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Antibodies and antibody fragments have found wide application for therapeutic and diagnostic purposes. Single-domain
antibody fragments, also known as ‘heavy-chain variable domains’ or ‘nanobodies’, are a recent addition to the toolbox.
Discovered some 30 years ago, nanobodies are the smallest antibody-derived fragments that retain antigen-binding
properties. Their small size, stability, specificity, affinity and ease of manufacture make them appealing for use as
imaging agents in the laboratory and the clinic. With the recent surge in immunotherapeutics and the success of
cancer immunotherapy, it is important to be able to image immune responses and cancer biomarkers non-invasively
to allocate resources and guide the best possible treatment of patients with cancer. This article reviews recent
advances in the application of nanobodies as cancer imaging agents. While much work has been done in preclinical
models, first-in-human applications are beginning to show the value of nanobodies as imaging agents.
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INTRODUCTION

The ability to visualize biological processes in a living animal
and to be able to diagnose aberrations, such as develop-
mental abnormalities or signs of disease, have always been
desirable goals. This has spawned the development of many
different imaging modalities, ranging from conventional
microscopy methods, aimed at single cells and multiphoton
intravital microscopy, to non-invasive methods at the
organismal level, such as magnetic resonance imaging,
computed tomography (CT), positron emission tomography
(PET), single-photon emission computed tomography
(SPECT), bioluminescence and ultrasound imaging. There is
still a dearth of methods to look inside the living organism
and visualize specific markers with adequate resolution and
specificity. Imaging is essential to make the correct clinical
decisions for many diseases, including cancer, The presence
or absence of particular biomarkers in the tumor microen-
vironment (TME), on immune infiltrating cells, and in the
extracellular matrix (ECM) of tumors may inform the choice
of optimal treatment options.
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Immunotherapy has revolutionized cancer treatment.1e3

However, only a fraction of patients respond, and some
patients experience severe side-effects. Immunotherapy
trials are hampered by a lack of adequate methods to
monitor responses non-invasively. There are currently no
reliable biomarkers to stratify cohorts into responders and
non-responders soon after the start of treatment. A
detailed characterization of immune infiltrates will be
crucial to understand why so many patients with cancer do
not respond to immunotherapy and, more importantly,
what measures can be developed to improve the prospects
for such interventions. Standard imaging approaches do not
always distinguish between a growing tumor and an in-
crease in mass attributable to a robust immune response
with the attendant expansion in cell numbers.4 Thus, the
ability to evaluate the presence and distribution of the
immunological checkpoint molecules, such as PD-1/PD-L11,5

and CTLA-4,6 of markers such as CD4 and CD8 on T cells,7,8

or to register the presence of macrophages9 will enhance
the diagnostic toolbox. The ultimate goal is to be able to
monitor, and possibly predict, the clinical behavior of the
appropriate patient populations without having to resort to
undesirable invasive procedures.

The presence or absence of specific markers on primary
tumors or their metastatic lesions can help make informed
treatment decisions, such as whether or not to consider
immunotherapy as a treatment option. Biopsies, followed
by histology and immunohistochemistry, remain the gold
standard for the characterization of tumors. Biopsies,
however, are prone to sampling errors. Moreover, tumors
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are often heterogeneous in cellular composition.10e12

Therefore, biopsies rarely provide a complete picture of
the TME. Metastatic lesions can differ significantly from
each other in their molecular and immunological properties,
and also from the primary tumor.10,13e15 Performing bi-
opsies on all lesions is often impractical and some lesions
are not even accessible to biopsies.16,17 Non-invasive im-
aging of the biomarkers could provide an alternative to
address this.

ECM deposition and, especially, its modification are
hallmarks of cancer.18 Cancer cells make close contact with
the ECM. The tumor ECM provides structural support, plays
a role in survival and progression of cancer cells, and may
affect the tumor response to treatment. We need to better
understand how the ECM responds to various treatments,
and how it affects the dynamics and the interplay between
cancer cells and the immune infiltrating cells. Non-invasive
imaging of the ECM components and how they change in
response to treatment may help us to better understand
the effect of the ECM on treatment outcome.

Imagingmethods that can provide awhole-body scan, such
as PET and SPECT, begin to establish a non-invasive approach
to the characterization of a tumor in terms of its local envi-
ronment and cellular composition. PET uses isotopes that
emit a positron such as 11C (t1/2 w20 min), 68Ga (t1/2 w68
min), 18F (t1/2 w110 min), 64Cu (t1/2 w12.7 h)
or 89Zr (t1/2 w3.3 days). SPECT uses isotopes that emit
gamma rays, such as 99mTc (t1/2w6 h) or 111In (t1/2w67.3 h).
PET is considered to be the more attractive imaging option
because of its higher resolution, availability of positron-
emitting isotopes, and the instrumentation available in
most nuclear medicine departments.

The most commonly used radiotracer is 18F-2-fluoro-2-
deoxyglucose (18F-FDG). Differences in glucose uptake
allow differentiation of glucose-avid, rapidly proliferating
cancer cells and their metastases from the surrounding
tissues. 18F-FDG fails to detect lesions that are less meta-
bolically active or glucose avid, and this is a common
problem of 18F-FDG PET (false-negative results). 18F-FDG
PET can also uncover sites of inflammation, which can result
in false-positive signals in patients with cancer. This lack of
specificity can complicate the interpretation of 18F-FDG PET
images from cancer patients with autoimmune diseases,
such as pulmonary vasculitis.19 Other existing small mole-
cule radiotracers, such as 30-deoxy-30[18F]-fluorothymidine,
suffer from similar non-specific uptake issues, although
there are exceptions, such as 2-(3-{1-carboxy-5-[(6-[18F]
fluoro-pyridine-3-carbonyl)-amino]-pentyl}-ureido)-penta-
nedioic acid20 which targets prostate-specific membrane
antigen and is currently in a phase III clinical trial
(NCT03739684).

The use of antibodies can help to address the challenge
of specificity. Antibodies can detect cancer-specific markers,
and identify tumor-infiltrating immune cells or components
of the tumor ECM. Antibodies exist for many cell-surface-
available markers. In fact, one might go so far as to say
that the human immune cell surface is among the best
immunologically mapped in all of biology, based on the
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known numbers of CD antigens in comparison with all other
species (>400 CD molecules at present21). PET using
antibodies and antibody fragments as imaging agents is
usually referred to as ‘immunoPET’.22e24 Radiolabeled
antibodies or their fragments can be used to visualize and
track location, movement and quantity of the target
molecule, thereby providing insight into its dynamics.

When designing an imaging agent, several factors must
be considered. Once a tracer is injected into the blood-
stream, it must enter the tissue of interest and then bind to
its target. A radiotracer's ability to penetrate the TME
worsens with increased interstitial pressure inside the tu-
mor. Differences in tracer accumulation between tumor
lesions, or even within a single lesion, do not necessarily
mean heterogeneity in expression of the target. A tracer
may accumulate in a tissue without binding specifically to
its target. Signal accumulation is considered specific when a
‘cold’ unlabeled tracer diminishes the signal of the actual
imaging agent, or when a knockout cell line or animal shows
an absence of signal. Furthermore, immunohistochemistry
is needed to confirm specificity and characterize the
sensitivity of a tracer.

The optimal non-invasive imaging agent would have high
specificity and sensitivity, and show good tissue penetration
to allow rapid imaging after injection. The patient’s radia-
tion exposure should be minimized and the need for a
second visit should be avoided where possible. These pa-
rameters are only partly compatible. Full-sized antibodies as
imaging agents best reflect the pharmacokinetics and
pharmacodynamics of their therapeutic equivalents. Several
preclinical and clinical studies have used full-sized thera-
peutic antibodies as imaging agents; examples include
radiolabeled trastuzumab (anti-HER2 IgG), nivolumab (anti-
PD-1 IgG) and atezolizumab (anti-PD-L1 IgG).5,25e27 How-
ever, the use of full-sized antibodies for non-invasive
imaging comes with drawbacks. The relatively long circula-
tory half-lives (t1/2 of several days to weeks) of full-sized
antibodies preclude the use of shorter-lived isotopes, such
as 18F, and instead require labeling with 89Zr, necessitating
rehospitalization and additional radiation exposure. Their
considerable size (w150 kDa) can hinder efficient diffusion
and/or tissue penetration.28 Therefore, using an immuno-
globulin G (IgG) as an imaging agent, especially when the
full-sized antibody is not the drug itself, may not be the
best choice. To address these drawbacks, radiolabeled
antibody fragments have been developed. These include
minibodies (w80 kDa, t1/2 w5e7 h), cys-diabodies (w60
kDa, t1/2 w2e4 h), antigen-binding fragments (Fab,
w50 kDa, t1/2 w2e4 h) and single-chain Fv fragments
(w25 kDa, t1/2 of w30e60 min) (Figure 1).29e32 These
altered formats typically require a considerable engineering
effort to achieve acceptable circulatory half-lives, stability
and expression levels during the production phase. Nano-
bodies, as the smallest naturally derived antibody fragments
that retain antigen binding, represent an attractive alterna-
tive (w15 kD, t1/2 w15 min, nM to pM affinity range33,34).

Camelids produce a subset of immunoglobulins
composed of two identical heavy chains, each equipped
https://doi.org/10.1016/j.iotech.2020.07.001 3
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Figure 1. Representation of antibody and antibody fragments commonly used in positron emission tomography or single-photon emission computed tomography.
VHH, heavy-chain variable domain.
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with a heavy-chain variable domain (VHH) that binds anti-
gen (Figure 1).35 The VHH segments can be expressed
recombinantly as small, highly water-soluble and stable
proteins. To generate nanobodies, animals are immunized
with (a) protein(s) of interest. The resulting repertoire of
immune VHHs is cloned from peripheral blood lymphocytes,
and used to generate a phage or yeast display library. VHHs
specific for the antigen of interest are recovered; for
example, by panning against the immobilized antigen. The
relevant VHHs are then expressed recombinantly
(Figure 2).36 Several nanobodies have been produced and
characterized as imaging agents (Table 1).

Several approaches have been developed to radiolabel
antibodies and antibody fragments. Most methods rely on
fairly non-specific labeling using N-hydroxysuccinimide, p-
isothiocyanatobenzyl or maleimide derivatives; N-hydrox-
ysuccinimide and p-isothiocyanatobenzyl react with free
amines, and maleimide derivatives react with cysteine-free
thiols. Non-specific labeling approaches typically yield
chemically heterogeneous products with varying numbers
of the installed tags, and may damage the antibody’s
binding site. For clinical translation, a homogeneous, well-
defined product would be preferable. When smaller anti-
body fragments, such as nanobodies, are used, the radio-
isotope will be installed closer to the binding site, with an
increased chance of damaging the antibody’s paratope (i.e.
the portion of the molecule via which it binds to its cognate
antigen). Ideally, the radioisotope should be installed distal
to the binding site. Crystallography shows that the paratope
of nanobodies is opposite the C-terminus.75 Thus, several
site-specific modification approaches have been developed
to modify the nanobodies at their C-terminus. A C-terminal
His6-tag has been used to install 99mTc, an SPECT isotope
(Figure 3).44,76 Several enzymatic methods can be used to
4 https://doi.org/10.1016/j.iotech.2020.07.001
modify proteins and antibodies at a specific site.79 Sortase,
a bacterial transpeptidase, has been used by different
groups to install a variety of functionalities at the C-termi-
nus of nanobodies, including radioisotopes (Figure 3).77,80

Transglutaminase, lipoic acid ligase and incorporation of
unnatural amino acids or terminal unpaired cysteines can
likewise be used to install radioisotopes at specific sites on
antibodies and antibody fragments.81e83

IMMUNOGENICITY AND SAFETY PROFILE OF NANOBODIES

Nanobodies have found application in preclinical and clin-
ical studies, both as imaging agents and as therapeutics. A
nanobody-based drug that targets von Willebrand factor
has received approval from the US Food and Drug Admin-
istration (FDA),84,85 and several more nanobodies are in
clinical trials.37,65,86,87 As nanobodies are derived from
camelid heavy-chain-only antibodies, they can be immu-
nogenic in humans. However, the VHH framework regions
are homologous to those of human IgGs,88,89 which may
explain their low immunogenicity in clinical settings. Hu-
manization of nanobodies is possible, and involves muta-
tions at w10 surface-exposed sites that render the VHH
frameworks closer in sequence to that of human variable
immunoglobulin domains, particularly the large VH3 sub-
family.75 However, an early clinical trial using a humanized
tetravalent nanobody targeting death receptor 5 on cancer
cells was stopped due to observed toxicities that were
attributed to the immunogenic response.90 Some studies
suggest that nanobodies, especially the VH region, can be
immunogenic in humans,91 while others suggest that not all
nanobody constructs are immunogenic.37,65,84,92 Adminis-
tration of nanobodies in doses suitable for imaging have not
resulted in adverse events,37,65 and nanobodies should
therefore be considered safe. In our hands, repeated
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injections of nanobodies into mice elicit an anti-VHH
response in approximately half of the animals, where the
response appears to be mostly specific to the particular
VHH used for immunization, akin to an anti-idiotypic
response. Going forward, we need to obtain a better un-
derstanding of the immunogenicity of nanobodies and the
potential effect of humanization. We expect that the results
emerging from ongoing nanobody-based clinical trials will
help us to gain a better understanding of the immunoge-
nicity of nanobodies.
IMAGING CANCER BIOMARKERS

Several antibodies and their fragments have advanced into
clinical imaging studies, and target cancer biomarkers such
as human epidermal growth factor receptor type 2
(HER2).25,93,94 HER2 is overexpressed in 15e20% of patients
with breast cancer.95e97 HER2 is an oncogene that encodes a
transmembrane tyrosine kinase receptor, and is a major
therapeutic target. HER2 status is used as a classifier of inva-
sive breast cancer.95e97 HER2-positive breast cancers show a
high incidence of metastasis with poor prognosis.96e101

HER2-directed therapeutics, such as trastuzumab and
pertuzumab, have resulted in a significant improvement in
the treatment of HER2-positive cancers.102 Analysing HER2
status on cancer cells, as done by biopsy, is therefore of
immense importance. However, cancers evolve quickly, and
different lesions may differ substantially from each other
with respect to marker expression. Indeed, when patients
with breast cancer were imaged with a full-sized immuno-
globulin-based anti-HER2 agent (89Zr-trastuzumab PET/CT),
some patients had HER2-positive metastatic lesions and a
primary tumor that was HER2-negative. These women went
on to benefit from trastuzumab (Herceptin) treatment.25

Therefore, non-invasive whole-body imaging of HER2 has
already proven to be a useful adjunct to biopsies and
immunostaining.

To further improve HER2-imaging abilities and to be able
to perform ‘same-day imaging’, several groups have devel-
oped anti-HER2 nanobodies.38,103e105 An anti-human HER2
nanobody was characterized in vivo in xenograft mouse
models implanted with HER2þ and HER2- human cancer
cells. Using different labeling strategies, the anti-human
HER2 nanobody labeled with 18F, 131I and 68Ga detected
HER2þ tumors with excellent specificity.38e40 These studies
helped set the stage for clinical translation of anti-HER2
nanobodies. A phase I clinical study used the 68Ga-labeled
anti-HER2 nanobody to image 20 women with primary or
metastatic breast carcinoma, with a HER2 immunostaining
assessment of 2þ or 3þ (Figure 4A,B).37 PET/CT images were
obtained 10, 60 and 90 min after administration, and tracer
accumulation in metastatic lesions was well above back-
ground. Primary lesions were more variable with respect to
tracer accumulation, possibly due to the heterogeneous
nature of the primary tumors. Overall, administration of
the radiolabeled nanobody was safe and no adverse re-
actions were reported. The imaging agent was cleared
rapidly from the circulation, with w10% of the injected
Volume 7 - Issue C - 2020
activity remaining in the circulation just 1 h post injection.
Non-specific uptake was relatively high in the kidneys, liver
and intestines. Further modification of the radiolabeled
nanobody might reduce such non-specific uptake and
improve its biodistribution profile. A phase II study is
underway.

Nanobodies against other cancer biomarkers, such as
epidermal growth factor receptor,106 hepatocyte growth
factor,43 carcinoembryonic antigen45 and HER3,41 have been
developed, radiolabeled and used in mouse models
(Table 1). Overall, results from several preclinical46e51 and
early clinical imaging studies37 show that nanobodies can be
exploited as imaging agents to assess the presence or
absence of important cancer biomarkers on primary tumors
and metastatic lesions.
IMAGING THE EXTRACELLULAR MATRIX OF TUMORS

The ECM can be exploited to image cancer or to deliver
payloads to the TME. A nanobody was developed that
recognizes an alternatively spliced domain of fibronectin
(fibronectin EIIIB) which is expressed in the ECM of a wide
range of cancers, including melanoma, pancreatic and
breast cancer.69 The EIIIB-specific nanobody, VHH-NJB2, was
radiolabeled and used to image different syngeneic and
xenogeneic cancer models with primary tumors and meta-
static lesions. PET using the VHH-NJB2 nanobody detected
primary tumors and metastases as well as fibrotic lesions in
a bleomycin-induced model.69 The fibronectin EIIIB domain
is identical in sequence in humans and mice,69 and there-
fore the VHH-NJB2 nanobody detected tumors in both hu-
man and murine cancer models. Of note, the radiolabeled
nanobody detected pancreatic intraepithelial neoplasias
(PanINs) in KPC mice. PanINs are precursor lesions that
progress to pancreatic ductal adenocarcinoma; at present,
there is no alternative method to detect them. The tumor
ECM presents an interesting target for further exploration in
the diagnosis of metastatic lesions. Further work is needed
to understand how the ECM changes in response to treat-
ment; this information might be useful in the design of
future treatment options.
IMAGING CHECKPOINT MOLECULES USING RADIOLABELED
NANOBODIES

PD-L1 expression on the tumor correlates with patient
survival and response to PD-1/PD-L1 blockade,107e110 a
parameter usually assessed by biopsy. However, expression
of PD-L1 on cancer cells is often heterogeneous, and
immunohistochemistry for PD-L1 expression has shown
mixed results with respect to prognosis. Whole-body non-
invasive imaging of PD-L1, which can provide visualization,
localization and quantification of its expression throughout
the body, is likely to be more informative and holds better
prognostic value compared with immunohistochemistry.
Several preclinical and clinical studies using antibodies,
antibody fragments or other PD-L1-specific biomolecules,
such as peptide, adnectin, affibody or PD-1 ectodomain,
https://doi.org/10.1016/j.iotech.2020.07.001 5
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Table 1. Nanobodies used for non-invasive preclinical and clinical imaging

Target molecules Stage References

Cancer
biomarkers

Human HER2
Human HER3
Human EGFR
Human HGF
Human CEA
Human PSMA
Human CD20
Human Mesothelin

Preclinical and
clinical
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical

37e40

41

42

43

44,45

46,47

48,49

50,51

Immune
markers

Murine class II MHC
Human class II MHC
Murine CD11b
Murine CD8
Murine MMR (CD206)
Human MMR
Murine Clec4F
Murine Vsig4
Murine CRIg

Preclinical
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical

9,52

53

9,54

54,55

56,57

57e59

60

60

61

Checkpoint markers Murine PD-L1
Human PD-L1
Murine CTLA-4
Murine LAG-3

Preclinical
Preclinical and
clinical
Preclinical
Preclinical

62,63

64e66

67

68

Tumor extracellular
matrix

Fibronectin EIII-B
(human and murine)

Preclinical 69

Cardiovascular
markers

VCAM1 (human and
murine)
Murine LOX-1

Preclinical
Preclinical

70

59,71

Diabetes Human DPP6 Preclinical 72

Amyloidosis Human b-amyloid
Human gelsolin

Preclinical
Preclinical

73

74

HER2, human epidermal growth factor receptor 2; HER3, human epidermal growth
factor receptor 3; EGFR, epidermal growth factor receptor; HGF, hepatocyte growth
factor; CEA, carcinoembryonic antigen; PSMA, prostate-specific membrane antigen;
MHC, major histocompatibility complex; MMR, macrophage mannose receptor;
Clec4F, C-type lectin domain family (Clec) 4 member F; Vsig4, V-set and Ig domain-
containing 4; CRIg, complement receptor of the Ig superfamily; PD-L1, programmed
death-ligand 1; CTLA-4, cytotoxic lymphocyte antigen-4; VCAM-1, vascular cell
adhesion molecule 1; LOX-1, lectin-like oxidized low-density lipoprotein receptor-1;
DPP6, dipeptidyl peptidase-like 6.
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have been performed to image PD-L1 expression in tumors
using non-invasive imaging techniques.5,26,111e114

89Zr-labeled atezolizumab, an anti-PD-1 IgG antibody, was
used to image patients with metastatic bladder cancer,
triple-negative breast cancer and non-small cell lung can-
cer.5 Images showed uptake in the spleen, liver, intestines
and kidneys as the routes of clearance and metabolism of
the drug. The PET signal, a function of tracer exposure and
target expression, was high in lymphoid tissues and at sites
of inflammation. 89Zr-atezolizumab uncovered primary le-
sions as well as the main metastatic sites. Uptake was high
in tumors but heterogeneous within and among lesions for
different patients and tumor types. Tumor uptake of 89Zr-
atezolizumab correlated well with the patient’s response to
atezolizumab, and to a greater degree than clinical immu-
nohistochemistry protocols or RNA-sequencing-based pre-
dictive biomarkers used for assessing tumor PD-L1
expression. Several other clinical PD-L1 and PD-1 imaging
studies are ongoing (NCT03514719, NCT03850028,
NCT04006522, NCT04222426, NCT02478099, 2019-001197-
28, 2017-003511-20, NCT02760225, 2015-004260-10 and
2016-003819-36).

Smaller antibody fragments may allow same-day imaging,
reduce radiation exposure and e due to higher tissue
penetration capability e may reflect PD-L1 expression
within and between lesions and patients more accurately.
Several small molecules and antibody fragments, including
nanobodies, specific for PD-L1 have been developed and
used for PET. An anti-mouse PD-L1 nanobody was devel-
oped and labeled site specifically with 18F.62 PET using the
18F-labeled anti-PD-L1 nanobody readily detected the B16
melanoma. In a separate study, nanobodies against murine
PD-L1 were developed and labeled with 99mTc. SPECT
showed that the radiolabeled anti-PD-L1 nanobodies iden-
tified PD-L1-expressing tumors but not PD-L1-negative
tumors.63

An anti-human PD-L1 nanobody was developed and used
to non-invasively image mice bearing a tumor xenograft.64

The images showed high signal-to-noise ratios in tumors,
and detected PD-L1 in melanoma and breast tumors
(Figure 4C). These studies helped set the stage for trans-
lation of anti-PD-L1 nanobody into the clinic. Results from
an early phase I study of a 99mTc-labeled anti-PD-L1 nano-
body, performed on 16 patients with non-small cell lung
cancer, were published recently.65 No drug-related adverse
events were observed. Signal was mainly detected in the
kidneys, liver, spleen and bone marrow. Images revealed
tumor with good signal-to-background ratios 2 h post in-
jection, and the result correlated well with PD-L1 immu-
nohistochemistry. Tracer uptake was shown in primary
tumors, bone and nodal metastasis. The clinical trial is
ongoing (NCT02978196). Whether the observed uptake in
tumors and metastatic lesions correlates with the final
Figure 2. Generation of camelid single-domain antibodies [nanobodies or heavy-ch
following two or three rounds of immunizations. Purified PBLs are used to generate
the generated library after two or three rounds of panning. Nanobodies, expressed
the installation of radiometal chelators or click handles.
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response to the treatment remains to be seen. If successful,
the ability to image patients 2 h post injection would be a
remarkable advantage compared with using radiolabeled
IgGs.

CTLA-4 is an inhibitory checkpoint molecule that is
expressed constitutively on Treg cells and, to a lesser de-
gree, on CD4 effector and CD8 cytotoxic T cells. Under-
standing the dynamics and distribution of the CTLA-4þ cells
in the TME may help to improve our understanding of the
tumor immune landscape and the response to treatment. A
radiolabeled anti-CTLA-4 nanobody was used to non-
invasively image CTLA-4 expression in a B16 melanoma
model treated with anti-CTLA-4 antibody by PET.67 Surface-
accessible CTLA-4 was largely confined to the TME, with low
or no signal in lymphoid organs. Several other radiolabeled
anti-CTLA-4 antibodies and antibody fragments have been
used in preclinical experiments.115e117 Currently, there are
ain variable domain (VHH)]. Peripheral blood lymphocytes (PBLs) are collected
VHH phage-display libraries. Target specific nanobodies are then selected from
with appropriate tags (e.g. a sortase tag and/or a His-6 tag), are then ready for

https://doi.org/10.1016/j.iotech.2020.07.001 7
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model. PET/CT images were acquired 2 h post injection of the radiolabeled heavy-chain variable domain or 18F-FDG.

Data adapted from Rashidian et al. (2015).9

A

VHH —H� VHH —H�-⁹⁹�Tc(CO)₃
⁹⁹�Tc(CO)₃

pH 	.�, 
�°C for ��–�� min

B

VHH —LPETG-H� VHH —LPET-G₃-R
Sortase, (G₃)-R

pH 	.�, �°C for �� min

Figure 3. (A) Direct radiolabeling of His-tagged (H6) nanobodies with 99mTc-tricarbonyl.76 (B) Site-specific labeling of nanobodies using sortase. A nanobody
equipped with an LPXTG tag can be labeled with a triglycine-containing sortase substrate. X can be a number of amino acids, such as E. A His-tag (H6) can be used
to purify the protein. R can be any biomolecule of interest. Sortase reaction yields near-complete formation of product.77,78
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two ongoing clinical trials using 89Zr-ipilimumab, an anti-
CTLA-4 IgG (NCT03313323 and 2012-003616-31). These
studies will help to gain insight into how the dynamics of
CTLA-4þ cells contribute to the antitumor immune
response, and will inform whether imaging CTLA-4 holds
prognostic value or not.

Lymphocyte activation gene-3 (LAG-3) (CD223) is another
inhibitory checkpoint molecule on T cells.118 Several LAG-3-
targeted cancer therapies are in the clinic and many more
are in preclinical development.119 Given the importance of
LAG-3, it is a potential biomarker and an important target
for cancer imaging. Anti-LAG-3 nanobodies have been
developed and used for non-invasive imaging.68 The 99mTc-
labeled nanobodies showed specific uptake in secondary
lymphoid organs, and no signal was detected in LAG-3
knockout mice. LAG-3 expression was confirmed by flow
cytometry and immunohistochemistry analyses, and
8 https://doi.org/10.1016/j.iotech.2020.07.001
correlated well with the SPECT images. Mice were inocu-
lated subcutaneously with TC-1 mouse lung epithelial cells
modified to overexpress LAG-3 and were subjected to im-
aging. A high specific signal was observed 1 h post injection.

Overall, nanobodies have proved to be excellent candi-
dates for imaging of checkpoint molecules within the TME.
The pharmacokinetic properties of nanobody-based imaging
agents, as well as the nature of the epitopes they recognize,
may be useful attributes to capture the dynamics of the
checkpoint molecules and the antitumor response under
immunotherapy.

IMAGING IMMUNE RESPONSES USING RADIOLABELED
NANOBODIES

The myeloid compartment in the TME plays a critical role in
shaping the immune landscape of tumors through cellecell
interactions and the release of soluble factors such as
Volume 7 - Issue C - 2020
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cytokines.120 An antimacrophage mannose receptor
(CD206) nanobody, a marker of M2-like immunosuppressive
macrophages whose presence in tumors correlates with
poor prognosis, detected the presence of tumor-associated
macrophages in different tumor models.56,57 Radiolabeled
antimurine class II major histocompatibility complex (MHC)
and CD11b nanobodies were developed to assess immune
infiltrates in different tumor models.9,52,62 The radiolabeled
anticlass II MHC and anti-CD11b nanobodies were used to
detect tumors in both xenogeneic and syngeneic tumor
models.9 The nanobodies detected tumors by virtue of the
presence of infiltrating class IIþ or CD11bþ immune cells.
Knockout animals were used to confirm the specificity of
the observed signals.9 Imaging inflammation upon injection
of complete Freund’s adjuvant into the footpad of mice was
also explored. The radiolabeled anti-CD11b nanobody
detected inflammation in the injected paw, whereas 18F-
FDG did not (Figure 4D,E).

To image human immune responses, an anti-human class
II MHC nanobody was developed.53 The radiolabeled
nanobody was used in a relevant humanized mouse model:
NOD-SCID mice reconstituted with human fetal thymus,
liver and liver-derived hematopoietic stem cells (BLT mice).
These animals spontaneously develop graft-versus-host
disease, characterized by alopecia and blepharitis. The
radiolabeled nanobody readily detected graft-versus-host
disease. In diseased animals, a significant increase in PET
signal in the liver was detected, which was attributed to the
infiltration of activated class II MHCþ T cells. The method
may thus be more generally useful to diagnose
inflammation.

T cells, especially cytotoxic CD8þ T cells, mediate much of
the response to checkpoint blockade. The presence in bi-
opsies of intratumoral CD8þ T cells, as distinct from CD8þ T
Volume 7 - Issue C - 2020
cells that merely surround the tumor, correlates with a
favorable response to checkpoint blockade.6,121 Monitoring
the distribution of CD8þ T cells could be used to assess the
response to therapy. A radiolabeled anti-CD8 nanobody was
used to perform PET on mice. PET images showed label
accumulation in lymphoid organs, as well as in the kidneys
and bladder.55 Addition of a PEG molecule was found to
improve the efficiency of staining and decrease non-specific
uptake in the kidneys (Figure 5).55 Longitudinal imaging of
CD8þ T cells over time in the course of a response to CTLA-4
blockade in the B16/GVAX melanoma model was per-
formed.122 Images showed that so long as the CD8 PET
signal was distributed homogeneously throughout the tu-
mor, mice continued to respond and tumors did not in-
crease in size, or did so slowly (Figure 6). When the CD8 PET
signal was distributed more heterogeneously in the TME,
with two or more clusters of CD8þ T cells present, tumors
grew faster and survival was worse (Figure 6).55 ImmunoPET
of CD8þ T cells in the anti-PD-1-responsive syngeneic MC38
colorectal cancer model showed that successful PD-1
blockade is accompanied by mobilization, expansion and
infiltration of cytotoxic CD8þ T cells from the tumor pe-
riphery into the tumor core.54 CD8 immunostaining on tu-
mor samples confirmed the CD8 PET data. The different
distribution patterns of CD8þ T cells may thus serve as a
prognostic indicator of the outcome of checkpoint blockade
therapy.

Other preclinical studies have been performed to image
CD8þ T cells using radiolabeled antibodies. 89Zr-labeled cys-
diabodies (w60 kDa in size) specific for CD8 were used to
monitor CD8þ T-cell responses to treatment, and detected
changes in the dynamics of CD8þ T cells in the TME in
preclinical syngeneic tumor immunotherapy models.7,30 The
images showed an acceptable signal-to-background ratio 8
https://doi.org/10.1016/j.iotech.2020.07.001 9
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cells in the tumors over the course of the 4 weeks of the experiment on the indicated days. Mouse ‘C’ was a strong responder with homogeneous infiltration of
CD8D cells throughout the course of imaging. Mouse ‘D’ was a partial responder. PET/CT images showed heterogeneous infiltration of CD8D cells in the tumor
prior to day 23. Images are an enlarged view of two- and three-dimensional representation of a cross-section of the tumors, showing the intratumoral distribution
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Data adapted from Rashidian et al. (2017).
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h post injection, and a good signal-to-background ratio in
lymphoid organs and tumors 22 h post injection, although
kidney retention was relatively high, a rather common
feature of immunoPET imaging agents when antibody
fragments are used. An anti-human CD8 89Zr-labeled mini-
body was used in patients with melanoma, lung and he-
patocellular carcinoma, where it was well tolerated with no
adverse effects.8 The PET images showed an acceptable
signal-to-background signal in the tumors, with high uptake
in the spleen, bone marrow and lymph nodes. CD8 signal in
the tumor was variable and seen in approximately two-
thirds of patients. ImmunoPET can thus provide informa-
tion on the distribution of CD8þ T cell within tumors in a
clinical setting. A phase II clinical study is ongoing
(NCT03802123).

These preclinical and clinical studies suggest that the
distribution of CD8þ T cells could serve as a biomarker of
response to checkpoint blockade. Therefore, CD8
10 https://doi.org/10.1016/j.iotech.2020.07.001
immunoPET may be useful to assess or even predict the
response, or at least show a ‘lack of response’ to
treatments.
CONCLUSION AND FUTURE DIRECTIONS

Nanobodies are excellent tools for non-invasive imaging.
Desirable properties include their specificity, nanomolar to
picomolar affinity, stability, fast clearance of unbound
nanobody from the circulation, a pharmacokinetic and
production profile compatible with short-lived radioiso-
topes, and ease of production. The minimal affinity required
for a monovalent nanobody-based imaging agent is not
known; however, for those nanobodies that have yielded
acceptable images, their affinity is generally in the low nM
range. High retention in the kidneys is the main drawback of
nanobodies as imaging agents and may result in renal tox-
icities. Some nanobodies can be immunogenic, but their
Volume 7 - Issue C - 2020
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immunogenicity seems to be predominantly idiotypic and
specific to their variable regions. PEGylation can decrease
kidney retention (Figure 5) and enhance the safety profile of
radiolabeled nanobodies.55,123,124 At the same time, PEGy-
lation will increase circulatory half-life. Due to its very short
circulatory half-life (w10 min), addition of a PEG molecule
with a molecular weight <w10e20 kDa to a nanobody may
still allow same-day imaging. There is a need to better un-
derstand what exactly causes a nanobody to be immuno-
genic and how to decrease kidney retention. The former
may be specific for each nanobody, while the latter is
probably a shared property.

Immunotherapy has dramatically improved the treat-
ment of cancer, and this trend is continuing. Moving for-
ward, we must be able to evaluate the antitumor immune
responses of individual patients to immunotherapy. We
need to visualize and study the specific subtype of immune
cells involved before, during and after treatment so that the
right treatment can be selected, or so as to allow timely
modifications to treatment.

Development of additional nanobodies, and antibody
fragments, is required to obtain a more comprehensive and
accurate picture of the immune landscape within and
around a tumor.We must be able to assess how therapeutic
interventions affect this landscape. Most work thus far has
focused on defining tumor-associated lymphocyte pop-
ulations125 and tumor markers.126 Myeloid cells, including
neutrophils, macrophages and dendritic cells, are important
players in the immune response to cancer. Their presence
and activation status help to determine the outcome of
immunotherapy.120,127 There is also an important role for
innate lymphoid cells.128 Therefore, methods to image the
TME more comprehensively and identify all relevant im-
mune cell types, as well as assessment of their functional
status, are needed. Cytokines and chemokines play a major
role in shaping the immune landscape of tumors.129,130 We
need to better understand the dynamics (level of presence
and movement) of cytokines that play a role in shaping the
TME, the identity of the cells that produce them, and when
they are produced during tumor initiation and progression.
Furthermore, cytokines and chemokines significantly affect,
if not dictate, the phenotype of the recruited cells to be
antitumor or protumor. Therefore, the ability to image the
presence and distribution of certain cytokines and chemo-
kines and their receptors may provide key information to
better assess the response to treatment, or to select the
right treatment at the right time for the right patient.131,132

The success of checkpoint blockade immunotherapy re-
lies on the presence of tumor-specific, functional T
cells.133e135 Detection of antigen-specific T cells is critical
for improved prediction or evaluation of the response to
treatment. Imaging the activation status of T cells might be
especially helpful in evaluating the response to a treatment.
Exhausted T cells may play a lesser role in shaping the
response, unless they could be returned to a more func-
tionally active pool, the purported outcome of checkpoint
blockade. Nanobodies are ideal tools to tackle many of
these challenges.
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While we have focused mainly on imaging applications in
immuno-oncology, nanobodies have been developed to
image a range of other events such as infectious disease,
autoimmunity, and cardiovascular and inflammatory con-
ditions (Table 1). Production of nanobodies is now a
well-established procedure. The availability of commercial
sources to perform camelid immunizations and the pro-
duction of a library, including the production of synthetic
nanobody libraries,136 will continue to improve access. In
addition to non-invasive imaging applications of nano-
bodies, there are other obvious possibilities that would
benefit from their deployment, such as therapeutics or as
tools for mechanistic studies in molecular and cellular
biology. With several nanobodies having advanced to the
clinic, and with FDA approval of one nanobody-based
drug,85 we expect this trend to continue and to see more
nanobodies being developed.
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