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More than 50 monoclonal antibodies (mAbs), including several antibody– drug conjugates, are in
advanced clinical development, forming an important part of the many molecularly targeted
anticancer therapeutics currently in development. Drug development is a relatively slow and
expensive process, limiting the number of drugs that can be brought into late-stage trials.
Development decisions could benefit from quantitative biomarkers, enabling visualization of the
tissue distribution of (potentially modified) therapeutic mAbs to confirm effective whole-body
target expression, engagement, and modulation and to evaluate heterogeneity across lesions and
patients. Such biomarkers may be realized with positron emission tomography imaging of
radioactively labeled antibodies, a process called immunoPET. This approach could potentially
increase the power and value of early trials by improving patient selection, optimizing dose and
schedule, and rationalizing observed drug responses. In this review, we summarize the available
literature and the status of clinical trials regarding the potential of immunoPET during early
anticancer drug development.
J Clin Oncol 33:1491-1504. © 2015 by American Society of Clinical Oncology

INTRODUCTION

Cancer remains a major cause of death worldwide,
with annual mortality predicted to reach 11.5 million by 2030.1 The mainstay of systemic treatment
has long been DNA-damaging chemotherapy, but
molecular insights have facilitated the development
of more selective drugs, which are increasingly becoming part of standard care.2 Many of these are
based on monoclonal antibodies (mAbs), because
they can combine exquisite target specificity with
desirable safety profiles.3 Even inert mAbs can be
made potent as delivery vehicles with cytotoxins in
antibody– drug conjugates (ADCs) or radionuclides
in radioimmunotherapy (RIT).4
More than 200 anticancer mAbs have been in
clinical trials, resulting in 13 mAbs, three ADCs, and
two RIT conjugates being granted marketing approval by the US Food and Drug Administration
and European Medicines Agency. In 2013, more
than 300 mAbs were in clinical development, including 50 anticancer mAbs, 10 of which are in
phase II/III trials.5
Clinical drug development requires enormous
resources, but it often disappoints; only 8% of firstin-human anticancer drugs obtained regulatory approval between 1990 and 2006, while clinical
development time averaged 9 years.6 Knowing

which therapeutic antibody candidates to advance
into clinical development depends on understanding both target and antibody biology in patients. A
key aspect of this biology—target-dependent antibody tumor uptake— can be quantified through
molecular imaging in patients.7 The combination of
antibody-based imaging reagents and positron
emission tomography (PET), known as immunoPET, greatly improves on antibody imaging with
single-photon emitters. ImmunoPET offers superior image quality, exquisite sensitivity, and accurate
quantification.7-9 The technology has great potential
to inform decisions in early clinical development by
addressing fundamental questions of drug delivery,
dose finding, and target modulation, thereby prioritizing the right agents.10 In this review, we summarize the available literature and the status of clinical
trials regarding the potential of immunoPET during
early anticancer drug development.
MABS

AND THEIR EFFECTS ON TUMORS

mAbs are multimeric binding proteins (approximately 150 kDa) that are highly specific ligands for
their cognate antigens (Fig 1A). They can exert therapeutic effects in three ways: directly through agonistic or antagonistic effects on receptor signaling
and turnover, indirectly through effects on tumor
© 2015 by American Society of Clinical Oncology
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Fig 1. Design and mode of action of monoclonal antibodies (mAbs). (A) Immunoglobulin G antibodies consist of four polypeptide chains: two identical heavy and two
identical light chains. Each chain contains variable, antigen-binding regions (Fab), which bind to antigen (drug target), and a constant region (Fc) involved in immune
system activation. (B) Binding of antibody to antigen (target), causing modulation of downstream signaling by agonistic receptor engagement or antagonistic blocking,
eventually leading to inhibition of cell growth, proliferation, and survival. (C) Immune-related cell destruction by antibody-dependent cellular cytotoxicity. Fc part of mAb
binds to Fc receptor on effector cells of immune system (natural killer [NK] cells/lymphocytes), causing immune activation and thereby apoptosis of tumor cell. (D)
Structure of antibody–radionuclide (for radioimmunotherapy [RIT]) and antibody– drug conjugates (ADCs). (E) Mode of action of ADC, binding to receptor and causing
internalization of ADC–receptor complex. In lysosomes, ADC and receptor are then degraded, releasing cytotoxic agent, which induces apoptosis of target cell.

vasculature or stroma (Fig 1B), or through recruitment of the immune
system, with subsequent complement-dependent cytotoxicity or
antibody-dependent cellular cytotoxicity (Fig 1C).11,12
More powerful approaches to activate the immune system—
immunotherapies—rely on antibodies manipulating specific receptor–
ligandinteractionsintheimmunosuppressivetumormicroenvironment.
Ipilimumab, for example, blocks cytotoxic T-cell lymphocyte–associated
antigen 4 (CTLA-4) to overcome T-cell anergy. After being registered for
use in patients with melanoma, it resulted in impressive durable responses13 and sparked interest in antibodies against targets such as programmed death receptor 1 (PD-1) and its ligand PD-L1, which have also
shown durable responses in phase I studies.14-16
Many antibody variants and conjugates, all amenable to study by
immunoPET, have been recognized or engineered, which may have a
significant impact in oncology.17,18 Through a linker moiety, antibody
conjugates combine selective antigen binding with a potent payload:
cytotoxic drugs for ADCs or radionuclides for RIT (Figs 1D and 1E).4
The target antigen helps concentrate the potent payload to elicit direct
cell destruction. Currently, three ADCs are registered: gemtuzumab
ozogamicin and brentuximab vedotin for treatment of various hematologic malignancies and adotrastuzumab emtansine (T-DM1)
for human epidermal growth factor 2 (HER2) –positive breast
1492
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cancer.19-21 Several RIT agents have been registered, namely iodine131 (131I) –labeled tositumomab and yttrium-90 (90Y) –ibritumomab
tiuxetan in the treatment of non-Hodgkin lymphoma.22 Table 1 lists
all currently approved mAbs and conjugates.
The effect of antibodies on tumors typically depends on the tissue
concentration, but this is often unknown. Moreover, proper dose
selection can be challenging in situations where blood pharmacokinetics are a poor predictor of tissue kinetics because of tumor burden,
immune status, and other factors.11 ImmunoPET can help directly
determine antibody tissue kinetics in patient tumor lesions to refine
our understanding of dose-response relationships during preclinical
and early clinical trials.

MONITORING TARGET EXPRESSION

Patients likely to benefit from a targeted therapy should exhibit
tumor-selective expression of the molecular target. Developing and
validating diagnostic strategies for expression analysis has therefore
become an important part of drug development. Typically, this is done
through immunohistochemistry (IHC) or quantitative polymerase
chain reaction on tumor biopsies. However, this may be unreliable,
JOURNAL OF CLINICAL ONCOLOGY
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CLL

CLL

CD20 (B cells)

Human IgG1k

Humanized IgG1 CD20 (B cells)

Chimeric IgG1
CD30 (T and B cells)
conjugated to
MMAE
Humanized IgG4 CD33 (myeloid cells)
conjugated to
calicheamicin
Humanized IgG1 CD52 (lymphoid cells)

Humanized IgG1 HER2 (tumor cell
membrane)

Humanized IgG1 HER2 (tumor cell
conjugated to
membrane)
emtansine
Humanized IgG1 HER2 (tumor cell
membrane)

Humanized IgG1 VEGF (microenvironment) CRC, RCC, NSCLC
(nonsquamous),
GBM

Ofatumumab

Obinutuzumab

Brentuximab vedotin

Trastuzumab

Trastuzumab
emtansine

Bevacizumab

Pertuzumab

Alemtuzumab

Gemtuzumab
ozogamicinⴱ

NHL

CD20 (B cells)

Murine IgG2

Tositumomab; 131Itositumomab

2012/2013

BC
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Dose

30 mg daily, three times per week
for 12 weeks

Inhibition of VEGF
signaling

Inhibition of HER2
dimerization

Delivery of emtansine,
inducing apoptosis

CRC: 5 or 10 mg/kg once every 2
weeks or 7.5 or 15 mg/kg once
every 3 weeks; RCC: 10 mg/kg
once every 2 weeks; NSCLC: 7.5
or 15 mg/kg once every 3 weeks

Starting dose: 840 mg; next doses:
420 mg once every 3 weeks

3.6 mg/kg once every 3 weeks

Downregulation of HER2 Starting dose: 8 mg/kg; next doses:
signal transduction;
6 mg/kg once every 3 weeks or 4
ADCC
mg/kg once every 2 weeks

Antibody–drug
conjugate, inducing
apoptosis
CDC and ADCC

—

CLL: 375 mg/m2 starting dose, 500
mg/m2 next cycles (once every 4
weeks); NHL: 375 mg/m2 once
every 3 weeks or once every 2
months in first line, once per
week in monotherapy, once every
3 weeks in combination therapy
Delivery of radioisotope, 14.8 (platelets ⬎ 150,000/L) or 11.1
inducing radiation
MBq/kg (platelets 100,000 to
damage
150,000/L) on days 7 to 9 of
cycle after rituximab pretreatment
on days 1 and 8
Delivery of radioisotope, Tositumomab: 450 mg; 131Iinducing radiation
tositumomab: 35 mg; 0.75 Gy
damage; ADCC
total body if platelets ⬎ 150,000/
L; 0.65 Gy total body if platelets
100,000 to 150,000/L
CDC and ADCC
Starting dose: 300 mg; next doses:
2,000 mg once per week for eight
cycles, then once per month for
four cycles
ADCC
Cycle one: 100 mg on day 1, 900 mg
on day 2, 1,000 mg on days 8 and
15; cycles two to six: 1,000 mg
once every 4 weeks
Delivery of MMAE toxin, 1.8 mg/kg once every 3 weeks
inducing apoptosis

Mode of Action
CDC and ADCC

(continued on following page)

2004/2005

2013/2013

1998/2000

2001/2001

CLL

BC, adjuvant and
metastatic advanced
gastric cancer (first
line)
BC

2000/2000 (off
market)ⴱ

2011/2012

2013/2012

2009/2010

2003/2003

2002/2004

1997/1998

Year of FDA/EMA
Approval

AML

HL, systemic anaplastic
large-cell lymphoma

NHL

CD20 (B cells)

Indications

Ibritumomab tiuxetan; Murine IgG2
90
Y-ibritumomab
tiuxetan

Target and Location
CLL, NHL (first line)

Chimeric IgG1

Type
CD20 (B cells)

Rituximab

Generic Name

Table 1. Monoclonal Antibodies, Antibody–Drug Conjugates, and Antibody–Radionuclide Conjugates Approved for Cancer Treatment
Patient Selection

Based on HER2 expression
(positive by IHC and/or
FISH)
Based on HER2 expression
(positive by IHC and/or
FISH)
Not available

Not available; evidence
suggesting patients with
17p deletion or p53
mutation benefit more23
Based on HER2 expression
(positive by IHC and/or
FISH)

Based on CD30 antigen
expression

Not available

Not available

Based on CD20 expression

Based on CD20 expression

Based on disease stage and
type CD20 positive
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Human IgG2

Human IgG1k

Humanized
IgG4k

Human IgG1

Mouse and rat
IgG

Panitumumab

Ipilimumab

Pembrolizumab

MPDL3280A

Catumaxomab
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Bladder cancer

PD-L1 (tumor cell
membrane)

EpCAM (tumor cell); CD3 Malignant ascites
and Fc␥Rs (immune
effector cells)

Melanoma

Melanoma

CTLA-4 (T cells)
PD-1 (T cells)

CRC

CRC, HNSCC

Gastric cancer

Indications

EGFR (tumor cell
membrane)

VEGFR2
(microenvironment)
EGFR (tumor cell
membrane)

Target and Location

—/2009§

2014/—‡

2014/—

2011/2011

2006/2007

2004/2004

2014/—†

Year of FDA/EMA
Approval
Mode of Action

Dose

Patient Selection

Inhibition of VEGF
8 mg/kg once every 2 weeks
Not available
signaling
Downregulation of EGFR Combined with irinotecan once every CRC: based on EGFR
signaling; ADCC
2 weeks: 500 mg/m2;
expression (positive) and
monotherapy or with irinotecan
KRAS mutation status
once every 3 weeks: starting
(wild type); HNSCC (high
2
dose, 400 mg/m ; next doses,
EGFR expression): no
2
250 mg/m
selection
Downregulation of EGFR 6 mg/kg once every 2 weeks
EGFR expression (positive)
signaling; ADCC
and KRAS mutation
status (wild type)
Induces immune
3 mg/kg once every 3 weeks for
Not available
response by CTLA-4
total of four cycles
Induces immune
10 mg/kg once every 2 or 3 weeks
Not available
response by blocking
PD-L1 and PD-1
interaction
Induces immune
15 mg/kg once every 3 weeks up to Based on PD-L1 expression
response by blocking
1 year
PD-L1 and PD-1
interaction
Inducing immune
Increasing from 10 to 20 to 20 to
Not available
response
150 g intraperitoneal
administration

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; AML, acute myeloid leukemia; BC, breast cancer, CDC, complement-dependent cytotoxicity; CLL, chronic lymphocytic leukemia; CRC, colorectal
cancer; CTLA-4, cytotoxic T-lymphocyte–associated antigen 4; EGFR, epidermal growth factor receptor; EMA, European Medicines Agency; EpCAM, epithelial cell adhesion molecule; Fc␥Rs, Fc receptor for
immunoglobulin G; FDA, US Food and Drug Administration; FISH, fluorescent in situ hybridization; GBM, glioblastoma; HER2, human epidermal growth factor receptor 2; HL, Hodgkin lymphoma; HNSCC, head
and neck squamous cell carcinoma; 131I, iodine-131; IgG, immunoglobulin G; IHC, immunohistochemistry; MMAE, monomethyl auristatin E; NHL, non-Hodgkin lymphoma; NSCLC, non–small-cell lung cancer; PD-1,
programmed death receptor 1; PD-L1, programmed death receptor 1 ligand; RCC, renal cell cancer; VEGF, vascular endothelial growth factor; VEGFR2, vascular endothelial growth factor receptor 2; 90Y, yttrium-90.
ⴱ
Gemtuzumab ozogamicin approval was withdrawn in United States in 2010 when postmarketing studies indicated it did not improve survival and had greater toxicity than chemotherapy alone. It continues to
be marketed in Japan, and recent studies have shown benefits in selected patient groups.19
†Ramucirumab was granted orphan status by EMA in 2012 for hepatocellular carcinoma and gastric cancer.
‡MDPL3280A was granted breakthrough therapy designation by FDA in May 2014 for metastatic urothelial bladder cancer.
§Catumaxomab was granted orphan status by FDA in 2006 for ovarian cancer and in 2009 for gastric cancer.

Cetuximab

Fully human
IgG1
Chimeric IgG1

Type

Ramucirumab

Generic Name

Table 1. Monoclonal Antibodies, Antibody–Drug Conjugates, and Antibody–Radionuclide Conjugates Approved for Cancer Treatment (continued)
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because previously sampled and stored tissue may not represent
the current tumor status, and heterogeneity exists between and
within lesions.24-26
With immunoPET, the presence of an accessible target can be
demonstrated noninvasively in whole-body imaging early in clinical
development. This permits exploration of the relationships between
organ- and lesion-level antibody uptake, tumor heterogeneity, drug
effect, and more conventional biomarkers, which may be taken into
later-stage trials.
Monitoring target expression across all lesions may be particularly pertinent for ADC/RIT agents. This is because their delivery
to the target is based especially on tissue expression patterns, which
may not represent the oncogenic behavior of the tumor. Consequently, lesions without a sufficient target may show poor uptake
while remaining aggressive and contribute to poor clinical outcomes even when the ADC/RIT agent is locally efficacious in lesions with sufficient uptake. Comprehensive lesion assessment is
therefore required, but this approach (especially serial assessment)
is impractical with invasive techniques. As a noninvasive procedure, immunoPET avoids this problem.

DEVELOPMENT OF ANTIBODY IMAGING: LABELS
AND DETECTION

Early nuclear imaging relied on two-dimensional scintigraphy, which
was difficult to quantify. In the early 1980s, three-dimensional singlephoton emission computed tomography (SPECT) offered significant
improvements.27 SPECT still has a large installed equipment base and
is widely used in the clinic for diagnostics in several disciplines in
addition to oncology.28-32 Temporal resolution and quantification of
SPECT was recently improved by the combination with computed
tomography (CT). The adoption of PET cameras driven by the utility
of fluorine-18 (18F) fluorodeoxyglucose (18F-FDG) PET in oncology
has resulted in another leap in spatial and temporal resolution based
on the physics of detecting coincident pairs rather than single gamma
rays.33-35 Most PET cameras routinely used with 18F-FDG are easily
adapted to work with other PET isotopes. Nuclear imaging of antibodies requires matching the radioactive half-life of the isotope to the
timescale of tumor antibody uptake (ie, using isotopes with half-life
on order of days).36,37
Single-photon gamma-emitting radiometals including technetium99m (99mTc), lutetium-177 (177Lu), yttrium-88 (88Y), and especially
indium-111 (111In) have all been used to label mAbs for imaging,
along with iodine isotopes (123I, 125I, and 131I). PET imaging of antibodies has been reported with isotopes including iodine-124 (124I),
bromine-76 (76Br), yttrium-86 (86Y), and copper-64 (64Cu), but none
have been as widely used as the radiometal zirconium-89 (89Zr).10,38
Our group at the University Medical Center Groningen has developed to date five 89Zr-labeled antibodies for human use.39-43 The
procedure has been robust, delivering more than 260 patient doses on
demand, with few labeling or logistic failures.
Depending on the radioisotope, different labeling methods are
used. Iodines are often labeled directly to the antibody through simple
and widely available procedures, whereas radiometal ions are introduced indirectly by first conjugating a suitable chelator moiety to the
antibody (typically using lysine groups) and then noncovalently
chelating the metal ion. Once antibodies have been internalized into
www.jco.org

the tumor cells, they are subject to catabolism through lysosomal
degradation. The catabolites of radiometal ion chelates remain
trapped (residualized) inside the cells, leading to an accumulation of
radiometal (and PET signal) in the target tumor tissue over time. In
contrast, most iodine-containing catabolites are nonpolar molecules
that are rapidly lost from the tumor cells, resulting in reduced tumor
image contrast at later time points.7 Iodine labels may thus be best
suited for imaging noninternalizing targets.44,45 Characteristics of
SPECT and PET radionuclides regarding half-life, radiation exposure,
and residualization properties are summarized in Table 2.

FROM SPECT AND PRECLINICAL PET TO
CLINICAL IMMUNOPET

SPECT showed early success in assessing target presence and identifying tumor lesions both preclinically and clinically. Trastuzumab, bevacizumab, the DR4 mAb mapatumumab, capromab penditide, and
cG250 have all been labeled and imaged successfully with 111In in
humans (Table 2).
Many preclinical small animal studies have been performed with
89
Zr-labeled mAbs to determine their tumor targeting characteristics.
Appendix Table A1 (online only) provides an overview of the 89Zrlabeled mAbs for preclinical research including scanning days and
tumor types assessed.
Using knowledge obtained in these studies, translation to
clinical tracers has been possible. Interestingly, with epidermal
growth factor receptor (EGFR) – directed mAbs, there has been an
interesting disparity between efficacy, EGFR expression determined by IHC, and tumor uptake as determined by the EGFRtargeting radiotracers.67-71
These studies point to the potential utility of complementing
organ-level PET imaging with microscopic-level fluorescence imaging
to help explain these disparities. The first clinical imaging trial using
89
Zr-cetuximab PET imaging showed differential uptake among patients. Larger studies are needed to determine the relation between
cetuximab dosing, efficacy, and tumor uptake.72
The clinical feasibility of using radiolabeled mAbs for tumor
localization with PET was first demonstrated in nine patients with
breast cancer receiving 124I-labeled HMFGI, a murine mAb against a
mucin target on breast cancer cells. Scans at 1 to 4 days after injection
revealed a higher uptake in the tumor compared with normal breast
tissue.73 Subsequently, many mAbs have been labeled with PET isotopes for clinical imaging. For example, 124I-labeled cG250 was administered to identify aggressive clear-cell renal cell carcinoma (RCC)
before surgery in a phase I trial of 26 patients with a renal mass
suspected to be malignant. In 15 of 16 patients with proven clear-cell
carbonic anhydrase IX (CAIX) –positive RCC histology, immunoPET
identified the tumor.61 A large number of patients (n ⫽ 195) with
renal masses underwent 124I-cG250 PET to identify the clear-cell RCC
phenotype before surgery. Both sensitivity and specificity improved
compared with conventional CT: 86% and 86% for immunoPET
compared with 75% and 47% for CT, respectively.62
On the basis of early successes, 89Zr has now been coupled
with 14 different mAbs for clinical use. For all mAbs, signal- and
tumor-to-background ratios seem to be optimal 3 to 7 days after
tracer injection. Table 3 provides an overview of these mAbs and
their clinical trials.
© 2015 by American Society of Clinical Oncology
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Trastuzumab,46 mapatumumab,47
bevacizumab,48,49 capromab
pendetide,50,51 and cG25052

Labeled to Abs for Human Use in
Oncology

HMFG1, HMFG256

Cyclotron: proton
irradiation of yttrium

Therapeutic dose: 15 to 30 MBq/kg
Cyclotron: proton
approximately equal to 913 to 1,827
irradiation of
mSv for 70-kg patient based on
strontium
0.87-mSv/MBq effective dose
NA
Cyclotron: proton
irradiation of
selenium

Only preclinical

Ibritumomab tiuxetan66

1A3: mAb targeting lipid antigen
in CRC64; trastuzumab65

HuMV833,60 cG250,61,62
HuA3363

Details listed in Table 3

Nuclear reactor: 99Mo
CL-5857
decays to 99mTc;
99
Mo is created by
fission of uranium in
nuclear reactors
Nuclear reactor: neutron J591,58 girentuximab59
activation

Cyclotron: proton
irradiation of xenon

Nuclear reactor: neutron Tositumomab,22 anti-CEA,53 antihCG,54 anti-AFP55†
irradiation of natural
tellurium target;
fission product

Cyclotron: proton
irradiation of
tellurium
Average effective dose ⫾ 0.036 mSv/ Cyclotron: proton
MBq; 130 MBq approximately equal
irradiation of nickel
to 4.68 mSv

74 MBq approximately equal to 40
mSv

37 MBq approximately equal to 20
mSv; 74 MBq approximately equal
to 40 mSv

(continued on following page)

Relatively high radiation, not
easily available

12

PET
Expensive; bone-seeking free
89
Zr radionuclide can form
upon catabolism of antibody,
particularly in preclinical
species
Expensive, dehalogenation,
thyroid uptake, some very
high-energy gamma raysⴱ
Given shorter T ⁄ suitable for
imaging fragments, diabodies,
and other engineered
targeting vectors; not easily
available
Bone-seeking free 86Y/90Y
radionuclide can form upon
catabolism of antibody

Therapeutic dose: 70 mCi/M2 equal to
2,590 MBq

Tc-DTPA equal to 0.0049
mSv/MBq

99m

High radiation exposure because Approximately 0.029 mSv per MBq;
of high gamma energy and
0.6 to 1.6 mCi total dose (equal to
approximately 90% ␤ decay
22 to 59 MBq) approximately equal
(therefore also therapeutic
to 0.6 to 1.7 mSv
radioisotope for RIT),
dehalogenation, thyroid
uptakeⴱ
Dehalogenation, thyroid uptake, No longer used for imaging of
antibodies
relatively expensiveⴱ
Short T

Production Method

0.21 mSv per MBq; 111In-trastuzumab: Cyclotron: proton
150 Mbq approximately equal to 30
irradiation of
mSv; 111In-bevacizumab: 100 MBq
cadmium
approximately equal to 20 mSv

SPECT
Bone-seeking free 111In
radionuclide can form upon
catabolism of antibody

Disadvantage

For RIT; because of gamma High energy, high radiation
emission, imaging also
level, not easily available
possible

Lower radiation dose than
131
I, better suited for
thyroid diagnostic scans
Easily available

Long T ⁄ comparable to T
of mAbs; in vivo
characteristics
comparable to 90Y and
177
Lu for RIT
Inexpensive, readily
available

Advantage

Radiation Dose for Typical Diagnostic
Antibody Scan (approximate amount
of MBq per radiation dose)

Table 2. Characteristics of Radionuclides for Antibody Imaging With SPECT and PET in Oncology
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1.13

1.83

Positive

Negative

Easily available; relatively
short positron range and
100% positron yield
enable relatively highresolution imaging and
high-sensitivity detection
Generator produced
(relatively good
availability)

Advantage

12

Given shorter T ⁄ suitable for
imaging fragments, diabodies,
and other engineered
targeting vectors

12

Given shorter T ⁄ suitable for
imaging fragments, diabodies,
and other engineered
targeting vectors

Disadvantage

NA

NA

12

Radiation Dose for Typical Diagnostic
Antibody Scan (approximate amount
of MBq per radiation dose)

Cyclotron: proton
irradiation of zinc

Cyclotron: proton
irradiation of oxygen

Production Method

Only preclinical

Only preclinical

Labeled to Abs for Human Use in
Oncology

12

Abbreviations: Abs, antibodies; AFP, ␣-fetoprotein; 76Br, bromine-76; CEA, carcinoembryonic antigen; CRC, colorectal cancer; 64Cu, copper-64; DTPA, — diethylene triamine pentaacetic acid; 18F, fluorine-18; 68Ga,
gallium-68; hCG, human chorionic gonadotropin; HMFG, human milk-fat-globule; 123I, iodine-123; 124I, iodine-124; 131I, iodine-131; 111In, indium-111; 177Lu, lutetium-177; mAb, monoclonal antibody; 99Mo,
molybdenum-99; NA, not applicable; PET, positron emission tomography; RIT, radioimmunotherapy; SPECT, single-photon emission computed tomography; T ⁄ , terminal half-life; 99mTc, technetium-99m; 86Y,
yttrium-86; 90Y, yttrium-90; 89Zr, zirconium-89.
ⴱ
Thyroid uptake with iodide radionuclides is prevented by adequate blockage of normal thyroid tissue before iodide radionuclide injection.
†This listing of antibodies labeled with 131I is not complete but serves as illustration.
‡These radionuclides are mainly used for imaging of antibody fragments and small antibody-like molecules because of their short T ⁄ .

Ga‡

68

F‡

18

Half-Life
Radionuclide (hours) Residualization

Table 2. Characteristics of Radionuclides for Antibody Imaging With SPECT and PET in Oncology (continued)
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Table 3. 89Zr-Labeled Antibodies in Finalized or Ongoing Clinical Studies
Antibody
Bevacizumab
Primary BC
Metastatic BC
Inflammatory BC
Metastatic RCC
Neuroendocrine tumors
VHL
MM
Trastuzumab
Metastatic BC

BC
Esophagastric cancer
Fresolimumab
Glioblastoma
U36
HNSCC
Cetuximab
Stage IV cancer
Metastatic colorectal cancer
HNSCC
Rituximab
B-cell lymphoma
Ofatumumab
B-cell lymphoma
HuJ591
Metastatic prostate cancer
IAB2M
Metastatic prostate cancer
MSTP2109A (STEAP1)
Metastatic prostate cancer
RO5479599
HER3-positive solid tumors
RO5429083
CD44-positive metastatic solid tumors
MMOT0530A
Ovarian or pancreatic cancer
Ibritumomab tiuxetan
B-cell lymphoma
Panitumumab
Refractory GI and urothelial
carcinomas, NSCLC, sarcomas

Site

Status

ClinicalTrials.gov Identifier

UMCG
UMCG
Dana-Farber Cancer Institute, Brigham and Women’s Hospital Boston
UMCG
UMCG
UMCG
UMCG
UMCG

Finished75
Finished79
Ongoing
Finished40
Ongoing
Finished85
Finished
Ongoing

NCT00991978
NCT01081613
NCT01894451
NCT00831857
NCT01028638
NCT01338090
NCT00970970
NCT01859234

UMCG
UMCG, Royal Marsden Hospital
Jules Bordet Institute, UZA, UMCG, VUmc, UMCN
Jules Bordet Institute
UMCG
UMCG, VUmc, UMCN
Washington University School of Medicine
MSKCC

Finished39
Finished79
Ongoing89
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing

—
NCT1081600
NCT01565200
NCT01420146
NCT01832051
NCT01957332
NCT02065609
NCT02023996

UMCG

Finished41

NCT01472731

VUmc

Finished91

Maastricht Radiation Oncology, VUmc
VUmc
VUmc, UMCG, UMCN
NKI-AVL, Maastricht University Medical Center, Karolinska Institutet,
Institut Català de la Salut, Gustave Roussy, UMC Utrecht

Ongoing
Finished72
Ongoing
Ongoing

NCT00691548
NCT01691391
NCT02117466
NCT01504815

VUmc

Ongoing

NTR3392

VUmc

Ongoing

NTR3392

MSKCC

Finished73a

NCT01543659

MSKCC

Ongoing

NCT01923727

MSKCC

Ongoing73b

NCT01774071

UMCG

Ongoing42

NCT01482377

VUmc, UMCN

Finished

NCT01358903

UMCG, VUmc

Finished43

NCT01832116

VUmc

Finished66

—

NCI

Ongoing

NCT02192541

Abbreviations: BC, breast cancer; HER3, human epidermal growth factor receptor 3; HNSCC, head and neck squamous cell carcinoma; MM, multiple myeloma;
MSKCC, Memorial Sloan-Kettering Cancer Center; NCI, National Cancer Institute; NSCLC, non–small-cell lung cancer; NKI-AVL, Nederlands Kanker Instituut Antoni
van Leeuwenhoek; NTR, Nederlands Trial Register; RCC, renal cell cancer; STEAP1, six transmembrane epithelial antigen of prostate 1; UMCG, University Medical
Center Groningen; UMCN, Radboud University Medical Center Nijmegen; UZA, Universitair Ziekenhuis Antwerpen; VHL, von Hippel–Lindau disease; VUmc, Vrije
University Medical Center; 89Zr, zirconium-89.

An interesting early example was a tumor visualization study in
14 patients with HER2-positive metastatic breast cancer. Tracer doses
of 89Zr-trastuzumab were administered with 10 mg of unlabeled (ie,
cold) trastuzumab and appeared in the gut of trastuzumab-naive
patients but yielded excellent tumor images in patients already receiving much higher cold trastuzumab doses for treatment. Increasing the
1498
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cold dose to 50 mg was necessary to acquire good images in
trastuzumab-naive patients. Excellent 89Zr-trastuzumab tumor uptake revealed known HER2-positive tumor lesions in liver, lung, and
bone. Moreover, unknown brain metastases were detected, demonstrating delivery of antibody to brain metastases across a locally compromised blood– brain barrier.39 Trastuzumab clearance is dose
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Fig 2. Zirconium-89–trastuzumab positron
emission tomography/computed tomography
images in patient with human epidermal
growth factor receptor 2 –positive breast cancer with multiple bone metastases in vertebrae and a large liver metastasis (transverse,
sagittal, and coronal views).

dependent. In this imaging study, we noticed that an additional
amount of predosed cold (ie, unlabeled) antibody was needed for
adequate tumor visualization with immunoPET.39 89Zr-trastuzumab
imaging has been used to resolve a clinical dilemma, in which HER2
status was important, but a biopsy was impractical.74 A clinical trial is
under way to demonstrate utility in a larger patient population. Figure
2 shows a representative 89Zr-trastuzumab PET scan. In another trial,
patients receiving trastuzumab therapy were imaged with 64Cutrastuzumab PET, showing primary breast, lymph node, and
metastatic lung lesions.65 Additional trials are ongoing with 64Cutrastuzumab to determine the optimal dose and to assess the correlation of tumor tracer uptake with IHC HER2 expression (Clinical
Trials.gov identifier NCT01093612 and NCT00605397). No headto-head comparisons are yet available between 64Cu-trastuzumab
and 89Zr-trastuzumab PET in patients, but the principal rationale
for using 64Cu rather than 89Zr would be that its shorter half-life
(12.7 v 78.4 hours) could lower the patient radiation burden. This
may be attainable where the optimal imaging time point is within 2
days after injection.
Other whole-body patient data support the target-specific
nature of the immunoPET signal; in histologically proven clear-cell
RCC, all 124I-cG250 PET–positive lesions were CAIX positive.61 In
patients with primary breast cancer, 89Zr-bevacizumab PET uptake
correlated with vascular endothelial growth factor A (VEGF-A)
expression determined by enzyme-linked immunosorbent assay
(ELISA).75

allows a second imaging mAb injection approximately 14 days after
the first.40,66 In 14 patients with RCC, 111In-bevacizumab SPECT
visualized tumors 7 days after tracer injection; reduced 111Inbevacizumab uptake was noted in all nine patients after 4 weeks of
neoadjuvant sorafenib treatment.48 111In-bevacizumab SPECT detected all known lymph node lesions in nine patients with stage III to
IV melanoma at baseline. After one therapeutic dose of bevacizumab,
a 21% reduction in tumor tracer uptake was observed. The tumor
uptake in the second scan series correlated with VEGF-A levels measured by IHC in the tumor tissue.49
Several imaging studies have examined the effects of modulating
heat shock protein 90 (HSP90) on its client proteins. Changes in HER2
induced by HSP90 inhibitors in xenografts have been imaged with
several reagents: F(ab=)2 trastuzumab fragments, full-length trastuzumab, and a fast-clearing Z-domain PET tracer.75,77
Another effect of HSP90 inhibition—reduced VEGF secretion—
was monitored by 89Zr-bevacizumab PET in VEGF-expressing xenografts. Treatment resulted in a 44% signal decrease 6 days after tracer
injection. This reduction correlated with lowered tumor levels of
VEGF-A as measured by ELISA.78 Similar studies of HSP90 inhibitors
have been taken into the clinic, where patients with HER2-positive
metastatic breast cancer received 89Zr-trastuzumab scans before and
after three once-per-week doses of NVP-AUY922. Heterogeneous
tumor uptake was observed at baseline, and a variety of effects were
seen in the post-treatment 89Zr- trastuzumab scans.79
MODULATION OF ANTIBODY DELIVERY TO TUMOR

TARGET MODULATION ASSESSED BY ANTIBODY IMAGING

Development of potential therapeutic agents can benefit greatly from
biomarkers of target modulation. This typically requires assessments
before and after treatment. Given the timescales of radioactive decay,
antibody pharmacokinetics, biodistribution, and tumor uptake, using
111
In-SPECT or 89Zr-immunoPET as a pharmacodynamic biomarker
www.jco.org

Treatment with the VEGF mAb bevacizumab resulted in reduced
VEGF activity and consequent reductions in vessel density and macromolecular permeability in preclinical models.80 Consistent with
these processes, 89Zr-PET in mouse xenograft models showed that
bevacizumab treatment reduced acute tumor uptake of 89Zr-labeled
trastuzumab, bevacizumab, and nonspecific immunoglobulin G.81
© 2015 by American Society of Clinical Oncology
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Similar reductions in trastuzumab tumor uptake were reported in
HER2-expressing xenografts in mice administered the anti-VEGF
mAb B20-4.1, which cross reacts with both human and murine
VEGF.82 Acute vascular effects of bevacizumab were also apparent in
clinical studies. PET scans with 15O-H2O in patients with non–smallcell lung cancer showed rapid reduction in tumor perfusion after a
therapeutic dose of bevacizumab, as well as a 34% lower 11C-docetaxel
tumor uptake.83
In serial 89Zr-bevacizumab PET scans, patients with metastatic
RCC receiving bevacizumab/interferon showed 47% less tumor uptake after 2 weeks of treatment, whereas a modest variable decrease
with sunitinib suggested different modes of action in these antiangiogenic therapies.40 A third antiangiogenic drug, the mammalian
target of rapamycin inhibitor everolimus, also caused lower 89Zrbevacizumab tracer uptake in mice bearing human ovarian cancer
xenografts.84 In patients with neuroendocrine tumors, everolimus
treatment also showed a decline in 89Zr-bevacizumab uptake by
35%.85 These studies together suggest that 89Zr-bevacizumab PET
could be used as a biomarker of combined vascular permeability and
VEGF levels after antiangiogenic therapy to determine tumor accessibility for subsequent treatment.

The utility of immunoPET for scouting RIT doses should
extend to ADC therapies. Molecular imaging of unconjugated
mAbs could quantify tumor uptake and confirm adequate dosing.
The processes driving tumor signal for imaging are the same as
those for drug delivery by an ADC—a combination of tissue exposure, tissue penetration, expression of target receptor, and antibody internalization. Understanding these factors in patients will
likely encourage further use of whole-body 89Zr-immunoPET in
the development of ADC therapeutics. Recently, interim patientbased analysis during an ongoing trial in patients with HER2positive metastatic breast cancer showed a negative predictive
value of 89Zr-trastuzumab imaging for RECIST response to the
HER2 ADC adotrastuzumab emtansine of 88%. When combined
with 18F-FDG PET after one cycle of adotrastuzumab emtansine,
the negative predictive value was 100%.89 A phase I study of an
ADC comprising a mesothelin mAb armed with the antimitotic
drug MMAE is being accompanied by a parallel trial using baseline
89
Zr scans with the naked antimesothelin antibody to quantify
antibody uptake in tumor lesions and ultimately to relate this to
antitumor effects.43

COSTS AND CONSEQUENCES OF

IMMUNOPET

IMAGING

ANTIBODY IMAGING TO SUPPORT ANTIBODY DOSE FINDING

Pharmacokinetic studies of trastuzumab have shown that the clearance from blood is dose dependent and elevated in patients with high
tumor burden.86 ImmunoPET with 89Zr-trastuzumab in patients has
added to knowledge about tumor tissue kinetics and shown that
current clinical practice may be underdosing trastuzumab. A patient
with metastatic breast cancer with extensive tumor load underwent
89
Zr-trastuzumab immunoPET before and during trastuzumab therapy. Initial scans showed high tracer uptake in liver metastases but
inadequate visualization of known bone lesions and fully depleted
blood levels. Imaging during trastuzumab therapy showed both
liver and bone metastases and persistence in the blood pool. This
illustrates that a higher dose of mAb may be needed to optimize
tumor delivery in patients with a high burden of antibodyinternalizing tumor.87
Scouting experiments determine antibody distribution with an
imaging isotope to enable patient-specific radiation dosimetry calculations before therapeutic RIT. 90Y is a high-energy beta-emitting
isotope for RIT applications, whereas 86Y may be the ideal surrogate
isotope for scouting because it is chemically identical to 90Y. In practice, 89Zr-immunoPET may suffice; it effectively predicted the biodistribution of 90Y- and 177Lu-labeled cetuximab in a study of xenografts
expressing EGFR.88 Clinical data indicating the utility of 89Zr in scouting come from immunoPET studies of 89Zr–ibritumomab tiuxetan
before RIT with 90Y–ibritumomab tiuxetan. Seven relapsed patients with CD20-positive B-cell non-Hodgkin lymphoma received 68 MBq 89Zr-ibritumomab tiuxetan and showed specific
tumor uptake after 3 to 6 days. This was followed after 14 days by a
therapeutic dose of 15 or 30 MBq/kg of 90Y–ibritumomab tiuxetan
with a coinjection of 89Zr–ibritumomab tiuxetan. The highest absorbed 90Y dose, calculated from the 89Zr biodistribution, was
found in the liver (3.2 ⫾ standard deviation of 1.8 mGy/MBq), and
biodistribution of 89Zr was not influenced by the simultaneous
90
Y–ibritumomab tiuxetan treatment.66
1500
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ImmunoPET can be costly, and its routine use requires appropriate
justification. Antibody labeling and a series of PET scans can cost
several thousand US dollars (highly dependent on country and institution, with United States being more expensive than European
sites).90 However, immunoPET is valuable for making good decisions
on drug development investments and is valuable for providing
whole-body all-lesion information in patients. This information
would be difficult to obtain even from multiple biopsies, which entail
their own risks and costs.
ImmunoPET also seems to be safe. A dosimetry study of
ionizing radiation, the principal hazard to which immunoPET
patients are exposed, was performed in 20 patients with head and
neck squamous cell carcinoma who received 74.9 MBq (⫾ standard deviation of 0.6 MBq) of 89Zr-labeled U36 mAb without any
adverse events. The mean radiation whole-body dose in patients
was 40 mSv, which is comparable to two abdominal CTs.91 However, new PET/CT scanners are more sensitive, so most clinical
studies now use only 37 MBq 89Zr injected activity, with scans
performed 2 to 8 days later. Concerning tolerability, patient scanning times with 89Zr-labeled mAbs typically increase from 45 minutes soon after injection to 90 minutes 1 week later.

FUTURE IMAGING APPLICATIONS IN DRUG DEVELOPMENT

Nuclear imaging will always have limitations imposed by the inevitable radiation burden to patients, clinical staff, and caregivers and
the relatively high cost of dealing with nuclear reagents. Although it
is not an alternative for whole-body nuclear imaging, optical imaging with fluorescent dyes may acquire an important role in the
near future.
The utility of molecular-guided optical surgery was assessed in a
feasibility study of patients with ovarian cancer who underwent debulking surgery after injection of fluorescein isothiocyanate (FITC)
JOURNAL OF CLINICAL ONCOLOGY
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–labeled folate to target the folate receptor alpha (FR-␣). Intraoperative imaging at 520 nm showed uptake in all FR-␣– expressing tumor
lesions (even tumor deposits ⱕ 1 mm).92 To reduce autofluorescence
noise, near-infrared fluorophores (NIRFs), which emit light at wavelengths between 700 and 900 nm, are preferred.93
IRDye800CW is an NIRF suitable for producing conjugates under good manufacturing practices for patient injection. With bevacizumab and trastuzumab, it has yielded highly specific images of
xenograft tumors in mice using a real-time intraoperative clinical
prototype camera system. Results were compared with those obtained
with 89Zr-immunoPET.94
The use of an IRDye800CW conjugate as the imaging agent
opens up possibilities for multimodality imaging— both to image
in vivo and to look directly at microscopic mAb distribution in
relation to blood vessels, tumor cells, and its antigen target
distribution. An ongoing trial in patients with primary breast
cancer is evaluating safety, uptake, quantification, and localization of bevacizumab-IRDye800CW in tumor and normal tissues
(ClinicalTrials.gov identifier NCT01508572). Dual-labeled antibodies (detectable by SPECT, PET, or NIRF) have been developed
and used to facilitate the development and validation of multimodality imaging.95,96
Understanding cancer immunotherapies such as ipilimumab and anti-PD1/PD-L1 mAbs may require dual-labeled
reagents in patients, because target expression at the organ level
(imaged by immunoPET) and distribution at the microscopic
level (imaged by NIRF) are both fundamentally important to
understanding the effects of these drugs.97 This will allow efficient use and better interpretation of valuable— but inherently
variable—patient tissue samples by enabling both overall tumor
uptake measurement and histopathologic follow-up in the
same lesions.
Furthermore, small antibody fragments, such as nanobodies,
have become interesting for in vivo imaging of cell activity, and
they have been proposed as theranostic tools for both diagnostic
and targeted radionuclide therapy in oncology.98 Pretargeting is
another interesting technique in preclinical development, in which
antibody and radionuclide delivery are separated to reduce
systemic radioactivity exposure. A bispecific antibody is first
administered to target the tumor cell with one epitope, followed
by administration of a radioisotope-bound peptide that binds
to the second isotope.99,100

dressing the increasingly recognized complexities of between- and
within-lesion tumor heterogeneity.
Furthermore, pharmacologic proof of principle has been shown
in some cases by measuring the mAb tumor uptake before and during
treatment using immunoPET as a biomarker of response. Dosefinding studies could therefore be based on quantification of antibody
uptake as a function of antibody dose. For ADC candidates, immunoPET studies in early development may inform the choice of target and
antibody by revealing unexpected pharmacokinetic characteristics.
For example, such studies could identify an organ that functions as a
sink (ie, collects large amount of tracer) and make predictions about
organ toxicity, because the premise of molecular targeting is to obtain
strongly selective tumor uptake. In addition, the biology of target
expression and antibody uptake might be studied in the context of
acquired resistance and combination treatment strategies.
As with the adoption of other clinical technologies, the standardization of protocols for producing the reagents and acquiring, processing, and analyzing the 89Zr-immunoPET images will need robust
multicenter trials. Appropriate interpretation will depend on thoughtful comparisons of imaging results against traditional gold-standard
metrics of target expression, such as IHC obtained subsequent to
biopsies of imaged lesions.
Some potential confounding factors exist, particularly in tumors
with low target expression levels, in which vasculature and nonspecific
uptake may contribute to the observed low-level signals. This places a
lower limit on the amount of antibody uptake that can be meaningfully studied. Unraveling these contributions may require dynamic
studies in which the temporal patterns of uptake can be monitored;
the internalization-driven signal is likely to increase progressively over
time, while static components such as blood volume remain relatively
constant, and noninternalizing binding will plateau relatively early.
Several recent studies have emphasized the collection of tumor biopsies for measurement of protein expression of the target to correlate
with the PET signal, a step that should be encouraged to develop our
understanding of the imaging results.61,62,75
The half-life and stability of 89Zr mAb– based radiopharmaceuticals lend themselves to centralized production and distribution, facilitating collaborative multicenter studies. ImmunoPET
tracers are powerful and practical tools for gaining more insight
into the mechanism of action, response, and treatment outcome of
antibody-based therapeutics.

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS
OF INTEREST
DISCUSSION

This review demonstrates that immunoPET, especially 89ZrimmunoPET, is showing real promise as a biomarker in early clinical
mAb, ADC, and RIT trials. Complementing traditional histologic
assessments of static target expression, immunoPET may reveal target
presence, engagement, and internalization and directly demonstrate antibody uptake in tumor tissue in patients at the time of
their treatment. This has the potential to provide prognostic and
predictive information, helping in the decision between antibodybased drug candidates and dosing regimens and in the selection of
appropriate patients for enrollment onto early clinical trials. The
whole-body, all-lesion nature of immunoPET lends itself to adwww.jco.org
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GLOSSARY TERMS

antibody-drug conjugate: an antibody chemically linked
to a therapeutic cytotoxic agent providing targeted delivery of the
cytotoxic agent preferentially to cancer cells expressing the antigen recognized by the antibody.
antigen: a substance that promotes, or is the target of, an immune response.
immunohistochemistry: the application of antigenantibody interactions to histochemical techniques. Typically, a
tissue section is mounted on a slide and incubated with antibodies (polyclonal or monoclonal) specific to the antigen (primary
reaction). The antigen-antibody signal is then amplified using a
second antibody conjugated to a complex of peroxidaseantiperoxidase, avidin-biotin-peroxidase, or avidin-biotin
alkaline phosphatase. In the presence of substrate and chromogen, the enzyme forms a colored deposit at the sites of
antibody-antigen binding. Immunofluorescence is an alternate
approach to visualize antigens. In this technique, the primary
antigen-antibody signal is amplified using a second antibody
conjugated to a fluorochrome. On ultraviolet light absorption,
the fluorochrome emits its own light at a longer wavelength
(fluorescence), thus allowing localization of antibody-antigen
complexes.
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monoclonal antibody: an antibody that is secreted from a single
clone of an antibody-forming cell. Large quantities of monoclonal antibodies are produced from hybridomas, which are produced by fusing
single antibody-forming cells to tumor cells. The process is initiated
with initial immunization against a particular antigen, stimulating the
production of antibodies targeted to different epitopes of the antigen.
Antibody-forming cells are subsequently isolated from the spleen. By
fusing each antibody-forming cell to tumor cells, hybridomas can each
be generated with a different specificity and targeted against a different
epitope of the antigen.
pharmacodynamics: the study of the biochemical and physiologic
effects of a drug on the body.

pharmacokinetics: a branch of pharmacology that studies the relationship between drug exposure level, time course of exposure, and the
overall response of an organism. Although pharmacokinetics is largely
applied to drugs, it is also applicable to other compounds such as nutrients, toxins, hormones, etc. Pharmacokinetics is subdivided into absorption and disposition (distribution, metabolism, and excretion) and
is generally referred to as ADME (absorption, distribution, metabolism,
excretion). With respect to drugs administered, all processes occur in
tandem once a drug dose is administered. In clinical trials, phase I studies will typically study pharmacokinetics and safety of the drug.

JOURNAL OF CLINICAL ONCOLOGY

Information downloaded from jco.ascopubs.org and provided by at Bibliotheek der Rijksuniversiteit on June 1, 2016 from
Copyright © 2015 American Society
of Clinical Oncology. All rights reserved.
129.125.175.213

Antibody PET Imaging in Anticancer Drug Development

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS OF INTEREST

Antibody Positron Emission Tomography Imaging in Anticancer Drug Development
The following represents disclosure information provided by authors of this manuscript. All relationships are considered compensated. Relationships are
self-held unless noted. I ⫽ Immediate Family Member, Inst ⫽ My Institution. Relationships may not relate to the subject matter of this manuscript. For more
information about ASCO’s conflict of interest policy, please refer to www.asco.org/rwc or jco.ascopubs.org/site/ifc.
Laetitia E. Lamberts
No relationship to disclose

Carolien P. Schröder
No relationship to disclose

Simon P. Williams
Employment: Genentech
Stock or Other Ownership: Roche
Patents, Royalties, Other Intellectual Property: Genentech holds IP on
site-specific antibody labeling technologies (Inst)

Jourik A. Gietema
Research Funding: Roche (Inst), Abbvie (Inst), Siemens (Inst)

Anton G.T. Terwisscha van Scheltinga
No relationship to disclose

Adrienne H. Brouwers
No relationship to disclose
Elisabeth G.E. de Vries
Research Funding: Roche (Inst), Genentech (Inst), Novartis (Inst),
Amgen (Inst)

Marjolijn N. Lub-de Hooge
No relationship to disclose

www.jco.org

© 2015 by American Society of Clinical Oncology

Information downloaded from jco.ascopubs.org and provided by at Bibliotheek der Rijksuniversiteit on June 1, 2016 from
Copyright © 2015 American Society
of Clinical Oncology. All rights reserved.
129.125.175.213

Lamberts et al

Appendix

Table A1. Preclinical Studies Evaluating Specific-Tumor Accumulation and Biodistribution of Different

89

Zr-Labeled mAbs in Human Tumor–Bearing Mice or Rats

Model

mAb

Target

Animal
Model

Tumor Assessment
Tumor Location

Type

Location

Scanning Moments

Bevacizumab (Nagengast WB,
VEGF
et al: J Nucl Med 48:13131319, 2007)
Trastuzumab (Dijkers EC, et al: HER2
J Nucl Med 50:974-981,
2009)
EGFR
Cetuximab67

Mice

Subcutaneous

SKOV3 human ovarian
cancer cell line

VEGF positive

Days 1 to 7 (optimal
days 3 and 7)

Mice

Subcutaneous

SKOV3 human ovarian
cancer cell line

HER2 positive

Days 1 to 6

Panitumumab (Nayak TK, et al:
J Nucl Med 53:113-120,
2012)

EGFR

Mice

R1507 (Heskamp S, et al: J
Nucl Med 51:1565-1572,
2010)
Capromab pendetide (7E11;
Ruggiero A, et al: J Nucl
Med 52:1608-1615, 2011)
DN30 (Perk LR, et al: Eur J
Nucl Med Mol Imaging
35:1857-1867, 2008)

IGF-1R Mice

Subcutaneous

Four different HER3expressing cell lines

Days 1 to 6 (optimal
day 6)

Nude rats Subcutaneous

RCC cell line SK-RC-52

5 minutes and 1, 2,
and 3 days

Mice

PSMA

Mice

c-MET

Mice

Fresolimumab (Oude Munnink
TH, et al: J Nucl Med 52:
2001-2008, 2011)

TGF-␤

Mice

RO5323441 (Oude Munnink
TH, et al: J Nucl Med 54:
929-935, 2013)

PlGF

Mice

AMA (Ter Weele EJ, et al:
104th Annual Meeting of
the American Association
for Cancer Research,
Washington, DC, April 610, 2013 [abstr 2659])
RG711676

MSLN

Mice

HER3

Mice

cG250 (girentuximab; Brouwers CAIX
A, et al: Cancer Biother
Radiopharm 19:155-163,
2004)

Tumor Target–Specific
Uptake
Present; 89Zr-IgG control
shows lower uptake

Present; HER2-negative
cell line GLC4 shows
lower uptake
Subcutaneous
Different EGFR1 to 120 hours (optimal Higher uptake in
expressing human
at 72 hours)
intermediatecell lines
expressing cell lines
compared with highⴱ
Subcutaneous
EGFR-expressing human
Days 1 to 6
Present; higher uptake
pulmonary and
colorectal cancer cell
in LS-174T than in
intraperitoneal
line LS-174T
negative cell line
A375 (human
malignant melanoma)
Subcutaneous
SUM1249 human tripleDays 1 to 7
No comparison with IgG
negative breast
or IGF-1R–negative
cancer cell line
cell line
Subcutaneous
PSMA-positive human
1 to 120 hours (optimal No comparison with IgG
cancer cell lines
at 72 hours)
or PSMA-negative
cell line
Subcutaneous
GLT-16 human gastric
c-MET positive and Days 1 to 4
Present; higher uptake
negative
in GLT-16 with 89Zrcarcinoma cell line;
FaDu mouse-cell
DN30 than with 124Icarcinoma
DN30 and compared
with c-Met–negative
cell line
Subcutaneous and CHO clones with TGF-␤
Days 1 to 7
No difference in 89Zrmetastatic
MDA-MB-231
fresolimumab
model
compared with 111InIgG uptake because
of presence of only
latent TGF-␤ instead
of active
Huh-7; ACHN
PlGF positive and
Days 1 to 7
Present; compared with
111
negative
In-IgG and
compared with PlGFnegative cell line
Subcutaneous
HPAC and CAPAN-2
MSLN positive
Days 1 to 6 (optimal
Present; higher uptake
day 6)
of 89Zr-AMA than
111
In-IgG

Present; higher uptake
in higher HER3expressing tumors
Increasing tumor uptake
over time; no
comparison with IgG
or CAIX-negative
tumor

Abbreviations: AMA, antimesothelin antibody; CAIX, carbonic anhydrase IX; c-MET, anti-mesenchymal epithelial transition factor; 64Cu, copper-64; EGFR, epidermal
growth factor receptor; HER2, human epidermal growth factor receptor 2; HER3, human epidermal growth factor receptor 3; 124I, iodine-124; IGF-1R, insulin-like
growth factor 1 receptor; IgG, immunoglobulin G; 111In, indium-111; mAb, monoclonal antibody; MSLN, mesothelin; PlGF, placental growth factor; PSMA,
prostate-specific membrane antigen; RCC, renal cell cancer; TGF-␤, transforming growth factor beta; VEGF, vascular endothelial growth factor; 86Y, yttrium-86; 89Zr,
zirconium-89.
ⴱ
Disparity between efficacy, EGFR expression determined by immunohistochemistry, and tumor uptake is known as determined by EGFR-targeting radiotracers
89
Zr-cetuximab, 64Cu-cetuximab, 64Cu-panitumumab, 86Y-panitumumab, and 111In-panitumumab (Dijkers EC, et al: J Nucl Med 50:974-981, 2009; Nayak TK, et al:
J Nucl Med 53:113-120, 2012; Heskamp S, et al: J Nucl Med 51:1565-1572, 2010).58,67
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