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Summary

Summary

Immunotherapy with engineered T cells expressing a tumor-specific chimeric antigen receptor
(CAR) is under intense preclinical and clinical investigation. This involves a rapidly increasing portfolio
of novel target antigens and CAR designs that need to be tested in time- and work-intensive screening
campaigns in primary T cells. Therefore, we anticipated that a standardized screening platform, similar
as in pharmaceutical small molecule and antibody discovery, would facilitate the analysis of CARs by
pre-selecting lead candidates from a large pool of constructs that differ in their extracellular and
intracellular modules. Because CARs integrate structural elements of the T cell receptor (TCR) complex
and engage TCR-associated signaling molecules upon stimulation, we reasoned that the transcription
factors nuclear factor-kB (NF-kB) and nuclear factor of activated T cells (NFAT) could serve as surrogate
markers for primary T cell function. The nuclear translocation of both transcription factors in primary
T cells, which we observed following CAR stimulation, supported our rationale to use NF-kB and NFAT

as indicators of CAR-mediated activation in a screening platform.

To enable standardized and convenient analyses, we have established a CAR-screening platform
based on the human T cell lymphoma line Jurkat that has been modified to provide rapid detection of
NF-kB and NFAT activation. For this purpose, Jurkat cells contained NF-kB- and NFAT-inducible reporter
genes that generate a duplex output of cyan fluorescent protein (CFP) and green fluorescent protein
(GFP), respectively. Upon stimulation of NF-kB/NFAT reporter cells, the expression of both

fluorophores could be readily quantified in high-throughput screening campaigns by flow cytometry.

We modified the reporter cells with CD19-specific and ROR1-specific CARs, and we co-cultured
them with antigen-positive stimulator cells to analyze NF-kB and NFAT activation. CAR-induced
reporter signals could already be detected after 6 hours. The optimal readout window with high-level
reporter activation was set to 24 hours, allowing the CAR-screening platform to deliver results in a
rapid turnaround time. A reporter cell-screening campaign of a spacer library with CARs comprising a
short, intermediate or long 1gG4-Fc domain allowed distinguishing functional from non-functional
constructs. Similarly, reporter cell-based analyses identified a ROR1-CAR with 4-1BB domain from
a library with different intracellular signal modules due to its ability to confer high NF-kB activation,
consistent with data from in vitro and in vivo studies with primary T cells. The results of both
CAR-screening campaigns were highly reproducible, and the time required for completing each testing
campaign was substantially shorter with reporter cells (6 days) compared to primary T cells (21 days).
We further challenged the reporter cells in a large-scale screening campaign with a ROR1-CAR library
comprising mutations in the Vi, CDR3 sequence of the R11 scFv. This region is crucial for binding the

R11 epitope of ROR1, and we anticipated that mutations here would cause a loss of specificity and



Summary

affinity for most of the CAR variants. This provided the opportunity to determine whether the
CAR-screening platform was able to retrieve functional constructs from a large pool of CAR variants.
Indeed, using a customized pre-enrichment and screening strategy, the reporter cells identified a

functional CAR variant that was present with a frequency of only 6 in 1.05x10°.

As our CAR-screening platform enabled the analysis of activating signal modules, it encouraged us
to also evaluate inhibitory signal modules that change the CAR mode of action. Such an inhibitory CAR
(iCAR) can be used in logic gates with an activating CAR to interfere with T cell stimulation. By selecting
appropriate target antigens for iCAR and CAR, this novel application aims to improve the selectivity
towards tumor cells, and it could readily be studied using our screening platform. Accordingly, we
tested CD19-specific iCARs with inhibitory PD-1 signal module for their suppressive effect on reporter
gene activation. In logic gates with CAR or TCR stimulation, a decrease of NF-kB and NFAT signals was
only observed when activating and inhibitory receptors were forced into spatial proximity. These

results were further verified by experiments with primary T cells.

In conclusion, our reporter cell system is attractive as a platform technology because it is
independent of testing in primary T cells, exportable between laboratories, and scalable to enable
small- to large-scale screening campaigns of CAR libraries. The pre-selection of appropriate lead
candidates with optimal extracellular and intracellular modules can reduce the number of CAR
constructs to be investigated in further in vitro and in vivo studies with primary T cells. We are
therefore confident that our CAR-screening platform based on NF-kB/NFAT reporter cells will be useful
to accelerate translational research by facilitating the evaluation of CARs with novel design

parameters.
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Zusammenfassung

Die Immuntherapie mit modifizierten T-Zellen, die einen tumorspezifischen chimaren
Antigenrezeptor (CAR) exprimieren, wird praklinisch und klinisch intensiv erforscht. Dies beinhaltet ein
rasant anwachsendes Portfolio an neuartigen Zielantigenen und CAR-Designs, die in zeit- und
arbeitsintensiven Screenings in primaren T-Zellen untersucht werden miussen. Daher haben wir
angenommen, dass eine standardisierte Screening-Plattform, dhnlich wie in der pharmazeutischen
Kleinmolekdl- und Antikérperforschung, die Analyse von CARs erleichtern wiirde. Die Plattform kdnnte
funktionelle Kandidaten aus einer groBen Anzahl von CAR Konstrukten, die sich durch ihre
extrazellularen und intrazelluldaren Module unterscheiden, herausfiltern. Da CARs strukturelle
Elemente des T-Zell-Rezeptor Komplexes enthalten und T-Zell-Rezeptor-assoziierte Signalmolekiile
nach Stimulation aktivieren, sind wir zu der Annahme gelangt, dass die Transkriptionsfaktoren
Nukledrer Faktor kB (NF-kB) und Nukledrer Faktor aktivierter T-Zellen (NFAT) als Surrogatmarker fiir
primare T-Zellfunktionen dienen kénnten. Die nukledre Translokation beider Transkriptionsfaktoren in
primadren T-Zellen, die wir nach der CAR-Stimulation beobachten konnten, unterstiitzte unsere
Uberlegung NF-kB und NFAT als Indikatoren fiir die CAR-vermittelte Aktivierung in einer Screening-

Plattform zu verwenden.

Um standardisierte und benutzerfreundliche Analysen zu ermoglichen, haben wir eine
CAR-Screening-Plattform basierend auf der humanen T-Zell-Lymphomlinie Jurkat etabliert, die
modifiziert wurde, um einen schnellen Nachweis der Aktivierung von NF-kB und NFAT zu
gewabhrleisten. Hierfiir enthielten die Jurkat-Zellen NF-kB- und NFAT-induzierbare Reportergene, die
mittels dem blauen Fluorophor CFP und dem griinen Fluorophor GFP eine Doppeldetektion erlauben.
Bei Stimulation der NF-kB/NFAT-Reporterzellen konnte die Expression beider Fluorophore in

Hochdurchsatz-Screenings mithilfe der Durchflusszytometrie schnell quantifiziert werden.

Die Reporterzellen wurden mit CD19-spezifischen und ROR1-spezifischen CARs modifiziert und
anschlieRend mit antigenpositiven Stimulatorzellen kokultiviert, um die Aktivierung von NF-kB und
NFAT zu analysieren. CAR-induzierte Reportersignale konnten bereits nach 6 Stunden detektiert
werden. Das optimale Zeitfenster zur Auslesung hoher Reporteraktivierung wurde auf 24 Stunden
festgelegt, so dass die CAR-Screening-Plattform in kurzer Zeit Ergebnisse liefern kann. Ein Reporterzell-
Screening mit einer Spacer-Bibliothek aus CARs, die eine kurze, mittlere oder lange 1gG4-Fc-Domane
enthielten, ermoglichte die Unterscheidung zwischen funktionellen und nicht-funktionellen
Konstrukten. Ebenso konnten reporterzellgestiitzte Analysen einen ROR1-CAR mit 4-1BB Domane aus
einer Bibliothek mit verschiedenen intrazellularen Signalmodulen aufgrund seiner hohen NF-kB

Aktivierung identifizieren, was im Einklang mit Daten aus in vitro- und in vivo-Studien mit primaren
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T-Zellen steht. Die Ergebnisse beider CAR-Screenings waren hdchst reproduzierbar und die Zeit, welche
fiir die Durchflihrung jeder Testung bendtigt wurde, war mit Reporterzellen (6 Tage) wesentlich kiirzer
als mit primaren T-Zellen (21 Tage). Des Weiteren haben wir die Reporterzellen fiir ein groR angelegtes
Screening mit einer Bibliothek aus ROR1-CARs verwendet, welche Mutationen in der Vy CDR3-Sequenz
des R11 scFv enthielten. Diese Region ist entscheidend fiir die Bindung des R11-Epitops von ROR1 und
wir haben erwartetet, dass Mutationen hier zu einem Verlust der Spezifitdt und Affinitat fur die
Mehrzahl der CAR-Varianten fiihren wirden. Somit wollten wir feststellen, ob die CAR-Screening-
Plattform in der Lage war funktionelle Konstrukte aus einer groRen Anzahl von CAR-Varianten
wiederzufinden. Tatsachlich identifizierten die Reporterzellen mittels einer angepassten
Anreicherungs- und Screeningstrategie eine funktionelle CAR-Variante, die mit einer Haufigkeit von

nur 6 in 1,05x10° vorkam.

Da unsere CAR-Screening-Plattform die Analyse aktivierender Signalmodule ermdglicht hat,
veranlasste uns dies auch inhibitorische Signalmodule zu untersuchen, welche die Funktionsweise des
CAR verandern. Ein solcher inhibitorischer CAR (iCAR) kann in Kombination mit einem aktivierenden
CAR verwendet werden, um die T-Zellstimulation zu stéren. Durch die Auswahl geeigneter Zielantigene
fiir iCAR und CAR soll diese neuartige Anwendung die Selektivitat gegenliber Tumorzellen verbessern
und sie kdnnte mit unserer Screening-Plattform einfach untersucht werden. Dementsprechend haben
wir CD19-spezifische iCARs mit inhibitorischem PD-1-Signalmodul hinsichtlich ihrer hemmenden
Wirkung auf die Reportergenaktivierung getestet. In Kombination mit CAR- oder TCR-Stimulation
wurde eine Abnahme der NF-kB- und NFAT-Signale nur dann beobachtet, wenn aktivierende und
inhibitorische Rezeptoren in rdaumliche Nahe gebracht wurden. Diese Ergebnisse wurden durch

Experimente mit primaren T-Zellen weiter verifiziert.

Zusammenfassend ist festzuhalten, dass unser Reporterzellsystem als Plattformtechnologie von
groflem Wert ist, da es die Analyse unabhangig von primaren T-Zellen erlaubt, zwischen Laboren
exportierbar ist und angepasst werden kann, um klein bis groB angelegte Screenings mit
CAR-Bibliotheken zu ermoglichen. Die Auswahl geeigneter Kandidaten mit optimalen extrazelluldren
und intrazellularen Modulen kann die Anzahl der zu untersuchenden CAR-Konstrukte in
anschlieRenden in vitro- und in vivo-Studien mit primaren T-Zellen reduzieren. Wir sind daher
Uberzeugt, dass unsere CAR-Screening-Plattform basierend auf NF-kB/NFAT-Reporterzellen hilfreich
sein wird, um die translationale Forschung zu beschleunigen, indem sie die Untersuchung von neuen

Designparametern in CARs erleichtert.



Introduction

1 Introduction

1.1 Cancer immunotherapy with CAR-modified T cells

Cancer immunotherapy focuses on reactivating or redirecting the immune system to recognize
and eliminate tumor cells. T cells represent a preferred cell type for cancer immunotherapy because
of their antigen specificity and the ability to migrate into malignant tissues and develop an
immunological memory to control tumor relapse. In cancer patients, T cells can be reactivated by
vaccination with tumor-specific antigenic peptides, but this requires the presence of a pre-existing
T cell population that reacts against the introduced peptides.! Alternatively, autologous tumor-
reactive or tumor-infiltrating T cells can be isolated from tumor biopsies, expanded outside of the
body, and reinfused into the patient.? It is important to note that both therapeutic strategies require
the presence of high-affinity T cell receptors (TCR) on endogenous tumor-reactive T cells to be clinically
effective. To overcome this requirement, T cells can instead be genetically modified to express a
tumor-specific, recombinant TCR or a chimeric antigen receptor (CAR). Both, TCR and CAR, can
recognize tumor-specific or tumor-associated antigens and thereby redirect T cell specificity to cancer
cells.®> The main advantage of the CAR over the TCR is that the CAR usually detects surface antigens
independently of antigen presentation by the major histocompatibility complex (MHC). Thus, tumor
cells cannot escape CAR-T cell detection by downregulating MHC molecules. Moreover, in contrast to
the TCR, which relies on co-receptors to initiate full T cell activation, the CAR combines stimulatory

and co-stimulatory signaling domains to fully activate the T cell when the CAR binds its antigen.*

The manufacturing of CAR-T cells generally begins with the isolation of peripheral blood
mononuclear cells (PBMCs). From the PBMCs, specific T cell subsets can be isolated and modified with
a CAR by genetic engineering, for example by transduction with retro- or lentiviral vectors, or by
transfection with RNA or DNA transposon systems.> Depending on the manufacturing protocols,
CAR-positive T cells can then be enriched and/or expanded and subsequently analyzed for their in vitro
and in vivo functions. For use in humans, cancer patients usually receive a lymphodepleting regimen

prior to administration of autologous or allogeneic CAR-T cells.®

Until 2016, about 220 clinical trials with CAR-T cells, including 188 ongoing studies, were
documented for hematologic and solid malignancies, conducted mainly in the USA and China.
Importantly, greatest success so far has been achieved with CD19-specific CARs for B cell malignancies.
Clinical studies with patients suffering from B cell acute lymphoblastic leukemia (B-ALL) or
Non-Hodgkin lymphoma (NHL) achieved complete remission rates of more than 85% after treatment

with CD19-CAR-T cells, and long-term follow-up demonstrated durable remissions and event-free
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survival.® A milestone for CAR-T cell immunotherapy was reached in 2017 when Novartis and Gilead
received FDA approval for the first CAR-T cell products, tisagenlecleucel for use in pediatric and young
adult patients with CD19-positive relapsed or refractory B-ALL,” and axicabtagene ciloleucel for use in
adult patients with relapsed or refractory diffuse large B cell ymphoma.® However, it took more than
20 years from the development of the first chimeric receptors in the early 1990s to the clinical
implementation of CD19-CAR-T cell therapy.>*° In early 2000, the first CARs specifically targeting CD19
on B cell tumors were generated and preclinically evaluated,''? but it was not until the beginning of
2010 that publications of clinical studies revealed the impressive breakthroughs of CD19-CAR-T cell
therapy.>!* In particular, the time required for testing different CAR constructs and the optimization
of individual CAR elements in preclinical research have slowed down clinical translation of
CD19-CAR-T cells. To ensure that future CAR-T cell therapies enter the clinical phase earlier, it would
be beneficial to extend preclinical research with novel screening platforms that facilitate and

accelerate the development of CARs.

1.2  Structure of CAR and TCR complex

Although the structure of the CAR is largely based on components derived from the TCR complex,
CAR and TCR differ regarding the mode of antigen recognition and T cell activation. Therefore,
structural aspects of the CAR and their functional consequences are explained in more detail in this

Chapter.

In af T cells, the TCR is a heterodimer that consists of one a- and one B-chain, each comprising a
variable and a constant domain (Figure 1.1). The variable domains of the TCR mediate the recognition
of MHC-presented small peptides through complementarity determining regions (CDR). Especially
CDR3 is important in determining the binding specificity of the TCR due to its high variability that
results from combinatorial and junctional diversity.'> In contrast, antigen recognition of the CAR is
determined by an extracellular binding module containing a single-chain fragment variable (scFv),
which incorporates the variable heavy (Vu) and variable light (V) domains of a monoclonal antibody
(mADb) connected via a linker sequence.'” Because the scFv is derived from an antibody, CAR-antigen
binding is not only MHC independent but also enables recognition of almost any cell surface antigen
(e.g. proteins, carbohydrates, glycolipids) against which a monoclonal antibody can be generated.* If
no antibody is available for a specific antigen, or targeting of an MHC-presented peptide is necessary,
the scFv can be replaced in the CAR framework, e.g. by a single-chain TCR, Adnectin or DARPin.1*%0

Affinity and specificity of the scFv are decisive factors that influence the functionality of CARs and are

discussed in more detail in Chapter 1.3.1

11



Introduction

Since the TCR a and B chain lack intracellular signaling domains, an interaction with additional cell
surface molecules is required, forming a TCR complex (Figure 1.1). The first signal is generated by
associated CD3 molecules (CD3Z, CD3ey and CD3&§), which harbor immunoreceptor tyrosine-based
activation motifs (ITAM) to attract Src family kinases for the phosphorylation of downstream
molecules.? These kinases are associated with the co-receptors CD4 or CD8, which determine binding
of the TCR complex to either MHC | or Il molecules.?? To entirely activate the T cell, a second signal is
required, which is induced by co-stimulatory receptors such as CD28 or 4-1BB. The regulation and
termination of T cell activation is achieved through inhibitory co-receptors like CTLA-4 or PD-1.2% In
contrast, the intracellular signal module of a CAR generates both the first and the second signal by
combining domains from CD3 and co-stimulatory receptors that include phosphorylation sites for the
recruitment of kinases and adaptor proteins.?* Thereby, the CD37 chain domain is the central
component of the signal module and can be extended by co-stimulatory domains, with the presence
and number of co-stimulatory domains classifying the CARs in first, second and third generation.?>%
As the CAR signal module transmits the external stimulus into the cell and induces distinct signaling
pathways, it determines CAR-T cell activation and functions, which is explained in detail in Chapter 1.4.

B TAM

[ YMNM motif
CAR

scFv

Spacer

™

Co-stim. |
domain

CD3

Figure 1.1: Comparison of TCR and CAR.

The TCR, which determines specificity to an MHC-presented peptide, forms a complex with several co-receptors that are
involved in MHC recognition and signal transduction. For instance, the a3 TCR of cytotoxic T cells is associated with the CD8
co-receptor that binds MHC I. CD3 molecules (CD3Z, CD3ey and CD3&6) containing ITAMs for phosphorylation and signal
transduction are also associated with the TCR. Co-stimulatory receptors such as CD28 with YMNM phosphorylation sequence
are recruited after TCR stimulation to amplify the signal. In contrast, CAR is a one-chain receptor combining antigen-binding
and signal modules. Here, an antibody-derived scFv with variable heavy (Vu) and variable light (Vi) domains determines
antigen specificity and is linked via a spacer and transmembrane (TM) domain to intracellular signaling moieties that provide
motifs for phosphorylation and recruitment of kinases and adaptor proteins. The second generation CAR illustrated here

contains a co-stimulatory domain in addition to a CD3Z signal domain.
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To enable the formation of a heterodimer between the a- and B-chain of the TCR, the constant
domains of both chains are attached to a hinge region that comprises several cysteine residues. These
cysteines form a disulfide bond and link the two chains.'® The extracellular binding module of the CAR
includes a so-called spacer domain connected to the scFv, whose primary purpose is to provide
flexibility and antigen accessibility of the scFv.?’ This domain can be derived from the CD8 a-chain or
from immunoglobulin-like domains of the Fc region of IgG antibodies, which may also contain cysteines
leading to dimerization of CARs.??° The role of the spacer domain as a steric determinant of

CAR-antigen binding is described in detail in Chapter 1.3.2.

The transmembrane domain anchors the TCR to the cell surface. Basic residues within the
transmembrane domain closely interact with acidic residues of the transmembrane domain of CD3
molecules, enabling association of the TCR with CD3.% Likewise, the transmembrane domain of the
CAR serves to connect the receptor to the cell surface but is usually derived from type | membrane
proteins such as CD3, CD8, CD28 or OX40. It is not primarily required for interaction with other
proteins, but instead some studies suggest that it may play a role in CAR dimerization and

expression.253!

The TCR-encoding gene loci are located on chromosomes 7 and 14 in humans, and TCR diversity
results from combinatorial recombination of gene segments and junctional diversity, forming unique
segment combinations in each T cell.’® In contrast, the CAR is an artificial protein generated in vitro by
cloning techniques and then integrated into the genome of a T cell. Similarly to the TCR, the cell surface
expression of the CAR requires a signal peptide at its N-terminus, resulting in translocation to the
endoplasmic reticulum and the secretory pathway.?? In principle, the signal peptide can originate from
any transmembrane protein, but commonly GM-CSF or CD8a signal peptides are used for CARs. In
addition, the CAR gene cassette often contains a transduction marker separated from the CAR through

a viral 2A self-cleaving peptide sequence (Figure 1.2).3 Truncated, non-functional versions of EGFR or

LNGFR can serve as transduction markers and for enriching CAR-positive T cells.3*3°
Extracellular binding module .
. ! i Intracellular Transduction
scFv signal module marker
1 1 1

r 1 r 1

R )

Figure 1.2: Example of a bicistronic gene encoding a second generation CAR.

A prototypic second generation CAR construct starts with a signal peptide (SP) and the scFv, composed of a variable heavy
(Vw) and light (Vi) domain connected via a linker (L) sequence. A spacer (S) and transmembrane (TM) domain connect the
signal module, which consists of a co-stimulatory domain (e. g. from CD28 or 4-1BB) and the CD3 signal domain. The depicted
CAR gene is separated by a 2A cleaving sequence from the truncated epidermal growth factor receptor (EGFRt) transduction

marker, and a promoter is located upstream of the bicistronic gene.
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It remains difficult to predict the functionality of a CAR due to its modular structure. Individual
CAR modules must be empirically tested, which makes preclinical research time-consuming and
laborious. It is therefore desirable to develop screening platforms that facilitate the identification of

optimal CAR design parameters and accelerate CAR development.

1.3 The extracellular binding module of CARs

1.3.1 Binding and affinity of the scFv

The CAR recognizes its target antigen through the antibody-derived scFv in the extracellular
binding module. Here, specificity and affinity of the scFv play a crucial role, and both factors are
influenced by CDR diversity. Both Vi, and V. domains of the scFv possess three CDR regions that form
the antigen-binding pocket. CDR3 has the largest contact area with the antigen and substantially
affects the binding properties of the whole scFv.Y” While TCR affinity ranges between a K4 of 10 and
10 M, leading to a high off-rate to the MHC-peptide complex,*® antibodies used to engineer scFv

molecules show much higher affinity in the Kq range of 10 to 10 M.

A number of studies suggest that scFv affinity influences the activity of CAR-T cells. The
comparison of two ROR1-specific CARs with different affinities showed that the CAR with the higher
affinity conferred maximum T cell activation regarding cytokine release and proliferation.3® Another
study correlated T cell activation with the affinity of HER2-CARs, demonstrating that medium- and
high-affinity CARs (K4 < 10® M) activated T cells in a similar fashion, whereas low-affinity CARs
(Kg > 108 M) activated T cells with substantially lower efficiency.3® However, one study also suggests
that under specific conditions high scFv affinity can cause fatal side effects. Although an affinity-
enhancing mutation in an anti-GD2 scFv increased the antitumor function of CAR-T cells in a human
neuroblastoma xenograft model, it was associated with lethal toxicity because CAR-T cells increasingly
infiltrated the brain and eliminated healthy neuronal cells with low GD2 expression.”® In certain
situations, affinity can even influence specificity, for example for a high-affinity CAR that recognizes an
MHC-presented NY-ESO-1 peptide. This CAR also lysed target cells that expressed just MHC without
NY-ESO-1 peptide. Lowering the scFv affinity in this CAR improved the specificity for exclusively
NY-ESO-1 peptide-presenting MHC.*

Apparently, scFv affinity also controls the selectivity of CAR-T cells against target cells with
different antigen expression levels, as an FRa-specific CAR eliminated tumor xenografts with high FRa

expression more effectively than with low or moderate expression.*” Therefore, the concept of CAR
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affinity tuning is intended to increase the selectivity of CAR-T cells towards target cells. Because CARs
comprising a low-affinity scFv only efficiently eliminate tumor cells with high antigen expression,
healthy cells that express physiologic antigen levels are excluded, which reduces systemic off-tumor

toxicity.#344

While the above studies have compared only a few CAR constructs with known scFv affinities, it is
also conceivable analyze a large number of CAR constructs with unknown affinities, e.g. generated
through rational modifications of the Vi and V4 CDR regions.*>* To enable the processing of multiple
CARs with minimal effort, a platform would be required that facilitates scalable screening campaigns

and provides a quantitative readout to compare the activity of individual CARs with altered affinity.

1.3.2 Spacer design and length

Another component of the extracellular binding module of the CAR is the spacer domain, which
affects extracellular flexibility, CAR-antigen binding and dimerization. A study compared spacer
domains derived from CD8a and CD28 and showed less activation-induced cell death (AICD) and
production of inflammatory cytokines for CD19-CAR-T cells with CD8a spacer. This was probably due
to reduced CAR homodimer formation by the CD8a spacer, leading to less aggregation of CD3(
molecules and consequently less T cell activation.*” Other studies revealed that certain spacer domains
can be recognized by cells of the innate immune system resulting in the elimination of CAR-T cells. For
instance, the Fc-binding site of the CH2 domain of IgG4-based spacers was targeted by myeloid cells
expressing Fcy-receptors, which triggered AICD and prevented CAR-T cell engraftment in mice.
However, this was averted either by removing the CH2 domain or by specific mutations of the
Fc-binding site in the CH2 domain.®®* Similarly, the CH2 domain of an IgG1 spacer was highly
recognized by monocytes, macrophages and NK cells, resulting in reduced in vivo CAR-T cell survival,
while an 1gG2 spacer abrogated this interaction and thus led to less tonic signaling and T cell

senescence.”®

Several studies have focused on the spacer length, which influences the ability of the CAR to bind
its target epitope on target cells. This was generally exemplified by the comparison of CARs with and
without spacer domain, showing superior in vivo antitumor function only by CARs with spacer domain
when targeting antigens like CD19, mesothelin, PSCA, Mucin-1 or HER2.%* Another study showed that
a CEA-specific CAR with long spacer domain significantly increased T cell activation after its target
epitope was transferred from a membrane-distal to a membrane-proximal position within the CEA
protein.>? The impact of spacer length and epitope position was further confirmed by ROR1-CARs that

recognize epitopes at different locations in the protein. Here, a CAR with long IgG4-Fc-based spacer
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caused high T cell activation when targeting the membrane-proximal R11 epitope, whereas a CAR with
short IgG4-Fc-based spacer resulted in enhanced antitumor function when targeting the membrane-

distal epitopes R12 or 2A2.3848

Accordingly, the spacer length represents a critical factor in CAR design and needs to be
considered to target membrane-distal or membrane-proximal epitopes. However, this requires careful
screening campaigns for identifying the optimal spacer domain. Particularly when using primary T cells,
this involves time-consuming and laborious experiments. Therefore, a cell line-based platform would
facilitate these screening campaigns by accelerating the identification of CAR lead candidates with

optimal spacer domain.

1.4 The intracellular signal module of CARs

The intracellular signal module of CARs converts the stimulus from antigen binding of the
extracellular module into a signal that initiates intracellular activation pathways. Initially, CARs were
developed to mimic the TCR complex in mediating antigen specificity and the first activation signal.
Based on experimental results obtained from fusion proteins comprising the extracellular domain of
CD8 and the cytoplasmic domain of CD3,>® only the CD3Z-chain was attached to scFvs, generating
receptors that are known as first generation CARs.>° Thus, a PSMA-specific first generation CAR could
redirect a T cell to a PSMA-positive target cell, resulting in tumor lysis.>* However, T cells expressing
first generation CARs generally produced relatively low amounts of cytokines, rapidly became anergic

and only caused moderately delayed tumor progression in vivo.>>>®

To prevent anergy and exhaustion, and instead modulate and amplify the activation of T cells, a
second signal is generated by co-receptors in addition to the first signal generated by the TCR
complex.”” Accordingly, first generation CAR-T cells, which additionally expressed ligands that
stimulate T cell co-stimulatory receptors, showed improved antitumor function and persistence.>®
Based on this observation, second generation CARs include, in addition to the CD3C chain, the
intracellular domain from co-stimulatory receptors like CD28, 4-1BB, ICOS or OX40, resulting in
increased cytokine secretion, cytotoxicity and proliferation of CAR-T cells.?> Moreover, studies in mice
with B cell leukemia demonstrated prolonged survival and enhanced antitumor function with
CD19-CAR-T cells containing the CD28 domain in the intracellular signal module.'** In clinical studies,
the CD28 co-stimulatory domain significantly improved expansion and persistence of CD19-CAR-T cells
in patients with relapsed or refractory NHL,%® and the 4-1BB co-stimulatory domain enhanced the

antitumor function in patients with B cell leukemia.5!
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Interestingly, modification of second generation CAR-T cells with an additional co-stimulatory
ligand further enhanced persistence and reduced exhaustion.?? Accordingly, third generation CARs
with two co-stimulatory domains in addition to the CD3{ domain are supposed to improve CAR-T cell
functionality. The combination of CD28 and 4-1BB in CARs targeting e.g. PSMA, CD171 or mesothelin
amplified cytokine production and suppressed AICD of CAR-T cells, thus significantly reducing the
tumor burden in mice.®*® Other co-stimulatory domains like 1ICOS, OX40 or TLR2 can be used in

combination with CD28 to enhance the efficacy of CAR-T cells in vitro and in patients with B-ALL.26:66:67

At present, most studies have focused on second generation CARs with CD28 or 4-1BB
co-stimulatory domain and their influence on T cell activation and effector functions. Both domains
induce Tul cytokine secretion, including IL-2, IFNy, TNFa and GM-CSF, although faster with CD28 and
slower with 4-1BB.2>53%> T,2 cytokines like IL-4 and IL-10 were produced at markedly lower
concentrations by CARs with 4-1BB domain.?>%® Further, CARs with CD28 or 4-1BB co-stimulation
demonstrated similar levels of total tyrosine phosphorylation, but a CAR with CD28 domain induced
the PI3K/Akt pathway in a more consistent manner.?>%> Interestingly, in a bone-metastatic prostate
cancer xenograft model, less exhaustion and improved persistence of CAR-T cells with 4-1BB domain
was observed in comparison to CAR-T cells with CD28 domain.®® The 4-1BB domain also promoted
growth of CD8" central memory CAR-T cells with enhanced respiratory capacity, whereas the CD28
domain resulted in effector memory CAR-T cells with a genetic signature consistent with enhanced
glycolysis.” In addition, one CAR study showed reduction of tonic signaling and exhaustion via 4-1BB,”*

however, this is contradictory to another CAR study where CD28 caused less tonic signaling.”?

Although the intracellular signal module of CARs is designed for signal transduction and initiation
of signaling pathways, most studies have mainly assessed the effector T cell functions that follow CAR
stimulation. An alternative approach could directly focus on induced signaling pathways and
transcription factors to measure and compare the differences between CAR signal modules more
precisely. Thereby, high-throughput CAR-screening campaigns could identify signal modules with
optimal activation profile, e.g. to induce certain T cell functions, activate specific T cell subsets or

control T cell differentiation.

1.5 Selectivity of CAR-T cells

A major obstacle in CAR-T cell therapy is the selectivity of the CAR-modified T cells, i.e., the
distinction of tumor cells from healthy cells, which can result in on-target off-tumor toxicities. This is
due to the fact that a broad spectrum of tumor-associated antigens, which are targeted by CARs, are

also frequently expressed by healthy cells and thus also attacked by CAR-T cells.”® The lack of CAR-T cell
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selectivity and ensuing on-target off-tumor toxicity is more predictable for hematologic than solid
malignancies due to known lineage-restricted antigen expression in the hematopoietic system. Studies
with CD19-CARs in mice and humans demonstrated B cell aplasia following CAR-T cell transfer, which
is not life-threatening as it can be compensated by immunoglobulin infusions.”*”> In contrast, CAR-T
cell selectivity is rather challenging for solid tumors since overexpressed tumor-associated antigens
are often found on healthy tissues at lower levels. Two studies in cancer patients have shown lethal
complications from pulmonary or liver toxicities after treatment with HER2- or CAIX-CARs,

respectively.’®”’

Strategies have evolved that do not improve the selectivity of CAR-T cells but aim to mitigate the
on-target off-tumor toxicity during CAR-T cell therapy in patients. One strategy relies on the
elimination of CAR-T cells after toxicity onset, e.g. by antibody-mediated depletion, e.g. facilitated by
a transduction marker like EGFRt co-expressed with the CAR,”® or with inducible caspases that are
activated by dimerization.®® Although these approaches can be controlled in a dose-dependent
manner to prevent complete CAR-T cell eradication, the therapeutic effect might be attenuated or
even terminated. Therefore, other strategies based on transient CAR activation have been developed
to protect healthy cells, with the negative effect that tumor cells are temporarily spared from
elimination as well. For instance, an FKBP12 domain can be included in the CAR spacer to release the
scFv from the cell membrane after binding a small molecule,” or soluble targeting modules can be

used that transiently bind to the extracellular portion of the CAR to enable antigen recognition.®

There are also strategies that attempt to improve the selectivity of CAR-T cells by enabling
distinction between malignant and healthy cells, thus preventing the onset of on-target off-tumor
toxicities. For instance, CAR affinity tuning enables T cells to distinguish between different antigen
expression levels, but this also excludes tumor cells with low surface antigen density from
eradication.*** Another strategy aims at building logic gates, e.g. consisting of two CARs targeting two
separate antigens on one tumor cell. One CAR contains only the CD3Z-chain (first signal) and the other
CAR contains only the co-stimulatory domain (second signal). In this example, full CAR-T cell activation
is only triggered if both CARs simultaneously bind a malignant cell that expresses both target
antigens.®82 A logic gate can also comprise activating and inhibitory CARs, whereby the activating CAR
recognizes a tumor-associated antigen on both malignant and healthy cells, but is impaired by an
inhibitory CAR (iCAR) that recognizes an antigen expressed only on healthy cells.®® However, the logic
gate strategy presumably requires identification of appropriate antigen combinations and co-
stimulatory or inhibitory signaling domains. Instead of analyzing these critical parameters with primary
T cells and assessment of ensuing effector functions, it would be advantageous to initially employ a

screening platform that allows rapid implementation and pre-selection of functional logic gates.
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1.6 Overview of T cell signaling pathways

1.6.1 TCR-mediated signaling in T cells

Binding of the TCR to a specific peptide that is presented by an MHC molecule initiates T cell
activation and the recruitment of CD4 or CD8 co-receptors providing the Src family kinases Lck and
Fyn.?2 These kinases phosphorylate the ITAMs of TCR-associated CD3 molecules, enabling the binding
of ZAP-70 to the TCR complex (Figure 1.3).8% This results in the induction of a downstream signaling
cascade via phosphorylation of the adaptor protein LAT and formation of the TCR signalosome.?*> The
complex includes PLCy1, PI3K, GRB2 and SLP-76 as well as proteins involved in actin cytoskeleton
reorganization. PLCy1 is particularly important, because it catalyzes the hydrolysis of PIP; to the second

messengers DAG and IPs, both essential for further signal transfer.8

DAG mediates the initiation of the MAPK/ERK pathway that activates the transcription factor
activator protein-1 (AP-1). It also regulates PKCO signaling, which results in the activation of the
transcription factor family of nuclear factor-kB (NF-kB).2 This family consists of the proteins RelA (p65),
RelB, c-Rel, NF-kB1 (p50) and NF-kB2 (p52) that form homo- or heterodimers. In unstimulated cells,
NF-kB is associated with inhibitor of NF-kB (IkB) family members that retain the protein in the cytosol.
Upon activation, IkB is degraded, which allows NF-kB to translocate into the nucleus where it binds to
its target genes.!” These genes determine T cell survival, proliferation and homeostasis, e.g. through
regulation of chemokines (IFNy), growth factors (GM-CSF), immune receptors (ICOS), adhesion

molecules (CCR7) and cell cycle regulators (cyclin D1).28

The other second messenger, IPs;, stimulates calcium-permeable ion channel receptors in the
endoplasmic reticulum, which results in the release of Ca?* into the cytosol. This activates the calcium-
calmodulin-dependent phosphatase calcineurin, which dephosphorylates members of the nuclear
factor of activated T cells (NFAT) family, leading to their translocation to the nucleus. Four
calcium-regulated members (NFATc1 to NFATc4) are known, which remain inactive in the cytosol until
the nuclear localization signal is unmasked by dephosphorylation.?° In the nucleus, NFAT can form
co-operative complexes with other transcription factors such as AP-1 or STAT family members. NFAT
activation also integrates additional signaling pathways associated with transcription factors like T-bet
and GATA3, which results in differential gene expression patterns.®°° Thereby, NFAT controls T cell
development, differentiation and effector functions by expression of cytokines (IL-2, IFNy, TNFa) and

immune receptor ligands (CD40L, CD95L), as well as downregulation of cell cycle regulators (CDK4).%

19



Introduction

PIP.

O\
.-

m MAPK/ERK
pathway

- ‘ CDAM

Nucleus

Figure 1.3: Simplified illustration of TCR-induced signaling pathways.

Upon TCR engagement, CD8 supplies the kinase Lck that phosphorylates ITAMs of CD3 molecules. ZAP-70 is recruited and
phosphorylates the adaptor protein LAT, leading to the binding of PLCy1. This protein catalyzes the hydrolysis of PIP; into the
second messengers DAG and IP3. DAG induces the MAPK/ERK signaling pathway to activate transcription factor AP-1 and
causes the inhibitor IkB to detach from the NF-kB heterodimer via PKCB. IP3 results in an increase of intracellular Ca?* that
bind to calmodulin, forming a complex with calcineurin to dephosphorylate NFAT. All three transcription factors then migrate

into the nucleus and bind to response elements located in the proximity of genes to activate their expression.

TCR-induced signaling is amplified by co-stimulatory receptors, which are recruited to the TCR
complex. For instance, CD28 affects cytokine production, cell cycle progression, apoptosis and
metabolism via recruitment of Ras, Lck and PKCO, thereby activating NFAT.?! Additionally, CD28
regulates the kinase mTOR as well as the transcription factors c-Myc and NF-kB via the PI3K/Akt
pathway.??°3 The co-stimulatory receptor 4-1BB enhances proliferation and cytotoxicity, and prevents
AICD.** These positive effects are presumably related to 4-1BB-induced TNF receptor-associated

factors that affect NF-kB, MAPK/ERK or PI3K/Akt pathways.>>%7

Several studies have shown that transcription factors, in particular NF-kB and NFAT, are indicators
of the strength and duration of TCR-mediated T cell activation. For instance, NFAT induction correlates
positively with TCR stimulation and is a regulator of the resulting T cell response.*®-1% Similarly, NF-«kB
induction depends on the magnitude of the TCR signal, thus affecting cytokine production, T cell

proliferation and survival.}0*

103 Accordingly, screening campaigns were conducted based on
transcription factors,%* suggesting that platforms that detect both NF-kB and NFAT could be employed

to analyze the functionality of stimulatory receptors.
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1.6.2 CAR-mediated signaling in T cells

Recent studies suggest that CAR-antigen binding activates proteins of signaling pathways that are
also activated by TCR stimulation in human T cells. For instance, early events like phosphorylation of
the CD3T signaling domain or the Src family kinase Lck also occur after CAR stimulation. Further,
depending on the type of co-stimulatory CAR domain, phosphorylation of receptor proximal signaling
proteins like ZAP-70 and LAT is detectable besides activation of downstream signaling proteins like
Ras, ERK, CREB and calmodulin.’%>1% These proteins, typically required for efficient TCR signaling, are
partially involved in the MAPK/ERK pathway and affect activation of transcription factors like NF-kB or
NFAT. In addition, the members of the PI3K/Akt pathway are controlled by CARs depending on the
included co-stimulatory signaling domains.®>'% Direct comparison between TCR and CAR stimulation
by reverse phase protein lysate microarray showed that the same signaling proteins (e.g. PKC8, ERK or
c-Met) are expressed at comparable levels. After a short time, however, this changed for 43 of the 308
assessed proteins involved in protein trafficking, proliferation and cell survival, suggesting that typical

TCR signaling pathways are temporary altered upon CAR stimulation.%®

Release of intracellular calcium as part of the calcium-mediated signaling pathway that activates
NFAT and represents a characteristic event in T cell activation, was also observed following CAR
stimulation.'® Moreover, studies reported NFAT activation via inducible reporter gene systems or

110-113

inducible cytokine secretion in T cells and Jurkat cells, and similarly, NF-kB signaling after CAR
stimulation has been described.?®** Transcription factors of the STAT family, which are often
associated with NFAT, were also found activated and phosphorylated after CAR stimulation.'*® Further,
triggering of the CAR results in the expression of proteins that typically appear upon TCR stimulation,

including cytokines like IL-2 and IFNy, and surface proteins like CD25.56:10¢

These observations collectively lead to the conclusion that CAR and TCR engage similar signaling
pathways but presumably at different intensities and influenced by the type of co-stimulatory domain
in the CAR framework. Moreover, CAR stimulation apparently causes activation of NF-kB and NFAT,
suggesting that these factors could be used as surrogate markers of CAR-T cell functions and provide
a quantitative readout when an adequate detection method is applied. Consequently, the analysis of
both NF-kB and NFAT, implemented in a cellular platform, could facilitate screening campaigns for the

evaluation of different CAR modules and the selection of CAR lead candidates for further investigation.

1.7 Functional analysis of CAR-T cells

In preclinical studies, the functionality of extracellular and intracellular CAR modules is evaluated

by testing and comparing individual CAR constructs in primary T cells using distinct
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methods (Figure 1.4). Typically, CAR-T cells are graded by the level of target cell lysis. Thereby,
CAR-mediated target cell lysis is often quantified by radioactive chromium-51 release or luciferase
activity.®*116 Cytokines like IL-2 or IFNy, which are secreted by CD4* T helper cells and CD8* cytotoxic
T cells at different amounts following stimulation, are frequently measured with ELISA or bead-based
multiplex assay.®®!'” Proliferation of CAR-T cells is studied to conclude whether the cells will persist
in vivo. The labeling of CAR-T cells with fluorescent cell staining dyes like CFSE is frequently used to
estimate the number of cell divisions upon activation but takes several days.?® In addition, markers of
T cell activation and differentiation that are expressed on the cell surface, such as the receptors CD25
and CD69 or the co-stimulatory ligands CD40L and CD137L, are stained with fluorophore-labeled

antibodies and detected by flow cytometry.18
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Figure 1.4: Induced T cell functions and events upon CAR stimulation.

CAR functionality is frequently evaluated by measuring T cell functions and events that are induced upon antigen-specific
stimulation. For example, cytotoxicity of CAR-T cells can be assessed, resulting from the elimination of target cells by
granzymes and perforin or by death receptor engagement. CAR-T cell activation can also trigger the release of cytokines
(e.g. IL-2, IFNy) detectable in the supernatant, or induce proliferation reflected by increased number of cell divisions. In
addition, CAR stimulation leads to the activation of signaling pathways and a quantifiable increase in transcriptional activity,
which is accompanied by differentiation, e.g. in central memory (Tcw), effector memory (Tem) or effector (Teer) T cells, and

expression of phenotypic proteins that can be detected on the cell surface.
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Cytokine production, proliferation and expression of surface proteins are events resulting from
the induction of intracellular signaling pathways. Thus, CAR functionality can also be assessed by the
analysis of signaling proteins and second messengers. For instance, intracellular calcium flux can be
measured by fluorescence microscopy,’® or phosphorylated signaling proteins can be analyzed by
western blot or microarrays upon CAR stimulation.®®1% Alternatively, CAR activity can be evaluated by
the detection of transcription factors such as NF-kB or NFAT. Inducible reporter genes can be used for
example, which are integrated into primary T cells and indicate transcription factor activation via
fluorescence or luminescence.?®!? Likewise, transcriptional analysis, e.g. of genes involved in
differentiation and exhaustion, by quantitative PCR or microarrays allows conclusions regarding CAR

functionality.527?

Since these analyses are commonly performed in primary T cells, CAR-screening campaigns are
often laborious, time-intensive and confounded by donor-to-donor variability in T cell subset
composition, variable genomic insertion of the CAR gene, and ensuing differences in CAR surface
expression.’>119120 Thjs can result in a high degree of variability and poor reproducibility between
individual testing campaigns performed in the same or in different laboratories. In contrast,
pharmaceutical small molecule and antibody discovery identifies lead compounds from library-
screening campaigns using standardized platforms, which are often based on cell lines.12122
A standardized platform that is able to identify functional CAR lead candidates with high accuracy
would therefore be desirable but requires a rapid and robust readout without using primary T cells.
However, most of the methods described above can only be performed in primary T cells or are too
time-consuming, cost-intensive or complex to be employed in platform-based screening campaigns.
Instead, detection of activated signaling proteins, e.g. by reporter genes stably integrated into a cell
line, would provide a robust platform technology to rapidly analyze CAR functionality and to enable

large-scale CAR-screening campaigns.

1.8 Hypotheses and aims of this study

Immunotherapy with CAR-T cells represents a transformative, novel treatment in hematology and
oncology.® CARs are synthetic designer molecules whose functionality is influenced by the choice of
the extracellular binding module, including the antigen-binding domain and its affinity as well as the
length and composition of the spacer domain, and the intracellular signal module, which comprises
stimulatory and co-stimulatory moieties.> It is important to note that the use of CARs with
non-optimized modules in T cells can lead to significantly impaired or even absent tumor cell

recognition and antitumor function.3®* The current state-of-the-art for identifying the optimal CAR
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composition is to perform screening campaigns in primary T cells which, however, have limited
capacity and are unable to interrogate the number of variations in CAR design that are conceivable by

combining available variants of the extracellular binding and intracellular signal modules.

We reasoned that these challenges could be addressed with a standardized CAR-screening
platform that is independent of primary T cells but provides an easy-to-measure, quantitative readout
as a surrogate for primary T cell function. Because Jurkat cells comprise the entire signaling machinery
of primary T cells that turns them into an intuitive tool for the analysis of T cell immunoreceptors, we
have chosen these cells as the basis for developing the CAR-screening platform. We hypothesized that
the transcription factors NF-kB and NFAT could be used as indicators of CAR stimulation and signaling
output of the platform. We approached this by introducing NF-kB and NFAT-inducible reporter genes
that encode fluorescent proteins to readily quantify CAR activation and enable scalable screening

campaigns of CAR libraries for identifying lead candidates with optimal design parameters.

To test our hypotheses, we designed a work program with the following specific aims:

I.  Evaluation of the transcription factors NF-kB and NFAT as indicators for CAR activation in primary

T cells.

Il.  Generation of a Jurkat-based CAR-screening platform with a quantitative readout of NF-kB and

NFAT activation.

lll. Validation of the platform in small-scale screening campaigns with CAR modules that provide

optimal function in primary T cells.

IV. Implementation of a large-scale screening campaign with a complex library comprising a high

number of CAR variants.

V. Investigation of CARs with inhibitory signal modules in logic gate applications.

To address these specific aims, we planned to pursue several experimental approaches. First, CD4*
or CD8" primary T cells from healthy donors should be prepared and modified with a ROR1-specific
CAR to analyze by western blot whether antigen-dependent stimulation would lead to NF-kB and NFAT
activation. According to these findings, a CAR-screening platform based on Jurkat cells should be
established that allows quantitative analysis of NF-kB and NFAT activation by inducible reporter genes.
To determine whether NF-kB/NFAT reporter cells could measure CAR-mediated activation, ROR1- and
CD19-specific CARs should be integrated into reporter cells, and the NF-kB- and NFAT signals should

be analyzed upon stimulation by flow cytometry. Moreover, since we expected CAR-mediated
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activation of NF-kB and NFAT to follow kinetics with signal increase, plateau and decrease, we aimed

to analyze activation at different times to define the optimal time window for signal detection.

Next, to validate the CAR-screening platform and verify its accuracy and significance, we intended
to perform small-scale screening campaigns with CAR libraries that have recently demonstrated
functionality in primary T cells. One library should consist of ROR1-CARs that differ in the extracellular
spacer domain. After transduction of reporter cells with these CARs, the CAR reporter cells should be
stimulated by ROR1-positive target cells to assess if they could identify the construct with optimal
spacer length for targeting the R11 epitope. A second library should consist of ROR1-CARs that differ
in the intracellular signal module regarding the co-stimulatory domains. Again, we sought to transduce
reporter cells with these CARs and stimulate them antigen-dependently to investigate whether NF-kB

and NFAT signals reflect the outcome of recent studies with primary T cells.

A large-scale screening campaign should provide the opportunity to determine whether the
platform was able to retrieve functional constructs from a large pool of CAR variants. The library should
consist of many variants of a ROR1-CAR due to mutations in its scFv, which were supposed to modulate
specificity and affinity to ROR1. The library should be integrated into reporter cells by nucleofection,
and individual cells should be separated based on high NF-kB and NFAT activation using fluorescence-
activated cell sorting (FACS). We speculated that cell clones with high reporter gene signals would
contain functional CAR variants, and therefore, we sought to isolate their genomic DNA to analyze the

scFv-encoding sequences of the integrated CAR variants.

To assess whether the platform allows the analysis of novel applications such as logic gates with
CARs comprising inhibitory signal modules, a library of CD19-specific CARs with inhibitory PD-1 domain
should be challenged by CAR or TCR stimulation. To verify the observations from the reporter cell
screening campaign, the results should then be reproduced with primary human T cells to eventually

demonstrate that the CAR-screening platform enables the accurate analysis of iCARs.
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2 Materials

2.1 Human subjects

Peripheral blood from healthy donors was obtained after written informed consent to participate

in research protocols that were approved by the Institutional Review Board of the University of

Wirzburg.

2.2 Cell lines

Table 2.1: Cell lines.

Name

Supplier

Description

BTLA (NF-kB/NFAT)
reporter

BW5147
BW/CD19
BW/OKT3

BW/OKT3+CD19

BW/OKT3+HVEM

BW/OKT3+PD-L1

BW/ROR1
BW/ROR1+CD19

(NF-kB/NFAT) reporter

JeKo-1

Jurkat clone E6.1

K562

Dr. P. Steinberger

Dr. P. Steinberger
In-house production

Dr. P. Steinberger

Dr. P. Steinberger

Dr. P. Steinberger

Dr. P. Steinberger

In-house production

In-house production

Dr. P. Steinberger

ATCC: CRL-3006 and
in-house production

ATCC: TIB-152

ATCC: CCL-243 and
in-house production

NF-kB/NFAT reporter cells transduced with
human BTLA

Murine lymphoma T cell line
BW5147 cells transduced with human CD19

BW5147 cells transduced with membrane-
bound OKT3 scFv

BW5147 cells transduced with membrane-
bound OKT3 scFv and human CD19

BW5147 cells transduced with membrane-
bound OKT3 scFv and human HVEM

BW5147 cells transduced with membrane-
bound OKT3 scFv and human PD-L1

BW5147 cells transduced with human ROR1

BW5147 cells transduced with human ROR1
and human CD19

Jurkat clone E6.1 transduced with NF-kB- and
NFAT-inducible reporter genes

Human mantle cell lymphoma transduced
with firefly luciferase

Human T cell ymphoma line

Human chronic myelogenous leukemia cell
line transduced with firefly luciferase
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Name

Supplier

Description

K562/HLA-A*0201

K562/HLA-A*0201+CD19

K562/ROR1

K562/CD19

K562/ROR1+CD19

Lenti-X™ 293T

PD-1 (NF-kB/NFAT)
reporter

Platinum A

TM-LCL

2.3 Media

In-house production

In-house production

In-house production

In-house production

In-house production

Takara: 632180

Dr. P. Steinberger

Cell Biolabs: RV-102
Dr. S. Riddell

Table 2.2: Adherent cell line medium.

K562 cells transduced with firefly luciferase
and HLA-A*0201

K562 cells transduced with firefly luciferase,
HLA-A*0201 and human CD19

K562 cells transduced with firefly luciferase
and human ROR1

K562 cells transduced with firefly luciferase
and human CD19

K562 cells transduced with firefly luciferase,
human ROR1 and human CD19

HEK 293T cell clone for lentivirus production

NF-kB/NFAT reporter cells transduced with
human PD-1

HEK 293T cell clone for retrovirus production

Lymphoblastoid EBV-transformed B cell line,
donor initials TM

Ingredient

Volume (f.c.)

DMEM medium with 4.5 g/L glucose and 25 mM HEPES 500 mL

Fetal Calf Serum (heat inactivated)

Penicillin/Streptomycin (10000 U/mL)

GlutaMAX™ Supplement (100x)

50 mL (9% v/v)
5 mL (90 U/mL)
5 mL (0.9x)

All ingredients were mixed and sterilized with 0.22 um PES-membrane filter

Table 2.3: Reporter medium.

Ingredient

Volume (f.c.)

IMDM medium with 25 mM HEPES and L-glutamine

Fetal Calf Serum (heat inactivated)

Penicillin/Streptomycin (10000 U/mL)

GlutaMAX™ Supplement (100x)

500 mL

50 mL (9% v/v)
5 mL (90 U/mL)
5 mL (0.9x)

All ingredients were mixed and sterilized with 0.22 um PES-membrane filter
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Table 2.4: Freezing medium.

Ingredient

Volume (f.c.)

Fetal Calf Serum (heat inactivated)

DMSO

Table 2.5: T cell medium.

45 mL (90% v/v)
5mL (10% v/v)

Ingredient Volume (f.c.)
RPMI 1640 medium with 25 mM HEPES and L-glutamine 500 mL
Human Serum (heat inactivated at 56 °C for 30 min) 50 mL (9% v/v)

Penicillin/Streptomycin (10000 U/mL)

GlutaMAX™ Supplement (100x)

2-Mercaptoethanol (50 mM)

5mL (90 U/mL)
5 mL (0.9x)
0.5 mL (45 uM)

All ingredients were mixed and sterilized with 0.22 um PES-membrane filter

Table 2.6: Tumor cell medium.

Ingredient

Volume (f.c.)

RPMI 1640 medium with 25 mM HEPES and L-glutamine 500 mL

Fetal Calf Serum (heat inactivated)

Penicillin/Streptomycin (10000 U/mL)

GlutaMAX™ Supplement (100x)

50 mL (9% v/v)
5mL (90 U/mL)
5 mL (0.9x)

All ingredients were mixed and sterilized with 0.22 um PES-membrane filter

2.4 Vectors

Table 2.7: Vectors.

Name (of transgene) Vector # Description

CD19 pMHO0174 epHIV7 vector, full-length human CD19 protein

CD19-CAR-zBB pJ02459 epHIV7 vector, GM-CSF signal peptide, c-Myc tag,
FMC63 scFv, IgG4-Fc hinge, CD28 transmembrane,
4-1BB + CD3C signaling, T2A sequence, EGFRt
transduction marker

CD19-iCAR 101 pJRO101 epHIV7 vector, GM-CSF signal peptide, c-Myc tag,

FMC63 scFv, PD-1 hinge, PD-1 transmembrane, PD-1
signaling, T2A sequence, EGFRt transduction marker
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Name (of transgene) Vector # Description

CD19-iCAR 102 pJRO102 epHIV7 vector, GM-CSF signal peptide, c-Myc tag,
FMC63 scFv, IgG4-Fc hinge, CD28 transmembrane,
PD-1 signaling, T2A sequence, EGFRt transduction
marker

CD19-iCAR 103 pJRO103 epHIV7 vector, GM-CSF signal peptide, c-Myc tag,
FMC63 scFv, CD8a hinge, CD8a transmembrane, PD-1
signaling, T2A sequence, EGFRt transduction marker

CD19-tCAR pJRO306 epHIV7 vector, GM-CSF signal peptide, FMC63 scFv,
IgG4-Fc hinge, CD28 transmembrane, T2A sequence,
HER2t transduction marker

ffluc pJ01668 epHIV7 vector, firefly luciferase, T2A sequence, GFP

Gag and Pol pCHGP-2 Packaging vector 1 for lentivirus production

HLA-A*0201 pJRO80O3 LZRS-pBMN-Z vector, full-length HLA-A*0201 protein

Rev pCMV-Rev2 Packaging vector 2 for lentivirus production

ROR1 pMHO0172 epHIV7 vector, full-length human ROR1 protein

ROR1-CAR intermediate pMHO0127 epHIV7 vector, GM-CSF signal peptide, R11 scFv,

spacer (R11) IgG4-Fc hinge + CH3, CD28 transmembrane, 4-1BB +
CD3signaling domain, T2A sequence, EGFRt
transduction marker

ROR1-CAR long spacer pMH0128 epHIV7 vector, GM-CSF signal peptide, R11 scFv,

(R11) IgG4-Fc hinge + CH2 + CH3, CD28 transmembrane,
4-1BB + CD3C signaling, T2A sequence, EGFRt
transduction marker

ROR1-CAR scFv library pJRO906 pT2/HB vector, GM-CSF signal peptide, R11 CDR3

(R11) mutated scFv, 1gG1 hinge-CH2-CH3, CD28
transmembrane, 4-1BB + CD3{ signaling, T2A
sequence, EGFRt transduction marker

ROR1-CAR short spacer pMH0122 epHIV7 vector, GM-CSF signal peptide, R11 scFv,

(R11) IgG4-Fc hinge, CD28 transmembrane, 4-1BB + CD3{
signaling, T2A sequence, EGFRt transduction marker

ROR1-CAR WT (R11) pJRO905 pT2/HB vector, GM-CSF signal peptide, R11 scFv,
IgG1-Fc hinge + CH2 + CH3, CD28 transmembrane,
4-1BB + CD3C signaling, T2A sequence, EGFRt
transduction marker

ROR1-CAR-z (R12) pHO109 epHIV7 vector, GM-CSF signal peptide, R12 scFv,

IgG4-Fc hinge, CD28 transmembrane, CD3 signaling,
T2A sequence, EGFRt transduction marker
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Name (of transgene)

Vector #

Description

ROR1-CAR-z28 (R12)

R12HL_LIBspe

epHIV7 vector, GM-CSF signal peptide, R12 scFv,

El_sh28 IgG4-Fc hinge, CD28 transmembrane, CD28 + CD3(
signaling, T2A sequence, EGFRt transduction marker
ROR1-CAR-z28BB (R12) R12HL_LIB epHIV7 vector, GM-CSF signal peptide, R12 scFv,
El_sh28BB IgG4-Fc hinge, CD28 transmembrane, CD28 + 4-1BB +
CD3{ signaling, T2A sequence, EGFRt transduction
marker
ROR1-CAR-zBB (R12) pMHO0123 epHIV7 vector, GM-CSF signal peptide, R12 scFv,
IgG4-Fc hinge, CD28 transmembrane, 4-1BB + CD3{
signaling, T2A sequence, EGFRt transduction marker
Sleeping Beauty SB100X MC Minicircle vector encoding Sleeping Beauty
transposon MC transposon
VSV-G pCMV-G Envelope vector for lentivirus production
2.5 Primers
Table 2.8: Primers.
Name NT sequence 5’ -> 3’ Description
CAR28tm fwd ATGTTCTGGGTGCTGGTG Sequencing in epHIV7 and
pT2/HB
CAR28tm library rev ACCACCAGCACCCAGAAC Sequencing in epHIV7 and
pT2/HB, PCR of ROR1-CAR
scFv library
CAR28tm rev GATGAAGGCCACGGTGA Sequencing in epHIV7 and
pT2/HB
CAR panel epHIV7 fwd CAGATCCAAGCTGTGACCG Sequencing in epHIV7 and
pT2/HB, PCR of ROR1-CAR
scFv library
M13 rev CAGGAAACAGCTATGACC Sequencing in pCR4-TOPO-
TA and pT2/HB
Notl-tEGFR revl GAATTCCTGCAGCCCGGGTCTAGA Sequencing in epHIV7 and
pT2/HB
pBMN-5" fwd GCTTGGATACACGCCGC Sequencing in LZRS-pBMN-Z

R11 scFv primer 1 fwd

GCGACGTATTTCTGTGCGAGGGGGTATNNK  Generation of ROR1-CAR
NNKNNKNNKGGTGATTTCAACATCTGGGGT  scFv library
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Name

NT sequence 5’ -> 3’

Description

R11 scFv primer 2 rev

R11 scFv primer 3 fwd

R11 scFv primer 4 rev

2.6

Table 2.9: Antibodies for flow cytometry.

CCCGTTAAGGTCCTGATG

CCTACTCTAGAAGCTGGGTACCG

ATACCCCCTCGCACAGAAATACGTCGC

Generation of ROR1-CAR

scFv library

Generation of ROR1-CAR

scFv library

Generation of ROR1-CAR

scFv library

Antibodies and flow cytometry staining reagents

Specificity Clone Conjugate Reactivity  Isotype Supplier
CD3 BW264/56 APC Human mouse IgG2a, K Miltenyi
CD4 M-T466 VioBlue Human mouse IgG1, « Miltenyi
CD8 BW135/80 FITC Human mouse IgG2a, K Miltenyi
CD8 BW135/80 VioBlue Human mouse 1gG2a, K Miltenyi
CDh14 M5E2 FITC Human mouse IgG2a, K BiolLegend
CD19 LT19 PE Human mouse IgG1, k Miltenyi
CD19 LT19 VioBlue Human mouse IgG1, « Miltenyi
CD28 CD28.2 Pacific Blue Human mouse IgG1, « BiolLegend
CD45RA H1100 APC Human mouse 1gG2b, k BiolLegend
CD45R0O UCHL1 FITC Human mouse IgG2a, K Miltenyi
CD45 HI30 APC Human mouse IgG1, kK BioLegend
CcDhe62L DREG-56 PE Human mouse IgG1, kK BioLegend
CD80 2D10 APC Human mouse IgG1, kK BioLegend
CD270 (HVEM) 122 PE Human mouse IgG1, K BioLegend
CD272 (BTLA) MIH26 PE Human mouse 1gG2a, K BioLegend
CD274 (PD-L1) 29E.2A3 Biotin Human mouse IgG2b, k BioLegend
CD279 (PD-1) PD1.3.1.3 PE Human mouse IgG2b, k Miltenyi
c-Myc SH1-26E7.1.3  FITC Human mouse IgG1, kK Miltenyi
c-Myc SH1-26E7.1.3  Biotin Human mouse IgG1, kK Miltenyi
EGFR C225 Biotin Human Human IgG1, ImClone LLC

(Cetuximab)
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Specificity Clone Conjugate Reactivity  Isotype Supplier

EGFR C225 AF647 Human human IgG1, ImClone LLC
(Cetuximab)

HER2 4D5-8 Biotin Human murine 1gG1, Roche
(Trastuzumab)

HLA-A*0201 BB7.2 PE Human mouse 1gG2b, k BiolLegend

ROR1 2A2 PE Human mouse 1gG2b, k Miltenyi

ROR1 2A2 APC Human mouse 1gG2b, k Miltenyi

Table 2.10: Reagents for flow cytometry.

Reagent Conjugate Supplier

7-AAD - BD Biosciences
MHC | HLA-A*0201 pp65 NLVPMVATYV Streptamer® Streptamer® IBA Lifesciences
Soluble recombinant human ROR1 protein AF647 Dr. J. Huppa
Strep-Tactin® PE IBA Lifesciences
Streptavidin PE BioLegend

Table 2.11: Antibodies for western blot.

Specificity Clone/Isotype Conjugate  Dilution Supplier
NFATc2 D43B1 / Monoclonal rabbit IgG - 1:500 Cell Signaling
NF-kB p65 D14E12 / Monoclonal rabbit IgG - 1:1000 Cell Signaling
Lamin A/C 4C11 / Monoclonal mouse IgG2a, k - 1:1000 Cell Signaling
a-Tubulin 11H10 / Monoclonal rabbit 1gG - 1:2000 Cell Signaling
Mouse IgG Ab  Polyclonal goat HRP 1:2000 Bio-Rad
Rabbit IgG Ab  Polyclonal goat HRP 1:2000 Bio-Rad

2.7 Molecular-weight size marker

Table 2.12: Molecular weight and DNA standards.

Name Supplier, Location
1 kb DNA ladder NEB, Frankfurt am Main
Precision Plus Protein™ Kaleidoscope™ Prestained Standard Bio-Rad, Munich
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2.8 Reagents, enzymes and commercial kits

Table 2.13: Reagent, enzymes and commercial kits.

Name

Supplier, Location

Anti-biotin MicroBeads

Anti-human CD28 Fab Streptamer®

Anti-human CD3 pure functional grade (clone OKT3)
Anti-MHC | HLA-A*0201 pp65 NLVPMVATV Streptamer®
Anti-PE MicroBeads

Ascl

BamHI-HF®

BspEl

BstBI

Buffer IS (10x)

CalPhos™ Mammalian Transfection Kit

CutSmart® Buffer

DC™ Protein Assay Kit Il

D-Biotin (50 mM)

Deoxynucleotide (dNTP) Solution Mix (10 mM each NT)
Dynabeads® Human T-Activator CD3/CD28
Effectene® Transfection Reagent Kit

Gel Loading Dye Purple (6X)

HindllI-HF®

Human CD4* T-Cell Isolation kit

Human CD8* T-Cell Isolation kit

Human CD8" Memory T-Cell Isolation kit

Human IFNy ELISA Max™ Deluxe Kit

Laemmli Sample Buffer (4x)

LB Agar plates with 100 pg/mL carbenicillin

LB medium (1x)

Midori Green Advance DNA stain

NEBuffer™ 3.1

Nhel-HF®

Miltenyi, Bergisch Gladbach

Stage Cell Therapeutics, Planegg
Miltenyi, Bergisch Gladbach

Stage Cell Therapeutics, Planegg
Miltenyi, Bergisch Gladbach

NEB, Frankfurt am Main

NEB, Frankfurt am Main

NEB, Frankfurt am Main

NEB, Frankfurt am Main

IBA Lifesciences

Takara, Saint-Germain-en-Laye, France
NEB, Frankfurt am Main

Bio-Rad, Munich

Stage Cell Therapeutics, Planegg
NEB, Frankfurt am Main

Thermo Fisher Scientific, Darmstadt
Qiagen, Hilden

NEB, Frankfurt am Main

NEB, Frankfurt am Main

Miltenyi, Bergisch Gladbach
Miltenyi, Bergisch Gladbach
Miltenyi, Bergisch Gladbach
BiolLegend, London, UK

Bio-Rad, Munich

TEKnova, Hollister, CA, USA
Thermo Fisher Scientific, Darmstadt
Nippongenetics, Diren

NEB, Frankfurt am Main

NEB, Frankfurt am Main
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Name

Supplier, Location

Notl-HF®

NucleoBond® Xtra Maxi EF Kit

NucleoSpin® Gel and PCR Clean-up Kit
NucleoSpin® Plasmid Kit

One Shot™ TOP10 chemically competent E. coli
P3 Primary Cell 4D-Nucleofector® X Kit
PepTivator® CMV pp65 premium grade
Phusion® High-Fidelity DNA polymerase
Platinum® Tag DNA polymerase

PureLink™ Genomic DNA Mini Kit

Purified mouse anti-human CD28 (clone 28.2)
Recombinant human IL-2 (PROLEUKIN® S)
Recombinant human ROR1 protein

SE Cell Line 4D-Nucleofector® X Kit
Strep-Tactin® multimer backbone

T4 DNA Ligase

T4 DNA Ligase Buffer (10x)

TGX Stain-Free™ FastCast™ Acrylamide Kit

TOPO TA Cloning® Kit

Trans-Blot® Turbo™ RTA Mini PVDF Transfer Kit

Transfer Buffer (5x)
Tris/Glycine/SDS Buffer (10x)

Trypan blue solution 0.4%

2.9 Buffer

Table 2.14: Antibody incubation buffer.

NEB, Frankfurt am Main
Macherey-Nagel, Diren
Macherey-Nagel, Diiren
Macherey-Nagel, Diiren

Thermo Fisher Scientific, Darmstadt
Lonza, Cologne

Miltenyi, Bergisch Gladbach

NEB, Frankfurt am Main

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
BD Biosciences, Heidelberg
Novartis, Basel, Switzerland

Sino Biological, Chesterbrook, PA, USA
Lonza, Cologne

Stage Cell Therapeutics, Planegg
NEB, Frankfurt am Main

NEB, Frankfurt am Main

Bio-Rad, Munich

Thermo Fisher Scientific, Darmstadt
Bio-Rad, Munich

Bio-Rad, Munich

Bio-Rad, Munich

Thermo Fisher Scientific, Darmstadt

Ingredient

Volume (f.c.)

BSA
Sodium azide (1.5 M)
TBS-T

5g (5% w/v)
200 pL (3 mM)
100 mL
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Table 2.15: Blocking buffer.

Ingredient

Volume (f.c.)

Skimmed milk powder

TBS-T

Table 2.16: Blotting buffer.

5g (5% w/v)
100 mL

Ingredient

Volume (f.c.)

Transfer Buffer 5x concentrate
Ethanol absolute

dH,0

Table 2.17: Buffer IS.

200 mL (1x)
200 mL (20% v/v)
600 mL

Ingredient

Volume (f.c.)

Buffer IS 10x concentrate
EDTA (0.5 M)
dH,0

Table 2.18: FACS buffer.

50 mL (1x)
1 mL (1 mM)
450 mL

Ingredient

Volume (f.c.)

DPBS
Fetal Calf Serum (heat inactivated)
EDTA (0.5 M)

Sodium azide (1.5 M)

Table 2.19: MACS® buffer.

500 mL
2.5 mL (0.5% v/v)
2 mL (2 mM)

0.5 mL (1.5 mM)

Ingredient

Volume (f.c.)

DPBS
Fetal Calf Serum (heat inactivated)

EDTA (0.5 M)

Table 2.20: NP-40 lysis buffer.

500 mL
2.5 mL (0.5% v/v)
2 mL (2 mM)

Ingredient Volume (f.c.)
DPBS 500 mL
NP-40 2.5 mL (0.5%)
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Table 2.21: PBS/EDTA buffer.

Ingredient Volume (f.c.)
DPBS 500 mL
EDTA (0.5 M) 2 mL (2 mM)

Table 2.22: SDS running buffer.

Ingredient

Volume (f.c.)

Tris/Glycine/SDS Buffer 10x concentrate
dH,0

Table 2.23: Sucrose buffer.

100 mL (1x)
900 mL

Ingredient Volume (f.c.)
Sucrose 20 g (20% w/v)
dH,0 100 mL

Mixed and sterilized with 0.22 um PES-membrane filter

Table 2.24: TAE buffer.

Ingredient

Volume (f.c.)

TRIS-acetate-EDTA (TAE) 50x concentrate
dH>0

Table 2.25: TBS-5 buffer.

20 mL (1x)
980 mL

Ingredient

Volume (f.c.)

TRIS - HCI pH 7.8 (1 M)
NaCl (5 M)

KCl (1 M)

MgCl, (1 M)

H,0 (culture grade)

Mixed and sterilized with 0.22 um PES-membrane filter

5 mL (50 mM)
2.6 mL (130 mM)
1 mL (10 mM)
0.5 mL (5 mM)

100 mL
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2.10 Chemicals and solutions

Table 2.26: Chemicals and solutions.

Name

Supplier, Location

2-Mercaptoethanol 98% pure
2-Mercaptoethanol (50 mM)

Album Fraction V (Bovine Serum Albumin, BSA)
Ammonium Persulfate (APS)

Ampicillin Sodium Salt

Biocoll separating solution

Carbenicillin Ready Made Solution (100 mg/mL)
D-Luciferin firefly, Potassium Salt

Dimethyl sulfoxide (DMSO)

DMEM medium with 4.5 g/L glucose and 25 mM HEPES

Dulbecco's Phosphate-Buffered Saline (DPBS, no calcium,

no magnesium)

Ethylenediaminetetraacetic acid (EDTA) (0.5 M)
Ethanol absolute

Fetal Calf Serum (heat inactivated)

GlutaMAX Supplement (100x)

Human serum

IMDM medium with 25 mM HEPES and L-glutamine
lonomycin calcium salt

Isopropyl alcohol

Magnesium chloride (MgCl,)

Methanol

Nonidet P-40 (NP-40)

PBD-tween tablets

Penicillin/Streptomycin (10000 U/mL)

Phorbol 12-myristate 13-acetate (PMA)
Polybrene (10 mg/mL)

Potassium chloride (KCl)

Protease Inhibitor Cocktail for mammalian cells,
DMSO solution

Bio-Rad, Munich

Thermo Fisher Scientific, Darmstadt
AppliChem, Darmstadt

Bio-Rad, Munich

AppliChem, Darmstadt

Merck, Darmstadt

Sigma-Aldrich, Steinheim

Biosynth, Staad, Switzerland
AppliChem, Darmstadt

Thermo Fisher Scientific, Darmstadt

Thermo Fisher Scientific, Darmstadt

Thermo Fisher Scientific, Darmstadt
AppliChem, Darmstadt

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
DRK-Blutspendedienst

Thermo Fisher Scientific, Darmstadt
Sigma-Aldrich, Steinheim
Sigma-Aldrich, Steinheim

Carl Roth, Karlsruhe

Sigma-Aldrich, Steinheim
AppliChem, Darmstadt

Millipore, Billerica

Thermo Fisher Scientific, Darmstadt
Sigma-Aldrich, Steinheim

Merck, Darmstadt

AppliChem, Darmstadt

Sigma-Aldrich, Steinheim
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Name

Supplier, Location

RPMI 1640 medium with 25 mM HEPES and L-glutamine

Skimmed milk powder (Sucofin)
Sodium azide (NaNs) pure
Sodium chloride (NacCl)

Sucrose analytical grade
Tetramethylethylenediamine (TEMED)
TRIS-acetate-EDTA (TAE) 50x
TRIS ultrapure

Trypsin EDTA (0.05%), phenol red
Tween-20

Water cell culture grade

Water molecular biology grade

UltraPure™ Agarose

2.11 Consumables

Table 2.27: Consumables.

Thermo Fisher Scientific, Darmstadt
TSI, Zeven

AppliChem, Darmstadt

Carl Roth, Karlsruhe

Serva, Heidelberg

Bio-Rad, Munich

Sigma-Aldrich, Steinheim

Carl Roth, Karlsruhe

Thermo Fisher Scientific, Darmstadt
AppliChem, Darmstadt

AppliChem, Darmstadt

AppliChem, Darmstadt

Thermo Fisher Scientific, Darmstadt

Name

Supplier, Location

Cell culture flasks 25 and 75 cm? surface area
Centrifuge tubes thinwall 38.5 mL

Conical glass flask 500 mL

Dish Nunclon™ Delta 10 cm

Falcon® tube conical bottom 175 mL

Filter tips 2.5, 10, 20, 200 and 1000 pL

Flow cytometry tubes 5 mL

Glass plates and 10-well combs 1 mm
Half-area plate 96-well

Leucosep™ tubes 50 mL

MACS® separation LS columns

PCR Single Cap Soft Strips 0.2 mL

Plates flat bottom 6-, 12-, 24-, 48- and 96-well

Plate round bottom 96-well

Corning, Kaiserslautern

Beckman Coulter, Krefeld

DWK Life Sciences, Wertheim am Main
Thermo Fisher Scientific, Darmstadt
Corning, Kaiserslautern

Sarstedt, Nimbrecht

Sarstedt, Nimbrecht

Bio-Rad, Munich

Corning, Kaiserslautern

Greiner Bio-One, Frickenhausen
Miltenyi, Bergisch Gladbach
Biozym, Hessisch Oldendorf
Corning, Kaiserslautern

Corning, Kaiserslautern
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Name

Supplier, Location

SafeSeal micro tubes 1.5 and 2 mL

Serological pipettes 2, 5, 10, 25 and 50 mL

Sterile Syringe Filter 0.45 um

Sterile filtration vacuum tube 50 mL 0.45 pum

Sterile syringe 20 mL

Suspension TC-plate 12-well

Tubes conical bottom 15 and 50 mL
Tubes with ventilation cap 13 mL
Vacuum Filter PES 0.22 um

White flat bottom plate 96-well

2.12 Equipment

Table 2.28: Equipment.

Sarstedt, Nimbrecht

Greiner Bio-One, Frickenhausen
Sarstedt, Nimbrecht

Merck, Darmstadt

B. Braun, Melsungen

Sarstedt, Nimbrecht

Greiner Bio-One, Frickenhausen
Sarstedt, Nimbrecht

Sarstedt, Nimbrecht

Corning, Kaiserslautern

Name

Supplier, Location

4D-Nucleofector™ X Unit

Biological safety cabinet Herasafe™ KS
Cell Sorter FACSAria™ Ill

Centrifuge Heraeus™ Megafuge™ 40R
CO; incubators Heracell™ 150i and 240i
DynaMag™-15 magnet

Flow cytometer FACSCanto™ I
Freezing container Mr. Frosty™
Electrophoresis chamber system

Gel imaging system ChemiDoc™ MP
Heating block neoBlock 1

Ice maker

Irradiator Faxitron CP-160

Liquid nitrogen container LS 6000
Microcentrifuge Fresco 17

Microscope Primo Vert

Mini-PROTEAN® Tetra Vertical Electrophoresis

Lonza, Cologne

Thermo Fisher Scientific, Darmstadt
BD Biosciences, Heidelberg

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
BD Biosciences, Heidelberg

Thermo Fisher Scientific, Darmstadt
Febikon, Wermelskirchen

Bio-Rad, Munich

neolab, Heidelberg

Scotsman, Vernon Hills, IL, USA
Faxitron Bioptics, Tucson, AZ, USA
Taylor-Wharton, Borehamwood, UK
Thermo Fisher Scientific, Darmstadt
ZEISS, Jena

Bio-Rad, Munich
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Name

Supplier, Location

Multimode multiplate reader Infinite® 200 PRO
Orbital Compact Digital Microplate shaker

PCR Mastercycler® ep Gradient S

Pipette controller accu-jet® pro

Pipettes Research plus 2.5, 10, 20, 200 and 1000 uL
Plate washer HydroSpeed™

Power supply E802

Power supply PowerPac™ Basic

Refrigerator -4 and -20 °C

Rocking shaker DRS-12

Shaker incubator

Trans-Blot® Turbo™ Transfer System

Ultra-low temperature freezer -80 °C FORMA 900
Ultracentrifuge Sorvall™ WX80

Ultrasonic processor UP50H

UV transilluminator

Water bath

2.13 Software

Table 2.29: Software.

TECAN, Mannedorf, Switzerland
Thermo Fisher Scientific, Darmstadt
Eppendorf, Hamburg

Brand, Wertheim am Main
Eppendorf, Hamburg

TECAN, Mannedorf, Switzerland
Consort, Turnhout, Belgium
Bio-Rad, Munich

Liebherr, Bulle, Switzerland
neolab, Heidelberg

INFORS HT, Basel, Switzerland
Bio-Rad, Munich

Thermo Fisher Scientific, Darmstadt
Thermo Fisher Scientific, Darmstadt
Hielscher Ultrasonics, Teltow
neolab, Heidelberg

Memmert, Schwabach

Software Application Company, Location
Excel Data management Microsoft, Redmond, WA, USA
FACS Diva Flow cytometry BD Biosciences, Heidelberg

Flowlo X 10.0.7 Flow cytometry analysis

GraphPad Prism 6 Statistical analysis
iControl Luminescence and protein analysis

Image Lab Protein analysis

Tree Star Inc. Ashland, OR, USA
La Jolla, CA, USA
TECAN, Mannedorf, Switzerland

Bio-Rad, Munich
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3 Methods

3.1 Cell biological methods

3.1.1 Isolation of PBMCs

Peripheral blood mononuclear cells (PBMCs) were isolated from healthy donor peripheral blood
by Ficoll-Paque density gradient centrifugation. First, 50 mL Leucosep™ tubes were equilibrated with
room temperature Biocoll separating solution. Then, donor blood was mixed with room temperature
DPBS to final volume of 35 mL, carefully added to a Leucosep™ tube and centrifuged at 310 x g for
15 minutes at 22 °C (acceleration level 9, break level 2). The buffy coat, which accumulated above the
filter, was removed and washed twice with 4 °C cold PBS/EDTA buffer by centrifugation at 220 x g for
10 minutes at 4 °C. PBMCs were resuspended in MACS® buffer or culture medium dependent on the

downstream application.

3.1.2 Isolation of primary T cells

Untouched CD4* bulk, CD8* bulk or CD8* CD45R0O* CD45RA- memory T cells were isolated by
Miltenyi MACS® MicroBeads Technology, according to the manufacturer’s instructions. PBMCs were
labeled with antibodies and MicroBeads from the respective kits and a maximum of 1x108 cells were
loaded into one LS column for magnetic separation. Isolated T cells were resuspended in T cell medium

+ 50 U/mL recombinant human IL-2.

3.1.3 Culture of primary T cells and cell lines

Human primary T cells were generally cultured in T cell medium supplemented with 50 U/mL
recombinant human IL-2. Depending on the density, 0.5-4.0x10° T cells were grown in 48- or 24-well
plates and for expansion in 25 cm? cell culture flasks. Half-medium changes were performed by
removing half of the stale medium and adding the same amount of fresh T cell medium supplemented
with 50 U/mL recombinant human IL-2 per total volume. Tumor cell lines BW5147, K562, JeKo-1 and
TM-LCL were cultured with tumor cell medium in 25 or 75 cm? cell culture flasks. These cells were split
twice the week at a ratio of 1:10 with fresh tumor cell medium. NF-kB/NFAT reporter cells were a kind
gift from the lab of Dr. Peter Steinberger (Medizinische Universitat Wien, Austria) and were cultured

with reporter medium in 24-well plates, split twice the week at a ratio of 1:5 with fresh reporter
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medium. Lenti-X™ and Platinum A cells were cultured with adherent cell line medium in 75 cm? cell
culture flasks. At a confluency of 90%, cells were detached from the flasks by incubation with Trypsin
EDTA (0.05%) and split at a 1:20 ratio with fresh adherent cell line medium. All cells were cultured in
incubators at 37 °C with 5% CO, and 97% relative humidity. For long term storage, cells were
resuspended in freezing medium, frozen for 24 hours at -80 °C in freezing containers and then

transferred to liquid nitrogen containers.

3.1.4 Immunophenotyping by flow cytometry

In general, 2x10° cells were transferred to 5 mL flow cytometry tubes, washed with 2 mL FACS
buffer by centrifugation at 200 x g for 4 minutes at 4 °C and incubated with mAbs for 25 minutes at
4 °C. CMV-specific T cells were additionally washed with buffer IS and stained with MHC | Streptamer®
according to the manufacturer’s instructions. For staining PBMCs and T cells, mAbs specific for CD4,
CD8, CD45RA and CD45R0 were used, and dead cells were excluded by viability staining with 7-AAD.
NF-kB/NFAT reporter cells were stained with mAbs specific for CD3, CD28, CD45, CD80, PD-1 and BTLA.
CARs on the surface of T cells and reporter cells were either directly detected by staining the
N-terminal c-Myc tag or via soluble recombinant human ROR1 protein, or were indirectly detected by
staining transduction markers EGFRt or HER2t. Tumor cell lines (BW5147, K562) were analyzed with
mAb specific for CD14 (stem domain of mbOKT3), CD19, ROR1, HLA-A*0201, PD-L1 and HVEM. Flow
cytometry measurements were performed on a BD FACSCanto™ Il and data were analyzed with FlowJo

software (Tree Star).

3.1.5 Production of retrovirus and transduction

One day before transfection, 4x10°8 Platinum A cells were transferred to 7 mL adherent cell line
medium without antibiotics and added to a 10 cm dish. The Effectene® Transfection Reagent Kit
(Qiagen) was used according to the manufacturer’s instructions for transfection of 2 pg retroviral
transfer vector (LZRS-pBMN-Z) comprising the gene of interest. The transfection mix was taken up in
3 mL adherent cell line medium and added dropwise to Platinum A cells. After one day, the medium
was exchanged with tumor cell medium. On the second day, the retroviral supernatant was cleaned
from cell debris through a syringe with 0.45 um filter, and 10 pg/mL polybrene was added. 0.25x10°
cells were resuspended in the retroviral supernatant, centrifuged at 800 x g for 45 minutes at 32 °C
(acceleration level 9, break level 1) and then incubated at 37 °C. One day later, the procedure was

repeated with the same cells.
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3.1.6 Cytotoxicity assay

5x103 target cells expressing firefly luciferase were mixed with effector T cells at various effector
to target (E:T) ratios and added to a white flat bottom 96-well plate in triplicates. D-luciferin substrate
was added to the co-culture to a final concentration of 0.15 mg/mL in 200 pL final volume. After 2- and
4-hours incubation, the luminescence signal was measured by a multiplate reader and specific lysis

was calculated with following formula:

Mean (target cells + UTD effector cells) - Single value (target cells + CAR effector cells)

Lysis (%) =
Y ( o) Mean (target cells + UTD effector cells) x 100

3.1.7 Production of lentivirus

Lentivirus was produced in Lenti-X™ cells plated at a density of 6x10° per 10 cm dish in adherent
cell line medium without antibiotics and incubated at 37 °C for 6 hours to allow settlement. Then,
transfection was performed with the CalPhos™ Mammalian Transfection Kit (Takara), according to the
manufacturer’s instructions. In detail, 15 pg lentiviral transfer vector (epHIV7) comprising the gene of
interest was diluted with 10 ug pCHGP-2, 1 ug pCMV-Rev2 and 2 ug pCMV-G helper vectors in CaCl,
solution and added to an equal volume of 2x HEPES-buffered saline (HBS). After 20 minutes incubation
at room temperature, the mixture was added dropwise to a plate previously seeded with Lenti-X™
cells and incubated at 37 °C overnight. Next day, the transfected cells were washed twice with pre-
warmed DPBS, and fresh adherent cell line medium was added. Two days later, lentiviral supernatant
from three plates was harvested, centrifuged at 2160 x g for 15 min at 8 °C and filtered through a
sterile 0.45 um vacuum filter to remove cellular debris. The filtered supernatant was transferred to a
centrifuge tube and underlaid with 20% sucrose buffer. After ultracentrifugation at 138510 x g for
2 hours at 4 °C, the viral pellet was dissolved in 200 pL TBS-5 buffer for 3 hours at 4 °C and aliquoted

in 25 uL fractions. Lentiviral particles were frozen on dry ice and then stored at -80 °C for long time.

3.1.8 Lentivirus titer analysis

Titration to determine the titer of the lentiviral particles was performed using Jurkat cells. In detail,
2.5x10° cells were added in 250 pL tumor cell medium per well of a 48-well plate and mixed with
5 pg/mL polybrene to neutralize the charge of the cell membrane. Different volumes of the lentiviral
particles (0.5, 1, 2, 5 and 10 uL) were added per well and incubated for 4 hours at 37 °C. Then, the
volume in each well was filled to 1 mL with fresh tumor cell medium and the infected cells were

cultured for another 48 hours. The expression of the transgene was analyzed by flow cytometry and
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the lentivirus titer was calculated as transforming units per pL (TU/uL) using the following equation

based on the percentage of transgene-positive cells:

Cell count at time of transduction x (% positive cells / 100)

Viral titer (TU/HL) - Volume of virus added (uL)

3.1.9 Lentiviral transduction of primary T cells

About 0.5-1.0x10° isolated CD4* bulk, CD8* bulk or CD8* memory T cells were seeded in 1 mL T cell
medium + 50 U/mL recombinant human IL-2 in per well of a 48-well plate and activated with
anti-CD3/CD28 Dynabeads® at a cell to bead ratio of 1:1. Next day, two-thirds of the medium were
removed, and lentiviral particles supplemented with 5 ug/mL polybrene were added at a multiplicity
of infection (MOI) of 5. T cells were spinoculated by centrifugation at 800 x g for 45 min at 32 °C and
then incubated for 4 hours at 37 °C. Afterwards, the volume was filled to 1 mL with pre-warmed T cell
medium + 50 U/mL recombinant human IL-2. Transduced T cells were incubated at 37 °C and half-
medium changes were performed with pre-warmed T cell medium + 50 U/mL recombinant human IL-2
every second day. The anti-CD3/CD28 Dynabeads® were removed using the DynaMag™-15 magnet
(Thermo Fisher Scientific) on day 6 post-transduction and T cells were transferred to larger flat bottom

plates or tissue culture flasks and analyzed by flow cytometry.

3.1.10 Lentiviral transduction of CMV-specific stimulated T cells

PBMCs from healthy donors (HLA-A*0201 positive, CMV serum positive) were screened for CD8*
memory T cells expressing a CMV-TCR that recognizes the MHC class | presented CMV pp65 peptide
NLVPMVATV by flow cytometry. About 0.5-1.0x10° isolated CD8* memory T cells were resuspended in
350 uL T cell medium + 50 U/mL recombinant IL-2 and added to one well of a 48-well plate. 3 pg Strep-
Tactin® multimer backbone was pre-incubated with 0.5 pg anti-CD28-Fab Streptamer® and 0.5 ug
anti-MHC | HLA-A*0201 pp65 NLVPMVATYV Streptamer® for 20 minutes at 4 °C, the mixture was added
to one well and incubated at 37 °C overnight. Next day, the CMV-specific stimulated T cells were
transduced with lentiviral particles according to the lentiviral transduction protocol for primary T cells
(see Chapter 3.1.9) with minor modifications. After transduction and during culture, only pre-warmed
T cell medium + 50 U/mL recombinant human IL-2 was added instead of performing half-medium
changes to avoid dilution of the CMV-TCR stimulating reagent. On day 8 upon transduction, the
CMV-TCR stimulating reagent was removed by incubating the cells with 20 uL D-Biotin (50 mM) per
well for 10 minutes at 37 °C. Cells were centrifuged twice at 200 x g for 6 minutes at 8 °C, resuspended

in T cell medium + 50 U/mL recombinant human IL-2 and analyzed by flow cytometry.
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3.1.11 Lentiviral transduction of cell lines

Transduction of NF-kB/NFAT reporter cells and tumor cell lines BW/5147 and K562 was performed
by adding 0.25x10° cells in 250 uL appropriate culture medium to one well of a 48-well plate. Lentiviral
particles supplemented with 5 ug/mL polybrene were added at a MOI of 3 to the cells and incubated
for 4 hours at 37 °C. Then, the volume was filled to 1 mL with the appropriate pre-warmed culture

medium, the transduced cells were incubated at 37 °C for 2 days and analyzed by flow cytometry.

3.1.12 Nucleofection of reporter cells with Sleeping Beauty transposons

NF-kB/NFAT reporter cells were nucleofected with the 4D-Nucleofector™ X Unit and nucleofection
kit SE (Lonza), according to the manufacturer’s instructions. In brief, 5 ug of the Sleeping Beauty
transposon donor vector (pT2/HB) encoding the CAR and 2.5 pg SB100X MC vector were added per
2x10° reporter cells and nucleofection was performed with program CL-120. Afterwards, the
nucleofected cells were immediately mixed with reporter medium, incubated at 37 °C for 4 hours and

half of the medium exchanged. Two days later, cells were analyzed by flow cytometry.

3.1.13 Enrichment of transgene-positive cells

Tumor cell lines, reporter cells and primary T cells were enriched for transgene surface expression
by MACS® MicroBeads technology (Miltenyi) or by FACS. For magnetic bead selection, cells were
stained with biotin-labeled anti-EGFR, anti-HER2 or anti-c-Myc mAbs, or with PE-labeled anti, CD19,
anti-HLA-A*0201 or anti-ROR1 mAbs. After incubation with anti-biotin or anti-PE MicroBeads,
according to the manufacturer’s instructions, cells were added to LS columns for positive selection and
then collected in the appropriate cell culture medium for expansion. For FACS, cells were stained with
AF647-labeled soluble recombinant human ROR1 protein and biotin-labeled anti-EGFR mAb
+ streptavidin-PE. Cells were sorted by the Cell Sorting core facility at the Institute for Virology and

Immunobiology Wiirzburg using a FACSAria™ Ill (BD Biosciences).

3.1.14 Antigen-independent expansion of T cells

Following enrichment, CAR-positive T cells were expanded by a rapid expansion protocol (REP)
with irradiated feeder cells and anti-CD3 mAb (OKT3).12 In brief, 5x10* T cells were incubated with
30x10°irradiated PBMCs (30 Gy), 5x108 irradiated TM-LCL (80 Gy) and 30 ng/mL OKT3 in T cell medium.

Next day, the T cell medium was supplemented with 50 U/mL recombinant human IL-2. On day 4,
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T cells were washed by centrifugation at 200 x g for 6 minutes at 22 °C and resuspended in fresh T cell
medium + 50 U/mL recombinant human IL-2. Half-medium changes were performed every second day,

and the T cell phenotype was analyzed between day 8 and 10 by flow cytometry.

3.1.15 Antigen-dependent expansion of CMV-specific T cells

Following CMV-specific stimulation and enrichment, CAR-positive T cells were expanded by
antigen-dependent stimulation of the HLA-A*0201 restricted CMV-TCR. K562 cells expressing
HLA-A*0201 were resuspended in plain RPMI 1640 medium, irradiated with 80 Gy and incubated with
600 ng/mL PepTivator® CMV pp65 (Miltenyi) at 37 °C for 2 hours. T cells were mixed with pp65 pulsed
K562/HLA-A*0201 cells at a 3:1 ratio in T cell medium + 50 U/mL recombinant human IL-2 and
incubated at 37 °C. Half-medium changes were performed every second day and the T cell phenotype

was analyzed between day 8 and 10 by flow cytometry.

3.1.16 Stimulation of primary T cells by plate-coated proteins

12-well suspension plates were pre-coated with 0.6 pg/mL recombinant human ROR1 protein or
2.5 pg/mL anti-CD3 mAb (OKT3) per well and incubated at 4 °C overnight. Next day, the wells were
washed twice with DPBS, 5x10° T cells were added to 1 mL T cell medium per well and OKT3-stimulated
T cells were supplemented with 6 pg/mL anti-CD28 mAb. For control, T cells were stimulated with

120 ng/mL PMA and 3 pg/mL ionomycin. After 2 hours cells were harvested for lysate preparation.

3.1.17 Reporter cell assay

Reporter cells and stimulator cells (BW5147, K562, JeKo-1) were washed with DPBS by
centrifugation at 200 x g for 6 minutes at 22 °C and resuspended in reporter medium. Additionally,
K562 and JeKo-1 cells were pre-stained with eFluor 670 dye (Thermo Fisher Scientific, Darmstadt,
Germany), according to the manufacturer’s instructions. Then, 5x10* reporter cells were mixed with
2x10* stimulator cells in a final volume of 100 uL and added to round bottom 96-well plates in
duplicates. After a 24-hour incubation at 37 °C, the co-cultures were harvested, and reporter cells were
distinguished from murine BW5147 stimulator cells by detection of human CD45 and from human cell
lines (K562 and JeKo-1) by detection of eFluor 670 dye via flow cytometry. Reporter gene activation
was analyzed by measuring the geometric mean fluorescence intensity (MFI) of cyan fluorescent

protein (CFP) or green fluorescent protein (GFP).
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3.1.18 Cytokine secretion assay and ELISA

5x10* effector T cells were mixed with 12.5x10* target cells and added to a round bottom 96-well
plate in triplicates with final volume of 200 uL tumor cell medium. For control, T cells were stimulated
with 25 ng/mL PMA and 1 pg/mL ionomycin. After 24 hours incubation, 100 pL supernatant was
collected from each well and IFNy concentration was analyzed by ELISA (BioLegend), according to
manufacturer’s instructions with minor modifications. In detail, 25 uL supernatant was analyzed in a
96-well half-area plate using a quarter of the reagent quantity described in the instructions.
Absorbance at 570 and 450 nm was measured by a multiplate reader, and IFNy concentration was

calculated based on a standard curve with 5-parameter logistic curve-fitting algorithm.

3.2 Molecular methods

3.2.1 Description of encoding elements and DNA vectors

All constructs used in this study were synthesized with codon optimization by GeneArt (Thermo
Fisher Scientific, Regensburg, Germany) and cloned either into the retroviral transfer vector
LZRS-pBMN-Z, lentiviral transfer vector epHIV7 or Sleeping Beauty transposon donor vector pT2/HB!*
using restriction sites for BamHlI, BspEl, Hindlll, Nhel or Notl. The vectors epHIV7 and pT2/HB contained
the EF1 promoter and a Kozak sequence (5-GCCGCCACC-3’) upstream of the integration site for the

gene of interest. Gene expression for vector LZRS-pBMN-Z was driven by the 5’ LTR sequence.

For CAR constructs, the signal peptide of GM-CSF receptor subunit a (UniProtkKB P15509; AA 1-22)
was selected to enable transport and integration of the receptors into the membrane. The
CD19-specific scFv was generated by fusing Vi and V. domains of the antibody FMC63 via a Whitlow
linker and addition of two c-Myc tags (EQKLISEEDL) at the N-terminus.'?® Similarly, the Vi and Vi
domains of antibodies R12 and R11 were coupled via a (G4S)s linker resulting in ROR1-specific scFvs.1%®
The spacer domains were mainly derived from IgG4-Fc and IgG1-Fc molecules (consisting of hinge
and/or CH2 and/or CH3 domains),**?” but also from the CD8a-chain (UniProtkKB P01732; AA 135-182)
or from the extracellular part of PD-1 (UniProtKB Q15116; AA 146-170). The transmembrane domains
originated from CD28 (UniProtkKB P10747; AA 154-179), CD8a-chain (UniProtKB P01732; AA 183-203)
or PD-1 (UniProtKB Q15116; AA 171-191). For the intracellular signaling domains of the CARs, the
domains of CD3Z (UniProtkKB P20963; AA 52-164), 4-1BB (UniProtkB Q07011; AA 214-255), CD28
(UniProtkB P10747; AA 180-220) or PD-1 (UniProtkKB Q15116; AA 192-288) were selected. If indicated,
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the CAR coding sequences were separated by a viral T2A peptide from the transduction markers

EGFRt3* or HER2t (a kind gift from Dr. Karen Spratt, Seattle Children’s, WA, USA).

For the expression of human ROR1 (UniProtkB Q01973) and human CD19 (UniProtKB P15391),
full-length sequences were synthesized and cloned into the lentiviral transfer vector epHIV7. The
a-chain of MHC class | molecule HLA-A*0201 (UniProtKB P01892) was cloned from the construct
HLA-A0201-Aug’07 into the retroviral backbone LZRS-pBMN-Z. The reporter genes for NF-kB/NFAT
reporter cells were generated in the lab of Dr. Peter Steinberger (Medizinische Universitat Wien,
Austria) and encoded enhanced versions of CFP and GFP, response elements for NF-kB
(5’-TGGGGACTTTCCGC-3’) and NFAT (5-TGGAGGAAAAACTGTTTCATACAGAAGGCG-3’) and a minimal
promoter (5-TAGAGGGTATATAATGGAAGCTCGATTTCCAG-3’). Both reporter gene cassettes were

cloned into the self-inactivating retroviral vector pSIRV.'?®

3.2.2 ROR1-CAR scFv library construction

The ROR1-CAR scFv library was based on a library derived from the ROR1-specific R11 scFv, which
was generated in the lab of Dr. Christoph Rader (The Scripps Research Institute, Florida, USA). Using
NNK doping strategy (N=A, C, G, or T; K= G or T) for site-restricted mutagenesis of the V4 CDR3 region
of R11, 12 nucleotides encoding amino acids STYY that are involved in ROR1 kringle domain binding
were mutated.'® In detail, PCR of the right arm of the R11 scFv template DNA was performed using
the degenerated forward primer 1 binding to the R11 V, CDR3 region that covers the four amino acids
with NNK codons to introduce mutations, and the reverse primer 2 binding in the 1gG1-Fc spacer
domain. A second PCR was performed with forward primer 3 and reverse primer 4 to amplify the left
arm of the scFv including the signal peptide, the V. and the residual Vi domain to obtain an amplicon
with overlapping sequence to the right arm amplicon. PCR products were recovered by gel purification
and the complete scFv was fused by overlapping PCR using forward R11 scFv primer 3 and reverse R11
scFv primer 2. Then, the scFv mutants were cloned via restriction sites Ascl and BstBI into the Sleeping
Beauty transposon donor vector pT2/HB upstream of a CD28 transmembrane domain and intracellular
CD3C and 4-1BB domains by GeneArt (Thermo Fisher Scientific, Regensburg, Germany) to generate the
ROR1-CAR scFv library. Library accuracy analysis confirmed a correctness of 91% with 74 out of 81

clones containing four sense codons in the correct reading frame.
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3.23 General cloning procedure of vector constructs

Approximately 1 g vector DNA was digested with 0.5 LIL restriction enzymes in 1x CutSmart® or
NEBuffer™ 3.1 at 37 °C for 30-60 minutes. After heat inactivation at 65 °C for 20 minutes, the digestion
mix was supplemented with 6x Gel Loading Dye Purple and loaded to a 1% agarose gel containing
Midori Green Advance DNA stain. DNA fragments were separated by electrophoresis at 120 V for
80 minutes and visualized by UV light. DNA was removed from the gel and purified by the NucleoSpin®
Gel and PCR Clean-up Kit (Macherey-Nagel), according to the manufacturer’s instructions. Vector
insert and backbone were mixed in a volume ratio of 4:1 in 1x ligase buffer with 1 UL T4 DNA ligase

and incubated at 16 °C overnight.

3.24 Amplification of vector DNA by bacteria

One Shot™ TOP10 chemically competent E. coli (Thermo Fisher Scientific) were transformed
according to the manufacturer’s instructions with vector DNA using heat shock at 42 °C for 45 seconds.
Transformed bacteria were added to 200 pL SOC medium, briefly incubated at 37 °C, and then 40 pL
of the bacterial solution was plated on an LB agar plate with 100 pg/mL carbenicillin. After incubation
at 37 °C overnight, bacterial clones were picked and grown in 5 mL LB medium supplemented with
50 pg/mL carbenicillin at 37 °C overnight. Vector DNA was isolated using the NucleoSpin® Plasmid Kit
(Macherey-Nagel), according to the manufacturer’s instructions, and the vector DNA sequence was
validated by analytical restriction enzyme digestion and Sanger sequencing (GATC, Konstanz,
Germany). In order to produce vector DNA on a large-scale, bacterial clones were grown in 170 mL
LB medium supplemented with 100 pug/mL ampicillin at 37 °C overnight. DNA was isolated with the
NucleoBond® Xtra Maxi EF Kit (Macherey-Nagel), according to the manufacturer’s instructions, and

finally eluted in 500 uL endotoxin-free H,0.

3.2.5 Genomic DNA isolation and PCR

To analyze the sequence of the V4 CDR3 region of the R11 scFv of the ROR1-CAR scFv library,
approximately 2x10° cells were harvested and washed twice with cold DPBS by centrifugation at
200 x g for 4 minutes at 4 °C. Genomic DNA was isolated with the PureLink™ Genomic DNA Mini Kit
(Thermo Fisher Scientific), according to the manufacturer’s instructions, and eluted in 80 uL genomic
elution buffer. The scFv sequence was amplified with forward CAR panel epHIV7 primer and reverse

CAR28tm library primer by mixing 100 ng genomic DNA with Phusion® High-Fidelity DNA polymerase
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(NEB), according to the manufacturer’s instructions. The following thermocycler setting was applied

for PCR:
Initial denaturation 98°C 1 min
Denaturation 98°C 20 sec
Annealing 64°C 30 sec 30 cycles
Extension 72°C 1 min
Final extension 72°C 5 min

The amplified fragments were separated by electrophoresis and the desired PCR amplicon was
isolated and purified with the NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel), according to
the manufacturer’s instructions. Then, 3’-overhangs were added to the amplified DNA by incubation
with Platinum® Tag DNA polymerase (Thermo Fisher Scientific) and 0.2 mM dNTPs at 72 °C for
20 minutes. Finally, the DNA amplicons were cloned with the TOPO TA Cloning® kit (Thermo Fisher
Scientific), according to the manufacturer’s instructions, and single scFv fragments were analyzed by

sequencing with reverse CAR28tm library primer.

3.3 Protein biochemistry methods

3.3.1 Lysis and fractionation of primary T cells

T cells were stimulated as described in Chapter 3.1.16 and lysed according to the REAP
fractionation protocol with minor modifications.?*® In detail, T cells were resuspended, transferred to
2 mL micro tubes and centrifuged at 800 x g for 30 seconds at 4 °C. The cell pellet was washed once
with cold DPBS and was then disrupted with 150 pL cold NP-40 lysis buffer supplemented with
1x Protease Inhibitor Cocktail. After 10 minutes incubation on ice, the lysate was centrifuged at
13000 x g for 1 minute at 4 °C, and the supernatant containing the cytosolic fraction was removed and
mixed with 4x Laemmli Sample buffer. The remaining nuclear pellet was washed once with cold NP-40
lysis buffer and once with cold DPBS by centrifugation at 13000 x g for 1 minute at 4 °C. Subsequently,
the nuclear pellet was dissolved in 1x Laemmli Sample buffer supplemented with 1x Protease Inhibitor
Cocktail and disrupted by sonication with a 0.5 second cycle at an amplitude of 80% for a total of
10 seconds. To reduce foaming, the nuclear fraction was centrifuged at 13000 x g for 10 minutes at

4 °C, and both lysate fractions were stored on ice until protein quantification (see Chapter 3.3.2). Then,
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the lysates were supplemented with 2-Mercaptoethanol at a volume ratio of 40:1, heated at 90 °C for

5 minutes and stored at -80 °C.

3.3.2 Protein quantification according to Lowry assay

Protein concentration was quantified with the DC™ Protein Assay Kit (Bio-Rad) in a flat bottom
96-well plate, according to the manufacturer’s instructions. In brief, 5 uL lysate sample was mixed with
25 plL reagent A’ and 200 pL reagent B in duplicates. For the standard curve, a 2.175 mg/mL BSA stock
in 1x Laemmli Sample buffer was serially diluted 8 times and added in duplicates. After incubation at
room temperature for 15 minutes, the absorbance was measured at 750 nm with a multiplate reader

and concentration was determined based on the standard curve.

3.33 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

10% SDS polyacrylamide gels with 1 mm thickness and 10-well comb were prepared with the TGX
Stain-Free Fast Cast Acrylamide Kit (Bio-Rad) using 10% APS and TEMED, according to the
manufacturer’s instructions. Gels were loaded with lysate containing 10-15 pg protein and the
Precision Plus Protein™ Kaleidoscope™ Prestained Standard (Bio-Rad) was applied to monitor running
and protein size. The proteins were separated by electrophoresis in 1x Tris/Glycine/SDS buffer for

60 minutes at 150 V using the Mini-PROTEAN® Tetra Vertical Electrophoresis device (Bio-Rad).

3.3.4 Western blot

Protein transfer was performed with the Trans-Blot® Turbo™ RTA Mini PVDF Transfer Kit and the
Trans-Blot® Turbo™ Transfer System (both Bio-Rad) using the High MW program, according to the
manufacturer’s instructions. After washing blotted membranes twice with TBS-T buffer, they were
incubated with blocking buffer for 2 hours at room temperature. Next, the membranes were incubated
overnight at 4 °C in antibody incubation buffer supplemented with antibodies for NFATc2, NF-kB p65,
o-Tubulin or Lamin A/C. The membranes were washed 3 times with TBS-T buffer and further incubated
with HRP-linked anti-mouse or anti-rabbit IgG antibodies in blocking buffer for 1 hour at room
temperature. After 3 washes with TBS-T buffer, the membranes were incubated with Clarity Western
ECL substrate and protein bands visualized at different time points using the ChemiDoc™ MP gel

imaging system (Bio-Rad).
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3.4 Statistical analyses

If not further specified in the text, in the figure legend or in the table legend, the data regarding
nuclear enrichment of NF-kB and NFAT, normalized NF-kB and NFAT activation, activation kinetics of
NF-kB and NFAT, CAR-T cell cytotoxicity and CAR-T cell IFNy secretion show the mean values of at least
n =3 experiments and the error bars represent the standard deviation (SD). All statistical analyses
were performed with GraphPad Prism software. To calculate the statistical significance and to control
the Type | error rate at 5%, the ANOVA hypothesis test was used to compare and analyze multiple
groups in each data set. For this, it was assumed that the data of each group were normally distributed,
and the variances were equal (homogeneity of variances). One-way ANOVA was used to calculate
statistical significance of data sets with one variable using the Holm-Sidak post hoc test for multiple
comparisons. Two-way ANOVA was used to calculate statistical significance of data sets with two
variables using the Holm-Sidak post hoc test for multiple comparisons. Significance is indicated by the

p-value as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant.
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4 Results

4.1 A CAR-screening platform based on NF-kB and NFAT activation

We assumed that the transcription factors NF-kB and NFAT, both induced by distinct T cell
signaling pathways, could serve as indicators of CAR-mediated activation. Consequently, we first
analyzed the activation of these transcription factors upon CAR stimulation in primary T cells. Next, we
assumed that CAR-mediated NF-kB and NFAT activation can be measured using a quantitative readout
without primary T cells, which we consider a key requirement for a CAR-screening platform. We
developed a reporter cell line based on Jurkat cells that indicated the activation of NF-kB and NFAT
through integrated reporter genes encoding the fluorophores CFP and GFP, respectively.?413! We
demonstrated NF-kB and NFAT reporter gene induction upon stimulation of ROR1- and CD19-specific

CARs, and then we defined the optimal readout time of CFP and GFP signal intensity.

4.1.1 NF-kB and NFAT activation in primary T cells

We speculated that CAR stimulation induces translocation of the key transcription factors NF-kB

and NFAT into the nucleus of primary T cells.

To verify this, we used a prototypic ROR1-specific CAR, whose scFv is based on the antibody R12
and comprises intracellular signaling domains of CD3Z and 4-1BB (ROR1-CAR-zBB).3® First, CD4* and
CD8* T cells of healthy donors were isolated, stimulated with CD3/CD28 Dynabeads®, and transduced
with a lentivirus containing the ROR1-CAR gene. CAR* T cells co-expressed a truncated version of EGFR
(EGFRt), which was used to enrich positively transduced T cells to over 95% purity by MACS®
MicroBeads technology. The CD4 and CD8 expression of the T cells was analyzed by flow cytometry
and showed clear populations of CD4* (91.3%) and CD8* (97.5%) T cells (Figure 4.1A). Moreover, we
directly stained the ROR1-specific CAR with soluble ROR1 protein linked to the fluorophore AF647. All
EGFRt* T cells bound ROR1 protein and demonstrated a proportional expression of CAR and EGFRt.
Next, we stimulated ROR1-specific CAR-T cells with immobilized ROR1 protein for 120 minutes to
analyze the activation of NF-kB and NFAT. TCR-dependent stimulation of CAR-T cells by CD3 and CD28
antibodies, or unspecific stimulation by PMA and ionomycin (P/I) served as positive controls. T cells
were disrupted and the cell lysate was divided into a cytosolic and a nuclear fraction to detect the
translocation of NF-kB and NFAT after separation through SDS-Page and western blot (Figure 4.1B).
Lamin A/C and a-Tubulin as marker proteins of nuclear and cytosolic fraction, respectively, confirmed

high purity of the separation. We observed similar amounts of NF-kB and NFATc2 in the cytosolic
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fraction of stimulated as well as unstimulated samples. In contrast, in the nuclear fraction, both
transcription factors were only present after T cell stimulation. Here, triggering of the CAR with ROR1
protein caused translocation of NF-kB and NFATc2 into the nucleus to the same degree as triggering
of the TCR complex via CD3/CD28 Dynabeads® or P/I. Quantitative analysis confirmed an accumulation
of NF-kB and NFATc2 after CAR stimulation with comparable levels in CD4* and CD8" T cells
(Figure 4.1C).

In summary, these data show that both transcription factors are activated upon CAR stimulation

and migrate into the nucleus, an essential event also observed upon TCR stimulation.
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Figure 4.1: Detection of NF-kB and NFAT in primary CD4* and CD8* ROR1-CAR-T cells after stimulation.

A) Phenotype of CD4* and CD8* ROR1-CAR-T cells. Staining was performed with anti-EGFR mAb to detect the EGFRt
transduction marker, and AF647-labeled soluble ROR1 protein to detect the CAR. B) Representative western blot detecting
NF-kB and NFATc2 in the nuclear and cytosolic fraction of ROR1-CAR-T cells after 120 minutes stimulation with
anti-CD3/anti-CD28 mAbs (CD3+CD28), immobilized ROR1 protein (ROR1) or PMA and ionomycin (P/l). Lamin A/C and
a-Tubulin served as loading controls for the nuclear and cytosolic fraction, respectively. C) Nuclear enrichment of NF-kB and
NFATc2 quantified by densitometric analysis of western blots (n = 3 donors for CD4* and n = 2 donors for CD8*
ROR1-CAR-T cells). Data were normalized to corresponding loading controls and presented as fold change + SD relative to

unstimulated T cells.

4.1.2 Generation of NF-kB/NFAT reporter cells

We considered that the activation of NF-kB and NFAT is also detectable in the human T cell
lymphoma line Jurkat and can be quantified more accurately using inducible reporter genes encoding

fluorophores than using western blot.
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Consequently, we developed a Jurkat based reporter cell line, which stably integrated two
reporter genes with inducible expression of CFP or GFP (Figure 4.2A). These genes contain a response

element that allows specific binding of transcription factors NF-kB or NFAT, and a minimal promotor
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Figure 4.2: Analysis of Jurkat cells with stably integrated NF-kB and NFAT reporter genes.

A) Schematic representation of a Jurkat-derived reporter cell with NF-kB-inducible cyan fluorescent protein (CFP) reporter
gene and NFAT-inducible green fluorescent protein (GFP) reporter gene. RE = response element; MP = minimal promoter.
B) MFI of CFP and GFP after stimulation of reporter cells with PMA and ionomycin (P/l). C) Phenotype of BW5147 cells after
modification with a membrane-bound anti-CD3-scFv (BW/OKT3) or additional human CD80 (BW/OKT3+CD80). Membrane-
bound OKT3 (mbOKT3) was detected by its CD14 stem domain. The level of surface expression on BW/OKT3 and
BW/OKT3+CD80 cells is shown as MFI minus the MFI of native BW5147 cells. D) Analysis of surface molecules on reporter
cells shown as MFI minus the MFI of unstained cells (control). E) Distinction of reporter cells and BW5147 cells after co-culture
by detection of human CD45 during flow cytometry. F) MFI of CFP and GFP after stimulation of reporter cells with BW/OKT3
or BW/OKT3+CD80 at a 2.5:1 ratio for 24 hours.

55



Results

that is inactive by default. Therefore, the cells are termed NF-kB/NFAT reporter cells or just reporter
cells in the present study. Binding of NF-kB or NFAT to their corresponding response element initiates
the expression of CFP or GFP, respectively. Fluorescence can then be analyzed by flow cytometry and
indicates cellular activation. As proof of concept, we performed stimulation with PMA and ionomycin
for 24 hours, and we detected a strong and uniform increase of CFP and GFP signals in reporter cells

(MFI of 197 and 594) in comparison to unstimulated reporter cells (MFI of 16 and 31; Figure 4.2B).

Next, we established a stimulator cell line that could be used in conjunction with NF-kB/NFAT
reporter cells to trigger activation through cell-cell interaction. We selected the mouse thymoma cell
line BW5147, which expresses murine activating and inhibitory ligands that do not cross-react with
human receptors to prevent interference with reporter cell activation. Further, BW5147 cells do not
express human CD45 in contrast to reporter cells (Figure 4.2C and D), which allows their separation
during flow cytometry analysis (Figure 4.2E). To use BW5147 as a stimulator cell line for positive
controls in co-culture experiments, they were modified to express a membrane-bound anti-CD3 scFv
derived from mAb OKT3 (referred to as BW/OKT3 cells) that engages CD3 on reporter cells (Figure 4.2C
and D). As anticipated, 24-hours co-culture of reporter cells with BW/OKT3 cells resulted in high-level
CFP and GFP reporter gene signal (MFI of 230 and 231; Figure 4.2F). Additionally, to demonstrate that
reporter gene activation corresponds to the strength of the input stimulus, we modified BW/OKT3
cells with human CD80 (referred to as BW/OKT3+CD80, Figure 4.2C) to engage the co-stimulatory
molecule CD28 on reporter cells (Figure 4.2D). Stimulation of reporter cells with BW/OKT3+CD80
further increased the NF-kB and NFAT reporter signal (MFI of 358 and 287; Figure 4.2F).

In aggregate, these results show that reporter cells enable the analysis of NF-kB and NFAT
activation by measuring the fluoresce signal of CFP and GFP and that murine BW5147 cells can be
employed for the stimulation of reporter cells. Further, the data show that the signal intensity of CFP
and GFP reflects variable stimulation intensities triggered by CD3 and co-stimulatory receptors like

CD28.

4.1.3 Expression of ROR1- and CD19-specific CARs in reporter cells
To investigate the applicability of NF-kB/NFAT reporter cells for the analysis of CAR constructs, we

next modified them with CARs of different specificity.

We used CAR constructs specifically targeting ROR1 (ROR1-CAR-zBB, targeting the R12 epitope) or
CD19 (CD19-CAR-zBB, targeting FMC63 epitope) and comprising an 1gG4-Fc spacer and a CD28
transmembrane domain connected to intracellular 4-1BB and CD3Z signaling domains.*® Reporter cells

were transduced with lentivirus to stably integrate one of the CAR genes into their
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genome (Figure 4.3A). After transduction, CAR* cells (referred to as CAR reporter cells) were enriched
through our transduction marker EGFRt, which was included in both CAR genes, and CAR expression
was analyzed via flow cytometry. Of the CAR reporter cells transduced with the ROR1-CAR-zBB
construct, approximately 94% expressed the CAR as quantified by detection of EGFRt and direct
staining of the CAR using soluble ROR1 protein (Figure 4.3B). Similarly, CAR reporter cells transduced
with the CD19-CAR-zBB construct were more than 95% positive for CAR expression as confirmed by
staining of EGFRt and the N-terminal c-Myc tag of the CD19-targeting scFv. For both constructs, the
intensity of EGFRt and CAR expression correlated, showing that the transduction marker was an
adequate surrogate for CAR expression in CAR reporter cell lines. In addition, CAR expression was

stable and detectable for weeks after transduction and enrichment.

In summary, these data illustrate the readily integration of CAR constructs with different
specificities into reporter cells and the high purity of the resulting CAR-positive cell population after

lentiviral transduction and subsequent enrichment.
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Figure 4.3: Transduction of reporter cells with ROR1- and CD19-specific CAR constructs.

A) Schematic representation of a reporter cell equipped with a second generation CAR and referred to as CAR reporter cell.
scFv = single-chain fragment variable; S = spacer; TM = transmembrane domain. B) ROR1- and CD19-CAR expression after
transduction and EGFRt-based enrichment. Staining of the EGFRt transduction marker was performed with EGFR mAb. The
ROR1-CAR was directly stained with AF647-labeled soluble ROR1 protein and CD19-CAR was directly detected by its

N-terminal c-Myc tag. UTD = untransduced.

4.1.4 CAR-mediated NF-kB and NFAT activation in reporter cells

We reasoned that NF-kB/NFAT reporter cells modified with ROR1- and CD19-specific CARs show

reporter gene activation when stimulated with the respective antigen-expressing target cells.
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We co-cultured ROR1-CAR-zBB and CD19-CAR-zBB reporter cells with murine BW5147 cells
expressing either ROR1 (BW/ROR1) or CD19 (BW/CD19) and analyzed reporter signal after 24 hours.
Stimulation of ROR1-CAR induced strong CFP and GFP reporter signals (MFI of 256 and 146) in
comparison to unstimulated reporter cells (MFI of 24 and 49; Figure 4.4A). Similarly, CD19-CAR
stimulation resulted in increased NF-kB and NFAT reporter activation (MFI of 204 and 162; Figure 4.4B).
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Figure 4.4: Antigen-specific stimulation of ROR1-CAR-zBB and CD19-CAR-zBB reporter cells.

A, B) MFI of CFP and GFP after stimulation of ROR1-CAR-zBB and CD19-CAR-zBB reporter cells with BW/ROR1 or BW/CD19 at
a 2.5:1 ratio for 24 hours. As positive control, CAR reporter cells were stimulated with BW/OKT3 cells, as negative control
with native BW5147 cells. C) NF-kB and NFAT activation of ROR1-CAR-zBB and CD19-CAR-zBB reporter cells co-cultured with
human K562 cells expressing either ROR1 (K562/ROR1) or CD19 (K562/CD19), or JeKo-1 cells expressing both antigens. The
activation in percent + SD was calculated by normalizing CAR stimulation to the positive control (stimulation with BW/OKT3).
Statistical significance (n = 3) was determined using two-way ANOVA with Holm-Sidak post hoc test; **p < 0.01;
****p < 0.0001.

As a positive control, we stimulated ROR1-CAR-zBB and CD19-CAR-zBB reporter cells with
BW/OKT3, and we observed strong CFP and GFP reporter signals, indicating robust activation of
reporter genes independent of CAR expression. In contrast, co-culture with native BW5147 cells did
not activate the CAR reporter cells, which highlights the specificity of both ROR1- and CD19-CARs to
their antigens. Further, we analyzed if ROR1-CAR-zBB and CD19-CAR-zBB reporter cells respond to
their respective antigen on human cancer cell lines. Indeed, co-culture with JeKo-1 lymphoma cells
(ROR1+ CD19+) and K562 cells transduced to express ROR1 (K562/ROR1) or CD19 (K562/CD19)
resulted in significant, high-level NF-kB and NFAT reporter signal (Figure 4.4C).
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Collectively, these data demonstrate that CAR reporter cells respond to their respective antigen
with specific and readily detectable NF-kB and NFAT reporter signal. In addition to murine BW5147

cells, human cell lines can also be used to stimulate CAR reporter cells.

4.1.5 Kinetics of NF-kB and NFAT reporter gene activation

We anticipated that the kinetics of NF-kB and NFAT reporter gene activation upon CAR stimulation
includes signal increase, plateau and decrease, suggesting that an optimal time window for signal

analysis could be determined.

We incubated ROR1-CAR-zBB reporter cells with BW/ROR1 or BW/OKT3 cells to specifically
stimulate CAR or TCR, and we detected reporter fluorescence periodically by flow cytometry.
ROR1-CAR-induced CFP and GFP signal was first detectable after 4 hours and significantly increased
after 6 hours of stimulation (Figure 4.5A). The reporter gene signal was further increased at 24 hours
and reached its maximum at 48 hours. At 72 and 96 hours, the reporter signal was decreased but still
higher than baseline signal (1 hour) and the signal obtained with native BW5147 cells that were
included in the assay as a reference. Interestingly, stimulation with BW/OKT3 cells followed similar
kinetics, but the NF-kB signal was much lower compared to stimulation with BW/ROR1 cells, likely
because the CAR contained a 4-1BB co-stimulatory domain that augmented NF-kB activation. We also
incubated untransduced reporter cells with BW/ROR1 or BW/OKT3 cells to monitor CAR-independent
reporter gene activation and potential alterations in activation kinetics after CAR gene transfer
(Figure 4.5B). At no time during stimulation with BW/ROR1 did we observe an increase of NF-kB or
NFAT reporter signals compared to stimulation with native BW5147 cells, and the activation kinetics

of untransduced reporter cells with BW/OKT3 cells was similar to the stimulation of CAR reporter cells.

In conclusion, these data show that NF-kB and NFAT reporter gene activation is already detectable
after 6 hours, increases over time, and reaches its peak after 24 to 48 hours after CAR stimulation. To
provide a rapid turnaround time to deliver results in CAR-screening campaigns, reporter signal

qguantification after 24 hours was deemed optimal to allow accurate quantification of CAR signaling.
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Figure 4.5: Analysis of NF-kB and NFAT reporter signal in ROR-CAR-zBB reporter cells over time.

A, B) Kinetics of NF-kB and NFAT reporter activation of ROR1-CAR-zBB reporter cells or untransduced (UTD) reporter cells.
Reporter cells were co-cultured with native BW5147, BW/OKT3 or BW/ROR1 cells up to 96 hours and MFI £ SD of CFP and
GFP were measured. Statistical significance (n = 4) was determined using two-way ANOVA with Holm-Sidak post hoc test;

*p <0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant.

4.1.6 Interim summary

In summary, the data from Chapter 4.1 show that CAR-specific stimulation of primary T cells
triggered the translocation of NF-kB and NFAT into the nucleus, suggesting that both transcription
factors can serve as indicators for CAR activation. By establishing a reporter cell line with inducible
reporter genes, the activation of NF-kB and NFAT could be determined in a quantitative and robust
manner. The reporter cells were modified with CARs of two different specificities (ROR1 and CD19)
and induced strong NF-kB and NFAT signals upon antigen engagement, thus allowing analysis of CAR
stimulation without the use of primary T cells. In addition, reporter gene induction was detectable
after only 6 hours, with an optimum at 24 hours to provide a rapid turnaround time to deliver results
in CAR-screening campaigns. These results meet the first and second aim of the study by validating
NF-kB and NFAT as indicators of CAR activation and establishing a CAR-screening platform. Since it is
based on reporter cells with quantitative readout of NF kB and NFAT activation, it is also referred to as

NF-kB/NFAT reporter cell platform.
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4.2 Small-scale screening campaigns to validate the CAR-screening
platform

We anticipated that the NF-kB/NFAT reporter cell platform enables identification of optimal
design parameters for extracellular and intracellular CAR modules. In this way, reporter cells should
facilitate screening campaigns with CAR libraries to retrieve lead candidates with superior functionality
for follow-up experiments in primary T cells. Accordingly, we generated a small panel of CAR constructs
that differed in spacer length to identify the optimal spacer domain for targeting the R11 epitope of
ROR1.348 We further assumed that intracellular signal modules of CARs, which significantly affect the
functionality of CAR-T cells,®® will also affect NF-kB and NFAT activation in reporter cells. Therefore, we
developed a library of CAR constructs with signal modules including CD3Z, CD28 and 4-1BB domains,
and we analyzed the reporter gene activation to identify the combination of domains generating the

highest signal.

4.2.1 Expression of a ROR1-CAR spacer library in reporter cells

Because CAR binding and stimulation depends, among others, on steric determinants affecting
the ability of the CAR to access membrane proximal and distal epitopes, we considered that this is
reflected by the activation of NF-kB and NFAT reporter genes. Therefore, we decided to validate the

reporter cells with a previously published CAR spacer library with known function in primary T cells.*®

This library was composed of three ROR1-specific CARs containing an scFv derived from the
antibody R11 and intracellular signaling domains of CD3C and 4-1BB (Figure 4.6A). The CARs differed,
however, in extracellular spacer length, with a short spacer based on the hinge domain of 1gG4-Fc
(12 AA), an intermediate spacer with additional 1gG4-Fc CH3 domain (119 AA), and a long spacer with
IgG4-Fc hinge plus CH2 and CH3 domains (229 AA). NF-kB/NFAT reporter cells were transduced with
the R11 ROR1-CAR constructs and CAR* cells were enriched to >87% purity (Figure 4.6B), which is
comparable to purities obtained with primary T cells after transduction and enrichment.3®% We
confirmed uniform expression of each CAR construct by detecting the transduction marker EGFRt, and

staining with soluble ROR1 protein suggested that all CARs were equally capable of binding ROR1.

These results show comparable expression levels of the three CAR spacer variants in reporter cells,

which is necessary for a subsequent robust comparison of reporter gene activation.
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Figure 4.6: Integration of the ROR1-CAR spacer library into reporter cells.

A) Schematic representation of ROR1-CAR constructs with short, intermediate and long spacer domains derived from IgG4-Fc.
scFv = single-chain fragment variable recognizing R11 epitope; H = hinge; CH = constant heavy domain; TM = transmembrane
domain. B) CAR expression in reporter cells after transduction of the CAR spacer library and EGFRt enrichment. Staining was
performed with anti-EGFR mAb to detect the EGFRt transduction marker, and AF647-labeled soluble ROR1 protein to detect
the CAR. UTD = untransduced.

4.2.2 Identifying the optimal spacer for targeting the ROR1 R11 epitope

We anticipated that the reporter cells expressing the CAR with optimal spacer length for targeting

the R11 epitope of ROR1 would generate the highest reporter gene signals after stimulation.

Therefore, we stimulated NF-kB/NFAT reporter cells modified with the ROR1-CAR spacer library
by BW/ROR1 cells for 24 hours, and we analyzed NF-kB and NFAT activation via flow cytometry.
Figure 4.7A shows highly increased CFP and GFP signals (MFI of 164 and 158) for reporter cells
expressing the ROR1-CAR variant with long spacer domain in comparison to untransduced reporter
cells (MFI of 22 and 32). We did not observe increased reporter gene signal for ROR1-CARs with short
or intermediate spacer length. Positive control by stimulation with BW/OKT3 cells revealed a similar
activation profile for all CAR reporter cells irrespective of CAR expression. In addition, we normalized
CAR stimulation to the positive control, enabling better comparison and statistical analyses between

individual experiments (Figure 4.7B). Again, a strong increase in NF-kB and NFAT activation for the

62



Results

ROR1-CAR variant with long spacer was observed, which differed significantly from reporter cells

expressing the short and intermediate spacer design.
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Figure 4.7: NF-kB and NFAT activation of reporter cells expressing the ROR1-CAR spacer library.

A) MFI of CFP and GFP after stimulation of ROR1-CAR spacer library-modified reporter cells with BW/ROR1 or BW/OKT3 cells
at a 2.5:1 ratio for 24 hours. UTD = untransduced. B) NF-kB and NFAT activation in percent = SD of BW/ROR1 stimulated
ROR1-CAR reporter cells normalized to the positive control (stimulation with BW/OKT3). Statistical significance (n = 3) was

determined using one-way ANOVA with Holm-Sidak post hoc test; ***p < 0.001.

In conclusion, reporter cells distinguished functional from non-functional constructs in the
ROR1-CAR spacer library and identified the CAR lead candidate with long spacer design to optimally
target the membrane proximal R11 epitope. These data are consistent with a previously published
study showing optimal antitumor function of this CAR design in primary CD8" T cells, thus highlighting

the platform's potential to accurately analyze spacer designs.*

4.2.3 Expression of a ROR1-CAR library with different signal modules in
reporter cells
Many studies have illustrated the major influence of the CAR intracellular signal module on
activation and functionality of primary T cells.®*%> Therefore, we anticipated this influence would also
be reflected by NF-kB and NFAT signals from reporter cells modified with a CAR library comprising

different intracellular signal modules.
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The library consisted of four CAR variants, each containing an scFv based on the ROR1-specific
antibody R12, short IgG4-Fc spacer, and CD28 transmembrane domain (Figure 4.8A). However, in one
CAR, the intracellular signal module included only a CD3Z domain (ROR1-CAR-z). Two other CAR
constructs had either a CD28 (ROR1-CAR-z28) or a 4-1BB (ROR1-CAR-zBB) co-stimulatory domain
besides the CD37 domain. A fourth CAR contained both co-stimulatory domains in addition to CD3Z in
the signal module (ROR1-CAR-z28BB). Thus, the library included three different generations of CAR
constructs. NF-kB/NFAT reporter cells were transduced with the variants of the ROR1-CAR library and
enriched to >90% purity (Figure 4.8B). We observed uniform expression of each CAR construct by
staining for EGFRt and direct staining with soluble ROR1 protein, which also indicated equal binding
capacity of all CARs to ROR1.

In summary, the reporter cells expressed all four CAR variants from the library at similar levels,

which is crucial for the robust comparison of reporter gene activation.
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Figure 4.8: Integration of the ROR1-CAR library with different signal modules into reporter cells.

A) Schematic representation of the ROR1-CAR library with different signal modules, including first generation (ROR1-CAR-z),
second generation (ROR1-CAR-z28; ROR1-CAR-zBB) and third generation (ROR1-CAR-z28BB) CARs. scFv = single-chain
fragment variable recognizing R12 epitope; H= hinge; TM = transmembrane domain. B) CAR expression in reporter cells after
transduction of the CAR library and EGFRt enrichment. Staining was performed with anti-EGFR mAb to detect the EGFRt

transduction marker, and AF647-labeled soluble ROR1 protein to detect the CAR. UTD = untransduced.

4.2.4 Identifying signal modules with high reporter gene activation

We assumed that the co-stimulatory domains of the CAR signal modules would influence signal

transduction and intensity, and that the platform would reflect this through its reporter genes. For
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example, as recently demonstrated in a study, the 4-1BB domain in CARs induces strong NF-«kB

activation in comparison to the CD28 domain.*4

Therefore, we stimulated the reporter cells expressing a first, second or third generation
ROR1-CAR with BW/ROR1 cells for 24 hours, and we examined NF-kB and NFAT activation via detection
of CFP and GFP. Interestingly, we observed similar levels of NFAT-induced GFP expression in all CAR
reporter cells with an average fluorescence intensity of 157.0 + 17.3 (Figure 4.9A). In contrast,
NF-kB-induced CFP expression varied remarkably, with high deviations in fluorescence intensity
between the four CAR constructs (average fluorescence intensity of 145.5 + 52.5), indicating highest
CFP signal for the ROR1-CAR with 4-1BB signal module (ROR1-CAR-zBB). Positive control stimulation
with BW/OKT3 cells showed similar CFP and GFP signals (average fluorescence intensity of 128.0 + 24.0

and 197.3 + 19.7) for all reporter cells independent of the CAR library variant.
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Figure 4.9: NF-kB and NFAT activation of reporter cells expressing the ROR1-CAR library with different signal modules.

A) MFI of CFP and GFP after stimulation of reporter cells expressing a first, second or third generation ROR1-CAR with
BW/ROR1 or BW/OKT3 cells at a 2.5:1 ratio for 24 hours. UTD = untransduced. B) NF-kB and NFAT activation in percent * SD
of BW/ROR1 stimulated ROR1-CAR reporter cells normalized to the positive control (stimulation with BW/OKT3). Statistical

significance (n = 3) was determined using one-way ANOVA with Holm-Sidak post hoc test; **p < 0.01; ns = not significant.

For statistical evaluation, we repeated the experiments (n = 3) and normalized NF-kB and NFAT
activation (Figure 4.9B). No statistical difference in NFAT activation was observed between the four
CAR library variants. However, NF-kB activation differed remarkably, showing significantly stronger
induction of the ROR1-CAR-zBB compared to the ROR1-CAR-z28. Notably, the NF-kB signal of the

ROR1-CAR-z28 was as weak as the NF-kB signal of the ROR1-CAR-z (comprising no co-stimulatory
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domain). Along with this, the CD28 domain in the ROR1-CAR-z28BB construct failed to enhance NF-kB

activation compared to the ROR1-CAR with 4-1BB domain.

In aggregate, the reporter cell analyses of the ROR1-CAR library with different signal modules
suggest that CAR constructs with 4-1BB co-stimulatory domain have a stronger impact on NF-kB
activation than constructs with CD28 co-stimulatory domain. In contrast, NFAT activation is not
affected, indicating that NFAT-inducing signaling pathways are not augmented by any of the

co-stimulatory domains in this CAR library.

4.2.5 Reporter gene activation after stimulation of endogenous CD28 in
CAR reporter cells
Our observation that the CD28 co-stimulatory domain in the CAR signal module does not enhance
NF-kB activation contradicts T cell studies showing increased NF-kB activation by the CD28
receptor.”>1°! This prompted us to stimulate the endogenous CD28 receptor in CAR reporter cells to

assess whether it amplifies the NF-kB signal in the presence of CARs.

Accordingly, we challenged CAR reporter cells with BW/OKT3 and compared the reporter signal
to stimulation with BW/OKT3+CD80 cells, which trigger the native CD28 receptor of reporter cells.
Untransduced as well as CAR transduced reporter cells showed significantly increased NF-kB reporter
activation when the native CD28 receptor was triggered (Figure 4.10), excluding a negative impact of
CAR expression on native CD28 stimulation. In contrast, we observed slightly increased but not
significant NFAT activation after co-culture with BW/OKT3+CD80 cells, suggesting that CD28 has a

minor impact on NFAT-inducing signaling pathways.
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Figure 4.10: NF-kB and NFAT activation upon stimulation of the native CD28 receptor of reporter cells.
NF-kB and NFAT activation in percent + SD of BW/OKT3+CD80 stimulated ROR1-CAR reporter cells normalized to the positive
control (stimulation with BW/OKT3). Statistical significance (n = 3) was determined using two-way ANOVA with Holm-Sidak

post hoc test; ***p < 0.001; ns = not significant. UTD = untransduced.
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This experiment suggests that the CD28 domain in the CAR framework is suboptimal to trigger
NF-kB-inducing signaling pathways, since the CD28 receptor can still augment NF-kB activation. Thus,
the variations in NF-kB signaling observed with reporter cells may explain the different behavior of
these CAR signal modules in T cells and support studies correlating 4-1BB with higher viability, central

memory differentiation and less exhaustion.®70114

4.2.6 Interim summary

In summary, the data from Chapter 4.2 demonstrate that the NF-kB/NFAT reporter cell platform
can be used to screen for optimal design parameters of extracellular and intracellular CAR modules.
The analyses of a CAR spacer library showed significant activation of NF-kB and NFAT reporter genes
by the CAR with long 1gG4-Fc spacer, which means that this spacer domain is optimal for mediating
ROR1 binding at its R11 epitope. Further analyses of a library comprising ROR1-CARs with different
signal modules revealed that the 4-1BB co-stimulatory domain highly amplified the NF-kB signal, while
the CD28 co-stimulatory domain in the CAR framework has lost its NF-kB inducing capacity. In the
context of current literature, the high NF-kB activity may explain some advantages of CAR-T cells with
4-1BB co-stimulation regarding better viability and enhanced respiratory capacity. These results meet
the third aim of the study by demonstrating in small-scale screening campaigns that the reporter cells
identify CAR modules that provide optimal function in primary T cells, thus validating the accuracy and
significance of the CAR-screening platform. In addition, because of the standardized analysis using the

platform, the results can be obtained more rapidly than with primary T cells.
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4.3 A large-scale screening campaign with a CAR scFv library

Because reporter cells enabled small-scale screening campaigns to identify optimal design
parameters of CAR modules, we reasoned that a higher number of constructs could also be evaluated
with our CAR-screening platform. For convenient implementation of a large-scale screening campaign,
however, it is not possible to generate single CAR constructs and integrate them separately into
reporter cells. Instead, we used a ROR1-specific CAR library whose constructs were generated by
mutations of the R11-derived scFv and which were integrated into reporter cells as a pool of CAR
constructs (n = 1.05x10°). Through a pre-enrichment and screening strategy, reporter cell clones
expressing functional ROR1-CAR variants were isolated by NF-kB and NFAT signals and their CAR

sequences analyzed to identify lead candidates.

43.1 Nucleofection of the ROR1-CAR scFv library and enrichment of
reporter cells

We anticipated that a CAR library of many constructs, of which only a few are functional, could be
used for a large-scale screening campaign to identify lead candidates. We considered the mutagenesis
of the scFv antigen-binding region to be most appropriate for constructing such a CAR library, as
mutations in this domain could produce a large number of constructs with altered affinity to the
antigen, which is expected to strongly affect CAR functionality. For the ROR1-specific R11 scFv, for
example, it can be assumed that mutations in regions important for epitope binding would cause a

substantial loss of specificity and affinity.

For this purpose, we generated a library based on this R11 scFv by introducing nucleotide changes
in its Viy CDR3 domain using PCR-based site-restricted mutagenesis with NNK primers (Figure 4.11A).
It was recently shown by crystal structure that this region is highly important for binding the ROR1
kringle domain.? We calculated that random mutagenesis of 12 defined nucleotides encoding the
amino acids STYY would generate a total of 1.05x10° (NNK)4 nucleotide sequence variants, resulting in
approximately 2x10° distinct amino acid sequence variants. From the 1.05x10° nucleotide sequence
variants, only six would still encode the wild type (WT) amino acid sequence. Our PCR-based
mutagenesis was not expected to re-generate the WT nucleotide sequence, which we, however,
confirmed to be present in our library prior to initiating the screening campaign. To generate the final
ROR1-CAR scFv library, we integrated the R11 scFv library into the pT2/HB Sleeping Beauty transposon
donor vector upstream of a long IgG1-Fc spacer, CD28 transmembrane domain and intracellular
signaling domains of CD3Z and 4-1BB. The library was transferred into 64,6x10° reporter cells via

nucleofection to ensure that each of the 1.05x10° nucleotide sequence variants was integrated at least
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once. The nucleofection resulted in approximately 2.7% EGFRt-positive cells, of which only a small

fraction (< 0.3%) was still capable of binding soluble ROR1 protein (Figure 4.11B, top panel).
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Figure 4.11: Generation of reporter cells expressing the ROR1-CAR scFv library.

A) Schematic representation of the ROR1-CAR scFv library, which is derived from the ROR1-specific R11 scFv mutated with
NNK primers in the complementarity-determining region 3 (CDR3). The mutants were integrated into a CAR framework with
long IgG1-Fc spacer, CD28 transmembrane and 4-1BB + CD3{ signaling domains. The nucleotide (NT) and amino acid (AA)
sequence of the CDR3 region are depicted and the 12 randomly mutated nucleotides are underlined. SP = signal peptide; scFv
= single-chain fragment variable; H= hinge; CH = constant heavy domain; TM = transmembrane. B) EGFRt and ROR1-specific
CAR expression of ROR1-CAR scFv library and R11 ROR1-CAR WT reporter cells after nucleofection and subsequent EGFRt-
based magnetic bead enrichment (first step) and flow cytometry-based sorting with AF647-labeled soluble ROR1 protein

(second step). UTD = untransduced.

To reduce the amount of non-nucleofected reporter cells and reporter cells that encoded
nucleotide variants comprising a stop codon, we performed two sequential sorting steps enriching for
CAR reporter cells that expressed EGFRt (first step) and bound ROR1 protein (second step). This
increased the population of interest (double positive, i.e. EGFRt* and binding to ROR1 protein) to 5.6%.
In contrast, nucleofection with the wild type CAR (R11 ROR1-CAR WT), which we used as reference,
resulted in approximately 8.6% cells that bound ROR1 protein and expressed EGFRt

(Figure 4.11B, bottom panel). Further, the same pre-enrichment strategy as for the ROR1-CAR scFv
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library finally produced 83.1% double-positive R11 ROR1-CAR WT cells, which was to be expected as
the WT is a high-affinity CAR.

In summary, these data show that the mutagenesis of R11 scFv generated a library containing
many different CARs of which only a minority was capable of binding ROR1. Furthermore, the number
of EGFRt" reporter cells that showed specific binding to ROR1 could be increased by the

pre-enrichment strategy.

4.3.2 Stimulation of reporter cells expressing the ROR1-CAR scFv library

We speculated that the pre-enrichment steps, which increased the number of reporter cells
expressing a ROR1-binding CAR, also increased the number of cells showing reporter gene signals upon

antigen-specific stimulation.

Therefore, we compared nucleofected ROR1-CAR scFv library reporter cells with first and second
step pre-enriched ROR1-CAR scFv library reporter cells after 24-hours stimulation with BW/ROR1 cells
(Figure 4.12, top panel). Nucleofected cells as well as first step pre-enriched reporter cells showed very
little NF-kB or NFAT signal. However, after the second step of pre-enrichment, the number of positive
cells with CFP and GFP signal was clearly increased to 3.5%. In contrast, reporter cells nucleofected
with the R11 ROR1-CAR WT already showed 8.8% CFP* GFP* cells after stimulation with BW/ROR1 due
to the high functionality of the CAR (Figure 4.12, bottom panel). The pre-enrichment finally increased
the fraction of cells with CFP and GFP signal up to 16.5%.
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Figure 4.12: Stimulation of ROR1-CAR scFv library modified reporter cells before and after pre-enrichment.
Reporter gene induced CFP and GFP expression after stimulation with BW/ROR1 cells at a 2.5:1 ratio for 24 hours. For the
analysis, reporter cells after nucleofection with the ROR1-CAR scFv library or R11 ROR1-CAR WT were used, which were then

pre-enriched in two steps. UTD = untransduced.
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In aggregate, the results demonstrate that the pre-enrichment strategy increased the number of
reporter cells expressing a CAR that could be stimulated by ROR1, as shown by the elevated NF-kB and

NFAT reporter signals.

4.3.3 Single-cell sorting based on NF-kB and NFAT reporter signals

Since we sought to identify new functional ROR1-specific CARs, we considered it necessary to
isolate single reporter cell clones from the pre-enriched population and analyze the NF-kB and NFAT

signals in a follow-up screening campaign.

We incubated the pre-enriched ROR1-CAR scFv library cells with lethally irradiated BW/ROR1 cells,
and we sorted for single cells with highest level of CFP and GFP expression by FACS (Figure 4.13A).
From this sorting campaign, a total of 100 cell clones were re-analyzed for reporter activity upon
stimulation with BW/ROR1 cells, and the 25 clones with strongest CFP and GFP signal were selected.
Of these, 10 clones had to be excluded from further analysis due to insufficient expansion or unspecific
reactivity, which left 15 clones for detailed analysis. Figure 4.13B depicts representatively the
stimulation of 7 out of these 15 clones with CFP* GFP* cells in a range between 10.8% and 35.8%, while
stimulation of R11 ROR1-CAR WT reporter cells resulted in 19.6% CFP* GFP* cells. Calculation of the
normalized reporter gene activation for all 15 clones showed that in 11 clones the signal of at least
one of the two reporter genes was significantly lower (* (/) than the reference set by reporter cells
expressing the R11 ROR1-CAR WT (Figure 4.13C). In 4 of the 15 clones (#45, #54, #70 and #80), the

reporter signal was similar (ns) or higher (* 1*) compared to the reference.

Altogether, the data suggest that the four clones with a comparable or higher reporter signal than
the ROR1-CAR WT should be examined more closely. It is conceivable that these clones express either
the WT ROR1-CAR, or a ROR1-CAR variant with altered specificity and/or affinity to ROR1, which

apparently did not considerably influence reporter gene activation.
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Figure 4.13: Analysis of single cell clones isolated from ROR1-CAR scFv library reporter cells based on NF-kB- and NFAT.

A) Schematic representation of the single-cell sorting approach, showing isolation of CFP* GFP* clones after stimulation of
ROR1-CAR scFv library reporter cells with BW/ROR1. Cell clones were expanded and then re-analyzed for reporter gene
activation. B) CFP and GFP expression of representative cell clones stimulated with BW/ROR1 cells at a 2.5:1 ratio for
24 hours. C) NF-kB and NFAT activation in percent + SD of BW/ROR1 stimulated ROR1-CAR scFv library clones normalized to
the positive control (stimulation with BW/OKT3). Stimulation of the R11 ROR1-CAR WT was used as reference for NF-kB (black
line) and NFAT (grey line) reporter induction. Statistical significance (n = 3) was determined in comparison to the reference

- using two-way with Holm-Sidak post hoc test. 1 = higher; |, = lower; *p < 0.05; ns = not significant.
(ROR1-CAR WT) usi ANOVA with Holm-Sidak h ™ = higher; { =1 *p < 0.05 ignifi

4.3.4 Analysis of CAR sequences obtained from reporter cells with high
NF-kB and NFAT signals

To identify the CARs expressed by the clones selected for NF-kB and NFAT signals in the screening

campaign, we decided to analyze their scFv sequences containing possible mutations.

We isolated the genomic DNA of the 15 clones and amplified the scFv sequence by PCR, resulting

in DNA fragments of about 1500 bp (Figure 4.14). As it was anticipated that our gene transfer method
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could result in genomic integrations of more than one CAR variant, we cloned the amplified DNA

fragments into TOPO TA vectors to analyze transformed bacterial clones for single scFv sequences.

#2 #18 #20 #23 #30 #45 #53 #54 #59 #70 #80 #84 #85

Figure 4.14: Isolation of scFv fragments from clones with high reporter signal.
Separation of PCR-amplified scFv fragments by gel electrophoresis. The 1500 bp fragment (arrow) was isolated and used for

further analysis. An unspecific fragment was detected at 800 bp.

Being particularly interested in the clones with the highest reporter signal, we focused on clones
#45, #54, #70 and #80 for analysis. Indeed, in clones #45, #70 and #80, we detected more than two
Vi CDR3 nucleotide sequences (Table 4.1). In each of the three clones, there was at least one
nucleotide sequence that encoded a novel and unique CDR3 amino acid sequence; however, we also
detected the scFv nucleotide sequence of the R11 ROR1-CAR WT. In clone #80, in which we detected
the highest reporter signal, we also detected the highest level of CAR expression as assessed by
staining for EGFRt. This observation provides an explanation for the higher reporter signal compared
to clones #45, #54, #70 and WT reference. Analysis of clone #54 revealed only a single nucleotide
sequence that was distinct from the WT scFv nucleotide sequence. Upon translation into the amino

acid sequence, we found that this nucleotide sequence also encoded the WT amino acid motif STYY.

Table 4.1: Detailed analysis of CDR3 sequences in the 4 clones with highest reporter signal.*

Library Clone EGFRt [MFI] NF-kB act. [%]  NFAT act. [%] CDR3 nucleotide sequences Amino acid sequences

#45 394 129.0+18.3 59.3+93 5'-TCCACATACTAC-3' (WT) STYY (WT)
5'-GATACGTATTAG-3' DTY-
5'-ACGTTGAATTCG-3' TLNS
5'-GATCCGCCGCAT-3' DPPH

#54 353 101.9+£25.8 445+9.4 5'-TCGACTTATTAT-3' (non-WT)  STYY (WT)

#70 208 1243 +43.2 36.9£10.2 5'-TCCACATACTAC-3' (WT) STYY (WT)
5'-TAGCGTGCTCCT-3' —RAP

#80 599 164.5+49.9 87.1+12.0 5'-TCCACATACTAC-3' (WT) STYY (WT)
5'-TAGTTTACGGCT-3' —FTA
5'-GTGTGGGTTACG-3' VWVT
5'-ACGCCGCTGCCT-3' TPLP
5'-ATGACTGGGTAG-3' MTG-
5'-CAGGCTTGGATG-3' QAWM
5'-ATGAGTATGATT-3' MSMI

Reference 288 119.1+134 55.5+9.9 5'-TCCACATACTAC-3' (WT) STYY (WT)

(ROR1-CAR WT)

* NF-kB act. and NFAT act. correspond to normalized CAR activation, which is indicated as percentage + SD. Stop codons are
displayed as — in the amino acid sequence.
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Since we found several ROR1-CAR scFv library variants in clones #45 and #80, which did not
contain a stop codon and thus should be expressed on the cell surface, we assessed whether one of
these variants was functional besides the ROR1-CAR WT. Thus, we isolated their scFv sequences, and
we cloned them into the CAR framework of the pT2/HB Sleeping Beauty transposon donor vector.
After nucleofection of the CAR variants and EGFRt-dependent enrichment, we detected EGFRt on
>91% of reporter cells, but none of the variants were capable of binding soluble ROR1 protein
(Figure 4.15A). Similarly, reporter cells expressing the ROR1-CAR variants and stimulated with
BW/ROR1 cells did not show NF-kB or NFAT reporter gene activation (Figure 4.15B), suggesting that
the reporter signal in clones #45 and #80 was induced by the ROR1-CAR with the WT V,, CDR3
sequence. Moreover, we preliminary analyzed several of the remaining eleven clones, which had
shown significantly lower reporter gene signal compared to the reference. We only detected multiple
novel CAR-encoding nucleotide sequence variants that did not encode the WT Vy CDR3 amino acid
sequence. However, analysis of these CAR variants with reporter cells showed neither binding to

soluble ROR1 protein nor activation by BW/ROR1 stimulation (data not shown).
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Figure 4.15: Analysis of ROR1-CAR variants found in clones with highest reporter signal.
A) EGFRt and ROR1-specific CAR expression of reporter cells expressing the ROR1-CAR WT or ROR1-CAR scFv library variants
that were found in clones #45 and #80. B) CFP and GFP expression of reporter cells expressing the ROR1-CAR WT or ROR1-CAR

scFv library variants after stimulation with BW/ROR1 cells at a 2.5:1 ratio for 24 hours.

In conclusion, the data demonstrate the utilization of the platform for large-scale screening
campaigns with libraries of >1x10° CAR constructs. We detected the R11 ROR1-CAR WT sequence in
those clones with highest NF-kB and NFAT signals, and we retrieved one out of six possible nucleotide

sequence variants encoding the WT Vy CDR3. Since none of the other novel CAR variants identified in
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in the clones with highest reporter gene activity showed functionality, it is likely that only the WT CAR
triggered the NF-kB and NFAT signals.

4.3.5 Interim summary

In summary, the data from Chapter 4.3 show the potential of the CAR-screening platform for the
analysis of complex CAR libraries with high sample numbers that presumably cannot be handled in
screening campaigns with primary T cells. For our large-scale screening campaign, we used a CAR
library with 1.05x10° variants that differed by mutations in the CDR3 region of the R11 scFv, which we
anticipated would alter their specificity and affinity. Through a pre-enrichment and screening strategy,
the platform identified cell clones with high NF-kB and NFAT signals that expressed the functional WT
ROR1-CAR. Further, a nucleotide sequence variant of the WT ROR1-CAR was retrieved, suggesting that
mutations of the CDR3 region encoding for non-WT ROR1-CAR variants were incapable to augment
NF-kB and NFAT induction. These results meet the fourth aim of the study by demonstrating the
implementation of a large-scale screening campaign with a complex CAR library in the NF-kB/NFAT

reporter cell platform.
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4.4 CAR-library screening of constructs with inhibitory signal module

The screening campaign from Chapter 4.2.4 showed that intracellular signal modules comprising
stimulatory domains can be analyzed by NF-kB/NFAT reporter cells. This prompted us to assume that
signal modules with inhibitory domains could also be investigated, for example in logic gates together
with activating CARs.® In this way, the platform should enable the analysis of strategies that are
expected to improve the selectivity of CAR-T cells for the prevention of on-target off-tumor toxicities,
thereby demonstrating its potential to test novel CAR approaches. First, we studied inhibitory
receptors with the NF-kB/NFAT reporter cell platform to evaluate its readout, and then we generated
an iCAR library of constructs with inhibitory signal module. The inhibitory capacity of iCARs to
neutralize reporter gene activation was finally analyzed in different logics gates, and the results were

verified in primary human T cells.

4.4.1 Analysis of inhibitory receptors using reporter cells

Studies have previously shown that reporter genes are capable of measuring the suppressive
effects of inhibitory receptors.1?13! Therefore, we aimed to reproduce these observations with the

reporter cells and demonstrate the reduction of NF-kB and NFAT signals by inhibitory receptors.

The reporter cells were activated by stimulator cells through the TCR complex and the resulting
NF-kB and NFAT signals were compared to reporter cells additionally stimulated by an inhibitory
receptor (Figure 4.16A). As inhibitory receptors, we used PD-1 and BTLA, which are well-known for
their inhibitory potential on T cells and were supposed to interfere with the activation of reporter
genes. Reporter cells transduced with PD-1 or BTLA showed uniform expression of the receptors
(Figure 4.16B). To trigger PD-1 and BTLA on reporter cells, we equipped BW/OKT3 cells with the
corresponding ligands PD-L1 and HVEM, respectively, and assessed their expression (Figure 4.16C).
Then, we stimulated PD-1 or BTLA reporter cells with BW/OKT3, and we compared the ensuing
reporter activation to stimulation with BW/OKT3 cells expressing the ligand of the inhibitory receptor.
PD-1 reduced the MFI of NF-kB from 525 to 346 (approx. 1.5-fold) and the MFI of NFAT from 238 to
127 (approx. 1.8-fold) (Figure 4.16D). Similarly, BTLA decreased the MFI of NF-kB from 514 to 235
(approx. 2.1-fold) and the MFI of NFAT from 133 to 73 (approx. 1.8-fold).

In summary, these data demonstrate the platform's ability to evaluate the suppressive effects of
inhibitory receptors on NF-kB and NFAT activation. This suggests that the platform also enables the

analysis of CARs with inhibitory signal modules.

76



Results

A)
Activation vs. Inhibiton
Inhibitory
— — receptor Ligand
TCR  mbOKT3 TCR  mbOKT3
B) C)
uTD uTD BW/OKT3 BW/OKT3
BrD-1 reporter cells WeTLA reporter cells B BW/OKT3+PD-L1 B BW/OKT3+HVEM
4 —_— - [ - | uv—— | - i
68700 | 1576 28937 | 2613
—> —> —> —_—
PD-1 BTLA PD-L1 HVEM
D)
PD-1 reporter cells BTLA reporter cells
Unstimulated | P ] 36 Unstimulated % 1 P
BW/OKT3 1 525 1 238 BW/OKT3 133
stimulated 1 | stimulated
BW/OKT3 w6 | 27|  BW/OKT3 ] 7
+PD-L1 +HVEM |
stimulated ] stimulated |
—_ P —_ -—b
CFP (NF-kB) GFP (NFAT) CFP (NF-kB) GFP (NFAT)

Figure 4.16: Inhibition of NF-kB and NFAT through inhibitory receptors PD-1 and BTLA.

A) Schematic representation of NF-kB/NFAT reporter cells expressing an inhibitory receptor and stimulated via TCR
engagement and interaction of the inhibitory receptor with its ligand. B) Expression of inhibitory receptors on reporter cells.
Numeric values represent the MFI of transduced cells minus the MFI of untransduced (UTD) reporter cells. C) Expression of
ligands on BW/OKT3 cells that interact with the cognate inhibitory receptor. Numeric values represent the MFI of transduced
cells minus the MFI of BW/OKT3. D) MFI of CFP and GFP after stimulation of PD-1 and BTLA reporter cells with BW/OKT3,
BW/OKT3+PD-L1 or BW/OKT3+BTLA at a 2.5:1 ratio for 24 hours.

4.4.2 Challenging CD19-iCARs in logic gates in reporter cells

Because we anticipated that the platform allows the analysis of CARs with inhibitory capacity on

reporter gene activation, we decided to challenge an iCAR library with TCR or CAR stimulation. For this,
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two logic gate settings, consisting of either iCAR and CAR or iCAR and TCR, should be employed and
transferred to reporter cells.

The iCAR library contained three constructs with a signal module from the intracellular part of
PD-1 (Figure 4.17), as studies have shown a strong inhibitory effect of the PD-1 receptor in T cells.’3?
We selected CD19 as target antigen for the iCARs, because it is effectively recognized by the
FMC63-derived scFv and could be implemented in a logic gate to avoid the elimination of healthy
B cells. Further, to assess the impact of spacer design on iCAR expression and inhibitory function, the
constructs differed in spacer and transmembrane domains. iCAR 101 contained the hinge and
transmembrane domain of PD-1, iCAR 102 contained the spacer domain of IgG4-Fc and the
transmembrane domain of CD28, and iCAR 103 contained the hinge and transmembrane domain of

CD8a. A c-Myc tag was attached to the N-terminus of the CD19-targeting scFv to allow direct analysis

of iCAR expression and enrichment of iCAR* cells.

T s [ R
iCAR 101 cD19 ' PD-1 ! PD-1! PD-1
iCAR 102 cD19 ' IgG4 | CD28'! PD-1
iCAR 103 cD19 | CD8a | CD8a'! PD-1

Figure 4.17: Constructs of the CD19-iCAR library with intracellular inhibitory domain of PD-1.

Schematic representation of iCAR constructs that targeted CD19 by the FMC63-derived scFv. All iCAR constructs contained
the intracellular domain of PD-1 but differed in the spacer and transmembrane domain. The c-Myc tag was included at the
N-terminus of the scFv for detection and enrichment. scFv = single-chain fragment variable; S = spacer;

TM = transmembrane domain.

To analyze the efficacy of inhibitory signal modules in reporter cells, we first decided to challenge
the iCARs by stimulation of the TCR complex. BW/OKT3 cells served as ‘on-tumor’ cells, while
CD19 equipped BW/OKT3+CD19 cells served as ‘off-tumor’ cells (Figure 4.18A). We transduced
NF-kB/NFAT reporter cells with the CD19-iCAR constructs and enriched iCAR* cells, and we detected
high and similar iCAR expression for all constructs, suggesting that the choice of spacer and
transmembrane domains did not affect iCAR expression (Figure 4.18B). In addition, the iCAR target
antigen CD19 was highly expressed on BW/OKT3+CD19 cells as confirmed by flow cytometry
(Figure 4.18C). Then, we challenged CD19-iCAR reporter cells with BW/OKT3 on-tumor cells, and we
compared the reporter signal to stimulation with BW/OKT3+CD19 off-tumor cells. For both, NF-kB and
NFAT, we observed a slight decrease of the activation, however, this was not significant and

independent of the design of the iCAR constructs (Figure 4.18D).
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Figure 4.18: NF-kB and NFAT reporter activation after challenging CD19-iCARs with TCR stimulation in reporter cells.

A) Schematic representation of the experimental setup with CD19-iCAR reporter cells challenged with BW/OKT3 on-tumor or
BW/OKT3+CD19 off-tumor cells. B) iCAR expression after transduction and enrichment of reporter cells with the CD19-iCAR
library. Staining was performed with anti-c-Myc mAb to detect the c-Myc tag of CD19-iCARs. Numeric values represent the
MFI of transduced cells. UTD = untransduced. C) Expression of CD19 on BW/OKT3+CD19 cells. Numeric value represents the
MFI of BW/OKT3+CD19 minus the MFI of BW/OKT3. D) NF-kB and NFAT activation in percent + SD of BW/OKT3+CD19
stimulated CD19 iCAR reporter cells normalized to the positive control (stimulation with BW/OKT3). Statistical significance (n

= 3) was determined using two-way ANOVA with Holm-Sidak post hoc test; ns = not significant.

Next, we decided to challenge the iCARs in another logic gate with an activating CAR, for which
we chose ROR1-CAR-zBB with R12-derived scFv. Here, BW/ROR1 cells served as ‘on-tumor’ cells and
CD19-equipped BW/ROR1+CD19 cells served as ‘off-tumor’ cells (Figure 4.19A). NF-kB/NFAT reporter
cells were transduced with ROR1-CAR-zBB and CD19-iCARs and double-positive reporter cells
(CAR" iCAR*) were enriched via EGFRt and c-Myc tag. Flow cytometry analysis revealed >70% CAR and
iCAR-positive cells after enrichment (Figure 4.19B). Furthermore, BW5147 cells were transduced with
ROR1 and CD19 resulting in high surface expression of both proteins (Figure 4.19C). When we
stimulated ROR1-CAR-zBB + CD19-iCAR reporter cells with BW/ROR1+CD19 off-tumor cells, we
detected a slight decrease of NF-kB and NFAT activation in comparison to the stimulation with
BW/ROR1 on-tumor cells (Figure 4.19D). However, this reduction was not significant, and the different

spacer and transmembrane domains did not improve the inhibitory function of the iCARs.
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Figure 4.19: NF-kB and NFAT reporter activation after challenging CD19-iCARs with CAR stimulation in reporter cells.

A) Schematic representation of the experimental setup with ROR1-CAR + CD19-iCAR reporter cells challenged with BW/ROR1
on-tumor or BW/ROR1+CD19 off-tumor cells. B) Expression of ROR1-CAR-zBB and CD19-iCARs by reporter cells after
transduction and enrichment. Staining was performed with anti-EGFR mAb to detect the EGFRt transduction marker of the
ROR1-CAR-zBB and with anti-c-Myc mAb to detect the c-Myc tag of CD19-iCARs. UTD = untransduced. C) Expression of ROR1
and CD19 on BW5147 cells after transduction. D) NF-kB and NFAT activation in percent + SD of stimulated ROR1-CAR-zBB
+ CD19-iCAR reporter cells normalized to the positive control (stimulation with BW/OKT3). Statistical significance (n = 4) was

determined using two-way ANOVA with Holm-Sidak post hoc test; ns = not significant.

Taken together, these results demonstrate that the inhibitory signal modules of the CD19-iCARs
were not able to significantly reduce the reporter signal induced by TCR or ROR1-CAR stimulation.
Furthermore, the spacer and transmembrane domains had no influence on the inhibitory capacity of

the iCAR constructs to neutralize reporter gene activation in both logic gates.

443 Verification of the reporter cell results with CD19-iCARs in primary
T cells
To verify the significance of the results obtained with the NF-kB/NFAT reporter cell platform, we

aimed to reproduce the CD19-iCAR logic gate experiments in primary T cells.

First, we tested the logic gate of CD19-iCAR and ROR1-CAR by challenging T cells with K562/ROR1
on-tumor and K562/ROR1+CD19 off-tumor cells (Figure 4.20A). We isolated CD8* memory T cells from
PBMCs and transduced them to express ROR1-CAR-zBB together with one of the CD19-iCARs. After
enrichment via EGFRt and c-Myc tag, we detected >63% ROR1-CAR-zBB* CD19-iCAR* T cells by flow
cytometry (Figure 4.20B). Additionally, we generated K562/ROR1 and K562/ROR1+CD19 cells, and we

confirmed high surface expression for both proteins (Figure 4.20C).
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We then co-cultured CAR-T cells with K562/ROR1+CD19 cells at different E:T ratios, and we
compared cytotoxicity to co-culture with K562/ROR1 cells. No differences were observed between the
killing of on- and off-tumor cells with T cells expressing the CD19-iCAR 101 or CD19-iCAR 103, similar
to control T cells expressing only the ROR1-CAR-zBB (Figure 4.20D). Notably, off-tumor cells were
eliminated faster than on-tumor cells by T cells expressing the CD19-iCAR 102, maybe due to
dimerization of CAR and iCAR through their IgG4-Fc spacers, which may have led to cross-signaling and
domination of the ROR1-CAR-zBB. We measured IFNy secretion after 24-hours co-culture with on- and
off-tumor cells but we only observed a minor decrease of IFNy for T cells expressing the CD19-iCAR 103

and no changes for T cells expressing the CD19-iCAR 101 and CD19-iCAR 102 (Figure 4.20E).
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Figure 4.20: Challenging CD19-iCARs with a ROR1-CAR in primary T cells.

A) Schematic representation of the experimental setup with T cells expressing both ROR1-CAR and CD19-iCAR and challenged
with K562/ROR1 on-tumor or K562/ROR1+CD19 off-tumor cells. B) Expression of ROR1-CAR-zBB and CD19-iCARs on primary
CD8* T cells on day 8 of expansion. Staining was performed with anti-EGFR mAb to detect the EGFRt transduction marker of
the ROR1-CAR, and with anti-c-Myc mAb to detect the c-Myc tag of CD19-iCARs. UTD = untransduced. C) Expression of ROR1
and CD19 on K562 cells after transduction. D) Specific lysis + SD (n = 3 technical replicates) of ROR1-CAR-zBB
+ CD19-iCAR-T cells co-cultured with on- or off-tumor cells at different E:T ratios for 4 hours. T cells expressing only
ROR1-CAR-zBB were used as control. E) IFNy secretion + SD of ROR1-CAR-zBB + CD19-iCAR-T cells co-cultured with on- or
off-target cells at a 4:1 ratio for 24 hours. Stimulation with PMA and ionomycin (P/1) and stimulation of T cells expressing only

ROR1-CAR-zBB served as controls.

Analogous to the previous experiment, we tested a logic gate consisting of CD19-iCARs and a
CMV-specific TCR (CMV-TCR), which recognizes the HLA-A*0201 restricted CMV peptide pp65 with the
amino acid sequence NLVPMVATV. The CMV-specific T cells expressing a CD19-iCAR would then be
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challenged with K562/HLA-A*0201 on-tumor cells and K562/HLA-A*0201+CD19 off-tumor cells
(Figure 4.21A). We isolated CD8* memory T cells from CMV-serum positive, HLA-A*0201 positive
donors, and we specifically stimulated the T cell subset expressing the CMV-TCR. The stimulated T cells
were transduced with the CD19-iCAR library and expanded, but only with the CD19-iCAR 102 we
achieved a sufficient number of >70% T cells double positive for CMV-TCR and CD19-iCAR
(Figure 4.21B). As a control, we generated T cells that only expressed the CMV-TCR (~97.9%). On- and
off-tumor cells were prepared by transduction of K562 cells with HLA-A*0201 and CD19, and we

confirmed high expression of both proteins by flow cytometry (Figure 4.21C).
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Figure 4.21: Challenging CD19-iCARs with a CMV-TCR in primary T cells.

A) Schematic representation of the experimental setup with T cells expressing a CMV-specific TCR (CMV-TCR) and a
CD19-iCAR and challenged with K562/HLA-A*0201 on-tumor or K562/HLA-A*0201+CD19 off-tumor cells. B) Expression of
CMV-TCR and CD19-iCARs on primary CD8* T cells on day 10 of expansion. Staining was performed with anti-EGFR mAb to
detect the EGFRt transduction marker of the ROR1-CAR, and with MHC | pp65 NLVPMVATV Streptamer® to detect the
CMV-TCR. UTD = untransduced T cells without CMV-specific stimulation. C) Expression of HLA-A*0201 and CD19 on K562 cells
after transduction. D) Specific lysis + SD (n = 3 technical replicates) of CMV-TCR + CD19-iCAR-T cells co-cultured with on- or
off-tumor cells at different E:T ratios for 4 hours. T cells expressing only the CMV-TCR were used as control. E) IFNy secretion
+ SD of CMV-TCR + CD19-iCAR-T cells co-cultured with on- or off-target cells at a 4:1 ratio for 24 hours. Stimulation with PMA

and ionomycin (P/I) and stimulation of T cells expressing only the CMV-TCR served as controls.
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We then co-cultured the T cells with K562/HLA-A*0201 and K562/HLA-A*0201+CD19 cells that
were previously pulsed with a pp65 peptide pool, and we analyzed cytotoxicity. CMV-TCR
+ CD19-iCAR-T cells showed equal lysis of on- and off-tumor cells, and likewise control CMV-TCR-T cells
killed both target cell lines similarly (Figure 4.21D). Furthermore, analysis of IFNy secretion after
24 hours showed only a minor decrease for CMV-TCR + CD19-iCAR-T cells challenged with off-tumor
cells in comparison to on-tumor cells (Figure 4.21E). A similar IFNy reduction was observed with control

CMV-TCR-T cells, suggesting a lower overall stimulatory effect of K562/HLA-A*0201+CD19 cells.

In aggregate, the results with primary T cells confirmed the data obtained with the CAR-screening
platform, as no inhibitory effect on cytotoxicity or cytokine secretion was observed through logic gates

consisting of iCAR and CAR or iCAR and TCR.

4.4.4 Inhibition by CD19-iCARs in a logic gate with an activating CD19-CAR

We speculated that several factors could have prevented inhibition by our iCARs in the previous
logic gate experiments. These include the density of the target antigens on the cell surface, the
expression level of the activating receptors, or different activation kinetics of the activating and
inhibitory domains. Moreover, we reasoned that spatial proximity between activating and inhibitory
receptors is required to enable their interaction. To address this assumption, we decided to force both
receptors into close proximity by targeting only CD19, which has been shown in studies to form

nanoclusters on the cell surface.**?

For the new logic gate, we co-expressed CD19-iCARs with the activating CD19-CAR-zBB, which
recognizes the same epitope, in reporter cells to challenge them with CD19* target cells (Figure 4.22A).
To assess whether competitive binding of both CARs to the same antigen could already lead to
inhibition, we created a truncated CD19-specific CAR (CD19-tCAR) without intracellular domain as a
control. Reporter cells were transduced with the CAR constructs, and enrichment resulted in >86.7%
reporter cells expressing the CD19-CAR-zBB together with one of the CD19-iCARs or the CD19-tCAR
(Figure 4.22B). Reporter cells only transduced with the CD19-CAR-zBB could be enriched to over 97%.
Furthermore, we generated BW/CD19 cells, and we confirmed high expression of CD19 on the cell
surface by flow cytometry (Figure 4.22C). We then stimulated the CD19-CAR-zBB + CD19-iCAR reporter
cells with BW/CD19 cells, and we compared the reporter signal to stimulation of CD19-CAR-zBB
+ CD19-tCAR reporter cells and CD19-CAR-zBB reporter cells. The NF-kB and NFAT signal of reporter
cells expressing an iCAR significantly decreased relative to reporter cells expressing only the
CD19-CAR-zBB (Figure 4.22D). Reporter cells with the CD19-iCAR 103 showed the strongest reporter

inhibition of all three iCAR constructs. Importantly, the NF-kB and NFAT activation of
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CD19-CAR-zBB + CD19-tCAR reporter cells was comparable to the CD19-CAR-zBB reporter cells,
excluding that the observed inhibition with iCARs in reporter cells was due to competitive binding of

the receptors.
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Figure 4.22: NF-kB and NFAT activation in reporter cells transduced with CD19-CAR and CD19-iCAR.

A) Schematic representation of the experimental setup with CD19-CAR + CD19-iCAR reporter cells challenged with BW/CD19
target cells. Cells equipped with an intracellular truncated version of the CD19-CAR (CD19-tCAR) served as control.
B) Expression of CD19-CAR-zBB, CD19-iCARs and CD19-tCAR on reporter cells. Staining was performed with anti-EGFR mAb
to detect the EGFRt transduction marker of the CD19-CAR-zBB, and with anti-c-Myc mAb to detect the c-Myc tag of
CD19-iCARs. The CD19-tCAR was detected by staining of the HER2t transduction marker with anti-HER2 mAb.
UTD = untransduced. C) Expression of CD19 on BW/CD19 cells. Numeric value represents the MFI of BW/CD19 minus the MFI
of native BW5147 cells. D) NF-kB and NFAT activation in percent + SD of BW/CD19 stimulated reporter cells normalized to
the positive control (stimulation with BW/OKT3). Statistical significance (n = 3) was determined in comparison to the

CD19-CAR-zBB reporter cells using one-way ANOVA with Holm-Sidak post hoc test; *p < 0.05; **p < 0.01; ns = not significant.

We tested the new logic gate in primary T cells to verify the data of the reporter cell screening.
CD8" memory T cells were transduced with the CAR constructs, enriched for CAR expression and

analyzed by flow cytometry. We observed >80.3% T cells expressing the CD19-CAR-zBB together with
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one of the CD19-iCARs or the CD19-tCAR, and >98% T cells expressing only the
CD19-CAR-zBB (Figure 4.23A). In addition, we created K562/CD19 cells, and we detected uniform CD19
expression on the cell surface (Figure 4.23B). Next, we co-cultured the CAR-modified T cells with
K562/CD19 at different E:T ratios and analyzed cytotoxicity. After 2 hours, CD19-CAR-zBB-T cells and
CD19-CAR-zBB + CD19-tCAR-T cells lysed the target cells equally well. By contrast, T cells with
CD19-CAR-zBB + CD19-iCAR showed reduced killing of K562/CD19 cells (Figure 4.23C). Here, the
inhibition of cytotoxicity was strongest with CD19-iCARs 101 and 103, and slightly weaker with
CD19-iCAR 102. Notably, the iCARs could not completely prevent killing over a long period of time, as
inhibition was less distinguishable after 4 hours when compared to the controls. We also analyzed IFNy
secretion after 24-hours co-culture, and we observed CD19-iCAR-mediated inhibition as shown by
decreased IFNy concentrations in the supernatant (Figure 4.23D). However, CD19-CAR-zBB
+ CD19-tCAR-T cells also slightly reduced IFNy secretion compared to CD19-CAR-zBB-T cells, which may

indicate competitive effects at later time points in primary T cells.
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Figure 4.23: Impact of CD19-CAR and CD19-iCAR on T cell functions.

A) Expression of CD19-CAR-zBB, CD19-iCARs and CD19-tCAR on primary CD8* T cells on day 8 of expansion. Expression of
CD19-CAR and CD19-iCAR on transduced CD8* T cells on day 8 of expansion. Staining was performed with anti-EGFR mAb to
detect the EGFRt transduction marker of the CD19-CAR-zBB, and with anti-c-Myc mAb to detect the c-Myc tag of CD19-iCARs.
The CD19-tCAR was detected by staining of the HER2t transduction marker with anti-HER2 mAb. UTD = untransduced.
B) Expression of CD19 on K562/CD19 cells. Numeric value represents the MFI of K562/CD19 minus the MFI of native K562
cells. C) Specific lysis + SD (n = 3 technical replicates) of CAR-modified T cells co-cultured with K562/ROR1 cells at different
E:T ratios for 2 and 4 hours. T cells expressing only CD19-CAR-zBB or CD19-CAR-zBB + CD19-tCAR served as controls. D) IFNy
secretion + SD of CAR-modified T cells co-cultured with K562/ROR1 cells at a 4:1 ratio for 24 hours. Stimulation of T cells

expressing only CD19-CAR-zBB or CD19-CAR-zBB + CD19-tCAR served as controls.
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In conclusion, these data demonstrate the capacity of the CD19-iCAR constructs with PD-1 signal
modules to reduce reporter gene activation in reporter cells and interfere with cytotoxicity and
cytokine secretion in primary T cells. The data suggest that, among others, spatial proximity is required
between activating and inhibitory receptors, which was achieved in this experiment by recognition of
the same antigen. Inhibition by competitive binding of both receptors as the cause of reduced reporter
gene activation was excluded, as a truncated CAR able to compete for antigen had no inhibitory effect.
Accordingly, spatial proximity may be an essential factor for creating reasonable and functional logic

gates targeting two different antigens.

4.4.5 Interim summary and conclusion

In summary, the data from Chapter 4.4 demonstrate that reporter cells enable the analysis of
inhibitory receptors as well as CARs with PD-1-derived inhibitory signal module. Although there was
no inhibition observed by challenging CD19-iCARs with ROR1-CAR or TCR stimulation, a logic gate of
CD19-iCAR and CD19-CAR revealed the inhibitory capacity of the constructs on NF-kB and NFAT
activation, and it suggested the requirement of spatial proximity. The observations were further
verified by experiments in primary T cells, which supported the significance of reporter cell-based
screening campaigns with logic gates. These results meet the fifth aim of the study by screening CARs
with inhibitory signal modules in logic gates and emphasize the utility of the NF-kB/NFAT reporter cell

platform for the analysis of novel CAR approaches.

In conclusion, all aims of the study have been accomplished by the results presented in this work.
Therefore, we accept the hypotheses that the transcription factors NF-kB and NFAT could be used as
indicators of CAR stimulation and signaling output of the platform, and that Jurkat cells provide an
easy-to-measure, quantitative readout by inducible reporter genes, enabling scalable screening

campaigns of CAR libraries for identifying lead candidates with optimal design parameters.
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5 Discussion

Cancer is a group of diseases that can affect any part of the body and is commonly associated with
rapid growth of abnormal cells that may spread throughout the entire organism. It is a leading cause
of morbidity and mortality worldwide with an estimated 14.1 million new cases and 8 million cancer-
related deaths in 2012. As cancer incidence is highly correlated with age, demographic change is
expected to increase the number of cancer cases to over 25 million over the next 20 years.’* This
poses a major challenge for medicine because new therapeutics must be developed to treat cancer
more efficiently. Besides standard therapies such as chemotherapy, radiation and surgery, cancer
immunotherapies based on immune checkpoint blockade, vaccination or adoptive cell transfer have
been established for effective treatment of malignancies.'* Therapies based on adoptive cell transfer
include, among others, the administration of CAR-modified T cells, which has emerged as a potent
cancer treatment due to superior antitumor function. Clinical studies with CD19-specific CAR-T cells,
for instance, have demonstrated complete and durable remission in patients with B cell malignancies
like -B-ALL or NHL.® However, other tumor entities, particularly solid tumors, are more difficult to treat
with CAR-T cells. To improve the efficacy of CAR-T cell therapy, translational research investigates a
rapidly increasing spectrum of target antigens and CAR designs,”® which often involves extensive
testing in preclinical in vitro and in vivo models to evaluate CAR functionality. This is associated with a
high expenditure of time, effort and costs because first donor material must be obtained, then T cells
must be isolated and modified with CARs, and finally CAR-T cells must be expanded before starting
functional analyses. In addition, when working with primary cells, quality and variability of the donor
material significantly influence the experimental outcome, making testing campaigns with multiple

runs in one or more laboratories error-prone and difficult to reproduce.

Similar to screening campaigns in pharmaceutical small molecule and antibody discovery,*?%??

a
standardized platform that is free of any primary donor material would provide convenient handling
and a robust readout to overcome such hurdles, thereby minimizing costs and accelerating
CAR-screening campaigns. Therefore, we decided to generate a CAR-screening platform based on the
immortalized T cell lymphoma line Jurkat, which was equipped with reporter genes for the
transcription factors NF-kB and NFAT as indicators of CAR stimulation. Through the expression of
fluorophores from the reporter genes upon CAR stimulation, the platform allows rapid and
guantitative analysis of CARs based on signal strength and thus identifies lead candidates with optimal
extracellular and intracellular modules that can be analyzed in detail in subsequent tests. Moreover,

the NF-kB/NFAT reporter cell platform is scalable for CAR libraries of variable size, enabling its use for

high-throughput screening campaigns where large amounts of CARs are analyzed in parallel.
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5.1 NF-kB and NFAT as indicators of CAR activation

Intensive research on the signaling machinery triggered by the TCR in T cells has shown the
involvement of a series of receptors, signaling proteins and secondary messengers. This finally results
in the activation of transcription factors that migrate into the nucleus, where they regulate gene
expression and initiate specific T cell programs. Among the most important and well-studied
transcription factors for T cell activation are the members of the NF-kB and NFAT family.8”# Both have
a major influence on the development and effector functions of T cells. For instance, NF-kB mediates
proliferation and up-regulation of chemokines and cytokines like CXCL6, IL-2 and IL-6,3%'%7 and NFAT

138140 Furthermore, the level of

controls the induction of cytotoxicity and T helper cell differentiation.
NF-kB and NFAT activation increases with the stimulation strength of TCR and associated

co-stimulatory receptors.%®102

Because CARs integrate structural and functional elements of the TCR complex and engage
TCR-associated signaling molecules upon stimulation, we reasoned that NF-kB and NFAT should serve
as indicators of CAR-T cell activation. Indeed, several studies have shown that CAR stimulation
activates signaling proteins like ZAP-70, Akt and ERK, which are involved in the regulation of NF-kB and
NFAT.®%1% |n addition, inducible reporter gene systems have demonstrated that NF-kB and NFAT are
activated in primary T cells and Jurkats upon CAR stimulation.1%'* Using primary T cells expressing a
ROR1-specific CAR, our data support these observations by showing accumulation of NF-kB and NFAT

in the nucleus after CAR engagement.

Therefore, it was reasonable to develop the standardized CAR-screening platform based on the
detection of activated NF-kB and NFAT. In comparison to effector functions like cytokine secretion or
proliferation, which are usually detectable within days after CAR stimulation, the activation of NF-kB
and NFAT is detectable within a few hours, allowing for an earlier analysis.*®!*! In addition, since such
T cell effector functions are commonly controlled by transcription factors, it could be possible to
predict the type and strength of CAR-induced effector functions by analyzing NF-kB and NFAT. To
facilitate the analysis of activated transcription factors, we have used inducible reporter genes that
eliminate the need for expensive reagents. In contrast, for example, the analysis of cytokine secretion
by ELISA usually requires the extensive use of antibodies and buffers. Moreover, the expression of
reporter gene-encoded fluorophores enables quantitative analysis of intact cells, e.g. by flow
cytometry, providing rapid and automated acquisition of a high number of events from a high number
of samples. Unlike reporter genes whose readout relies on luciferase activity, the detection of CFP and
GFP allows simultaneous analysis of NF-kB and NFAT and correlation of signals to individual cells.
Additionally, fluorescence-based reporter systems require less hands-on time, which makes them

more suitable for high-throughput screening than bioluminescence-based reporter systems.
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5.2 Advantages of Jurkat cells for the CAR-screening platform

We decided to use the human T cell lymphoma line Jurkat as the basis for the CAR-screening
platform, since these cells have been widely used as a model system to study TCR signaling down to
the molecular level. Although the Jurkat cell line harbors mutations that resulted in malignant
transformation, it still comprises the entire downstream signaling machinery of primary T cells.142143
However, compared to primary T cells, Jurkats are easier to handle and can be kept in culture
indefinitely, which is beneficial for their implementation in a screening platform and renders them an
intuitive tool for the analysis of T cell immune receptors. There are several approaches to measure
activation of Jurkat cells, e.g. by cytosolic calcium flux, which is experimentally complex to measure,
moderately quantitative and provides only a single output.}**!*> Analysis of activation markers like
CD25 and CD95 or cytokines like IL-2 and TNFa is also possible, but their expression is often low and

detection requires antibodies, making this approach rather inappropriate for platform-based

screenings. 146147

As recently shown, Jurkat cells equipped with fluorescent reporter genes for the transcription
factors NF-kB, NFAT and AP-1 enable quantitative analyses of TCR stimulation in combination with
activating and inhibitory ligands.??®13! In other studies, similar reporter gene-modified cells were used
to examine antibody-dependent cell-mediated cytotoxicity, the influence of inhibitory molecules or
immune checkpoint modulators, and the signaling of virus- and tumor-specific TCRs.1*¢! |n the
present study, we show that Jurkat NF-kB/NFAT reporter cells can be used to visualize and quantify
antigen-specific CAR stimulation. The reporter cells are easily modified with CARs by viral or non-viral
gene transfer, and CAR-positive reporter cells can be enriched to high purity. Furthermore, CAR

expression remains stable over a long period of time, enabling long-term CAR-screening campaigns.

To stimulate Jurkat NF-kB/NFAT reporter cells, we used the mouse thymoma cell line BW5147,
which only expresses murine activating and inhibitory ligands and can be modified to ectopically
express human target antigens.'® Due to the evolutionary distance between murine and human
immune system and the known incompatibility of murine and human MHC and TCR,** the presence
of cross-reactions is most likely excluded. Accordingly, reporter gene activation in Jurkat cells upon
stimulation with untransduced BW5147 cells should not occur, minimizing background signals of NF-kB
and NFAT. In addition, we show that reporter cells are easily distinguished from murine BW5147
stimulator cells by detection of human CD45. Alternatively, stimulation with human cell lines that
endogenously or ectopically express the CAR target antigen is possible but could be influenced by the

interaction of co-stimulatory and inhibitory molecules between Jurkat cells and human target cells.
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5.3 Rapid identification of CAR lead constructs

In this study, we modified reporter cells with CAR constructs specific for two different antigens.
We targeted the human receptor tyrosine kinase ROR1 with scFvs derived from the Vi and V. domains
of the ROR1-specific antibodies R12 and R11, which recognize epitopes at different positions of the
protein.'?® ROR1 is an attractive target antigen for CAR-T cells, because it is expressed in several
hematologic malignancies, including chronic lymphocytic leukemia and mantle cell lymphoma, and
several prevalent epithelial cancers like lung adenocarcinoma and triple negative breast cancer.™
Further, we targeted the human B cell surface protein CD19 with a CAR comprising an scFv derived
from the CD19-specifiv antibody FMC63.1% CD19-CARs with this scFv are a prime example of highly
functional receptors and have demonstrated clinical efficacy in studies with patients suffering from
acute lymphoblastic leukemia, Non-Hodgkin lymphoma and chronic lymphocytic leukemia.’>> With the
NF-kB/NFAT reporter cells, we show that the stimulation of ROR1- and CD19-specific CARs by target
antigen-positive murine and human cell lines induces high-level reporter gene activation. The reporter
signal is already detectable 6 hours after CAR stimulation and reaches its maximum after 24 to
48 hours, providing a rapid and highly competitive turnaround time to deliver results. Based on using
murine stimulator cells that can potentially be equipped with any human target antigen, it is
reasonable to assume that the reporter cell-based screening platform can be employed to rapidly

156-158

analyze CARs of any specificity, including targets like FLT3, SLAMF7 or mesothelin.

We performed several small-scale screening campaigns with the NF-kB/NFAT reporter cell
platform to identify CAR lead candidates. In one example, we tested a CAR library of constructs that
differed in extracellular spacer length and had been established in previous work, showing that the
spacer domain is a critical feature in CAR design. Thus, it was known that the CAR targeting the
membrane-proximal R11 epitope in the ROR1 kringle domain requires a long IgG4-Fc spacer for
optimal function, including cytotoxicity, cytokine secretion and proliferation.*® This allowed us to
evaluate the output of the CAR-screening platform. The analysis of ROR1-CARs with short,
intermediate and long extracellular spacer domain by the reporter cells provided a clear distinction
between functional and non-functional constructs. The CAR lead construct against the R11 epitope
was readily identified based on specific and high-level NF-kB and NFAT signals. Notably, the screening
campaign required less than one-third of the time compared to conventional analyses with primary
T cells due to the rapid generation and testing of CAR reporter cells (Figure 5.1). Our data suggest that
the screening platform can also analyze other CAR spacer domains, e.g. derived from IgG1-Fc, IgG2-Fc
or novel Strep tag,”®!™° to rapidly and reliably identify CAR lead candidates with optimal spacer

modules.
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Figure 5.1: Required time for a CAR-screening campaign in reporter cells and primary T cells.
Time course of a small-scale screening campaign with CAR reporter cells in comparison to primary human T cells, including

approximate time for stimulation, CAR gene modification, cell expansion and final analyses.

In another small-scale screening campaign, we analyzed a library of CAR constructs that differed
due to co-stimulatory domains in the intracellular signal module. Here, the reporter cells showed a
similar NFAT signal for all CARs, but the NF-kB signal was highly elevated for second and third
generation CARs containing the 4-1BB co-stimulatory moiety. In comparison, the first generation CAR
that contained no co-stimulatory domain and the second generation CAR with CD28 co-stimulatory
domain only showed a low NF-kB reporter signal. Thus, our data support a recent study suggesting
enhanced survival of CAR-T cells with 4-1BB co-stimulatory domain compared to CD28 co-stimulatory
domain that is driven by higher NF-kB activation.!'* In accordance with this, other CAR studies with
4-1BB co-stimulation observed enhanced in vivo persistence and tumor eradication.’® The higher
functionality in these cases could be related to the induction of a transcriptional profile by 4-1BB
comprising CARs’! that includes upregulation of common NF-kB targets like JUNB (memory
phenotype)'® or TNFRSF4 (survival).'®® Consequently, the screening campaign in reporter cells
identified the CAR with the 4-1BB signal module as the lead candidate with higher NF-kB signaling

intensity compared to the CAR with CD28 signal module.

Interestingly, the CD28 domain in our CARs did not affect NF-kB activation, as the signal for the
first generation CAR without co-stimulation and the second generation CAR with CD28 co-stimulation
was similar. However, several studies have demonstrated a positive influence of the CD28 receptor on
TCR-induced NF-kB activation.?*! By stimulating TCR and endogenous CD28 on reporter cells, we
confirmed these observations and conclude that the CD28 domain in our signal module was incapable
of efficiently activating NF-kB. We assume that steric effects may have prevented complete induction
of pathways associated with NF-kB activation, but modifications of the CD28 domain, e.g. by changing
its localization in the CAR framework or adding linker amino acids, may help to restore its full capacity
to activate NF-kB. However, assuming that NF-kB activation has a positive effect on T cell functions,
our observations might contradict studies that have demonstrated enhanced functionality with
increased proliferation and prolonged survival of CD28 comprising CARs.'?° This suggests that other

CD28-induced signaling pathways, including PI3K/Akt that regulates mediators of apoptosis, cell cycle
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162 might compensate for missing NF-kB induction. Accordingly, modified

and transcriptional activity,
reporter cells that analyze other important T cell transcription factors like AP-1,13¢ GATA3%3 or IRF4164
could be implemented to further improve the informational value of screening campaigns for

intracellular signal modules.

5.4 Large-scale screening campaigns with reporter cells

In the present study, we aimed to enable a large-scale CAR-screening campaign with the
NF-kB/NFAT reporter cell platform to demonstrate scalability, a criterion that is typically required for
the screening of therapeutics, such as small molecules, antibodies and other biologics. For instance,

S or in vitro

antibody development can be based on large naive rabbit antibody repertoires'®
combinatorial antibody libraries®® from which lead candidates with high specificity and affinity are
identified by in vitro display technologies, e.g. using phages or yeast. A previous attempt to combine a
large-scale screening process with the development of CARs led to a study that resulted in a
CEA-specific CAR after phage display and direct transfer of the scFv into the CAR format.'®” Here, the

high-affinity scFv was only selected for further analysis, but affinity of CARs does not necessarily

correlate with optimal function®®*® and could also change when incorporated into the CAR framework.

Instead of first selecting a high-affinity scFv and then transferring it into the CAR framework, we
decided to analyze scFv variants directly in the CAR framework and select functional constructs based
on the reporter gene signal. This has the advantage that functional scFv variants are not assessed by
their affinity but by their functionality in the CAR. Furthermore, our screening platform allows the
analysis of multiple CAR constructs in parallel, which presumably cannot be handled in screening
campaigns with primary T cells. Therefore, we performed a large-scale screening campaign involving a
CAR library with many different scFvs that was generated from the ROR1-specific R11 scFv by site-
restricted mutagenesis. Recently, the co-crystal structure of the R11 scFv in complex with the kringle
domain of ROR1 demonstrated that the CDR3 region of the Vi domain is crucial for binding.!?® We
anticipated that introducing mutations in this region would cause a loss of specificity and affinity in
the majority of the 2x10° amino acid variants. Consequently, we challenged the screening platform
with the ROR1-CAR scFv library to identify those rare scFv variants in CARs that either contain the WT
amino acid sequence or an alternative amino acid sequence that is capable of binding ROR1 and
triggering T cell activation. From the screening campaign, we received four reporter cell clones that
showed similar or even significantly increased NF-kB and NFAT signals compared to the reference. In
three clones, we discovered the WT scFv sequence, which was used as the mutagenesis template to

generate the library. The fourth clone contained one of the mutated Vi CDR3 nucleotide sequences
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encoding the WT amino acids STYY, occurring in the library with a frequency of only 6 in 1.05x10°. The
other CAR-encoding nucleotide sequence variants that we found in the four reporter clones were
non-functional, suggesting that the NF-kB and NFAT activation was only driven by CARs with the WT
sequence. Notably, we detected the largest number of integrated CAR variants in the clone that
showed highest EGFRt expression and significantly increased reporter signals compared to the
WT reference. Thus, multiple genomic insertions in reporter cells due to the CAR gene transfer remain
a technical challenge that complicate library-screening campaigns regarding the identification of
functional CARs and the comparison of reporter gene activation between clones. Strategies of targeted
gene integration into specific genomic loci are currently emerging and will facilitate future large-scale
screening campaigns with CAR libraries where each reporter cell only expresses a single library

variant.16816°

Several studies have rationally modified the CDR regions of the V. and V4 domain to modulate
binding properties of mAbs and scFvs.*>* It is conceivable that such modifications would also alter
binding properties of CARs and thus influence the activation and function of CAR-T cells. Consistent
with the importance of the Vi CDR3 region of R11 for the binding to ROR1, we have not identified scFv
variants from the CAR scFv library with superior functionality over the WT. Indeed, the R11/ROR1
co-crystal structure supports the assumption that the STYY motif is already optimal in terms of
paratope/epitope interaction, making the identification of new scFv variants with improved function
challenging.’®® Accordingly, the mutagenesis of other stretches in the CDR or framework regions of the
Vy domain (the V. domain of R11 does not interact with ROR1) are likely more suitable for yielding scFv
variants with ROR1-binding capacity, which can then be identified in reporter cell-based screenings. It
should be noted that due to the selection criteria in this screening campaign — including high NF-kB
and NFAT signal, ROR1 binding, expansive growth and specific activation — cell clones that expressed
functional CARs with potentially lower affinity were excluded from subsequent sequencing analysis. In
future screenings, the selection criteria and cohort size of cell clones should be adjusted to support
the identification of novel CAR variants with altered (lower or higher) affinity from CAR scFv libraries.
Libraries that contain functional CARs with higher frequency and/or CAR variants that are functionally
more similar may require a higher number of sequential pre-enrichments and screening rounds to
identify the lead candidates. In particular, the identification of high-affinity CAR variants, which are
anticipated to generate a stronger reporter signal compared to the WT, may be fostered by performing

a higher number of iterative pre-enrichment steps.
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5.5 Analysis of inhibitory signal modules with the platform

We assumed that NF-kB/NFAT reporter cells enable screening campaigns of CARs with inhibitory
signal modules, which can be used in logic gates with activating receptors to enhance the selectivity of
CAR-T cells. For instance, one study with a PSMA-specific inhibitory and a CD19-specific activating CAR
showed that only CD19-positive cells were eliminated, but cells that expressed CD19 and PSMA were
not affected.®® The increase in selectivity is particularly intended to prevent on-target off-tumor
toxicities in patients when CAR-T cells detect tumor antigens that are also expressed by healthy cells.”
These toxicities can lead to different adverse events in CAR-T cell therapy depending on the target
antigen and tumor entity. The treatment of hematologic malignancies with CD19-specific CAR-T cells,
for example, is associated with aplasia of the normal B cell population but can be compensated by
immunoglobulin supplementation.”*” In contrast, the treatment of solid malignancies, for example
with HER2- and CAIX-specific CAR-T cells, carries a high risk of life-threatening complications by

damaging healthy lung and liver tissue and may therefore require termination of the treatment.”®”’

It has previously been shown that the function of inhibitory receptors like PD-1, CTLA-4 and BTLA
can be readily assessed via reporter genes in Jurkat cells,'?®13! which prompted us to evaluate iCARs
for their inhibitory capacity on NF-kB and NFAT activation. We selected CD19 as target antigen for the
iCARs because it is efficiently detected by the FMC63-derived scFv, which has proven high functionality
in many CAR-T cell studies. For the activating CAR, we chose the antigen ROR1, which is present on
many tumors, including lung and breast cancer, but also on intermediate B cell precursors during
maturation.’’® Here, a logic gate of CD19-iCAR and ROR1-CAR was designed to protect the
CD19-positive B cell precursors from eradication, thus preserving the healthy B cell population during
CAR-T cell therapy of solid tumors. Because we have observed strong inhibition of TCR-mediated
stimulation by the PD-1 receptor in NF-kB/NFAT reporter cells, and due to its well-known inhibitory
function demonstrated in many studies,’®? the PD-1 intracellular domain was implemented in all

constructs of the CD19-iCAR library.

We performed a screening campaign in reporter cells modified with the logic gate of CD19-iCAR
and ROR1-CAR, but we detected no decrease of NF-kB or NFAT signals. To exclude that reporter cells
were not suitable for the analysis of inhibitory CARs, we transferred the same logic gate to primary
T cells, which also showed no inhibition of T cell functions and thus confirmed the reporter cell data.
It is conceivable that the co-stimulatory domain of the activating CAR, for which we chose 4-1BB, has
obliterated the inhibitory capacity of the CD19-iCAR in our logic gate. Indeed, studies observed that
CD28 is the primary target of PD-1-mediated inhibition,?’'’2 and likewise, the study of Fedorov
et al. showed significant inhibition of a CAR with CD28 co-stimulatory domain by iCARs with PD-1

intracellular domain.® The selection of the co-stimulatory signal domain could thus presumably affect
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the functionality of logic gates with CAR and iCAR. However, in preliminary logic gate experiments with
other iCAR signal modules derived from the inhibitory receptors BTLA, CD300a or KIR2DL2, we did not

observe inhibition of NF-kB and NFAT signals in reporter cells.

Therefore, we assumed that the iCAR requires spatial proximity to the activating receptor to
mediate inhibition, similar to the physiological situation in the immunological synapse formed by the
TCR. In the immunological synapse, inhibitory and stimulatory receptors are proximal to the TCR
complex, enabling interaction between multiple molecules in central and peripheral clusters.?® To
implement this concept into a logic gate approach, it would be possible to dimerize iCAR and CAR.
However, preliminary experiments with constructs that enable dimerization suggest cross-signaling,
i.e., the signal generated by the iCAR binding is transferred to the activating domains of the CAR,
allowing the CAR to dominate iCAR stimulation. Another possibility to force CAR and iCAR into spatial
proximity without dimerization would be by letting them target the same antigen. To this end, we

33jncreasing

selected CD19 because studies have shown that it forms nanoclusters on the cell surface,
the likelihood that iCAR and CAR co-localize within these clusters when binding to CD19. Indeed, we
now observed significantly reduced NF-kB and NFAT reporter signals, whereby the iCAR with CD8
spacer and transmembrane domain was most effective. These observations were reproduced in
primary T cells showing reduced cytotoxicity and cytokine secretion, which verified the significance of
the reporter cells to study inhibitory signal modules in CARs. Thus, the platform could quantify the
inhibitory effects of all constructs from the CD19-iCAR library, although this particular logic gate, in

which iCAR and CAR recognized the same antigen, has no reasonable application.

In summary, the modification of reporter cells with logic gates and the analysis of reporter signals
was straightforward, and it required no extensive expansion steps as in similar approaches with
primary T cells. This should significantly reduce the time for screening campaigns of novel CAR
applications that aim to modulate specificity or increase selectivity of CAR-T cell therapies, e.g. by CARs
with switchable binding modules,® chimeric co-stimulatory receptors,®* or synthetic notch
receptors.'”® In order to create functional, reasonable logical gates, future screening campaignhs must
consider the need for spatial proximity of iCAR and CAR when targeting two different antigens. Another
factor that should be considered, but was not addressed in this study, is the expression level of target
antigens and CARs, as high expression of the activating CAR and its target antigen may overpower the
inhibitory capacity of iCARs on NF-kB and NFAT activation. Furthermore, the kinetics and signal
strength of activation, which are determined by the intracellular signal module, could influence the
functionality of logic gates. Because activation by CD3Z and co-stimulatory domains in CARs is likely to
occur rapidly, the inhibitory domain in iCARs may not compete with it when its signal transduction

tends to be slower or weaker. Here it is conceivable to strengthen signal modules of iCARs by including
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additional domains from inhibitory receptors, and to weaken signal modules of CARs by mutations in

the stimulatory domains to prevent binding of certain signaling proteins.

5.6 Conclusions and perspective: Implementation in translational research

In this study, we reported on the development of a standardized CAR-screening platform for the
identification of CAR lead candidates with optimal extracellular and intracellular modules. The
platform is based on the detection of the key T cell transcription factors NF-kB and NFAT, which
according to our data, serve as indicators for CAR-mediated activation. The integration of inducible
reporter genes in the immortalized T cell lymphoma line Jurkat enables rapid and quantitative analysis
of NF-kB and NFAT activation by measuring the fluorophores CFP and GFP. Strong activation of immune
receptors induces strong activation of transcription factors and thus results in high target gene
expression, which is reflected by high reporter gene expression. By using Jurkat cells instead of primary

T cells, the platform was designed for convenient handling and sharing between different laboratories.

We demonstrated high-level activation of NF-kB and NFAT reporter genes with CARs specific for
the antigens ROR1 and CD19. Using our murine stimulator cell line, which can be modified with
multiple human proteins, the platform should also allow the analysis of CARs with specificities other
than CD19 or ROR1. Furthermore, we showed that NF-kB/NFAT reporter cells allow screening
campaigns to inform the selection of optimal extracellular and intracellular design parameters in CAR
modules. The reporter cells rapidly identified CAR lead candidates that provide optimal function in
primary T cells, thus validating the accuracy and significance of the CAR-screening platform.
Importantly, a screening campaign comprising CAR transduction, enrichment, cell expansion and final
analysis of the reporter signal takes less than a week, which compares favorably to the amount of time

that is typically required in a screening campaign with primary T cells.

A large-scale screening campaign with a library of CARs with scFv mutations showed that the
NF-kB/NFAT reporter cell platform is scalable and allows the analysis of libraries with more than one
million different constructs. Further, it offers the possibility to evaluate CAR constructs not only by the
affinity of their targeting domains, but by the reporter gene activation triggered by these CARs. In
addition, the reporter cell system is attractive as a platform technology for the evaluation of CARs with
inhibitory signal modules because the reporter genes allow quantification of the inhibition. This
demonstrates that the platform is suitable for the analysis of applications involving CARs with novel

functionalities.

The NF-kB/NFAT reporter cells represent an intuitive tool for the analysis of CARs that can be

distributed between different laboratories and easily implemented as a standardized screening
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platform into the translational research pipeline of CARs. Following the generation of CAR libraries,
small- or large-scale screening campaigns can be performed with reporter cells to identify CAR lead
candidates with optimal extracellular and intracellular modules. After this pre-selection, appropriate
CAR constructs could be further evaluated in primary T cells in vitro and in vivo. The use of NF-kB/NFAT
reporter cells as a CAR-screening platform has the potential to minimize time, effort and costs of
screening campaigns compared to the use of primary T cells. Thus, we are confident that our screening
platform can facilitate the preclinical development path of novel CAR-T cell products and accelerate

the selection of CAR lead candidates with novel design parameters for clinical translation.
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