Technische Universitat Munchen

Fakultat fir Medizin

Non-invasive in vivo monitoring of human T cells via
ImmunoPET to evaluate response patterns of cancer

iImmunotherapies

Dario Gosmann

Vollstandiger Abdruck der von der Fakultat fir Medizin der Technischen Universitat Mlinchen
zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften (Dr.rer.nat.)
genehmigten Dissertation.

Vorsitz: Prof. Dr. Percy A. Knolle

Prifende der Dissertation: 1. Prof. Dr. Angela Krackhardt
2. apl. Prof. Dr. Robert Oostendorp

Die Dissertation wurde am 09.08.2022 bei der Technischen Universitdt Miinchen eingereicht

und durch die Fakultat fir Medizin am 03.01.2023 angenommen.



| Table of contents

Table of contents

Table OF CONTENES ..ot e 1
o =] Vo= USSR 5
SUMIMAIY .ttt sttt e et e e b bt e e bt e e e bt e e e s bb e e e enbe e e e snbaeeeanbaeeenes 6
ZUSAMMENTASSUNG ..ttt sttt sttt r e aennes 7
I (0T (1 o1 o] o USSR 8
1.1 Cancer IMMUNOTNEIAPIES .....ccvecieiiieie ettt e re e ene s 8
1.1.1 Vaccination therapy 9

1.1.2 Tumor-targeting monoclonal antibodies 11

1.1.3 Immune Checkpoint Inhibitors 12

1.1.4 Adoptive T-cell therapy 14

1.2 Conventional non-invasive imaging strategies and limitations ...........c.cccceevevveiveennenn, 17
1.3 Non-invasive T-Cell IMAGING ......ccoveiieieiie e 20
1.3.1 Indirect T-cell imaging via reporter genes 21

1.3.2 Ex vivo direct radiolabeling of T cells 22

1.3.3 ImmunoPET 23

1.4 Pan T-Cell MAIKEE ..ot 28
1.4.1 CD2 29

1.4.2 CD7 30

2 AIM 0T thIS STUAY ....veeee e e see e 32
3 IMLEIIAL ... e aenne s 33
3.1 Technical EQUIPIMENT ......ooiiiiiiieieiee ettt 33
3.2 CONSUMADIES ...ttt e s e nteeneesneenneenneeneenneas 36
3.3 Reagents and ChEMICAIS .........cuiiiiii s 37
Bi KIES ottt sttt h bbbt b ettt e b et eebe bt neeae st e ere e 39
TR T = 11 | i =] USSR 40
KB T Y/ =T - USSR 41
3.7 CYEOKINES ..ttt b bttt b bbbttt 41
3.8 ANTIDOAIES ... e nneas 42
e YTl (o] £ RSO UPPPRRR 43
3.10CRISPR RNAS (CTRNA) .....eiieiieiesieiee ettt sttt nne s 43

S LL PIIMENS 1.ttt b bbbttt bbbt bbbt e bbbttt 44



| Table of contents

3.12Cell lines and primary CeIIS..........ooiiiiiiiiieeee e

3. A3 MOUSE MOUEBL ... e,

S LA SOTIWAIE ...

A MEINOUS ...

4.1

4.2

4.3

4.4

4.5

4.6

4.7

Cell CUltUre MELNOAS ..o
4.1.1 Freezing and thawing of cells

4.1.2 Counting of cells

4.1.3 Cultivation of cell lines

4.1.4 Cloning of cells by limited dilution

4.1.5 Isolation of PBMCs from whole peripheral blood

4.1.6 Purification of human CD8" T cells

4.1.7 Activation of CD8" T cells

Retroviral tranSAUCTION........oooo e
4.2.1 Production of virus particles for retroviral transduction
4.2.2 Transduction of CD8" T cells and tumor cell lines

CRISPR/CaS9 KNOCKOUL........ccviiiieieeie ettt nne s

4.3.1 Generation of the ribonucleoproteins (RNPs) complex for CRISPR/Cas9
knockout

4.3.2 Lipofection of target cells for CRISPR/Cas9 transfection

FIOW CYtOMELIY @NalYSIS ....eouveiiieieiiise s
4.4.1 Flow cytometry staining of surface markers

4.4.2 Flow cytometry staining CD2 and CD7 using sdAb

4.4.3 Evaluation of the dissociation constant of sdAbs

4.4.4 Thermal stability of sdAbs

Functional assessment 0f CD8" T CeIIS........coeviiiieiecececeeeee e
4.5.1 Coincubation of CD8" T cells and tumor cells

4.5.2 Cytokine secretion evaluation via ELISA

4.5.3 XCELLIigence Assay

Recloning of sdAb genes from pMECS in pHENGC VECIOX .........cccoovieninininiiieine
4.6.1 Plasmid isolation

4.6.2 PCR to amplify sdAb genes

4.6.3 Restriction digest

4.6.4 Gel electrophoresis and purification

4.6.5 Ligation of sdAb genes and pHENG6c vector

4.6.6 Transformation of chemically competent E. coli

4.6.7 Generation of electrocompetent E. coli WK6

4.6.8 Transformation of electrocompetent E. coli

Production and purification of SUADS .........cooiiiii e

4.7.1 Production of sdAbs in bacterial culture
2

50
o1

52
52
52
52
52

53
53
53
54

54
54
55
56
56
57
57
58
58

59
59



| Table of contents

4.8

4.9

4.10 Statistical analysis

3.1

3.2

3.3

3.4

3.5

4.7.2 His-Tag purification
4.7.3 SDS-PAGE
4.7.4 Concentration and buffer exchange

IN VIVO EXPEITMENTS. .....iiiiiiiiiieiei ettt bbbt

4.8.1 ML2 tumor model in NSG mice
4.8.2 Adoptive T-cell transfer
4.8.3 PET/MRI Imaging

EX VIVO @NAIYSES. .....ooviiiiiiieiieee et

4.9.1 Biodistribution
4.9.2 Flow cytometry analysis of murine tissue

3.1.1 Recloning of sdAb genes to pHENG vector and transformation in E.coli
WAKG strain
3.1.2 Determination of purity and mass of generated CD2- and CD7-sdAb

Binding characteristics of CD2- and CD7-SAAD..........ccvviiiieie e,

3.2.1 Binding of CD2- and CD7-sdAb on human CD8" T cells
3.2.2 Specific binding on target-antigen transduced tumor cell line U698M

3.2.3 Specific binding on T cell leukemia cell line Jurkat E6.1 after CRISPR/Cas9

knockout of CD2 and CD7 respectively
3.2.4 Dissociation constant and binding affinity of CD2- and CD7-sdAb
3.2.5 Evaluation of thermal stability of CD2- and CD7-sdAb

Impact of CD2- and CD7-sdAb binding on CD8" T cells in Vitro ........c..cccoevreveneee.
3.3.1 Effects of CD2- and CD7-sdAb binding on the dynamic cytotoxic activity of

CD8"* T cells in vitro
3.3.2 Effects of CD2- and CD7-sdAb on cytokine-production of CD8" T cells in
vitro

Impact of CD2- and CD7-sdAb binding on cytotoxicity of CD8" T cells in vivo ....

3.4.1 Effect of CD2- and CD7-sdAb on cytotoxicity of TCR-transgenic CD8* T
cells in vivo

Using CD2- and CD7-sdAb to monitor tumor reactive TCR-transgenic CD8" T

CRIIS TN VIV 1 nnnn

3.5.1 Intratumoral injections and PET/MRI-monitoring of CD8" T cells in vivo

3.5.2 Evaluation of image-acquisition time point for PET/MRI imaging using
CD2- and CD7-sdAb

3.5.3 Monitoring of intravenously injected human CD8" T cells at the tumor site
using ®8Ga-NOTA-CD2- and %8Ga-NOTA-CD7-sdAb

Production and purification of CD2- and CD7-SAAD ........cccocevveveiiieieec e

59
60
60

60
61
61
61

62
62
62

62

63

64

66
66

70
74
75

77

77

84
87

87

91
91

93

96



| Table of contents

O oW1 [ ] o USSR 101
4.1 Evaluation of CD2 and CD?7 as target antigens for immunoPET imaging................. 101
4.1.1 CD2 102

4.1.2 CD7 103

4.2 Specific binding site of CD2-sdAb and implications...........c.cccooevviieiieve e, 103
4.3 Impact of CD2- and CD7-sdAb binding on T-cell functionality...............c.cceeuvnnen. 105
4.4 Tracer-characteristics of CD2- and CD7-SAAD ..o, 107
4.4.1 Target-antigen specificity 107

4.4.2 Binding affinity 108

4.4.3 Thermal stability 110

4.5 Suitability of SJAD for ImmUuNOPET IMaging .........cccovverieieiiiieie e 110
4.6 CD2-and CD7-sdAb as immunoPET imaging traCers .........cccccerererereneneeeeeennn, 113

5 Conclusion and OULIOOK...........cecueriiieiieiesiee e 115
B RETEIBNCES ...ooiiiieciee e 117
A Y 0] 0112 To USSR 144
7.1 LISt OF fIQUIES ..ot et sre e ens 144
7.2 LISt OF tADIES ... e 146
7.3 ADDIEVIALIONS ...ttt bt 147

8 DaANKSAQUNG ...evvieiie ettt anae s 151



| Preface

Preface

Parts of this dissertation are based on joint work together with the doctoral candidates Theresa
Késbauer (TK) and Sandro Bissenberger (SB), who have been partly supervised by the author
of this dissertation.



| Summary

Summary

Due to the ever-increasing advancement of novel immunotherapeutic approaches such as
immune checkpoint modulation, CAR-T cell therapy and adoptive T-cell transfer, reliable and
universally applicable surrogate markers to monitor and assess the wide variety of
immunotherapeutic responses are still missing. This lack of in-depth insight can result in
delayed assessment of non-responders or the misinterpretation of tumor pseudoprogression,
which consequently can lead to premature termination of appropriate treatment and initiation
of alternative, possibly more harmful alternatives. Therefore, a non-invasive imaging method
to screen and validate a patient’s immune response, irrespective of the used immunotherapeutic
approach, is essential and indispensable to improve patient outcome.

To address this problem, two single-domain antibodies (sdAbs) were developed, targeting the
pan T-cell markers CD2 and CD?7 respectively. Preclinical experiments demonstrated ideal
properties in terms of binding affinity, thermostability and specificity for CD2- and CD7-sdAb.
Binding specificity was illustrated by transduction of the CD2- and CD7-negative B cell
lymphoma tumor cell line U698M with both target antigens respectively and knockout of each
target antigen on the naturally CD2- and CD7 positive T cell leukemia cell line Jurkat E6.1.
Furthermore, binding of CD2- and CD7-sdAb to human CD8" T cells did not result in altered
cytokine secretion, nor did it impair T-cell functionality in vitro. In addition, utilizing a
xenogenic myeloid sarcoma mouse model, the cytotoxic ability of transferred TCR-transduced
human CD8" T cells was not compromised upon intravenous (i.v.) application of CD2- and
CD7-sdAb.

Ultimately, using the same xenograft mouse model, intravenously injected 8Ga-NOTA-CD2-
sdAb and ®8Ga-NOTA-CD7-sdAb were able to clearly depict and visualize previously
administered TCR-transduced CD8" T cells at the tumor site by positron emission

tomography/magnetic resonance imaging (PET/MRI) imaging.

Application of the developed constructs, CD2- and CD7-sdAb, enables direct non-invasive
monitoring and visualization of both endogenously stimulated as well as genetically modified
T cells in the context of any form of immunotherapy. The comprehensive preclinical analysis
of CD2-sdAb and CD7-sdAb as well as their advantageous properties compared to currently
used assessment methods for immunotherapies makes both tracers especially attractive for

clinical translation.



| Zusammenfassung

Zusammenfassung

Aufgrund der immer weiter fortschreitenden Entwicklung neuartiger immuntherapeutischer
Ansétze wie der Immun-Checkpoint-Modulation und der CAR-T-Zelltherapie, fehlt eine
zuverlassige und universell einsetzbare Methode zur Uberwachung und Evaluation der
vielfaltigen Immunantworten im Kontext der Immuntherapien. Dieser Mangel an
Informationen kann zu einer verzogerten Beurteilung von Non-Respondern oder zur
Fehlinterpretation von Pseudoprogression des Tumors fuhren, was in der Folge zu einem
vorzeitigen Abbruch einer geeigneten Behandlung und der Einleitung alternativer,
maoglicherweise schédlicherer Therapien fiihren kann. Daher ist ein nicht-invasives
bildgebendes Verfahren zum Screening und zur Validierung der Immunantwort eines Patienten,
unabh&ngig vom immuntherapeutischen Ansatz, essentiell.

Um dieses Problem zu I8sen, wurden zwei Single-Domain-Antikorper (sdAbs) entwickelt, die
die die Pan-T-Zell-Marker CD2 bzw. CD7 binden. In praklinischen Versuchen wurden ideale
Eigenschaften beider Konstrukte hinsichtlich Bindungsaffinitat, Thermostabilitat und Spezifitat
nachgewiesen. Die Spezifitdt wurde durch Transduktion der negativen B-Zell-Lymphom-
Tumorzelllinie U698M mit beiden Zielantigenen und durch Knockout der Zielantigenen auf
der urspriinglich CD2- und CD7-positiven T-Zell-Leukédmiezelllinie Jurkat E6.1 nachgewiesen.
Dar(ber hinaus fihrte die Bindung von CD2- und CD7-sdAb an menschliche CD8" T-Zellen
weder zu einer veranderten Zytokinsekretion noch zu einer Beeintrdchtigung der T-Zell-
Funktionalitdt in vitro. Dariiber hinaus wurde in einem xenogenen myeloischen Sarkom-
Mausmodell die zytotoxische Fahigkeit von transferierten TCR-transduzierten humanen CD8+
T-Zellen nach intravendser (i.v.) Applikation von CD2- und CD7-sdAb nicht beeintrachtigt.

In demselben Mausmodell konnten intravends injizierte ®8Ga-NOTA-CD2-sdAb und %8Ga-
NOTA-CD7-sdAb die zuvor verabreichten TCR-transduzierten CD8" T-Zellen an der
Tumorstelle mittels Positronen-Emissions-Tomographie/Magnetresonanztomographie
(PET/MRT) deutlich darstellen und sichtbar machen.

Die Anwendung von CD2- und CD7-sdAb ermdglicht die direkte, nicht-invasive Uberwachung
und Visualisierung von endogen stimulierten als auch von genetisch veranderten T-Zellen im
Rahmen jeder Form von Immuntherapie. Die umfassende préklinische Analyse von CD2- und
CD7-sdAb sowie ihre vorteilhaften Eigenschaften gegenliber derzeit verwendeten
Bewertungsmethoden fur Immuntherapien machen beide Tracer besonders attraktiv fiir die

klinische Umsetzung.



| Introduction
1 Introduction

1.1 Cancer Immunotherapies

Cancer remains one of the leading causes of death worldwide, with an estimated 19.3 million
new cases and 9.9 million cancer deaths in 2020 (Sung et al., 2021). While conventional
therapies such as chemotherapy, surgery and radiotherapy have seen great success over the past
years, these treatment options carry with them a variety of intrinsic limitations in regards to
safety and efficiency (Dranitsaris et al., 2017; Poon et al., 2015; R. Sullivan et al., 2015). To
overcome these restraints and provide more specific and effective cancer treatments, new
treatment approaches such as such as a diversity of immunotherapies have been developed.

Cancer immunotherapy can be defined as the sensitization of the body’s immune system, which
leads to increased sensitivity and reduced side effects (Oldham, 2017). The idea to utilize the
patient’s immune system to generate an anti-tumor effect dates back a century ago, when Busch
(Busch, 1868) and Fehleisen (Fehleisen, 1882) first noticed an association between the immune
status and cancer. Since then, various breakthrough immunotherapeutic strategies in cancer

treatment have been developed and will be outlined with examples below.
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Figure 1: Overview of immunotherapeutic approaches. (Created with BioRender.com)
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1.1.1 Vaccination therapy

Therapeutic cancer vaccination aims to utilize tumor-specific antigens to induce T-cell
mediated tumor-reactive immune responses, resulting in tumor regression (Sahin & Tureci,
2018). Due to inherently different mechanism of achieving that goal, cancer vaccines can be
separated into two platforms, namely cellular- or molecular (DNA, RNA, virus, peptide)
vaccines (Pardi, Hogan, Porter, & Weissman, 2018).

Development of cellular vaccines is based on attaining tumor antigens either via autologous
patient-derived tumor cells (Le, Pardoll, & Jaffee, 2010) or cells that are derived from an
allogeneic tumor cell line (Harari, Graciotti, Bassani-Sternberg, & Kandalaft, 2020). In order
to utilize tumor antigens to elicit anti-tumor immunity, these antigens are taken up and
processed by antigen-presenting cells (APCs) (Banchereau & Steinman, 1998). Of the different
cells that make up the APCs, dendritic cells (DCs) are best equipped to develop cellular cancer
vaccines due to their ability to engulf, process and subsequently present the processed tumor
antigens to induce an immune response from cytotoxic T lymphocytes (CTLs) (Harari et al.,
2020). Cancer patients often suffer from malfunctioning DC maturation (Gabrilovich, Chen, et
al., 1996), which can lead to defective antigen presentation and subsequent poor induction of
T-cell responses (Gabrilovich, Ciernik, & Carbone, 1996).

To utilize DCs in terms of cancer vaccination, isolated DCs are ex vivo pulsed with either tumor
antigens or tumor-cell lysates and stimulated with a specific cocktail to induce maturation
(Mastelic-Gavillet, Balint, Boudousquie, Gannon, & Kandalaft, 2019). Currently, the only DC-
based vaccination to receive FDA and EMA approval is Sipuleucel-T (Provenge, Dendreon
Corporation), which is used to treat advanced prostate cancer (Kantoff et al., 2010). For this,
the patients” monocytes were pulsed ex vivo by granulocyte macrophage colony-stimulating
factor (GM-CSF) and prostatic acid phosphatase (PAP), resulting in the detection of tumor-
specific CD8" T cells as soon as seven days after DC-infusion (Butterfield et al., 2003).
However, even though Sipuleucel-T showed promise in preclinical efficacy and safety,
widespread adoption and clinical use remain limited (Rinde, 2019), reflecting insufficient
clinical efficacy (Small et al., 2006) as well as the disadvantageous work- and cost-intensive
preparation of the therapy (Sharma, Wagner, Wolchok, & Allison, 2011). Nonetheless, various
other vaccines derived from ex vivo DCs are currently investigated in clinical studies, such as
a vaccine that uses yeast cell wall particles (YCWP) to load autologous DCs with autologous
tumor lysate in order to treat melanoma and solid tumors (Chick et al., 2020; Herbert et al.,

2018; Hickerson et al., 2019). The YCWP based vaccine prolonged disease-free survival of



| Introduction

resected melanoma patients compared to unloaded controls (Chick et al., 2020). Overall, the
overarching disadvantages of these approaches, such as the unfavorable cost-benefit ratio and
the intricacy in obtaining suitable patient-derived tumor cells, limit their feasibility and
versatility.

As part of the molecular vaccines, peptide-based vaccines are generally based on epitopes
derived from either tumor-associated or tumor-specific antigens (TSAs or TAA respectively)
(Wagner, Mullins, & Linnebacher, 2018). While TAAs are proteins expressed by unmutated
genes, they can be found on both healthy and cancer cells, but are significantly over-expressed
on cancer cells (Zamora, Crawford, & Thomas, 2018). Since TAAs are part of the patients
normal host proteome, they can be subject to central as well as peripheral tolerance mechanisms
(Yarchoan, Johnson, Lutz, Laheru, & Jaffee, 2017) and can lead to autoimmune toxicity
(Nagasaki et al., 2020). Vaccines against TAAs have been studies in clinical trials for cancer
entities such as melanoma (Butts et al., 2014) or lung cancer (Vansteenkiste et al., 2013), but
with dissatisfying results.

TSAs, or neoantigens, on the other hand are often based on somatic mutations and are therefore
only expressed in tumor cells (Sahin & Tureci, 2018). Because of this, neoantigens are
unaffected by tolerance mechanisms, may have higher major histocompatibility complex
(MHC) affinity (Peng et al., 2019) and do not induce autoimmune toxicity (Nagasaki et al.,
2020), making neoantigens ideal targets for therapeutic cancer vaccines. To identify
neoantigens and subsequently characterize their potential as immunogenic targets, next-
generation sequencing (NGS) is utilized in combination with algorithms for the prediction of
MHC-binding epitopes (Jurtz et al., 2017; Peters, Nielsen, & Sette, 2020; Sarkizova et al.,
2020).

Neoantigen-based cancer vaccines have seen numerous successful studies in clinical
translation. For example, GEN-009 is a personalized solid-tumor cancer vaccine that consist of
neoantigens which have previously been identified using the ATLAS epitope-discovery
platform (Cohen et al., 2019; Long et al., 2014). GEN-009 is targeting neoantigens which were
pre-confirmed to induce autologous T-cell responses ex vivo, thereby using epitopes that the
patients” immune system is already primed for (Cohen et al., 2019). In a recently completed
multi-center phase I/lla study, safety as well as initial treatment results were positive (Cohen et
al., 2019; Lopez et al., 2020), with patients all patients showing peripheral CD4*- as well as
CD8* T-cell responses against at least one of the used neoantigens. Furthermore, T-cell specific
responses were sustained in numerous patients for more than twelve months post treatment
(Cohen et al., 2019).

10
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Taken together, cancer vaccines can provide a platform that is easily combined with existing
therapies and greatly profit from technological advances, with overall minimal toxicities and

several promising candidates currently in clinical trials.

1.1.2 Tumor-targeting monoclonal antibodies

The foundation of modern monoclonal-antibody therapies was laid by Kohler and Milstein in
1975, when they first described the use of hybridoma technology to produce monoclonal
antibodies (mAb), which were able to bind to a single epitope (Kohler & Milstein, 1975). To
date, more than 100 mAb have been approved by the US Food and Drug Administration (FDA)
for a variety of diseases such as asthma (Padilla-Galo et al., 2021), Alzheimer's disease
(Cummings et al., 2021) and most prominently, cancer (Mullard, 2021). In cancer
immunotherapy, mAbs are able to bind tumor surface antigens and subsequently induce
cytotoxicity through various modes of action, such as inhibiting key signaling pathway (Weiner
et al., 2008), antibody-dependent cellular cytotoxicity (ADCC) (Hubert & Amigorena, 2012;
Weiner, Surana, & Wang, 2010), complement-dependent cytotoxicity (CDC) (Di Gaetano et
al., 2003) and/or antibody-dependent cellular phagocytosis (ADCP) (Weiskopf et al., 2013).
One prominent example of a mADb that acts both via induced CDC and ADCC is the chimeric
mouse-human mADb rituximab (Golay et al., 2000). Rituximab targets the B-cell lineage marker
CD20, which is expressed on 95 % of both normal and malignant B cells, but is lost following
its differentiation into plasma cells (Nadler et al., 1984; Stashenko, Nadler, Hardy, &
Schlossman, 1980). Rituximab was the first FDA-approved mAb for the treatment of non-
Hodgkin lymphoma (S. D. Scott, 1998) and has since then also been part of the standard of care
for treatment of chronic lymphocytic leukemia (CLL) and Non-Hodgkin lymphoma (NHL)
(Brown et al., 2018).

While mAb-therapy using rituximab utilizes its effects regarding CDC and ADCC, antibodies
targeting oncogenes from the group of human epidermal growth factor receptor 2 (HER?2) act
by directly impairing the ability of HER2-positve cells to proliferate by blocking downstream
PI3K signaling (Capelan et al., 2013; Junttila et al., 2009). HER2 is an ideal target for mAb
therapy, since it overexpressed in various cancers, primarily in ovarian- and breast carcinomas
(Schechter et al., 1984; Slamon et al., 1989) and is associated with adverse survival outcome
(Slamon et al., 1987). While the previously described mAb against HER2 and CD20 have seen
great success due to their direct effect on anti-tumor activity, these targets are the exception

rather than the norm.

11
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However, because of the specificity and safety of mAb (Kimby, 2005), they serve as ideal
candidates to directly deliver cytotoxic components to the tumor site. Therefore, the anti-tumor
efficacy of an mAb can be highly improved by linking a cytotoxic small molecule to the mAD,
resulting in an antibody-drug conjugate (ADC) (Chau, Steeg, & Figg, 2019).

ADCs are comprised of three distinct components, a mAb that is specifically binding to a
cancer-antigen while not impacting healthy cells (A. M. Scott, Wolchok, & Old, 2012), a
cytotoxic small-molecule agent to induce cell death after internalization (Chari et al., 1992) and
a linker to control the release of the ADC (Ducry & Stump, 2010). Beyond small-molecule
drugs, mAbs can also be conjugated to oligonucleotides (Mullard, 2022a), protein toxins
(Rogers et al., 2021) or radionuclides (Steiner & Neri, 2011). As of this writing, a total of ten
ADCs have been approved by the FDA (Mullard, 2021) and more than 100 candidate-ADCs
are currently investigated in clinical trials (Z. Fu, Li, Han, Shi, & Zhang, 2022).

One example of an FDA-approved ADCs is Sacituzumab govitecan (SG), which received FDA-
approval in April 2021 as a treatment for adults suffering from metastatic triple-negative breast
cancer (mTNBC) and who had undergone two prior systematic therapies (Carey et al., 2022).
SG is composed of a humanized IgG1 mADb targeting Trop-2, a transmembrane glycoprotein
that is overexpressed in various cancers, including TNBC (Stepan et al., 2011; J. Wang, Day,
Dong, Weintraub, & Michel, 2008), a hydrolysable linker (CL2A) and its cytotoxic payload,
SN-38, a topoisomerase | inhibitor (Cardillo et al., 2015). The effectiveness of SG was
evaluated in a pivotal phase 11l ASCENT study (NCT02574455), which showed an increase in
both progression-free and overall survival in mTNBC patients treated with SG compared to a
single-agent chemotherapy (Bardia et al., 2021). Even despite their recent success, ADCs are
not without specific drawbacks. One major challenge for ADCs is their potential for off-target
toxicity (Polakis, 2016), which is caused by premature release of the cytotoxic payload into the
blood circulation, leading to systematic exposure (Drago, Modi, & Chandarlapaty, 2021; Rossin
etal., 2018).

While mAbs are widely used for ADCs, they are also part of another aspect of immunotherapy,

namely immune checkpoint inhibitors (ICIs).

1.1.3 Immune Checkpoint Inhibitors

The expectation and concomitant promise of the discovery of ICIs has been the reason why
Science Magazine named immunotherapy as the Breakthrough of the Year 2013 (Couzin-

Frankel, 2013). The namesake for ICI-therapies are immune checkpoints, which are molecules

12
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belonging to the coinhibitory signaling pathways, thereby effectively regulating the immune
system (Pardoll, 2012). However, since immune checkpoints are useful in maintaining immune
tolerance, cancer cells are often utilizing and exploiting this trait to evade the patients’ own
immunosurveillance (Chen & Flies, 2013). Therefore, the purpose of ICIs is to inhibit the
targeted coinhibitory signaling pathways, thereby facilitating immune-mediated elimination of
cancer cells and reinstating the patients’ antitumor response (Sharma & Allison, 2015).

The first immune checkpoint molecule to be discovered in 1987 was the cytotoxic T-
lymphocyte antigen number 4 (CTLA-4) (Brunet et al., 1987), whose function and potential as
an immune checkpoint molecule was described in 1995 (Krummel & Allison, 1995; Leach,
Krummel, & Allison, 1996). CTLA-4 then became the target molecule for ipilimumab, the first
mADb to receive FDA approval in 2011 for the treatment of advanced melanoma (Ledford,
2011). By binding and inhibiting CTLA-4, ipilimumab promotes enhanced T-cell activation,
induces durable antitumor responses and ultimately conferred a short-term survival
improvement of 3.6 months (Hodi et al., 2010). Furthermore, long-term survival analysis
showed that 22 % of patients treated with ipilimumab gained an additional 3 years or more of
life (Schadendorf et al., 2015) and over 20 % of patients enrolled in the initial clinical trials are
still alive as of today (Oiseth & Aziz, 2017). As of today, ipilimumab is part of an established
immunotherapeutic treatment for patients suffering from advanced melanoma (Spain, Larkin,
& Turajlic, 2020), renal cell carcinoma (RCC) and non-small cell lung cancer (NSCLC) where
it is used in combination with nivolumab, an ICI targeting PD-1, resulting in improved patient-
outcomes compared to each treatment individually (Hellmann et al., 2018; Larkin et al., 2015;
Motzer et al., 2018).

PD-1 is an immune checkpoint molecule on the surface of T cells (Ishida, Agata, Shibahara, &
Honjo, 1992), with a similar function compared to CTLA-4, in that is restrains continuous
activation of the immune system through negative regulation (Agata et al., 1996; Nishimura,
Nose, Hiai, Minato, & Honjo, 1999) in conjunction with its ligand, PD-L1 (Dong, Zhu, Tamada,
& Chen, 1999). However, tumor cells can express and upregulate PD-L1, thereby induce T-cell
overactivation (Wherry & Kurachi, 2015) and escape the PD-1 regulated immune response
(lwai et al., 2002). Conversely, inhibition of both PD-1 and PD-L1 inhibition can result in
reinstated cytotoxicity of T cells and subsequent tumor regression (Hirano et al., 2005),
indicating that both molecules can serve as targets for mAb in ICI-therapy. As a result, the
humanized PD-1 targeting mAb nivolumab was approved by the FDA in 2014 for the treatment
of melanoma (Johnson, Peng, & Sosman, 2015) and the clinical use of nivolumab has since
then been extended to various tumor entities such as Hodgkin lymphoma (Ansell et al., 2015),
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renal cell carcinoma (Motzer et al., 2015) and head and neck squamous cell carcinoma (Ferris
et al., 2016). Additionally, further PD-1 targeting mAb have seen clinical translation (Gandhi
et al., 2018) as well as therapeutic mAD targeting the PD-1 ligand PD-L1, such as atezolizumab
(J. E. Rosenberg et al., 2016).

Besides PD-1, PD-L1 and CTLA-4, various other newly discovered T-cell activation regulators
are currently being investigated for their potential as novel immune-checkpoint targets (Burugu,
Dancsok, & Nielsen, 2018), such as the lymphocyte activation gene 3 (LAG3) (Maruhashi,
Sugiura, Okazaki, & Okazaki, 2020) which received FDA approval for the treatment of
untreated advanced melanoma in 2022 (Tawbi et al., 2022) and T cell immunoglobulin 3 (TIM-
3) (Friedlaender, Addeo, & Banna, 2019). As a member of the TIM family of genes, TIM-3
was originally described as a cell surface marker of CD4™ T helper- and CD8" cytotoxic T cells
(Monney et al., 2002). Since then, it has been discovered as a receptor on effector T cells,
regulatory T cells, B cells, NK cells, DCs and macrophages (Y. He et al., 2018), and high levels
of TIM-3 expression have been correlated with poor prognosis in tumor entities such as
prostate- and colon cancer (Das, Zhu, & Kuchroo, 2017). Currently, more than ten TIM-3
targeting mAb-candidates are being investigated in the context of clinical trials (Tian & Li,
2021), mostly in combination with mAbs against PD-1 (Wolf, Anderson, & Kuchroo, 2020).
One of the currently active trials is using a TIM-3 targeted mAb (sabatolimab) with and without
conjunction of spartalizumab, a PD-1 inhibitor for advanced solid tumors (NCT02608268). Of
the patients receiving combination therapy, ORR was at 5 %, DCR at 44 % and in four patients
the combination therapy resulted in partial response (PR) (Curigliano et al., 2019). Preliminary
results of this study indicate that TIM-3 targeted immune-checkpoint therapy may be a
beneficial adjunct therapy to PD-1 (Marin-Acevedo, Kimbrough, & Lou, 2021).

Even though the discovery and clinical use of ICls have been a revolutionary advance in
immunotherapy, the overall response rates are still insufficient and, especially for cancers with
low mutational burden (X. He & Xu, 2020).

1.1.4 Adoptive T-cell therapy

As previously mentioned, the development of ICIs were one of the reasons why Science
Magazine termed immunotherapy as the Breakthrough of the Year 2013 (Couzin-Frankel,
2013), the other being the development of patient-derived chimeric antigen receptor (CAR) T
cells. At their core, CAR T cells are lymphocytes that are genetically modified with a synthetic

receptor to specifically target tumor antigens (Imai et al., 2004). They are comprised of four
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main elements: an extracellular domain to bind the target-antigen, a spacer, a transmembrane
domain and intracellular signaling domains (Jayaraman et al., 2020). So-called first-generation
CART cells were dependent solely on one intracellular domain, the CD3-zeta-chain, to provide
T cells with an activation signal and stimulate TCR-signaling (Kuwana et al., 1987). However,
this design proved to be ineffective as no sufficient T-cell responses were generated and the
durability of these CAR T cells was persistent in vitro (Brocker & Karjalainen, 1995). This was
confirmed by initial clinical studies that showed only limited T-cell proliferation and cytokine
production, resulting in limited efficacy of the treatment (Brocker, 2000; Till et al., 2008).
Therefore, following generations of CAR T cells were designed to rely on multiple intracellular
signaling-domains such as CD28 (Maher, Brentjens, Gunset, Riviere, & Sadelain, 2002), CD40
(Kuhn et al., 2019) or 4-1BB (CD137) (Finney, Akbar, & Lawson, 2004).

As aresult of continuous improvements in engineering, CD-19 targeting CAR T cells have seen
great success in the treatment of chronic lymphocytic leukemia (CLL) (Porter, Levine, Kalos,
Bagg, & June, 2011) and B-cell acute lymphoblastic leukemia (B-ALL), where all treated
patients achieved complete remission (Brentjens et al., 2013), leading to FDA approval of the
first CAR T cell therapy for the treatment of acute lymphoblastic leukemia (ALL) in children
and young adults in 2017 (Mullard, 2017). Part of the clinical success in treatment of various
B-cell malignancies is the CD19 target antigen, since it is uniformly expressed by the vast
majority of B-cell malignancies (Nadler et al., 1983) and limited to the B-cell lineage (Uckun
etal., 1988).

For the treatment of solid tumors however, CAR T cells face a variety of specific challenges
such as high efficient trafficking to and subsequent infiltration of tumor tissue (Rafig, Hackett,
& Brentjens, 2020), a highly immunosuppressive tumor microenvironment (TME)
(Nagarsheth, Wicha, & Zou, 2017) and crucially, antigen escape (Gardner et al., 2016; Jacoby
et al., 2016; Sotillo et al., 2015). Antigen escape describes a mechanism by which the tumor
either completely or partially loses or downregulates the target antigen (Singh et al., 2020) via
selection of antigen-negative cells (Grupp et al., 2013) or the use of lineage switches (Gardner
et al., 2016; Jacoby et al., 2016). While clinical trials using CD19-CAR T-cell treatment also
suffered from relapse of CD19-negative tumors in more than 20 % of initial responders (Curran
et al., 2015), the issue of antigen escape is even more substantial in solid tumors due to their
more prominent antigen heterogeneity (Alexandrov et al., 2013; Rafig et al., 2020). To
overcome this aspect and allow for a more sustained approach to target solid tumors, recent
advantages have been made in engineering bispecific CAR T-cells with specificities for
multiple target antigens (Bailey & Maus, 2019). An indication on the possible effectiveness of
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such an approach was seen in a successful clinical study where patients were sequentially
treated with different CAR T-cells, each targeting a different antigen (Pan et al., 2019).
Bispecific CAR T-cell treatment in a multiple myeloma mouse model, where the CAR was
bispecific for the B-cell maturation antigen (BCMA) and SLAM family member 7 (SLAMF7),
was able to overcome antigen escape and show a robust and continuous tumor-control (Zah et
al., 2020). Further engineering to minimize the impact of antigen escape while simultaneously
decreasing the chance for enhanced on-target, off-tumor toxicity is needed to translate the
success of CAR T-cell therapy from lymphomas and leukemias to solid tumors (Hou, Chen, &
Chen, 2021).

While CAR T-cell therapy relies on naturally occurring antigens on the surface of tumor cells
to be effective (Jackson, Rafig, & Brentjens, 2016), T-cell receptor (TCR) engineered T-cell
therapy is reliant on the interaction between TCR and antigen presentation via the MHC
complex (Xu et al., 2018; Zinkernagel & Doherty, 1974). This allows TCR therapy to target
not just surface-expressed antigens, but also recognize intracellular antigens presented by MHC
molecules (Harris & Kranz, 2016), which constitute 85 % of whole cell protein population and
therefore allows for greater application potential (Weekes et al., 2010).

Yet, TCR therapy also faces unique challenges due to its very specific but restrictive nature,
with one of these challenges being the optimization of TCR-affinity (Labrecque et al., 2001;
Thaxton & Li, 2014). TCR-affinity directly correlates with T-cell avidity (Derby, Alexander-
Miller, Tse, & Berzofsky, 2001) and therefore also with its function (Tan et al., 2015; Zeh,
Perry-Lalley, Dudley, Rosenberg, & Yang, 1999). The importance of TCR-affinity is also
evidenced by the preclinical analysis of tebentafusp, an immune-mobilizing monoclonal TCRs
against cancer (ImmTAC) targeting glycoprotein 100 (gp100), and the first FDA-approved
TCR-therapeutic (Urquhart, 2022). Utilizing seven TCRs against gp100, with various affinities
spanning the physiological range, it was shown that in vitro and in vivo lysis of tumor cells
plateaued at 10 puM and any higher affinities did not result in increased anti-tumor activity
(Zhong et al., 2013).

These results contributed to further development of tebentafusp until it was successfully tested
in an open-label phase I/11 trial (Middleton et al., 2020). Tebentafusp is a bispecific construct
comprised of a TCR arm against gp100 and a single-chain variable fragment (scFv) targeted
against CD3, to recruit CD3-positive cells (Damato, Dukes, Goodall, & Carvajal, 2019). In an
open-label, randomized phase Il clinical trial, 378 patients suffering from HLA-A*02:01-
positive uveal melanoma were assigned either tebentafusp treatment or, as a control, the

investigator’s choice of either the PD1-inhibiting pembrolizumab, CTLAA4-inhibiting
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ipilimumab or the chemotherapy dacarbazine (Nathan et al., 2021). Patients treated with
tebentafusp achieved an overall survival (OS) of 21.7 months compared to 16 months in the
control group, similarly, tebentafusp-treated patients experienced longer progression-free
survival (PFS) with 3.3 months compared to 2.9 months in the control group. Taken together,
the 1-year OS in the tebentafusp-treated group was 73 % and 59 % in the control arm of the
study (Nathan et al., 2021). Based on the success of this study, tebentafusp was approved as the
first TCR-based therapy for the treatment of HLA-A*02:01-positive uveal melanoma.
(Mullard, 2022b).

With the ever-increasing progress and development of previously discussed immunotherapeutic
approaches such as cancer vaccines, immune checkpoint inhibitors, CAR-T cell therapy and
TCR T-cell therapy, reliable and specific techniques to monitor and evaluate the wide variety
of therapeutic responses are still missing, immunotherapies need to be evaluated and there are
several approaches to characterize and visualize therapeutic outcomes, more specifically to

monitor the key components of immune responses, T cells.

1.2 Conventional non-invasive imaging strategies and limitations

Cancer immunotherapies have changed the way various solid and hematologic malignancies
can be treated. Particularly immune checkpoint blockage (ICB) targeting PD-1/PD-L1 (Sezer
etal., 2021) and CTLA-4 (Cascone et al., 2021) as well as anti-CD19 CAR-T cells (Ying et al.,
2019) have seen resounding success over the past years. However, while immunotherapies are
highly specific in terms of their target structures and mechanism of action, both their
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progression and response patterns differ widely from conventional anticancer treatments
(Borcoman et al., 2019) and therefore require specific care to be correctly evaluated.

One of the most challenging problems relating to immunotherapy assessment is the
differentiation between progression and so called pseudoprogression (Aide et al., 2019).
Pseudoprogression describes an increase in size of the primary tumor, tumor-lesions or the
appearance of new lesions, followed by a delayed tumor shrinkage (Reardon & Weller, 2018)
and was first described in a phase Il clinical trial of the previously discussed CTLA-4 mAb
ipilimumab, where a patient suffering from advanced melanoma saw an initial increase of
tumors lesions with subsequent, delayed partial response (Di Giacomo et al., 2009).

Since then, pseudoprogression has been described in various tumor entities, primarily in
melanoma (Pires da Silva et al., 2020), but also tumor entities such as renal-cell carcinoma
(Zhang et al., 2021), HNSCC (Haddad et al., 2019) and NSCLC (Ayati et al., 2021; Gettinger
et al., 2015; Tazdait et al., 2018). Even though there are various studies on pseudoprogression
and its incidence, there is no unifying consensus on all underlying molecular mechanisms
(Nishino et al., 2017). However, the major mechanism of pseudoprogression and the seeming
tumor-growth after immunotherapy is mainly attributed to a recruitment and an influx of
immune cells such as CD8"- and CD4* T cells (Di Giacomo et al., 2009; Tanizaki et al., 2016).
For example, one case report showed that a patient, who was suffering from non-small cell lung
cancer (NSCLC) and was treated with nivolumab, underwent histological evaluation of a
metastatic liver lesion to reveal that the fibrotic tissue contained no viable tumor cells but
infiltrated lymphocytes positive for CD3, CD4 and CD8 (Tanizaki et al., 2016).

The significant risk that can result from failure to correctly identify pseudoprogression is the
premature discontinuation of an otherwise effective treatment (Chiou & Burotto, 2015; Okada
et al., 2015). Clinical ramifications of pseudoprogression are highlighted by the incidence in
various cancer entities. For instance, reports showed an incidence rate for pseudoprogression
of 10 — 15 % malignant melanoma (Hodi et al., 2016), 5 — 7 % in NSCLC (Borghaei et al.,
2015) and 9 — 30 % in GBM (Thust, van den Bent, & Smits, 2018). The severity of
pseudoprogression and the increase of immunotherapeutic treatments have led to the
development of IRECIST, an updated version of the RECIST guidelines that includes specific
categories for response assessment to immunotherapy (Seymour et al., 2017).

The development of new assessment guidelines has to be accompanied by advances in equally
specific imaging techniques to correctly identify pseudoprogression in affected patients.
Current medical imaging techniques such as computed tomography (CT), magnetic resonance
imaging (MRI) and metabolic imaging such as 2-deoxy-2-[fluorine-18]fluoro-D-glucose (*8F-
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FDG) combined with positron emission tomography (PET) all suffer from drawbacks in terms
of their inability to specifically distinguish true tumor-progression from pseudoprogression
(Hegi-Johnson et al., 2022).

As anatomical imaging modalities, both CT and MRI imaging techniques are based on
monitoring structural changes within the tumor (Reddy & Robinson, 2010) and therefore
primarily rely on tumor-growth as a readout of therapeutic success (D. C. Sullivan, Schwartz,
& Zhao, 2013). Hence, even though both techniques offer high spatial and temporal resolution
and are routinely used for diagnosis and staging of tumors (Heusch et al., 2015; Spick,
Herrmann, & Czernin, 2016), they are incapable of providing the specificity needed to assess
unique immunotherapeutic response patterns, which was highlighted in a meta-analysis of
pseudoprogression in GBM patients. Based on MRI assessment, true tumor-progression
occurred in 2603 patients, however, subsequent histological confirmation or imaging follow-
up revealed that 36 % of patients demonstrated falsely identified pseudoprogression (Abbasi et
al., 2018).

1BE-FDG -PET is based on the principle that the glucose-analogue FDG is combined with the
radioisotope fluorine-18 (*éF), which decays over time, thereby releasing positive charged
positrons that can be detected using PET (Rege et al., 1994). While ®F is necessary for the
visualization through PET, FDG is utilized and processed by highly glycolic cells such as brain
cells, lymph nodes, kidneys and cancer cells (Niiranen et al., 2021). Therefore, ®F-FDG is
widely used as a sensitive marker for changes in glucose metabolism and, since cancer cells
consume large amounts of glucose due to increased glycolysis, to diagnose and monitor
malignant tumors (Hess, Blomberg, Zhu, Hoilund-Carlsen, & Alavi, 2014). Yet there is a major
disadvantage of !8F-FDG in the context of immunotherapies, namely that activated immune
cells upregulate the expression of glucose transporters (GLUT) (Jones & Thompson, 2007),
leading to an increase in glycolysis and a distinct *F-FDG from immune cells (Aide et al.,
2019; Laing, Nair-Gill, Witte, & Radu, 2010). Therefore, the pivotal role of glycolysis in both
immune- and cancer cells can lead to misinterpretation of pseudoprogression, false evaluation
of treatment responses and subsequent premature discontinuation of the given therapy
(Sachpekidis et al., 2015; Tumeh, Radu, & Ribas, 2008).

Taken together, the data strongly indicates that there is an urgent need for a novel imaging
technique to screen and validate immune response during immunotherapy and ultimately is
improving patient outcome. To circumvent the disadvantaged that come with indirectly

monitoring treatment-response based on tumor-growth or -metabolic activity, directly
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visualizing the most significant immune cells involved in antitumor-immunity would be an

ideal readout of treatment efficacy.
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Figure 2: Schematic overview of response-patterns for immunotherapies.

(Created with BioRender.com)

1.3 Non-invasive T-cell imaging

As previously described, assessing treatment-responses based on changes in structure and size
of monitored tumors proved to be insufficient in the context of immunotherapeutic approaches.
Visualizing the key components of the immune-response themselves, however, would allow for
a direct evaluation of the patients’ specific immune-response. As the key components in

immune checkpoint inhibition (Hui et al., 2017), cancer vaccines (Kreiter et al., 2015) and,
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evidently, adoptive T-cell therapy (S. A. Rosenberg et al., 2011), T cells represent the ideal
target-cell population in terms of immunotherapy-specificity.

On the one hand, T-cell monitoring would therefore facilitate a clear assessment of unique
immunotherapy response patterns such as pseudoprogression (Krekorian et al., 2019), but it
would also enable the use of T cells as surrogate markers in immunotherapy (Tumeh et al.,
2014), which will be discussed later on. Visualization of T cells can be achieved in various
ways; however, most approaches utilize PET as a non-invasive method to depict T cells in vivo.

A selection of promising approaches will be outlined hereinafter.

1.3.1 Indirect T-cell imaging via reporter genes

Generally, there are two main approaches when it comes to T-cell imaging: direct and indirect
labeling of T cells (Kircher, Gambhir, & Grimm, 2011). Indirect labeling is based on the
principle that the targeted cells are genetically modified to express a reporter gene (Jefferson,
Burgess, & Hirsh, 1986), which can code for either an enzyme, a transport protein or a cell
surface protein (Ashmore-Harris, lafrate, Saleem, & Fruhwirth, 2020). To image the cells and
monitor them in vivo, the specific features of the reporter genes are utilized by administering a
radiolabeled reporter probe (Tjuvajev et al., 2002). Depending on the type of reporter gene,
these reporter probes will then specifically accumulate either on the surface (cell surface
protein) or inside (enzyme & transport protein) the targeted cells and mark them for PET-
detection (Yaghoubi, Campbell, Radu, & Czernin, 2012).

Since indirect imaging is dependent on the ex vivo gene-transfer of the suitable reporter gene
into the desired cells (Gambhir et al., 1999), immunotherapeutic approaches such as CAR T-
cell therapy and TCR therapy are well suited for reporter-gene imaging (Chung, Kang, & Kang,
2010). One example of a reporter gene that is used in synergy with an ICAM-1 targeting CAR
T-cell therapy is the human somatostatin receptor subtype 2 (SSTR2). To ensure the
visualization of CAR T cells specifically, SSTR2 was concurrently expressed with the CAR via
the use of P2A (Vedvyas et al., 2019). In a preclinical gastric cancer NSG mouse model,
PET/CT imaging of CAR T-cell treated mice showed a distinct PET signal and therefore
accumulation of CAR T-cells at the subcutaneous tumor site compared to the control group
(Yang et al., 2021). While SSTR2 was able to specifically visualize CAR T cells in a human
immunocompromised mouse model, it also has inherent drawback due to its expression profile.
Since SSTR2 is also endogenously expressed on a variety of tissues such as the kidneys and the

gastrointestinal tract (Yamada et al., 1992), it is most importantly also expressed on immune
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cells such as T cells, B cells and macrophages (Elliott et al., 1999). While there are major
advantages and applications for imaging a wider array of the immune response, it is
counterproductive when the goal is to only monitor one immune cell subtype or genetically
modified cells, since major background activity is expected,

Another indirect-labeling approach to monitor T cells uses the herpes simplex virus type-1
thymidine kinase (HSV1-tk) as a reporter gene (Koehne et al., 2003). The benefit of this
approach is that HSV1-tk is not endogenously expressed in healthy humans (Ashmore-Harris
et al., 2020), thereby enabling a more specific monitoring of genetically modified T cells. After
successful in vivo testing (Tjuvajev et al., 2002), HSV1-tk radiolabeled 9-[4-[18F]fluoro-3-
(hydroxymethyl)butyl]guanine ([18F]FHBG has since been translated into the clinic to monitor
CAR T cells in patients suffering from recurrent glioma (Keu et al., 2017) or to track ex vivo
expanded cytolytic CD8+ T cells in glioma patients (Yaghoubi et al., 2009). Both approaches
proved to be simultaneously safe and effective in monitoring adoptively transferred T cells, and
yet, reporter-gene based T-cell imaging has overarching limitations. The genetic modification
of the target cells by a non-human protein, in addition to the insertion of CARs or TCRs, can
increase the risk of immunogenicity (Li, Wang, Liu, & Lan, 2018). Furthermore, reporter genes
can internalize upon ligand binding, leading to a decrease in sensitivity and signal intensity
(Cescato et al., 2006).

1.3.2 Ex vivo direct radiolabeling of T cells

Another approach to be able to visualize the T cells of interest, instead of relying on the
expression and functionality of reporter genes, is to directly label T cells with an appropriate
radionuclide (Meidenbauer et al., 2003). Direct radiolabeling of cells is done ex vivo, coupling
cells of interest to a radiation-emitting radionuclide, which should have no significant effect on
cell functionality, viability and trafficking (Maxwell et al., 2008), with subsequent injection
back into the subject (Lu et al., 2021).
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While there are a number of radionuclides that have been successfully used in the generation
of direct cell-labeling agents such as *Cu (Gawne et al., 2018), ®°™T¢ (Demaimay et al., 1997)
and 1In (Fisher et al., 1989), 8Zr has recently emerged as a promising radionuclide to trace T
cells, because, due to its long half-life (78 h), 8Zr is well suited for longitudinal cell imaging
applications (Holland, Sheh, & Lewis, 2009). However, the usage of long-lived radionuclides
such as 8Zr comes with major drawbacks, which will be discussed later. As a tool for direct ex
vivo radiolabeling of immune cells, [3Zr]oxinates was first synthesized in 2015 (Charoenphun
et al., 2015) and has since been utilized in long-term monitoring of NK cells (Sato et al., 2020),
vo-T cells (Man et al., 2019) and CAR T cells (Weist et al., 2018) in mice. As of this writing,
one clinical trial to investigate the potential of [3°Zr]oxinates in immune-cell tracking is being
investigated, where ex vivo labeled leukocytes are tracked in the context of neuroinflammation
(NCT03807973).

While this approach has the major advantage that there is no need to genetically modify the T
cells for imaging (lafrate & Fruhwirth, 2020), it has its own set of limitations. One such
disadvantage is the fact that due to cell-division and proliferation, the radiolabeling agent will
be diluted over time, leading to a decreased concentration of radionuclide per cell, resulting in
strongly reduced sensitivity (Hong et al., 2020; S. H. Lee et al., 2020). Furthermore, direct
radiolabeling does not enable a differentiation between radionuclide-signal coming from alive
or dead cells, which can then also result in accumulation of the radionuclide in unwanted
tissues, such as a strong signal in bone due to bone-seeking properties of leaked Zirconium-89
(Lechermann et al., 2020).

1.3.3 ImmunoPET

Even though both indirect reporter-gene labeling as well as direct T-cell labeling have specific
advantages and fields of application, over the past decade, the importance of immuno-positron
emission tomography (immunoPET) has drastically increased in association with
immunotherapy (Ehlerding, England, McNeel, & Cai, 2016). ImmunoPET utilizes probes such
as antibodies, antibody-fragments (F(ab’)2, scFv, sdAb) or engineered antibody-derived

constructs (diabody, minibody) that are coupled to positron-emmitting radionuclides, which are
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then injected to bind and visualize their specific target antigen (Tavare et al., 2016). Due to its
unique approach, immunoPET combines the high affinity and specificity of antibodies with the
sensitivity of PET imaging. The potential and possible applications of immunoPET are
therefore dependent on three main aspects, which need to complement each other: the probe,

the radionuclide and the target antigen.
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Figure 3: Key characteristics of antibody-based constructs with regards to immunoPET based imaging.

(Created with BioRender.com)

Full-size mAb were the first constructs to be characterized and investigated in terms of their
capability as immunoPET-probes (van Dongen, Visser, Lub-de Hooge, de Vries, & Perk, 2007).
However, while the pharmacokinetics of mAb often provide the basis for excellent drugs
(Ovacik & Lin, 2018), their long circulatory half-lives (ti2 of days to weeks, depending on the
mADb) necessitate the use of equally long-lived radionuclides for useful imaging and their
circulation time becomes a liability (R. Fu, Carroll, Yahioglu, Aboagye, & Miller, 2018). The
use of such long-lived radionuclides leads to significant drawbacks in terms of clinical
applicability and patient safety, because not only does it result in longer wait between tracer-
injection and imaging, but it also increases the radiation exposure of key organs such as kidney,
bone marrow and liver of patients (Phan et al., 2008). Furthermore, the relatively large
molecular weight of a mAb (~150 kDa) also negatively affects its diffusion and tissue
penetration (Thurber, Schmidt, & Wittrup, 2008), thereby further increasing time until image-
acquisition and hindering image-quality.

Taken together, this highlights one of the key aspects in terms of tracer-engineering for
immunoPET applications, namely that characteristics of probe and radionuclide are mutually
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dependent on one another. Yet, full-size mAb have seen success in preclinical models. One
example is a CD3-targeted mAb that was radiolabeled with #Zr and used to monitor cytotoxic
T-cell infiltration in a xenograft mouse model of colorectal cancer after CTLA-4 therapy
(Larimer, Wehrenberg-Klee, Caraballo, & Mahmood, 2016). This approach showed a strong
correlation between accumulation of the radiotracer, the number of T cells at the tumor site and
an enhanced therapeutic response to CTLA-4 therapy. The study also showed tracer uptake in
lymphoid organs such as spleen, thymus and lymph nodes, which was confirmed by a different
group using a syngeneic bladder cancer model (Beckford Vera et al., 2018).

With a molecular weight of 110 kDa, F(ab’), fragments, which can be generated via enzymatic
digestion of full-size mAb (Mariani, Camagna, Tarditi, & Seccamani, 1991), are the largest
antibody-fragments used in immunoPET. Due to their large size, however, F(ab’), fragments
prove no major advantage over full-size mAb and are restricted by the same limitations. Still,
89Zr-labeled F(ab'),-based radiotracers targeting CD4 and CD8 respectively were developed to
monitor T cells in a colon carcinoma syngeneic mouse model and quantitative region-of-interest
(ROI) analysis of PET images showed tumor-to-heart ratios of 8.9 + 0.5 for both 8Zzr-DFO-
CD4 and 9.25 + 0.98 for 8Zr-DFO-CD8 (Kristensen et al., 2019). Importantly, application of
both F(ab'), fragments did not interfere with the simultaneous PD-1 targeted treatment in any
impairing way.

In an effort to improve pharmacokinetic traits of immunoPET-probes, the engineered antibody
fragments called bivalent cys-diabodies (cDb), with a molecular weight of approximately 50
kDa and a circulatory half-life of 2 — 4 hours, were adapted for tracer development (M Rashidian
& Ploegh, 2020). Advantages due to the small size of cDbs compared to full-size mAbs and
F(ab’), fragments include a rapid renal clearance, leading to increased target-to-background
ratios, the feasibility of utilizing shorter-lived radionuclides such as *®F (t12 110 min) or %8Ga
(t2 68 min) and reduced time between injection and image-acquisition (Olafsen & Wu, 2010;
A. M. Wu, 2014). However, even though cDb allow for radiolabeling with more favorable
radionuclides, cDbs currently investigated for preclinical T-cell imaging have so far been
radiolabeled with either 8Zr (t12 78.4 h) (Tavare et al., 2014) or ®*Cu (t12 12.7 h) (Seo et al.,
2018), thereby not fully utilizing the beneficial properties of the cDb-probe. Furthermore, one
limitation that all protein scaffolds with a molecular weight above 40 kDa face, however, is an
aspect termed enhanced permeability and retention (EPR), which can negatively impact tracer-
binding and therefore result in false-positive results (D'Huyvetter, Xavier, et al., 2014; Fang,
Nakamura, & Maeda, 2011).
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An 8Zr-labeled anti-CD8 cDb was used in a syngeneic colon carcinoma mouse model to track
CD8" T-cells after antigen-specific adoptive T-cell transfer or PD-L1 immunotherapy (Tavare
et al., 2016). Acquired PET-signals based on #Zr-CD8-cDb showed a clear differentiation
between control tumors and antigen-specific tumors, with off-target accumulation of the tracer
in the kidneys, due to the renal clearance of the cDb and in the bones, due to the bone-seeking
properties of 8Zr (Abou, Ku, & Smith-Jones, 2011). Compared with a previously engineered
%4Cu-radiolabeled anti-CD8 minibody (molecular weight ~ 80 kDa) of the same group, the cDb
showed slower blood clearance and less aggregation, while also exhibiting a higher renal
accumulation due to the lower molecular weight and the residual characteristics of the used
radionuclide 8°Zr (Tavare et al., 2014).

Nonetheless, the described minibody, called 8Zr-IAB22M2C, was used in a first-in-humans
dose escalation phase clinical trial, where it was studied in six patients suffering from solid
malignancies such as melanoma, small cell-or non-small cell lung cancer and hepatocellular
carcinoma (Pandit-Taskar et al., 2020). The study was able to show the safety of &Zr-
IAB22M2C application, with no immediate or delayed side effects following the injection.
Tracer uptake was observed mostly in the spleen, bone marrow and the liver, with a relatively
low kidney-uptake. Importantly, while tracer-uptake was visible as early as two hours post
injection in some tumor lesions, most 8Zr-IAB22M2C-positive lesions were not detectable
until 24 hours post initial injection, which can be attributed to the size of the construct and the
consequential drawbacks in terms of blood circulation and tissue penetration (Pandit-Taskar et
al., 2020).

In an effort to overcome these limitations and use a construct for T-cell imaging that would
allow fast tissue penetration and accelerated image-acquisition, single-domain antibodies
(sdAb), alternatively also named nanobodies, were developed (Dumoulin et al., 2002). Derived
from camelid heavy chain-only antibodies, sdAb are small antigen-binding fragments with
molecular weight of around 15 kDa (Wesolowski et al., 2009). Compared to conventional mAbs
and their recombinant fragments, sdAb come with a variety of beneficial characteristics.
Because the type 3 VH domain (VH3) of sdAbs is highly homologous to human VH3, sdAbs
exhibit very low immunogenicity and good biocompatibility (Steeland et al., 2015).
Furthermore, due to their small size and high solubility, their capability for strong and fast tissue
penetration is highly increased, allowing them to quickly enter dense tissues such as solid
tumors (Zottel et al., 2020) and even cross the blood-brain barrier (Muruganandam, Tanha,

Narang, & Stanimirovic, 2002).
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Their small size also enables sdAbs to rapidly bind their target-antigen with a high degree of
affinity (Mitchell & Colwell, 2018) and specificity (Hassanzadeh-Ghassabeh, Devoogdt, De
Pauw, Vincke, & Muyldermans, 2013), while also allowing unbound sdAb to be quickly cleared
via renal elimination (Xenaki et al., 2021). Lastly, sdAbs exhibit unique properties in terms of
their antigen-binding site. While conventional mAbs and antibody fragments typically have a
planar- or concave antigen-binding site (MacCallum, Martin, & Thornton, 1996), the
complementarity determination region-3 (CDR3) of the sdAb is able to form loops (Desmyter,
Decanniere, Muyldermans, & Wyns, 2001) that facilitate binding to otherwise inaccessible
epitopes by conventional mAb-constructs, such as epitopes in protein clefts (Hu, Liu, &
Muyldermans, 2017; Huen et al., 2019).

Taken together, this makes sdAbs promising candidates for immunoPET that would allow for
highly specific antigen-binding and subsequent monitoring of T cells with high-tumor-to-
background ratios already at one hour post injection (Chakravarty, Goel, & Cai, 2014). Due to
all their favorable characteristics, sdAbs have extensively been studied in terms of their
imaging-capabilities over the past years, also in the context of T-cell imaging.

One approach was using an 3Zr-radiolabeled PEGylated-sdAb to monitor the presence and
infiltration of CD8* T cells in a syngeneic melanoma mouse model after CTLA-4
immunotherapy (M. Rashidian et al., 2017). The CD8-sdAb was able to depict CD8-presence
in thymus and secondary lymphoid structures as well as intratumoral CD8" T cells at 24 hours
post injection. Additionally, longitudinal PET-monitoring over the course of four CTLA-4
treatments, 9, 16, 23, and 30 days post tumor-inoculation, revealed that a response to CTLA-4
correlated with a distinctly homogenous distribution of 8Zr-CD8-sdAb signal compared to a
more heterogeneous distribution of 8Zr-CD8-sdAb in non-responders (M. Rashidian et al.,
2017).

These promising results were further solidified from the same group by additionally using
breast cancer- and colorectal cancer models which showed comparable tracer-accumulation and
distribution (M. Rashidian et al., 2019). All PET-images were acquired 24 hours post injection
of the tracer, which allowed for a very specific signal of CD8-bound sdAb because at this point
in time, most unbound tracer was already cleared via the kidneys. However, this was only
possible due to ®Zr-radiolabelling and therefore encompassed the previously discussed
disadvantageous aspects of 8Zr-radiolabelling for clinical translation.

Therefore, in a more recent study, anti-CD8 sdAbs were labeled using ®Ga, thereby utilizing
the beneficial characteristics of sdAb in terms of eventual clinical translation (Zhao et al., 2021).
Though in this study, the %8Ga-CD8-sdAb tracer was not used to monitor and track CD8" T cells
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in the context of immunotherapy, but to visualize murine colon cancer tumors MC38, which
have been modified to express human CD8. Yet, this study showed that a ®3Ga-radiolabelled
immune-cell targeting sdAb was able to infiltrate tumor tissue and bind its target antigen in a
timely manner that allowed image-acquisition only one hour post injection (Zhao et al., 2021).
In summary, the development of sdAb has opened a new chapter in the aspect of monitoring
immunotherapeutic responses using immunoPET and so far has not been utilized to its full

potential.

1.4 Pan T-cell marker

As previously described, CD8 has been a major focus of T-cell imaging over the past decade,
with numerous different approaches to visualize CD8" T cells in the context of immunotherapy.
The reasoning behind the focus on CD8" T cells is the well-described fact that tumor-infiltrating
CD8" T cells have been shown to predict patient survival and response to immunotherapy in a
variety of tumor entities like colorectal cancer (Pages et al., 2005), melanoma (Azimi et al.,
2012), TNBC (Savas et al., 2018) and other (Herbst et al., 2014).

However, by restricting T-cell monitoring to narrowly defined CD8*-populations, the versatile
aspect of T-cell responses during immunotherapy cannot be assessed to its full extent. For
example, while it has long been known that CD4" T cells are necessary in supporting the
differentiation and effector function of CD8" T cells (Keene & Forman, 1982), recent studies
have emphasized the crucial role of CD4" T cells in the context of anti-tumor immune responses
(Ahmadzadeh et al., 2019; Tran et al., 2014).

For example, two separate studies in 2017 were able to show that personalized neoantigen-
vaccines in melanoma mouse models induced anti-tumor responses primarily in CD4* T rather
than CD8" T cells (Ott et al., 2017; Sahin et al., 2017), with one of the groups showing that 57
% of induced immune responses was due to CD4* T cells, 26 % due to CD8"- and CD4" T cells
combined and just 17 % because of CD8" T cells alone (Sahin et al., 2017). Beyond cancer
vaccination, CD4" T cells have also seen a newfound role in adjuvant therapy. In a preclinical
study where breast cancer- and colon carcinoma- mouse models received treatment consisting
of CD40-mAb and IFNy, analysis of the T-cell subset that drove tumor-eradication showed that
CD4" T cells were more vital to achieve an effective immune response compared to CD8" T
cells (Spitzer et al., 2017).

As for immune checkpoint inhibition, in a study that analysed 85 patients suffering from classic
Hodgkin Lymphoma (cHL) it was shown that CD4" T-cell infiltration, but not CD8* T-cell
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infiltration, served as a good prognostic marker for PD-1 therapy (Nagasaki et al., 2020). Lastly,
CAR T-cell therapy has also seen success in the development and use of CD4" CAR T-cells in
glioblastoma- (D. Wang et al., 2018) and leukemia patients (Yang et al., 2017). In patients
suffering from leukemia, the treatment with CD4" CAR T-cells demonstrated equal cytotoxicity
compared to CD8* CAR T-cells, but only CD4" CAR T-cell therapy resulted in long-term tumor
eradication (Yang et al., 2017).

Taken together, these studies highlight the importance of encapsulating and monitoring the
whole spectrum of T-cell responses during immunotherapy, since limiting the scope to a
restricted population might detrimentally effect therapy-evaluation and consequently patient
outcome. A way to achieve a more complete picture of the T-cell based immune response via
immunoPET is by utilizing a pan T-cell marker, which is a surface antigen that is found on all
T-cell subsets. These markers include CD2, CD3 and CD7, with the primary focus of this
dissertation being CD2 and CD?7, since work by Mayer & Mall et al. has shown detrimental
effects of CD3-based pan T-cell tracers on T-cell viability. (Mayer et al., 2018).

1.4.1 CD2

Human CD2 was first described in 1981 as a member of the immunoglobulin superfamily
(Howard et al., 1981). Further research characterized it as a transmembrane glycoprotein
(Sayre, Hussey, Chang, Ciardelli, & Reinherz, 1989) that is expressed on the surface of all T-
cell subsets (Selvaraj et al., 1987), NK cells (Timonen, Gahmberg, & Patarroyo, 1990),
dendritic cells (Matsui et al., 2009) and thymocytes (Reinherz, 1985). CD2 has a molecular
weight of around 40 kDa (UniProt, 2019) and its corresponding binding partners are
lymphocyte-associated antigen 3 (LFA3), also known as CD58 (Krensky et al., 1983) and CD48
(McArdel, Terhorst, & Sharpe, 2016), both of which are expressed on antigen-presenting cells.
Binding between CD2 and its ligands leads to cell-cell-adhesion, subsequent co-stimulatory
signaling and T-cell activation (Hahn & Bierer, 1993; Moingeon et al., 1992).

The structure of CD2 has been described to be based on three distinct epitopes, named T11.1,
T11.2 an T11.3 (Meuer et al., 1984). While T11.1 and T11.2 are part of the adhesion domain
and involved in the binding of LFA3 (Vollger, Tuck, Springer, Haynes, & Singer, 1987), T11.3
belongs to the membrane-proximal domain and, due to conformational changes of CD2 upon
T-cell activation, it is increasingly exposed and accessible on activated T cells (Jing Li, Alex
Smolyar, Raute Sunder-Plassmann, & Ellis L Reinherz, 1996). Targeting CD2 via mAbs has
repeatedly shown to induce apoptosis (Dumont et al., 1998; Hammond et al., 2006; Mayer et
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al., 2018) or, if the anti-CD2-mAb was given during T-cell priming, result in a reduced T-cell
response (Glickel et al., 1991).

Expression levels of CD2 vary between the different T-cell subsets, with its highest expression
on memory T cells (Sanders et al., 1988). Furthermore, compared to resting T cells, CD2-
expression is upregulated on activated T cells (Denise J Lo et al., 2011), which has been
confirmed by various groups (Demetriou et al., 2019; Mayer et al., 2018). These features make
CD2 an attractive target not just to visualize all T cells involved in the individual immune-
response, but also to simultaneously highlight specifically activated T cells.

Therefore, Mayer & Mall et al. have investigated an approach to target CD2 for immunoPET
imaging in a preclinical mouse model by utilizing a 8Zr-labelled F(ab’), (Mayer et al., 2018).
In vitro analysis showed that CD2-F(ab’), binding did not impair proliferation or functional
anti-tumor efficacy of bound T cells, which led to further characterization of the tracer in a
myeloid sarcoma model of adoptive T-cell transfer. Imaging via PET/CT of adoptively
transferred T cells resulted in a distinct tracer accumulation at the tumor site and high contrast
images of T-cell distribution. However, while there was no major T-cell impairment visible in
vitro, application of the CD2-F(ab’), did impact T-cell functionality in vivo and resulted in T-

cell depletion and failure to reject the targeted tumor (Mayer et al., 2018).

1.4.2 CD7

CD7 is a transmembrane glycoprotein with a molecular weight of 40 kDa that is expressed by
all T cells, NK cells and thymocytes (Haynes, Eisenbarth, & Fauci, 1979; Hannah Rabinowich,
Luminita Pricop, Ronald B Herberman, & Theresa L Whiteside, 1994). Additionally, it is also
expressed in over 95 % of lymphoblastic T-cell leukemias and T-cell lymphomas, as well as in
peripheral T-cell lymphomas (Campana et al., 1991). Expression levels of CD7 vary depending
on the T-cell subtype, with naive- and memory T cells exhibiting the highest levels of expressed
CD7, while CD7-low expressing cells are typically effector T-cells (Aandahl et al., 2003).
Similar to CD3, CD7 plays an important costimulatory role in T-cell activation due to binding
to its ligand SECTM1 (K12) (Chan, Mobley, Fields, & Shimizu, 1997; Ward et al., 1995).
However, unlike CD3, CD7 does not seem to play a central role in T-cell development, since
genomic disruption of CD7 in murine T-cell progenitors did not impair T-cell development, —
homeostasis and -protective functions while only slightly affecting effector functions (D. M.
Lee et al., 1998).
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Targeting CD7 by using an 8Zr-labelled F(ab'); has already shown preclinical success in
monitoring adoptively transferred T cells (Mayer et al., 2018). Mayer & Mall et al. have
evaluated the potential of CD2- and CD7-8Zr-labelled F(ab’), simultaneously, and while
application of CD2- F(ab’),, as previously described, led to T-cell depletion and failed tumor
rejection in vivo, CD2- F(ab’)2 showed no impairment of T-cell functionality in the same mouse
model. Additionally, PET/CT images showed a strong signal at the subcutaneous injected HLA-
relevant tumor site with no significant accumulation in the control tumor.

Taken together, intravenous injection of 8Zr-CD2- F(ab’), did not affect T-cell functionality
and subsequent therapeutic success in vivo, while at the same time allowing precise T-cell

monitoring.
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2  Aim of this study

While immunotherapies are highly specific in terms of their target structures and mechanism
of action, both their progression and response patterns can differ substantially from
conventional anticancer treatments and therefore necessitate appropriate tools to be correctly
evaluated. As a consequence, sensitive methods that facilitate timely evaluation of
immunotherapeutic response patterns and allow more insight into their pharmacodynamics and-
kinetics are still missing, yet necessary to improve patient outcome.

In order to resolve this issue, direct and specific monitoring of the most relevant immune cells
involved in antitumor immunity would be ideal. The majority of research on this topic is
focused on imaging individual T-cell subsets, such as CD8+ T cells, rather than the overall
population of T cells. However, focusing on narrowly defined populations can result in failure
to depict the versatile aspect of T-cell responses during immunotherapy to its full extent.
Therefore, the need to monitor and evaluate the whole spectrum of immunotherapeutic
responses during therapy using a universally applicable non-invasive imaging method is rapidly

growing.

Utilizing a pan T-cell tracer in order to comprehensively visualize CD4- as well as CD8 T cells
in patients during immunotherapy would constitute a promising novel approach in
immunotherapeutic response assessment. In order to bridge the gap between preclinical
research and clinical translation, extensive and in-depth analysis of the evaluated CD2- and
CD7-sdAb tracers in terms of purity, binding stability and binding specificity is necessary.
Furthermore, ensuring that the tracer can be used to monitor T cells in the context of
immunotherapies without interfering in the therapy itself by impairing T-cell functionality is
crucial for a thorough safety-assessment.

Besides evaluation of CD2- and CD7-sdAb binding characteristics and their respective impact
on T-cell functionality, detailed analysis in terms of in vivo PET-imaging is crucial to

demonstrate the beneficial impact of such a technology.
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3 Material

3.1 Technical Equipment

Table 1: Technical Equipment

Device

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

BD LSR Il

BioDocAnalyze

Centrifuge 5417R
Centrifuge 5810R
Centrifuge 7-0040

MTS 2/4 microtiter shaker
MPC-L Magnetic Particle Concentrator
EcoVac Vacuum Pump

ENVAIR eco safe Comfort laminar flow
Fume cupboard 2-453-DXNN

GABI Star y detector
Gamma counter 2480Wizard?2

GEL iX20 Imager

Gene Pulser Xcell Electroporation System

Glomax Discover Microplate Reader

Growth chamber WTC

Company

Denver Instrument, Gottingen, Germany
Systec GmbH, Linden, Germany

BD Biosciences, Franklin Lakes, USA

BD Biosciences, Franklin Lakes, USA
Biometra GmbH, Goéttingen, Germany
Eppendorf AG, Hamburg, Germany
Eppendorf AG, Hamburg, Germany
neoLab Migge GmbH, Heidelberg, Germany
IKA-Werke, Staufen, Germany

Invitrogen Dynal AS, Oslo, Norway
Schuett-biotec GmbH, Gottingen, Germany

CARLO ERBA Reagents GmbH,
Emmendingen, Germany

Kottermann GmbH & Co KG, Uetze/Hanigsen,
Germany

Elysia-raytest GmbH, Straubenhardt, Germany
PerkinElmer, Waltham, USA

Intas Science Imaging Instruments GmbH,
Gottingen, Germany

Bio-Rad Laboratories, Inc., Hercules, USA
Promega GmbH, Walldorf, Germany

BINDER GmbH, Tuttlingen, Germany
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Incubator BBD 6220
Incubator CB 150

Infors HT shaker

Innova 40 shaker
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/MRI

Neubauer improved counting chamber

Pipets

Pipette controller

PowerPac Universal Power Supply

Precision balance 440

Heraeus Holding GmbH, Hanau, Germany
BINDER GmbH, Tuttlingen, Germany
Infors AG, Bottmingen, Switzerland
Eppendorf AG, Hamburg, Germany
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, Inc., Hercules, USA

IKA®-Werke GmbH & CO. KG, Staufen,
Germay

Eppendorf AG, Hamburg, Germany
Heraeus Holding GmbH, Hanau, Germany
Thermo Fisher scientific, Waltham, USA

PegLab/VWR International GmbH, Darmstadt,
Germany

Implen GmbH, Munich, Germany
Mediso GmbH, Miinster, Germany

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

Eppendorf AG, Hamburg, Germany

INTEGRA Biosciences GmbH, Biebertal,
Germany

Bio-Rad Laboratories, Inc., Hercules, USA

KERN & SOHN GmbH, Balingen, Germany

34



| Material

Premium -20°C Freezer

Prominence HPLC system with a Photo Diode
Array detector
Refrigerator Profi line

Rotina 420R

SEC column Yarra 3um SEC-3000

Sub-Cell GT horizontal gel electrophoresis cell
TGradient

Thermomixer Compact

TProfessional Thermocycler

Vortex Mixer 7-2020

Vortexer Reax top

Vortex-Genie 2
VWR Power Source 300V

Waterbath

Ziegra lce machine

Liebherr-International Deutschland GmbH,
Biberach an der Ri3, Germany
Shimadzu, Kyoto, Japan

Liebherr-International Deutschland GmbH,
Biberach an der Ri3, Germany

Andreas Hettich GmbH & Co.KG, Tuttlingen,
Germany

Phenomenex, Aschaffenburg, Germany

Bio-Rad Laboratories, Inc., Hercules, USA
Biometra GmbH, Géttingen, Germany
Eppendorf AG, Hamburg, Germany
Biometra GmbH, Géttingen, Germany
neoLab Migge GmbH, Heidelberg, Germany

Heidolph Instruments GmbH & Co.KG,
Schwabach, Germany
Scientific Industries, Inc., New York, USA

VWR International GmbH, Darmstadt, Germany

Memmert GmbH + Co. KG, Schwabach,
Germany
ZIEGRA Eismaschinen GmbH, Isernhagen,

Germany
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3.2 Consumables

Table 2: Consumables

Consumable
Amicon Ultra - 0,5 Centrifugal Filter Device
Amicon Ultra — 15 Centrifugal Filter Device

Cell culture flask (T25, T75, T175)

Cell strainer (40, 70, 100 pm)

Cryopure tubes

EIA/RIA plates

E-Plate 96-well plate

Erlenmeyer baffled cell culture flasks — 1 1
Erlenmeyer baffled cell culture flasks — 2 |
Falcons (15 ml, 50 ml)

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-/24-well)
NUuPAGE Bis-Tris Mini Gel

Parafilm MR laboratory film

PCR reaction tubes (0.5 ml)

Petri dishes

Pipet tips (10/20/300/1250 pl)

Reaction tubes (1.5, 2 ml)

Round-bottom polysterene test tubes (1.2 ml)
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Company
Merck KGaA, Darmstadt, Germany
Merck KGaA, Darmstadt, Germany

Greiner Bio-One Gmbh, Frickenhausen,
Germany
BD bioscience, Franklin Lakes, USA

Sarstedt AG & Co., Nimbrecht, Germany
Corning, New York, USA

ACEA Biosciences, Inc., San Diega, USA
Corning, New York, USA

Corning, New York, USA

BD Biosciences, Franklin Lakes, USA

Bio-Rad Laboratories, Inc., Hercules, USA

KCL GmbH, Eichenzell, Germany

VWR, Darmstadt, Germany

Alpha Laboratories, Hampshire, UK
Abena A/Sm Aabenraa, Denmark

BD Biosciences, Franklin Lakes, USA
Thermo Fisher Scientific, Waltham, USA
Pechiney Plastic Packaging, Chicago, USA
VWR International GmbH, Darmstadt, Germany
Greiner Bio-One, Frickenhausen, Germany
Sarstedt AG & Co., Nimbrecht, Germany
Sarstedt AG & Co., Nimbrecht, Germany

Falcon, Corning Brand, Glendale, USA
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Round-bottom polysterene test tubes (5 ml)
Screw Cap Micro Tubes

Sealing foil (ELISA)

Serological Pipets (5 ml, 10 ml, 25 ml, 50 ml)
Stericup/Steritop 0.22 pm filters

Sub-Q syringes (1 ml)

Syringe filters (0.2, 0.45 pm)

Syringes (2 ml, 5 ml, 10 ml, 50 ml)
Tissue culture-treated plates (48-well)

Tissue culture-treated plates (6-/12-/24-well,
round/flat bottom 96-well)

3.3 Reagents and chemicals

Table 3: Reagents and chemicals
Reagent / chemical
100 bp DNA ladder
1 kb DNA ladder
4x Laemmli protein sample buffer
6X loading buffer
7-Aminoactinomycin D (7-AAD)
AccuCheck Counting beads
Acetic acid
ACK Lysis buffer
Agar-Agar
Agarose
Ampicillin
Bacto Tryptone
Bacto Yeast Extract
Bovine serum albumin
Brilliant blue R 250
Coomassie Brilliant Blue G-250 Dye
DEPC-H,0

Falcon, Corning Brand, Glendale, USA
Sarstedt AG & Co., Nimbrecht, Germany
Alpha Laboratories, Hampshire, UK
Sarstedt AG & Co., Nimbrecht, Germany
Merck KGaA, Darmstadt, Germany

BD bioscience, Franklin Lakes, USA

TPP Techno Plastic Products AG, Trasadingen,
Switzerland
BD Bioscience, Franklin Lakes, USA

BD Biosciences, Franklin Lakes, USA

TPP Techno Plastic Products AG, Trasadingen,

Schweiz

Company

Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA
Bio-Rad Laboratories, Inc., Hercules, USA
Thermo Fisher scientific, Waltham, USA
Merck KGaA, Darmstadt, Germany
Thermo Fisher scientific, Waltham, USA
Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Waltham, USA
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
Thermo Fisher scientific, Waltham, USA
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Desferrioxamine

DMEM

DMSO

EDTA

Ethanol

Fetal calf serum (FCS)
Ficoll-Paque

Gentamycin

Glucose

Glycerol

HEPES

Human serum (HS)
Isofluran

Isopropanol

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 (Na;HCO3)
Sodium pyruvate

Sucrose
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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 Miinchen, Germany
CP Pharma, Burgendorf, Germany
Merck KGaA, Darmstadt, Germany
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, HlIkirch, 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
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Sulfuric acid (1M)

SYBR Safe

Terrific Broth medium
TransIT transfection reagent
Trypane blue

Trypsine EDTA (0.5 %)
Tween 20

3.4 Kits

Table 4: Kits
Kit
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 - QlAwave
DreamTag Green Hot Start PCR Mastermix
(2X)
DreamTag Hot Start PCR Mastermix (2X)
Dynabeads ™ Human T-Activator CD3/CD28
Dynabeads ™ Untouched Human CD8 T Cells
Kit
HisPur ™ Ni-NTA Spin Purification Kit, 3 ml
NAb™ Protein A Plus Spin column (1 ml)

NEB® 5-alpha competent E. coli

NucleoBond® Xtra Maxi EF
NucleoSpin® Gel and PCR Clean-up

NucleoSpin® Plasmid EasyPure

Pierce™ F(ab"), Preparation Kit
Quick Ligation™ Kit

Roth, Karlsruhe, Germany

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

Thermo Fisher scientific, Waltham, USA
Thermo Fisher scientific, Waltham, USA
Merck KGaA, Darmstadt, Germany

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
Thermo Fisher scientific, Waltham, USA

Thermo Fisher scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
New England BioLabs Inc., Ipswich, USA
MACHERY-NAGEL GmbH & Co. KG, Diiren,
Deutschland

MACHERY-NAGEL GmbH & Co. KG, Diiren,
Deutschland

MACHERY-NAGEL GmbH & Co. KG, Diiren,
Deutschland

Thermo Fisher Scientific, Waltham, USA

New England Biolabs, Ipewich, UK
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3.5 Buffer

Table 5: 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)

Permeabilization buffer

SDS-PAGE buffer

TAE buffer (1X)

TES buffer

Tris buffer (1 M, pH =8.0)

Washing buffer
AFCS
AHS

Application
sdAb production
sdAb production
ELISA

ELISA

SDS-PAGE

SDS-PAGE

sdAb production
sdAb production
Flow cytometry
Intracellular staining
RNP production
T-cell isolation
SDS-PAGE

Intracellular staining

SDS-PAGE

Gel electrophoresis

sdAb production

sdAb production

ELISA

Multiple applications
Multiple applications

40

Ingredients

PBS + 25 mM imidazole

PBS + 50 mM imidazole

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

100 mM NaHCO;z and 30 mM Na,COs in
H-0, pH 9.5

1 g/l Brilliant blue, 50 % ethanol, 10 %
acetic acid in H.0

50 % methanol, 10 % acetic acid in H.O
PBS + 250 mM imidazole

PBS + 10 mM imidazole

PBS + 1 % AFCS

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

PBS +2 % AFCS, 2 mM EDTA

H.O + 5 % MES SDS Running Buffer
(20X) (Thermo Fisher scientific)

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

50ml 20x NuPAGE MES Puffer und 950ml
H20

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

0.2 M Tris, 0.5 mM EDTA, 0.5 M sucrose
in H20, pH 8.0

121,14 g Tris in H,0O, adjusted to pH 8.0
with HCI

PBS + 0.05 % (v/v) Tween 20

FCS, heat inactivated for 20 min at 58°C
HS, heat inactivated for 20 min at 58°C
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3.6 Media

Table 6: Media
Medium
cDMEM

cRPMI

cMEM

Freezing medium

LB medium
OptiMEM

Terrific broth medium (TB
medium)
T-cell medium (TCM)

3.7 Cytokines

Table 7: Cytokines
Cytokine
Human IL-2
Human IL-7
Human IL-15

Ingredients

DMEM supplemented with 10 % AFCS, 10 mM non-essential
amino acids, 1 mM sodium pyruvate, 2 mM L-Glutamine, 100 U/ml
Penicillin and 100 ug/ml Streptomycin

RPMI supplemented with 10 % AFCS, 10 mM non-essential amino
acids, 1 mM sodium pyruvate, 2 mM L-Glutamine, 100 U/ml
Penicillin and 100 pg/ml Streptomycin

MEM supplemented with 10 % AFCS, 10 mM non-essential amino
acids, 1 mM sodium pyruvate, 2 mM L-Glutamine, 100 U/ml
Penicillin and 100 pg/ml Streptomycin

90 % AFCS + 10 % DMSO

10 g Bacto-Tryptone, 5 g Bacto-Yeast extract and 10 g NaCl
dissolved in 11 H20, autoclaved after preparation

OptiMEM (Thermo Fisher Scientific, Waltham, USA), no
supplements

Terrific broth medium (Thermo Fisher Scientific, Waltham, USA)
supplemented with 2 nM MgCI2 and 0.1 % Glucose

RPMI 1640 supplemented with 5 % AFCS, 5 % AHS, 10 mM non
essential amino acids, 1 mM sodium pyruvate, 2 mM L-Glutamine,
100 U/ml Penicillin, 100 pg/ml Streptomycin, 10 mM HEPES
buffer and 16.6 pg/ml Gentamycin

Company

PeproTech, London, UK
PeproTech, London, UK
PeproTech, London, UK
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3.8 Antibodies

Table 8: Antibodies for flow cytometry

Antibody Clone
anti-human CD2 RPA-2.10
anti-human CD2 OKT11
anti-human CD2 OKT11
anti-human CD2 CD2-sdAb
anti-human CD3 UCHT1
anti-human CD4 RPA-T4
anti-human CD45RA  HI100
anti-human CD45RO UCHL1
anti-human CD62L DREG-56
anti-human CD7 124-1D1
anti-human CD7 CD7-sdAb
anti-human CD8 RPA-T8
anti-human CD8 HIT8a
anti-human HA-Tag 912426
anti-human HIS-Tag AD1.1.10
anti-human HLA-B7 BB7.1
anti-murine TCR H57-597
(TCRmu)

Control-sdAb R3b23-sdAb
Isotype control MOPC-21
MPOs 5B8

Conjugation
APC, PE and
unconjugated
APC, PE and
unconjugated

unconjugated

unconjugated

V450, APC, PE
APC-Cy7, FITC
APC

PE

PE

APC

unconjugated

APC
FITC
AF488

AF647

APC
FITC and
unconjugated

unconjugated

FITC, PE, APC,
AF700, V450,
APC-CyTM7
FITC
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Company

Thermo Fisher Scientific, Waltham,
USA

BioLegend, San Diego, USA

Caprico Biotechnologies, Norcross,
USA

VIB Nanobody Core, Brussels,
Belgium

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
Thermo Fisher Scientific, Waltham,
USA

VIB Nanobody Core, Brussels,
Belgium

BD Biosciences, Franklin Lakes, USA
BD Biosciences, Franklin Lakes, USA
R&D Systems, Inc., Minneapolis,
USA

Bio-Rad Laboratories, Inc., Hercules,
USA

Novus Biologicals, Centennial, USA
BD Biosciences, Franklin Lakes, USA

VIB Nanobody Core, Brussels,

Belgium
BD Biosciences, Franklin Lakes, USA

BD Biosciences, Franklin Lakes, USA
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3.9 Vectors

Table 9: Vectors

Vector
PMECS-GG

pHENG6C

Characteristics Reistance
If sdAb are produced from pMECS  Ampicillin
vector, the His_Tag at C-terminus is

cleaved off after storage at 4°C or

several freeze/thaw cycles

C-terminal His-Tag remains intact ~ Ampicillin
through storage at 4°C or several

freeze/thaw cycles

pMP71-P2A-dsRed  pMP71GPRE with P2A element Ampicillin

upstream of dsRed

3.10 CRISPR RNAs (crRNA)

Sequences are depicted in 5° — 3’ direction.

Table 10: crRNA sequences

crRNA
Cbh2-C
CD2-H
CD2-M
CD2-N
CD2-0
CD7.AA
CD7.AB
CD7.AC
CD7.AJ

Sequence
UUACGAAUGCCUUGGAAACCGUUUUAGAGCUAUGCU
AAGCUGGCUACAAAUUUACAGUUUUAGAGCUAUGCU
CAAGGCAUUCGUAAUCUCUUGUUUUAGAGCUAUGCU
CUUGGGUCAGGACAUCAACUGUUUUAGAGCUAUGCU
ACGAAUGCCUUGGAAACCUGGUUUUAGAGCUAUGCU
CACUACGGACAGACGGUUCCGUUUUAGAGCUAUGCU
AUGCUCGGACGCCCCACCAAGUUUUAGAGCAUAGCU
CAUCAUUUACUACGAGGACGGUUUUAGAGCUAUGCU
GAUGCUCGGACGCCCCACCAGUUUUAGAGCUAUGCU
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Origin
VIB Nanobody Core,

Brussels, Belgium

VIB Nanobody Core,

Brussels, Belgium

Generated by
Richard Klar

Application

Knockout of CD2
Knockout of CD2
Knockout of CD2
Knockout of CD2
Knockout of CD2
Knockout of CD7
Knockout of CD7
Knockout of CD7
Knockout of CD7
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3.11 Primers

Primers were dissolved in DEPC-H,0 to a stock concentration of 100 uM. Sequences are

depicted in 5> — 3’ direction.

Table 11: Primers

Primer Sequence Application
AGE GATGTGCAGCTGCAGGAGTCTGGGGGAGG sdAb recloning
PMCF CTAGTGCGGCCGCTGAGGAGACGGTGACCTGGGT  sdAb recloning

Sequencing of
sdAb_fwd CGCCAGGGTTTTCCCAGTACAGAC

recloned sdAb

Sequencing of
sdAb_rev TCACACAGGAAACAGCTATGAC

recloned sdAb

Sequencing of
MPO57 TTATGCTTCCGGCTCGTATG

recloned sdAb
Colony-PCR of
recloned CD2-sdAb
Colony-PCR of
recloned CD2-sdAb
Colony-PCR of
recloned CD7-sdAb
Colony-PCR of
recloned CD7-sdAb
Sequencing of
recloned CD2- and
CD7-sdAb in pMP71

vector

CD2_col_fwd TCCAAAGGTGCAGTCTCCAA

CD2_col_rev.  AGAAGTTCGTGGCATTAGAGGA

CD7_col_fwd CCACAGCCCCAAGACATCAT

CD7_col_rev. = GAGAAGTTCGTGGCCTGGTA

MP71_fwd TGAAAATTAGCTCGACAAAG

Sequencing of
recloned CD2- and
CD7-sdAb in pMP71

vector

MP71_rev GTAAATGATTGCCCCACCA
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3.12 Cell lines and primary cells

Table 12:Cell lines and primary cells

Cell line

293Vec-RD114

624.38 Mel

CD8* T cells

HL60-B7

HL60-B15

Jurkat E6.1

ML2-B15

ML2-B7

NB4-B15

NB4-B7

U698M

U698M-CD2

U698M-CD7

Medium
cMEM

cDMEM

TCM

cRPMI

cRPMI

cRPMI

cRPMI

cRPMI

cRPMI

cRPMI

cRPMI

cRPMI

cRPMI

Characteristics
Retroviral packaging cell line based
on HEK 293

Human melanoma cell line

Generated from PBMCs of healthy
donors

APL cell line HL60, transduced
with HLA-B*15:01-P2A-GFP
APL cell line HL60, transduced
with HLA-B*07:02-P2A-eGFP
Human acute T-cell leukemia cell
line

AML cell lines ML2, transduced
with HLA-B*15:01-P2A-GFP
AML cell lines ML2, transduced
with HLA-B*07:02-P2A-eGFP
APL cell line NB4, transduced with
HLA-B*15:01-P2A-GFP

APL cell line NB4, transduced with
HLA-B*07:02-P2A-eGFP

Human B cell lymphoma

U698M, transduced with human
CD2-P2A-DsRed
U698M, transduced with human
CD7-P2A-DsRed
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Origin

BioVec Pharma inc.,
Québec, Canada
Kindly provided by E.
Noessner, Munich, Germany

Healthy donors

Generated by former lab
members

Generated by former lab
members

Kindly provided by AG
Ruland, Munich, Germany
Generated by former lab
members

Generated by former lab
members

Generated by former lab
members

Generated by former lab
members

DSMZ, Braunschweig,
Germany

Self-generated

Self-generated



| Material

3.13 Mouse model

Table 13: Mouse model

Mouse strain

Genetic background

Company

NOD scid gamma
(NSG®)

NOD.Cg-Prkdc*® 112rg™"1/Sz)

The Jackson Laboratory, Bar Harbor,
Maine, USA

3.14 Software

Table 14: Software
Software
CHOPCHOP

BioDocAnalyze

EndNote™ X5
FlowJoTM

Graphpad Prism v10

Human Protein Atlas

Inveon Research Workplace

Magellan

Microsoft Office (Word,
Excel, Powerpoint), 2010
NCBI Basic Local Alignment
Search Tool (BLAST)
NEBcutter V2.0

Sequencher v5.0

SerialCloner 2.6.1

Application
crRNA design

SDS-PAGE gel
visualization

Citation management
Flow cytometry analysis
Data processing and
analysis

Protein expression
analysis

PET/MRI image
analysis

ELISA-plate reader
software

Data processing and
presentation

Sequence alignments

In-silico cloning

DNA sequence analysis

In-silico cloning
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Origin

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

Biometra GmbH, Géttingen, Germany

Clarivate Analytics, London, UK

BD Bioscience, Franklin Lakes, USA
GraphPad Software, Inc., La Jolla,
USA

https://www.proteinatlas.org

Siemens, Knoxville, USA

Tecan Group Ltd., Maennedorf,
Switzerland

Microsoft Corporation, Redmond,
USA
https://www.blast.ncbi.nlm.nih.gov/Bl
ast.cgi

New England Biolabs, Ipewich, UK
Gene Codes Corporation, Ann Arbor,
USA

Freeware
(http://serialbasics.free.fr/Serial_Clone
r.html)
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4  Methods

4.1 Cell culture methods

Cell culture methods were performed under sterile conditions and work with human blood

samples and retroviruses was performed according to S2 safety guidelines.

4.1.1 Freezing and thawing of cells

To freeze cells, they were centrifuged, resuspended in 1 ml freezing medium and placed in
cryotubes. The cryotubes were then transferred into a freezing container which itself contains
80% isopropanol, and frozen at -80 °C overnight before being transferred to liquid nitrogen for
long-term storage.

To thaw cells, the cryotubes were quickly warmed in a water bath and the cells were taken up
in 10ml of appropriate medium and centrifuged. After centrifugation at 500 g for 5 min, the
supernatant was discarded and the cell-pellet was resuspended in appropriate medium and

cultivated in the desired cell culture flask or plate.

4.1.2 Counting of cells

To determine the concentration of cultured cells, a small, well-mixed volume of the cell
suspension was diluted with 4 % trypan blue solution to differentiate between dead and live
cells. To evaluate the concentration of 20 pl cell suspension, 80 ul of trypan blue solution was
added and carefully placed in a Neubauer chamber, carefully counted and the concentration was

calculated using the following formula:

(ceIIS) number of alive cells in each square
cells =

X dilution factor x 10000
ml

number of counted squares

4.1.3 Cultivation of cell lines

Suspension cell lines as well as adherent cell lines were cultured in appropriate medium at a
concentration of 0.5 to 1x10° cells per ml and split every two to four days. For this purpose,
suspension cells were centrifuged and resuspended in new medium. Semi-adherent RD114 cells
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were mechanically detached by gentle clapping of the flask and subsequently split equal to
suspension cells. To split adherent cells, the culture medium was removed and the cells were
washed with PBS. Subsequently, Trypsin/EDTA was added to the cells and they were incubated
for 3—5 min at 37 °C, after which detachment of the cells was verified under the microscope
and medium was again added. Cells were then transferred to a 50 ml Falcon, centrifuged and

resuspended in new appropriate medium.

4.1.4 Cloning of cells by limited dilution

Cells were cloned by limiting dilution to create a stable cell line carrying either the retrovirally
transduced design or the CRISPR/Cas9 knockout of interest. Cells were counted and 200 pl of
cells in respective medium were seeded in 96-well U-bottom plates at a concentration of 2.5 —
5 cells/ml, to achieve 0.5 — 1.0 cells per well. Cells were grown and regularly checked until day
seven after seeding, at which time point cells were analyzed for their respective transgene by

flow cytometry.

4.1.5 Isolation of PBMCs from whole peripheral blood

Blood from healthy donors was collected after informed consent following requirements of the
local ethical board. PBMCs were isolated from whole blood by using density-gradient
centrifugation. To that end, blood was diluted 1:1 with RPMI medium and 35 ml of this mixture
was carefully layered on 15 ml Ficoll/Hypaque (Biochrom, Berlin, Germany) in a 50 ml tube.
After centrifugation at room temperature for 20 min at 880 g with reduced acceleration and no
brake, the leukocyte layer in the interface was carefully harvested with a 10 ml serological
pipette. Leukocyte cell suspensions were washed twice with RPMI, counted and then used for

further downstream applications or stored in liquid nitrogen.

4.1.6 Purification of human CD8* T cells

CD8" T cells were isolated via negative selection by using the Dynabeads™ Untouched™
Human CD8 T Cells Kit (Thermo Fisher Scientific) according to the manufacturer's
instructions. Of the previously isolated PBMCs, 1x108 cells were used at a concentration of
1x108 cells per ml and resuspended isolation buffer. Addition of 200 pl of heat-inactivated FCS
and 200 pl of the antibody mix was followed by incubation for 20 min at 4°C. The cells were

then washed with 4 ml isolation buffer and centrifuged at 350 g for 8 min at 4°C, after which
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the supernatant was discarded. Cells where resuspended in 1 ml of isolation buffer and 1 ml of
Depletion Dynabeads and incubated using a rotator for 15 min at room temperature. Next, cells
were mixed with 8 ml isolation buffer, thoroughly resuspended and placed in the magnet for 2
min. After all Depletion Dynabeads were attached to the magnet, the supernatant containing
CD8" cells was carefully removed and transferred to a new tube. The remaining Depletion
Dynabeads were resuspended in 4 ml isolation buffer and again placed in the magnet for an
additional separation. Afterwards, supernatant was removed as described before and both

supernatants containing CD8" cells were pooled.

4.1.7 Activation of CD8" T cells

Previously isolated T cells were taken up at a concentration of 1x10°8 cells per ml in T cell
medium, seeded in a 24-well plate. T cells were then stimulated with 30 U/ml human IL-2 and
25 pl CD3/CD28 beads that were washed according to manufacturer’s instructions (Thermo
Fisher Scientific). After two days of incubation at 37 °C the cell suspension was mixed
thoroughly, cells were collected and placed in a tube on magnet to separate the beads via

magnetic separation Isolated activated CD8" T cells were then used for further assays.

4.2 Retroviral transduction

4.2.1 Production of virus particles for retroviral transduction

For production of retroviral particles, RD114 cells were used as a viral packaging cell line.
7.5x10° cells were seeded in 3 ml/well cDMEM on a tissue-culture treated six-well plate to
adhere for at least eight hours before transfection. Afterwards, confluency was assessed using
a light microscope and a confluency of 60 % of the six-well plate was aimed for. Then, the
transfection solution was prepared by mixing 200 ul DMEM with 3 ul of the transfection
reagent TranslT, followed by vortexing and incubation for 20 min at room temperature.
Afterwards, 1 pg of retroviral plasmid was added, carefully mixed and incubated for 30 min at
room temperature. The mixture was then added dropwise to the cells, the plate was gently

panned and incubated for 48 hours at 37 °C.

4.2.2 Transduction of CD8" T cells and tumor cell lines

Untreated 24-well plates were coated with 400pl RetroNectin solution (12.5 pg/ml in PBS) per
well, covered with Parafilm and incubated overnight at 4 °C. After removal of the RetroNectin
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solution, the wells were blocked with 500 ul of sterile filtered 2 % BSA in PBS at 37 °C for 30
min. Subsequently, each well was washed twice with 1 ml of PBS with 2.5 % HEPES and stored
at 4 °C until the start of transduction. Next, three approaches are described to prepare cells for
transduction with retroviral supernatant. The sections describe the preparation of CD8* T cells,

suspension cell lines and adherent cell lines respectively.

CD8" T cells were isolated and activated as described above. Then, 1x10° CD8" T cells were
plated on RetroNectin-coated and blocked 24-well plates in 1ml TCM per well and
supplemented with IL-2 (ceno = 100 U/ml), HEPES (ceno = 5 mM) and Protamine sulfate (ceno
= 4 ng/ml) with all end concentrations calculated in relation to Venp = 2 ml/well.

Suspension cell lines were washed with PBS and 0.5x10° cells were seeded in 1 ml cRPMI on
RetroNectin-coated and blocked 24-well plates, with the supplementation of HEPES and
Protamine sulfate as described above.

Adherent cell lines were plated the evening before on tissue-culture treated 6-well plates to a
density of 0.3x108 cells/well. The next day, cells were checked for adherence and confluency
and 1 ml/well of medium was added, supplemented with HEPES and Protamine sulfate as

described above.

Independent of the used cell line, treatment of retroviral supernatant was done equally with 1
ml of retroviral supernatant used for each previously prepared RetroNectin-coated well. The
remaining supernatant was kept for the second transduction. Retroviral supernatant was
harvested, filtered through a 0.45 um filter and added to each well containing the cell suspension
or adherent cells. Supplementation of each condition with IL-2, Protaminsulfat and HEPES was
done as described above and the second transduction was done in the same way as the first.
After incubation overnight, cells were washed and resuspended in their respective culture
medium. CD8" T cells were expanded in TCM supplemented with 5 ng/ml of IL-7 and 5 ng/ml
of IL-15.

4.3 CRISPR/Cas9 knockout

4.3.1 Generation of the ribonucleoproteins (RNPs) complex for CRISPR/Cas9 knockout

The methods used for preparation of the RNP complex is based on instructions by the

manufacturer. In order to achieve a final concentration of 200 uM, crRNA and tracrRNA were
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resuspended and diluted in IDTE buffer. CrRNA and TracrRNA were combined in an
equimolar ratio to a duplex concentration of 100 puM to produce the gRNA. The mixture was
heated to 95 °C for 5 min and then allowed to cool to room temperature. The previously
prepared gRNA and the supplied Cas9 enzyme were combined in PBS to form the
ribonucleoprotein complex according to the table below. The complex was incubated for 20

min at room temperature, after which it was kept on ice until further use.

Table 15: Preparation of RNP complex

Component Concentration Volume
gRNA 100 uM 12 pl

Cas9 enzyme 62 uM 17 ul

PBS / Fill up to 50 pl

4.3.2 Lipofection of target cells for CRISPR/Cas9 transfection

Thermo Fisher Scientific's CRISPRMAX Cas9 Transfection Reagent was utilized for
lipofection of target cells. Previously generated RNP complexes were diluted to a ratio of 1:20

with supplied IDTE buffer and subsequently mixed according to the table below for lipofection.

Table 16: Lipofection mix

Component Volume

RNP complex 1.5l

Cas9 PLUS Reagent 0.6 pul
Opti-MEM Fill up to 20 pl

The mix was incubated at room temperature for 5 min and afterwards supplemented with 1.2
pl of CRISPRMAX transfection reagent and 23.8 pl Opti-MEM. After incubating the
lipofection mix for 20 min at room temperature, 50 pl was added to each well of a 96-well plate.
Afterwards, target cells were diluted to achieve a concentration of 0.4x10° cells per ml and 100
pl of the cell suspension was added to the previously prepared lipofection mix in a 96-well
plate. The knockout rates of the cells were examined after two days of incubation.

51



| Methods

4.4 Flow cytometry analysis

4.4.1 Flow cytometry staining of surface markers

Cells were washed using FACS buffer and afterwards blocked with 100 % AHS for 10 min at
4 °C. After an additional washing step with FACS buffer, 1.5 pl of each antibody as well as 1
pl of 7-AAD (cenp = 0.5 mg/ml) were added to the sample and the cells were incubated for 60
min at 4 °C in the dark. Afterwards, cells were washed with 1 ml FACS buffer and stored at 4
°C in the dark until measurement. Analysis of the samples was performed on a LSRII (BD

Biosciences) and results were analyzed using FlowJo v7.6.5 software (BD Bioscience).

4.4.2 Flow cytometry staining CD2 and CD7 using sdAb

For sdAb-based flow cytometry staining, all steps were performed on ice. 0.5x10° cells were
washed three times with FACS buffer. The respective sdAb was added to a final concentration
of 10 pg/ml per sample and the cells were incubated for 60 min at 4 °C in the dark. Afterwards,
cells were washed three times with FACS buffer, 1 ul of anti-His-Tag antibody was added and
the cells were again incubated for 60 min at 4 °C in the dark. Then, cells were washed again
with FACS buffer and stored at 4 °C in the dark until measurement. Analysis of the samples
was performed on a LSRII (BD Biosciences) and results were analyzed using FlowJo v7.6.5
software (BD Bioscience).

4.4.3 Evaluation of the dissociation constant of sdAbs

Cells were stained using sdAbs as previously described. Concentrations of used sdAbs ranged
from 1x107* M to 1x10~2 M and were achieved through a series of sequential dilutions at a rate
of 1:10. Binding of sdAb at their respective concentrations were performed on a LSRII (BD
Biosciences) and results were analyzed using FlowJo v7.6.5 software (BD Bioscience), by

analysing Mean Fluorescence Intensity (MFI) of each condition.

4.4.4 Thermal stability of sdAbs

Different samples of tested sdAbs were incubated at 37 °C, 60 °C or 90 °C for 0.5h, 1 h,2h, 4
h and 6 h, with a control sample that was kept at 4 °C. Jurkat E6.1 cells were used as target cells
and 0.2x10° cells were washed with FACS buffer and then seeded in a 96-well plate. The
respective sdAb was added to the sample at a concentration of 5 nM and the cells were incubated

for 60 min at 4 °C. Afterwards, cells were washed three times with FACS buffer and 1 pl of
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anti-His-Tag antibody was added per well and the samples were again incubated for 60 min at
4 °C. Cells were washed with FACS buffer and analysis of the samples was performed on a
LSRIl (BD Biosciences) and results were analyzed using FlowJo v7.6.5 software (BD

Bioscience).

4.5 Functional assessment of CD8* T cells

4.5.1 Coincubation of CD8* T cells and tumor cells

Previously isolated and retrovirally transduced CD8" T cells were used for coincubation assays
with tumor cells in a 96-well U-bottom plate using an effector to target ratio (E:T) from 1:1 to
1:10in 200 pul of TCM. After 4 h to 24 h of incubation at 37 °C, the supernatants were carefully

removed and either used immediately or stored at -20 °C for later use.

4.5.2 Cytokine secretion evaluation via ELISA

Supernatants of previous coincubation were used to analyse the cytokine levels of IFNy, GM-
CSF, IL2, and TNFa by using the respective BD OptEIA ELISA set (BD Bioscience). ELISA
plates were coated with respective capture antibody diluted 1:250 in coating buffer, sealed and
incubated over night at 4 °C. Afterwards, the plates were washed three times with washing
buffer and unspecific binding was blocked by addition of ELISA blocking buffer for 1 h at
room temperature. Plates were washed three times and 50 pl of serial 1:2 dilutions of standards
for each cytokine were added in duplicates to each plate (1000 pg/ml to 31.25 ng/ml). 50 ul of
sample supernatant was diluted appropriately and added to each plate in triplicates, followed
by incubation for 1 h at room temperature. Plates were then washed five times and detection
solution, consisting of 1 % milk powder in PBS with biotinylated detection antibody (1:250)
and Streptavidin-horseradish peroxidase (HRP) conjugate (1:250), was added to each well and
incubated for 1 h at room temperature in the dark. Afterwards, plates were washed seven times
before 100 ul of substrate solution (TMB substrate Reagent Set, BD) was added per well and
the plates were incubated at room temperature in the dark. The reaction was stopped after 10 —
20 min by adding 50 pl of sulfuric acid (H2SOs4; 1 M). Absorbance was measured at a
wavelength of 450 nm with 560 nm as a reference wavelength, using an ELISA reader (Glomax
Discover Microplate Reader, Promega).
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4.5.3 XCELLigence Assay

TCM and cDMEM were mixed in a 1:1 ratio and 200 pl of the mix were added to a 96-well
XCELLigence plate. After 30 min incubation at room temperature, a background measurement
of the plate was performed on the XCELLigence RTCA MP instrument. Then, 100 ul of medium
was carefully removed from each well and 7.5x10* tumor cells, resuspended in the same TCM
and cDMEM mix, were added per well. The plate was then incubated at 37 °C for 24 h in the
XCELLigence RTCA MP instrument and the cell index was determined every 30 min. After 24
h, 100 pl of medium was carefully removed and 7.5x10* transduced CD8" T cells as well as
sdAbs (ceno = 100 nM or 500 nM) were added in 100 pl of TCM and cDMEM mix. Each
condition was evaluated in triplicates. After another 24 h incubation at 37 °C with a cell index
analysis every 30 min, the coincubation was stopped and the data was analyzed using RTCA

software 2.0. The cell index was normalized at the time of T-cell addition.

4.6 Recloning of sdAb genes from pMECS in pHENGc vector

The generated CD2- and CD7-sdAb from VIB were supplied in E. coli TG1, harboring the
recombinant vector pMECS, containing the genes encoding for sdAb. To circumvent the loss
of His-Tag if sdAb are produced in pMECS vectors, the His-Tags are likely to be cleaved off
upon storage at 4° C. Therefore, sdAb were recloned into pHENGc vectors, facilitating stable

storage of the expressed sdAb.

4.6.1 Plasmid isolation

E. coli TG1 with pMECS vector encoding for each sdAb were spread on an LB agar plate with
100 pg/ml ampicillin and 1 % glucose and incubated over night at 37 °C. A colony was picked
and shaken in 3 ml LB medium containing 100 pg/ml ampicillin and 1 % glucose at 250 rpm
and 37 °C overnight. The plasmid was then purified using the NucleoSpin Plasmid EasyPure
Kit (Machery-Nagel) according to the manufacturer's instructions. For this, 2 ml of the culture
was transferred to a 2 ml reaction tube, centrifuged at 500 g for 5 min and the cell pellet was
taken up in 150 pl resuspension buffer. Then, 250 pl of blue stained lysis buffer was added, the
tube was inverted five times and incubated for 2 min at room temperature. Afterwards, the
reaction was stopped by adding 350 ul neutralization buffer, the tube was inverted until the
lysate became colorless and subsequently centrifuged at 20000 g for 3 min. The supernatant
was added to an enclosed column and centrifuged at 1500 g for 30 s. Then, 450 ul wash buffer
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was added to the column and it was centrifuged at 20000 g for 1 min and remaining wash buffer
was removed during a second centrifugation that was done equally.

Subsequently, DNA was eluted with 25 pl elution buffer by incubation at room temperature for
1 min followed by centrifugation at 20000 g for 1 min. This step was repeated and the

concentration of the purified plasmid was measured using the NanoDrop ND-1000 (PegLab).

4.6.2 PCR to amplify sdAb genes

To amplify the sdAb genes of the previously isolated plasmids, a PCR was performed using the
DreamTaq Hot Start PCR Mastermix (2X) (Thermo Fisher Scientific). The reaction was set up
as described in the table below.

Table 17: PCR reaction mix

Component Amount
DramTaq Hot Start PCR MasterMix (2X) 25 ul

Primer AGE (100 uM) 0.5 ul

Primer PMCF (100 uM) 0.5 ul

Plasmid 100 ng

DEPC H:0 Fill up to 50 pl

The components were mixed in a 1.5 ml tube and incubated according to the following table.

Table 18: PCR reaction program

Step Temperature Time

1 94 °C 30s

2 55°C 30s

3 72°C 45 s (30 cycles starting from step 1)
4 72 °C 10 min

5 4°C 0

The PCR product was then purified using the NucleoSpin Gel and PCR Clean-up Kit (Machery-
Nagel) according to the manufacturer's instructions. The sample was mixed with double the
amount of binding buffer, then added onto an enclosed column and centrifuged at 11000 g for
30 s. This was followed by two wash steps with 700 ul wash buffer and centrifugation at 11000
g for 30 s. To remove excess wash buffer from the column, the column was centrifuged again

at 11000 g for 1 min, after which the DNA was eluted. Therefore, 20 pl of elution buffer was
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added to the column, incubated at room temperature for 1 min and then centrifuged at 11000 g
for 1 min. Subsequently, the concentration of the eluted DNA was measured on the NanoDrop
ND-1000 (PegLab).

4.6.3 Restriction digest

The purified PCR products and the vector pHENGc were digested using the restriction enzymes
Pstl-HF and BstEIlI-HF for 1 h at 37 °C. The composition of the reaction mixtures for the
digestion of amplified sdAb genes and pHENGcC are respectively shown below.

After the respective reactions, the digested PCR products of the sdAb genes were purified again
using the NucleoSpin Gel and PCR Clean-up Kit (Machery-Nagel), and the digested vector
pHENGc was purified using agarose gel electrophoresis.

Table 19: Reaction mixture for the digestion of amplified sdAb genes

Component Amount
PCR-Product 2 ug

Pstl-HF 2 ul
BstEIl-HF 2 ul

NeBuffer 10 x 5ul

DEPC H;0 Fill up to 50 pl

Table 20: Reaction mixture for the digestion of pHENG6c vector

Component Amount
Vector pHENG6C 9 ug

Pstl-HF o ul

BstEIl-HF 9ul

NEBuffer 10 x 15 ul

DEPC H;0O Fill up to 150 pl

4.6.4 Gel electrophoresis and purification

For the analysis of the DNA fragments as well as for the inactivation of the restriction enzymes,
agarose gel electrophoresis with 1 % agarose gel was performed. For this, 1 g of agarose was
completely dissolved in 100 ml of 1xTAE buffer by heating, after which ethidium bromide was
added (ceno 0.6 pg/ml). The respective samples were mixed with 20 pl of 6x loading buffer

and loaded into the pockets. For subsequent interpretation of sample size, an additional 6 pl of
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1 kb or 100 bp ladder was loaded to an additional well. Electrophoresis was performed at 110
V for 30 — 45 min in a Compact M Horizontal Gel Alectrophoresis Apparatus (Biometra) and
the results were analyzed and documented using the BioDocAnalyze gel documentation system
(Biometra). Desired PCR products were cut out and purified using the Nucleospin Gel and PCR
Cleanup kit (Macherey-Nagel) according to the manufacturer’s instructions. Then, PCR
products were eluted using 20 pl DEPC H.O and the concentration was measured using
NanoDrop ND-1000 (PeqLab).

4.6.5 Ligation of sdAb genes and pHENGc vector

A molar ratio (n) of 1:3 was chosen for ligation of the nanobody genes with vector pHENGc
(vector:insert). The used amounts of sdAb-inserts and pHENGc-vector were calculated with

regard to their length according to the following formula:

Cinsert ) x (length (bp) insert )

m; =nX (
insert length (bp)yector

CU@CtOT‘

The reaction mix was set up according to table 21 and ligation was performed at room

temperature for 5min, followed by storage on ice.

Table 21: Reaction mix for ligation

Component Amount

DNA Vector 50 ng

Insert variable

Quick Ligase 1l

Quick Ligase Buffer 10 pl

DEPC H;0 Fill up to 150 pl

4.6.6 Transformation of chemically competent E. coli

Chemically competent E.coli bacteria (NEB5a) were quickly thawed on ice, after which 5 pul
of previously prepared ligation product was added to 50 pl of bacterial suspension, carefully
mixed and incubated for 30 min on ice. Heat-shock was performed for 30 sec at 42 °C and
followed by incubation for 2 min on ice. Then, 950 pul S.0.C medium was added to the mix and
the bacteria were shaken for 60 min at 300 rpm and 37 °C in a Thermomixer. Afterwards, 50 —

100 ul of suspension were dispersed on LB-agar plates supplemented with Ampicillin (100
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pug/ml) and grown over night at 37 °C. A single colony was picked and incubated in 3 ml LB
medium (+ 100 pg/ml Ampicillin) over night at 37 °C at 250 rpm, after which it was used for
DNA purification.

4.6.7 Generation of electrocompetent E. coli WK6

E. coli WKG6 were spread on an LB agar plate and incubated overnight at 37 °C. The next day,
a single colony was picked and shaken in 5 ml of LB medium at 250 rpm and 37 °C overnight.
3 ml of culture was then added to 300 ml of 2xTY medium and cultured at 37 °C and 250 rpm
until an OD600 of 0.80 was reached. The bacterial culture was then distributed to six 50 ml
centrifuge tubes and chilled on ice for one hour before centrifugation at 3300 rpm and 4 °C for
7 min. All further steps were done at 4 °C. Supernatant was discarded and after resuspension of
each pellet with 25 ml of 1 mM HEPES, centrifugation was repeated at 3200 rpm for 7 min.
Each pellet was then taken up in 25 ml of 10 % glycerol and centrifuged at 3200 rpm for 7 min.
Subsequently, all bacteria were resuspended in a total volume of 40 ml of 10 % glycerol,
centrifuged at 3200 rpm for 6 min and resuspended up in 2.5 ml of 10 % glycerol. These

electrocompetent E. coli WK6 were then stored in small volumes at -80 °C.

4.6.8 Transformation of electrocompetent E. coli

25 pl of electrocompetent E. coli WK6 were mixed with 1 pl of purified plasmid in a
GenePulser cuvette and subsequently electroporated at 1800V with a time constant of
approximately 5.0 ms. Afterwards, the mixture was rapidly resuspended in 500 pl of LB
medium and shaken at 37 °C and 250 rpm for 1 h. Then, 100 ul of culture was spread on an LB
agar plate containing 100 pg/ml ampicillin and incubated at 37 °C overnight. The next day, a
colony was carefully picked and shaken in 3 ml LB medium supplemented with 100 pg/ml
ampicillin at 250 rpm and 37 °C overnight. Afterwards, 500 ul of this culture was mixed with
500 pul of 50 % glycerol and stored at -80° C.
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4.7 Production and purification of sdAbs

The production of CD2- and CD7-sdab was done according to instructions provided by VIB
after previous recloning in pHENGc vector and transformation of electrocompetent E. coli WK6
with CD2- and CD7-sdAb.

4.7.1 Production of sdAbs in bacterial culture

E. coli WK®6 glycerol stocks were scraped using a pipette tip and carefully spread on an agar
plate supplemented with ampicillin (ceno = 100 pg/ml) and 1 % glucose. After the plates were
incubated over night at 37 °C, a single colony was carefully picked and transferred to 10 ml LB
medium supplemented with ampicillin (ceno = 100 pg/ml) 1 % glucose. The bacteria were
shaken over night at 37 °C and 250 rpm and afterwards, 2 ml of this suspension was added to a
2 | baffled shaker flask and mixed with 660 ml of TB medium supplemented with ampicillin
(cenp = 100 pg/ml). The culture was then shaken at 37 °C and 250 rpm until an OD600 of 0.6
— 0.9 was reached, which is when IPTG (ceno = 1 mM) was added to induce sdAb-expression
and the culture was shaken over night at 28 °C and 250 rpm until an OD600 of 25 — 30 was
reached. Then, the culture was centrifuged at 8000 g for 8 min and the pellet was resuspended
in 8 ml of TES buffer. This was followed by incubation on ice at 250 rpm for one hour before
12 ml of TES/4 were added to the suspension and shaken for an additional hour on ice at 250
rpm. After Afterwards, the bacterial lysate was centrifuged at 8000 g and 4 °C for 30 min and
the transparent supernatant was carefully transferred to a new Falcon for subsequent His-Tag

purification or stored at -20 °C.

4.7.2 His-Tag purification

His-Tag purification of produced sdAbs was performed using the HisPur™ Ni-NTA Spin
Purification Kit (3 ml) (Thermo Fisher Scientific) with a slightly modified protocol. All steps
were performed at room temperature and each centrifugation was conducted at 700 g for 2 min.
After each centrifugation, the flow-through was kept for later analysis via SDS-PAGE.

After initial centrifugation of the columns to remove storage buffer, equilibration of the
columns was performed by adding 6 ml of equilibration buffer (10 mM imidazole) to the
column, which was then centrifuged again. Afterwards, 15 ml of previously in bacteria
produced extracted supernatant was mixed with 5 ml of equilibration buffer and added to the
column. The column was incubated at 4 °C for 30 min on a rotator, after which it was
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centrifuged again and washed twice with 6 ml wash buffer (25 mM imidazole in PBS) and
subsequent centrifugation. After a third wash with 6 ml wash buffer (50 mM imidazole in PBS),
the column was eluted four times with 3 ml elution buffer (250 mM imidazole in PBS) each.
Purity of the purified sdAbs was assessed via SDS-PAGE or via SE-HPLC and Mass

Spectroscopy by Lisa Russelli from the nuclear medicine department.

4.7.3 SDS-PAGE

30 pl of each HIS-Tag purification step was mixed with 10 pl of 4X LAEMMLI buffer and
incubated for 5 min at 95 °C. Then, 20 pl of each sample and 7 ul of a prestained protein ladder
were applied to the pockets of a NUPAGE Bis-Tris Mini gel and run for 35 min at a constant
voltage of 200 V. The gel was then stained in a Coomassie Brilliant Blue solution for one hour
on a plate shaker and then panned in a destaining solution overnight. Afterwards, when the

protein bands were clearly visible, the gel was scanned using BioDocAnalyze (Biometra).

4.7.4 Concentration and buffer exchange

Concentration and buffer exchange of the sdAbs was performed using Amicon Ultra-15
centrifuge filter units (3K) (Merck). For this, the column was first rinsed with sterile PBS before
the pooled elution steps of the His-Tag purification were added to the column and it was
centrifuged for 60 min at 4000 g and 8 °C. The flow-through was discarded and 15 ml of sterile
PBS was added to the column for buffer exchange and it was then centrifuged again for 60 min
at 4000 g and 8 °C. The remaining solution in the column contained the concentrated sdAb in
PBS and was carefully removed. The concentration of the sdAb was then measured on the
NanoDrop ND-1000 (PeglLab), after which the sdAb was stored at -80°C or used for further

applications.

4.8 In vivo experiments

NSG mice aged 6 to 12 weeks were used to study the influence of nanobodies on T cell
cytotoxicity in vivo. The experimental animals were kept at the Center for Preclinical Research
of the Technical University of Munich at TranslaTUM according to the institute guidelines and

after approval of the local authorities.
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4.8.1 ML2 tumor model in NSG mice

ML2-B7 or ML2-B15 tumor cells were washed twice, resuspended in PBS at a concentration
of 5x107 cells/ml and kept on ice until injection. 200 pl of cell suspension were subcutaneously
(s.c.) injected either into the left and right flank of the mice for the tumor-rejection studies or
above the left and right shoulder blades, with ML2-B7 cells injected on the right side and ML2-
B15 cells on the left side. Tumor-growth kinetics were assessed by caliper measurement and
indicated as tumor size calculated by length x width of the.

4.8.2 Adoptive T-cell transfer

Transfer of retrovirally transduced T cells was performed either intratumorally (i.t.) or
intravenously (i.v.). T cells were washed twice, resuspended in PBS at a concentration of 1x108
cells/ml and kept on ice until injection. For intratumoral and intravenous injection, 200 pl of
cell suspension containing 2x107 T cells were injected either directly into the tumor or into the

tail vain of tumor bearing mice.

4.8.3 PET/MRI Imaging

All the imaging studies were performed using a nanoScan 3T PET/MRI scanner (Mediso).
PET/MRI imaging of mice was performed in cooperation with the preclinical imaging team
(Sybille Reeder, Markus Mittelhduser, Hannes Rolbieski) from the department of nuclear
medicine, Klinikum rechts der Isar in Munich. Mice were anesthetized using 1.5 % isoflurane
and subsequently injected with the tracer into the tail vein. Right before image acquisition, mice
were placed in the device in prone position under constant anesthesia with 1.5 % isoflurane.
The initial MRI scan of 10 min was followed by acquisition of static PET emission images for
20 min, after which the mice were sacrificed for further ex vivo analyses. The obtained
PET/MRI images were reconstructed, fused and further processed using the Nucline software
(Mediso). Tracer uptake was displayed as standardized uptake value (SUV) and images were

shown.
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4.9 EXxvivo analyses

Following the respective in vivo experiments, mice were euthanized using isoflurane and

cervical dislocation to minimize distress for the animals.

4.9.1 Biodistribution

Biodistribution studies were performed after animals were sacrificed to examine the in vivo
distribution of tracer. Therefore, blood, heart, lung, spleen, liver, pancreas, kidney, stomach,
small intestine, large intestine, bladder, muscle, femur, tail and brain were collected, weighted
and the respective activity was quantified using a gamma-counter. The tracer accumulation for

each sample was expressed as percentage of injected dose per gram of tissue (%ID/g).

4.9.2 Flow cytometry analysis of murine tissue

Blood was collected via cardiac puncture of the sacrificed animal, mixed with 10 ml of ACK
buffer and incubated at room temperature for 5 min. Then, 5 ml of FACS buffer was added, the
mix was centrifuged for 5 min at 500 g and afterwards stained as previously described.
Murine organs and tumors were mashed and mechanically filtered through 40 um filters in PBS,
after which they were stained as previously described.

Mechanically filtered spleen suspensions were centrifuged for 5 min at 500 g and then
resuspended in 2 ml ACK buffer and incubated for 5 min at room temperature for erythrocyte
lysis. Lysis was then stopped by addition of 10 ml FACS buffer, the cell suspension was

centrifuged for 5 min at 500g and the cells were subsequently stained as previously described.

4.10 Statistical analysis

Data are presented as mean + standard deviations (SD). Statistical analysis of results was
performed using GraphPad Prism software version V.8.0.2 using a two tailed non-parametric

test (Mann-Whitney test) as indicated in Figure legends.
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3 Results

3.1 Production and purification of CD2- and CD7-sdAb

In cooperation with the VIB Nanobody Core facility of the Vrije Universiteit Brussel (VUB),
single-domain antibodies were generated against the human surface proteins CD2 (CD2-sdAb)
and CD7 (CD7-sdAb) respectively. For this purpose, llamas were immunized weekly with the
carrier-free recombinant extracellular domains of human of CD2 and CD?7 for up to five weeks.
Afterwards, llama lymphocytes were used to generate a phage library to screen for antigen-
specific sdAb (Figure 4). Panning of the phage-library and subsequent ELISA against either
CD2 or CD7 revealed 19 sdAb specific for CD2 and 63 sdAb specific for CD7. The 19 CD2-
specific sdAb are comprised of sdAb from four different CDR3-subgroups, while six CDR3
subgroups are found in the 63 CD7-specific sdAb.

Of the 19 CD2-specific sdAb, only one clone, #I1D 10563, showed consistent and repeatable
binding and was the focus of the CD2-specific sdAb. Similarly, of the 63 generated CD7-
specific sdAb, clone #I1D 10215 exhibited consistently strong binding and was subsequently
characterized (Table 22).

o ) Lymphocyte & RT-PCR & Insert Production Antigen panning Transfection &
Immunization Blood collection mMRNA isolation into vector Bacteriophages Transformation
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Figure 4: Scheme of the generation and identification of sdAb specific for CD2 and CD?7.

Llamas were immunized against the human T-cell surface proteins CD2 and CD7 respectively, with subsequent
blood collection and isolation of Lymphocytes. Extracted mRNA from these lymphocytes were used to amplify
sdAb gene regions and clone them into phage display vectors for construction of a phage display library. This
library was then used for antigen panning against immobilized CD2 or CD7 respectively, where bound sdAb clones

were selected and transformed into E.coli for further use. (Created with BioRender.com)
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3.1.1 Recloning of sdAb genes to pHENG vector and transformation in E.coli WK®6 strain

The generated CD2- and CD7-sdAb from VIB were supplied in E. coli TG1, harboring the
recombinant vector pMECS, which contains the genes encoding for sdAb. Sequences for the
sdAb are followed by a HA- and His-Tag, which can be used for purification and subsequent
screening. However, once sdAb are expressed and purified in pMECS vectors, the His-Tags are
likely to be cleaved off upon storage at 4 °C. To circumvent this, sdAb were recloned into
pHENGC vectors, which simultaneously removed the HA-Tag and allowed for stable storage of
the expressed sdAb. Furthermore, in order to increase expression yields of sdAb, the newly
recloned pHENG6cC vectors were used to transform a non-suppressor E. coli strain (WK6) with
the sdAb-genes.

As a result, CD2- and CD7-sdAb could be expressed in a non-suppressor E. coli strain by
utilizing a vector that allows for stable storage and downstream applications via His-Tag.
Subsequent production and purification of CD2- and CD7-sdAb was done according to
instructions provided by VIB. In short, E.coli bacteria harboring sdAb-genes were inoculated
overnight, after which Isopropyl-p-D-thiogalactopyranosid (IPTG) was added to induce Lac-
operon dependent expression of sdAb. After overnight incubation, sdAb were extracted from
the E.coli periplasm and purified using Immobilized metal affinity chromatography (IMAC).
This allowed for stable and high-yielding production as well as isolation of CD2-sdAb and
CD7-sdAb as a foundation for further analysis.

Table 22: Protein sequences and CDR3 allocation of CD2- and CD7-sdAb

Clone CDR3group  Protein sequence

CD2-10563 4 QVQLQESGGGLVQAGGSLSVSCTASGRTFSNYAVGWFRQAPGKEREFVATIHGSDTTTAYA
DSVKGRFTISRDNAKNTVFLQMNSLKPEDTAVYYCAATWSSGYLFRSPTQYDYWGQGTQVT
VSSAAAYPYDVPDYGSHHHHHH

CD7-10215 2 QVQLQESGGGLVQAGGSLRLSCAASGRTFSDYLMGWFRQTPGKEREFVAAIYWNAGSTY YA
DSVKGRFTISRDNTKNTMYLQMNSLKPEDTAVYYCAAG---QR---
GLAYARTYDYDYWGQGTQVTVSSAAAYPYDVPDYGSHHHHHH

3.1.2 Determination of purity and mass of generated CD2- and CD7-sdAb

After production in E.coli and isolation via IMAC, both an SDS-PAGE and a high-performance
liquid chromatography (HPLC) analysis were performed to determine the purity of the
examined sdAb. SDS-PAGE gel electrophoresis showed a high degree of purity with neither
visible agglomeration nor isoforms for anti-CD2-sdAb and anti-CD7-sdAb respectively (Figure

5A). The size-exclusion chromatography (Figure 5B) for anti-CD2-sdAb (top) and anti-CD7-
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sdAb (bottom) were able to confirm the results by displaying a single sharp elution profile for
each sdAb. Additionally, mass spectrometry (MS) analysis combined with high-performance
liquid chromatography (HPLC) of either sdAb further supported the purity of the generated
sdAb by revealing no contaminants or aggregates (Figure 5C). Mass spectrometry also revealed
the precise masses of each sdAb, with CD2-sdAb"s mass being 14.2 kDa (Figure 5C, top) and
CD7-sdAb’s mass being 14.6 kDa (Figure 5C, bottom). The in-depth validation and
characterization of both the purity and mass of the produced sdAb allowed for ensuing first
analyses to evaluate the binding properties of CD2-sdAb and CD7-sdAb.
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Figure 5: Size-validation and -characterization of CD2- and CD7-sdAb after His-Tag based purification.

Assessment of size-characteristics for CD2-sdAb (top) and CD7-sdAb (bottom). (A) SDS-PAGE gel

electrophoresis of eluted CD2-sdAb and CD7-sdAb after His-Tag purification (L: Ladder Size marker, E1 — E4:

elution steps) (B) Size-exclusion chromatography analysis of CD2-sdAb and CD7-sdAb. (C) HPLC-MS analysis

of CD2-sdAb and CD7-sdAb. (In cooperation with SB)
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3.2 Binding characteristics of CD2- and CD7-sdAb

To ensure that CD2-sdAb and CD7-sdAb can reliably and selectively depict T cells as key
players during immunotherapy, both a highly specific as well as stable binding of CD2-sdAb
and CD7-sdAb to T cells is vital. For the purpose of specificity, both sdAb were analyzed in
regards to their binding to human CD8" T cells, tumor cells that were retrovirally transduced
with the respective target antigen as well as target-antigen knockout leukemia cells. Stable and

resilient binding was tested in a thermal binding assay spanning six hours.

3.2.1 Binding of CD2- and CD7-sdAb on human CD8" T cells

As a pan T-cell marker, CD2-sdAb and CD7-sdAb have to exhibit consistent and strong binding
to human T cells. To verify this, human CD8" T cells were isolated from whole blood and used
as target cells for flow cytometry based binding analysis of both sdAb. As a control, a non-
targeting irrelevant sdAb (R3b23-sdAb) served as a reference for non-specific binding during
the experiment. The control sdAb features the same basic structure as the CD2- and CD7-
specific sdAb, but with a binding site that does not target any structure present in humans.
Therefore, inclusion of the control sdAb is used to exclude any unspecific binding of the sdAb
basic framework-structure. To verify CD2- and CD7-presence on the target cells and serve as
a positive control for the sdAb, full monoclonal antibodies targeting CD2 (CD2-mAb) and CD7
(CD7-mAD) respectively were used.

The control R3b23-sdAb did not exhibit binding to CD8" T cells throughout the experiment,
thereby indicating that unspecific binding due to the overall sdAb-structure is nonexistent
(Figure 6, grey). Use of the CD2-mAb (Figure 6A) and CD7-mAb (Figure 6B) resulted in
distinct binding to CD8" T cells and confirmed the presence and accessibility of both target
antigens. Similarly, both CD2-sdAb (Figure 6A) and CD7-sdAB (Figure 6B) were shown to
distinctively bind to CD8" target cells compared to the internal control R3b23-sdAb. This
confirmed the aptness of both sdAb to target human CD8" T cells efficiently. However, to rule
out the possibility of unspecific binding not just based on the sdAb-structure, but also to surface
molecules other than CD2 and CD7 on CD8" T cells, further verification of binding specificity

was necessary and subsequently performed.
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Figure 6: Analysis of the capability of CD2-sdAb and CD7-sdAb to bind human CD8+ T cells.

Flow cytometry-based determination of binding specificity to human CD8* T cells of CD2-sdAb (A) and CD7-
sdAb (B). A non-targeting irrelevant sdAb (R3b23-sdAb) was used as a control to exclude unspecific binding of
the sdAb basic framework-structure (grey histogram). Monoclonal antibodies against CD2 (A) and CD7 (B) were

used as a positive control to verify possible binding of respective target antigens.

67



| Results

3.2.2 Specific binding on target-antigen transduced tumor cell line U698M

While the binding assay of CD2-sdAb and CD7-sdAb to human CD8" T cells was successful,
it did not undoubtedly proof CD2- and CD7-specificity. Therefore, the CD2- and CD7-negative
B cell lymphoma tumor cell line U698M was transduced with both target antigens respectively.
The target cell line U698M was transduced using CD2 and CD7 coupled to the red fluorescent
protein DsRed, which served as a marker for transduction efficiency. Flow cytometry analysis
of U698 after retroviral transduction with CD2 revealed a transduction efficiency of 38 % of
alive single cells (Figure 7A), while CD7-transduction resulted in 27 % of alive U698M cells
positive for CD7 (Figure 7B). The consequent partially CD2- or CD7-positive U698M cell lines
were subsequently used for single-cell cloning to create a homogenous population of cells that
are positive for CD2 or CD7, allowing for a distinct analysis of CD2- and CD7-specificity.
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Figure 7: Transductions of B cell lymphoma tumor cell line U698M with human CD2 or CD7.
Flow cytometry analysis of U698M cells after retroviral transduction with CD2 (A) and CD7 (B). For each
transduction, untransduced U698M cells were used as a negative control (top) and efficiency of transduced U698M

cells was examined using DsRed as a fluorescent marker (bottom). (In cooperation with TK)
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The thereby generated cell lines were used for flow cytometry analysis to examine if CD2-sdAb
and CD7-sdAb are specifically recognizing and binding to their target antigens (Figure 8).
R3b23-sdAb was used as a control to rule out unspecific binding. Both the CD2-sdAb and the
CD7-sdAb showed no binding to untransduced U698M cells (Figure 8A, B, grey), while a clear
and specific binding was observed for the target-antigen transduced cell lines cells (Figure 8A,
B, blue). This confirms that both sdAb specifically recognize and bind to transduced human
CD2 and CD7 respectively on the surface of otherwise CD2- and CD7-negative tumor cells.
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Figure 8: Analysis of CD2- and CD7-sdAb binding to retrovirally transduced U698M cells.

Flow cytometry-based determination of binding specificity to retrovirally transduced B cell lymphoma tumor cell
line U698M with respective target antigens. (A) CD2-sdAb binding to CD2-transduced U698M cells, with wild
type U698M used as a negative control. (B) CD7-sdAb binding to CD7-transduced U698M cells, with wild type
U698M used as a negative control. (C) Exemplary binding of R3b23 to CD2-transduced U698M cells, with wild
type U698M used as a negative control.
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3.2.3 Specific binding on T cell leukemia cell line Jurkat E6.1 after CRISPR/Cas9 knockout of
CD2 and CD7 respectively

Since target-antigen specificity of CD2-sdAb and CD7-sdAb is crucial for future clinical
translation, an additional approach was used. In addition to generating an artificially CD2- and
CD7-positive B cell lymphoma tumor cell line with U698M, the naturally CD2- and CD7
positive T cell leukemia cell line Jurkat E6.1 was used to knockout both target antigens. Thus,
proving that only naturally occurring CD2 or CD7 are responsible for the respective sdAb

binding on a T-cell based cell line.
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Figure 9: CRISPR/Cas9-generated CD2-negative Jurkat E6.1 cells after lipofection.

Flow cytometry analysis of Jurkat E6.1 cells before and after lipofection with RNPs to knockout CD2. (A) Wild
type CD2-positive Jurkat E6.1 cells were stained using a CD2-mAb and served as a negative control. (B) Jurkat
E6.1 cells after lipofection (Jurkat E6.1 CD2-KQO) were equally stained with CD2-mAb and showed a CD2-
negative population of 0.77 %. Gates for a successful knockout were set based on unstained wild type Jurkat E6.1

cells. (In cooperation with SB)

Using the CRISPR/Cas9 system, different crispr RNAs (crRNA) were designed to specifically
target the first exon of the CD2- or CD7-gene in Jurkat E6.1 cells, leading to frameshift
mutations due to non-homologous end joining (NHEJ). In short, combining the specifically
designed crRNA with trans-activating crRNA (tracrRNA) led to the formation of guide RNA
(gRNA). This gRNA was mixed with Cas9 nuclease to form a ribonucleoprotein (RNP)
complex, which was then delivered into the cytoplasm of the target cells by lipofection.
Following the lipofection, Jurkat E6.1 cells were analyzed via flow cytometry in regard to their
target antigen expression. Wild type Jurkat E6.1 cells were used as a positive control and
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exhibited a strong expression of both CD2 and CD7 on its surface, as shown by staining with
anti-CD2- and anti-CD7-mAb (Figure 9A, Figure 10A). Wild type Jurkat E6.1 cells were
equally homogeneously positive for CD2 and CD7 respectively, with no distinct CD2- or CD7-
negative populations (Figure 9A, Figure 10A).

After CRISPR/Cas9-based knockout of CD2, the anti-CD2-mAb did not bind to 0.77 % of all
used cells, thereby indicating a knockout efficiency of 0.77 % (Figure 9B). While there was a
broader shift in anti-CD2-mADb binding, only 0.77 % fit the previously strictly set gate for CD2-
negativity. Similarly, the knockout of CD7 resulted in a CD7-negative population of just 0.086
% of all analyzed cells (Figure 9B). A slight shift of a larger part of the population was visible,
yet did not fit the set gate for CD7-negativity.
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Figure 10: CRISPR/Cas9-generated CD7-negative Jurkat E6.1 cells after lipofection.

Flow cytometry analysis of Jurkat E6.1 cells before and after lipofection with RNPs to knockout CD7. (A) Wild
type CD7-positive Jurkat E6.1 cells were stained using a CD7-mAb and served as a negative control. (B) Jurkat
E6.1 cells after lipofection (Jurkat E6.1 CD7-KQO) were equally stained with CD7-mAb and showed a CD7-
negative population of 0.086 %. Gates for a successful knockout were set based on unstained wild type Jurkat E6.1
cells.

These knockout-rates allowed for single-cell cloning to create a homogenous population of cells
that are negative for CD2 or CD7, although the knockout rate of 0.086 % for the CD7-knockout
needed a much extensive approach in regards to single-cell cloning. After dilution and seeding,
single-cell-clones were grown for three weeks and then used for flow cytometric re-analysis of
their respective CD2- or CD7-expression, to screen for a largely target-antigen-negative
population. Analysis of CD2-knockout clones (Jurkat E6.1 CD2-KO_sc) revealed a population

which did not show any successful binding of either anti-CD2-mAb or —sdAb and could
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therefore be described as CD2-negative (Figure 11A). Moreover, since neither anti-CD2-mAb
nor the anti-CD2-sdAb bound to the CD2-negative Jurkat E6.1 cells, it proved a distinct CD2-
specificity of the analyzed CD2-sdAb.
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Figure 11: Flow cytometry analysis of populations based of single-cell clones after CD2 knockout.
Analysis of populations after single-cell cloning of previously CRISPR/Cas9-based CD2 knockout. Jurkat E.61
wild type cells were used as a positive control to confirm binding of a CD2-mAb and the characterized CD2-sdAb
(A). A population based of single-cell cloning after CRISPR/Cas9-based CD2 knockout (Jurkat E6.1 CD2-KO_sc)
was stained with CD2-mAb and CD-sdAb to confirm CD2-binding specificity. (In cooperation with SB)
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Equal analysis of clones from the CD7-knockout population revealed a population that was,
however, not homogeneously negative for CD7, but only showed a CD7-negative population
of 5.8 % (Figure 12). Repetition of single-cell cloning led to a very similar result, indicating

that CD7 was not sufficiently knocked out.
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Figure 12: Flow cytometry analysis of populations based of single-cell clones after CD7 knockout.

Analysis of populations after single-cell cloning of previously CRISPR/Cas9-based CD7 knockout. Jurkat E.61
wild type cells were used as a positive control to confirm binding of a CD7-mAb and the characterized CD7-sdAb
(A), and the population based of single-cell cloning after CRISPR/Cas9-based CD2 knockout (Jurkat E6.1 CD2-

KO_sc) was assessed identically.

To utilize the partially CD7-knocked-out Jurkat E6.1 cells to prove specificity of CD7-sdAb, a
cell sort was performed to isolate CD7-negative cells from the partially knocked out population.
As a control, Jurkat E6.1 wild type cells were analyzed using CD7-mAb (Figure 13A, top) and
CD7-sdAb (Figure 13A, bottom) to show wild type expression of CD7 and functional binding
of both constructs.

Immediate re-analysis of the sorted fraction by flow cytometry analysis using CD7-mAb
(Figure 13B, top) and CD7-sdAb (Figure 13B, bottom) indicated that the Jurkat E6.1 cells did
not express CD7 at the same level on its surface any longer. The CD7-mAb was not able to
bind to 93 % of the assessed Jurkat E6.1 cells after previous sort, and the CD7-sdAb did not

bind to 95 % of used cells. Therefore, the freshly sorted cells were eligible to conclusively proof
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the CD7-binding specificity of CD7-sdAb. Flow cytometry analysis showed only marginal
binding of CD7-sdAb to the Jurkat E6.1 CD7-KO_sort cells, whereas CD7-sdAb was still able
to bind over 99 % of wild type Jurkat E6.1 cells.

On top of binding-analysis using target antigen-transduced tumor cell line U698M, the
CRISPR/Cas9-based knockout of CD2 and CD7 further supported a very distinct target-antigen
specificity of both sdAb.
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Figure 13: Flow cytometry analysis of populations after sort for CD7-negative Jurkat E6.1 cells.

Analysis of populations after CD7-negative based sort of previously CRISPR/Cas9-based CD7 knockout. Jurkat
E.61 wild type cells were used as a positive control to confirm binding of a CD7-mAb and the characterized CD7-
sdAb (A) and the population after CD7-negative based sort (Jurkat E6.1 CD7-KO_sort) was assessed identically.

3.2.4 Dissociation constant and binding affinity of CD2- and CD7-sdAb

After in-depth characterization and confirmation of the binding specificity of both CD2- and
CD7-sdAb, the binding affinity to their target antigens was evaluated and quantified by
determination of the respective dissociation constants. Binding affinity was assessed by
monitoring CD2- and CD7-sdAb binding to human CD8" T cells over the course of different
sdAb-concentrations. As a result, both the CD2- and CD7-sdAb showed high-affinity binding.

The dissociation constant, and by extension the corresponding binding affinity, was determined
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to be 6.34x10° M for CD7-sdAb (Figure 14A) and 2.30x10° M for CD2-sdAb (Figure 14B).
The irrelevant R3b23-sdAb was used as a negative control (Figure 14C).
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Figure 14: Binding affinities of CD2- and CD7-sdAb on human CD8+ T cells.

Determined affinity binding curves for CD2-sdAb (A) and CD7-sdAb (B) at different concentration on human
CD8* T cells. R3b23-sdAb served as a negative control for unspecific binding (C). Binding of CD2-sdAb (A) and
CD7-sdAb (B) is shown as a fraction of the maximum specific binding (Bmax) and the binding intensity of R3b23-
sdAb (C) is shown via the MFI at the different concentrations. Measurements were performed in triplicates and
data is depicted on a semi-logarithmic scale. The dissociation constants (Kp) for CD2-sdAb and CD7-sdAb were

calculated based of one-site specific binding and are depicted (D). (In cooperation with TK)

3.2.5 Evaluation of thermal stability of CD2- and CD7-sdAb

Besides specific and high-affinity binding to its target antigen, a high thermostability is a
desired pharmaceutical property for antibody-binding fragments in regards to clinical
translation. Favorable thermostability characteristics of sdAb increase the possibilities for
storage, reduce the risk of aggregation and can be used to assess a protein’s conformational
stability. Thermostability for CD2-sdAb and CD7-sdAb was evaluated by exposing the sdAb
to temperatures up to 90° C for as many as six hours, with subsequent binding analysis to human

CD8" T cells. Both CD2- and CD7-sdAb showed a strong and consistent binding when kept on
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either 37 or 60° C for up to six hours (Figure 15). The observed MFI for these temperatures was
equal to or even surpassing the control condition that was kept at 4° C. However, the CD7-sdAb
showed a reduced binding capability when kept at 90° C for 30 min, decreasing further over
time until only a fraction of initial binding remains after six hours (Figure 15B).

Similarly, the CD2-sdAb exhibited stable binding to human CD8* T cells, and only when kept
at 90° C for two hours onwards was a sharp decline in binding intensity visible (Figure 15A).
Conclusively, CD2- and CD7-sdAb show thermal binding capabilities that remain resilient for
up to 60° C for six hours. Taken together, the thermostability analysis, the data assessing the
detailed binding specificity to their respective target antigens and the strong binding affinity

characterize two sdAb with promising binding characteristics for in vivo T-cell tracking.
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Figure 15: Evaluation of thermostability of CD2- and CD7-sdAb binding to human CD8+ T cells via flow
cytometry analysis.

CD2-sdAb (A) and CD7-sdAb (B) were kept at 4 °C, 37 °C, 60 °C or 90 °C for 0.5 h, 1 h, 2 h, 4 h or 6 h, after
which their binding capabilities to human CD8* T cells were analyzed via flow cytometry. The temperatures of
sdAb were kept steady by utilizing heating blocks for 37 °C, 60 °C and 90 °C and a fridge for 4° C. Measurements

were performed in triplicates and flow cytometry data is depicted as MFI. (In cooperation with SB)
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3.3 Impact of CD2- and CD7-sdAb binding on CD8" T cells in vitro

After evaluating the general characteristics of CD2-sdAb and CD7-sdAb in terms of binding
properties and target-antigen specificity, the next step was to assess whether binding of each
tested sdAb to T cells effects their functionality in any way. Ensuring that both tracers can be
used to monitor T cells in the context of immunotherapies, without interfering in the therapy

itself by influencing the complex immune response, was crucial for subsequent analysis.

3.3.1 Effects of CD2- and CD7-sdAb binding on the dynamic cytotoxic activity of CD8" T cells

in vitro

To investigate whether CD2- or CD7-sdAb binding results in functional impairment of T cells,
the XCELLigence assay was used. This assay allowed for dynamic monitoring of T-cell
functionality over the course of 24 h by observing the structure and characteristics of targeted
tumor cells via parameters such as cell number, cell adhesion and cell morphology in the
presence of T cells. For this experiment, the human melanoma cell line 624.38 Mel was used
due to its adherent cell growth and expression of the HLA class | molecule HLA-B*07:02.
HLA-B*07:02 enables the cell line to present the target antigen needed for T-cell recognition
via the retrovirally transduced TCR2.5D6 T-cell receptor.

The used target antigen is myeloperoxidase MPOs (MPQO) and was retrovirally transduced,
coupled to the fluorescence marker DsRed, onto 624.38 Mel cells (Figure 16) to generate a cell
line that fulfils the specific requirements needed to be used for the dynamic XxCELLigence
assay. Transduction efficiency of 624.38 Mel cells with MPO was confirmed by DsRed
expression and assessed via flow cytometry, resulting in 77 % of cells expressing DsRed and
consequently also the target antigen MPO (Figure 16B). Wild type 624.38 Mel served as a
negative control (Figure 16A).
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Figure 16: Transduction efficiency analysis of retrovirally transduced 624.38 Mel cells with MPO.
Flow cytometry analysis of Mel624.3 wild type cells (A) and Mel624.3 cells after retroviral transduction (B) with
MPO coupled to the fluorescence marker DsRed (Mel624.3_MPO_DsRed). (In cooperation with TK)

To precisely evaluate the cytotoxic potential of T cells with and without addition of CD2-sdAb
or CD7-sdAb, the parameters for the xCELLigence assay had to be defined. Therefore, different
assortments of the number of used target tumor cells and effector T cells were tested. Firstly, a
stable and consistent tumor growth had to be achieved using the defined number of cells per
well. Therefore, various numbers of retroviral transduced 624.38 Mel cells were grown for 48
h while their cell index was being monitored using the xCELLigence system. Since for
subsequent experiments T cells needed to be added 24 h after target-cell growth, finding a cell
number resulting in a swift and steady increase of the cell index up to 24 h, continuous growth
for the following hours and an eventual plateau within the experimental time frame was
essential.

Of the used cell numbers, 7.5 x 10* 624.38 Mel cells showed ideal progress of the cell index,
with a linear trend after 24 h and continuing up until 45 h (Figure 17A, grey). Since T cells will
be added for the dynamic cytotoxicity assay, a mixture of 50 % DMEM medium, normally used
for cultivation of target cells, and 50 % T-cell medium (TCM) was used to determine ideal cell
numbers. To ensure that this medium composition has no detrimental effects itself on tumor
growth, it was compared to DMEM medium alone. Again, 7.5 x 10* 624.38 Mel cells were
cultivated in either DMEM medium a 50/50 mixture of DMEM- and T-cell medium.
Observation of the cell index showed no major difference between both conditions (Figure
17B).
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Figure 17: Evaluation of parameters for utilizing the XCELLigence system to monitor dynamic T-cell
cytotoxicity.

Cell index of 624.38 Mel cells was monitored for 90 h at a measurement interval of 30 min using the XCELLigence
system. Progression of cell index after seeding different 624.38 Mel cell numbers, ranging from 5.000 to 100.000
cells, were analyzed in a mixture of DMEM- and T-cell medium (A). Cell index comparison of 75.000 624.38 Mel
cells for different media was analyzed over 90 h (B). Measurements were performed in triplicates with error bars
representing SD. The dotted line at 24 h indicates the time point at which T cells would be added in subsequent

experiments. (In cooperation with TK)

With the number of used tumor cells and the corresponding medium established, cytotoxicity
of CD8" T cells could subsequently be assessed. Thus, after 24 h, TCR2.5D6 transduced human
CD8* T cells were added to each well of 7.5 x 10* 624.38 Mel cells and the impact on the cell
index was monitored for additional 24 h. As a control, tumor cells were used without the
addition of T cells, to evaluate cell index of uninterrupted tumor growth. The analyzed effector

to target ratios (E:T) used for this experiment were 1:10, 1:5, 1:2, 1:1 and 2:1.
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To highlight the specific effect of the addition of T cells and exclude differences due to
diverging target cell growth up to 24 h, the cell index readout was normalized at the time point
of effector cell addition. By normalizing the cell index, the cell index at the chosen time is set
as 1.0, thereby making this the time point of reference for each condition. By normalizing at
the time point of T-cell addition, the variable of cell index before effector cell addition is

excluded, resulting in a graph that represents the data on a comparable basis.
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Figure 18: Effects of different effector (E) to target (T) ratios on the cytolysis of 624.38 Mel by T cells.

Cell indexes of 624.38 Mel cells and TCR-transduced CD8* T cells, added after 24 h at different ratios, were
measured for 74 h at an interval of 30 min. Cell index values were normalized shortly after addition of T cells and
measurements were performed in triplicates with error bars representing SD. The dotted line indicates the time

point at which addition of T cells was complete and data was normalized. (In cooperation with TK)

The initial drop of the cell index after addition of T cells at 24 h is a known factor that is
attributed to mechanical stress on the target cells by pipetting, movement of the experimental
96-well plate and re-positioning inside the machine. The positive control of only 624.38 Mel
cells continued growing following the initial drop after addition of T cells to the other
conditions, indicating that tumor cells grew as previously shown. Addition of T cells atan E:T
ratio of 1:10 and 1:5 resulted in a shallow decline of the cell index and thus only in slight tumor
cell lysis (Figure 18, red, orange). Increasing the number of T cells also expectedly increased
the cytotoxic effect on target cells, with an E:T ratio of 1:2, 1:1 and 2:1 resulting in similarly

strong cell lysis and eventual plateaus that were reached roughly 30 h after addition of T cells

80



| Results

(Figure 18, green, blue, purple). For subsequent analysis, an E:T ratio of 1:1 was used due to
its fast cell lysis and small standard deviations.

The previously established parameters were then used to assess the influence that CD2- and
CD7-sdAb binding has on the cytotoxicity of CD8" T cells. Therefore, after 24 h, TCR2.5D6
transduced human CD8" T cells were added to wells of 7.5 x 10* 624.38 Mel cells, together
with either CD2-sdAb, CD7-sdAb, a CD2-derived Fab-fragment (CD2-F(ab').) as a positive
control or R3b23-sdAb as a negative control. The CD2-F(ab")> was used as a positive control,
since it was previously shown that binding of CD2-F(ab"), resulted in a functional impairment
of CD8" T cells, leading to failed tumor rejection in vivo (Mayer et al., 2018). Additionally,
one condition did not receive any T cells and only contained 624.38 Mel cells, another condition
did receive untransduced T cells to reveal any effects that the sole addition of T cells has on the
cell index, and the final condition received TCR2.5D6 transduced T cells alone and served as

the important baseline of un-affected cytotoxicity.
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Figure 19: Effect of CD2- and CD7-sdAb on T-cell cytotoxicity at a concentration of 100 nM.

Cell indexes of 624.38 Mel cells, TCR-transduced CD8* T cells and added conditions were monitored for 74 h at
a measurement interval of 30 min. Each condition was added at a concentration of 100 nM per well. R3b23-sdAb
served as a negative control and CD2-F(ab")2 served as positive control. Cell index values were normalized shortly
after addition of T cells and measurements were performed in triplicates with error bars representing SD. The
dotted line indicates the time point at which addition of T cells was complete and data was normalized. (In

cooperation with TK)
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The condition that contained only 624.38 Mel cells continued to grow unaffectedly up until 50
h (Figure 19, black). Similarly, the addition of untransduced T cells resulted in a largely
unaffected growth of target cells (Figure 19, light grey). The slightly shallower growth is most
likely attributed to the normal proliferation of T cells and the concomitant usage of medium
and space in each well. Importantly, the wells that received the CD2-F(ab"), were considerably
affected by CD2-F(ab")2-supplementation and demonstrated a very impaired and slowed tumor
cell lysis (Figure 19, green). This confirmed previously reported in vivo data from Mayer &
Mall et al. (Mayer et al., 2018), which showed a distinct functional impairment of T cells after
intravenous injection of CD2-F(ab").. Therefore, the normalized cell index of the CD2-F(ab").
condition can be used as a baseline of subsequent in vivo T-cell impairment.

The baseline for uninterrupted T-cell cytotoxicity on the other hand is the condition that
received TCR2-5D6 transduced T cells (Figure 19, red). Here, tumor cell lysis set in after the
first hour and consistently continued throughout the experiment. Addition of either CD2-sdAb
(Figure 19, blue) or CD7-sdAb (Figure 19, orange) did not result in a distinct impairment of T-
cell cytotoxicity and both conditions showed a dynamic cell lysis very similar to the added
TCR2.5D6 transduced T cells alone. In this experiment, every component was added at a
concentration of 100 nM per well.

To further exclude any possible effect of CD2- or CD7-sdAb that might only be visible at even
higher concentrations, the same experimental setup was used with added CD2-F(ab")2, R3b23-
sdAb, CD2- and CD7-sdAb at a concentration of 500 nM per well (Figure 20). The results from
adding each component at a concentration of 500 nM were nearly identical to the results from
using 100 nM. Neither CD2-sdAb nor CD7-sdAb did exhibit an impairing effect on T-cell
functionality in vitro over the course of 24 h (Figure 20, blue, orange).
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Figure 20: Effect of CD2- and CD7-sdAb on T-cell cytotoxicity at a concentration of 500 nM.

Cell indexes of 624.38 Mel cells, TCR-transduced CD8+ T cells and added conditions were monitored for 74 h at
a measurement interval of 30 min. Each condition was added at a concentration of 500 nM per well. R3b23-sdAb
served as a negative control and CD2-F(ab")2 served as positive control. Cell index values were normalized shortly
after addition of T cells and measurements were performed in triplicates with error bars representing SD. The
dotted line indicates the time point at which addition of T cells was complete and data was normalized. (In
cooperation with TK)

The XCELLigence assay showed that there was no visible effect of T-cell impairment by
addition of either CD2- or CD7-sdAb to a coculture of TCR2.5D6 transduced T cells and 624.38
Mel cells, while at the same time confirming previously published results of a CD2-derived
Fab-fragment that does have a negative effect on T-cell cytotoxicity. While T-cell cytotoxicity
is crucial as a readout to ensure the innate properties for a T-cell marker, another very important

aspect is cytokine secretion of T cells.
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3.3.2 Effects of CD2- and CD7-sdAb on cytokine-production of CD8" T cells in vitro

After assessing the effect of CD2- and CD7-sdAb binding on the cytotoxic capabilities of T
cells, the subsequent step was to ensure that the cytokine production profile of T cells is not
altered after CD2- or CD7-sdAb binding. To that end, three cell lines that have previously been
established in the team were used as target cell lines for TCR2.5D6 transduced CD8" T cells:
ML2 (acute myelomonocytic leukemia), NB4 (acute promyelocytic leukemia), and HL60
(acute myeloid leukemia). These cell lines were retrovirally transduced with the HLA class |
molecule HLA-B*07:02 (B7), which can present the target antigen (MPOs), essential for
TCR2.5D6-based target recognition by CD8" transgenic T-cells (Klar et al., 2014).
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Figure 21: Expression analysis of MPO and HLA-B*07:02 on the cell lines HL60, NB4 and ML2.
Half-offset depiction of flow cytometry analysis of expression intensities of MPO (A) and HLA-B*07:02 (B)
regarding the cell lines HL60, NB4 and ML2, with an unstained HL60-population serving as a negative control.

(In cooperation with SB)

To characterize the used cell lines more precisely in terms of their suitability to serve as viable
target cell lines, the expression of MPO (Figure 21A) and HLA-B*07:02 (Figure 21B) was
examined using flow cytometry analysis. All cell lines showed a distinct expression of HLA-
B*07:02 on their surface compared to the control (Figure 21B), while intracellular staining of
the target antigen MPO showed a weaker signal compared to MPO-levels for NB4 and ML2

(Figure 21A).
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After characterizing the parameters needed for successful TCR-mediated recognition of the
target cell lines by TCR2.5D6 transduced CD8" T cells, the impact of CD2-sdAb and CD7-
sdAb on T-cell cytokine secretion was evaluated. TCR2.5D6 transduced CD8" T cells and
respective target cells were co-cultured for 4 h with the addition of either CD2-sdAb, CD7-
sdAb, or R3b23-sdAb as a control. Supernatants were then evaluated by ELISA to analyze
differences in IFNy secretion dependent on sdAb binding.

Over the course of 4 h neither CD2- nor CD7-sdAb did have a significant effect on IFNy
secretion for any of the tested cell lines (Figure 22). While IFNy secretion of CD8" T cells in
the presence of target cell line HL60-B7 was lower compared to ML2-B7 and NB4-B7, this can
be attributed to the lower levels of MPO target antigens for the cell line HL60 cells compared
to ML2 and NB4 (Figure 21A).
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Figure 22: IFNy cytokine secretion analysis of CD8+ T cells by ELISA after coincubation with CD2- and
CD7-sdAb.
IFNYy levels were determined by ELISA after 4 h coculture of human CD8™ T cells, the respective target cell lines

and CD2-sdAb, CD7-sdAb and R3b23-sdAb as a control. Measurements were performed in triplicates.

After showing that neither CD2-sdAb nor CD7-sdAb had a significant impact on IFNy secretion
levels of CD8" T cells, the analysis was extended to additional cytokines, namely IL-2, GM-
CSF and TNF-a. To reconfirm no cell line specific effects, the assessment was done utilizing
the previously used cell lines ML2-B7 (Figure 23A), NB4-B7 (Figure 23B) and HL60-B7
(Figure 23C). The experimental setup was identical to the one used to determine IFNy secretion
and cytokine levels were determined by ELISA.

The analysis showed differences in cytokine production between the cell lines themselves,

however, the addition of CD2-sdAb and CD7-sdAb did not alter the cytokine profile in a

85



| Results

significant way compared to the R3b23-sdAb control. IL-2- and GM-CSF levels were
unaffected and while the total values differed from cell line to cell line, the ratio remained
consistent at roughly 2:1. TNF-a levels were expectedly very low and did not increase due to
CD2- or CD7-sdAb binding to T cells.

Thorough evaluation of the effects of CD2- and CD7-sdAb on cytokine-production of CD8" T
cells in vitro showed that coincubation with CD2- or CD7-sdAb did not result in an alteration
in cytokine production profiles across multiple target cell lines. To further investigate the
potential of CD2- and CD7-sdAb to act as inert T-cell tracers, the effect of both sdAb on T-cell

cytotoxicity was subsequently tested in vivo.
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Figure 23: Cytokine secretion analysis of IL2, GM-CSF and TNF-a by ELISA after coincubation with CD2-
and CD7-sdAb.

Cytokine secretion levels of IL-2, GM-CSF and TNF-a were determined by ELISA after 4 h coculture of human
CD8" T cells, the respective target cell lines and CD2-sdAb, CD7-sdAb and R3b23-sdAb as a control. Used target
cell lines were ML2-B7 (A), NB4-B7 (B) and HL60-B7 (C). Measurements were performed in triplicates.
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3.4 Impact of CD2- and CD7-sdAb binding on cytotoxicity of CD8" T cells in
Vivo

In vitro analysis has shown that neither CD2-sdAb- nor CD7-sdAb-binding had an effect on
human CD8" T cells in regards to their cytotoxic potential or cytokine production profile. Since
previous results by Mayer & Mall et al. (Mayer et al., 2018) have shown that significant T-cell
impairment of the tested CD2-F(ab')> was only visible in in vivo studies and not in vitro,
confirming no altered T-cell cytotoxicity in vivo was a crucial next step in characterizing the
CD2- and CD7-sdAb.

3.4.1 Effect of CD2- and CD7-sdAb on cytotoxicity of TCR-transgenic CD8* T cells in vivo

To evaluate whether CD2- and CD7-sdAb effect the cytotoxic potential of CD8" T cells in vivo,
a previously established mouse model was used. In short, severely immunodeficient NSG mice
are subcutaneously injected with 1 x 10" ML-B7 or —B15 tumor cells on day -8. ML2 cells
expressing the HLA-molecule B7 are able to present the target antigen (MPOs) required for
target recognition by TCR2.5D6-transgenic CD8" T-cells, while ML2 cells expressing the
irrelevant HLA molecule B15 cannot present MPOs and therefore serve as a negative control.
At day 0, TCR2.5D6-transgenic T cells are injected intravenously and at day 3 mice receive
either PBS, R3-b23-sdAb, CD2-F(ab")2 clone OKT11 (OKT11), CD2-F(ab"). clone RPA-2.10
(RPA), CD2-sdAb or CD7-sdAb. A schematic overview of the experimental setup is depicted

in Figure 24.
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Figure 24: Experimental setup of in vivo tumor rejection model for CD8+ T cells.

NSG mice were subcutaneously (s.c.) injected with ML2-B7 cells in the right flank and ML2-B15 cells in the left
flank. After eight days, TCR-transgenic human CD8* T cells were injected intravenously (i.v.) through the tail
vein, followed three days later by i.v. injection of R3-b23-sdAb, OKT11, RPA, CD2-sdAb or CD7-sdAb. Tumor

growth was monitored from tumor onset until the end of experiment at day twelve. (Created with BioRender.com)
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Mice did not exhibit any form of stress or decline of health as a result of any applied condition,
including the characterized sdAb. Across all examined conditions, ML2-B15 tumors on the left
flank were unaffected by the injected CD8" T cells and grew steadily until they reached a size
of approximately 200 mm? at day twelve (Figure 25A). Therefore, TCR-transgenic CD8* T cells

did not seem to attack irrelevant tumor cells in vivo in an unspecific way.
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Figure 25: Application of CD2-sdAb and CD7-sdAb did not impair T-cell cytotoxicity in vivo.

Monitoring of tumor growth kinetics of ML2-B15 (A) and ML2-B7 tumors (B) in NSG mice. On day 0, eight days
after subcutaneous tumor injection, mice were intravenously injected with TCR 2.5D6-transgenic CD8" T cells
and three days later with either PBS, R3b23-sdAb, CD2-F(ab")2 (OKT11), CD2-F(ab")2 (RPA-2.10), CD2-sdAb
or CD7-sdAb. Kinetics of tumor growth were monitored daily for twelve days post T-cell injection. The
experiment was ended at day twelve, at which point all relevant non-control tumors had been fully rejected. Tumor
sizes are shown in mm? and mean values and SDs are depicted for each group of mice. PBS n = 4, R3b23-sdAb n
=3, CD2-F(ab’)2 (OKT11) n=6, CD2-F(ab")2 (RPA-2.10) n = 4, CD2-sdAb n =5, CD7-sdAb n = 5. Significance

was calculated using Mann-Whitney test (* p < 0.05, ** p <0.01, *** p <0.001). (In cooperation with TK & SB)
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ML2-B7 tumors in mice which received either PBS or R3b23-sdAb were rejected as expected
starting from day three post T-cell injection (Figure 25B). At day twelve, ML2-B7 tumors from
mice of both conditions were fully rejected and could no longer be quantified, showing that
TCR-transgenic CD8* T cells were capable of specifically recognizing and rejecting ML-B7
tumors. Furthermore, application of R3b23-sdAb not impacting the strong tumor rejection
shows that this sdAb-structure itself is not impairing T-cell functionality. Injection of the
conditions used as a positive control, CD2-F(ab")> clone OKT11 and clone RPA, led to a distinct
and significant impairment of T-cell functionality, resulting in a failed tumor rejection and
consequently continued tumor growth until a size of approximately 150 mm? at day twelve was
reached (Figure 25B).

Application of CD2- and CD7-sdAb did not have any impairing effects on T-cell mediated
tumor rejection. ML2-B7 tumors of all mice from both groups were fully rejected twelve days

after T-cell injection, equivalent to tumors of mice after PBS- or R3b23-sdAb application.

Additionally, to confirm presence of sdAb-binding to T cells in vivo, one mouse per group was
euthanized 60 min after sdAb-injection. ML2-B7 and —B15 tumors, blood and spleen were
analyzed by flow cytometry to identify T cells via CD3-staining, tumor cells via GFP-
expression and sdAb-bound cells by using an anti-His-Tag mAb. Since only one mouse per
group was analyzed, no statistical analyses were done and individual sample-fluctuation could
not be compensated by a larger cohort.

CD3*, GFP and 7-AAD" T cells were identified in large amounts in blood of R3b23-sdAb- and
CD2-sdAb animals, but not in the animal following CD7-sdAb injection, most likely due to a
technical error in the staining process. Of note, the number of T cells found in ML2-B7 tumors
of all mice was distinctly higher compared to ML2-B15 tumors, confirming the established
specific HLA-dependent T-cell infiltration in the used mouse model (Figure 26A).

Analysis of His-Tag" T cells showed that in ML2-B7 tumors more than 40 % of T cells were
bound by CD7-sdAb and more than 60 % by CD2-sdAb (Figure 26B). In the mouse that
received R3b23-sdAb, 8 % of T cells in ML2-B7 tumors correlated with anti-His-Tag binding,
which is similar to ratio found in blood and spleen, indicating a degree of unspecific anti-His-

Tag background.
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Figure 26: Analysis of T-cell distribution following sdAb-injection.

Exemplary flow cytometry analysis of one mouse per group 60 min after injection of the respective sdAb.
Following single-cell suspension, analyzed cells were stained using CD3, 7-AAD and an anti-His-Tag mAb. ML2-
B7 and —B15 tumor cells are retrovirally transduced to express GFP. The percentage of alive, GFP-negative and
CD3-positive T cells was assessed in ML2-B7 and —B15 tumors, blood and spleen (A). This population was then
additionally utilized to depict sdAb-bound T cells by analyzing anti-His-Tag mAb binding on alive, GFP-negative
and CD3-positive T cells in ML2-B7 tumors, blood and spleen. (B) ML2-B15 tumors were not analyzed in this

sub-analysis due to too low T-cell numbers. (In cooperation with TK & SB)

Taken together, this data confirmed previously shown in vitro effects demonstrated by the
XCELLigence experiment to assess dynamic cytotoxicity, where OKT11 was also inhibiting
T-cell mediated cytotoxicity (Figure 19). Additionally, Mayer & Mall et al. have previously
shown that OKT11 F(ab’). did impair tumor rejection in vivo, which was confirmed in this
experiment and supplemented with the similar CD2-F(ab"). clone RPA.

Injections of CD2-sdAb and CD7-sdAb did not result in any altered tumor cell rejection
compared to either PBS or R3b23-sdAb, with all ML-B7 tumors being fully rejected on day
twelve. Thus, these data demonstrate that neither CD2-sdAb nor CD7-sdAb affected T-cell

functionality over the course of the experiment.
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3.5 Using CD2- and CD7-sdAb to monitor tumor reactive TCR-transgenic CD8*
T cells in vivo
After completion of the in-depth in vitro characterization and subsequent in vivo assessment of

potential impairing effects on T-cell functionality, CD2- and CD7-sdAb were analyzed in terms

of their tracer-capabilities to depict TCR-transgenic T cells in vivo.

3.5.1 Intratumoral injections and PET/MRI-monitoring of CD8" T cells in vivo

To characterize CD2- and CD7-sdAb as T-cell tracers for PET/MRI imaging in vivo, a
previously used experimental setup was adapted and used for an initial proof of concept
experiment. The same NSG-mice based mouse model was used as in Figure 23 and CD2-sdAb
was chosen as the candidate to reestablish the PET/MRI imaging pipeline and evaluate sdAb-

handling in terms of radioactive-labeling and image acquisition.
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Figure 27: Experimental setup of in vivo imaging for #Zr-DFO-CD2-F(ab')2 and #Ga-NOTA-CD2-sdAb.

NSG mice were subcutaneously (s.c.) injected with ML2-B7 cells in the right shoulder. After eight days, TCR-
transgenic human CD8* T cells were injected intratumorally (i.t.). One mouse was injected i.v. with 8Zr-DFO-
CD2-F(ab"), three days later, and PET/MRI images were acquired 48 h after F(ab"), injection (upper track). After
i.t. T-cell injection on day zero, two mice were injected i.v. with ¥Ga-NOTA-CD2-sdAb on day five and used for

PET/MRI imaging two hours after sdAb-injection (lower track). (Created with BioRender.com)
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For CD2-sdAb to work as intended, ML-B7 tumors needed to be sufficiently infiltrated by
previously injected TCR-transgenic T cells, to allow for a distinct and strong PET-signal. To
guarantee T-cell presence in ML2-B7 tumors, these tumors were intratumorally injected with 1
x 10" TCR-transgenic CD8" T cells. On day five after T-cell injections, animals were
intravenously injected with approx. 10.5 + 2 MBq of Gallium-68 (%8Ga)-labeled CD2-sdAb,
utilizing NOTA as a chelator. Two hours after injection, mice were anesthetized and put into
the PET/MRI for imaging acquisition. As a control, three days after T-cell application, a mouse
was injected with CD2-F(ab"), clone OKT11, labeled with Zirkonium-89 (3°Zr) and DFO as a
chelator. After 48 h, on day five, the mouse was scanned using the PET/MRI. An overview of
the schematic experimental setup is depicted in Figure 27.

Acquisition of PET/MRI images 48 h after injection of 8Zr-DFO-CD2-F(ab'), showed a
distinct and clear PET-signal at the tumor-site (Figure 28A), with additional tracer uptake also
seen in the kidneys, due to renal elimination. By successfully depicting T-cell infiltration in
ML2-B7 tumors using 8Zr-DFO-CD2-F(ab"),, previously published data could be reproduced
using PET/MRI- instead of PET/CT imaging. Intravenous application of ®8Ga-NOTA-CD2-
sdAb and subsequent PET/MRI acquisition 2 h post injection resulted in a high kidney uptake
and a clear accumulation of tracer at the tumor site for both mice (Figure 28B). The experiment
was therefore able to confirm the feasibility of the PET/MRI-imaging pipeline, reproduce
previous 8°Zr-DFO-CD2-F(ab"), data and provide an estimation of the potential of ®8Ga-NOTA-
CD2-sdAb as a T-cell tracer.

However, CD8" T cells were injected intratumorally instead of intravenously and images for
the %Ga-NOTA-CD2-sdAb were acquired 2 h post injection based of literature research.
Therefore, to further optimize workflow, time point of image-acquisition and utilize

intravenous injection of T cells, the subsequent in vivo experiment was adapted.
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Figure 28: Experimental setup of in vivo imaging for 8Zr-DFO-CD2-F(ab')2 and #Ga-NOTA-CD2-sdAb.
Coronal PET/MRI images (A) 48 h post intravenous injection of 8Zr-DFO-CD2-F(ab"), and (B) 2 h post
intravenous injection of ¥Ga-NOTA-CD2-sdAb in ML2-B7 tumor bearing mice. 1 x 107 TCR-transgenic CD8+
T cells were injected intratumorally in the tumor on the right shoulder (green arrow). The injected dose of applied
tracer was (A) 1.61 MBq of 83Zr-DFO-CD2-F(ab"); and (B) 10.5 + 2 MBq of ¥Ga-NOTA-CD2-sdAb. Scale bar is
represented as standardized uptake value (SUV), 0 -3 SUV (A) and 0 — 0.3 SUV (B). K = Kidney. (In cooperation
with SB)

3.5.2 Evaluation of image-acquisition time point for PET/MRI imaging using CD2- and CD7-
sdAb

The ideal time point to acquire PET/MRI images for CD2- and CD7-sdAb is dependent on a
variety of variables and specific for each tracer. Half-life of the used radioisotope, accumulation
at the tissue of interest and subsequent detachment and clearance all influence the optimal time
to obtain PET/MRI data. Assessment of the dynamic accumulation of the radioisotope-labeled
CD2- and CD7sdAb was done by acquiring PET/MRI images at distinct time points after

intravenous injection of the tracer.
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In short, mice received ML2-B7 and —B15 tumors on either shoulder and after eight days mice
were intravenously injected with 2 x 107 CD8" T cells through the tail vein. Three days later,
mice received 12 +1MBq ®Ga-NOTA-CD2-sdAb and were sequentially scanned 1 h, 2 h, 3 h
and 4 h post injection (Figure 29A).
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Figure 29: Experimental setup and PET/MRI images of time point evaluation for in vivo imaging using
#8Ga-NOTA-CD2-sdAb.

(A) Experimental layout of in vivo imaging study using intravenous injection of CD8" T cells and sequential
PET/MRI acquisition. (B) Coronal PET/MRI images 1 h, 2 h, 3 h and 4 h post injection of ¥Ga-NOTA-CD2-
sdAb. 2 x 107 TCR-transgenic CD8* T cells were injected i.v. via the tail vein. The injected dose of applied tracer
was 12 +1MBq. Scale bar is represented as standardized uptake value (SUV), 0 —2 SUV. B = Bladder, K = Kidney.

Green arrow = ML2-B7 tumor, white arrow = ML2-B15 tumor.

94



| Results

Across all imaging time points, there was no accumulation of tracer uptake at the irrelevant and
not TCR-transgenic T-cells targeted control tumor ML2-B15, indicating no T-cell infiltration
and no unspecific CD2-sdAb binding. In contrast, ML2-B7 tumors showed a distinct and
specific PET-signal at the tumor site starting from 1 h p.i. and descending up until 4 h p.i.
(Figure 29B). Tracer uptake in the kidneys (K) and bladder (B) was visible throughout the
experiment. Due to the short half-life of the used radioisotope ®Ga, the overall signal intensity
decreased over the course of the experiment but even at 4 h p.i. there was still a clear
accumulation of ®8Ga-NOTA-CD2-sdAb at the ML2-B7 tumors.

This experiment showed that after i.v. injection of 2 x 107 CD8* T cells, application of %8Ga-
NOTA-CD2-sdAb resulted in a specific ML2-B7 tumor uptake, indicating T-cell specific in
vivo tracking of the immune response. The ideal time point for further imaging studies using
8Ga-NOTA-CD2-sdAb was determined to be 1 h p.i., at which time the strongest accumulation
of tracer at the tumor site was detected (Figure 29B).

The experimental setup to determine the ideal time for PET/MRI acquisition for ®3Ga-NOTA-
CD7-sdAb was identical to the one used for CD2-sdAb and is depicted in Figure 30A. While
the overall dynamic of the ®Ga-NOTA-CD7-sdAb is very similar to CD2-sdAb, the signal
intensity for CD7-sdAb was noticeably lower compared to CD2-sdAb, which was accounted
for by adapting the SUV-scale from 0 — 2 SUV for CD2-sdAb to 0 — 0.4 SUV for CD7-sdAb.
However, accumulation of ®8Ga-NOTA-CD7-sdAb was specific for the ML2-B7 tumor with no
considerable tracer uptake in the ML2-B15 tumor, other than an overall background signal
(Figure 30B). Accumulation in the kidneys was again seen throughout the experiment and
additional bladder-uptake was visible at 2 h p.i. as indicated in the figure. Due to very similar,
although weaker, tracer-uptake and —dynamics in the ML2-B7 tumor, the time point of 1 h p.i.

was likewise chosen for subsequent imaging studies using %Ga-NOTA-CD7-sdAb.
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Figure 30: Experimental setup and PET/MRI images of time point evaluation for in vivo imaging using
8Ga-NOTA-CD7-sdAb.

(A) Experimental layout of in vivo imaging study using intravenous injection of CD8* T cells and sequential
PET/MRI acquisition. (B) Coronal PET/MRI images 1 h, 2 h, 3 h and 4 h post injection of %Ga-NOTA-CD7-
sdAb. 2 x 10" TCR-transgenic CD8" T cells were injected i.v. via the tail vein. The injected dose of applied tracer
was 12 +1MBq. Scale bar is represented as standardized uptake value (SUV), 0 — 0.6 SUV. B = Bladder, K =
Kidney. Green arrow = ML2-B7 tumor, white arrow = ML2-B15 tumor.

3.5.3 Monitoring of intravenously injected human CD8* T cells at the tumor site using *®Ga-
NOTA-CD2- and ¥Ga-NOTA-CD7-sdAb

To verify the previously assessed feasibility of CD2- and CD7-sdAb as promising T-cell tracers,
the prior experimental setup was used with a PET/MRI acquisition time point of 1 h post
injection of the respective tracer. As internal controls for specific T-cell accumulation, the

irrelevant tumor ML2-B15 was subcutaneously injected in the left shoulder of NSG mice.
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Furthermore, an additional control group of mice was injected with ®3Ga-NOTA-labeled
R3b23-sdAb to emphasize T-cell unspecific sdAb-accumulation in mice. An overview of the

experimental setup can be seen in Figure 31.
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Figure 31: Experimental setup for in vivo imaging using 68Ga-NOTA-labeled sdAb in NSG mice.
Experimental layout of in vivo imaging study using intravenous injection of CD8* T cells after ML2-B7 and -B15
tumor injection. Three groups of five mice per group were injected with each condition and 1 h p.i. scanned using
PET/MRI.

PET/MRI imaging of mice that received ®Ga-NOTA-CD2-sdAb revealed a distinct
accumulation of tracer at the relevant ML2-B7 tumor, while no considerable signal was visible
at the irrelevant ML2-B15 control-tumor (Figure 32A). The strong accumulation at the ML2-
B7 tumor was visible in coronal-, sagittal- and axial orientation, with the only other
accumulation visible in the kidneys.

Mice that received ®8Ga-NOTA-R3b23-sdAb as part of the control group showed only
accumulation of tracer signal in the kidneys, with no visible tracer in either tumor after
PET/MRI scan (Figure 32B). Ex vivo biodistribution of ML2-B7 tumors showed a significantly
enhanced ratio of injected dose per gram tumor tissue (%ID/g) in mice that received %Ga-
NOTA-CD2-sdAb (mean 3.0 %1D/g) compared to ®Ga-NOTA-R3b23-sdAb (mean 1.2 %ID/g)
(Figure 32C). Additionally, of mice that received %8Ga-NOTA-CD2-sdAb, tracer uptake in
ML2-B7 tumors was significantly higher than in ML2-B15 tumors (0.3 %I1D/g).
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Figure 32: In vivo tracking intravenously injected TCR-transgenic CD8+ T cells in ML2-B7 tumors using
#8Ga-NOTA-CD2-sdAb.

PET/MRI images acquired 1 h p.i. of mice injected i.v. with %Ga-NOTA-CD2-sdAb (A) or ¥Ga-NOTA-R3b23-
sdAb (B). Exemplary mice are shown in coronal, sagittal and axial orientation (A) or just in coronal orientation
(B). 2 x 10" TCR-transgenic CD8* T cells were injected i.v. and the injected dose of applied tracer was 13 +1MBq
per mouse. Scale bar is represented as standardized uptake value (SUV), 0.4 — 1.5 SUV. B = Bladder, K = Kidney.
Green arrow = ML2-B7 tumor, white arrow = ML2-B15 tumor. (C) Biodistribution of %Ga-activity in ML2-B7
and -B15 tumors for mice receiving CD2-sdAb or R3b23-sdAb 1.5 h post injection and after previous PET/MRI
image acquisition. Mean %ID/g £+ SD is depicted for each group of mice. R3b23-sdAb n = 4, CD2-sdAb n = 4.

Significance was calculated using Mann-Whitney test (* p < 0.05).
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Figure 33: In vivo tracking intravenously injected TCR-transgenic CD8+ T cells in ML2-B7 tumors using
#8Ga-NOTA-CD7-sdAb.

PET/MRI images acquired 1 h p.i. of mice injected i.v. with %Ga-NOTA-CD7-sdAb (A) or ¥Ga-NOTA-R3b23-
sdAb (B). Exemplary mice are shown in coronal, sagittal and axial orientation (A) or just in coronal orientation
(B). 2 x 10" TCR-transgenic CD8" T cells were injected i.v. and the injected dose of applied tracer was 14 +1MBq
per mouse. Scale bar is represented as standardized uptake value (SUV), 0.4 — 1.5 SUV. B = Bladder, K = Kidney.
Green arrow = ML2-B7 tumor, white arrow = ML2-B15 tumor. (C) Biodistribution of %Ga-activity in ML2-B7
and -B15 tumors for mice receiving CD7-sdAb or R3b23-sdAb 1.5 h post injection and after previous PET/MRI
image acquisition. Mean %ID/g + SD is depicted for each group of mice. R3b23-sdAb n = 4, CD7-sdAb n = 5.

Significance was calculated using Mann-Whitney test (* p < 0.05, ** p < 0.01).
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Similarly, evaluation of 8Ga-NOTA-CD7-sdAb to track i.v. injected CD8* T cells showed
results that resembled the data from %®Ga-NOTA-CD2-sdAb, except slightly lower overall
signal intensity. Acquisition of PET/MRI images showed that mice which received *®Ga-
NOTA-CD7-sdAb exhibited strong and specific accumulation of tracer in ML2-B7 tumors
compared to ML2-B15 tumors (Figure 33A). This specific signal in ML2-B7 tumors was seen
in coronal-, sagittal- and axial orientation throughout the experiment. Ex vivo biodistribution
of mice that received ®®Ga-NOTA-CD7-sdAb showed a significantly enhanced activity in ML2-
B7 tumors compared to ML2-B15 tumors (Figure 33C). Furthermore, biodistribution-analysis
of tumors after %8Ga-NOTA-CD7-sdAb injection also confirmed previous PET/MRI data by
showing a significantly higher accumulation of tracer in ML2-B7 tumors (mean 2.2 %ID/qg)
compared to ML2-B15 tumors (mean 0.3 %I1D/g).

Additionally, biodistribution analysis of a variety of organs was conducted following PET/MRI
image acquisition, depicting the expected high tracer-uptake in the kidney with minor tracer-

uptakes in bladder in heterogeneous liver-uptake (Figure 34).
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Figure 34: Ex vivo biodistribution of ®Garadiolabeled CD2- and CD7-sdAb.

Biodistribution of %8Ga-activity in various organs from mice 1.5 h post injection of the respective sdAb and
following previously described PET/MRI analysis. Mean %ID/g + SD is depicted for each group of mice. R3b23-
sdAb n =4, CD2-sdAb n =4, CD7-sdAb n = 5.

Taken as a whole, the data shows that ®3Ga-radiolabeled CD2- and CD7-sdAb are promising
candidates for clinical application to be utilized as PET/MRI tracers to specifically monitor

human T cells in vivo.
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4  Discussion

4.1 Evaluation of CD2 and CD?7 as target antigens for immunoPET imaging

Establishment of a preclinical T-cell tracer with properties that allow for an attractive and
advantageous possible clinical translation requires three main components: a suitable target
antigen, a well-characterized probe and the matching, appropriate radionuclide (McCarthy,
White, Viola, & Gibson, 2020). Since selection of the best suited radionuclide for CD2- and
CD7-sdAb was done by our cooperation partners at the department of Nuclear Medicine, this
discussion will focus on the first two mentioned subject areas.

Arguably the most impactful aspect, since it cannot be changed without necessitating the
repetition of fundamental preclinical re-characterization, is the selection of a suitable T-cell
target antigen. As described in the introduction, the key target-antigen of T-cell based
immunoPET imaging over the past decade has been CD8, with numerous groups working
preclinical approaches to specifically visualize and monitor CD8" T cells in regards to
immunotherapy (Tavare et al., 2014).

As of this writing, a 8Zr-labeled anti-CD8 minibody, termed 3°Zr-IAB22M2C, is the only T-
cell specific tracer that was investigated in a first-in-humans clinical trial (NCT03107663). The
study demonstrated that application of the tracer was safe and did not induce side effects, neither
immediate nor delayed. Furthermore, the tracer was able to specifically depict CD8" T-cells
rich tumor lesions 24 h post injection with off-target tracer-uptake in spleen, bone marrow, liver
and kidney (Pandit-Taskar et al., 2020). While the study was a success and is currently followed
up by a phase 1lb study to analyze whether 8Zr-IAB22M2C can predict responses of various
tumor entities to immunotherapy (NCTO05013099), the utilized tracer will only allow
monitoring a part of the immune-response, restricted to CD8" T-cells.

However, a patients’ response patterns as a consequence of immunotherapies can vary
drastically (Borcoman et al., 2019) and encompass CD4" T-cells just as well as CD8" T-cells
(Tran et al., 2014). Furthermore, newly developed immunotherapeutic approaches are
increasingly utilizing the distinct role of CD4" T-cells for novel therapies. For example, using
CD4" CART cells in a preclinical mouse model to treat acute lymphoblastic leukemia showed
an equivalent cytotoxicity to CD8" CAR T cells while exhibiting an improved long-term tumor
eradication (Yang et al., 2017). Additionally, the CD19-directed CAR T cell product
lisocabtagene maraleucel, which has received FDA-approval in early 2021 for the treatment of

adults with relapsed or refractory large B-cell lymphoma, is administered as a sequential
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infusion of two components, CD8* and CD4* CD19-directed CAR T cells (Abramson et al.,
2020).
Therefore, our study focused on harnessing the potential of an encompassing evaluation of T-

cell immune responses by using the pan T-cell antigens CD2 and CD?7.

4.1.1 CD2

CD2 was first described as a pan T-cell antigen in 1982 by Sanchez-Madrid and colleagues
(Sanchez-Madrid et al., 1982), and has since been used as a T-cell marker in flow cytometry
(Cespedes et al., 2022) and immunohistochemistry (Tomita et al., 2015). Besides the previously
discussed advantages of a pan T-cell antigen compared to a restricted subpopulation, CD2 has
an added benefit, namely that it has been independently described by numerous groups to be
more highly expressed on activated T cells (D. J. Lo et al., 2011; Rooney, Shukla, Wu, Getz, &
Hacohen, 2015), with our group confirming these findings in 2018 (Mayer et al., 2018). This
characteristic makes CD2 a highly attractive target to simultaneously depict the overarching T-
cell population involved in the immune-response as well as specifically highlight activated T
cells.

However, even though CD2 is most prominently expressed on T cells, it is also expressed on
thymocytes (Reinherz, 1985) and both NK cells (Timonen et al., 1990) and dendritic cells
(Matsui et al., 2009), which can therefore lead to binding of a CD2-targeted tracer to either of
these cell populations, resulting in T-cell unspecific signal. While CD2 expression on cells other
than T cells is not desirably, NK cells and dendritic cells both have been described to be
important mediators in immunotherapy-responses and have been linked to improved patient
survival or therapy response in tumors such as melanoma (Barry et al., 2018).

Therefore, although CD2 is expressed on all T cells, its simultaneous expression on NK cells
(Tang et al., 2020) and dendritic cells (McArdel et al., 2016) can potentially still be linked to
immunotherapeutic success and will likely not yield high-tracer binding unrelated to the
patients’ immune response. However, whether or not NK cells and dendritic cells affect the T-
cell imaging capability of CD2-sdAb needs to be investigated, for instance in the context of a

humanized mouse model.
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4.1.2 CD7

Expression of CD7 was, similarly to CD2, also described on thymocytes (Barcena et al., 1993)
and NK cells (H. Rabinowich, L. Pricop, R. B. Herberman, & T. L. Whiteside, 1994), which
leads to tracers targeting CD7 to be confronted with the same drawbacks. However, unlike CD2,
expression of CD7 is only slightly increased on activated T cells (Mayer et al., 2018) and the
highest expression levels were described on naive- and memory T cells, while the lowest levels
of CD7 were shown to be on effector T-cells (Aandahl et al., 2003).

While both CD2 and CD7 are expressed on thymocytes, expression of CD7 is present during
all stages of T-cell development, while CD2 is not found on early T-cell precursor (ETP) cells
and pro-T cells (Bayon-Calderon, Toribio, & Gonzalez-Garcia, 2020), thereby reducing the
accumulation of tracer-signal in the thymus.

Taken together, while both CD2 and CD7 are primarily expressed on T cells, the fact that CD2
is more highly upregulated on specifically activated T cells than CD7 and less prominent on

thymocytes makes CD2 the preferred target-antigen for non-invasive T-cell monitoring.

4.2 Specific binding site of CD2-sdAb and implications

Previous work of our group has used a CD2-targeted F(ab').-fragment, radiolabeled with 89Zr,
to successfully track tumor-specific T cells in a xenograft mouse model (Mayer et al., 2018).
While the used CD2-F(ab’) was able to specifically depict intravenously injected TCR-
transduced T cells in vivo, its application resulted in severe T-cell depletion and subsequent
failure of tumor rejection.

Importantly, the used CD2-F(ab')> was produced by enzymatic digestion of a full-size CD2-
mADb, named OKT11, which targets the constantly expressed T11.1 epitope of CD2 (Warren &
Parish, 1990). Of the three described epitopes of the CD2-protein, T11.1 and T11.2 are part of
the adhesion domain needed for interaction between CD2 and CD58 and continuously
expressed on T cells, while T11.3 is only increasingly expressed in the membrane-proximal
domain after conformational changes of CD2 upon T-cell activation (J. Li, A. Smolyar, R.
Sunder-Plassmann, & E. L. Reinherz, 1996).

As a result, most commercially available antibodies targeting CD2 are specifically developed
to bind T11.1 or T11.2, to facilitate steady mAb-binding. This also enables the use of CD2-
directed antibodies in therapeutic approaches for certain types of autoimmune conditions or
organ transplantation, which can be characterized by excessive activation of CD2-positive T
cells and NK cells (Sido et al., 1998).
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While T-cell binding via OKT11-CD2-F(ab’). led to significant impairment of T-cell
functionality, binding of CD2-sdAb did not affect cytokine secretion in vitro or cytotoxic
abilities, neither in vitro or in vivo, of targeted T cells, suggesting that CD2-sdAb differs in
terms of binding-specificity from OKT11.

The reason why CD2-sdAb binding differs from OKT11-CD2-F(ab’), binding and has no
impairing effect on T-cell functionality could be because to the unique characteristics of sdAbs
in terms of their antigen-binding capability. Due to its specific CDR3 region, which is able to
form three distinct hypervariable loops (Desmyter et al., 2001), sdAbs are able to bind otherwise
inaccessible epitopes in protein clefts that are otherwise not accessible by conventional mAbs
(Huenetal., 2019). Therefore, CD2-sdAb could potentially bind either T11.1 or T11.2 in a way
that is not accessible by OKT11-CD2-F(ab’);, and, importantly, does not result in T-cell
depletion and —impairment. This would mean that CD2-sdAb is able to bind and depict T-cells
irrespective of their activation status, since both T11.1 and T11.2 are also found on resting T
cells.

Another hypothesis is that CD2-sdAb is not bypassing the effects that came with OKT11-CD2-
F(ab")2 binding to T11.1, but rather binding a different epitope altogether, namely T11.3. Since
expression and availability of T11.3 is enhanced in activated T cells, this would allow CD2-
sdAb to not just depict the overarching T-cell immune response via CD2, but to additionally
increase the visibility and the impact of specifically activated T cells, irrespective of T-cell
subpopulation.

To analyze both hypotheses simultaneously, binding of CD2-sdAb would need to be tested on
rested, inactive T cells in comparison to specifically activated T cells. Commercially available
kits allow the isolation of resting CD25  and CD4" T cells, which, compared to either activated
CD4*- or CD8" T cells, would allow for a comparison of CD2-sdAb binding-intensity and
quantity via flow cytometry analysis.

Another way to analyze whether CD2-sdAb binds CD2 via the T11.3 epitope would be to use
a CRISPR/Cas9-based knockout of the specific T11.3 epitope on a CD2-positive cell population
such as the naturally CD2- positive T cell leukemia cell line Jurkat E6.1. This would generate
a CD2-positive but T11.3-negative control population that would facilitate specific binding
analysis of CD2-sdAb via flow cytometry. However, only if a knockout of the T11.3 epitope
would not change the conformation of CD2, thereby negating whether subsequent effects are

due to T11.3-knockout or due to conformational changes of CD2 as a whole.
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4.3 Impact of CD2- and CD7-sdAb binding on T-cell functionality

Investigating and correctly identifying potentially modulating effects of tracers is crucial in the
context of immunoPET imaging, since mAb and its derivatives can have detrimental effects on
T cells and other immune cells with a significant impact in therapeutic potential (Loubaki,
Tremblay, & Bazin, 2013).

As briefly discussed beforehand, in previous work of our group we showed that in vivo
application of a CD2-targeted F(ab').-fragment resulted in severe T-cell depletion and failure
of tumor rejection (Mayer et al., 2018). However, these T-cell impairing effects were not seen
during in vitro studies where T-cell proliferation and —cytotoxic activity were analyzed by flow
cytometry in response to CD2-F(ab’), binding. Cytotoxic efficacy of specifically activated T
cells in the presence of CD2-targeted F(ab’), was analyzed by addition of CD2-targeted F(ab’)>
to a co-culture of TCR2.5D6 T cells and GFP-positive ML2-B7 tumor cells for 24 h.
Afterwards, the percentage of GFP positive cells was assessed via flow cytometry to draw
conclusions about T-cell efficacy over the preceding 24 h. This approach showed that while
tumor-cell killing was slightly reduced in the presence of CD2-F(ab’), compared to T-cell
mediated killing in the presence of an 1gG1-isotype control.

To improve upon the previous workflow and to be able to identify T-cell impairing effects
because of sdAb-binding before entering in vivo studies, we shifted from a static, flow
cytometry-based way of analyzing T-cell cytotoxicity to a more sensitive, dynamic and real-
time monitoring via the XCELLigence system. This assay enables a dynamic monitoring of T-
cell functionality over the course of hours to even days by monitoring and analyzing structure
and characteristics of targeted tumor cells via parameters such as cell number, cell adhesion
and cell morphology in the presence of tumor-specific T cells. This allowed us to utilize cellular
impedance to continuously evaluate real-time viability of target cells (624.38 Mel) in the
presence of TCR2.5D6-transduced T cells and sdAb.

Using two different CD2-targeted F(ab’). fragments as positive controls, based on clones
OKT11 and RPA-2.10, we evaluated T-cell mediated toxicity over the course of 24 h. The
results confirmed effects that were previously only visible after in vivo studies, namely that
addition of CD2-targeted F(ab’), fragments, independent of the used clone, leads to a significant
reduction in T-cell mediated killing of targeted tumor cells (Figure 20). The T-cell impairing
effects of CD2-targeted F(ab’), fragments that we have observed via the XCELLigence assay
and that were shown in vivo in previous work by Mayer & Mall et al., could also be replicated
in our subsequent in vivo study. While neither CD2- nor CD7-sdAb showed any effect on

cytotoxic efficacy of T cells in vivo, both CD2-F(ab’)>-(OKT11) and CD2-F(ab'), (RPA-2.10)
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resulted in failed tumor rejection (Figure 25). Taken together and as a baseline for any future
characterizations of potential imaging constructs, the XCELLigence assay will be implemented
in the workflow to screen and assess any T-cell impairing effects in vitro.

Besides direct impairment of T-cell functionality, targeting a patient’s T cells with a mAb or an
antibody-derived construct can have an additional, less immediate but equally detrimental
effect. Cytokine release syndrome (CRS) is a life-threatening condition that is characterized by
heightened release of inflammatory cytokines such as IFNy, TNFa, IL6, GM-CSF, IL10, IL2,
IL8, and IL5 (Brudno & Kochenderfer, 2016).

In the setting of adoptive T-cell therapy, the pathophysiology of CRS can be divided in two
interconnecting phases. First, specifically activated TCR-T cells or CAR T cells produce large
amounts of IFNy and TNFa, which are seen as the initiators of CRS (Karki et al., 2021). Next,
IFNy and TNFa trigger the activation of other immune cells, especially monocytes and
macrophages, which are thus themselves secreting cytokines such as IL1, IL6, and IL10 (Hunter
& Jacobson, 2019; Mosser & Edwards, 2008). Early clinical manifestations of CRS are
typically high fever (D. W. Lee et al., 2014) followed by a systemic inflammatory response,
respiratory and cardiovascular insufficiency and, if left untreated, even death (Davila et al.,
2014).

However, modification of secreted cytokines is rarely investigated in the context of T-cell
imaging (Seo et al., 2018; Tavare et al., 2014) and excused by the claim that preclinical models
are “not able to predict clinical response to immunotherapy”, including factors such as
differences in cytokine release (Kasten et al., 2021). And while it is true that preclinical models
are not able to represent the comprehensive and multifaceted clinical response to
immunotherapy (Choi et al., 2018), preclinical research is able to evaluate whether addition of
a T-cell targeting antibody or antibody derived construct will have an immediate and directly
linked impact on T-cell based cytokine secretion. While this is only part of the
immunotherapeutic response, it is still essential to minimize patient-risk as much as possible
prior to clinical translation by assessing one of the most crucial consequences due to T-cell
binding.

Therefore, to decrease the possibility of any effect that CD7-sdAb and CD2-sdAb might have
on T-cell based cytokine secretion, we monitored the cytokine profiles of IFNy, GM-CSF, IL-
2, and TNFa in the presence of both sdAbs. After 24 h, no significant alterations of cytokine
levels were observed when comparing CD2-sdAb and CD7-sdAb to the control R3b23-sdAb
(Figure 22 & 23). To gather as much information as possible, this analysis was repeated for
three different cell lines, neither of which showed any cytokine-secretion alteration.
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4.4 Tracer-characteristics of CD2- and CD7-sdAb

Both CD2-sdAb and CD7-sdAb were extensively analyzed in terms of their specificity, binding
affinity and thermal stability to describe relevant parameters for clinical-translation as early as
possible.

4.4.1 Target-antigen specificity

Evaluating target-antigen specificity for both CD2- and CD7-sdAb was an essential aspect of
preclinical characterization. On the one hand, a distinct target-antigen specificity ensures the
minimization of off-target binding and guarantees that a high accumulation of tracer, other than
in clearance-related organs, is correlated to target-antigen density. On the other hand, by
thoroughly investigating specificity, unwanted risks during subsequent preclinical toxicology-
studies or clinical trials can be minimized (Starr & Tessier, 2019). Even though mAb and
antibody-fragments are generally thought of as highly specific, there are still examples of
detrimental off-target effects.

One such example was an antibody called PRO304186, which was targeting soluble IL17A and
IL17F to be used as an anti-inflammatory therapeutic in regards to autoimmune- and
inflammatory diseases (Pai et al., 2016). In a repeat-dose toxicology study where PRO304186
was administered to cynomolgus monkeys, its application led to adverse effects such as
hypotension and gastrointestinal tract hemorrhage, which, in severe cases, could result in death
of the animal. Investigation into the underlying reason for the unexpected adverse effects
revealed that off-target binding of PRO304186 to vascular endothelial cells resulted in
increased production of nitric oxide (NO), which enhanced vasodilation and ultimately led to
hypotension.

Another example is the CD28-directed mAb TGN1412, which was originally intended to be
used in the treatment of B cell chronic lymphocytic leukemia as well as rheumatoid arthritis
(Luhder et al., 2003). The preliminary murine version of TGN1412 was extensively studied in
both rats and mice for its therapeutic effects as well as safety, with beneficial therapeutic effects
but no observable adverse effects (Dennehy et al., 2006). Additionally, a repeat dose study for
toxicokinetic evaluation non-human primates (NHP) was conducted with doses as high as 50
mg/ml that were well tolerated and showed no adverse reactions (Hunig, 2016). However, a
first-in-man clinical trial in which six healthy men received TGN1412 resulted in all volunteers
experiencing cytokine release syndrome (CRS), leading to multiorgan failure and treatment in

the intensive care unit (ICU) of the London hospital (Suntharalingam et al., 2006). Even though
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all motifs critical for signal transduction in human and the used NHPs, cynomolgus and rhesus
monkeys, are 100 % conserved, the toxicology-study was not able to predict the disastrous
effects in human subjects (Hanke, 2006).

Therefore, a focus was put on ensuring that CD2- and CD7-sdAb show a high degree of binding
specificity to their respective target antigens. To that end, binding-specificity was investigated
twofold, once by transducing the CD2- and CD7-negative cell line U698M with CD2 and CD7
respectively (Figure 8), and once by using a CRISPR/Cas9-based knockout of each target-
antigen on the naturally CD2- and CD7 positive T cell leukemia cell line Jurkat E6.1 (Figure
11,13).

The CD2- and CD7-positive U698M cell lines were analyzed via flow cytometry to assess
whether CD2-sdAb and CD7-sdAb are specifically recognizing their target antigens and
consequently only bind target-antigen transduced U698M cells compared to untransduced
U698M control cells. While both sdAbs showed no binding to untransduced U698M cells, a
distinct binding was observed for all CD2- or CD7-transduced U698M cells, confirming that
both sdAb specifically recognize their respective target antigen on the surface of otherwise
CD2- and CD7-negative tumor cells.

Next, it was evaluated whether CD2- and CD7-sdAb only bind to their respective target
antigens on the surface of physiologically relevant target cells. To test this hypothesis, Jurkat
E6.1 cells, which are an immortalized T-cell derived cell line, were used due to their high
similarity to physiological T cells and because their immortality allows for the generation of a
CD2- and CD7-negative T-cell derived cell line. After successfully depriving a large amount
of Jurkat cells of CD2 and CD7 respectively, binding of CD2- and CD7-sdAb correspondingly
decreased and no significant leftover binding on CD2- and CD7-negative Jurkat cells was
observed.

Taken together, the specificity of both CD2- and CD7-sdAb to their respective target antigen
was successfully proven and the likeliness of off-target T-cell binding was evaluated and

considered to be very low.

4.4.2 Binding affinity

Besides confirmation of target-antigen specificity for both CD2-sdAb and CD7-sdAb, binding
affinity of each sdAb to their respective targets on T cells is equally important. The reason
being, that high-affinity antibodies are able to bind the target-antigen quickly, allow for greater

sensitivity and are crucial for in vivo binding under more challenging conditions (Bostrom, Lee,
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Haber, & Fuh, 2009). Therefore, after in-depth characterization and confirmation of the binding
specificity of both CD2- and CD7-sdAb, the binding affinity to their target antigens was
evaluated and quantified by determination of the respective dissociation constants.

Binding of CD2- and CD7-sdAb to CD8* T cells was monitored over the course of using various
sdAb-concentrations and quantifying the binding via flow cytometry analysis. Ultimately, the
dissociation constants for each sdAb, and by extension their corresponding binding affinities,
were observed to be 2.30x10° M for CD2-sdAb and 6.34x10° M for CD7-sdAb (Figure 14).
To evaluate the quantitative binding affinities of CD2- and CD7 and give them qualitative
value, a literature comparison to other sdAb or T-cell targeting constructs currently in clinical
trial was done.

In a preclinical study where 38 different anti-HER2-sdAb were investigated to find the
candidate with the most promising characteristics in terms of an intended subsequent clinical
trial, binding affinity was one of the key aspects when deciding on the best candidate
(Vaneycken et al., 2011). Analysis of binding affinity, as determined via saturation binding,
revealed a dissociation constant of the eventually decided upon candidate 2Rs15d of 11.6x10°°
M. The successive open-label phase I trial showed that the 2Rs15d-sdAb, coupled to ®Ga, was
able to successfully bind and visualize HER2-positive tissues in 20 women with primary or
metastatic breast carcinoma (Keyaerts et al., 2016). Nonetheless, the requirements and
challenges for a sdAb to bind antigen-specific tumor-tissue are different compared to tumor-
infiltrating targets such as T cells.

Therefore, since there is no T-cell targeting sdAb currently in clinical trial, the anti-CD8-
minibody that was successfully used in a phase | trial was used for comparison. While the
clinical trial was a success and CD8" T-cell-rich tissues could be visualized in a safe manner in
patients with solid tumors (Pandit-Taskar et al., 2020), preclinical investigation of the anti-
CD8-minibody showed a binding affinity of 33x10° M (Tavare et al., 2014), thus 14x higher
than CD2-sdAb and 5x higher than CD7-sdAb.

Taken together, the determined binding affinities of CD2- and CD7-sdAb are on par with an
anti-HER2-sdAb and surpass an anti-CD8-minibody, both of which were successfully tested in

clinical trials.

109



| Discussion

4.4.3 Thermal stability

Evaluation of thermal stability is far less frequent in the preclinical characterization of
antibodies or sdAb. While thermal stability is an important parameter to ensure robust in vivo
binding (Ma, O'Fagain, & O'Kennedy, 2020), it is especially important for antibodies and sdAb
that are being used in immunoPET imaging. Due to high temperatures used for radionuclide-
labelling of up to 50 °C (Robu et al., 2021), it is crucial that the used constructs retain their
binding capabilities in high temperatures.

While the previously discussed anti-CD8-minibody did not evaluate its thermal stability, the
anti-HER2-sdAb was tested in terms of its melting temperature (Tm) via monitoring the sdAb-
unfolding with increasing temperatures (Vaneycken et al., 2011). It showed that up until 70 °C
there was no significant sdAb-unfolding and the Tm, so the temperature at which half-maximal
unfolding was observed, was determined to be 78.5 °C.

Compared to these results, the CD2- and CD7-sdAb were not just assessed in terms of unfolding
at increasing temperatures, but whether or not they are still capable of effectively binding their
target-antigens over the course of 6 hours, thereby including a functional aspect in the analysis.
The data showed that at 37 °C and 60 °C, both CD2- and CD7-sdAb showed no impairment of
their binding capabilities (Figure 15). Furthermore, incubation of both sdAbs at 90 °C did not
immediately lead to reduced binding, but a decline in binding was observed after incubation for
two hours, indicating that CD2- and CD7-sdAb are capable of retaining their binding abilities

even at high temperatures.

4.5 Suitability of sdAb for immunoPET imaging

Besides the choice of the appropriate and specific target antigen, the construct specifically
binding the target-antigen and enabling the tissue-specific enrichment of tracer at the desired
target site is equally as important.

As describes previously in the introduction, sdAb exhibit a great number of features that make
them particularly advantageous as tracers during immunoPET imaging. To briefly summarize,
sdAb stand out by exhibiting very low immunogenicity (Steeland et al., 2015), high affinity
(Mitchell & Colwell, 2018) and specificity (Hassanzadeh-Ghassabeh et al., 2013), fast renal
clearance (Xenaki et al., 2021) and, maybe most importantly, swift and thorough penetration of
even dense tissue (Zottel et al., 2020). Taken together, sdAbs seem to be the ideal backbone for
immunoPET imaging that aims to quickly visualize targets within hard to access tissues and

minimize the radioactive burden to the patient due to fast clearance.
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Yet, sdAbs also come with certain limitations, especially due to their small size. One such
limitations is the high uptake of sdAb-based tracers in kidneys as well as the bladder (Movahedi
et al., 2012). These accumulations are based on the small size and consequential rapid renal
clearance via the kidneys (Asaadi, Jouneghani, Janani, & Rahbarizadeh, 2021).

However, the rapid renal clearance has a twofold impact on sdAb in terms of their imaging
characteristics. For one thing, since it is rapidly cleared, the background signal during imaging
reduces quickly after injection, which enables early monitoring of target areas not close to the
kidney and simultaneously minimizes the risk as a result of lengthy off-target toxicity (Castelli,
McGonigle, & Hornby, 2019). At the same time, imaging of lesions near the kidneys becomes
more challenging and the radioactive burden at the kidneys increases (Hassanzadeh-Ghassabeh
etal., 2013).

But there are several ways to minimize renal retention and therefore mitigate the possible
adverse effects on the kidneys. Renal retention of sdAbs was shown to be primarily driven by
the number of polar residues in the C-terminal amino acid tag (D'Huyvetter, Vincke, et al.,
2014). The group that first described this, illustrated this finding by removing the Myc-His-Tag
from a HER2-targeting sdAb and showed that renal accumulation was reduced by almost 90 %
compared to the sdAb with the Myc-His-Tag still attached (D'Huyvetter, Vincke, et al., 2014).
An additional strategy to further reduce kidney accumulation of sdAbs is based on blocking
sdAb-binding to megalin, a protein involved in membrane-transportation and in large parts
responsible for kidney reabsorption. A preclinical study showed that a **™Tc-radiolabeled sdAb
exhibited a reduced renal uptake of 44 % in megalin-deficient mice compared to megalin-wild-
type mice (Gainkam et al., 2011). To translate this approach to a feasible clinical setting,
megalin-blocking could be achieved by simultaneous injection of lysine, monosium glutamate
or gelofusine, which all can act as megalin-blockers and have been successfully tested in a
preclinical setting (Rousseau et al., 2018).

An additional limitation that sdAbs face due to their small size, is the aspect that rapid clearance
from the bloodstream via renal excretion might prevent sufficient and encompassing binding of
sdAb to all epitopes at the target site. To overcome this issue, strategies were developed that
are based on the modification of sdAbs by combining them with additional molecules to prolong
the blood circulation of sdAbs.

One of the most promising approaches is the addition of polyethylene glycol (PEG), a
hydrophilic polymer which has been shown to increase the blood circulation time of sdAbs in
a preclinical setting (T. Wu et al., 2018). This approach, also called PEGylation, works by
attaching PEG in a variety of possible sizes such as 5, 10 or 20 kDa to the sdAb, thereby
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increasing their molecular weight and consequently their blood circulation time (Harmand,
Islam, Pishesha, & Ploegh, 2021). A preclinical study, where a 8°Zr-radiolabeled anti-CD8
sdAb was used to detect CD8" T cells in a melanoma mouse model, investigated the effects that
addition PEG in a size of either 5, 10 or 20 kDa to the sdAb had on the blood circulation time
(M. Rashidian et al., 2017). Mice were imaged via PET/CT 24 hours post injection of the tracer
and kidney uptake was assessed for each group of mice. Kidney retention was inversely
correlated to size of PEG-addition, with the 20-kDa PEGylated CD8-sdAb showing the least
accumulation at the kidney, thereby indicating that addition of PEG is a feasible option to
prolong the circulatory half-life of sdAbs in vivo.

While this approach is able to successfully extend sdAb blood-circulation, it simultaneously
works against one of the biggest advantages of sdAb-imaging, namely their small size. By
artificially increasing the molecular weight and by extension the size of the tracer,
characteristics such as fast tissue penetration and the ability to enter dense tissues might be
negatively impacted.

The importance of the advantaged presented the small size of a sdAb can be best illustrated by
looking at an example of T-cell targeting construct that is larger in size. The already in the
introduction of this dissertation described #Zr-radiolabeled anti-CD8 minibody, with a
molecular weight of ~ 80 kDa, was successfully used in a first-in-humans dose escalation phase
clinical trial and declared to be safe in six patients suffering from solid malignancies (Pandit-
Taskar et al., 2020). However, the Zr-radiolabeled anti-CD8 minibody was only able to
visualize most CD8-positive lesions until after 24 hours post initial injection. This long delay
can be attributed to the high molecular weight and size of the tracer and the ensuing limitations
in regards to blood circulation time and velocity of tissue penetration.

This demonstrates the importance of choice when it comes to the tracer used in immunoPET
imaging. The visualization of T cells in the context of immunotherapies requires fast and
efficient in-depth tissue penetration, binding of the target-antigen within minutes instead of
hours after injection and rapid clearance from the blood to ensure the highest degree of patient-
safety. A sdAb is therefore estimated to have substantial advantages to address these
characteristics and offer the widest range of advantages while facing the least number of

limitations.
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4.6 CD2-and CD7-sdAb as immunoPET imaging tracers

After CD2- and CD7-sdAb were thoroughly characterized in terms of their target-antigen
specificity, binding affinity and thermal stability and it was furthermore shown that, both in
vitro and in vivo, the binding of each sdAb did not impair T-cell functionality, both tracers were
evaluated for their aptness during PET/MRI imaging.

Initially, to establish a proof of concept, an imaging tumor model was used in which NSG mice
were subcutaneously injected with ML2-B7 and -B15 tumor cells and after eight days, 1 x 107
TCR-transgenic CD8" T cells were intratumorally injected. Intratumoral injection was done to
guarantee T-cell presence in ML2-B7 tumors and to allow for a distinct and strong PET-signal
as part of the proof of concept in vivo study. After five days, 1.61 MBq of ®8Ga-NOTA-CD2-
sdAb was intravenously injected via tail vein and subsequent PET/MRI acquisition at 2 hours
post injection showed a distinct accumulation of tracer at the tumor site, with additional, as
expected for sdAb, tracer uptake at the kidneys (Figure 28). The time point of 2 hours post
injection for the acquisition of the images was chosen based on literature research and based on
the expected circulation time of the sdAb and the half-life of 68Ga (Liu et al., 2021).

Further evaluation of the ideal timepoint of PET/MRI image acquisition was done by using one
mouse per sdAb to sequentially monitor tracer uptake 1 h, 2 h, 3 h and 4 h post injection of
intravenously injected with 2 x 107 CD8" T cells (Figure 29, Figure 30). Since the optimal time
point to acquire PET/MRI images is conditional on specifics such as half-life of the used
radioisotope, accumulation at the tissue of interest and subsequent detachment and clearance of
the sdAb, narrowing down the most suitable time point is essential. Both tracers showed no
tracer accumulation at the irrelevant control tumor ML2-B15 at any time point, while clear and
distinct tracer accumulation was seen in the ML2-B7 tumors starting from 1 hour post injection
and steadily descending until 4 hours post injection.

Based on these results, 1 hour post injection was deemed the optimal time point due to strongest
accumulation of tracer at the tumor site. However, these results were based on one mouse per
group and therefore hold no statistical relevance and should be repeated to ensure that the time
chosen for PET/MRI imaging is indeed the most suitable one for CD2- and CD7-sdAb.

Lastly, combining the previously generated framework parameters, utilizing CD2- and CD7-
sdAb in an in intravenously injected xenograft model with image acquisition 1 hour post
injection, both tracers were evaluated via PET/MRI in comparison to R3b2-sdAb. Across all
mice, four for CD2-sdAb and five for CD7-sdAb, no visible tracer uptake at the control tumor
ML2-B15 was visible and no other off-target accumulation other than kidneys and bladder was

seen (Figure 32, Figure 33). Tracer accumulation at ML2-B7 tumors on the other hand was
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distinctly visible 1 hour post injection for all mice and showed clear T-cell infiltration of CD2-
and CD7-targeted %8Ga-NOTA-sdAb. Additional biodistribution analysis of both tumors as well
as of a variety of organs revealed a strong correlation between PET/MRI image accumulation
and quantifiable tracer uptake, showing that ML2-B7 tumors had a significantly increased tracer

uptake compared to control tumors and R3b2-sdAb controls.
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5 Conclusion and outlook

We have established two novel sdAb-based tracers, CD2-sdAb and CD7-sdAb, targeting the
pan T-cell markers CD2 and CD7 for immunoPET imaging of T cells in the context of
immunotherapies. By targeting CD2 and CD7, we aim to overcome the limitations set by
monitoring only a restricted population of T cells and instead encapsulate and visualize the
whole spectrum of specific T-cell responses during immunotherapy. Expression profiles of both
target antigens have been extensively studied and a large focus was put on ensuring CD2- and
CD7-specificity to guarantee a high degree of specific tracer accumulation and reduce the
chance for off-target target binding, thereby leading to an increased patient safety.
Additionally, we further developed and improved preclinical testing of T-cell impairment after
tracer binding by implementing the XCELLigence assay in addition to monitoring of cytokine
secretion profiles and in vivo tumor rejection studies. The effects of CD2- and CD7-sdAb
binding on T cells were investigated by each assay and none of them showed any form of T-
cell impairment or -modification, neither in vitro nor in vivo. We were therefore able to
conclude that initial preclinical analysis shows that both tracers are safe and have no impact on
T-cell functionality.

Besides analyses of purity, binding affinity, specificity, thermostability and possible T-cell
affecting aspects, CD2- and CD7-sdAb were thoroughly assessed in regards to their capability
to visualize adoptively transferred human T cells in a xenograft mouse model. Coupled to the
radionuclide 54Ga via the chelator NOTA, injection of CD2- and CD7-sdAb resulted in highly
specific PET/MRI signals one hour post injection at the tumor site of interest in a myeloid
sarcoma mouse model, distinctly mapping therapeutic T-cell infiltration with no unexpected
off-target accumulation.

Taken together, we have developed two pan T-cell tracers that were able to clearly differentiate
between responding- and non-responding tumors while not impacting T-cell functionality. This
would allow for this technology to be utilized as a T-cell tracer irrespective of T-cell subtype
and be a vital tool in the decision-making process of immunotherapeutic approaches.

To bridge the gap between preclinical proof of concept and clinical translation, additional steps
are required to guarantee patient safety as best as possible and minimize any risk posed by
application of the tracer. Production and purification of both sdAbs would need to be more
standardized and regulated to exclude the risk of contamination and build the foundation for

eventual statutorily regulated good manufacturing practice (GMP)-production.
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Additionally, in-depth safety studies regarding pharmacokinetic- and toxicology analyses are
essential for clinical translation. Pharmacokinetic studies are needed to describe the absorption,
distribution, metabolism and excretion of the administered CD2- or CD7-sdAb, while
toxicology analyses aim to characterize the toxicity profile of both constructs by investigating
the dose-related risks and their impact on organs structures.

Since toxicology studies require the selection of an appropriate and well-suited species for the
studied application and we aim to specifically target human CD2- and CD7-positive T cells,
rodents such as mice, rats or hamsters will not be a suitable species to adequately describe the
toxicity profile. Instead, mice reconstituted with a human immune system, termed humanized
mouse models, could provide an opportunity to appropriately detail the toxicological properties
of CD2- and CD7-sdAb application.
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7.3 Abbreviations

%ID
%ID/g
18F
BF-FDG
84Cu
%8Ga
7-AAD
¥7r
ADC
ADCC
ADCP
ALL
APC
B-ALL
BCMA
CAR
cDb
CDC
CDR3
CEACAMI
cHL
CLL
crRNA
CT
CTL

CTLA-4

Percent injected dose

Percent injected dose per gram
Fluorine-18
Fluor-18-Fluordesoxyglucose

Copper-64

Gallium-68

7-aminoactinomycine-D

Zirconium-89

Antibody-drug conjugate
Antibody-dependent cellular cytotoxicity
Antibody-dependent cellular phagocytosis
Acute lymphoblastic leukemia
Antigen-presenting cell

B-cell acute lymphoblastic leukemia
B-cell maturation antigen

Chimeric antigen receptor

Cys-diabodies

Complement-dependent cytotoxicity

Complementarity determination region-3

Carcinoembryonic antigen-related cell adhesion molecule 1

Classic Hodgkin Lymphoma
Chronic lymphocytic leukemia
Crispr RNA

Computed tomography
Cytotoxic T cell

Cytotoxic T-lymphocyte antigen number 4
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DC Dendritic cell

DCR Disease control rate

DNA Deoxyribonucleic acid

dsRed Discosoma sp. red fluorescent protein

EPR Enhanced permeability and retention

FDA US Food and Drug Administration

GAL-9 Galectin-9

GFP Green fluorescent protein

GLUT Glucose transporters

GM-CSF Granulocyte-macrophage colony-stimulating factor
gpl100 Glycoprotein 100

gRNA Guide RNA

HER2 Human epidermal growth factor receptor 2
HPLC High-performance liquid chromatography
HSV1-tk Herpes simplex virus type-1 thymidine kinase
i.t. Intratumoral

1.v. Intravenous

ICB Immune checkpoint blockade

ICI Immune checkpoint inhibitor

IgG Immunoglobuline G

IL Interleukin

IMAC Immobilized metal affinity chromatography
ImmTAC Immune-mobilizing monoclonal TCRs against cancer
ImmunoPET Immuno-positron emission tomography

IPTG Isopropyl-p-D-thiogalactopyranosid

iRFP Near-infrared fluorescent protein

kDa Kilodalton
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LAG3
LFA3
mAb
MFI
MHC
MPO
MRI
MS
mTNBC
NGS
NHEJ
NSCLC
NSG
ORR

OS

PAP
PCR
PD-1
PD-L1
PET
PFS
PR
PSMA
RNA
RNP

ROI

Lymphocyte activation gene 3
Lymphocyte-associated antigen 3
Monoclonal antibody

Mean fluorescence intensity

Major histocompatibility complex
Myeloperoxidase

Magnetic resonance imaging

Mass spectrometry

Metastatic triple-negative breast cancer
Next-generation sequencing
Non-homologous end joining
Non-small cell lung cancer

NOD scid gamma

Overall response rate

Overall survival

Post injection

Prostatic acid phosphatase

Polymerase chain reaction
Programmed cell death 1 protein
Programmed cell death 1 protein ligand
Positron emission tomography
Progression-free survival

Partial response

Human prostate specific membrane antigen
Ribonucleic acid

Ribonucleoproteins

Region of interest
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scFv Single-chain variable fragment
sdab Single-domain antibody

SG Sacituzumab govitecan
SLAMF7 SLAM family member 7
SSTR2 Somatostatin receptor subtype 2
SUV Standardized uptake value

tin Half-life

TAA Tumor-associated antigen
TCR T-cell receptor

TIM-3 T cell immunoglobulin 3

TME Tumor microenvironment
tractRNA Trans-activating crRNA

TSA Tumor-specific antigens

VH3 Type 3 VH domain

YCWP Yeast cell wall particles

v6 T cells Gamma delta T cells
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