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9.1 Fundamentals 

Why Monoclonal Antibodies? Antibodies are 
an important arm of the immune system that can 
neutralize or eliminate toxins and pathogens that 
are recognized by the immune system as foreign. 
Since tumors arise from normal tissue, they do 
not usually elicit an antibody response. The 
advent of monoclonal antibodies that can be pro-
duced by immunizing a mouse with a human 
tumor raised the possibility that monoclonal 
antibodies could be used to directly treat tumors. 
In spite of this possibility, the majority of anti-
tumor monoclonal antibodies is not sufficiently 
cytotoxic by themselves and must therefore be 
conjugated with drugs or radionuclides to elicit 
effective tumor killing. The choice of monoclonal 
antibodies as vehicles for targeted radiotherapy 
(RPT) is supported by an enormous knowledge 
base encompassing their formation, structure, 
function, and chemical or genetic modifications. 
First, it is informative to review the basic struc-
ture of an antibody from the viewpoint of a stu-
dent or practitioner of radioimmunotherapy. 
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Several different parts of an immunoglobulin’s 
structure can be harnessed in the construction of 
a radioimmunoconjugate. In Fig. 9.1, we depict 
what many will recognize as a typical immuno-
globulin G (IgG) composed of two heavy and two 
light chains. These chains are held together by 
both non-covalent interactions and covalent 
bonds. The latter are disulfides that can be 
reduced under mild conditions without destroying 
the overall structure of the immunoglobulin. Once 
reduced, the free thiols present convenient sites 
for the attachment of prosthetic groups or 
chelators for radionuclides (vide infra). Alterna-
tively, radionuclides may be attached to surface 
residues such as lysines, of which there are up to 
80 per biomolecule. When attaching 
radionuclides to an antibody, it is important to 
remember that the antigen binding sites are at 
the N-terminal distal ends of the molecule and 
that perturbing these regions can affect antigen 
binding. Since there are two antigen-binding 
sites, the overall affinity of the antibody for its 
antigen is increased via an effect called avidity. 
Thus, smaller, monovalent antibody fragments 
such as Fabs may exhibit reduced affinities for 
their target antigens compared to their full-length 
monoclonal antibody parent. Finally, the clear-
ance of antibody from the circulation is controlled 
by many factors, including the molecular size of 
the antibody or its fragments and its ability to 
bind FcRn, a receptor on endothelial cells that 
promotes the transport of the immunoglobulin 
out of the vascular bed and into surrounding
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tissues. These important topics will be discussed 
in more detail later. 
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Before we move on, it is important to ask a 
fundamental question: why use antibodies 
for RPT? First off, antibodies are natural targeting 
molecules that are easy to generate from many 
starting points using techniques that will be 
briefly mentioned later. In theory, one can gener-
ate antibodies to almost any antigen, whether a 
protein, carbohydrate, lipid, or small molecule. 
The theoretical number of possible different 
antibodies is estimated as high as a million tril-
lion. In large molecules like proteins, antibodies 
may recognize an epitope composed of a linear 
sequence of amino acids or a three-dimensional 
structure that includes amino acids that are distant 
from one another in the protein’s primary 
sequence. Knowledge of an antibody’s target epi-
tope is important since it may be masked by post-
translational modifications or be disrupted by 
denaturation (the latter is especially germane in 
the case of three-dimensional epitopes). 

Natural antibodies come in different isotypes 
such as IgG, IgM, IgA, and IgE, and each class 
has subclasses with different molecular sizes, 
half-lives, and functions. For example, the struc-
ture of the antibody shown in Fig. 9.1 is typical of 
a human IgG1 that has two disulfide bonds in the 
lower hinge connecting the two heavy chains and 

two additional disulfides in the upper hinge 
connecting the heavy and light chains. This 
arrangement of disulfide bridges varies between 
both isotypes and species. Since most clinically 
available antibodies are derived from natural 
antibodies from non-human sources, they can be 
engineered to more closely resemble human 
sequences (humanized) and tailor their blood 
clearance and effector functions (vide infra). 

Fig. 9.1 Basic features of an antibody. An antibody has 
two heavy (H) and two light (L) chains with variable 
(V) and constant (C) domains. The two antigen binding 
sites comprise the N-terminal variable regions of the H and 
L chains, designated as VH and VL. Both sites contribute to 
antigen binding, thereby increasing binding in a process 
termed avidity. The two heavy chains are connected to 

each other and the light chains by disulfide bridges (thick 
lines) called the hinge region. The Fc region below the 
hinge region plays a role in the circulation half-life of the 
antibody and immune effector functions. The radionuclide 
can be appended almost anywhere on the antibody 
depending on the attachment chemistry 

All of this structural and functional informa-
tion must be considered when determining which 
type of antibody is most appropriate for RPT. For 
example, an antibody of the most appropriate 
isotype with a high affinity/avidity for its antigen 
is desirable. Care must also be taken to choose the 
suitable antigen, specifically one that is expressed 
at high levels in target tissues and at low levels in 
most (if not all) normal tissues. 

Antibody Selection and Production It is 
unlikely that someone interested in developing a 
therapeutic radioimmunoconjugate would start a 
project with the goal of developing a new anti-
body by screening clones or using expression 
libraries, a time-consuming process that has 
been reviewed by others [1]. Therefore, we will 
start a discussion of the possible sources of 
antibodies for researchers seeking to create a 
novel radioimmunoconjugate.
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• Radiolabeled antibodies that have already 
been in the clinic but have not yet proven 
effective for RPT. These may be antibodies 
that were used for imaging only or ones that 
did not yield impressive results within a RPT 
trial but could be improved by choosing 
another radionuclide, dose, disease, or combi-
nation therapy.

• Antibodies approved for human use that are 
potential candidates for RPT but have not yet 
been used as radioimmunoconjugates in the 
clinic. These antibodies may include those 
that demonstrated impressive clinical results 
that justify their use as 
radioimmunoconjugates, or ones that failed to 
achieve their goals but can be improved with a 
therapeutic radionuclide payload. These 
antibodies can be rapidly radiolabeled, and 
their performance in imaging and/or therapy 
studies can be rapidly tested in preclinical 
studies.

• Antibodies that have shown promising results 
in preclinical studies that may or may not have 
included nuclear imaging trials.

• Antibodies that shown promising target speci-
ficity and efficacy in in vitro studies. These 
antibodies may not have entered animal stud-
ies and thus may require a great deal of in vivo 
development. 

The list above is not comprehensive. It simply 
suggests several starting points—in order of 

increasing effort needed—from which 
radiolabeled antibodies can be developed for the 
clinic. The time, resources, and expertise avail-
able for a given project will also help guide the 
selection of an antibody. Since target specificity is 
of paramount importance for a 
radioimmunoconjugate, researchers should make 
tissue staining a critical early step in the selection 
and validation of a candidate antibody. This can 
be done by staining tissues blocks in a pathology 
core with expert opinions rendered by a seasoned 
pathologist. An example of the staining of the 
anti-CEA (carcinoembryonic antigen) antibody 
M5A [2] for normal vs. tumor tissue is shown in 
Fig. 9.2. In general, if an antibody stains a low 
percentage of cells in the target tissue or stains 
them with low intensity—or, conversely, stains 
normal tissues strongly—one can reasonably pre-
dict poor outcomes in human trials. It is important 
to remember than most animal models for grow-
ing human xenografts do not express the human 
variants of the antigen of interest. This can give 
false hope that an antibody is specific for the 
targeted tumor antigen and not the normal antigen 
also expressed in human organs. In addition, 
screening human cell lines can be misleading 
because they may or may not express the antigen 
of interest at the same level as normal or malig-
nant tissue. 

Fig. 9.2 Immunostaining 
of normal vs. malignant 
colon with anti-CEA 
antibody. Normal colon 
(left) and malignant colon 
(right) stained with anti-
CEA antibody conjugated 
to HRP and counterstained 
with hematoxylin. The 
results are representative of 
over 10 normal specimens 
and 50 colon tumor 
specimens 

The amount of antibody required for a thera-
peutic study is an important consideration. Often



as little as 5 mg of the radioimmunoconjugate will 
be needed per dose assuming a sufficient specific 
activity can be achieved. However, some 
antibodies are rapidly cleared in humans, 
necessitating the addition of a so-called “cold” 
dose. Here, it is important to remember that only 
a small fraction of the antibody molecules is 
actually radiolabeled. Thus, each injected dose 
contains mostly unlabeled antibody. If the sys-
temic concentration of antibody is too low for it to 
bind its target based on its affinity and clearance 
properties, then more cold (unlabeled) antibody 
may need to be added to the radiolabeled dose. 
This is usually done via an initial infusion of the 
unlabeled antibody followed soon thereafter by 
the administration of the radioimmunoconjugate. 
If this is the case, then the amount of antibody 
required for a clinical trial may be greatly 
increased. The good news is that the cold anti-
body need not be chemically modified. 
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The production of clinical grade antibodies 
requires a trained staff operating under SOPs in 
a GMP facility. If the antibody is already a com-
mercially approved agent, an IND is still required 
for the radiolabeled version, since it is considered 
a new agent. A summary of the details for the 
GMP production of an antibody and its journey 
through the IND process are shown below:

• Selection of a stable, high-expressing mamma-
lian cell culture clone

• Generation of a master and working cell bank
• Production in a bioreactor (grams to kilo scale)
• Purification, including viral inactivation/ 

removal steps
• Bioconjugation in the case of radiometal-

labeled immunoconjugates
• Formulation
• Vialing the final product
• Viral validation studies
• Lot release testing
• Toxicity studies
• Preclinical studies
• IND submission 

Antibody Fragments and Engineered 
Antibodies Since intact antibodies clear rather 
slowly from circulation due to their molecular 

size (150 kDa) and the presence of their Fc 
domain that binds FcRn, there has been signifi-
cant interest in building radioimmunoconjugates 
out of antibody fragments that retain the antigen-
binding portion of mAbs but have a lower mass 
and lack an Fc domain (Fig. 9.3). The clearance 
rates of antibody fragments depend on their 
molecular size and the molecular weight cutoff 
of kidney filtration, about 60 kDa. Indeed, exper-
imental measurements have shown that that 
diabodies—with a molecular weight of 
55 kDa—are still cleared by the kidney. Figure 9.3 
illustrates 6 antibody fragments in decreasing 
order of molecular size. The clearance of 
radioimmunoconjugates through the kidneys is a 
potential concern, because the retention of the 
radiolabel within the kidneys can lead to the 
kidneys becoming a dose-limiting organ due to 
their intrinsic radiosensitivity [3]. For this reason, 
radiolabeled antibody fragments that clear to the 
kidney are not favored for RPT. A second consid-
eration surrounding the pharmacokinetics of 
radiolabeled antibody fragments is that their rapid 
clearance from circulation may mean substantially 
less absolute uptake in the target tissue which can 
translate into lower radiation doses. For these 
reasons, it is important to optimize the pharmaco-
kinetic profile of a radioimmunoconjugate, 
whether it is a full-length antibody or a fragment. 

The examples of antibody fragments shown in 
Fig. 9.3 were taken from our work on an anti-
CEA antibody that began with the screening of 
murine hybridomas [4, 5], followed by engineer-
ing a half-murine, half-human chimeric version 
[6], and finally generating a fully humanized anti-
body [2]. The enzymatic production of divalent F 
(ab’)2 and monovalent Fab fragments was later 
described [7], as well as the engineering of scFv 
and diabody constructs [8–11]. Thus, starting 
from an intact murine monoclonal antibody, it is 
possible to generate antibody fragments that are 
entirely murine or—by genetic engineering—to 
convert monoclonal antibodies to chimeric or 
fully human mAbs and fragments. Since mono-
clonal antibodies arise from two genes, the heavy 
and light chains (Fig. 9.1), genetic engineering,



and expression of intact antibodies are rather 
complicated. The production of engineered 
antibodies from a single gene construct has 
advantages over approaches that require separate 
genes for the heavy and light chains. An example 
of such a construct is the minibody, in which an 
scFv is fused to the CH3 domain of a heavy 
chain [11]. 
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Fig. 9.3 Schematic structures of an intact 
antibody vs. antibody fragments. For each construct, the 
molecular size, valency, and route of clearance are shown. 
Each of the domains is color coded to allow for 
comparisons of their structures. The variable regions are 

shown in green, constants regions in magenta, and hinge 
region in cyan. F(ab’)2 and Fab fragments are usually 
made via the enzymatic digestion of intact IgGs, while 
the diabodies, minibodies, and scFv fragments are geneti-
cally engineered 

Before we move on, it is important to touch 
upon the use of unusual immunoglobulins from 
other species in RPT. Camelid antibodies or 
nanobodies are antibodies that originate from the 
Camelidae family that includes llamas, camels, 
and alpacas [12]. These nanobodies are attractive 
in that they are heavy-chain only constructs that 
don’t require light chains. However, they are 
inherently foreign and likely to produce immune 
responses when given to humans. This drawback 
may limit the repeat administrations of these 
constructs or necessitate humanization. A recent 
review of the use of nanobodies in the clinic is 
given by Yang et al. [13]. 

9.2 Details 

Imaging with Radiolabeled Antibodies Although 
this chapter is focused on RPT, nuclear imaging is 
a logical complementary approach that can allows 
one to determine the extent of antibody targeting 
prior to therapy, monitor the response of a patient 
to therapy, and, most importantly, perform dosim-
etry calculations in advance of RPT. The rela-
tively new field of theranostics refers to the use 
of different versions of the same agent for both 
imaging and therapy. In this context, an antibody 
radiolabeled with a gamma emitting radionuclide 
could be an imaging agent for the same mAb 
when radiolabeled with a beta- or alpha-emitting 
radionuclide. Several imaging modalities are 
available in the clinic, including planar imaging, 
single photon emission computerized tomogra-
phy (SPECT), and positron emission tomography 
(PET). Although the ability to do three-
dimensional imaging with SPECT and PET is



preferred, it should be noted that considerable 
information can be obtained from planar imaging, 
too. Since it is very likely that the reader is famil-
iar with all three modalities, they will not be 
discussed here. Instead, we will focus on the 
some of the most commonly used radionuclides 
for radioimmunoimaging. 
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Table 9.1 Radionuclides for radioimmunoimaging 

Radionuclide Half life Emission Modality Production 

Ga-68 68 min Positron PET Generator 
F-18 109.7 min Positron PET Cyclotron 
Tc-99 m 6 h Gamma SPECT Generator 
Cu-64 12.7 h Positron PET Cyclotron 
I-123 13.2 h Gamma SPECT Cyclotron 
In-111 2.8 da Gamma SPECT Cyclotron 
Zr-89 3.3 da Positron PET Cyclotron 
I-124 4.2 da Positron PET Cyclotron 

The radionuclides most commonly used for 
radioimmunoimaging are presented in increasing 
order of their half-lives in Table 9.1. Since both 
SPECT and PET instruments are available at most 
institutions, the first consideration in choosing of 
radionuclide is typically its half-life. The general 
rule is to match the biological half-life of the 
agent with the radiological half-life of the radio-
nuclide. Thus, Ga-68 and F-18 are typically 
restricted to rapidly clearing antibody fragments, 
while In-111, Zr-89 and I-124 are most suitable 
for intact antibodies or larger fragments. In con-
trast, Cu-64 and I-123 have been successfully 
used to image tumors with both intact antibodies 
and antibody fragments [14, 15]. 

One advantage of radioimmunoimaging prior 
to radioimmunotherapy is the ability to predict the 
clearance and retention of the radiolabeled anti-
body, which can affect targeting and dosimetry. 
Surrogate radioimmunoimaging describes the 
concept of choosing a positron-emitting radionu-
clide with similar/comparable characteristics 
(half-life, metabolism) to the radionuclide that 
will be used for therapy. Surrogate 
radioimmunoimaging can be used to profile the 
pharmacokinetics, biodistribution, and clearance 
of the mAb and thereby provide support in assem-
bling the best radionuclide, labeling chemistry, 
and antibody or antibody fragment for RPT. 

Several good examples of radioisotopic pairs for 
surrogate imaging and RPT are I-124/I-131; 
Cu-64/Cu-67 and Zr-89/Lu-177. Figure 9.4 
depicts surrogate radioimmunoimaging using an 
anti-prostate stem cell antigen (PSCA) minibody 
that correctly predicted that the bone marrow 
would be dose limiting for 131 I-based RPT and 
the kidneys would be dose-limiting for 
radiometal-RPT [16]. 

An example of PET imaging with a 
CEA-positive tumor and metastatic lymph node 
with a 64 Cu-labeled antibody is shown in Fig. 9.5. 
Both the primary tumor and a metastatic lesion 
in the lymph node can be visualized as early 
as 24 h after the administration of the 
radioimmunoconjugate. 

A second example of PET imaging with a 
64 Cu-labeled anti-Her2 antibody that detected 
liver metastases is given in Fig. 9.6 [17]. In this 
case, the physical dose of the antibody played a 
major role. While 5 mg of the radiolabeled anti-
body barely distinguished tumor from back-
ground tissue, pre-injection of 45 mg of 
unlabeled antibody dramatically improved imag-
ing, presumably by saturating the non-specific 
uptake of the antibody-antigen complexes in nor-
mal hepatocytes. 

Examples of SPECT imaging with a minibody 
[18] of our anti-CEA antibody are given in 
Fig. 9.7. Given the reduced clearance time of the 
minibody compared to its parental mAb, it was 
possible to use two radionuclides with slightly 
shorter half-lives: 123 I and 111 In. 

The availability of radionuclides is a second 
issue to consider when choosing a label for an 
antibody. The production of Ga-68 requires an 
in-house generator, while the longer half-life of



Tc-99 m means it can be shipped. Both 99m Tc-
and 18 F-labeled agents can be ordered from a 
variety of suppliers, and 18 F can even be 
generated in-house using a cyclotron. The 
remaining radionuclide options—i.e., 89 Zr, 111 In, 
etc.—have half-lives that are long enough to 
allow for shipping that can often take 1–2 days. 
In this respect, orders of 64 Cu can be a bit tricky, 
as they require shipments of larger amounts to 

compensate for their significant decay during 
shipping. Facilities with in-house cyclotrons can 
produce their own radionuclides, including those 
for which higher energy beams are required. 
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Fig. 9.4 Surrogate PET imaging of prostate cancer with 
124 I- and 89 Zr-labeled anti-PSCA minibodies. (a) 
ImmunoPET images over time. (b) Blood clearance 
curves. Upper: The minibody was radio-labeled with 

I-124 as a surrogate for I-131 therapy. Lower: The 
minibody was radiolabeled with Zr-89 as a surrogate for 
Lu-177 therapy 

Fig. 9.5 PET imaging of rectal cancer at 24 h with 64 Cu-
labeled anti-CEA antibody DOTA-M5A. DOTA-M5A 
(3 mg) radiolabeled with 555 MBq of Cu-64 was 
administered and PET imaging performed at 24 and 

48 h. The patient had recurrent tumor growth at both the 
primary site and a lymph node. Left: primary site. Right: 
metastatic lymph node. Both sites were confirmed by 
subsequent biopsies 

A third consideration in the selection of a 
radionuclide is the possible requirement for pre-
clinical imaging. Preclinical studies are usually a 
requirement for filing an IND on a new 
radiotherapeutic. In this respect, access to animal



r

imaging instruments is essential. PET/CT animal 
imaging instruments are perhaps the most versa-
tile, allowing anatomical imaging with CT along-
side PET. Instruments that also allow SPECT are 

desirable as well, as are PET/MR instruments. An 
example of preclinical PET images acquired with 
a 64 Cu-labeled anti-CEA antibody is shown in 
Fig. 9.8. Multiple imaging times can be used to
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Fig. 9.6 PET imaging of liver metastasis in breast cancer 
with 64 Cu-DOTA-trastuzumab compared to 18 F-FDG. (a, 
b): FDG PET/CT of liver metastasis in breast cancer 
patient at 24 (a) and 48 h (b). (c, d): PET/CT at 24 h 

with 5 mg (551 MBq) radiolabeled trastuzumab (c) o  
5 mg (551 MBq) radiolabeled trastuzumab plus 45 mg of 
unlabeled trastuzumab (d). Arrows indicate sites of 
metastasis 

Fig. 9.7 SPECT images of rectal cancer with 123 I- or 111 In-labeled anti-CEA minibody. Left: SPECT image with 
123 I-labeled antibody. Right: 111 In-labeled DOTA-antibody



demonstrate the clearance of the 
radioimmunoconjugate from the blood and liver.
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Fig. 9.8 PET imaging of 
CEA-positive flank 
xenografts in a nude mouse 
with the 64 Cu-labeled anti-
CEA antibody 
DOTA-M5A. Left: image at 
23 h, Right: image at 44 h. 
30 μg of DOTA-anti-CEA 
antibody was radiolabeled 
with 3.7 MBq of Cu-64 

Fig. 9.9 PET imaging of multiple myeloma in NSG mice 
with 124 I-labeled daratumumab. Left to right: PET images 
at 4, 21, and 44 h as well as a fused PET/CT image from 

44 h. The early images show uptake in the blood and liver, 
while the later images illustrate clearance from the blood 
and uptake into bony sites 

An example of preclinical PET using an 
124 I-labeled radioimmunoconjugate of the anti-
CD38 mAb daratumumab in systemic model of 
multiple myeloma (MM) is shown in Fig. 9.9. 
These preclinical studies helped to demonstrate 
the utility of imaging with radiolabeled anti-
CD38 antibodies. A clinical trial later illustrated 
the feasibility visualizing MM in patients using 
64 Cu-labeled DOTA-daratumumab [19]. 

Conjugation Chemistry of Radionuclides 
to Antibodies The chemistry of the attachment 
of radionuclides to antibodies or antibody 
fragments is similar whether the final 

radioimmunoconjugates are used for imaging or 
RPT. The chief issue with radiolabeling any anti-
body is the potential loss of immunoreactivity. 
Thus, an assay must be established to compare 
the immunoreactivity of the agent before and after 
radiolabeling. Several potential assays are 
discussed in the next section. Since traditional 
methods of bioconjugation introduce the radiola-
bel at random sites on the immunoglobulins, the 
most care must be taken with smaller fragments. 
Concerns regarding the loss of immunoreactivity 
can be eliminated using site-specific conjugation 
methods. Along these lines, conjugation into the 
hinge region of antibodies is popular, since 
cysteines in this area can be selectively reduced 
(and then modified) without disturbing the less



accessible internal disulfides elsewhere in the 
immunoglobulin. The mild reduction in 
antibodies usually does not disturb the overall 
structure or activity of the antibody, with one 
exception: F(ab’)2 fragments will be irreversibly 
reduced to monovalent Fab’ fragments. Since 
there are a wide variety of conjugation methods 
that are reviewed well elsewhere [20], only the 
most common methods will be mentioned here 
(Table 9.2). 
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Table 9.2 Common methods for the conjugation of radionuclides to antibodies 

Radionuclide Conjugation method Chelatora Ref 

I-131, I-125, I-124, I-123 Iodogen (tyrosine) None (direct) [21] 
Tc-99 m Active ester (lysine) 

Maleimide (cysteine) 
SHNH [22] 

Ga-68 Active ester (lysine) 
Maleimide (cysteine) 

NOTA, DOTA [23] 

Cu-64, Cu-67 Active ester (lysine) 
Maleimide (cysteine) 

NOTA, DOTA 
sarcophagine 

[24–26] 

In-111 Active ester (lysine) 
Maleimide (cysteine) 

DOTA [27] 

Lu-177 Active ester (lysine) 
Maleimide (cysteine) 

DOTA [28] 

Y-90 Active ester (lysine) 
Maleimide (cysteine) 

DOTA [29, 30] 

Zr-89 Thiourea (lysine) 
Maleimide (cysteine) 

DFO [31] 

a SHNH (hydrazino nicotinamide), NOTA (2,2′,2″-(1,4,7-triazacyclononane-1,4,7-triyl)triacetic acid), DOTA 
(2,2′,2″,2″‘-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid), DFO (deferoxamine) 

Radioiodination is perhaps the oldest method 
for the radiolabeling of antibodies. It is still com-
monly used because it is rapid and several 
isotopes of iodine are available that differ in 
their emissions and half-lives (see Chap. 7 for a 
more detailed discussion). The most common 
method of radioiodination is the iodogen method, 
which incorporates radioiodine into tyrosine 
residues in a matter of minutes at room tempera-
ture. Importantly, iodinated tyrosines are targets 
of tissue-specific metabolic scavenging that is 
most prevalent in organs such as the liver and 
kidney. Once the radiolabeled antibody is 
metabolized, iodotyrosine is rapidly taken up 
and transported to the thyroid and, less so, the 
stomach. This process will reduce the amount of 
radioactivity in the liver, and is an advantage if 
liver metastases are the target for imaging and/or 
therapy [32]. However, this process may also 
reduce the total uptake in the target, requiring 

the use of rather high doses of the 
radioimmunoconjugate for both imaging and 
therapy. This process also results in unwanted 
uptake in the thyroid that must be blocked via 
the co-administration of iodide over several days 
to reduce the very real prospect of radiodamage to 
the thyroid. To circumvent some of these 
problems, alternative methods have been devel-
oped in which a prosthetic group is radioiodinated 
first and then conjugated to lysines on the 
antibody [33]. 

The use of radiometals requires careful atten-
tion to the choice of chelator (see Chap. 6 for a 
more comprehensive discussion of radiometal 
chelates). Well-developed methods for labeling 
immunoglobuliins with Tc-99 m also exist. 
Given the short half-life of Tc-99 m (6 h), its 
use is largely limited to labeling antibody 
fragments. To this end, the unusual chemistry of 
Tc requires special chelators that can be attached 
to either lysine or cysteine residues in the anti-
body. There are also a large number of 
radiometals that can be coordinated by amine- or 
thiol-reactive variants of the promiscuous metal 
ion chelator DOTA. These derivatives are termed 
“bifunctional chelators,” since they facilitate both 
the coordination of the radiometal and its conju-
gation to antibodies via lysine or cysteine 
residues. Since the ionic radius of the radiometal 
is a factor in stable binding to DOTA, the smaller 
ring size of NOTA for 68 Ga3+ has been utilized.

https://doi.org/10.1007/978-3-031-39005-0_7
https://doi.org/10.1007/978-3-031-39005-0_6


Besides DOTA and NOTA, the cage-like chelate 
sarcophagine has also been used for 64 Cu2+ and 
67 Cu2+ (see Table 9.2). 
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Radiometals—including most of those in 
Table 9.2—are often termed “residualizing 
radionuclides” because once they are internalized 
and metabolized, they are often slowly lost from 
cells that have no specific mechanisms for their 
excretion (especially while still bound to a che-
late). This retention of radiometals in target tissue 
is an advantage, as less radioactivity is lost over 
time compared to radioiodinated probes. On the 
other hand, the retention of radioactivity in 
non-target organs like the liver and kidney can 
lead to a high background signal in the context of 
imaging and high background dose rates in the 
context of RPT. The radioisotopes of copper are a 
possible exception to the trend of residualized 
radiometals, since it can be metabolically labile 
in the liver [34]. As a result, the field has worked 
to develop more metabolically stable chelators for 
Cu2+ , including—but not limited to—the 
sarcophagine family [35]. Nonetheless, there is a 
real advantage to the use bifunctional derivatives 
of DOTA, since DOTA-conjugated antibodies 
may be radiolabeled with radiometals suitable 
for either imaging or therapy. 

Zr-89, like Tc-99 m, requires a special chelator 
due to its unique coordination chemistry. The 
natural iron-chelating siderophore deferoxamine 
(DFO) has emerged as the chelator of choice for 
89 Zr and can be conjugated to lysine or cysteine 
residues via isothiocyanate- or maleimide-bearing 
bifunctional variants, respectively. These 
derivatives are more metabolically labile than 
the active ester derivatives that produce amide 
bonds within the antibody. Furthermore, the 
chemical linkage between the chelate and anti-
body can be fine-tuned to be more or less meta-
bolically stable. This consideration is critically 
important for antibody-drug conjugates, for 
which the release of the drug from the antibody 
may be key to its function [36]. Extensive linker 
chemistry is available for bifunctional 
chelates [37]. 

Once the radionuclide and bioconjugation 
method are chosen, a number of fundamental 
steps are required before commencing preclinical 

or clinical studies with a radioimmunoconjugate. 
Along these lines, radioiodinated 
radioimmunoconjugates are simplest as they 
lack a chelator. In the case of radiometallated 
radioimmunoconjugates, things are slightly more 
complicated, as the stability of the chelator-
antibody bond must be assessed, and methods 
must be developed to radiolabel the chelator-
bearing immunoconjugate with the radiometal of 
choice. Further details are described below. 

Characterization of Radiolabeled 
Antibodies The properties of radiolabeled 
antibodies must be systematically characterized 
prior to their use in animals or humans. The 
most important properties to assess are 
summarized below:

• Percent radiolabeling
• Specific activity (radioactivity/mg)
• Immunoreactivity
• Antibody purity (SEC)
• Radiolabel stability (from production to 

patient)
• Serum stability (incubation with human serum 

over time) 

The ability of a given radiolabeling method to 
provide a product in sufficient yield and specific 
activity will vary with parameters such as anti-
body concentration, reaction volume, pH, time of 
incubation and the nature of the radionuclide, 
especially in the case of a radiometal. The best 
approach is to first decide on the desired specific 
activity for the application in mind. For animal 
studies in which cohorts of 40 mice are imaged or 
treated with 10–30 μg of antibody per mouse, the 
amount of antibody to be labeled for a given study 
may be in the range of 1–2 mg, and the amount of 
radioactivity required may be in the range 
3–15 MBq. In order to optimize a radiolabeling 
procedure, trials should be executed with a fixed 
amount of antibody and increasing amounts of 
radionuclide and monitored via instant thin layer 
chromatography (iTLC) to determine the effi-
ciency of radiolabeling. In most cases, >95% is 
the target efficiency at the desired specific activ-
ity. An example of a scanned iTLC strip is shown



in Fig. 9.10. The concentration of antibody, the 
volume and pH of the reaction, and the formula-
tion of the radionuclide itself can all affect the 
radiolabeling reaction and thus must be 
optimized. In addition, since radiolysis is a poten-
tial problem (especially at high concentrations of 
therapeutic radionuclides), it may be necessary to 
add a radioprotectant such as ascorbate to the 
reaction buffer to protect the 
radioimmunoconjugate [38]. 
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Fig. 9.10 Percent radiolabeling determination by iTLC. 
DOTA-anti-CEA antibody M5A (5 mg/mL) in 0.25 M 
pH 6.0 ammonium acetate with 50 mM ascorbic acid 
was radiolabeled with 16.5 MBq of Ac-225 at 43 °C for 
40 min, and excess radiometal was scavenged via the 

addition of 10 mM DTPA for 10 min. An aliquot was 
applied to an iTLC strip, developed in saline, and scanned 
for radioactivity. The counts at the origin (region 1) 
were > 99% of those applied. Any excess unbound 
radiometal would appear at the end of the strip 

Once a reproducible radiolabeling method has 
been established, the immunoreactivity of the 
product must be determined. Along these lines, 
access to the cognate antigen or a cell line 
expressing the cognate antigen is essential. In 
the case of cell surface receptors, many are avail-
able as recombinant Fc fusion products or can be 
prepared by gene synthesis and cell expression 
systems that include post-translation 
modifications such as glycosylation. An example 
of an immunoreactivity assay for CEA is shown 
in Fig. 9.11a, b. In this assay, the radiolabeled 
antibody is mixed with a 10- to 20-fold molar 
excess of CEA, incubated for 1–2 h, and injected 
on a size exclusion column monitored with a 
radioactivity detector. Both the radiolabeled anti-
body and CEA must be diluted in 1% serum 

albumin to prevent the small amounts of protein 
present from sticking to the sides of the assay 
tubes. The size of the antibody-antigen complex 
will be greater than the starting antibody, thereby 
allowing one to measure the area under the curves 
of the bound and unbound antibody. An alterna-
tive measure of immunoreactivity is the cell-
binding assay. For cell-based immunoreactivity, 
trace amounts of radiolabeled antibody are 
incubated with excess antigen-expressing cells 
(along with antigen-negative controls). The cell-
bound and supernatant fractions are separated by 
centrifugation and gamma counted. A double-
reciprocal plot is created by plotting the inverse 
bound antibody fraction (1/ (bound/[[bound + 
free]) as a function of the inverse cell number 
[(1/(cells/mL)] and extrapolated to “infinite anti-
gen excess”. The reciprocal of the immunoreac-
tive fraction is given at the y-intercept. The 
example given in Fig. 9.11c is for an 124 I-labeled 
cys-diabody binding to human CD20 [39]. 

Another example can be given for the determi-
nation of the immunoreactivity of an anti-CD38 
antibody daratumumab to its cognate antigen, the 
extracellular domain of CD38. An Fc fusion pro-
tein with CD38 is commercially available, and 
since it is fused to a Fc domain, both its valency 
and molecular size are increased, leading to a
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Fig. 9.11 
Immunoreactivity of 
radiolabeled antibodies. (a, 
b) An aliquot of 225 Ac-
labeled DOTA-anti-CEA 
(see Fig. 9.10) was injected 
onto a Superose 
200 column and eluted with 
PBS. Radiochromatograms 
before (a) and after (b) 
mixing with a 20-fold 
excess of CEA. Note the 
shift to higher molecular 
size after the addition of 
CEA. The percent 
immunoreactivity = bound/ 
(bound plus unbound) x 
100. In this example the % 
immunoreactivity was 
>98%. (c). An example of a 
double reciprocal plot 
stemming from a cell-based 
immunoreactivity assay in 
which an 124 I-labeled anti-
CD20 antibody binds to 
38C13 murine B-cell 
lymphoma cells expressing 
human CD20



substantial size shift upon binding the 
radiolabeled antibody (Fig. 9.12a). An advantage 
of using SEC for the immunoreactivity assay is 
that the injection of the radiolabeled antibody 
alone is required. Thus, this radiochromatogram 
will serve as an indication of the purity of the 
radiolabeled antibody as well. In some cases, the 
method of radiolabeling may increase the odds of 
aggregation, which can be easily observed and 
calculated from the radiochromatogram. In most 
cases, aggregation should be kept below 5–10%; 
if the radioimmunoconjugate contains aggregates 
>5–10%, it may be necessary to remove the 
aggregates on a preparative SEC column.
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Fig. 9.12 Immunoreactivity and serum stability of 225 Ac-
labeled DOTA-daratumumab. (a). Immunoreactivity: the 
radioimmunoconjugate was analyzed via SEC before and 

after incubation with CD38-Fc. (b). Serum stability: SEC 
chromatograms were collected over 9 days during which 
the radioimmunoconjugate was incubated in serum 

Another IND requirement is the determination 
of the serum stability of the 
radioimmunoconjugate. This can be performed 
via repeat ITLC assays at various time points 
after radiolabeling. For most studies, a stability 
of >95% out to 24–48 h should be sufficient. 
Alternatively, serum stability measurements can 
be performed by incubating the 
radioimmunoconjugate with human serum at 
37 °C and assaying the construct’s integrity over 

time via SEC. An example of an acceptable serum 
stability by SEC for 225 Ac-labeled DOTA-
daratumumab is shown in Fig. 9.12b. 

In addition to the studies above, animal studies 
demonstrating in vivo targeting are often required 
when filing an IND application. In the case of 
cancer studies, animals bearing human xenografts 
must be studied by both imaging and tissue 
biodistribution. In vivo targeting—that is, the 
antigen-mediated accumulation of radioactive 
signal in the target tissue (xenograft)—can be 
observed over time. Antigen specificity should 
be confirmed by including a blocking control 
(i.e., via the co-injection of excess cold antibody) 
or by including an antigen-negative xenograft or a 
non-specific antibody (isotype) control group. 
This is shown in Fig. 9.13, in which the anti-
CD20 cys-diabody (124 I-GAcDb) demonstrates 
high uptake in a CD20-positive B-cell lymphoma, 
resulting in high-contrast images at early time 
points [40]. The addition of excess blocking anti-
body and the antigen-negative tumor control 
groups show significantly lower uptake, 
confirming the specificity of this radiotracer.
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Fig. 9.13 In vivo targeting specificity. (a). Serial imaging 
of 124 I-labeled anti-CD20 cys-diabody antibody in mice 
bearing huCD20 transfected 38C13 tumors with and with-
out a blocking injection of unlabeled anti-CD20. (b). The 
biodistribution of the radioimmunoconjugate 24 h after 

injection in mice bearing xenografts of antigen-expressing 
cells (38C13-huCD20), xenografts of cells that do not 
express antigen (38C13-huCD20), and antigen-expressing 
xenografts after blocking (block) 

Fig. 9.14 Dose response of CEA positive tumors to 
225 Ac-DOTA-anti-CEA M5A. Murine breast tumors 
transfected with CEA and implanted in the mammary 
glands of CEA Tg mice (n = 6 per group) were untreated 
(blue) or treated with 3.7 kBq (orange), 7.4 kBq, (green), 
or 11.1 kBq (purple) of 225 Ac-labeled DOTA-anti-
CEA-M5A. Tumor growth curves were analyzed 
ANOVA, ***p < 0.001 

For therapeutic radioimmunoconjugates, the 
preclinical demonstration of therapeutic efficacy 
is also essential prior to any attempts at clinical 
translation. An example of the dose-dependent 
inhibition of tumor growth by an 225 Ac-labeled 
DOTA-anti-CEA M5A is shown in Fig. 9.14. In  
the study, the lowest dose of 
radioimmunoconjugate has a minimal effect on 
tumor growth compared to the untreated saline 
control. The increasing doses exhibit statistically 
significant reductions in tumor growth that sug-
gest even higher doses may be effective. 

Since treatment of mice with 225 Ac-labeled 
antibody could have hematological toxicity due 
to circulating radiolabeled antibody, selected 
animals were euthanized at 12 days post-injection 
to probe for evidence of early toxicity, and the 
remainder were analyzed after the terminal time 
point. The transient depression of white blood cell 
(mainly neutrophils) and platelet levels were 
observed, with complete recovery at the terminal 
time point (Fig. 9.15). 

IND applications usually include an estimate 
of radiation doses extrapolated from an animal 
study using programs such as OLINDA 
[41]. This can be accomplished by choosing a 
single dose of radioimmunoconjugate and 
performing a biodistribution study in tumor-
bearing mice over a time period that covers one 
to two half-lives of the radionuclide and/or 
circulating antibody. A typical biodistribution 
study using the same 225 Ac-labeled antibody is 
shown in Fig. 9.16. In this case, counting the 
alpha emissions from Ac-225 is difficult, so the 
gamma emissions from its final daughter 
radionuclide—Bi-213—were used. 

These data clearly show that the accumulation 
of radioactivity in the tumor increases over time. 
By integrating the activity concentration in each 
organ over time, it is possible to obtain total doses 
per organ and extrapolate these doses to human 
organs. It is also important to note that the relative 
biological effect (RBE) of different particle



this respect, we were able to extrapolate human 
organ doses from our previous imaging studies 
with an 111 In-labeled variant of the 
radioimmunoconjugate in colorectal cancer 
patients. A comparison of the results obtained 

emissions must be considered. For example, the 
RBE of gamma and beta emissions are taken as 
1.0, while alpha emissions have a much higher 
RBE [42]. Yet these data, while useful, cannot 
substitute for actual measurement in patients. In
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Fig. 9.15 Hematological toxicity of 225 Ac-DOTA-anti-
CEA m5A in tumor-bearing mice. Tumor-bearing animals 
treated or not with 225 Ac-DOTA-anti-CEA M5A were 

euthanized at the terminal time point (Fig. 9.12), and 
blood was collected and analyzed for white blood cells 
(WBC), platelets, and red blood cells (RBC) 

Fig. 9.16 Tissue biodistributions of 225 Ac-DOTA-anti-
CEA M5A. Biodistribution data collected from nude mice 
bearing CEA positive LS174T that were treated with 

11.1 kBq of 225 Ac-labeled anti-CEA M5A (30 μg, 
6 mice per group) and euthanized at the indicated times



using these two methods is shown in Table 9.3. 
There was good agreement between the methods 
for the liver and spleen, the two healthy organs 
with the highest uptake of intact antibodies. In 
contrast, higher doses were calculated for heart 
wall, red marrow, and kidneys from the clinical 
In-111 data. Based on these analyses, we are 
planning a phase 1 trial for 225 Ac-DOTA-M5A 
in rectal cancer.
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Table 9.3 Dosimetry of 225 Ac-DOTA-anti-CEA M5Aa 

Organ Animal biodistribution In-111 patient imaging 

Heart wall 65 1020 
Kidneys 150 607 
Liver 3004 3292 
Lungs 63 108 
Red marrow 119 181 
Osteogenic cells 833 1281 
Spleen 1959 1936 
Total body 149 205 
a Mean doses in mSv/MBq with the biological effect of the alpha emission as 5.0 

Clinical Considerations for Radiopharmaceu-
tical Therapy The first Food and Drug Admin-
istration (FDA)-approved radioimmunoconjugate 
was Zevalin, a 90 Y-labeled anti-CD20 antibody 
approved in 2002 for the treatment of patients 
with non-Hodgkin’s lymphoma [43]. Since then, 
the number of FDA-approved 
radioimmunoconjugates remains low despite 
many phase 1–2 trials with radiotherapeutics 
bearing beta-emitting radionuclides. However, 
there is renewed interest in arming antibodies 
with alpha-emitting radionuclides that have high 
linear energy transfer compared to beta-emitters. 
Whether or not these studies will lead to new 
FDA-approved drugs remains to be seen. 

Once the necessary characterization and pre-
clinical studies are completed, the starting points 
for a phase 1 radioimmunotherapy human trial are 
patient selection, choosing the starting dose, 
planning the dose escalation, and deciding on 
safety protocols. Patient selection typically 
includes a biopsy or blood test to determine if 
they are positive for the antigen of interest. The 
patients in a phase I RPT trial will have likely 
failed standard-of-care therapies and may have 

low performance indices that may affect their 
ability to withstand expected toxicities. Since 
the expected toxicities of a 
radioimmunoconjugates are hematological, a 
patient’s platelet and WBC counts should be 
within the normal range before starting therapy 
and then monitored throughout the trial. The 
starting dose for the trial can be extrapolated 
from the animal dosimetry studies and/or similar 
published trials. The overall goal will be to test 
safety and determine the maximum tolerated dose 
(MTD). A standard trial design may include at 
least three doses with three patients at each dose 
until adverse effects are observed. An additional 
three patients may be added at the final dose to 
accrue more data. The increments of the dose 
escalation may be 1.5–2.0 times the starting 
dose depending on the expected toxicity in the 
patient population selected. 

During the trial, regular blood draws are essen-
tial to monitor the pharmacokinetics of the 
radiolabeled antibody, the potential generation 
of an immune response to the antibody, changes 
in biomarker levels, and the hematological toxic-
ity (if any) of the treatment. Response to therapy 
can be monitored by standard radiological imag-
ing. This can be accompanied by 
radioimmunoimaging if the therapeutic 
radioimmunoconjugate also produces 
“imageable” emissions or if a variant of the 
radioimmunoconjugate labeled with a different 
radionuclide suitable for imaging is available. 
Decreasing levels of serum biomarkers—espe-
cially the antigen of interest—often represents 
an additional important readout for response to 
therapy.
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Table 9.4 Therapeutic radionuclides suitable for radiolabeled antibodies 

Radionuclide Particle Emax (MeV) Range max Half-life Gamma emissions 

Cu-67 Beta 0.58 2 mm 2.6 d 185, 93 keV 
Y-90 Beta 2.28 120 mm 2.7 d n/a 
I-131 Beta 0.60 2 mm 8.0 d 364 keV 
Lu-177 Beta 0.50 0.6 mm 6.7 d 208 keV 
Pb-212 Alpha 7.8 0.09 mm 10.6 hr 239 keV 
Ac-225 Alpha 8.4 0.09 mm 10.0 d (435 keV Bi-213) 

Examples of commonly used therapeutic 
radionuclides as well as their emissions and 
energy characteristics are given in Table 9.4. A  
general rule for choosing a radionuclide is to 
match its half-life with the biological half-life of 
the immunoglobulin vector. Most intact 
humanized antibodies have a half-life of 
10–12 days in the circulation [44] that can be 
confirmed by collecting regular blood collections 
and counting radioactivity starting from the time 
of infusion. It should be noted that blood clear-
ance times will be affected by the presence of 
circulating antigen levels that may vary from 
patient to patient. As mentioned in an earlier 
section, the blood residence time of a 
radioimmunoconjugate can be changed by using 
smaller antibody fragments or engineering the Fc 
region of the antibody to manipulate its interac-
tion with FcRn receptors [45]. Based on these 
general guidelines and the need to deliver the 
maximum amount of radionuclide to the target 
tissue, intact antibodies are often the first choice 
for therapeutic radioimmunoconjugates, since 
their longer residence time translates into higher 
target tissue uptake. Nonetheless, this feature is 
offset by increased hematological toxicity, since 
the radiolabeled antibody can irradiate the bone 
marrow during its extended circulation in the 
body. The doses to both the target and 
non-target tissues—calculated as described in 
the previous section—will also strongly depend 
on the tissue pathlength of the emission. Indeed, 
there are several choices of beta-emitting 
radionuclides that vary in tissue penetration. 
Y-90 exhibits the greatest tissue pathlength and 
thus—all other things being equal—will have 
more hematological toxicity than Cu-67, I-131, 
or Lu-177. I-131 and Lu-177 are commercially 
available, as is (more recently) Cu-67 
[46, 47]. Alpha emitters, with their short tissue 

penetration but high linear energy transfer (LET), 
were originally thought to be suitable only for the 
treatment of hematological malignancies but have 
more recently enjoyed success in treating solid 
tumors, presumably due to their cytotoxic effects 
on tumor vasculature [48]. Pb-212 and Ac-225 
are available from the DOE and at least one 
commercial supplier. As their use increases, 
their availability can be expected to increase as 
well. 

A large number of therapeutic clinical trials 
with radiolabeled antibodies have been 
performed. No attempt will be made to review 
them all, since most have the same overall goal: 
delivering a maximum dose with minimal toxic-
ity. Examples of beta radionuclide therapies 
shown in Table 9.5 indicate a range of about 
0.1–6.7 Gy delivered to tumors. In most cases, 
MTDs were reached with hematologic dose 
limiting toxicities. The best responses were 
observed in lymphomas, while radiation resistant 
solid tumors were less responsive to therapy. 
The treatment of solid tumors was often improved 
by multiple cycles [49] or the addition of 
radiosensitizers [50] or chemotherapeutics [51]. 

As mentioned earlier, most trials have 
employed intact monoclonal antibodies or larger 
bivalent fragments. Since it is well known that 
full-length antibodies penetrate only a few cell 
diameters beyond the tumor vasculature of solid 
tumors [52], it is likely that the tissue penetration 
of the antibody and its radionuclide emission do 
not play as large a role in tumor killing as once 
thought. Thus, alpha emitters with their low tissue 
penetration and high LET may have a pronounced 
effect on tumor vasculature (TV) by binding to 
the tumor cells in contact with the TV. The 
mechanisms of cytotoxicity to the TV may also 
include the production of ROS [53].
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Table 9.5 Examples of endoradiotherapy trials and tumor doses 

Radiolabeled antibody Tumor type Tumor dose (cGy/cycle) Ref 
131 I-CC49 Prostate, ovary 208–1083 [54] 
131 I-NP4 F(ab’)2 Colorectal, lung, pancreas, thyroid 511–6476 [55] 
131 I-chL6 Breast 120–3700 (~1300 mean) [56] 
131 I-cMOv18 Ovary 600–3800 [57] 
186 Re-NR-CO-2 F(ab’)2 Lung, colorectal, breast, ovary, renal 500–2100 [58] 
186 Re-hu anti-CD44v66 Head and neck 380–7610 (1240 median) [59] 
90 Y-BrE-3 Breast 442–1887 [60] 
90 Y-chT84.66 Colorectal, breast 46–6400 (1320 mean) [61] 
131 I-huA33 Colorectal 1173–3273 (2119 mean) [62] 
90 Y-2B8 Non-Hodgkin’s lymphoma 580–6700 (1700 median) [63] 
131 I-anti-B1 Non-Hodgkin’s lymphoma 795 mean [64] 
131 I-anti-B1 Non-Hodgkin’s lymphoma 141–2584 (925 mean) [65] 
131 I-Lym-1 Non-Hodgkin’s lymphoma 16–1485 (241 median) [66] 
131 I-LL2 Non-Hodgkin’s lymphoma 166–861 [67] 

Beyond phase 1 safety trials in which deter-
mining the MTD is the major goal, many trials 
include clinical correlates, including monitoring 
changes in tumor volume, changes in biomarkers, 
and organ toxicities. In the case of the trials with 
our 90 Y-labeled anti-CEA chimeric antibody, 
serum CEA levels were used as a reliable bio-
marker. In a trial with the addition of the radiation 
sensitizer 5-FU, an MTD of 614 MBq/m2 com-
bined with 1000 mg/m2 /day 5-FU was reached, 
with patients eligible to receive up to three cycles 
of the combination treatment every 6 weeks. 
Radiological stable disease of 3–8 months dura-
tion was observed in 11/21 patients with progres-
sive disease entering the study, while one patient 
demonstrated a mixed response [61]. In a more 
recent study with the humanized anti-CEA anti-
body M5A in which 16 patients received 
90 Y-DOTA-M5A, the maximum doses were one 
patient at 614 MBq/m2 with gemcitabine 
(150 mg/m2 days 1 and 3), three patients at 
518 MBq/m2 with gemcitabine, six patients at 
440 MBq/m2 without gemcitabine, and six 
patients at 370 MBq/m2 without gemcitabine. 
Prolonged cytopenias resulted in the discontinua-
tion of dose escalation with gemcitabine. A single 
agent MTD of 370 MBq/m2 was established 
based on the dose-limiting hematopoietic 
toxicities, and a human anti-human antibody 
response was observed in 2 of 16 patients 
(12.5%). Stable disease at 3 months was seen in 
10 patients, and 2 patients demonstrated an 

88 and 64% decrease in serum CEA levels. In 
two patients that had concurrent 111 In-DOTA-
M5A imaging, previously unknown brain 
metastases were revealed. 

9.3 The Future 

The future of radiolabeled antibodies for therapy 
remains bright. Given the importance of antibody 
therapies in so many areas of cancer research, it 
seems obvious that their use as vectors for the 
delivery of radionuclides will be explored. The 
advantages of radioimmunotherapy over other 
targeted treatments include the ability to tailor 
the radionuclide half-life and emissions to the 
disease and the ability to calculate doses, espe-
cially when the radionuclide or a surrogate radio-
nuclide has gamma emissions. This advantage 
cannot be over-estimated because calculating 
doses is difficult for most types of biologically 
based therapies. 

9.4 Bottom Line

• Antibodies are promising vectors for the deliv-
ery of therapeutic radionuclides to tumor tissue 
due to their exquisite selectivity and affinity 
for their molecular targets.

• Full-length immunoglobulins have long circu-
lation half-lives. This can result in high
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radiation dose rates to healthy tissues, so 
smaller format antibody fragments with more 
rapid pharmacokinetic profiles—i.e., 
minibodies, diabodies, etc.—have also been 
explored as vectors for radioimmunotherapy.

• When designing a radioimmunoconjugate, 
care must be taken with respect to the selection 
of the radionuclide and the approach to 
radiolabeling.

• A wide variety of chemical characterization, 
biological characterization, and preclinical 
in vivo evaluation steps must be performed 
as a radioimmunoconjugate is ushered toward 
clinical translation.

• Radioimmunoimaging studies can comple-
ment both the preclinical development and 
the clinical deployment of therapeutic 
radioimmunoconjugates.

• Although patients have been treated with 
FDA-approved radiolabeled antibodies for 
over 20 years, the number of approved thera-
peutic radioimmunoconjugates remains low. 
There is optimism that this may change in the 
coming years, as new antibodies radiolabeled 
with high LET alpha emitters are evaluated in 
clinical trials. 
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