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Radioimmunotherapy (RIT) is a cancer treatment that combines radiation therapy with
tumor-directed monoclonal antibodies (Abs). Although RIT had been introduced for the
treatment of CD20 positive non-Hodgkin lymphoma decades ago, it never found a broad
clinical application. In recent years, researchers have developed theranostic agents based
on Ab fragments or small Ab mimetics such as peptides, affibodies or single-chain Abs
with improved tumor-targeting capacities. Theranostics combine diagnostic and
therapeutic capabilities into a single pharmaceutical agent; this dual application can be
easily achieved after conjugation to radionuclides. The past decade has seen a trend to
increased specificity, fastened pharmacokinetics, and personalized medicine. In this
review, we discuss the different strategies introduced for the noninvasive detection and
treatment of hematological malignancies by radiopharmaceuticals. We also discuss the
future applications of these radiotheranostic agents.

Keywords: lymphoma, leukemia, multiple myeloma, radiotheranostic, radionuclide
1 INTRODUCTION

Hematological malignancies include different heterogeneous malignant conditions, all originating
from bone marrow cells or the lymphatic system, resulting from genetic alterations such as
translocation, mutation, or gene overexpression (1). Based on the lineage involved, these diseases
are subdivided into lymphoid and myeloid malignancies. They are further defined by specific
features in clinical presentation and by morphological, immuno-phenotypical and molecular
abnormalities. Their outcome varies a lot, ranging from high early mortality to chronic diseases
that do not require treatment. Classical chemotherapy remains the treatment of choice for acute
leukemia, but it can be combined with newer, more molecular-designed therapies such as
monoclonal antibodies (mAbs), BCL2 blockers, proteasome inhibitors, and the demethylating
agents being developed and rapidly introduced into clinical practice.

The term “theranostics” defines ongoing efforts in clinics to develop more specific, individualized
therapies and combine diagnostic and therapeutic capabilities into a single pharmaceutical
org July 2022 | Volume 13 | Article 9110801
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agent (2). Radiotheranostics is an advanced application of
theranostics using agents labelled with radionuclides
(radiotheranostic agents) (3). An ideal radiotheranostic agent
has both a diagnostic and a therapeutic potential; but in practice,
the diagnostic and therapeutic components often differ by
implicating a different radionuclide (although the binding
agent or vector remains the same). The antigen-binding agent
is often an antibody or antibody fragment binding to a disease-
related antigen, but it can also be a peptide or antibody mimetic.
The therapeutic effect relies on a cytotoxic radioisotope (a-, b--
particle, or Auger electron emitters), while the diagnostic
component uses gamma radiation emission that can be
detected by a single photon emission computed tomography
(SPECT) or positron emission tomography (PET) cameras (3).

This article summarizes the development of radiolabelled
theranostic agents for the detection and treatment of
hematological malignancies. A first draft was created based on a
literature review (published preclinical and clinical studies and a
review of articles on Medline). This draft circulated among the co-
authors, who all provided comments. After three rounds of revisions,
all co-authors reviewed and validated the final manuscript.

We structured the manuscript into sections: (1) the different
components of a theranostic agent, (2) the historical use of mAbs
as theranostics, (3) the recent progress and improvements, (4)
their applications in hematological malignancies, and (5) future
perspectives in their development.
2 COMPONENTS OF
RADIOTHERANOSTIC AGENTS

For the development of radiolabelled theranostic agents, several
variables need to be considered: (i) the selection of an
appropriate cell surface target, (ii) selection of a corresponding
Frontiers in Immunology | www.frontiersin.org 2
target-specific binding agent (mAb, Ab fragment, Ab mimetic or
peptide), (iii) the choice of a radionuclide that aligns with the
previous two, and finally (iv) a strategy to connect the
radionuclide to the binding agent. The structure of these
radioconjugates is illustrated in Figure 1.

2.1 Antigen-Binder
An ideal target antigen for theranostic approaches is highly
expressed on the membrane of all tumor cells while absent on
normal cells. Such antigens have been identified for some
diseases, but not all. The first moieties introduced for specific
binding to a well-defined antigen were peptides and mAbs. These
mAbs can be isolated from immune or synthetic libraries. The
former are obtained after immunization with recombinant
proteins or DNA encoding the proteins, taking advantage of
the ability of the immune system to generate Ab diversity, while
diversity in synthetic repertoires is introduced artificially.

The synthetic antibody libraries are constructed with the
introduction of genomic diversity at positions most likely to
contribute to antigen recognition. Phage display technology is
used to identify specific Abs and will create a large antibody
repertoire. A number of antibodies can be identified from a
single library, to be further expressed and produced in a
prokaryotic expression system.

mAbs were initially introduced as antigen-binders, but their
high molecular weight results in a long serum half-life that
facilitates aspecific retention. Antibody engineering techniques
allowed the production of smaller antibody fragments and mAb
derivatives. Because of their shortened serum half-life and
limited off-target retention, they are more and more developed
as vectors for Targeted RadioNuclide Therapy (TRNT). On the
other hand, Peptide Receptor Radionuclide Therapy (PRRT)
combines a cell-targeting peptide similar to the natural
circulating ligand, with a therapeutic radionuclide. Well-known
FIGURE 1 | The different components of a radiotheranostic agent. A theranostic agent is able to diagnose and treat a particular disease. In case of malignancy, a
molecule (monoclonal antibody, peptide, natural ligand) is able to bind to an antigen expressed on the surface of a tumor cell. This molecule can be coupled to either
a diagnostic or a therapeutic radionuclide. This coupling is illustrated in the magnification. It frequently needs an anchoring point, located at a well-defined place (site-
directed conjugation) or randomly inserted. Finally, the radionuclides can be incorporated by direct radiolabelling, labelling via prosthetic groups and labelling via
bifunctional chelators.
July 2022 | Volume 13 | Article 911080
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examples of PRRT include somatostatin analogues and prostate-
specific membrane antigen (PSMA) ligands.

2.2 Anchor Points
The attachment of probes for imaging or therapy to a targeting
agent can be achieved via random or site-specific conjugation
strategies. In the past, the majority of bioconjugation techniques
relied on reactions between bifunctional chelators and amino
acids, typically lysines. However, Abs and Ab fragments possess
varying numbers of these residues distributed throughout their
structure, hampering a tight control of the location and the
number of conjugations and finally resulting in poorly-defined
and heterogeneous immunoconjugates (4, 5). Native cysteines
that form stabilizing disulfide bridges in Abs are other attractive
conjugation targets. These disulfide bridges can be reduced and
the free sulfhydryl groups can then be conjugated to a
maleimide-bearing probe.

This strategy works well for small Ab fragments but is less
applicable to large Abs that contain up to four interchain
disulfide bridges; their non-specific reduction can create up to
eight different free cysteines. To obtain a more homogenous
tracer, site-specific modifications may be proposed and are
mostly realized at specific glycosylation sites, or added cysteine
residues. The latter are most often engineered at the C-terminus
of antibody-fragments to avoid interference with the Ag-
binding site.

Instead of chemically linking imaging probes to amino acids,
this ligation can also be obtained with enzymatic reactions that
directly attach signaling moieties to targeting vehicles. An
example is the bacterial transpeptidase, Sortase A, an enzyme
that specifically recognizes proteins bearing the sortase
recognition motif. Upon recognition, the enzyme cleaves a
peptide bond in this motif and creates a new bond with an N-
terminal amine group of an external (tri)glycine containing
nucleophile (6). Other examples of enzymatic reactions
include transglutaminase.

2.3 Conjugation of Radionuclides
The selected radionuclide should be connected stably to the
targeting vector. With proteins, any major modification may
cause an alteration in biological activity. However, minor
modifications such as chelation or halogenation often allow the
protein to retain its biological properties/activity (7). Direct
radiolabelling, incorporation via prosthetic groups, and
complexation by using bifunctional chelators are the most used
labelling strategies (8). The direct radiolabelling strategy consists
of directly incorporating a radioisotope into a protein and is
commonly used for radioiodination and radiofluorination.

As an alternative strategy for labelling with radiohalogen,
prosthetic groups can be proposed. Prosthetic groups are
bifunctional reagents: one functionality allows for high yield
radiohalogenation, while the other functionality allows for
conjugation to the targeting vector. For the incorporation of
radiometals, indirect labelling using bifunctional chelators is
preferred (9). These chelators include chelating moiety for
carrying the metallic radioisotope and a second functional
group used for binding to the vector. Depending upon the
Frontiers in Immunology | www.frontiersin.org 3
presence of a ring structure, they can be classified as
macrocyclic or acyclic chelators.

Finally, click-chemistry is a fast-growing field in
radiochemistry consisting of reactions between two
complementary substrates that rapidly react with each other.
When a targeting vector bears a “clickable” conjugation handle,
and the imaging moiety carries a compatible reactive chemical
group, the two components can “click” together, resulting in the
formation of an imaging tracer in a fast and “clean” manner (8).

2.4 Diagnostic Radionuclides
By using radiolabelled tracers, (patho-)physiological processes
can be imaged with either PET or SPECT. In PET, positrons
(positively charged electrons, b+) travel a few millimetres in
tissue, after which they undergo annihilation and release two g-
ray photons in opposite trajectories (180° apart). PET scanners
utilize the simultaneous detection of these two photons
(coincidence detection) to locate the source of the annihilation
event. Common radionuclides used for PET imaging are listed in
Table 1. Fluorine-18 (18F) is widely used in the routine
diagnostic imaging of cancers. Its incorporation in 2-deoxy-2-
[18F]fluoro-D-glucose allows the detection of most malignancies
because of the glucose-analogue structure, which leads to uptake
via GLUT1 transporters in cells undergoing glycolytic
metabolism. Radioisotopes used in nuclear medicine imaging
have short half-lives with low dose ionizing radiation exposure to
the patient. However, they are not optimal for long circulating
probes, such as the mAbs, that require labelling with long-lived
radioisotopes, such as Iodine-124 (124I) or Zirconium-89
(89Zr) (10).

SPECT scanners on the other hand directly detect the gamma
rays emitted by g-emitters. Unlike PET, a metal parallel-hole
collimator is mounted on the flat SPECT detector head to
provide photons positional information, and the collimator
design has a major impact on the sensitivity and resolution of
the system. Coincidence detection in PET technology is
significantly more efficient than SPECT at recording events as
the collimator, essential for SPECT, results in discarding a high
amount of useful emitted photons. Thus, PET provides a much
higher sensitivity (2-3 orders of magnitude), quantitation
capability and spatial resolution than SPECT. PET sensitivity is
further dramatically increased in the next generation total body
PET scanners with a long axial field of view (140 cm to 194
cm) (11).

The targeting vector should be matched to an appropriate
radionuclide using an applicable conjugation strategy. Should
one have an antibody applied, for example, with a longer
biological half-life, a radionuclide with a longer half-life
would be preferred. The radionuclide must be able to easily
combine with the chelator and remain stable over the
required period.

2.5 Therapeutic Radionuclides
The specific cytotoxic effects of a TRNT are dependent on the
physical properties of the radionuclide. The half-life of the
radionuclide, its mode of decay, the corresponding linear
energy transfer (LET), as well as the rate of energy deposition,
July 2022 | Volume 13 | Article 911080
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are all properties with an influence on efficacy (7). The
conjugated radionuclides may be classified by the emission of
a-, b–, and Auger electrons (cfr Table 2). Depending on the
average energy deposited per unit length of track, the LET,
particles emitted by radionuclide decay can be categorized as
low-LET (e.g., b- and Auger electrons) or high-LET radiation
(e.g., a-particles) (12). High-LET a-particles are more cytotoxic
than low-LET b–radiation The latter has a longer range in tissues,
resulting in additional cytotoxic effects to the tumor
microenvironment, known as the “crossfire effect”. However,
its anti-tumor effect can be insufficient because of sublethal
toxicity (due to repairable DNA damage including single- or
double-stranded DNA breaks) (13). So, higher dosing of b–

particle emitting radionuclides may be necessary, resulting in
more toxicity to bystander cells. In the past decades, b–emitters
have been favored in most studies, due to the greater availability,
stable ligation to Abs and favorable emission characteristics.
Indeed, the concomitant emission of gamma-rays allows imaging
and tracing of tumor cells, necessary for the diagnostic
component of theranostic agents.

The growing expertise in radiochemistry and conjugation
strategies on the one hand and the increased availability of a-
particle emitters on the other, has resulted in the design and
production of stable radiolabelled biomolecules (14). The high
LET of a-particle emitters results in a restricted but highly potent
irradiation and makes a-particle emitters attractive alternatives
to b–emitters in RITs.
Frontiers in Immunology | www.frontiersin.org 4
3 THE PAST: WHAT HAVE WE LEARNED
FROM MAB RADIO-IMMUNOTHERAPY

In 2002, Yttrium-90 [90Y]-ibritumomab tiuxetan (Zevalin®) was
approved as the first radiolabelled mAb for the treatment of
relapsed or refractory low grade B cell non-Hodgkin lymphomas
(NHLs) (15). Ibritumomab is the murine parent anti-CD20
antibody from which the human chimeric antibody rituximab
was engineered. Rituximab was the first mAb used in hematology
for the treatment of CD20+ NHL. Ibritumomab is linked to the
b–particle emitting radioisotope 90Y by a tiuxetan chelator.

Studies including relapsed CD20+ NHL have confirmed the
clinical efficacy of 90Y-ibritumomab tiuxetan with superior
response rates as compared to rituximab (16), excellent
response rates for rituximab-refractory follicular lymphoma
patients, and prolonged progression free survival (PFS) when
given after a chemotherapeutic induction treatment (17).

Iodine-131 [131I]‐tositumomab (Bexxar®) is another CD20-
binding agent composed of tositumomab, a murine anti-CD20
mAb radiolabelled with 131I In patients with chemotherapy‐
refractory or transformed low-grade NHL, [131I]-tositumomab
resulted in significantly better overall response rates and
complete responses as compared to the last chemotherapy
regimens (18). Also, as a first-line treatment for advanced
follicular lymphoma, 131I‐tositumomab showed promising
activity with an ORR and CR of 95% and 75%, respectively,
resulting in a median PFS of 6.1 years (19).
TABLE 1 | Commonly used radionuclides for PET/SPECT imaging.

Radionuclides T1/2 Production Decay Energy (keV)

Diagnostic Radionuclides PET 11C 20.38 min Cyclotron b+ 386
68Ga 67.71 min 68Ge/68Ga generator EC, b+ 836
18F 109.77 min Cyclotron EC, b+ 250
64Cu 12.70 h Reactor EC, b+, b− 278

191(b−)
89Zr 78.41 h Cyclotron EC, b+ 395
124I 4.18 d Cyclotron EC, b+ 687

SPECT 99mTc 6.01 h Generator IT, b− 140
123I 13.22 h Cyclotron EC, b+ 159
111In 2.80 d Cyclotron EC 245
131I 8.02 d Reactor b− 364

606 (b−)
July 2
022 | Volume 13 |
TABLE 2 | Alpha- and Beta particle emitting radionuclides used for treatment.

Radionuclide Emission Half-Life Production Energy(keV) Travel Distance

Therapeutic Radionuclides Alpha-emitters 225Ac a, b−, ϒ 9.92 days Generator 7.069 50–100 mm
211At a 7.20 h Cyclotron 5.867 50–100 mm
213Bi a, ϒ 46 min Generator 6.051 50–100 mm
212Pb a, b−, ϒ 10.64 h Generator 8.785 50–100 mm

Beta-emitters 131I b−, ϒ 8.02 days Reactor 606 200 µm–1 mm
177Lu b−, ϒ 6.68 days Reactor 498 230 µm
188Re b−, ϒ 16.98 h Generator 2.110 11 mm
90Y b− 2.67 days Generator 2.280 12 mm
Article 911080
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Despite these encouraging results, neither of the two
approved RIT products has found broad application in clinical
practice. More so, the production of Bexxar was stopped due to
poor sales. The reasons for the limited use of both Bexxar and
Zevalin remain controversial (20). Practical and organizational
issues related to the supply and use of radiolabelled drugs may
have contributed to the stop, but it likely had to do with
hematologists who feared the potential side effects and risk of
myelodysplastic syndrome (MDS) or acute myeloid leukemia
(AML) development. The introduction of other, non-radioactive
B-cell targeting agents, either intravenously administered (such
as rituximab and bendamustine) or orally given (ibrutinib,
idelalisib, venetoclax), further contributed to the limited
integration of Bexxar and Zevalin into clinical practice.

From these experiences, the scientific world discovered the
prominent anti-tumor effects of RIT and its successful transition
into clinics. Unfortunately, its broad application slowed down
because of the competition with other therapeutical agents and
the fear for side-effects. These drawbacks can be avoided during
the future development of radiotheranostics by (1) identifying
well-defined niches and diseases to treat, and (2) exploring and
describing the short and long-term toxicity of TRNT in
preclinical and clinical studies.

4 THE PRESENT: NEW APPLICATIONS
AND INNOVATIONS TO IMPROVE
TUMOR TARGETING

The different applications that we highlight in this article can be
found in Table 3.

4.1 Use of mAb-Based RIT in the
Conditioning Regimen for Stem
Cell Transplantation
Hematopoietic stem cell transplantation (SCT) is a treatment
option for aggressive hematopoietic malignancies. An autologous
SCT consists of a chemotherapeutic conditioning regimen,
followed by the administration of the patients’ stem cells to
shorten the aplasia. In an allogeneic SCT, the stem cells are
derived from an HLA-compatible donor and favor a graft-
versus-tumor effect. To increase the efficacy of SCT, RIT
protocols are currently being studied to replace high-dose
chemotherapy or total body irradiation. The first preliminary
studies focused on CD45 and CD66 antigens, expressed by all
hematopoietic or myeloid cells, respectively. Anti-CD66
antibodies have been conjugated with the b–particle emitting
Frontiers in Immunology | www.frontiersin.org 5
radionuclide rhenium-188 (188Re) and integrated into the
myeloablative treatment before allogeneic SCT for 32 patients
with AML or MDS (21). The biodistribution studies showed it
was possible to deliver 15.3 Gy to the bone marrow while
exposing the liver, kidneys, and lungs to the mean of 6 Gy, 7.4
Gy, and 0.9 Gy, respectively.

The biodistribution of CD45-binding mAbs was initially
studied in 52 patients with different hematological
malignancies (AML, MDS, MM and lymphoma) by injecting
the Indium-111 [111In]-labelled mAb BC8 to follow its
biodistribution and calculate the internal radiation doses (22).
Dosimetry showed that the radiolabelled Ab was mostly retained
in the liver (finally the dose-limiting, non-hematopoietic organ),
spleen, red marrow, and kidneys (22). The first phase I clinical
trials, using 90Y-labelled mAbs as induction for autologous or
allogeneic SCT, were recently reported (23, 24).

Patients with CD45+ refractory lymphoma received [90Y]-
DOTA-BC8 prior to autologous SCT (with or without
chemotherapy) (24). Patients received a median activity of 52
mCi of [90Y]-conjugated mAb, delivering an absorbed dose to
the liver of 10 to 34 Gy. The incorporation of RIT in this SCT was
relatively safe: no dose limiting toxicities were observed up to a
dose of 34 Gy to the liver, there were no secondary malignancies
observed, and non-relapse mortality was absent (24). The same
RIT was also incorporated into a conditioning regimen for
allogeneic SCT for high-risk MM (23). Fourteen patients were
treated, and the toxicity profile was favorable with the absence of
dose-limiting toxicities or treatment-related mortality. The
efficacy of this regimen was encouraging with a median PFS of
41 months and overall survival of 71% at 5 years (23).

4.2 Peptide-Based Radiotherapeutics
Some of the toxicities observed with mAb-based RIT are related
to the size and prolonged circulation time of mAbs (25). Indeed,
their molecular weight (~ 150 kDa) is above the glomerular
filtration cut-off (i.e. ~45-50 kDa) in kidneys; therefore mAb are
very slowly cleared from the blood (i.e. over several weeks) (26).
The half-life of mAbs is further increased by recycling through
the neonatal Fc receptor. Due to this long serum half-life, the
systemic injection of radiolabelled mAbs is characterized by a
prolonged presence of radioactivity in blood. Their large size
further limits their ability to penetrate dense tissues or bind to
hidden epitopes (27). To overcome these limitations, smaller
mAb-fragments have been engineered. Initially, Fab fragments
were generated by the proteolytic digestion of full-sized mAbs.
Later, single chain antibodies fragments (scFv) were engineered
by joining variable VL and VH domains with a genetic linker.
Nevertheless, the stability of these recombinant proteins often
remains inadequate and their activity suboptimal as compared
with conventional Abs because of the lower interaction
possibilities with antigenic epitopes (i.e., lower avidity) (3). In
addition, these fragments regularly show a significant degree of
nonspecific accumulation in healthy tissue.

An alternative strategy to target tumor-associated antigens
focuses on the radiolabelling of peptide ligands, recognizing
cancer-associated receptors. The best-known peptide-based
TABLE 3 | Highlighted innovations in targeted radionuclide therapy.

Use of radio-immunotherapy in the conditioning regimen for stem cell
transplantation
Peptide-based radiotherapeutics
Scaffold proteins
Single domain antibodies
Multifunctional nanoparticles
Pretargeted therapy
July 2022 | Volume 13 | Article 911080
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radiotheranostic agents are the radiolabeled somatostatin
analogue, 177Lu-Dotatate (Luthatera®), and PSMA ligand,
177Lu-PSMA-617 (Pluvicto®), for neuro-endocrine tumors and
prostate cancer therapy, respectively (28, 29). In hematology, the
most advanced radiotheranostic agents are radiolabeled peptide-
based ligands of the C-X-C chemokine receptor 4 (CXCR4). The
CXCR4 expression levels are elevated in several hematologic
malignancies including NHL, MM, AML and chronic
lymphocytic leukemia (CLL) (30). In general, four major
classes of CXCR4 antagonists and agonists can be
distinguished: (i) nonpeptide CXCR4 antagonists, such as the
bicyclam derivative AMD3100, (ii) small-peptide CXCR4
antagonists, such as T140 and (iii) even smaller cyclic peptides
or (iv) modified agonists and antagonists for CXCL12 (31).

Unfortunately, the biodistribution pattern of the first two
families showed a considerable splenic and liver uptake, limiting
further clinical translation for imaging of CXCR4 expression (32,
33). In contrast, the CXCR4-specfic cyclic peptide CPCR4-2,
labeled with gallium-68 [68Ga], showed a high affinity for CXCR4
with favorable biodistribution characteristics such as a fast renal
elimination and low background activity (34). The [68Ga]
CPCR4-2 allows PET imaging of CXCR4-expressing tissues
and is currently a CXCR4-targeted imaging agent that has
found broad clinical applicability. The group of HJ Wester
developed a theranostic pair of radioconjugates, known as
pentixafor and pentixather. The latter allows labeling with b–

particles emitting radionuclides, facilitating the possibility of a
theranostic approach for CXCR4-targeted radionuclide therapy
(TRNT) (35).

4.3 Scaffold Proteins
Since the large size of mAbs prolongs their clearance, smaller
antibody fragments have been introduced in the past decades.
Other attractive small proteins are nonimmune scaffold proteins
characterized by a simple, highly stable structure as a single chain
polypeptide. Figure 2 illustrates the structure of mAbs compared
to single-domain antibodies and affibodies. Over past years,
approximately 50 scaffolds, including adnectins, affibodies,
anticalins, designed ankyrin repeat proteins (DARPin), peptide
aptamers, etc. have been explored with different biotechnological
applications (36).

These scaffold-based binding proteins are small proteins,
typically 5–20 kDa, that contain a fixed stable scaffold with
variable regions introduced either by varying existing
sequences within the scaffold or by longer loop insertions. In
this way, libraries can be generated from which specific binders
for a defined target protein, protein domain, or modification may
be selected. Affibodies have been extensively evaluated for
molecular imaging and TNRT. Promising affibody-tracers have
been developed for the imaging of molecular targets, such as
human epidermal growth factor receptor (HER) 2, epidermal
growth factor receptor (EGFR), HER3 and others (37–41).

4.4 Single Domain Antibodies
More recently, engineered Camelid single-domain antibody
fragments (sdAbs, also called VHHs or Nanobodies®) have
shown their potential as agents for radionuclide imaging and
Frontiers in Immunology | www.frontiersin.org 6
TRNT. SdAbs are single domain antigen binding fragments,
isolated from heavy chain-only Abs that are naturally present in
Camelidae (42). With a molecular weight of 10-15 kDa, sdAbs
are cleared much faster from the blood and non-target tissues
than full-sized Abs. In addition, due to their small size, sdAbs can
bind hidden antigens inaccessible to conventional antibodies or
antibody fragments (43).

Antigen-specific sdAbs can be generated from non-immune,
immune, or synthetic libraries, although most of the sdAbs used
for TNRT have been obtained from immune libraries (44).
Immunization, sdAb isolation and production are extensively
reviewed elsewhere (44, 45). In general, sdAbs are considered low
immunogenic due to the high sequence identity between sdAbs
and the VH domain of conventional human Abs (46). However,
if needed for clinical translation, they can be further humanized
without losing their functional properties (47).

Since sdAbs are composed of only one single-domain of ~130
amino acids and thus are encoded by a short gene fragment, their
properties (i.e. affinity, stability, immunogenicity, etc.) can be
more easily and straightforwardly improved by protein
engineering when compared to conventional Ab fragments
(44). Their stability can be improved either by adding a new
disulfide bridge between the two beta-sheets of its framework
(48) or by grafting its CDRs to another robust VHH scaffold (49).
Moreover, VHHs can be easily modified by genetic engineering
to allow site-specific labelling with, for example, a radionuclide.
Such modifications include the addition of a C-terminal cysteine
residues (50) or via specific tags allowing protein-ligation via an
enzyme such as sortase A (51).

In the past, sdAbs against a variety of membrane-bound
cancer biomarkers such as CEA (49), EGFR (52), HER2 (49),
PSMA (53), and CD20 (54, 55) have been successfully evaluated
as in vivo theranostic tracers, using a variety of radionuclides in
(non-)clinical studies. The most advanced sdAb under clinical
evaluation is a sdAb targeting HER2 that after labelling with
68Ga, identified both primary HER2+ tumors and related
metastasis as early as one hour post injection in a phase I
study (56). Recently, the biodistribution of the same sdAb
labelled with 131I in six healthy volunteers and three patients
with metastatic breast cancer was reported (57).

This sdAb was also evaluated in murine models as a targeting
vehicle for TRNT after conjugation with the b–particle emitters
177Lu and 131I, and the a-particle emitters Actinium-225 (225Ac),
Astatine-211 (211At) and Bismuth-213 (213Bi) (58–62). Crucial for
the success of therapy experiments were the precautions taken to
reduce renal retention of the radiolabelled sdAbs, which could
otherwise lead to kidney-related toxicities. This was partially
successful by the removal of the sdAbs’ hexahistidine tag and
the co-infusion with the plasma expander, Gelofusine (58).

Taken together, both scaffold-based binding protein and
sdAbs have the potential to become a new class of theranostic
tools in cancer therapy. With their unique properties - easiness in
producing, being specifically labelled, small size, high stability,
high specificity, and the ability to recognize epitopes that remain
undetected by conventional antibodies - sdAbs and scaffold
proteins are the ideal vectors to transport cytotoxic radiation
to treatment-resistant residual malignant cells.
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4.4 Multifunctional Nanoparticles
Nanoparticles were initially developed as drug carriers for the
delivery of large quantities of pharmaceuticals. They were
labelled with radionuclides for studying their pharmacological
properties and biodistribution by using SPECT or PET.
Nanoparticles have rapidly emerged as radiopharmaceuticals
with different applications, including targeted therapy, image-
guided therapy and theranostics (63, 64). Many types and
variations of nanoparticles have been developed. Two main
categories of nanoparticles can be separated: organic (including
liposomes, polymeric micelles and polymeric nanoparticles) and
inorganic (including silica-based, carbon-based, plasmonic and
magnetic nanoparticles) (65). A large number of techniques have
been developed for labelling with radionuclides and for surface
modification to guide nanoparticles to tumor sites (65).

Since nanoparticles can be functionalized with different
molecules, they allow combining different treatment
modalities. The combination of nanoparticle-based TRNT with
other therapies such as chemotherapy, photodynamic therapy,
photothermal therapy, gene therapy, and immunotherapy is a
promising approach that is trying to find a synergism between
the different functionalities. In the cancer field, the combination
of chemotherapy or targeted therapies seems logical and was
recently tested in different approaches. The tyrosine kinase
inhibitor gefitinib was encapsulated in lipid-polymer hybrid
Frontiers in Immunology | www.frontiersin.org 7
nanoparticles that were subsequently conjugated with 90Y (66).
Administration of these nanoparticles decreased tumor
development in an orthotopic mouse model of nasopharyngeal
cancer and was associated with less systemic toxicity compared
to free gefitinib (66).

The chemotherapeutic drug doxorubicin has been frequently
used in combination with TRNT. Doxorubicin was loaded in a
polydopamine-based multifunctional nanocarrier and iodinated
with 131I (67). Administration of this 131I-PDA/DOX
nanoparticle to mice inoculated with 4T1 breast carcinoma
cells resulted in a deep and prolonged tumor decline superior
to the combined injection of doxorubine and 131I (67). These
multifunctional nanoparticles can be guided to tumor cells by
adding an Ab. The addition of cetuximab to poly(ethylene
glycol)-poly(lactic acid) (PEG-PLA) nanoparticles improved
tumor retention in biodistribution studies (68). These
nanoparticles were loaded with 5-fluorouracil and 131I, and
administrated to a xenograft model of colon carcinoma. The
cetuximab-PEG-PLA-5Fu-131I nanoparticles showed marked
anti-tumor effects superior to the effects obtained with
cetuximab-PEG-PLA-5Fu or cetuximab-PEG-PLA-131I (68).

One of the drawbacks of TRNT is the lack of external control
on radiation emission properties. This can lead to undesirable
radiation damage to off-target regions. To overcome this,
external activation of tumor-localized targets has been
B C

D

A

FIGURE 2 | Structure and masses of different antigen binders. (A) Monoclonal antibody, (B) Single-chain variable fragment (scFv) is a fusion protein of the variable
regions of the heavy (VH) and light chains (VL), connected with a short linker. (C) Affibodies are small proteins composed of a three-helix bundle based on the
scaffold of one of the IgG-binding domains of Protein. They are generally constructed by combinatorial randomization of 13 amino acid positions in helices one and
two. (D) Single-Domain Antibody are the variable parts from heavy chain only antibodies that are naturally present in Camelidae and consist of 3 complementarity-
determining regions (CDR) and 4 framework regions (FR).
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investigated. In this setting, the drug release from the
nanoparticle can be triggered by various external stimuli such
as ultrasound, magnetic field, radiotherapy, light, thermal, or
chemical environment changes (hypoxia, pH, reactive oxygen
species) (69).

4.5 Pretargeted Therapy
Another way to overcome the potential toxicity of TNRT is to use
a two-step, pretargeting procedure in which the targeting agent
and radiolabel are injected separately, a concept called
pretargeted radioimmunotherapy or PRIT (20, 70). In the first
step, the primary targeting agent, which is conjugated to a
recognition tag, is injected in the patient. Over time, the
targeting agent accumulates in the tumor while being cleared
from the blood and non-target organs and tissues. In the second
step, a secondary radiolabelled molecule is injected that
specifically binds to the recognition tag conjugated to the
primary targeting agent. Because the primary targeting agent is
not radiolabelled, a higher amount of Ag-binders can be injected
to saturate the tumor without any accompanying radiotoxicity.
The secondary radiolabelled molecule should be designed for a
favorable biodistribution profile, high affinity for the recognition
tag, rapid clearance from the blood, and a low uptake in normal
tissues (71).

Since their introduction in the 1980s, different pretargeting
systems have been developed. The first relies on high-affinity
interactions between biotin and streptavidin/avidin (72).
Unfortunately, the immunogenicity of streptavidin and avidin
and the presence of endogenous biotin and biotinidases remain a
major problem that hampers the further deployment of this
technology (71). A second pretargeting system is based on
bispecific Abs, with one part binding the tumor-associated
target and a second directed towards a radiolabelled hapten.
The efficacy of this form of PRIT can be further increased by
administering a dextran-based clearing agent that accelerates the
elimination of any unbound Ab (73).

An elegant, recently-explored strategy is based on bio-
orthogonal chemical reactions that proceed with high efficiency
and are selective in vivo (74, 75). The inverse-electron-demand
Diels−Alder reaction between strained trans-cyclooctene (TCO)
and electron-deficient tetrazine appears particularly promising
although there have been concerns regarding the deactivation of
the TCO derivative by copper-containing serum proteins (76).
However, with optimization of the linker between TCO and the
radionuclide chelator, the resulting in vivo stability might be
improved (76).

A final strategy for pretargeting is based on the in vivo
hybridization of complementary oligonucleotide analogues.
Examples of such modified oligonucleotide analogues are the
morpholino oligomers, L-configured oligonucleotides and
peptide nucleic acids (PNA). PNA carries a pseudopeptide
backbone, composed of repeating N-(2-aminoethyl) glycine
units connected by amide bonds.

Several PNA-based pretargeting studies have been reported,
using mAbs and affibody molecules (77, 78). Pretargeting is
particularly attractive in the case of affibody-mediated TRNT
because it prevents the accumulation of radioactivity in the
Frontiers in Immunology | www.frontiersin.org 8
kidneys. In a first imaging study, a HER2-targeting affibody
molecule was conjugated to PNA using Sortase A-mediated
ligation and subsequently evaluated in combination with an
(79). In-labelled complementary PNA probe in mice bearing
HER2+ SKOV-3 xenografts (39). In a follow-up study, the same
primary affibody-PNA conjugate in combination with a 177Lu-
labelled secondary PNA effector probe was evaluated as a
therapeutic application (80, 81).

In conclusion, pretargeting is a promising strategy to improve
the tumor-to-healthy organs/tissue ratios for TRNT and could
potentially be applied to a wide range of tumor types, including
hematological malignancies. The systems are based on bio-
orthogonal chemistry and oligonucleotide analogue
hybridization and seem the most promising so far, with the
MORF- and PNA-based systems having a possible advantage of
higher in vivo stability.
5 TRNT FOR HEMATOLOGICAL
MALIGNANCIES

In this section we discuss the different malignancies that have
been treated with TRNT. Table 4 summarizes the cancers and
the targeted Ags. Based on mAbs (Table 5) or on sdAbs or
peptides (Table 6), different theranostic agents have
been developed.

5.1 Non-Hodgkin Lymphoma
In the section on previous developments, we described the
development of TRNT based on mAbs targeting the B-cell
marker, CD20. The pioneering work in these mAbs paved the
way for RIT, using other Abs or Ab. Green et al. compared two
PRIT methods for the treatment of CD20+ B cell malignancies:
the first was based on a bispecific Ab directed against CD20 and a
chelated radionuclide 90Y-DOTA, and the second took use of the
streptavidin-biotin technology (115). Both methods showed
promising results although biodistribution studies showed that
the retention of radioactivity in the blood and normal organs was
higher when using the streptavidin-biotin approach, resulting in
lower tumor-to-organ ratios. Each method was capable of curing
animals bearing lymphoma xenografts, but bispecific PRIT was
less toxic (less myelosuppression) than the streptavidin-biotin
PRIT method (115).

Another pretargeting technique was based on a bio-
orthogonal chemical reaction. The anti-CD20 mAb
rituximab, conjugated to dibenzylcyclooctyne (DBCO), acts as
the primary tumor-targeting component and an azide-
functionalized 90Y-labelled low-molecular-weight branched
polymer as the anti-tumor effector (116). The affinity of the
conjugated Ab remained unaffected at low DBCO loading, but
it significantly decreased when DBCO loading increased
(caused by steric hindrances). A flow cytometry-based
binding assay validated the two-step pretargeting strategy and
confirmed a dose-dependent binding of an azide-functionalized
fluorochrome to DBCO-loaded rituximab on lymphoma cells.
In vivo bio-distribution studies were performed by in vivo
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fluorescence imaging and confirmed the selective accumulation
of the Ab in the lymphoma xenograft tumor, while the
subsequent administration of 90Y-radiolabelled polymer
showed strong anti-tumor effects with regression of the
tumor in all mice treated with PRIT (116).

Krasniqi et al. generated sdAbs targeting CD20 and used
them as radiolabeled agents for imaging and TRNT of CD20+

lymphomas (54). In a preclinical model of CD20+ lymphoma,
micro-PET/CT images generated in mice that received a 68Ga-
labelled CD20-targeting sdAb revealed specific tumor targeting
as early as one hour post injection. The background signal was
low in all non-target organs, except the kidneys and bladder
through which the unbound fraction is cleared rapidly. Micro-
SPECT/CT images of CD20+ tumor-bearing mice also showed
specific tumor targeting of the 177Lu-labelled anti-CD20 sdAb
one hour post-injection, with a low non-target signal, except in
kidneys and bladder. In a comparative study with the mAb
rituximab, 177Lu-anti-CD20 sdAb showed the highest tumor
uptake than anti-CD20 mAb rituximab after one hour while
the uptake of 177Lu-labeled rituximab peaked after 120 hours, but
concomitantly with high uptake in non-target organs. When
used for TRNT, 177Lu-labelled anti-hCD20 sdAb significantly
prolonged the median survival rate of treated mice and proved as
effective as 177Lu-rituximab, with a reduced radiotoxicity profile
(54). These first preclinical results highlight the promising
features of a radiolabelled CD20-targeting sdAb as a
theranostic drug to treat CD20pos lymphomas.

Other B-cell antigens currently being investigated for RIT
include CD38, CD37 and CD22. Both CD37 and CD22 are
Frontiers in Immunology | www.frontiersin.org 9
expressed across most NHL forms and rapidly internalized after
Ab binding, further improving the retention of the conjugated
radioisotope within the tumor site (117, 118). The most
advanced radiolabelled anti-CD22 Ab is 90Y-epratuzumab,
showing anti-tumor effects in both indolent and aggressive
NHL in a phase I trial with mainly grade 3–4 hematological
toxicities (119). Dose fractioning (to prevent hematological
toxicity) provided a high rate of durable CR and ORR in 41%
to 73% of the treated relapsed/refractory NHL patients (120).
More recently, the efficacy of a fractionated CD22-targeting
application of RIT was confirmed when studied as adjuvant
therapy after chemotherapy for different B-cell malignancies
(121, 122).

CD37-targeting strategies have also been developed over the
past years, including antibody-drug conjugates, chimeric antigen
receptor (CAR) T-cells, and RIT. CD37 is expressed by mature
human B cells in the blood and tonsils, but not on T cells,
thymocy te s , g ranu locy te s , o r p l a t e l e t s . D i ff e r en t
immunotherapeutic agents, such as mAbs, antibody-drug
conjugates, and improved forms of TRNT have been developed
in the past years. An anti-CD37 mAb TRNT is developed by
Nordic Nanovector ASA as 177Lu-lilotomab-satetraxetan
(Betalutin®) and is currently in clinical trials for relapsed/
refractory lymphomas (NCT03806179, NCT01796171). The
therapeutic efficacy of this new radiopharmaceutical has been
studied in several preclinical studies. A direct comparison
between 177Lu-tetulomab and 177Lu-rituximab showed that
177Lu-tetulomab was more potent in inhibiting cell growth and
in improving the survival of lymphoma-bearing mice (123).
Based on these results, a phase I clinical trial was performed to
determine the therapeutic activity and potential side effects. This
study included 36 patients with indolent lymphoma, showing a
response rate of 57% with 30% complete responses (124).
NNV003 is a mouse-human chimeric version of lilotomab and
its 177Lu-labeled variant was tested in xenograft models of CLL
and NHL (125). This chimeric Ab could also be coupled to the a-
particle emitter lead-212 (212Pb), that showed a favorable
biodistribution and efficacy and prolonged the survival of CLL
TABLE 4 | Different blood cancers and related antigens that are discussed.

Malignancy Antigen for targeted radionuclide therapy

Non-Hodgkin lymphoma CD20, CD38, CD37, CXCR4 and CD22
Hodgkin lymphoma CD30
Multiple Myeloma CD38, CD138, CXCR4, CS1, BCMA
Acute Myeloid Leukemia CD33, CXCR4
Acute lymphoblastic Leukemia CD19
T-cell lymphoma Alkylphosphocholine
TABLE 5 | Radiotheranostic agents in hematological cancers, based on monoclonal antibodies.

Name Ag Disease Isotope In vitro/vivo Ref

Diagnostic Therapeutic

Tositumomab (Bexxar) CD20 B-cell NHL 131I 131I Both (82)
ibritumomab tiuxetan (Zevalin) CD20 NHL/DLBCL/MCL/FL 90Y 90Y Both (15)
Epratuzumab tetraxetan CD22 NHL/ALL 90Y 90Y Both (83)
HuM195 (lintuzumab) CD33 AML/myeloid leukemia 131I, 90Y 131I, 213Bi, 90Y, 227Th, 225Ac, 111In Both (14, 84–87)
Daratumumab CD38 MM 89Zr/64Cu 212Pb, 225Ac Both (88–91)
MB-1 CD37 lymphoma 131I 131I Both (92)
9E7.4 CD138 MM / 213Bi/177Lu Both (93)
B-B4 CD138 MM 131I 131I Both (94)
BC8 CD45 Myeloablation 131I 131I Both (95)
CSL360 CD123 AML 111In 111In Both (96)
Anti-CD66 antibody CD66 AML/MDS / 88Re/90Y In vivo (97)
lilotomab Cd37 NHL/lymphoma 177Lu 177Lu Both (98)
IIIA4 EphA3 pre-B-ALL / 213Bi Both (99)
Daclizumab IL-2 receptor ALL-T 90Y Both (100)
brentuximab vedotin CD30 Lymphoma 89Zr both (101)
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and NHL xenografted mice with low levels of hematological
toxicity (125).

5.2 Multiple Myeloma
In MM, characterized by an accumulation of malignant plasma
cells in bone marrow, the only therapeutic radiopharmaceutical
that has entered clinical application so far is the small cyclic
pentapeptide pentixafor and its analogue pentixather (binding to
the chemokine receptor CXCR4) introduced earlier. The
development and results obtained with these peptides are
discussed below.

Because of its high, uniform expression on malignant plasma
cells, CD38 represents a promising therapeutic target, which is
confirmed by the rapid introduction of the mAb daratumumab
in different therapeutic regimens (both in relapsed and frontline
setting) (126). Different mAbs (including daratumumab) have
been labelled with diagnostic radionuclides in preclinical and
clinical experiments for identification of myeloma cells.
Researchers at Memorial Sloan Kettering Cancer Center
conjugated 89Zr to daratumumab by using the deferoxamine
chelator (127). Specific binding to myeloma cells was confirmed
in a xenograft model of MM by an increasing accumulation of
the tracer at myeloma sites. A subsequent first-in-human study
was started that included ten patients who underwent PET-CT
imaging at different moments after an injection of 89Zr-
conjugated daratumumab (127). At later time points,
background activity decreased, while uptake in focal skeletal
lesions consistent with MM increased. Interestingly, patients
without a visible disease had lower levels of CD38 expression
when assessed by flow cytometry. A second study with 64Cu-
labelled daratumumab was realized at the City of Hope’s cancer
research hospital that included twelve patients with MM (128).
Because the normal organ uptake interfered with the myeloma-
specific biodistribution of 64Cu-daratumumab, a pre-injection
with unlabelled daratumumab was performed. When directly
compared to 18F-FDG PET-CT, the results obtained with 64Cu-
daratumumab were discordant in three patients. Biopsies of
regions with discordant results indicated that antibody-based
imaging correctly identified sites of tumor infiltration (128).

D.J. Green and O.W. Press were the first to develop anti-
CD38 RIT. They integrated a murine anti-CD38 mAb in a
conventional RIT strategy (by direct conjugation to mAb) or a
pretargeting RIT. In their first study, an Ab functionalised with
streptavidin was combined with radiolabelled biotin (129). This
pretargeting system improved the biodistribution of the resulting
Frontiers in Immunology | www.frontiersin.org 10
radiolabeled Ab and when used in a therapeutic setting resulted
in a dose-dependent reduction in tumor load and an
improvement in the survival rate of myeloma-diseased mice
(129). Similar to their work with anti-CD20 mAbs, this group
created a bispecific Ab by ligation of the single-chain variable
fragment (scFv) of an anti-CD38 mAb and an scFV binding to an
90Y-DOTA complex (73). This bispecific Ab showed better anti-
tumor effects as compared to the previously described
streptavidin-biotin system when administrated to CD38+
tumor-bearing mice. Finally the same group conjugated an
anti-CD38 mAb with the alpha-particle emitting radionuclide
211At. This radioimmunoconjugate delayed tumor growth in
subcutaneous MM models but was also able of suppressing the
development of myeloma in models with minimal disease,
obtained by injecting a minimum number of cells that would
still result in a homogenous engraftment (130).

Other alpha-particle emitters have been conjugated to CD38-
binding mAbs and include 212Pb, 225Ac and ²¹³Bi (88, 89, 131).
One study directly compared the a-particle emitting 225Ac with
the b–particle emitting 177Lu and found a higher efficacy and less
toxicity for 225Ac, which finally resulted in a survival gain (132).
All these studies confirmed the anti-myeloma effects of these
agents and that a-emitter TNRT is a promising option for
treatment of MM.

Different CD38-binding sdAbs have been developed by the
groups of F Koch-Nole and Y Zhao (108, 109). These sdAbs could
be grouped according to the epitope they bound to and the
potential competition with daratumumab. A fluorescent-labelled
sdAb recognized CD38+ tumor cells in flow cytometry assays and
were subsequently used for in vivo imaging of CD38+ lymphoma
cells (109). One of these sdAbs, Nb1053, was recently conjugated
to 68Ga and further developed as an imaging probe able to identify
MM cell infiltration in xenograft models of subcutaneous and
disseminated disease (133). In a joint effort, our groups were able
to develop a second radiolabelled sdAb for monitoring and
treatment of MM (104). Based on its excellent affinity, stability,
absence of competition with daratumumab and the lack of
receptor-mediated internalisation, sdAb #2F8 was selected and
conjugated to 99mTc, 111In and 177Lu for biodistribution studies.
We found a specific tumor uptake in myeloma-bearing mice and a
low accumulation in other tissues, resulting in high tumor-to-
normal tissue ratios. In the therapeutic setting, myeloma-bearing
mice received 3 consecutive doses of 177Lu-DTPA-2F8, resulting in
a dose-dependent tumor regression and a prolonged median
survival of myeloma bearing mice (104).
TABLE 6 | Radiotheranostic agents in hematological cancers based on peptides and nanobodies.

Antigen binder Target Disease Conjugated probes Reference

Sd Abs Radiolabelled nanobodies CD20 NHL Diagnostic probe Payload (54)
SLAMF7/CS-1 MM 99mTc 225Ac (102)
BCMA MM 68Ga (103)
CD38 MM 99mTc 177Lu (104)
CD33 AML 99mTc (105)
Anti-idiotype MM 99mTc 177Lu, 225Ac (106, 107)

Fluorochrome labelled nanobodies CD38 NHL, MM Alexa680 Toxin (108, 109)
Peptide Peptidomimetic Very-late-antigen-4 MM, NHL 64Cu, 99mTc / (110, 111)

CXCR4-targeted endo-radiotherapy CXCR4 ALL, AML NHL, MM 68Ga-Pentixafor 177Lu-Pentixather (112–114)
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Syndecan-1 (CD138) is another antigen expressed by most
MM cells but absent in normal bone marrow cells. The group of
Chérel et al. initially studied the therapeutic potential of 213Bi-
labelled mAbs in syngeneic murine models of MM and found a
prolonged survival rate of mice treated with this TRNT as
compared to chemotherapy or to mAb labelled with the b–

emitter 177Lu (93, 134). Moreover, this treatment enables T-cell
recruitment and motility when combined with an adoptive T-cell
transfer (135). The biodistribution and toxicities of a 131I-labelled
murine CD138-targeting mAb were the focus of a small pilot
study, including 4 refractory MM patients (94). The toxicities
were mainly hematological, while one patient showed a durable
partial response to the given treatment.

The first clinical imaging studies with 68Ga-Pentixafor for
CXCR4-directed PET were carried out in patients with
lymphoproliferative diseases, i.e., NHL and MM. The further
clinical development of these CXCR4 ligands was mostly studied
in MM. In a first pilot study, 68Ga-Pentixafor PET correctly
identified myeloma disease in 70% of the patients included in the
study. These results were confirmed in a larger study by Lapa et
al. in which 68Ga-Pentixafor uptake was shown in myeloma
lesions of 23/34 MM patients (112). Importantly, in both studies,
CXCR4-directed PET with 68Ga-Pentixafor provided additional
information concerning the number of myeloma lesions in
comparison to 18F-FDG PET. The first therapeutic studies
were also realized in patients with advanced-stage MM, using
Pentixather labelled with the b–particle emitters 177Lu or 90Y.
Although initial response rates were encouraging, no major
improvement in the overall survival was observed. Other pilot
investigations showed encouraging results using Pentixather
labelled with 177Lu or 90Y in AML and diffuse large B cell
lymphoma patients, respectively (79, 113).

Myeloma cells secrete a monoclonal Immunoglobulin (or
immunoglobulin fragment), which can be quantified in serum
samples and used for monitoring of the disease. The variable
region of this immunoglobulin is the product of a unique
recombination of gene sequences and is referred to as an
idiotype (136). These immunoglobulins are also anchored to
the surface of malignant plasma cells in a significant fraction of
patients (137). Since MM consists of a clonal proliferation of
plasmocytes, the immunoglobulin they express is unique and
may be considered as an optimal tumor-specific antigen (136).
We recently reported the production and evaluation of idiotype-
targeting sdAbs for imaging and TRNT of MM (106, 107). We
generated sdAbs targeting the idiotypes of two syngeneic mouse
models of MM (5T2MM and 5T33MM) and from two MM
patients, after immunization of Camelidae with purified proteins
or even serum fractions. For both MM mouse models, a lead
compound was selected and used for monitoring disease
progression and TRNT. TRNT using 177Lu-labelled 5T2-
targeting sdAb was initiated in mice after injection of a limited
number of tumor cells (mimicking minimal-residual disease
(MRD) state) and was able to inhibit disease progression in
treated mice as compared to the control groups (106). In the
5T33MM model, early administration of 177Lu and 225Ac-
labelled anti-idiotype sdAbs reduced the tumor load and
prolonged the survival of tumor-bearing mice (107).
Frontiers in Immunology | www.frontiersin.org 11
Recently, we also developed and evaluated the therapeutic
potential of radiolabelled CS1-specific camelid-derived sdAbs in
immunocompetent 5TMM models (102). CS1 is expressed in
normal and malignant plasma cells, in different disease stages,
including progression and relapse. Using SPECT/CT imaging,
we demonstrated the specific uptake of anti-CS1 sdAbs in tissues
of 5TMM cell infiltration, including bone, spleen and liver.
Moreover, 225Ac-labelled CS1 sdAbs, administered at a stage of
low tumor burden (<5% tumor cells in bone marrow and spleen)
significantly prolonged the survival of 5TMM mice (102).
Besides the observed anti-tumor effects, an increase in CD8+
T-cells and more overall PD-L1 expression in immune and non-
immune cells could be observed, implying an interferon-gamma
signature and immune activation upon treatment with 225Ac-
labelled CS1-directed sdAbs (102). This study is the first to
demonstrate the therapeutic and immunomodulating effects of
225Ac-based sdAbs in hematological cancers.

B-Cell Maturation Antigen (BCMA) is another MM antigen for
which different T-cell engaging therapies have been developed.
BCMA, also called tumor necrosis factor receptor superfamily
member 17, regulates B cell proliferation and survival, as well as
maturation and differentiation into plasma cells (138). Similar to the
work with CD38- and CS1-binding sdAbs, sdAbs binding to BCMA
have been produced after immunization with the recombinant
BCMA-protein (103). Retained sdAbs were subsequently
conjugated with the p-SCN-Bn-NOTA chelator and labelled with
68Ga to perform PET-imaging and study their biodistribution. In a
murine xenograft model with disseminated disease, the developed
tracers efficiently identified disease localization inside the bones with
an excellent tumor-to-background ratio (103).

5.3 Hodgkin Lymphoma
The cell surface receptor CD30, or tumor necrosis factor receptor
superfamily 8 (TNFRSF8), is a protein expressed by activated B-
and T-cells. This receptor is overexpressed in both B- and T-cell
lymphoma. An Ab–drug conjugate (ADC) targeting CD30
(brentuximab vedotin) was developed by connecting an anti-
CD30 mAb to an anti-mitotic agent monomethyl auristatin E
(139). This conjugate is currently approved by the European
Medicines Agency (EMA) and the Food and Drug
Administration (FDA) for the treatment of relapsed Hodgkin
lymphoma and anaplastic large cell lymphoma (139). The
development of CD30 imaging agents may be useful in the
future for the clinical imaging of several types of lymphoma.
The radiolabelling of brentuximab vedotin with 89Zr was
investigated as a potential PET agent for imaging of CD30
expression in murine models of lung cancer (140). Another
research group radiolabelled a murine anti-human CD30 mAb
AC-10 with 89Zr; this radioconjugate showed a favorable
biodistribution and specific uptake in CD30+ lymphoma
tumors (101). The same mAb was coupled to a cytotoxic agent
lidamycin such that this ADC was able to induce cell cycle arrest
and apoptosis in CD30-overexpressing tumor cells (141). To
study its biodistribution, this conjugate was radioiodinated. After
injection in CD30+ lymphoma-bearing mice, the retention of the
tracer in tumor tissues was twice as high in CD30+ compared to
CD30-negative tumors (142).
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5.4 Acute Myeloid Leukemia
Since the first phase I clinical trial was published in 1991
demonstrating the feasibility of using 131I-labelled anti-CD33
Ab in patients with relapsed AML (143), several clinical studies
have explored antibodies carrying b– or a-particle emitters, alone
or as part of a conditioning regimen for stem cell transplantation
in patients with relapsed AML. CD33 is a member of sialic acid-
binding immunoglobulin-like lectins and a myeloid
differentiation antigen; it is highly (>90%) expressed on AML
blasts (144). While the therapeutic efficacy of unconjugated mAb
is limited, different ADCs are currently in development with the
first, gemtuzumab ozogamicin, already approved by EMA
and FDA.

Leukemic blasts are highly sensitive to radiotherapy,
explaining the feasibility and efficacy of radiolabelled CD33-
targeting mAbs. The cytotoxic effects of these radiolabelled
mAbs could be further improved after labelling with a-particle
emitters. A phase I clinical trial with the 225Ac-labelled anti-
CD33 mAb lintuzumab demonstrated clinical activity in about
65% of patients with relapsed refractory AML (145). Based on
these findings, a multicenter, phase I/II trial is now underway
to determine the toxicity and efficacy of fractionated-dose
2 2 5Ac- l in tuzumab in combina t ion wi th low-dose
chemotherapy (cytarabine) in untreated older (>60) patients
with AML. Lintuzumab was also coupled to 213Bi and
subsequently used in a phase I clinical trial including 18
patients with relapsed/refractory (R/R) AML (84). Repeated
injections of 213Bi-lintuzumab resulted in a response in 78% of
the patients, with myelosuppression as the major side effect
(84). This radioconjugate was also administrated after initial
treatment with chemotherapy to eradicate residual cell and was
able to induce a response in about 25% of the patients; no
additional anti-tumor effects were noted in these patients with
a chemotherapy-refractory disease (145). More recently,
CD33-binding sdAbs were described that after conjugation
to 99mTc could be used for imaging and biodistribution
studies (105).

A second target for theranostics of AML and Acute
Lymphoblastic Leukemia (ALL) is the CXCR4 antigen. The
previously mentioned peptides, Pentixafor and Pentixather, were
labelled with 68Ga and 77Lu, respectively, and tested in patient-
derived xenografts. 68Ga-Pentixafor enabled visualization of
leukemic burden in the spleens and bones of NSG mice and
correlated with CXCR4 surface expression (113). Interestingly,
the effects of the therapeutic 177Lu-Pentixather correlated directly
to the CXCR4-expression in leukemic cells with strong responses.
Next to the peptide-based tracers, CXCR4-binding antibodies were
recently proposed as carriers of the a-particle emitting 211At. In a
first study, the biodistribution, pharmacokinetics and dosimetry of
211At-labelled mAb were studied in a human AML xenograft
model to assess the feasibility of the therapy concept (146).
5.5 Acute Lymphoblastic Leukemia
Most mAbs in development for the treatment of B-cell acute
lymphomblastic leukemia (B-ALL) target the cell surface
markers CD20, CD19 or CD22. The CD20 antigen can be
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found in about 30 to 50% of the B-cell precursor ALL, whereas
CD19 and CD22 are present on the cell surface in over 90% of B-
cell ALL (147). Blinatumomab, a CD19-binding bispecific Ab,
and Inotuzumab ozogamicin, an ADC that binds to CD22,
received FDA- and EMA- approval for the treatment of
relapsed or refractory B-ALL. The same antigens were also
targeted for the purpose of TRNT.

The clinical effects of 90Y-epratuzumab on NHL were
described in the dedicated section above. This radioconjugate
was also tested in a phase 1 clinical trial that included 17 relapsed
or refractory CD22+ B-ALL patients who received 4 increasing
dose levels. One case of long-lasting aplasia was observed at the
highest dose level, but besides the expected pancytopenia and
mild infusion reactions, these administrations were well tolerated
(121). Only in the highest treatment group were responses
observed: 3 out of 6 patients obtained a complete response
while all other patients endured progressive disease after
treatment (121). CD19-based RIT has been evaluated in mouse
models of lymphoma (148, 149), but no follow-up studies have
been reported. Interestingly, an 111In or 125I-labeled anti-CD19
mAb was able to detect ALL cells in a severe combined
immunodeficient (SCID) mouse model engrafted with primary
human leukemia cells (150).

5.6 T-Cell Lymphoma
Naturally-occurring phospholipid ethers (PLE) selectively
accumulate in human cancer cells as compared to normal cells
and can be used for the selective delivery of diagnostic imaging
and therapy agents to malignant tumors. These PLE accumulate
due to an altered lipid metabolism in cancer cells. Well-designed
derivates of alkylphosphocholine (APC) have been identified that
show a prolonged sequestering in malignant cells. NM600 is such
an APC analog that can be conjugated to a DOTA chelator and
labelled with the positron-emitter 86Y for noninvasive PET/CT
imaging to assess tumor targeting characteristics and predict the
efficacy of 90Y-NM600 (151).

This approach was tested in syngeneic and xenograft models
of T-cell lymphoma. In models of localized and systemic disease,
90Y-NM600 induced strong anti-tumors effects and a T-cell
mediated immune response, illustrated by the absence of
tumor development after a second inoculation of lymphoma
cells in mice that obtained a CR after TRNT. Similar APC
analogs, such as CLR1404 (Cellectar Biosciences), are in
development and currently tested in clinical trials, including B-
cell malignancies and MM (152).
6 THE FUTURE: FURTHER IMPROVING
AND FINDING THE NICHE

In recent years, novel theranostic agents have been successfully
applied to a variety of malignancies, including both solid and
hematological cancers. Previous paragraphs illustrate the
diagnostic and therapeutic capacities of these agents in the field
of hematological malignancies. The transition to the clinical
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setting is more difficult because of financial and regulatory
constraints, except for the CXRC4-binding peptides being the
most advanced in their clinical transition. The costs of mAbs or
Ab fragments, produced according to Good Laboratory Practice
and Good Manufacturing Standards, require well-developed
business plans and investment from industrial partners. Further
clinical translation will require more pilot studies in well-defined
patient populations to confirm the favorable biodistribution and
tumor-recognizing capacities of the chosen agents.

In addition to financial limitations, access to certain
radionuclides is restrained. This is particularly true for alpha-
emitters with a short half-life such as Actinium-225 (225Ac) and
Astatine-211 (211At). 211At has a favorable radioactive decay
scheme, and several different conjugation strategies can be
proposed. However, it is produced in a high-energy cyclotron
(28 MeV) by irradiation of a natural bismuth target, but its short
half-life of 7.2 h makes the logistics challenging, as a limited
number of medical cyclotrons are currently supplying the
radionuclide. The success of 211At-based therapeutic
radiopharmaceuticals will hopefully increase the availability of
appropriate cyclotron production facilities.

Current research on radiotheranostics focusses on the
identification of new targets: the usefulness of combination
therapies and the use of TRNT at earlier tumor stages. Ideally,
the development of these novel strategies should focus on
diseases with a high unmet clinical need (relapsed/refractory
diseases and orphan diseases) and as an adjuvant treatment,
complementary to standard treatment options. Unfavorable
outcome with rapid disease progression following first-line
treatment is still experienced in several hematological
malignancies, such as aggressive B- or T-cell lymphoma and
both acute lymphoblastic and myeloid leukemia. When the
radiotheranostic agent has been proven clinically active,
superior to the current standard of care approaches and
accompanied by a manageable toxicity, this might encourage
hematologists to offer this treatment to their patients.

With the introduction of smaller antibody fragments, sdAbs
and scaffold proteins, this toxicity profile will be changing. The
major concern of mAb-based RIT will still be bone marrow
toxicity in case of tumor infiltration. With the use of directly-
labelled sdAbs or scaffold proteins, potential kidney toxicity
could appear because of the high renal retention of these
radioconjugates. Different pretargeting strategies are being
explored to decrease this renal retention.

To avoid toxicity, more specific tumor antigens could be
targeted. Neoantigens are mainly tumor-specific antigens
generated by mutations, alternative splicing or gene
rearrangement in tumor cells, and generally absent on the
surface of normal cells (153). The expression of these
neoantigens is patient-specific, a drawback that limits the
broad development of neoantigen-targeting TNRT. This would
require the development of a patient-specific antigen-binder or
the identification of a more common neoantigen expressed in
subgroups of patients.

While current TRNT approaches target the bulk of the tumor,
future strategies should also focus on tumor stem cells. Further
Frontiers in Immunology | www.frontiersin.org 13
studies on antigen-expression in these stem cells are necessary to
develop new treatment strategies. Another hurdle is the loss of
antigen expression that may cause resistance to agents that bind
to one single antigen. Promising approaches consist of targeting
dual antigens, where one of the antigens is expressed in tumor
progenitor cells.

The potent and concentrated deposition of cytotoxic radiation
in the case of a-particle emitters should be particularly interesting
in the treatment of MRD settings, where isolated cells and small
tumor clusters prevail. These residual cells ultimately cause
relapse, often resulting in treatment-refractory disease. The
elimination of MRD prior to stem cell transplant has been
associated with improved OS in patients with hematologic
malignancies, including ALL, AML and MM (154). Today, this
approach is attracting growing attention as a therapeutic strategy
in various indications, as well as in the setting of PRIT.

7 CONCLUSION

Theranostic radiopharmaceuticals offer an unique opportunity
to perform high-resolution quantitative whole-body PET/CT
imaging to provide clinicians with precise tumor phenotype
and topography, enabling the identification of patients for
TRNT. Early clinical trials illustrate the feasibility of mAb-
based RIT, but their transition into clinical practice has slowed
down. The recent development of radiolabelled PSMA-ligands
and CXCR4-binders has triggered new interest in a rapidly
expanding field with the introduction of Ab fragments, scaffold
proteins, alpha-emitting radionuclides, and innovative
conjugation techniques. The management of different
hematological malignancies, such as multiple myeloma,
lymphoma, and even acute leukemia will benefit from the
progress and further facilitate the development of an optimal
personalized theranostic agent, helpful for diagnosis, prognosis,
and treatment.
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