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Summary

In search for new therapy approaches in malignancies, T cells and modification of their
reactivity have become the focus over the past decades, resulting in multiple treatment
options which reached clinical translation. However, response patterns to
immunotherapies still need to be fully understood and are highly individual.
Pseudoprogression, for instance, is a phenomenon that often occurs in patients treated
with immunotherapies, meaning that distinct tumor regress is seen after initial progress.
Developing tools to properly evaluate response patterns is essential to avoid premature

treatment discontinuation.

We developed and characterized Nanobodies targeting the clusters of differentiation
(CD) 2 and 7 as pan-T cell markers for tracking their response in tumor rejection. In the
first step, target-specific Nanobodies were derived from immunized llama via variable
heavy domain of heavy chain (VHH) phage display library construction followed by
biopanning and enzyme-linked immunosorbent assay (ELISA) by VIB Nanobody Core in
Brussels. Specificity was confirmed in a dual approach using antigen-transduced tumor
cells and a CRISPR/Cas9 knockout model of Jurkat cells. In the next step, possible
impairment of T cell functionality was excluded in a coculture assay as targeting T cell
antigens can lead to dysfunctionality and apoptosis. Therefore, we established a co-
incubation assay to measure cytokine levels by ELISA which consisted of T cells
transgenic for T cell receptor (TCR) 2.5D6, cell lines transduced with TCR-matching
human leukocyte antigen (HLA) and Nanobodies in high concentrations. In addition, lack
of impairment was confirmed in a previously established mouse model compared to
F(ab’), fragments which are known to lack sufficient tumor rejection. Ex vivo analysis
showed successful tagging of T cells at the tumor side without any functional impairment.
As a proof-of-concept, CD2-specific Nanobody was used for a preliminary in vivo imaging
experiment and hence, was labeled with Gallium-68 to track T cells by positron emission
tomography (PET)/magnetic resonance imaging (MRI). 90 minutes post-injection, T cells
were already specifically visualized at the tumor site which was confirmed by ex vivo
analysis. In contrast, the tracer 8Zr-aTCRmu-F(ab’),, which was previously established

in the lab showed comparable visualization 48 hours post-injection.

Altogether, the presented Nanobodies enable uncomplicated and specific tracking of in
vivo T cell activity without impairing their tumor rejection. Thus, decision-making

regarding immunotherapies may be based on possible prospective biomarkers after
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further development. Moreover, this simple approach offers a convenient and time-

saving method for direct clinical translation.
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Zusammenfassung

Auf der Suche nach neuen Therapieansatzen flr bdsartige Erkrankungen sind T-Zellen
und die Veranderung ihrer Funktion in den letzten Jahrzehnten immer mehr in den
Mittelpunkt gertickt, was zu einer Vielzahl an Behandlungsméglichkeiten geflihrt hat, die
in die klinische Praxis umgesetzt wurden. Die Reaktionsmuster verschiedener
Immuntherapien sind jedoch noch nicht vollstandig geklart und sind sehr individuell.
Pseudoprogression ist zum Beispiel ein Phanomen, das insbesonders bei Patienten
auftritt, die mit Immuntherapien behandelt werden. Es aufert sich dadurch, dass sich
der Tumor nach anfanglichem Progress deutlich zuriickbildet. Die Entwicklung von
Verfahren zur angemessenen Bewertung von Ansprechmustern ist von entscheidender

Bedeutung, um ein vorzeitiges Absetzen der Behandlung zu vermeiden.

Wir haben Nanobodies entwickelt und charakterisiert, die auf CD2 und CD7 als Pan-T-
Zell-Marker abzielen, um das T-Zell Verhalten bei der Tumorabwehr nachverfolgen zu
koénnen. Die antigenspezifischen Nanobodies wurden aus immunisierten Lamas mittels
Konstruktion einer VHH-Phagendisplay-Bibliothek und anschlieRendem Biopanning
sowie ELISA durch das VIB Nanobody Core in Brissel gewonnen. Die Spezifitat wurde
in einem dualen Ansatz mit Antigen-transduzierten Tumorzellen und einem
CRISPR/Cas9-Knockout-Modell von Jurkat-Zellen bestatigt. In einem nachsten Schritt
wurde eine mdgliche Beeintrachtigung der T-Zell-Funktionalitat in einem Kokultur-
Versuch ausgeschlossen, da das Markieren von T-Zell-Antigenen zu Dysfunktionalitat
und Zelluntergang fuhren kann. Daher wurden T-Zellen, die fir den TCR2.5D6 transgen
sind zusammen mit Zelllinien, die mit TCR-Ubereinstimmendem HLA transduziert
wurden, sowie Nanobodies in hohen Konzentrationen inkubiert und die Zytokinspiegel
mittels ELISA gemessen. Die fehlende Beeintrachtigung wurde zuséatzlich in einem zuvor
etablierten Mausmodell im Vergleich zu F(ab')>-Fragmenten bestétigt, die
bekanntermallen zu einer eingeschrankten Tumorabstofdung fuhren. Ex-vivo-Analysen
zeigten eine erfolgreiche Markierung von T-Zellen im Bereich des Tumors. Als
konzeptioneller Beweis wurde der CD2-spezifische Nanobody fur eine vorlaufige In-vivo-
Bildgebung verwendet und daher mit Gadolinium-68 markiert, um T-Zellen mittels
PET/MRT zu verfolgen. Die T-Zellen konnten bereits 90 Minuten nach der Injektion
spezifisch am Tumor dargestellt werden, was durch Ex-vivo-Analysen bestatigt wurde.
Der zuvor im Labor etablierte Tracer 89Zr-aTCRmu-F(ab'), zeigte eine vergleichbare

Darstellung erst 48 Stunden nach der Injektion.
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Insgesamt ermoglichen die vorgestellten Nanobodies eine unkomplizierte und
spezifische Verfolgung der T-Zell-Aktivitat in vivo, ohne deren TumorabstoRung zu
beeintrachtigen. Somit kdnnen Entscheidungen uber Immuntherapien, nach weiterer
Entwicklung, auf der Grundlage moglicher zuklnftiger Biomarker getroffen werden.
Darlber hinaus bietet dieser einfache Ansatz eine komfortable und zeitsparende

Methode fir die direkte klinische Umsetzung.
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1. Introduction

1.1. Role of T cells in immune response and cancer immunotherapy

T lymphocytes are often designated as the leading player in the adaptive immune system
as their regulatory function leads the immune response in different directions.
Dysregulation of T cells occurs frequently and can appear in various clinical
pathophysiological “phenotypes” such as autoimmunity and autoinflammation, allergies,
chronic infection, or cancer. Therefore, they are often targeted by therapy approaches
(Mosmann and Sad 1996, Walker and Abbas 2002, Christen and von Herrath 2004,
Wherry and Ahmed 2004, Braga, Schiavone et al. 2012).

In recent years, research has focused on the capability of antigen-specific cytotoxicity of
T cells and, subsequently, the redirection of their antitumor response through cancer
immunotherapies (Waldman, Fritz and Lenardo 2020). Different approaches have been
developed within the last years, many of which have reached clinical translation and
showed superior results to conventional therapies. (O'Day, Hamid and Urba 2007,
Restifo, Dudley and Rosenberg 2012, Wolchok, Kluger et al. 2013, Butterfield 2015,
Postow, Callahan and Wolchok 2015, Kubli, Berger et al. 2021). A few techniques of

immunotherapy, which are currently under clinical investigation, will be briefly delineated.

1.1.1. Vaccination therapy

The idea of cancer vaccines is the stimulation of immune cells towards the differentiation
of antigen-specific effector cells, like vaccinations against infectious diseases. This
approach could be either used as a preventive or a therapeutic method. Preventive
vaccination against oncogenic viruses such as hepatitis B virus has already been
performed for a long time (Chang, Shau et al. 2000). Likewise, more recent vaccines
against human papillomavirus (HPV), which can cause anogenital cancer, showed an
excellent preventive effect and different compounds have been approved (Joura,
Giuliano et al. 2015, Huh, Joura et al. 2017). Therapeutic vaccines follow different
strategies to prompt an immune response. They are tumor cell, dendritic cell, peptide or
genetically based. Tumor cells transduced with granulocyte-macrophage colony-
stimulating factor (GM-CSF) (GVAX) showed promising results in preclinical and phase
Il studies as cell-based vaccination. Yet, they failed in a phase lll trial for the treatment
of castrate-resistant prostate cancer (Lassi and Dawson 2010). However, a combination

therapy of GVAX and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) antibodies
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is still being investigated and has shown superior results in clinical trials (van den
Eertwegh, Versluis et al. 2012, Le, Lutz et al. 2013). Sipuleucel-T was the first dendritic
cell (DC)-based vaccine approved by the Food and Drug Administration (FDA) containing
antigen-presenting cells (APCs) incubated with a prostatic acid phosphatase fusion
protein and GM-CSF. The intervention arm of the pivotal study showed a roughly four-
month prolonged survival time (Kantoff, Higano et al. 2010). Approaches based on
peptides have the advantage that specific mutations or neoantigens can be used as
vaccine bases because somatic alterations within the genome of tumor cells are mainly
individual. Potential neoepitopes generated by mutations can be mapped after Next
Generation Sequencing, and their immunogenicity regarding patients MHC can be
predicted. Further research and improvements are still required for permanent clinical
translation as manufacturing process currently takes about 4 months (Sahin and Tireci
2018). The only non-individual peptide-based vaccine which showed promising data in
a phase Il study with patients suffering from advanced melanoma consists of gp100, a
shared antigen between normal tissue and melanoma, together with interleukin (IL) 2
(Schwartzentruber, Lawson et al. 2011). A hybrid therapy of a genetic-based vaccine
and an oncolytic virus approved in 2015 by the FDA is talimogene laherparepvec (T-
Vec). It consists of a genetically modified herpes simplex virus, which infects melanoma
cells explicitly and introduces a coding sequence for GM-CSF into these cells. The
release of tumor antigens and GM-CSF after lysis due to viral infection results in a
systemic anti-tumor response. Phase Il trial analysis showed far better outcomes for

patients treated with talimogene laherparepvec (Andtbacka, Collichio et al. 2019).

1.1.2. Adoptive T cell transfer (ATC)

The first attempts of T cell transfer were based on extracting tumor-infiltrating
lymphocytes (TILs) from the tumor tissue of melanoma patients, followed by in vitro
expansion. After reinfusion of T cells together with IL-2, the overall response rate was
34% which lasted only for a median of 4 months (Rosenberg, Yannelli et al. 1994).
Following studies with previous lymphodepletion showed more significant effect and
longer-lasting remission (Rosenberg, Yang et al. 2011). As a recent study of a patient
with metastatic breast cancer showed, current technological advances enabled specific
sorting and enrichment for tumor-reactive TILs, promising adoptive therapies for tumor
entities with only low somatic mutational load (Zacharakis, Chinnasamy et al. 2018).
Clinical trials using this approach are still running and have already shown meaningful
results in heavily pretreated patients (Chesney, Lewis et al. 2022). Challenges regarding

the isolation and expansion of TILs as well as their specificity have driven the developing
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field of engineered T cells as a more precise and effective alternative. With the
introduction of tumor-specific TCRs or chimeric antigen receptors (CARs), every T cell
may become redirected against tumor cells. TCR and CAR transduction into T cells has
advantages and disadvantages. Although introducing a TCR represents a more
physiological approach as the activation includes the regular intracellular signaling
cascade, the recognition of an antigen is restricted to the presentation of these antigens
on major histocompatibility complex (MHC) molecules. Consequently, TCR transgenic T
cells are affected by common cancer escape mechanisms such as the downregulation
of MHC molecules (Khong and Restifo 2002, Lee, Shklovskaya et al. 2020). However,
clinical trials with TCR-engineered T cells specific for viral oncogenes, or germline
antigens showed encouraging results in different tumor entities (Louis, Straathof et al.
2010, Robbins, Morgan et al. 2011, Rapoport, Stadtmauer et al. 2015).

By contrast, CARs can target regular surface antigens overcoming MHC restriction and
can be linked to the signaling domain of the TCR or various intra- and extracellular
costimulatory domains, increasing the opportunities to achieve high therapy efficiencies
(Waldman, Fritz and Lenardo 2020). So far, the FDA has approved 6 CARs for treating
refractory B cell leukemia, lymphoma, mantle-cell lymphoma, and multiple myeloma. The
respective CARs target the B cell antigen CD19 or B-cell maturation antigen (BCMA)
and showed durable remission in the majority of patients (Maude, Pulsipher et al. 2016,
Neelapu, Locke et al. 2017, Schuster, Bishop et al. 2019, Wang, Munoz et al. 2020,
Martin, Usmani et al. 2021, Munshi, Anderson et al. 2021). The present approval of CARs
restricted to CD19 and BCMA emphasizes the difficulty in finding target antigens only
expressed by the tumor cells, reducing off-target toxicity and severe side effects.
Nevertheless, there have been advances regarding other target antigens as CD7-
specific CARs in T cell malignancies and a current trial with anti-GD2 CAR natural killer
T cells in patients with neuroblastoma showed (Gomes-Silva, Srinivasan et al. 2017, Lu,
Liu etal. 2022, Heczey, Xu et al. 2023). Developing effective therapies to the same extent
as in hematologic malignancies is still limited for solid malignancies due to unsolved
problems such as immunosuppressive microenvironment, on-target off-tumor toxicity,

and aggravated T cell trafficking (Li, Li et al. 2018, Flugel, Majzner et al. 2023).

1.1.3. Immune checkpoint inhibition

Immune response is regulated by numerous inhibitory and costimulatory markers, whose
direct function in the regulatory loops is often not completely understood. Two well-
characterized and well-known receptors are CTLA4 and programmed cell death protein
1 (PD1), which mediate T cell inhibition. PDL1, the ligand to PD1, is commonly
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overexpressed on tumor cells as an escape mechanism in the immunosuppressive
environment of cancer (lwai, Ishida et al. 2002). Thus, inhibiting these regulatory markers
is a preferable option for reinducing anti-tumoral activity. The first checkpoint inhibitor
approved by the FDA was Ipilimumab, an anti-CTLA4 mAb, as it showed prolonged
survival for patients with metastatic melanoma (Hodi, O'Day et al. 2010). Currently, six
other checkpoint inhibitors are approved by the FDA for a variety of cancer entities
targeting either PD1 or PDL1, showing prolonged survival or equal survival to
conventional therapy methods with fewer side effects in clinical trials (Robert, Schachter
et al. 2015, Weber, D'Angelo et al. 2015, Rosenberg, Hoffman-Censits et al. 2016,
Powles, O'Donnell et al. 2017). Many other targets for checkpoint inhibition are under
investigation, and some already showed convincing results in initial trials. One of them,
lymphocyte-activation gene 3 (LAG3), also seems to have a negative regulatory effect
on T cells, but the actual mechanism remains unclear. Nevertheless, first studies of
combination therapy with a soluble form of LAG3 and conventional chemotherapy
detected in over 90% of patients suffering from metastatic breast carcinoma benefit from
this treatment (Brignone, Gutierrez et al. 2010). Relatlimab, a LAG-3-blocking antibody,
has currently even been approved in a fix combination with Nivolumab for treatment of
advanced melanoma (Tawbi, Schadendorf et al. 2022). Patients with TILs expressing T
cell immunoglobulin and mucin domain containing protein 3 (TIM3) as another negative
regulatory molecule are known to have a poor prognosis. Hence, investigation of TIM3
as a possible target of checkpoint inhibition is also highly interesting (Gao, Zhu et al.
2012, Yang, Grote et al. 2012). A current clinical trial, which investigates the combination
of an anti-TIM3 antibody and decitabine in acute myeloid leukemia, showed promising

results in preliminary data (Borate, Esteve et al. 2019).

The combination of different checkpoint inhibitors showed even better outcomes as they
have a complementary effect in regulating immune response, and single-use seems to
cause upregulation of other immune checkpoints (Koyama, Akbay et al. 2016, Patel and
Minn 2018). Nivolumab and Ipilimumab together showed synergistic effects in clinical
trials and subsequent prolonged survival in advanced melanoma, renal-cell carcinoma
and non-small-cell lung cancer (Wolchok, Chiarion-Sileni et al. 2017, Motzer, Tannir et
al. 2018). Further combination of dual checkpoint inhibition and radiation therapy
increases the abscopal effect and seems to improve immune response. However, this
combination is still under investigation in clinical trials (Twyman-Saint Victor, Rech et al.
2015, Ngwa, Irabor et al. 2018).
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1.2. Non-invasive imaging of T cells

In recent years, immunotherapies have made impressive advances and have provided
superior therapy for millions of patients. Nevertheless, the full potential of
immunotherapies has yet to be exploited. Further understanding of T cell behavior and
interaction within the tumor microenvironment after immunomodulating therapy in vivo is
essential for ongoing development. T cells directed against neoepitopes expressed on
tumor cells are an attractive target for further investigation as they may be responsible
for the success of immunotherapies (Gros, Parkhurst et al. 2016, Verdegaal, de Miranda
et al. 2016). Translation of immunotherapies into clinical studies and daily clinical routine
entailed new challenges regarding the evaluation of therapy efficiency as their response
pattern significantly differs from conventional therapies. For up to 10% of the patients
treated with immunotherapies, pseudoprogression occurred, meaning after an initial
progression of the tumor, lesions showed later distinct regression (Borcoman,
Kanjanapan et al. 2019). Clinical studies have detected pseudoprogression in various
tumor entities after immune checkpoint inhibition (Wolchok, Hamid et al. 2015, Long,
Weber et al. 2017, Gandara, von Pawel et al. 2018, Katz, Hammer et al. 2018,
Parseghian, Patnana et al. 2018). However, mechanisms for this phenomenon remain
unclear. Two possible explanations are the delayed efficient anti-tumor response and
immune cell infiltration causing an inflammatory reaction (Borcoman, Kanjanapan et al.
2019). Tumor biopsies of melanoma patients after treatment with Ipilimumab gave
evidence for the second hypothesis (Di Giacomo, Danielli et al. 2009). Considering that
1 in 10 patients could benefit from treatment beyond progression, conventional RESIST
criteria for clinical trials have been revised for the treatment with immunotherapies

(Seymour, Bogaerts et al. 2017, Tazdait, Mezquita et al. 2018).

Nevertheless, patients with definite progression could benefit from alternative treatment
strategies. Thus, sensitive imaging methods for evaluating anti-tumor immune activity
are crucial for distinguishing between actual progress and pseudoprogression,
preventing belayed diagnosis, and offering every patient the most effective therapy.
Response patterns of immunotherapies cannot be fully captured by current imaging
methods such as MRI, single photon emission tomography (SPECT) and PET, which will

be outlined in the following.
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1.2.1. Magnetic resonance imaging

MRI is commonly used in today’s medicine because of its high resolution, superior
contrast for soft tissue and no ionizing radiation. Different contrast agents for direct and
indirect labeling of cells are available such as gadolinium complexes, iron oxide
nanoparticles, chemical exchange saturation transfer (CEST) agents and
perfluorocarbon (PFC) (Ahrens and Bulte 2013). For imaging of T cells, iron oxide
nanoparticles and PFC-based approaches were used. They showed auspicious results
in preclinical in vivo studies but were not further translated into human studies so far
(Kircher, Allport et al. 2003, Liu, Ye et al. 2012, Li, Wu et al. 2016, Saini, Korf et al. 2019).
Indirect labeling by introducing receptor and surface marker, kinases, or binding protein
genes have the potential to specifically track transferred T cells without loss of signal by
cell division (Genove, DeMarco et al. 2005, Tannous, Grimm et al. 2006, lordanova and
Ahrens 2012, Bar-Shir, Liu et al. 2014, Liu and Li 2014). However, indirect labeling of T
cells for MRI imaging is barely reported and further investigation is necessary regarding

genetic manipulation and cell function.

1.2.2. Nuclear imaging

Imaging methods such as SPECT and PET have the advantage that they can provide
functional imaging and anatomical imaging in combination with CT or MRI. Almost every
structure can be targeted and imaged in nuclear imaging methods by labeling different
agents, substrates, or antibodies with radioactive isotopes and still offering outstanding

depth penetration as well as absolute quantification (Nagy, Téth et al. 2013).

For imaging of adoptively transferred T cells, direct or indirect labeling methods exist as
described above. As a direct labeling agent, '"'In-oxine has been used for SPECT
imaging of T cells in different tumor entities (Griffith, Read et al. 1989, Grimfors, Schnell
et al. 1989). This method could display lymphocytes specific for hemagglutinin for up to
120h post-injection (Pittet, Grimm et al. 2007). Clinical trials investigating tumor
infiltration of ex vivo "'In-oxine-labeled CD8+ T cells are still ongoing. Due to its higher
sensitivity in detecting only small numbers of cells and the possibility of direct
quantification, PET is more attractive for clinical applications (Krekorian, Fruhwirth et al.
2019). Moreover, PET tracers such as %Zr showed superior characteristics to ''In
(Charoenphun, Meszaros et al. 2015). Direct labeling of cytotoxic T-lymphocytes (CTLs)
and CAR T cells with 8Zr-oxine allowed cell tracking for several days (Sato, Wu et al.
2015, Weist, Starr et al. 2018). Indirect labeling methods introduce reporter genes and
avoid “dilution” of signal after cell division enabling consecutive imaging with multiple

tracer applications. Conventional reporter genes like the herpes simplex virus 1
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thymidine  kinase  showed  promising results using  9-[4-['®F]fluoro-3-
(hydroxymethyl)butyl]guanine (['®F]JFHBG) as tracer in patients with glioma after CTL
administration (Keu, Witney et al. 2017). However, as a viral protein, the kinase causes
immunogenic reactions, which influence the persistence of transgenic cells (Berger,
Flowers et al. 2006). Thus, human reporter genes have become the focus and were
investigated. The sodium/iodide symporter (NIS), as one of them, was successfully used
in preclinical studies for tracking CAR cells (Emami-Shahri, Foster et al. 2018, Kurtys,
Lim et al. 2018). Another approach for imaging engineered T cells used the constant
murine TCR beta domain as a target. Thus, F(ab’), fragments of a mouse IgG were
produced and labeled with 8Zr. Intravenous tracer injection after adoptive T cell transfer
followed by PET imaging showed susceptible detection of small cell numbers and was
confirmed by correlation of ex vivo quantification (Mall, Yusufi et al. 2016, Yusufi, Mall et
al. 2017).

Nevertheless, other labeling strategies for imaging need to be used to image non-
modified T cells in vivo. Targeting surface markers using antigen-binding tracers like
antibodies or peptides is an attractive option as they can label T cells without genetical
manipulation and can be used for imaging purposes in already developed therapeutic
approaches, such as checkpoint inhibitors (Niemeijer, Leung et al. 2018). Moreover,
specific subpopulations or activated cells can be differentiated if respective markers are
targeted. Current approaches in imaging early-stage T cell activation use '®F-labelled IL-
2, which binds to the upregulated IL-2 receptor on activated T cells. Specific
accumulation was detected in tumor-bearing mice receiving antitumor therapy compared
to control mice (Hartimath, Draghiciu et al. 2017). Clinical trials using N-(4-
['®F]fluorobenzoyl)-interleukin-2 (['®F]FB-IL-2) are still ongoing. Another target currently
being investigated in clinical trials is the T cell activation marker OX40. Preclinical studies
with the labeled murine antibody 8*Cu-DOTA-AbOX40 already showed good prediction
of antitumor response after cancer vaccination in a murine model (Alam, Mayer et al.
2018). Other tracers directed against differentiation markers like OX40 have been
developed for imaging specific cell populations and are presently investigated in clinical
trials. As a general T cell marker, CD3 was used to predict immune response to anti-
CTLA-4 immunotherapy in a murine model of colon cancer. Therefore, ®Zr-p-
isothiocyanatobenzyl-deferoxamine-CD3 was applied to mice bearing colon cancer and
receiving immunotherapy. Imaging was performed on day 14 and showed two groups,
although tumor sizes were similar. Mice with high tracer accumulation later showed

smaller tumor sizes than the low-uptake and control groups, suggesting better response
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to immunotherapy (Larimer, Wehrenberg-Klee et al. 2016). CD4 and CD8, as distinction
markers of the two main subpopulations, have also been used as a target for imaging
with cys-diabodies and Minibodies in clinical trials. Imaging performed with labeled cys-
diabodies enabled visualization of immune response and T cell distribution after
application of immunotherapy in mice. Only low doses were necessary to get high-
contrast PET images. Nevertheless, application of these tracer resulted in adverse
effects concerning T cell functionality, such as decrease of CD4 expression, inhibition of
proliferation and inhibition of INFy secretion (Tavaré, Escuin-Ordinas et al. 2016, Freise,
Zettlitz et al. 2017, Seo, Tavaré et al. 2018). An anti-CD8 Minibody has completed phase
| clinical trial, showing successful imaging of CD8-positive tissue and lesions of different
entities but not in all entities tested. Analysis of biodistribution and pharmacokinetics
favored imaging after 4h to 24h and showed quick clearance of the tracer. However,
further evaluation of this tracer regarding prediction of immunotherapy success as well
as reliable detection of different entities is still necessary (Pandit-Taskar, Postow et al.
2020, Farwell, Gamache et al. 2022). Another CD8-specific antibody labeled with 8Zr
was successfully used to visualize the body distribution of CD8* T cells in patients before
and after treatment with immune checkpoint inhibitors. Analysis showed not only that
expression of CD8 is highly individual but also huge heterogeneity between lesions in
patients who responded and even between lesions within the same patient (Kist de
Ruijter, van de Donk et al. 2022).

Most approaches, still in murine preclinical investigation, showed adverse effects on T
cells or are unsuitable for imaging non-transferred T cells. Thus, imaging strategies
based on labeled antigen-binding proteins or peptides should be favored as they can be
applied and modified for different purposes. Current approaches that reach clinical

investigation still need late imaging time points and validation for reliable detection.

1.2.3. Antigen-binding proteins

Antigen-binding proteins offer many target structures and function as highly
customizable and specific vectors for different purposes. Either used as therapeutic
drugs with their cytotoxic effect or as delivery agents linked to other medications and
radioactive agents, monoclonal antibodies and their derivates are on the rise (Buss,
Henderson et al. 2012, Scott, Wolchok and Old 2012, Carter and Rajpal 2022).

Over time, antibody engineering has become increasingly important to overcome side
effects, disadvantages, and limitations of immense antibody structures, such as the most

commonly used IgG, especially regarding the usage for nuclear imaging. (Kenanova and
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Wu 2006, Lugat, Bailly et al. 2022). Due to its function in the immune system,
immunoglobulins like IgG have high immunogenic potential and it is often even higher
because of the murine or chimeric origin. As a result of the high molecular weight (~150
kDa), there are other unfavorable characteristics such as long plasma half-life and low
tissue penetration capacity resulting in the need for long-lived radionuclides and longer
waiting time for the ideal imaging point (Hansel, Kropshofer et al. 2010, Manafi-Farid,
Ataeinia et al. 2022).

On that account, modifications and smaller constructs of antigen-binding proteins have
been developed to improve their in vivo behavior towards more suitable tracers for

everyday clinical practice (Kenanova and Wu 2006) (Table 1).

Table 1: Antibodies and derivates

Mouse >

I9G 150 kDa  Divalent Chimeric > Days to Liver
. weeks
Humanized
F(ab’)2 110 kDa Divalent Low 24h Liver
F(ab) 50 kDa  Monovalent Low 4h Kidney
Minibody 75 kDa Divalent Low hFew Liver
ours
ScFv 25kDa  Monovalent Low 1h Kidney
Nanobody 15kDa  Monovalent Low 1h Kidney
Affibody <14 kDa Monovalent Low <1h Kidney

Modified from (Lugat, Bailly et al. 2022)

After reducing immunogenicity of IgG by designing chimeric and humanized constructs,
F(ab’), and F(ab) fragments were developed by digestion of IgG, thereby removing the
Fc fragment. In preclinical studies, these fragments showed faster uptake within the
tumor region and blood clearance with subsequent lower body radiation (Kenanova and
Wu 2006, Chan, Scollard et al. 2011, Kang, Li et al. 2021). Nevertheless, production of
F(ab’). and F(ab) fragments is difficult and expensive due to large amounts of initial
antibodies needed and cannot be gained from all antibody subtypes (Fu, Carroll et al.
2018).

In further developments, synthetically modified small proteins, like single-chain fragment
variable (ScFv), were generated, leaving only an antibody's light and heavy variable
chains. These modifications result in even higher tumor penetration and easy production

but instability in its single form (Manafi-Farid, Ataeinia et al. 2022). Thus, multiple
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combinations and further adjustments have been performed, leading to more extensive,
multivalent, or bi-specific molecules, which can partly improve stability issues (Weisser
and Hall 2009, Fu, Carroll et al. 2018). One of the subsequent developments is the
Minibody, which consists of two ScFvs linked to a constant heavy chain (Hu, Shively et
al. 1996). Designed to bypass the slow renal clearance of ScFvs, Minibodies showed
excellent results in preclinical imaging studies, for example of CD8+ T cells and prostatic
cancer and a successful first clinical study as mentioned above (Olafsen and Wu 2010,
Knowles, Zettlitz et al. 2014, Tavaré, McCracken et al. 2014, Tsai, Zettlitz et al. 2018)
(Pandit-Taskar, Postow et al. 2020).

The smallest known natural antibodies are Nanobodies and are also called single domain
antibodies as they consist only of the variable domain derived from camelid heavy chain-
only antibodies (VHH) (Hamers-Casterman, Atarhouch et al. 1993, Jafari, Maali et al.
2023). Their numerous advantages, such as very low molecular weight (~15kD)
therefore, efficient penetration of tumor tissue, high stability, low immunogenicity, and
easy, low-cost production compared to other antigen-binding proteins make them a
perfect platform for development of new approaches in immunotherapy and imaging
(Orcutt, Adams et al. 2017, Ingram, Schmidt and Ploegh 2018, Lecocq, De Vlaeminck et
al. 2019, Verhaar, Woodham and Ploegh 2021). They have been successfully used in
different preclinical settings. For example, they were already used to detect CD8+ T cells
after CTLA-4 blockage in mice (Rashidian, Ingram et al. 2017). In addition, as mentioned
above, first clinical trials have been completed and showed that in vivo Nanobody
imaging is feasible (Keyaerts, Xavier et al. 2016). The first Nanobody-based drug,
Caplacizumab, has even been approved by the European Union in 2018 and by the FDA
in 2019 for treatment of acquired thrombotic thrombocytopenic purpura (aTTP) in adults.
The bivalent Nanobody inhibits interaction between platelets and the von Willebrand
factor and showed great outcome in the phase Il HERCULES trial (Scully, Cataland et
al. 2019, Peyvandi, Cataland et al. 2021).

The smallest commonly used antigen-binding proteins, so-called affibodies, are
synthetical derivates from the protein A of staphylococcus aureus with an average
molecular weight of 7kD (Nord, Gunneriusson et al. 1997). Although their properties
seem ideal for imaging and first preclinical studies showed successful imaging, for
instance, of HER2 and PDL1, reduced target-avidity and fast clearance are challenging
in practice (Frejd and Kim 2017, Gonzalez Trotter, Meng et al. 2017, Fu, Carroll et al.
2018, Oroujeni, Rinne et al. 2021).
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2. Aim of this study

Research focusing on redirecting the immune system toward an anti-tumor activity has
made significant progress over the last years. It showed promising results in preclinical
studies as well as clinical trials. Nevertheless, not all patients treated with
immunotherapy respond immediately, and predictive biomarkers for response are still
lacking. Imaging of T cells and their activity is highly relevant to further understand their
function in different stages of tumor rejection and to evaluate response patterns of T cells
invading the tumor site after treatment with immunotherapies. Therefore, we developed
and characterized two Nanobodies, which should function as possible tracers directed
against pan-T cell markers CD2 and CD7 as a foundation for subsequent investigation

of image-based biomarkers.

In cooperation with the VIB Nanobody Core in Brussels, Nanobodies targeting CD2 and
CD7 have been generated. In a characterization process, two candidates have been
selected for further investigation by former lab members. In the first step, characterization
of Nanobodies was completed, especially regarding target specificity and thermal
stability of Nanobodies, as it is crucial for later conjugation and labeling in the imaging
process. Targeting T cell antigens sometimes induces overstimulation, dysfunctionality,
and apoptosis, reducing anti-tumor activity. Thus, the possible impact on T cell
functionality by Nanobody binding was evaluated in the second step. Co-incubation
assays detecting multiple cytokines with different tumor cell lines and Nanobodies were
set up to exclude possible alterations. Next, results were confirmed by an in vivo tumor
rejection study in which Nanobodies were compared to F(ab’), fragments known to lead
to failed tumor rejection. Lastly, a preliminary in vivo imaging study compared to
previously evaluated 89Zr-aTCRmu-F(ab’)2 as a control and ex vivo analysis functioned

a proof-of-concept for further development.

Summarized, we aimed to characterize and evaluate the potential of new tracers for T
cells, which can help gain deeper insights into tumor rejection patterns to develop
biomarkers of treatment response and are more suitable for clinical practice due to rapid

uptake at tumor site.
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3.

3.1.

Material

Technical equipment

Table 2: Technical equipment

Device
Analytical balance SI-64
Autoclave Systec V75, V150
BD FACSCanto Il

BD LSR I

BioDocAnalyze Gel documentation
system

Biometra Mitsubishi P95 Printer
BIOSAFE MD sample container
Centrifuge 5417R
Centrifuge 5810R
Centrifuge with vortex 7-0040

Digital microtiter shaker MTS 2/4

Dynal MPC-L Magnetic Particle
Concentrator

EcoVac Vacuum Pump
Envair eco safe Comfort laminar flow
Freestanding fridge 4°C
Fume cupboard 2-453-DXNN
GABI Star y detector
Gamma counter 2480Wizard2

GEL iX20 Imager

Gene Pulser Xcell Electroporation
System

Glomax Discover Microplate Reader

Company

Denver Instrument / Sartorius AG,
Gattingen, Germany

Systec GmbH, Linden, Germany
BD Biosciences, Franklin Lakes, USA
BD Biosciences, Franklin Lakes, USA
Biometra GmbH, Goéttingen, Germany
Biometra GmbH, Géttingen, Germany

Cryotherm, Kirchen/Sieg, Germany
Eppendorf AG, Hamburg, Germany

Eppendorf AG, Hamburg, Germany

neoLab Migge GmbH, Heidelberg,
Germany
IKA-Werke GmbH & CO. KG, Staufen,
Germany

Invitrogen Dynal AS, Oslo, Norway

schuett-biotec GmbH, Géttingen,
Germany
CARLO ERBA Reagents GmbH,
Emmendingen, Germany
Siemens Aktiengesellschaft, Minchen,
Germany
Kottermann GmbH & Co KG,
Uetze/Hanigsen, Germany
Elysia-raytest GmbH, Straubenhardt,
Germany

PerkinElmer, Waltham, USA

Intas Science Imaging Instruments
GmbH, Géttingen, Germany
Bio-Rad Laboratories GmbH, Hercules,
USA

Promega GmbH, Walldorf, Germany
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Growth chamber WTC
HERAfreeze BASIC -86°C Freezer
Incubator BBD 6220
Incubator CB 150
Infors HT shaker
Innova 40 shaker
Irradiation Cabinet
LS6000 sample container
MACSmix Tube Rotator
Magnetic stirrer RH basic 2
Megafuge 1.0R

Microscope Axiovert 40 C

Mini-PROTEAN Tetra Vertical
Electrophoresis Cell

Minishaker MS2
Multichannel pipets
Multifuge 3 S-R
NALGENE Cryo 1°C Freezing Container
NanoDrop Spectrophotometer ND1000
Nanophotometer
nanoScan PET/MR
Neubauer improved counting chamber
Pipets
Pipette controller
PowerPac Universal Power Supply
Precision balance 440

Premium -20°C Freezer

BINDER GmbH, Tuttlingen, Germany

Thermo Fisher scientific, Waltham USA

Heraeus Holding GmbH, Hanau,
Germany

BINDER GmbH, Tuttlingen, Germany
Infors AG, Bottmingen, Switzerland
Eppendorf AG, Hamburg, Germany

Gulmay, Byfleet, UK

Tec-lab GmbH, Taunusstein, Germany

Miltenyi Biotec GmbH, Bergisch
Gladbach, Germany
IKA®-Werke GmbH & CO. KG, Staufen,
Germay

DJB Labcare Ltd, Buckinghamshire, UK

Carl Zeiss AG, Feldbach, Schweiz

Bio-Rad Laboratories GmbH, Hercules,
USA
IKA®-Werke GmbH & CO. KG, Staufen,
Germay

Eppendorf AG, Hamburg, Germany

Heraeus Holding GmbH, Hanau,
Germany

Thermo Fisher scientific, Waltham, USA

PeglLab / VWR International GmbH,
Darmstadt, Germany

Implen GmbH, Munich, Germany

Mediso GmbH, Minster, Germany

Karl Hecht GmbH & Co KG,
Sondheim/R6éhn, Deutschland

Eppendorf AG, Hamburg, Germany

INTEGRA Biosciences GmbH, Biebertal,
Germany
Bio-Rad Laboratories GmbH, Hercules,
USA
KERN & SOHN GmbH, Balingen,
Germany
Liebherr-International Deutschland
GmbH, Biberach an der Ri3, Germany
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https://www.bio-rad.com/en-us/product/mini-protean-tetra-vertical-electrophoresis-cell?ID=N3F2UD4VY
https://www.bio-rad.com/en-us/product/mini-protean-tetra-vertical-electrophoresis-cell?ID=N3F2UD4VY

Prominence HPLC system with a Photo Shimadzu, Kyoto, Japan

Diode Array detector
Refrigerator Profi line Liebherr-International Deutschland
GmbH, Biberach an der Ri3, Germany
Rotina 420R Andreas Hettich GmbH & Co.KG,
Tuttlingen, Germany
SEC column Yarra 3um SEC-3000 Phenomenex, Aschaffenburg, Germany
Sub-Cell GT horizontal gel Bio-Rad Laboratories GmbH, Hercules,
electrophoresis cell USA
TGradient Biometra GmbH, Goéttingen, Germany
Thermomixer Compact Eppendorf AG, Hamburg, Germany
TProfessional Thermocycler Biometra GmbH, Goéttingen, Germany
Vortex Mixer 7-2020 neolLab Migge GmbH, Heidelberg,
Germany
Vortexer Reax top Heidolph Instruments GmbH & Co.KG,
Schwabach, Germany
Vortex-Genie 2 Scientific Industries, Inc., New York, USA
VWR Power Source 300V VWR International GmbH, Darmstadt,
Germany
Waterbath Memmert GmbH + Co. KG, Schwabach,
Germany
Ziegra Ice machine ZIEGRA Eismaschinen GmbH,

Isernhagen, Germany

3.2. Consumables

Table 3: Consumables

Consumable Company

Amicon Ultra — 15 Centrifugal Filter

Devi Merck KGaA, Darmstadt, Germany
evice

Cell culture flask (T25, T75, T175) Greiner Bio-One Gmbh, Frickenhausen,

Germany
Cell strainer (40, 70, 100um) BD bioscience, Franklin Lakes, USA
Cryopure tubes Sarstedt AG & Co., Nimbrecht, Germany
EIA/RIA plates Corning, New York, USA
Falcons (15ml, 50ml) BD Biosciences, Franklin Lakes, USA
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Gene PulserR Electroporation
Cuvettes 0.2 cm gap

Gloves Dermatril P
Inoculating loops
Microtubes (1.2 ml)

Nitrile gloves

Non-tissue culture treated plates (6-
124-well)

Parafilm MR laboratory film
PCR reaction tubes (0.5 ml)

Petri dishes

Bio-Rad Laboratories GmbH, Hercules,
USA

KCL GmbH, Eichenzell, Germany
VWR, Darmstadt, Germany
Alpha Laboratories, Hampshire, UK

Abena A/Sm Aabenraa, Denmark

BD Biosciences, Franklin Lakes, USA
Pechiney Plastic Packaging, Chicago,
USA

VWR International GmbH, Darmstadt,
Germany

Greiner Bio-One, Frickenhausen,
Germany

Pipet tips (10/20/300/1250 pl) Sarstedt AG & Co., Numbrecht, Germany

Reaction tubes (1.5, 2 ml) Sarstedt AG & Co., Nimbrecht, Germany

Round bottom flow cytometry tubes BD bioscience, Franklin Lakes, USA

Screw Cap Micro Tubes Sarstedt AG & Co., Numbrecht, Germany

Sealing foil (ELISA) Alpha Laboratories, Hampshire, UK

Serological Pipets (5 ml, 10ml, 25ml, oo rgte4t AG & Co., Niimbrecht, Germany

50ml)
Stericup/Steritop 0.22 ym filters

Sub-Q syringes (1ml)
Syringe filters (0.2, 0.45 ym)

Syringes (2ml, 5ml, 10ml, 50ml)

Tissue culture-treated plates (6-/12-
124-well, round/flat bottom 96-well)

Tissue culture-treated plates (48-well)

Merck KGaA, Darmstadt, Germany

BD bioscience, Franklin Lakes, USA

TPP Techno Plastic Products AG,
Trasadingen, Schweiz

BD bioscience, Franklin Lakes, USA

BD Biosciences, Franklin Lakes, USA

TPP Techno Plastic Products AG,
Trasadingen, Schweiz

3.3. Reagents and chemicals

Table 4: Reagents and chemicals

Reagent/chemical

Company
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100bp, 1kb DNA ladder
6X loading buffer
7-Aminoactinomycin D (7-AAD)
Acetic acid
Agar-Agar
Agarose
Ampicillin
Bacto Tryptone
Bacto Yeast Extract
Bovine serum albumin
Brilliant blue R 250
DEPC-H.0
Desferrioxamine
DMEM
DMSO
EDTA
Ethanol
Fetal bovine serum
Ficoll-Paque
Gentamycin
Glucose
Glycerol

HEPES
Human serum (HS)

Isofluran

Isopropanol

Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA
Merck KGaA, Darmstadt, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Merck KGaA, Darmstadt, Germany
BD Biosciences, Franklin Lakes, USA
BD Biosciences, Franklin Lakes, USA
Merck KGaA, Darmstadt, Germany
Roth, Karlsruhe, Germany
Thermo Fisher scientific, Waltham, USA
Macrocyclics, Inc, Dallas, USA
Thermo Fisher scientific, Waltham, USA
Merck, KGaA, Darmstadt, Germany
Thermo Fisher scientific, Waltham, USA
Merck KGaA, Darmstadt, Germany
Thermo Fisher scientific, Waltham, USA
Cytiva, Marlborough, USA
Thermo Fisher scientific, Waltham, USA
Roth, Karlsruhe, Germany
Merck KGaA, Darmstadt, Germany

Thermo Fisher scientific, Waltham, USA

Technische Universitat Minchen,
Germany

CP Pharma, Burgendorf, Germany

Merck KGaA, Darmstadt, Germany
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LDS Sample Buffer (4X)
L-Glutamine
Lipofectamine CRISPRMAX
Methanol
MgCl.

NaCl
Non-essential amino acids

Opti-MEM |

PageRuler Prestained Protein Ladder

Paraformaldehyde (PFA)
PBS
PBS powder
Penicilline/Streptomycine
Protamine sulfate
Restriction enzymes
RetroNectin
RPMI 1640
S.0.C. Medium
Skim milk powder

Sodium carbonate (Na>COs)

Sodium hydrogen carbonate
(NaHCO:s)

Sodium pyruvate
Sucrose
Sulfuric acid (1M)
SYBR Safe

Terrific Broth medium

Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA
Merck KGaA, Darmstadt, Germany
Thermo Fisher scientific, Waltham, USA
Merck KGaA, Darmstadt, Germany
Thermo Fisher scientific, Waltham, USA
MP Biomedicals, lllkirch, France
New England Biolabs, Ipewich, UK
Takara Bio, Japan
Thermo Fisher scientific, Waltham, USA
New England Biolabs, Ipewich, UK
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany
Thermo Fisher scientific, Waltham, USA
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Thermo Fisher scientific, Waltham, USA

Thermo Fisher scientific, Waltham, USA
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Trans|T transfection reagent
Trypane blue
Trypsine EDTA (0.5%)
Tween 20

Zombie Green, Zombie Yellow

Mirus Bio LLC, Madison, USA
Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA

Merck KGaA, Darmstadt, Germany

BioLegend, San Diego, USA

3.4. Kits

Table 5: Kits

Reagent

Alt-R Genome Editing Detection Kit

Alt-R HPRT PCR Primer Mix, Human,
2nmol

BD OptEIA Human GM-GSF ELISA
Set

BD OptEIA Human IL-2 ELISA Set
BD OptEIA Human IL-6 ELISA Set

BD OptEIA Human INFy ELISA Set

BD OptEIA TMB Substrate Reagent
Set

DNA blood and tissue kit

DreamTaq Green PCR Master Mix
(2X)

Dynabeads Human T-Activator
CD3/CD28

Dynabeads Untouched Human CD8 T
Cells Kit

FOXP3 Fix/Perm buffer set

HisPur Ni-NTA Spin Purification Kit,
3ml

NEB 5-alpha Competent E.coli

NucleoBond Xtra Maxi EF

Company

Integrated DNA Technologies, Coralville,
USA

Integrated DNA Technologies, Coralville,
USA

BD Biosciences, Franklin Lakes, USA

BD Biosciences, Franklin Lakes, USA
BD Biosciences, Franklin Lakes, USA

BD Biosciences, Franklin Lakes, USA
BD Biosciences, Franklin Lakes, USA
QIAGEN GmbH, Hilden, Germany

Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA

Thermo Fisher scientific, Waltham, USA
BioLegend, San Diego, USA
Thermo Fisher scientific, Waltham, USA

New England Biolabs, Ipewich, UK

MACHEREY-NAGEL GmbH & Co. KG,
Diren, Germany
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Kit

Nucleospin Gel and PCR Cleanup kit

NucleoSpin Plasmid EasyPure

PlasmoTest Mycoplasma Detection

Quick Ligation Kit

MACHEREY-NAGEL GmbH & Co. KG,
Duren, Germany

MACHEREY-NAGEL GmbH & Co. KG,
Duren, Germany

InvivoGen, Toulouse, France

New England Biolabs, Ipewich, UK

3.5. Buffers

Table 6: Buffers

Buffer
25 mM wash buffer

50 mM wash buffer

Blocking buffer
Coating buffer
Coomassie solution

Destain buffer

Elution buffer
Equilibration buffer

FACS buffer

Fix solution

IDTE buffer

Isolation buffer

MES buffer (1X)

Perm buffer

TAE buffer (1X)

Ingredients
PBS + 25mM imidazole

PBS + 50mM imidazole
PBS + 1% (w/v) skim milk
powder

100mM NaHCO3; and 30mM
Na2003 in Hzo, pH 95

1g/1 Brilliant blue, 50% ethanol,
10 % acetic acid in H.O

50% methanol, 10 % acetic acid
in H.O

PBS + 250mM imidazole
PBS + 10mM imidazole

PBS + 1% AFCS
PBS + 25% FOXP3 Fix/Perm
buffer (4X)
10 mM Tris, 0.1 mM EDTA in
H.O
PBS + 2 % AFCS, 2mM EDTA

H20 + 5% MES SDS Running
Buffer (20X) (Thermo Fisher
scientific)

PBS + 10% FOXP3 Perm buffer
10X (BioLegend)

H20 + 10% TAE buffer 10X
(Thermo Fisher scientific)

Application
Nanobody purification

Nanobody purification

ELISA
ELISA
SDS-PAGE

SDS-PAGE

Nanobody purification
Nanobody purification

Flow Cytometry

Intracellular staining
RNP production

T cell isolation

SDS-PAGE

Intracellular staining

Gel electrophoresis
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0.2M Tris, 0.5 mM EDTA, 0.5M

TES buffer sucrose in H,0, pH 8.0 Nanobody purification
Washing buffer PBS + 0.05% (v/v) Tween 20 ELISA
AFCS FCS, heat-lnactlv:j\ted for 20 min various
at 58°C
HS, heat-inactivated for 20 min .
AHS at 58°C various
3.6. Media
Table 7: Media
Medium Ingredients
DMEM supplemented with 10% AFCS, 100 U/ml
cDMEM s .
Penicilline/Streptomycine
RPMI supplemented with 10% AFCS, 2 mM L-Glutamine,
cRPMI 100 U/ml Penicilline/Streptomycine, 1mM sodium

Freezing medium

LB medium

OptiMEM

S.0.C. medium

T cell medium (TCM)

Terrific broth medium
(TB medium)

pyruvate, 10 mM non-essential amino acids
AFCS supplemented with 10% DMSO

10g/l Bacto-Tryptone, 5g/l Bacto-Yeast extract, 10g/I
NaCl and optional 20g/lI Agar-Agar for Agar plates
dissolved in H>O and autoclaved

OptiMEM (Thermo Fisher scientific), no supplements

S.0.C. medium (New England Biolabs), no supplements

RPMI supplemented with 5% AFCS, 5% AHS, 10 mM
HEPES, 2mM L-Glutamine, 1mM sodium pyruvate,
10mM non-essential amino acids, 100 U/ml
Penicilline/Streptomycine, 16ug/ml Gentamycine

Terrific broth (Thermo Fisher scientific) supplemented
with 2 nM MgClz, 0.1% Glucose

3.7. Cytokines

Table 8: Cytokines

Cytokine

IL-2, Human

Company

PeproTech, London, UK
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IL-7, Human PeproTech, London, UK

IL-15, Human PeproTech, London, UK

3.8. Antibodies

Table 9: Antibodies

Target Clone Fluorophore Company/Origin
Polyhistidine- Bio-Rad Laboratories
tag ADIL-10 AR 647 GmbH, Hercules, USA
Human CD2 HIK27 unconjugated
Human CD2 RPA-2.10, OKT11 PE, APC and BioLegend, San Diego,
unconjugated USA
Nanobody 10563 (Nb . VIB Nanobody Core,
Human CD2 563) unconjugated Brussels, Belgium
BD Biosciences,
Human CD3 UCHT1 V500, APC Sl L e, LS
BD Biosciences,
Human CD4 SK3 V40 Franklin Lakes, USA
BD Biosciences,
Human CD7 M-T701 PerCP-Cy5.5. i s e, SR
Nanobody 10215 (Nb . VIB Nanobody Core,
Human CD7 215) unconjugated Brussels, Belgium
Human CD8 SK1 BvV6e05, PE  DoLegend, San Diego,
USA
Human HLA- Novus Biologicals,
B7 BB7.1 APC Centennial, USA
AL, e, Wl BD Biosciences
Isotype control MOPC-21, G155-228 BV605, APC, ; )
Franklin Lakes, USA
PerCP-Cy5.5.
. VIB Nanobody Core,
Isotype control Control Nanobody unconjugated Brussels, Belgium
BD Biosciences,
LS Sle Fe Franklin Lakes, USA
Murine TCR H57-597 FITC and BD Biosciences,
(TCRmu) unconjugated Franklin Lakes, USA
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3.9. Vektors, primers and crRNAs

Table 10: Vektors

Retroviral vector with Ampicillin resistance, containing
pMP71 MPSV-LTR promoter and PRE element from woodchuck
Hepatitis Virus (Engels, Cam et al. 2003).

Primers were dissolved to a concentration of 100uM in DEPC-H,O and were ordered at

Eurofins Genomics, Ebersberg, Germany.

Table 11: Primers

MP71FWD  5-TGAAAATTAGCTCGACAAAG-3 SERLEIENG ST
MP71 REV 5-GTAAATGATTGCCCCACCA-3' Seq“e”ﬁ:gg r?f MP71

CD2 FWD  5-TCAGAATCAAAAGAGGAAACCAAC-3 ' C and Sequencing of
edited CD2 locus

CD2REV  5-ATAGCACCCACACTGAAATAAAGC-3  CRand Sequencing of
edited CD2 locus

The crRNAs and related tracrRNA were purchased from Integrated DNA Technologies,
Coralville, USA.

Table 12: Sequences of crRNAs

CD2-M 5’-CAAGGCAUUCGUAAUCUCUUGUUUUAGAGCUAUGCU-3’
CD2-N 5-CUUGGGUCAGGACAUCAACUGUUUUAGAGCUAUGCU-3’

CD2-O 5’-ACGAAUGCCUUGGAAACCUGGUUUUAGAGCUAUGCU-3




3.10. Cell lines

Table 13: Cell lines

Cell line Characteristics
Retroviral packaging cell line based
293Vec-RD114 on HEK 293
Jurkat E6.1 Human acute T cell leukemia
ML2 Human acute myglomonocytlc
leukemia
ML2, transduced with HLA-B*15:01-
ML2-B15 P2A-GFP
ML2, transduced with HLA-B*07:02-
ML2-B7 P2A-eGFP
NB4 Human acute promyelocytic leukemia
NB4, transduced with HLA-B*15:01-
NB4-B15 P2A-GFP
NB4, transduced with HLA-B*07:02-
NB4-B7 P2A-eGFP
U698M Human B cell lymphoma
U698M, transduced with human CD2-
U698M-CD2 P2A-DsRed

Origin

BioVec Pharma inc.,
Québec, Canada

AG Ruland, Technische
Universitat Minchen,
Germany

The Cabri consortium

Retrovirally transduced
by former lab members

Retrovirally transduced
by former lab members

CLS, Eppelheim, Ger-
many

Retrovirally transduced
by former lab members

Retrovirally transduced
by former lab members

DSMZ, Braunschweig,
Germany

Retrovirally transduced
by former lab members

3.11. Software and webtools

Table 14: Software

Software Company
Microsoft Office 365 Microsoft Corporation, Redmond, USA
FlowJo v10.7.1 Tree Star, Ashland, USA
Graphpad Prism v7 GraphPad Software, Inc., La Jolla, USA
SerialCloner v2.6 Freeware
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EndNote X20 Thomson Reuters, New York City, USA

Table 15: Web-based tools

BLAST - Basic Local
Alignment Search Tool

https://blast.ncbi.nim.nih.gov/Blast.cgi

https://chopchop.cbu.uib.no
(Labun, Montague et al. 2019)

CHOPCHOP
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4. Methods

All centrifugation steps were performed for 5 min at 500gq if not indicated differently.

4.1. Molecular biology

4.1.1. Gel electrophoresis

1-2% agarose gels were prepared by melting the respective amount of agarose in 1x
TAE buffer. SYBR Safe stain was added to the solution (ceno = 1ul/ml) after agarose was
completely dissolved. For hardening, the solution was poured into a tray with proper
combs. Samples were prepared by adding 6x loading buffer before loading them on the
solid gel. Also, 7ul of appropriate DNA ladder was loaded on the gel. The gel was run for
30-60 min at 100V in 1X TAE buffer.

4.1.2. Purification of DNA fragments

Gel was checked for appropriate fragments, which were cut out and purified using
NucleoSpin Gel and PCR clean-up Kit as stated in manufacturer’s instructions. DNA was
eluted with 20ul of DEPC-H-0, followed by checking the concentration on the NanoDrop
ND-1000.

4.1.3. Restriction digest
For cloning purposes, backbone vector and the purified DNA fragment of interest were
digested with the restriction enzymes Notl and Sall. The following amounts in the table

(Table 17) were used for the set-up.

Table 16: Reaction mix for restriction digest

DNA 1ug
10x CutSmart buffer 5ul
Notl 1l (10 units)
Sall 1l (10 units)
DEPC-H.0 to 50l

The mix was incubated for 2 h at 37°C. After digestion, backbone was separated by gel

electrophoresis (4.1.1) and purified as described above (4.1.2).
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4.1.4. Ligation of DNA fragments
The purified DNA fragments from restriction digestion were ligated with the backbone

vector in a 3:1 ratio using Quick ligase in the following reaction mixture.

Table 17: Reaction mix for ligation

Backbone vector 0.05pmol
Insert DNA 0.15pmol
Quick Ligase reaction 100l
buffer (2x)
Quick Ligase 1ul
DEPC-H.0 to 20ul

For calculation of molar ratios, the ensuing approximation formula was used.

m(DNA (g))

618 g g
mol X bp + 36mol

n(DNA (mol)) =

length of DNA (bp) X

The mix was incubated for 5 minutes at room temperature and then used for subsequent

transformation or stored at -20°C for later use.

4.1.5. Chemical transformation of E.coli

For transformation of vectors, chemically competent E.coli (NEBS5a) were used.
Therefore, bacteria were thawed on ice, and 2l of the ligation mixture were directly
added to 25yl of bacteria and incubated for 30 minutes on ice after pipetting up and
down. The suspension was heat shocked at 42°C for 30 seconds, and then 475ul of SOC
media was added to the tube. After shaking the bacteria for 60 minutes at 37°C, 100l
of the mixture were spread on prewarmed agar plates with Ampicillin (ceno = 100ug/ml)

and incubated overnight at 37°C.

4.1.6. Plasmid purification from bacterial culture

Single colonies of previously transformed and plated E.coli were picked and transferred
to 3ml of LB-medium containing Ampicillin (ceno = 100pg/ml). After overnight culture at
37°C in a shaker, 2ml of bacterial culture were purified using NucleoSpin Plasmid
EasyPure (Macherey-Nagel) as stated in manufacturer's instructions. Gel
electrophoresis was used for analysis of purified vectors. Vectors with correct length

were then sent for Sanger sequencing. When large-scale amplification was needed, re-
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transformation was performed with vectors containing the confirmed sequence as
described above (4.1.5). Single colonies were picked and inoculated in 300ml of LB-
medium overnight. Vector was purified from culture using NucleoBond Xtra Maxi EF

(Macherey-Nagel) according to manufacturer’s recommendations.

4.1.7. Polymerase chain reaction (PCR)
Amplification of gene sections was performed with DreamTaq Green PCR Master Mix

2X (Thermo Fisher scientific).

Table 18: Reaction mix for PCR

DreamTaq Green PCR

Master Mix (2X) 254l
Forward primer (10uM) 1ul
Reverse primer (10uM) Tl

DNA template 100ng
DEPC-H20 to 50ul

Reaction mix was set up as described in the table above and transferred into 0.5mlI PCR
tubes. Polymerization was performed in a T-Gradient Thermocycler with the following

settings depending on the individual primer melting temperature (Tw).

Table 19: Thermocycler settings for PCR

Denlg’sgfz;tion 95°C min 1
Denaturation 95°C 30s

Annealing Tw-5°C 30s 30
Extension 72°C 1min

Final extension 72°C 5min 1

4.1.8. Isolation of genomic DNA

For Isolation, approximately 2 million cells were harvested and washed with PBS. The
extraction was performed using DNA blood and tissue kit (Qiagen) as stated in
manufacturer’s instructions. For Elution, 50ul of DEPC-H20 was used, and

concentration was determined on NanoDrop ND-1000.
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4.2. Cell culture

Cell culture work was performed under sterile conditions and regularly checked for
mycoplasma contamination using PlasmoTest Mycoplasma Detection Kit according to

manufacturer’'s recommendations.

4.2.1. Cultivation of cell lines

For cultivating suspension cell lines, cRPMI was used, and cDMEM was used for
adherent cell lines. Every 3 to 4 days, cells were split regularly unless color of medium
signaled change in pH and depleted medium. For splitting adherent cell lines, cells were
washed once with PBS and incubated with Trypsine/EDTA for 4-5 minutes at 37°C. Cells
were then resuspended with additional medium and centrifuged. After discarding the
supernatant, cells were resuspended in respective medium. RD114, as semi-adherent
cell line, was mechanically detached either by clapping the flask or by rinsing the bottom

multiple times with medium.

4.2.2. Counting of cells

Cells were counted weekly in a Neubauer chamber. Before counting, cells were checked
in the flask under the light microscope. For counting, 20ul of cell suspension was mixed
with 80yl of Trypane blue solution and carefully pipetted on the Neubauer chamber. Each
corner was counted under the light microscope, and cell density was calculated using

the following formula:

cells (number of counted cells) o
cezzs< ) = X 5 (dilution factor) x 10000

ml 4

4.2.3. Freezing and thawing of cells

Before freezing, cells were checked for good viability. Afterwards, cells were centrifuged
and resuspended in 1ml of freezing medium. Cell suspension was then transferred to a
cryovial and placed in a freezing container containing isopropyl alcohol. After keeping
them overnight at -80°C, cryovials were transferred in liquid nitrogen to provide high
recovery under long-term storage.

Frozen cell suspensions were quickly thawed in the cryovials using a water bath at 37°C.
When cell suspension was melted, it was transferred into 10ml of medium. After
centrifugation and discarding the supernatant, cells were resuspended in appropriate

medium.
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4.2.4. Isolation of primary cells

For purification of peripheral blood mononuclear cells (PBMC), blood was drawn from
healthy donors according to safety and ethical requirements from local authorities.
Syringes were previously prepared with EDTA for anticoagulation of blood. The PBMC
were isolated by density gradient centrifugation. Thus, the blood was diluted 1:1 with
RPMI and carefully overlaid on 15ml of Ficoll solution in a 50ml falcon. Any disturbance
of the two layers was avoided. The leukocyte interphase was delicately collected after a
centrifugation step for 25 minutes with no brake at 880g. Cells were washed twice with

RPMI to remove residual Ficoll and used for subsequent experiments.

4.3. Gene transfer and gene editing techniques

Safety regulations according to S2 guidelines were respected during gene transfer and

gene editing.

4.3.1. Isolation of untouched CD8+ T cells

The isolation was done by negative selection of CD8+ cells with the Dynabeads
Untouched Human CD8 T cell Kit (Thermo Fisher) according to manufacturer’s
recommendations. Therefore, 1 x 108 PBMC were resuspended in 1ml of isolation buffer.
After adding 200l of FBS and antibody mix each, the cells were incubated in the fridge
for 20 min at 4°C. Then the cells were washed once and centrifuged for 8 min at 350g.
After the supernatant had been discarded, the cells were resuspended in 1ml of isolation
buffer and 1ml of Dynabeads, which had been washed previously according to
manufacturer’'s recommendations. The cells were then incubated on a rotator for 15 min
at room temperature. 8ml of isolation buffer was added to the cell suspension and mixed
gently by pipetting up and down several times. The tube containing the cell suspension
was placed in a magnet for 2 min until all of the cell-bound Dynabeads were attached to
the wall of the tube. The supernatant with the CD8+ cells was transferred to a new tube,
and the residual beads were resuspended in 8ml of isolation buffer for a second round
of separation in the magnet. Both supernatants, including the CD8+ T cells, were

combined and used for downstream applications.

4.3.2. Activation of CD8+ T cells

Freshly isolated CD8+ T cells were seeded at 1 x 10° cells/ml in TCM. CD3/CD28 beads
(Thermo Fisher) were used for activation after being washed according to manufacturer’s
recommendations and resuspended in TCM. Thus, 25ul of beads per 1 x 10° cells were

mixed with the cell suspension, and hlL-2 was added to a concentration of 30 U/ml. After
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incubating for 2 to 3 days in a flask at 37°C, suspension was mixed thoroughly, and
beads were removed via magnetic separation. Cells were then used for retroviral

transduction.

4.3.3. Production of retroviral particles

RD114, as a packaging cell line, was used to synthesize the retrovirus. 75 x 10* cells
were seeded in a treated 6-well plate in 3 ml cDMEM. The confluency was checked under
the light microscope after 3 days and aimed at roughly 60%. For the transfection, 3ul of
the transfection reagent TransIT was added to 200ul of DMEM and incubated for 20
minutes at room temperature. Afterwards, 1ug of the retroviral plasmid with the gene of
interest was added. The solution was mixed carefully and incubated at room temperature
for 30 min. The medium of the RD114 was changed without letting the cells detach, and
then the transfection solution was added dropwise on the adherent cells and incubated
at 37°C for at least 2 days.

4.3.4. Transduction of CD8+ T cells and cell lines

RetroNectin-coated 24-well plates were used for the transduction as an enhancer of
gene transfer. The final concentration of RetroNectin was 12,5ug/ml, of which 400 pl
were added to each well for coating non-tissue culture treated 24-well plates. After
sealing plates with Parafilm, they were incubated overnight at 4°C. RetroNectin solution
was removed, and the plates were blocked with 500pl of filtered PBS + 2% BSA at 37°C
for 30 min. For washing of plates, PBS with 2.5% of HEPES was used. After 2 steps of
washing with 1ml of the solution, the plates were sealed and stored at 4°C until needed

for transduction.

1ml of supernatant containing the retrovirus per 1 Mio of cells was carefully harvested
as the remaining supernatant was used for a second round of transduction. After filtering
through a 0.45 pym filter, the supernatant was supplemented with HEPES (ceno = 5mM),
hIL-2 (ceno = 100 U/ml), and Protamine sulfate (ceno = 4 pg/ml). These concentrations
refer to the final volume Venp = 2ml/well. 1ml of activated CD8+ T cells (see above 4.3.2)
with 1 x 108 cells/ml density with 1ml of supplemented retroviral supernatant were added
to the RetroNectin-coated plates. Plates were then centrifuged at 820g and at 32°C for

90 minutes without break.

Plates were incubated overnight at 37°C. Cells were harvested, washed, and split into
two wells of a new coated plate. Retroviral supernatant was prepared similarly as

described for round one and was added to the cells. Transduction was equally
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performed. After overnight incubation, cells were harvested from wells, centrifuged, and
expanded in TCM, supplemented with hIL-7 and hIL-15, each diluted to a final

concentration of S5ng/ml.

Transduction was performed similarly for suspension cell lines. As indicated, 1 million of
cells were seeded in a 24-well plate coated with RetroNectin in 1ml of cRPMI

supplemented with HEPES and Protamine sulfate.

4.3.5. Preparation of ribonucleoproteins (RNP) for CRISPR/Cas9 knockout

Preparation and transfection methods are based on manufacturer's instructions.
Therefore, crRNA and tracrRNA were resuspended and diluted in IDTE buffer to a final
concentration of 200uM. gRNA was produced by mixing crRNA and tracrRNA in an
equimolar ratio to a duplex concentration of 100uM. Mixture was incubated for 5 min at
95°C and was then allowed to cool down at room temperature. According to the following
table, previously produced gRNA was mixed with Cas9 enzyme in PBS to form the

ribonucleoprotein complex.

Table 20: Reaction mix for RNP complex

gRNA (100uM) 12l
Cas9 enzyme (62uM) 16.7ul
PBS to 50l

After incubation for 20 minutes at room temperature, complex was kept on ice until use.

4.3.6. Electroporation of Jurkat E6.1 cells

1 million cells for each electroporation were washed twice with PBS, resuspended in 75l
of PBS, and kept on ice. 20ul of RNP complex (see 4.3.5) were mixed with the cell
suspension and immediately transferred to pre-cooled cuvettes. Electroporation was
performed with a single pulse at 250V and 2ms of pulse width. Cells were transferred
into 2ml of cRPMI medium in a 12-well tissue culture plate and checked for knockout

rates after 3 days.

4.3.7. Lipofection of Jurkat E6.1 cells
Lipofectamine CRISPRMAX Cas9 Transfection Reagent (Thermo Fisher scientific) was
used for lipofection. 3 different gRNAs were used for preparation of RNPs. The

preformed RNP complexes (4.3.5) were diluted with IDTE buffer in a ratio of 1:20. For
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lipofection RNPs were used in the transfection mix according to the following table for

each well.

Table 21: RNP mixture for lipofection

RNP 1.5ul each
Cas9 PLUS Reagent 0.6l
Opti-MEM media to 254l

Mix was incubated for 5 min at room temperature. 1.2ul of CRISPRMAX transfection
reagent was diluted in 23.8ul of Opti-MEM media and combined with the RNP mixture
(Table 6). Transfection complex was then incubated for 20 min at room temperature, and
50ul of transfection complex were added into each well in a 96-well plate. Cells were
diluted in cRPMI to a concentration of 0.4 x 108 cells/ml, then 100yl of cell suspension
were added to transfection complex in the 96-well plate. After 2 days of incubation, cells

were checked for knockout rates.

4.3.8. T7El endonuclease assay

T7El endonuclease assay was performed using Alt-R Genome Editing Detection Kit
(Integrated DNA Technologies) to detect on-target genome editing events according to
manufacturer’s instructions. Genomic DNA of transfected cells (see 4.3.7. and 4.3.8) was
isolated as described in section 4.1.8. and the region of interest was amplified via PCR
(4.1.7.). Reaction mix for forming heteroduplexes was set up according to the following
table.

Table 22: Reaction mix for heteroduplex formation

PCR product 10ul
T7EI Reaction Buffer ol
(10X) H
DEPC-H,O 6l

Formation was then performed in a thermocycler using a ramp protocol following the
settings in the table (Table 23).
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Table 23: Thermocycler settings for heteroduplex formation

Denaturation 95°C 10min -
Ramp 1 95°C-85°C - -2°Cls
Ramp 2 85°C-25°C - -0.3°C/s

Heteroduplexes were mixed with 2ul of T7 endonuclease | (c= 1U/ul) and incubated for

60 min at 37°C. Digested products were analyzed by gel electrophoresis (4.1.1.).

4.3.9. Generation of stable cell lines by limiting dilution

After gene editing or transduction, stable cell lines containing the desired modifications
were generated by limiting dilution. Thus, cells were diluted to a final concentration of
2.5 cells/ml in appropriate medium, and 200ul of cell suspension per well were
transferred to a 96-well U-bottom plate. Cells were regularly checked under light
microscope for proliferation, and clones were harvested after 10 to 14 days. Clones were
checked for modifications by flow cytometry analysis and Sanger sequencing after PCR

amplification (4.1.7.) of genomic DNA.

4.4. Flow Cytometry techniques

LSRII or BD FACSCanto Il (BD Bioscience) was used for sample acquisition. Analysis

of data was done using FlowJo software (TreeStar).

4.4.1. Staining of surface markers

0.2 to 0.5 million cells were washed and resuspended in FACS buffer. For staining, 1l
of each antibody was added to samples, as well as 0.5ul of 7AAD (ceno= 0.5 mg/ml)
when separation of dead cells was wished. After 20 min of incubation at 4°C, cells were
washed with FACS buffer and stored at 4°C in the dark until use.

4.4.2. Staining of CD2 and CD7 with Nanobodies

For staining, 0.5 million cells were washed and resuspended in FACS buffer. Then
respective Nanobody was added (cenp= 10 pg/ml) to the suspension. The cells were
incubated for 60 minutes at 4°C, washed 3 times, and resuspended in FACS buffer. 1l
of histidine-tag antibody was added and incubated for 60 minutes in the dark at 4°C.

After washing the cells, samples were kept at 4°C until analysis.
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4.4.3. Intracellular staining

The FOXP3 Fix/Perm buffer set (Biolegend) was used to stain the intracellular marker
myeloperoxidase for quantification of its expression. Therefore, Fix solution and Perm
buffer were prepared according to manufacturer's recommendations. Before the
intracellular staining, staining of surface molecules was done if needed. Cells were then
resuspended in 200pl of Fix solution and incubated for 45 minutes in the dark at room
temperature. After two steps of washing using 200ul of Perm buffer for each step, 1pl of
antibody was added to cells and incubated for 40 minutes in the dark at room
temperature. Cells were washed with Perm buffer, resuspended in FACS buffer, and

kept at 4°C in the dark until acquisition.

4.4.4. Evaluating thermal stability of Nanobodies

Nanobodies were tested for heat resistance by incubating them at different temperatures
for several periods, followed by analysis of residual binding capacity using Flow
Cytometry. Thus, Nanobody was incubated at 37°C, 60°C, and 90°C for 0.5h, 1h, 2h, 4h,
and 6h. Nanobody kept at 4°C, was used as a reference. After incubation, Nanobody
was held at 4°C until used for staining. 0,2 million of Jurkat E6.1 per well were washed
and seeded in a 96-well plate using FACS buffer. Then Nanobody was added to the cell
suspension (ceno = 5nM) and incubated for 60 min at 4°C. Cells were washed 3 times
with FACS buffer. Afterwards, 1ul of histidine-tag antibody was added into each well.
After incubation for 60 minutes at 4°C in the dark, cells were washed and resuspended

in FACS buffer for analysis by Flow Cytometry.

4.4.5. Specificity analysis via epitope blocking

Nanobody 563 was checked for target specificity by epitope blocking. Therefore, CD8+
T cells were washed and incubated with different CD2-specific antibodies for 60 minutes
at 4°C. After washing, the different conditions were stained with Nanobody 563 as

described above and analyzed in Flow Cytometer.

4.5. Analysis of T cell functionality

4.51. Co-incubation of tumor and T cells

CD8+ T cells were transduced with respective TCR as described above (4.3.4). 20,000
T cells were cocultured with tumor cells in a 96-well round bottom plate with an effector
to target ratio of 1:1 and 3:1 in 200ul of TCM in triplicates. After 4h or 24h of co-

incubation, plates were centrifuged, and 150pl of supernatant was harvested without
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disturbing the pellet. Supernatant was either used for immediate analysis or frozen at

-20°C for later use.

4.5.2. Determination of cytokine levels by ELISA

Previously harvested supernatant from coculture (4.5.1) was used to analyze cytokine
levels. BD OptEIA Human IFN-y, GM-CSF, IL-2, or IL-6 Elisa Set (BD Bioscience) were
used according to manufacturer's recommendations with slight adjustments. ELISA
plates were coated with respective capture antibody in a 1:250 dilution with Coating
buffer. After incubation overnight at 4°C, plates were washed 3 times with washing buffer,
and blocking buffer was added, followed by 1h of incubation at room temperature. Plates
were washed 3 times, then 50ul of supernatant in an appropriate dilution, and 50 pl of
standard solutions were added to each plate. For standards, a starting solution with a
concentration of 1000 pg/ml in TCM was prepared, and a serial 1:1 dilution was
performed until a final concentration of 31.25 pg/ml was reached. Also, a blank control
was set. Plates were incubated for 1h at room temperature and then washed 5 times
before detection antibody and enzyme conjugate were added in a 1:250 dilution in
blocking buffer. After incubation for 1h at room temperature, plates were washed 7 times.
Solutions from BD OptEIA TMB Substrate Reagent Set (BD Biosciences) were mixed in
equal amounts, and 100ul per well were added to plates, followed by incubation for 15
to 30 minutes at room temperature in the dark. Substrate reaction was ended by adding
50ul of sulfuric acid when standard dilutions were entirely visible. Glomax Discover

Microplate Reader was used at 450nm with 560nm as a reference for readout.

4.6. Production, purification, and labeling of Nanobodies

4.6.1. SDS-PAGE

For evaluation of protein purity, SDS-PAGE was performed using NUPAGE Bis-Tris Mini
Gel (Thermo Fisher scientific). Electrophoresis cell was set up with gel and filled with 1X
MES buffer. 30ul of each sample was mixed with 10pl of 4X Dye Agent and incubated
for 5 min at 95°C. Then 20ul of sample mix and 7ul of prestained protein ladder were
loaded into the gel pockets. After running for 30min at 200V, gel was stained for 1h in
Coomassie solution. Gel was then kept in Destaining buffer overnight and scanned the

next day.

4.6.2. Production of Nanobodies in bacterial culture
Nanobody 10215 and 10563 sequences containing a polyhistidine-tag were cloned into

pHENG6c vector and transformed into WK6 E.coli strain by previous lab members.
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Respective glycerol stocks were used for preparing bacterial culture. Therefore, bacteria
were scraped carefully with a pipette tip from glycerol stock and spread on agar plates
with ampicillin (ceno = 100ug/ml) and 1% glucose. Plates were incubated overnight at
37°C. Then a single colony was picked and transferred into 10ml of LB medium with
ampicillin (ceno = 100pg/ml) and 1% glucose. Pre-culture was incubated overnight at
37°C and 250rpm. TB medium was supplemented with Ampicillin (ceno = 100ug/ml) for
large-scale culture. 660ml of supplemented TB medium was added to a 2| baffled shaker
flask and mixed with 2ml of the pre-culture. Culture was shaken at 37°C and 250rpm
until ODeoo was between 0.6 and 0.9. Then expression of Nanobody was induced by
adding IPTG (ceno = 1mM). Culture was incubated overnight in a shaker at 28°C and 250

rpm until ODeggo was between 25 and 30.

For extraction of Nanobody from periplasm, culture was centrifuged for 8min at 800g,
and the supernatant was discarded. The pellet from 200ml of culture was then
resuspended with 8ml of TES and shaken on ice for 1h. 12ml of TES diluted in a 1:4 ratio
with DEPC-H,O was added to the solution. After shaking for 1h on ice, solution was
centrifuged at 4000g for 30min at 4°C, and the clear supernatant was carefully removed.

The supernatant was used immediately for his-tag purification or frozen at -20°C.

4.6.3. His-tag purification of Nanobodies

For purification of Nanobodies HisPur Ni-NTA Kit, 3ml (Thermo Fisher scientific) was
used following the manufacturer's recommendations with minor modifications. Briefly,
necessary buffers (Equilibration buffer, 256mM and 50mM Wash buffer, and Elution
buffer) were prepared by diluting Imidazole in PBS to different concentrations. Columns
were centrifuged to remove storage buffer and then primed by adding 6ml of equilibration
buffer. After centrifugation, supernatant from bacterial culture (see 4.1.10) was added to
columns and incubated for 30 mins at 4°C on a rotator. Columns were centrifuged and
then washed 3 times. Every washing step was performed with 6ml of Wash buffer, and
columns were centrifuged after every step. The first 2 washing steps were performed
with 25mM Wash buffer and the last with 50mM Wash buffer. Afterwards, Nanobodies
were eluted from resin by adding 3ml of Elution buffer and centrifugation of columns.
This step was repeated 3 more times, keeping each flowthrough fraction in a separate
tube. Purity was analyzed via SDS-PAGE as described above (4.1.9), and SE-HPLC

was kindly done by our partner Dr. Lisa Russeli from nuclear medicine.
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4.6.4. Concentration and buffer exchange

When purity of each elution fraction was confirmed, fractions were pooled. Amicon Ultra
— 15 Centrifugal Filter Device (Merck) was used for concentration and buffer exchange
of Nanobodies according to manufacturer’s instructions. Thus, devices were rinsed with
PBS once, and samples were added to the reservoirs. Columns were centrifuged for
60min at 4000g at 8°C. 15ml of PBS were pipetted to the reservoir of the devices and
again centrifuged as described before. The remaining solution in the reservoir containing
the concentrated Nanobody in PBS was removed. Prior to downstream applications or
freezing at -80°C for long-term storage, concentration was measured on the NanoDrop
ND-1000.

4.6.5. Conjugation and labeling of Nanobodies

Nanobodies were conjugated with NOTA (1,4,7-Triazacyclononane-1,4,7-triacetic acid),
which was used as a chelator for Gallium-68 (¥GA). Conjugation and labeling were kindly
performed by our partner Dr. Lisa Russeli from nuclear medicine according to the

protocol of Cleeren and colleagues (Cleeren, Lecina et al. 2018).

4.7. Production and labeling of F(ab’). fragments

4.7.1. Digestion of aTCRmu-lgG

According to manufacturer's recommendations, unconjugated IgG antibodies were
digested with Pepsin ensuing Protein-A purification using Pierce F(ab’). Preparation Kit
(Thermo Fisher scientific). Purity and fragmentation were confirmed by SDS-PAGE
(4.6.1). After determination of concentration on NanoDrop ND-1000, F(ab’), was stored

at 4°C until use.

4.7.2. Conjugation and labeling of aTCRmu-F(ab’).

Our partner from nuclear medicine Dr. Lisa Russeli performed conjugation and labeling
of F(ab’).. Therefore, a derivate of DFO (p-isothiocanatobenzyl of desferrioxamine B)
was used as a chelator for Zirconium-89 (3°Zr). Buffer of the F(ab’), solution was
exchanged against sodium bicarbonate (pH 9) (4.6.2.). DFO, dissolved in DSMO (ceno=
5mM), was added in a 3:1 ratio to the protein solution, containing at least 2mg of
antibody, in a total volume of 500ul. The mixture was incubated for 30min at 37°C, and
the conjugated antibody was purified via size exclusion chromatography. Elution was
done with 2.5mM sodium acetate (pH 4.9-5.5). Labeling procedure was based on the
protocol of (Perk, Vosjan et al. 2010). 100ug of the previously conjugated F(ab’), was
added to 37MBq %Zr in 1M oxalic acid, adjusted with 0.5M HEPES and 2M sodium
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carbonate in a total volume of 1ml. The F(ab’); was then incubated and purified by size

exclusion chromatography in 25mM sodium acetate/5mg/ml gentisic acid (pH 5.5).

4.8. Mice experiments

Mice were kept in the institutional facilities following the guidelines and requirements of

local authorities. For the experiments, mice were between 8 and 12 weeks old.

4.8.1. ML2 tumor model

For mice experiment, ML2-B7 and ML2-B15 cells were used. Therefore, cells were
washed and resuspended in PBS. 20 million cells in 200ul of PBS were injected
subcutaneously into the flanks for rejection studies or into the scapular regions for
imaging purposes. ML2-B7 were injected into the right side, and ML2-B15 into the left
flank. Tumor size was determined via caliper measurement and indicated as length x

width of tumor.

4.8.2. T-cell transfer

Transgenic T cells were injected intravenously for rejection studies or intratumorally for
imaging purposes. For intravenous injection, cells were washed and resuspended in PBS
at 5x107 cells/ml. 200ul of cell suspension were injected after 7 days of tumor cell
injection (4.8.1.) into tail veins of mice. For intratumoral injection, T cells were washed
and resuspended in PBS. 20pl of suspension containing 20 million T cells were then

injected intratumorally.

4.8.3. Tracer application
For rejection study, respective unconjugated tracers were diluted in PBS at 100ug/ml. 3
days after T cell injection (4.8.2.), 200yl of tracer solution were injected into tail veins of

mice.

For imaging purposes, either 1.6MBq of 8Zr-aTCRmu-F(ab’), or 10.5MBq of %Ga-
aCD2/aCD7-Nb in 200ul of PBS were injected intravenously 2 days after T cell injection.

4.8.4. PET/MRI imaging

Imaging was kindly performed by the nuclear medicine department's preclinical imaging
team (Markus Mittelhduser, Sybille Reder, Hannes Rolbieski). The Mediso PET/MRI was
used for imaging, and the mice were anesthetized using 1.5% isoflurane. The mice were
imaged 48h after 8Zr-aTCRmu-F(ab’), injection or 1h after %8Ga-aCD2/aCD7-Nb

injection. First, coronal MRI was acquired for 10 minutes, then a static PET scan was
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performed for 20 minutes in the same bed position. Images were fused, and acquired

data were normalized for decay.

4.8.5. Analysis of biodistribution

Mice were sacrificed after imaging for biodistribution analysis. Thus, organs, tumors, and
blood samples were removed and weighed separately. Residual activity of models and
standard (injected activity diluted 1:100) was measured with a gamma counter. The
uptake was calculated as injected dose per gram and expressed as a percentage

(%I1D/g) for comparison.

4.8.6. Flow cytometry analysis of mouse samples

Tumors and organs were mashed using a 40um cell strainer. Blood samples were
centrifuged, and cells were then resuspended in ACK lysis buffer for removal of
erythrocytes. After 5min of incubation, cells were centrifuged and resuspended in FACS

buffer. Single cells were stained as described above (4.4.1).

4.9. Statistics

Results were checked for statistical significance with a Mann-Whitney test (two-tailed,
non-parametric test) using Graphpad Prism v7. If possible, results are indicated as a

mean with standard deviation.

All data were acquired in collaboration with Dr. Dario Gosmann, data from in vivo tumor
rejection study were additionally acquired with Theresa Kasbauer. Data concerning the
purity of Nanobody and imaging experiments were gained additionally in cooperation

with Dr. Lisa Russeli.
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5. Results

5.1. Characterizing transgenic T cells and respective tumor cells

As a TCR/antigen model, the TCR2.5D6 recognizing the MPOs peptide derived from the
myeloperoxidase (MPQO) characterized by former lab members (Klar, Schober et al.
2014) was used. The TCR2.5D6 contains a constant murine beta chain and is restricted
to the HLA-B7. CD8+ T cells were isolated from PBMC of healthy donors. Afterwards,
the construct TCR2.5D6-T2A-iRFP was retrovirally transferred into T cells. To evaluate
transduction rates and expression of the transferred TCR, T cells were analyzed by flow
cytometry with an anti-TCRmu antibody targeting the constant murine beta chain and

checking for iRFP signal (Figure 1).
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Figure 1: Characterization of TCR2.5D6 transduced T cells
Representative flow cytometry analysis of TCR2.5D6-T2A-iRFP transduced CD8+ T cells. T cells were extracellularly

stained after transduction with a monoclonal anti-TCRmu antibody conjugated with FITC.
(A) TCRmu expression of transduced (blue histogram) and untransduced (orange histogram) CD8+ T cells
(B) Correlation of TCRmu and iRFP expression in transduced CD8+ cells
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The acute myeloid leukemia cell line ML2 and the acute promyelocytic leukemia cell line
NB4 were used as respective tumor cells. Both cell lines expressing myeloperoxidase
endogenously were missing the corresponding HLA-B7 for the TCR2.5D6 (Klar, Schober
et al. 2014) (Hu, Ma et al. 1993). Cells were retrovirally transduced with the construct
HLA-B*07:02-P2A-eGFP. As a control and to exclude any impact of transduction
procedure on T cell reactivity, cells were also transduced with a mismatched HLA
construct, the HLA-B*15:01-P2A-eGFP. Former lab members performed transduction of
tumor cells and generation of stable cell lines. Cell lines were analyzed for quantitative
expression of antigen and HLA. Cell lines were intracellularly stained for MPO with the
lymphoblastic lymphoma cell line U698M as a negative control (Figure 2A) (Hu, Ma et

al. 1993). HLA expression was determined by extracellular staining (Figure 2B).
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Figure 2: Quantification of antigen and HLA expression in transduced cells

Flow cytometry analysis of transduced tumor cells. Cells were intracellularly stained with an anti-MPO antibody conjugated
with FITC for figure A and extracellularly stained with an anti-HLA B7 antibody conjugated with APC for figure B. Mean
fluorescent intensity (MFI) was used for quantification of marker expression after gating for positive FITC or APC signal.
(A) Intracellular MPO staining of different cell lines. U698M was used as a negative control.

(B) Extracellular HLA B7 staining of retrovirally transduced tumor cells. ML2 B15 was used as a negative control.

Data and figures were generated in cooperation with Dr. Dario Gosmann

Both tumor cell lines showed high levels of MPO expression. Regarding HLA B7
expression NB4-B7 showed much higher levels than ML2-B7.

5.2. Evaluation of Nanobody purity

Target-specific Nanobodies were derived from immunized llamas by VHH phage display
library construction and following biopanning done by the VIB Nanobody Core in
Brussels. Cloning the Nanobody sequence into a pHENG6c vector performed by former
lab members resulted in a polyhistidine-tag fusion protein. Polyhistidine-tag was used for
purification via immobilized metal affinity chromatography after production of

Nanobodies in bacterial culture. In the first step, purity was assessed by SDS-PAGE.
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Figure 3: SDS-PAGEs of elution fractions from Nanobody purification

Representative SDS-PAGEs from Nanobody purification are shown. After production in bacterial culture Nanobodies
were purified with immobilized metal affinity chromatography. The elution fractions at the end of the procedure were kept
separately and loaded onto a gel for evaluation of purity in SDS-PAGE. Size of proteins in elution fractions (E1-E4) were
compared to a standard protein ladder.

(A) SDS-PAGE after purification of CD2-specific Nanobody 10563

(B) SDS-PAGE after purification of CD7-specific Nanobody 10215

Data and figures were generated in cooperation with Dario Gosmann

Only one band was visible in every elution fraction with an estimated size of about 15kD.

Bands correspond to the respective molecular weight of Nanobodies (15.4-15.6kD)
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Figure 4: Size-exclusion HPLC of Nanobodies

Representative chromatograms are shown for both Nanobodies after purification. Elution fractions of immobilized
metal affinity chromatography were pooled after purity confirmation in SDS-PAGE for further evaluation. Pooled
elution fractions were then loaded into the HPLC column and analyzed for protein contaminations by absorbance
measurement in a spectrometer over time.

(A) Chromatogram of pooled elution fractions of CD2-specific Nanobody 10563

(B) Chromatogram of pooled elution fractions of CD7-specific Nanobody 10215

Data and figures were generated together with Dr. Dario Gosmann, Theresa Kasbauer and Dr. Lisa Russeli

(Figure 3). SDS-PAGE showed high purity of each cleaned-up Nanobody.
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When SDS-PAGE indicated high purity, respective fractions were pooled, and samples
were used for size-exclusion HPLC. High purity after clean-up was confirmed by HPLC,
excluding any protein contaminations which could interfere with following experiments
(Figure 4).

5.3. Confirming target specificity of CD2-specifc Nanobody 10563

Respective Nanobodies were investigated as pan T cell markers for specificity of human
CD2 and CD7 detection. Target specificity is crucial for imaging and monitoring
purposes. Therefore, it was intensively evaluated. Former lab members already
confirmed the specificity of our CD7-specific nanobody (CD7-Nb). For verification of
target specificity for our CD2-specific Nanobody (CD2-Nb), modified assays were

required compared to the process of CD7-Nb.

As a first step, the lymphoblastic lymphoma cell line U698M, missing endogenous CD2
expression, was retrovirally transduced with the construct CD2-P2A-DsRed. A stable cell

line expressing the surface marker was then generated by limiting dilution.
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Figure 5: Specificity testing on CD2 transduced tumor cells
Binding was investigated on CD2 transduced U698M cells by flow cytometry. The non-endogenously CD2-expressing

cell line U698M was therefore retrovirally transduced with CD2. Cells were then extracellularly stained for CD2 either with
the control anti-CD2 antibody RPA-2.10 conjugated with APC or our unlabeled CD2-Nb followed by an anti-histidine-tag
antibody targeting the polyhistidine-tag in our nanobodies conjugated with AF647.

(A) Dot plot analysis of U698M cells after CD2-specific Nanobody and subsequent histidine-tag antibody incubation

(B) Dot plot analysis of U698M cells after incubation of control anti-CD2 antibody (RPA-2.10) conjugated with APC

Data and figures were generated in cooperation with Dario Gosmann

Binding of Nanobody on transduced U698M cells was then tested by flow cytometry. As
a control, a CD2 specific antibody (RPA-2.10) was used. Both nanobody and positive
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control showed good binding to DsRed-positive tumor cells, first proving target

specificity.

CD2 binding was tested by epitope blocking on T cells to confirm target specificity
(Mayer, Mall et al. 2018). Different commercial anti-CD2 clones were tested for blocking
efficiency. For most of them, inhibition of Nanobody binding was not possible. Only for
the clone HIK27 a partial shift in binding efficiency was visible in flow cytometry. This
clone is specific for the T11.2 epitope on the CD2 protein (van Kemenade, Tellegen et
al. 1994), which is one of 3 mainly described epitopes for the CD2 antigen (Brottier,
Boumsell et al. 1985, Hunig, Tiefenthaler et al. 1987, Peterson and Seed 1987).
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Figure 6: Epitope blocking with HIK27
CD2-Nb binding was tested on T cells before blocking (blue plot) and after blocking (red plot) was performed. For the

unblocked condition T cells were stained with our unlabeled CD2-Nb followed by an anti-histidine-tag antibody targeting our
nanobodies conjugated with AF647. In the blocked setting T cells were first incubated with the anti-CD2 antibody HIK27 and
after washing stained with our CD2-nanobody as well as the anti-histidine-tag antibody.

Both conditions were compared to T cells stained with just anti-histidine-tag antibody for exclusion of background signal
(orange plot).

Flow cytometry analysis for Nanobody showed a slight shift in intensity after previous
blocking of the CD2 protein with the HIK27 clone, suggesting competition for bound
epitopes (Figure 6). Hence similar specificity for the Nanobody and the HIK27 clone was

assumed.

However, as only minor differences in intensities could be detected after blocking an
alternative method to investigate the specificity of the nanobody was applied. CD2
knockout in a CD2 expressing T cell leukemia cell line, Jurkat E6.1, was performed.
Therefore CRISPR-Cas9 method was used as it allowed precise DNA modifications.
gRNAs were designed to target the first exon of the human CD2 gene, which should lead

to changes by non-homologous end joining and subsequent frameshift mutations.
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Jurkat cells were separately transfected with prepared RNPs, targeting CD2 and
ubiquitously expressed HPRT gene as respective positive control. 3 days after
transfection, DNA was isolated and investigated for modifications in HPRT genes by
T7EIl endonuclease assay. Thus, transfection methods could be evaluated. T7EI
endonuclease assay detected only insertions or deletions with more than one base in
PCR-amplified gDNA fragments by cleavage of mismatched heteroduplexes between
wild-type and mutated DNA followed by gel electrophoresis. Thereby editing efficiency

could be evaluated on a semi-quantitative base.
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Figure 7: Gel analysis of T7El endonuclease assay

Lipofection and electroporation as transfection methods for Jurkat E6.1 were compared in T7El endonuclease assay
regarding editing rates. After transfection gDNA was isolated from cells and CD2 locus was amplified by PCR. The
amplified products were then incubated with T7E1 endonuclease. Cleavage of mismatched heteroduplexes was then
investigated by gel electrophoresis. Respective controls included in manufacturer’s kit were also set.

Specific bands for positive editing are highlighted (orange arrows)

Low gene editing rates could be detected for lipofection, whereas for electroporation, no
editing was visible in gel electrophoresis (Figure 7). DNA fragments of lipofection
correspond to the bands indicated in manufacturer’s instructions, despite poor running
quality of gel. As for electroporation no editing could be detected, only lipofection was

used for further transfections.

3 days after lipofection of Jurkat cells with RNPs, CD2 expression of Jurkat cells was

tested by flow cytometry.
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Figure 8: Flow cytometry analysis of CD2 expression in Jurkat cells
Jurkat cells were extracellularly stained with anti-CD2 antibody RPA-2.10 conjugated with APC before and after

transfection with RNPs for CD2 knockout. Respective plots are shown with percentages of CD2-negative cells based on
unstained Jurkat cells (Data not shown).

(A) Dot plot of Jurkat cell analysis stained with anti-CD2 antibody RPA-2.10 before transfection with RNPs

(B) Dot plot of Jurkat cell analysis stained with anti-CD2 antibody RPA-2.10 3 days after transfection with RNPs

Data and figures were generated in cooperation with Dario Gosmann

Before transfection, Jurkat cells showed high expression of CD2, resulting in an entirely
positive population, whereas transfected cells showed partly reduced expression of CD2.
Only 0.77 percent of transfected population showed no expression gated in reference to
unstained Jurkat cells (Figure 8). Cells with only reduced intensity were excluded

because of possible heterozygote genotype.

Single-cell clones were then derived from transfected population by limiting dilution and
screened for CD2 expression in flow cytometry. After selecting several clones based on
negative CD2 expression, genomic DNA was isolated from respective clones. Target
locus of gRNAs was amplified by PCR and sent for Sanger sequencing. Sequences of
selected clones were compared to wild-type sequence, and only clones with deletions or

insertions resulting in frameshift mutations were further selected.

Selected clones and wild-type population were then screened for T cell markers to
ensure that clones chosen were not derived from contaminations or dedifferentiated
cells. Pan T cell markers CD3, CD2, CD7, and CD4 for the T helper subset, as Jurkat

cell line is derived from a CD4+ T cell leukemia, were analyzed.
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Figure 9: Flow cytometry analysis of T cell surface markers after CD2 knockout and subsequent clone

CchD3

selection in Jurkat cells.
Dot plots after analysis in flow cytometer are shown. Gates were set based on the wild-type population with isotype

controls. Cells were extracellularly stained for CD2 (RPA-2.10), CD3 (UCHT1), CD4 (SK3) and CD7 (M-T701). Wild-type
population (A) and two representative knockout clones (B, C) after limiting dilution and knockout confirmation by Sanger

sequencing are shown.
Data and figures were generated in cooperation with Dario Gosmann
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Wild-type clones showed the typical expression of T cell surface markers, as cells were

mainly positive for all selected markers. Marker expression for selected knockout clones



corresponded to the wild-type population except for CD2, which was not detectable
(Figure 9). Summarized, we assumed that the lack of CD2 expression of the selected
clones resulted from successful knockout. The shown procedure allowed the generation,

selection, and validation of CD2 knockout clones to further investigate target specificity.
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Figure 10: Flow cytometry analysis of CD2-Nb binding on Jurkat wild-type and knockout clones.
Jurkat cells were incubated for 1h with nanobodies and subsequently stained with anti-polyhistidine-tag antibody targeting

the nanobody. Cells were then analyzed in flow cytometer. Respective dot plots are shown for Jurkat wild-type (A) and
for representative selected knockout clones after Sanger sequencing (B, C).

Nanobody binding was tested on Jurkat knockout clones compared to Jurkat wild-type
for final evaluation of target specificity. Strong signal of polyhistidine-tag antibody was
visible for Jurkat wild-type, whereas for knockout clones, no specific binding was
detectable (Figure 10). The three approaches suggested high target-specific binding of

the Nanobody and was thereby confirmed.
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5.4. Thermal stability assessment

For conjugation of proteins to chelators and the following labeling with radionuclides in
conventional methods, often high temperatures are required due to slow reaction kinetics
and low radiochemical yields at room temperature (Breeman, De Jong et al. 2003,
Sosabowski and Mather 2006, Ebenhan, Chadwick et al. 2014). Therefore, heat
resistance regarding the binding capacity of Nanobodies was tested. Nanobodies were
incubated for 0.5h, 1h, 2h, 4h, and 6h at 37°C, 60°C and 90°C. Afterwards, they were
used for staining of surface markers of Jurkat cells with subsequent polyhistidine-tag
antibody incubation. Cells were then analyzed in flow cytometer to check if Nanobodies
could maintain antigen binding after thermal stress. Flow cytometry was a more
physiological approach than other methods commonly used (Yan, Wang et al. 2015,
Kunz, Zinner et al. 2018).
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Figure 11: Analysis of remaining binding capacity of Nanobodies after heat incubation.
MFI was used as an indicator for binding capacity and was plotted over time and for different temperatures. Nanobodies

were incubated for overall 6h at 37, 60 and 90 degrees and samples were taken after different time periods for staining
of Jurkat cells followed by staining with polyhistidine-tag antibody. Respective Nanobodies kept at 4°C were used as a
reference and as positive control Nanobody in excess was used. Negative control consisting of Jurkat cells stained with
polyhistidine-tag antibody was already subtracted as background noise from other values. Graphs for CD2-Nb (A) and
CD7-Nb (B) are shown and values are indicated as mean with standard deviation calculated from triplicates.

Data and figures were generated together with Dario Gosmann
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Nanobodies were used at a concentration of 5nM close to the Kp value of the Nanobodies
so that changes in concentrations of “functional” Nanobody could be detected very
sensitively by flow cytometry. Minor differences in concentrations close to the Kp resulted
in significant variance in flow cytometry signal (Benedict, MacKrell and Anderson 1997,
Benmebarek, Cadilha et al. 2021).

Nanobodies incubated at 37°C and 60°C showed, compared to the reference Nanobody
kept at 4°C, no significant loss in binding capacity independently regarding the incubation
time. At 90°C, Nanobodies were stable for 1h without substantial loss of binding capacity.
After 1h signal decreased rapidly so that after 6h, almost no binding was detectable.
Nanobodies showed good heat resistance for at least until 60°C. Even 90°C was
tolerable for a short incubation time, sufficient for our method used (Cleeren, Lecina et
al. 2018) and for most common conjugation and labeling procedures (Gainkam, Huang
et al. 2008, Vosjan, Perk et al. 2010, Vosjan, Perk et al. 2011).

5.5. Functionality testing of T cells in vitro

Targeting of T cell antigens by antibodies can lead to overstimulation, T cell
dysfunctionality, and apoptosis (Griessinger, Maurer et al. 2015, Mall, Yusufi et al. 2016,
Freise, Zettlitz et al. 2017, Mayer, Mall et al. 2018). Thus, T cell functionality was
assessed by analysis of cytokine levels after Co-incubation with tumor cells and tracers
in different conditions. For coculture, the acute promyelocytic leukemia cell line NB4 and
the acute myelomonocytic leukemia cell line ML2 transduced with the corresponding
HLA-B7 to the TCR2.5D6 and transduced with a mismatched HLA construct HLA-B15
were used. Nanobodies 10563, 10215 and an unspecific isotype Nanobody were added
to a final 100nM concentration, which is much higher than commonly used doses for
imaging purposes (Vosjan, Vercammen et al. 2012, Xavier, Vaneycken et al. 2013). High
concentrations were used to saturate antigen binding excluding any impact on T cell

functionality.
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Figure 12: Cytokine analysis of CD2-Nb with NB4 and T cells.

TCR-transgenic T cells and HLA-transduced tumor cells were cocultured for 4h, afterwards supernatant was removed
and used for ELISA. In total 6 different conditions were analyzed, 3 for matched HLA/TCR (NB4-B7) and 3 for mismatched
HLA/TCR (NB4-B15). CD2-specific Nanobody 10563 (563) or isotype (iso) were added as indicated to a final 100nM
concentration. Transduction efficiency of T cells was approximately 100% (Figure 1). Triplicates were set for all conditions
and values are indicated as mean with standard deviation (A, B) or as percentages (C).

(A) Cytokine analysis of coculture with an effector to target ratio of 3:1

(B) Cytokine analysis of coculture with an effector to target ratio of 1:1

(C) Relative changes in cytokine secretion in comparison to control condition with just T cells and NB4-B7 cells.

Data and figures were generated in cooperation with Dario Gosmann

After 4h of incubation, T cells showed high cytokine secretion, except for IL-6, which
suggested non-restricted tumor reactivity (Figure 12). IL-6 was measured as a primary
indicator for cytokine release syndrome, which frequently occurred after transmission of
transgenic T cells (Lee, Gardner et al. 2014, Maude, Frey et al. 2014, Porter, Hwang et
al. 2015). Overall, conditions of T cells and tumor cells incubated in the presence of CD2-
specific Nanobody 10563 showed a slight increase in cytokine secretion compared to

control conditions.
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Figure 13: Cytokine analysis of CD7-Nb with NB4 and T cells.

TCR-transgenic T cells and HLA-transduced tumor cells were cocultured for 4h, afterwards supernatant was removed
and used for ELISA. In total 6 different conditions were analyzed, 3 for matched HLA/TCR (NB4-B7) and 3 for mismatched
HLA/TCR (NB4-B15). CD7-specific Nanobody 10215 (215) or isotype (iso) were added as indicated to a final 100nM
concentration. Transduction efficiency of T cells was approximately 100% (Figure 1). Triplicates were set for all conditions
and values are indicated as mean with standard deviation (A, B) or as percentages (C).

(A) Cytokine analysis of coculture with an effector to target ratio of 3:1

(B) Cytokine analysis of coculture with an effector to target ratio of 1:1

(C) Relative changes in cytokine secretion in comparison to control condition with just T cells and NB4-B7 cells.

Data and figures were generated in cooperation with Dario Gosmann

Conditions cocultured with isotype Nanobody also showed a slight increase in cytokine
secretion but remained under the level of CD2-Nb (Figure 12 C). Similar effects were
generally observed for CD7-specific Nanobody 10215 (Figure 13). Increase of cytokine
levels was higher than for CD2-Nb but also showed higher variances for cytokine levels
of isotype Nanobody. Effector to target ratio had no relevant effect on differences in
cytokine secretion. Differences were tested for significance by Mann-Whitney Test and
showed no significant results for Nanobody 10563 nor Nanobody 10215. Absent cytokine

secretion in conditions with the mismatched HLA/TCR suggested missing unspecific or
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general stimulatory effects of Nanobodies on T cells. No relevant impact on T cell

functionality based on cytokine secretion could be detected in this short-term assay.
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Figure 14: Cytokine analysis of CD7-Nb with ML2 and T cells.

TCR-transgenic T cells and HLA-transduced tumor cells were cocultured for 24h, afterwards supernatant was removed
and used for ELISA. In total 6 different conditions were analyzed, 3 for matched HLA/TCR (ML2-B7) and 3 for mismatched
HLA/TCR (ML2-B15). CD7-specific Nanobody 10215 (215) or isotype (iso) were added as indicated to a final 100nM
concentration. Transduction efficiency of T cells was approximately 100% (Figure 1). Triplicates were set for all conditions
and values are indicated as mean with standard deviation (A, B) or as percentages (C).

(A) Cytokine analysis of coculture with an effector to target ratio of 3:1

(B) Cytokine analysis of coculture with an effector to target ratio of 1:1

(C) Relative changes in cytokine secretion in comparison to control condition with just T cells and NB4-B7 cells.

Data and figures were generated in cooperation with Dario Gosmann
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For long-term analysis in vitro, the ML2 cell line was used as T cells showed lower
reactivity in general, and thus lower cytokine levels were detected. This lower cytokine
secretion evoked by the ML2 reduced the risk of any saturation effects on the system. T

cells and ML2 cells were cocultured under the same conditions as shown above for 24h.
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Figure 15: Cytokine analysis of CD2-Nb with ML2 and T cells.

TCR-transgenic T cells and HLA-transduced tumor cells were cocultured for 24h, afterwards supernatant was removed
and used for ELISA. In total 6 different conditions were analyzed, 3 for matched HLA/TCR (ML2-B7) and 3 for mismatched
HLA/TCR (ML2-B15). CD2-specific Nanobody 10563 (563) or isotype (iso) were added as indicated to a final 100nM
concentration. Transduction efficiency of T cells was approximately 100% (Figure 1). Triplicates were set for all conditions
and values are indicated as mean with standard deviation (A, B) or as percentages (C).

(A) Cytokine analysis of coculture with an effector to target ratio of 3:1

(B) Cytokine analysis of coculture with an effector to target ratio of 1:1

(C) Relative changes in cytokine secretion in comparison to control condition with just T cells and NB4-B7 cells.

Data and figures were generated in cooperation with Dario Gosmann

ELISAs of ML2 cocultures showed higher background signals than the NB4 cocultures

because of longer incubation time, but absolute cytokine production was distinctly lower
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than NB4 despite longer incubation time. One of the reasons could be lower expression
of relevant HLA-B7, as shown previously (Figure 2). Overall, cytokine ratios are similar
to NB4 cells (Figure 12, Figure 13). ML2 cells incubated with T cells and CD7-Nb (Figure
14) showed slightly increased cytokine secretion, as did the condition with CD2-Nb
(Figure 15). IL-2 secretion seemed to depend on effector to target ratio in ML2 cells as
1:1 ratios showed higher levels than 3:1 ratios (Figure 14, Figure 15). Neither relevant
differences between CD2-Nb and CD7-Nb nor significant increase in cytokine secretion

by Mann-Whitney test could be detected in ELISA cytokine analysis.

Resumed, targeting surface antigens of T cells with CD2-Nb and CD7-Nb showed no
unspecific stimulatory effect in mismatched HLA/TCR conditions or significant
differences in cytokine secretion between control and Nanobody conditions. However,
Nanobodies seemed to have a costimulatory impact on T cells. Tendency to higher levels
of cytokines in conditions containing Nanobody was detected, which could only partly be
explained by purification process. To which extent it impacts T cell functionality needs to

be further investigated.

5.6. Tumor rejection study

As we detected minimal changes in T cell functionality in vitro, we complemented an in
vivo study. Previous studies already detected significant lack of T cell killing in vivo,
although in vitro data showed no or minor dysfunctionality after targeting surface markers
with antibodies (Mayer, Mall et al. 2018).

Thus, T cell functionality was evaluated in a mouse experiment by measurement of tumor
size after tracer application. The ML2 cell line, either transduced with HLA-B7 or with
HLA-B15, was used in mouse model as described previously (Mall, Yusufi et al. 2016,
Mayer, Mall et al. 2018). ML2-B7 cells were injected subcutaneously into the right flank,
and ML2-B15 cells were injected into the left side as a negative control for exclusion of
unspecific interaction between T cell and tumor. Six experimental groups were set and
injected with different antibodies and PBS as reference. The antibodies included the
CD2-Nb and the CD7-Nb, the Nanobody isotype used in previous experiments, and two
F(ab’), clones (RPA-2.10, OKT11) directed against CD2. The isotype was used to
exclude any unspecific impact of the Nanobody itself. As positive controls, the two F(ab’).
clones were used to detect impairment of T cell functionality as previously observed
(Mayer, Mall et al. 2018).
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Figure 16: Experimental timeline of tumor rejection study
Timeline of rejection study is shown. T cells were injected after 8 days following tumor engraftment. Tracer injection was
subsequently performed 3 days later. Mice were sacrificed after 12 days.

Chronological procedure of experiment as performed is shown above (Figure 16). Tumor
sizes were measured every day to evaluate tumor rejection by T cells. 60 minutes after
tracer application on day 3, one mouse of PBS and each Nanobody group were taken

out of experiment for flow cytometry analysis.

After 8 days tumors engrafted well in all experimental groups (Figure 17). After T cell
injection, changes in growth kinetics of ML2-B7 tumors were visible as slope was
decreasing. Tumor sizes began to decline after tracer application for all groups except
the F(ab’)2 groups, in which tumor sizes were stable for few days after application before
rejection failed. F(ab’). fragments distinctly impacted T cell functionality as tumor sizes
increased exponentially after application as described previously. Significant differences
compared to the PBS group could be detected at the end of experiment only for F(ab’),
fragments, clone RPA-2.10 (p<0.05) as well as for clone OKT11 (p<0.001) (Figure 17
B).

69



250~
225 - PBS
' 200 Nb 10215
E, 1757 Nb 10563
o 1501 }
1254 i Nb isotype
100
754
50
254 ;
0 T T I. T T 1 rrrrrih LI U

HIOANONYD ND A D ODNMY

mm

Tumor siz

Days post T-cell injection

2 o s
& 200- + F(ab), (RPA-2.10)
175 ;
150] l F(ab’), (OKT11)
1254

100
75
504
254

O-——TT T rrrrrrTr T T e

HEDANONALD BB OADOIN

Tumor size [mm

Days post T-cell injection

Figure 17: ML2-B7 tumor sizes of Nanobodies and F(ab’), groups in rejection study

ML2-B7 tumor sizes of Nanobody and F(ab’), groups are plotted with the PBS group as a mean with standard deviation
and were determined by caliper measurement. Black arrows indicate day of tracer application. Only data for mice, which
stayed in experiment until day 12 post T cell injection are shown.

(A) Data for CD7-specific Nanobody 10215 (n=5), CD2-specific Nanobody 10563 (n=5) and Nanobody isotype (n=3) are
shown in comparison to PBS control (n=4)

(B) Data for F(ab’), fragment of clone RPA-2.10 (n=5) and of clone OKT11 (n=6) are shown in comparison to PBS control
(n=4)

Data and figures were generated in cooperation with Dario Gosmann and Theresa Kéasbauer

No significant difference in tumor sizes or growth kinetics compared to the PBS group
could be detected for Nanobody groups (Figure 17 A). At the end of the experiment,
tumors could no longer be seen and measured in the Nanobody and PBS groups as

indicated by a size of 0.
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Figure 18: ML2-B15 tumor sizes of all experimental groups in rejection study

ML2-B15 tumor sizes of all experimental groups were plotted as a mean without standard deviation for reasons of clarity
and were determined by caliper measurement. Black arrow indicates day of tracer application. Only data for mice, which
stayed in experiment until day 12 post T cell injection are shown.

Data and figures were generated in cooperation with Dario Gosmann and Theresa Kasbauer

ML2-B15 tumors as a negative control kept constantly growing in all experimental groups
without any relevant differences between the groups, showing no general impact of

tracer application on tumor growth kinetics.

Taken together, Nanobodies showed no impact on tumor rejection of T cells, whereas
F(ab’), fragments directed against CD2 showed highly significant differences compared

to PBS regarding the tumor sizes.

However, the presence of Nanobodies bound to T cells in tumors needed to be verified.
Thus, 60 minutes after tracer injection, mice were sacrificed, and organs and tumors

were used for flow cytometry analysis.
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Figure 19: Ex vivo flow cytometry analysis of mice from tumor rejection study

Single cell suspensions were produced from organs, blood and tumors, then washed with PBS for flow cytometry analysis.
Representative plots are shown for each experimental group.

(A) Single cell suspensions of ML2-B7 and ML2- B15 tumors were extracellularly stained for CD3. Fraction of CD3+ of
viable and GFP- cells are shown in percentages.

(B) Single cell suspensions derived from ML2-B7 tumors, spleens and blood were stained for CD3 and polyhistidine-tag.
Fraction of polyhistidine-tag+ of viable, CD3+ cells are shown as percentages.

Data and figures were generated in cooperation with Dario Gosmann and Theresa Kéasbauer

First specific invasion of human T cells into HLA-matched tumor was analyzed.
Therefore, single-cell suspensions of tumors were stained for the ubiquitous T cell
marker CD3 and subsequently gated for CD3+ of viable, GFP- cells. Gating should
exclude tumor cells as HLA expression was linked to GFP. Human T cells showed
specific invasion of HLA-B7 expressing tumors as fractions were multiple times higher
compared to HLA-B15 expressing tumors (Figure 19 A). A difference for CD7-Nb could
be detected among the respective experimental groups. Fraction of T cells in ML2-B7

tumors was lower compared to PBS and the other Nanobody groups.

T cells were then analyzed for successful Nanobody binding in vivo. Thus, single-cell

suspensions were stained for CD3 and polyhistidine-tag and gated for polyhistidine-tag+
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of viable, CD3+ cells. CD2-Nb and CD7-Nb could be specifically detected in all tissues
analyzed. Compared to isotype Nanobody, control percentages of polyhistidine-tag+
cells in groups of CD2-Nb and CD7-Nb were distinctly higher (Figure 19 B). However,
binding of CD7-Nb to T cells remained under the level of CD2-Nb.

Taken together, Nanobodies bound already after 60 minutes specifically to T cells in vivo,
which showed no dysfunctionality after targeting CD2 and CD7 in vivo. These
characteristics are desirable for a diagnostical tracer. Consequently, Nanobodies were

used for an imaging experiment.

5.7. Preliminary imaging experiment

The previously acquired data suggested that the Nanobodies could be used as tracers
for T cell imaging as they fulfill the following desirable characteristics for a tracer.
Nanobodies showed high specificity for target structures without major impact on specific
functionality. Moreover, quick enrichment after application at the target structure as seen

in the rejection study suggested favorable pharmacokinetics.

For proof of concept, the CD2-Nb was used in a small experiment to evaluate imaging

capabilities; therefore, a similar set-up as for the rejection study was used (Figure 20).
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Figure 20: Experimental timeline of preliminary imaging

Timeline of preliminary imaging experiment is shown. T cells were injected after 8 days of tumor engraftment followed by
tracer injection 2 days later. Mice were imaged 90 minutes after tracer injection and were sacrificed after imaging for ex
vivo analysis.
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For imaging purposes, ML2-B7 cells were not injected into the flank but into the scapular
region, as kidneys and bladder typically have high background signals because of tracer
elimination. After tumor engraftment, T cells transduced with TCR2.5D6 were injected
intratumorally, two days later tracer was injected. Because of short biological half-life and
quick accumulation of Nanobodies in target structures, imaging was already performed
after 90 minutes (Hoefman, Ottevaere et al. 2015, Keyaerts, Xavier et al. 2016). As an
internal control, one mouse received 8°Zr-aTCRmu-F(ab’), as established previously in
the lab (Mall, Yusufi et al. 2016).

A B Cc

0

Figure 21: Preliminary PET/MRI images

PET/MRI images in axial and coronal planes after tracer injection are shown. Scalebar = SUV from 0% to 3%. White
arrows indicate tumor site.

(A/B) Representative images in axial and coronal planes of mice, which received ®Ga-aCD2-Nb 90 minutes post injection
(n=2).

(C) Representative image in coronal plane of control mouse which received #Zr-aTCRmu-F(ab’), 48 h post injection
(n=1).

Data and figures were generated in cooperation with Dario Gosmann and Lisa Russeli

Respective PET/MRI images of mice that received the %8Ga-aCD2-Nb showed good
tracer accumulation at the tumor site after 90 minutes post-injection with low background
signal. Only kidneys and bladder showed high signal intensity (Figure 21). Tracer uptake
at tumor site could also be confirmed by the images of the mouse which received the
89Zr-aTCRmu-F(ab’).. Tracer uptake of tumor in percent of injected dose per gram
(%ID/g) was in the mice which received the Nanobody 0.33%ID/g and in the control

mouse 2.9%ID/g.

After imaging, mice were sacrificed, and biodistribution analysis was performed in a

gamma counter to confirm tracer distribution within the different organs.
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Biodistribution confirmed tracer uptake derived from PET images. Nanobody uptake in

tumor was higher compared to most other tissues excluding kidney, bladder, and bones.
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Figure 22: Biodistribution analysis after imaging

Quantitative analysis in indicated organs is shown 90 minutes after Nanobody injection. Mice were sacrificed and organs
were separately analyzed in a gamma counter. Data are depicted for the Nanobody mice (n=2).

(A) Mean and standard deviation of %ID/g are shown

(B) Organ to blood ratio is shown and was calculated directly from previously shown means.

Data and figures were generated in cooperation with Dario Gosmann and Lisa Russeli

Calculation of organ-to-blood ratio fortified this observation, as tumor showed specific
accumulation to a doubled level. Due to the early imaging time point after application,
kidneys and bladder showed very high tracer accumulation as Nanobodies were mainly

eliminated by renal secretion.

Organs were then prepared for flow cytometry analysis, and single-cell suspensions
were stained for CD3 and polyhistidine-tag to validate previous observations. Data were
then gated for CD3+ of viable and GFP- cells or His-tag+ of CD3+, viable, and GFP-

cells.
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Figure 23: Flow cytometry analysis of imaging experiment

Single cell suspensions were produced from organs, blood, and tumors, then washed with PBS for flow cytometry
analysis. Representative plots with mean and standard deviation are shown (n=2).

(A) Single cell suspensions of respective tissues were stained for CD3. Fraction of CD3+ of viable and GFP- cells are
shown in percentages.

(B) Single cell suspensions of respective tissues were stained for CD3 and polyhistidine-tag. Fraction of His-tag+ of
CD3+, viable and GFP- cells are shown in percentages.

Data and figures were generated in cooperation with Dario Gosmann and Lisa Russeli

Flow cytometry data showed homogenous distribution of T cells in respective tissues
exceptin blood, despite intratumoral injection. Nanobodies also attached detected T cells
to a significant fraction as staining for polyhistidine-tag revealed. Tumor tissue showed
even higher ratios of Nanobodies attached to T cells than other solid tissue such as
kidney and spleen. In the blood only very low cell counts could be detected constraining
comparability.

Resumed, targeting CD2 as a pan-T cell marker showed satisfying results, as good
tracer accumulation at tumor site was visible. Ex vivo biodistribution and flow cytometry
analysis could also confirm specific enrichment. The high tagging efficiency of reactive
T cells in the tumor prompted superior potential for tracing activated T cells. This
preliminary imaging experiment with the CD2-Nb was pivotal for further investigations

also concerning the CD7-Nb.
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6. Discussion

6.1. Tracking T cell activity

Visualization of T cell responses has gained importance over the last years as T cells
play a crucial role in tumor control. Their presence, distribution, and expressed
biomarkers within tumor lesions are associated with therapy response (Tumeh, Harview
et al. 2014, Topalian, Taube et al. 2016, Huang, Postow et al. 2017). Novel therapy
approaches have increasingly been focussing on boosting T cell activity and have
already shown promising results in clinical practice. However, many mechanisms in
tumor recognition and rejection remain unclear and the Patients’ response to
immunotherapies is still highly individual. Therefore, influencing factors must be identified
(Chen and Mellman 2017, Zhang and Zhang 2020, Finck, Blanchard et al. 2022, Oliveira
and Wu 2023). Several markers can help in the selection process to identify susceptible
patient subsets for immune checkpoint inhibition. Programmed death-ligand 1 (PDL1)
expression, T cell marker expression profile, or mutational burden of the tumor can help
but not precisely predict response to immunotherapies (Havel, Chowell and Chan 2019,
Lee and Ruppin 2019, Chang, Pelosof et al. 2021).

Conventional assessment criteria for therapy response such as established RECIST are
inadequate for immunotherapies. Thus, revised iIRECIST were developed and have
shown improved correlations regarding survival (Seymour, Bogaerts et al. 2017, Park,
Kim et al. 2021). Still, clinically applicable monitoring techniques, which allow early and
reliable detection of therapy response, are lacking for these therapies, although they may
also help to further understand pharmacokinetics and pharmacodynamics of
immunotherapies. Moreover, sensitive imaging technologies for tracking T cell activity
would provide insights into T cell migration, enabling possible precise predictive
biomarkers of treatment response to avoid premature termination (Masopust and
Schenkel 2013). As response to immunotherapies is correlated with T cell density, it
seems reasonable to link the specific signal of these biomarkers to therapy efficiency
(Tumeh, Harview et al. 2014, Sommermeyer, Hudecek et al. 2016, Huang, Postow et al.
2017, Mayer, Mall et al. 2018).

Imaging of transgenic T cells such as CAR-T cells has been investigated over the last
years focussing on reporter genes as they can be quickly introduced with the CAR. This

solution allows longitudinal imaging as reporter genes are expressed continuously, and
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probe can be repeatedly administered. A combination of reporter gene herpes simplex
virus type-1 thymidine kinase (HSV1-TK) and 9-[4-["8F]fluoro-3-
(hydroxymethyl)butyl]guanine (['®FJFHBG) showed specific enrichment in glioma
patients after CAR therapy (Keu, Witney et al. 2017). HSV1-TK is a viral protein that is
potentially immunogenic as other reporter genes (McCracken, Vatakis et al. 2015).
Reporter genes of human origin, such as the sodium/iodide symporter, may be an
alternative but have a high background in tissue with physiological expression (Emami-
Shahri, Foster et al. 2018, Krebs, Ahad et al. 2018, Hu and Huang 2020). Latest
developments have been trying to extend the function of the reporter gene to a suicide
gene to limit adverse events, as shown with a modified HSV1-TK gene (Murty, Labanieh
et al. 2020). Although reporter genes allow imaging over a long time and avoid dilution
of signal through cell division, genetic modification with potential immunogenicity is not
desirable. Antibody-based imaging targeting transgenic TCRs is a promising approach
and showed high sensitivity allowing direct quantification of T cells with a Zirconium-89
labeled F(ab'). fragment directed against the murine TCR beta domain (Mall, Yusufi et
al. 2016, Yusufi, Mall et al. 2017). However, this allows exclusive imaging of engineered
T cells and is therefore unsuitable as an universal tracer for T cell activity. Direct labeling
molecules for T cells such as '"In-tropolonate, ®Zr-oxine/®®Zr-DFO, or GNP-
64Cu/PEG2000 require ex-vivo modifications and allow only short-term observation
(Parente-Pereira, Burnet et al. 2011, Bhatnagar, Li et al. 2013, Lee, Soh et al. 2020, Sta
Maria, Khawli et al. 2021, Leland, Kumar et al. 2023). For a clinically feasible approach,
non-invasive in vivo labeling is favored. Moreover, T cell migration and tumor rejection
during immunotherapies require extended observation periods. Immuno-PET imaging
strategies allow long-term monitoring which is independent from therapy regiments. The
constantly evolving field of immunotherapies and an increasing number of targeting
systems suggest universal target structures on T cells regarding transferability to other
approaches. (Waldman, Fritz and Lenardo 2020). In this study, we developed camelid-
derived Nanobodies directed against pan-T cell markers CD2 and CD7 as cross-therapy
tracers. Tracers were evaluated in an adoptive T cell transfer setting, using CD8+ T cells
transduced with MPO-specific TCR2.5D6 (Klar, Schober et al. 2014). The AML cell line
ML2 produces MPO endogenously and was transduced with the TCR-specific HLA
HLAB*07:02 to generate a suitable tumor model for in vivo and in vitro assessments
(Mall, Yusufi et al. 2016, Mayer, Mall et al. 2018).
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6.2. Target structures on T cells

Different targets to monitor T cell response are currently evaluated in preclinical or
clinical settings. PD1 and the ligand PDL1 with over 50 individual tracers are the most
used structures as their function is well-characterized. Various therapeutic antibodies are
already in clinical practice (Natarajan, Mayer et al. 2017, Bensch, van der Veen et al.
2018, Natarajan, Patel et al. 2018, Niemeijer, Leung et al. 2018, Xing, Chand et al. 2019,
Kramer and Dimitrakopoulou-Strauss 2022). #Zr-Nivolumab and ®Zr-Atezolizumab
uptake in tumor lesions correlated well with patients’ response showing that patients with
the highest SUV were more likely to have complete remission. #Zr-Atezolizumab
showed even better discrimination of patient outcome than immunohistochemistry
(Bensch, van der Veen et al. 2018, Niemeijer, Leung et al. 2018). However, both markers
are also expressed on other cell populations, reducing their specificity (Chen, Crabill et
al. 2019, Liu, Zugazagoitia et al. 2020). Moreover, current tracers are mainly labeled to
therapeutic antibodies with modulatory effects and are restricted to monitoring in context
of immune checkpoint inhibition. CD8, as a marker of effector T cells, has been identified
as a predictive marker for therapy response as it indicates infiltration of cytotoxic, tumor-
specific T cells (Zhang, Conejo-Garcia et al. 2003, Herbst, Soria et al. 2014, Rosenberg,
Hoffman-Censits et al. 2016, Sun, Limkin et al. 2018). As a result, numerous studies
targeting CD8 as an imaging marker have been published. Some of them advanced to
clinical studies (Kristensen, Frohlich et al. 2019, Pandit-Taskar, Postow et al. 2020,
Kasten, Houson et al. 2021, Zhao, Wang et al. 2021, Farwell, Gamache et al. 2022, Kist
de Ruijter, van de Donk et al. 2022). Visualization of CD8 positive T cells in tumors with
different entities was successfully performed in human trial and matched with
immunohistochemistry from biopsies. Their pretherapeutic detection correlated with
overall survival, underlining the potential as a predictive biomarker in preference to
invasive biopsies (Kist de Ruijter, van de Donk et al. 2022). Yet, there was considerable
heterogeneity within and between patients during ICIl, and it did not allow proper
evaluation regarding response to therapy. Furthermore, only one imaging during ICI at
day 30 was performed in this study, lacking initial stages of T cell dynamics due to tracer
and radionuclide characteristics. CD8 and other targets, such as IL2 receptor and CD4,
have also enabled imaging of T cells in the context of immunotherapy but are restricted

to subpopulations (Kristensen, Frohlich et al. 2019, van de Donk, Wind et al. 2021).

To include most T cell subpopulations, the pan-T cell markers CD2 and CD7 were

selected as targets for our tracers. CD2 functions as a receptor protein on T cells,
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thymocytes, and natural killer cells (NK), in which it undertakes different functions and
regulatory effects (Howard, Ledbetter et al. 1981, Scott, Bolender et al. 1989). In the
context of tumor rejection and activation of cytotoxic T cells, CD2 surface expression is
upregulated (Rooney, Shukla et al. 2015, Mayer, Mall et al. 2018). Three different
epitopes on CD2, which were previously named T11.1, T11.2, T11.3 seem to be the
most relevant target structures for antibodies (Meuer, Hussey et al. 1984, Brottier,
Boumsell et al. 1985, Peterson and Seed 1987, Moingeon, Chang et al. 1989). T11.1
plays a vital role in cell adhesion and the activation process of T cells as it interacts with
the Lymphocyte function-associated antigen 3 (LFA-3) (Selvaraj, Plunkett et al. 1987,
Bierer, Peterson et al. 1988). Studies showed that T11.3 is only presented on activated
T cells. Antibodies targeting T11.3 together with antibodies targeting one of the other
epitopes can induce further activation, whereas targeting T11.1 and T11.2 alone had no
effect (Meuer, Hussey et al. 1984, Hlnig, Tiefenthaler et al. 1987, Moingeon, Chang et
al. 1989). However, for our CD2-specific Nanobody, epitope blocking by several
commercial antibodies to evaluate target specificity was impossible. Only minor blocking
had been observed using the monoclonal antibody HIK27, which seems to target T11.2
(van Kemenade, Tellegen et al. 1994). Lack of blocking by conventional monoclonal
antibodies may be attributable to the small size of Nanobodies, enabling them to reach
a wide range of antigens in tight or concave sections that are inaccessible for whole
antibody constructs (Hamers-Casterman, Atarhouch et al. 1993, JovCevska and
Muyldermans 2020, Jin, Odongo et al. 2023). CD7 is mainly expressed on early
progenitor cells of lymphoid and myeloid origin but also mature T cells and NK cells
(Lobach, Hensley et al. 1985, Barcena, Muench et al. 1995, Stillwell and Bierer 2001).
Small subpopulations of T cells, especially CD4+ memory cells, can lose CD7 expression
after multiple stimulations, whereas native cells have a twofold higher expression (Akbar,
Salmon and Janossy 1991, Shimizu, van Seventer et al. 1992, Sperling, Auger et al.
1996). T cell-derived malignancies generally express CD7 on a high level (Lewis, Cruse
et al. 2006, Cortelazzo, Ponzoni et al. 2011, Png, Vinanica et al. 2017). Its function is
currently not fully elucidated but seems to play an essential role in T cell activation, and
its targeting with antibodies in conjunction with CD3 can cause proliferation and cytokine
production (Carrera, Rincon et al. 1988, Jung, Roy and Chakkalath 1992, Chan,
Reynolds and Shimizu 1994, Lazarovits, Osman et al. 1994). A recent study investigated
the consequences of CD7 knockout in mice and CD7 blockage in human T cells.
Interestingly, CD7 knockout or blockage did not impair hematopoietic development in
mice and did not restrain infiltration capacity of donor cells. Nevertheless, infiltration

capacity of CD8+ T cells in CD7-deficient mice was significantly affected, and tumor
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growth increased (Sheng, Zhang et al. 2023). Currently, CD7 is already used as a
therapeutic target mainly for CAR therapy of T cell malignancies in clinical trials (Zhang,
Fu et al. 2021, Chiesa, Georgiadis et al. 2023). Moreover, Alefacept, a CD2-blocking
fusion protein, has been approved by the FDA for the treatment of severe psoriasis,

suppressing autoimmune T cell activity (Sugiyama, McCormick et al. 2008).

The broad expression of CD2 and CD7 among T cell subpopulations and their almost
exclusive appearance on T cells makes them a highly favorable target for us regarding
a wide-range monitoring approach. Enhanced expression on activated T cells
emphasizes their eligibility for tracing tumor-specific T cells (Mayer, Mall et al. 2018). The
specificity of our Nanobodies was confirmed in vitro on antigen-transduced lymphoblastic
lymphoma cell line U698M, missing endogenous CD2 and CD7 expression, and epitope
blocking by monoclonal antibodies. As epitope blocking for our CD2-Nb remained
challenging, we transfected the CD2 expressing T cell leukemia cell line, Jurkat E6.1,
with RNPs targeting CD2 locus, and established a stable knockout cell line as negative
control. In vivo tracking was then verified in our ACT mice model with intratumoral or
intravenously injection of TCR2.5D6-transgenic T cells. In tumor rejection study, ex vivo
flow cytometry analysis showed successful Nanobody binding on CD3+ cells. However,
binding of CD7-Nb to T cells remained under the level of CD2-Nb. Lower or lost CD7
expression in effector cells, which was mainly observed in CD4+ cells so far, may be a
factor that needs further investigation (Akbar, Salmon and Janossy 1991, Sperling,
Auger et al. 1996). Comparability was constrained because only one mouse for each
group was analyzed. In further studies, groups should be enlarged to allow statistical
analyses. Our preliminary imaging experiment data could be confirmed for our labeled
CD2-Nb. PET/MRI imaging detected a clear signal at the tumor side, followed by ex vivo

analysis with an increased tumor-to-blood ratio.

6.3. Tracer-induced T cell impairment

The interaction between antibodies and cells can lead to multiple effects, ranging from
blocking surface molecules, inducing pathways, and secretion of effector molecules to
cell death. The latter is mainly used for therapeutic monoclonal antibodies, such as
Trastuzumab or Rituximab commonly used in clinical practice, which can be carried out
by effector cells, called antibody-dependent cell-mediated cytotoxicity (ADCC) or by
humoral response, called complement-dependent cytotoxicity (CDC) (Maloney, Smith
and Rose 2002, Meyer, Leusen and Boross 2014, Killock 2017, Wang, Mathieu and
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Brezski 2018). However, these effects are mediated through Fc domains activating Fc
gamma receptors (FcyRs), which are removed in smaller antibody fragments. T cell
activation, reduced proliferation or depletion, possibly by overstimulation, has been
shown for various antibodies targeting T cell antigens (Cobbold, Jayasuriya et al. 1984,
Anasetti, Martin et al. 1992, Loubaki, Tremblay and Bazin 2013, Griessinger, Maurer et
al. 2015, Freise, Zettlitz et al. 2017). Moreover, activation and apoptosis have also been
described for targeting CD2 and CD7 (Hunig, Tiefenthaler et al. 1987, Moingeon, Chang
et al. 1989, Jung, Roy and Chakkalath 1992, Mayer, Mall et al. 2018). Hence, evolution
of T cell tracers must be carefully accompanied concerning their effects on T cell
functionality in vitro and in vivo. No or minor effects in vitro do not exclude negative
impact in vivo, and the risk for side effects such as cytokine release syndrome needs to
be considered. (Mayer, Mall et al. 2018, Wang and Han 2018, Gosmann, Russelli et al.
2022). Targeting of T cells by tracer constructs in vivo has been reported to impair
proliferation capacity or induce a shift in T cell subpopulations (Freise, Zettlitz et al. 2017,
Beckford Vera, Smith et al. 2018, Lee, Soh et al. 2020). Intriguingly, an anti-CD3 and an
anti-CD4 antibody, both labeled with 8Zr, showed temporary decrease of the CD4+ T
cell population and a subsequent increase of CD8+ cells after tracer administration
(Freise, Zettlitz et al. 2017, Beckford Vera, Smith et al. 2018). Unfortunately, T cell
functionality and tumor rejection capacity have not been assessed as it is unclear if a
temporary shift of subpopulations leads to sustained impairment. Nevertheless, the role
of radioactivity regarding T cell damage may be relevant and needs to be considered. T
cells were exposed to different amounts of 8Zr-labeled tracer monitoring the DSB-
marker yH2AX regarding DNA damage by Yusufi and colleagues (Yusufi, Mall et al.
2017). Their study revealed that only considerably higher amounts than normally used
led to double-strand breaks in vitro. Moreover, IHC analysis after in vivo application
showed no evidence of T cell depletion, whereas high activity of yH2AX and cleaved

Caspase-3 was detected in tumor cells.

As tracers for repetitive T cell monitoring in different settings should not have any impact
on T cells and should not influence therapy success, we intensively investigated our
tracers regarding T cell impairment. Cytotoxicity assay and dynamic, impedance-based
functionality testing in the xCELLigence system were performed by other lab members.
We added a multi-cytokine assay to investigate activation patterns in presence of
Nanobodies and tumor cells. The coculture was set up in a Nanobody-saturated
environment with the acute promyelocytic leukemia cell line NB4 and the acute

myelomonocytic leukemia cell line ML2 transduced with the corresponding HLA-B7 to
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the TCR2.5D6 and transduced with a mismatched HLA construct HLA-B15. The
mismatched setting functioned as a negative control. It showed very low to no cytokine
secretion. Thus, we assumed that Nanobodies do not lead to major unspecific stimulation
of inactive T cells. In the matched settings, cytokine levels were not entirely consistent,
and we observed marginal higher secretion in Nanobody presence, suggesting a
costimulatory impact. Unspecific isotype control also showed increased secretion. A
general increase in Nanobody conditions can be attributed to unsterile production or
minimal immunogenic potential, although other determinants need to be ruled out. No
specific signal could be detected for IL6, which is used as a marker for cytokine release
syndrome (Maude, Frey et al. 2014, Porter, Hwang et al. 2015). Still, differences were
not significant, so deeper evaluation, especially regarding the specific impact on
activated T cells on tumor cells, is necessary. In our in vivo setting, we studied long-term
influence on tumor rejection as in vitro data are not always fully transferable, and in vivo
settings can differ substantially (Mayer, Mall et al. 2018). Analysis of tumor sizes
revealed failed tumor rejection in mice receiving anti-CD2 F(ab’), fragments as described
before (Mayer, Mall et al. 2018), while our Nanobodies did not affect decrease of tumor
sizes after adoptive T cell transfer as compared to PBS and isotype control during our
observation. Ex vivo analysis proved specific accumulation of T cells in ML2-B7 tumors
and labeling of tumor-infiltrating T cells by our Nanobodies. For our CD7-specific
Nanobody, labeling efficiency was lower, and less T cells could be detected at tumor
site. Failed T cell transfer or apoptotic T cells could be a contributing factor as only viable
cells were stained. This issue needs to be addressed in further developments and larger
groups need to be analyzed. In addition, impact of whole, labeled tracer constructs 68Ga-
aCD2/7-Nbs were not assessed, although chelator-introduction was not described to

increase immunogenicity (Perico, Chinol et al. 2001, Ackaert, Smiejkowska et al. 2021).

6.4. Nanobody as tracer scaffold

Monoclonal antibodies are regularly used as vehicle for ImmunoPET applications
(Knowles and Wu 2012, Wei, Rosenkrans et al. 2020). However, full-length antibodies
suffer from disadvantages regarding their characteristics, which present significant
challenges for efficient, clinically applicable imaging. Their weight of 150kD exceeds the
renal clearance threshold of 60kD. Together with the interaction of neonatal Fc receptors
(FcRn), which are mainly expressed on endothelial cells, they lead to prolonged serum
half-life of weeks by protecting 1gGs from endocytosis and lysosomal degradation in
endothelial cells (Ward, Zhou et al. 2003, Suzuki, Ishii-Watabe et al. 2010, Wei,
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Rosenkrans et al. 2020). High mass also reduces their ability to efficiently penetrate
tumor tissue as studies suggested that only minimal percentages of total injected dose
reaches the target side (Epenetos, Snook et al. 1986, Kolkman and Law 2010). In
addition, the so-called binding site barrier effect impedes penetration of high-affinity
mAbs, meaning that binding of first encountered antigen is strong enough to slow down
further intratumoral diffusion, which leads to more substantial accumulation in peripheral
areas (Weinstein and van Osdol 1992, Adams, Schier et al. 2001). This results in
prolonged waiting times for imaging because of strong background signals and the usage
of long-lived isotopes, both unfavorable for patients (Knowles and Wu 2012, De Vos,
Devoogdt et al. 2013). The enhanced permeability and retention phenomenon, which
enables large molecules (>40kD) to accumulate in tumor lesions due to leaky tumor
vessels and insufficient lymph drainage, further contribute to complicated repetitive
imaging and the risk of false-positive detection (Fang, Nakamura and Maeda 2011). In
contrast, the microvascular structure and deviating interstitial pressure in tumor tissue
limit distribution of large molecules due to missing convection, and transportation
happens mainly through diffusion, which is negatively correlated to size (Jain 1990, Jain
1994, Thurber, Schmidt and Wittrup 2008). Therefore, Nanobodies showed superior
penetration and homogenous distribution after few hours in tumor lesions, whereas full-
length antibodies did not reach the same homogeneity after 24 hours in vivo. Moreover,
higher tumor-to-background ratios could be detected for Nanobodies 6 hours after
administration and already decreasing levels after 24 hours, favoring their usage for early
and repetitive imaging (Oliveira, van Dongen et al. 2012, Bannas, Lenz et al. 2015,
Debie, Lafont et al. 2020). On a microscopic level, Debie and colleagues showed that
specific accumulation of monomeric Nanobodies in tumor lesions occurs minutes after
intravenous application, and non-specific enrichment is mainly eliminated after 20
minutes. Due to slower uptake and restricted diffusion, dimeric or bivalent Nanobodies
showed no overall improved characteristics. However, maximal uptake of mAbs was
higher than Nanobodies but was only reached after 24 hours and showed heterogenous
distribution (Debie, Lafont et al. 2020). This is supported by our study as PET/MRI
imaging, and ex vivo analysis revealed specific accumulation at tumor side 90 minutes
after injection, whereas larger constructs, such as our F(ab’). fragment, enabled optimal
imaging at later time points (Dijkers, Oude Munnink et al. 2010, Mall, Yusufi et al. 2016,
Niemeijer, Leung et al. 2018). Moreover, other studies, preclinical and clinical, using
Nanobodies as tracers for nuclear imaging also suggested early time points for optimal
imaging (Keyaerts, Xavier et al. 2016, Xavier, Blykers et al. 2016, Xing, Chand et al.
2019, Lv, Sun et al. 2020).
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Another aspect that comes with reduced plasma half-life and rapid on-target
accumulation is the possible usage of short-lived radionuclides. As radionuclide half-life
should be roughly matched with antibody half-life, mAbs are commonly labeled with 8Zr
(t12=78.41h) due to technical advantages and comparably cheap production (Moek,
Giesen et al. 2017, Boros and Holland 2018). However, the long half-life leads to higher
radiation loads between 20 to 40mSv for single administration (Yoon, Park et al. 2020).
Short-lived radioisotopes such as 68Ga (t1/2 = 67.71min) and 18F (t1/2 =109.77min) are
favored for smaller molecules, which diminish patients’ exposure to radiation. %8Ga can
be quickly produced in a generator, enabling highly flexible on-demand production in
clinical practice. However, '8F, as a “low-energy” positron emitter, allows more granular
resolution of small structures as well as reducing hazard of cellular toxicity (Carter,
Kesner et al. 2020, Gosmann, Russelli et al. 2022, Lepareur 2022). Nevertheless, clinical
relevance of slight differences in positron energy is still questionable and needs further
studies regarding tracer optimization (Yusufi, Mall et al. 2017, Carter, Kesner et al. 2020).
Linking Nanobodies to a chelator or labeling procedures are facilitated due to their
natural heat resistance, as for good radiochemical yields and favorable reaction kinetics,
higher temperatures are required (Breeman, De Jong et al. 2003, Sosabowski and
Mather 2006, Ebenhan, Chadwick et al. 2014). Compared to other antibody constructs
such as conventional antibodies and scFv, studies reported superior thermal stability at
90°C and above for Nanobodies (van der Linden, Frenken et al. 1999, Goldman,
Anderson et al. 2006). Their natural resistance is attributed to a refolding process after
heat denaturation, which was observed for some Nanobodies (Pérez, Renisio et al. 2001,
Ewert, Cambillau et al. 2002). However, Nanobody aggregation under rough conditions
frequently obstructs refolding (Kunz, Zinner et al. 2018). Thus, different engineering
strategies, such as disulfide bonds, have been proposed to further improve their stability
(Goldman, Liu et al. 2017). Our findings support the general heat resistance of our
Nanobodies, as significant alterations of binding capacity have been observed at
elevated temperatures (90°C) after more than 1h in flow cytometry. For incubation at
lower temperatures, no impairment could be detected. As the environment during
radiochemical labeling is challenging for protein structures, stability needs to be further

assessed after labeling procedure.

As camelid-derived antibodies, Nanobodies comprise a particular risk of immunogenicity,
although the VHH sequence is mainly equivalent to the human VH region (Kolkman and
Law 2010, Klarenbeek, El Mazouari et al. 2015). Some studies reported possible toxicity

due to immunogenic response and observed anti-VH autoantibodies in human trials
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(Holland, Wurthner et al. 2013, Papadopoulos, Isaacs et al. 2015). Holland and
colleagues showed that the complex of autoantibodies and the respective Nanobody led
to activation and cytokine release of immune cells in vitro. Moreover, after infusion of
Nanobody in autoantibody-positive patients, signs of cytokine release were observed
(Holland, Wurthner et al. 2013). Strategies for humanization of Nanobodies are available
but do not seem to eliminate the whole risk as a human trial with a humanized anti-DR5
Nanobody showed, which was terminated after observation of significant liver toxicity in
some patients (Vincke, Loris et al. 2009, Papadopoulos, Isaacs et al. 2015). However,
numerous studies have been published showing no adverse effects regarding
immunogenicity (Keyaerts, Xavier et al. 2016, Xing, Chand et al. 2019, Papp, Weinberg
et al. 2021, Peyvandi, Cataland et al. 2021). This issue needs to be carefully observed
in advancing studies and could be assessed in immunocompetent mice or first human
trials (Ackaert, Smiejkowska et al. 2021).

The simple structure of Nanobodies allows a straightforward production in microbial
systems with high yields, as proposed in our study. The most commonly used approach
is the extraction of periplasm from E.coli following immobilized metal affinity
chromatography (Salema and Fernandez 2013). This is a fundamental advantage for
clinical translation requiring large-scale production, as mammalian cell production is still
way more cost-intensive (Kolkman and Law 2010). Nevertheless, possible engineering
of Nanobodies for different purposes results in more complex structures, which could

make other production systems vital (de Marco 2020).

6.5. Future challenges and developments

In the biodistribution analysis of our preliminary imaging study we observed high
accumulation in kidneys and bladder due to the small size below the clearance threshold,
which is commonly observed in Nanobody imaging studies (Gainkam, Huang et al. 2008,
Keyaerts, Xavier et al. 2016, Krasniqi, D'Huyvetter et al. 2017). This effect is enhanced
by unspecific endocytosis, leading to kidney retention. Recently, megalin and cubilin
have been identified as receptors that mediate multifunctional reabsorption and seem to
take part in the retention process of Nanobodies (Christensen and Birn 2002, Gainkam,
Huang et al. 2008). Renal accumulation can be reduced by coadministration of
competitive molecules such as succinylated gelatin or basic amino acids (Hammond,
Wade et al. 1993, Pimm and Gribben 1994, Erik, Jack et al. 2006). However, side effects

such as anaphylactic shock occurred in patients to a small nhumber and need to be
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considered. Other prevention strategies require tracer modifications, such as removal of
polyhistidine-tag, but should be anticipated as high kidney retention may lead to renal
failure and impede imaging of structures close to the urinary tract (Erik, Marion de et al.
2010). Xavier and colleagues reported that the exchange of %Ga with '®F resulted in
remarkably low kidney retention, attributing it to faster elimination of catabolites (Xavier,
Blykers et al. 2016). These findings are supported by other studies using '8F-labeled
tracers (Olafsen, Sirk et al. 2012, Blykers, Schoonooghe et al. 2015). However, individual

studies are necessary to assess the benefit of these approaches for our tracers.

Modifications, which reduce renal retention, also have a benefit regarding tracer uptake
at tumor side and organ-to-blood ratios, allowing to address two problems at the same
time as we observed low tracer uptake in lesions compared to other studies (Xavier,
Vaneycken et al. 2013, Lv, Sun et al. 2020). Removing the polyhistidine-tag of an anti-
HER2 Nanobody resulted in a 60% reduction of renal uptake and significantly improved
biodistribution concerning tumor uptake (3.13 £+ 0.06 vs. 4.34 £ 0.90 %IA/g) in a
preclinical mouse model (Xavier, Vaneycken et al. 2013). Moreover, injected amount of
tracer correlated with tumor uptake, meaning that increasing amounts reduced
unspecific accumulation, whereas target-side uptake was improved (Xavier, Vaneycken
et al. 2013). In studies, impact of different amounts and time points for imaging should
be evaluated as they are crucial for successful in vivo detection with good noise-to-
background ratios (Bannas, Lenz et al. 2015). Strategies like PEGylation or coupling
Nanobodies with albumin may increase tumor uptake but prolong serum half-life and
kidney retention, undermining their potential for early imaging (Lecocq, De Vlaeminck et
al. 2019). We generally observed low accumulation in spleen assignable to intratumoral
T cell injection but should be expected in further imaging studies because of T cell
homing in lymphoid tissue (Williams and Butcher 1997). High uptake in lymph nodes,
spleen, bone marrow, and other lymphoid organs is in accordance with observations
from other studies and contributes to background signal (Mall, Yusufi et al. 2016, Pandit-
Taskar, Postow et al. 2020). Therefore, differentiation of tumor-specific T cells and
unspecific accumulation can be hampered, but its relevance needs to be evaluated in

immunocompetent mice or patients.

To assess whether our tracers meet the requirements to predict the response to
immunotherapies, further studies are necessary. Although presence of T cells in tumors
after initiation of immunotherapy is associated with response, it is still of interest to
analyze T cell response in depth (Sommermeyer, Hudecek et al. 2016, Huang, Postow

et al. 2017). Correlation of detailed PET images with ex vivo analysis like IHC and
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autoradiography to identify patterns or areas of high T cell density within tumors may
allow profound insight into T cell dynamics (Mall, Yusufi et al. 2016, Kist de Ruijter, van
de Donk et al. 2022). Developing a tracer-based biomarker requires additional analysis
of different settings with repetitive imaging concerning tumor entity and type of
immunotherapy. Kist de Ruijter and colleagues showed for their one-armed, CD8-
specific antibody that response patterns differ significantly between tumor entities and
within patients, revealing interlesional heterogeneity in responding patients, which
underlines the variability and complexity of systemic immune response (Kist de Ruijter,
van de Donk et al. 2022). They stated the lack of repetitive imaging during
immunotherapy in their study as they only provided a snapshot before ICl and 30 days
after therapy began due to tracer characteristics, which should be feasible with our
tracers. Mutations of PTPRD and PTPRT, which are part of the JAK-STAT pathway,
have been analyzed as prediction markers for immunotherapy response. While an
apparent coherence could be detected for an anti-PD1/PDL1 therapy, a similar trend
could not be observed for anti-CTLA4 treatment (Wang, Ji et al. 2023). Likewise, a
varying relevance for different therapies was observed for the marker MAGE-A (Shukla,
Bachireddy et al. 2018). Hence, our tracer should be analyzed in different
immunotherapy settings, as results in an ATC approach are not fully transferable to other

techniques.

Applications other than PET imaging for our tracers are conceivable, as CD2 and
especially CD7 are broadly expressed on most T cell subpopulations, including T cell
malignancies (Lewis, Cruse et al. 2006, Png, Vinanica et al. 2017, Mayer, Mall et al.
2018). CD7 has been successfully targeted for CAR therapy in refractory T cell
malignancies in a clinical trial using a Nanobody-based recognition domain, which could
also be an intriguing development option for CD2 (Zhang, Fu et al. 2021, Chiesa,
Georgiadis et al. 2023). For our tracers, a theranostic approach could be taken into
consideration when labeled with other radionuclides like 'l or '"Lu as shown for a
CD20-specific Nanobody in patients who have non-Hodgkin lymphoma or an anti-HER2
Nanobody in breast cancer patients (Krasniqi, D'Huyvetter et al. 2017, D'Huyvetter, Vos
et al. 2021). As a versatile platform, further engineering would allow bispecific
Nanobodies targeting tumor antigen and CD2/CD7 at the same time to activate and
redirect tumor response of effector cells, which has already been reported for a mAb
targeting CD2 together with EGFR (Wild, Strittmatter et al. 1999). First Nanobody-based
studies have also published their results on bispecific constructs targeting other tumor
and T cell antigens (de Bruin, Veluchamy et al. 2017, Liu, Ao et al. 2022).
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