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No sympathy for the devil; keep that in mind.

Buy the ticket, take the ride...

and if it occastonally gets a little heavier

than what you had in mind, well... maybe chalk it off
to forced consciousness exrpansion:

Tune in, freak out, get beaten.

FEAR AND LOATHING IN LAS VEGAS
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Abstract

Adoptive cell therapy (ACT) has recently shown enormous potential in treating cancer
and infections. Advances in the field, propelled by the accessibility of genetic engineering
tools like clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9), have made this technology more available than ever. Specif-
ically, chimeric antigen receptor (CAR) T lymphocyte (T cell) therapy, a subset of adop-
tive cell therapy, achieved notable success, receiving U.S. Food and Drug Administration
(FDA) approval in 2017 for treating relapsed or refractory B lymphocyte (B cell) malig-
nancies. Since then, various forms of CAR T cell therapy have been approved, showing
significant clinical success.

Despite this success and the availability of commercial products, the treatment is asso-
ciated with extremely high costs due to the complex manufacturing and high personaliza-
tion involved. The standard source for cellular material are patient-derived autologous
cells, presenting significant obstacles.

To overcome these limitations the use of allogeneic cell sources is suggested. This
would allow the standardization and characterization akin to pharmaceutical products,
thereby enabling a certain degree of predictability in clinical outcomes. However, unless
there is an exact match in human leukocyte antigen (HLA) between donor and recipient,
the transfer of cells may result in rejection, leading to treatment failure and potential
severe adverse effects. This challenge has led to the development of HLA knock-out (KO)
T cells, theoretically providing a source of universally compatible donor cells. However,
it remains unknown whether this editing affects the physiological function of T cells.
Moreover, cells missing HLA may elicit "missing-self” recognition through natural killer
(NK) cells, impacting effectiveness due to NK cell-mediated rejection. Generation of T
cells through engineering of non-canonical HLA class T were then proposed. This would
further complicate the manufacturing process and raises serious safety concerns. These
cells can now successfully evade, whithout physiological regulation, immunological safety
mechanisms.

In this thesis, we answer the question and demonstrate that HLA class I and class 11
KO cells retain their physiological effector function both in vitro and in vivo. T cells
with a complete loss of HLA avoid allorecognition by foreign T cells but trigger NK cell
responses.

We further show, that selective editing of individual canonical HLA class I alleles is
possible in a single editing step. This approach reduces canonical HLA class I, enabling
the cells to be not universally but multi-donor compatible through a simplified match-
ing process. By reducing HLA class I to one remaining molecule, HLA-matching can
be reached for large population shares, considering the relatively frequent occurrence of
certain HLA alleles. These HLA-reduced T cells exhibit no alloreactivity of sensitized
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T cells and do not elicit an NK cell response in vitro. Furthermore, we demonstrate excel-
lent in vivo behavior with improved functionality over conventionally HLA-mismatched
allogeneic CAR T cells.

By demonstrating the feasibility of generating multi-compatible T cells for adoptive
T cells in a single editing step, retaining their physiological function, this approach
significantly contributes to enhancing the accessibility and safety of adoptive cell therapy.
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Zusammenfassung

Die adoptive Zelltherapie hat in jlingster Zeit ein enormes Potenzial bei der Behandlung
von Krebs und Infektionen bewiesen. Die Fortschritte auf diesem Gebiet, die durch das
Aufkommen von gentechnischen Werkzeugen wie CRISPR/Cas9 vorangetrieben wur-
den, haben diese Technologie verfiighbarer denn je gemacht. Insbesondere die CAR-T-
Zelltherapie, eine Unterform der adoptiven Zelltherapie, erzielte einen bemerkenswerten
Erfolg mit der Zulassung 2017 durch die FDA fiir die Behandlung therapierefraktérer B-
Zell-Malignome. Seitdem sind verschiedene Formen der CAR-T-Zelltherapie zugelassen
worden, die bemerkenswerte klinische Erfolge feiern.

Trotz dieses Erfolgs und der Verfiigharkeit kommerzieller CAR-T-Zell Produkte ist
die Behandlung mit einer komplexen Herstellung, hohen Personalisierung und, dadurch
bedingt, sehr hohen Kosten verbunden. Ausgangsmaterial fiir die Therapie sind in der
Regel vom Patienten stammende autologe Zellen, was einige Limitationen mit sich bringt.

Um diese Einschrankungen zu iiberwinden, wird die Verwendung allogener Quellen fiir
Zellen vorgeschlagen. Dies wiirde eine Standardisierung und Charakterisierung dhnlich
wie bei pharmazeutischen Produkten ermdéglichen und damit ein gewisses Mafl an Vor-
hersagbarkeit der klinischen Ergebnisse schaffen. Wenn sich jedoch keine exakte HLA-
Ubereinstimmung zwischen Spender und Empfiinger findet, kann der Zelltransfer zu ei-
ner AbstofSung fiihren, was ein Versagen der Behandlung und potenziell schwerwiegende
unerwiinschte Nebenwirkungen zur Folge hat. Dieser Umstand hat zur Erforschung von
HLA-KO-T-Zellen gefiihrt, die theoretisch eine Quelle universell kompatibler Spender-
zellen darstellen. Es ist jedoch noch nicht bekannt, ob dieses Editing die physiologische
Funktion der T-Zellen beeintrachtigt. Dariiber hinaus kénnen Zellen, durch die Abwesen-
heit von HLA, die Abstoflung durch NK-Zellen auslésen, was wiederum die Wirksamkeit
der Therapie beeintréachtigt. Ein weiterer Ansatz ist es, NK-Zell-resistente T-Zellen durch
Engineering von nicht-kanonischen HLA-Klasse-I Molekiilen zu erzeugen. Dies wiirde
den Herstellungsprozess weiter erschweren und dariiber hinaus ernste Sicherheitsbeden-
ken mit sich bringen. Diese Zellen entziehen sich nun ohne physiologischer Regulierung
zu unterliegen, Sicherheitsmechanismen des Immunsystems.

In dieser Arbeit beantworten wir die Frage nach der Funktion von HLA KO Zellen
und zeigen, dass HLA-Klasse-I- und -Klasse-II-KO-Zellen ihre physiologische Effektor-
funktion sowohl in wvitro als auch in vivo beibehalten. T-Zellen mit einem vollstdndigen
Verlust von HLA entgehen der Erkennung durch allogene T-Zellen, 16sen aber NK-Zell-
Reaktionen aus.

Wir zeigen auflerdem, dass das selektive Editing einzelner kanonischer HLA-Klasse-1-
Allele in einem einzigen Bearbeitungsschritt moglich ist. Dieser Ansatz reduziert die ka-
nonische HLA-Klasse I so, dass die Zellen zwar nicht universell, aber durch einen verein-
fachten Matching-Prozess mit mehreren Spendern kompatibel sind. Durch die Reduktion
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Zusammenfassung

der HLA-Klasse I auf ein verbleibendes Molekiil kann angesichts des relativ hdufigen Auf-
tretens bestimmter HLA-Allele ein HLA-Matching fiir grofle Bevolkerungsanteile erreicht
werden. Diese HLA-reduzierten T-Zellen erfahren keine Alloreaktivitdt durch sensibili-
sierte T-Zellen und 16sen keine NK-Zellreaktion in wvitro aus. Dariiber hinaus kénnen
wir ein exzellentes in-vivo-Verhalten mit verbesserter Funktionalitidt im Vergleich zu
herkémmlichen HLA-ungematchten allogenen CAR-T-Zellen zeigen.

Durch die hier nachgewiesene Machbarkeit der Produktion multikompatibler T-Zellen
fiir adoptive T-Zelltherapie in einem einzigen Bearbeitungsschritt unter Konservierung
der physiologischen Funktion, trigt dieser Ansatz wesentlich zur Verbesserung der Zu-
génglichkeit und Sicherheit der adoptiven Zelltherapie bei.
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1 Introduction

The human immune system is a highly specialized system that protects the body from
external threats through complex cellular and molecular mechanisms. It consists of two
major components: the evolutionarily older innate immunity and adaptive immunity.
The innate immune system heavily relies on physical and chemical barriers. In the event
of a pathogen breaching these barriers, it can be eliminated through direct interactions
with antimicrobial proteins or by specialized cells that recognize evolutionarily preserved
pathogen patterns.

In contrast, the adaptive immune system distinguishes between self and non-self recog-
nition and complements the innate immune system in protecting against infections by
recognizing antigens through lymphocytes. Two major cell types comprise the lympho-
cytes: B lymphocytes (B cells) and T lymphocytes (T cells). B cells and T cells play
distinct roles in antigen recognition and response. Lymphocytes can recognize specific
antigens through their membrane-bound receptors.

However, T cells with their T-cell receptors (TCRs) cannot directly recognize foreign
proteins. For a protein to be recognized through a T cell receptor, it must be processed
in a specific way and presented on major histocompatibility class (MHC) molecules,
also known as human leukocyte antigen (HLA) molecules. For example, for antigen
presentation on HLA class I molecules, the protein undergoes intracellular degradation
in the cytosol. The resulting peptides, 8-10 amino acids in length, are then mounted on
MHC molecules in the endoplasmic reticulum. This process enables T cells not only to
recognize steric-accessible antigens but also to identify antigens within foreign proteins.

A highly diverse repertoire of T cell receptors is generated during the development of
T lymphocytes through somatic recombination. However, to avoid unintentional harm
to the host’s tissues, they need to distinguish between self and non-self antigens. This
distinction is achieved through positive and negative selection. During maturation, T
lymphocytes that react positively to self-MHC molecules undergo positive selection and
thus survive. It is believed that a weak interaction with self-peptide:MHC molecules is
an indicator that the T cell can effectively recognize antigens bound to MHC, ensuring its
proper function. [1,2] Highly auto-reactive T cells that could harm the host are removed
through negative selection, leading to self-tolerance.

The underlying mechanism of antigen processing and presentation enables the adap-
tive immune system to recognize any presented antigen, whether it is microbial and
internalized through phagocytosis by innate immune cells or an antigen produced by an
infected or malignantly transformed cell.

Furthermore, in contrast to the innate immune system, the adaptive immune system
is capable of forming immunological memory. Upon response to a specific pathogen,
memory cells that are long-term persistent are generated. Should the same pathogen
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be reencountered, the adaptive immune system then mounts a rapid response, leading
to immunity or rapid clearance of the infection with a lesser burden of symptoms. This
principle is used in the concept of immunization through vaccines.

The clinical relevance of understanding the immune system is evident in the field of
cancer immunotherapy. Breakthroughs like checkpoint inhibitors, which block proteins
that inhibit T-cell responses, have revolutionized cancer treatment. For instance, drugs
like pembrolizumab and nivolumab have successfully treated various cancers, improved
patient outcomes, and extended survival rates [3,4].

Recent advancements in genome editing technologies, such as clustered regularly in-
terspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9),
have opened up new possibilities in immunology research and treatment, allowing for a
deeper understanding of immune responses and the potential to engineer genes. This
holds potential implications for personalized medicine and targeted therapies, such as
adoptive cell therapy.

1.1 Adoptive cell therapy

Adoptive transfer is described as the transplantation of immunological tissues to achieve
immunity, such as the transfer of lymphocytes [5]. The underlying concept is to obtain
an immediate, preformed response from the adaptive immune system without the need
for prior immunization. This approach aims to address infections or malignant processes.

One of the earliest forms of adoptive cell therapy implemented was bone marrow
transplantation in acute leukemia patients, demonstrating clinical improvements post-
transplantation due to an observable anti-leukemic effect of the graft [6]. A common,
potentially life-threatening side effect of bone marrow transplantation is graft-versus-host
disease (GVHD). Following bone marrow transplantation, it was noted that patients who
experienced GVHD had fewer tumor relapses compared to those who did not experience
GVHD. However, since GVHD is a life-threatening side effect, only patients with a mild
form of GVHD had a survival advantage [7].

T cells were successfully identified as responsible for both GVHD and the graft-versus-
leukemia effect [8,9]. Allografts that were T-cell depleted in bone marrow transplantation
resulted in fewer and less severe cases of GVHD. However, patients who received T-cell-
depleted allografts also had a higher probability of relapse [9].

From this point on, T cells rapidly became the research subject and were employed
in clinically deployed adoptive cell therapy, including early unedited transfers of T cells
e.g., in the form of donor leukocyte infusion [10].

Despite the adoptive transfer of unedited T cells, such as donor leukocyte infusion [10],
the transfer of virus-specific T cells [11], and tumor-infiltrating lymphocytes [12] demon-
strating significant therapeutic value; the advent of gene editing technologies signifies a
substantial leap toward targeted and personalized therapies, expanding the pharmaceu-
tical arsenal for combating infections and cancer.

Currently, three types of adoptive T-cell therapies are striving for regulatory approval.
In addition to the previously mentioned tumor-infiltrating lymphocytes, chimeric anti-
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gen receptor (CAR) and TCR engineered T-cells have also emerged. With the U.S.
Food and Drug Administration (FDA) approval of CAR T-cell therapy tisagenlecleucel
(KYMRIAH®, Novartis Pharmaceuticals Corporation) in 2017, a significant milestone
in medicine was achieved. It marked the first instance of a gene-modified cell therapy
gaining regulatory approval [13].

1.1.1 Adoptive Transfer of unedited T cells

The underlying concept behind adoptive transfer is to achieve immediate immunity
and effector function. Adoptive transfer offers an onset of action as rapid as that of
chemotherapy, in contrast to vaccination, other forms of immunization, or immune check-
point inhibitors. To accomplish this, it is necessary to transfer antigen-experienced T
cells. Whether the target is a viral infection or a solid tumor, these T cells have to be
identified and isolated.

It was discovered that T cells infiltrating solid tumors are capable of lysing autologous
tumor cells ex vivo after expansion. However, they do not exhibit the same effect on al-
logeneic tumors or autologous normal cells [12]. Tumor-infiltrating lymphocytes (TILs),
specifically T cells, exhibit a strong association with tumorous antigens. These findings
suggest a potential clinical application for the treatment of solid tumors in the form of
adoptive cell therapy.

TILs can be prepared for adoptive cell therapy by excising the tumorous mass, extract-
ing the lymphocytes, expanding them in vitro, and subsequently reintroducing them into
the patient. This groundbreaking approach was pioneered by Rosenberg et al. in 1988 in
the treatment of patients with metastatic melanoma [12]. Adopting T-cell therapy using
TILs has proven to be highly effective in tumors characterized by high somatic mutation
rates, such as those found in lung cancer, melanoma, and bladder cancer [14]. It was
later discovered, through next-generation sequencing, that TILs recognize neo-epitopes
derived from the somatic mutations occurring in the patient’s tumor [15]. Addition-
ally, T cells capable of targeting a common driver mutation present in many human
tumors have been identified. This discovery paves the way for further refinement and
development of this therapeutic method for targeted treatments.

Using somatic-mutation-specific TILs combined with interleukin 2 (IL-2) supplemen-
tation and checkpoint inhibitors have demonstrated the potential to initiate sustained
regression in cases of metastatic breast cancer [14]. The adoptive transfer of TILs shows
promise as an innovative approach for treating therapy-refractory patients.

The use of unedited T cells is by far not limited to TILs. Adoptive T-cell transfer can
be a valuable solution in various situations where there is a lack of an existing immune
response that is urgently needed. One illustrative example is allogeneic hematopoietic
stem cell transplantation (HSCT), a procedure that essentially eliminates an individual’s
adaptive immune system and replaces it with the transplanted graft. In these situations,
reactivation of cytomegalovirus (CMV) or Epstein-Barr virus (EBV) infections can oc-
cur, leading to a highly severe and potentially life-threatening complication. In healthy
individuals, latent herpes virus infections such as CMV or EBV are typically kept in
check by life-long-persisting virus-specific T cells. Thus, CMV seropositive patients
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face the highest risk when receiving a graft from a seronegative donor during allogeneic
HSCT [16]. Since the host’s bone marrow and, thus, the immune system are depleted
prior to transplantation, virus-specific T cells are no longer present, and the graft inher-
ently lacks them. Infusions of donor-derived lymphocytes, specific for CMV antigens,
have been identified as conferring immunity [17] until, eventually, a new population of
autologous virus-specific T cells is formed. It has been shown that lymphocytes from
HLA matched third-party donors can also be used for treatment [18].

This, in essence, highlights the significant potential of adoptive T-cell therapy in
combating both cancer and infections.

1.1.2 Adoptive Transfer of TCR engineered T cells

After the remarkable success achieved through the adoptive transfer of T cells, TCR
engineering has emerged as a solution to address the limitations associated with adoptive
cell therapy. Using TILs for adoptive transfer requires the presence of a solid tumor that
can be surgically removed to harvest TILs. In the case of virus-specific T cells, an
HLA-matched donor is required because virus-specific T cells from third-party donors
are commonly rejected [19].

However, in both scenarios, unless antigen-specific selection methods are used, the
T cell receptor repertoire composition remains highly heterogeneous. Even with such
selection methods, while antigen specificity may be consistent, receptor binding affinity
and the composition of T cell phenotypes still vary significantly.

Consequently, the efficacy of therapy is neither standardized nor guaranteed. It could
even be argued that, for example, TILs might be less effective because they often fail to
completely eradicate the tumor and can be influenced by the tumor’s microenvironment
and immunological escape mechanisms.

TCR-engineered T cells aim to overcome these limitations by using TCRs with well-
established and tested antigen specificity and affinity. This approach also enhances the
standardization of this highly personalized form of treatment by using the same TCR for
a group of patients with the same tumor entity. Gene editing technologies further enable
the efficient and rapid production of patient-specific cell products by, e.g., introducing
the engineered T'CR into easily obtainable peripheral T cells. However, the use of genetic
editing to enhance therapeutic value requires a critical evaluation of the product’s safety.

1.1.3 Adoptive Transfer of CAR T cells

The T-cell response can also be redirected and engineered through the use of a CAR.
These CARs feature an antibody-binding domain, enabling them to recognize almost
any surface antigen independently of HLA. In general, a CAR consists of an antigen-
binding domain, usually a single-chain derived from the variable part of an antibody
(scEv), a hinge region that links the two extracellular parts, a transmembrane domain,
and intracellular signaling domains that control T-cell activation [20].

First-generation CARs relied solely on cluster of differentiation (CD)3-C as a signal-
ing domain [21]. While the activation achieved through CD3-( is sufficient to induce
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cytolytic activity as a T-cell effector function, first-generation CARs lacked a robust cy-
tokine response [22]. Physiological T-cell stimulation typically requires a co-stimulatory
receptor, such as CD28 [23]. Subsequently, new generations of CARs were developed to
include one or more co-stimulatory domains, such as CD28, enhancing their potency [20].
Second-generation CARs (CD3-{ and CD28 co-stimulatory domain) were compared with
first-generation CARs (only CD3-( activating domain), both targeting the CD19 anti-
gen in patients. Second-generation CARs showed significantly better expansion and
persistence than first-generation CARs [24].

A clinically relevant feature of CAR T cells is their ability to recognize surface antigens
directly, akin to antibodies. This overcomes the limitation of T-cell receptors (TCRs),
which rely on HLA-restricted antigen presentation but can additionally recognize in-
tracellular proteins. However, a common mechanism in malignant cells is the loss or
downregulation of HLA molecules, rendering the TCR useless [25], unlike CAR T cells.

One of the most successful examples to date is anti CD19 chimeric antigen receptor
(aCD19-CAR) therapy targeting B-cell malignancies. CD19 is an ideal target because
it is highly expressed on B-cells, is not present in other tissues, and is not shed as a
soluble antigen. CAR T cells targeting CD19 have shown remarkable results, leading
to FDA approval for this novel therapy [13]. Cross-targeting of non-malignant B cells
does not affect the therapy; it may be beneficial in preventing the formation of anti-
CAR antibodies. However, despite CD19 being the ideal target antigen for CAR T cell
therapy, antigen loss is a common cause of therapy failure.

While CAR T cells demonstrate remarkable success rates in patients, they come with
serious adverse events such as cytokine release syndrome and neurotoxicity. Cytokine
release syndrome, especially, correlates with CAR T cell activation and is influenced
by factors like tumor burden, CAR T cell dosage, and prior lymphodepletion [26-28].
Therefore, refining CAR T cell activation to balance its effects and adverse effects is
essential in CAR T cell engineering.

However, B-cell malignancies have a distinct conformation from solid tumors, which
are less accessible for CAR T cells, primarily due to the tumor microenvironment. CAR
T cells face numerous challenges when adapting for solid tumors, including identifying
the right tumor-associated antigen and overcoming the poor trafficking of CAR T cells
due to impaired chemokine-mediated recruitment [29].

CARs are typically introduced into the cell through retroviral transduction, which
results in random integration. This may lead to varying expression levels, clonal expan-
sion, or malignant transformation [30]. With the emergence of advanced gene editing
tools like CRISPR/Cas9, there is potential to address some of the limitations of CAR
T cell therapy. One can edit the TCR locus directly, leading to a more defined CAR T
cell generation and, ultimately, a more efficient and safer cellular product.

1.2 Limitations of adoptive cell therapy

One of the predominant challenges lies in the highly personalized nature of adoptive
cell therapy. And highly personalized medicine is often characterized by its com-
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plexity and high costs. Adoptive cell therapy with the antiCD19-CARs tisagenlecleu-
cel (KYMRIAH®, Novartis Pharmaceuticals Corporation) and axicabtagene ciloleucel
(YESCARTA®, Kite Pharma) has prices for the drug alone at $ 475,000 respectively
$ 373,000 [31]. However, this still does not include costs for apheresis, lymphodepletion
or treatment of occurring adverse effects. In 2017, mean total costs for a case treated
with tisagenlecleucel were reported to be $ 510,963 and with axicabtagene ciloleucel
$ 402,647 [31]. These high costs can prohibit individuals from benefiting from this kind
of therapy.

Moreover, manufacturing has to be done under Good Manufacturing Practice (GMP)
guidelines. Since very few hospitals can comply with the GMP standards, it is usu-
ally done offsite, increasing complexity. Moreover, this type of treatment can only be
provided at select specialized tertiary care centers [3]. This especially restricts patient
access to this form of treatment. Additionally, the absence of standardized procedures
and significant variability in CAR T cell production can impact the heterogeneity in
clinical results [3,32].

Both the circumstances and the manufacturing process itself impose additional limita-
tions. The source of cell material for adoptive cell therapy is almost always autologous,
primarily due to the challenges presented by HLA. This means that the cells are derived
from the patients themselves. The manufacturing process, while it may be standardized,
does not inherently guarantee a consistent source material. This is especially relevant
because adoptive cell therapy is not typically the first-line treatment but rather a choice
for refractory situations or relapses. Consequently, there is a high likelihood that the
patient has already experienced one of the numerous immune defects associated with
cancer treatment [33].

When it comes to efficacy, factors such as killing capacity, cytokine release, phenotype,
expansion, and persistence exhibit a considerable degree of unpredictability when using
an autologous source of cells.

In conclusion, the high costs, manufacturing complexities, and limited availability of
adoptive cell therapy, coupled with the unpredictable nature of using autologous cells,
pose significant challenges for patients seeking this highly personalized form of treatment.
These challenges emphasize the need for continued research and advancements in the
field to potentially make this currently personalized treatment less personalized, more
accessible, and reliable.

1.3 Ideal cell product

As for every pharmaceutical, the ideal product should be safe, effective, and demonstrate
consistent quality while also being readily accessible to patients. For T cells involved in
adoptive cell therapy, it is vital that the product demonstrates robust antigen recogni-
tion and cytotoxicity against target cells. Minimal off-target effects, optimal expansion
capabilities, and prolonged in vivo persistence are also essential features. To ensure easy
patient access, cells are ideally readily available in an off-the-shelf-like manner.
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The T-cell effector function is a crucial feature of the ideal cellular product. The engi-
neered cells should not be impaired in their effector function and exhibit the same levels
of cytokine release and the same efficacy and efficiency of cytotoxicity as physiological
T cells. Therefore, antigen recognition should be robust and lead to the same kind of
activation as physiological T cells.

Prolonged in vivo persistence is another key feature of the ideal cell product. The
transferred cells should remain active and efficiently kill their target cells, whether tu-
morous or virally infected. Ideally, the transferred product complements the adaptive
immune system, providing long-lasting protection, supporting complete remission, and
reducing the severity of symptoms upon re-infection.

The ability to persist within the host for an extended period makes it even more
crucial for the product to be safe. The product should not harm the host by minimizing
off-target effects. In addition, the product itself should avoid generating immunogenicity,
increasing the likelihood of genetic aberrations and malignant transformation. It should
be capable of presenting self-antigens in the rare event of malignant transformation.

The ideal choice is autologous cells to reduce immunogenicity and enable safe self-
antigen presentation. However, autologous cells may be compromised or exhausted
due to prolonged cancer disease [34] or prior treatments [35]. In contrast, allogeneic
cells, derived from healthy donors, offer the advantages of being assessable and enabling
standardization of composition, efficacy, and dosage [36]. Unfortunately, allogeneic cell
sources are limited by the complexities of the HLA system [37]. Therefore, the preferred
solution would involve a matched HLA-identical allogeneic donor.

In conclusion, the ideal cellular product for adoptive cell therapy should exhibit fea-
tures like robust antigen recognition, cytotoxicity, and prolonged in wivo persistence
while maintaining safety. T-cell effector function should mirror physiological T cells.
Autologous cells are preferred for safety, but their individual variance in function due to
cancer or treatments is a concern. Allogeneic cells, while offering standardization and
accessibility, face limitations due to the HLA system, making matched HLA-identical
allogeneic donors the preferred source.

1.4 Methods to overcome limitations

The use of autologous cells comes with numerous disadvantages, including numbers and
quality of harvested cells and prolonged vein-to-vein time compared with the use of an
off-the-shelf product [37]. Thus, one method to overcome the limitation of autologous
cells is the use of allogeneic cells from healthy donors. These can be manufactured in
advance, stored, and delivered as an off-the-shelf product. The use of allogeneic cells
raises other kinds of problems, such as alloreactivity and rejection by the host’s immune
system. There are currently two approaches to overcome this limitation. Either through
the use of genetic engineering or selecting different subpopulations e.g. such as y6-T
cells [36].

The use of genetic engineering to create universal cells derived from healthy donors for
adoptive cell therapy is very promising. Perhaps the most significant barrier hindering
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allogeneic cell use is HLA matching. It is nearly impossible to have an HLA-identical
donor on hand, nor their cells in a large library in an off-the-shelf manner. Efforts are
underway to develop universal cells that avoid graft-vs-host disease, demonstrate optimal
cytotoxic effector function, and ideally evade rejection while persisting.

Several strategies involve knocking out HLA by targeting 3-2-microglobulin (32m)
and class II major histocompatibility complex transactivator (CIITA) to overcome the
HLA matching barrier [38-40]. Nevertheless, this approach is reported to result in
limited engraftment due to natural killer (NK) cell activation through a missing self-
response [41-43]. To address this challenge, investigations into strategies such as intro-
ducing CDA47 [44,45] as a "don’t-eat-me” signal, HLA-E [46,47], and HLA-G [45, 48]
have been conducted. Due to HLA-E exclusively inhibiting natural killer group 2A
(NKG2A)™ NK cells, there is a suggestion to overexpress HLA-G to additionally affect
killer cell immunoglobulin-like receptor 2DL1-4 (KIR2DL1-4)" and immunoglobulin-like
Transcript 2 (ILT2)* NK cells [49].

Another intriguing approach involves introducing an artificial receptor into the cell,
enabling it to directly evade rejection, as proposed with an alloimmune defense receptor
comprising a 4-1BB ligand (4-1BBL) domain [50]. However, such editing strategies devi-
ate further from physiological expression profiles and behavior. Additionally, a thorough
investigation of potential risks associated with these engineered cells is needed.

In essence, all of the aforementioned methods to overcome HLA incompatibility either
render the product prone to rejection through NK cells or further enhance the complexity
of product generation and alter the cell’s physiology.

A very promising approach, however, is not to eliminate HLA compatibility completely
from the equation but to minimize HLA diversity. The requirement to match only a few
alleles instead of a full set of HLA does not create universally compatible donor cells
but rather multi-compatible ones. This may, in fact, be a sweet spot that meets all the
requirements and successfully overcomes limitations while maintaining cell physiology
as closely as possible.

Editing of individual alleles in primary human T cells has already been successfully
demonstrated for HLA-A [51]. This approach selectively modifies specific alleles, leaving
the remaining HLA alleles and their expression unaffected. In contrast, a knock-out
of beta-2-microglobulin gene (B2M) eliminates the entire HLA class I, including non-
canonical HLA molecules. The residual expression of HLA class I molecules serves as
a potential safety mechanism, preserving the cells’ capability for antigen presentation.
This safeguards against malignant transformation or infection.

Additional studies have demonstrated the feasibility of generating multi-compatible
donor cells through CRISPR/Cas9 targeting individual HLA alleles in induced pluripo-
tent stem cells (iPSCs) [45,52]. Despite iPSCs being a rich source of cell material,
their use in adoptive T-cell therapy requires labor-intensive differentiation and matura-
tion processes. Furthermore, reported challenges include low editing efficacies and the
time-consuming selection of clones [52]. As a result, it remains uncertain whether this
approach can be effectively applied to primary human T cells.
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1.5 Human Leukocyte Antigen

The human leukocyte antigen (HLA) system plays a crucial role in enabling the immune
system to distinguish between self and non-self [53]. This is necessary for protecting the
human body against infection but raises severe problems for transplantation or adoptive
cell therapy.

HLA refers to genes encoded on the human MHC, a roughly 3.6 megabase long gene
cluster on chromosome 6. It is found very early in vertebrates and is structurally well-
preserved despite being highly polymorphic [54]. The high polymorphism earned it
the name major histocompatibility complex since it is the major obstacle for tissue
transplantation.

The antigen-presenting molecules of the HLA system exist in two variants, namely
class I and class II. HLA class I and class II molecules have a very similar three-
dimensional structure and function [55].

HLA class I molecules are expressed in almost all nucleated cells and are responsible
for antigen presentation of peptides derived from the cytoplasm. Antigen presentation
is usually directed toward CD8' T cells [54,56]. class I molecules also serve as self-
recognition molecules for NK cells [43,54]. HLA class I commonly refers to the canonical
HLA class I molecules (HLA-A, -B, C), also known as HLA class Ia, and the rest of the
HLA class I molecules as non-canonical ones (HLA class Ib) [57]. The initial definition of
non-canonical class Ib HLA molecules was established based on their low polymorphism,
restricted distribution, and the unclear function [54]. Subsequent research has unveiled a
shift in this definition, revealing that HLA class Ib molecules exhibit considerable poly-
morphism (e.g., MICA, Qual), engage in antigen presentation (e.g., Qua2, HLA-G), and
demonstrate ubiquitous expression (e.g., M3) [54,58]. However, HLA class Ia molecules
can be found on virtually every human nucleated cell except for the trophoblast, which
does express classical HLA-C and nonclassical HLA-E and HLA-G [59].

HLA class IT molecules (e.g., HLA-DR, HLA-DQ, and HLA-DP) are typically found on
the surface of antigen-presenting cells, such as B cells, macrophages, and dendritic cells.
Class II molecules present antigens originating from endosomal processing of exogenous
peptides, primarily to CD4™ T cells. Interestingly, the crystallographic structure of HLA
class I and class II is very similar in overall structure but differs in subunit composition
[1]. A complete HLA molecule consists of four domains; in the case of class I, an MHC-
encoded a-chain contributes three domains, along with $2m. A class II molecule consists
of two MHC-encoded non-covalently bound chains, each with two domains. The peptide-
binding groove of HLA class II is formed by two domains, one from each chain [1]. Similar
to class I molecules, the peptide-binding groove is the site of major polymorphisms in
HLA molecules [1]. HLA molecules can bind and subsequently present a diverse range
of peptides. It is important to note that peptides in the binding groove are integral
components of the HLA molecules, necessary for stabilizing the HLA molecule on the
cell surface [1].

The diversity and polymorphism of HLA molecules are responsible for a unique antigen-
binding capability, presenting a wide array of pathogens. This diversity influences both
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self-tolerance and the body’s ability to recognize foreign antigens, contributing to the
individualized nature of immune responses.

The clinical significance of HLA becomes apparent in transplantation, where it plays
a crucial role in distinguishing self from non-self. Any deviant HLA antigen can trigger
an immune response. The success of allograft transplantation was initially observed to
be higher in identical twins [60]. Subsequently, graft losses were associated with HLA
disparity [61]. Mismatches in HLA between the donor and recipient can be classified by
examining individual alleles. Retrospective studies indicate that the HLA mismatch at
different HLA loci varies in potency. In the first year after transplantation, the class IT
HLA-DR locus has a more pronounced impact on rejection than HLA-A and HLA-B.
However, in subsequent years, all three loci demonstrate an equivalent and additive
influence on graft survival [62].

Therefore, ensuring that all the available alleles match appears to be beneficial. In
short, matching reduces the chances of short-term rejection, lowers the need for immuno-
suppression, and decreases the risk of immediate failure, especially in sensitized patients.
Every reported study of organ and bone marrow transplants so far has demonstrated a
benefit from HLA matching [61].

1.6 Variability and Probability of Matching

To identify a fully HLA-matched allogeneic donor, allele compatibility for the HLA
loci A/B/C/DRB1/B3/B5/DQB1 is assessed, following a widely used standard [63].
However, full compatibility (four-digit typing) at the A/B/C/DRB1/B3/B5/DQB1 loci
is defined as a ”10/10” match, taking into account the second DRB locus in the DR-
matching scheme [63].

In theory, the extensive polymorphism of HLA leads to countless HLA phenotypes,
which would make the search for an unrelated HLA-identical individual seemingly im-
possible. Fortunately, HLA is inherited in sets of alleles known as haplotypes, resulting
in a one in four chance for an individual to be HLA identical to a sibling [61,64]. This
ensures that HLA matching of unrelated individuals can be achieved at a much higher
proportion than might otherwise be possible.

Transplantation or graft donors usually are not unrelated. In these cases, there is less
compatibility in the HLA system tolerated since siblings usually share not only HLA
but also at least 50 % of their non-HLA histocompatibility antigens, which should not
be neglected.

Theoretically, HLA polymorphism results in an immense variety of HLA phenotypes,
making the quest for an unrelated HLA-identical individual seem futile. Fortunately,
HLA is inherited in sets of alleles k