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Abstract

In the last decades, our understanding of the role of the immune system in cancer has significantly improved and
led to the discovery of new immunotherapeutic targets and tools, which boosted the advances in cancer immuno-
therapy to fight a growing number of malignancies. Approved immunotherapeutic approaches are currently mainly
based on immune checkpoint inhibitors, antibody-derived targeted therapies, or cell-based immunotherapies. In
essence, these therapies induce or enhance the infiltration and function of tumor-reactive T cells within the tumors,
ideally resulting in complete tumor eradication. While the clinical application of immunotherapies has shown great
promise, these therapies are often accompanied either by a variety of side effects as well as partial or complete unre-
sponsiveness of a number of patients. Since different stages of disease progression elicit different local and systemic
immune responses, the ability to longitudinally interrogate the migration and expansion of immune cells, especially
T cells, throughout the whole body might greatly facilitate disease characterization and understanding. Furthermore,

application of immunotherapies.

Response evaluation

it can serve as a tool to guide development as well as selection of appropriate treatment regiments. This review
provides an overview about a variety of immune-imaging tools available to characterize and study T-cell responses
induced by anti-cancer immunotherapy. Moreover, challenges are discussed that must be taken into account and
overcome to use immune-imaging tools as predictive and surrogate markers to enhance assessment and successful
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Introduction

Immunotherapeutic approaches such as immune
checkpoint modulation and chimeric antigen recep-
tor (CAR)-T-cell therapy have shown great potential
for the treatment of various tumor entities [1]. These
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therapies often have a variable effect on the immune
system resulting in complex patterns of treatment
responses as well as toxicity, which are often difficult
to predict, diagnose and monitor. Currently, compre-
hensive predictive as well as surrogate biomarkers for
optimal guidance of those therapeutic approaches are
missing. Biopsies can often only provide a snapshot
information but lack a more general view on patho-
physiological or pharmacodynamical aspects. In
contrast, imaging methodologies are often more suit-
able to capture complex three dimensional conditions
although reliable and clinically implemented imaging
strategies to monitor the variety of immunotherapeutic
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options and subsequent course of the disease are still
not established. This lack of insight may not only mis-
guide therapeutic choices, but can also lead to incorrect
assessment of treatment responses including tumor
pseudoprogression, resulting in premature termination
of the treatment and initiation of alternative, possibly
less effective and more harmful alternatives [2]. There-
fore, there is an urgent need to develop novel tools to
predict, monitor and evaluate the immune response
during immunotherapy.

Apart from finding novel surrogate markers, few pre-
dictive biomarkers have been identified to be clinically
relevant in a disease-agnostic fashion for prediction of
response to immunotherapies in several tumor entities,
including the expression of programmed death receptor
ligand 1 (PD-L1) on tumor cells, microsatellite instabil-
ity as well as the mutational burden [3-5]. Moreover,
effector T-cells are key players in cancer immunother-
apies and have been identified as central prognostic
biomarkers in a great number of cancer entities [6, 7].
Accumulating evidence suggests that both CD8" and
CD4% T-cells in the tumor microenvironment (TME)
play a crucial role in antitumor immune responses,
but also that distinct populations may act as predictive
biomarkers for immune checkpoint inhibitors [8, 9].
However, present biomarkers are often not sufficient to
safely distinct between responders and non-responders,
and heterogeneity between different metastatic lesions
may contribute to this [10, 11]. Therefore, understand-
ing the complex nature of immune responses within
the tumor microenvironment will likely be necessary to
improve the definition of single and combined predic-
tive biomarkers for treatment responses and prognosis
of patients.

Imaging technologies are well-established tools for
the evaluation of a diversity of treatment strategies. Mag-
netic resonance imaging (MRI), anatomical imaging by
computer tomography (CT) or functional imaging using
positron emission tomography (PET) utilizing the prop-
erties of 2-deoxy-2-['8F]-fluoro-D-glucose (['*F]FDG) to
determine metabolic activity are currently used as sur-
rogate markers of therapeutic response [12]. While these
techniques provide high temporal and spatial resolution,
they are not able to accurately depict the complex pat-
terns of tumor immune environment as well as response
during immunotherapy, which can differ considerably
from traditional therapies [13, 14]. With the field of
immunotherapies rapidly evolving, novel imaging tech-
nologies may become one of the most crucial surrogate
markers in oncology and their development is intensively
ongoing. Although a number of different approaches are
currently evaluated in preclinical studies [15, 16], nuclear
imaging represents an attractive strategy to investigate
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immune responses including the immune checkpoint
axes and the presence of T-cells by targeting defined sur-
face markers (Fig. 1).

Principles of immuno-receptor and peptide-based
tracer development

In the past decade, the importance of immunoPET in
molecular imaging has increased due to the combina-
tion of high target specificity of monoclonal antibodies
(mAbs) and the inherent high sensitivity and resolution
of the PET-based imaging. ImmunoPET has shown to
play a key role as an imaging technique in the field of
immunotherapy to deploy host immune system behav-
iour, to select patients who could potentially benefit of
immunotherapy, and to monitor treatment response [17].
For this purpose, protein scaffold molecules that vary in
terms of their molecular weight and blood clearance have
been investigated for their potential as tools to monitor
T-cell distribution and homing in vivo (Fig. 2).

Full size monoclonal (mAbs) have been extensively
investigated as probes to target and track immune cell
distribution. For example, an anti-mouse CD3 antibody,
(clone 17A2; R&D System) radiolabelled with the posi-
tron emitter zirconium-89 (¥Zr), has been investigated
as a probe to visualize cytotoxic T-lymphocyte infiltra-
tion in preclinical models of colorectal cancer. This probe
showed a strong correlation between tumor signal and
the number of immune cells at the tumor site [18]. Exam-
ples of antibody-derived probes are F(ab’), fragments
generated via enzymatic digestion from full size murine
anti-human monoclonal antibody targeting CD2 and
CD7 markers expressed on the surface of T central mem-
ory cells (T),) and radiolabelled with ¥Zr [19]. These
antibody fragments showed PET signals correlating with
tumor infiltrating T, cells and T-cell anti-tumor effi-
cacy in tumor myeloma preclinical models.

In an effort to further improve the pharmacokinetics of
probes used for immunoPET, bivalent minibodies with a
molecular weight of 75 kDa have been adapted for tracer-
development. While minibodies are only half the size of
full mAb and have shown strong tumor accumulation
[20], their size and the subsequent relatively slow blood
clearance kinetics still result in maximum tumor-uptake
days post injection, leading to a high degree of radiation
exposure for patients.

Cys-Diabodies (cDb) are one of the conventional engi-
neered antibody fragments used to enhance imaging
characteristics, such as rapid clearance for high target-
to-background images at short times after injection,
reduced radiation dose, engineered sites for site-specific
conjugation, and the removal of Fc effector functions,
among others [21, 22]. The 169¢Db has being appropri-
ately labelled with %Zr and the resulting tracer, [*°Zr]



Gosmann et al. EINMMI Research (2022) 12:5 Page 3 of 14

Tumor cells

Tumor reactive
T-cells

“ Radioactive
’{ probe

Fig. 1 Principle of non-invasive in vivo imaging of lymphocytes trafficking to and into the tumor. Activated tumor-reactive T-cells are intravenously
injected into a patient having a tumor specifically recognized by those T-cells. The accumulation of the T-cells within the tumor is visualized in-situ
using radiolabelled probes recognizing specific markers expressed on the T-cell membrane. The radioactive probe targeting T-cells can be either a
full-size antibody and its derivatives, or a short peptide radiolabelled with a radioisotope (PET or SPECT isotope) matching the plasma half-life of the
probe
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Fig. 2 Protein-based constructs used for ImmunoPET and T-cell tracking. This panel points out how the molecular weight (MW) of the different
antibody- and peptide-derived probes influence their blood pool clearance, which influences the selection of the right radioisotope for
immunoPET

Zr-malDFO-169¢Db, has being reported to be effective  labelled with copper-64 (Cu-64) with the aim to accu-
for the non-invasive immuno-PET tracking of endog- rately visualize and quantify changes in tumor-infiltrat-
enous CD8" T-cells [23]. The same 169cDb was also  ing CD8" T-cells in response to immunotherapy [24].
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However, as for all protein scaffold constructs above
40 kDa, an aspect called enhanced permeability and
retention (EPR) effect can influence tracer binding and
may result in false positive results [25, 26].

Nanobodies, the variable domains of heavy chain
antibodies (VHHs), are a small antigen-binding deriva-
tives with molecular weight around 15 kDa, high affin-
ity, strong stability, low immunogenicity, fast clearance,
and strong tissue penetration [27]. With regards of
their application in ImmunoPET, their use for tracking
T-cells has been increased by targeting different antigens
(Table 1). In 2017 Rashidian et al. used a nanobody-based
tracer, °Zr-labelled PEGylated single-domain antibody
fragments specific for CD8, to track the presence of
intratumoral CD8' T-cells in the immunotherapy-sus-
ceptible B16 melanoma model in response to checkpoint
blockade. The radiotracer has shown to be able to detect
thymus and secondary lymphoid structures as well as
intratumoral CD8™ T-cells [28]. More recently, a group of
nanobodies were studied to be used as an attractive non-
invasive tool to discriminate between both systemic and
tumor-infiltrating CD8% T lymphocytes. Therefore, the
tracer [**Ga]Ga-NOTA-SNA006 was selected to precisely
track human CD8% T-cells in different mice models,
showing great potential for immunotherapy monitoring
and efficacy evaluation [29].

The smallest protein scaffolds used in immunoPET,
which have been primarily used for cancer-diagnosis
and now are being investigated in immuno-imaging, are
affibodies. Affibodies (dimers of 6-7 kDa) are engineered
as small, robust (heat-resistent up to 90 °C [30]) and fast-
clearing [31] biomolecules, which have already shown
great potential for the diagnosis of cancer. In a phase I
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clinical trial, a HER2-targeting '''In-labelled affibody
was shown to be safe in humans and to allow the visu-
alization of breast cancer metastases (e.g. in brain and in
lymph nodes) at 4—24 h post tracer injection via SPECT/
CT scan [32]. Despite the advantages gained with their
low molecular weight and their fast clearence for imag-
ing, affibodies have to overcome certain obstacles such as
decreased avidity for their respective targets [33] and the
possibility of increased lipophilicity after labelling, result-
ing in increased off-target interactions [34].

The major challenge in developing imaging tools using
protein scaffolds is to match their size (MW) and their
blood half-life with radioisotopes matching their body
distribution (Fig. 2).

Imaging of immune checkpoint axes

Immune checkpoint modulation, mostly antibody-based
therapeutics, has opened new possibilities in the con-
text of cancer treatment. Although immune checkpoint
inhibitors have markedly improved patient’s survival, this
benefit is mainly limited to a minority subpopulation that
achieves a response. Therefore, predicting which patients
are most likely to benefit of immunotherapy would be
valuable for individual therapy optimization [35]. In par-
ticular, using radiolabelled immune checkpoint inhibi-
tors (ICIs), it may be possible to investigate the potential
responsiveness to this therapeutic approach or to directly
image infiltrating tumor reactive T-cells expressing these
immune checkpoints. Tumor cells upregulate PD-L1,
which binds PD-1 expressed on T-cells. PD-1/PD-L1
interaction reduces the activity, proliferation and sur-
vival of T-cells [36]. The use of antibodies targeting this
axis has already provided important results. Being able to

Table 1 Summary of salient properties of immune and peptide-associated tracers and radioisotopes matching their half-life

19G F(ab’), Fab’ Diabody scFv Nanobodies
and
affibodies
Molecular weight 150 kDa 110 kDa 55 kDa 40-50 kDa 28 kDa 13-16 kDa
Biol. T, , blood (h) 110 48 4 <4 1 <1
Metabolic target organ Liver Liver Kidney Kidney Kidney Kidney
Optimal accumulation time Days Day Hours Hours Hour <Hour
Radionuclides of interest for PET 64Cu 64Cu 64Cu 68Ga 68Ga 68Ga
89/7r 897r 18F 18F 18F 18F
Half-life 12.7h 12.7h 12.7h 68 min 68 min 68 min
784 h 784 h 110 min 110 min 110 min 110 min
ErnaxB+ (MEV) 0.653 0.653 0.653 1.890 1.890 1.890
0.902 0.902 0.634 0.634 0.634 0.634
Branching (3+) % 175 17.5 175 87.7 87.7 87.7
22.7 22.7 96.9 96.9 96.9 96.9
Intrinsic spatial resolution loss (mm) 0.7 0.7 0.7 24 24 24
1.0 1.0 0.7 0.7 0.7 0.7
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perform quantitative imaging of the in vivo distribution
of these therapeutic antibodies can represent a great step
forward in the selection of patient, optimization of treat-
ment schedules and design of novel combination thera-
pies. The feasibility of this new “theranostic approach”
has been demonstrated in preclinical studies, for exam-
ple using ®*Cu-labelled anti-PD1 antibody showing tracer
accumulation via PET imaging in both lymphoid organs
and tumor [37, 38]. A first-in-human clinical applica-
tion of this approach exploited ¥Zr-labelled nivolumab
in non-small cell lung cancer patients to assess PD-1
expression in the tumor prior to anti-PD-1 treatment
by Niemeijer and colleagues. [¥Zr]Zr-DFO-nivolumab
uptake pre-treatment was higher in responding tumor
lesions as compared to non-responding tumors, with a
higher predictive score than gold-standard immunobhis-
tochemical markers. Along the same line, two studies on
[3Zr]Zr-DFO-pembrolizumab imaging (NCT03065764,
NCT02760225) are currently open for locally advanced,
metastatic melanoma or non-small cell lung cancer [39].
Another checkpoint inhibitor is the cytotoxic T lym-
phocyte-associated antigen 4 (CTLA-4). By targeting
this checkpoint expressed on activated T-cells using a
specific antibody, it is possible to substantially enhance
anti-tumor activity [40, 41]. In order to understand the
expression level of CTLA-4 on activated T-cells infiltrat-
ing tumor, an anti-CTLA-4 monoclonal antibody was
radiolabeled with ®*Cu ([**Cu]Cu-DOTA-anti-CTLA-4)
and its binding specificity tested in vivo in CT26 tumor
bearing mice. In this study, Higashikawa and colleagues
showed a high tracer uptake on T-cells and not on the
tumor, and correlated it with the high expression of
CTLA-4. Based on that, a phase 1 clinical trial with [*Zr]
Zr-DFO-ipilimumab in metastatic melanoma patients
was started [42]. Lymphocyte activation gene-3 (LAG-
3), a CD4-like molecule belonging to the immunoglobu-
lin superfamily expressed on activated CD4% and CD8™
T-cells and other immune cells subpopulations, is one
of the most studied next-generation immune check-
points. It has been investigated to compensate for the
loss of response to CTLA-4 and PD-1/PD-L1 mAbs in
subsets of patients, and as a target for the treatment of
cancer patients [43-47]. Relatlimab was the first anti-
LAG-3 mAb that entered clinical testing, as a mono- or
combination therapy with nivolumab, in melanoma,
renal cell carcinoma and non-small cell lung carcinoma
(NSCLC) (NCT019680109), and it showed to restored
T-cell functionality [48]. To take advantage of favorable
pharmacokinetics and tumor penetration compared to
a full monoclonal antibody (mAb), a nanobody target-
ing LAG-3 was developed to specifically target and allow
quantification of LAG-3 expression on tumor-infiltrating
lymphocytes (TILs) in different mouse cancer models
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treated with anti-PD-1 mAbs [49]. Thus, nanobodies tar-
geting this checkpoint showed to be an interesting diag-
nostic tools for noninvasive detection of LAG-3 before
and after ICI-treatment.

Direct imaging of T-cells

Monitoring temporal distribution, homing dynamics and
anti-tumor responses of T-cells in vivo is an essential step
during optimization of T-cell-based immunotherapies.
Visualizing the T-cell response can be based on a vari-
ety of targets, that come with their own set of advantages
and applications.

A number of diverse surface markers have been inves-
tigated for their suitability so serve as target for immu-
noimaging approaches including CD4"and CD8* T-cell
subpopulations, but also pan-T-cell markers (Fig. 3).
Besides their expression characteristics, it is crucial that
targeting one of these markers does not modulate the
properties of the corresponding T-cell in any way but
instead acts as an inert T-cell marker, which we will dis-
cuss in detail later on in this review.

CD3 is a highly specific cell surface molecule on
T-cells, which acts as a co-receptor for the T-cell receptor
(TCR) during immune responses [50]. During the anti-
gen recognition by the TCR, interaction with its CD3 co-
receptor leads to T-cell stimulation and activation [51].
CD3-targeting imaging approaches have been success-
fully tested in preclinical models [52]. Larimer and col-
leagues have shown a high level of infiltration of T-cells
during anti-CTLA4 treatment by targeting the T-cell sur-
face glycoprotein CD3 in colon cancer xenograft models
using a murine %Zr-labelled anti-CD3 [18]. However,
antibodies targeting the CD3 domain are potentially
influencing and modulating the T-cell function, which
is dependent on the specific CD3 antibody and the used
dose [53]. In fact, it has been also demonstrated that dis-
tinct concentrations are capable of not only stimulating
T-cell proliferation but also increasing IFNy production,
indicating an enhanced state of T-cell activation [19, 54].
While the expression profile of CD3 would qualify it as
an attractive pan T-cell marker, its modulatory effects on
T-cell functionality may be problematic in case of diag-
nostic T-cell tracking.

As a member of the immunoglobulin superfamily,
CD7 is a known marker for mature T-cells, Natural
Killer (NK) cells and early-stage hematopoietic precur-
sor cells [55]. The expression of CD7 on hematopoietic
precursor cells, which can potentially differentiate into
B cells or myeloid cells, may represent a limitation for
T-cell tracking. However, since both B cells and mye-
loid cells lose their CD7 expression during matura-
tion, high CD7 expression on immune cells remains
specific to T-cells. CD7 targeting F(ab’), has already
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successfully been used in preclinical in vivo studies to
monitor T-cells in the context of adoptive T-cell ther-
apy [19]. Mayer & Mall et al. showed that PET imaging
using the zirconium-89-labelled anti-CD7 F(ab’), pro-
vided a strong signal at the tumor site while having no
long-term impact on T-cell functionality in vivo. Intra-
venous injection of anti-CD7 F(ab’), did not modulate
T-cell functionality in vivo and tumor rejection was
unaffected, making CD7 a promising target for inert
and non-invasive T-cell tracking across the immuno-
therapeutic spectrum.

An alternative target is CD2 which is expressed on
T-cells [56], NK cells [57] and thymocytes [58]. What
makes it interesting is the high correlation of its expres-
sion with cytolytic activity in tumors, suggesting CD2 as
membrane marker to track effector T-cells [59]. Mayer
et al. selected several antibody clones targeting CD2 from
which radiolabelled derivatives (3Zr-labelled F(ab’),)
were produced and used for T-cell tracking, because of
their general superiority with respect to in vivo pharma-
cokinetics compared to full size antibody, and because of
absence of functional antitumor efficacy impairment of
targeted T-cells in vitro [19]. Further investigation in vivo
via PET/CT imaging, using a previously described mouse
model of adoptive T-cell transfer, resulted in a very dis-
tinct signal at the tumor site and high contrast images
[60]. However, the impact of the radiotracer on T-cell
functionality in vivo demonstrated anti-CD2 F(ab’),
to induce severe T-cell depletion and failure of tumor
rejection.

Targeting the T-cell receptors (TCR) allows for spe-
cific tracking of genetically modified T-cells during
adoptive T-cell transfer and serves as a tool to optimize
T-cell therapy and to understand pharmacodynamics
and pharmacokinetics of TCR-modified T-cells. Con-
stant membrane turnover of TCRs allows for effective
labelling, resulting in fast and constant internalization.
Using this principle, an anti-chicken OVA-TCR anti-
body (TCR DO11.10) was labelled with **Cu and suc-
cessfully internalized within 24 h of TCR-mAb binding
[61]. Antigen recognition remained stable after label-
ling and neither viability, nor DNA-damage or induced
apoptosis were negatively affected while still yielding
high contrast PET images. While this approach cannot
be applied in a clinical setting due to specificity for a
defined murine OVA-specific TCR, murinization of
the constant domain of TCR moieties as general opti-
mization strategy for transgenic human TCR may lead
to the detection of TCR-transduced human T-cells by
either an anti-murine TCR monoclonal antibody or
fragment derivatives (F(ab’), F(ab’),) [62]. The feasi-
bility of this approach has been investigated, showing
the potential as highly sensitive tool for mapping TCR-
transgenic T-cells within a xenogenic human myeloid
sarcoma mouse model, using an antiTCRmu F(ab’),-
fragment radiolabelled via zirconium-89 methodology
and then used to perform a small animal PET/CT [32].
However, immune imaging strategies targeting murine
sequences of the TCR are limited to the scope of moni-
toring TCR-engineered T cells, while excluding endog-
enous T-cells in the context of other immunotherapies.
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This limitation is equally present using other reporter
genes, which have shown to be effective for the tracking
of genetically modified T-cells in vivo [63, 64].

Most imaging approaches to track T cells in vivo,
however, currently focus on visualizing CD8" T-cell
subpopulations [24]. The reason for this is the well-
documented fact that tumor-infiltrating CD8% T cells
play an essential role during the anti-tumor response,
and that they have been shown to correlate with an
improved prognosis for tumor entities such as non-
small cell lung cancer (NSCLC) [65], colorectal cancer
[66], ovarian cancer [67] and melanoma [68]. Further-
more, in the context of immunotherapy, it was shown
that patients with a high degree of pre-existing and/
or tumor infiltrating CD8% T cells were more likely
to respond well to PD-1/PD-L1 immune checkpoint
inhibitors [69-71]. Therefore, a thorough understand-
ing of the localization and dynamics of CD8% T cells
in vivo is considered important for prognosis and eval-
uation of immunotherapy patients.

Since CD8™ T cells were an early focus of T-cell imag-
ing, preclinical research of this topic is well established,
and there are numerous approaches to depict the CD8"
T-cell population. One study was utilizing an anti-CD8
cys-diabody labelled with 8Zr to help monitoring endog-
enous CD8" T cells in the context of antigen-specific
adoptive T-cell transfer, agonistic antibody therapy as
well as checkpoint blockade antibody therapy [23]. While
this approach comes with the inherent limitations of
both the relatively large minibody-construct as well as
the long-lived positron emitter %Zr, another approach
tries to improve both aspects by utilizing a ®*Ga-labelled
anti-CD8 nanobody [29]. By using a fast blood-cleared
nanobody combined with ®*Ga and its half-life of 68 min,
this approach aims to minimize the organ radiation
exposure and consequential side effects paid for by the
patient. However, detailed analysis of potential effects on
T-cell functionality after anti-CD8 nanobody binding are
missing, even though essential when aiming for clinical
translation.

As reported, initial studies are promising and suggest
that CD8-based PET-imaging in patients may be feasible,
and has the potential to depict a very important part of
the human immune-response. However, further valida-
tion is required and monitoring only the CD8" popula-
tion may fail to depict the multifaceted aspect of T-cell
responses during immunotherapy. For instance, recent
advantages have shown that CD4" T-cells play a domi-
nant role in anti-tumor response and are associated with
response patterns of immune checkpoint therapy [72,
73]. Furthermore, recent advances in CAR-T cell ther-
apy have highlighted the importance for a widespread
and encompassing evaluation and monitoring of T-cell
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responses. CD4" CAR-T cells have shown great promise
in leukemia patients, where CD4"-, not CD8T CAR- T
cell treatment led to long-term tumor eradication [74].

Despite the huge number of tracers developed and
tested in preclinical studies to illuminate the fate of acti-
vated T-cells during immunotherapy, to date none of
these tracers for T-cell tracking has been approved by
either the FDA or the EMA. However, in the last dec-
ades, some approaches have been tested in pilot studies
and entered clinical trials, and are currently being inves-
tigated for their clinical potential. One approach is the
tracking of CD8 positive T-cells using an %Zr-labelled
anti-CD8 minibody in the context of patients with
solid malignancies (NCT03107663). Preliminary data
showed that the CD8 tracer did not induce any immedi-
ate or delayed side effects, and that the highest uptake
of the~55 kDa sized minibody was seen in spleen and
bone marrow, with a low kidney accumulation [75]. Two
patients, one affected by melanoma and one by hepato-
cellular carcinoma, showed a distinct metastatic lesion
uptake as early as 2 h post injection, with the highest
uptake in most lesions at 24 h or 48 h post injection. The
remaining four patients, all suffering from lung cancer,
did not show significant uptake of anti-CD8 minibody in
their respective lung metastases. Furthermore, the tracer
showed favorable pharmacokinetics, allowing for early
imaging as soon as 6 h to 24 h post injection. However,
no evaluation of potential effects of the tracer on T-cell
viability, -proliferation and -function in vivo have been
reported. In addition, the reported whole-body clearance
of the used minibody was similar to a full-size antibody
[76]. Thus, the radiation exposure of the patient per MBq
injected activity can be expected to be at least 10-times
higher than of a FDG PET/CT scan, thereby potentially
limiting the clinical feasibility and utility of this imaging
agent.

Imaging of ex vivo labelled T-cells

An alternative approach to track T-cells via targeting
surface-bound markers is the ex vivo radiolabelling of
isolated white blood cells (WBC) using [''In]In-oxine
or [*™Tc]Tc-hexamethylpropylene amine oxine ([**™Tc]
Tc-HMPAO) (Fig. 4). These radiotracers pass through
the plasma membrane of WBCs isolated from peripheral
blood mononuclear cells (PBMSc) via passive transport,
and accumulate in the cytoplasm. Radiolabeled WBCs
are re-injected into the patients and used to localize
inflammatory and infectious conditions, or tumor infil-
trating lymphocytes.

Early clinical studies used [''!In]In-oxine labelling of
CD4™" T-cells to investigate the homing of CD4" T-cells
in Hodgkin’s lymphoma lesions with SPECT imag-
ing, and accumulation of adoptively transferred tumor
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Fig. 4 Schematic representation of direct T-cell labelling imaging approach. After blood sampling, white blood cells (WBCs) are isolated from
peripheral blood mononuclear cells (PBMCs) via density-gradient centrifugation, and incubated with [*™Tc]Tc-HMPAO (shown in the panel) or
alternatively with ['"'In]in-oxine. The radiolabelled WBCs are then re-infused in patients and their homing in inflamed organs visualized via single

infiltrating lymphocytes, previously expanded ex vivo, in
melanoma patients [77, 78]. [**™Tc]Tc-HMPAO is nowa-
days used as standard methodology for labelling autolo-
gous leukocytes due to better image quality compared to
11n, and isotope availability. However, if not completely
reduced intracellularly, [*™Tc]Tc-HMPAO may be
released from cells with time, especially in those patients
affected by metabolic dis-functions [79]. Radiolabelled
WBCs methodology has been successfully applied, for
example, to assess intestinal lymphocytes infiltration in
Crohn’s disease (CD), allowing discrimination between
intestinal and bone marrow uptake within the pelvis
area [80]. Furthermore, the increased understanding and
subsequent significance of gammadelta T-cell therapy
has led to promising ex vivo imaging approaches using
[3Zr] Zr(oxinate), as a cell-labelling agent for therapeutic
gammadelta-T cells, allowing for specific and clinically
applicable PET imaging [81]. Disadvantage of the direct
labelling approach is the need of highly trained personal
with experience in good manufacturing practice (GMP),
as well as cell handling at the treatment side. In addition,
with respect to track endogenously stimulated T-cells,
tumor-specific T-cells circulating in the peripheral blood
may have low frequencies and migration of blood-derived
labelled cells into the tumor is so far ill-defined [82].

Peptide-based probes to image immune effector
functions

Lymphocytes may also be imaged by targeting cell func-
tional markers for cytokine secretion. Interleukin-2 (IL-
2) has been shown to stimulate in vitro the generation of
cytotoxic T lymphocytes and of lymphokine-activated
killer cells, both of which are involved in killing of can-
cer cells. For this reason, a radiolabelled version of IL-2
([®*™Tc]Tc-IL2) has been developed and used to detect
in vivo the presence of activated organ-infiltrating lym-
phocytes, and in particular those expressing cluster
designation (CD) 25 antigen (IL-2 receptor [IL2R]) in
melanoma patients undergoing surgical treatment [83].
In this preliminary study, a good correlation between
scintigraphy signal and extent of tumor infiltration of
IL2R-positive cells was found. To facilitate the routine
production of *™Tc-labelled IL-2 and clinical application
of this tracer, a single-step radiolabelling approach was
developed and optimized to produce [**™Tc]Tc-HYNIC-
IL2 [84]. In a pilot study, patients with metastatic mela-
noma receiving ipilimumab or pembrolizumab were
subjected to SPECT/CT imaging with [**™Tc] Tc-HYNIC-
IL2 with the aim to detect tumor infiltrating lympho-
cytes (TILs) [85]. In 5 patients (2 treated with ipilimumab
and 3 with pembrolizumab), metastatic lesions could
be visualized with a positive correlation between size of
the tumor lesion and [*®™Tc]Tc-HYNIC-IL2 accumula-
tion, both before and after 12 weeks of therapy. Upon
immunotherapy, some lesions showed increased uptake,
whereas other lesions demonstrated decrease. The
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limited number of patients and availability of histological
validation did not allow to draw conclusions on potential
relation between the numbers of tumor-infiltrating lym-
phocytes and level of [*™Tc]Tc-HYNIC-IL-2 uptake. In
addition, due to the fact that IL-2 is biologically active,
low amount of radiolabeled IL-2 can be injected in
patient, representing this the major drawback for using
this tracer to evaluate the severity and extend of peri-
tumoral or intra-tumoral lymphocytic infiltration, in par-
ticular via SPECT imaging.

To overcome the poor sensitivity and spatial resolu-
tion of SPECT imaging, a '®F-labelled IL-2 tracer has
been developed via conjugation of IL-2 with succinimidyl
4-['8F]-fluorobenzoate (['*F]SFB) for PET imaging [86)].
An increase in N-(4-['®F]fluorobenzoyl)-interleukin-2
([*®F]FB-IL-2) uptake in mice models when tumors were
either irradiated or immunized was shown, and further
increase in tumor tracer accumulation was observed
when treatment were combined, indicating a synergistic
effect. On the other hand, the use of a CXCR4 antagonist
induced inhibition of tumor cell infiltration, followed by
decrease in tracer uptake, indicating that (['*F]FB-IL-2)
may guide cancer immunotherapy. [**F]FB-IL-2 is cur-
rently being investigated in clinical trials (EudraCT:
2014-003,387.20). Unfortunately, in the preliminary
study carried out by the same group in patients affected
by metastatic melanoma and injected with 200 MBq
fluorine-'®F-labelled IL-2, a correlation between treat-
ment-related immune response and tracer accumulation
was not detected [87]. This result is maybe due to the
low number of patients enrolled in the study and neces-
sitate to be confirmed with a large cohort of patients.
On the other hand, this is a confirmation of the difficulty
to translate pre-clinical results obtained using animal
models to clinical application in the context of cancer
immunotherapy.

Other effector molecules associated with inflamma-
tory anti-tumor immune responses have been explored
as imaging targets, with the aim to increase specificity in
the detection of effective immune response, rather than
increased presence of T-cells. Among these, granzyme B
has been studied as indicator of anti-tumor T-cell func-
tion and marker for PET imaging during immunotherapy.
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Granzyme B is a serine-protease released by CD8" T-cells
[88] and NK cells [89] during cellular immune response.
To identify patient responders to cancer immunother-
apy, Larimer and colleagues designed a molecular tracer
starting from the cleavage sequence of murine granzyme
B, modified it with NOTA chelator and radiolabelled
with gallium-68 to produce a granzyme B specific PET
agent (GZP) [90]. In particular, to assess the translational
potential, tumor biopsies from patients subjected to
immunotherapy were used to establish syngeneic colon
cancer models to target granzyme B expression using
a peptide-based probe ([*®Ga]Ga-NOTA-GZP). This
probe showed to be able to distinguish between respond-
ers and non-responders during therapy, with a correla-
tion between PET signals and granzyme B expression in
tumor samples [90, 91].

Radionuclides used for T-cell nuclear imaging

The use of radioisotopes in both SPECT and PET diag-
nostic modalities should be properly selected based on
several characteristics like their half-life, decay modal-
ity and energy, as well as their availability. For diagnostic
purposes, a radionuclide with relatively limited energy
(100-200 keV) and a high average path (typical y rays)
that can be detected by a detector near the patient is
required. The half-life of a radionuclide should be then
short for imaging purposes, and the production should
happen possibly locally. Furthermore, after the decay, the
nuclide should lead to a low activity isotope that can be
easily excreted from the organism. Examples of radionu-
clides that suit these requirements are *®Ga, '8F, “™Tc or
897r (Table 2).

The radiolabelling of biomolecules such as full size
antibodies, or their derivatives (F(ab’), and Fab’, nano-
and diabody, or peptides can be performed by selecting
the best radionuclide for a given application assuring
that the physical half-life of the radionuclide matches
the expected biological half-life of the vector molecules
in vivo [92].

Ga(III) metal has a preference to form 6-coordinate
complexes with an octahedral coordination geom-
etry [93]. With regard to the radiolabelling of sensitive

Table 2 Radioisotopes used for in vivo T-cell imaging/tracking and their physical characteristics

Positron emitter Half-life Main B*/y energy B decay (%) Intrinsic spatial Production method
(Mev) resolution loss (mm)
PET 18F 109.77 min 0634 97 0.7 Cyclotron
Ga 67.71 min 1.899 88 24 Generator
897r 7841 h 0.900 23 1.0 Cyclotron
SPECT PmTe 6.01h v:0.141 T 40 Generator

The most used radioisotopes for T-cell tracking in clinical application are reported. B, positron decay; IT, isomeric transition



Gosmann et al. EINMMI Research (2022) 12:5

biomolecules, Zhao et al. have reported the use of the
chelator 1,4,7- triazacyclononane-N,N’,N”-triacetic acid
(NOTA) in the design of a specific tracer to track human
CD8" T-cells in vivo via ImmunoPET [29]. A nanobody-
based radiotracer, namely [**Ga]Ga-NOTA-SNA006a,
targeting human CD8 antigen was synthesized with high
RCP (RadioChemical Purity) and high affinity, show-
ing promising performances in tracking of human CD8*
T-cells in mice models, compared with other candidates.
I8F is normally introduced in the structure of a tracer
via indirect fluorination by conventional nucleophilic
substitution using a prosthetic group [94, 95], but since
this method required harsh conditions not always suita-
ble for sensitive proteins, in the past decade the complex-
ation of [AI'8F]?* became the most studied methodology
as an alternative to standard radiofluorination. This can
be done either by conventional chelators such as NOTA
and NODA at high temperature, not fitting with heat
sensitive molecules (Fab’, scFv, diabody or nanobodies),
or by recently restrained complexing agents (RESCA)
published by Cleeren et al. and the AMP-based che-
lators developed by our group [96-98]. The RESCA
chelator was then succesfully used for the labelling of
interlukine-2 (Al[*®F]F-RESCA-IL2) as alternative of
[*8F]-FB-IL2 showing good in vitro and in vivo character-
istics, with high uptake in lymphoid tissue and hPBMC
xenografts [99]. Despite the AlF-18 method being very
convenient for the labelling of biomolecules, its applica-
tion with regard of T-cell tracking is still limited, hence,
the most common methodology so far is still the radio-
fluorination via prostetic group. As already shown above,
an example of this proposes interleukin-2 as marker for
imaging, as activated T-cells bind higher amounts of IL-2
due to increased expression of IL-2RA (CD25). In this
case, IL-2 was labelled with fluorine-18 via reaction with
succinimidyl 4-['8F]-fluorobenzoate (['*F]SFB) to moni-
tor tumorreactive T cells directly at the tumor site [86].
Zirconium-89 (¥Zr) is a radionuclide with suitable
half-life (78.4 h) and energy (0.902 MeV) to match the
half-life of radiotracers based on the use of full size anti-
bodies or antibody-derived fragments as targeting vec-
tors, which require long periods (days to weeks) to few
hours to fully accumulate at the target site in vivo, and
which are of great importance for the use of immune-
PET. In 2017, Vugts and colleagues developed a deriva-
tive of the gold standard chelator DFO, called DFO* that
based on the good stability in vivo and a low accumula-
tion in bones was recently highlighted to be the next
candidate for clinical translation [100, 101]. Due to its
physical characteristics, Zr-89 has been often used to
develop new immunoPET tracers for T-cells trafficking
and imaging. To visualize T-cell responses, for exam-
ple, Larimer and colleagues have shown a high level of
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infiltration of T-cells during anti-CTLA4 treatment by
targeting the T-cell surface glycoprotein CD3 in colon
cancer xenograft models using a murine %Zr-labelled
anti-CD3 [18]. Lymphocytes-activation gene 3 (LAG3)
is another cell surface marker that has been investigated
in mice models bearing the human variant of the LAG3
(MC38/hLAG3) by using a fully anti-LAG3 antibody
labelled with [¥Zr]Zr-DFO ([**Zr]Zr-REGN3767 with
the aim to predict and monitor therapy response with
and without anti-PD1 treatment [102]. To get a read out
of the slow accumulation of full-size antibodies, in par-
ticular in peripheral tissues, engineered antibody frag-
ments, like cys-diabodies or minibodies (see Fig. 2),
targeting CD4 and CD8 have been developed and radi-
olabelled with zirconium-89 ([**Zr]Zr-malDFO-GK1.5
cDb and [¥Zr]Zr-Df-IAB22M2C respectively) [23, 75,
103]. Studies of the clinical feasibility of this approach are
ongoing (NCT03802123). Our group has pursued in vivo
T-cell imaging by tracking engineered human T-cells
using a %Zr-labelled anti mouse TCR F(ab’), fragment
([¥Zr] Zr-Df-aTCRmu-F(ab’),), which is selective for the
murine TCR beta domain of a transgenic TCR. Using this
approach, we have been able to visualise different num-
ber of transgenic T-cells injected intravenously, and to
correlate the PET signal with the total number of T-cells
detected ex vivo independently from the tumor engraft-
ment rate [104].

As already described above, technetium-99m (**™Tc) is
another radioisotope that has been used for radiolabelling
of interleukin-2 modified by conjugation with succinimi-
dyl-6-hydrazinopyridine-3-carboxilate (HYNIC-NHS) as
a bifunctional chelating agent and tricine as co-ligand,
based on the fact that combination of HYNIC-peptide
with tricine produces a ternary ligand system which
forms a stable technetium complex [84]. [*™Tc]|Tc-
HYNIC-IL2 has been afterwards tested in clinical studies
for evaluating the ability to target IL-2RA (CD25) expres-
sion on activated T-cells using SPECT imaging [85]. To
overcome the poor sensitivity and spatial resolution
of SPECT imaging, an '®F-labelled IL-2 tracer for PET
imaging may represent an alternative [105].

Specific challenges of immune imaging in cancer
immunotherapy

Since T-cell imaging aims to visualize the key players
during the immune response, tracers face a set of special
requirements to allow for safe and specific immuno-PET
imaging. While tumor-tracers merely should not activate
its target structures and can even be used for simultane-
ous radio-therapy, T-cell tracers used for diagnostic pur-
poses should not impact T-cell function in any way [106].
Investigating a potential modulating effect is crucial
especially in the context of immuno-PET, as the defined
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monoclonal antibodies and its derivatives can have
depleting effects on T-cells and other immune cells with
immunotherapeutic relevance [107, 108]. Besides radio-
nuclide-based impairments of T-cell function, which we
discuss below, binding of the respective target antigens
themselves can have large implications for tracer-suita-
bility. There are a number of publications demonstrating
a potential hazard which needs to be taken into account.
An anti-murine CD4 cys-diabody showed a dose depend-
ent restriction of both T-cell proliferation and IFNy
secretion in vitro, and subsequent in vivo experiments
showed that small doses of the tracer led to reduced
proliferation of cells in the inguinal lymph nodes [103].
Modulation of T-cell function that might seem advanta-
geous at first can also have severe consequences as dose-
dependency of effects are difficult to predict in vivo. For
instance, an increase in cytokine secretion after tracer
binding does not necessarily correlate with an accelerated
tumor rejection, but can lead to a failed tumor rejection
which maybe mediated by T-cell overstimulation and cell
death [19]. Other risks potentially associated to over-
activation of the T-cells are cytokine release syndromes
(CRS) [109]. Furthermore, the antigen-specific domain of
tracers can have a significant impact on T-cell function as
well. A monoclonal antibody targeted against the murine
domain of a TCR (TCRmu), which was introduced in
human T-cells, did induce a dose-dependent increase
of cell apoptosis and IFNy secretion after binding of the
aTCRmu-IgG [60]. However, a F(ab’), fragment targeting
the same TCRmu structure did not show any alterations
on the function of the targeted T-cells, indicating that not
just the target antigen is crucial to secure the inert prop-
erty of the tracer, but also the targeting structure or size.
Combined, these aspects stress the importance of com-
prehensive assessment of T-cell function for T-cell tracer
development.

Similar to target and antibody construct-associated
effects, the impact of radioactivity on T-cells damage may
be of concern. It has been reported, that lymphocytes
subsets differ in radiation sensitivity. In particular, lethal
irradiation for bone marrow preconditioning does not
eliminate all lymphocytes equally [110]. In very general
terms, a spectrum of radiosensitivity exists from B cells
through naive T-cells, NK cells, towards more radiore-
sistant T memory cells, NKT-cells, and Tregs [111-113].
There is a tendency towards apoptosis denoting a more
radiosensitive phenotype, with activated lymphocytes
that are more radioresistant [114]. For example, the effect
of radioactivity on memory T-cells imaged using radi-
olabelled antibody fragments was studied both in vitro
and in vivo by Yusufi and colleagues [104]. The expo-
sure of T-cells to a %Zr-labelled tracer was investigated
in vitro with a closer look on DNA damage and viability
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of T-cells by measuring the expression of nuclear DSB-
marker YH2AX. TCR-transduced T, cells were exposed
to different activities of [¥Zr]Zr-Df-aTCRmu-F(ab’), up
to 37 MBq showing that the tracer leads to double-strand
breaks (DSBs) and cell death only at higher activities not
clinically meaningful. Furthermore, the possible damage
of T-cells, once translated in vivo, was also assessed by
immunohistochemical (IHC) analysis for CD3, yH2AX
and cleaved Caspase-3 after ex vivo biodistribution 48 h
p.i. of 2.2 MBq of [¥Zr]Zr-Df-aTCRmu-F(ab’), tracer. A
high number of tumor-infiltrating T-cells was detected
on tissue-level and while the tumor cells expressed
YH2AX and cleaved Caspase-3 at high activities, no
enhanced DSB were observed within the tumor-infiltrat-
ing T-cells indicating no depletion of T-cells by the **Zr-
based tracer also in vivo. Further studies are needed to
understand the impact of the irradiation on diverse T-cell
subpopulations. Taken together, tracers used for T-cell
imaging have to be thoroughly characterized both in
terms of their target structure as well as the used radio-
isotope to facilitate their clinical use without non-essen-
tial risks for the patient.

Conclusion

In this review we provide an overview on the more prom-
ising tools already available for imaging and tracking
of reactive T-cells during immunotherapy, tested both
in preclinical and also in clinical application. There is
increasing pressure for optimized tracers to assess the
success of immunotherapies, including genetically engi-
neered T-cells, therefore we put an accent on the chal-
lenges that must be faced and taken into account for
clinical implementation of these new tools. In particular,
due to the fact that by T-cell tracking we are monitoring
the distribution and homing of a living target, during the
design of new probes one has to take into account the
pharmacokinetic of the probe and blood pool clearance,
as well as the specificity of the tracer. This is definitely
of great importance, for example, in the case of anti-
body derived-based tracers, and it influences directly the
choice of radioisotope used for tracking and visualizing
tumor-reactive T-cells accumulation. Another challenge
is represented by the need to use a tracer that do not
impair T-cell functionality or do not present biological
effects. All in all, the field of T-cell tracking and imaging
is an intriguing and hot topic for researchers in the era of
immunotherapy.
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