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Abstract

Over the past twenty years, nuclear imaging has arguably had more impact on oncology
than any other field of medicine, particularly due to the ability of nuclear imaging to provide
functional information about tumors rather than anatomical images alone. As a result, the
design, synthesis, and development of cancer-targeted radiopharmaceuticals, particularly
those for positron emission tomography (PET), have become areas of significant and intense
investigation. A wide variety of factors must be considered in the design and synthesis of a
novel, effective cancer-targeted radiopharmaceutical, including the choice of a cancer-
specific molecular target capable of producing high tumor-to-background contrast, the cre-
ation of a targeting molecule able to bind the target with high specificity and affinity, the
selection of a radioisotope appropriate for the pharmacokinetics of the targeting molecule,
the methodology for incorporating the radiolabel into the targeting molecule, and the syn-
thetic strategy for radiolabeling the targeting molecule. By a wide margin, the most
commonly employed PET tracer in oncology is [**F]-fluorodeoxyglucose (['*F]FDG), an
FDA-approved radiopharmaceutical that concentrates in tumors due to the tendency of
many neoplasms to possess up-regulated glycolytic pathways and over-expressed glucose
transporters. However, ["*F]JFDG is far from the only cancer-targeted PET agent: a large
number of effective radiopharmaceuticals have been developed to target other differences
between neoplastic and normal tissue. Indeed, radiopharmaceuticals have been created to
target over-expressed cell surface biomarkers (e.g. HER2/neu or PSMA), up-regulated pro-
cesses in tumor cells (e.g. nucleic acid metabolism or amino acid transport), and traits of the
tumor microenvironment (e.g. acidosis or hypoxia). In the following chapter, the funda-
mental principles of the design, synthesis, and development of small molecule, peptidic,
and antibody-based radiopharmaceuticals will be presented along with a wide-ranging
review of the most promising emerging cancer-targeted PET and SPECT imaging agents.
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Over the last two decades, the focus of medical imaging
research has shifted from its initial foundations in anatomical
imaging to techniques designed to probe tissue function [1].
Variations in tissue phenotype and biochemical fluctuations
in tissue metabolism have emerged as particularly important
new targets [2]. Nuclear imaging methods are at the forefront
of this movement. The increased sensitivity of positron emis-
sion tomography (PET) and single photon emission com-
puted tomography (SPECT), and their ability to provide
complementary information to the anatomic maps produced
by other imaging modalities render them ideal for noninva-
sively studying the pharmacokinetics and pharmacodynam-
ics of radiopharmaceuticals [3, 4].

This chapter begins with a brief review of the various
radioimaging modalities currently employed in the clinic.
This is followed by a more extensive discussion of the funda-
mental considerations of radiopharmaceutical design, syn-
thesis, and production. The bulk of the chapter is dedicated
to a survey of the design, development, and clinical applica-
tion of radiotracers for the diagnostic imaging of cancer.

Imaging Modality Fundamentals

A review of the physics and instrumentation of radionuclide
imaging is presented in Chaps. 4 and 5. In SPECT, an image
is acquired using a gamma camera to record single photons
emitted from a radiopharmaceutical containing a y-ray-emit-
ting radionuclide [4—6]. The nuclear decay characteristics of
9mTe are almost ideal for imaging: *™Tc decays by isomeric
transition with a half-life of 6.01 h and emits y-rays at
140 keV (89%). Furthermore, Mo/**"Tc generators produce
sterile pertechnetate, [*"Tc]-TcO,", and thus facilitate in-
house production of *"Tc-radiopharmaceuticals. This fortu-
itous combination of favorable decay characteristics and
production has made *™Tc the radionuclide of choice for
SPECT imaging [7].

At present, the primary clinical limitations of SPECT
imaging are low image resolution and the qualitative nature
of the information provided by the scan. In theory, submilli-
meter resolution can be achieved by SPECT imaging, but the
short wavelength of y-rays precludes the use of conventional
optics to focus the radiation and produce sharp images. In
practice, standard gamma cameras use a Soller collimator to
filter the y-rays, which reduces both signal intensity (typi-
cally <1% of incident radiation is collected by the detector)
and spatial resolution (6-8 mm) [1, 8].

The first devices for recording images using coincident
detection of the annihilation of radiation resulting from the
conversion of the positron—electron pair to two 511.0 keV
y-rays were designed and built by Brownell [9] and Sweet
[10] during the 1950s. The first positron emission images

of localized brain tumors followed soon after, in 1953 [9].
At the same time, Wrenn et al. independently reported a
method for detecting annihilation radiation [11]. It was not
until the 1970s, however, that the field took a major practi-
cal step forward with the substitution of detector rings, as
suggested by Ter-Pogossian and Phelps, for the planar
detectors utilized by Brownell. The placement of detectors
around the object increased the geometric sensitivity of the
instrument.

PET is quantitative, and the coincident detection method-
ology dramatically decreases noise and increases spatial
resolution (typically to 2-3 mm) while retaining the same
functional information about tissue physiology [3, 5, 12—14].
The resolution of PET is, however, limited by the distance
through which the emitted positron travels through the tissue
before annihilation (typically 0.6-5 mm, depending on the
radionuclide, and determined by the kinetic energy of the
positron, with higher energies leading to increased distances
and decreased resolution). PET is also more sensitive than
SPECT; radiotracers for PET imaging are usually adminis-
tered at concentrations in the range of 107*~10-'° M, whereas
SPECT requires higher concentrations (~10~° M) to achieve
acceptable signal-to-noise ratios [15].

The complementary anatomic information available from
CT and MRI and the functional information from SPECT
and PET have fostered the development of hybrid imaging.
For example, combined SPECT/CT and PET/CT cameras
are now routinely used in oncology [16—19]. In one elegant
study, Quon et al. used PET/CT as a presurgical tool to iden-
tify lung cancer lesions in a patient at Johns Hopkins
University Hospital (Baltimore, USA) (Fig. 3.1) [18, 20].

Radiopharmaceutical Design, Synthesis,
and Production

Radiolabeling

An array of chemically and radiochemically diverse radionu-
clides are available for PET and SPECT imaging (Fig. 3.2)
[21]. Consequently, the selection of a radionuclide for a
given imaging application becomes particularly important.
Salient considerations include radionuclide decay character-
istics (physical half-life, the types of particles emitted, par-
ticle energy and range, and the nature of daughter nuclei) and
the synthetic chemistry required for incorporation of the
nuclide into the radiotracer, as well as practical issues such
as radiation safety, radionuclide cost, and availability. The
decay characteristics of selected radionuclides which have
been used for clinical investigations employing PET and
SPECT imaging are reported in Tables 3.1 and 3.2, respec-
tively [21]. In addition, the decay characteristics of selected



Fig. 3.1 Hybrid PET/CT image showing uptake of ['"*F]FDG in a pri-  pilot study and development of 3D integrated ["*F]JFDG-PET/CT for
mary cancer lesion, a mediastinal lymph node (orange), and the struc-  virtual bronchoscopy and colonoscopy. J Nucl Med. 2006;47:1081-7.
ture of the bronchioles (white). (From Quon A, Napel S, Beaulieu, CF,  Reprinted with permission of the Society of Nuclear Medicine)
Gambhir SS. “Flying through” and “flying around” a PET/CT scan:

Fig. 3.2 Four methods for the production of radionuclides: (a) ®Ga and David Nickolaus, Missouri University Research Reactor, for the
generator, (b) ®™Tc generator, (¢) cyclotron, and (d) nuclear reactor.  photos of the *™Tc generator and nuclear reactor, respectively)
(Courtesy of Rashid Ghani, Memorial Sloan-Kettering Cancer Center,



38

Table 3.1 Physical decay characteristics of PET radionuclides [21]

Decay mode * Endpoint
Radionuclide  Half-life (z,,) yield/% (error)  Production route  E(B*)/keV*  energy/keV
Cyclotron-produced conventional PET radionuclides
nc 1,223.1 (12) s B+ 100 “Np,)"C 386 960
BN 9.965 (4) min B+ 100 °O(p,o)"*N 492 1,199
5O 122.24 (16) s B+ 100 “N(p,n)"*O 735 1,732
14N( d’n)lso
18F 109.77 (5) min B+ 100 B0(p,n)"*F 250 634
»Ne(d,q)'*F
Generator-produced unconventional PET radionuclides
©2Cu 9.673 (8) min B*97.4 ©2Zn/**Cu 1,316 2,926
%Ga 67.71 (9) min B*89.1 %Ge/*Ga 352 1,899
836
Cyclotron-produced unconventional PET radionuclides
“OCu 23.7(4) m B*93 “Ni(p,n)*°Cu 840 1,911
872 1,981
1,325 2,946
“ICu 3.333(5) h B+ 61 *'Ni(p,n)*'Cu 524 1,215
“Ni(d,n)*'Cu
%Cu 12.701(2) h €439 *“Ni(p,n)*Cu 278 653
B+ 17.6
B~38.5
N 14.74 2) h £68.1 8Sr(p,n)*Y 535 1,221
B*31.9
R 78.41 (12) h €773 ¥Y (p,n)¥Zr 396 902
p+22.7
g 52.0 (10) m €29.8 **Mo(p,n)**"Tc 1,094 2,439
B+70.2
1241 4.1760 (3) days  £77.3 24Te(p,n)'*1 687 1,535
p*22.7 975 2,138

€ electron capture

“Where positrons with different energies are emitted only those with abundance >10 % are listed

Table 3.2 Physical decay characteristics of SPECT radionuclides [21]

Decay mode
Radionuclide Half-life, #,, (error) (% branching ratio)
Ga 3.2617 (5) days € (100)
I e 6.01 (1)h 3~ (0.004)

IT (99.996)
In! 2.8047 (4) days € (100)
1] 13.2234 (19) h € (100)

€ electron capture, /7 isomeric transition

Production route

na!zn(p ,.X)67Ga
%7Zn(p,2n)"’Ga

99MO /99mTC

11 ICd(]J,n)mm‘gIl’l

1 'ZCd(p,2n)‘ 1me[p
24Xe (p,2n)'=Cs
_123% e 3 123]
124Xe (p’pn)1231
123Te(p,n) 21

Abundance, IB+/%

99.8
99.8
99.9

96.7

97.2
87.9

12
49
15

51

18

12

23
68

12
11

Ey/keV
93
185
300
141

171
245
159
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Ey/keV
(intensity, Iy/ %)

511 (200)
511 (200)
511 (200)

511 (194)

511 (195)
511 (178)

511 (185)
826 (22)

1,333 (88)
1,791 (45)
511 (123)

511 (35)

511 (64)
628 (36)
777 (22)
1,077 (83)
1,153 31)
1,192 (21)
511 (46)
909 (99)
511 (140)
871 (94)
511 (45)
603 (63)
723 (10)
1,691 (11)

Intensity (Iy/%)

39
21
17
89

91
94
83
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Table 3.3 Physical decay characteristics of B-emitting radionuclides

Decay mode Abundance
Radionuclide Half-life, z,, (error) (% branching ratio) Enp/keV (Inp/%)" Ey/keV Intensity (Iy/%)
P 14.263 (3) days = (100) 171 100 - =
%Cu 5.120 (14) min 3~ (100) 2,642 91 1,039 9
Cu 61.83 (12) h B (100) 377 57 93 16
468 22 185 49
562 20
ST 50.53 (7) days = (100) 1,495 100 - -
Y 64.00 21) h - (100) 2,280 100 - -
BT 8.0252 (6) days B~ (100) 606 90 364 82
"TLu 6.647 (4) days B (100) 177 12 208 10
498 79
18Re 3.7183 (11) days £ (7.5) 932 22 137 10
B=(92.5) 1,070 71
"¥Re 17.0040 (22) h B~ (100) 1,965 26 155 16
2,120 70

*Only emissions with abundance >10 % are shown

From Welch MJ, Redvanly CS, editors. Handbook of radiopharmaceuticals: radiochemistry and applications. Chichester, UK: Wiley; 2003, with

permission

Table 3.4 Physical decay characteristics of o-emitting radionuclides

Decay mode Abundance
Radionuclide Half-life, ¢ , (error) (% branching ratio) E /keV (/%)
212Bj 60.55 (6) min a (36) 6,050 25
B3-(64) 690 10
23Bi 45.59 (6) min a(2.2) 5,549 0.15
B~(97.8) 5,869 2
AL 7.214 (7) h o (41.8) 5,870 42
€(58.2)
BAC 10.0 (1) days a (100) 5,637 4
5,724 3
5,732 8
5,790 9
5,792 18
5,830 51
=y 20.8 (21) days a (100) 5,817 32
5,838 67

From Welch MJ, Redvanly CS, editors. Handbook of radiopharmaceuticals: radiochemistry and applications. Chichester,

UK: Wiley; 2003, with permission

- and a-emitting radionuclides—often employed in radio-
therapeutic agents—are presented in Tables 3.3 and 3.4,
respectively [21].

Radionuclides can be incorporated into PET and SPECT
imaging agents in a variety of ways (Fig. 3.3): as isotopic
substitutes for identical atoms in the molecular structure
(e.g., [150]H2O); as non-innocent replacements for normal
molecular substituents (e.g., ["FJFDG); as small, direct
modifications to the building blocks of larger constructs
(e.g., radioiodinated tyrosine residues in a peptide); as com-
ponents of prosthetic groups coupled to macromolecules;

and as metallo-radionuclides bound to large molecules
modified with chelating groups (e.g., ¥Zr-desferrioxamine-
labeled antibodies). Regardless of the labeling method, how-
ever, the exigencies of radiochemistry demand that the
incorporation of a radiolabel into any imaging agent must be
rapid and highly efficient. The short half-life of many PET
and SPECT radionuclides (especially "'C and ®F) dictates
that radiolabeling methods must be fast, as long reaction
times would result in the decay of the activity of the radiola-
bel. Furthermore, the radiolabeling step in the synthesis of a
tracer is often left as the final chemical transformation,
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Fig. 3.3 Strategies .for the? a c Direct labeling
incorporation of radionuclides /C)\

into radiopharmaceuticals: H H

(a) isotopic substitution of an
identical atom in the molecular
structure, [OJH,O;

(b) replacement of a key
molecular substituent,
["F]FDG; and (c) labeling

of a macromolecule via direct,
prosthetic group, and chelating
group methods

minimizing the time for decay between the production of the
nuclide and the completion of the radiopharmaceutical.

The efficiency of radiolabeling and the purity of the final
product are also of the utmost importance in the synthesis of
a radiopharmaceutical. Simply put, the specific activity of a
radiotracer is the amount of radioactivity associated with a
given amount of material (i.e., Bq per mass amount).
Reductions in specific activity can have deleterious effects on
the biodistribution of an imaging agent, primarily due to a
consequent increase in competition between unlabeled agents
and their radiolabeled counterparts on the cellular level; this
competition not only results in attenuated accumulation of the
radiotracer in the target tissue but also increased nontarget tis-
sue uptake. For example, specific activity is of particular
importance for imaging low-density steroid-based receptors.
There are typically about 10,000 steroid receptors per tumor
cell, and steroid ligands have binding affinities ranging from
sub-nanomolar to nanomolar concentration [22]. To avoid
saturating the receptors (with the possible consequence of
causing a pharmacologic effect), a small injected dose of high
specific-activity radiotracer is necessary.

Given these considerations, it is not surprising that the
incorporation of the radionuclide is the single most impor-
tant step in the synthesis of a radiotracer. Synthetic method-
ologies for the radiolabeling of small molecules are often
either nucleophilic or electrophilic in nature, and reaction
schemes can vary widely from one tracer to the next. These
methods will be addressed on a case-by-case basis through-
out the chapter. Strategies for radiolabeling larger molecules
are more easily generalized and are presented here as a
precursor to the discussion of the agents themselves.

The strategies for radiolabeling large molecules —most
often peptides or antibodies—fall into two broad categories:
direct and conjugate-based labeling. Direct methods are pri-
marily used for labeling molecules with the halogen radionu-
clides of fluorine, bromine, iodine, and astatine. Indeed,
radionuclides of iodine—including '*’I for SPECT, '*I for
PET, and "'I for SPECT and radioimmunotherapy (RIT)—

Prosthetic group

are particularly attractive for labeling monoclonal antibodies
(mADs). Forexample, in 2003, Bexxar™ (['*'T]-tositumomab)
was the second radioimmunoconjugate (after [*Y]-Zevalin
in 2002) to receive United States Food and Drug
Administration (USFDA) approval for use in humans as an
RIT agent for B-cell lymphoma [23].

Direct iodination methods usually rely on the chemical
modification of tyrosine or histidine residues. The most com-
mon iodination procedures employ electrophilic substitution
using reagents that generate synthetic equivalents of the I*
synthon—such as the H OI* cation or the mixed halogen spe-
cies ICl—and give radioiodinated proteins with either mono-
or di-iodinated tyrosines and/or mono-iodinated histidines
(Fig. 3.4). The most frequently used reagents for the genera-
tion of ICl in situ include sodium N-chlorotoluenesulfonamide
(chloramine-T), introduced by Greenwood et al. in 1963;
Todobeads™ (Thermo Fisher), a solid-phase analogue of
chloramine-T bound to polystyrene beads; and 1,2,4,6-tetra-
chloro-3a,60-diphenylglycouril (Iodogen™ , Thermo Fisher),
which is insoluble in water and simplifies subsequent
purification steps (Fig. 3.5) [24]. Iodination reactions are often
extremely fast and can go to completion at room temperature
in reactions times ranging from 10 s to 30 min. Importantly,
unless the reaction occurs at a residue that is particularly
important for the integrity or function of the peptide, mono-
iodination does not usually affect the chemical properties of
the protein. However, the oxidative conditions of the iodina-
tion reaction can affect redox-sensitive functional groups such
as sulfhydryls, and the iodination of tyrosine residues can lead
to UV/vis spectral red shifts from the characteristic absor-
bance at 280 to 305-315 nm. Further, di-iodination has the
potential to reduce the aqueous solubility of the labeled com-
pound, but under the nanomolar conditions employed in
radiochemical syntheses, di-iodination reactions are unlikely.

Radiohalogenations can also be achieved by employing
pre-radiolabeled chemical moieties to functionalize primary
amine groups (Fig. 3.6). These types of labeling reactions fall
into a middle ground between direct and conjugate labeling



3 Radiopharmaceuticals for Imaging in Oncology with Special Emphasis on Positron-Emitting Agents

OH
H20|* H20I+
mlxed halogen mlxed halogen

*HsN coy ICI *H3N Icl *H3N COy

Tyrosine mono-iocdinated di-iodinated

NH
I /> H20I
n+ m|xed halogen
+ R ICI
H3N CO,

Histidine

Fig. 3.4 Radioiodination of histidine and tyrosine amino acid residues

Na* + "+ 2HY — \NH2 + ICI
Chloramine-T Toluenesulfonamide
O
CI--. ,CI
o]
” /Cl Na+ H
S—N
I
o] Cl/hI
lodo-beads™ 0
lodogen

Fig. 3.5 Reagents used for oxidative generation of electrophilic iodine species for use in radioiodination reactions
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Fig. 3.6 Bolton—Hunter reagents for prosthetic-group labeling of proteins and mAbs
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Fig. 3.7 Selected photoactive/amine-reactive cross-linking agents for radioiodination and protein functionalization reactions

and are thus often distinguished by the use of the term
prosthetic group. Reagents for this type of labeling, most
often Bolton—Hunter reagents, are commonly employed in
situations in which direct radiolabeling methods are either
unsuccessful or lead to the loss of function of the protein
(Fig. 3.6) [24, 25]. A range of other photoactive and amine-
reactive cross-linking agents based on Bolton—Hunter-type
chemistry have also been developed. For example, the hetero-
bifunctional  agents  4-(p-azidosalicylamido)butylamine
(ASBA), N-hydroxysuccinimidyl-4-azidosalicylic acid (NHS-
ASA), N-[4-(p-azidosalicylamido)butyl]-3'-(2'-pyridyldithio)
propionamide (APDP), sulfosuccinimidyl-2-(p-azidosalicyl-
amido)ethyl-1,3’-dithiopropionate (SASD), and the homo-
bifunctional  agent  bis-[p-(4-azidosalicylamido)ethyl]
disulfide (BASED) are often employed for prosthetic group
radioiodination and cross-linking reactions (Fig. 3.7) [24].

Conjugate radiolabeling methods are most frequently
used for radiolabeling peptides, mAbs, and antibody frag-
ments with metallo-radionuclides such as 6Y6V626467Cy,
6768Ga, 800Y, %Zr, "'In, and **Ac. Conjugate labeling
involves the covalent derivatization of the molecule of choice
with a bifunctional chelate via a chemically stable linker.
Bifunctional chelates are chelating or macrocyclic ligands
which both bind avidly to metal ions and have the ability to
be covalently appended to biologically active targeting vec-
tors. Interestingly, conjugation to biologically active mole-
cules can be accomplished either before or after radiolabeling
of the chelate. However, the functionalization of mAbs with
post-radiolabeled chelates provides better control over the
chemistry and thus often allows for the preparation of radio-
labeled species in higher specific activity than analogous
pre-radiolabeling routes. Selected examples of the more
common chelates employed in conjugation and metallo-radi-
olabeling are presented in Fig. 3.8 [25, 26].

The thermodynamics and kinetics of metal ion complex-
ation are dependent on the size, charge, and electronic

configuration of the metal ion, as well as the number and
types of donor atoms, charge, and cavity size of the chelating
ligand. An ideal chelate has facile kinetics for metal ion com-
plexation under mild conditions (temperature, pH, solvents)
and leads to the formation of a complex with high thermody-
namic and kinetic stability. For example, 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA) is a
12-membered tetraazamacrocycle with additional acetate
functionalization at each of the four nitrogen atoms (Fig. 3.8)
[27]. DOTA has a remarkable scope for complexing metal
ions with +2 and +3 charges and is thus often used for bind-
ing the metallo-radionuclides of Cu, Ga, Y, In, Lu, and Ac.
The scope and flexibility of DOTA chelation chemistry have
been the principal driving forces behind the widespread use
of this ligand in radiopharmaceutical applications.

Other common chelates and macrocycles include diethyl-
enetriamine pentaacetic acid (DTPA) for use in the complex-
ation of "In and ¥*°Y and the naturally occurring bacterial
siderophore desferrioxamine B (DFO). DFO, isolated from
Streptomyces pilosus, has recently been exploited for chela-
tion of ®Zr* ions in the radiolabeling of mAbs for immuno-
PET [28-31]. Furthermore, a variety of chelating and
macrocyclic derivatives which contain an aryl isothiocya-
nate functional group for conjugation to the amines of bio-
logically active vectors have also been reported [26].

Radiopharmaceutical Design

The ultimate goals in the development of any radiotracer are
high target accumulation and low background activity. In
pursuit of these objectives, the concerns in the design of
novel, effective agents do not end with the production of the
radiotracer. In practice, the development of a radiopharma-
ceutical often requires a delicate balancing act. In the case of
a receptor-targeted small molecule, for example, the binding
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Fig. 3.8 Chelating and macrocyclic ligands used for metallo-radionuclide complexation and mAb conjugation

properties of the tracer for its target receptor must be given
the utmost consideration; it is important that the tracers are
sufficiently selective, with high binding affinity for the target
and low binding affinity for other competing receptors [32].

The radiolabeling chemistry must also not perturb the affinity
of the radiotracer for its receptor. It is possible that the incor-
poration of a radionuclide near the receptor-binding region
of the small molecule can dramatically alter the interactions



44

B.M. Zeglis et al.

between the receptor and its ligand [33]. Additionally,
lipophilicity is an important factor, as small molecules which
are weakly to moderately lipophilic have a lower degree of
nonspecific binding than those exhibiting high lipophilicity
[34]. Finally, when designing an agent for brain imaging, the
size, charge, and lipophilicity of a radiopharmaceutical must
all be considered in the context of crossing the blood—brain
barrier [35].

Pharmacokinetic properties such as the rate and stability
of uptake at the target and clearance from nontarget tissues
are also important parameters in achieving high target-to-
background contrast ratios. An ideal imaging agent should
be cleared rapidly from background tissues that are close to
the target site. Very rapid uptake at the target makes the agent
very dependent on perfusion. On the other hand, slow uptake
(as often occurs with larger molecules such as antibodies)
allows the concentration of the radiopharmaceutical at the
target to reflect the concentration of receptors/antigen. The
clearance rate from nontarget tissue (e.g., blood pool and
extravascular tissue) is reasonable when it allows an imaging
agent to accumulate sufficiently to provide a target-to-back-
ground ratio>1.5 at a time when there is sufficient activity
remaining to allow collecting PET or SPECT images in
<20 min/view. Target-to-background contrast is also
influenced by the stability of radiotracers. An imaging agent
with low resistance to metabolic degradation is far more
likely to produce metabolites prone to circulation in the
bloodstream, thereby increasing background activity and
decreasing image contrast [36].

Quality Control

After the aseptic preparation and formulation of a radiophar-
maceutical, several experiments must be conducted to ensure
that the product is of suitable quality for in vivo clinical use.
Simple physical and chemical tests are employed to measure
the radiochemical and radionuclidic purity of the agents;
these include instant thin-layer chromatography (ITLC),
size-exclusion chromatography (SEC), and radio-analytical
high-performance liquid chromatography (radio-HPLC), as
well as y-spectroscopy using a cryo-cooled, high-purity GeLi
detector coupled to a multichannel analyzer (MCA). In the
case of shorter-lived radionuclides ("'C, '®F, %Ga, etc.), the
identity of the radionuclide is also confirmed by monitoring
the rate of radioactive decay and thus measuring the half-life.
Once the radiochemical purity of an agent has been estab-
lished, its chemical identity must be confirmed indepen-
dently. This is often achieved chromatographically by
demonstrating co-elution of the radiolabeled compound with
a known standard. Other essential tests of newly produced
radiopharmaceuticals include endotoxin and pyrogenicity
measurements, as well as residual organic solvent

measurements using gas-phase chromatography (GC). For
human studies, clinical trials investigating factors such as
biodistribution, dosimetry, and immunogenicity must be
conducted before a product can be considered safe. It is
important to note that in the USA, all quality control stan-
dards are governed by the United States Pharmacopeia
(USP), General Chapters 797 and 823.

The Ubiquitous Agent: 2-["®F]Fluoro-
2-deoxy-p-glucose

2-['8F]Fluoro-2-deoxy-D-glucose (['*F]JFDG) is the most
prominent PET imaging agent, and its use in both basic
science and clinical practice has fundamentally changed our
understanding of cancer. [*F]FDG (Fig. 3.9) was first syn-
thesized at the Brookhaven National Laboratory in the late
1970s, and its potential for applications in oncology contin-
ues to be the subject of extensive laboratory and clinical
research [37, 38]. In 1998, ["*F]FDG was approved by the
Health Care Financing Administration for coverage of the
evaluation of indeterminate solitary pulmonary nodules and
the initial staging of lung cancer. In 2000, the USFDA like-
wise approved ['|F]FDG for assisting in the “evaluation of
malignancy in patients with known or suspected abnormali-
ties found by other testing modalities, or in patients with
existing diagnoses of cancer.” [39] These two important deci-
sions laid the foundation for a dramatic increase in the clini-
cal use of [¥F]FDG in oncology; ["*F]JFDG-PET has now
been approved for investigating a wide variety of malignan-
cies and has become a routine clinical tool in the diagnosis
and management of many cancers [40].

The accumulation of ['"®F]FDG in tumors is predicated on
the increased rate of glycolysis of cancer cells relative to
normal cells [41]. This characteristic of cancer cells was first
reported over 80 years ago by Otto Warburg and is thus now
commonly referred to as the Warburg Effect [42]. The under-
lying causative mechanisms for the Warburg Effect remain
the subject of considerable debate [43]; however, it is well-
known that malignant tumors overexpress both glycolytic
enzymes and glucose transporters [44—46]. Further, a num-
ber of other modifications which promote glycolysis have
also been observed in cancer cells. Notably, elevated levels
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Fig. 3.9 The structure of 2-["®F]fluoro2-deoxy-p-glucose
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Fig.3.10 Proposed mechanism for the cellular accumulation of [*F]FDG

of the glycolysis activator fructose-2,6-bisphosphonate and
the presence of high levels of hexokinase in the membranes
of mitochondria are common characteristics of tumors [47].
From a medical imaging perspective, however, more impor-
tant than the proximal and immediate causes of the Warburg
Effectis the simple fact that many tumors exhibit dramatically
augmented rates of glucose—and thus ["*F]JFDG —uptake.
["®F]FDG, like glucose, enters cells via facilitated diffu-
sion through sodium-independent glucose transporters
(Fig. 3.10) [48]. One of these transporters, GLUT-1, is often
overexpressed in tumor cells, and high expression levels of
others (notably GLUT-3 and GLUT-12) have also recently
been reported [46]. Once inside the cell, ['SF]FDG follows
the normal glucose metabolic pathway and is phosphorylated
by hexokinase (also overexpressed in many tumor cells) to
form 2-["8F]fluoro-2-deoxy-D-glucose-6-phosphate  (['*F]
FDG-6P). At this point, the metabolic fates of glucose and
[®F]FDG diverge. Glucose-6-phosphate is first converted to
fructose-6-phosphate by phosphoglucose isomerase, irre-
versibly phosphorylated to fructose-1,6-bisphosphate by
phosphofructokinase, and then continues on in the glycolytic
pathway [49]. In contrast, the fluorine atom in ['SF]JFDG-6P
precludes its conversion by phosphoglucose isomerase,
thereby preventing further progression through the glyco-
lytic cycle. The presence of the charged phosphate group
prevents [|F]JFDG-6P from leaving the cell. In theory,
dephosphorylation by glucose-6-phosphatase could reverse
the phosphorylation process, thereby facilitating excretion of

[®F]FDG from the cell; however, many tumor cells exhibit
very low levels of glucose-6-phosphatase, making this path-
way unlikely [50]. Thus, ['"SF]JFDG-6P is sequestered in the
cell, and as tumor cells are often characterized by increased
rates of glycolysis, [¥!F]JFDG-6P tends to accumulate to a
greater extent in tumors than in normal tissue.

["F]FDG does not localize exclusively in malignant tis-
sues [51]. High levels of ["*F]FDG uptake are often observed
in the brain, kidneys, liver, gastrointestinal tract, and laryn-
geal muscles [52], with excreted activity in the urinary blad-
der. In contrast, ['*F]JFDG uptake in the breasts, mediastinum,
and bone marrow is minimal, and muscular uptake is nor-
mally negligible, though exercise can lead to uptake in skel-
etal muscle, and hyperventilation can prompt uptake in the
diaphragm [53].

As with all imaging modalities, ['"*F]JFDG-PET has a
number of limitations [54]. First, not all tumors exhibit ele-
vated rates of glycolysis. For example, bronchioloalveolar
carcinoma [55], many mucin-producing tumors, and other
well-differentiated tumors like early prostate cancer [56]
often exhibit inherently low uptake of ["*F]JFDG. Second,
inflammation with activation of macrophages can also lead
to elevated levels of ['**F]FDG uptake and thus false-positive
results [57, 58]. Third, variations in blood glucose levels can
dramatically alter ["*F]FDG uptake; this issue becomes espe-
cially important with diabetic patients. Fourth, the limited
spatial resolution of commercial systems can lead to false-
negative results when dealing with particularly small tumors
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Table 3.5 Detection of metastases by ["*FIFDG-PET

Cancer location/type Patients Site Sensitivity Specificity
Breast [257] 44 Bone 84 99
Breast [258] 50 LN 95 66
Breast [259] 23 LN 94 100
Cervical [260] 33 Local 60 94
Colon [261] 42 Liver 100 100
Colon [262] 28 Extrahepatic or hepatic 100 91
Colon [263] 68 Distant and local 95 83
Colon [264] 37 Liver 88 100
Head and neck [265] 60 LN 90 94
Melanoma [266] 38 Liver 91 92
Nasopharyngeal [267] 95 Distant 100 90
NSCLC [65] 120 LN 100 98
NSCLC [65] 120 Distant 98 92
NSCLC [268] 110 Bone 90 98
Ovarian [269] 50 Staging 87 100
Prostate [270] 24 LN 75 100
Salivary [271] 48 Staging 93 96
Renal [272] 53 Liver 100 94
Renal [273] 15 Lung 90 80
Gastric [274] 68 LN 94 92
Esophageal [275] 91 Distant 57 97

Adapted from Gillies RJ, Robey I, Gatenby RA. Causes and consequences of increased glucose metabolism
of cancers. J Nucl Med. 2008;49:24S-42S, with permission

[59, 60]. Finally, the physiologically high levels of ['*F]FDG
in the brain (vide infra) limit the applicability of ['*F]FDG-
PET scans in brain tumor imaging.

From an analytical perspective, while qualitative exami-
nation plays a significant role in the assessment of PET
images, quantitative measures—most notably standardized
uptake values (SUV)—also play an important role in the
evaluation of ['FJFDG uptake [61]. The SUV is a ratio
between the concentration of a radiotracer in a particular
area of the body (e.g., a tumor) and its concentration in the
entire body if it were uniformly distributed throughout [62].
Practically, SUVs are obtained by determining the activity of
a radiotracer in a given region of interest (in microcuries per
cubic centimeter) and dividing this value by the injected dose
divided by the patient’s body mass:

SUV = UCi/ mL of tissue

uCi injected / g body mass

While the methods of calculating SUVs can vary and are
thus subject to debate, a few basic requirements exist, includ-
ing the use of attenuation-corrected scans, accurate image
calibration, and body weight measurements. In the case of
[*F]JFDG, SUVs can provide a valuable quantitative coun-
terpart to the normally qualitative analysis of PET images. In
pulmonary lesions, for example, a cutoff SUV of 2.5 is
generally accepted for differentiating between benign and

malignant tissues [40]. Furthermore, ["*F]FDG values have
also been shown to be useful in the assessment of treatment
efficacy. In one study, dramatic (over 60%) decreases in ['*F]
FDG SUVs were observed after chemotherapeutic treatment
in patients with non-Hodgkin’s lymphoma [63].

In the clinic, ["*F]FDG is employed in the diagnosis, stag-
ing, and restaging of a wide variety of tumors. Particularly
notable is the effectiveness of ['*F]JFDG in the detection of
distant metastases; an assessment of a variety of clinical
studies showed that for the majority of distant metastases,
the sensitivity and specificity of ["*F]JFDG-PET are well over
85% (Table 3.5, Fig. 3.11) [43, 64, 65]. Specific applications
of ["®F]FDG have been reviewed elsewhere [40, 51, 64,
66, 67], and a recent special contribution describing
“Recommendations on the Use of [“F]JFDG-PET in
Oncology” has been published in the Journal of Nuclear
Medicine [68]. Further examples of the use of [®*F]FDG
appear throughout this book.

Imaging the Tumor Microenvironment

The molecular imaging of tumors is often predicated on
exploiting differences between neoplastic and normal tissue.
From a targeting perspective, these phenotypic abnormalities
fall into two broad categories: those characteristic of individual
cells (e.g., the presence or absence of particular cancer
biomarkers) and those characteristic of the tumor
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Fig. 3.11 A 69-year-old man with SCLC and multiple metastases.
Coronal [®F]JFDG-PET images show the primary tumor in the right
lung and mediastinum and metastases in the liver and right adrenal
gland, the thoracic and lumbar spine, ribs, upper limbs, femora, and

microenvironment as a whole (for instance, the hypoxic or
acidic nature of many tumors). The following sections discuss
radiopharmaceuticals which target properties of the tumor
microenvironment, specifically agents which exploit abnor-
malities in tumor angiogenesis, perfusion, and hypoxia.

Imaging the Tumor Microenvironment:
Angiogenesis

Angiogenesis is the fundamental process by which new vas-
cular channels are formed from preexisting ones, as seen, for
example, in the repair and regeneration of tissue during
wound healing [69]. If the growth of new blood vessels
requires the differentiation of cell precursors (angioblasts)
into endothelial cells (e.g., in embryonic development), the
phenomenon is strictly referred to as vasculogenesis [70]. In
general, angiogenesis is tightly regulated by a balanced inter-
action between stimulatory and inhibitory signaling mole-
cules [71]. However, if this dynamic balance is perturbed by,
for example, a primary tumor that releases vascular endothe-
lial growth factors (VEGF), the rapid proliferation of new
vessels can occur (Fig. 3.12) [72].

In cancer, angiogenesis is essential to the survival and
growth of developing tumors. When a tumor is smaller than
a few millimeters across, it can readily gain oxygen and
nutrients via passive diffusion through neighboring tissues.
To permit the tumor to grow larger than a few millimeters,

pelvis. (From Brink I, Schumacher T, Mix M, et al. Impact of ["*F]
FDG-PET on the primary staging of small-cell lung cancer. Eur J Nucl
Med Mol Imaging 2004;31, with permission of Springer Science and
Business Media)

however, the tumor requires dedicated blood vessels to sup-
ply the developing malignancy with nutrients. In contrast to
the vasculature of normal organs, the neovasculature of
tumors is a heterogeneous network of leaky, dilated, irregu-
lar blood vessels through which the tumor can receive both
oxygen and nutrients [73, 74].

Given its paramount importance in the development of
tumors, angiogenesis has received considerable attention as
a target for chemotherapeutic agents. The first antiangiogenic
drug approved by the USFDA was a humanized monoclonal
antibody called bevacizumab which targets VEGF [75].
Indeed, much of the focus in the development of angiogene-
sis radiotracers has been given to two classes of stimulatory
signaling pathways: the VEGF/VEGF receptor (VEGFR)
and integrin pathways. Peptides, monoclonal antibodies, and
proteins have been labeled with various radionuclides and
have been used with either SPECT or PET to target the
angiogenic modulators. Radionuclide-based nanoparticles
are also currently under investigation for the multi-modality
imaging of these pathways [76].

The VEGF/VEGEFR signaling pathway is mediated by a
class of receptor tyrosine kinases, namely VEGFR-1 (Flt-1/
FLT-1) and VEGFR-2 (Flk-1/KDR). VEGFR-2 is preferred
over VEGFR-1 as a target for imaging agents because
laboratory studies demonstrated high VEGFR-1 expression
in rodent kidneys, which are considered a dose-limiting
organ. In addition, VEGFR-2 is the major mediator of the
mitogenic, angiogenic, and permeability-enhancing effects
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Fig. 3.12 Schematic representation of the process of angiogenesis. The formation of heterogeneous neovasculature in and around the nascent
tumor will provide it with both essential nutrients for growth and survival and an avenue for metastasis

of VEGF [71]. A recent report by Cai et al. demonstrated that
[“*Cu(DOTA)]-VEGF ,, has nanomolar binding affinity to
VEGFR-2, and blocking studies with non-radiolabeled
VEGF ,, confirmed that binding of the radiotracer is specific
for VEGFR [77]. In the same study, PET imaging of
[“Cu(DOTA)]-VEGF,, showed a significant difference in
tumor uptake between small and large US§7MG tumors. In
highly vascularized small tumors where VEGFR-2 expres-
sion is high, the tracer localized rapidly, achieving a concen-
tration of about 15%ID/g; in contrast, large tumors with low
VEGFR-2 expression levels had sporadic, low tumor uptake
of about 3%ID/g. In a Phase I clinical trial, 20 patients with
progressive solid tumors were treated with various doses of
HuMV833, a humanized version of a murine anti-VEGF
mAb MV833. The same patients were also treated with
['**1]-HuM V833 to measure the distribution and clearance of
HuM&833 with PET. The PET data demonstrated that on a
per-patient and per-lesion basis, tumor biology is heteroge-
neous [78].

Another pathway, integrin signaling, can also be exploited
for imaging tumor angiogenesis. Integrins are cell adhesion
molecules that are expressed on either endothelial or carci-
noma cells. There are 24 known integrin molecules with dis-
tinct adhesive properties [79]. Among them, the most studied
is OLVBB, which is found on both tumor neovasculature and
tumor cells. Peptides containing an integrin-binding, argin-
ine-glycine-aspartic acid (RGD) peptide motif have been
labeled with various radionuclides to image tumor angiogen-
esis in models which overexpress o 3, [80]. For example,
Galacto-RGD labeled with '8F was studied in 19 cancer
patients: 7 had metastatic melanomas, 10 had sarcomas, and
2 had osseous metastases. Dynamic PET scans of the tumors
over 60 min followed by static scans revealed an SUV range
of 1.2-9.0 at various tumor sites, demonstrating that
"F-Galacto-RGD PET allows imaging of a 3, integrin
expression in tumors with high contrast (Fig. 3.13) [81].

(o)
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Fig. 3.13 Patient with invasive ductal breast cancer of the left breast
(arrow, open tip), axillary lymph node metastases on the left side
(arrow, open tip, dotted line), and an osseous metastasis to the sternum
(arrow, closed tip). The maximum intensity projection of the '®F-Galacto-
RGD PET [(a), stand-alone PET] and the planar image [(b), stand-alone
PET, (¢), CT, separate scan] show the primary tumor, the lymph node
metastases and the osseous metastasis (d) Structure of 'F-Galacto-
RGD. (From Beer AJ, Schwaiger M. Imaging of integrin o f3, expres-
sion. Cancer Metastasis Rev. 2008;27:631-44, with kind permission of
Springer Science and Business Media)
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Imaging the Tumor Microenvironment:
Perfusion

Perfusion of the tumor and surrounding tissues also holds
tremendous promise as a clinical tool for the planning, moni-
toring, and evaluation of therapy. In recent years, tracers
bearing PET radionuclides such as N and #Rb have been
used extensively in the evaluation of myocardial, cerebral,
and pulmonary perfusion [82-84]. However, despite their
significant potential, the clinical impact of PET and SPECT
radiotracers for imaging tumor perfusion has been limited.

["OJH,O is one of the most promising radiotracers for
PET imaging of tumor perfusion [85]. The radiotracer dif-
fuses passively through membranes, has 100% first-pass tis-
sue extraction, and, due to the abundance of unlabeled water
in the body, does not participate appreciably in metabolic
processes over the time course of a typical study. Therefore,
[‘50]H20 can be described as an inert tracer and can provide
clinicians with highly accurate quantifications of tumor
blood flow [86]. Furthermore, [*OJH,O is easily produced
with small cyclotrons, has a half-life (2 min) suitable for
repeat experiments, and has favorable dosimetric properties.
Finally, from a practical standpoint, [*OJH,O can be admin-
istered by several routes including bolus injection, continu-
ous intravenous infusion, and, interestingly, as ['SO]COZ,
which is converted to [*O]JH,O by carbonic anhydrase in
the lungs.

Over the past 15 years, ["O]JH,0 has most frequently
been employed in investigations of blood flow, hypoxia, and
neovascularization in primary and secondary brain tumors
[87, 88]. Furthermore, ['*O]H,O has been utilized in the clin-
ical assessment of perfusion in breast [89-91], renal [92],
intra-abdominal [93], colon [94], and lung [95-97] cancers
and has also been used to evaluate vasculature-targeting che-
motherapeutic treatments [98, 99]. For example, [ISO]HZO
and ["®F]FDG were used in conjunction to measure the blood
flow and glycolytic activity of solid tumors before and after
treatment with the antiangiogenic chemotherapeutic human
recombinant endostatin (Fig. 3.14) [98]. In another investi-
gation, ["OJH,O was successfully employed to measure the
reduction in perfusion of solid tumors in patients treated
with the vasculature-targeting agent combretastatin A4 phos-
phate (CA4P) [100]. Interestingly, ["OJH,O and [*O]CO
have often been employed together in investigations as trac-
ers for tumor perfusion and blood volume, respectively [86,
88, 100].

Not surprisingly, several important drawbacks to the use
of [POJH,O in perfusion imaging exist. Most notably, the
[*OJH,0 blood flow model becomes unreliable at high flow
rates, a consequence of the dependence of the model on the
difference between the time—activity curves of arteries and

tissue. However, this is not a major concern in tumor perfu-
sion imaging, as the flow rates in the heterogeneous neovas-
culature of tumors are usually low. In addition, increased
activity at the site of administration may obscure organs or
sites of interest. Finally, the temporal and spatial resolution
of ["OJH,O PET dictate that it provides a measure of perfu-
sion of the whole region of interest throughout the duration
of the scan. Consequently, microscopic (i.e., within a specific
area of a small tumor) and ephemeral (i.e., within a small
amount of time) changes in blood flow cannot be measured
accurately.

Copper complexes of pyruvaldehyde bis(4-N-methyl-3-
thiosemicarbazone) — [*Cu"PTSM] (¢,,=9.8 min.) or
[“*Cu"PTSM] (¢,,=12.7 h) — have also shown potential as
blood flow tracers in the brain, myocardium, and kidney
[3, 83, 101-103]. Given their success as imaging agents in
normal tissue, they have also been subject to considerable
interest as tracers of tumor perfusion [104—106]. The lipo-
philic metal complexes travel through the blood stream and
freely diffuse across cell membranes; once inside the cell,
however, sulfhydryl groups reduce the copper from Cu" to
Cu', and subsequent proton-mediated ligand-dissociation
sequesters the radionuclide within the cytoplasm. To date,
the complexes have been employed in the imaging of models
of spontaneous neoplasms [105] and colorectal cancer [106]
and in evaluation of the performance of chemotherapeutics
in colorectal liver metastases [104]. However,
Cu-bis(thiosemicarbazonato) complexes have so far failed to
have significant impact in the clinic, as their lipophilicity
leads to a high affinity for serum albumin, a property which
reduces tissue uptake at high rates of blood flow [107].
Subsequent generations of these compounds have sought to
decrease lipophilicity by functionalizing the complex with
hydrophilic groups, including glucose [108, 109].

Other PET perfusion imaging agents include [“N]NH,,
[**Rb]RbCI, [*'TITICI, *F-fluoromethane, and **Ga-citrate.
These radiotracers are mostly used in brain and myocardial
imaging but have also received attention from the oncologic
imaging community [83, 110]. However, each has inherent
limitations that seriously impair its suitability for imaging
tumor perfusion. For example, while ["NJNH, has been
employed in a small number of brain tumor perfusion studies
[111], both its participation in the glutamine synthetase met-
abolic pathway and concerns about its reliable extraction
into tissues have limited its application in clinical cancer
research; 2'Tl has poor spatial resolution resulting from its
lower energy photons, and [**Rb]RbCI, while an attractive
tracer for myocardial imaging, has been limited by the vari-
ability in its extraction from blood by various normal and
malignant tissues. Clearly, despite some important successes,
the measurement of tumor perfusion with PET remains very
much a developing field.
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Fig. 3.14 PET scans before and after antiangiogenic treatment with
human recombinant endostatin of a representative patient with synovial
cell carcinoma of the mandible. Scans depicting both tumor glycolytic
activity (["*F]FDG) and perfusion (['*O]H,0) are shown alongside MRI
scans of the lesion. Tumor glucose metabolism and blood flow decreased
with each interval of tumor measurement, and the mass also decreased

Imaging the Tumor Microenvironment:
Hypoxia

Hypoxia is a pathological condition characterized by reduced
levels of tissue oxygenation; hypoxic cells have oxygenation
levels of <3 mmHg, compared to 20-80 mmHg for their nor-
mal counterparts [112, 113]. In tumors, vascular irregulari-
ties can lead to inefficient supplies of oxygen (ischemic
hypoxia) and other nutrients to rapidly proliferating regions.
The severity of tumor hypoxia is highly dependent on the
cancer phenotype; for example, hypoxia is often particularly
severe in cervical cancer [114]. Furthermore, the presence of
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in size during the same period of treatment. (Adapted from Herbst RS,
Mullani NA, Davis DW, et al. Development of biologic markers of
response and assessment of antiangiogenic activity in a clinical trial of
human recombinant endostatin. J Clin Oncol. 2002;20:3804—-14. ©
2008 American Society of Clinical Oncology. All rights reserved)

hypoxia is associated with other important changes in the
tumor microenvironment, including the stimulation of angio-
and vasculogenesis, apoptosis, and an increased propensity
for tumor invasion and metastasis [115]. In the clinical set-
ting, patients with hypoxic tumors have been shown to have
a poorer prognosis for disease-free survival after standard
surgical, chemo-, or radiotherapeutic treatment [116—118].
Hypoxia also presents a problem for standard chemo- and
radiotherapeutic treatment. Gray et al. demonstrated that the
presence of oxygen at the time of irradiation is responsible
for radiation sensitivity [112, 119]. Furthermore, the origins
of chemotherapeutic resistance involve several factors which
include altered gene expression and changes in the rate of
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cell cycle progression [120]. As most anticancer drugs target
rapidly proliferating cells, the decreased rate of cell cycle
progression with increasing distance from tumor vasculature
causes decreased cytotoxicity in hypoxic tissues. In addition,
the concentration of anticancer drug decreases with increased
distance from the capillaries, a consequence of both the lim-
ited diffusion and high reactivity of most drugs. The limited
diffusion of drugs from blood vessels is a major problem of
targeted therapies and is also an important consideration for
radiopharmaceutical development. Figure 3.15 shows the
relative change in tissue oxygen concentration as a function
of distance from blood vessels.

A range of radiotracers have been developed as potential
hypoxia-selective imaging agents (Fig. 3.16). Most of these
have been developed for use with PET imaging. In particu-
lar, two agents, '®F-fluoromisonidazole (**F-FMISO) and
the “Cu" complex of the diacetyl-2,3-bis(4-N-methyl-3-
thiosemicarbazonato) ligand ([**Cu"ATSM]) have been
translated for use in the clinic. Extensive mechanistic studies
have also been reported for both nitroimidazoles [121] and
copper bis(thiosemicarbazonato) complexes [122-124].
With regard to the metal complexes, selectivity for hypoxia
both in vitro and in vivo is thought to be the result of delicate
equilibria involving the initial reduction of the compound to
give an anionic species, protonation, and subsequent metab-
olism [122]. [Cu"ATSM], for example, can freely diffuse in
and out of normoxic cells, but the altered redox environment
of hypoxic cells leads to its selective metabolic trapping. The
performance of *F-FMISO and [*Cu"ATSM] for PET imag-
ing of hypoxia are the subject of ongoing Phase I/II clinical
trials [125-127].

In 2006, Yuan et al. validated [*Cu"ATSM] as a radiop-
harmaceutical for delineating hypoxia both by performing
in vivo PET studies and also by comparing the autoradio-
graphic distributions of [*CuATSM] in tumor slices with
the well-established hypoxia markers EF5, pimonidazole,
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No2 N
Pimonidazole EF-5
N YN \\N N
NO, NO,
['8F]-FAZA [*1]-IAZA

and carbonic anhydrase IX [128]. This study confirmed that
[#*Cu"ATSM] is a valid PET marker of hypoxia for some but
not all tumors. In the clinic, [*Cu"ATSM] has been used
successfully for imaging lung metastasis [127] and cervical
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Fig.3.15 Schematic representation showing the relative change in tis-
sue oxygenation as a function of distance from the vascular system. At
distances >100 um, hypoxia begins to develop which stimulates further
changes in tissue physiology. (From Carroll VA, Ashcroft M. Targeting
the molecular basis for tumour hypoxia. Expert Rev Mol Med.
2005;7:1-16. © Cambridge Journals, published by Cambridge
University Press, reproduced with permission)

/:\ OH OH
NYN\/S\}BF NYNN
NO, NO,
['8F]-FMISO ('®F]-FETNIM

7~
i jf )\/\)\/

HL91 [Cu'ATSM]

Fig.3.16 Chemical structures of a range of compounds that have been explored in the design of hypoxia-selective radiotracers
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carcinoma [129], but concerns remain over its ability to
delineate hypoxia in other types of cancer, such as prostate
cancer [130, 131]. The first human trials of [*Cu"ATSM] as
a radiopharmaceutical for PET imaging of lung cancer were
conducted in 2000 [132]. Later, in 2003, Dehdashti et al.
demonstrated that in a sample of 14 patients with non-small-
cell lung cancer (NSCLC), tumor uptake of [®*Cu"ATSM]
was predictive of patient response to radiotherapy [127].
PET images were acquired pre-therapy using both [*F]FDG
and [®Cu"ATSM] (Fig. 3.17) [127, 133]. Tumor uptake of
[¥FIJFDG was not significantly different between those
patients who responded to therapy and nonresponders.
Furthermore, ["®F]JFDG uptake did not correlate with
[®Cu"ATSM] uptake. Of the 14 patients, 8 responded to
radiotherapy, with 5 making a complete recovery and 3
showing partial response. Patients who responded to therapy
were found to have pre-therapy tumor-to-muscle (T/M) ratios

Fig. 3.17 (a) [“Cu"ATSM] PET scan showing a hypoxic tumor
(tumor-to-muscle (T/M) uptake ratio=3.1). The tumor has increased
tracer uptake compared with surrounding tissues because the
[®Cu"ATSM] is reduced and retained more avidly in hypoxic tissues.
This tumor did not respond to neoadjuvant chemoradiation therapy. (b)
[“Cu"ATSM] PET scan showing a normoxic tumor (T/M ratio=2.3).
This tumor responded to neoadjuvant chemoradiation therapy. The
bright spot above the tumor is the bladder. (From Dietz DW, Dehdashti
F, Grigsby PW, et al. Tumor hypoxia detected by positron emission
tomography with “Cu-ATSM as a predictor of response and survival in
patients undergoing neoadjuvant chemoradiotherapy for rectal carci-
noma: a pilot study. Dis Colon Rectum 2008;51:1-8, with permission)
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for [**Cu" ATSM] uptake of 1.5+0.4, whereas nonresponders
showed much high tumor uptake, with T/M ratios of 3.4 +0.8.
Interestingly, [**Cu"ATSM] has also been characterized as a
potential hypoxia-selective agent for radiotherapy [134].

Imaging Cancer Biomarkers

While targeting the overall microenvironment of tumors is a
promising strategy for cancer imaging, it is not the only
option. Malignant tumors can often be discriminated from
healthy tissues by differences present on the cellular level.
These alterations often manifest themselves in the presence
or overabundance of molecular biomarkers. These biomark-
ers are usually displayed on the cell surface and as such offer
extremely attractive targets for radiotracers capable of avid,
marker-specific binding. In addition, significant discrepan-
cies in fundamental cellular processes —notably the metabo-
lism of molecular building blocks —exist between cancerous
cells and their normal counterparts, and these differences can
also be exploited as targets for imaging. In the following
pages, the targeting of these cellular differences by small
molecules, peptides, and antibodies will be discussed.

Imaging Cancer Biomarkers with Small Molecules

Small molecules are organic moieties with median molecu-
lar weights of 450 Da and below [135]. Typically, these
agents accumulate at their intended target sites through met-
abolic, transport-based, or receptor-mediated processes
[136]. Examples of agents that follow each of these path-
ways are included in the following pages.

Hormone Receptors

Hormone receptors—most notably steroid, sigma, and folate
receptors—are often overexpressed in breast and prostate
tumors. Specifically, estrogen, progesterone, and androgen
receptors are found in the cell nucleus, whereas sigma and
folate receptors are membrane-bound [36, 137]. A number of
receptor-targeted, small-molecule imaging agents have been
developed to obtain both information about the location of
the tumor and to assess the level and functional status of
these receptors themselves. Several of these molecules
labeled with radiohalogens, *™Tc, and **Ga have proved suc-
cessful in animal models, but only a handful have been trans-
lated to the clinic (Table 3.6) [138, 139]. One of the most
promising small-molecule imaging agents studied to date is
16a-'8F-fluoro-17B-estradiol (**F-FES), a radiopharmaceuti-
cal employed most often in breast cancer (Fig. 3.18) [140,
141]. “F-FES has high estrogen receptor (ER) binding
affinity and can be prepared in high specific activity [142].
Also, an improved automated radiosynthesis of '®F-FES has
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Table 3.6 Some small molecule imaging agents that have been tested in the clinic

Imaging agent Imaging modality Receptor target Tumor type No. of patients

Z-'ZI-MIVE [276] SPECT Estrogen Breast cancer 23

P-'ZI-MBA [277] SPECT Sigma Breast cancer 12

16B-8F-BFMOX [278] PET Estrogen Breast cancer 12

BF-FES [145] PET Estrogen Breast cancer 51

8F-FES [279] PET Estrogen Breast cancer 11

8FE-FES [280] PET Estrogen Breast cancer 16

BE-FES [281] PET Estrogen Breast cancer 40

BE-FES [282] PET Estrogen Breast cancer 43

BF-FES [283] PET Estrogen Breast cancer 47

SE-FDHT [284] PET Androgen Prostate cancer 20

BE-FDHT [148] PET Androgen Prostate cancer 7

BE-FDHT [149] PET Androgen Prostate cancer 7

Source: http://www.clinicaltrials.gov. Accessed October 15, 2009
Fig. 3.18 Chemical structures
of the steroid-based imaging OH OH
agents 'SF-FES and '"F-FDHT
8g 18
HO o i
['8F)-FES ['®F]-FDHT

been developed [143]. In a study of 13 breast cancer patients,
8F-FES uptake was detected in primary breast carcinomas
and generated PET images which correlated strongly with
ER concentrations obtained by in vitro receptor binding
assays (R=0.96) [144]. In another human study, '*F-FES
PET could be used as a predictive tool to assess patient
response to hormone therapy [145]. Despite the clear clinical
utility of '"®F-FES, it is still not considered an optimal tracer
due to its facile reduction to give radioactive metabolites that
recirculate in the blood. In an effort to remedy this issue,
several analogs of "®F-FES have also been synthesized by
radiolabeling the parent molecule with '8F at various posi-
tions (C-2, C-4, C-17) or adding a methoxy group at C-11
[142, 146, 147].

Another hormone-based radiopharmaceutical, 16f-'8F-
dihydrotestosterone (*F-FDHT), is currently under investi-
gation as a prostate cancer imaging agent in humans
(Fig. 3.18). ¥F-FDHT targets androgen receptors (AR) that
are overexpressed by aggressive prostate tumors. In a clini-
cal trial conducted at Memorial Sloan-Kettering Cancer
Center (New York), seven patients showing signs of meta-
static prostate cancer were subjected to 'SF-FDHT PET and
[*F]FDG-PET scans. Remarkably, the average SUV of mul-

tiple lesions for both scans were 5.28 and 5.22, respectively.
Furthermore, two patients who received testosterone therapy
showed markedly reduced '*F-FDHT uptake at the tumor site
[148]. Estimates of normal tissue radiation-absorbed dose
from "F-FDHT administration were also obtained from the
same patient base, and a recommended maximum adminis-
tered activity of 331 MBq "*F-FDHT was proposed [149].

Lipid Metabolism

In addition to upregulated glycolytic activity, tumors are also
often characterized by perturbed lipid metabolism. Under
normal conditions, the synthesis of triglycerides is the pri-
mary cellular mechanism for the long-term storage and trans-
port of energy derived from carbohydrate metabolism. Cancer
cells, however, do not maintain substantial energy stores and
thus preferentially employ lipid metabolism pathways in the
production of essential membrane phospholipids, such as
phosphatidylcholine [150]. Consequently, overexpression of
fatty acid synthase (FAS) and choline kinase (ChoK)—two
enzymes essential for the production of phospholipids —are
often seen in malignancies, including lung, colon, breast,
ovarian, and prostate cancer [ 151]. FAS catalyzes the de novo
synthesis of fatty acids from malonyl-CoA, a precursor
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derived from acetic acid (Fig. 3.19) [152]. ChoK is respon-
sible for the synthesis of phosphocholine, a product that
eventually converges with the products of FAS activity in the
synthesis of the phospholipid phosphatidylcholine.

Several PET radiotracers have been developed for
imaging choline uptake and metabolism. Both ''C and
8F-labeled choline derivatives such as "F-choline and
BFE-fluoroethylcholine have been used to study tumor lipid
metabolism (Fig. 3.20) [153-155]. The uptake of these
radiotracers is extremely rapid and occurs within the first
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few minutes post-injection, permitting the use of short-lived
radionuclides [153]. It was found that choline metabolism is
not significant on this timescale, an observation that suggests
that the accumulation of radiotracer is due to elevated rates
of choline transport and not the activity of ChoK [156]. This
hypothesis was supported by subsequent investigations with
18F-deshydroxycholine, a choline analogue which is not
phosphorylated by ChoK. In these experiments, the uptake
of ®F-deshydroxycholine closely resembled that of radiola-
beled choline at early time-points (<10 min), but differences
were more pronounced at later time-points, suggesting dif-
ferences in irreversible cellular retention due to ChoK activ-
ity [157].

Another radiotracer, [''C]acetate, has also been employed
to image lipid metabolism in tumors [158]. In tissues with
active oxidative phosphorylation (e.g., myocardial tissue),
[''Clacetate is funneled into the Krebs cycle, and within min-
utes after intravenous injection, the tracer is metabolized and
released as [”C]COZ. In tumors, however, the rate of oxida-
tive metabolism is reduced. In this case, [''C]acetate accu-
mulates steadily within the malignant tissue [159], indicating
the prominent use of acetate in the synthesis of fatty acids
and lipids. Indeed, direct correlation between [''CJacetate
uptake and FAS expression in tumors was observed in ani-
mal models [160]. It is unlikely, though, that lipid synthesis
is the only reason for the rapid uptake of acetate, as the use
of FAS inhibitors failed to completely suppress radiotracer
uptake [160].

PET imaging of lipid metabolism is most often used as a
diagnostic tool in prostate, breast, and brain tumors (Fig. 3.21)
[161]. In prostate cancer imaging, for example, choline-
based PET radiotracers offer several important advantages
over conventional ["®F]FDG-PET, which can often give
false-negative results due to the low metabolic rates of pros-
tate tumors [162]. For instance, in comparison to ["*F]FDG,
the activity of [!C]choline—and, to a lesser extent,
F-choline—in urine is dramatically reduced, leading to
decreased background from bladder activity, allowing better
delineation of tumors in the pelvic region [154]. In practice,
however, the apparent advantages of [''C]choline versus
["*F]FDG-PET imaging for staging prostate cancer have not
been widely accepted due to weak correlations with the
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Fig.3.21 An example of a [''Clacetate PET scan showing (a) focal hyperactivity in the prostate bed and (b) the fused imaging with the corre-

sponding CT. Note the small, focal hyperactivity (arrows)

Cytosolic pool of amino acids

b o3 ol

Fig. 3.22 Principal mechanisms of the amino acid transport. ASC
transporters move one molecule of amino acid and Na* ion inside the
cell for each amino acid moved outside the cell (sodium dependent,
active transport). L transporters move one amino acid inside the cell for
every one amino acid moved outside the cell (passive transport along
the concentration gradient). A transporters move one amino acid inside
the cell along with one Na* ion (sodium dependent, active transport)

Gleason scoring method [163]. In addition, newly diagnosed
prostate cancer shows a strong inverse correlation between
antihormonal therapy and choline uptake; [163] after radical
prostatectomy or radiotherapy, this correlation becomes less
apparent [164]. Further examples of the use of radiotracers in
prostate imaging can be found in Chap. 21.

Amino Acid Transport

Amino acids are too polar for passive diffusion through the
cell membrane, and as such, mammalian cells have devel-
oped a set of specialized transporters for the uptake of these
important building blocks. Thirteen major amino acid trans-
porters have been identified to date, and these can be subdi-
vided into two groups: sodium-dependent (ASC and A)
and sodium-independent (L) transporters (Fig. 3.22) [165].

The activity of the ASC- and A-type transporters depends on
the transmembrane sodium gradient, with the enzymes trans-
porting sodium ions along with their amino acid cargo. In
contrast, L-type transporters act by exchanging one amino
acid for another and are thus free of any sodium dependence.
Regardless of their mechanism, amino acid transporters are
ubiquitous in many proliferating tissues [166], and tumors
often exhibit dramatically elevated levels of expression com-
pared with normal tissue [167]. Indeed, the production of
both the A and L families of transporters has been found to
be upregulated in certain cancer cell lines. The activity of
A-type transporters has shown a positive correlation with cell
growth in many cell types, including virally transduced cells
[168]. Likewise, histological data on L-transporter expres-
sion was found to correlate with poor prognosis in patients
with gliomas [169] and transitional cell carcinomas [170].

Given these correlations, a number of PET radiotracers
have been developed to probe the expression of amino acid
transporters in tumors (Fig. 3.23). The small size of these
molecules and rapid kinetics favors the use of short-lived
isotopes, and thus most studies have been conducted using
"C and '®F. The short half-life of these radionuclides is actu-
ally beneficial, because imaging at early time-points reduces
the contribution of catabolic and anabolic pathways to the
background activity [171]. This idea was reinforced by a
comparison between the in vivo behavior of the radiotracers
and their analogs modified to preclude biological transfor-
mations [172]. A recent review by Plathow et al. provides a
comprehensive overview of radiolabeled amino acids for
PET imaging [173].

One radiolabeled nonnatural amino acid—/['"C]meth-
ylaminoisobutyric acid, commonly known as [''C]MeAIB —
has been shown to be a specific agent for imaging the activity
of A transporters [174]. Despite uptake in various normal
tissues, including the salivary glands and pancreas [175],
["C]MeAIB was found to accumulate in lymphomas and
head and neck malignancies with low renal excretion [176].
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Fig.3.23 PET and SPECT radiotracers based on the amino acids: L-["'C]-Tyr, L-['*T]-IMT, L-["*F]-FET, ['*F]-L-DOPA, [''C]-MET, [''C]-MeAIB,

[''C]-ACBC, and ["*F]-FACBC

In contrast, the possibility of a specific radiotracer for L
transporter activity is precluded by the broad range of amino
acids translocated by these proteins. L transporters have been
identified as the main conduits by which L-(methyl-["'C])-
methionine ([''C]MET) [177], radiolabeled tyrosine/pheny-
lalanine  analogs  [178], 1-aminocyclobutane-1-["'C]
carboxylic  acid  ([''C]JACBC), and 1-amino-3-
BFfluorocyclobutylcarboxylic acid ("*F-FACBC) [179] accu-
mulate in cells. The lack of specificity of the L transporters is
thought to be responsible for the similarities observed in the
biodistribution profiles of radiolabeled methionine analogues
with tyrosine analogs '*I-a-methyl-L-tyrosine (‘*I-IMT)
[180] and 3.,4-dihydroxy-6-[*¥F]fluoro-L-phenylalanine (['*F]
L-DOPA) [172].

In the clinic, radiolabeled amino acid analogues show
high background uptake in the liver, pancreas, and intestines
[181], and tissues which are infected or inflamed often dis-
play high accumulation of activity [182]. With the exception
of [""CIMET [183] and "F-FACBC [184], which have both
been employed in the delineation of prostate cancer, amino
acid radiotracers have had limited clinical impact in cancers
of the ventral cavity, primarily because their uptake and sen-
sitivity is less favorable than that of ["®F]FDG [185].
However, amino acid radiotracers have found widespread
application in brain tumor imaging. This is primarily due to
the limitations of ['8F]JFDG-PET in brain imaging: glucose
metabolism of the brain is persistently high, resulting in high
cerebral uptake of ['"*F]JFDG and low tumor-to-background
ratios (vide supra) [186]. A comparison of [""C]MET with
[®F]FDG uptake in glioblastoma clearly demonstrates the

efficacy of using amino acid-based radiotracers in neurologi-
cal cancer imaging (Fig. 3.24) [187].

High-resolution PET imaging of the brain with amino
acid radiotracers is also used to direct stereotactic and inten-
sity-modulated radiotherapy, a technique with high spatial
accuracy of irradiation. For maximum efficacy, these new
radiation treatment methods require the accurate delineation
of tumor borders. Contrast-enhanced CT or MRI is fre-
quently used to delineate gross tumor volume of high-grade
tumors but has had only limited success in brain tumors
[188]. As an alternative to CT, ['"C]MET PET can be used to
improve accuracy in defining the boundaries of brain malig-
nancies [189]. This observation has been confirmed in a
series of studies correlating amino acid PET with stereotactic
biopsies [190]. Similarly, the addition of O-(2-"8F-
fluoroethyl)-L-tyrosine ('8F-FET) PET data to an MRI study
improved the specificity of tumor delineation from ~50 to
~90% [191]. The efficiency of PET for accurately marking
high-grade gliomas for further intervention has been illus-
trated in a group of 44 glioma patients [192]. For patients
whose treatment plan was based solely on MRI or CT,
median overall survival did not exceed 5 months; the addi-
tion of amino acid PET imaging to the protocol increased
median survival to 9 months.

Nucleic Acid Metabolism

While increased glycolytic activity is not tumor specific and
may be caused by other conditions such as inflammation,
increased cellular proliferation is a specific characteristic of
tumors and thus is an attractive target for the molecular
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Fig.3.24 PET [*F]FDG (a) and ['"C]MET (b) of a 62-year-old woman
with a glioblastoma in the right prerolandic cortical area. Uptake of
["®F]FDG was reduced in the tumor area except for one spot of uptake
equivalent to that in the surrounding gray matter. Uptake of ['"C]MET
was markedly higher in the tumor than in the cortex. When PET images
obtained with the two tracers were co-registered, the highest focus of

imaging of cancer [140, 193, 194]. Indeed, two hallmarks of
cellular proliferation—nucleic acid metabolism and DNA
synthesis—are especially promising targets for the design of
imaging agents [195, 196]. In particular, the de novo synthe-
sis and salvage pathways of thymidine (TdR, the only nucle-
oside employed in DNA and not RNA) have attracted
significant attention. The de novo synthesis pathway is gen-
erally less favored for radiotracer development because it
involves precursors—such as deoxyuridine, uridine, and
uracil—which are incorporated not only into DNA but also
RNA. In contrast, the thymidine salvage pathway has been
the focus of enthusiastic radiotracer development. Indeed,
[’H]TdR was the first radiolabeled thymidine molecule intro-
duced in the 1950s. This paved the way for the development
of ["'C]methyl-thymidine (['"'C]TdR) as the first PET imag-
ing agent to successfully measure proliferative activity in
tumors (Fig. 3.25) [197, 198].

["C]TdR suffers from rapid catabolism upon injection
[199], and because of the short half-life of !'C, several
alternate TdR-based PET radiotracers —including 3’-deoxy-
3'-8F-fluorothymidine (*®F-FLT), 5-methyl-(2-"*F-fluoro-2-
[-p-arabinofuranosyl)uracil ("SF-FMAU), and
5-7*Br-bromo-(2-fluoro-2-B-p-arabinofuranosyl)uracil
("Br-FBAU) —have been developed. In practice, **F is pref-
erable to ''Cbecause the longer half-life of **F (¢, ,= 109.7 min)
is more useful in the clinical setting and facilitates off-site
production of radiotracers. Indeed, "®F-FLT and "F-FMAU

["'CIMET uptake corresponded to the spot of highest ['**F]FDG inten-
sity (crosshairs). (From Pirotte B, Goldman S, Massager N, et al.
Comparison of [*F]FDG and '"C-methionine for PET-guided stereotac-
tic brain biopsy of gliomas. J Nucl Med. 2004;45:1293-8. Reprinted
with permission of the Society of Nuclear Medicine)
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Fig. 3.25 Thymidine-based PET radiotracers: ["'C]TdR, 'SF-FLT,
BE-FMAU, and "*Br-FBAU

are the most extensively studied TdR analogs to date and
have proven successful in clinical trials [198].
8F-radiolabeling at the 3’ and 2’ positions of the ribose in
BE-FLT and '®F-FMAU, respectively, provides enhanced sta-
bility with respect to TdR degradation [194]. Once transported
into the cell, both of these agents interact with different sub-
types of thymidine kinase (TK), an essential enzyme in the
thymidine salvage pathway. "SF-FLT is phosphorylated by
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TK-1 to give the monophosphate form, 'SF-FLT-MP, while
BE-FMAU is phosphorylated mainly by TK-2 to yield
BE-FMAU-MP. Subsequent additional phosphorylation of
each TdR analog produces di- and triphosphate species
(*®F-TdR-DP, ®F-TdR-TP) which are very hydrophilic and
thus unable to diffuse through the cell membrane [200].
These phosphorylated agents thus become irreversibly
trapped in the cell, and the accumulation of activity over
time correlates with cellular proliferation. Therefore, PET
imaging with 'F-FLT and "*F-FMAU has been used clini-
cally to monitor the antiproliferative effects of chemo- and
radiotherapy. One key difference between the tracers is their
ultimate fate. '®F-FLT is not incorporated into DNA; how-
ever, it provides specific biologic information about TK-1
activity, cell cycle progression, and tissue proliferation. In
contrast, 'SF-FMAU is incorporated into mitochondrial DNA,
because the presence of the hydroxyl group on 3’ position of
the sugar ring is essential for this process. Therefore,
BF-FMAU can be used as a radiotracer for measuring the
index of mitochondrial mass [201].

Imaging Cancer Biomarkers with Peptides

Small molecules are not the only constructs employed as
radiopharmaceuticals. Peptides, chains of amino acids up to
several dozen units long, also hold a significant position in
the field of radiotracer development. Indeed, a number of
receptors that bind peptide ligands are also known to be
overproduced in tumors and therefore represent promising
candidates for imaging. One class of proteins, the G-coupled
receptors, are particularly important in this regard. The
G-coupled receptors comprise a large class of proteins
responsible for sensing extracellular peptide signals and
relaying these signals to cellular components in the cytosol.
Several families of G-coupled receptors have been found to
be overexpressed in tumors, and a number of strategies for
targeting this class of receptors with radiolabeled peptides
have been developed.

It is important to note that both agonist and antagonist
peptides can be employed as peptide-based imaging agents.
It was long believed that the internalization of agonist:receptor
complexes was responsible for the accumulation of the pep-
tides in cells, a supposition which led to the development of
agonist radiotracers. However, several examples of probes
based on antagonist peptides have emerged, casting doubt on
the aforementioned internalization hypothesis. In many cases,
the success of antagonist imaging agents can best be explained
by the very slow dissociation of these ligands from their
receptors, as well as increases in the number of accessible
binding sites per cell for antagonists as compared to their
agonist analogs. The potential applicability of antagonistic
peptide ligands as receptor-targeted radiopharmaceuticals
has had particular impact on systems in which agonist binding

stimulates tumor growth, namely gastrin-releasing peptide
(GRP), cholecystokinin, neurotensin, vasoactive intestinal
peptide, and neuropeptide Y receptors [202].

Design

Conceptually, the core design of G-protein targeting agents is
straightforward. Nature has designed regulatory peptides to
bind tightly and selectively to their receptors. Therefore, sim-
ply radiolabeling a receptor-specific peptide stands as a prom-
ising route to an effective radiopharmaceutical. However,
experience has revealed that the development of peptide
radioimaging probes is far more complicated; of the hundreds
of proposed agents, less than a dozen have been translated.

One of the most important limitations in the use of short
peptides for imaging is the influence that the radiolabel can
have on the structure and binding properties of the peptide.
Ligands for G-coupled receptors are usually relatively small
peptides (1-5 kDa) suitable for solid-phase peptide synthe-
sis. These peptides are intermediate in size between antibod-
ies (~150 kDa) and small molecules (<1 kDa), and their
pharmacokinetic properties reflect this standing. The average
rate of accumulation of small peptides in target tissue is on
the timescale of a few hours, squarely between that of small
molecules and antibodies.

From a chemical standpoint, the intermediate size of pep-
tides presents both challenges and benefits. As is the case
with many small molecules, particular care must be paid to
the position of the radiolabel, for modest changes in the
molecular structure of the peptide can have dramatic effects
on the solubility, binding properties, and secondary and ter-
tiary structure of the agent. Almost inevitably, the radiolabel-
ing of a peptide will result in some pronounced alterations in
the physicochemical behavior in vivo of the radiolabeled
peptide compared to the precursor molecule. However, pru-
dent design can ensure that these alterations will not involve
the binding of the peptide to its target site.

On the other hand, the intermediate size of peptides facili-
tates the use of most common organic transformations for
radiotracer development. Further, automated peptide synthe-
sis and functional group modification chemistry are well-
developed techniques which facilitate the fine-tuning of
peptide-based agents via structure—activity investigations.
Such facile modularity is rarely, if ever, available in small
molecules or antibodies.

Radiochemistry

The specific activity of peptide-based radiopharmaceuticals
can play an important role in the success of receptor imaging.
Common tools available in radiochemical laboratories typi-
cally allow for the preparation of high specific activity, no-
carrier-added formulations of radiopeptide, which enable
injection of a minimal molar amount of tracer for imaging
applications [203]. Unwanted effects in vivo, such as receptor
saturation in target tissues or pharmacological actions of the
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peptide, can be minimized under these conditions. However,
the radiolabeling of peptides using commercial kits often leads
to carrier-added radiopharmaceutical preparations. For exam-
ple, in the case of "'"In-DTPA-octreotide, more than 90% of the
peptide mass administered with the radiopeptide is unlabeled.
In this case the presence of carrier is not a problem, because
octreotide analogs act as inhibitors of tumor growth [202].
However, the pharmacological effects of low specific-activity
radiopeptides become a serious concern in the case of agonists
derived from peptides such as bombesin, gastrin, cholecysto-
kinin, or neurotensin, all of which have been shown to stimu-
late tumor growth in vivo [202]. Indeed, the typical peptide
dose administered for somatostatin (SST)-receptor imaging
(e.g., 10-20 pg) can result in unwanted pharmacological side
effects with some of the aforementioned peptides.

Stability

The lack of stability of radiolabeled peptides in vivo is
another important issue which, at present, represents a limita-
tion to the clinical translation of many promising radiotrac-
ers. Radiotracers derived from small regulatory peptides —for
example, SST-14 or SST-28, bombesin, GRP, and neuro-
tensin—often have short biological half-lives. From an imag-
ing perspective, a short biological half-life does not allow for
the accumulation of high amounts of radioactivity in malig-
nant tissue. Therefore, increasing the in vivo stability of these
peptides without concomitantly decreasing their binding
affinity is a primary focus in the development of these agents.
In many cases, standard chemical modifications, such as
truncation of the peptide sequence, can often increase in vivo
stability. Alternatively, the introduction of nonnatural amino
acids that mimic the chemical properties of their natural
counterparts can often prevent the recognition of cleavage
sites by peptidase enzymes. Further, the cyclization of pep-
tide sequences in imaging agents can protect the peptide from
interaction with proteolytic enzymes capable of degrading
the sequence from the chain terminus. Other modifications to
enhance stability include alkylation or reduction of the pep-
tide amide groups to amines, as well as amidation and acyla-
tion of peptide termini [204]. As the result of these techniques,
the radiolabeled peptides currently proposed for clinical use
show plasma half-lives on the scale of hours [205].

Tumor Accumulation and Renal Clearance

In the case of peptide-based agents, tumor accumulation is
mainly a function of receptor-binding affinity, expression
levels, and in the case of agonists, ligand internalization rates.
Background levels, on the other hand, depend primarily on
tracer excretion, and for peptide radiotracers, the overall
excretion pattern is determined by the physiological receptor
expression profile, the metabolic behavior of the agent, and
its physicochemical characteristics (e.g., lipophilicity, net
charge, and charge distribution). Several factors play
important roles in determining the excretion and clearance

kinetics of a given peptide radiotracer: primary amino acid
sequence, radiolabeling chemistry, chelate stability, and
presence of functional group modifiers. The relationship
between each of these and excretion and clearance is
described below.

Peptide Sequence. Quite simply, an increase in the lipophi-
licity of the amino acids in a given radiopeptide increases
hepatobiliary clearance.

Radiolabeling Chemistry. Interestingly, the identity of the
radiometal attached to a peptide can have a significant
influence on its biodistribution. For example, substituting
""n with ®Ga in DOTA-TOC led to a more than twofold
enhanced tumor uptake (predominantly due to increased
receptor affinity) and reduced renal accumulation, which has
been explained by an alternative coordination mode for the
Ga* complex [206].

Chelate Stability. DOTA, NOTA, and CB-TE2A have been
coupled to the bombesin analog Aoc-BN(7-14) (see Fig. 3.8).
A comparative evaluation in a PC-3 tumor model showed
decreased hepatic and renal uptake of the NOTA compared
to the DOTA analog, while tumor accumulation remained
unchanged [207]. Furthermore, the CB-TE2A-derivative
showed improved clearance from nontarget tissues and
higher tumor/background ratios than the DOTA peptide.
These observations were attributed to an increased in vivo
stability of the respective **Cu-NOTA and *Cu-CB-TE2A
chelates with respect to demetallation. Further, changing the
chelator for '"'In in Tyr3-octreotide from DTPA to DOTA
resulted in slightly increased tumor accumulation but also
significantly higher renal tracer uptake [208].

Presence of Modifiers. Pharmacokinetic modifiers such as
carbohydrates [209, 210] or polyethylene glycol (PEG)
chains of varying length [211] have been introduced success-
fully to reduce tracer lipophilicity and thus to induce a shift
toward predominantly renal tracer excretion without com-
promising binding affinity. In the case of radiometallated
octreotide analogs, for example, the introduction of spacers
of various natures (Asp, Lys, uncharged amino acids, PEG,
carbohydrates [212]) is generally well tolerated and, in some
cases, can lead to improved pharmacokinetics. The same
applies to RGD peptides [213] but not to bombesin analogs.
The insertion of uncharged aliphatic or aromatic spacers
[214] between the chelator and the peptide core allows the
fine-tuning of tumor accumulation versus tracer excretion,
whereas the introduction of charged amino acids leads to a
complete loss of binding affinity [215].

Diagnostic Radioimaging
Three examples of peptide-based imaging agents—SST ana-
logs, integrin binding peptides (see Angiogenesis section),
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Fig.3.26 Anterior and posterior PET (SPECT) images throughout the
neck, chest, and abdomen of a 45-year-old man with numerous
metastatic foci of carcinoid tumor. Images were obtained 4 h after
injection. Structure of PET imaging agents: (a) *“Cu-TETA-OC

and GRPs—illustrate both the current success and future
potential of cancer imaging with these promising
radiopharmaceuticals.

SST is a hormone produced by neuroendocrine neurons in
the brain and by paracrine cells in the GI tract. SST regulates
release of growth hormone, glucagon, insulin, thyroid-stim-
ulating hormone, and gastrin among others. SST receptors
are overexpressed in prostate carcinomas, sarcomas, neuro-
blastomas, meningiomas, breast carcinomas, lymphomas,
small-cell lung cancers, and inactive pituitary adenomas.
Imaging agents based on analogs of this peptide were the
first receptor-targeting peptides approved for clinical use.
The success of octreotide, the first in a long line of SST ana-
logs, portended the vigorous development of the field
(Figs. 3.26 and 3.27). A detailed description of imaging with
SST analogs can be found in recent reviews [216]. It has
been noted that high levels of SST receptor expression are
also known to occur in the human spleen and kidney, central
nervous system, hypothalamo-pituitary system, and gastro-
intestinal system; fortunately, however, this expression does
not dramatically affect imaging. It has been demonstrated
that the uptake of '""In-DTPA-octreotide in these organs was
significantly reduced in patients receiving treatment with

CO,H

HO,C
DPhe—?ys—Phe—DTrp

Thr(ol)-Cys-Thr-Lys

(b) ""In-DTPA-OC. (From Shi W, et al. Localization of neuroendocrine
tumors with ['''In] DTPA-octreotide scintigraphy (Octreoscan): a com-
parative study with CT and MR imaging. QIJM 1998;91:
295-301, by permission of Oxford University Press)

unlabeled octreotide (uptake in kidney and spleen, respec-
tively, was diminished to 85 and 31 % of control), while sur-
prisingly, tumor uptake remained unaffected [217].

GRP receptors are a family of receptors involved in the
regulation of muscle contraction, immune functions, body
temperature, and cardiac rhythm. Activation of these recep-
tors has been shown to initiate and promote the growth of
lung, breast, pancreatic, and prostate tumors. It has been
determined, however, that peptides other than GRP bind to
the receptors of this family. The most important of these is
bombesin, originally isolated from South American frogs.
Since its discovery, several radiolabeled derivatives of bomb-
esin have been investigated as radiotracers in humans,
including %Ga-BZH3 (Fig. 3.28). Notably, ®Ga-BZH3 pos-
ses several features aimed at improving its in vivo stability,
including the introduction of the nonnatural amino acids
D-tyrosine (DTyr), norleucine (Nle), and thienylcarbonylor-
nithine (Thi) to eliminate recognition sites used by protei-
nases and the amidation of the C terminus to likewise
increase proteolytic stability. Moreover, the pharmacokinetic
profile of the agent is improved by the addition of an
uncharged, hydrophilic PEG linker that confers increased
hydrophilicity to the construct.
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Fig. 3.27 (Top) ®*Ga-DOTA-TOC PET scan of a 56-year-old woman
with multiple liver and lymph node metastases. (Botfom) Structure of
DOTA-TOC. (From Gabriel M, Decristoforo C, Kendler D, et al.
%Ga-GOTA-Tyr3-octreotide PET in neuroendocrine tumors: compari-
son with somatostatin receptor scintigraphy and CT. J Nucl Med.
2007;48:508-18. Reprinted with permission of the Society of Nuclear
Medicine)

Imaging Cancer Biomarkers with Proteins:
Apoptosis

The imaging of apoptosis provides a particularly interesting
case study in the development of a radiopharmaceutical that
lies in the middle ground between short peptides and
antibodies.

Apoptosis is a process of regulated or programmed cell
death. During apoptosis, the mitochondria and ribosomes of
the cells affected often remain intact, and surrounding cells
internalize them along with the other components of the
post-apoptotic cell. Necrotic cells, in contrast, lose mem-
brane integrity, swell, and then lose their contents to the sur-
rounding tissue, causing inflammation and initiating an
immune response. On the cellular level, apoptosis is carried
out by a group of Cys-Asp-specific proteases known as

caspases (Fig. 3.29). Caspases are usually subdivided into
two groups: initiator caspases (numbered 8—10) and execu-
tioner caspases (3, 6, and 7) [218]. Activation of the initiator
caspases can occur via external stimuli (e.g., binding of
tumor necrosis factor) or intrinsic mitochondrial pathways
(e.g., release of cytochrome from the mitochondria), and
these initiators in turn proceed to engage the executioner cas-
pases via proteolytic activation. The activation of these exe-
cutioner caspases results both in the orderly breakdown of
cellular proteins, including the cytoskeleton and nuclear
matrix, and the activation of poly-ADP-ribose polymerase
(PARP), an enzyme responsible for the degradation of
nuclear DNA. Combined, these processes are termed the
“execution phase.” From a targeting standpoint, the most
interesting feature of the execution phase is the exposure of
phosphatidylserine (PS) on the cell surface [219]. This mem-
brane component is normally restricted to the inner surface
(inner leaflet) of the lipid bilayer; however, during apoptosis,
the mechanisms that maintain membrane asymmetry are
deactivated, and PS becomes distributed on the outer
membrane. Indeed, even stressed—but not necessarily
apoptotic—cells have been shown to express low levels of
PS on the surface of their outer membrane [220].

Surface-exposed PS provides a convenient handle for dis-
criminating apoptotic cells from healthy cells. Annexin V
(molecular weight ~36 kDa) is a large, well-studied protein
that interferes with the immunosuppressive mechanisms of
apoptotic and necrotic cells and is distributed widely in the
human body. [221, 222] Complete functional details of the
annexin V pathway have yet to be elucidated, but a variety of
evidence suggests that annexin V acts as a naturally occur-
ring ligand specific for PS, capable of binding the cell-sur-
face marker and thereby preventing apoptotic cells from
suppressing the immune response. From a radiochemical
point of view, annexin presents somewhat of a unique chal-
lenge. The macromolecule is certainly not an antibody, yet it
is far too large to be treated as a short peptide. Thus, the strat-
egies for the design and development of annexin for use as a
radiopharmaceutical must necessarily lie in between those
employed for peptides and those utilized for antibodies.

Radiolabeled annexin V was proposed for imaging apop-
tosis in cancer [223]. The earliest methods for labeling
annexin V involved the modification of the intact protein
with *"Tc via bifunctional N,S, chelation. In a study of 15
patients with late-stage lung cancers, lymphomas, and meta-
static breast cancers, annexin V SPECT was performed
before chemotherapy (48 and 24 h prior to treatment) and
immediately after the first course of treatment (day +1 and
day +2) [224]. Out of eight patients with unchanged uptake,
six were nonresponders to paclitaxel-based chemotherapy.
Better correlations were found for the patients responding to
the chemotherapy; all seven patients exhibited elevated
uptake of the tracer in the tumor after the therapy.
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Fig.3.28 Transaxial images of a patient with stomach tumor and liver
metastasis. (a) ['*F]JFDG image: two hypermetabolic areas, one in ven-
tral part of right liver lobe and another in stomach. (b) CT image at
same level demonstrates the two hypodense lesions in stomach and
liver. (¢) ®Ga-BZH3 image at level of CT image demonstrates enhanced
uptake in liver lesion and only slight diffuse enhancement in stomach.

The N,S, labeling method, however, is complex and
results in unstable complexes. Even the simplified kit con-
tains 11 components, and the preparation of the tracer
involves a series of lengthy reaction steps using different
conditions. The purification of the final material is also non-
trivial. Consequently, the implementation of the bifunctional
agent hydrazinonicotinamide (HYNIC) has allowed for
simplified tracer preparation [225]. *™Tc-HYNIC-annexin
shows no bowel excretion, thus facilitating imaging in the
abdominal region; however, this agent concentrates in the
cortex of the kidney, limiting visualization of any paranephric
structures [226].

NHDTyr-GIn-Trp-Ala-Val-
0 PAla-His-Thi-Nle-NH2

(d) Fused image of ['"*F]FDG and ®*Ga-BZH3. (e) Structure of BZH3.
(From Dimitrakopoulou-Strauss A, Hohenberger P, Haberkorn U, et al.
%Ga-labeled bombesin studies in patients with gastrointestinal stromal
tumors: comparison with [¥F]FDG. J Nucl Med. 2007;48:1245-1250.
Reprinted with permission of the Society of Nuclear Medicine)

Like its predecessors, *™Tc-HYNIC-annexin has been
employed for monitoring the efficacy of chemotherapy in
cancer patients [227]. For patients with late-stage lung can-
cer (both small-cell lung cancer and non-small-cell lung can-
cer) [228], a single scan 24 h after the start of treatment may
be sufficient to determine which patients have at least partial
response to platinum-based chemotherapy; a low-level base-
line uptake of the radiotracer has been observed in patients
who later showed response to the therapy. Two possible
explanations exist: either tumors with high natural levels of
apoptosis are more susceptible to chemotherapy or increased
expression of PS on endothelial cells of tumor vasculature is
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Fig. 3.29 Interconnection of apoptotic events. Two major pathways
trigger apoptosis: external (via death receptors) and internal (via release
of cytochrome C from the mitochondria). Inhibition of floppase and
activation of scramblase lead to the exposure of PS on outer leaflet of
the membrane; annexin can then bind PS

a feature indicative of the later success of chemotherapy
[229]. Figure 3.30 provides examples of the images obtained
with #"Tc-HYNIC-annexin.

Recently published animal experiments suggest an
improved protocol for annexin labeling via the use of self-
chelating annexin V mutants. In these cases, an amino acid
sequence capable of metal chelation is added to the amino
terminus of a linker peptide, followed by the wild-type
annexin V [230]. The best-studied mutant capable of self-
chelating technetium is known as V-117, and another com-
monly employed self-chelating annexin V mutant is known
as V-128 [231]. In both cases, the radiotracers exhibit reduced
abdominal background and decreased renal radiation dose.

Imaging Cancer Biomarkers with Antibodies
In 1908, Paul Ehrlich and Ilya Mechnikov received the Nobel

Prize for Physiology and Medicine for their pioneering work
on immunity. Ehrlich’s legacy to medical science is

profound, but the concept of “antibodies” and his vision that
“magic bullets” could selectively target disease are arguably
his most important contributions [232]. In 1975, Kohler and
Milstein introduced hybridoma technology and, along with
Jerne, received the Nobel Prize in 1984 for their work on the
control of the immune system and the development of mAbs
[233]. Further technological advances, including the devel-
opment of chimeric (c-mAbs), humanized (h-mAbs), and
fully human mAbs, have circumvented problems associated
with immunogenicity. More recently, engineered mAb frag-
ments have been embraced by radiochemists and nuclear
physicians as potential radiotracers due to their tunable and
highly specific target binding and favorable clearance prop-
erties. This section provides a brief overview of the methods
used for the design and production of radioimmunoconju-
gates. A number of examples from recent clinical trials will
further serve to illustrate the potential of mAb-based
radiotracers for the diagnostic imaging and radioimmuno-
therapy (RIT) of cancer.

Radioimmunoconjugates

An immunoconjugate is defined as the combination of a
diagnostic or therapeutic substance linked chemically to a
specific immune species, such as an immunoglobulin, mAb,
engineered mAD fragment, or antigen [234]. When the diag-
nostic or therapeutic group incorporates a radionuclide, the
molecule is termed a radioimmunoconjugate. In recent years,
radioimmunoconjugates have received a great deal of atten-
tion from the basic science and clinical research communi-
ties, and a wide range of radiolabeled mAbs and related
fragments have been developed for use in both nuclear diag-
nostic imaging (immuno-SPECT and immuno-PET) and
RIT [23, 25]. Immunoconjugates present one of the most
versatile platforms for the design of site-specific radiophar-
maceuticals due to their high in vivo stability, prolonged cir-
culation time in blood, comparative ease of chemical
functionalization, and high antigen specificity and affinity.

Antibody Structure

The basic structure of a monomeric immunoglobulin (Ig)
and strategies for radiolabeling such a macromolecule are
shown in Fig. 3.31. Antibodies are comprised of two heavy
(yellow and blue) and two light (red and green) protein
chains, with a total molecular weight around 150 kDa. The
heavy chains have four distinct protein domains, three which
are conserved (C,1-C,3) and one which has a highly vari-
able sequence (V,). The light chains have two protein
domains: one constant (C,) and one variable (V,). The anti-
gen recognition site is located at the end of the variable
domains (V,, and V|) and is known as the complementarity-
determining region (CDR). Sequence variation in the V| and
V, domains is responsible for the high target specificity dis-
played by antibodies and related fragments.
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Fig. 3.30 (Left) new right humeral metastasis was demonstrated on
bone scan (black arrow) in 70-year-old man with stage IV NSCLC.
(Right, top row) Chest CT (axial or transverse plane) showed response
to treatment at 1 month after treatment, with decrease in largest tumor
diameter from 7.5 to 6.5 cm. (Right, bottom row) ***Tc-HYNIC-annexin
V assessment (in coronal plane) revealed faint uptake at level of bony
metastasis 2 h before first course of chemotherapy (yellow arrows),
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Fig. 3.31 Schematic representation of the structure of an intact IgG
immunoglobulin showing the four main chains (two heavy and two light)
with loops and disulfide bonding connecting variable (V) and constant
(C) domains associated with the Fc and Fab and antigen-binding (CDR)

) - .
Annexin V scan 1 day after the
start of chemotherapy

which significantly increased 1 day after start of therapy. In addition,
increased tracer uptake was detected within primary lung tumor as early
as 1 day after initiation of cis-platinum-based chemotherapy (black
arrow). White arrow shows intravenous injection site in left arm.
(Courtesy of Dr. Tarik Belhocine and Dr. Johan Vandevivere, Antwerp,
Belgium, NAS Clinical Trial)

Direct Labeling

Linker Group

Conjugate Labeling Chelate

regions. In a standard antibody, the blue and green chains are equivalent
to the yellow and red chains, respectively, but are distinguished here for
clarity. The concepts of direct and conjugate labeling strategies used in
the preparation of radioimmunoconjugates are also illustrated
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Humans produce five classes of immunoglobulins which
are defined by the type of heavy chain: IgD, IgE, IgG (mono-
mers), [gA (dimers), and IgM (pentamers), with correspond-
ing heavy chains 9, €, y, a, and p, respectively. Each class
has a distinct and important role in the adaptive immune sys-
tems. However, the majority of research involving antibody
constructs for nuclear medicine has focused on the use of
IgG antibodies due to their prominent role in immunity
against invading pathogens. Thus, the remainder of this sec-
tion will focus on IgG molecules. A typical intact IgG anti-
body can be divided into distinct regions known as the Fab
(fragment, antigen binding; C,1, C/, V,;, and V,) and Fc
(fragment, crystallizable; C 2 and C,3). The Fab fragment
can be divided further, and the Fv region (fragment, variable;
V,, and V) is often utilized in radiotracer design.

Monoclonal Antibodies

The advent of murine-based hybridoma cells (antibody-secret-
ing, splenic-mouse plasma cells fused by cell membrane per-
meation with immortalized myeloma immune cells) led to the
development of cell culture techniques for the facile produc-
tion of antigen-specific murine mAbs in vitro [233]. Despite
high antigen specificity and affinity, initial studies conducted
using murine mAbs were often hampered by short serum half-
lives, lack of interaction with human immune effector cells,
and high immunogenicity [234]. The human immune system
often develops an immune response with subsequent acquired
resistance to the foreign murine mAbs through the production
of human anti-mouse antibodies (HAMAs). Other techniques
used to produce high-affinity monoclonal antibodies include

phage, yeast or ribosomal display, and antibody generation
using transgenic mice [234].

Many of the problems associated with the immunogenic-
ity of murine mAbs were successfully overcome by the devel-
opment of chimeric, humanized, and fully human mAbs
(Fig. 3.32). A range of antibodies spanning each of the afore-
mentioned types has been investigated clinically [23].
Examples include the anti-B-cell lymphoma CD20-targeting
murine mAbs ibritumomab tiuxetan (*Y-Zevalin) and tositu-
momab ("*'I-Bexxar) for RIT; the chimeric anti-EGFR, anti-
VEGTF, and anti-CD20 antibodies cetuximab (Erbitux™) and
rituximab (Rituxan™) for treatment of colorectal and B-cell
lymphoma, respectively; the humanized mAbs trastuzumab
(Herceptin™, anti-HER2/neu for breast cancer), bevaci-
zumab (Avastin™ , anti-VEGF for colorectal cancer), alemtu-
zumab (Campath™, anti-CD52 for chronic lymphocytic
leukemia), and the drug conjugate gemtuzumab ozogamicin
(Mylotarg™ , anti-CD33 IgG, functionalized with calicheami-
cin for acute myelogenous leukemia); and the fully human
mAb panitumumab (Vectibix™, anti-EGFR for metastatic
colorectal cancer) [23]. Selected examples of clinical investi-
gations using radiolabeled mAbs are presented below.

Further problems encountered in the use of mAb-based
radiotracers include extravasation of the mAb from the blood
supply into nontarget background tissue, low tumor delivery
as a result of poor tumor vascularization, lymphatic drain-
age, antigen binding-site barriers, and low expression and
heterogeneity of the target antigen. These factors affect
tumor-to-background ratios, target tissue retention, and
clearance.
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Fig. 3.32 Schematic representation of the relationship between the structure of engineered mAbs and their relative potential immunogenicity



66

B.M. Zeglis et al.

® Wi

scFv
(scFv),
27 kDa
Diabody
55 kDa

(seFv), =
Reduced Cys-Diabody
55 kDa

(scFv),
Oxidized Cys-Diabody
55 kDa

Loops
Disulfide bonds

W@ ve
G2 0 Vi \.)
3 @
scFv-Fc
105 kDa

(scFv); (scFv-Cy3),
Triabody Minibody
90 kDa 80 kDa

Intact
150 kDa

Fig. 3.33 Schematic representation of the structures of engineered antibody fragments

Antibody Fragments
Protein engineering has facilitated the development of a
diverse range of immunoglobulin-based molecules
(Fig. 3.33). The majority of these species have been pro-
duced by either genetic or chemical recombination of the
normal protein domains found within IgG molecules. The
new molecules are often smaller (lower molecular weight)
than intact antibodies and are referred to as fragments.
Antibody fragments have the advantage that their affinity
for a target antigen remains extremely high (sub-nanomolar
range), while their molecular size can be adjusted to control
blood pool and tissue clearance properties. Matching the
physical half-life of the radionuclide with the biological half-
life of the fragment and tuning the clearance properties for
the desired application are important considerations in the
design of radioimmunoconjugates. Wu and colleagues have
investigated the effect of changing the type of antibody frag-
ment on tumor uptake and blood clearance properties [234,
235]. They engineered a range of anti-carcinoembryonic
antigen (anti-CEA) T84.88 mAb fragments, including a
scFv, diabody, minibody, scFv-Fc-SM, scFv-Fc-DM, and the
intact anti-CEA mAb, and subsequently measured the phar-
macokinetics of the radioiodinated ('*I) species in athymic,
nude mice bearing subcutaneous LS174T human colon car-
cinoma xenografts (Fig. 3.34). The bivalent, monospecific
scFv-Fc-SM and scFv-Fc-DM antibodies have the same

variable, CH2, and CH3 domains regions but have a either
single or double mutation in the Fc region, respectively.
These mutations modulate their interaction with the FcRn
receptor and, as a result, modulate their pharmacokinetics.
The studies provide a clear demonstration of the dramatic
effect of molecular size and structure on both the absolute
radiotracer uptake and retention in the tumor and the phar-
macokinetics of clearance/excretion from the blood pool.

It is important to note that tumor and background tissue
uptake and clearance are dependent not only on the size of
the mAb fragment but also the antibody valency, topology,
and antigen/receptor affinity. Phenotypic parameters—such
as antigen expression levels in tumor and normal background
tissue, tumor vascularization, and the natural rates of metab-
olism/excretion of the antigen and mAb/mAb fragment
(including loss of the radionuclide from the
immunoconjugate) —must also be considered when analyz-
ing pharmacokinetic data.

Quality Control of Radiolabeled mAbs

In addition to the routine quality control tests which are per-
formed for all radiolabeled compounds (see Quality Control,
above), additional experiments are often conducted to ensure
the suitability of the radioimmunoconjugates for use in
humans. For radioimmunoconjugates, the chelation and radi-
olabeling chemistry involve modifying the structure of the
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antibody species. As the function of antibodies is intimately
linked to their structure, additional steps must be taken to
verify that the antibody remains immunoreactive (i.e., retains
its binding affinity and specificity for the target antigen)
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Fig. 3.34 Time-activity curves showing the uptake (a) and excretion
(b) of "'I-labeled anti-carcinoembryonic antigen (anti-CEA) T84.88
mAb fragments in athymic, nude mice bearing subcutaneous LS174T
human colon carcinoma xenografts. Fragments studied include a scFv,
diabody, minibody, scFv-Fc-SM, scFv-Fc-DM, and the intact anti-CEA
mAD. (Data provided courtesy of Dr. Anna Wu)

[236]. Immunoreactivity is often measured by using cell-
based radiometric assays involving specific binding of the
radioimmunoconjugate to cells expressing the target antigen.
Simple cell association assays provide an estimate of the low
bound of immunoreactive fraction, and for high-affinity anti-
bodies, cellular-binding assays described by Lindmo et al.
which involve extrapolation of the binding data to infinite
antigen excess are frequently reported [237-239].

In the case of conjugate labeling methods, the number of
chelates covalently linked to the mAb is an important factor
affecting both specific activity and immunoreactivity. One
common approach for evaluating the number of accessible
chelates is the use of radiometric isotopic dilution assays
[240, 241]. Stability studies investigating both the loss of the
radionuclide from the radioimmunoconjugate and the loss of
immunoreactivity under varying conditions (e.g., incubation
in human serum or DTPA solutions at pH7 and temperatures
ranging from 4 to 37°C) must also be conducted prior to full
in vivo studies.

Clinical Investigations

Despite the vast number of preclinical and clinical studies
which have been reported over the last 15 years, only six
radioimmunoconjugates (four immuno-SPECT radiotracers
and two RIT agents) have received USFDA approval for use
in humans (Table 3.7). Of the four immuno-SPECT agents
that have been approved, only ProstaScint™ (EUSA Pharma)
remains commercially available. In a recent review, Boswell
and Brechbiel discussed the problems and challenges (both
scientific and regulatory) that must be overcome if a radioim-
munoconjugate is to be translated to the clinic [23]. Many of
the problems associated with mAb translation arise from
lack of progression through Phase III trials [242]. Selected
ongoing Phase I, II, and III clinical trials involving radioim-
munoconjugates for imaging and therapy are shown in
Tables 3.8 and 3.9, respectively.

Table 3.7 Current USFDA-approved radioimmunoconjugates for use in the detection and treatment of cancer

Trade name Generic name Radionuclide Antibody type Target antigen Cancer Year of approval
Radioimmunodiagnostic agents
OncoScint Satumomab n Murine IgG Anti-TAG-72 Colorectal and 1992
pendetide ovarian
Verluma Nofetumomab #mTe Murine fab’ Anti-EGP-1 Small-cell lung 1996
merpentan
CEA-scan Arcitumomab mTe Murine fab’ Anti-CEA Colorectal 1996
ProstaScint Capromab n Murine IgG Anti-PSMA Prostate 1996
pendetide
Radioimmunotherapeutic agents
Zevalin Ibritumomab Y Murine Anti-CD20 B-cell lymphoma 2002
tiuxetan 1gG +rituximab
Bexxar Tositumomab BT Murine Anti-CD20 B-cell lymphoma 2003
I1gG +“cold”
tositumomab

Source: http://www.clinicaltrials.gov. Accessed October 15, 2009
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Table 3.8 Selected ongoing clinical trials involving radioimmunoimaging

Sponsor Radioimmunoconjugate Cancer Clinical trial code Phase
Maastricht Radiation Oncology/VU 87r-Cetuximab Non-small-cell lung NCT00691548 1
University Medical Center cancer

Memorial Sloan-Kettering Cancer %Cu-Trastuzumab (anti- Breast cancer NCT00605397

Center Her2/neu)

Memorial Sloan-Kettering Cancer %Ga-Trastuzumab F(ab’), Breast cancer NCT00613847

Center

Ludwig Institute for Cancer Research/  '*I-huA33 Colorectal cancer NCT00199862 I
Memorial Sloan-Kettering Cancer

Center

Ludwig Institute for Cancer Research/  '*I-cG250 + Sunitinib malate ~ Renal cell carcinoma NCT00520533 1

Pfizer/Wilex
Source: http://www.clinicaltrials.gov. Accessed October 15, 2009

Table 3.9 Selected ongoing clinical trials involving radioimmunotherapy

Sponsor Radioimmunoconjugate Cancer Clinical trial code ~ Phase
University of Nebraska I[-Tositumomab Non-Hodgkin’s NCT00574509 I
lymphoma
Weill Medical College of Cornell I[-Tositumomab + radiosensitization with Non-Hodgkin’s NCTO00777114 I
University bortezomib lymphoma
Fred Hutchinson Cancer Research BI[-Tositumomab + fludarabine + rituximab B-cell chronic NCT00476047 II
Center lymphocytic leukemia
Peregrine Pharmaceuticals BI-chTNT-1/B (Cotara™) Glioblastoma NCTO00509301 /11
multiforme (GBM) NCT00677716
Nantes University Hospital Anti-CEA x anti-DTPA bispecific antibody Medullary thyroid NCT00467506 II
and di-DTPA-B'T carcinoma
University of Pennsylvania/ BI-Tositumomab B-cell lymphoma NCT00434629 I
GlaxoSmithKline
Eastern Hepatobiliary Surgery BI-Metuximab (Licartin™) Hepatocellular NCT00819650 II
Hospital carcinoma
Memorial Sloan-Kettering Cancer ~ "*'I-A33 humanized Colorectal cancer NCT00003360 I
Center/NCI
Ireland Cancer Center/NCI BI-Lym-1 Large B-cell lymphoma NCT00028613 I
Duke University BI-81C6 Brain and CNS tumors ~ NCT00002753 /I
Fred Hutchinson Cancer Research ~ 'I-BC8 (Anti-CD45) Lymphoma NCT00860171 I
Center
Duke University/NCI BII-MEL-14 F(ab’), Brain and CNS tumors NCT00002754 1
Melanoma (skin)
Metastatic cancer
University of Michigan Cancer BIT-Tositumomab + Bortezomib Lymphoma NCT00398762 I
Center
GlaxoSmithKline
Millennium Pharmaceuticals, Inc.
Memorial Sloan-Kettering Cancer ~ **Ac-huM195 (Anti-CD33) Leukemia NCT00672165 1
Center/NCI Myelodysplastic
syndrome
Ludwig Institute for Cancer 2Y-DOTA-cG250 Renal cell carcinoma NCT00199875 I
Research/Memorial Sloan- Kidney neoplasm
Kettering Cancer Center -
Kidney cancer
Charite University, Berlin, OY-Ibritumomab tiuxetan +rituximab Follicular lymphoma NCTO00772655 II
Germany
Weill Medical College of Cornell TLu-J591 Prostate cancer NCT00859781 1I
University
M.D. Anderson Cancer Center/ Y-Ibritumomab tiuxetan + rituximab Lymphoma leukemia NCT00048737 /I

Biogen Idec
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Diagnostic Radioimmunoconjugates

Only four agents have been approved for immuno-SPECT,
and at present, no radioimmunoconjugate for immuno-PET
has been approved for human use [23]. However, examina-
tion of the Clinical Trials database reveals that a large num-
ber of Phase I and II trials exploring the potential of both
immuno-PET and immuno-SPECT agents as diagnostic
radiotracers for a range of cancer phenotypes have been
undertaken during the last 5 years (Table 3.8) [243, 244].
With the increased availability of unconventional radionu-
clides, many of the clinical trials are now using radionuclides
such as *Cu, %Ga, ¥Zr, and '*I. This section provides a brief
overview of the reported clinical studies utilizing the afore-
mentioned radionuclides.

%Cu-Labeled Antibodies

%Cu-BAT-2IT (where BAT=6-bromoacetamidobenzyl-
1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic ~ acid
and 2IT=2-iminothiolane) conjugated to the monoclonal
antibody 1 A3 was one of the first *Cu-radioimmunoconjugates
to be evaluated in humans [245]. Preclinical studies of
%4Cu-BAT-2IT-1A3 showed high immunoreactive fractions
(85-95%), and in vivo experiments in GW39 human colon
carcinoma tumor-bearing hamsters showed high tumor uptake
(14.4£4.8%I1D/g) at 24 h post-i.v. administration [246].

In the first Phase I/Il clinical study using a
#*Cu-radiopharmaceutical, Philpott et al. compared [*F]FDG
and “Cu-BAT-2IT-1A3 uptake in 36 patients with suspected
advanced primary or metastatic colorectal cancer [245]. The
results demonstrated that *Cu-BAT-2IT-1A3 was more
specific for detecting colorectal tumors than [*F]FDG. [¥F]
FDG showed false-positive indications in patients with
inflammatory lesions (Fig. 3.35). The sensitivity of “Cu-BAT-
2IT-1A3 was found to be 86% per patient and 71% per lesion,
which was improved over radioimmunoscintigraphy using
""n-1A3 (76% per patient and 63% per lesion) [245, 247].
Further preclinical studies also investigated the therapeutic
potential of BAT-2IT-1A3 radiolabeled with either *Cu or
Cu and demonstrated that %Cu has clear potential for use in
the design of RIT agents [248].

89Zr-Labeled Antibodies

The use of ¥Zr for immuno-PET has been pioneered by the
research teams at the Vrije University Medical Centre
(Amsterdam, The Netherlands). ¥Zr is a particularly attrac-
tive radionuclide for immuno-PET due to its favorable decay
characteristics, including a 78.41 h half-life which matches
closely the optimum biodistribution times for intact IgG
molecules (Fig. 3.34). In addition, preclinical investigations
have demonstrated that PET image resolution using ¥Zr is
comparable to the high-resolution images obtained using '*F
or ®Cu [28, 31, 249, 250]. Conjugation methods are based on
the use of DFO [28-30, 251, 252]. Perk et al. reported the

Fig. 3.35 Anterior volume-rendered re-projection PET images
recorded by using ['*F]JFDG (lefr) and *Cu-BAT-2IT-1A3 (right) in a
woman post-resection of Dukes’ C rectal cancer 12 months before
enlarged mediastinal and periportal lymph nodes were observed. The
lymph notes were strongly positive on ["FIFDG-PET (left panel—
black arrows) but were negative with “Cu-BAT-2IT-1A3 (right panel).
Subsequent analysis of the lymph nodes demonstrated sarcoidosis.
(From Philpott GW, Schwarz SW, Anderson CJ, et al. RadioimmunoPET:
detection of colorectal carcinoma with positron-emitting copper-64-la-
beled monoclonal antibody. J Nucl Med. 1995;36:1818-24. Reprinted
with permission of the Society of Nuclear Medicine)

first human immuno-PET images recorded in a pilot study
comparing the uptake of ["®F]FDG with 3°Zr-Zevalin™ in a
B-cell CD20-positive patient with non-Hodgkin’s lymphoma
(NHL, Fig. 3.36) [249]. Serial PET images showed selective
uptake of ¥Zr-Zevalin™ in all tumor lesions that had previ-
ously been identified by ["*F]JFDG-PET. Evaluation of the
897r-immuno-PET images suggested that tumor uptake of
897r-Zevalin™ in NHL patients may be used as a screening
method prior to commencing RIT using *°Y-Zevalin.

In 2006, Borjesson et al. described results from the first
full-scale clinical trial of a #Zr-labeled mAb. They investi-
gated the ability of ¥Zr-DFO-U36 (a chimeric anti-CD44v6
mADb), in patients with squamous cell carcinoma of the head
and neck (HNSCC). Twenty patients received 75 MBq of
87r-DFO-U36 coupled to 10 mg of the mAb. Immuno-PET
images were acquired up to 144 h after injection. Their
results indicated that %Zr-immuno-PET detected all primary
tumors (n=17) as well as lymph node metastases with a sen-
sitivity of 72% and accuracy of 93%. The data were compa-
rable to the diagnostic results obtained by using ["F]
FDG-PET, computed tomography, and magnetic resonance
imaging in the same patients.

24]-Labeled Antibodies

2] is a promising radionuclide for immuno-PET, yet the
high-energy y-ray emissions which occur during '**I decay
mean that dosimetry with this radionuclide may be a limiting
factor to its clinical impact. However, standardized protocols
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Fig. 3.36 (a) ["®F]JFDG-PET scan of a non-Hodgkin’s lymphoma
patient. Coronal images from anterior (left) to posterior (right), with
visualization of cervical, mediastinal, left caput humeri, splenic, para-
aortic, and inguinal lymphomas. (b) *Zr-Zevalin immuno-PET scan
96 h postinjection of the same NHL patient. Coronal images from

for radiolabeling mAbs with iodine mean that in the immedi-
ate future, '/ is set to play a prominent role in preclinical
and clinical immuno-PET studies.

Divgi et al. recently completed Phase I clinical investiga-
tions of the ability of '*I-cG250, a chimeric mAb directed
against carbonic anhydrase IX, in clear-cell renal carcinoma,
the most common and aggressive renal tumor [253]. In total,
26 patients with renal masses received a single intravenous
infusion of 185 MBg/10 mg of '*I-cG250. The results
revealed that 15 of 16 clear-cell carcinomas were identified
accurately by *I-immuno-PET, and all nine non-clear-cell
renal masses were negative for the tracer (Fig. 3.37). The
sensitivity of '*I-cG250 immuno-PET for clear-cell kidney
carcinoma in this trial was 94%, the negative predictive

anterior (left) to posterior (right); slices correspond to those presented
in the [*F]FDG-PET images. Liver uptake (yellow arrow) is potentially
due to retention of ¥Zr after catabolism of the radioimmunoconjugate.
(From [249] with kind permission from Springer Science and Business
Media)

value was 90%, and the specificity and positive predictive
accuracy were both 100%.

The conclusions from the study were that immuno-PET
with **I-cG250 can identify accurately clear-cell renal carci-
noma; further, a negative scan is highly predictive of a less
aggressive phenotype. Stratification of patients with renal
masses by '*I-cG250 PET can identify aggressive tumors
and help decide treatment.

Radioimmunotherapeutic Agents

The majority of clinical RIT investigations have focused on
the use of the commercially available radionuclides *°Y and
B, More recently, B- and a-emitting radionuclides such as
87Cu, ""Lu, 89188Re, 213Bi, and ?»Ac have been exploited for
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Fig. 3.37 Transaxial CT (a), immuno-PET (b), and fused image
(c) from a patient with a large clear-cell renal carcinoma. Immuno-PET
images were recorded using '**I-cG250 (185 MBgq/10 mg). (From Divgi
CR, Pandit-Taskar N, Jungbluth AA, et al. Preoperative characterisation

site-directed RIT (Tables 3.3, 3.4, and 3.9). The concept of
“arming antibodies” to carry a lethal radioactive or chemo-
therapeutic payload has been the subject of several excellent
reviews [234, 254, 255].

The use of B-emitting radionuclides is particularly suited
for the treatment of large, solid tumors. B-particles have a
much longer range in tissue (approximately 1-10 mm) than
a-particles (~50 pm). For this reason, o-therapy is best
suited for combination with internalizing antibodies which
sequester the radioactivity inside the cell, thereby enhancing
the potential for DN A-ionization-induced apoptosis.

At present, clinical studies using -emitting radionuclides
are more advanced than studies involving o-immunotherapy
agents. For example, many clinical trials using Y and "'I
have entered Phase II/IIl, and one trial using the prostate-
specific membrane antigen (PSMA) targeting humanized
mAD, J591, functionalized with ""Lu-DOTA for targeted ther-
apy of prostate cancer has entered Phase II studies
(NCT00859781, Table 3.9). Another clinical trial investigating
the effect of > Ac-hM195 for anti-CD33 therapy of leukemia
and myelodysplastic syndrome is ongoing (NCT00672165).

Conclusions

Above all, three impressions stand out from this or any other
survey of radiopharmaceuticals in oncology: diversity, appli-
cability, and potential. Not only have radiotracers facilitated
the imaging of a wide variety of malignancies, but the field is
characterized by remarkable diversity in the targeting strate-
gies, molecular targets, and radiolabeling chemistry employed
in the development of imaging agents. Every day, many of
these radiopharmaceuticals—notably ["®F]FDG, [''In]-
Octreoscan™, and [*Y]-Zevalin™ —are having a clinical
impact on the diagnosis, staging, and treatment of cancer.

of clear-cell renal carcinoma using iodine-124-labeled antibody chime-
ric G250 (['*1]-¢G250) and PET in patients with renal masses: a phase
I trial. Lancet Oncol. 2007;8:304—10 with permission)

Yet the future of nuclear oncology is even more exciting than
the present, with a burgeoning number of agents in clinical
trials and an ever-increasing library of molecules in labora-
tory development. Indeed, the rest of this text—with chap-
ters on topics ranging from the radioimaging of melanoma
(Chap. 24) to the radiotherapy of lymphoma (Chap. 7) —will
only continue to emphasize and elaborate on these important
themes.
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