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Advances in Immuno—Positron Emission Tomography:
Antibodies for Molecular Imaging in Oncology

Scott M. Knowles and Anna M. Wu

A B 8§ T R A C T

Identification of cancer cell-surface biomarkers and advances in antibody engineering have led to a
sharp increase in the development of therapeutic antibodies. These same advances have led to a new
generation of radiolabeled antibodies and antibody fragments that can be used as cancer-specific
imaging agents, allowing quantitative imaging of cell-surface protein expression in vivo. Immuno-
positron emission tomography (immunoPET) imaging with intact antibodies has shown success
clinically in diagnosing and staging cancer. Engineered antibody fragments, such as diabodies,
minibodies, and single-chain Fv (scFv) —Fc, have been successfully employed for immunoPET imaging
of cancer cell-surface biomarkers in preclinical models and are poised to bring same-day imaging into
clinical development. ImmunoPET can potentially provide a noninvasive approach for obtaining
target-specific information useful for titrating doses for radioimmunotherapy, for patient risk stratifica-
tion and selection of targeted therapies, for evaluating response to therapy, and for predicting adverse

effects, thus contributing to the ongoing development of personalized cancer treatment.

J Clin Oncol 30:3884-3892. © 2012 by American Society of Clinical Oncology

The widespread availability of antibodies with un-
matched capabilities for identifying highly specific pro-
tein targets has been extensively exploited for in vitro
diagnostics and, more recently, in vivo therapeutics.
Facilitated by the generation of humanized and fully
human antibodies, therapeutic antibodies have been
developed that bind specifically to cancer cells and en-
gage host immune effector responses or directly induce
cell death. Twelve antibody therapeutics have been ap-
proved by the US Food and Drug Administration for
treating solid and hematologic malignancies, with doz-
ens more in phase I to III evaluation.' These clinical
successes validate the delivery of tumor-targeted anti-
bodies to their target antigens in vivo and open the
possibility of using antibodies as molecular imaging
agents. Antibody-based imaging can essentially per-
form immunohistochemistry in vivo to allow cell-
surface targets to be profiled in living patients, with
broad potential applications in cancer detection and
staging, tumor and metastasis phenotyping, stratifica-
tion of patients into treatment groups, and evaluation
of tumor targeting and therapy response.

Defining the molecular characteristics of a patient’s
disease by analyzing biopsy tissue requires decision
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making based on limited samples; information may
be missed because of tumor heterogeneity. Further-
more, when disease has spread, extrapolation based
on an isolated biopsy is limited by the observation
that different metastatic lesions often have evolved
independent molecular, biochemical, and physio-
logic characteristics.” Molecular imaging with ra-
dioactive modalities such as positron emission
tomography (PET) can provide noninvasive,
quantitative assessment of specific molecular tar-
gets, interactions, and events in the whole body.
Additionally, molecular imaging can be employed
serially to track changes in tumor biology over
time, including assessments of molecular status
pre- and post-treatment.

['*F]fluorodeoxyglucose (['*F]FDG), the most
broadly used radiotracer for PET, revolutionized the
management of many cancers by allowing visualiza-
tion of whole-body tumor burden based on the
increase in glucose use.* Imaging of tumor metab-
olism has been employed for evaluation of therapeu-
tic efficacy shortly after initiation of therapy in many
cancers.” However, not all tumors show high
['®F]FDG uptake, and high glucose use is not a pro-
cess specific to cancers; in particular, inflammatory
processes can give rise to false-positive FDG-PET
scans.® In addition, although ['*F]FDG uptake can
correlate with the aggressiveness of some tumors, it
reveals little about the molecular phenotype of the
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tumor. Molecular profiling of cancer biology using noninvasive imag-
ing will require additional approaches.

A plethora of well-characterized cell-surface markers have been
targeted by antibodies for noninvasive imaging and assessment
of cancer cell biology, including cell-surface changes reflecting
the famous hallmarks of cancer.” Antibodies have been em-
ployed in imaging of classical tumor biomarkers (carcinoembry-
onic antigen [CEA], tumor-associated glycoprotein 72 [TAG-72],
epithelial glycoprotein-1 [EPG1])*'* and tissue-specific anti-
gens (CD20, prostate-specific membrane antigen [PSMA], prostate
stem-cell antigen [PSCA])15-25 for localization and identification.
They can be used to evaluate expression of signaling receptors (human
epidermal growth factor receptor 2 (HER2)/neu, insulin-like growth
factor 1 [IGF1], epidermal growth factor 1 [EGF1], c-KIT, transform-
ing growth factor B [TGF-B]),>** changes in adhesion molecules
(epithelial cell adhesion molecule [EPCAM], activated leukocyte cell
adhesion molecule [ALCAM]),*"** markers of tumor invasion and
metastasis (eg, matrix metalloproteinases),** or cancer-specific alter-
ations in glycosylation patterns (carbohydrate antigen 19-9 [CA19-9],
Lewis Y).***¢ The tumor microenvironment is also a rich source of
targets; processes such as hypoxia (carbonic anhydrase 9 [CA9]),*”**
angiogenesis (fibronectin, vascular endothelial growth factor [VEGF],
CD105),°**¢ and lymphangiogenesis (lymphatic vessel endothelial
hyaluronan receptor 1 [LYVE-1])*” can be assessed using antibody-
targeted probes.

Early development of immunoimaging in the 1990s focused on planar
and single-photon emission computed tomography (SPECT) imag-
ing, with several radiolabeled antibodies and fragments receiving reg-
ulatory approval (*''In-satumomab pendetide [OncoScint; Cytogen,
Princeton, NJ], '"'In—capromab pendetide [ProstaScint; Cytogen],
9mT c-arcitumomab [ CEA-Scan; Immunomedics, Morris Plains, NJ],
9"MTenofetumomab merpentan [Verluma; Boehringer Ingelheim,
Ingelheim, Germany]). These probes, however, failed to achieve wide-
spread clinical use because of shortcomings including low sensitivity,
difficulties with quantitation, and immune responses evoked by these
murine antibodies. Issues of immunogenicity have been addressed
through development of humanized and fully human antibodies, now
routinely created using protein engineering, display libraries, and
transgenic mice.”®

Antibody-based imaging is also benefitting from widespread
adoption of PET imaging in clinical oncology. PET is inherently more
sensitive by two to three orders of magnitude than single-photon—
based radioactive imaging such as SPECT and enables quantitative
imaging at subnanomolar concentrations.”® The availability of non-
standard positron-emitting radionuclides, with longer half-lives com-
patible with the pharmacokinetics of biologic molecules, is also
improving (Table 1).% The long biologic half-life of intact antibodies
(1 to 3 weeks) requires use of radionuclides with similarly long half-
lives, such as the positron-emitting radionuclides iodine-124 ('**)
and zirconium-89 (*Zr) and, to a lesser extent, copper-64 (**Cu) and
yttrium-86 (*¢Y)."¢
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Table 1. Positron-Emitting Radionuclides

Radionuclide Half-Life (hours) Brhax (MeV) B* Yield (%)
658G 1.1 1.90 89
18F 1.8 0.63 97
84Cu 12.7 0.66 18
86y 14.7 3.15 34
Sy 78.4 0.90 23
124 100.2 214 24

Abbreviations: ®*Cu, copper-64; '€F, fluorine-18; %8G, gallium-68; 24, iodine-
124; 88Y, yttrium-86; 89Zr, zirconium-89.

Radionuclides can either be conjugated to an antibody directly or
attached indirectly through a linker. Direct labeling of proteins is
usually performed via halogenation of radioiodine onto random ty-
rosine residues under oxidizing conditions. However, random conju-
gation can inadvertently damage antibody activity, particularly if
critical tyrosines are present in its binding sites. Additionally, direct
halogenation (eg, iodination) is not suitable for antibodies that rapidly
internalize, because intracellular catabolism and dehalogenation of
the antibody will result in the clearance of radioiodine and iodoty-
rosine from the target tissue, resulting in loss of signal.’®" Indirect
radioisotope conjugation generally employs a bifunctional linker that
contains a radionuclide or chelating group for attachment of radio-
metals and a reactive group that can react with e-amino groups of
lysine residues and/or the N terminus of a protein.®>*"* These
chemistries commonly produce stable linkages; after antibody inter-
nalization and catabolism, radioactive metabolites are trapped intra-
cellularly. Retention of radioactivity will increase the tumor-to-blood
ratio over time, improving contrast and imaging of target tissues.
However, radioactive metabolites also accumulate in the organs of
primary clearance such as the liver and kidney.®” The overall back-
ground activity resulting from blood pool or normal tissue activity is a
function of the choice of linker and radionuclide, in conjunction with
probe kinetics and clearance, but if the combination is chosen care-
fully, increased radionuclide accumulation in the tumor will lead to
successful imaging.

Direct or indirect conjugation chemistries that react with ran-
dom surface amino acid residues can reduce the binding affinity of
antibodies and derivatives, especially those with critical tyrosine or
lysine residues in the complementarity determining regions. Site-
specific indirect conjugation methods have been developed that can
target cysteine residues in antibodies after reduction of disulfide
bridges. Conjugation and radiolabeling using thiol-reactive chemis-
tries targeting reduced cysteines (either native or introduced by
protein engineering) reduce the probability of affecting the immuno-
reactivity of the antibody.*®”°

An alternative approach for using an antibody to deliver a
radioisotope in vivo is through pretargeting. In this approach,
antibodies are modified (eg, by streptavidin or a similar approach)
to enable subsequent capture of a low—molecular weight ligand
that has been radiolabeled (eg, biotin-radiometal-chelate). After
administration, binding, and clearance of the antibody, the radio-
active tagis injected and rapidly binds to the prelocalized antibody.
A variety of pretargeting strategies have shown success preclinically
and clinically.”"”*

© 2012 by American Society of Clinical Oncology 3885
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Fig 1. Zirconium-89—trastuzumab local-
izes to human epidermal growth factor
receptor 2-expressing tumors 5 days
postinjection. (A) Patient with liver and
bone metastases, and (B, C) two patients
with multiple bone metastases. (B) One
patient shows high cardiac uptake, which
may suggest she is at risk for adverse
cardiac events with trastuzumab therapy.
Reprinted with permission.?°®

IMmmunoPET USING INTACT ANTIBODIES

Renewed interest in immunoPET in patients has recently yielded
promising results. For example, a *Zr-N-succinyldesferrioxamine
(N-SucDf) —labeled chimeric antiCD44v6 U36 antibody (**Zr-cU36)
was evaluated in 20 patients with squamous cell carcinoma of the head
and neck.”” In these patients, **Zr-cU36 immunoPET detected all
primary tumors and detected metastastatic lymph node levels with a
sensitivity of 72% and specificity of 98%. Detection of lymph node
metastases was equivalent or better than CT/magnetic resonance im-
aging (sensitivity, 60%; specificity, 98%).

ImmunoPET imaging of HER2 expression using *Zr-N-
SucDf-labeled trastuzumab has also been successful. In a study
with 14 patients with HER2-positive breast cancer, PET imaging 4
to 5 days after injection detected most of the known lesions and
some unknown lesions, including primary tumors and metastases
in liver, bone, skin, and brain, in both trastuzumab-naive patients
and patients currently undergoing trastuzumab therapy (Figs 1A to
1C).*° #9Zr-trastuzumab immunoPET detected all known lesions
in six of 12 patients and was found to have superior resolution and
signal/noise ratios compared with immunoSPECT with '''In-
DTPA-labeled trastuzumab.>’*”>

A study of '**I-labeled humanized anti-A33 antibody (***I-
huA33) in 25 patients showed '**I-huA33 uptake in 10 of 12 primary
tumors; the average tumor uptake was 3.9-fold higher than in normal
colon.”® '**I-huA33 was also able to detect liver metastases in all 10
positive patient cases, with tumor uptake 9.3-fold higher than in
normal liver, although detection of metastases in other sites had lower
sensitivity (nodes: four of seven patient cases positive; lungs: two of
five patient cases positive).”” Comparison of '**I-huA33 uptake and
A33 expression in biopsied tumors in 15 patients showed a strong
spatial relationship between A33 expression and '**I-huA33 uptake
and a linear relationship between tumor A33 antigen density and
12I_huA33 uptake (1r* = 0.75).”

ImmunoPET has shown utility in distinguishing benign and
indolent renal tumors from malignant clear cell renal carcinomas
through imaging expression of CA9, a marker of tumor hypoxia
expressed in 94% of clear cell carcinomas.”® In a phase I study of 25
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patients, immunoPET using '**I-labeled anti-CA9 chimeric ¢G250
successfully identified 15 of 16 patients with clear cell carcinomas, and
all nine nonclear cell renal masses were negative (sensitivity of 94%
and specificity of approximately 100%, respectively).*® '**I-cG250
uptake measured by PET was found to correlate both with antigen
expression by immunohistochemistry and antibody uptake in biopsy
samples (PET and digital autoradiography: r, = 0.88, P = .001 when
normalized for residual blood activity).*® Early results from a phase I1T
clinical trial using '**I-cG250 for detection of clear cell carci-
noma in 226 patients with renal masses reported a specificity of
87% for '**I-cG250 PET/CT versus 47% for CT alone, with a
sensitivity of 86% versus 76% for CT alone.”” Additionally,
residualizing ®*Zr-cG250 antibodies are being investigated in
preclinical models and performed better than '**I-cG250 in mice
bearing NU-12 xenografts, with tumor uptake of 114.7% = 25.2%
ID/g and 38.2% = 18.3% ID/g, respectively.*

ENGINEERING ANTIBODY PHARMACOKINETICS FOR ImmunoPET

Imaging with intact antibodies typically requires a nonideal delay
of 4 to 7 days postinjection before high-contrast images can be
obtained. Imaging studies with Fab and F(ab’), fragments vali-
dated that clearance and rate of tumor penetration of an antibody
can be accelerated by using smaller antibody fragments.*"** Pre-
clinical studies have demonstrated that engineered antibody vari-
ants with engineered pharmacokinetics can rapidly accumulate in
tumors while clearing the blood quickly, allowing imaging the
same or next day (Figs 2 and 3A to 3E).

ScFv fragments (25kDa), created by joining antibody variable
light and variable heavy domains with a flexible peptide linker, retain
the specificity of the original antibody but have decreased avidity
because of their monovalency. Combined with fast clearance (termi-
nal half-life [t,,,] = 0.5 to 2 hours), this limits the utility of scFv
fragments as imaging agents, but they provide useful building blocks
for creating multivalent fragments (Fig 2).

Attaching an scFv to an Fc domain via an immunoglobulin G1
hinge results in covalent scFv-Cy2-Cy3 dimers (scFv-Fc; 105
kDa).3*#* Because these retain full Fc interactions with the FcRn

JOURNAL OF CLINICAL ONCOLOGY
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Fig 2. The half-lives of immuno—positron emission tomography imaging agents can be modified by deleting constant domains to create fragments of varying size
Fc, minibody, and diabody) and/or by mutations modifying their interactions with the FcRn antibody rescue receptor (scFv-Fc H310A/H435Q

(single-chain Fv [scFv] —Fc, minibody, i
double mutant [DM]). Optimal imaging time points have high tumor uptake with low blood activity. For intact antibodies, imaging at 96 to 168 hours provides optimal
contrast. Antibody fragments such as scFv-Fc wild type (WT; 72 to 120 hours), scFv-Fc DM (12 to 48 hours), minibodies (8 to 48 hours), and diabodies (4 to 8 hours)

are capable of obtaining high-contrast images at earlier time points.

salvage receptor, which mediates antibody rescue in the endothelium,  hours (Figs 2 and 3B and 3C).*”®® This strategy has been employed
liver, and other normal tissues, their half-lives are similar to those of =~ with an anti-HER2 scFv-Fc H310A/H435Q mutant (t,,, = 7.1 hours),
intact antibodies.*>* Mutation of the Fc region of an scFv-Fc canbe ~ which at 21 hours postinjection showed 11.8% = standard deviation

of 1.0% ID/g uptake with a tumor-to-background ratio of 4.5 in mice

used to tune its interaction with FcRn and calibrate the half-life of the
scFv-Fc from the wild-type 12 days to a half-life ranging from 83to 8 bearing MCF-7/HER?2 xenografts.”®

High

B Cc
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Fig 3. Micro—positron emission tomography (PET)/computed tomography imaging of mice bearing prostate stem-cell antigen (PSCA)
cancer xenografts shows various anti-PSCA antibody fragments can target and image PSCA expression in vivo. (A, B) Imaging with intact antibodies or single-chain
Fv—Fc (scFV-Fc) wild type (WT) requires waiting 5 to 7 days after injection before imaging. (C, D) scFv-Fc H310A/H435Q double mutant (DM) and minibodies can be
imaged the day after injection. (E) Diabodies diffuse into tumors and clear quickly enough to allow for microPET imaging the same day with short-lived radioisotopes
such as fluorine-18 ('8F). (C, D) lodine-124 ('?*l)-labeled probes show bladder signal at early time points because of clearance of '?*l-iodotyrosine and '?“l-iodide
produced by antibody catabolization. (E) '8F-fluorobenzyl-labeled probes often show gallbladder and cecum signal because of excretion of radiolabeled metabolites in

bile. All microPET images were scaled individually to best show tumor targeting.

© 2012 by American Society of Clinical Oncology
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An alternative approach for antibody fragment half-life reduc-
tion is to delete the Cy;2 domain entirely to create a 80 kDa scFv-Cy;3
covalent dimer (minibody).*** The intermediate size of these frag-
ments, along with their lack of interaction with FcRn, yields half-lives
of 5 to 11 hours while allowing for rapid tumor uptake that peaks
approximately 4 to 12 hours postinjection. Imaging with an '**I-
labeled anti-CEA minibody™ exhibits better tumor targeting than
similarly sized F(ab’), fragments,*"" with tumor uptake of 29.1%
ID/g and tumor-to-blood ratio of 14.2 at 24 hours postinjection in
mouse xenograft models. Imaging with '**I-labeled anti-PSCA mini-
bodies shows uptake at 20 hours equivalent to the uptake of '**I-
labeled intact antibodies at 168 hours, and affinity maturation of
anti-PSCA minibody was found to further improve its utility as an
imaging agent (Fig 3D).*"*>** In addition to CEA and PSCA, '**I- and
*Cu-labeled minibodies against CD20,"” HER2,%**®* and PSMA*® and
a related small immunoprotein (SIP) that binds to fibronectin ex-
pressed on cancer neovasculature®>* have been evaluated in mouse
models and have shown high-contrast imaging within 20 hours
postinjection, with optimal tumor-to-background ratios generally
seen between 20 and 48 hours.

Another promising bivalent antibody fragment, the diabody,
consists of scFv dimers created by shortening the linker in scFv frag-
ments to between three and 10 residues, such that the domains cannot
self-pair and are forced to cross associate. The resulting 50-kDa frag-
ment is below the threshold for renal clearance and clears with a
terminal half-life of 3 to 7 hours. Diabodies have higher tumor uptake
compared with scFvs or Fab fragments; this has been attributed to
their bivalency and higher avidity rather than strictly being a function
of increased serum persistence.”> In murine xenograft models, dia-
bodies exhibit high tumor penetration and retention while still clear-
ing rapidly enough for same-day imaging (Figs 2 and 3E). This strategy
has been successfully demonstrated for '**I- and **Cu-labeled diabod-
ies against PSCA,”> HER2,”**** ALCAM,** CA19-9,* TAG-72,"°
and CD20.'® However, many of these fragments are at risk for
reduced immunoreactivity because of the small number of sites
available for random conjugation and radiolabeling. For this rea-
son, diabodies have been engineered with additional C-terminal
cysteines (cys-diabodies) for site-specific addition of chelators us-
ing thiol-specific chemistry.*>*?

Another benefit of using the quickly clearing diabodies as imag-
ing agents is the ability to use fluorine-18 (**F; t,,, = 1.8 hours) and
gallium-68 (**Gast,,, = 1.1 hours) for radiolabeling despite their short
physical half-lives. '*F and “®Ga are advantageous because of their
higher positron yields compared with many of the longer-lived PET
radionuclides. Both ®*Ga and '®F can be randomly conjugated via
aminoreactive bifunctional chelators or site specifically conjugated to
cys-diabodies.*>*"**% 1¥F_labeled anti-CEA, anti-HER2, and anti-
PSCA diabodies have demonstrated signal accumulation in positive
tumors within 30 minutes of injection and high-contrast imagesat 1 to
4 hours postinjection in murine xenograft studies (Fig 3E).'»*>**

The molecular information gained from antibody imaging can extend
far beyond simply identifying the presence and location of a tumor.
Many available cell-surface biomarkers are informative of tumor bi-
ology; imaging based on these markers could be used to stratify pa-
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tients into high- and low-risk groups or potentially predict tumor
response to therapy. Indeed, most of the cell-surface biomarkers cur-
rently investigated as imaging agents are also targets of therapeutic
antibodies either clinically available or in development. Antibody-
based imaging can both demonstrate the presence of an antigen in a
tumor and provide a direct measure of antibody delivery in vivo.
Finally, antibody imaging can provide insight into off-target delivery
and exposure.

For example, the use of trastuzumab (anti-HER2 therapeutic
antibody) in patients is only effective in the subpopulation (20% to
30%) of patients who have HER2-positive breast cancer (as deter-
mined by immunohistochemistry or fluorescent in situ hybridization
atinitial diagnosis). However, HER2 expression levels can evolve over
the course of disease and can be significantly different in primary and
metastatic lesions.>”® Furthermore, even in patients with HER2-
positive lesions, the response rate to trastuzumab monotherapy is only
34% to 35%, although response rates improve to 72% to 81% when
trastuzumab is combined with chemotherapy.” ' Imaging with
897 r-trastuzumab likewise shows antibody uptake in the majority of
HER2-positive tumors, but some lesions show low uptake.?” These
results demonstrate the potential role of *Zr-trastuzumab imaging as
anoninvasive, quantitative measure of which patients and even which
individual tumors are likely to respond to trastuzumab therapy by
measuring not only HER2 expression but also the ability of the anti-
body to target the tumor. This concept was illustrated by an immuno-
SPECT study by Behr etal'®! using '''In-labeled trastuzumab to image
20 trastuzumab-naive women with HER2-positive breast cancer. Behr
et al found thatall 11 patients showing high ' In-trastuzumab uptake
in tumors before therapy had objective responses to trastuzumab. In
contrast, an objective response was observed in only one of the nine
women without '''In-trastuzumab tumor uptake.'"’

Interestingly, results from the same study suggested that cardiac
uptake of '''In-trastuzumab before trastuzumab therapy could pre-
dict cardiotoxicity. However, a different study of 17 patients with
HER2-positive breast cancer, in whom trastuzumab therapy had al-
ready been initiated, failed to replicate these results.”* It is possible that
the modest levels of HER2 expressed in the myocardium were largely
saturated with unlabeled trastuzumab, reducing the uptake of '''In-
trastuzumab below the threshold for detection. ImmunoPET, with its
much higher sensitivity than SPECT and potential for quantitation,
may be better suited for this application, and additional studies are
needed to determine whether there is a correlation between uptake
and toxicity. Alternatively, an antibody against a noncompetitive
epitope of HER2 may provide the means to image HER2 expression in
the presence of saturating levels of trastuzumab.*

Antibodies have been proven as effective vectors for targeted delivery
of radiotherapeutic isotopes into tumors. The radionuclides most
commonly used for radioimmunotherapy (RIT) include the B~ emit-
ters "'I, °Y, and lutetium-177 (*”’Lu), which provide a range of
physical half-lives and B~ ranges for treating tumors of various sizes.**
Several radiolabeled monoclonal antibodies are undergoing clinical
investigation for use in RIT, and two agents, 1317 Jabeled anti-CD20
tositumomab (Bexxar; GlaxoSmithKline, Philadelphia, PA) and 0y
labeled murine anti-CD20 ibritumomab tiuxetan (Zevalin; Spectrum

JOURNAL OF CLINICAL ONCOLOGY
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Pharmaceuticals, Irvine, CA), have been approved by the US Food and
Drug Administration for treatment of NHL.®*

Ideally, antibody dosing for RIT allows for the highest concentra-
tion possible of radiation dose accumulation within tumors while
minimizing whole-body and especially bone marrow exposure. Pre-
therapy antibody-based imaging can allow whole-body biodistribu-
tion to be obtained noninvasively for dose titration. Because '*'T and
'77Lu emit y-rays in addition to therapeutic beta particles, immuno-
SPECT imaging can be used to evaluate targeting and dosimetry.
Current clinical practice uses planar or SPECT imaging of tracer
quantities of '*'I-tositumomab to estimate therapeutic doses to tu-
mors before initiating therapy.'® In addition, evidence shows that
patient-specific treatment planning can be further improved by using
detailed three-dimensional whole-body dosimetry.'%>'*

Although the gamma emissions of '*'I provide a useful tool for
estimating dosimetry, the high energy of the photons results in off-
target exposure and can require patient isolation to reduce exposure to
family members and health care personnel. Pure 8~ emitters, such as
%Y, minimize exposure to medical personnel and enable outpatient
treatment, but they do not allow direct imaging for dosimetry. Instead,
the positron emitter **Y could be employed for immunoPET, because
it provides matched chemistry, but its high y-yields lead to difficulties
with quantification, and its short half-life of 14.7 hours limits the
timeframe for evaluation of tissue distribution.'®” '"'In and *Zr have
been used, respectively, as *°Y immunoSPECT and immunoPET im-
aging surrogates. **Zr-ibritumomab immunoPET has been found to
match *°Y—ibritumomab tiuxetan biodistribution in mouse models
and localize to all known tumors in human patients.'®® '"'In-
trastuzumab was found to localize to known metastatic lesions in three
of seven patients with HER2-positive breast cancer and provided a
means to estimate dosimetry for potential *°Y-trastuzumab RIT.*

Antibody fragments with engineered pharmacokinetics devel-
oped for imaging may also play a role in therapy. Their rapid tumor
penetration and fast blood clearance may be especially well suited for
RIT, where the fragments could provide high relative doses to tumors
while minimizing off-target and especially bone marrow exposure.
Fab fragments have been investigated for use as RIT delivery agents,
but the data from immunoPET suggest the improved tumor targeting
with minibodies or half-life engineered scFv-Fc fragments could fur-
ther optimize RIT and yield even better results."”” An '*'I-labeled L19
SIP targeted to the extra domain B of fibronectin tumor neovascula-
ture marker showed efficacy in mouse models of glioma, head and

neck squamous cell carcinoma, and colorectal cancer and is in pilot
clinical studies in humans.>>'%%''?

In addition to predicting which patients are likely to benefit from a
certain therapy and evaluating off-target effects, immunoPET can
potentially play a role in detecting whether a therapeutic choice is
efficacious in a patient by measuring changes in biomarker expression
well before changes are seen using conventional imaging. For example,
treatment of mice bearing SK-OV-3 xenografts with trastuzumab for
3 days caused a 42% decrease in tumor uptake of '**I-labeled anti-
HER?2 C6.5 diabody, which binds to a different noncompetitive HER2
epitope, and a dramatic decrease in the PET signal from a '**I-labeled
anti-HER2 C6.5 diabody.*® Similarly, mice bearing BT-474 xenografts
showed a 60% decrease in '*’I-labeled anti-HER2 C6.5 diabody up-
take after 6 days of trastuzumab treatment.*?

Although immunoPET may be most obviously suited to the
monitoring of treatment with antibody-based therapeutics, it is not
limited to this role. Many signaling changes caused by small-molecule
drugs or other therapeutic interventions result in changes on the cell
surface. Expression of surface HER2 and secreted VEGF is dependent
on HSPY0 activity, which can be inhibited by geldanamycin and its
analogs. Serial imaging of mice bearing HER2-positive xenografts
with ®®Ga-labeled trastuzumab F(ab’), fragments before and after
administration of the HSP90 inhibitor 17-AAG showed an 80% re-
duction in specific uptake of the **Ga-labeled trastuzumab F(ab’), in
the treatment group.''* Imaging with **Zr-labeled intact trastuzumab
24 hours after initiating therapy with another HSP90 inhibitor,
PU-H71, likewise showed a 50% reduction in **Zr-trastuzumab
uptake.”' In addition, treatment for 2 weeks with the HSP90 inhib-
itor NVP-AUY922 decreased uptake of **Zr-bevacizumab (anti-
VEGEF antibody) in human ovarian cancer xenografts, and these
results correlated well with changes in both expression of VEGF
measured by enzyme-linked immunosorbent assay (ELISA) and
markers of tumor proliferation measured by immunohistochem-
istry.”® Similarly, treatment with sunitinib—a tyrosine kinase
inhibitor that blocks angiogenesis—decreased uptake of **Zr-N-
SucDf-labeled anti-VEGF Fab fragments (*Zr-ranibizumab) in
human ovarian cancer xenografts.''* Halting sunitinib treatment
caused a rebound in **Zr-ranibizumab uptake to levels greater than
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Fig 4. Expression of prostate-specific
membrane antigen (PSMA) in prostate
cancer is regulated by androgens. (A)
Testosterone supplementation decreases
PSMA expression and uptake of a copper-64
(®4Cu) -DOTA-labeled anti-PSMA intact anti-
body in mice bearing bilateral CWR22rv1 pros-
tate cancer xenografts. (B) Androgen receptor
inhibition with MDV3100, on the other hand,
increases PSMA expression and uptake of
84Cu-DOTA-labeled anti-PSMA in mice
bearing bilateral LNCaP androgen receptor
prostate cancer xenografts. Reprinted with
permission.'"® Trans, transverse.
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baseline, and *Zr-ranibizumab uptake was found to correlate
better with changes in tumor proliferation, vascularization, and
histology than either ['|F]FDG PET or *O-water PET.

Expression of many other cell-surface markers are known to be
modulated in response to treatment. Studies in prostate cancer biop-
sies and cell lines have demonstrated a correlation between PSMA
cell-surface expression and androgen activity.''>''® Imaging with a
4Cu-labeled anti-PSMA antibody (°*Cu-J591) showed a 48% to 55%
decrease in ®*Cu-J591 uptake in mice bearing CWR22rv1 xenografts
in response to androgen supplementation and a 43% increase in
response to 1 week of treatment with the antiandrogen MDV3100 in
mice bearing LNCaP AR xenografts (Figs 4A and 4B)."'® ImmunoPET
detection of PSMA could thus provide a path for quantitative moni-
toring of successful androgen blockade in patients.

Although imaging of treatment response to targeted therapeutics
is a valuable tool, the great majority of current cancer therapy relies on
radiation and nontargeted chemotherapy agents. ImmunoPET holds
promise for demonstrating early therapy response in these patients as
well. For example, an anti-PSMA antibody (7E11) targeted to an
intracellular epitope of PSMA that only becomes available for binding
in dead or dying cells showed increased binding to cells that are
irradiated or treated with flutamide or etoposide.117 Likewise, %°Zr-
DFO-labeled 7E11 showed a 112% increase in uptake in irradiated
LNCaP xenografts compared with nonirradiated controls and showed
excellent ex vivo colocalization with markers of apoptosis and necro-
sis.'"” Determination of successful treatment can also be performed
using PET imaging of apoptosis markers directly. Nonantibody-based
imaging of apoptosis has been accomplished using radiolabeled an-
nexin V and has been shown to predict successful therapy outcomes in
preclinical models.''® Antibodies are also being investigated for these
uses: a '''Tn-labeled anti-TRAIL antibody has shown increased tumor
uptake in mouse models after treatment with paclitaxel.'"”

Antibody-based imaging can be employed to detect virtually any cell-
surface tumor biomarker, and thoughtful target selection can yield
valuable information about tumor location, phenotype, susceptibility
to therapy, and treatment response. Furthermore, development of
rigorous quantitation can expand the uses of immunoPET in therapy
planning and evaluation of treatment responses. Intact antibodies
have been successfully employed as imaging agents in clinical settings;
however, broad implementation has been hindered by the need to
inject antibody-based tracers 4 to 7 days before imaging. Antibody
derivatives engineered with accelerated kinetics, such as minibodies,
SIPs, diabodies, and scFv-Fc have shown promise for quantitative
imaging the same day of or next day after administration. In summary,
recent advances in immunoPET show promise for detection and
characterization of tumors, selection and administration of targeted
therapeutics including RIT, and monitoring of tumor responses and
off-target effects through noninvasive imaging methods.
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