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ABSTRACT

ABSTRACT

Adoptive chimeric antigen receptor (CAR)-T cell therapies have led to tremendous clinical
success, especially in treatment of hematological malignancies. However, optimizations are
still required to tackle remaining challenges such as antigen escape, on-target off-tumor
toxicity, limited availability of tumor-specific antigens as well as insufficient T cell
persistence and tumor infiltration. A significant level of expectation is currently placed in
transgenic T cell receptors (TCRs), which feature a highly sensitive, naturally evolved
signaling machinery and cover a broader range of targets. This work aimed at combining
both technologies, CAR and transgenic TCR, to increase the anti-tumor response, to
facilitate dual-targeting, to minimize the risk for antigen escape and to potentially achieve

synergistic effects.

As proof of concept, initial experiments were focused on the combination of the clinically
well-established second-generation CD20-CAR and the previously published transgenic
dNPM1-TCR. CAR'TCR-T cells, co-expressing CD20-CAR and dNPM1-TCR, revealed
increased anti-tumor activity upon dual stimulation, not only upon short-term co-culture
but also upon long-term repetitive in vitro stimulation. Accordingly, CAR'TCR-T cells
displayed a unique transcriptomic signature, indicating increased T cell activation and
proximal signaling. In-depth characterization of CAR'TCR-T cell functionality also included
the analysis of alternative costimulatory domains in the CAR designs, displaying no
significant difference between 4-1BB- and CD28-costimulated CAR'TCR-T cells. Moreover,
it was addressed whether co-expression of CD20-CAR promotes functional recovery of the
MHC class I-restricted dNPM1-TCR in CD4* T cells. Finally, dual-specificity and enhanced
anti-tumor activity of CAR'TCR-T cells were verified in vitro and in vivo for a clinically
relevant AML setting by co-expressing dNPM1-TCR and CD33-CAR. Especially the treatment
with Triple-T cells, meaning a cellular composition of CAR'TCR-T, CAR-T and TCR-T, led to
promising results in vivo, demonstrating increased anti-tumor cytotoxicity compared to a

mixture of CAR-T and TCR-T cells.

In summary, this work supports the approach of co-expressing a CAR and a transgenic TCR
to achieve dual-specificity and enhanced T cell anti-tumor activity. The superior
performance of Triple-T highlights the therapeutic benefit of CAR’'TCR-T cells and the
potential clinical applicability through co-transduction with two different lentiviral vectors.

1



ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Sehr vielversprechende klinische Erfolge wurden durch die Behandlung mit genetisch-
modifizierten T-Zellen vor allem im Hinblick auf hamatologische Neoplasien erzielt.
Nichtdestotrotz, sind weitere Optimierungen der adoptiven T-Zell Therapie unabdingbar,
um Herausforderungen wie Antigenverlust, ,On-Target/Off-Tumor“-Effekte, die begrenzte
Antigenauswahl, sowie die unzureichende T-Zell-Persistenz und -Tumorinfiltration zu
bewaltigen. Neben den Chiméaren Antigen Rezeptoren (CAR) erhalten die transgenen T-Zell
Rezeptoren (TCR) vor allem im Hinblick auf solide Tumore besondere Aufmerksamkeit.
Diese zeigen laut ersten klinischen Studien mehrere vielversprechende Charakteristika, wie
zum Beispiel hohe Sensitivitat, effiziente Tumorinfiltration und das breitere Spektrum an
Zielproteinen. Die Grundidee der Arbeit war es CAR und TCR Technologien zu kombinieren,
um die therapeutische Wirksamkeit zu erhéhen und auch im Fall von breiter

Tumorheterogenitat aufrecht zu erhalten.

Erste Experimente basierten auf der Co-Expression eines klinisch getesteten CD20-CAR und
eines transgenen dNPM1-TCR. Gleichzeitige Stimulation von CAR und TCR in den
sogenannten CAR'TCR-T Zellen fiihrte zu erhéhter Tumorzelllyse — nicht nur nach kurz-
zeitiger Co-Kultur, sondern auch nach langanhaltender, repetitiver Stimulation in vitro.
Auch das einzigartige Transkriptomprofil von CAR'TCR-T Zellen deutete auf verstarkte
Aktivierung und Signallibertragung hin. Alternative co-stimulatorische Domanen (4-1BB
oder CD28) im CAR hatten keinen Einfluss auf CAR'TCR-T Zell Funktionalitdt. Es wurde
aulerdem untersucht, ob die Co-Expression des CD20-CARs, die Funktionalitat des MHC-I-
spezifischen dNPM1-TCRs in CD4* T-Zellen ermdoglicht. Abschlieend wurde das Modell mit
einer klinisch-relevanten Kombination aus dNPM1-TCR und CD33-CAR im Rahmen von in
vitro und in vivo Experimenten bestétigt. Sehr vielversprechende in vivo Ergebnisse wurden
mit Triple-T Zellen erzielt, welches das natirliche Produkt aus Co-Transduktion darstellt

und aus CAR'TCR-T, CAR-T und TCR-T besteht.

Zusammenfassend zeigten CAR'TCR-T-Zellen nicht nur duale Spezifitdt, sondern auch
verstarkte anti-Tumor Aktivitdt. Neben der klinischen Anwendbarkeit, verdeutlicht die in
vivo zytotoxische Uberlegenheit von , Triple-T gegeniiber der Zellkomposition aus CAR-T

und TCR-T das therapeutische Potenzial von CAR’TCR-T Zellen.



INTRODUCTION

1 INTRODUCTION

1.1 Cancer immunology

Cancer immunology revolves around the role of the immune system in recognizing
transformed cells and preventing cancer development!. Malignant cancer cells are
generally characterized by the hallmarks of cancer, first defined by Douglas Hanahan and
Robert A. Weinberg?3. Although further specified by now*, the multistep process of tumor
development is generally caused by an accumulation of several genetic abnormalities,
enabling continuous clonal selection and tumor progression. The hallmark characteristics
of malignant cells include for example uncontrolled proliferation, resistance to
programmed cell death, immunosuppression, induction of angiogenesis, invasion of

healthy tissue and metastasis?.

The immune system is classically subdivided into a fast and first-line innate response and a
delayed but antigen-specific, highly-potent adaptive immunity>. The anti-tumor immune
response is also referred to as the immune cycle of cancer, a re-occurring series of events
with the potential of self-stimulation®. It is generally initiated by cancer cell death and
release of “non-self” tumor-derived antigens, which are for example recognized and
processed by dendritic cells and subsequently presented to naive T cells residing in the
lymph nodes’®. Innate immune cells are also required for sensing of transformed cells
through mechanisms, independent of antigen release?. For instance, nucleic acid sensors
in antigen presenting cells detect tumor-derived cytosolic DNA or extracellular RNA, which
is abundantly present in cancer cells due to abnormal proliferation, genome instability and
oxidative stress!!. Such nucleic acid sensing triggers secretion of type | interferon and
activation of dendritic cells, leading to initiation as well as amplification of the adaptive
immune responsel®!2, As part of the innate immunity, natural killer cells recognize tumors
through ligands, which are upregulated upon cell stress'®, DNA damage'4, or abnormal
proliferation®. In general, natural killer cells express a variety of receptors and only
become activated when the stimulatory receptor activation abrogates the signaling
through inhibitory receptors®®. Target cell lysis involves secretion of cytotoxic granules or
induction of apoptosis through death receptor signaling!®. The adaptive immune system

comprises B lymphocytes, CD4* T helper and CD8* cytotoxic T cells. In general, T cells
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recognize intracellularly processed peptides, presented on major histocompatibility
complex (MHC) molecules'”8, In the absence of cross-presentation, the T cell receptor
(TCR) in CD8* T cells binds to endogenous protein-derived peptides presented on MHC class
I, whereas CD4* T cells are restricted to MHC class Il, displaying endocytosed or
phagocytosed exogenous antigens'®2°. In contrast, cross-presentation describes the
priming of naive CD8* T cells via peptides presented on MHC class Il of activated dendritic
cells, which for example occurs in tumor-draining lymph nodes upon sensing of tumor-
derived nucleic acids'2. Upon T cell priming, activated effector T cells are recruited to the
tumor site through chemokine-secreting, tumor-residing dendritic cells?1-23, Recognition of
cancer cells through the antigen-specific TCR induces a cytolytic response and cancer cell
death, which represents the last stage in the immune cycle of cancer”?. The subsequent
release of new cancer-derived antigens then causes re-initiation of the cancer-immune
cycle, which can be summarized as follows: (1) Antigen processing and presentation by
antigen presenting cells; (2) T cell priming and activation in lymph nodes; (3) Trafficking of
cytotoxic T lymphocytes to the tumor; (4) T cell infiltration; (5) Recognition and killing of

cancer cells®.

The concept of immune surveillance, describing the detection and elimination of neoplastic
cells (or pathogens) by the immune system, was first postulated by Frank Macfarlane
Burnet?*?>, Its indispensable role in protection against cancer is for example further
supported by the observations that drug-induced immune suppression increases the risk
for cancer development, or spontaneous tumor regression was observed in autoimmune
patients?®28, In view of this, the question that arises is how do cancers develop despite such
strong defense mechanisms? The answer is a process referred to as immunoediting, which
includes several mechanisms of how tumor cells escape and hide from the immune
system?°. Several evasion mechanisms have been described, such as for example direct T
cell impairment through downregulation of costimulatory receptors, disrupted tumor
recognition through loss of MHC, and the development of an immunosuppressive tumor
microenvironment (TME), inhibiting T cell infiltration and effector function’. Besides hiding
from the immune system, tumors also actively recruit immune cells with
immunosuppressive function. For instance, regulatory T cells naturally lead to
immunosuppression and T cell anergy, thereby maintaining homeostasis and preventing

excessive immune responses®C, In tumors, those characteristics cause inhibition of tumor-
4
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specific cytotoxic T cells and impaired anti-tumor immunity. Similar immunosuppressive
and consequently pro-tumor effects were also described for innate immune cells such as
tumor-associated macrophages and myeloid-derived suppressor3!. Thus, a wide variety of
therapeutic concepts, known under the term cancer immunotherapy, aim at amplifying and

strengthening the immune response to overcome immunoediting.

1.2 Cancer immunotherapy

In contrast to more traditional cancer therapies such as surgery, chemo- or radiation-
therapy, immunotherapy is not based on eliminating cancer cells from the outside, but
instead, by recruiting and cooperating the internal natural defense system. The roots for
this were already set more than 100 years ago by William Coley, who is often referred to

”32 He successfully used heat-inactivated bacteria to

as “Father of Immunotherapy
stimulate the immune system and thereby achieved tumor regression in more than 1,000
cancer patients3%33, Nowadays, cancer immunotherapy is designed to achieve tumor-
specific immunity and includes checkpoint inhibition, cancer vaccines and adoptive cell-
based therapy3*. Checkpoint molecules such as programmed cell death receptor 1 (PD-1)
or cytotoxic T lymphocyte antigen 4, prevent T cell hyperactivation through negative
regulation and help to maintain a well-balanced immune homeostasis. In cancer treatment,
antibody-based blockade of such co-inhibitory receptors is successfully applied to prevent
T cell exhaustion and tumor tolerance3>3’. Antibodies do not only serve as checkpoint
inhibitors, but especially T cell-engaging multivalent antibodies are applied to actively
redirect effector T cells to the tumor3-4°, which generally also supports the idea behind
cell-based immunotherapy. In 1989, Gideon Gross, Tova Waks and Zelig Eshhar published
their pioneering work on gene-engineered T cells armed with the prototype of a chimeric
antigen receptor (CAR), consisting of an extracellular antibody-derived tumor recognition
domain fused to intracellular TCR a and B chains®. In this manner, they achieved MHC-
independent T cell activation, resulting in cytokine secretion and antigen-specific target cell
lysis**. During the last 30 years, multiple modifications in design and optimizations in
manufacturing led to clinical approval of six different CARs for treatment of multiple
myeloma and various B-cell malignancies*?. However, successful elimination of solid
tumors continues to pose a challenge®. Currently, more than 1,300 clinical CAR-T cell trials

are registered, however, only one-third targeting solid tumors and less than 10% in phase
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Il or 113, TCR-T immunotherapy represents the pMHC-directed counterpart, comprising
tumor infiltrating lymphocytes (TILs) and engineered T cells expressing a transgenic TCR.
Beginning of the 1980s, Rosenberg and colleagues were first to describe the isolation, in
vitro expansion and re-injection of TILs in combination with Interleukin-2 (IL-2) for adoptive
treatment of cancer®#. Since then, TILs were shown to be effective against several solid
tumors, which was attributed to the high tumor specificity and the wide diversity in TCR
repertoire®®. However, challenges that are encountered are the identification and isolation
of TlLs, the insufficient persistence and tumor infiltration as well as the major prerequisite
of exhibiting an adequate amount of effector T cells in the tumor*®*’. Transgenic TCRs are
currently regarded as promising alternative to target highly tumor-specific, intracellular
antigens of solid tumors®®. Characteristics such as high antigen sensitivity and physiological
signaling are considered to support the anti-tumor response and T cell persistence®®.
Despite encouraging clinical results, a major difficulty are side effects for example through
on-target off-tumor interaction with tumor associated antigens expressed on healthy
tissues (NCT00509288%°, NCT00923806°°). Furthermore, severe toxicities were observed
due to off-target cross-reactivity, particularly in case of affinity-enhanced TCRs

(NCT01273181°%, NCT01350401°2, NCT01352286°?).

1.2.1 CAR versus TCR: Structure

Adoptive T-cell-based therapies are generally classified into TlLs and gene-modified T cells
expressing either a CAR or a transgenic TCR>3. This chapter will focus on the differences in
structure, immunological synapse (IS) formation, intracellular signal amplification and

thereof resulting characteristics of CAR and TCR.

TCRs are subdivided into afTCRs and y86TCRs, which are heterodimers assembled by alpha
and beta or gamma and delta TCR chains, respectively®*. Due to MHC-independency,
specificity for pathogen-derived phosphoantigens and expression of natural killer cell

IH

receptors, y6TCR-T cells are often referred to as “unconventional” T-cell population®>°®.
The rapid response to stressors and the natural cytotoxicity against various types of
transformed cells®”>° underlines the potential of y6TCR-T cells in cancer therapy.
Furthermore, first studies have already shown promising results with y6TCR-T cells

expressing a CAR, also as donor-derived, off-the-shelf therapy®-62.
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The variable part of aBTCRs (in the following referred to as TCR) resembles the variable
light chain of antibodies, also consisting of three hypervariable complementary
determining regions (CDRs), which directly interact with the peptide-MHC complex and are
flanked by a conformation-stabilizing framework®. In humans, MHC class | and |l are
classified according to the human leukocyte antigen (HLA) loci: HLA-A/-B/-C and HLA-DR/-
DQ/-DM/-DP, respectively®. Ligand recognition via the TCR is not only restricted to the HLA
locus, but also the serologically-defined antigen family and the respective allele
number®®, For instance, the allele HLA-A*02:01 designates the first protein within the
HLA-A2 allele group. In comparison, CARs classically engage surface antigens on tumor cells
through MHC-independent, antibody-derived single-chain variable fragment (scFvs)*.
Similar to TCR variable chains, antibody specificity is also dictated through loop-forming
CDRs, which on the contrary, show larger structural variety®’, shorter CDR3 loops®, and
fewer negatively charged amino acids in CDR1 and CDR2%°. Since the design of CARs is
rather flexible, some studies were also focused on developing pMHC-directed, so-called
TCR-like CARs, which adds intracellular proteins (e.g. neoantigens) to the target

repertoire’%73,

TCR signaling generally requires association with the co-receptor (CD4 or CD8) and the
endogenous CD3 chains, more precisely, the CD3e§, CD3ey and CD3{ dimers’4’>. Upon
TCR stimulation, immunoreceptor tyrosine-based activation motifs (ITAMs) within the CD3
chains become phosphorylated, which facilitate signal amplification’®. The TCR-CD3-
complex contains in total ten ITAMs, including one per CD3g, 6, and y subunit and three in
each CD3{ chain. CARs, on the other hand, typically contain the intracellular part of a CD3C
chain and are consequently independent of the endogenous CD3 complex. The reduced
number to three ITAMs was identified as contributing factor to the up to 100-fold lower
CAR sensitivity, which sheds light on why an increased amount of stimulated CAR molecules
is required for full T cell activation’®78, Therefore, several groups focused on developing
novel constructs containing an HLA-independent antibody-derived scFv and intracellularly,
a more physiological, TCR-adapted architecture’3, This led to the understanding that the
higher TCR sensitivity and the more powerful proximal signaling are not only based on the
higher ITAM number, but also on the assembly with adhesion molecules such as CD2 and

lymphocyte function-associated antigen 1778283,
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As illustrated in Figure 1, CAR design was continuously modified and evolved throughout
five generations: The first CAR only consisted of an extracellular antigen-binding domain
and a transmembrane part, linked to a CD3 signaling region®. Despite initial cytotoxic
activity, this CAR architecture demonstrated limited persistence and was consequently
further optimized. With the knowledge that TCR engagement (signal 1) needs to be
complemented by stimulation through costimulatory receptors (signal 2) and cytokines
(signal 3) for complete effector function, second-generation CARs additionally contained
CD28-, 4-1BB- or ICOS-derived costimulatory domains®>°. This format ensured serial killing
capability, increased proliferation and represents the proven standard up until now8”-%,
Third-generation CARs are equipped with two different costimulatory domains, whereas
fourth- and fifth-generation CARs engender all of the previously mentioned 3 signals by co-
expression of pro-inflammatory cytokines or cytokine receptor domains, respectively?”*,
For instance, CAR-activation-induced expression of IL-12 was shown to boost anti-tumor
cytotoxicity and supported the innate immune response®®2, Similarly, increased
proliferation and superior in vivo efficacy in treatment of solid tumors was observed with

CARs encoding the cytokine receptor IL-2RB3.

TCR CAR generations
al|B 1st ond 3 4th 5th
m /Km qU ;m -
T T - CD37
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(]
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Figure 1: Structure of TCR and five different generations of CAR. The a- and B- chain of the
TCR form a heterodimer and assemble with the CD3 complex consisting of CD3¢e (2x), CD3§,
CD3y and CD3T (2x). CARs contain an extracellular antigen-specific scFv, a hinge and
transmembrane region, and depending on the generation, different intracellular domains.
Adapted from Umut, O. et al. “CAR T cell therapy in solid tumors: a short review”. Magazine
of European Medical Oncology (2021)°4. lllustration created with BioRender.com.
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1.2.2 CAR versus TCR: Signaling

Upon pMHC-TCR-interaction, first step in signaling initiation is the recruitment of protein
tyrosine kinases (PTK) for phosphorylation of ITAMs, which are located in the cytoplasmic
tails of the CD3 chains®>#. Upon interaction with MHC, the CD8 co-receptor-bound
lymphocyte-specific PTK (LCK) is brought into close proximity to the TCR-CD3-complex and
phosphorylates tyrosine residues in ITAMs®. This leads to recruitment and
phosphorylation of zeta-chain-associated protein kinase-70 (ZAP-70)°7, which triggers
formation of the proximal signalosomes consisting of multiple additional proteins, as for
instance phosphorylated Linker for activation of T cells or SH2 domain-containing leukocyte
phosphoprotein of 76 kDa (SLP-76)%%%°. This scaffold represents the basis for various distal
signaling cascades, finally resulting in T cell activation, cytokine secretion, proliferation and
differentiation!®. For instance, phospholipase Cyl plays an essential role in signal
transduction by hydrolyzing phosphatidylinositol bisphosphate into the two secondary
messengers diacylglycerol and inositol triphosphate??, The latter binds to ion channels and
induces Ca?* influx into the cytoplasm, which induces expression of various effector genes
(e.g.IL-2 or Interferony (IFN-y)) through dephosphorylation and activation of nuclear factor
of activated T cells'%?-04 Diacylglycerol, on the other hand, triggers the nuclear factor kB
pathway, which regulates inflammation, proliferation and full T cell activation'%. Generally
speaking, CARs are designed to mimic the activation pattern of the native TCR, ultimately
triggering antigen-specific effector function. Although CARs bind their target antigens with
higher affinity, sensitivity was shown to be up to 100-fold lower than in TCRs’#1%, This
might present an explanation for the need of CAR clustering to achieve full CAR-T cell
activation, and accordingly, a larger number of target antigens’®197-19°_|nterestingly, CARs
are able to initiate downstream signaling independent of LAT phosphorylation, without any
influence on the SLP-76 levels or recruitment of other adaptor molecules for IS
formation'®, It was hypothesized that compared to TCRs, this shortcut in CAR signaling

eventually enables faster Ca?* influx, granule recruitment and killing%11,

Striking differences were found in the IS of CAR and TCR, which is illustrated in Figure 2.
Classically, interaction of TCR and pMHC induces formation of three highly-organized
supramolecular activation clusters (SMACs): the central cSMAC, the peripheral pPSMAC and
the distal dSMAC!2. TCR and LCK are categorized into the cSMAC, triggering the initial
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activation!'3, Adhesion molecules such as Lymphocyte function-associated antigen 1
account for the stabilizing pSMAC, whereas actin accumulation in the dSMAC leads to the
typical bull’s-eye appearance!!*. In contrast, CARs form a rather disorganized and diffused
IS consisting of multiple dispersed LCK microclusters, no stabilizing adhesion ring and a
significantly smaller actin ring!'%'1> This unordered structure allows for faster CAR
signaling, cytotoxic granule delivery, target cell lysis and eventually also earlier IS
dissolution and migration of CAR-T cells to the next target cell'!l. The cytoskeleton
reorganization during IS formation is dependent on RHO-GTPases, which consequently
support recruitment of signaling molecules, receptor clustering in lipid rafts and T cell

polarization towards the receptor-antigen complex!16:117,

TCR CAR
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Figure 2: Differences and similarities in IS formation of TCR and CAR. TCR activation
typically leads to formation of three highly-organized clusters: cSMAC, pSMAC and dSMAC.
In contrast, the IS of CARs is diffused and disorganized, consisting of dispersed LCK
microclusters, no adhesion ring and a smaller actin cluster. Adapted from Teppert, K. and
Wang, X. et al. “Joining Forces for Cancer Treatment: From TCR versus CAR to TCR and CAR”.
International Journal of Molecular Sciences (2022)!'® and Meng, X. et al. “Engineering
Cytoplasmic Signaling of CD287 CARs for Improved Therapeutic Functions”. Frontiers in
Immunology (2020)%*°. Illustration created with BioRender.com.
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1.2.3 Combination of CAR and native TCR

With the goal to strengthen the efficacy of adoptive T cell therapies, several studies were
focused on combination of CAR and TCR. Particularly promising results were obtained
through concomitant stimulation of the native TCR. The role of the endogenous TCR in CAR-
T cells was already investigated more than ten years ago'?°. To be more precise, it was
proposed that CARs containing a CD3{transmembrane domain are able to interact with the
native TCR and thereby potentiate T cell activation. Accordingly, another study
demonstrated reduced in vivo CAR-T cell persistence after knock-out of the endogenous
TCR'%L, This was explained by the lack of simultaneous TCR stimulation and physiological
activation of the CAR-T cells through the xenogeneic mouse tissue. In line with this, actively
engaging the native TCR in virus-specific T cells in vitro led to prolonged CAR-T cell
functionality and proliferation??2. Cliona M. Rooney and colleagues successfully continued
the work on virus-specific CAR-T cells, paving the way “from bench to bedside”
(NCT00085930'%3, NCT00840853%24125), CD19-28Z-CAR-T cells showed stronger native TCR-
dependent proliferation, only in patients with detectable virus load*?*. Another observed
benefit was the strongly minimized TCR repertoire due to the virus specificity, which was
stated to decrease the risk for graft-versus-host disease (GvHD), even allowing for
treatment of HLA-mismatched patients. Expanding on this concept, vaccination was
implemented to actively stimulate the virus-specific TCR in CAR-T cells: The power of this
approach was underlined by the fact that in vitro stimulation with viral peptide-presenting
dendritic cells induced partial recovery of exhausted and dysfunctional third-generation
28-0X40Z-CAR-T cells'?®. Especially as repetitive T cell stimulation was linked to impaired
responsiveness and effector function, it represents a remarkable finding that additional

signaling via the endogenous TCR did not further promote CAR-T cell exhaustion?8,

Several aspects need to be taken into account to understand the impact of native TCR-
signaling on CAR-T cell functionality. First, all of the above-mentioned studies were based
on TCR engagement in CAR-T cells containing a CD28 costimulatory domain and were
verified for various targets and different CAR generations?4126127 |nterestingly, a side-by-
side comparison showed that simultaneous engagement of CAR and native TCR led to
enhanced activation, but also faster exhaustion and programmed cell death in virus-specific

CAR-T cells with 4-1BB as costimulatory domain instead of CD28%’. This finding is rather

11
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counterintuitive, since CARs equipped with a 4-1BB costimulatory domain are generally
known to support persistence, while CD28 was associated with stronger cytotoxicity but
also faster exhaustion?8130 Second, the type of stimulus might influence the experimental
outcome and the effect of TCR engagement on CAR-T cell functionality. Whereas
vaccination-induced native TCR signaling was generally linked to enhanced CAR-T cell
functionality and persistence!??124126.127 the opposite was observed in two different
syngeneic mouse models. It has been shown that dual stimulation caused CD8* T cell
exhaustion, reduced persistence and impaired tumor elimination?3. This contradictory
outcome was clarified by the different type of TCR stimulation, specifically referring to the
activation through ubiquitously expressed endogenous antigens, potentially resulting in
more repetitive stimulation and excessive activation!32. Not only attenuated virus- and
peptide-based vaccines but also oncolytic viruses were used to stimulate the native TCR in
CD8* CAR-T cells'32, In vivo injection of T cells, pre-loaded with vesicular stomatitis virus or
reovirus, demonstrated improved migration, tumor infiltration, prolonged anti-tumor
activity, and most importantly, led to a diversification of the endogenous anti-tumor TCR
repertoire through epitope spreading!3?. The latter is triggered through tumor cell lysis as
part of the recurring cancer-immune cycle, finally stimulating not only the T cell-mediated
but also the humoral immunity via B cell activation!3*134, Epitope spreading is generally
thought to enhance clinical success of adoptive T cell therapy and might of course be

133 Finally, the T cell differentiation state was

constricted by prior lymphodepletion
considered to influence the outcome of native TCR stimulation in CAR-T cells: viral infection
was shown to only be beneficial in virus-specific CAR-T cells with central memory
phenotype!?#12> which are commonly known for higher proliferative capacity and
persistency than more differentiated effector memory T cells’*>137. However, a strict
categorization is not possible and the nature of TCR stimulation might again play an

important role, especially as even terminally differentiated CAR-T cells were effectively re-

activated through peptide-based vaccination using dendritic cells!?®.

1.2.4 Combination of CAR and transgenic TCR

Major aim of simultaneously activating CAR and native TCR was to boost the anti-tumor
response and effector T cell survival. Studies on co-expression of a CAR and a transgenic

TCR are very limited and rather based on the idea of achieving dual-stimulation3813°, which

12
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can also be facilitated through combination of two CARs, tandem CARs equipped with two
different scFvs or a mixture of T cells expressing various CARs'#%142 However, as postulated
by Carl June, the probability for simultaneous loss of MHC and target antigen is anticipated
to be very low, meaning that the risk for tumor escape might be minimized with T cells co-

expressing CAR and transgenic TCR43,

Ugur Uslu and colleagues were first to functionally co-express a CAR and a transgenic TCR
in CD8* T cells!3°, Compared to CAR-T or TCR-T cells, the so-called TETARs (T cell expressing
two additional receptors) demonstrated equivalent anti-tumor activity. Interestingly, dual
stimulation of TETARs resulted in boosted anti-tumor activity, which was not achieved with
pooled CAR-T and TCR-T cells. A few years later, the work was continued with exactly the
same CSPG4-CAR and gp100-targeting TCR, but the findings were not reproducible and
simultaneous engagement led to impaired cytotoxicity!®®. Such differences could be
explained by variations in the in vitro co-culture conditions or by the change from transient
electroporation-based to lentiviral TCR delivery!!®, Together, the studies verified
functionality of CAR and TCR in TETARs and more in-depth analysis is required to

understand the potential range of application.

Besides this, other studies focused on costimulating transgenic TCRs through co-expression
of truncated CARs. Increased transgenic TCR-dependent proliferation and repetitive tumor
cell lysis was observed in vitro and in vivo upon co-expression of a BBZ-CAR missing the
extracellular antigen-binding domain#4. Similar TCR-supporting effects were observed
upon co-expression of CD3C-truncated CARs, so-called chimeric costimulatory receptors:
only CD28-costimulated chimeric costimulatory receptors (particularly containing CD28-
0X40) supported expansion and serial killing capacity by the transgenic TCR, whereas 4-
1BB-equipped chimeric costimulatory receptors led to apoptosis during in vitro co-culture

experiments?’.

To sum this up, the positive effect of concomitant engagement of CAR and TCR was shown
in various studies, however, further in-depth studies, particularly evaluating the in vivo
efficacy and persistence of T cells co-expressing CAR and transgenic TCR, are required for

clinical implementation'8,
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1.3 Acute myeloid leukemia

Acute myeloid leukemia (AML) has its origin in the bone marrow, where differentiation of
myeloid stem cells to white blood cells is impaired due to genetic mutations, causing clonal
accumulation of immature myeloid progenitors'#>14, For AML classification into genomic
subgroups, special focus is placed on somatic driver mutations, which occur in more than
95% of patients'*’. Nucleophosmin 1 (NPM1) was shown to be the most frequently
mutated gene in AML (27%), followed by chromatin and/or RNA-splicing genes (18%) and
the commonly known tumor suppressor gene TP53 (13%)47:148, Despite AML with genetic
abnormalities, there are five more groups categorized by the World Health Organization
(2016 revision): AML with myelodysplasia-related changes, chemo-/radiotherapy-related
myeloid neoplasm, myeloid sarcoma, myeloid proliferations related to Down syndrome
and finally a non-specified group without prognostic significance'*°. Although therapeutic
options for AML are slowly expanding, the prognosis remains poor with a five-year survival

of approximately half of the patients under 60 years-old*46:1%0,

1.3.1 AML therapy

Current AML treatment consists of induction chemotherapy with either cytotoxic
(cytarabine/anthracycline) or hypomethylating agents, optionally combined with
immunotherapy targeting for example CD33 or FMS-like tyrosine kinase 3 (FLT3). In
order to prevent disease recurrence after remission, the treatment is continued with
consolidation therapy, meaning a second round of chemotherapy or allogenic
hematopoietic stem cell transplantation (allo-HSCT)#¢. Allo-HSCT represents a double-
edged sword: The graft-versus-leukemia effect facilitates extremely potent elimination of
AML cells, especially in patients with high risk for relapse!!. However, the non-AML-
specific effect of allo-HSCT treatment is linked to high risk for GvHD and transplant-related
mortality'>l. Considering the success of adoptive cell therapy in treatment of B cell-derived
malignancies, a lot of effort is currently also put into identifying and testing suitable targets

for treatment of AML0,

1.3.2 CAR and TCR for treatment of AML

Immunotherapy for treatment of AML was first described in 1965 by Georg Mathé, who

reported complete hematologic elimination through bone marrow transplantation, or
14
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more precisely, through allo-HSCT-induced graft-versus-leukemia®>2. Nowadays, CAR- or
TCR-T cell therapies are tested in order to facilitate a more specific anti-leukemic response
with minimized toxicity against non-malignant tissue'*®. However, the extremely low
mutational burden in AML compared to other cancers, presents a major challenge for
identification of tumor-specific targets>%*>3, CD33, CD123 and C-type lectin-like molecule
1 (CLL1) are the most commonly targeted tumor-associated antigens in CAR-T cell therapy
for AML. Despite high expression on leukemic blasts, all of those targets are also found
on healthy cells®*. For instance, CD33 belongs to the sialic acid-binding immunoglobulin-
like lectin family and is also expressed on normal myeloid progenitor cells, hepatic Kupffer
cells and even immune cells such as monocytes and macrophages®>>*°®, In line with this,
severe myelosuppression or sinusoidal obstruction syndrome have been reported as
potential off-target side effects®’1>°, Hence, TCR-T cells targeting particularly neoantigens
represent a possible solution by increasing tumor-cell specificity through targeting of
mutated intracellular proteins>*. The previously mentioned driver mutation in NPM1 is for
instance seen as optimal target for AML: Van der Lee and colleagues identified an HLA-
A2*02:01-restricted TCR specific for the epitope CLAVEEVSL, and demonstrated in vitro and
in vivo cytotoxicity against primary AML blasts!®!. So far, however, only tumor-associated
antigens such as Wilm’s tumor-1 were targeted in clinical trials, already showing first

promising results (NCT02550535162)1>4,

In order to minimize the risk for antigen escape and to overcome the large clonal
heterogeneity in AML, various combinatorial approaches for dual-targeting are currently
tested in clinical trials: CD123/CLL1-CAR-T cells (NCT03631576), CD123/CD33-CAR-T cells
(NCT04156256) or CD33/CLL1-CAR-T cells (NCT05016063), which already led to first

encouraging results in patients with relapsed or refractory AML>0:163,164,

Finally, therapeutic efficiency is impaired through immunoediting mechanisms such as
downregulation of MHC molecules, secretion of immunosuppressive factors,
overexpression of inhibitory receptors and mobilization of healthy, non-malignant cells to
the AML niche®®, Thus, a possible solution might be to combine adoptive cell therapy with
checkpoint inhibitors, which was already successfully demonstrated in pre-clinical CD123-
CAR-T cell studies with blockade of the inhibitory receptors such as PD-1 or T cell

immunoglobulin  and mucin domain-containing protein 3 (TIM-3)¥415  Other
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combinatorial strategies are for instance focused on directly targeting immunosuppressive

166

tumor-resident immune and stromal cells*®® or disrupting stem cell homing and thereby

the interaction between leukemic blasts and the TME (NCT00512252167)154,165,

In summary, despite the risk for relapse or even therapy-associated mortality, HSCT still
represents the preferred second-line treatment option for AML**°. However, encouraging
results of CAR- and TCR-T cell clinical trials are emerging, pushing forward the
implementation of targeted immunotherapies in AML™*. Further optimizations are
required to overcome challenges such as on-target off-tumor toxicities, the broad tumor

heterogeneity, the risk for immune escape and the immunosuppressive TME in AML®.
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1.4 Objective of the work

T cell-based therapies have led to encouraging treatment responses in several clinical trials,
however, optimizations are indispensable as therapeutic success is often limited by tumor
escape, lack of suitable target antigens or side effects such as on-target-off-tumor toxicity.
Therefore, novel therapeutic approaches are required, which allow for enhanced

therapeutic potency and tumor cell restriction.

Primary goal of this work was to assess, in which way CAR and TCR technologies can be
combined, so that they can act as a counterbalance to each other’s limitations while fully
exploiting their respective strengths and benefits. As postulated by Carl June, the likelihood
of simultaneous downregulation of MHC and CAR-target antigen is expected to be very
low*3, suggesting that either one, CAR or transgenic TCR, would still allow for tumor
recognition by dual-specific T cells. Current research on the combination of CAR and
transgenic TCR in the same T cell is limited. However, several groups have shown that
stimulation of the endogenous TCR (e.g. in virus-specific T cells) has beneficial effects on
CAR T cell expansion, persistence and anti-tumor activity??#127134 even being capable of
functionally recovering terminally differentiated and exhausted CAR T cells??®. Therefore,
it was hypothesized that the stimulation of a transgenic TCR in CAR-T cells might have a

similarly advantageous outcome, while simultaneously facilitating dual-specificity.

The most important scientific question addressed in this work is whether it is advantageous
to combine a CAR and a transgenic TCR in the same T cell (referred to as CAR'TCR-T). How
does dual stimulation affect T cell effector function? Is there reciprocal inhibition? Are

CAR’TCR-T cells beneficial in case of tumor heterogeneity?

For proof of concept, first experiments were focused on the combination of the clinically
well-established second-generation CD20-CAR®+168169 and the previously published
transgenic dNPM1-TCR*®%, This combination allowed for in-depth characterization of CAR-
and TCR-functionality in CAR’TCR-T cells, the impact of costimulatory domains in the CAR
context and the functionality in CD8* versus CD4* T cells. In order to verify the findings with
a clinically relevant setting, dNPM1-TCR was co-expressed in combination with CD33-CAR

and tested in an AML setting in vitro and in vivo.
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2. MATERIAL

2.1 General material

Table 1: Consumables.

Item

Supplier

T75/ T175 cell culture flask

Corning (New York, USA)

10 cm culture dish

Sarstedt (Nimbrecht, GER)

CellSTACK® Culture Chambers (CF5)

Corning (New York, USA)

Filter unit 0.45 pum

Merck Millipore (Burlington, USA)

Nalgene™ Rapid-Flow™ Sterile Disposable
Bottle Top Filter, 0.45 pum, 45 mm

Thermo Fisher Scientific (Waltham, USA)

24-/ 48-/ 96-well flat-bottom plate

Corning (New York, USA)

96-well U-bottom plate

Corning (New York, USA)

Deep well plate, 96 square well, U-bottom

VWR International (Darmstadt, GER)

MACS separation column (LS, LD)

Miltenyi Biotec (Bergisch Gladbach, GER)

Tubing set TS520

Miltenyi Biotec (Bergisch Gladbach, GER)

Transfer bag 600 ml

Miltenyi Biotec (Bergisch Gladbach, GER)

Cryo vials, 1.5 ml

Thermo Fisher Scientific (Waltham, USA)

CryoMACS® Freezing Bag 500

Miltenyi Biotec (Bergisch Gladbach, GER)

Syringe 5 ml, 50 ml

Becton Dickinson (New Jersey, USA)

Insulin syringe BD Micro Fine
0,5 ml U-100

Mercateo (Leipzig, GER)

BD tuberculin syringes G27

Thermo Fisher Scientific (Waltham, USA)

gentleMACS™ C Tubes

Miltenyi Biotec (Bergisch Gladbach, GER)

MACSPIex filter plate

Miltenyi Biotec (Bergisch Gladbach, GER)

Luer/Spike interconnector

Miltenyi Biotec (Bergisch Gladbach, GER)

SurPhob Gelloader 200 ul, 0.57 mm, sterile

Biozym (Hessisch Oldendorf, GER)

MACSQuant® Tyto® Cartridge

Miltenyi Biotec (Bergisch Gladbach, GER)

MACSQuant® Tyto® Running Buffer

Miltenyi Biotec (Bergisch Gladbach, GER)

Pre-separation filter, 70 um

Miltenyi Biotec (Bergisch Gladbach, GER)

Eppendorf Safe-Lock tubes (0.5, 1.5, 2 ml)

Eppendorf (Hamburg, GER)
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Table 2: Instruments/ laboratory devices.

Instrument

Model

Supplier

Thermomixer

Eppendorf ThermoMixer® C

Eppendorf (Hamburg, GER)

Incubator Brutschrank IN75 Memmert (Schwabach, GER)

ISF1-X Adolf Kithner (Birsfelden, CH)

HERACELL 240i Thermo Fisher Scientific (Waltham, USA)
Centrifuge Centrifuge 5424 R Eppendorf (Hamburg, GER)

Multifuge X3R Haraeus Instruments (Hanau, GER)
Photometer NanoDrop ND-1000 Thermo Fisher Scientific (Waltham, USA)

Cultivation device

CliniMACS Prodigy™

Miltenyi Biotec (Bergisch Gladbach,
GER)

Flow Cytometer

MACSQuant® Analyzer 10
MACSQuant® Analyzer X

Miltenyi Biotec (Bergisch Gladbach,
GER) Miltenyi Biotec (Bergisch
Gladbach, GER)

Cell sorter

MACSQuant ® Tyto ®

Miltenyi Biotec (Bergisch Gladbach,
GER)

Freezing container

Mr. Frosty™

Thermo Fisher Scientific (Waltham, USA)

Water bath

SW22 Shaking water bath

JULABO (Seelbach, GER)

Live cell imaging

Incucyte® S3 System

Sartorius (Gottingen, GER)

Imaging System
in vivo

IVIS Lumina 11l
imaging system

Perkin Elmer (Waltham, USA)

Tissue dissociator

gentleMACS™ Octo
Dissociator

Miltenyi Biotec (Bergisch Gladbach,
GER)

Microscope

Leica DM IL LED

Leica Microsystems (Wetzlar, GER)

Surgical Scalpel

Aesculap AG (Tuttlingen, GER)

Cell counter

Sysmex XP-300

Sysmex Deutschland, (Norderstedt,
GER)

Cell culture hood

Hera Safe KS

Thermo Fisher Scientific (Waltham, USA)

Table 3: Kits.

Kit Application Supplier

NucleoSpin Plasmid (NoLid) DNA isolation Macherey-Nagel (Diiren, GER)
Mini kit

NucleoBond Xtra Maxi EF, Maxi kit  DNA isolation Macherey-Nagel (Diren, GER)

(endotoxin-free plasmid DNA)

CD8* T cell Isolation Kit, human

T cell isolation

Miltenyi Biotec (Bergisch
Gladbach, GER)
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CD4* T cell Isolation Kit, human

T cell isolation

Miltenyi Biotec (Bergisch
Gladbach, GER)

Pan T cell Isolation Kit, human

T cell isolation

Miltenyi Biotec (Bergisch
Gladbach, GER)

MACSelect™ LNGFR system

T cell enrichment

Miltenyi Biotec (Bergisch
Gladbach, GER)

MACSPlex Cytokine 12 Kit, human

Cytokine multiplex

Miltenyi Biotec (Bergisch

assay Gladbach, GER)
Inside Stain Kit Fixation Miltenyi Biotec (Bergisch
Gladbach, GER)
2.2 Molecular Biology
Table 4: Media and supplements.
Medium/supplement Composition Supplier

LB medium solid

5 g/l Veggie Yeast Extract
10 g/ Veggie Peptone
5 g/l NaCl

Merck (Darmstadt, GER)
Merck (Darmstadt, GER)
Roth (Karlsruhe, GER)

dissolved in ddH,0 and sterilized through autoclaving

LB medium liquid

5 g/l Veggie Yeast Extract
10 g/l Veggie Peptone

10 g/l NaCl

15 g/I LB Agar

Merck (Darmstadt, GER)
Merck (Darmstadt, GER)
Roth (Karlsruhe, GER)
Roth (Karlsruhe, GER)

dissolved in ddH>0 and sterilized through autoclaving

SOC medium

Super optimal broth with
catabolite repression medium

NewEngland Biolabs (Ipswich,
USA)

Kanamycin 50 mg/ml

used 1:1000

Sigma-Aldrich (St. Louis, USA)

Table 5: Plasmids.

Plasmid Description Source
pCMVdR8.74 CMV promotor, gag, Addgene (Watertown, USA)
pol, rev, RRE
pMDG CMV promotor, VSV-G Addgene (Watertown, USA)
p1293 CMV promoter, rev Miltenyi Biotec (Bergisch
Gladbach, GER)
pl294 CMV promoter, gag, pol, PRE Miltenyi Biotec (Bergisch

Gladbach, GER)
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p1292

CMV promoter, VSV-G

Miltenyi Biotec (Bergisch
Gladbach, GER)

MB_TV_LPC_CD20_eGFP

PGK promotor, 5'LTR,
3'sinLTR, CD20, P2A-eGFP

Miltenyi Biotec (Bergisch
Gladbach, GER)

MB_TV_LPC_020_044

PGK promotor, 5'LTR,
3'sinLTR, Leul6-scFv,
hCD8hinge, CD8-TM, 4-1BB
costim., CD3(, P2A-LNGFR

Miltenyi Biotec (Bergisch
Gladbach, GER)

MB_TV_LPC_020_047

PGK promotor, 5'LTR,
3'sinLTR, Leul6-scFv,
hCD8hinge, CD8-TM, CD28
costim., CD3(, P2A-LNGFR

Miltenyi Biotec (Bergisch
Gladbach, GER)

pLV_dNPM1-TCR

EFla promotor, 5'LTR,

3'sinLTR, dNPM1-TCR B-chain,

T2A, dNPM1-TCR a-chain

Miltenyi Biotec (Bergisch
Gladbach, GER)

pLV_CD33-CAR

EFla promotor, 5'LTR,
3'sinLTR, My96-scFv,
hCD8hinge, CD8-TM, 4-BB
costim., CD3(, P2A, LNGFR

Miltenyi Biotec (Bergisch
Gladbach, GER)

Abbreviations: CMV: Cytomegalovirus; gag: group specific antigen; pol: polymerase; RRE:
rev response element, VSV: vesicular stromatitis virus; LTR: long terminal repeat; PGK
phosphoglycerate kinase, EFla: elongation factor-1 alpha; scFV: single-chain variable
fragment; TM: transmembrane

2.3 Cell culture media, supplements and reagents

All cell culture media and supplements were stored according to manufacturer’s

instructions and handled under sterile conditions.

Table 6: Media and supplements.

Medium/ Supplier/ Composition

oMEM (PAN-Biotech, Aidenbach, GER)

+ 20% FCS

RPMI 1640 w/o L-glutamine (Biowest Nuaillé,
France)

+10% FCS

+ 2mM L-glutamine

Medium/ Supplement
Oci-AML medium

Raji/ Sup-T1 medium
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HEK293T medium

DMEM high glucose w/ L-glutamine
w/ sodium pyruvate (Biowest Nuaillé, France)
+10% FCS

T cell medium

TexMACS GMP medium (Miltenyi Biotec,
Bergisch Gladbach, GER)

+12.5 ng/ml IL-7

+12.5 ng/ml IL-15

+ 3% human AB-serum

Fetal Calf Serum, FCS-Maximus

Catus Biotech (Tutzing, GER)

Human AB serum

Capricorn Scientific, Ebsdorfergrund, GER

L-glutamine, 200 mM

Lonza (Basel, CH)

T cell TransAct™, human

Miltenyi Biotec (Bergisch Gladbach, GER)

MACS® GMP T cell TransAct™

Miltenyi Biotec (Bergisch Gladbach, GER)

MACS® Recombinant human IL-7

Miltenyi Biotec (Bergisch Gladbach, GER)

MACS® Recombinant human IL-15

Miltenyi Biotec (Bergisch Gladbach, GER)

Freezing medium cell lines 10% DMSO
90% FCS

Freezing medium primary T cells 40% TexMACS GMP medium
10% DMSO
50% AB Serum

Table 7: Buffers and reagents.

Buffer/Reagents Supplier

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich (St. Louis, USA)

MACS® BSA Stock Solution

Miltenyi Biotec (Bergisch Gladbach, GER)

ClinicMACS® PBS/EDTA Buffer

Miltenyi Biotec (Bergisch Gladbach, GER)

MACSQuant bleach solution

Miltenyi Biotec (Bergisch Gladbach, GER)

MACSQuant storage solution

Miltenyi Biotec (Bergisch Gladbach, GER)

MACSQuant washing solution

Miltenyi Biotec (Bergisch Gladbach, GER)

MACSQuant running buffer

Miltenyi Biotec (Bergisch Gladbach, GER)

Pancoll

Pan-Biotech (Aidenbach, GER)

Gibco™ PBS, pH 7.2

Thermo Fisher Scientific (Waltham, USA)

Accutase® Cell Detachment Solution

BioLegend (SanDiego, USA)

Polyethylenimine, MW 25000 (PEI)

Polyscience (Warrington, USA)

Sodium butyrate

Sigma-Aldrich (St. Louis, USA)

CliniMACS® Formulation Solution

Miltenyi Biotec (Bergisch Gladbach, GER)

Red blood cell lysis buffer

Miltenyi Biotec (Bergisch Gladbach, GER)
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D-Luciferin, Potassium Salt

GoldBio (St. Louis, USA)

Isoflurane

Zoetis (New Jersey, USA)

MACS® Quant calibration beads

Miltenyi Biotec (Bergisch Gladbach, GER)

CliniMACS CD8 Reagent

Miltenyi Biotec (Bergisch Gladbach, GER)

CellTrace™ Violet

Thermo Fisher Scientific

Anti-APC MicroBeads

Miltenyi Biotec (Bergisch Gladbach, GER)

Anti-PE MicroBeads, UltraPure

Miltenyi Biotec (Bergisch Gladbach, GER)

Table 8: Cell lines.

Name

Application

Source

Oci-AML2 cl. 20 (GFP*)

Target cell line in vitro

Leiden University

Oci-AML3 cl. 22 (GFP*)

Target cell line in vitro

Leiden University

Oci-AML3 m. 10
(tdTomato*/FFluc?)

Target cell line in vivo

Leiden University

Oci-AML3P33ke (GFP*)

Target cell line in vitro

Oci-AML3 cl. 22 modified by
Miltenyi Biotec

Raji"T (GFP*/FFluc?)

Target cell line in vitro

ATCC CCL-86 modified by
Miltenyi Biotec

Raji®®2%e (GFP*/FFluc?)

Target cell line in vitro

ATCC CCL-86 modified by
Miltenyi Biotec

HEK293T

Lentiviral vector production

ATCC CRL-3216

Sup-T1

Lentiviral vector titration

ATCC CRL-1942

2.4 Conjugated antibodies

All antibody conjugates were obtained from Miltenyi Biotec (Bergisch Gladbach, GER) and

applied in a dilution of 1:50 for flow cytometric analysis and sorting.

Table 9: Antibodies and staining reagents.

Specificity Conjugate Clone
dNPM1-HLA-A*02 Tetramer PE -
CD33-CAR detection reagent Alexa Fluor® 647 -
CD271 (LNGFR) APC/ PE REA844
CD8 VioBlue®/ FITC/ APC-Vio® 770 REA734
CD4 VioBlue®/ VioGreen™/ APC REA623
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CD95 PE-Vio770® REA738
CD45R0O APC/ APC-Vio 770° REA611
CD62L PE-Vio® 770/ PE REA615
CD223 (LAG-3) APC/ APC-Vio® 770 REA351
CD366 (TIM-3) PE-Vio® 770 REAG636
CD45 VioBlue® REA747
CD3 FITC REA613
CD16 PE REA423
CD56 PE REA196
CD20 PE-Vio® 770 REA780
CD14 APC REA599
CD137 (4-1BB) PE REA765
CD25 APC-Vio® 770 REA570
CD15 APC VIMC6
CD33 APC REA775
Ter-119 (anti-mouse) PerCP-Vio® 700 REA847
7-AAD Staining Solution - -
Propidium lodide Solution (PI) - -

2.5 Software

Table 10: Software.

Software Supplier

Flowlogic 8.4 Inivai Technologies (Mentone Victoria, AUS)

MACSQuantify™ 2.13.0 Miltenyi Biotec (Bergisch Gladbach, GER)

Geneious Prime 2023.0.1 Biomatters (Boston, USA)

GraphPad Prism 8.2.1 GraphPad Software (Boston, USA)

Living Image® 4.5.2 Perkin Elmer (Waltham, USA)
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3. METHODS

3.1 Molecular biology methods

3.1.1. Transformation of competent E. coli

Transformation of NEB 5-alpha competent E. coli DH5a (New England Biolabs, Ipswich, US)
was performed by thawing the E. coli on ice for 10 mins and subsequently adding < 1 pg
DNA. Cells were carefully mixed by flicking the vial 4-5 times and then placed on ice for half
an hour. After heat shock for exactly 30 seconds at 42°C the vial was immediately placed
on ice for 5 mins. For outgrowth and efficient recovery of the cells, 950 ul SOC media was
added to the tube and incubated at 37°C for 45 mins while vigorously shaking the tube at
250 rpm. The cells were centrifuged at 8000 x g for 1 min and after discarding the
supernatant, 20-50 ul were transferred on pre-warmed selection plates supplemented with
50 pg/ul Kanamycin. After incubation at 37°C for 16 hours, a single transformed bacteria
colony was transferred to 3 ml of LB medium containing 50 pg/ul Kanamycin. The culture

was incubated overnight at 37°C and 280 rpm for plasmid amplification.

3.1.2. Amplification and isolation of plasmid DNA

DNA isolation was performed using NucleoSpin Plasmid Mini kit (Macherey-Nagel, Diren,
GER) according to manufacturer’s instructions. Subsequently, maxi preparation was
performed using NucleoBond Xtra Maxi EF kit (Macherey-Nagel, Diren, GER) according to
manufacturer’s instructions. DNA concentrations were determined using NanoDrop ND-
1000 spectro-photometer, based on the typical absorption maximum of 260 nm. Finally, Sanger
sequencing was performed by GATC using appropriate sequencing primers and results were

analyzed via Geneious Prime.

3.2 Cell culture methods

3.2.1 Cell cultures

All cell lines were cultured at 37°C and 5% CO; in appropriate media (Table 6, chapter 2.3).
The cell concentrations were maintained according to suppliers recommendations by

splitting the cultures two to three times a week. Adherent HEK293T cells were detached by
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removing the culture medium, washing the cells with PBS and incubating 2.5 ml of Accutase
for 5 min at 37°C. Next, 7.5 ml fresh media was added and the desired volume was

transferred to a new culture flask.

3.2.2 Cryopreservation and thawing of cell lines and primary T cells

Cell lines and primary T cells were frozen in respective freezing medium as depicted in
(Table 6, chapter 2.3). In both cases, the cell suspension was centrifuged at 300 x g for 5
min, resuspended in freezing medium. Cell lines and primary cells were frozen at a final
concentration of 1x107 cells/ml and 5x10’ cells/ml per cryo vial, respectively. Cryo vials
were immediately placed in a pre-cooled Mr. Frosty™ and after 24 hours at -80°C, frozen

cells were transferred to storage in liquid nitrogen.

Thawing of cells was performed by placing the vials in water bath at 37°C. Next, the cell
suspension was immediately transferred into 10 ml fresh medium and centrifuged for 10

min at 300 x g. The cell pellet was resuspended in fresh medium and taken into culture.

3.2.3  Cryopreservation and thawing of leukapheresis

The leukapheresis (LP) was obtained from a healthy donor (Biomex, Heidelberg, GER) and
used for large-scale manufacturing of engineered T cells using the CliniMACS Prodigy™.
After transferring the LP into a 600 ml transfer bag, CliniMACS® Formulation Solution was
added to a final volume of 600 ml. Next, the transfer bag was sterilely connected to a
second transfer bag and centrifuged at 200 x g for 15 min. After this washing step, the
plasma was carefully removed via a plasma extractor and cells were diluted in 100 ml pre-
cooled CliniMACS® Formulation Solution. A sample of 100 ul was analyzed via flow
cytometry to determine cellular composition and cell count. Finally, 2x10° total white blood
cells in a final volume of 66 ml were transferred into a CryoMACS® Freezing Bag 500. Next,
34 ml of pre-cooled Cryo Supplement 3x was added, a sterile syringe was used to remove
remaining air and the bag was closed. After using Consarctic BV-40 (Westerngrund, GER)

for gentle freezing of the LP, cells were transferred to storage in liquid nitrogen.

After thawing the LP in water bath at 37°C, the cell suspension was immediately transferred
into 600 ml transfer bag containing 180 ml TexMACS™ medium. Automated CD8* T cell

isolation, transduction and cultivation was performed using the CliniMACS Prodigy™.
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3.2.4 Isolation and cultivation of primary human T cells

For all in vitro experiments, T cells were isolated from 1-2 days old buffy coats of healthy
donors after informed consent (University hospital Hagen or Dortmund). First, 25 ml of
anticoagulated blood sample were diluted with 10 ml of CliniMACS® PBS/EDTA buffer
supplemented with 0.5 % MACS® BSA (PEB). A new 50 ml falcon containing 15 ml Pancoll
was prepared and the diluted blood sample was carefully layered on top of the Pancoll by
tilting the falcon by at least 45 degree. Density gradient centrifugation was performed at
445 x g for 35 min (acceleration: 3, deceleration: 3). PBMC were carefully transferred into
a new falcon, PEB was added to a final volume of 50 ml. After centrifugation for 15 min at

300 x g, supernatant was discarded and washing step was repeated with 200 x g for 10 min.

3.2.5 Cell surface marker staining and flow cytometry analysis

Up to 1x10° cells were transferred in a 96-well U-bottom plate and centrifuged at 300 x g
for 5 min. After resuspending the cell pellet with 200 pl PEB and centrifuging at 300 x g for
5 min, 50 ul of the antibody mixture (diluted in PEB according to manufacturer’s
instructions) was added to the cells. All antibody stainings were performed in the dark at
4°C for 10 min. Tetramer staining was performed at room temperature, also in the dark for
10 min. Tetramer staining was always performed as first step and separated from the
subsequent antibody staining. Viability staining was either performed through addition of
7-AAD to the antibody mixture or via PI staining right before analysis. Finally, 150 ul PEB
were added and cells were washed twice by centrifuging for 5 min at 300 x g and

resuspending the cell pellet in 100 ul - 200 ul PEB.

Analysis was performed at MACSQuant® Analyzer 10 or MACSQuant® X, which was prior
calibrated using MACSQuant® calibration beads. Data analysis was performed using
Flowlogic 8.4. Generally, the gating strategy was always performed according Figure 4 and
consisted of first debris exclusion (FSC/SSC), next gating of singlets (SSC-H/SSC-A), and
finally gating of viable cells (7-AAD" or PI). Subsequent gates were set based on fluorescent

minus one (FMO) controls or negative controls.

27



METHODS

3.3 Gene engineering
3.3.1 Lentiviral vector production

Three days prior to transient transfection, 4.5x10° or 5x10” HEK293T cells were seeded in
a T175 flask or for large-scale production in a five chamber Corning® CellSTACK®,

respectively. At day of transfection, confluence of HEK293T was between 70% - 90%.

Depending on the transfer plasmid, a different plasmid system was used. Plasmids listed in
Table 5 beginning with “pLV” or “MB_TV_LPC” were used in the 4-plasmid or 3-plasmid

system (Table 11), respectively.

Table 11: Transfection with 4-plasmid and 3-plasmid system.

4-plasmid system ug of total/ 100% | 3-plasmid system ug of total/ 100%
p1292 (VSV-G) 17.4% pMDG 10%

p1294 (gag/pol) 26% pCMVdR8.74 37%

p1293 (rev) 13% - -

pLV_transgene 43% MB_TV_LPC transgene 51%

A fresh aliquot of PEl was thawed, vortexed for at least 1 min and added to the appropriate
volume of DMEM without supplements (Table 12). Next, DNA solution was prepared by
adding DMEM to the prepared plasmid mixture, as described in Table 11. Both solutions
were vortexed for at least 1 min. Afterwards, the PEl solution was added to the DNA
solution and the resulting transfection mix was again vortexed for not less than 1 min. After
incubation at room temperature for 20 min, the medium was completely removed from

the cell culture flasks and replaced by dropwise adding the transfection mix.

Table 12: DNA and PEI solution for transient transfection.

DNA solution T175 5CF PEI solution T175 5CF

1. DNA [pg] 35.1 634.8 1. DMEM [pl] 3360 60500
2. DMEM [pl] 3464.9 62368.2  |2. PEI[uI] 140 2500
Total volume [ul] | 3500 63000 Total volume [ul] | 3500 63000

FCS was added to the cell culture flasks as described in Table 13 after 4 - 6 hours of
incubation at 37°C. The following day, 520 ul/ T175 flask or 10 ml/ 5CT of sodium butyrate

were added in order to enhances the viral titer through histone deacetylase inhibition'°.
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Table 13: Volume of FCS.

DNA solution T175 5CF
FCS [ml] 2.5 50
Total volume [ml] 26 500

After 48 hours, the supernatant containing lentiviral vectors (LVs) was harvested,
centrifuged at 300 x g to remove residual cells and filtered through a 0.45 um filter.
Optionally, new medium was added to the cells for a second harvest after in total 72 hours.
Centrifugation at 4700 x g and 4°C for 24 hours was performed to achieve concentration of
the vector particles. After discarding the supernatant, the LVs were resuspended in pre-
cooled TexMACS™ medium (100- to 200-fold concentration), incubated 10 min at 4°C and
resuspended by pipetting ~ 60 times up and down. Finally, the LVs were aliquoted and
stored at -80°C.

3.3.2 Lentiviral vector titration

SupT1 cells were transduced with a serial dilution of lentiviral vectors in order to determine
the titer. 2 x 10° SupT1 cells were seeded in a 96-well U-bottom plate in 100 pul RPMI 1640
supplemented with 2mM L-glutamine. Next, a serial dilution with the LVs was prepared and
added to the cells by mixing gently (total lentiviral vector volume per well: 3 ul, 1 pl, 0.1 pl,
0.01 pl, O ul). After incubation for 4 - 6 hours at 37°C, 90 pl/ well of pre-warmed complete
RPMI 1640 media supplemented with 2mM L-glutamine and 10% FCS was added to the
plate. The transduction efficiency was analyzed 4 days later by flow cytometry and the titer

(TU/ ml) calculated based on following equation:

. TU cell number transduction ef ficiency [% LVV [ml
Titer [—] = ( X ( 10£f 4l O])> x LV mi]

ml well well

3.3.3  Generation of CD20-expressing Oci-AML2 and Oci-AML3 cells

1 x 10® Oci-AML2 (cl. 20) or Oci-AML3 (cl. 22) cells were seeded in a 48-well plate in aMEM
medium (without supplements) and transduced with different volumes of LV encoding
recombinant CD20 protein (Table 5). After 4 - 6 hours, 200 pl FCS was added per well (£
20% FCS). Transduction efficiency was analyzed after 5 days. Next, single cell clones were

produced by seeding seeded ~ 0.3 cells per well in a flat-bottom 96-well plate. The
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compared to Raji"" cells as displayed in Figure 3.
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Figure 3: Cell line engineering of CD20-expressing Oci-AML cell clones for studying dual
stimulation in cis. Raji¥T cells were used as control cell line and Oci-AML2¢%2%* and Oci-
AML3¢P20+ cel| clones displaying a CD20 MFI of 156 (green histogram) were used for in vitro
functionality testing.

The expanded CD20* Oci-AML cell clones were frozen and stored in liquid nitrogen

according to chapter 3.2.2.

3.3.4 Small-scale lentiviral transduction

T cells were isolated from PBMCs as described in chapter 3.2.4. T cells were seeded in a
concentration of 1 x 10° cells per ml in a 24-well plate containing 2 ml per well. The
TexMACS™ medium was supplemented with 12.5 ng/ml IL-7 and IL-15 and TransAct™
diluted 1:100. The following day, LVs were added to the cells and carefully resuspended.
On day 3, the supernatant containing TransAct™ and potentially residual LVs was removed
and new TexMACS™ medium was supplemented with 12.5 ng/ml IL-7 and IL-15 was added.

Transduction efficiency was measured on day 6 using flow cytometry analysis.

3.3.5 Large-scale automated manufacturing of engineered T cells

Manufacturing of gene-engineered T cells for the in vivo study was performed using the
GMP-compliant, fully-closed and automated CliniMACS Prodigy™ platform-based TCT
process (version 8.4). Priming of the applied TS520 tubing set was performed using
CliniMACS® PBS/EDTA supplemented with 0.5% human serum albumin. The LP was thawed
as described in 3.2.3 and sterile connected to the previously primed tubing set. As displayed
in Table 14, a different manufacturing protocol was used for the condition “sorted

CAR'TCR-T cells”, meaning that after using the TCT 8-day process, the double-positive cells
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were enriched and subsequently cultured for one more week. In parallel, the other

conditions (TCR-T, CAR-T, Triple-T) were produced using the 12-day TCT process (Table 14).

In both processes CD8" T cells were magnetically enriched on day 0 and the purity was

subsequently determined by analyzing the cellular composition via flow cytometry. 7-10 x

107 CD8* T cells were prepared for activation via TransAct™. The following day, LV were

diluted in TexMACS™ GMP medium in a total volume of 10 ml and sterile welded to the

tubing set. LVs encoding CD33-CAR or dNPM1-TCR were applied at MOls of 35 and 25,

respectively. Co-transduction (in case of Triple-T) was achieved through mixing of the two

lentiviral vectors CD33-LV and dNPM1-LV.

Table 14: Activity matrix 8-day and 12-day process.

8-day Activity Vol [ml] 12-day Activity Vol [ml]
-1 |Medium preparation + - -1 |[Medium preparation + -
tubing set installation tubing set installation
0 CD8 enrichment - 0 CD8 enrichment -
1 Transduction 100 1 Transduction 100
3 Culture wash 200 3 Culture wash 200
3 | Activate shaker type 2 200 3 Volume reduction 100
5 Media exchange 200 (£50) 5 Feed 150 (+50)
6 Media exchange 200 (+130) 5 Media exchange 150 (+50)
6 |Activate shaker type 3 200 6 Feed 200 (+50)
7 Media exchange 200 (+130) 6 Media exchange 200 (+130)
8 End of culture - 7 Media exchange 200 (+130)
8 Media exchange 200 (+130)
(2x/day)
9 Media exchange 200 (+130)
10 Media exchange 200 (£130)
(2x/day)
11 Media exchange 200 (+130)
12 End of culture -

After harvest, cell numbers and transduction efficiency were determined via flow

cytometric analysis. Accordingly, the various conditions were prepared for in vivo

intravenous (i.v.) injection.
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3.3.6  Sorting of gene-engineered T cells

For comparison reasons, all of the in vitro experiments were performed with previously
sorted gene-engineered T cells. The cells were stained for CD8 and transgenic TCR and/or
CAR expression according to staining protocol in 3.2.5. In order to ensure optimal detection
in MACSQuant® Tyto®, containing a 405 nm, 488 nm and 638 nm laser, cells were stained
with CD8-VioBlue®, CD33-CAR detection reagent conjugated to Alexa Fluor® 647 and
dNPM1-TCR-specific Tetramer labeled with PE. Finally, 2 - 3 x 107 cells were resuspended
in 10 ml of PBS-based MACSQuant® Tyto® running buffer. The sample was loaded through
a 70 um filter into a syringe, which was connected to the input chamber of a previously
primed Tyto Cartridge HS. Using the plunger, the cells were then carefully transferred into
the input chamber. Sorting was performed using the MACSQuant® Tyto® with software
version cap 1.0. The gating strategy included determining noise threshold via backscatter
signals, and TCR* and/or CAR* gene-engineered CD8* T cells. After completion of the sort,
the cells were carefully collected from the positive output chamber using a capillary pipette
tip and by washing several times. A sample was analyzed via flow cytometry to determine
the total cell number and the sort efficiency. Finally, the cells were re-activated using
TransAct™ (1:500) and cultured in a concentration of 1 x 108 cells for 5 - 7 days before

assessing the functionality.

3.4 Functional analysis of engineered T cells

3.4.1 Flow cytometry-based co-culture assay

All flow cytometry-based co-culture assays were performed in 96-well U-bottom plate with

1 x 10*target cells and in TexMACS™ medium without supplements.

In order to distinguish between the lysis of two different cell lines, which were mixed
together, one of the cell lines was stained with Violet CellTrace™. Selective analysis was
hence possible through gating on GFP* and GFP*/VioBlue®* cells as exemplarily shown in
Figure 4, displaying the generally applied gating strategy. This was especially required for
co-culture with trans stimulation, meaning CAR- and TCR-target on two different cell lines.
CellTrace™ working concentration (5uM) was prepared by adding 20 pl of DMSO to the
stock solution according to manufacturer’s instruction. Staining was performed by

resuspending 1 x 108 target cells in 1 ml of 0.1 nM and incubate for 5 min at 37°C. Next, 5
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ml of complete aMEM medium supplemented with FCS was added to the cells and
incubated for 5 min at 37°C. Finally, the cells were centrifuged at 300 x g for 5 min and
resuspended in fresh TexMACS™ medium without supplements after completely removing
the supernatant. A sample was analyzed via flow cytometry to determine staining efficiency

and cell concentration.

Debris exclusion Singlets Viable cells Target cells

) 4!'?’; | 1e2d a @
,::{@fgf e

GFP

VioBlue®

Figure 4: Gating strategy for analysis of the flow-cytometry-based killing assay. Gating
strategy including debris and doublets exclusion via SSC-A/FSC-A and SSC-A/SSC-H,
respectively. Pl staining was applied for detection of viable cells. Finally mixed target cell
lines were distinguished via GFP expression (FITC) and Violet CellTrace™ staining (VioBlue®).

Next, 100 ul of target cells was co-cultured with 100 ul of effector cells per well. Effector
cells were transduced, cultured and optionally sorted as described in the previous chapters.
In the case that effector cells were not enriched prior to co-culture, untransduced cells
were spiked-in to normalize all conditions and donors to equivalent and comparable

transduction efficiencies.

In general, every condition was tested in duplicates. Effector cell concentration was
prepared to achieve an E:T ratio of either 2:1 or 1:1, as indicated in the figure legends of
the respective experiments. Finally, the plate was centrifuged for 1 min at 100 x g to ensure
close proximity of all cells. After 18 - 20 hours at 37°C and 5% CO,, target cell count was
determined via MACSQuant® 10 or MACSQuant® X by setting the analysis parameters on
mix/ shake gentle, addition of PI (1:00) and measuring a fixed uptake volume of 50 pl for
each well. Killing frequency in percent was then calculated by normalizing the target cell

count upon treatment to the condition target cells only.

3.4.2 Live cell imaging-based co-culture assay

In parallel to analysis via flow cytometry, in vitro target cell lysis upon long-term co-culture
was optionally also determined using cell imaging via Incucyte® S3 system. Cell
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concentrations were applied according to 3.4.1. However, staining with Violet CellTrace™
was not performed, as only GFP* cells could be detected. This explains, why no
differentiation between CAR- or TCR-target cells was possible regarding the trans setting.
Due to microscope-based analysis, co-cultures were prepared in 96-well U-bottom plate,
centrifuged for 1 min at 100 x g and then placed in the Incucyte® S3 system at 37°C. The
acquisition time for the brightfield and the fluorescent imaging channel was set to 300
msec. Every 2 hours, GFP fluorescent intensity of 4 pictures per well was analyzed using
standard scan type. Repetitive stimulation was achieved removing 100 pl of supernatant of
the co-culture and subsequently adding 1 x 10*target cells in 100 ul of TexMACS™ medium.
As previously, the plate was centrifuged for 1 min at 100 x g before continuing live cell
imaging. Finally, the Incucyte® S3 system analysis software was used to develop a suitable
mask, which is differentiation between GFP* target cells and GFP- effector cells. The GFP
signal was then quantified by analyzing the integrated intensity per well normalized to start

of the measurement.

3.4.3 Cytokine release assay

Before measuring the target cell lysis upon in vitro co-culture experiments, 70 pl
supernatant per well was collected from the plate and stored at -20°C. After thawing,
duplicates were pooled and cytokine concentrations was analyzed in 50 ul per condition

using MACSPlex Cytokine 12 Kit, human according to manufacturer’s instructions.

3.4.4 Whole transcriptome analysis

Effector cell for bulk RNA-sequencing (RNA-seq) analysis were manufactured according to
previous chapters by isolation of CD8* T cells from PBMC, transduction with LV-CD33-CAR
and/or LV-dNPMI1-TCR, sorting of transduced cells using MACSQuant® Tyto® and
subsequent cultivation for 7 more days. 1 x 10° effector cells were co-cultured with 0.5 x
106 target cells in a total volume of 1.5 ml per 24-well plate well. After 18 hours at 37°C and
5% CO,, depletion of target cells was performed to achieve high purity of effector cells:
After centrifugation at 300 x g for 5 min, samples were washed with 5 ml PEB. The cells
were incubated for 10 min at 4°C with CD4-PE and CD15-PE antibodies and washed with 5
ml PEB. Next, anti-PE MicroBeads were added according to manufacturer’s instructions and

incubated for 10 min at 4°C. The labeled target cells were then depleted via an LS column
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and the untouched effector cell fraction was prepared for bulk RNA-seq by the NGS facility

of Miltenyi Biotec. Data analysis was performed by Miltenyi Biotec Bioinformatics.

3.5 In vivo study

The in vivo study was approved by the local ethics committee (Landesamt fir Natur,
Umwelt und Verbraucherschutz Nordrhein-Westfalen). European (EU, Directive
2010/63/EU) and German guidelines for protection of laboratory animals, including the
animal welfare act (TierSchG §§ 7-9) and the laboratory Animal Welfare Ordinance

(TierSchVerV), were followed.

3.5.1 CAR’TCR-T efficacy study

Female immunodeficient NOD.Cg-Prkdcsd [L2rgt™Wil/Sz) (NSG) mice (Charles River
Laboratories, Wilmington, USA) were kept in individually ventilated IVIC SMUC cages in
groups of 4 - 5 animals with food and water provided ad libitum. The experiment was
initiated 10 days after arrival of the mice to ensure slow adaptation to the housing

conditions and the wellbeing of all animals was monitored daily.

1 x 10° Oci-AML3"¢ m.10 cells diluted in 100 pl PBS were injected intravenously via the
tail vain and engrafted for 4 days. The day after randomization, 5 x 108 gene-engineered T
cells (normalized to total of 7.9 x 10° cells) diluted in 100 pl CliniMACS® Formulation
Solution were injected intravenously. Tumor growth was monitored twice a week using the
in vivo imaging system IVIS Lumina lll. For this purpose, 100 ul D-Luciferin potassium salt
dissolved in PBS (final concentration: 30 mg/ml) was injected intraperitoneally (i.p.) and
IVIS measurement was performed after 6 min under anesthetization using 2.0 % (v/v)

isoflurane (Zoetis, Zirich, CH).

3.5.2  Exvivo analysis of spleen

Each step was performed on ice. Spleens were transferred into gentleMACS™ C Tubes
prefilled with 5 ml RPMI 1640 medium and dissociated using the gentleMACS™ Octo
Dissociator with program m_spleen_01_01. The spleen samples were filtered through a 70

pm MACS SmartStrainer and subsequently centrifuged at 300 x g for 5 min. After discarding
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the supernatant, the pellet was resuspended in 200 ul PEB and transferred to a 96-well U-

bottom plate for staining.

3.5.3  Exvivo analysis of bone marrow

Femur and tibia were removed from the mice and residual tissue was removed completely.
A hole was punched into a 0.5 ml tube placed in a larger 1.5 ml tube. Both ends at the
epiphyses of femur and tibia were opened and the bones were placed in the 0.5 ml tube.
After adding 100 pl PBS and centrifugation at 8000 rpm for 10 min at 4°C, the cell pellet
was resuspended with 1 ml 1x RBC lysis buffer and incubated at room temperature for 5
min. Again, the cells were centrifuged at 300 x g for 5 min and resuspended in 200 ul PEB

for staining in a 96-well U-bottom plate.

3.5.4 Flow cytometric analysis of spleen and bone marrow

Tissue samples were stained in a volume of 50 ul using a two-step staining protocol as

described in Table 15.

Table 15: Ex vivo staining protocol.

Step Staining reagent Incubation
1 dNPM1-TCR-specific Tetramer 10 min, room temperature, dark
wash with 150 ul PEB/ well, centriguation at 300 x g for 5 min
2.1. 7-AAD (1:10) 10 min, 4°C, dark
(phenotype) CD8-FITC
CD4-VioBlue®
CD33-APC

Ter-119-PerCP-Vio® 700
CD45R0O-APC-Vio® 770
CD62L-PE-Vio® 770

2.2. 7-AAD (1:10) 10 min, 4°C, dark
(exhaustion) CD8-FITC
CD4-VioBlue®
CD33-APC

Ter-119-PerCP-Vio® 700
CD223- APC-Vio® 770
CD366-PE-Vio® 770
wash with 150 ul PEB/ well, centriguation at 300 x g for 5 min (twice)

resuspending cell pellet in 200 ul PEB/ well and transfer to 96-well deep well plate
addition of 200 ul InsideFix solution/ well
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Flow cytometric analysis was performed using MACSQuant® 10 with the following
parameter settings: volume uptake: 350 ul, total volume: 400 ul, mix gentle, flow rate:

medium. Bleach solution was applied after every 2 - 3 tissue samples.

3.6 Statistics

GraphPad Prism software 8.1.2. (GraphPad, USA) was used for statistical data analysis. The
applied statistical method, number of biological replicates (donors) as well as number of
independent experiments is mentioned in corresponding figure legends. Significance was
defined by a p-value of £ 0.05 (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001, and ns

= not significant).
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4. RESULTS

4.1 Functionality of dNPM1-TCR

In order to evaluate the functionality of T cells simultaneously expressing a transgenic TCR
and a CAR, a decisive prerequisite was to understand the characteristics of the two
constructs by itself. First aim was to confirm that the reported 4bp TCTG insertion in Exon
12 of chromosome 5q35, which causes a frame shift and encodes for the neoantigen
CLAVEEVSL!®?, can be found in the Oci-AML3 target cell line. To this end, genomic DNA was
isolated from two target cell lines Oci-AML2 (wtNPM1) and Oci-AML3 (dNPM1) and NPM1
PCR fragments were analyzed by Sanger sequencing (Figure 5). As expected, Oci-AML2-
derived DNA displayed the wtNPM1 sequence, while the dNPM1-specific 4bp TCTG
insertion was found in DNA isolated from Oci-AML3.
G-TA'I_I'-AA;GAT-:T%é;‘eGTV?IGAgGAA‘éiGT?'l'-"I_I_I'A»’A:'GAAAQTA(SS'iﬁ Exon 12

A 1 Q D
Exon 12

NYW WA N\ VYV Ao\ oci-amL2
GCTATTCAAGATCTCTGGCAGTGGAGGAAGTCICTTTAAGAAAAIMAGTTTA

4bp
G-TA'I_I'-AAGAT-T-TCT-TGL-AGTGGAGGAAGT-T-TTTAAGAAAATAG
A vV I vV S HEE R K

A EETQEEDEEEE Exon 12 (mut.)

ANY YV LY VY VYV IV VY 1A [NV VY VVVY ~\\ Oci-AML3
GCTATTCAAGATCTCTTCTGIECAGTGGAGGAAGTCTCTTTAAGAAAATAG

Figure 5: Genomic characterization of Oci-AML2 and Oci-AML3 target cells. DNA isolated
from Oci-AML2 and Oci-AML3 cell line was analyzed for dNPM1 mutation (4bp TCTG insertion
in Exon 12 of chromosome 5q35) using Sanger sequencing.

Next, the aim was to verify functionality and specific lysis of Oci-AML3 cells via the dNPM1-
TCR. Especially in light of the restriction to MHC class | HLA-A*02:01, a dependency on the
interaction with the CD8 co-receptor was expected!®>’!, Therefore, it was crucial to
compare the functionality of the dNPM1-TCR in CD8* versus CD4* T cells. As displayed in
Figure 6 A, only CD8" T cells transduced with dNPM1-TCR specifically lysed dNPM1-
expressing Oci-AML3 target cells. In contrast, significantly decreased cytotoxicity was
observed upon co-culture with dANPM1-TCR* CD4* T cells, which displayed a level of target
cell lysis comparable to CD4* or CD8* untransduced (UTD) T cells. Accordingly, activation-

induced secretion of pro-inflammatory cytokines such as IFN-y, TNF-a, GM-CSF and IL-2
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were only detected upon co-culture of AINPM1-TCR* CD8* T cells with Oci-AML3 target cells
(Figure 6 B).

A Oci-AML3 (dNPM1) Oci-AML2 (WtNPM1)

1 UTD-T
3 TCR-T

Target cell lysis [%)]

UTD TCR UTD TCR UTD TCR UTD TCR
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B Oci-AML3 (dNPM1) Oci-AML2 (wtNPM1)
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Figure 6: Functionality of CD4* and CD8* T cells expressing dNPM1-TCR. (A) Lysis of Oci-
AML3 (dNPM1) or Oci-AML2 (WwtNPM1) target cells upon 18 hours co-culture with either CD4*
or CD8* UTD-T (untransduced) or dNPM1-TCR* T cells. Box and whiskers plot shows individual
and median values of seven different donors from three independent experiments. The p-
values were calculated using ordinary one-way analysis of variance with Tukey’s correction
for multiple comparison (ns = not significant, **p < 0.01). (B) Cytokine secretion upon 18
hours co-culture of either CD4* or CD8* UTD-T (untransduced) or dNPM1-TCR T cells with
Oci-AML3 or Oci-AML2. Shown are individual and mean values +SEM of five different donors
from two independent experiments.
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4.2 Combination of dANPM1-TCR and CD20-CAR

4.2.1 Manufacturing of ANPM1-TCR*/CD20-CAR* CAR’TCR-T cells

Based on the previous finding that the dNPM1-TCR is non-functional in CD4* T cells, the
subsequent co-transduction experiments were performed with CD8* T cells only. For the
initial proof of concept experiments, the dNPM1-TCR was combined with the clinically well-
established second-generation Leul6-derived CD20-CAR with 4-1BB costimulatory domain.
A polycistronic construct encoding for both CAR and TCR would reach a transfer vector size
of almost 10 kbp and consequently the vector capacity limit. Therefore, manufacturing of
dual-specific T cells was facilitated through co-transduction with two different LVs encoding
either CD20-CAR or dNPM1-TCR. In this regard, it was crucial to ensure that the co-
transduction does not influence the expression level of neither CAR nor TCR. As displayed
in Figure 7 A, no significant difference in MFI was observed between dual-specific CAR'TCR-
T cells and single-transduced CAR-T or TCR-T cells, suggesting equivalent expression levels

despite co-transduction.

The overall transduction efficiency was relatively low, only achieving up to 10% of double-
positive CAR*/TCR* T cells (Figure 7 B). Therefore, cell sorting via dNPM1-TCR and/or
dLNGFR as reporter gene co-expressed with the CAR, was performed to ensure high purity
of transduced cells (> 80%) and comparability between all tested conditions for subsequent
functionality experiments. Transduction levels are exemplarily displayed pre- and post-

sorting in Figure 7 C.
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Figure 7: Manufacturing of CD20-CAR- and dNPM1-TCR-co-expressing CAR’TCR-T cells.
(A) MFI and (B) transduction efficiency of dLNGFR (reporter gene co-expressed with CAR)
and dNPM1-TCR in CAR-T, TCR-T or CAR’TCR-T cells on day 6 post-transduction. Shown are
individual and mean values +SD of five different donors from two independent experiments.
The p-values were calculated using ordinary one-way analysis of variance with Tukey’s
correction for multiple comparison (ns, not significant). (C) Exemplary flow cytometry plots
of one representative donor expressing TCR+, CAR+ or TCR+/CAR+ double-positive T cells
pre- and post-sorting by staining with anti-dLNGFR antibody and dNPM1-TCR-specific pMHC
tetramer.

4.2.2  Functionality of CD20-CAR*/dNPM1-TCR* CAR’TCR-T cells

After ensuring that co-expression of CAR and TCR does not influence the respective
expression levels, next goal was to assess the functionality of CAR’TCR-T cells. Functionality
of the enriched CAR'TCR-T cells, co-expressing CD20-CAR and dNPM1-TCR, was assessed
by analyzing the anti-tumor activity during co-culture experiments. The experimental set-
up is illustrated in Figure 8. Different target cell mixtures were applied in order to achieve
directed stimulation via TCR, CAR or both simultaneously. The trans setting, in which the
CAR- and TCR- targets are expressed on different cell lines, allowed for separated analysis

of CAR and TCR functionality in CAR'TCR-T cells upon dual stimulation.
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Figure 8: Illlustration of experimental set-up for functionality analysis of CAR’TCR-T cells.
Functional comparison of CAR’TCR-T cells with UTD-T, TCR-T and CAR-T. Co-culture assay was
performed with different target cell mixtures to facilitate stimulation of various effector cell
types via TCR, CAR or both in trans (dual stimulation through CAR- and TCR-target expression
on different cell lines). In order to distinguish between CAR- or TCR-dependent target cell
lysis after co-culture with effector cells, the GFP* CAR-target cell line was labeled with
CellTrace™ and target cell counts of the mixed cell lines were analyzed separately.
Illustration created with BioRender.com.

First, it was important to ensure that the co-expression of CAR and transgenic TCR does not
negatively influence the functionality of the two receptors. As displayed in Figure 9 A, no
significant difference was observed between CAR'TCR-T cells and TCR-T cells upon
stimulation of only TCR. Likewise, CAR-stimulation led to comparable anti-tumor response
in CAR'TCR-T and CAR-T cells, suggesting that there was no reciprocal inhibition between
CAR and TCR signaling in CAR'TCR-T cells. Strikingly, dual stimulation in trans led to
significantly enhanced TCR-dependent cytotoxicity with CAR’TCR-T cells compared to TCR-
T cells: co-expression and co-engagement of the CAR resulted in increase of the TCR-target
cell lysis from 24% with TCR-T cells to 70% CAR’TCR-T cells. In contrast, CAR-target cell lysis
was comparable between CAR'TCR-T cells and CAR-T cells upon trans stimulation, however,
it needs to be pointed out that very high CAR-target cell lysis of around 75% was already
achieved with CAR-T cells alone, suggesting that the cytotoxicity is already closer to

saturation.

This TCR-dependent boost upon dual stimulation was not only observed regarding the

target cell lysis but also in the IFN-y secretion, which was more than twice as high for
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CAR'TCR-T compared to TCR-T cells upon trans stimulation (Figure 9 B). Despite strong
donor variability, it was also remarkable that the IFN-y release by CAR'TCR-T cells only
reached around half the level secreted by CAR-T cells. This decrease in cytokine secretion
was independent of the stimulus, as it occurred not only upon trans stimulation but also in

case of CAR-only stimulation.
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Figure 9: Cytotoxicity of CD20-CAR- and dNPM1-TCR-co-expressing CAR’TCR-T cells.
(A) Target cell lysis of TCR-target- or CAR-target-expressing cells after 18 hours of dual
stimulation in trans (1:1 mixture of two different target cell lines) with an E:T ratio of 2:1.
Displayed are individual and mean values +SD of five different donors from two independent
experiments. The p-values were calculated using ordinary one-way analysis of variance with
Tukey’s correction for multiple comparison (ns, not significant; *p < 0.05). (B) IFN-y
concentration released to the supernatant after 18 hours of co-culture for co-culture

conditions described in (A).

In summary, upon single stimulation, CAR'TCR-T cells led to similar CAR- or TCR-target cell
lysis compared to CAR-T or TCR-T cells, respectively. IFN-y release was twice as high in CAR-

T cells compared to CAR'TCR-T cells, independent of the type of stimulation. Despite this,
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dual stimulation in trans resulted in significantly enhanced TCR-target cell lysis with

CAR'TCR-T cells, whereas CAR-target cell lysis was unaffected.

4.2.3 Influence of costimulatory domains in CAR’TCR-T cells

In order to study the influence of various costimulatory domains in the CAR context, a side-
by-side comparison of CAR'TCR-T cells either expressing a second-generation 4-1BB-
(BBZCAR’TCR) or CD28-costimulated (28(CAR'TCR) CD20-CAR was performed. It is generally
accepted that costimulation via CD28 induces a rapid but potentially more exhausting
response, while 4-1BB is thought to support T cell persistence?®13, Therefore, it was
hypothesized that differences in costimulation might also have an influence on CAR'TCR-T

cell functionality.

Novel Oci-AML cell lines expressing CD20 receptor were generated (chapter 3.3.3), in order
to test dual stimulation not only in trans but additionally also in cis (both CAR- and TCR-
target expressed on same cell line). As in previous experiments with CAR'TCR-T cells, all of
the effector cells were sorted before functional assays, in order to ensure high purity and
comparability. As shown in Figure 10 A, no difference in cytotoxicity was observed between
BBICAR'TCR-T and 28{CAR'TCR-T cells, neither upon trans nor upon cis stimulation. In
contrast to previous findings, TCR-dependent cytotoxicity was not increased in dual-
stimulated CAR'TCR-T cells compared to TCR-T cells. This might be explained by the overall
higher target cell lysis of above 75% by TCR-T cells, which was already closer to saturation,

potentially limiting the boosting potential.

While only minor differences were observed in the anti-tumor efficacy of CAR'TCR-T cells
and CAR- or TCR-only T cells, staining of activation (CD137/CD25) and exhaustion markers
(TIM-3/ LAG-3) upon co-culture led to interesting findings (Figure 10 B). All of the conditions
(except unmodified T cells) showed a comparable expression of activation markers, ranging
from approximately 10-20% of cells expressing CD137 and CD25. Equivalent results were
obtained upon cis and trans stimulation. Strong differences in expression of the exhaustion
markers TIM-3 and LAG-3 were observed, however, it needs to be kept in mind that this
analysis was based on one, rather early time-point after only 20 hours of co-culture and
might consequently be activation-dependent. BB{CAR'TCR-T and 28{CAR’TCR-T cells

displayed more than 3-fold lower exhaustion marker expression than BB{CAR-T and
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28CCAR-T, respectively. In general, a lower percentage of TIM-3*/LAG-3"* cells was detected
in the CAR'TCR-T or CAR-T cells with CD28 instead of 4-1BB costimulatory domain. Contrary
to the initial expectation, BB{CAR-T cells generally displayed higher activation and

exhaustion marker expression than 28(CAR-T cells.

A
Stimulus TCR + CAR (trans) TCR + CAR (cis)
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Figure 10: CAR’TCR-T cells expressing CARs with different co-stimulatory domains.
(A) Target cell lysis upon 20 hours of dual stimulation in trans (1:1 mixture of Oci-AML39NPM!?
and Oci-AML2¢P2%*) or in cis (1:1 mixture of Oci-AML39NPM1/CD20+ and Oci-AML2) with an E:T
ratio of 2:1. The CD20-CAR either contained a 4-1BB or CD28 costimulatory domain (BB{ and
287, respectively). (B) Expression of activation (CD137+/CD25+) and exhaustion (TIM-3+/LAG-
3+) markers in the various effector cell conditions after 20 hours of co-culture. Displayed
are individual and mean values £SD of two different donors.

It was hypothesized that dual stimulation through simultaneous engagement of CAR and

transgenic TCR might result in faster exhaustion of CAR'TCR-T cells. Therefore, it was crucial
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to also assess the anti-tumor activity over the course of long-term co-culture experiments
with repetitive stimulation. Target cells were repeatedly added for a total of three rounds,
demonstrating the superiority of CAR’TCR-T cells upon cis and trans stimulation (Figure 11).
The latter comprised a mixture of CAR- and TCR-target cells and was thus mimicking a
heterogeneous tumor cell population. While CAR-T or TCR-T cells led to reduced target cell
lysis or even outgrowth of the tumor cells after repeated stimulation, co-culture with
CAR'TCR-T cells resulted in complete tumor clearance up to the last round. Again, both
BB{CAR'TCR-T and 28{CAR'TCR-T cells displayed comparable cytotoxicity. The results
obtained upon cis stimulation, in which CAR- and TCR-target are expressed on the same
target cell line, suggest that dual stimulation did not negatively influence the cytotoxic
potential of CAR'TCR-T cells. On the contrary, CAR'TCR-T cells even showed slightly stronger

anti-tumor activity after repetitive target cell encounter than CAR-T or TCR-T cells.
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Figure 11: Repetitive co-culture of CAR’TCR-T cells expressing dNPM1-TCR and CD20-CARs
with different costimulatory domains. Incucyte analysis showing cytotoxicity upon repeated
target cell addition (indicated by red arrow). Stimulation (A) in trans (1:1 mixture of Oci-
AML3NPML gnd Oci-AML2P2%%) or (B) in cis (1:1 mixture of Oci-AML39¢NPM1/CD20+ 3nd Oci-AML2
with an E:T ratio of 2:1. The CD20-CAR either contained a 4-1BB or CD28 costimulatory

domain (BBZ and 28, respectively). Displayed are the mean values from two different
donors.

Since the CD28 costimulatory domain was linked to faster exhaustion of CAR-T cells?8-130

and due to the finding that BBICAR'TCR-T and 28{CAR'TCR-T showed comparable

cytotoxicity, subsequent experiments were performed with BB{CAR'TCR-T cells.
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4.2.4 Combination of CAR and transgenic TCR in CD4* T cells

Recent findings of Melenhorst and colleagues underlined the importance of CD4* T cells in
CAR-based adoptive cell therapy for achieving long-term remissionl’?. Previous
experiments have shown that the dNPM1-TCR is non-functional in CD4* T cells (Figure 6).
However, based on the boosted TCR-mediated killing observed in CD8* CAR'TCR-T cells
(Figure 9 A), it was hypothesized that the combination with a CAR might cause functional
recovery in CD4* T cells. For this purpose, a side-by-side comparison with CD4* T cells
expressing either CD20-CAR, dNPM1-TCR or both was performed. As expected, lysis of the
TCR-target cell line Oci-AML3 was only achieved with CD8* TCR-expressing T cells (~50%)
and neither with CD4* TCR-T nor with CD4* CAR'TCR-T cells (Figure 12 A). However, upon
dual stimulation in trans and in cis, CD4* CAR'TCR-T cells induced TCR-target cell lysis
comparable to the CD8* counterpart (>75%). However, functional recovery of the dNPM1-
TCR in CD4* cells through co-engagement of the CD20-CAR cannot be assumed, since CD4*
CAR-T cells also caused approximately 75% lysis of TCR-target cells in the trans setting. This
suggests CAR-dependent bystander effects though co-presence and killing of CAR-target

cells.

After 18 hours of co-culture, the effector cells were analyzed for expression of activation
(CD137*/CD25%) and exhaustion markers (TIM-3*/LAG-3*), which is displayed in Figure 12
B. Regardless of the type of stimulation, CD4* CAR’TCR-T cells displayed higher activation
marker and at the same time reduced exhaustion marker expression than CD4* CAR-T cells.
This was coherent with the results shown in Figure 10, also demonstrating reduced
exhaustion marker expression with CAR’TCR-T cells. Again, exhaustion status needs to be

interpreted carefully when looking at short-term co-culture experiments of 18 hours.
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Figure 12: Combination of CD20-CAR and dNPM1-TCR in CD4* T cells. Target cell lysis after
18 hours co-culture (E:T 2:1) with CD4* UTD-T, CAR-T, TCR-T, CAR’TCR-T and CD8* UTD-T,
TCR-T and CAR’TCR-T. Stimuli tested: target cells only expressing TCR-target (Oci-AML39NPM1)
or CAR-target (Oci-AML2¢P2%%) 3 1:1 mixture of TCR-target cells and CAR-target cells (trans
stimulation), or target cells expressing both CAR- and TCR-target (cis stimulation). (B)
Percentage of activation marker (CD137*/CD25*) and exhaustion marker (TIM-3*/LAG-3%)
expressing CD4* UTD-T, CAR-T and CAR’TCR-T cells upon 18 hours co-culture. Displayed are
individual and mean values +SD of four different donors. The p-values were calculated using
ordinary one-way analysis of variance with Tukey’s correction for multiple comparison (ns,
not significant; *p < 0.05).

Besides studying the dNPM1-TCR functionality in CD4* CAR’TCR-T cells, it was additionally
fundamental to verify that the co-expression of a transgenic TCR is not negatively affecting
CAR potency. As in previous experiments, repetitive co-culture experiments were
performed to assess the long-term anti-tumor functionality of CD4* CAR’TCR-T compared
to CD4* CAR-T cells. As displayed in Figure 13 A and B, target cell lysis in the third round of
CAR-only and cis stimulation was not significantly different in CD4* CAR'TCR-T compared to
CD4* CAR-T cells. Interestingly, co-expression of dNPM1-TCR led to significantly faster

target cell killing in case of trans stimulation — not only indicating TCR functionality in CD4*
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CAR'TCR-T cells, but also a beneficial effect of CD4* CAR'TCR-T cells in case of antigen

escape or tumor cell heterogeneity.
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Figure 13: Repetitive stimulation of CD4* CAR’TCR-T versus CD4* CAR-T cells. (A) Killing
efficacy of CD4* CD20-CAR T cells and CD4* CAR’'TCR-T cells co-expressing CD20-CAR and
dNPM1-TCR upon repetitive stimulation (E:T 2:1). Displayed is the target cell lysis normalized
to the third round of target cell addition. The time point of 50% target cell lysis in round 3
(indicated by red line) is plotted in (B) comparing CAR-stimulus only, and dual stimulation in
trans and in cis. Box and whiskers plot shows individual and median values. (C) Exhaustion
marker expression (TIM-3+/LAG-3+) in UTD-T, CD4* CAR T (4CAR) and CD4* CAR’TCR-T cells
(4CAR’TCR) after 240 hours of co-culture with three rounds of target cell addition in total.
Displayed are individual and mean values +SD of four different donors. The p-values were
calculated using ordinary one-way analysis of variance with Tukey’s correction for multiple
comparison (ns, not significant; *p < 0.05).

With reference to the previously stated hypothesis that co-engagement of two receptors
might increase the risk for faster exhaustion, the data again suggests that rather the
opposite holds true. Upon 240 hours of co-culture with repetitive stimulation, CD4*
CAR’TCR-T cells displayed lower expression of the exhaustion markers TIM-3 and LAG-3
than CD4* CAR-T cells (Figure 13 C), while additionally even demonstrating stronger

cytotoxicity upon dual stimulation in trans.
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4.3 Combination of dNPM1-TCR and CD33-CAR

4.3.1 Manufacturing of dANPM1-TCR*/CD33-CAR* CAR’TCR-T cells

Previous CAR'TCR-T cell experiments were based on the combination of dNPM1-TCR and
the clinically well-established CD20-CAR, which served as proof of concept and supported
the approach of T cells co-expressing CAR and transgenic TCR. In order to establish a generic
proof of concept, the findings were verified with an additional, clinically relevant
combination of ANPM1-TCR and CD33-CAR. Since both dNPM1 and CD33 are found in AML,
this novel combination might represent a clinically relevant therapeutic concept. As
exemplarily displayed in Figure 14 A, all effector cell conditions were sorted via dNPM1-
TCR and/or CD33-CAR to ensure high purity and comparability during in vitro co-culture
experiments. As a result, all conditions displayed comparable expression levels of above
80% prior to killing assay (Figure 14 B). Moreover, all conditions showed comparable

viability of above 80% with slightly lower frequency in CAR'TCR-T cells.

Again, it was important to verify that the MFI of CAR or TCR was not significantly different
in CAR'TCR-T cells compared to CAR-T or TCR-T cells, respectively. As displayed in Figure 14
C, CAR or TCR MFI were comparable between CAR'TCR-T cells and CAR-T or TCR-T cells,

respectively.
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Figure 14: Generation of CAR’TCR-Ts co-expressing CD33-CAR and dNPM1-TCR'’3, (A) Dot
plots of one representative donor displaying the expression level of CD33-CAR and or
dNPM1-TCR pre- and post-sorting. (B) CAR and/or TCR expression level, viability in percent
and (C) MFI measured the day before co-culture with target cells. Shown are individual and
mean values +SD of eight different donors from two independent experiments. The p-values
were calculated using ordinary one-way analysis of variance with Tukey‘s correction for
multiple comparison (ns, not significant; *p < 0.05).
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4.3.2  Functionality of dANPM1-TCR*/CD33-CAR* CAR’TCR-T cells

Despite assessing the functionality of CAR’TCR-T cells co-expressing dNPM1-TCR and CD33-
CAR, it was also important to test whether there is a benefit compared to the mixture of
dNPM1-TCR-T cells and CD33-CAR-T cells (referred to as Double-T). Both approaches aim
to minimize the risk for antigen escape through dual targeting. However, one hypothesis is
that CAR'TCR-T cells show increased anti-tumor activity through simultaneous signaling via
CAR and TCR. Co-transduction naturally results in generation of CAR'TCR-T cells and T cells,
which either express CAR or TCR. Since sorting is hardly feasible for clinical application, an
additional condition named Triple-T was included, which consisted of a mixture of CAR-T,
TCR-T and CAR’TCR-T cells. The goal was to compare the functionality of CAR'TCR-T cells
with, not only TCR-T and CAR-T cells, but also with Double-T cells (mixture of CAR-T and
TCR-T) and Triple-T cells (mixture of CAR-T, TCR-T and CAR’TCR-T). In order to facilitate
equal cell numbers of CAR* or TCR* T cells as well as consistent total cell numbers per
condition, the experiment was set-up as illustrated in Figure 15. Consequently, the number
of gene-modified T cells was twice as high in the Double-T than in the CAR’TCR-T or Triple-

T condition, which is important for interpretation of the data.

UTD-T TCR-T CAR-T CAR'TCR-T Double-T Triple-T
i v/////o T i A
2x10*UTD 1x10* UTD 1x10* UTD 1x10* UTD 1x10* CAR 5x103 UTD
+1x10*TCR* +1x10*CAR  +1x10% CAR'TCR  +1x10*TCR +5x10% CAR
+5x103 TCR
+5x103 CAR’TCR

per condition: 2x10*total cells/ 1x10* TCR* cells/ 1x10* CAR* cells

Figure 15: Experimental set-up for testing CAR’TCR-T cells co-expressing CD33-CAR and
dNPM1-TCR. Illustrated experimental set-up for comparison of CAR’TCR-T cells (co-
expression of CAR and TCR), Double-T cells (mixture of CAR-T and TCR-T cells) and Triple-T
cells (CAR-T, TCR-T and CAR’TCR-T cells). Numbers of CAR* and TCR* T cells and total cell
numbers per condition are indicated. Illustration created with BioRender.com.
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According to previous findings, the cytotoxicity was not significantly increased with
CAR’TCR-T cells compared to TCR-T or CAR-T cells upon 18 hours stimulation of only TCR or
CAR, respectively (Figure 16 A). However, dual stimulation in trans led to significantly
higher TCR-target cell lysis with CAR’'TCR-T compared to TCR-T cells. Double-T and Triple-T
cells induced comparably high cytotoxicity as CAR'TCR-T cells. Since CAR-target cell lysis
upon trans stimulation was already at maximum with CAR-T cells, no boost in anti-tumor
activity could be observed with dual-targeting conditions CAR'TCR-T, Double-T or Triple-T
cells compared to CAR-T cells. This could be further evaluated using more challenging E:T
ratios. Surprisingly, co-culture with CD33- and dNPM1-expressing Oci-AML3 cells (cis)
resulted in enhanced target cell killing with CAR’TCR-T cells compared to not only TCR-T but
also CAR-T cells. In this context, it needs to be highlighted that the level of CD33 expression
is very low in Oci-AML3 cells compared to Oci-AML2 cells, which might have an influence
on the CAR response upon cis (CD33%™) and CAR-stimulation (CD33"8"), respectively (Figure
16 B). This underscores the therapeutic potential of CAR’TCR-T cells especially in case of
CD33 downregulation or the presence of leukemic blasts expressing lower levels of the

target antigen.
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Figure 16: Functionality of CAR’TCR-Ts co-expressing CD33-CAR and dNPM1-TCR'73, (A)
Functionality of UTD-T, TCR-T, CAR-T, CAR’TCR-T, Double-T (1:1 mixture of TCR-T and CAR-T)
and Triple-T (1:1:1 mixture of CAR’TCR-T, TCR-T, CAR-T) cells. Effector cell counts were
normalized through addition of UTD-T. Displayed is the target cell lysis after 18 hours of co-
culture with target cells only expressing TCR-target (Oci-AML3dNPM1/CD33ko) or CAR-target
(Oci-AML2¢P33+) 3 1:1 mixture of TCR-target cells and CAR-target cells (trans stimulation),
or target cells expressing both CAR- and TCR-target simultaneously (cis stimulation with Oci-
AML3dNPM1/CD33+)_
different donors from two independent experiments. The p-values were calculated using

Box and whiskers plot shows individual and median values of eight

ordinary one-way analysis of variance with Tukey’s correction for multiple comparison (ns,
not significant; *p < 0.05, **p < 0.01). (B) Surface expression level of CD33 in different cell
lines used in killing assay.

Since CAR’TCR-T, Double-T and Triple-T cells led to comparable cytotoxicity upon 18 hours
co-culture, it was hypothesized that differences in anti-tumor response might become
visible upon repetitive, long-term co-culture. Similar to previous findings with combination
of CD20-CAR and dNPM1-TCR, CAR'TCR-T cells co-expressing CD33-CAR and dNPM1-TCR
outperformed TCR-T and CAR-T cells upon trans and also cis stimulation, facilitating strong
anti-tumor response until the third round of target cell addition (Figure 17 A and B,
respectively). Although the differences were only minor, Triple-T cells showed significantly
higher anti-tumor activity than CAR'TCR-T cells upon trans stimulation, suggesting a

beneficial effect with the mixture of CAR-T, TCR-T and CAR’TCR-T cells. However, no
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significant difference between the three dual-targeting conditions (CAR’TCR-T, Double-T

and Triple-T) was observed in the cis setting.
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Figure 17: Efficacy of CAR’TCR-T cells co-expressing CD33-CAR and dNPM1-TCR upon
repeated stimulation!’3. Incucyte analysis showing cytotoxicity upon repeated target cell
addition (indicated by red arrow) for (A) trans and (B) cis stimulation with an E:T ratio of
1:1. Shown mean values +SEM of eight different donors from two independent experiments.
The p-values were calculated using Tukey‘s multiple comparison test and the mixed-effects
model with Geisser-Greenhouse correction (two-way analysis of variance) (ns, not
significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

After 130 hours of long-term co-culture with three rounds of target cell addition, the

effector cells were collected to assess the level of exhaustion. The frequencies of TIM-3*
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LAG-3* double-positive cells are displayed in Figure 18. Neither trans nor cis stimulation
caused significant differences in exhaustion marker expression between the various
effector cell conditions. Although not significant, CAR'TCR-T cells demonstrated a trend

towards increased exhaustion marker expression compared to TCR-T and Double-T.
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Figure 18: Exhaustion marker expression after long-term co-culture!’®. Frequencies of
exhaustion marker TIM-3*/LAG-3* T cells upon 130 hours long-term co-culture with repetitive
dual stimulation in cis and in trans of UTD-T, TCR-T, CAR-T, CAR’TCR-T, Double-T and Triple-
T cells. Box and whiskers plot shows individual and median values of four different donors.
The p-values were calculated using Tukey‘s multiple comparison test and the mixed-effects
model with Geisser-Greenhouse correction (two-way analysis of variance) (ns, not
significant).

Additionally, the supernatant was collected 24 hours after first and third target cell addition
in order to determine the level of cytokine secretion for the different co-culture conditions
(Figure 19). Cytokine concentrations in response to target cell addition were comparable
between first and third round. According to the level of target cell lysis, no significantly
increased secretion of GM-CSF or IFN-y by CAR’TCR-T cells was detected compared to TCR-
T or CAR-T in case of TCR- or CAR-stimulation, respectively. Neither in the first nor in the
last round of co-culture. Dual stimulation in trans, however, resulted in more than two
times higher GM-CSF secretion by CAR’TCR-T cells compared to TCR-T or CAR-T. This finding
was in line with the strongly enhanced target cell lysis with CAR'TCR-T cells upon
simultaneous engagement of CAR and TCR (Figure 16). Overall, only weak cytokine
secretion was detected by CAR-T cells, not only upon co-culture with CD33%9™ Oci-AML3 but
also with CD33"8" Oci-AML2 cells. In the trans setting, Double-T cells produced the highest
level of IFN-y, 10-fold higher than CAR'TCR-T cells and more than two times higher than
Triple-T cells. An explanation for this might be the fact that Double-T comprised twice as

many engineered effector cells than the CAR'TCR-T condition. In the cis setting, however,
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no significant difference was observed in IFN-y release by CAR'TCR-T, Double-T or Triple-T

cells.
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Figure 19: Cytokine secretion by CAR’TCR-Ts after repetitive stimulation. Secretion of GM-
CSF and IFN-y by UTD-T, TCR-T, CAR-T, CAR’TCR-T, Double-T (1:1 mixture of TCR-T and CAR-
T) and Triple-T (1:1:1 mixture of CAR’TCR-T, TCR-T and CAR-T) cells upon co-culture with
different target cells: target cells only expressing TCR-target (Oci-AML39NPM1/CD33ko) or CAR-
target (Oci-AML2¢P33*), a 1:1 mixture of TCR-target cells and CAR-target cells (trans
stimulation), or target cells expressing both CAR- and TCR-target (cis stimulation with Oci-
AML3ANPML/CD33+) - Cytokine release was determined 24 hours after (A) first and (B) third
target cell addition. Shown are individual and mean values +SEM of four different donors.

The p-values were calculated using ordinary one-way analysis of variance with Tukey’s

correction for multiple comparison (ns, not significant; *p < 0.05, **p < 0.01, ***p < 0.001).
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4.3.3 Whole transcriptome analysis of CAR’TCR-T cells

Bulk RNA-seq was performed with the goal to in-depth compare the transcriptomic profiles
of CAR'TCR-T with CD33-CAR, dNPM1-TCR or UTD-T cells upon stimulation in cis. After
sorting, the effector cells were re-activated and cultured for one more week. Upon 18 hours
of co-culture, target cells were magnetically depleted to ensure high purity of effector cells
for bulk RNA-seq analysis. Consistent with previous findings, CAR'TCR-T cells led to
significantly higher target cell lysis than TCR-T or CAR-T cells (Figure 20 A). Hierarchical
clustering of the 500 most variable genes yielded in distinct grouping of the various effector
cell types, additionally suggesting that the transcriptomic profile of CAR’TCR-T cells is closer
to CAR-T than TCR-T cells (Figure 20 B). For a systematic evaluation of the similarities
between CAR'TCR-T cells and CAR-T or TCR-T differential gene expression analysis was used
to first quantify the overlaps in the gene expression profile from the modified cells in
reference to UTD-T, and second, to determine gene expression differences between
CAR'TCR and CAR-T or TCR-T. Benchmarked to UTD-T, TCR-T cells showed the highest
number of 9,790 differentially expressed genes (DEGs), followed by 7,542 DEGs in CAR’TCR-
T cells and the lowest number of 2,331 DEGs in CAR-T cells. Consequently, CAR’TCR-T and
TCR-T cells displayed the highest number of overlapping genes. Differential gene
expression was also compared to CAR’TCR-T instead of UTD-T cells (Figure 20 D): TCR-T cells
demonstrated more DEGs than CAR-T cells, again indicating a closer similarity between
CAR'TCR-T cells and CAR-T cells. Log2 fold changes of CAR'TCR-T, CAR-T and TCR-T cells
were determined for the 7,542 DEGs specifically found in CAR'TCR-T cells. Subsequent
linear regression analysis displayed a stronger correlation in Log2 fold changes between
CAR'TCR-T and CAR-T (71%) than CAR'TCR-T and TCR-T (61%) (Figure 20 E). To sum this up,
the transcriptomic profile of CAR'TCR-T cells was observed to be more similar to CAR-T cells
than TCR-T cells, suggesting that the CAR exerts more dominant signaling in CAR'TCR-T

cells.
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Figure 20: Similarities and differences in RNA-seq profiles of CAR’TCR-T and CAR-T or TCR-
T cells'’3, (A) Cytotoxicity of UTD-T cells, TCR-T cells, CAR-T or CAR‘TCR-T cells upon 18 hours
of cis stimulation with Oci-AML3 cells at an E:T ratio of 2:1. Shown are individual and mean
values £SD of three different donors. The p-values were calculated using ordinary one-way
analysis of variance with Tukey‘s correction for multiple comparison (ns = not significant, *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (B) Heatmap displaying hierarchical
clustering of 500 most variable genes for stimulated UTD-T, CAR-T, TCR-T and CAR’TCR-T. (C)
Venn diagram showing total and overlapping number of differentially expressed genes
(DEGs) in CAR-T, TCR-T or CAR’TCR-T compared to UTD-T cells. (D) Total DEGs resulting from
comparison to UTD-T (upper graph) and to CAR’TCR-T (lower graph). (E) Log2 fold changes
of the 7,542 DEGs from CAR’TCR-T versus UTD-T were compared to those of CAR-T or TCR-T
versus UTD-T, displayed in upper and lower scatterplot, respectively. Linear regression was
used to determine R2.
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Besides assessing the similarities, it was also crucial to determine the biological processes
and pathways unique for CAR'TCR-T cells. Therefore, functional annotation was performed
applying TopGO and Reactome databases'’*176, TopGO gene ontology (GO) terms relating
to regulation of catalytic activity as well as positive regulation of cell migration, T cell
activation and GTPase activity were significantly enriched for the differentially upregulated
genes in CAR'TCR-T cells (Figure 21 A). This was confirmed by analysis using Reactome
database, which detected pathways primarily corresponding to the RHO GTPases, including
RAC family small GTPase 1 (RAC1) and cell division cycle 42 (CDC42) GTPase cycles (Figure
21 B). Both, RAC1 and CDC42 are required for actin cytoskeletal reorganization, TCR
clustering into lipid rafts, and consequently, T cell activation upon receptor
engagement!!®177, Besides supporting IS formation and signaling, RAC1 and CDC42 also
play an important role in T cell polarization and migration!!®. The enhanced T cell activation
and signaling in CAR'TCR-T cells was further confirmed through significant upregulation of
DEGs corresponding to Reactome GO terms such as phosphorylation of CD3C chains,

translocation of ZAP-70 to the IS and generation of second messenger molecules (Figure 21

B).
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Figure 21: Gene set enrichment analysis of upregulated DEGs'’3. (A) 10 most significant
TopGO gene ontology (GO) categories. (B) Reactome emapplot showing relations among 10
most significant pathways for upregulated DEGs (864) in CAR’TCR-T cells.
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Likewise, gene set enrichment analysis was performed for DEGs that were significantly
downregulated in CAR’TCR-T cells compared to CAR-T and TCR-T cells. As expected, most
of the downregulated DEGs were linked to negative downregulation of signal transduction
(Figure 22 A). This again verified the observed increase in CAR’TCR-T cell activation and
signaling. Reactome analysis primarily linked the downregulated DEGs to G protein-coupled
receptor (GPCR) pathways including GPCR ligand binding and signaling via Ga(i) protein
(Figure 22 B). The latter is primarily required for ligand-dependent chemotaxis!’®'7° and
plays an initial role in supporting TCR-MHC interaction through chemokine
immobilization'®°. Importantly, it was described that IS formation is accompanied by
chemokine receptors, which preferentially couple to Ga(q/11), thereby excluding Gay(i)
from the synapse and shifting signaling from migration to cell adhesion'8%181, However, the
results need to be interpreted carefully, since GPCRs are involved in multiple cellular

mechanisms, beyond fine-tuning of proximal TCR receptor signaling82123,
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Figure 22: Gene set enrichment analysis of downregulated DEGs!’3. (A) 18 most significant
TopGO gene ontology (GO) categories. (B) Reactome emapplot showing relations among 22
most significant pathways for upregulated DEGs (924) in CAR’TCR-T cells.

In general, CAR'TCR-T cells demonstrated a transcriptomic profile closer related to CAR-T
than TCR-T cells, suggesting that CAR signaling was more dominant in CAR'TCR-T cells.

Moreover, CAR'TCR-T cells displayed a unique transcriptomic profile, which was linked to
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enhanced T cell activation, IS formation and proximal signaling. Overall, this verified the

boosted cytotoxicity of CAR'TCR-T cells demonstrated in prior in vitro experiments.

4.3.4  Efficacy of CAR'TCR-T cells in vivo

Previous results have shown that CD8" CAR'TCR-T cells, co-expressing CD33-CAR and
dNPM1-TCR, demonstrated increased cytotoxicity compared to CAR-T or TCR-T cells. This
effect was particularly pronounced upon dual stimulation in cis. Additionally, CAR’'TCR-T
cells demonstrated stronger tumor elimination in case of trans stimulation, suggesting a
minimized risk for antigen escape or dominance in case of a heterogeneous tumor cell
population. In order to verify those findings in vivo, a previously established AML mouse

model was used to verify the potentiated anti-tumor efficacy in vivo.

All effector cell conditions were manufactured using the CliniMACS Prodigy™. Since all in
vitro experiments were performed with sorted CAR'TCR-T cells, this condition was also
implemented as control and was consequently based on an 8-day instead of 12-day
manufacturing process (Table 14). As illustrated in Figure 23, on day 8 of manufacturing,
CAR'TCR-T cells were harvested, sorted and to increase expansion, re-activated using
TransAct™., Before injection into mice, those enriched CAR’TCR-T cells were cultivated and
expanded for 7 more days. For all the other conditions a 12-day manufacturing process was
applied, without subsequent sorting or re-activation of the effector cells. As in previous
experiments, Double-T was composed of a 1:1 mixture of CAR-T and TCR-T cells. Triple-T
was manufactured through co-transduction with two LVs either encoding CD33-CAR or
dNPM1-TCR, which naturally resulted in a mixture of double-positive, CAR- and TCR-only T

cells.
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Figure 23: Manufacturing of various effector cell conditions for in vivo testing. All
conditions were manufactured using the CliniMACS Prodigy™ with isolation of CD8* T cells
only and activation through TransAct™. (Co-) transduction was performed on day 1. A
different manufacturing protocol was used for “CAR’TCR-T (sorted)” cells: on day 8, the cells
were harvested, sorted for CAR+/TCR+ T cells, re-activated with TransAct™ and expanded
for 7 more days. All other groups (TCR-T, CAR-T and Triple-T) were manufactured using the
12-day-process without sorting of the cells.

NSG mice were intravenously injected with 1x10° Oci-AML3 cells and randomized after
three days of tumor engraftment (Figure 24 A and B). The following day, 5x10° engineered
T cells were injected i.v. The frequency of engineered T cells was normalized through
addition of UTD-T cells to approximately 60% for all conditions. As displayed in Figure 24 C,
the sorted CAR'TCR-T cells mainly consisted of double-positive T cells, while Triple-T
demonstrated an evenly distributed mixture of all cell types: 18% CAR*, 17% TCR* and 26%
CAR*/TCR* T cells. Starting with effector cell injection, bioluminescent imaging was

performed twice per week to determine tumor growth kinetics.
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Figure 24: In vivo efficacy study of CAR’TCR-T cells'’3. (A) NSG mice were injected
intravenously with 1x10°% FFluct Oci-AML3 cells four days prior to injection of 5x10°
engineered effector cells. (B) Luminescence (p/s) of tumor load in various groups after
randomization, one day prior to effector cell injection. The group that only received tumor
and no effector cells is indicated by “w/o”. Box and whiskers plot shows individual and
median values (C) The level of CAR* and/or TCR* T cells in various effector cell conditions
prior to injection: TCR-T, CAR-T, CAR’TCR-T (sorted for CAR+/TCR+ cells), Double-T (1:1
mixture of CAR-T and TCR-T), Triple-T (co-transduced, non-sorted cells expressing CAR, TCR
or both). Normalization was performed through spike-in of UTD-T cells. Viability of final cell
product is displayed in percent (green x).

In parallel to i.v. injection in vivo, the various effector cell conditions were tested in an in
vitro co-culture assay with the target cell line Oci-AML3 m.10 (Figure 25). Overall, sorted
CAR’TCR-T cells led to strongest cytotoxicity at all time-points measured (18, 26 and 42
hours). Although Triple-T and Double-T cells showed clearly delayed anti-tumor response,
the level of target cell lysis was comparable to sorted CAR'TCR-T cells at latest time-point
of 42 hours (> 80%). Interestingly, CAR-T and TCR-T cells demonstrated relatively weak

efficacy with a maximum target cell lysis of 50% after 42 hours.
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-o- UTD-T Figure 25: In vitro target cell lysis by
75 O- TCR-T engineered T cells used for in vivo
-0- CAR-T study. In parallel to injection in NSG

-0~ CAR'TCR-T mice, effector cells were co-cultured

-o- Double-T  with Oci-AML3 m.10 target cells in vitro

-o- Triple-T at an E:T ratio of 1:1. Target cell lysis
was analyzed after 18, 16 and 42 hours.
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According to the in vitro performance displayed in Figure 25, CAR'TCR-T cells showed the
strongest initial growth suppression in vivo (Figure 26). However, all of the treatments led
to tumor outgrowth during the first 23 days. Groups treated with TCR-T or CAR-T cells
reached study endpoint criteria by day 30 and day 34, respectively, and needed to be
removed from the experiment. Interestingly, BLI measurements demonstrated that
Double-T cells did not outperform TCR-T or CAR-T cell treatment and also led to continuous
outgrowth of Oci-AML3 tumor cells. Strikingly, only mice treated with Triple-T cells
demonstrated elimination of tumor cells starting with day 28. While sorted CAR'TCR-T cells
showed visibly stronger anti-tumor response than TCR-T, CAR-T or Double-T cells, only one
of eight mice showed tumor elimination. In the Triple-T group, three mice had to be
sacrificed due to reaching of study endpoint criteria, however 5 of 8 mice showed
remarkable tumor elimination. Overall, the median luminescence value in the Triple-T-
treated group deceased from 3.5 x 10° p/s on day 23 to 3.4 x 107 p/s during the course of

2 weeks.
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Figure 26: Efficacy of CD8* CAR’TCR-T cells in vivo!’3. (A) Bioluminescence images of mice
bearing Oci-AML3 tumors over the course of 37 days. (B) Progression of luminescence
displayed as median with interquartile range starting with groups of n=8 mice, except
without (w/o) effector cells and UTD-T with n=5.

Next, the bone marrow was isolated and analyzed ex vivo for presence of particularly CD33*
Oci-AML3 target cell. Antigen escape was reported to be the cause for ineffective CAR-T
cell therapy in several clinical trials'84-188, Likewise, heterogeneous tumor cell populations
and outgrowth of target antigen-negative cells represent additional challenges for CAR-T
cell therapy. Therefore, it was hypothesized that the group treated with CD33-targeting
CAR-T cells might show lower percentage of remaining CD33* cells than for instance the

dNPM1-targeting TCR-T cell treatment. In contrast, no significant difference in percentage
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of CD33* Oci-AML3 target cells was observed between CAR-T, TCR-T, CAR'TCR-T and
Double-T cell treatment, all displaying very low mean values of less than 22% (Figure 27).
The Triple-T group displayed a slightly higher, but not significantly different, percentage of
CD33* target cells (27%). Non-treated mice or the untransduced group showed significantly

higher proportions of remaining CD33* Oci-AML3 cells (85% and 50%, respectively).

100- 5 ns Figure 27: Ex vivo analysis of CD33 expression in Oci-AML3
g '%‘ :A ' cells. Percentage of CD33-expressing Oci-AML3 cells
M 75 ° derived from bone marrow upon treatment with CD33-CAR
5 and/or dNPM1-TCR* T cells or without any treatment.
5 50 ns N Shown are individual and mean values #SD. The p-values
9 ° were calculated using ordinary one-way analysis of variance
§ 257 i with Tukey‘s correction for multiple comparison (ns, not
o JHIIE" fi"i °| significant; *p < 0.05; **p < 0.01).
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In parallel to analyzing the remaining proportion of CD33* target cells, it was also crucial to
assess the effector cell persistence. This is especially important in case of Double-T and
Triple-T, where mixtures of different engineered T cell subtypes were injected. In order to
understand why both conditions containing CAR*/TCR* double-positive T cells (CAR’TCR-T
and especially Triple-T) showed superior anti-tumor efficacy in vivo, it was important to
analyze whether this was due to a certain proliferation benefit. Figure 28 A and B display
the distribution of CAR*, TCR* and double-positive T cells in the various treatment groups
pre-injection and after termination of the experiment, respectively. Generally speaking, no
pronounced differences were observed between T cells isolated from bone marrow or from
spleen. In contrast to the assumption that the double-positive T cells show increased
persistence, CAR-T cells accounted for the largest proportion in all of the conditions. The
strongest effect was observed upon treatment with sorted CAR'TCR-T cells: while the
fraction of CAR-T cells increased from 9% pre-injection to 41% in bone marrow and 57% in
spleen, the double-positive fraction decreased from 56% pre-injection to 29% in bone
marrow and 18% in spleen. Similar effects were observed in the group treated with Triple-
T, which consisted of 18% CAR* cells at time-point of injection, but increased to 57% and
63% in bone marrow and spleen, respectively. The double-positive fraction in Triple-T only
decreased slightly from 26% pre-injection to 21% and 18% in bone marrow and spleen,

respectively.
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Figure 28: Ex vivo analysis of T cell persistence!’3. Percentage of untransduced, TCR*, CAR*
and double-positive T cells in each of the conditions (A) prior to injection and (B) in ex vivo
analyzed T cells derived from bone marrow and spleen. Displayed are mean values + SEM for
n=6 mice (n=8 sorted CAR’TCR-T).

In order to understand the previous finding that the CAR* cells demonstrated highest
proliferative capability in all of the conditions, the isolated T cells were analyzed for
expression of exhaustion (Figure 29) and differentiation (Figure 30) markers. Prior to i.v.
injection, all of the conditions showed comparable proportions of TIM-3*/LAG-3" T cells (~
35%) (Figure 29 A). Additionally, CAR*/TCR* T cells showed exhaustion marker expression
similar to CAR* T cells (independent of the treatment group), with approximately 40% of
TIM-3*/LAG-3* T cells. TCR* T cells showed a different distribution than CAR* or CAR*/TCR*
T cells with 4-fold lower percentages of TIM-3*/LAG-3* T cells and instead a higher
proportion of TIM-3/LAG-3* T cells.

Surprisingly, only marginal levels of TIM-3*/LAG-3" T cells were detected during ex vivo
analysis of T cells in bone marrow and spleen (Figure 29 B). All of the conditions showed
comparable percentages of TIM-37/LAG-3* of around 30% - 40%. Moreover, T cells isolated
from bone marrow and spleen displayed similar trends with a slightly more exhausted
phenotype in bone marrow. CAR*/TCR* T cells isolated from mice treated with sorted
CAR’TCR-T showed slightly higher exhaustion marker expression than CAR*/TCR* T cells
isolated from Triple-T. Spleen-derived TCR* cells in Triple-T displayed only 20% of
exhaustion marker expression, which was 2-fold lower than the frequencies in TCR-T,
CAR’TCR-T or Double-T. Overall, the exhaustion profile of CAR*/TCR* T cells was more
advanced than in CAR* cells, especially showing higher TIM-3*/LAG-3* frequencies (e.g.
~16% in CAR*/TCR* Triple-T versus ~9% in CAR* Triple-T or ~6% in CAR* CAR-T.
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Figure 29: Ex vivo analysis of T cell exhaustion. LAG-3 and/or TIM-3 expression (A) prior to
effector cell injection and (B) in ex vivo analyzed T cells derived from bone marrow and
spleen. Displayed are mean values + SEM for n=6 mice (n=8 sorted CAR'TCR-T).

Next, the aim was to assess whether there are differences in the differentiation status of
the various T cell subtypes. Figure 30 A clearly showed that the sorted CAR’TCR-T group
contained the greatest proportion of central memory (CM) (up to 67%) and also slightly
higher level of effector memory (EM) cells prior to injection. This observation was
consistent for all of the subpopulation in the sorted CAR’TCR-T condition, meaning TCR?,
CAR*, and CAR*/TCR* T cells. Similar to the differences in exhaustion marker expression
(Figure 29 A), TCR* T cells in TCR-T, Double-T and Triple-T displayed a less differentiated
phenotype than the CAR* T cells. TCR* T cells mainly consisted of memory stem cells (SCM)
(~ 44%) and CM cells (~ 50%), while CAR* T cells demonstrated 67% - 72% of CM cells.

Ex vivo analysis of T cells isolated from bone marrow or spleen and comparison to time-
point of injection, exhibited a strong shift from early to late differentiation phenotype for
all of conditions and cell types (Figure 30 A and B). Again, comparable results were obtained
for T cells isolated from bone marrow and spleen, with slightly increased differentiation in
spleen. In contrast to the strong differences in exhaustion marker expression observed in
Figure 29 B, CAR*/TCR* T cells showed no differences in differentiation phenotype

comparing CAR'TCR-T and in Triple-T. Although differentiation was less pronounced prior
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to injection, TCR* cells displayed clearly higher proportions of terminally differentiated
effector memory cells re-expressing CD45RA (EMRA) cells compared to CAR* T cells upon
ex vivo analysis. TCR* and CAR* T cells in the group of sorted CAR'TCR-T and Triple-T
consisted of EM cell populations almost twice as high as TCR* T cells in TCR-T or CAR* T cells
in CAR-T. In this regard, it needs to be underlined that ex vivo analysis of mice treated with
sorted CAR'TCR-T or Triple-T was performed approximately two weeks later than CAR-T or

TCR-T, which might also explain differences differentiation or exhaustion marker

expression.
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Figure 30: Ex vivo analysis of T cell differentiation phenotype. CD62L and/or CD45R0O
expression (A) prior to effector cell injection and (B) in ex vivo analyzed T cells derived from
bone marrow and spleen. Displayed are mean values = SEM for n=6 mice (n=8 sorted
CAR’TCR-T).

In order to increase comparability and to ensure a robust and conclusive analysis of the
level of exhaustion, Figure 31 only displays ex vivo data from mice taken out at final
endpoint of the study. This side-by-side comparison revealed that CAR’'TCR-T cells in Triple-
T, indeed comprised a significantly higher proportion of TIM-3*/LAG-3* T cells than the CAR-
T or TCR-T cells (Figure 31 A). Those CAR*/TCR* cells, isolated on d37 from Triple-T-treated
mice, generally showed a visibly lower remaining proportion of double-negative TIM-3"

JLAG-3"T cells.
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Figure 31 B displays ex vivo spleen analysis of mice also removed at study endpoint, but
treated with sorted CAR'TCR-T cells. Interestingly, no significant difference was observed
in LAG-3*/TIM-3" frequencies between TCR*, CAR* or CAR*/TCR* T cells. However, despite
high variability between different mice, sorted CAR'TCR-T cells generally showed higher
exhaustion marker expression than Triple-T cells. This might be explained by the higher

tumor burden in CAR'TCR-T- compared to Triple-T-treated mice at study endpoint (Figure

26).
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Figure 31: Ex vivo analysis of final end-point!’3. Frequencies of LAG-3*/TIM-3* effector cell
types (TCR+, CAR+ or CAR+/TCR+), isolated from spleen of mice treated with (A) Triple-T or
(B) CAR’TCR-T and removed from the experiment on d37 (endpoint of study). Donut graphs
below the respective T cell subtypes display the corresponding frequencies of TIM-3*, LAG-
3*, double-negative and double-positive cells. Box and whiskers plot shows individual and
median values. The p-values were calculated using Tukey‘s multiple comparison test and the
mixed-effects model with Geisser-Greenhouse correction (one-way analysis of variance) (ns,
not significant; *p < 0.05).

In summary, the beneficial effect of combining CAR and TCR in the same cell was proven,
not only in vitro, but also in vivo. Especially the Triple-T condition, which represents the
natural product of co-transduction during a potential clinical manufacture, was proven to
be advantageous, even outperforming the mixture of CAR-T and TCR-T cells in vivo.
Regarding the AML mouse model, all of the other conditions led to continuous outgrowth
of tumor cells, while Triple-T represented the only treatment condition that resulted in

elimination of Oci-AML3 cells from day 28 onwards.
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Data presented in figures 14, 16-18, 20-22, 24, 26, 28, 31 were published in Teppert, K. et
al. “CAR'TCR-T cells co-expressing CD33-CAR and dNPM1-TCR as superior dual-targeting

approach for AML treatment”. Molecular Therapy Oncology (2024)73,
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5. DISCUSSION

The main goal of this work was to assess whether it is possible, and particularly, beneficial
to co-express a CAR and a transgenic TCR in the same T cell. It was hypothesized that dual-
specific CAR'TCR-T cells show superiority in case of heterogeneous tumor cell populations
or antigen escape. Pre-clinical®’'3* and clinical results (NCT00085930'%,
NCT00840853'2412%) have shown that additional stimulation of CAR-T cells via the
endogenous TCR led to increased expansion, persistence and anti-tumor activity and even
enabled functional recovery of exhausted and terminally differentiated CAR-T cells'?.
Therefore, it was hypothesized that stimulation of a transgenic TCR in CAR-T cells might

have a similar beneficial outcome, while simultaneously facilitating dual-specificity.

5.1 Combination of CAR and TCR

A prerequisite for studying the combination of CAR and transgenic TCR in the same T cell
was to identify the characteristics of the respective constructs itself. As expected, the HLA-
A*02:01-restricted dNPM1-TCR was only functional in CD8* T cells, which might be
explained by missing pMHC-TCR stabilization via the CD8 co-receptor in CD4* cells'®%172,
Surprisingly, van der Lee and colleagues observed dNPM1-TCR functionality also in CD4* T
cells, although clearly reduced compared to CD8* T cells'®%. Such contradicting results could
be explained by differences in the manufacturing protocol: first, retroviral instead of
lentiviral transduction; second, activation via polyhydroxyalkanoate instead of TransAct™;
third, mouse instead of human TCR constant regions; and finally, functionality analysis right
after magnetic enrichment of TCR* cells versus 5 days of cultivation between sorting and
the co-culture assay. Especially the latter might increase the activation status in CD4* T cells
and consequently lower the threshold for dNPM1-TCR-signaling!®. Additionally, elevated
TCR expression levels might result in higher T cell avidity, thereby allowing for CD8-

independent target recognition!*.

Due to the limited functionality of the dNPM1-TCR in CD4* T cells, the subsequent co-
transduction experiments were performed with CD8* T cells only. For proof of concept, the
dNPM1-TCR was combined with the clinically well-established second-generation Leul6-
derived CD20-CAR3+168169 containing a 4-1BB costimulatory domain. Major aim was to

assess the impact of co-transduction on the expression level and functionality of CAR and
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TCR. Transducing with two lentiviral vectors simultaneously led to CAR and TCR expression
in CAR'TCR-T cells equivalent to that in CAR-T or TCR-T cells, respectively. Comparable to
previously reported findings on co-expression of CAR and transgenic TCR!3%139 no
reciprocal inhibition between CAR and TCR was observed in CAR'TCR-T cells. More
precisely, no significant difference in target cell lysis was measured between CAR'TCR-T
and CAR-T or TCR-T cells upon CAR- or TCR-stimulation, respectively. This ensures that
target cell lysis via CAR and TCR works independently and is consequently maintained in
case of MHC downregulation or loss of target antigen. Interestingly, dual stimulation led to
boosted anti-tumor activity in CAR’TCR-T compared TCR-T cells. Ugur Uslu and colleagues
observed similar effects with CD8* T cells transfected with RNA encoding gp100-TCR and
MCSP-CAR*3, Three years later the work was continued, and surprisingly, dual-specific T
cells expressing the same receptors led to the opposite outcome!®8: co-expression resulted
in reduced lytic activity upon dual stimulation, which could either be explained by the
change from electroporation to lentiviral transduction of TCR, thereby possibly impacting

surface TCR density, or more likely, by the co-culture with different target cell lines.

To verify the boosted cytotoxicity in CAR'TCR-T cells with another combination, the in vitro
experiments were repeated with CD8* T cells co-expressing dNPM1-TCR and CD33-CAR.
This represents a clinically relevant combination, since CD33 is found in more than 85% of
adult and pediatric AML'. Again, dual stimulation in trans resulted in significantly boosted
TCR-dependent killing with CAR’TCR-T compared to TCR-T cells. Since CAR-T cells already
caused almost 100% target cell lysis, it was impossible to detect further increase of killing
with CAR'TCR-T cells. However, cis stimulation with Oci-AML3 cells expressing both CD33
and dNPM1, revealed increased lytic activity with CAR'TCR-T cells compared to not only
TCR-T but also CAR-T cells. This finding can be explained by the very low CD33 levels in Oci-
AML3 cells, suggesting that dual-targeting in cis was able to increase the CAR-dependent

anti-tumor response and might especially be beneficial in case of dim antigen expression.

Regarding low target antigen expression, it needs to be pointed out that increased efficacy
in dual-specific T cells might not necessarily be linked to co-signaling of the two receptors,
but rather to enhanced binding avidity. Especially when there is competition between
signaling molecules, it might be the case that either CAR or TCR is dominant and that there

is no concomitant signaling. However, the results obtained upon trans stimulation indicate
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otherwise, since both CAR- and TCR-dependent functionality was detected. Furthermore,
latest findings from Markus Barden and colleagues suggest that despite simultaneous
antigen engagement, 28{CAR and endogenous TCR form separated immunological
synapses and lead to paralleled, non-overlapping downstream signaling'®?. To assess
whether this finding is restricted to a certain CAR design, it would be required to verify this
effect for the combination with for instance a BB{CAR. Finally, the question of whether the
observed boosting effect is based on increased avidity, could be addressed through
combination of a transgenic TCR with a CAR lacking the intracellular domains. It needs to
be pointed out, however, that this truncated CAR would be non-functional by itself and

theoretically non-functional in absence of the TCR target.

Whole transcriptome analysis of CAR'TCR-T cells revealed their closer relationship to CAR-
T than to TCR-T cells, suggesting that CAR signaling is dominant in CAR’TCR-T cells upon
dual stimulation in cis. Strikingly, gene set enrichment analysis linked the differentially
upregulated genes in CAR'TCR-T cells to cellular pathways such as positive regulation of T
cell activation and GTPase activity, which further supported the boosted cytotoxicity
observed in vitro. Especially the significantly upregulated GTPase activity strongly indicated
for enhanced activation-dependent IS formation, which might also support receptor
clustering and overall T cell signaling!'®1’7. This observation did not only substantiate the
boosted anti-tumor cytotoxicity of CAR'TCR-T cells, but also suggested synergistic effects
through co-signaling via CAR and TCR. In-depth analysis of the DEGs would enable to
identify pathways and upregulated genes that are unique to CAR'TCR-T cells. Subsequently,
this could be further verified through proteomics analysis. Finally, high-resolution
microscopy would be required to address whether the observed transcriptomic effects are
based on physical interaction between CAR and TCR or whether there is paralleled, non-

overlapping downstream signaling as described by Barden et al.12,

5.2 Long-term efficacy and exhaustion of CAR’TCR-T cells

Hyperactivation and repetitive signaling via TCR or CAR was linked to T cell exhaustion,
dysfunction and treatment failure?®31%5, Moreover, studies with syngeneic mouse models
have shown that simultaneous engagement of CAR and endogenous TCR triggered pro-

apoptotic and inhibitory pathways, eventually causing exhaustion and decreased cytotoxic
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activity!®l. Therefore, it was hypothesized that CAR'TCR-T cells, which receive dual
stimulation via CAR and transgenic TCR, might show faster exhaustion and consequently
impaired anti-tumor activity and persistence. Interestingly, long-term co-culture
experiments with repetitive target cell addition showed prolonged anti-tumor response
upon dual stimulation in trans and in cis. The trans setting contained a mixture of CAR- and
TCR-target cells, which is mimicking a heterogeneous tumor cell population. As expected,
only CAR’TCR-T cells managed to control tumor growth, while in vitro co-culture with CAR-
T and TCR-T led to significantly reduced target cell clearance. Moreover, CAR'TCR-T cells
also demonstrated superiority upon repeated stimulation in cis, especially for the clinically
relevant combination of dNPM1-TCR and CD33-CAR. Importantly, after long-term
repetitive stimulation in cis, CAR'TCR-T cells exhibited higher exhaustion marker expression
than CAR-T and TCR-T cells. However, a dysfunctional state was not reached, and opposed
to this, CAR’TCR-T cells still displayed superior anti-tumor activity. Therefore, an even more
challenging and longer experimental set-up might be required to eventually reach a state

of exhaustion in those CAR’TCR-T cells.

Double-T cells demonstrated visibly lower expression of TIM-3 and LAG-3 than CAR’TCR-T
cells, while cytolytic activity was comparably high up to the last round of stimulation.
Additionally, IFN-y cytokine release was observed to be higher in Double-T cells compared
to CAR'TCR-T or Triple-T cells, which was the case for the first and third round of target cell
addition. In this regard, it is important to highlight that Double-T contained twice the
amount of gene-engineered T cells (1 x 10* CAR-T and 1 x 10* TCR-T) than the CAR’TCR-T
condition (1 x 10* CAR’TCR-T and 1 x 10* UTD-T). While this experimental set-up ensured
equivalent numbers of CAR- and TCR-targeting effector cells, it might also explain why
Double-T cells showed higher IFN-y concentrations and lower exhaustion marker
expression. The fact that CAR'TCR-T contained only half the amount of modified, effective
T cells than the Double-T condition — while simultaneously demonstrating comparable anti-
tumor cytotoxicity — might suggest that the co-expression and co-signaling of CAR and TCR
indeed boosts the lytic activity. This is in line with the findings of Marco Ruella and
colleagues, who showed that dual-specific CD19-/CD123-targeting CAR T cells
outperformed the mixture of CD19-CAR-T and CD123-CAR-T cells in vivo'®®.

76



DISCUSSION

5.3 Different costimulatory domains in CAR’TCR-T cells

In this work, the dNPM1-TCR was initially combined with a 4-1BB-costimulated CAR, which
is generally linked to more durable and long-term anti-tumor response in hematological
malignancies?®13°, |n contrast, most of the CAR-T cell studies reporting an advantage in
stimulating the native TCR were based on CD28-costimulation'?4126127 |n addition,
endogenous TCR stimulation resulted in boosted expansion and cytotoxicity of CD28{CAR-
T cells in vitro, which was not observed for the 4-1BB-costimulated counterpart!?’. Also
previous work on combination with a transgenic TCR was based on CD28 costimulation in

the CAR context138139,

In contrast to the work by Omer and colleagues'?’, the side-by-side comparison of CAR’TCR-
T cells co-expressing dNPM1-TCR and either 4-1BB- or CD28-costimulated CD20-CAR did
not reveal any differences in exhaustion marker expression or the cytotoxic potential, not
even after long-term repetitive co-culture. This discrepancy might be explained by
variations in experimental design such as the different tumor setting and the shorter
duration of in vitro co-culture. Therefore, in vivo comparison of BB{CAR'TCR-T and
28CCAR'TCR-T would be required to further address this question. Moreover, it needs to be
emphasized that the most suitable combination might be dependent on respective scFv

198 and tumor type'®. Especially for treatment of solid

affinity!®’, target antigen density
tumors it was demonstrated that CARs containing CD28 costimulatory domain are superior

due to eliciting stronger and more rapid anti-tumor response®®°.

Subsequent experiments were continued with 4-1BB-costimulated CAR constructs: firstly,
to counteract the expected faster exhaustion in dual-stimulated CAR’TCR-T cells; secondly,
to minimize the risk of cytokine release syndrome, which is more strongly observed in

clinical trials with CARs using CD28 costimulation'?°.

5.4 Combination of CAR and TCR in CD4* T cells

As described in the beginning of chapter 5.1, all of the experiments combining CAR and
transgenic TCR were performed in CD8* T cells only, since the dNPM1-TCR was shown to
be non-functional in CD4* T cells. Several groups have emphasized the clinical relevance of

CD4* T cells in cancer treatment with adoptive cell therapies. It was observed that not only
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CD8* but also CD4* CAR-T cells are capable of mediating anti-tumor activity2°°-292, Strikingly,
CD4* CART cells maintained anti-tumor functionality, expanded and persisted longer after
encounter with target cells, representing the predominant subtype even after decade-long

remission31.172,

One of the major findings was the strongly enhanced TCR-dependent killing in CAR'TCR-T
cells upon dual stimulation. It was hypothesized, that such a boost of ANPM1-TCR activity
might also be achieved in CD4* T cells through co-expression of a CAR. Simultaneous
engagement of TCR and CAR might increase overall T cell avidity and thereby mimic the
stabilizing effect of the CD8 co-receptor!®®, Therefore, a side-by-side comparison of CD4*
CAR'TCR-T and CD8* CAR'TCR-T cells, co-expressing dNPM1-TCR and CD20-CAR, was

performed.

Indeed, co-culture with 4CAR’TCR-T cells resulted in almost complete target cell lysis upon
dual stimulation. However, also strong bystander killing was observed, indicating that the
boosting effect might be fully or partly achieved through the concomitantly stimulated CAR.
This demonstrates the limitation of the experimental set-up in answering the question of
whether the dNPM1-TCR becomes functional in CD4* T cells through co-engagement of
CAR. As described in chapter 5.1 “Combination of CAR and TCR”, co-expressing the dNPM1-
TCR with a non-functional, truncated CAR (lacking the intracellular domains) might mimic
the increased CD4* T cell avidity, while simultaneously preventing bystander signaling and

activation events via the CAR.

However, long-term co-culture experiments revealed that 4CAR'TCR-T cells showed
significantly stronger target cell lysis after repeated stimulation in trans compared to 4CAR-
T cells. This suggests that signaling and killing via the dNPM1-TCR is indeed involved and
that the previously described boosting is not solely facilitated through CAR-dependent

bystander effects.

Although these findings suggest that co-transduction with dNPM1-TCR does not have
negative impact on the CD4* CAR-T cell functionality, it needs to be underlined that sharing
of TCR-LV between CD4* and CD8" T cells might decrease the overall transduction
efficiency. Accordingly increasing the MOI would lead to higher vector copy numbers,

which is limited to 5 copies per genome by the Food and Drug Administration?°3, Another
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possible solution might be the co-expression of CD8a or CD8af in CD4* T cells, which was
reported to significantly enhance transgenic TCR functionality in pre-clinical studies?°420>
with encouraging responses in a first clinical trial?°® (NCT04044859). This might facilitate
functionality of the dNPM1-TCR in not only CD8* but also CD4* T cells. Moreover, selection
of high-affinity transgenic TCRs, which are naturally independent of the CD8 co-receptor??’,

might represent another alternative for combination with CAR.

To sum this up, further in-depth analysis is required to understand whether co-expression
of a CAR facilitates functional recovery of an MHC class I-restricted TCR in CD4* T cells.
Nonetheless, no reduction in cytotoxicity was observed in 4CAR’TCR-T cells compared to
4CAR-T cells, and on the contrary, CAR-T cells co-expressing dNPM1-TCR even displayed

reduced exhaustion marker expression after repetitive stimulation in all conditions.

5.5 CAR’TCR-T cells in vivo

The in vivo study primarily aimed at assessing the efficacy of CAR'TCR-T cells, co-expressing
the previously published transgenic dNPM1-TCR'®! and CD33-CAR (My96-scFv)1>>208:209 i
an AML mouse model with Oci-AML3 cells.

While all the treatment conditions led to continuous tumor outgrowth, only Triple-T-
treated mice showed tumor elimination starting from day 23. This cellular composition of
CAR-T, TCR-T and CAR'TCR-T represented the natural product of co-transduction and was
manufactured using the CliniMACS Prodigy®, which underlines the clinical applicability of
this approach. The fact that tumor elimination was not even achieved upon treatment with

Double-T cells, a mixture of CAR-T and TCR-T, further proves the power of CAR'TCR-T cells.

One group was treated with sorted CAR’TCR-T cells, which served as experimental control
according to the in vitro experiments and cannot be directly compared to the other groups,
due to the different manufacturing protocols. Transduction with a polycistronic construct
encoding for both CAR and TCR would be a more suited control, preventing the
development of CAR- or TCR-only T cells as it occurs during co-transduction with separate
viral vectors. However, due to a transfer vector size of almost 10 kbp only low viral titers

and transduction efficiencies would be expected?®0. A possible solution might be the use of
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high-capacity adenoviral vectors?'?'2, which would allow to determine, whether the

cellular composition in Triple-T is indeed superior compared to CAR’TCR-T cells only.

Interestingly, ex vivo analyzed spleen-derived T cells mainly consisted of CAR* T cells. This
implies that the in vitro observed boosted anti-tumor response with CAR'TCR-T cells also
occurred during in vivo treatment with Triple-T. The fact that CAR-T cells persisted longest,
indicates that CAR'TCR-T cells were either exhausted and/or simply showed reduced
proliferative capacity than CAR-T cells. This was supported by the finding that CAR*/TCR* T
cells in Triple-T-treated mice demonstrated significantly higher exhaustion than the CAR*
or TCR* T cells in Triple-T. Omer and colleagues observed enhanced proliferation and
persistence in transgenic TCR-T cells co-expressing a third-generation CD28-/0X40-
costimulated CD19-CAR without CD3{ signaling domain, compared to combination with a
full second-generation CD19-CAR?'3, The hypothesis that simultaneous CAR- and TCR-
engagement results in excessive CD3{-signaling, eventually leading to activation-induced
cell death, might also be applicable to the dual-specific CAR'TCR-T cells in Triple-T. Similar
findings were also published in the context of multi-targeting with two different CAR
constructs, showing that split CD3T signaling is beneficial for long-term persistence!*!.
Combining the dNPM1-TCR with a CD3Z-lacking CD33-CAR might, however, carry the risk
for failed anti-tumor response in case of MHC downregulation and thus requires careful

evaluation.

Prolonged targeting of CD33 was linked to increased risk for off-tumor toxicity against non-
malignant cells such as myeloid progenitors or hepatic Kupffer cells, consequently leading
to severe myelosuppression or potentially deadly sinusoidal obstruction syndrome,
respectively®®’"1>°, Therefore, it was proposed to even reduce CAR-T cell persistence for
AML treatment®®9, for example through implementation of safety switches?#21>, inducible

216 or adapter technologies?'’2*°. The observed lower persistence of CAR’TCR-T

systems
cells compared to CAR-T cells might consequently even be beneficial. This again underlines
the importance of evaluating whether a cell product solely containing CAR’TCR-T cells, and
no CAR-T or TCR-T cells, would eventually allow for equally high in vivo anti-tumor response

as treatment with Triple-T cells.

To prove the advantage of CAR'TCR-T cells, not only regarding boosted efficacy but also

with respect to tumor heterogeneity, it would additionally be necessary to perform an in
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vivo experiment with a mixture of different target cells. A patient-derived AML xenograft
model, which perfectly recapitulates the genetic diversity and intratumor heterogeneity?%,
would not only help to further verify the previous findings but might also be valuable

regarding the complex immunosuppressive characteristics of AML6>222,

5.6 Conclusion and outlook

The primary objective of the work was to evaluate in which way CAR and transgenic TCR
can be combined for a novel therapeutic concept. In vitro and in vivo experiments
demonstrated superiority of dual-specific CAR’TCR-T cells. Strikingly, in vivo no elimination
of target cells was achieved with Double-T cells, a mixture of CAR-T and TCR-T cells,

underlining the power and increased anti-tumor activity with CAR’TCR-T cells.

A remaining question, which still needs to be answered is whether the combination of
CD33-CAR and dNPM1-TCR is superior compared to co-expression of a CD33-CAR and a
second dNPM1-HLA-A*02:01-targeting CAR (dual-CAR-T). Here, several factors must be
taken into account: First, prerequisite for the latter approach is the successful development
of an antibody targeting dNPM1-HLA-A*02:01. Such TCR-like antibodies generally only bind
to a few residues and not to the full target peptide, resulting in lowered specificity and
increased risk for off-target interactions??2. Besides, inadequate sensitivity and signal
transduction were described to be other limitations of pMHC-directed CARs, thus not
achieving the required therapeutic activity as respective TCRs'6:107.222.223 Sacond, in-depth
characterization of CARs and TCRs displayed large differences regarding architecture, IS and
signaling06111.134 This explains why interaction, competition, or even reciprocal inhibition
between the two receptors is not expected'®?, whereas overstimulation and increased risk
for cytokine release syndrome were reported in the context of dual-CAR-T cells#1224, On
top of that, even increased cytotoxicity and proliferation was observed upon co-signaling
of the endogenous TCR and CAR?4126.127,134 Dye to the exact same structure, similar effects
are expected for co-engagement of a transgenic TCR. Finally, several groups are currently
focusing on learning from the naturally evolved TCR, in order to design novel constructs
with more physiological signaling machinery (e.g. STARE, TRuC”®, HIT8, or TAC??° receptor)

displaying increased sensitivity and enhanced anti-tumor activity. This further supports the
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approach of combining CAR and transgenic TCR instead of co-expressing two different

CARs.

This work is based on combination of a CAR and a transgenic TCR for treatment of AML.
Although similar effects were observed with two different CARs (CD33-CAR or CD20-CAR),
it would next be crucial to validate the applicability for other, particularly solid tumor
settings. Therapeutic success of CAR-T cells for treatment of solid tumors was shown to be
limited*®. A significant level of expectation is currently placed in transgenic TCRs, which
cover a larger target repertoire by also including intracellular cancer antigens, demonstrate
more sensitive tumor detection0®107.222223 gnd are expected to show better tumor
penetration!43226.227 |n addition, transgenic TCR-T cells were reported to enhance T cell
persistence and overall more balanced activation due to the physiological signaling
machinery*®89, Co-expression of a TCR in CAR-T cells might therefore also be beneficial for
treatment of solid tumors. Similar to the CAR’TCR-T approach, various studies are based on
dual-targeting in order to overcome the heterogeneity in solid tumors and to decrease the
risk for tumor escape and recurrence*1421%_ Another major challenge in treatment of
solid tumors is the lack of specific antigens and the resulting off-target toxicity??8. An ideal
solution is the targeting of highly tumor-specific neoantigens (such as the driver mutation
in dNPM1) via transgenic TCRs. However, the process of developing such personalized

229 and in the end, restricted to a certain HLA-

treatments is more time- and cost-consuming
type and availability of the particular mutation. Finally, the immunosuppressive TME in
solid tumors hinders T cells from infiltrating, resulting in exhaustion and insufficient anti-
tumor activity??®. CAR’TCR-T cells co-expressing a tumor-specific TCR and a CAR directed to
the TME might tackle this challenge, especially as boosted functionality was also observed
in trans. Already introduced approaches are for example CAR-T cells targeting the tumor

vasculature?30-233, cancer-associated fibroblasts?34-238 tumor-associated

macrophages?3®240 or myeloid-derived suppressor cells?30:241,

Although the use of a neoantigen-restricted TCRs has the great advantage of high tumor
cell specificity, prerequisites such as the HLA-haplotype limit the number of patients, who
are eligible for such personalized treatment. The dNPM1-TCR is, on the one hand, restricted
to HLA-A*02:01, which is most prevalent and yet only expressed in approximately 50% of

the Caucasian population?*?. On the other hand, another dNPM1-targeting TCR specific for
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HLA-A*11:01 has already been identified?*® and further broadening the selection of

transgenic TCRs would allow for personalized adjustments of the therapy according to HLA

typing.

Another challenge, which needs to be considered in context of transgenic TCRs, is the risk

for mispairing. This might influence TCR expression?**

as well as therapeutic safety due to
potential development of autoreactive specificities?*>?%6, Possible solutions are either
knock-out of the endogenous TCR?*’ or one step further, knock-in of a transgene in the TCR
locus?*82°0, This would not only enable physiologically regulated TCR expression?*>25%, but

might also minimize the risk for GvHD with allogeneic donor-derived T cells?>22%3,

In conclusion, this work demonstrates the superiority of combining CAR and TCR
technologies through co-expression in the same T cell, facilitating boosted anti-tumor
cytotoxicity upon stimulation in cis and in trans, while maintaining functionality and
specificity in case of CAR- or TCR-only stimulation. Clinical applicability of this approach is
provided by the fact that Triple-T is the natural product of co-transduction with two LVs
encoding for either CAR or TCR, automatically leading to a final cellular composition of
CAR'TCR-T, CAR-T and TCR-T. Most importantly, in vivo target cell lysis was only observed
in mice treated with Triple-T cells, while all other conditions, including the mixture of CAR-
T and TCR-T cells, led to continuous tumor outgrowth. This emphasizes the advantage of
incorporating T cells co-expressing CAR and transgenic TCR. Furthermore, the data
underlines the relevance of this combinatorial approach as valuable therapeutic alternative
for treatment of AML. Current standard treatment consists of chemotherapy with optional
allo-HSCT as subsequent post-remission therapy®>°. AML incidence and mortality rates are
globally increasing and five-year survival rates are low%2>*, The overall poor treatment
responses have led to implementation of targeted immunotherapies???. Challenges that are
still limiting CAR- or TCR-T cell efficacy in treatment of AML are the clonal heterogeneity,
the immunosuppressive TME, on-target off-tumor toxicities and the risk forimmune escape
and relapse'®. This work provides compelling evidence that CAR’TCR-T cells, co-expressing
a CD33-CAR and dNPM1-TCR, might represent a powerful alternative treatment option for
AML: First, targeting of neoantigens such as dNPM1 is expected to decrease the risk for
adverse events due to on-target effects against healthy tissue'®®. Second, CAR’TCR-T cells

exhibit dual-specificity, which might enable more comprehensive tumor cell elimination
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and mitigate the chance for residual leukemic blasts®*. Finally, only the treatment
containing CAR'TCR-T cells induced a sufficient anti-tumor response in vivo. This
substantiates the boost in anti-tumor cytotoxicity as well as the clinical potential,

particularly for treatment of aggressive, chemotherapy-resistant AMLs%>>.

In the recent years, adoptive T cell therapy has also emerged as promising treatment
modality in autoimmune disorders?>®. CD19- and/or BCMA-targeting CAR T cells have for
instance been successfully applied in several cases of systemic lupus erythematosus®>7-2>°.
Various clinical CAR T cell trials are currently also on going for other autoimmune diseases
such as myasthenia gravis, sjogren’s syndrome, scleroderma or immune nephritis?>®. Due
to their natural role in preventing excessive immune responses and autoimmunity,
regulatory T cells are widely used for adoptive T cell treatment of autoimmune diseases?>®.
Regulatory T cells expressing a CAR or a TCR were engineered for treatment of multiple
sclerosis?%%261 or type | diabetes?>®2%2, Considering the discoveries of this work, the
combination of CAR and TCR could potentially also increase the therapeutic efficacy of
adoptive cell therapies in the context of autoimmune diseases. For example, a possible
approach for treatment of multiple sclerosis could involve regulatory T cells expressing a
TCR against myelin basic protein?®® and a CAR targeting myelin oligodendrocyte

glycoprotein?®,

In summary, further work is required to verify the findings for other combinations of CAR
and TCR, allowing for application of CAR'TCR-T cells in various clinically relevant settings.
The efficacy of adoptive cell therapy in solid tumors remains a major challenge®, but the
observed characteristics of CAR’TCR-T cells, including enhanced anti-tumor efficacy and

dual-specificity, offer promise for their potential application and impact on solid tumors.
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