cancer
most closely, practical issues, such as identification of a suitable surrogate for the human
disease of interest or variability in the natural course of tumor development, can preclude the
use of such models. Therefore xenograft models, either ectopic or orthotopic, represent the
most widely used form of animal models for the evaluation of novel cancer therapies and
diagnostics. Although orthotopic mouse models are hypothesized to better reflect human tumor
biology their use in drug development has been limited by technical challenges of monitoring
tumor growth. A potential pitfall that could benefit from improved immunoPET radiotracers.
Ectopic xenograft studies using human cancer cell lines are: 1) easy to conduct, 2) result in
predictable tumor growth rates, and 3) recognized by the FDA for preclinical evaluation.
However, the tumors formed through use of established cell lines often lack the biochemical
and morphological hallmarks of the tumors from which they originated. This can often be
overcome by using primary tumor isolates that are maintained by serially passage in
immunodeficient animal (62) (63).

To date, development of antibody-based radiotracers for PET has focused almost exclusively
on determining the appropriate size and molecular format of the antibody molecule necessary
to provide optimal tumor uptake and retention combined with rapid systemic clearance. While
very important, this work has been performed in the absence of an understanding of how
variables such as the density of antigen molecules on the surface of tumor cells or the levels
of shed antigen in circulation will affect radiotracer performance. Additionally, one drawback
with the human tumor xenografts models used for preclinical evaluation is that they provide
an unrealistic tumor-restricted expression of the target antigen due to fact that the tumor
xenografts are the sole source of antigen expression. A goal of future research should be to
evaluate how each of these variables impact on the performance of antibody-based tracers.
Transgenic mouse models that express distinct, clinically relevant, human antigens on normal
tissues and shed those antigens into the blood stream similarly to patients would be one way
to address this. Such studies would allow evaluation of antibody-based imaging probes in a
more realistic setting of normal tissue expression and develop protocols to overcome the
hypothesized deleterious effects.

FUTURE PERSPECTIVES
Major challenges of new targeted therapy approaches include: 1) selection of patients that are
likely to respond to treatment, 2) identification of the biologically active concentration and
appropriate dosing schedule, and 3) assessment of the tumor response to therapy. Future work
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should focus on the integration of immunoPET into the process of drug development and to
address key questions in the preclinical and clinical evaluation of novel targeted agents with
special regard to the imaging of expression and inhibition of drug targets, pharmacokinetics
of new drugs, and early assessment of the tumor response to treatment. In order to adequately
assess clinical endpoints, markers that allow precise measurement of tumor targets on a whole-
body image upon administration of a functional agent are required. Such agents are expected
to provide image-guided therapy that may allow discontinuation of ineffective treatments early
on in the course of treatment, and guide alternate more efficient treatment strategies that would
be beneficial to patients.
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Figure 1.
The physical principles underlying PET imaging. A biologically active molecule labeled with
a positron emitting radionuclide is administered into the subject. Once injected, the
radioisotope emits a positron, which upon traveling a certain distance in the neighboring tissue,
annihilates with a nearby electron, emitting two antiparallel 511 keV gamma-ray photons. Pairs
of annihilation photons are detected in co-incidence by a multi-ring PET camera, and
reconstructed into a whole-body image to map the distribution and concentration of the
radiotracer.
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Figure 2.
Schematic representation of intact antibody (IgG) and various genetically engineered [single-
chain Fv, scFv; scFv dimers such as (scFv)2 and diabody; and larger fragments such as
minibodies and scFv-Fc containing single constant domains and intact Fc regions respectively]
and enzymatically derived antibody fragments [Fab and F(ab’)2]. VH and VL represent the
heavy and light chain variable regions, CH1, CH2, and CH3 are the heavy chain constant region
domains, and CL is the light chain constant region domain.
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Table 1

Decay characteristics of immunoPET relevant radionuclides

Isotope Main β+ energies Half-life (Hours) Intrinsic spatial
resolution loss

(mm)(keV) (%)

Ga-68 1899 87.9 1.13 2.3

F-18 634 97 1.83 0.66

Cu-64 653 17.9 12.7 0.7

Y-86
1221 12.5

14.7 1.8
1545 5.6

Br-76

871 5.9

16.2 5.3
990 5.1

3382 27.6

3941 6

Zr-89 897 22.7 78.4 1

I-124
1535 11.2

100.3 2.3
2138 11.2

Emissions greater than 5% as reported by ICRP and NuDat are listed in the table. Intrinsic spatial resolution is calculated based on Pagani et al (10).
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