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Abstract

The exquisite specificity of antibodies and antibody fragments renders them excellent agents for 

targeted delivery of radionuclides. Radiolabeled antibodies and fragments have been successfully 

used for molecular imaging and radioimmunotherapy (RIT) of cell-surface targets in oncology and 

immunology. Protein engineering has been employed for antibody humanization essential for 

clinical applications, as well as optimization of important characteristics including 

pharmacokinetics, biodistribution, and clearance. Although intact antibodies have high potential as 

imaging and therapeutic agents, challenges include long circulation time in blood, which leads to 

later imaging time points post-injection and higher blood absorbed dose that may be 

disadvantageous for RIT. Utilizing engineered fragments may address these challenges, as size 

reduction and removal of Fc function decreases serum half-life. Radiolabeled fragments and 

pretargeting strategies can result in high contrast images within hours to days, and a reduction of 

RIT toxicity in normal tissues. Additionally, fragments can be engineered to direct hepatic or renal 

clearance, which may be chosen based on the application and disease setting. This review 

discusses aligning the physical properties of radionuclides (positron, gamma, beta, alpha, and 

Auger-emitters) with antibodies and fragments, and highlights recent advances of engineered 

antibodies and fragments in preclinical and clinical development for imaging and therapy.

INTRODUCTION

Antibodies enable highly specific delivery of radionuclides for imaging and therapy and can 

target a wide range of cell-surface biomarkers, including antigens expressed on cancer cells 

and immune cells. The high specificity of antibodies is advantageous for noninvasive whole 

body molecular imaging, such as single-photon emission computed tomography (SPECT) 

and positron emission tomography (PET). Antibody-based PET imaging (immunoPET) in 

the clinic has improved resolution, sensitivity, and quantitation compared to SPECT, and it 

has been employed in oncology to guide therapy selection, estimate dosimetry for 

radioimmunotherapy, and track response to therapy1,2. In addition to imaging oncological 

targets, immunoPET has been employed to detect and track immune cells, and it can also be 
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used to monitor inflammation and immune responses2. The precise specificity of antibodies 

also offers the potential for highly targeted delivery of radionuclides for 

radioimmunotherapy (RIT). Antibodies targeting a spectrum of cell surface markers have 

shown efficacy of RIT in hematopoietic cancers and to a lesser extent, solid tumors3. 

Importantly, the same antibody can be used for diagnostic imaging as well as RIT, a classic 

example of “theranostics”, where imaging can provide key information on antigen 

expression, delivery of the therapeutic agent, dosimetry, and response to therapy.

Over the years, properties of classic intact murine monoclonal antibodies have been 

modified to optimize their clinical utility, and the current progress of engineered antibodies 

has been discussed in several reviews4,5. The vast majority of current therapeutic antibodies 

are thus based on humanized or human antibodies to reduce immunogenicity and enhance 

effector functions in patients. Furthermore, monoclonal antibodies have proven to be 

versatile carriers of a variety of cargoes for diagnostic as well as therapeutic purposes. Here, 

we review the additional contributions of protein engineering to the optimization of 

antibodies for targeted radionuclide delivery.

The intact IgG antibody (~150 kDa) is composed of antigen-binding (Fab) domains and a 

constant region (Fc) that interacts with cell-surface receptors, such as Fcγ receptors (FcγR) 

on immune effector cells (Figure 1a). The Fc also interacts with the neonatal Fc receptor 

(FcRn), which is involved in antibody recycling and maintenance in the circulation. 

Challenges with the use of radiolabeled intact antibodies for imaging and therapy include 

long circulating half-life (days to weeks) due to the size and FcRn interaction, as well as 

potential biological effects from interactions with Fc receptors (e.g., FcγR) on immune 

effector cells. In imaging applications, this results in high background from circulating 

activity that can require delayed imaging for optimal contrast6. While obtaining high tumor-

to-background contrast at specific time points is important for imaging, high therapeutic 

index is more relevant for therapy. Advantages of using a radiolabeled intact antibody for 

RIT include the ability to deliver a significant dose to the target tumors, but this strategy may 

also lead to high radiation exposure to normal tissues. Thus, development of antibodies for 

diagnostic imaging or RIT requires optimization of several characteristics, including 

pharmacokinetics, biodistribution, and clearance. Additional considerations include target 

characteristics (tumor expression, normal tissue expression, internalization, etc.), disease and 

setting (hematopoietic vs solid tumor, radiosensitivity, lesion size, etc.). Protein engineering 

can be applied to optimize affinity, improve pharmacokinetics, enable uniform conjugation/

radiolabeling, and guide excretion towards hepatic or renal routes, in order to match the 

needs of the final clinical application.

The in vivo kinetic behavior of the agent is a key parameter in the application of 

radiolabeled antibodies for imaging or therapy. A balance must be found between exposure 

(to maximize signal for imaging or dose deposition for therapy) and clearance (to minimize 

background and normal tissue toxicity). A powerful approach has been the use of antibody 

fragments, produced enzymatically or through protein engineering. Antibodies can be 

reformatted into a variety of fragments, including smaller monovalent fragments such as 

single domain antibodies and scaffolds (Figure 1b), and monospecific and bivalent 

fragments such as minibodies and diabodies (Figure 1c). Additionally, antibody fragments 
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can be reformatted into more complex bispecific and bi- or multivalent fragments (Figure 

1d), which may be applied for pretargeting (Figure 1e). Compared to intact antibodies, 

smaller fragments typically clear more rapidly from the circulation, resulting in higher 

contrast images at earlier times, and higher tumor-to-normal organ therapeutic (AUC) ratios. 

For imaging, antibody fragments that lack the Fc region are desired due to the removal of 

biological function and FcRn recycling, which allows for optimal contrast at shorter time 

points. Furthermore, reduction of the molecular weight of antibody-based agents to below 

~60 kDa (the threshold for first-pass renal filtration) can dramatically accelerate clearance. 

For example, high contrast images can be obtained for small single-domain antibodies, 

scFvs or diabodies within the same day (4–8 hours), or for the larger minibody (scFv-CH3) 

by the next day (24–48 hours), compared to intact antibody (1 week)1. For therapeutic 

applications, the circulation time of the radiolabeled antibody fragment needs to be sufficient 

for dose deposition in tumors, while limiting toxicity to normal tissues. The half-life of 

small fragments and scaffolds can be extended by chemical or recombinant approaches such 

as poly(ethylene glycol)-modification (PEGylation) or fusion to an Fc domain, albumin, or 

albumin-binding proteins7. Additionally, larger antibody fragments for RIT are typically 

above the renal filtration cutoff and are therefore cleared through the liver, which is more 

radioresistant compared to kidneys.

A growing spectrum of radionuclides are available for various applications including 

SPECT, PET, or RIT. Gamma and positron emitters are used for SPECT and PET, 

respectively, while applications using beta, alpha, and Auger emitters include targeted 

radiation therapy. The physical properties of the radionuclide, such as type of emission(s), 

decay energies, and half-life, are important to consider in matching an isotope with an 

antibody or antibody fragment. For imaging, the half-life of the radionuclide should ideally 

conform to the biological half-life of the antibody fragment. For therapy, the range of dose 

deposition and linear energy transfer (LET) are also important. Other considerations include 

conjugation and chelation strategy, residualization of the radionuclide, and practical 

concerns such as availability for research or clinical uses.

In this review we focus on protein engineering and its utilization for developing and 

optimizing antibody fragments for radionuclide delivery. Radionuclides commonly used for 

imaging and therapy are introduced, followed by a review of conjugation and radiolabeling 

strategies. Finally, this review summarizes recent advances in development of engineered 

antibodies and fragments ranging from single domain antibodies8 to larger fragments9, 

bispecific antibodies10, and alternative scaffolds11,12 for preclinical imaging, clinical 

imaging and radioimmunotherapy.

RADIONUCLIDES FOR IMAGING AND THERAPY

For both imaging and therapy, considerations for pairing a radionuclide with an antibody or 

fragment include half-life, conjugation chemistry and chelation strategy for radiometals, 

target internalization, and metabolism of the radiotracer (including residualization or efflux 

and elimination of radioactive metabolites). Radiometal-based probes are generally 

residualizing because radiometal-chelate metabolites are typically polar and charged, and 

therefore unable to diffuse through cell membranes13. These metabolites remain trapped in 
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the lysosomal compartment of cells, which can increase total uptake at target tumor tissues, 

but can also increase activity in normal tissue (particularly in organs of clearance). In 

contrast, antibodies radioiodinated using standard methodologies (i.e., using Iodogen) are 

internalized and metabolized to release free iodide or iodotyrosine, which readily efflux 

from the cell and are rapidly cleared from systemic circulation. The net result is reduced 

background in imaging, although overall activity at the target (tumor) tissue may also 

decrease over time due to internalization and processing. Residualizing radiometal-chelates 

or alternative iodination strategies may be more appropriate when targeting internalizing 

antigens, whereas nonresidualizing radiolabeling approaches may be preferred for antigens 

that remain on the cell surface. It is important to note that the process of internalization is 

not binary; there is a broad range in the rate and extent to which cell surface antigens can be 

internalized, from very rapid internalization (e.g., due to receptor cross-linking) to slow, 

physiological membrane turnover.

Common single-photon emitting radionuclides include 99mTc, 123I, 131I, and 111In, and 

common positron-emitting radionuclides include 18F, 68Ga, 64Cu, 89Zr, and 124I (Table 1). 

For immunoPET, shorter-lived radionuclides such as 18F and 68Ga can be used for same-day 

imaging and pair well with antibody fragments that have shorter biological half-lives, such 

as single domain antibodies, scFvs, or diabodies. Longer-lived radionuclides such as 64Cu, 
89Zr and 124I can pair well with the intact antibody or a larger antibody fragment, such as the 

minibody, for optimal imaging contrast 24–48 hours or later post-injection.

Other considerations for radionuclide selection for imaging include positron yield, range, 

and other co-emissions within the energy range of the scanner. For example, 68Ga and 124I 

have an increased positron range compared to 18F which leads to decreased resolution and 

introduce additional partial volume effects (PVE) that can affect PET quantification14. 

Certain radionuclides, such as 64Cu, also emit a high energy beta particle on decay, and thus 

act as both imaging and therapeutic agents. Other positron emitters can be used as a 

surrogate to estimate dosimetry of a therapeutic isotope, such as the pairing of the iodine 

isotopes 124I and 131I15.

Radioimmunotherapy (RIT) enables specific delivery of the therapeutic radionuclide to the 

site of disease, although the long biological half-life of intact antibodies may result in dose 

to normal tissue16. Using an antibody fragment may be advantageous in limiting dosage to 

normal organs, especially radiosensitive tissues such as bone marrow; however, the kidney 

absorbed dose must be considered for fragment sizes that are excreted renally. Radionuclides 

for RIT emit beta, alpha, or Auger electrons (Table 2), and cause cytotoxic DNA damage by 

numerous mechanisms including via reactive oxygen species, single and double stranded 

breaks, and inhibition of DNA damage repair mechanisms17,18. Independent of the 

radionuclide, cell death can also be caused by an immune response such as antibody-

dependent cellular cytotoxicity, but the protein mass used in RIT is typically much lower 

than a conventional therapeutic antibody dose. The choice of radionuclide depends on a 

multitude of factors, including the type and size of cancer being targeted, target density, and 

heterogeneity, as the beta, alpha, and Auger particle emissions vary in range and LET.
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Beta-emitting radionuclides for RIT have a low LET (0.2 keV/mm) and a relatively long 

range in tissue (one to several mm), and they can therefore damage tissue throughout the 

tumor, as well as adjacent normal tissue, due to cross-fire and radiation field effect across 

several millimeters (Figure 2). Common beta emitters include 131I, which is readily available 

and has long been used for thyroid cancer treatment. Both 131I and 177Lu co-emit a gamma 

photon that can be detected by SPECT imaging that can complement RIT. Conjugated 

antibodies radiolabeled with 177Lu and 90Y are catabolized to yield charged radiometal 

chelate metabolites that residualize in tumor cells for increased tumor retention. A 

disadvantage of 90Y is it emits almost exclusively beta particles and cannot be imaged by 

conventional methods; however, 90Y produces bremsstrahlung photons and Cerenkov 

radiation which can be detected by SPECT and by optical Cerenkov luminescence imaging, 

respectively19. Alpha emitters have a much shorter range (a few cell diameters) and a high 

LET (80–100 keV/μm), and they can be effective for smaller lesions and metastases (Figure 

2). Alpha emitters commonly used in RIT studies include 213Bi, 223Ra, the radiohalogen 
211At, and the radiometal 225Ac20. 225Ac decays into four alpha-emitting daughter particles, 

two of which emit an imageable gamma ray, and 225Ac-radiolabeled full length antibodies 

have been efficacious in tumor-cell killing in in vitro and in vivo preclinical studies21,22, as 

well as clinical studies3,23. Auger emitters, such as 125I, have low energy and are considered 

to have high LET (4–26 keV/μm) with a very short path length of 2–500 nm24 (Figure 2). 

Similar to alpha emitters, Auger emitters may be more suitable for limiting damage to 

normal tissues compared to beta-emitters25; however, strategies must be devised for 

intracellular delivery, preferably in the vicinity of the cell nucleus.

Other radiometals to consider for antibody-mediated imaging and therapy include 47Sc, 
67Cu, 149Tb, 161Tb, 166Ho, and 212Pb21 (Table 1). Some of these radionuclides emit both 

beta particles and gamma rays useful for therapy and imaging (47Sc, 67Cu, and 166Ho). 
149Tb emits alpha particles, positrons, and imageable gammas, and therefore may also be 

used for therapy and imaging by SPECT or PET. Although these radionuclides have 

primarily been used to label full-length antibodies for therapy, they have been successful in 

preclinical and clinical trials and could be explored as effective radiolabels for antibody 

fragment-based RIT21.

LABELING STRATEGIES

Antibodies can be engineered to optimize conjugation and labeling, and radiolabeling 

strategies depend on the physics and chemistry of the radionuclide. Radioiodine is 

commonly used for both imaging and therapy, and radioiodination can be achieved by 

directly radiolabeling the iodine radioisotope to tyrosines on the antibody or antibody 

fragment using well-established procedures26. Although radioiodine is nonresidualizing, 

methods have been established to maximize retention in lysosomes such as using the 

aromatic N-succinimidyl 4-guanidinomethyl-3-iodobenzoate (SGMIB)27.

In contrast with direct radiodination, radiometal labeling requires a chelator, and a wide 

variety of bifunctional acyclic and macrocyclic chelators have been developed28,29. A 

common acyclic chelator is diethylenetriaminepentaacetic acid (DTPA), and its derivative 

trans-(S,S)-cyclohexane-DTPA (CHX-A”-DTPA) may be used to achieve high radiolabeling 
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efficiency with less influence from competing trace metal ions, as shown in a comparison 

study chelating 177Lu and 111In30,31. The acyclic chelator desferrioxamine (DFO) is 

typically used with 89Zr due to its more complex coordination chemistry32, as well as ease 

of radiolabeling without necessitating working in metal-free conditions33. Although acyclic 

chelators result in high radiolabeling efficiency, macrocyclic chelators provide greater 

thermodynamic and kinetic stability34. Cyclic chelators include 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), 1,4,7-triazacyclononane-N,N′,N″-

triacetic acid (NOTA), and 1,4,8,11-tetraazacyclododecane-1,4,8,11-tetraacetic acid (TETA). 

DOTA has four chelating carboxylates and four nitrogens, and it is used to chelate 

radiolabels such as 111In, 177Lu and 90Y. NOTA has a smaller ring structure with three 

carboxylates and nitrogens, and it is preferred for 64Cu and 68Ga due to superior binding.

Antibodies can be conjugated to chelators typically by N-hydroxysuccinimide (NHS) or 

isothiocyanate (SCN) chemistry, which react with the ε–amino group of lysines on the 

antibody and require alkaline conditions (pH 7.2–9). Sortase-mediated reactions can be used 

for N-terminal or C-terminal site-specific labeling35. For example, a protein modified with 

Leu-Pro-Xxx-Thr-Gly motif will be recognized by sortase A, which catalyzes the 

transpeptidation reaction that allows for the addition of a moiety with N-terminal glycine 

residues. Thiol-labeling strategies can also be used to conjugate chelators to solvent-exposed 

cysteines. An engineered C-terminal cysteine can be used for site-specific labeling, which is 

advantageous to control the conjugate-to-antibody ratio, improve the homogeneity of the 

product, and direct the radiolabel away from binding sites. Maleimide chemistry is the most 

widely used strategy for site-specific labeling thiols, and the reaction can occur at pH 7 

which is favorable for antibodies. However, maleimide-thiol modification can be unstable in 

vivo; therefore, other thiol-labeling strategies have been explored including employing 

phenyloxadiazole sulfones, dibromomaleimides, and dithiophenolmaleimides36.

Conventional strategies to label proteins with 18F involve a multi-step process using 

prosthetic groups such as amine reactive N-succinimidyl 4-[18F]fluorobenzoate ([18F]SFB), 

as direct fluorination is typically unfeasible due to the harsh conditions required37. Newer 

labeling methods have been developed to simplify the process, such as automated syntheses 

or applying microfluidic technology. For example, [18F]SFB labeling was adapted for use 

via a microfluidic chip, and this method successfully labeled a cys-diabody used for 

immunoPET imaging in preclinical tumor models38. Thiol-reactive maleimide-based 

prosthetic groups can also be employed, such as N-[2-(4-

[18F]fluorobenzamido)ethyl]maleimide ([18F]FBEM), which has been used to label an 

Affibody™ (Affibody AB; see below) for PET imaging39. Another approach involves 

[18F]fluoride acceptors, such as Al18F that can be complexed with NOTA-conjugated 

moieties40 such as haptens for pretargeted imaging, or antibody fragments and scaffolds41. 

Lastly, bio-orthogonal click chemistry is a powerful method for rapid fluorination, which is 

critical due to the short half-life of 18F.

Bio-orthogonal click chemistry is enabled by engineering strategies such as introducing 

cysteine residues or unnatural amino acids. Click reactions include copper-free strain-

promoted Huisgen cycloaddition and inverse-electron-demand Diels-Alder reaction between 

tetrazine (Tz) and transcyclooctene (TCO)42. Bioorthogonal click reactions allow for rapid 
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radiolabeling (10–15 minutes)42, which is advantageous especially for using radionuclides 

with short half-lives such as 18F. The bioorthogonal click reaction between Tz and TCO has 

been used for both pretargeted 18F-PET imaging43 and 64Cu-PET imaging44,45 of in vivo 

models, resulting in high contrast images. Additionally, click chemistry between Tz and 

TCO has also been applied to conjugate the two arms of an anti-EGFR and anti-CD105 

bispecific antibody, which was subsequently used for PET imaging46. Lastly, click chemistry 

has been applied for pretargeted radioimmunotherapy studies with TCO-modified anti-

CA19.9 and 177Lu-Tz radioligand47.

INTACT ANTIBODIES IN THE CLINIC

Intact antibodies continue to provide clinical use as therapeutics, and recent approvals of 

antibodies include avelumab and atezolizumab (anti-PD-L1), inotuzumab (anti-CD22), 

sarilumab, dupilumab, and brodalumab (anti-IL-6, IL-4, and IL-17 receptors, respectively), 

as well as several others for cancer and non-cancer targets48. Many of these approved 

antibodies are candidates for labeling for immunoPET, which can assess the status of the 

target, inform whether the patient is a good candidate for the therapy, and allow for therapy 

personalization49. For example, 89Zr-trastuzumab was used to detect unsuspected HER-

positive metastases in HER-negative patients50, and the diagnostic potential was also 

evaluated in comparison with 2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG) PET imaging 

(NCT01420146). 89Zr-trastuzumab is currently being evaluated to identify patients that may 

not respond to HER2 treatment T-DM1 (NCT01565200), while a first-in-human 89Zr-

pertuzumab imaging study in HER2-positive patients showed successful targeting of lesions 

including brain metastases51. Other immunoPET clinical trials include evaluation of 89Zr-

rituximab imaging in patients with immune-mediated inflammatory diseases of the lung 

(NCT02251964), 89Zr-pembrolizumab in patients with non-small-cell lung cancer 

(NCT03065764), 89Zr-ipiliumumab in treated patients with metastatic melanoma to assess 

uptake and correlation between tumor targeting and therapy response (NCT03313323), and 
89Zr-atezolizumab to monitor breast, bladder, non-small cell lung patients receiving 

atezolizumab therapy.

In addition to 89Zr-based immunoPET, pilot clinical trials are currently evaluating 64Cu- and 
124I-labeled antibodies. Examples include evaluation of the diagnostic imaging agents 64Cu-

M5A in patients with CEA-positive cancer (NCT02293954), 64Cu-trastuzumab to predict 

response to trastuzumab or pertuzumab in patients with HER2-positive breast cancer 

(NCT02827877), and CD38-directed 64Cu-daratumumab in patients with recurrent multiple 

myeloma. Additionally, comparison between standard CT and 124I-cG250 immunoPET, 

which targets tumor-associated carbonic anhydrase isoenzyme IX, is being tested in patients 

with clear cell renal cell carcinoma to predict response to sunitinib or pazopanib treatment 

(NCT01582204). Lastly, a Phase I trial is testing 124I-859 as a therapeutic to treat children 

with diffuse intrinsic pontine glioma using convection-enhanced delivery, where the brain 

tumor is directly infused the agent (NCT01502917).

Although only two radioimmunotherapy agents have been approved by the FDA, 

ibritumomab tiuxetan (Zevalin®) and tositumomab (Bexxar®), numerous intact antibodies 

for RIT are currently under clinical investigation. Recent studies include Phase I study of 
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131I-8H9 targeting B7-H3 in patients with intraperitoneal tumors (NCT01099644), and a 

Phase III study of Iomab-B (131I-anti-CD45 BC8) to condition patients with acute myeloid 

leukemia for bone marrow transplant (NCT02665065). Additional investigations include a 

Phase I trial of 177Lu-5B1 treatment of CA19-9 positive cancers such as pancreatic 

adenocarcinoma (NCT03118349), a Phase I/II study evaluating 177Lu-Lilotomab 

(Betalutin®) in patients with relapsed Non-Hodgkin Lymphoma (NCT01796171), and a 

Phase III comparison between 90Y-ibritumomab tiuxetan (Zevalin®) and autologous stem 

cell transplantation in patients with follicular lymphoma (NCT01827605). Evaluation of 

alpha-emitter-based RIT includes a Phase I/II trial to test 211At-BC8-B10 to target cancerous 

cells before blood stem cell transplant in patients with leukemia (NCT03128034), Phase I 

study of 227Th-anti-CD22 (BAY1862864) in patients with Non-Hodgkin Lymphoma 

(NCT02581878), and Phase I study of 225Ac-lintuzumab targeting CD33 in patients with 

refractory multiple myeloma (NCT02998047), and in older acute myeloid leukemia patients 

(NCT02575963). Many of these studies target lymphoma and leukemia cancers due to their 

radiosensitivity3, yet there is potential for RIT to treat solid tumors as well. While intact 

antibodies have been highly effective agents for radionuclide delivery, the following sections 

will focus on antibody fragments.

ENGINEERING ANTIBODY FRAGMENTS: ASSEMBLING THE PUZZLE 

PIECES

By assembling knowledge of radionuclides, chemistry and labeling strategies with 

engineered antibodies, fragments, and scaffolds, novel agents have been developed for 

oncological and immune oncological applications. Strategies to achieve optimal high-

contrast images or therapeutic effect include comparison of multiple fragment formats or 

radionuclides, and using bispecific antibodies and radiolabeled haptens for pretargeting. 

Here, we highlight recent studies that investigate engineered antibodies for oncological 

targets such as markers expressed in breast, prostate, and brain cancer, as well immune cell 

subsets. The antibody fragments discussed are the single-domain antibody, diabody, 

minibody, bispecific fragments, and alternative scaffolds (Figure 1).

Overview

Single-domain Antibody—Single-domain antibodies (sdAb, 12–15 kDa) (Figure 1b) 

include small monomeric fragments derived from human variable domains VH or VL, 

camelid heavy chain VHH (also indicated as VHH), and shark heavy chain VNAR. These 

sdAbs have high stability and low immunogenicity, and their small size and more compact 

structure can allow for better targeting compared to conventional antibodies8. The camelid 

and shark domains have long CDR3 regions, which allow for improved extension into 

cavities of target antigens52. More recent radiolabeled sdAb studies have focused on the 

camelid VHH (Nanobody, registered trademark of Ablynx NV), and common targets include 

PSMA53, CEA54, and EGFR55, HER256–60, and immune cell markers61,62.

Diabody—The diabody is a noncovalent scFv dimer (~55 kDa) in which a shortened linker 

prevents the VH and VL from self-pairing, forcing cross-pairs in trans with a second chain to 

form a dimer, reconstituting two binding sites63 (Figure 1c). Radiolabeled diabodies have 
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been successfully used for high-contrast PET imaging of a variety of targets due to improved 

tumor penetration compared to intact antibody, and the fast clearance of the diabody with a 

serum half-life of 2–5 hours is advantageous for same-day PET imaging of immune cell 

subsets, such as CD20 B64 and CD4 and CD8 T cells65–67, as well as solid tumors, including 

prostate cancer68. These studies have used diabodies radiolabeled with 18F for same-day 

imaging or longer-lived radionuclides, such as 124I and 89Zr, for next-day imaging.

Minibody—The minibody is a bivalent dimer comprising of a scFv with a human gamma 1 

hinge and CH3 (~80 kDa) (Figure 1c) with a serum half-life of 5–12 hours, and the size 

directs clearance to the liver. Radiolabeled minibodies have been effective as diagnostic PET 

imaging tracers targeting CEA69,70, CD8 T cells71, CD20 B Cells, PSCA72,73, and PSMA74, 

and high tumor-to-blood ratios can typically be achieved by 24–48 hours post-injection75. 

Small immunoproteins (SIPs) are recombinant proteins similar to the minibody composed of 

scFv dimerized by the CH4 domain of IgE heavy chains, and they have demonstrated success 

as RIT agents76–79. Preclinical and clinical studies have demonstrated the effectiveness of 

using the minibody for earlier lesion detection compared to intact antibody.

Bispecific Antibodies for Pretargeting—Antibody engineering enables novel 

functionality such as bispecific binding. Bispecific antibodies (bsAbs) (Figure 1d) can target 

two or more antigens and may improve delivery to a tumor for better imaging or therapeutic 

outcome. Many bispecific formats have been engineered for a variety of diagnostic and 

therapeutic applications, and the engineering techniques used to generate these various 

formats as well as their clinical development have been recently reviewed80,81. BsAbs 

typically are used to bring two targets together, such as two ligands for inactivation, or a 

tumor antigen and T cell antigen in order to achieve a T-cell mediated therapeutic effect. For 

example, blinatumomab is a bispecific T-cell engager (BiTE) that targets CD19 on B cells 

and CD3 on T cells, resulting in T cell activation to respond to B cell malignancies, 

specifically acute lymphoblastic leukemia82. Dual-affinity retargeting (DART) bispecifics 

can also bind two targets for improved potency, such as the CD19 × CD3 MGD011 shown to 

induce tumor regression in B-cell lymphoma and leukemia models83. Additionally, several 

non-oncology bispecifics are also currently in development84.

BsAbs can be particularly useful for radionuclide delivery as part of a pretargeting strategy. 

In this approach, one arm of the bispecific targets the tumor, and the other arm recognizes a 

radiolabeled hapten (typically a small molecule or peptide) for imaging or RIT (Figure 1e). 

The bsAb is first administered and allowed to accumulate in the tumor, with sufficient time 

to clear from the circulation. Subsequently, the radiolabeled hapten is injected, which rapidly 

binds to the pre-localized antibody85. Another effective pretargeting strategy uses a trivalent 

bsAb with two target-specific Fabs and an anti-histamine-succinyl-glycine (HSG) Fab, and 

the three arms of this Tri-Fab (TF) are linked by disulfide bonds. Example targets for 

bispecific antibody pretargeting include CD105 and EGFR46, CEA86,87, and TROP288.

Alternative Protein Scaffolds—A wide range of antibody-like small protein scaffolds 

are currently in development as drugs for diseases such as cancers, atherosclerosis, and 

macular degeneration, as described in a recent review12. These scaffolds are easy to produce 

in bacteria or yeast and are typically stable in harsh labeling conditions such as high 
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temperature. They range from 2 to 20 kDa, which enables tissue penetration to access 

binding sites more easily than intact antibodies. However, the small size also results in fast 

renal filtration, and certain applications may require engineering or other modifications to 

increase the half-life. For example, PEGylation, Fc fusion, albumin fusion, or use of albumin 

binding domains can extend the half-life of antibody fragments.

A widely explored scaffold for radionuclide delivery is the Affibody (registered trademark of 

Affibody AB), small (6.5 kDa) scaffolds composed of alpha helices originally based on the 

Z domain of staphylococcal protein A89. Affibody protein scaffolds have high affinity and 

specificity, as well as the ability to tolerate harsh labeling conditions without impacting 

binding. Affibodies rapidly penetrate tumors for early high-contrast images due to rapid 

extravasation and tumor penetration90, and they are compatible with short-lived 

radionuclides such as 68Ga and 18F for PET, or 11In for SPECT. Affibody-based imaging 

and therapy have been developed to target EGFR91,92 and HER293–98, which has been 

successful in preclinical and clinical studies.

Preclinical imaging studies

Single-domain Antibody—SdAb-based immunoPET has been used to monitor immune 

responses. One group developed VHHs targeting CD11b (VHHDC13) and class II MHC 

(VHH7), which are expressed on a variety of myeloid cells that often locate to tumor 

margins and can provide information on treatment response61. Site-specific 18F 

radiolabeling was achieved using a two-step click tetrazine/transcyclooctene (TCO) and 

sortase-catalyzed modification, and 18F-VHH7 and DC13 successfully detected tumor-

associated macrophages and other activated myeloid cells in human melanoma xenograft 

models (Figure 3a). ImmunoPET imaging was also used to monitor CD8+ T cells using 
89Zr-PEGylated-anti-CD8 VHH, and 5, 10, and 20 kDa PEG moieties were tested to 

improve the pharmacokinetics of the nanobody62. Epithelial cell adhesion marker (EpCAM) 

expression was used to sort epithelial (EpCAM-high) and mesenchymal-like (EpCAM-low) 

carcinoma cells, which were implanted into mice that received anti-CTLA4 or no treatment, 

and tumors were assessed for immune cell infiltration by 89Zr-PEGylated VHH-X118. Mice 

bearing EpCAM-high well-differentiated tumors with homogenous activity in the tumor 

responded to the treatment, while EpCAM-low mesenchymal tumors with heterogeneous 

activity correlated with poor response.

Macrophage mannose receptor (MMR) has also been targeted by camelid VHH-based sdAbs 

in order to image tumor-associated macrophages (TAMs) in vivo. 99mTc-3.49-anti-MMR 

sdAb were shown to target pro-angiogenic TAMs in mice, and co-injecting unlabeled 

bivalent sdAb helped decreased nonspecific background while preserving tumor uptake99. 

Due to the success of the anti-murine MMR sdAb, cross-reactive anti-mouse/human MMR 

sdAbs were generated for future clinical translation100. 3.49-sdAb was labeled with 

[18F]SFB for PET in mouse tumor models. In contrast to using 99mTc, 18F-3.49-sdAb 

resulted in a 20-fold decrease in kidney uptake, and therefore 18F is the preferred radiolabel. 

Because MMR is highly expressed in TAMs correlating with more advanced tumor stage, 

this sdAb could inform prognosis of solid tumors.

Tsai and Wu Page 10

J Labelled Comp Radiopharm. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HER2 expression is important to assess in breast cancer patients in order to determine if they 

can benefit from HER2-targeted therapies. One study assessed HER2 expression in 

BT474M1 human breast carcinoma xenografts by PET imaging using 5F7 anti-HER2 

Nanobody radiolabeled with 18F, which pair well due to similar short biological and physical 

half-lives (1–2 h and 1.8 h, respectively)56. The authors describe a novel residualizing 

labeling strategy based on N-succinimidyl 4-guanidinomethyl-3-iodobenzoate (SGMIB) 

(18F-RL-I-5F7), which resulted in higher tumor accumulation and retention compared to 

nonresidualizing [18F]SFB-5F7, and had comparable results with 18F-anti-HER Affibodies. 

However, 5F7 binds to the same epitope as trastuzumab, and therefore a similar study was 

conducted using 18F-anti-HER2 Nanobody 2Rs15d57. 2Rs15d does not compete with 

trastuzumab and pertuzumab binding domains and therefore may be preferred for clinical 

use in patients receiving those therapies.

These studies demonstrate how sdAbs are advantageous due to the rapid elimination 

resulting in high contrast images as early as 1 hour post-injection, and kinetics that enable 

the use of radionuclides with short half-lives such as 18F and 68Ga. SdAbs can penetrate 

tumors more effectively than full-length antibodies, and their preclinical success has led to 

several clinical trials.

Diabody—The short serum half-life of diabodies in mice enables the use of radionuclides 

such as 18F for same-day imaging, as demonstrated with [18F]SFB-T84.66 anti-

carcinoembryonic antigen (CEA) diabody in mice bearing LS 174T human colon carcinoma 

tumors101. Some studies have compared radiolabeled diabodies with other fragment sizes, 

such as minibody, intact antibody, triabody, and Fab′ to determine the optimal fragment for 

PET imaging102,103. While there may not be a single clear choice, the optimal fragment or 

fragments can differ study to study depending on variables such as the model and preferred 

route of clearance. For example, the 18F-anti-carcinoembryonic antigen (CEA) monoclonal 

antibody hMN-14 (labetuzumab) derivatives hMN-14-Fab′, hMN-Fab-AD2, and hMN-

diabody were assessed in a comparison study102. All derivatives showed specific uptake in 

LS174T xenografts compared to CEA-negative xenografts; however, the diabody showed 

higher liver activity that may obscure liver metastases in future models, and further 

modification would be made to reduce hepatic uptake. On the other hand, 68Ga-labeled 

diabody or scFv administered to mice bearing EpCAM-expressing A-431 tumors had 

optimal tumor-to-organ ratios at early time points compared to triabody, and IgG, and the 

results support using the diabody for 68Ga-based imaging of solid tumors103.

Engineered diabodies have been used for SPECT and PET imaging of solid tumors, such as 

prostate cancer. The humanized intact antibody J591 targeting prostate specific membrane 

antigen (PSMA) was modified to a diabody with a C-terminal cysteine (J591Cdia) to form a 

more stable dimer104. 99mTc-J591dia was used for same-day SPECT imaging of mice 

bearing subcutaneous PSMA-positive prostate carcinoma tumors, and specificity was 

confirmed through blocking studies. J591 derivatives for PET imaging include cysteine 

diabody and minibody, which were radiolabeled with 89Zr and demonstrated rapid tumor 

targeting in mice bearing PSMA-positive xenografts68. The advantages of using these 

fragments in comparison with 89Zr-intact J591 are lower dose toxicity due to shortened 

residence time, which would be especially important in patients requiring repetitive imaging 
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to monitor treatment response. J591-based anti-PSMA cys-diabody has also been used to 

direct chemotherapy-loaded lipid nanoparticles (LNP) as a strategy to improve tumor 

accumulation105. The diabody-targeted LNPs were radiolabeled with 64Cu and shown by 

PET to increase tumor targeting and decrease drug clearance in a PSMA prostate cancer.

Engineering a cys-diabody (cDb) with a C-terminal cysteine can also allow for site-specific 

conjugation and radiolabeling, as exemplified in several immunoPET studies targeting 

immune cell subsets64–67. In a study targeting B cells for immunoPET, obinutuzumab-based 

GA101 cDb and cys-minibody (cMb) tracers were evaluated in mice bearing human CD20-

expressing lymphoma xenografts as well as in transgenic mice expressing huCD20 (huCD20 

TG) on normal B cells64. These humanized type II tracers bind to CD20 in a different 

orientation than type I antibodies such as rituximab, the standard therapy for lymphoma 

patients, and were shown to outperform rituximab-based fragment imaging. 

Nonresidualizing 124I was compared with residualizing 89Zr-labeled antibody fragments to 

assess the modulation of CD20, which was shown to internalize in huCD20 TG B cells more 

rapidly than in CD20 lymphoma cells.

Cys-diabodies have also been developed to image the T cell compartment. Anti-CD4 GK1.5 

and anti-CD8 2.43 cDbs were generated to detect helper/regulatory and cytotoxic T cells by 

immunoPET, and they were successfully used to monitor T cell repopulation in a 

hematopoietic stem cell transplantation model65. Anti-CD4 GK1.5 cDb was shown to 

decrease CD4 expression and inhibit proliferation in a dose-dependent manner in vivo, and 

low protein dose was determined to be ideal for obtaining high contrast immunoPET images 

for future imaging studies66. Detecting these immune cell subsets can be especially powerful 

to monitor therapy response, such as a preclinical study using 89Zr-anti-CD8 169 cDb to 

track changes in tumor-infiltrating and systemic CD8 expression in several immunotherapy 

models (Figure 3b)67. In CT26 tumor-bearing mice that received anti-CD137/4-1BB 

immunotherapy, 89Zr-169 cDb detected tumor infiltrating T cells in the treated group 

compared to untreated or CD8-blocked mice. In another immunotherapy model, 25 to 33% 

of mice bearing CT26 xenografts were previously reported to respond to anti-PD-1 or anti-

PD-L1 checkpoint blockade therapy. Mice received anti-PD-L1 therapy and were grouped 

into responders and nonresponders. 89Zr-169 cDb PET imaging detected tumor-infiltrating 

CD8+ T cells in responders compared to nonresponders, confirmed by ex vivo 

biodistribution, and transverse images of responders show intratumoral activity while 

nonresponders show a peripheral rim of activity (Figure 3a). The ability to detect CD8+ T 

cells in these two immunotherapy models support future clinical studies using immunoPET 

to monitor the tumor immune microenvironment and response to therapy.

Minibody—The anti-CEA T84.66 minibody (Mb) and diabody (Db) fragments have been 

radiolabeled with 111In or 125I/131I for radioimmunoscintigraphy and biodistribution 

comparison in murine models70. The T84.66 Db demonstrated rapid tumor targeting, 

although the 111In- T84.66 Db displayed high renal uptake. On the other hand, as expected, 

the minibody exhibited low renal uptake but higher hepatic uptake, which might limit 

imaging and therapy of CEA-positive hepatic disease. In comparison, the radioiodinated 

fragments cleared more quickly, and was favored due to reduced nonspecific background. 

These studies demonstrate tumor targeting and clearance should be assessed in choosing a 
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favorable radionuclide depending on the disease setting. 124I-T84.66 Mb was used for 

successful PET imaging of mice bearing human LS174T colon carcinoma xenografts, and 

small CEA-positive tumors less than 3 mm in diameter could be detected69.

123I-cT84.66 chimeric minibody was assessed in a pilot clinical trial in patients with 

colorectal cancer106. Eight of ten tumors larger than 1.0 cm were successfully imaged by 

SPECT, compared to five of ten detected by CT. However, the mean residence time of the 

minibody is longer than the short half-life of 123I (13 h), and a radionuclide with a longer 

half-life such as 124I, or residualizing properties such as 89Zr, may be more suitable for 

future clinical studies.

As discussed in the previous section on diabodies, engineered antibody fragments have been 

developed for immunoPET of T and B cells. Two allele-specific murine anti-CD8 

minibodies were developed, 2.43 Mb targeting the CD8α isoform Lyt2.2 Mb in BL/6 mice 

and 169 Mb that binds CD8α in all mouse strains71. 64Cu-NOTA-2.43 and 169 Mbs were 

used to obtain high-contrast PET images at 4 h post-injection, and 64Cu-NOTA-2.43 Mb 

specificity was shown through both blocking and depleting studies. In comparative studies 

discussed in the previous diabody section using B-cell lymphoma models, 124I-anti-CD20 

GA101 cMb resulted in higher tumor accumulation compared to 124I-rituximab cMb 

(RxcMb) in mice bearing s.c. 38C13-huCD20 tumors64. Interestingly, higher tumor retention 

was reached despite obinutuzumab (type II binding) only binding half of the surface density 

compared to rituximab (type I binding), which was postulated to be due to rituximab’s faster 

off-rate. In human CD20 transgenic mice, 89Zr-GA101 cMb successfully detected lymph 

nodes and showed specific uptake in the spleen64. The evaluation of both GA101 cDb and 

cMb offers optimized PET tracers for future studies to understand the modulation of CD20 

in response to antibody-based therapies such as rituximab. These immune cell-targeted 

minibody tracers can be useful for studying preclinical disease models in mice, such as 

immune cell infiltration in tumor models, or predicting or monitoring response to therapy.

Minibodies have also been used for preclinical PET imaging of prostate cancer targets 

including human prostate stem cell antigen (PSCA)73 and PSMA68. 124I-A11 Mb and 89Zr-

A11 Mb immunoPET were compared, and 124I-A11 Mb resulted in superior tumor-to-soft 

tissue contrast in mice bearing 22Rv1-PSCA human prostate carcinoma xenografts73. The 

longer positron range of 124I and 89Zr influences resolution, and therefore partial-volume 

correction was applied to improve ex vivo quantification. 124I-A11 Mb PET was also applied 

to a intratibial tumor model representing bone metastasis and successfully detected 

intratibial xenografts with higher sensitivity and specificity than 18F-Fluoride bone scans72. 

Additionally, decreased tumor uptake of 124I-A11 Mb in response to enzalutamide treatment 

corresponded with PSCA downregulation, and was detectable before the tumor volume 

changed. ImmunoPET of PSCA may be explored for clinical translation to monitor response 

to androgen deprivation therapy.

Bispecific Antibodies for Pretargeting—A bispecific antibody composed of an anti-

epidermal growth factor receptor (EGFR) Fab and anti-CD105 Fab was generated by 

biorthogonal click chemistry46. This Bs-F(ab)2 was radiolabeled with 64Cu and used for 

immunoPET to detect s.c. U87MG human glioma tumors in mice, demonstrating high 
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sensitivity even in small 3 mm tumors. Additional near-infrared fluorescence imaging with 

ZW-800 provided proof-of-principle for image-guided surgical resection. A similar click 

chemistry approach was used to assemble bispecific anti-CD105 Fab × anti-tissue factor 

(TF) Fab fragments, and 64Cu-NOTA-heterodimer-ZW800 visualized s.c. pancreatic tumors 

by dual-modality PET/NIRF imaging107. Compared with blocked CD105 or TF, the dual-

targeting approach resulted in increased tumor targeting. These preclinical studies support 

the use of bispecific antibodies for more enhanced tumor signal, and other studies could use 

this method to monitor therapy by bispecific targeting a tumor antigen and T cells.

Alternative Protein Scaffolds—In one study, an agouti-related protein (AgRP) cystine 

knot mutant (4 kDa) was developed to bind αvβ3 integrin with high affinity for PET 

imaging108. The cysteine knot has a core composed of three or more disulfide bonds that are 

interwoven, and this highly stable scaffold can tolerate high temperatures. 64Cu-DOTA-

AgRP-7C was administered to mice bearing U87MG glioblastoma xenografts that express 

the αvβ3 integrin, and high contrast PET images were obtained by 1–2 hours post-injection. 

The authors discussed strategies to improve pharmacokinetics in future studies, including 

engineering prosthetic groups to increase tumor targeting or co-injecting cationic amino 

acids such as lysine to decrease the high kidney uptake, which can also be applied to small 

fragments such as diabodies.

The Affibody has been used to target epidermal growth factor receptor (EGFR) for SPECT 

imaging in murine xenografts, as well as EGFR-specific fluorescent imaging in human skin 

epidermoid carcinoma and human glioma xenografts90. The following studies are based on 

the anti-HER2 Affibody ZHER2:342. The ZHER2:342 was affinity matured to picomolar 

affinity and successfully used for preclinical imaging of HER2+ xenografts91. Compared to 
124I-trastuzumab, 124I- ZHER2:342 provided higher contrast images at earlier time points, 

demonstrating its use as an imaging tool to assess changes in HER2 expression92. Affibody 

molecules have also been developed targeting HER3 as shown in several preclinical 

models109,110. A number of affibodies are in development for other medical applications 

such as fluorescent-guided surgery or as therapeutic drugs109, and these molecules may also 

be radiolabeled in future studies evaluating their potential as diagnostic imaging agents.

Clinical Imaging Studies

Single-domain antibody—The first-in-human application of a radiolabeled Nanobody 

was a Phase I clinical trial testing the biodistribution and HER2-positive tumor-targeting of 
68Ga-2Rs15d in 20 patients (Figure 4a)59. The resulting PET images showed a wide range of 

tumor uptake and low background activity, and it was hypothesized that this application 

would be useful for HER expression assessment especially in cases of metastatic breast 

cancer.

Clinical trials using single-domain antibodies include the evaluation of 131I-SGMIB anti-

HER2 VHH1 dosimetry for RIT and tumor imaging in breast cancer patients 

(NCT02683083), 68Ga-NOTA-anti-HER2 VHH to detect brain metastases in breast cancer 

patients (NCT03331601), and 99mTc anti-PD-L1 VHH for SPECT/CT of non-small cell lung 

cancer (NCT02978196).
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Minibody—In a comparison study of 89Zr-anti-PSMA J591 antibody fragments, the 

minibody IAB2M resulted in higher tumor uptake than the diabody and faster clearance than 

the intact antibody in preclinical prostate cancer models68, and therefore it was developed 

further in the clinic. 89Zr-IAB2M demonstrated success in the following Phase I first-in 

human study, which assessed dose escalation of the minibody in eighteen patients with 

metastatic prostate cancer74. 89Zr-IAB2M PET targeted bone and soft tissues lesions in 17 of 

18 patients by 48 hours, compared to baseline 99mTc-MDP (9 patients) or CT (6 patients) to 

detect bone lesions, or MRI (14 patients) or 18F-FDG-PET (10 patients) to detect nodes or 

soft tissue lesions (Figure 4b). The highest uptake was observed in patients who received 10 

mg, compared to 20 and 50 mg, which was determined to be the optimal protein dose for 

imaging. Compared to PSMA-targeting peptides, little to no uptake was observed in lacrimal 

and salivary glands, increased uptake over time was observed in the gastrointestinal tract 

(small intestine, 0.36 ± 0.06 mGy/MBq) and kidney (1.36 ± 0.26 mGy/MBq), and liver 

uptake (1.67 ± 0.3 mGy/MBq) was attributed to minibody clearance and residualizing 

radiometal.

Radiolabeled minibodies tested in clinical trials include the current Phase I trial evaluating 
89Zr-Df-IAB22M2C, which targets CD8 T cells, in patients with metastatic solid 

malignancies or Hodgkin’s lymphoma (NCT03107663). 89Zr-Df-IAB2M anti-PSMA 

minibody has also been expanded to a Phase I/IIa trial in patients with metastatic prostate 

cancer (NCT01923727).

Bispecific antibodies for pretargeting—A first-in-human study was conducted using 

TF2 and 68Ga-IMP288 pretargeting for PET imaging of patients with metastatic medullary 

thyroid carcinoma (MTC), and high-contrast images were obtained with a preferred 

pretargeting delay of 30 hours (Figure 4c)111. Due to the consistent expression of CEA 

independent of prognosis in MTC, this target could provide more information independent 

of changes in disease state compared to 18F-FDG or L-3,4-dihydroxy-6-

[18F]fluorophenylalanine (18F-DOPA). Anti-CEA TF2 and 68Ga-IMP288 PET imaging was 

also evaluated in patients with metastatic colorectal cancer (NCT02587247) and breast 

carcinoma (NCT01730612).

Alternative scaffolds—Clinical studies using radiolabeled ABY-002 and ABY-025 have 

successfully visualized HER2-positive lesions109. The first-in human Affibody, ABY-002, is 

a second generation derivative of ZHER2:342 and was used for SPECT and PET imaging. 
111In-ABY-002 and 68Ga-ABY-002 successfully detected metastases in patients with 

recurrent breast cancer93. The Affibody ABY-025 was reengineered to target an epitope 

separate than the epitopes (HER2) targeted by therapeutics in order to enable imaging during 

therapy. 111In-ABY-025 first-in-human studies successfully assessed HER2 status in 

metastatic breast cancer patients, and the SPECT images additionally showed a difference in 

uptake between HER2+ and HER2- metastases94. Subsequent phase I/II studies used 68Ga-

ABY-025 PET imaging to determine whole-body HER2 expression (Figure 4d)95.
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Radioimmunotherapy studies

Single-domain antibody—The Nanobody 2Rs15d targeting HER2 has also been 

evaluated in theranostic studies. 177Lu-DTPA-2Rs15d was injected in mice bearing SKOV3-

LUC (Luciferasepos) xenografts, and by day 125 tumor growth was halted with 5 of 8 mice 

completely tumor-free and 3 of 8 mice bearing unpalpable LUCpos tumors58. The authors 

co-injected the plasma expander Gelofusin in order to decrease dosage to the kidney, and no 

renal toxicity was observed. In a comparison study, the 177Lu-DTPA-trastuzumab treatment 

delivered a 6-fold higher tumor dose, yet the dose to normal organs such as spleen, bone, 

and blood were much higher (80, 26, and 4180-fold), supporting the use of the smaller 

2Rs15d sdAb.

Another recent study evaluated 131I-SGMIB-2Rs15d, which is residualizing, as a theranostic 

in two HER2-positive cancer models60. 131I-SGMIB-2Rs15d successfully detected the 

tumors by SPECT, and a single dose extended survival with no toxicity and a minimal dose 

to the kidneys due to its rapid clearance. In the BT474/M1 xenograft model, 131I-

SGMIB-2Rs15d extended median survival (140 days) compared to control sdAb (94 days), 

and in the SKOV-3 metastatic model, median survival was extended 20 days longer than 

control, or 50 days longer in combination with trastuzumab. Additionally, there was no 

significant difference in tumor or normal tissue uptake between animals treated with 131I-

SGMIB-2Rs15d alone or animals pretreated with trastuzumab, pertuzumab, or both, 

supporting the potential of using 131I-2Rs15d in patients receiving HER2-targeted therapy.

Diabody—The TAG72-targeting diabody (AVP04-07) in mice bearing LS174T colon 

cancer carcinoma xenografts was evaluated for RIT112. A click chemistry pretargeting 

strategy was used in order to reduce renal uptake and allow for increased radiation dose to 

the tumor. Compared to the PEGylation strategy for this diabody, AVP04-07 functionalized 

with an average of 4.7 TCO groups and one equivalent of 177Lu-TCO yielded the best 

tumor-targeting results with low renal uptake, tumor-to-kidney ratio of 5.7, and 4-fold 

improved tumor-to-blood ratio compared to PEGylation strategy.

Minibody—L19-SIP, composed of the recombinant L19 scFv to the CH4 domain of human 

IgE, was engineered to target extra domain B of fibronectin76. 131I-L19-SIP demonstrated 

superior therapeutic efficacy compared with dimeric scFv or IgG in teratocarcinoma tumor-

bearing mice. For imaging, 124I-L19-SIP was developed as an immunoPET tracer to inform 
131I-L19-SIP RIT dosimetry and patient selection in clinical trials, and both 124I and 131I-

L19-SIP were further developed in clinical studies113,114.

In the clinic, 124I-L19-SIP (radretumab) was used to predict dosage delivered to tumors in 

patients with brain metastases114. 131I-L19-SIP was tested as RIT in combination with 

external beam radiation in patients with multiple brain metastases (NCT01125085), and 

preliminary results showed reduction in 18F-FDG uptake in 3 of 4 patients77. Radretumab 

was also tested in patients with relapsed hematological cancers, where a diagnostic dose was 

first used to determine eligibility if tumor uptake was sufficient78 (Figure 5a). Three of ten 

patients who received radretumab showed complete response, and the authors suggest 

patients with advanced lymphomas could benefit from concurrent chemotherapy.
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Another humanized SIP, F16, targets tenascin-C expressed at high levels in tumor 

extracellular matrix. F16-SIP was labeled with 131I and used for RIT in patients with 

recurrent Hodgkin’s lymphoma79. 18F-FDG PET and diagnostic 131I-F16-SIP SPECT was 

used to determine patient eligibility, and after 4–6 weeks several patients had disease 

stabilization, one patient showed partial response, and one showed complete response 

(Figure 5b). However, responses were short-lived, and dose fractionation or combination 

therapy were suggested for future studies.

Bispecific antibodies for pretargeting—One study assessed several bispecific formats 

engineered via fusion of anti-DOTA scFv to intact anti-CEA M5A mAb at the C-terminal, 

N-terminal, light chain (LC), or as a dual variable domain immunoglobulin for tumor 

targeting and pharmacokinetics for pre-targeted RIT in a LS-174T s.c. colon carcinoma 

model115. LC-BsAb and 177Lu-DOTA accumulated specifically in the tumor (6% ID/g) with 

low normal tissue activity, supporting the use of pretargeting for RIT compared to non-pre-

targeted approach, in order to reduce radioactive exposure to sensitive tissues such as bone 

marrow.

The Tri-Fab TF2 is composed of anti-CEA × anti-HSG which allows for pretargeting of 

radiolabeled hapten-peptide, IMP-288. TF2 was used for pretargeted radioimmunotherapy 

(PRIT) in mice bearing CEA-positive colorectal cancer xenografts, where alpha-emitting 

hapten 213Bi-IMP288 was shown to be at least as effective as beta-emitting hapten 177Lu-

IMP28886. Tri-Fab pretargeting was extended to the target trophoblast cell surface antigen 2 

(TROP2), a transmembrane protein overexpressed in numerous cancers. TF12 is composed 

of two anti-TROP2 Fabs, along with one anti-HSG Fab that allows for the substitution of a 

radiolabeled hapten-peptide, IMP-288. In mice bearing s.c. prostate cancer xenografts, TF12 

was used with 68Ga-IMP288 for same-day pretargeted immunoPET, and TF12 and 177Lu-

IMP288 resulted in successful radioimmunotherapy that extended survival (Figure 5c)88. 

The therapy had decreased toxicity in comparison with 177Lu-anti-TROP2 IgG RIT as 

measured by decreased platelets and leukocytes.

In a first-in-human Phase I study, anti-CEA × anti-HSG TF2 was evaluated in patients with 

colorectal cancer, with 111In-IMP288 used in the imaging cycle and 177Lu-IMP288 in the 

following therapy cycle87. In all patients, clear targeting of 111In-IMP288 and TF2 to known 

CEA-positive lesions was observed by scintigraphic imaging, and patients were allowed to 

proceed to 177Lu-IMP288 therapy. Optimal targeting was achieved using a lowered IMP288 

dose and shortening the interval between administering TF2 and radiolabeled-IMP288 to 1 

day. The authors suggest future studies could assess using 90Y as the radiolabel, which may 

be better for advanced metastatic disease due to its physical half-life that better matches the 

residence time of the radiopharmaceuticals in the tumor.

Alternative Scaffolds—RIT studies in HER2-expressing tumor models support the 

development of the Affibody ZHER2:342 to treat trastuzumab-resistant HER2+ tumors. Due 

to the small size, the ZHER2:342 clears rapidly and biodistribution studies with residualizing 

radionuclides show high renal reabsorption. Therefore, fusion to an albumin-binding domain 

(ABD) was used to reduce renal toxicity and increase circulation for RIT96. 177Lu-ABD-

ZHER2:342 successfully targeted HER2+ microxenografts as confirmed by gamma-camera 
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imaging, and the treatment extended survival in mice with high and low HER2+ tumors, 

although overall mortality was caused by bone marrow toxicity. Another approach to reduce 

high renal activity was to choose a nonresidualizing radiolabel and optimize mercaptoacetyl-

containing chelators97. The ZHER2:34 Affibody showed the lowest renal uptake with 99mTc 

and the chelator mercaptoacetyl-glycl-seryl-glycl (maGSG), and therefore it was 

radiolabeled with the therapeutic chemical analogue 186Re. Specific uptake of 186Re-

maGSG-ZHER2:34 in HER2+ xenografts was confirmed by biodistribution analysis, with low 

uptake in normal organs including kidneys. Lastly, another study employed pretargeting to 

reduce renal absorption of RIT radionuclides, and the biodistribution of anti-HER2 Affibody 

Z2395-TCO and residualizing radiometals 111In and 177Lu was analyzed98. The preliminary 

dosimetry showed the tumor absorbed dose exceeded the kidney dose 1.4-fold, which is a 

low therapeutic index and likely would only lead to palliative effects, and the results support 

future optimization of this pretargeting strategy for RIT.

CONCLUSIONS

Antibodies and fragments are ideal carriers for radionuclide delivery for oncological 

applications, and protein engineering allows for optimization of half-life, conjugation 

strategies, and optimal pairing with radionuclides. Advantages of using fragments include 

rapid tumor uptake and elimination, which limits exposure to normal tissues and increases 

tumor-to-background ratios and therapeutic indexes. Additionally, removal of Fc-based 

immunogenicity may ease translation to the clinic. Targeted radionuclide delivery through 

antibody-based SPECT and PET imaging agents, as well as RIT agents, has been 

successfully evaluated in preclinical studies and clinical trials as exemplified in this review.

For imaging applications, radiolabeled antibodies and fragments can assess biomarker 

expression to aid diagnosis, guide therapy selection, monitor therapy, and ultimately allow 

for personalized medicine. The expanding number of antibodies and fragments in the 

literature and approved in the clinic target a wide range of biomarkers expressed on diseases 

such as breast cancer, prostate cancer, and glioblastoma, as well as tumor-associated immune 

cells such as B cells, T cells, and macrophages. Fragment-based immunoPET can also be 

applied to address new biological questions, such as relationships between tumors and 

immune cells in the tumor microenvironment. Additionally, bispecific antibodies enable 

pretargeting strategies that can improve imaging contrast, and future imaging studies using 

multispecific antibodies may enable dual-targeting of two markers overexpressed in disease.

Radioimmunotherapy allows for targeted delivery of radiation to disseminated and solid 

tumors. Factors to consider for successful RIT include disease setting, antigen expression, 

physical properties of therapeutic radionuclides, and pharmacokinetics of the radiolabeled 

antibody or fragment. Although RIT has mostly been successful for hematopoietic cancers, 

solid or radioresistant tumors may be treated using strategies such as pretargeting, which can 

result in improved therapeutic index. Additionally, doses can be fractionated and 

administered over a longer period of time, which has been shown to reduce toxicity 

especially in the hematopoietic system116. Lastly, RIT may be used in combination therapy 

with other agents such as immunotherapy or antibody-drug conjugates117.
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Finally, a single antibody fragment can be radiolabeled with either paired radioisotopes, or a 

radionuclide with multiple types of emissions such as beta and gamma particles, and be used 

for both diagnostic and therapeutic applications. A theranostic strategy can quantitatively 

assess biomarker expression, inform which patients would benefit from the corresponding 

RIT, and allow for monitoring the effectiveness of the therapy over time. In conclusion, 

radiolabeled engineered antibodies and fragments are versatile agents that can be clinically 

translated as diagnostics and therapeutics.
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Figure 1. Intact antibody and engineered antibody fragments

Compared to A, intact IgG antibody, engineered antibody fragments range in size, 

specificity, avidity, and therefore pharmacokinetic properties. Several fragments and 

scaffolds for radionuclide delivery have been explored in preclinical and clinical studies, 

including B, monovalent antibody fragments, C, bivalent monospecific fragments, and D, 

bispecific fragments. E, Schematic of pretargeting strategy using bispecific tri-F(ab′): (1) 

Tri-F(ab′) binds to target, and subsequently (2) radiolabeled hapten is administered, which 

rapidly localizes to the Tri-F(ab′) and binds the anti-hapten Fab. Abbreviations: CH= 

constant heavy, CL= constant light, Db = diabody, Fv= fragment variable, Fab= fragment-

antigen binding, Fc= fragment crystallizable, IgG = immunoglobulin G, Mb = minibody, 

scFv = single chain fragment variable, sdAb= single domain antibody, SIP = small 

immunoprotein, Tri-F(ab′) = trivalent Fab, VH= variable heavy, VHH= variable heavy, VL= 

variable light.
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Figure 2. Schematic representation of therapeutic radionuclides

Beta-emitters have a low linear energy transfer (LET) of 0.2 keV/mm and a path length of 1 

to 10 mm, and beta emission may reach throughout the tumor and surrounding healthy 

tissue. Alpha-emitters have a high LET (80–100 keV/μm) and a path length of 50–90 μm, 

which corresponds to a few cell diameters. Auger-emitters have low energy but high LET 

(4–26 keV/μm) and a short path length of 2 to 500 nm. Intracellular deposit near the nucleus 

is necessary for therapeutic effect.
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Figure 3. Antibody fragment-based immunoPET imaging of immune cells

A, VHHDC13 (anti-mouse CD11b) is a single domain antibody with an LPETG sortase 

recognition moiety that can be undergo a transpeptidase reaction to produce VHHDC13-

tetrazine. This allows for site specific radiolabeling using 18F-TCO. 18F-VHHDC13 

immunoPET shows high contrast targeting of CD11b-positive cells in mice bearing B16 

melanoma s.c. tumors. In comparison, 18F-FDG PET shows low contrast between the tumor 

and background tissues.61 B, Mice bearing CTD26 xenografts received anti-PD-L1 

checkpoint blockade therapy and divided into two groups, responders and nonresponders. 
89Zr-anti-CD8 169 cys-diabody immunoPET shows uptake in the rim of the tumor of anti-

PD-L1 nonresponders, and intratumoral uptake in responders.67
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Figure 4. Clinical evaluation of antibody fragments for immunoPET

A, First in human Phase I study of 68Ga-2Rs15d, an anti-HER2 Nanobody, was conducted in 

patients with breast cancer. Uptake is detected in HER2 primary lesions as shown by 

PET/CT (top) and PET (bottom) in two patients.59 B, First-in-human Phase I study of 89Zr-

anti-PSMA-IAB2M minibody was conducted in patients with metastatic prostate cancer. 
99mTc-methylene diphosphonate (MDP) bone scan detected lesions in the vertebrae and ribs, 
18F-fluorodeoxyglucose (FDG) imaging detected lesions in femur and vertebrae, and 89Zr-

IAB2M immunoPET detected soft tissue and bone lesions not identified by the previous two 

methods.74 C, Clinical evaluation of bispecific trivalent antibody (BsMAb) TF2 and 68Ga-

IMP288 in patients with medullary thyroid carcinoma (MTC). TF2 is composed of two anti-

carcinoembryonic antigen (CEA) Fab fragments and one anti-histamine-succinyl-glycine 

(HSG) Fab fragment, and was administered as the pretargeting agent. IMP288 is a bivalent 

HSG hapten, and the preferred 68Ga-IMP288 parameter used was a BsMab-to-peptide molar 

ratio of 20 and 30 h pretargeting delay. ImmunoPET images were acquired 1- and 2- hours 

post-IMP288-injection. Arrows point to uptake in cervical node, lumbar node and femoral 

bone foci.111 D, Clinical evaluation of 68Ga-anti-HER2 ABY-025 Affibody in patients with 

metastatic breast cancer. The patient shown had HER2-negative primary tumor, and 18F-

FDG PET showed uptake in 3 lesions located in the liver, lymph node, and cervix. 68Ga-

ABY-025 immunoPET detected the liver lesion, which was confirmed to be HER2-positive 

by immunohistochemistry (IHC), while the other two lesions were confirmed to be true 

negative. Red arrow indicates location of portacath used for injection.95
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Figure 5. Clinical and preclinical applications of antibody-based radioimmunotherapy

A, 131I-L19-SIP was administered to patients for RIT, this example patient with diffuse large 

B-cell lymphoma showed a complete response. After a single administration of 131I-L19-

SIP, baseline transaxial SPECT and 18F-FDG PET show high uptake in the left inguinal 

lymphoma, and 1 month post-RIT no uptake is detected by 18F-FDG PET.78 B, In a patient 

with refractory Hodgkin’s lymphoma, baseline 18F-FDG PET shows uptake in lesions in the 

neck and mediastinum corresponding to uptake seen at day 4 post-injection of 131I-F16-SIP 

SPECT. At 1- and 2-month post-injection, 18F-FDG PET images show reduction in uptake.
79 C, Pretargeting strategy with anti-TROP2 × anti-HSG bispecific TF12 and radiolabeled 

IMP288 HSG hapten. TF12 and 68Ga-IMP288 PET/CT of a BALB/c nude mice bearing s.c. 

PC3 tumors shows uptake in the tumor, kidneys, and bladder at 1-hour post-injection. Mice 

were treated with TF12 and 177Lu-IMP288, and survival was extended compared to 177Lu-

control vehicle and 177Lu-IMP288 without pretargeting.88
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