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Summary

Cancer immunotherapy has emerged as a promising therapeutic approach for cancer treatment, specifically
through adoptive cell transfer (ACT), which involves the utilization of engineered tumor-specific T-cells. Gene
therapy, involving modifying T-cells to express chimeric antigen receptors (CARs) or T-cell receptors (TCRs),
holds significant potential for addressing the limitations of T-cell-based therapies for solid tumors. Ongoing
research endeavors are dedicated to enhancing the specificity of engineered T-cells to effectively recognize
tumor cells. Efforts are also focused on optimizing TCR activation and increasing overall antitumor activity
to overcome the immunosuppressive tumor microenvironment (TME). Furthermore, diverse engineering
strategies are being explored to mitigate the potential adverse effects associated with T-cell adoptive therapy,
including TCR T-cell cross-reactivities, cytokine release syndrome, and on-target/off-tumor toxicities. The
precise regulation of gene expression and the refinement of vector design play a pivotal role in advancing gene
engineering approaches and ensuring their efficacy in clinical settings.

This thesis addresses the challenges associated with treating solid tumors by employing innovative
combinatorial T-cell engineering strategies. The first part of the study introduces a novel lentiviral vector
design incorporating two genes of interest, notably, an inducible or constitutive microRNA (miRNA) for
instance, to induce a gene knockdown (KD) explicitly targeting hematopoietic progenitor kinase 1 (HPK1),
which is an intracellular negative regulator of the TCR, in addition to a constitutive CAR targeting prostate-
specific membrane antigen (PSMA) in prostate cancer or a TCR targeting New York esophageal squamous
cell carcinoma 1 (NY-ESO1) which is a cancer-testis antigen expressed in various solid tumors, including
melanoma and sarcoma. Furthermore, we have developed an optimized protocol for high-titer viral particle
production to mediate efficient genetic modification in T-cells while ensuring its suitability for clinical
translation. The second part of the thesis investigates a novel combinatorial approach that targets multiple
negative regulators of TCR signaling, focusing primarily on HPK1 as the primary target while also considering
other selected genes.

In this regard, we have conducted a comprehensive overview of various negative regulators within the TCR
signaling pathway and identified the most relevant targets for our specific study. We have also investigated
the impact of downregulating these genes on T-cell antitumor activity using a retroviral vector designed to
incorporate single, dual, or multiple miRNAs for inducing single or concomitant perturbations downstream of
the TCR pathway. After screening over twelve genes for their upregulation upon antigen stimulation, casitas
B-lineage lymphoma b (Cbl-b) and neural precursor cell-expressed developmentally downregulated protein 4
(NEDD4), both belonging to the ubiquitin-protein ligases family, were selected for constitutive
downregulation alongside HPK 1. The impact of their downregulation on in vivo antitumor activity and in vitro
cytotoxicity, proliferation, and cytokine secretion was assessed. While downregulating NEDD4 in addition to
HPK1 KD or in combination with HPK1-Cbl-b KD did not yield significant advantageous outcomes, while
the combination of HPK1-Cbl-b KD showed promising potential. It notably resulted in a significant delay in
tumor growth in vivo and increased cytokine secretion in vifro upon antigen engagement. This work also
revealed the advantages of high-affinity TCR T-cells over low-affinity TCR T-cells. It highlighted the
importance of removing intracellular TCR checkpoints to enhance T-cell activation, particularly in high-
affinity TCR. Furthermore, a clustered regularly interrupted short palindromic repeats (CRISPR) screening
approach, utilizing a small TCR signaling library comprising twenty-seven negative regulators, along with
positive and negative controls, underscored the necessity of adopting a combinatorial KD approach as
individual negative regulator genes alone failed to improve T-cell persistence in vivo.

Taken together, this thesis contributes to the development of effective gene therapy strategies by addressing
the challenges faced in T-cell-based immunotherapy through innovative combinatorial T-cell engineering
approaches aiming to enhance the efficacy of treatments against solid tumors.
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Résumé

L'immunothérapie du cancer s'est imposée comme une approche thérapeutique prometteuse pour le traitement
du cancer, notamment par le transfert adoptif des cellules T génétiquement modifiées pour reconnaitre
spécifiquement les cellules cancéreuses. La thérapie génique, qui consiste a modifier les cellules T pour
qu'elles expriment des récepteurs d'antigénes chimériques (CAR) ou des récepteurs des cellules T (TCR), offre
un potentiel significatif pour surmonter les limites des thérapies a base de cellules T contre les tumeurs solides.
Des recherches en cours visent a améliorer la spécificité des lymphocytes T génétiquement modifiés pour une
reconnaissance efficace des cellules tumorales. Les efforts sont également axés sur l'optimisation de
l'activation des TCR et l'augmentation de l'activité antitumorale globale afin de surmonter les obstacles
rencontrés dans le microenvironnement immunosuppresseur des tumeurs (TME). En outre, différentes
stratégies de génie génétique sont explorées pour atténuer les effets indésirables potentiels liés a la thérapie
adoptive des cellules T, tels que les réactions croisées des TCR, le syndrome de libération de cytokines et les
toxicités ciblées ou non tumorales. La régulation précise de l'expression des genes et le raffinement de la
conception des vecteurs jouent un role crucial dans le développement des approches de génie génétique et dans
la garantie de leur efficacité dans les contextes cliniques.

Cette these aborde les défis associés au traitement des tumeurs solides en utilisant des stratégies combinatoires
novatrices de la modification génétique des cellules T. La premiére partie de I'étude présente une nouvelle
conception de vecteur lentiviral incorporant deux génes d'intérét. Il s'agit notamment d’un microARN
(miARN), par exemple, soit inductible ou constitutif pour l'inhibition génique ciblant spécifiquement la kinase
1 du progéniteur hématopoiétique (HPK1) comme étant un régulateur négatif intracellulaire du TCR, en plus
d'un CAR constitutif ciblant l'antigéne membranaire spécifique de la prostate (AMSP) du cancer de la prostate
ou d'un TCR ciblant I’antigene NYESO1 (New York esophageal squamous cell carcinoma 1) qui est un
antigeéne du cancer-testicule exprimé dans diverses tumeurs solides, y compris le mélanome et le sarcome. De
plus, nous avons développé un protocole optimisé pour la production de particules virales a haut titre,
permettant une modification génétique efficace des cellules T tout en garantissant son adaptation a [’utilisation
clinique. La deuxiéme partie de la thése explore une nouvelle approche combinatoire ciblant multiples
régulateurs négatifs du signal TCR, en se focalisant principalement sur HPK1 en tant que cible principale, tout
en considérant également d'autres génes sélectionnés.

A cet égard, nous avons réalisé une revue compléte des différents régulateurs négatifs de la voie de
signalisation du TCR et avons identifié les cibles les plus pertinentes pour notre spécifique étude. Nous avons
¢galement étudié I'impact de l'inhibition de ces génes sur l'activité antitumorale des cellules T en utilisant un
vecteur rétroviral congu pour incorporer un, deux ou plusieurs miARNs afin d'induire des perturbations
individuels ou concomitantes en aval de la voie du TCR. Apres avoir examiné plus de douze geénes pour leur
expression lors de la stimulation antigénique, le lymphome a lignée B de casitas b (Cbl-b) et la protéine 4
régulée au cours du développement exprimée par les cellules précurseurs neuronales (NEDD4) qui
appartiennent tous deux a la famille des ligases de l'ubiquitine, ont été sélectionnées pour une inhibition
constitutive parallelement a HPK1. L'impact de leur répression sur l'activité antitumorale in vivo, ainsi que sur
la cytotoxicité, la prolifération et la sécrétion de cytokines in vitro, a été évalué. Bien que la répression de
NEDDA4 en plus de celle du HPK1 ou en combinaison avec l'inactivation de HPK1-Cbl-b n'ait pas conduit a
des résultats significativement avantageux, il est important de souligner que la combinaison de HPK1-Cbl-b
KD a montré un potentiel prometteur. Elle a notamment entrainé un retard significatif de la croissance tumorale
in vivo et une augmentation de la sécrétion de cytokines in vitro lors de la stimulation antigénique. Cette étude
a également mis en évidence les avantages des lymphocytes T a TCR a haute affinité par rapport a ceux a
faible affinité, soulignant I'importance de 1'¢limination des points de contrdle intracellulaires du TCR pour
renforcer 'activation des lymphocytes T, en particulier dans le cas des TCR a haute affinité.



De plus, une approche de criblage CRISPR (clustered regularly interrupted short palindromic repeats) utilisant
une petite librairie comprenant vingt-sept régulateurs négatifs de signalisation du TCR a souligné la nécessité
d'adopter une approche combinatoire d'inhibition, car l'inactivation individuelle des génes régulateurs négatifs
n'a pas amélioré la persistance des lymphocytes T in vivo.

Dans l'ensemble, cette thése contribue au développement de stratégies efficaces de thérapie génique en
s'attaquant aux défis rencontrés dans I'immunothérapie a base de lymphocytes T, en utilisant des approches
innovantes et combinatoire de génie génétique visant a améliorer 'efficacité des traitements contre les tumeurs
solides.
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Résumé (large public)

Au cours des derniéres décennies, une approche de traitement contre le cancer appelée immunothérapie a été
développée, comprenant différentes stratégies visant a ¢liminer les cellules cancéreuses. L'une de ces stratégies
est le transfert adoptif de lymphocytes T modifiés génétiquement, qui consiste a prélever des lymphocytes T
du patient ou de donneurs sains et a les modifier en laboratoire pour qu'ils puissent reconnaitre spécifiquement
les tumeurs et les éliminer. Cela peut étre réalisé en introduisant des récepteurs antigéniques chimériques
(CAR) ou des récepteurs de cellules T (TCR) dans les lymphocytes T. Bien que cette approche ait montré une
efficacité significative dans le traitement de certains cancers du sang, elle est limitée pour les tumeurs solides
en raison des obstacles présents dans le microenvironnement immunosuppresseur des tumeurs (TME).

Cette these propose des stratégies innovantes de modification génétique des lymphocytes T pour surmonter
ces obstacles.

Dans la premicre partie de 1'étude, un nouveau type de vecteur lentiviral est présenté étant un des moyens
utilisés en génie génétique pour introduire du matériel génétique spécifique dans les cellules. Ce nouveau
vecteur contient deux génes d'intérét. Le premier géne introduit un CAR, de maniére constitutive, spécifique
de 'antigene membranaire spécifique de la prostate (AMSP) pour cibler le cancer de la prostate, ou un TCR
spécifique du NYESOI (antigéne du carcinome épidermoide de I'cesophage de New York 1) exprimé dans
diverses tumeurs solides. Le deuxiéme géne est, par exemple, un microARN (miARN) qui réduit I'expression
d'un géne inhibiteur de I'activation des lymphocytes T. Ce gene peut étre exprimé de maniére constitutive ou
induite pour éviter une suractivation indésirable des lymphocytes T dans le TME. De plus, un protocole
optimisé¢ de production de particules virales a haute concentration a été développé pour permettre une
modification génétique efficace des lymphocytes T tout en garantissant son utilisation clinique.

La deuxiéme partie de la thése explore de nouvelles approches combinatoires ciblant plusieurs régulateurs
négatifs du signal TCR, en mettant l'accent sur la kinase des progéniteurs hématopoiétiques 1 (HPK1) en tant
que cible principale. Aprés avoir identifié¢ les cibles les plus pertinentes pour cette étude, les effets de
l'inhibition de ces genes sur l'activité antitumorale des lymphocytes T ont été étudiés en utilisant un vecteur
rétroviral congu pour introduire un, deux ou plusieurs miARNS.

Par conséquence, des perturbations individuelles ou concomitantes de la voie du TCR sont générées.
L’examination de I'expression de plus de douze genes lors de la stimulation antigénique a permis la sélection
de deux genes appartenant a la famille des ligases de I'ubiquitine, notamment le lymphome a lignée B de casitas
b (Cbl-b) et le neural precursor cell-expressed developmentally downregulated protein 4 (NEDD4), pour une
inhibition constitutive. La stratégie combinée d'inactivation de HPK1 et Cbl-b a montré des résultats
prometteurs retardant significativement la croissance tumorale in vivo et augmentant la sécrétion de cytokines
in vitro lors de la stimulation antigénique. De plus, une approche de criblage utilisant la technologie CRISPR
(clustered regularly interspaced short palindromic repeats) et une librairie comprenant vingt-sept régulateurs
négatifs de la signalisation du TCR a souligné la nécessité d'adopter une approche combinatoire d'inhibition,
car l'inactivation individuelle de ces génes n'a pas amélioré la persistance des lymphocytes T in vivo.

Dans I'ensemble, cette thése contribue au développement de stratégies efficaces de thérapie génique pour les

tumeurs solides en utilisant des approches innovantes de génie cellulaire combinatoire visant a améliorer
l'efficacité des traitements contre ces types de cancer.
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I. Introduction

1. The Immune System

The immune system comprises a complex network of cells, tissues, and soluble molecules working together
to defend the body against infectious agents, such as bacteria, viruses, fungi, parasites, and tumor cells. The
mechanisms of immune protection have become increasingly complex as species adapt to combat evolving
pathogens. It primarily discriminates between "self" and "non-self" molecules and cells, eliminating the latter
while leaving the former intact '. Two main types of responses are adaptive and innate immunity. Innate
immunity, or natural non-specific immunity of immediate action, is the first line of defense involving cells and
molecules responsible for phagocytosis of a wide range of invading pathogens and, in some cases, killing
infected cells. On the other hand, adaptive immunity involves the specific recognition of the foreign substance,
which will be neutralized and destroyed * (Figure 1). While the innate immune response (IR) exists in all
multicellular organisms, the adaptive IR is found only in vertebrates °.

1.1. The Innate Immune Response:

The innate immune system plays a critical role in maintaining homeostasis and is the first line of defense
against infectious and pathogenic agents. It is activated by danger signals resulting from interactions between
self-receptors on various cells and non-self-molecules on microorganisms. Dysregulation of the innate immune
system can lead to immunodeficiencies 4 autoimmune disorders >, and chronic diseases such as diabetes °,
Alzheimer 7, and atherosclerosis ®.

The innate immune response involves different defense modules (Figure 1). These include physical and
chemical barriers, such as the skin and mucous membranes, that prevent pathogen entry into the body °.
Induced modules, including the inflammatory response and phagocytosis, involve phagocytic cells, soluble
molecules, and cytokines '°. Pattern recognition receptors (PRRs) are key components of this response as they
recognize pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns
(DAMPs), initiating immune responses''. Examples of key PRRs are Toll-like, nucleotide-binding
oligomerization domain (NOD-like), RIG-I-like, C-type lectin, STING (stimulator of interferon genes) and
cyclic guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS), which detect
cytosolic deoxyribonucleic acid (DNA) and trigger antiviral immune responses '>'*. Phagocytic cells, such as
macrophages and dendritic cells (DCs), engulf and destroy invading pathogens (phagocytosis) and function as
antigen-presenting cells (APCs) by presenting antigens via class I and II major histocompatibility complex
(MHC) molecules '*'*. Dendritic cells can originate either from myeloid or lymphoid (for some subsets, e.g.,
Ly6D", Interleukin (IL)-7R alpha (a)", a cluster of differentiation (CD) 81" and CD2"plasmacytoid DCs '°)
progenitors. DCs can either present the antigen at the site of infection or migrate to secondary lymphoid organs
to trigger the adaptive immune response '’.

Natural killer (NK) cells are derived from CD34+CD38-CD7+ common lymphoid progenitors in the bone
marrow '*. However, they do not present the CD3 differentiation cluster; instead, they are characterized by the
CD56 and CD16 differentiation clusters '**%. NK cells can spontaneously recognize and destroy virus-infected
or tumor cells without prior activation *2°, Moreover, they exhibit tight regulation through activating and
inhibitory receptors, allowing them to target abnormal cells while sparing healthy ones *"2*,

Lastly, gut microbiota, such as Lactobacillus reuteri, also shapes the innate immune system and affects

susceptibility to infectious diseases >,



1.2. The Adaptive Immune Response:

The adaptive immune system was first described through observations of protection against subsequent
infections. Animals were found to be shielded by exposure to a weakened form of the pathogen or by receiving
serum from previously infected animals **°. In the early twentieth century, Ehrlich introduced the concept of
"horror autotoxicus,”" suggesting that the immune system can distinguish between self and non-self ***°.
Landsteiner expanded on this idea by discovering the ABO blood group system and showing its ability to
trigger antibody (Ab) responses to foreign antigens ***°. Medawar and Burnet later proposed the clonal
selection theory, providing a framework for understanding how the immune system generates specific
responses to antigens *'***. These outlined discoveries paved the way for understanding the role of the adaptive
immune system.

The adaptive immune response serves as the second line of defense against infectious agents and involves
lymphocytes playing a significant role. It is distinguished by self/non-self-discrimination, specificity, diversity,
and memory, leading to long-term protection against various pathogens * (Figure 1). Lymphocytes are the
major cell type of the adaptive immune response characterized by a unique process of dual differentiation
modulated by antigenic influences. Depending on their maturity, they are found in different locations,
including secondary lymphoid organs, blood, and spleen'. Lymphocytes can be categorized into B
lymphocytes, responsible for the humoral response and possessing B Cell Receptors (BCR), and T
lymphocytes, responsible for the cellular response and presenting TCR **. B- and T-cells acquire their unique
antigen specificity through V(D)J recombination, mediated by the V(D)J recombinase enzyme complex, which
recognizes specific DNA sequences flanking the variable (V), diversity (D), and joining (J) gene segments that
encode for the BCR.

1.2.1. B lymphocytes:

B cells originate from hematopoietic stem cells (HSCs) in the bone marrow and undergo a series of maturation
phases, including gene rearrangement and positive and negative selection, to finally migrate to secondary
lymphoid organs such as the spleen and lymph nodes for further development. B cells are characterized by the
expression of the CD19 and a BCR complex comprising a signaling Iga-IgB dimer that enables specific
recognition of antigenic peptide fragments derived from pathogens. Additionally, B cells function as APCs,
presenting both MHC class I and class II molecules **°. V(D)J recombination allows B cells to acquire unique
antigen specificity, generating a variety of BCRs for recognizing numerous pathogens ***’. On exposure to
pathogenic antigens, B cells proliferate and differentiate into plasma cells secreting antibodies for pathogen
neutralization or long-lived memory B cells for faster subsequent infection responses *.

Antibodies are heterotetrameric structures composed of two disulfide-connected heavy (H) bonds and two
light chains (L), each featuring variable (V) and constant (C) regions. Heavy chains exhibit isotypes (IgM,
IgD, IgG, IgA, and IgE) with specific functions. Antibodies can undergo fragmentation via enzymes such as
papain (producing Fab and Fc fragments) or pepsin (resulting in F(ab)2 and pFc' fragments)”’.

B cells use several mechanisms for direct or indirect target cell killing, including i) Antibody-dependent
cellular phagocytosis (ADCP) or antibody-dependent cellular cytotoxicity (ADCC) ***°, ii) Complement-
mediated cytotoxicity (CDC), involving the membrane attack complex (MAC) ¥, iii) Cytokine-mediated cell
death, by releasing cytokines, such as tumor necrosis factor-alpha (TNF-a) and iv) Direct cell-mediated
cytotoxicity via Fas ligand (FasL) capable of inducing apoptosis or programmed cell death in target cells *.



1.2.2. Tlymphocytes:

T-cells play a vital role in mediating specific cellular immunity. They acquire their antigen specificity through
the TCR, which specifically recognizes antigenic fragments presented on the cell surface by MHC molecules.
Upon activation, T-cells target infected cells, cancer cells, and cells that are damaged or malfunctioning ',
HSCs in the bone marrow give rise to T-cells, which then migrate to the thymus. In the thymus, immature T-
cells, known as thymocytes, undergo a selection process that determines their antigen specificity and functional
characteristics. Similar to B cells, thymocytes undergo V(D)J recombination, involving gene rearrangements
responsible for TCR encoding *.

Positive and negative selection mechanisms occur during T-cell development to ensure that T-cells can
recognize foreign antigens while avoiding attacks on the body's own cells °'. A study led by Kathryn M. et al.
demonstrated that T-cells can recognize antigens through conformational changes in response to antigen
binding %, enabling the recognition of a broad range of antigens, including highly variable ones found on
viruses. T-cells are characterized by the CD3 along with either the CD4+ or CD8+ differentiation clusters.
Based on surface markers, T lymphocytes can be classified into various types. Still, the main types are
cytotoxic CD8+ T-cells characterized by the presence of the CD8+ coreceptor and recognition of MHC I and
II, and CD4+ T-cells characterized by the presence of the CD4+ coreceptor and recognition of MHC II. CD4+
T-cells can further differentiate into helper T-cells, which regulate the adaptive immune response. Both CD8+
and CD4+ T-cells can develop into "memory" cells after encountering the antigen, enabling a faster and more
robust response upon subsequent encounters with the same antigen ',

T-cells possess diverse mechanisms to eliminate target cells, including i) Direct cell-mediated cytotoxicity,
whereby T-cells induce cell death in target cells via FasL and by releasing toxic molecules such as perforin
and granzymes. Encased within granules, these molecules are released by T-cells upon TCR engagement with
the antigen. T-cells form nanotubes that establish a direct connection with target cells, facilitating the
transportation of perforin directly to the target cell membrane. Consequently, pores are formed, enabling the
entry of granzymes. This sequence of events sets in motion a cascade that ultimately results in the demise of
the target cell ***. ii) Cytokine secretion: T-cells produce cytokines, including interferon-gamma (IFN-y) and
TNF-a/beta (B), capable of inducing cell death in target cells 2. iii) Activation of other immune cells represents
another essential mechanism employed by T-cells to eliminate target cells. For example, T-cells can secrete
IFN-y which stimulates other immune cells, including macrophages, for enhanced antigen presentation and
bactericidal function *°. Furthermore, T-cells contribute to Th1 differentiation, cytotoxic T lymphocyte (CTL)
function, as well as the activation of neutrophils and NK cells ***7.

1.3. Crosstalk Between The Innate And Adaptive Immune Responses:

The activation of the adaptive immune system is facilitated by the innate immune response through the
recruitment of immune cells to the infection site and antigen presentation to T and B cells, which then mount
a specific response to the invading pathogen. This process, known as antigen presentation, is crucial for the
initiation of adaptive immunity (Figure 1). Notably, APCs play a dual role in innate and adaptive immunity
by activating lymphocytes, which are the principal cells of adaptive immunity. Among these lymphocytes, B
cells, considered APCs, also contribute to adaptive immunity. Consequently, it can be inferred that innate
immunity serves as the instigator of adaptive immunity, establishing a significant connection between humoral
and cellular-mediated immunity. The integrity of this interface is of utmost importance in maintaining the
body's defense, as a disruption in even a single mechanism can lead to severe or even fatal diseases and
syndromes *.
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Figure 1: Schematic overview of innate and adaptive immune responses.

top; the innate immune system is the first line of defense against infection, including physical, chemical, and microbiological
mechanisms. middle; genesis and differentiation of immune cells from hematopoietic stem cells to various innate and adaptive immune
cells. bottom; timeline of immune responses, from the rapid innate response to the gradual and highly specific adaptive response,
highlighting the establishment of memory T and B cells in generating long-term immunity.



2. Cancer

Cancer is the leading cause of death globally, accounting for an estimated 10 million deaths in 2020, according
to the world health organization (WHO) *. Cancer incidence is also on the rise, with nearly 19 million reported
in 2020 and an estimated 29 million expected by 2040 based on Globocan data ®. Cancer is considered a
genetic and, more recently, also a metabolic disorder that can be inherited or sporadic ®'. It involves qualitative
and quantitative changes in gene expression and function, resulting in the uncontrolled growth and spread of
abnormal cells in the body. Cancer cells arise and proliferate in different body sites, forming tissue masses
(i.e., tumors).

Cancers are usually named based on the type of cell or organ from which they originate. Malignant tumors,
unlike benign ones, have the ability to spread to adjacent organs or tissues, forming new tumors in distant
locations (metastasis) through the blood or the lymph system >,
types with distinct genetic mutations, responses to treatment, and the potential for recurrence *.

Tumors may consist of different clonal

Advancements in genome sequencing have revealed chromosomal rearrangements, epigenetic changes, and
alterations in DNA repair mechanisms as novel genetic alterations and pathways involved in cancer initiation
and progression . For instance, epigenetic modifications such as DNA methylation and histone
modifications can alter gene expression and contribute to cancer development %, Moreover, the TME,
including immune cells, blood vessels, and extracellular matrix (ECM) components, plays a critical role in
cancer initiation, progression, and metastasis through interaction with cancer cells and their microenvironment
6971 In addition, non-coding ribonucleic acid (RNA), such as miRNAs and long non-coding RNAs (IncRNAs),
are deregulated in various cancer types and implicated in multiple aspects of cancer growth, migration, and
invasion 7*7*. Emerging evidence also highlights the role of the gut microbiome in cancer development and
progression by influencing immune responses and metabolic pathways through various mechanisms, including
the secretion of bacterial toxins, molecules that damage DNA, and cytokines such as interleukin (IL)-1 and
IL-12 778,

2.1. Solid Tumors:

Solid and liquid malignancies are two main types of tumors that differ in their physical and structural
characteristics. Liquid tumors consist of either white blood cells that circulate in the bloodstream and bone
marrow (leukemias) or abnormal lymphocytes circulating in the lymphatic system (lymphomas) without
forming masses. In contrast, solid tumors, which can be classified as either "cold" or "hot" tumors (Figure 2),
comprise cells that form a lump in a particular body area and can spread to other organs or tissues. Cold tumors
are characterized by a lack of immune cell infiltration and an immunosuppressive tumor microenvironment,
which hinders the immune system's ability to recognize and attack cancer cells. On the other hand, hot tumors
exhibit significant immune cell infiltration and an inflamed tumor microenvironment, promoting an active
immune response against cancer cells. Solid tumors are a significant contributor to the burden of cancer

worldwide 7!,

The National Cancer Institute estimated that solid tumors accounted for 90% of all adult human cancers in
2023, with breast, lung, prostate, colorectal, and melanoma being the most common types of solid tumors %3
The prognosis for patients with solid tumors varies depending on the type and stage of cancer, as well as other
factors such as age and overall health. Treatment options for solid tumors may include surgery, radiation

therapy, chemotherapy, targeted therapies, and more recently, immunotherapy.
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Figure 2: Comparative characteristics of cold and hot tumors in TME.

left; cold tumors are characterized by low immunogenicity, inadequate effector cell priming, and limited infiltration of effector immune
cells. These tumors harbor a high proportion of immunosuppressive components and cells, which collectively hinder the immune
system's ability to detect and eliminate cancer cells, leading to CTL cell dysfunction and a reduced response to cancer therapies. right;
hot tumors are distinguished by an efficient release of tumor antigens, successful priming of effector cells, particularly CTL cells, and
a significant presence of infiltrating effector immune cells within an inflamed TME. These characteristics result in a more efficient
eradication of cancer cells and an increased responsiveness to cancer therapies.

2.1.1. Melanoma:

Melanoma is the most aggressive type of skin cancer that emerges from malignant melanocytes *, which are
specialized cells that make melanin. It can be caused by genetic alterations, such as mutations in v-raf murine
sarcoma viral oncogene homolog B1 (BRAF), telomerase reverse transcriptase (TERT), neuroblastoma-RAS
(NRAS), and phosphatase and TENsin homolog (PTEN) genes, as well as chromosomal rearrangements and
gene fusions ***’. Research has identified key signaling pathways involved in melanoma, including the
mitogen-activated protein kinase (MAPK) and Phosphoinositide 3-kinase (PI3K)/Ak strain transforming
(AKT)/mammalian target of rapamycin (mTOR) complex pathways. Dysregulation of these pathways is
observed in a significant number of melanomas, opening up new targets for therapy **%. Moreover, recent
studies have identified specific components, such as tumor-associated macrophages (TAMs), ECM proteins,
and growth factors, within the melanoma microenvironment. Combinatorial therapies, including
immunotherapies targeting multiple pathways and components, have shown promise in both preclinical and
clinical studies *. Furthermore, emerging evidence suggests that the gut and skin microbiomes contribute to
melanoma development and progression. They may affect the immune system and DNA damage repair.



Specific microbial species and metabolites associated with melanoma risk and outcomes have been identified,
presenting new avenues for prevention and treatment ***°. Melanoma can be clinically stratified into different
subtypes based on histopathological features. Common subtypes include superficial spreading melanoma,

nodular melanoma, lentigo maligna melanoma, and acral lentiginous melanoma "%,

2.1.2. Prostate cancer:

The most common type of prostate cancer is adenocarcinoma, which accounts for over 90% of cases ">, It

arises from glandular cells producing prostate fluid and is characterized by prostate-specific antigen (PSA)
expression and abundant androgen receptors (AR), as well as mutations in the erythroblast transformation
specific (ETS) gene family. Additionally, it exhibits enhanced oxidative phosphorylation (OXPHOS) and
lipogenesis '**'%°. Recent studies have identified biomarkers associated with adenocarcinoma '*'%, as well as
genes linked to more aggressive disease and resistance to androgen deprivation therapy in certain subtypes of
adenocarcinoma ''*''?, There are other less frequent and aggressive types of prostate cancer. One example is
prostatic acinar adenocarcinoma with ductal differentiation, which is characterized by the presence of
glandular and ductal structures. This subtype is associated with a higher risk of biochemical recurrence and a
poorer prognosis ''*. Another type is prostatic urothelial carcinoma, which originates from the urothelial cells
lining the bladder, neck, and prostatic urethra. This subtype is known for its high frequency of genetic

alterations and poor prognosis ',

2.2. Solid Tumor Immunosuppressive Microenvironment:

TME is a complex network of highly heterogeneous cellular, non-cellular, and molecular components.
Different regions exhibit different physical, cellular, and metabolic barriers that significantly influence cancer
progression, invasion, metastasis, and resistance to therapy (including immunotherapies). These barriers
inhibit the activity of effector immune cells, including cytotoxic T-cells, NK cells, and DCs '*''* (Figure 3).

Upregulation of immune checkpoint molecules such as programmed cell death 1 (PD-1), cytotoxic T-
lymphocyte antigen-4 (CTLA-4), and lymphocyte-activation gene 3 (LAG-3) in the TME dampen T-cell
activation and promote exhaustion (discussed below in this section) ''*'?°. For instance, patients with
advanced non-small cell lung cancer (NSCLC) expressing programmed cell death ligand 1 (PD-L1) on
circulating tumor cells (CTC) showed improved survival with anti-PD-1/PD-L1 therapy, highlighting the role

of PD-L1 in immune suppression and drug resistance '*'.

Another challenge faced by T-cells in the TME is the presence of cytokines, chemokines, and growth factors
that mediate communication between immune cells and components within the TME. For instance, IL-6,
transforming growth factor- f (TGF-p), and IL-10 can inhibit T-cell function and promote the differentiation
of immunosuppressive cells '**'**. Moreover, the vascular endothelial growth factor (VEGF) present in TME
can promote cancer angiogenesis and limit T-cell infiltration ', Furthermore, specific chemokines such as
chemokine C-C motif ligand 2 and 5 (CCL2, CCLS5), C-X-C motif chemokine ligand 12 (CXCL12), and C-X-
C motif chemokine receptor 4 and 7 (CXCR4, CXCR?7) attract immunosuppressive cells to the TME and

contribute to cancer progression 212712,

The TME also recruits immunosuppressive cells, namely regulatory T-cells (Tregs) and myeloid-derived
suppressor cells (MDSCs). Tregs have the ability to inhibit the activation and differentiation of T-cells '**'33,
They induce tumor immune escape through various mechanisms, such as the high consumption of IL-2 due to
the expression of high-affinity IL-2 receptors, the inhibition of CD80/CD86 expression on DCs through their
interaction with CTLA-4 on their surface with CD80/CD86 on DCs, the production of inhibitory metabolites
as prostaglandin E2 (PGE-2), IL-10 and transforming growth factor-beta (TGF-B) within the TME, and even
by directly killing anti-tumor effector cells '*>'3*% Hence, depleting Tregs has enhanced immune checkpoint
blockade (ICB) effectiveness in preclinical models '**'3'*! | with efficacy depending on the tumor burden and



the specific antibody used for Treg depletion '*°. On the other hand, MDSCs are a heterogeneous population
of immature myeloid cells that can suppress T-cell function by secreting IL-10 and IL-12 and promote
angiogenesis via, for instance, bombina variegata peptide 8 (Bv8) and matrix metalloproteinases 9 (MMP-9)
production >4 Additionally, plasmacytoid dendritic cells (pDCs) expressing IFN-a also exert an
immunosuppressive role within the TME '*'*, These pDCs promote cancer cell invasion through the TNF-
o/ nuclear factor « light chain enhancer of B cells activation (NF-kB)/CXCR-4 pathway in oral squamous cell
carcinoma (OSCC) and hepatocellular carcinoma (HCC) contexts . This is due to their role in the
upregulation of ectonucleotidases CD39 and CD73, which are essential for extracellular adenosine (eADO)
production. This upregulation is induced by hypoxia-inducible factor 1-alpha (HIF-1a) and leads to the
recruitment and the differentiation of CD4+ CD25+ Foxp3+ Tregs '*+'**!5!. pDCs induce immunotolerance
by expressing certain immune checkpoint molecules, including inducible T-cell costimulator ligand (ICOSL)
132 and indoleamine 2,3 deoxygenase 1 (IDO1) '3 Targeting these cells has shown promise in improving
immunotherapy response in preclinical models '**. TME can also promote the differentiation of cancer-
associated fibroblasts (CAFs) located in the stroma. CAFs can originate from various cell types, including
myofibroblasts, fibroblasts, adipocytes, and cancer-associated mesenchymal stem cells (MSCs) '*°. They
create a favorable environment for tumor growth, impair T-cell function, and play a role in drug resistance.
For instance, the CD10+ G-protein-coupled receptor 77 (GPR77)+ CAF subset, secreting 1L.-6 and IL-8,
directly promotes human breast and lung cancer cell formation '*. In addition, CAFs limit T-cell function
either directly by releasing TGF-B, CXCL12 and by forming a physical barrier through ECM deposition '**'*7
159 or indirectly by recruiting immunosuppressive Tregs and myeloid cells through the secretion of IL-1p, IL-
6, VEGF, colony-stimulating factor 1 (CSF-1), CCL2, and Chitinase 3-likel 160-164  Fyrthermore, CAFs
contribute to drug resistance and chemotherapy resistance in certain cancers '3,

A study led by Li et al. has identified the release and transfer of immunosuppressive bioactive IncRNA from
cancer cells to MSCs via exosomes, resulting in the inhibition of MSC osteogenesis in the multiple myeloma
(MM) model. Inhibition of exosome release has correlated with efficient bone formation and prevention of
bone loss . Moreover, the TME induces immune evasion through the modulation of the ECM, which acts as
a physical barrier to immune cell infiltration and hinders their activity. High levels of collagen, fibronectin,
hyaluronan proteoglycan, and ECM receptors, such as integrins and CD44, are often present in the TME and
contribute to T-cell exhaustion and inhibition of their cytotoxic activity **!-'® Targeting these molecules
can enhance T-cell activity and cytotoxicity, reduce T-cell exhaustion, and improve the response to
immunotherapy, particularly when combined with ICB '7*'7,

2.2.1.1. T-cell exhaustion

T-cell exhaustion is a state of functional impairment and dysfunction observed during chronic infections,
including viral and tumor infections. Exhausted T-cells (Tex cells) form a distinct T-cell subset distinct from
naive, memory, and effector cells '’. Tex exhibits a progressive decline in effector function and cytotoxicity
along with sustained expression of inhibitory receptors, including PD-1, T-cells immunoglobulin and mucin
domain-containing-3 (TIM-3), LAG-3, CTLA-4, and T cell immunoreceptor with Ig and ITIM domains
(TIGIT) '77'78 These cells also experience reduced production of cytokines and metabolic impairments '”°.
Despite their exhausted state, exhausted T-cells (Tex cells) retain the ability to proliferate in vivo and generate
effector molecules, allowing them to exert some control over pathogens or tumors '3, T-cell exhaustion,
although limiting clearance of virus-infected or tumor cells, plays a vital role in protecting against excessive
immunopathology '”°. Reversal of T-cell exhaustion is possible to some extent, but a threshold of high
exhaustion may exist, beyond which reversal becomes unlikely, particularly in PD-1" CD8+ Tex cells '®'.

Chronic TCR signaling plays a pivotal role in driving T-cell exhaustion, as evidenced by the involvement of
the calcineurin-dependent transcription factor NFAT (nuclear factor of activated T-cells) '** and other TCR-
responsive transcription factors (e.g., Interferon regulatory factor 4 (IRF4), basic leucine zipper ATF-like



transcription factor (BATF), NR4A, and thymocyte selection-associated HMG BOX (TOX)) in exhaustion
18319 These factors contribute to the upregulation of inhibitory receptors such as PD-1, the long-term survival
of exhausted T-cells, and impaired cellular metabolism '”°. On the contrary, reducing IRF4 expression restored
the functional and metabolic properties of antigen-specific T-cells and promoted memory-like T-cell

development '”°.

TCF1, a transcription factor crucial for memory T-cell differentiation, is a key regulator in the transition from
precursor-exhausted to fully exhausted T-cells '*'. Beltra et al. (2020) identified a four-stage developmental
trajectory for subsets of Tex cells based on Ly108 (a surrogate for TCF1) and CD69 expression 2. Their study
revealed distinct interchangeable progenitor states, namely Tex" ¢! and Tex"™#, characterized by different
transcriptional, phenotypic, functional, and anatomical features. The Tex™ subset showed similarities to
circulating "effector-like" cells but had unique epigenetic characteristics compared to effector cells. The
transition of Tex cells involved a transcription factor cascade from TCF1"Tox" to TCF1™Tox", TCF1"T-
bet"Tox™, and finally to TCF1™¢T-bet*Tox"Eomes™ cells. Furthermore, after the PD-1 blockade, Tex™ cells
were found to potentially replace Tex"™ cells in tumors, leading to the accumulation of Eomes™ Tex cells '*%.
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Figure 3: Mechanisms of tumor rejection and escape.

left; tumor rejection involves an efficient process of effector T-cell priming within the tumor bed or lymph nodes by costimulatory
signals coupled with potent T and NK cell-mediated tumor destruction. right; tumor escape is facilitated by mechanisms suppressing
effector T-cell activity via a range of immunosuppressive cells, namely, Tregs, TAMs, MDSCs, tolerogenic DCs, and cancer cells,
along with TEX suppression mechanisms. These immunosuppressive cells and components can impair T-cell function, either directly
through the direct interaction of inhibitory checkpoint surface molecules with their ligand in the T-cell surface or indirectly by the
release of immunosuppressive cytokines, chemokines, molecules, and metabolites.



3. Cancer Immunotherapy:

Cancer immunotherapy is a type of cancer treatment that harnesses the power of the body's immune system to
target and fight cancer cells. It relies on understanding the complex interaction between the immune system
and cancer cells. Cancer immunotherapy has proven its efficacy in treating many patients with different types
of tumors. Moreover, it represents an essential milestone in the development of cancer treatments and has the
potential to revolutionize cancer care . Cancer immunotherapy has a long history dating back to the late
19" century. Two German physicians, Fehleisen and Busch, independently observed tumor regression after
erysipelas infection, and then Fehleisen identified Streptococcus pyogenes as the cause. In 1891, William
Bradley Coley, a bone surgeon famously known as the “father of immunotherapy”, attempted to use the
immune system to target bone cancer and developed a mixture of bacteria known as Coley's toxins. Although
some patients experienced tumor regression, inconsistent and variable data, along with the risk of infecting
patients, led to the decline of Coley's treatment, ultimately falling out of favor with the advent of radiation and
chemotherapy '**'**'%8 Around the same time, Paul Ehrlich proposed the theory of "side chain" or "receptor,"
suggesting that T-cells have specific proteins that recognize and bind to “antigens”.

Emil von Behring and Shibasabura Kitasato substantiated his theory by later discovering, in 1890, antibodies.
In 1907, Ehrlich introduced the concept of a "magic bullet," involving a targeted therapy aimed at selectively
eliminating cancer cells while preserving normal cells in the patient's body. Subsequently, he confirmed
Coley's observations in 1908, and significant discoveries in immunology followed '*°. Later in 1950,
researchers found that the immune system can distinguish between self and non-self-antigens, including unique
antigens expressed by cancer cells. The role of T-cells in cancer immunotherapy was revealed in 1967, leading
to the exploration of cytokines, monoclonal antibodies, and cancer vaccines. However, these approaches had
limited success until the late 20™ century when advances in molecular biology and immunology sparked
interest again. Checkpoint inhibitors, which remove breaks from immune cells and allow T-cells to effectively
recognize and kill cancer cells, revolutionized cancer immunotherapy. The food and drug administration
(FDA) approved the first drug, ipilimumab (anti-CTLA-4), against advanced melanoma in 2010, and James
Allison and Tasuku Honjo were awarded the Nobel Prize in 2018 for their work on checkpoint blockade
molecules 2. Other immunotherapy drugs like pembrolizumab (anti-PD-L1) and nivolumab (anti-PD-1) have
been approved for various cancers, shaping cancer immunotherapy as it stands nowadays *°'*%2. Several
strategies have been developed to enhance T-cell activity and overcome immunosuppression, each with its
own advantages and limitations. The choice of treatment depends on factors such as cancer type, stage, patient
health, and availability. Immunotherapy strategies include ICB, the introduction of immunomodulatory
cytokines, cancer vaccines, and ACT.

3.1. Adoptive Cell Therapy (ACT)

Adoptive cell therapy is a targeted form of cancer immunotherapy treatment involving the isolation of immune
cells, specifically tumor-infiltrating lymphocytes (TILs) from a cancer patient or from peripheral blood
mononuclear cells (PBMCs) of a healthy donor (particularly T-cells) (Figure 4). These cells can be subject to
laboratory-based engineering and expansion processes on a large scale. Subsequently, the modified or
unmodified T-cells (in the case of TILs) are then reintroduced into the patient via transfer or reinfusion, with
the primary objective of eradicating cancerous cells. Genetic modification of immune cells can include, for
instance, CARs or TCRs***2% Unlike non-specific treatments like chemotherapy and radiotherapy, which can
affect healthy cells, ACT is a personalized and targeted approach against cancer cells. Chemotherapy uses
drugs to kill cancer cells, while radiotherapy damages cancer cell DNA to impede their division and growth.
However, both treatments can have significant side effects, impacting healthy cells and causing nausea, hair
loss, and a weakened immune system 2°°. The concept of ACT originated in the 1980s when Steven Rosenberg
and colleagues first demonstrated that TILs isolated from melanoma patients could be expanded in vitro and
reinfused into patients for enhanced antitumor efficacy 2%,
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In 1994, the first successful clinical application of ACT was reported, showing a 34% objective response rate
and complete responses in many patients with metastatic melanoma *”°. Since then, ACT has expanded to
include various immune cells, such as dendritic cells and natural killer cells in multiple cancer types. Moreover,
a breakthrough in ACT occurred in 2010 with the development of CAR-T-cells. CAR-T-cell therapy has
demonstrated remarkable clinical responses against certain blood cancers, leading to the approval of CD19
CAR-T-cells by the FDA in 2017 for treating relapsed or refractory acute lymphoblastic leukemia in children
and young adults *'°*"*, While ACT has shown promising clinical results, it faces challenges related to
technical complexity, cost, cell selection, target antigen identification, toxicity, and tumor immune escape
mechanisms 2423,

Ongoing research projects aim to enhance the efficacy and safety of ACT through novel T-cell engineering
approaches, gene editing technologies, and the combination of ACT with checkpoint inhibitors, low-dose

radiotherapy, or combinatorial engineering to improve T-cell persistence and immunomodulation 22!,

3.1.1. Tumor-infiltrating lymphocyte (TIL) therapy:

TIL therapy involves the isolation and big-scale in vitro expansion of lymphocytes, particularly T-cells, from
a patient's tumor using high doses of IL-2. These expanded TILs are then either directly reinfused or engineered
before being transferred back into the patient. TILs possess the advantage of specifically recognizing and
attacking tumor cells upon encountering tumor antigens. However, ongoing efforts aim to enhance TIL
reactivity toward tumor antigen recognition, specifically neoantigens 2'“*'". To identify tumor neoantigens
during TIL preparation, Rosenberg and colleagues developed a protocol that involves spotting mutant proteins
specific to tumor cells using whole-exome sequencing (WES) technology and RNA-seq (Figure 6). These
mutant proteins are synthesized as peptides or tandem minigenes (TMG) *'*. Subsequently, MHC-matched
APCs process these neoantigens for coculture with TILs to evaluate antigen presentation and recognition based
on IFN-y production measured through enzyme-linked immunosorbent spot (ELISPOT) assays. Neoantigen-
specific TILs are then purified via fluorescence-activated cell sorting (FACS) or magnetic-activated cell
sorting MACS, using activation markers like CD137, and are exposed to the "rapid expansion procedure"
(REP) before reinfusion into the patient receiving lymphodepletion, along with IL-2 *'°.

A pre-REP step may be included, where tumor fragments containing TILs are cultured in vitro with IL-2 to
expand "young TILs" or perform IFN-y-ELISPOT for detecting antigen-specific TILs, prior to the REP
protocol. These methods have shown promising results in certain patients with melanoma and other solid

tumors, such as colorectal cancer, breast cancer, and ovarian cancer 2.

3.1.2. Genetically engineered T-cell therapy:

Gene therapy is a modern approach that involves altering the genetic material of the cells to treat or prevent
diseases. There are several types of gene therapy for cancer, which can be broadly classified into two
categories: gene addition therapy and gene editing therapy. Gene addition therapy introduces new genetic
material into cells, while gene editing therapy modifies existing genetic material in cells.

Gene therapy originated in the 1970s and gained momentum in 1990 with the successful treatment of a patient
with adenosine deficiency by receiving genetically modified white blood cells that produced the missing
enzyme 2. Since then, numerous clinical trials have been conducted to optimize gene therapy for various
conditions, including cancer.

One approach involves manipulating genes related to tumor development and progression. Additionally, gene
therapy can also modify immune cells, such as T-cells, to specifically recognize and eliminate cancer cells. In
particular, T-cell-based gene therapy has shown promise in treating blood cancers, although challenges remain

in its effectiveness against solid tumors %22,

11



Different strategies can be employed for enhancing the ability of genetically modified T-cells to target cancer

cells in the TME. These include targeting tumor-associated antigens, overcoming immune suppression in the

TME, and improving T-cell migration, infiltration, and persistence. For this, various T-cell-based gene therapy
approaches are available, such as the following (Figure 4):

Targeting tumor-associated and tumor-specific antigens: Genetic modification of T-cells can be used to

target tumor-specific antigens (TSAs) that are expressed only by cancer cells in the TME but not in healthy
tissues such as neoantigens induced by cancer cell genetic mutations. Unlike targeting tumor-associated
antigens (TAAs), or shared antigens, selective TSA targeting reduces the risk of “on-target, off-tumor”
toxicity **. TAAs include cancer/testis (CT) antigens *** (involving melanoma antigen-encoding genes
(MAGEs) and NY-ESOI1 antigens), differentiation antigens (such as melanoma-associated antigen
recognized by T cells-1 (MART-1) and carcinoembryonic antigen (CEA)), as well as overexpressed
antigens (such as mesothelin) *%%,

Overcoming immunosuppression: This involves expressing molecules such as checkpoint inhibitors 2%,

22 optimized forms

a dominant-negative form of transforming growth factor beta receptor II (TGF-BRII)
of activation molecules such as high-affinity activation receptors/ligands or TCR adapter Zeta-chain-
associated protein kinase 70 (Zap70) **°, or knocking out (KO)/KD inhibitory genes downstream of
signaling pathways to prevent T-cell exhaustion.

T-cell homing and infiltration can also be enhanced by modifying T-cells to secrete chemokines or express
chemokine receptors, such as the CXCR2 receptor that improved T-cell migration and antitumor activity
231,232

Improving T-cell persistence within the TME can be achieved, for instance, through the genetic engineering
of T-cells to secrete cytokines such as IL-2, IL-7, IL-15, IL-12, IL-18, and IL-21, which have been
investigated for their potential to boost T-cell antitumor function %%, Additionally, modified CAR-T-
cells expressing both the 4-1BB costimulatory endodomain and the CD28 signaling endodomain have
shown improved persistence and killing capacity 25>,

Moreover, metabolic reprogramming of T-cells can also enhance their function within the TME °*''®, This
includes, for example, modulating glycolysis by genetically engineering T-cells to overexpress
phosphoenolpyruvate carboxykinase 1 (PCK1), which was demonstrated to enhance T-cell antitumor
function in melanoma model *** or by favoring alternative metabolic pathways such as fatty acid oxidation
233236 and modulating mitochondrial biogenesis (MB). This later is illustrated by the overexpression of the
proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) in CD8+ T-cell that pushes toward a
central memory phenotype, resulting in a robust antitumor response against melanoma tumors. This is
accompanied by an increased expansion and a higher mitochondrial activity in TILs upon rechallenge in a

tumor-free host in vivo 2.
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Figure 4: Strategies for ACT therapy: TIL versus gene therapy.

Left; TIL therapy englobes TIL extraction followed by their in vitro expansion using both pre-rapid and rapid expansion methods. TILs
can also be primed through autologous APCs presenting peptides derived from tumor cells. right; Gene therapy includes strategies to
augment T-cell infiltration and persistence as well as activation and cytotoxicity. These include engineering T-cells to express
cytokines, enhancing their metabolic fitness, and downregulating checkpoint inhibitors. To specifically target cancer cells, T-cells can
be engineered to express CARs or TCRs. Combinatorial methods are also used to further enhance T-cell fitness and tumor-killing
capacity. (Adapted from 220),

3.1.2.1. CAR-T-cell therapy:

CAR-T-cell therapy employs genetically engineered T-cells to express chimeric antigen receptors, thereby
specifically targeting cancer cells. The CAR comprises an antigen-binding domain specific for a tumor-
associated antigen and a signaling domain that activates the T-cell when the antigen is encountered. This
innovative treatment has shown impressive clinical success, particularly in treating hematological
malignancies, and has also shown progressive clinical improvements against solid tumors 2'*. This success is
attributed to precise targeting that spares healthy cells, long-lasting antitumor activity, and a possible
"bystander effect" resulting in the extended elimination of even untargeted cancer cells *’. Gross, Eshhar, et
al. first proposed CAR-T-cell therapy in the late 1980s ***. This study led to its successful clinical trial in 2010,

211

targeting CD19+ B cell leukemia and lymphomas with a complete remission rate of 90% ~". Since then,

subsequent CAR-T-cell therapies targeting various antigens have demonstrated promising outcomes.

CAR-T-cells are differentiated into various generations according to the composition and signaling domains
of the CAR. The first-generation CARs have a single signaling domain, typically the CD3 zeta (CD3() chain,
that triggers T-cell activation upon antigen detection, albeit with restricted efficacy and susceptibility to T-cell
exhaustion in vivo. Overcoming these limitations involved the incorporation of extra costimulatory domains
like CD28 or 4-1BB into the CAR structure or integrating inhibitory domains to thwart T-cell exhaustion,
leading to the creation of second-generation CARs. These second-generation CARs facilitate both T-cell
activation and costimulation upon antigen detection, improving CAR-T-cell function and persistence in vivo
214222239 Degpite this, T-cell exhaustion remains an issue, impeding their long-term effectiveness.
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Consequently, third-generation CARs emerged from augmenting the second-generation models with
additional costimulatory domains, modifying the relative signaling strength, or incorporating novel signaling
domains. The third-generation CARs, with typically two costimulatory domains and the CD3( chain, enhance
T-cell activation and persistence in vivo compared to their predecessors. A recent study has demonstrated that
a CAR with a CD28 costimulatory domain and a 4-1BBL signaling domain effectively treated relapsed or
refractory MM ?'!. Further, a third-generation CAR with a 4-1BB and an ICOS costimulatory domain displayed
enhanced antitumor activity against solid tumor models **°. The fourth-generation or TRUCKs (T-cells
redirected for universal cytokine killing) are engineered to boost CAR-T-cell function by promoting cytokine
secretion or other effector molecules (Perforin, granzyme, Fas-L, and TNF-related apoptosis-inducing ligand
(TRAIL)) upon antigen recognition besides providing potent T-cell activation and costimulation *"***, Fifth-
generation CARs, currently under development, are based on the second-generation but include a truncated
cytoplasmic IL-2 receptor B-chain domain and a binding site for the transcription factor signal transducer and
activator of transcription 3 (STAT3) **! (Figure 5).

While CAR-T-cell therapy has shown promising results, it also introduces several complexities. These include
refining the CAR structure to augment its function and curtail off-target toxicity, managing risks associated
with insertional mutagenesis during the viral vector delivery of the CAR, identifying cancer cell-specific target
antigens, and formulating strategies for efficient and stable CAR expression in T-cells 2*****?*_ The potential

side effects, such as cytokine release syndrome (CRS) and neurotoxicity, also pose significant issues **.

To address the emerging challenges, contemporary research endeavors include the development of dual-
targeting CAR-T-cells, universal CAR-T-cells, innovative CAR designs for enhanced safety, and integration
of CAR-T cells into other cancer therapies (Figure 5). For example, CAR-T-cells that concurrently target
CD19 and CD22 effectively addressed refractory B-cell acute lymphoblastic leukemia **>. Meanwhile,
'switchable' CAR-T-cells, such as Stop-CARs, On Switch-CARs, or Split CARs, can be toggled on or off using
a small molecule, providing superior therapeutic control *****’. Additionally, research has underscored the

advantages of combining CAR-T therapies with other treatments like radiotherapy, chemotherapy, or
checkpoint inhibitors, leading to improved patient outcomes ***,
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Top; CAR general structure displays key components, including the antigen-binding domain, hinge, transmembrane domain, and
intracellular signaling domain. Bottom left; CAR generations, namely 1%, 2", 31 4th and 5 generations, outline the progression and
distinct features regarding costimulatory domains and signaling modules. Bottom right; Next-generation CAR designs provide
examples of advanced designs for CARs aimed at enhancing T-cell activation and safety of CAR-T-cell therapies.

3.1.2.2. TCR-T-cell therapy:

TCR-T-cell therapy involves engineering a patient’s T-cells to recognize and bind to cancer-specific peptide-
MHC (pMHC) complexes, thereby enabling T-cells to eliminate cancer cells. Several types of TCRs are used
for gene engineering TCR-T-cell therapy, including primarily natural TCRs and affinity-optimized (or
transgenic) TCRs. Naturally occurring TCRs can be obtained and cloned for gene-engineering methodologies.
These include TCRs targeting NY-ESO-1 and MAGE-A3, both are cancer-testis antigens present in numerous
solid tumors and hematological malignancies. These TCRs have been applied in clinical trials to treat advanced
cancers, such as melanoma*>*****!. Another example is the Wilms tumor protein 1 (WT1), a TAA that is
displayed in multiple malignancies but is minimally expressed in normal cells. Preliminary studies indicate the
efficacy of WT1-targeted TCR-T-cell therapy in treating acute myeloid leukemia (AML) and solid tumors,

including ovarian cancer »*%*,

Conversely, transgenic TCRs are designed or altered TCRs to recognize TSAs with high affinity and a reduced
risk of cross-reactivity. These TCRs recognize exclusively tumor-expressed antigens, such as neoantigens or
viral-derived oncoproteins **°. Cancer neoantigens make the target antigen highly patient-specific since they
arise from cancer-specific genetic alterations °****, Nevertheless, some neoantigens, shaped by prevalent
oncogenic mutations, may be common across individuals. Moreover, since conventional af3-TCR-based T-cell
therapies are MHC/human leukocyte antigen (HLA) restricted, this can limit their applicability to a small pool
of patients with the matching HLA allele. Nonetheless, TCR-T-cell therapies targeting these neoantigens are
advantageous due to their specific tumor targeting, superior TCR affinity, diminished likelihood of tumor
evasion, and reduced “off-tumor” effects and associated toxicity. However, the process of identifying these
neoantigen TCRs is intricate and necessitates the utilization of high-throughput screening methods.

Engineered TCR-T-cells can also encounter a major challenge of MHC expression reduction or loss on tumor
cells, serving as an evasion strategy from T-cell targeting ***°. To address this, research has shifted toward
creating T-cells with MHC-independent TCRs, such as gamma-delta (yd) TCRs and natural killer T (NKT)
cell TCRs, aiming for more precise and safer cancer immunotherapy. I'd6 TCRs are unique for their broad
antigen recognition, including those that are not MHC-presented. For instance, V61-J81 TCR can detect the
stress-responsive major histocompatibility complex class I chain-related gene a and b (MICA/B) protein
present in various tumor cells. Conversely, NKT-cell TCRs, which are semi-invariant in nature, recognize
glycolipid antigens presented by the non-polymorphic MHC class I-like molecule CD1d. These TCRs have
been harnessed for TCR-T-cell engineering, either by modifying the TCR structure or incorporating additional
signaling domains.

T-cell-activating conjugates (TACs) and T-cell receptor fusion constructs (TRuCs) also present alternative
strategies for mitigating MHC restriction and leveraging physiologic ap-TCR signaling for improved tumor-
targeting. TACs are bispecific antibodies facilitating tumor cell destruction by linking T-cells to tumor cells
through simultaneous recognition of a specific tumor antigen and activation of the TCR complex on T-cells.
TRuCs, however, are engineered TCRs that combine a TCR’s tumor antigen specificity with the signaling
domains of a costimulatory receptor such as CD28 and 4-1BB, thereby enabling T-cell direct activation and
eliminating the requirement for additional signals from antigen-presenting cells (Figure 6). Despite their early
development phase, both approaches have exhibited potential in preclinical studies to effectively redirect T-
cells toward tumor cells.
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Engineering transgenic TCR-T-cells for ACT demands careful consideration of TCR affinity and avidity,
which define the binding strength between the TCR and the antigen. TCR affinity, denoted by the dissociation
constant (Kd), measures the interaction’s strength between a T-cell and a corresponding site on a cancer cell's
MHC molecule **'. Avidity, on the other hand, accounts for the collective interaction strength among multiple
binding sites. In the genetic engineering of TCR-based T-cells, affinity can be enhanced and tuned to meet
specific needs 2°*?%, Additional techniques to improve TCR-T-cell therapy include avoiding mispairing of o
and B chains of endogenous and transgenic TCRs 2**?%*2% (Figure 6), co-transferring the entire CD3 signaling
domain with the transgenic TCR **, and exploring methods for developing MHC II-restricted TCR expressing
CD4+ T-cells. Consistent with this approach, CD4+ T-cells redirected with a class I-restricted TCR and

transgenic CD8ap (TCRS) have shown cytotoxic activity while preserving their CD4+ lineage features 2672%°.
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Figure 6: Engineering strategies for TCR-T-cell therapy.

TCR signaling mediated by the interaction of the alpha and beta chain of endogenous TCR with MHC complex can be further enhanced
by engineering T-cell with T-cell receptor fusion construct (TruC) harboring tumor antigen specificity and costimulatory receptor
signaling domains. The strategy of knockout deployed to delete the endogenous alpha and beta chains of the endogenous TCR is an
efficient method to prevent chain mispairing between endogenous and transgenic TCRs, thereby ensuring the efficacy and safety of
TCR gene therapy.

3.1.2.3. Gene editing technologies

Genome-editing technologies have been widely used to modify the DNA sequence of specific genes in a
precise and targeted manner. Each tool has its own mechanism and advantages for gene editing. Transposons,
movable DNA sequences within the genome, facilitate site-specific integration in non-viral cellular
engineering enabling stable gene cargo delivery *"*?”!, including co-delivery of multiple genes ** with
minimal genotoxicity *”*. This system involves a transposase enzyme binding to terminal inverted repeats

(TIRs) to mobilize flanked DNA 7%,

e Transposons: Transposon-modified human T-cells, specifically using a sleeping beauty (SB) DNA
transposon, have been assessed in preliminary clinical trials for CAR T-cell therapy 2’>*®. However, this
method's effectiveness is constrained by the low efficiency of plasmid DNA delivery into human cells %"/

and its limitation to only introducing and adding a transgene into a cell (Figure 7).

e Zinc-finger nucleases (ZFNs): They consist of engineered proteins that comprise a zinc-finger DNA-

binding domain recognizing a specific DNA sequence and a Fokl endonuclease domain that functions as a
dimer; thus, a pair of ZFN is required to cleave the DNA at the target site *’®. The break is repaired by
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endogenous nonhomologous end joining (NHEJ) or homologous recombination (HR) mechanisms *”°. An
NHEJ can result in small insertions (knockin (KI)) or deletions (KO) in the form of indels, while an HR
can replace a gene *°. ZFNs have the advantage of being highly efficient and specific, which can minimize
off-target effects 2*'**2, Moreover, due to their small size, ZFNs can ensure effective transgene delivery for
successful cancer therapy ***. However, the design and production of ZFNs can be laborious and costly as
proteins must be engineered specifically for each target in the genome *”°. In addition, they can be
immunogenic and may trigger immune responses in the host (Figure 7).

Transcription activator-like effector nucleases (TALENSs): Similar to ZFNs, they consist of a non-specific
Fokl endonuclease domain and a DNA-binding domain that contains a highly conserved repeat sequence
from transcription activator-like effectors (TALEs) **. TALEs are modular protein domains designed to
recognize specific DNA sequences **. TALENSs have the advantage of being highly specific and efficient
and can be used to target a wide range of DNA sequences. Unlike ZFNs, TALENS can be easier to design
and optimize, but their large size renders the delivery of gene cargo difficult **°. They can still have off-

target effects and may not work in some cell types or organisms. Still, clinical trials have used the TALEN
platform to develop universal allogeneic T-cells that can be used for cancer treatment ** (Figure 7).

CRISPR/CRISPR-associated protein 9 (Cas9): CRISPR/Cas9 is a revolutionary genome-editing
technology that uses the bacterial immune system to target and cleave specific DNA sequences. The
CRISPR system consists of a small single-stranded guide RNA (sgRNA) to direct the Cas9 nuclease to a
specific DNA sequence, creating a double-strand break that can be repaired by the cell's endogenous DNA
repair machinery 2*. The sgRNA can be easily designed and synthesized to target virtually any gene of

interest, either for gene KO, KI, or regulation. By targeting control elements such as promoters or
enhancers, CRISPR/Cas9 allows gene modulation without fully disabling it. Additionally, it can increase
gene expression by introducing a transcriptional activator to the gene's promoter region.

CRISPR/Cas9 can be delivered in diverse formats such as plasmid DNA, ribonucleoprotein complexes
(RNPs), or messenger RNA (mRNA) 2% The sgRNA is typically delivered separately via lentiviral
vectors for stable expression 2*>*%. However, it can also introduce off-target effects, anti-Cas9 responses,
and unwanted mutations, which raise concerns of potential tumor malignancy promotion*’, and renders in
vivo delivery complicated due to the simultaneous introduction of several components®*’. Nevertheless,
because of its simplicity, efficiency, specificity, and versatility, CRISPR/Cas9 system has been preferred
for T-cell engineering in clinical trials ***?*| and has become the most widely used gene editor in various
organisms, including humans *** (Figure 7).

Overall, each genome-editing technology possesses unique strengths and weaknesses, and the selection
depends on the required precision, efficiency, and specificity for different applications (Figure 7).
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Figure 7: Comparative overview of major gene editing technologies.

Evaluation of four major gene editing technologies, namely transposons, ZFNs, TALENS, and CRISPR/Cas9 systems, for key
parameters including efficacy, integration, and stability of gene insertion, toxicity, cargo capacity, and manufacturing process. Each
technology is represented by a separate column along with its characteristics. (Adapted from 280-286),

3.1.2.4.Gene editing delivery methods

T-cell gene engineering is a promising approach to cancer therapy. There are two main approaches to T-cell
gene engineering: non-viral and viral *’®. Viral approaches, such as CAR T-cell therapy, have shown success
in clinical trials, while non-viral approaches offer a simpler and safer alternative for gene editing.

e Non-Viral approaches involve chemical or physical methods to deliver genes into T-cells without viral
vectors. Transfection and electroporation are the most common methods to introduce DNA into T-cells.
Transfection entails using chemical agents, such as lipids, to facilitate the entry of exogenous DNA used to
deliver genes into T-cells. Conversely, electroporation requires exposing T-cells to pulsed high-voltage
electrical currents, which creates small pores in the cell membrane that allow nanometer-sized plasmid
DNA or mRNA to enter the cell transiently. These techniques enable gene replacement or disruption in T-
cells, providing a means for delivering genes. ****. Unlike viral transduction, this method offers distinct
advantages, including a large cargo capacity to facilitate multiple genes or nucleic acid delivery *°.
Although electroporation is broadly used, for instance in CRISPR-Cas9 system delivery and has entered
phase I clinical trial to evaluate DNA vaccine against SARS-CoV-2 #°!, it is still not well validated for in
vivo T-cell delivery because of its limited penetration depth and localized administration 2. In addition,
the high voltage used for electroporation could cause a loss of cytoplasmic content and raise the risk of
cytotoxicity when used for ex vivo studies in addition to affecting the expression profile in the cell 2>,
Among the significant constraints faced when using this delivery method is the need for more commercial
machines designed for large-scale manufacturing rather than for research and development. One of the
developed techniques for electroporation is nucleofection which can deliver the transgene directly into the
nucleus without disrupting the nuclear envelope. Similar to conventional electroporation, nucleofection still
faces the same challenges regarding in vivo use. However, it holds promise for ex vivo T-cell gene
engineering **® (Figure 8).
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e Viral transduction is an adopted method to efficiently deliver the transgene in T-cells using viral vectors
derived from engineered viruses that are naturally able to deliver their genetic material into host cells
efficiently 2*. Viral vectors are a common tool used for gene engineering T-cells to redirect them against
cancer cells or deliver therapeutic genes to tumor cells for their destruction 7. While adenoviruses and
adeno-associated viruses can introduce transient expression of the transgene, gamma-retroviruses and
lentiviruses can integrate into the host genome to enable stable gene expression and are the most common
vectors for T-cell gene delivery due to their high transduction efficiencies leading to long-term gene
expression, notably for CAR/TCR-T-cells or cytokine secretion **#32% To this date, this tool has also
been developed to make it suitable for applications beyond conventional systems as it has expanded to
include other gene editing systems such as CRISPR-Cas9 and ZFN for ex vivo studies to inhibit specific
genes for enhanced T-cell function *"** (Figure 8).

Lentiviruses and retroviruses are types of RNA viruses exploited for gene engineering in T-cells to develop
cancer therapies. Despite their similarities, they harbor significant differences that can influence their
effectiveness and safety for gene therapy. Their primary disparity lies in tropism, or the types of cells they
can infect. Lentiviruses, including HIV, can infect dividing and non-dividing cells, facilitating long-term
gene expression”***”. However, their safety profile is a concern, as lentiviruses, especially HIV, carry a
higher risk of adverse effects due to potential reactivation and the risk of insertional mutagenesis. This
occurs when the viral vector integrates into a gene and disrupts its normal function, potentially leading to
cancer, viral replication, and dissemination®®.

Conversely, retroviruses only infect dividing cells, posing limitations for certain uses such as TIL
engineering ***2%. Transitioning from the limitations of viral vectors, the intricacies of gene engineering
are further complicated when introducing two separate genes into T-cells. Gene delivery and expression in
T-cells containing two different genes entail challenges around gene elements’ size, regulation, and
compatibility. Difficulties also arise when delivering large DNA constructs with multiple genes in a single
vector, potentially reducing transduction efficiency (TE) and gene expression levels **'. Additionally, co-
expression of several genes may cause off-target effects and toxicity, including insertional mutagenesis **°.

Moreover, cross-regulation of different gene cargos may complicate the tight regulation necessary for
optimal therapeutic outcomes. For example, the expression of certain cytokines or checkpoint inhibitors
may need to be temporally regulated to prevent excessive T-cell activation and potential toxicities, as well
as potentially affecting the efficacy of the CAR 2**47-#7302 Thys, balancing the expression levels of the
gene cargo is essential to amplify synergistic effects and prevent adverse interactions. Furthermore,
overexpression of multiple gene cargos may exhaust or impair T-cells due to increased metabolic demands,

reducing the in vivo persistence and efficacy of the engineered T-cells **.

To address these issues, strategies have been developed, such as optimizing DNA constructs for dual gene
expression, using smaller gene elements to decrease the DNA construct size, and incorporating costimulatory
domains in the CAR. The application of inducible promoters and gene switches can help regulate gene cargo
expression based on the T-cell activation state *2%,
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Figure 8: Gene editing delivery methods

Overview of major gene editing delivery tools, both viral and non-viral. Viral delivery tools involve the usage of lentiviruses or
retroviruses, while non-viral approaches include electroporation, cell squeezing, and nanoparticles. Key parameters for comparison are
highlighted, such as efficacy, integration, stability of gene insertion, toxicity, cargo capacity, and manufacturing complexity. Each
technique is represented by a separate column along with its characteristics. (Adapted from 280-286),

3.1.2.5. Gene inhibitory strategies

Suppressing the activity of inhibitory molecules or receptors on effector immune cells, such as PD-1/PD-L1,
CTLA-4, TIM-3, and LAG-3, has emerged as a promising strategy to enhance T-cell-mediated cancer therapy
that has shown promising results in preclinical and clinical studies ***?%. Similar to ZFN and TALEN, there
are other gene editing approaches for disrupting or knocking down the expression of a gene in T-cells for
cancer treatment, including RNA interference (RNAi) and CRISPR/Cas9 23%280307,

siRNA, shRNA, and miRNA for gene knockdown:

RNAI is a powerful gene silencing mechanism that targets and degrades specific mRNA transcripts of the gene
of interest, thereby knocking down a gene expression in T-cells for cancer treatment ****%_ There are different
RNAI technologies, including small interfering RNA (siRNA), short hairpin RNA (shRNA), and miRNA, that
involve different cellular machinery, including different RNA polymerases and RNA processing enzymes *'°
(Figure 9).

siRNA are short double-stranded RNA molecules that target a specific mRNA transcript of the corresponding
gene expression. This leads to its degradation and subsequent KD mediated by the RNA-induced silencing
complex (RISC). siRNA-mediated gene KD is transient, as siRNAs are rapidly degraded by cellular nucleases.
Still, siRNAs are easy to design and deliver and have been widely used for gene KD in T-cells and in cancer
cells to silence genes known to contribute to cancer development and progression *'%3!!,

On the other hand, shRNAs are transcribed from a DNA vector using RNA polymerase III (Pol III). They are
processed by Drosha machinery in the nucleus to generate a hairpin-shaped precursor miRNA (pre-miRNA),

20



which is then exported to the cytoplasm and further processed by Dicer to generate the mature siRNA-like
molecules. The mature shRNA molecules are then loaded onto the RISC complex for targeting specific mRNA
degradation *'*3'? (Figure 9). shRNA-mediated gene KD is more stable than siRNA-mediated KD, as shRNAs
are expressed from a plasmid or viral vector and can persist in cells for extended periods of time. However,
shRNAs can have off-target effects and may trigger immune responses *'.

Another approach for gene inhibition involves miRNAs which are small non-coding RNA molecules that
regulate gene expression via the cellular machinery. This machinery is responsible for miRNA biogenesis,
involving Drosha and Dicer enzymes. Endogenous miRNAs are transcribed from endogenous genes by RNA
polymerase II (Pol II). The primary transcript is then processed by Drosha in the nucleus to generate a pre-
miRNA hairpin. The pre-miRNA is then exported to the cytoplasm and further processed by Dicer to generate
a mature miRNA duplex. One strand of the duplex is loaded onto the RISC complex for target mRNA transcript
degradation. The mature miRNA within the RISC guides the complex to target mRNAs by complementary
base pairing, usually to the 3' untranslated regions (UTRs). This can result in either translational repression or
mRNA degradation, depending on the degree of complementarity between the miRNA and its target. In
general, perfect or near-perfect complementarity leads to the cleavage of the target mRNA by the Argonaute
2 (AGO?2) protein, which is a key component of RISC with a cleavage activity. On the other hand, imperfect
complementarity results in translational repression and, often, subsequent mRNA degradation. *'**'* (Figure
9).

There are several advantages of using miRNA-mediated gene KD over shRNA, including that miRNA can
target multiple genes simultaneously, whereas shRNAs typically target a single gene *'°. This feature makes
miRNAs more suitable for studying complex biological processes that involve multiple genes or pathways.
Furthermore, miRNAs are naturally occurring, and non-coding RNAs are involved in the endogenous
regulation of gene expression. Thus, they may better mimic physiological gene regulation than shRNAs, which
are artificially introduced. Moreover, miRNAs are generally better tolerated by cells and have fewer off-target
effects than shRNAs as they act through partial complementary base pairing with their target mRNA. This
results in more specific and controlled gene silencing. miRNAs could also be of low cytotoxicity as they are
less likely to trigger an immune response or cause cytotoxicity compared to shRNAs, as they are naturally
occurring molecules and part of the cellular machinery. Some miRNAs have tissue-specific or
developmentally regulated expression patterns, making them suitable for studying gene function in a specific
cellular context or developmental stage *''*''* (Table 1).
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Figure 9: Cellular processing machinery of miRNA versus shRNA versus siRNA.

The transcription of miRNAs, whether from within the cell or transferred through viral vectors, starts with RNA Polymerase 1II,
producing primary miRNAs (pri-miRNAs). The non-canonical pathway involves mirtrons, which are introns mimicking the hairpin
structure of pre-miRNAs. Mirtrons skip the Drosha processing step and resemble pre-miRNAs after splicing and debranching. They
are then exported to the cytoplasm for further processing by Dicer and incorporation into the RISC complex. In the canonical pathway,
pri-miRNAs are cleaved within the nucleus by the Drosha-DiGeorge critical region-8 (DGCRS8) complex, creating pre-miRNAs in a
hairpin conformation. Exportin-5 translocates the pre-miRNAs into the cytoplasm. In the cytoplasm, the DICER complex, with the
help of the transactivation response element RNA-binding protein (TRBP), processes the pre-miRNAs, generating miRNA duplexes.
The guide strand integrates into the RISC complex with the Ago?2 protein, regulating target mRNAs through degradation or translational
inhibition. The passenger strand is usually degraded. Exogenous shRNAs, introduced via viral vectors, undergo a similar biogenesis
process to miRNAs, but they are synthesized by RNA Polymerase 111, bypassing the Drosha step. Instead, shRNA is directly exported
to the cytoplasm by Exportin-5. In the cytoplasm, shRNA is processed by Dicer and incorporated into the RISC complex, resembling
miRNA processing stages. Upon cellular introduction, Dicer cleaves exogenous dsRNAs or synthetic shRNAs delivered by non-viral
tools, guiding the RISC complex to target mRNAs. On the other hand, synthetic siRNAs, similar to Dicer cleavage products, bypass
Dicer processing and load directly into the RISC complex. Although these molecules have distinct processing routes, they converge in
utilizing the RISC complex for post-transcriptional gene silencing.

CRISPR/Cas9-mediated gene knockout

CRISPR/Cas9 can be used to create a loss-of-function mutation in the target gene by the KO or by introducing
a specific mutation by KI approaches. By designing guide RNAs that target specific sites in the genome, the
Cas9 nuclease can be directed to cut the gene of interest resulting in a double-strand break (DSB) at the target
site. The DSB can then be repaired by the error-prone NHEJ pathway. Consequently, this leads to a frameshift
mutation and a loss of gene function, such as the deletion of PD-1 in T-cells that resulted in enhanced function
and tumor clearance *>#***7. CRISPR/Cas9 can also be used to introduce a specific mutation into the target
gene, altering its function or expression. This strategy has been used to insert CARs for adoptive T-cell therapy
where a specific tumor-targeting domain is introduced into the TCR locus 2*3-2%397,
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In summary, these gene editing strategies provide promising opportunities for inhibiting suppressive genes in
T-cell-based cancer therapy. The choice of the suitable strategy depends on the specific application and the
desired level of KD efficiency, stability, and safety with reduced off-target effects.

Furthermore, building upon these advancements, harnessing gene editing tools such as RNA interference or
CRISPR-Cas9 to target and inhibit specific intracellular TCR signaling negative regulators emerges as a
potential avenue to selectively modulate and KD the activity or expression of suppressive genes in T-cell-
based cancer therapy. This presents a potential approach to fine-tune TCR signaling and amplify the antitumor
response of T-cells by relieving the inhibitory checkpoints on T-cells imposed by these regulators. However,
selecting the appropriate gene editing strategy must be carefully considered and tailored to the specific
application requirements.
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Table 1: Comparison of siRNA, shRNA, and miRNA characteristics.

siRNA ShRNA miRNA
Full name SmallIlinI\tIifenng Short hairpin RNA microRNA
Origin Exogenous, Exogenous, Exogenous and endogenous

g Synthetic Synthetic
Length 21-25nt 60-80nt 19-25nt + flanking sequences
bTi::;igie:gsnte High Moderate Moderate-Low
Hairpin
structure Absent Present Present
. Transfection or Sy .
Delivery electroporation Plasmid, viral vector Endogenous or vector delivery
Promoter N/A Mainly Pol III (U6, H1), | Pol II (Endogenous miRNA),
(Synthetic RNA) Pol II (CMV, EF1la) Pol II/IIT (Exogenous miRNA)
11:;::;::2:5 RISC complex DICER, RISC complex | Drosha, DICER, RISC complex
Stability Transient Stable Stable
Efficiency at ftl;lﬁ;lllefilf)se Efficient at a low dose Efficient at a low dose
Off-target High off-target Moderate off-target g
effect effect effect Low off-target effect
Gene silencing mRNA Cleavage mRNA Cleavage .A Cleavage{
mode translational repression
High

Toxicity Moderate (Saturation of miRNA Low

biogenesis machinery)
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4. Intracellular negative regulators downstream of the TCR signaling pathways.

4.1. TCR signaling pathway:

The TCR signaling system is a complex network of intracellular pathways that are activated when the TCR
binds to an antigen presented by the antigen-MHC complex on the surface of an APC. This triggers a series of
intracellular signaling events involving tyrosine kinases, phosphatases, and adaptor proteins, leading to the
activation of transcription factors and, ultimately, T-cell activation, differentiation, proliferation, and survival.

Dysregulation of this pathway can cause immune-related disorders such as autoimmune diseases and
immunodeficiencies. The TCR is a heterodimeric protein complex composed of o and B chains, or y and 6
chains, associated with intracellular signaling proteins. The TCR associates with the CD3 receptor to transmit
the signal, forming a functional TCR-CD3 complex *'**'S, The CD3 receptor consists of CD3y and CD35
heterodimers and a CD3{ homodimer containing immunoreceptor tyrosine-based activation motifs (ITAM)

that activate signaling *'’.

An immunological synapse (IS) is triggered upon encountering a specific antigen, causing the TCR complex
to change shape and initiate a signaling cascade. This process involves the co-receptor CD4+ or CD8+
interacting with the MHC molecules on the APC to stabilize the TCR-antigen interaction. Costimulatory
receptors like CD28 are also activated by ligands on APCs (CD80 (B7-1) or CD86 (B7-2)), providing the
necessary co-stimulation for T-cell activation.

The conformational change in the TCR complex activates protein tyrosine kinases (PTKs), such as
lymphocyte-specific protein tyrosine kinase (Lck) and Fyn, which phosphorylate ITAMs on CD3( chains.
Phosphorylated ITAMs serve as docking sites for downstream kinases ZAP-70 and Syk, which in turn
phosphorylate other signaling molecules, including adapter proteins LAT and leukocyte protein of 76 kDa
(SLP-76). These proteins form a complex that recruits additional signaling molecules like phospholipase Cyl
(PLCyl), Vav, and Growth Factor Receptor-bound protein 2 (Grb2). PLCyl, when activated, cleaves the
membrane lipid phosphatidylinositol-4,5-bisphosphate (PIP2) into the second messenger inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG) *'®. IP3 binds to receptors on the endoplasmic reticulum (ER),
releasing intracellular calcium ions into the cytoplasm. The calcium influx activates calcineurin,
dephosphorylating the transcription factor NFAT, enabling it to translocate to the nucleus and activate target
genes. Meanwhile, DAG activates downstream signaling pathways such as protein kinase (PKC), IkappaB
kinase (IKK) (in a MALT1-CARMA1- B-cell lymphoma/leukemia 10 (BCL10)-dependent pathway *'°, RAS
guanyl nucleotide-releasing protein 1 (RasGRP1), Ras-ERK, activator protein-1 (AP-1), and NF-kB 3'%322,

The Ras/MAPK pathway, along with the PI3K/Akt, NFAT, and the NF-xB pathways, cooperate to initiate the
T-cell activation transcriptional program, resulting in cytokine production and T-cell activation as exhibited
by the upregulation of the activation marker CD69 *32* Taking together, TCR engagement leads to
intracellular signals that differentiate between antigens with different affinities. Hence, as a counterpart,
negative signaling loops are crucial for maintaining a threshold for T-cell activation ***. These loops interact
with regulatory molecules to modulate immune activation, allowing tolerance to self-antigens while eliciting
a response to foreign antigens ***. TCR negative regulators, including molecules such as phosphatases and
inhibitory receptors on the cell membrane (e.g., CTLA-4 and PD-1), downregulate or inhibit TCR signaling
pathways, providing feedback control *7. CTLA-4 is a prominent co-inhibitory checkpoint receptor that
competes with CD28 for binding with higher affinities to CD80 and CD86 ligands on activated APCs **,

Post-TCR engagement, CTLA-4 is expressed and translocated to the cell surface, where it downregulates

CD28 ligand availability through trans-endocytosis of CD80 and CD86 *****! It also recruits phosphatase Src
homology 2 (SH2) domain-containing tyrosine phosphatasel (SHP1) to inhibit phosphorylation events
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downstream of TCR/CD28 signaling *2. Another key co-inhibitory receptor is PD-1, presented on the cell
surface after T-cell activation, which binds to ligands PD-L1(CD274; B7-H1) and PD-L2 (CD273; B7-DC)
expressed on immune cells and nonlymphoid tissues, including tumors ***. PD-1 engagement leads to
phosphorylation of its intracellular motifs, notably immunoreceptor tyrosine-based inhibition motif (ITIM)
and immunoreceptor tyrosine-based switch motifs (ITSM) ***, recruiting SHP2 to dephosphorylate key
mediators of TCR and CD28 signaling such as ZAP70, as well as downstream of CD28, in particular PI3K **°,
Additional important co-inhibitory receptors in T-cells include TIM-3, which promotes immunosuppression
by promoting myeloid suppressor cell expansion and positively regulating the suppressive functions of Tregs
336337 “and TIGIT, which binds to CD112, CD113, and CD155 ligands on APCs and cancer cells ***. The
stability of receptors and the signalosome at the cell surface is another regulatory layer in T-cell activation,

involving the dephosphorylation of LCK by the CD45 phosphatase upon T-cell activation **.

4.2. TCR signaling intracellular checkpoints:

The balance of internalization, recycling, and degradation of TCR receptors determines the amplitude and
duration of TCR signaling. The process of ubiquitination, which is essential for the internalization of TCR/CD3
complexes, has been established *****'. However, the ubiquitin-dependent mechanisms controlling TCR
endocytosis and surface stability remain uncovered. Non-optimal T-cell stimulation prevents sustainable T-
cell activation **. Indeed, chronic viral infections or cancer can lead to T-cell dysfunction, characterized by
hypo-responsiveness illustrated by anergy due to a lack of costimulatory signal 2 induced by CD28/CD80
interaction and signal 3 for cytokine stimulation ****** or T-cell exhaustion *** often accompanied by the co-
expression of inhibitory receptors like CTLA-4, PD-1, LAG-3, and TIM-3. In the context of repeated antigen-
driven proliferation, T-cells can become senescent and enter a cell cycle arrest **°) downregulating
costimulatory molecules such as CD28 and CD27 ****®, Senescent, exhausted, and anergic immune cells are

commonly found in the TME and pose challenges to the efficacy of cancer immunotherapy 3****.

Alongside immune checkpoint proteins on the cell surface, certain intracellular proteins contribute to negative
feedback loops downstream of the TCR (Figure 10). These proteins, known as intracellular immune
checkpoints (ilCPs), have gained attention as promising targets for cancer immunotherapies **'*** (Table 2).
This approach is particularly valuable due to the limitations observed in other cancer immunotherapies, such
as CAR-T therapies or protein checkpoint blockade, which can suppress CD8+ T-cell activation due to
exposure to multiple immunosuppressive factors in the TME *33%7, These proteins can be categorized into

various groups based on their mechanism of action, including kinases, protein phosphatases, ubiquitin ligases,
and deubiquitination enzymes (DUBs).

4.2.1. Kinases:

Various serine/threonine kinases and lipid kinases play a crucial role in regulating intracellular signaling
pathways downstream of the TCR ***, Unlike protein-targeting kinases, lipid phosphorylation can have both
stimulatory effects mediated by PI-3-kinase and inhibitory effects mediated by diacylglycerol kinases (DGKs).
Therefore, both serine/threonine and lipid kinases present potential targets for boosting immune responses
against tumors.

4.2.1.1.HPK1:

Hematopoietic Progenitor Kinase 1 (HPK1), encoded by the mitogen-activated protein kinase 1 (MAP4K1)
gene, is a serine/threonine kinase **°. It consists of an N-terminal kinase domain, followed by four SH3-
binding proline-rich motifs and a large citron homology domain at its C terminus ****¢'. HPK1 serves as a
negative regulator of TCR signaling by phosphorylating and inhibiting crucial downstream molecules involved
in T-cell activation. Dysregulated HPK1 expression or activity can result in impaired T-cell responses and
contribute to the development of various diseases. HPK1 exerts its regulatory effects on TCR signaling through
interactions with key proteins and signaling pathways. Upon TCR engagement, HPK1 is recruited to the IS in
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the plasma membrane ****%*, Once activated via Y381 phosphorylation, it associates with essential adaptors
like adhesion and degranulation-promoting adapter protein (ADAP) and SLP-76 ***%. This interaction
activates downstream kinases, including c-Jun N-terminal kinase (JNK) and p38 MAPK, ultimately regulating
transcription factors like AP-1 and NFAT. Consequently, HPK1 recruits the negative regulator 14-3-3,
inhibiting the phosphorylation of proximal TCR signaling molecules such as ZAP-70 and LAT %%, The
destabilization of SLP-76's interaction with LAT signalosome triggers SLP-76 degradation®***%’, negatively
360,364

impacting the MAPK ERK pathway signaling

Interestingly, HPK1 expression correlates with T-cell exhaustion ***, and dampens Ras-proximate-1 (Rap1)
activation, resulting in decreased activity of the adhesion receptor LFA-1. HPK1-deficient T-cells exhibit
increased ADAP recruitment to SLP-76 and elevated Rap1 activation, leading to enhanced adhesion and cell
spreading ***. Additionally, HPK1 is exploited by PGE-2 to suppress T-cell-mediated antitumor responses in
a protein kinase A (PKA)-dependent manner *#°-",

Studies employing HPK1 inhibitors or gene silencing techniques have exhibited promising outcomes by
augmenting T-cell responses against tumors, leading to increased TCR signaling and enhanced antitumor
immune reactions against malignant cells. Downregulation of HPK1 expression or inhibition of its kinase
activity augments AP-1-dependent gene transcription ***, enhancing TCR signaling, T-cell activation,
proliferation, effector function, and cytotoxicity against target cells 2%, Notably, robust immune responses
have been observed in HPK1 kinase-dead transgenic mice against various tumor models, including sarcoma,
Lewis lung carcinoma, and GL261 glioma which express high amounts of PGE-2 and adenosine **°. Devoid
of HPK1 expression, both mouse and human CD8+ cells, as well as CAR-T-cells, exhibited improved
degranulation activity (CD107a), cytokine production, and reduced expression of exhaustion markers such as
PD-1, TIM-3, and LAG-3 **. In murine xenograft models, adoptive cell transfer of HPK1 KO CAR-T-cells,
while in both mice and humans, demonstrated better tumor growth control ***. Additionally, several small
molecule inhibitors targeting HPK1 are currently undergoing clinical trials for cancer immunotherapy 7.
Mechanistically, the inhibition of HPK1 lowers the activation threshold of TCR, imparts resistance against
suppressive factors like PGE-2, and enhances chemokine/receptor signaling. The absence of HPK1 exposes
T-cells to elevated cytotoxic potential, hyperproliferation, and significantly higher secretion of Thl/effector
cytokines, namely IL-2, [IFNy, Granzyme B, and TNF-a 359.365.369 Eyrthermore, HPK1 KO from kinase-dead
mice bearing single loss or point mutation in HPK1 improves the functionality of other effector immune cells
by enhancing maturation and antigen presentation of DCs and enhancing NK-mediated cytotoxic activity

against tumors when compared to their wild-type counterparts **.

4.2.1.2.Csk

The cytoplasmic tyrosine kinase C-terminal Src kinase (Csk) plays a crucial role in inhibiting proximal T-cell
activation. Csk is recruited to the plasma membrane through interactions with various scaffolding proteins,
including focal adhesion kinase (FAK), downstream of kinases 1/2 (Dok1/2), TNF receptor-associated factor
(TRAF3), and the phosphoprotein associated with glycosphingolipid-enriched microdomains (PAG). Upon T-
cell activation, PAG undergoes dephosphorylation, resulting in the release of Csk from the plasma membrane
and its subsequent distance from potential substrates. This enables Csk to phosphorylate inhibitory tyrosines
(Y505 and Y528) within the Src kinases Lck and Fyn "7 Inhibiting Csk leads to enhanced TCR activation
38379 Moreover, T-cells lacking Csk exhibit spontaneous proximal TCR activation, but the signaling cascade
does not extend distally to PLCy] activation without additional signals, such as CD28 costimulation **. Unlike
PAG-deficient mice, mice lacking Csk demonstrate severe abnormalities in T-cell development, suggesting
that other binding partners redundantly recruit Csk to the plasma membrane **°3%,
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4.2.1.3.DGKs

Diacylglycerol kinases are enzymes that convert DAG into phosphatidic acid (PA)**. This phosphorylation
process by DGKs disrupts the association of DAG with RasGRPs, leading to the inhibition of the RAS/MAPK

pathway and the attenuation of TCR function, including cytokine production 243437,

Two specific isoforms of DGKs, DGKa, and DGK(, regulate DAG downstream of the TCR **. While both
isoforms have redundant functions in metabolizing DAG and inducing T-cell anergy, they exhibit distinct
structural motifs, expression patterns, and activation modes %%,

TILs in human tumors upregulate DGK isoforms, resulting in functional inhibition, while DGK-deficient mice
show substantial antitumor activity ****°'. Interestingly, despite being less abundant in T-cells, DGK plays a
dominant role in DAG metabolism and the suppression of Ras signaling due to its increased kinase activity
relative to DGKa in naive T-cells *****, Single KD of DGKo. or { does not affect T-cell development or the
number of CD4+ or CD8+ T-cells but can impact the number of activated T-cells in unchallenged mice
324.387.39% Tn contrast, mice lacking both isoforms of DGK demonstrate a significant reduction in the number of
peripheral CD4+ and CD8+ T-cells ***. Notably, DGK KO or pharmacological inhibition enhances the
cytotoxicity of CAR-T-cells against tumors in mouse and human models, while CRISPR inactivation of both
DGK isoforms synergistically improves tumor clearance, cytokine production, proliferation, and the
phenotype of CAR-T-cells to effector memory *****, Furthermore, DGK{ KO in CD8+ mice enhances
resistance to tumor growth and improves in vivo antitumor responses upon ACT of naive or primed DGK{(
CD8+ T-cells **>-3873%,

4.2.2. Protein Phosphatases:

Protein phosphorylation events, including ITAM phosphorylation, generally activate proteins. Conversely,
dephosphorylation by phosphatases of signaling proteins attenuates the TCR signaling cascade, leading to
decreased activity **°. Protein tyrosine phosphatases (PTPs) and protein tyrosine phosphatase non-receptor
type (PTPN) are a group of negative regulators involved in TCR signaling. PTPN, specifically, has been
associated with T-cell exhaustion *’. Among the PTPN family, three members, PTPN2, PTPN6, and PTPN22,
are involved in downstream TCR signaling negative feedback loops and have been evaluated in preclinical
models for their anticancer activity.

4.2.2.1.PTPN2:

PTPN2 also referred to as TC-PTP, is an important phosphatase primarily expressed in hematopoietic cells. It
plays a crucial role in T-cell signaling by directly dephosphorylating Lck and Fyn kinases in CD4+ and CD8+
T-cells. This activity establishes a threshold for triggering the TCR *****°, T-cells lacking PTPN2 display
enhanced T-cell-mediated immunosurveillance, increased numbers of effector memory T-cells (TEM), tumor
infiltration, and heightened cytokine production **°. Deletion of PTPN2 in mouse CAR-T-cells results in
acquiring an effector memory phenotype (CD44+CD62L) and increased expression of IFNy, TNFa, and
Granzyme B, making them less prone to exhaustion **°. Furthermore, the use of small molecule inhibitor
targeting PTPN2 improves the cytotoxicity of mouse CAR-T-cells and demonstrates similar benefits for
human CAR-T-cells in vitro 4!,

4.2.2.2.PTPN6 (SHP1):

SHP-1, also known as PTPNG6, is a protein tyrosine phosphatase predominantly expressed in hematopoietic
cells ***. It has been identified as a negative regulator of T-cell activation and interacts with various molecules
involved in TCR signaling, including Zap-70, Syk, PI3K, Vav, Lck, CD3(, and SLP-76 ***. The exact
mechanism of SHP-1 function during T-cell activation remains uncertain due to variations in experimental
conditions 4%,
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SHP-1 deficiency in mice leads to increased phosphorylation and activation of Lck, Fyn, and other key
components of TCR signaling, resulting in T-cells that are hyper-responsive to TCR/CD3 stimulation and
produce more IL-2 *'%#''. SHP-1 has also been found to exert its inhibitory effects by mediating inhibitory
cytokines, such as IL-10 and TGF B, and by modulating the activation threshold of T-cells as SHP-1 is also
upregulated in a TCR affinity-dependent manner *'**"*. Furthermore, SHP-1 has been shown to inhibit T-cell

activation by dephosphorylating casitas B-lineage lymphoma b (Cbl-b), thus protecting it from degradation
414

Targeting SHP-1 has shown promise in preclinical models, particularly in therapies involving adoptive T-cells
#15 Deletion of SHP-1 in CD8+ T-cells enhances their proliferation potential, cytolytic capacity, and cytokine
production *'%*'"_ Although SHP-1 has been observed to interact with PD-1 in CD4+ T-cells and Jurkat T-cell
lines, recent data suggests that their activities do not entirely overlap **>#'%4!? Interestingly, PD-1 blockade
has shown that SHP-1-deficient CD8+ T-cells are more responsive to anti-PD-1 and exhibit improved control
of melanoma cell growth **°. Pharmacological inhibition of SHP-1 (and partially SHP-2) has also been found

to enhance the cytotoxic capacity of human primary CD8+ T-cells against tumors *'°.

4.2.2.3.PEP/PTPN22

PEST-domain enriched tyrosine phosphatase (PEP), also known as PTPN22, is a cytoplasmic phosphatase
found near the plasma membrane in all hematopoietic cells, including lymphocytes **'. It forms a tight complex
with the negative regulatory kinase Csk, inhibiting T-cell activation by preventing phosphorylation of the TCR
receptor complex **#%, PTPN22 can also dephosphorylate Lyn and Fyn, Src-family protein tyrosine kinases,
competing with Csk *****_ It regulates Zap-70, TCR{, and Vav1 activities, and its absence in T-cells increases
T-cell association with antigen-presenting cells through enhanced activation of the small nucleotide guanosine
triphosphate hydrolases (GTPase), Rap1****®. The C1858T mutation in PEP, reducing its association with

Csk, is linked to over twenty autoimmune diseases 7',

Studies consistently show that targeting PEP enhances TCR signaling while overexpressing it results in the
opposite effect ©*'. Experimentally, PTPN22 KO CD8+ T-cells demonstrated improved control of tumor
growth, increased cytokine production, and resistance to TGFp-mediated immunosuppression *2%34,
Moreover, multiple successful screening approaches have identified small-molecule inhibitors of this

phosphatase, which hold potential for clinical use as cancer immunotherapeutic *>*3%,

4.2.2.4.PTP-PEST/PTPN12

PTPN12, a phosphatase containing a PEST domain, is widely expressed in mammalian cells **°. It interacts
with Csk *° and acts as a potent negative regulator by dephosphorylating important signaling molecules like
Grb2, inhibiting Ras activation in B and T-cells ****!. PTPN12 also regulates actin reorganization and the
formation of the IS in lymphocytes by targeting the wiskott-aldrich syndrome protein (WASP) and actin-
related protein 2/3 (Arp2/3). When conditionally knocked down in T-cells, PTPN12 has been found to induce
anergy, secondary T-cell activation, and autoimmunity ***. In contrast, PTPN12 overexpression decreases IL2
production and inhibits NF-«B signaling ****,

4.2.3. SOCS family:

There are currently eight identified proteins known as SOCS (suppressor of cytokine signaling), including
SOCS1-7 and CISH (chromogenic in situ hybridization). These proteins are negative regulators facilitating the
degradation of JAKs and STATs ****". T-cell activation leads to the downregulation of SOCS3, and its
depletion enhances T-cell proliferation and IL2 production ***. Additionally, SOCS6 is believed to act as a

negative regulator of TCR signaling by targeting the proximal signaling kinase Lck for degradation *¥.
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4.2.3.1.CISH

CISH, a negative regulator of TCR signaling, degrades PLCy1 and SLP76, which inhibit NFAT and NF-«xB in
CD8+ T-cells ¥***' NK cells ****3, and DC cells ***. In mice lacking CISH, CD8+ T lymphocytes displayed
improved proliferation, Ca2+ signaling, and IL-2 production upon TCR engagement. These cells also exhibited
increased expression of effector function-associated genes and showed enhanced control of tumor progression
when used in ACT *'.

Ongoing clinical trials are exploring CRISPR-Cas9 targeting of CISH in TILs prior to ACT, which has shown
promising effects in improving the efficacy of ICB therapies as combined targeting of CISH—/— TILs isolated
from CISH KO mice with anti-PD-1 antibodies has effectively controlled tumor progression **'. Recent studies
have demonstrated the benefits of targeting the intracellular checkpoint SOCS-1, a member of the CISH
family, in DCs for treating relapsed acute leukemia ***. Furthermore, the importance of CISH-expressing DCs

in enhancing antitumor immunity and CTL activity has been demonstrated in mouse models **°.

4.2.4. E3 Ligases

Ubiquitination is a cellular process that involves attaching ubiquitin, a 76 amino acid protein, to substrate
proteins, marking them for degradation in the proteasome or endosome. This process serves as a mechanism
for removing misfolded or unwanted proteins and regulating the levels of transcription factors and signal
transduction mediators. Ubiquitination occurs through three enzymatic steps, with the final step involving the
E3 ubiquitin ligase. The E3 ligase recognizes the substrate and facilitates the transfer of ubiquitin from the E2

enzyme to a lysine residue on the substrate protein*****’,

4.2.4.1.CBL Family

The Cbl (Casitas B-lymphoma) proteins, including c-Cbl, Cbl-b, and Cbl-3, are a conserved family of
proteins***%°, These proteins play a role in downregulating the TCR signaling cascade by promoting the
degradation of multiple targets **'*%>, While the specific function of Cbl-3 is not yet fully understood, both
Cbl-b and c-Cbl have been demonstrated to act as negative regulators of TCR signaling*®**%,

1.1.1.1.1 c-Cbl:

c-Cbl plays a crucial role in T-cell signaling by binding and targeting various proteins for degradation. After
TCR activation, c-Cbl primarily targets the CD3( chain of the TCR complex for degradation, leading to the
downregulation of TCR signaling *. Lck, a cytoplasmic tyrosine kinase, and LAT, an adaptor protein
necessary for TCR signal transduction, are also important targets for c-Cbl-mediated degradation in activated
T-cells *. c-Cbl deficiency in immature T-cells results in increased expression of TCR-CD3( complexes and
enhanced positive selection *’. The interaction between c-Cbl and the { chain is facilitated by Zap-70, which
acts as a scaffold and aids in terminating TCR signaling *®.

Interestingly, evidence suggests that c-Cbl can promote the degradation of CD3( through ubiquitination and
subsequent translocation into lysosomal vesicles, independent of the proteasome*®**°. Additionally, depletion
of c-Cbl leads to impaired LAT internalization and elevated LAT levels in T-cells *°. ¢c-Cbl also affects PD-1
by binding to its cytosolic tail and promoting ubiquitination for proteasomal degradation *’'. Consequently,
genetic reduction of c-Cbl results in increased PD-1 expression in CD8+ T-cells and macrophages *'".

1.1.1.1.2 Cbl-b:

The E3 ubiquitin ligase Cbl-b is a crucial regulator of T-cell activation, possessing really interesting new gene
(RING) finger catalytic domains responsible for protein ubiquitination and subsequent degradation of target
proteins “’2. Cbl-b is prominently expressed and functional in peripheral T-cells *”*. Upon T-cell activation and
clustering at the IS, Cbl-b is recruited to the TCR *"**”* where it employs various inhibitory mechanisms
downstream of the TCR. Cbl-b interacts with important TCR signalosome molecules, including LCK, SLP76,
ZAP70, PLCy1, Vavl, and the regulatory subunit p85 of PI3K, to dampen T-cell activation /7.
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Mice lacking Cbl-b display hyperactive T-cells that do not require CD28 for activation, leading to enhanced
T-cell antitumor immunity in vivo **¥!, CD28 activation triggers Cbl-b ubiquitination and degradation via
phosphorylation by PKCO in a negative feedback loop ****%. The homologous to the E6-AP carboxyl terminus
(HECT) E3 ligase NEDD is a potential facilitator of Cbl-b degradation *****. The binding of CD28 ligands
(B7-1 or B7-2) to CTLA-4 on T-cells increases Cbl-b protein levels, suggesting a contribution of Cbl-b to
CTLA-4's inhibitory function ***. Cbl-b represses PTEN inactivation by NEDD4, reducing PI3K activity *¢.
Cbl-b, along with ITCH, is involved in TGF-B-mediated regulation of forkhead box P3 (Foxp3). The absence
of either E3 ligase impairs the development of TGF-B-induced Foxp3+ Tregs (iTreg), resulting in iTregs with
reduced Foxp3 expression and impaired suppressive functions **"%°. Cbl-b-deficient mice exhibit fewer
exhausted T lymphocytes in the tumor microenvironment, and depletion of Cbl-b through CRISPR/Cas9 can

restore the expression of inflammatory cytokines and cytotoxic molecules in exhausted PD-1+TIM-3+ T-cells
353

CRISPR-Cas9-mediated depletion of Cbl-b in mouse CAR-T-cells promotes tumor regression and resistance
to exhaustion ***. Adoptive transfer of Cbl-b-deficient CD8+ T-cells to tumor-bearing mice confers antitumor

activity and tumor rejection *149!14%2

. The loss of Cbl-b upon TCR triggering leads to increased
phosphorylation of Akt/Erk, proliferation, activation, cytokine production (IFNy, TNFa, IL-2), and cytolytic
capacity (Granzyme B)**#”*%  Cbl-b-deficient CD4+ and CD8+ T-cells are less susceptible to PD-1 or
CTLA-4 inhibition *****® and immune suppression by Tregs, TGFB, and PD-L1*!#149%47 Of note, combining
therapies targeting CTLA-4 with Cbl-b-deficient T-cells synergistically enhances antitumor response and
survival in melanoma mouse models **. Cbl-b-deficient mice reject various tumors and exhibit long-term
tumor-specific immunological memory 3%%481491:493-495.497498 " A1thoyugh Cbl-b KO mice are more susceptible to
T-cell-mediated autoimmunity and type 1 diabetes **4**°%, mild and non-lethal autoimmunity development
in Cbl-b-deficient mice contrasts with enhanced antitumor immunity **'*°!. Wild-type mice receiving Cbl-b

KO or KD CD8+ T-cell-based adoptive transfer immunotherapy have not shown any autoimmune injury
462,481,491,492,494,502

1.1.1.1.3  GRAIL:

The gene known as RNF128, or the gene related to anergy in lymphocytes (GRAIL), is a transmembrane RING
E3 ligase found in endosomes that negatively regulates T-cell activation and plays a vital role in enforcing T-
cell tolerance °®. GRAIL achieves this by poly-ubiquitinating and degrading CD3{ molecules via the
proteasome, leading to the downregulation of the TCR/CD3 complex on the cell surface . GRAIL directly
targets TCRP and CD3(, as evidenced by the significant decrease in CD3{ ubiquitination observed in GRAIL-
deficient mice °*. Furthermore, GRAIL is involved in the ubiquitination of proteins like Rho guanine
dissociation inhibitor (RhoGDI), Arp2/3 subunit 5, and coronin 1A, which are associated with regulating the
actin cytoskeleton and potentially modulating the anergic state of T-cells *****. GRAIL's impact extends
upstream as well, as its deficiency leads to enhanced phosphorylation of ERK1/2 after T-cell activation,
suggesting its role in regulating proteins preceding this signaling node *°. Absence of GRAIL in T-cells results
in increased proliferation and cytokine secretion, independent of CD28 co-stimulation ****°’. During anergy
induction, GRAIL upregulation correlates with decreased CD40 ligand (CD40L) expression, which is critical
for dendritic cell-mediated licensing of T-cells *****, GRAIL binds to CD40L and promotes its ubiquitination
for degradation *'°.

GRAIL deficiency in mice confers resistance to anergy induction, hyperactivation of CD4+ T-cells mediated
by TCR, and enhanced proliferation and survival of T-cells following activation *****’. Additionally, GRAIL-
deficient mice display heightened susceptibility to autoimmune diseases ***. Other potential targets of GRAIL
have been identified, including CD83, which contributes to CD4+ T-cell costimulation, as well as tetraspanins
like CD81 and CD151 3''°'2, Overexpression of GRAIL inhibits IL2 and IL4 production and induces anergy
in CD4+ T-cells. It is upregulated in CD8+ T-cells within transplanted EL-4 and EG-7 (EL4-ova) lymphoma
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tumors °'*. Remarkably, CD8+ TILs lacking GRAIL exhibit improved tumor control, increased production of
IFNy and Granzyme B, and elevated expression of IL-21R. °**. Furthermore, GRAIL plays a critical role in
Treg function, as GRAIL-deficient Treg cells exhibit reduced immunosuppressive capacity and express genes
associated with TH17 cells 3.

1.1.1.14 Roquin-1 and Roquin-2:

Roquin-1 and Roquin-2 are intriguing mRNA-binding proteins that possess an active RING-E3 ligase domain.
They directly reduce ICOS expression by binding to the 3° untranslated region (3’UTR) of ICOS mRNA, aided
by the cofactor NUFIP2 '>%'¢ Additionally, both Roquin paralogs suppress OX40 levels by repressing 0X40
mRNA levels . Consequently, T-cells lacking Roquin exhibit heightened levels of ICOS and OX40.
Remarkably, the increased ICOS levels in Roquin-deficient mice can override the need for CD28-
costimulation in their T-cells *'*.

1.1.1.1.5 NRDP1:

NRDPI, an E3 ligase, hinders TCR signaling by participating in ZAP-70 ubiquitination (NRDP1-mediated
Lys33-polyubiquitin chains) °'*. These Lys33-linked ubiquitin chains facilitate the recruitment of suppressor
of T-cell receptor signaling (Sts) 1 and 2 phosphatases, which subsequently dephosphorylate and deactivate
ZAP70°". TCR stimulation of CD8+ T-cells derived from Nrdp1—/— mice results in augmented proliferation,
elevated phosphorylation of signaling proteins (ZAP-70, LAT, PKC, ERK-1/2, and JNK-1/2), increased
cytokine production (IFNy, IL-2), and enhanced expression of critical transcription factors (Prfl, Gzmb, T-
bet, Eomes) associated with effector function *'°. Additionally, Nrdp1-deficient primed CD8+ T-cells exhibit
improved control over syngeneic tumor development in a mouse model during adoptive cell transfer *'°. The
inhibitory effects of NRDP1 on T-cells are counteracted by the deubiquitination proteins OTU deubiquitinase
7B (OTUD7B) and ubiquitin specific peptidase 12 (USP12) 320321,

1.1.1.1.6 Pelil:

Pelil (Pellino E3 ubiquitin protein ligase 1), an E3 ubiquitin ligase, exerts negative control over TCR signaling
through two distinct mechanisms. First, upon TCR/CD28 stimulation, Pelil targets the NF-xB protein c-Rel,
tagging it with Lys48-polyubiquitin chains, leading to proteasomal degradation. This degradation prevents the
induction of ICOS and CD40L expression, as well as T-cell activation, proliferation, and cytokine production
32235 Second, following TCR engagement, Pelil facilitates the ubiquitination of tumor suppressor tuberous
sclerosis complex (TSC), a tumor suppressor gene, enhancing TSC1/TSC2 dimerization and inhibiting
mammalian target of rapamycin complex 1 (mTORC1), which a protein involved in the PI3K-Akt pathway

that regulates metabolism ***

. Recent studies have shown that Pelil KO mice exhibit hyper-responsive effector
T-cells **. These mice demonstrate improved tumor control in various tumor models, attributed to increased
infiltration of CD4+ and CD8+ T-cells into tumors and enhanced production of IFNy and granzymes >,
Consistent with its biochemical function, Pelil-deficient mice develop autoimmunity due to hyperactivated T-

cells resistant to suppression by regulatory T-cells or TGFp %,

1.1.1.1.7 NEDD4 Family:

The NEDD4 (neural precursor cell expressed developmentally downregulated 4) family consists of nine
members, distinct from Cbl E3 ligases, as they use a HECT domain for ubiquitin transfer instead of a RING
domain . Specifically, NEDD4-1 and Itch have been identified as negative regulators of T-cell activation by
attenuating NF-kB-mediated signaling 2. They achieve this by ubiquitinating and promoting lysosomal
degradation of BCL10, a component of the CARMA1-BCL10-MALT1 (CBM) complex that activates NF-kB
326 NEDD4-1 and Itch also target downstream signaling proteins, PKCO and PLC-y1, for ubiquitination and
degradation, leading to reduced AP-1 activation **’. NEDD4 has also been found to regulate the expression of

the costimulatory receptor GITR, and its degradation diminishes the cytotoxic response of T-cells %,
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Furthermore, Itch interacts with and enhances the ubiquitination of CD3( to terminate TCR signaling while
regulating NF-kB activation in conjunction with NEDD4-1. Itch phosphorylation by JNK induces the
degradation of c-Jun and JunB transcription factors 73!, Itch inhibits IL-17 production from Th17 CD4+ T-
cells and yd T-cells **% Loss of Itch leads to modest increases in T-cell proliferation and IL-2 production,
enhanced Th2 differentiation, and elevated IL-4 production. Homozygous Itch mutations can result in urticaria,
autoimmune hepatitis, and susceptibility to spontaneous autoimmunity ****, Treg-specific Itch deficiency in
mice causes severe airway inflammation due to increased TH2 cytokine production **. Additionally, double-
KO mice lacking Itch in combination with either WWP2 or Cbl-b exhibit stronger autoimmune phenotypes
than single-gene deficient mice %7,

1.1.1.1.8 Deltex1

Upon Notch signaling activation, Deltex] which is an E3 RING finger ubiquitin ligase, is upregulated during
T-cell anergy ****. The negative regulation of T-cell activation by Deltex] remains controversial, but it
involves both E3-dependent and E3-independent mechanisms. Deltex1 inhibits T-cell activation even without
its Notch-binding domain and regulates the expression of anergy-associated molecules, Gadd45b and Cbl-b
> The significance of Deltex1-mediated suppression of T-cell activation is uncertain, as deletion of its RING
finger domain only moderately affects its inhibitory capacity **°. It interacts with Egr-2 for optimal Cbl-b
expression, and genes like Gadd45b, Egr2, and Egr3 are upregulated in anergic T-cells **'. A deficiency of
Deltex1 increases T-cell activation, impairs anergy induction and enhances inflammation. This makes it a
downstream component of calcium-NFAT signaling that regulates T-cell anergy **°. Additionally, Deltex1 can
immunoprecipitate with PKC6 3*2. Mice lacking Deltex1 exhibit increased mature peripheral lymphocytes,
enhanced T-cell activation and proliferation with reduced T-cell tolerance and heightened susceptibility to
autoimmune diseases **.

1.1.1.1.9 MDM2:

The E3 ligase murine double minute 2 (MDM2) degrades the T-cell activation factor NFATc2 in CD4+ T-
cells, independent of the tumor-suppressor, tumor protein 53 (p53) >*. This degradation process may lead to a
reduction in TCR activity ****, When MDM?2 is knocked out in mice, naive CD4+ T-cells exhibit increased
production of IL-2 and IFNy upon TCR stimulation. Moreover, the transfer of CD4+ T-cells with MDM2
deficiency resulted in decreased tumor growth in mice with tumors ***. Moreover, Zhou J. et al. (2020) found
that mice with MDM2 deficiency in T-cells display an accelerated progression of tumors along with reduced
survival and functionality of CD8+ TILs. The authors also showed that MDM2 competes with c-Cbl for
STATS binding, leading to decreased in c-Cbl-mediated STATS degradation and enhanced STATS stability,
specifically in CD8+ TILs.

On the other hand, MDM2 deficiency using pharmacological drugs enhances the production of CD8+ T-cell
effector cytokines, such as IFN-y and IL-2 ***. Furthermore, clinical evidence showed that MDM2 abundance
correlates with T-cell function and the interferon-y signature in cancer patients >*. Still, the precise molecular
mechanisms through which MDM2 modulates CD8+ TCR signaling are being elucidated.

4.2.5. Dual Specificity Phosphatases (DUSPs):

DUSP family members, including DUSP14 and DUSP22, play a role in inhibitory feedback control of TCR-
triggered signals. On the other hand, DUSP2 (PAC1) is upregulated in exhausted tumor-infiltrating T
lymphocytes, and the absence of DUSP2 in CD8+ TILs from KO mice resulted in reduced exhaustion markers
(PD-1, TIM-3, LAG-3), improved production of IFNy, TNFa, and Granzyme B, enhanced control of tumor
growth, and increased survival ***. However, their inhibitory capacities have not been demonstrated in mouse
tumor models.
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4.2.6. Deubiquitination enzymes (DUBs):

The deubiquitinases A20 and cylindromatosis (CYLD), known for their role in regulating NF-«xB signaling in
innate immune cells, also impact T-cell function. A20, or tumor necrosis factor-o-induced gene 3 (TNFAIP3),
removes ubiquitin chains from activated mucosa-associated lymphoid tissue 1 (MALT1) in the Carmal-
BCL10-MALTI1 (CBM) complex, preventing its interaction with IKK and inhibiting NF-xB activation upon
TCR stimulation 3*. Conditional deletion of A20 in peripheral CD8+ T-cells enhances NF-kB signaling,
leading to increased production of IL-2, TNFa, IFN-y, and cytotoxicity 548550 T a mouse melanoma model,
ACT using pre-stimulated A20 KO CD8+ T-cells significantly reduces tumor growth ***°!, Similarly, the
deubiquitinase CYLD disrupts T-cell activation by removing Lys63-ubiquitin chains from the TAKI kinase
downstream of the CBM complex. CYLD deficiency results in colitis, elevated T-cell frequency, and
activation, accompanied by spontaneous activation of IKK and NF-kB >,

Other negative regulators, including RASA2 (RAS p21 protein activator 2) and scaffold proteins of the Dok
family, such as Dok1 and Dok2, play important roles in the negative regulation of TCR signaling **>°**-%°_ For
instance, RASA?2 ablation has been shown to enhance human CD8+ T-cell proliferation and improve in vivo
tumor control during ACT of engineered T-cells in xenograft models °°. Dokl and Dok2 proteins recruit
different negative enzymes, such as Csk, SHIP-1, or RasGAP, establishing a platform for these proteins and
bringing them close to the LAT signalosome. Furthermore, Ubiquitin-associated and SH3 domain-containing
protein3a (Ubash3a) acts as a negative regulator of TCR signaling by recruiting and activating phosphatases,
including SHP-1 and SHP-2, to the TCR signaling complex **°. These later phosphatases dephosphorylate
tyrosine residues on various components of the TCR signaling pathway, which attenuates downstream
signaling events. Similarly, Ubash3b interacts with the TCR complex and recruits phosphatases, inhibiting

the activation of downstream signaling molecules *%.

X-box-binding protein 1 (XBP1), specifically the spliced isoform of X-box binding protein 1, serves as a
negative regulator of TCR signaling by repressing the expression of key components involved in the pathway
> It binds to specific regulatory regions of target genes and inhibits their transcription, resulting in the
downregulation of critical signaling molecules. Notably, XBP1 also regulates glutamine influx, cholesterol-
induced CD8+ T-cell exhaustion, and transcriptional reprogramming in T-cells within the metastatic ovarian

cancer milieu >,

Additionally, Siglec E, F, and G, members of the Siglec family, function as negative regulators of TCR
signaling by binding to sialic acid residues on cell surface glycoproteins ***. These binding recruits inhibitory
signaling molecules, including SHP-1 and SHP-2, to the TCR complex, leading to the attenuation of the TCR
signaling and dampening T-cell activation. Ptpre, also known as CD45, negatively regulates TCR signaling
by dephosphorylating tyrosine residues on key signaling molecules **°. By counteracting the action of protein
tyrosine kinases, Ptpre, also known as CD45, attenuates TCR signaling and modulates T-cell activation.
Moreover, Rasall acts as a negative regulator of TCR signaling by promoting the hydrolysis of the GTP bound
to Ras proteins **. This GTPase-activating activity leads to the inactivation of Ras, a critical component of the
TCR signaling pathway. Consequently, Rasall attenuates TCR signaling and regulates T-cell activation.

Furthermore, calcineurin binding protein 1 (Cabinl) Cabinl suppresses NFAT activation and dampens TCR
signaling through its inhibitory interaction with calcineurin ***, while Akap5 (A-kinase anchoring protein 5)
negatively regulates TCR signaling by sequestering PKA away from its downstream targets *>*. Akap5 acts as
a scaffold protein, binding PKA and preventing its interaction with TCR signaling molecules. This

sequestration of PKA attenuates TCR signaling and modulates T-cell activation.
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Figure 10: TCR intracellular negative regulators
TCR activation is inhibited through various negative regulators involving E3 ubiquitin ligases (dark pink), PTEN/PTPN-related
molecules (dark blue), kinases, and other downstream TCR molecules (dark orange). Arrows indicate target substrates.

Targeting negative regulators of T-cell responses offers potential for innovative therapeutic interventions.
Understanding the regulatory mechanisms of these regulators provides insights into the complex regulation of
T-cell responses, enabling the unleashing of T-cell-mediated antitumor responses and overcoming inhibitory
checkpoints in adoptive T-cell transfer and cancer immunotherapy. However, concerns regarding safety and
the development of autoimmunity arise with the modulation of inhibitory proteins.

Current approaches primarily rely on small molecules that can block the catalytic domain of ubiquitin-related
enzymes, either through direct binding, allosterism, or antagonist activity, and preventing their interaction with
substrates or regulatory proteins. However, designing or screening for selective compounds is challenging due
to redundancy among enzymes, limited knowledge of relevant substrates, and the prevalence of RING-type
E3 ubiquitin ligases lacking conventional enzymatic domains.

High doses of chemical compounds are often required for effective inhibition, resulting in off-target effects
and cellular toxicities. Nonetheless, recent advancements in cell genetic engineering, particularly with
CRISPR-Cas9 technology and other gene inhibitory tools, have facilitated the specific targeting of negative
regulators >’ This precise targeting enables the engineering of specific immune cell types (e.g., T-cells) for
therapeutic purposes while minimizing the risk of cell cytotoxicity associated with non-specific inhibition
caused by systemically administered pharmacological drugs (Table 2).
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Table 2: Targeting TCR intracellular negative regulators for cancer immunotherapy.

(Adapted from 33-560),
Clinical trials targeting intracellular inhibitors in T cells
Protein (Gene) Mechanism of targeting CTID Method Transfer Phase Tumor type Other interventions
Sequestered from dephosphorylating
SHP-2 and activating Lck by PD1_binding NCT05370755 |Pharmacological inhibition ICP-189 Systemic I Advanced Solid Tumors In combination with anti-PD-1 monoclonal antibody
May facilitate TCR signaling in some instances
D dation of TCR critical signali tei NCT03087591 [KD (SiRNA) APN401 Adoptive cell transfer (PBMC) | Solid Tumors
eg’acao';” o ; me" 'ca' st'g"a ‘”g P’.‘t’;g‘ﬁs NCT05107674_|Pharmacological inhibition NX-1607 Systemic | Advanced Solid Tumors
Cbl-b (e.g., CD3¢ an regulatory subunit P85) NCT05107739_|Pharmacological inhibition De-TIL-0255 Adoptive cell transfer (TILs) 1 Gynecological malignancies
Establishment of anergy NCT05169489 |MegaTAL enz_yn@tic_ g_e'netic editing Adoptivg cell transfer (CARS) [ Relasped / Refractory B Dual»i.ggte'd CAR»T (CD20, CD79a)
NCT05662397 _[Pharmacological inhibition HST 1011 Systemic /11 Relapsed Solid Tumors In_combination with
N . N L NCT04426669 |CRISPR/Cas9 Adoptive cell transfer (TILs) [ Metastatic Gastrointestinal
CisH Degradation of TCR key signaling proteins (i-e. PLO—Rieroes66723 |CRISPRICas9 Adoptive cell transfer (TILs) [} Non-Small Cell Tn combination with Pembrolizumab (a-PD1)
NCT03198052 [KD by RNAI Adoptive cell transfer (CARs) ] Lung Cancer KD for PD1
NCT04037566 [ CRISPR/Cas9 Adoptive cell transfer (CARs) | B cell Ly XYF19 CAR.T
NCT03198546 [KD by RNAi Adoptive cell transfer (CARs) ] Hepatocellular Carcinoma KD for PD1
Degradati f TCR ki ignali tei NCT04521413 [Pl gical inhibition CF1.402411 Y ic 1] Multiple In combination with Pembrolizumab (a-PD1)
HPK-1 ’ 9’; ation °t s Iﬁ’y 5'9:‘3 gfp';’g eins NCT04649385_|Pharmacological inhibition BGB-15025 Systemic | Advanced Solid Tumors In combination with Tislelizumab (a.PD1)
(i-e. by recruiting E3 ligase to ) NCTOS128487 | Pl gical inhibition NOL101150 ystemic 111 Solid Tumors In combination with Pembrolizumab (a-PD1)
NCTOS159700 | Pharmacological inhibition PRJ1.3024 Systemic ] Solid Tumors
NCT05233436 | P! gical inhibition PF-07265028 Systemic | Solid Tumors in combination with (a-PD1)
NCT05315167 | Pharmacolocical inhibition PRJ1-3024 Systemic [
Other perspective for clinical targeting i inhibitors
Protein | Targeted protein I Mechanism of Action Evidence of Autoimmunity I Development of Small Molecule Inhibitors Preclinical Trials
E3 ligases intr
c-Cbl €D3¢, LCK Ubiguitination Yes No
. Establishment of anergy
GRAIL TCRB, CD3¢ Ubi ult_matlon Yes Yes
Establishment of anergy
NEDD4 PLCy1, PKC, BCL-10 Ubiquitination Yes No
Itch €D3Z, BCL-10, Jun Ublgult_lnatlon Yes ++ No
Establishment of anergy
Deltex1 Ubiquitination Yes No
PLCy1, PKG, MEKK Establishment of anergy
PP No +H Yes
MDM2 NFATc2 Ubiquitination not as cancer immunotherapy)
Peli1 c-REL, TSC1, NIK Ubiquitination Yes Yes
NRDP1 ZAP-70 Ubiguitination Not yet determined Yes
P intr
SHP1 CD3{, LCK, ZAP-70, PI3K D rorylation Yes +H+ Yes
PTEN PI3K Inactibvation Yes No
PIP3 D orylation
SHIP-1 PI3K Inactibvation _ No it Yes
PIP3, IP4 D orylation
PEP (PTPN22) FYN, LYN Dephosphorylation and inactivation Yes + Yes
PTPN2 LCK, FYN De orylation Yes + Yes
PTP-PEST (PTPN12) Ras, GRB2, actin reorganisation Degho.sghomlation and inactivation Yes No
Establishment of anergy
Other intrcaellular checkpoints
CSK LCK, FYN Phosphorylation No No
Phosphorylation No + Yes
DGKs -
DAG Establishment of anergy
SOCS family LCK, PI3K Ubiguitination No Yes No
DUSP2 ERK Dephosphorylation No +t Yes
A20 MALT Deubiquitination Yes I+ Yes
CYLD TAK1 iquitinatj Yes I+ No

- None yet developed

; =/+ Proposed; + Early development; ++ Validated in pre-clinical trials; +++ In clinical trials.
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Il. Ph.D. Project aim:

Adoptive T-cell transfer is a groundbreaking cancer treatment that can generate a strong and long-lasting
response against different types of cancer. However, its effectiveness in solid tumors is limited compared to
hematological malignancies, leading to modest responses and frequent relapses®'*. This is primarily due to the
death or dysfunction of infused T-cells within the TME, which contains factors, immune cells, and physical
barriers that prevent T-cells from efficiently infiltrating the tumor and exerting their cytotoxic activity. To
improve T-cell persistence and antitumor function in solid tumors, various gene-engineering approaches have
been employed to redirect T-cells toward cancer cells expressing specific TAAs ?2**** (Figure 4), as well as
addressing the negative signals received by engineered T-cells (Figure 3).

Our study focuses on overcoming the obstacles that hinder T-cell activation, persistence, and antitumor
activity. We identified suppressive molecules downstream of the TCR signaling pathway that can be targeted
and inhibited to enhance T-cell activation and unlock their full antitumor potential. Additionally, we developed
gene-engineering tools to target those intracellular negative regulators, either individually or in combination,
to enhance T-cell functionality in vivo, particularly in human and murine melanoma models. The study is
divided into the following aims:

Aim 1: Development of novel vector constructs and a protocol to gene-engineer T-cells with inducible
or constitutive miRNA for downregulating targets while expressing a CAR or a transgenic TCR to
redirect T-cells into the TME.

To modulate TCR negative regulators and direct engineered T-cells to kill cancer cells, this chapter focuses
on the development of a new lentiviral vector design. The design includes two gene cargos under independent
promoters, enabling genetic modification of T-cells.

This process involves:
1-Comprehensive examination of existing gene-editing technologies and the development of novel strategies
to effectively gene-engineer T-cells, thereby enhancing their antitumor function.

2-Validating the novel vector design by using miRNA to downregulate HPK 1, the primary negative regulator
target. Recent evidence demonstrates promising results by deleting HPK1, which elevates constraints on T-
cell activation and antitumor activity.

Aim 2: A combinatorial approach targeting multiple intracellular TCR negative regulators for
enhanced T-cell persistence and functionality in vivo.

This section presents a combinatorial strategy to inhibit multiple intracellular checkpoint inhibitors
downstream of the TCR network. We also demonstrate the enhanced T-cell function and evasion of TME
immunosuppression through the concomitant downregulation of dual intracellular negative regulators of TCR,
both in vitro and in vivo.

This part will cover:

Aim 2.1: Identifying relevant intracellular negative regulators to target downstream TCR signaling pathways.
Here, we will involve an in-depth, comprehensive literature overview and evaluation of currently studied TCR

intracellular inhibitory checkpoints and their significance in immune regulation, T-cell activation, as well as
their antitumor responses to highlight relevant targets to downregulate for our study.
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Aim 2.2: Evaluate the expression of selected negative regulators in high-affinity TCRs:

To achieve our primary goal of downregulating specific negative regulators, our strategy relies on upregulating
those genes during the TCR synapse with tumor antigen. This approach is valid only when the target expression
is ensured in the context of T-cell activation within the TME. To simulate this antigen encounter in the lab, we
employed an experimental method that induces a state resembling T-cell exhaustion. This was achieved by
chronically stimulating the T-cells with ovalbumin (OVA) SIINFEKL peptide, using an adapted protocol
adapted from Katsikis lab published in 2020 **'.

Aim 2.3: Screen miRNAs for achieving a high knockdown level of the selected targets using the single-miRNA
vector in high-affinity TCRs.
The main goal of delivering miRNA for gene inhibition is achieving high KD efficiency. However, this

outcome is not always guaranteed. Indeed, it depends on various factors such as vector design elements
(promoter, spacers, and miRNA backbone) as well as the miRNA biogenesis affecting the potency of targeted
gene KD. We will demonstrate an experimental method and resulting data for screening multiple miRNAs
using a single miRNA vector to ensure effective gene silencing for all selected TCR intracellular inhibitors.

Aim 2.4: Design vectors for dual and multiple targeting of the selected TCR intracellular inhibitory

checkpoints:
One key challenge in gene engineering T-cells for simultaneous multiple gene inhibition is designing and

constructing a polycistronic miRNA vector. In our context, the shRNA-based miRNA approach is the tool of
choice. Synthetic miRNA minigenes (SMIGs) hold significant potential for molecular therapy. However, their
optimal architecture has been the focus of numerous studies aimed at enhancing cloning efficiency, expression,
successful delivery, and consistent KD potency. Considering factors such as insert size limitation, miRNA
stability, biology, and regulation, we outline the method used to construct a multiple miRNA vector for
downregulating multiple genes simultaneously.

Aim 2.5: Evaluate T-cell antitumor activity in vitro and in vivo when carrying multiple perturbations targeting
TCR negative regulators in high and low-affinity TCRs:

To validate our experimental approach, engineered T-cells were assessed for their antitumor activity upon
downregulating suppressive molecules downstream of the TCR signaling pathway. This involves evaluating
their cytokine secretion, proliferation, and persistence in the immunosuppressive TME, specifically in cold
tumors using the B16/B16 OV A syngeneic tumor model in high and low-affinity TCR scenarios for performing
ACT.

Aim 2.6: Develop an unbiased, high-throughput screening approach for identifying suitable candidates for

gene silencing.
To enlarge our strategy to a broader spectrum, we adopted the CRISPR/Cas 9 system as a high throughput

screening method enabling the inclusion of a larger number of potential TCR suppressive regulators and an
unbiased screening of all the targets at once based on T-cell persistence. We demonstrated the outcome of
silencing 19 targets downstream of the TCR signaling pathway using a small pooled CRISPR library we built
and validated in our team.
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lll. Results:

1. Development of novel approaches and vector constructs comprising inducible or constitutive miRNA
for CAR and TCR-based T-cell therapies.

Inverted lentiviral transfer vector comprising independent promoters for
on-command gene-cargo delivery by tumor-redirected T-cells

Patrick Reichenbach,”* Greta Maria Paola Giordano-Attianesel*, Khaoula Ouchen?, Elisabetta Cribiolil, Melanie
Triboulet?, Sarah Ash?, Margaux Saillard?, Romain Vuillefroy de Silly*, George Coukos " & Melita Irving™*

!Ludwig Institute for Cancer Research, University of Lausanne and Department of Oncology, Lausanne University
Hospital (CHUV), Lausanne, Switzerland

*The following authors equally contributed to this paper
TCorrespondence to Melita.lrving@unil.ch & George.Coukos@chuv.ch.

Peer-reviewed review article (https://doi.org/10.1126/sciadv.aaz7809)

1.1. Co-author contribution:

In this study, Melita Irving and George Coukos directed the overall research, with Melita Irving providing
supervision. Patrick Reichenbach and Greta Giordano Attianese were responsible for designing and planning
experiments related to the vector configurations while experiments related to HPK1 KD were planned and
designed by myself. The following individuals, including myself, contributed to the execution, analysis and
interpretation of experiments: Patrick Reichenbach, Greta Giordano Attianese, Elisabetta Cribioli, Melanie
Triboulet, Sarah Ash, Margaux Saillard, Romain Vuillefroy de Silly.

My specific contributions to the study are as follows: performing the cloning of the bidirectional configuration
vector for transducing Jurkat cells and conducting the flow cytometric analysis (Figure 1b); contributing to
the execution and analysis of in vivo bioluminescence imaging experiments, comparing prostate-specific
membrane antigen (PSMA) sCAR/aCAR/aCARNovB2 Tax with untransduced (UTD) and CD19 CAR cells
(Figure 5e); cloning the miRNAs targeting HPK1 and miRNA CTRL in the pCRRL lentiviral vector for
constitutive expression, along with NGFR and the NYESO-1 TCR (Figure 6e); planning, performing,
analyzing, and interpreting the western blot data for HPK1 downregulation in NYESO TCR transduced Jurkat
cells (Figure 6f); planning, performing, analyzing, and interpreting the flow cytometric results assessing the
transduction efficiency of NGFR and NYESO-1 TCR expression in transduced primary human CD4+and
CD&+T-cells (Figure 6g); planning, performing, analyzing, and interpreting the western blot results evaluating
HPK1 KD levels in NYESO-1 TCR-CD4+and CD8+T-cells from three different healthy donors (Figure 6h);
planning, performing, analyzing, and interpreting the cytotoxicity experiments for NYESO-1 T-cells against
target cells using IncuCyte (Figure 6i), as well as cytokine secretion upon coculture with target cells (Figure
6j) and proliferation assay (Figure 6k).

Additionally, I evaluated the functionality of the dual antisense configuration vector by planning, performing,
analyzing, and interpreting flow cytometric results of Pz1-CAR expression upon transduction of CD4+ and
CD&+ primary human T-cells with the pCRRL lentiviral vector containing the inducible miRNA B targeting
HPKI1 in dual antisense configuration, along with western blot results assessing HPK1 downregulation in Pz-
1-CAR T-cells (Figure 7¢). I also analyzed the flow cytometric data for pan-TCR and eGFP expression in T-
cells transduced with constitutive miRNA targeting TRAC (Figure 7d), along with performing, analyzing,
and interpreting the in vivo bioluminescence results for the study using the antisense orientation vector
comprising the inducible luciferase along with the constitutive aPSMA or aCD19 CAR (Extended Data
Figure 5g, Sh, 5i, and 5j). Furthermore, I contributed to the writing and editing of the manuscript.
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1.2. Summary:

In the quest to bolster the efficacy of T-cell-based immunotherapies for oncological applications, this research
endeavor addressed issues linked to the co-expression of genes in engineered T-cells. We combined the
benefits of controllable, inducible gene expression in synergy with a perpetually expressed tumor-specific
receptor. Meanwhile, we developed a fine-tuned and clinically viable procedure to amplify viral titer during
viral synthesis, thereby enhancing transduction efficiency and facilitating the simultaneous expression of the
pair of genes.

In fact, gene-engineering T-cells to express tumor-targeting receptors such as CARs or transgenic TCRs along
with additional therapeutic genes (i.e., miRNAs, chemokines, or cytokines) has largely been achieved by the
co-transduction of two delivery vectors ***°®*. However, this results in high GMP-grade production costs,
cellular stress, decreased viability due to repeated infection, and an increased risk of insertional mutagenesis
64 Existing approaches involve alternative strategies using bicistronic vectors to express both genes of interest
365366 comprising a picornavirus 2A (P2A) peptide sequence "% or an internal
ribosome entry site (IRES) °* for separating and constitutively expressing the two genes. However, these gene-

under the same promoter

separation approaches have limitations, such as reduced gene expression of the downstream gene and potential
immunogenicity led by incomplete cleavage at the P2A site, in addition to limiting the size of the inserted
“gene-cargo” in case of using, for instance, IRES (about 500bp).

By developing a novel lentiviral vector design with two independent promoters in the antisense orientation,
we could demonstrate the successful generation of T-cells expressing the inducible transgene and the
constitutively expressed tumor-targeting receptor using Pz1-CAR and NYESO-1-TCR with improved gene
expression, transduction efficiency, and T-cell performance. Through in vitro and in vivo experiments, the
engineered T-cells exhibit enhanced tumor cell recognition, resulting in improved tumor cell killing and tumor
growth delay. We have also investigated the kinetics of transgene expression and demonstrated precise control
of its activation using the inducible system, allowing for fine-tuning therapeutic effects, and minimizing
adverse events associated with sustained transgene expression.

Overall, our findings establish the feasibility and potential of the developed lentiviral vector for not only the
production of engineered T-cells with enhanced expression of two inserted genes but also their performance
that resulted from better transduction efficiency with respect to safety standards, lower GMP production costs,
and faster delivery. The novel vector design represents a significant advancement in T-cell-based
immunotherapies for cancer treatment, with implications for improving the safety and efficacy of cancer
therapy. This study provides a solid foundation for further investigations and future clinical applications to
advance personalized cancer therapy and achieve better patient outcomes.
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Vectors that facilitate the engineering of T cells that can better harness

endogenous immunity and overcome suppressive barriersin the tumour
microenvironment would help improve the safety and efficacy of T-cell
therapies for more patients. Here we report the design, production

and applicability of T-cell engineering of a lentiviral vector leveraging

an antisense configurationand comprising a promoter driving the
constitutive expression of a tumour-directed receptor and a second
promoter enabling the efficient activation-inducible expression of a genetic
payload. The vector allows for the delivery of a variety of genes to human
Tcells, as we show for interleukin2 and a microRNA-based short hairpin

RNA for the knockdown of the gene coding for haematopoietic progenitor
kinase 1, a negative regulator of T-cell-receptor signalling. We also show
that agene encoded under anactivation-inducible promoter is specifically
expressed by umour-redirected T cells on encounteringa target antigen in
the tumour microenvironment. The single two-gene-encoding vector can
be produced at high titres under anoptimized protocol adaptable to good

manufacturing practices.

Important techaclogical advances in recent years in the ficld of cel

lular engineering have enabled increasing clinical translation of
gene modified cells for the treatment of cancer and other diseases’ *,
Translent or stable alterations can be made to host cells, such as
hematopodetic stem cells’, orimmune cells induding Tcells”, Beells',
matural killer cells ™ and macrophages', tomodify their properties for
a desired therapeutic outcome upon re-infusionintoa patient. Disrup

tion of cellular processes canbe attained by silencing, correcting or

overexpressing targets within the genome, 01 by RNA intetference of
tramscrbedgenes such as by short Aatrpin (ShIRNA or mMICTORNA (miR;
non coding RNAs)”. Ifonly temporary changes ingene expression are
desired. such asfor evaluating the safety of a previously untested cel-
lular product, messenger (m)RNA electroporation can be used' ', and
advances innon-viral episomal vector design show promise in enabling
longer term modifications togene expression™ . For permanent modi
lications, a variety of tools have been developed for genome editing
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including zinc finger nucleases'®, transcription activator-like (TAL)
effector nucleases”, clustered regularly interspaced short palindro-
mic repeats (CRISPR)/Cas9'“'? and viral vectors such as adenovirus,
adeno-associated virus (AAV)* and retroviruses® 2.

Both lentivirus and gamma-retrovirus are subtypes of retrovi-
rus comprising an RNA genome that is converted to DNA in infected
host cells by the virally encoded enzyme reverse transcriptase’, and
they allow efficient non-site-directed integration of genes of inter-
est into the genome?. Lentiviral and gamma-retroviral vector-based
gene-engineering strategies have been widely and safely used in the
clinic for both chimeric antigen receptor (CAR)-and T cell receptor
(TCR)-T-cell therapy of cancer?’. In particular, CAR-T cells targeting
the B-cell lineage antigen CD19 have conferred unprecedented clini-
cal responses against certain haematological malignancies, such as
acute lymphoblastic leukaemia. Inaddition, TCR-engineered T cells
targeting the HLA-A2-restricted cancer testis epitope NY-ESO-1;;.465
(A2/NY) have shown promise for the treatment of melanoma, myeloma
and synovial cell sarcoma®?. The continued importance of lentiviral
vectorsasatool for T-cell engineering purposes for clinical application
isunderscored by recent advances in improving CAR-T-cell manufac-
turing protocols®.

CARs are synthetic receptors that can be used in place of a
TCR-CD3 complex to link tumour-antigen binding and cellular acti-
vation upon target engagementin anon-major histocompatibility
complex (MHC)-restricted manner. While first generation (1G) CARs
comprisetheendodomain of CD3-zeta for signal1of T-cell activation,
2G and 3G CARs further include one or more co-stimulatory endo-
domains, respectively. As previously mentioned, CAR therapy has
been apowerfulstrategy for fighting some advanced haematological
malignancies, but a considerable proportion of patients either do
not benefit or experience relapse. Moreover, epithelial-derived solid
tumours remain poorly responsive®to CAR therapy, and the efficacy of
TCR-engineered T cells”*, as well as of tumour-infiltrating lymphocyte
transfer, have proven beneficial against relatively few cancertypesin
amodest proportion of patients”. Itis widely held, however, that the
development of personalized combinatorial or/and co-engineering
strategies to overcome barriers in tumour microenvironment (TME)
and harness endogenous immunity canfurtherimprove responses to
these different T-cell-based therapies* % Co-engineered CAR-T cells
arereferred to as 4G CARs, armoured CARs or next-generation CARs,
and the term TRUCK (‘T cells redirected for universal cytokine medi-
atedkilling’)** has been coined to define Tcellsspecifically engineered
to enforce expression of cytokines/interleukins (ILs). Examples of
cytokines evaluated in the context of CAR- and TCR-T cells, and in
some instances tumour-infiltrating lymphocytes, include IL-12*2*,
1L-157* and IL-187°.

While in early studies the co-expression of genesin T cells was
achieved by dual transduction®*’, the high costof good manufacturing
practice (GMP)-grade virusproduction and elevatedrisk forinsertional
mutagenesis*’ have driventhe development of ‘all-in-one’ multi-gene
encoding vectors**. If both the receptor (CAR or TCR) and the gene
cargoareconstitutively expressed, they canbe separated on the trans-
fer vector by aninternal ribosome entry site (IRES)*. Alternatively,
for equimolar expression of both genes, a picornavirus 2A peptide
sequence (P2A)****canbe used. For both approaches,RNA isgenerated
from asingle promoter and co-expression s reliant upon functioningof
the interspersedelement. Disadvantagesof IRESareitsrelatively large
size (about 500 bp), cell-type dependency*® and reduced expression
ofthe downstreamgene*’. Drawbacks of P2A are therisk of incomplete
cleavage and potential immunogenicity of thegene product*.

To minimize therisk of systemic toxicity and enhance T-cell func-
tion, itmay be preferable to limit expression of the gene cargo to the
TME. One approach to achieve this is to place the gene cargo under
a T-cell-activation-dependent promoter such as nuclear factor of
activated T cells (NFAT) response elements fused to the IL-2 minimal

promoter (6XxNFAT)****, Here we demonstrate that previously described
dual promotersenseand bidirectional vectors are limited by interfer-
ence of gene expression'>and promoter leakiness, respectively, in
transduced cells. We subsequently present a dual inverted promoter
vector design, along with an optimized protocol for the production
of high-titre lentiviral particles to overcome the aforementioned
obstacles. Overall, our antisense gene-cassette designand methodol-
ogy for lentivirus vector production have importantimplications for
improving the performance and safety of engineered T cells for cancer
immunotherapy. Moreover, our approach canbe considered universal
asitcan be appliedtoothervectortypesand different gene therapies.

Results
Antisense vector design to accommodate independent
promoters
Here we sought to optimize lentivirus vector-mediated independent
co-expressionoftwo genesintransduced humanT cells, withone gene
under a constitutive promoter and the other under aninducible pro-
moter, toimprove adoptive T-celltransfer (ACT) of cancer. We began by
buildinga panel oftransfer vectors comprising the promotersindual
sense and bidirectional orientations (Fig. 1a,b, left). For ourstudy, we
selected the constitutive human phosphoglycerate kinase (PGK) pro-
moter for gene A, and 6XNFAT for gene B. For screening purposes, we
placed egfp under PGK and mCherry under 6xNFAT (lentivirus vector
componentsequencesare foundin Supplementary Table 1).
Theproduction of second-generation lentivirus vectorsrelies on
the co-transfection of: (1) a transfer, (2) a packaging and (3) anenve-
lope vector intoa producer cellline such ashuman embryonickidney
(HEK)293T cells (thatis, HEK293 cells expressing the oncogenic SV40
large T-antigen thought to promote plasmid-mediated gene expres-
sion)™. Lentiviral vectors typically comprise three HIV-1genes: (1) gag
(which is processed to matrix and other retroviral core proteins) and
(2) pol (reverse transcriptase, RNase Hand integrase functions), both
found on the packaging plasmid, as well as (3) env (envelope protein
that resides in the lipid bilayer and determines viral tropism) on the
envelope vector.We have used the vesicular stomatitis virus G-protein
(VSV-G) pseudotype’’, which broadens the type of cells that can be
infected’” as compared with the HIV envelope™. Notably, the transfer
vector does not encode viralsequences, except for necessary cis-acting
sequencessuchasthelong terminal repeat (LTR), packagingsignalsand
the Woodchuck hepatitis virus post-transcriptional regulatory element
(WPRE) toenhance expressionofthe transgene’*. The LTRs, located at
eachend of the provirus, comprise U3, R and U5 regions and function
asaeukaryotic transcription unit. Specifically, the U3 region contains
the viral promoter and enhancer elements, the Rregionincludes the
mRNA initiation site, and the U5 region is involved with polyadenyla-
tion. Notably, the 3'LTR of the transfer vector has been truncated (U3
has beenremoved)to generate self-inactivating lentivirus vectors™.
Here, to produce lentiviral particles, HEK293T cells were trans-
fected with lentiviral packaging and envelope plasmids, along with
differently designed transfervectors, and crude supernatant was used
directly to transduce Jurkatcells. For the sense transfer vector configu-
ration, the 6XNFAT promoter and gene B (mCherry) were placed inthe
same orientation upstream of the PGK promoter and gene A (egfp)
(Fig. 1a, top left). Indeed, the inducible promoter cannot be placed
downstream of the constitutive one as there will be readthrough, and
hence constitutive expression, of both genes by the upstream pro-
moter. Moreover, itis not possible to placea polyadenylation (PA) site
betweenthe twogenestoavoid interference because this willabrogate
virus productioninthe HEK293T cells (depicted in Fig. 1a, bottom left).
We evaluated expression of dual sense orientation genes
as described above in unstimulated and stimulated Jurkat cells.
We observed expression of EGFP in unstimulated Jurkat cells, and
co-expression of both EGFP and mCherry upon stimulation (Fig. 1a,
right). For the latter, transcription of both genes must reach the same
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Fig.1|Dual antisenselentiviral transfer vectorallows efficient constitutive
pressionofa d olled co-expression ofanactivation-
inducible transgene. For all dual transfer constructs, EGFP (Gene A) expression
isconstitutively drivenbythe PGK promoterand mCherry (Gene B) by 6xXNFAT.
a, Left: schematicof dual sense orientation lentiviral transfer vector post-
integrationin non-sti d (top) and stimulated (middle) transduced cells. Left,
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will abrogatevirus productionin the packaging cells. Right:representative flow
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3'LTRfor polyadenylation tooccurandithasbeen previously reported
that this configuration can cause transcriptional interference which
limits transgene expression® . Indeed, interference resulting from
thedual sense configuration is evident upon comparison of the mean
fluorescenceintensity (MFI) formCherry when encoded alone versus
upstream of constitutively expressed EGFP (Extended Data Fig. 1a).

To avoid such interference, we next evaluated a bidirectional
configuration (Fig. 1b, left) in which the orientation of Gene B and
its promoter are inverted. Notably, for inverted Gene B, no longer
restricted by polyadenylation at the LTR, we employed an inverted
bovine growth hormone (BGH) PA site*. Of note, aninverted PA site
will notinterferewith virus production. However, despite the separa-
tion of the two-gene cassettes, we observed leakage fromtheinducible
promoter as evidenced by mCherry expression innon-activated Jurkat
cells, presumably due to the proximity of strong enhancer elements of
the constitutive promoter (Fig. 1b, right).

Finally, to prevent bothinterference andleakageissues as seenfor
the first two transfer vector designs, we built a dual antisense configura-
tion vector (Fig. 1c, left) in which Gene A has its own PA signal derived
from BGH, and Gene B is followed by a synthetic polyadenylation site
(SPA) and a human transcription pausing site (to prevent transcrip-
tional readthrough)”. We observed the highest level of expression of
both EGFP and mCherryinactivated Jurkat cellsamong the 3 configura-
tions evaluated, and there was no mCherry expressedin non-activated
Jurkat cells. For example, in the representative experiment shown in
Fig. 1, in stimulated Jurkat cells, an MFI for mCherry 0f 10,104 was
observed for the antisense configuration (Fig. 1c, right) vs an MFI of
2,911 for the sense configuration vector (Fig. 1a, right). While abso-
lute MFI values varied between independent assays, within a given
experimentwe consistently observed a higher MFI for both EGFP and
mCherryin activatedjurkatcellstransduced with the dual antisensein
comparisonwith the dual sense lentiviral vector (Extended DataFigs.1
and 2). Thisis probably due to the lack of transcriptional interference as
wellas the use of the BGH PA site, which is stronger than polyadenyla-
tionby the LTR*. We thus continued our study with this dualinverted
transfer vector configuration.

Overcominglow lentiviral titres by abrogating the anti-dsRNA
response

Post-integration, the dual antisense vector configuration enabled the
best co-expressionof bothaconstitutiveandaninducible geneintrans-
ducedactivated Jurkatcells (thatis, no competition toreach the PAsite,
no leakiness by the inducible promoter and highest MF1 of both EGFP
and mCherry post-activation) (Fig. 1and Extended Data Figs. 1and 2).
However, during lentivirus vector production, we observed an obvi-
ous decrease in EGFP expression levels for vectors comprising the dual
antisense vs sense orientation of the transgenes (Fig. 2a), which corre-
sponded to much lower viral titres for the antisense lentiviral vectors
(Fig. 2b).Indeed, transduction of Jurkat cells with 100 pl lentiviral super-
natant yielded about 60% transduction efficiency for the dual sense
orientation vector vs about 10% (and lower MFI) for the dualinverted
vector (Fig.2c). Similarly, for single gene cassettes, lower viraltitreswere
observed forantisensevssense lentiviral vectors (Extended DataFig. 3a).

Hence, we next sought to overcome barriers to the production
oflentiviral particles comprising an antisense transfer vector. During
lentivirus vector production in HEK293T cells, both the SLTR and the
inverted PKG promoter of the antisense vector areactive, thus resulting
inthegenerationof double-stranded (ds)RNA by convergent transcrip-
tion (asillustrated in Fig. 2d). Althoughintracellular innate immunity
may betriggeredin response todsRNAupondetectionby nuclear and
cytosolic sensorssuch as duringanatural viralinfection, this has been
shownnottolimitlentivirusvector titre because HEK293T cells donot
generate an interferon (IFN) response. Indeed, it has recently been
revealed that HEK293T as well as various stem-cell-like lines employ
anRNAinterference (RNAi) responseinvolving various Dicer isoforms
upondetection of dSRNA*"*. We thus postulated thatthe dsRNA result-
ing from convergent transcription® may be subject to Dicerand/or
Dicerisoform-mediated (for example,aviD) cleavage within the nucleus
orcytoplasmand that smallinterfering (si)RNA products created dur-
ing this process areinvolved eitherinRNAi-mediatedself-degradation
or/and in transcriptional gene silencing of the viral RNA to be pack-
aged® (asillustrated in Fig. 2e).

We devised two approaches toovercome these potential barriers
to lentivirus vector production arising from convergent transcrip-
tion, thefirst being to inhibit the antiviral RNAi machineryto prevent
disruption of the viral genome by taking advantage of a natural viral
mechanism to evade immunity. Specifically, Nodamuravirus expresses
anRNA interference suppressor protein called B2 (hereafterreferred
to as NovB2)"*** and it has been previously utilized to increase viral
titres of bidirectional vectors by at least fivefold* viainhibition of Dicer
isoforms®”“*, We hence took thestrategy of co-expressing NovB2 from
theenvelope vector (Fig.3a) and achieved animportantincreasein viral
titre (Fig. 3b).Indeed, we observed a fivefold rise in the proportion of
EGFP" Jurkat cells upon transduction with dual antisense lentivirus
vector (Fig. 3c). The use of NovB2 also increased titres for single gene
cassette inverted lentiviral vectors (Extended Data Fig. 3b).

Overcoming low lentiviral titres favouring transcription of the
viralgenome

Foroursecond approachto improve lentivirus vector titres, we sought
to favour the transcription of the viral genome for packaging (that
is, single stranded (ss)RNA transcription from the 5’ LTR) by exploit-
ing the human T-cell leukaemia virus 1 Tax protein. The Tax protein®
is associated with the transcriptional promotion of viral proteins
(includingin the nucleus duringinfection), and the regulation of many
signalling pathways including CREB/ATF, NF-kB, AP-1and RSF*°. To
test whether Tax could be used toincrease viral titres*, we replaced
theinitial Rous sarcoma virus (RSV)-based promoter and enhancer
region at the 5’ LTR with the cytomegalovirus (CMV) promoter and
enhancerwhich comprises 4 consensus NF-kB binding motifs* (sche-
matic in Fig. 3d). We then produced virus in the presence or absence
of co-transfected Tax-expressing plasmid (Fig. 3d). We observed a
similar gain in titre, transduction efficiency and transgene expres-
sion levels (MFI) as achievedin the context of NovB2 (Fig.3e-g).Itis
likely that the Tax-mediated increase inlentivirus vector titreis due to
achangeinstoichiometryin favour of viralgenome transcript, aswell

Fig.3| Rescue oflow dual antisense vector lentiviral titresinthe presence
ofNovB2and Taxproteins. For dual constructs, EGFP (Gene A) expression is
constitutively driven by the PGK promoter and mCherry (Gene B) by 6xXNFAT.

a, Schematic of dual sense vs antisense orientation lentiviral transfer vectors
encoding both EGFP and mCherry. Antisense transfer lentivirus vector was
producedin the presence or absence of NovB2 (encoded on the envelope
plasmid). b, Viral titres (TU ml™). ¢, Left: transduction of Jurkat cells with
decreasing volumes of lentivirus vector supernatantto evaluate % EGFP
expression (onday 5) by flow cytometry. Bar graphsrepresent the mean +s.e.m.
of 3independent experiments. Right: representative histograms for Jurkatcells
transduced with 100 pl of lentivirusvector supernatant produced in the absence

or presence of NovB2.d, Left: schematic of dual antisense vector encoding EGFP
and comprising achimericLTR (AU3, R and U5) for which the RSV promoter and
enhancerat the 5’ LTR has been substituted by thecomplete CMV promoterand
enhancer. Right: schematics representing antisense lentivirus vector production
inthe presence or absence of Tax protein (viavector co-transfection), or of NovB2
(encoded on the envelope plasmid), or of bothTaxand NovB2. e, Transduction
of Jurkat cells with decreasing volumes of lentivirus vector supernatant to
evaluate % EGFP expression (on day 5) by flow cytometric analysis. Bar graph
shows the mean + s.e.m. of 3independent experiments. f, Viral titres (TU ml™).

g, Representative histograms of Jurkat cells transduced with30 pl of lentiviral
supernatant.
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as higher transcription of the packaging and envelope vectors which
alsocomprise CMV promoters. Finally, we observed that Taxand NovB2
were able toact jointly to restore antisense viral titres, transduction
efficiency and levels of transgene expression (MFI) (Fig. 3e-g).

Inducible gene cargo encoded in antisense is efficiently
expressed upon T-cell activationin vitro

We next sought to test our dualinverted vector design and optimized
methodology for lentivirus vector production in the context of both

HEK293T cells

next-generation (4G) CAR-and TCR-T cells. For proof-of-principle, we
began by constructing vectors comprising an anti-PSMA or anti-CD19
CAR (constitutively expressed under PGK)®*, along with luciferase as
inducible gene cargo (under 6XNFAT) (Fig. 4a). We also generated an
equivalent sense orientation transfer vector for the anti-PSMA CARand
luciferase. Lentivirus vector was produced in the presence of NovB2
and Taxandwe observedthatbothhuman CD4"and CD8' T cellswere
efficiently transduced with the 4G constructs (Fig. 4b). To achieve
an equivalent percentage of 4G CAR* T cells for functional testing,
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thetransduced T cells were mixed withuntransduced (UTD) T cells to
reach40% CAR" (thatis, the lowest transduction efficiency asachieved
for CD8* T cells withthe 4G anti-CD19 CAR, Fig. 4b). The 4G CAR-T
cells all efficiently and specifically killed target cells in co-culture
assays (Fig. 4c, left and right). While there were no differences in
specific target-cell killing by the 4G anti-PSMA CAR-T cells generated
with sense vs antisense lentiviral vectors, significantly higher levels
of luciferase mediated luminescence were observed for theantisense
design (Fig.4d).

We further compared sense and antisense lentiviral transfer
vectors encoding the anti-PSMA CAR and mCherry as inducible
gene cargo. Once again, we produced lentivirus vector in the pres-
ence of NovB2 and Tax and achieved efficient transduction of both
human CD4" and CD8" T cells (Fig. 4e, left). We further observed a
significantly higher MF1for CARs expressed from the dualantisense
vs sense lentiviral vectors (Fig. 4e, right). In line with our findings
above, we observed no differencesin cytotoxicity of target PC3-PIP
tumour cells by anti-PSMA CAR-T cells generated with the different
orientation lentiviral vectors (Fig. 4f, left). It is possible that more
stringent conditions, such as the use of a weaker CAR, the co-culture
of fewer CAR-T cells to target cells or the use of tumour cells with
lower levels of target antigen, may reveal lower relative activity levels
of CAR-T cells generated with the sense lentiviral vector. Upon T-cell
activation in co-culture assays, mCherry expression levels steadily
increased overtime for the antisense lentiviral vector-generated 4G
CAR-Tcells, butmCherry was notdetectable for the sense lentiviral
vector-engineered CAR-T cells, even at16 h (Fig. 4f, right). Toconfirm
that this lack of detection was a sensitivity issue for the IncuCyte
instrument-based assay rather than a defect in the sense vector, we
evaluated the 4G CAR-T cells following 24 h of co-culture without
and withtargetcells by flow cytometric analysis. We observed higher
background levels of mCherry expression for the antisense vector
(both percentage and MFI) in non-activated 4G CAR-T cells (Fig. 4g).
However, we achieved similar transduction efficiencies for both
the sense and antisense vectors as evidenced by the percentage
of T cells expressing mCherry upon T-cell activation (that s, the
sense orientation lentiviral vector is functional; Fig. 4h, left), and
the MFI for mCherry upon activation was significantly higher for
the antisense lentiviral vector (Fig. 4h, right). Significantly higher
levels of mCherry expression (MFl) were also observed uponphorbol
myristate acetate (PMA)-lonomycin stimulation of the antisense
lentiviral vector-generated 4G CAR-T cells (Fig. 4i).

Subsequently, we developed |lentiviraltransfer vectorsencoding a
clinically relevant HLA-A2-restricted NY-ESO-1,,;..; specific TCR*” along
with eitherIL-2 or mCherry asinducible gene cargo (Extended Data
Fig.4a).Lentivirusvectors encoding the TCRand IL-2were producedin
thepresence of NovB2and Tax,andhumanCD4" andCD8’ T cellswere
efficiently transduced (Extended DataFig. 4b). As for the CAR-T cells,
equivalent percentages of TCR"T cells were generated by appropri-
ate mixing with UTD-T cells for all comparative functional assays. We
observed similar levels of target-cell killing (Extended DataFig. 4c)as
well as IFNy production (Extended Data Fig. 4d) upon co-culturewith
A2°/NY’ Saos-2 target cells forthe IL-2 co-engineered TCR-T cells gen-
erated either with sense or antisense vectors. However, significantly
higherlevels of IL-2were produced by the next-generation TCR-T cells
generated withthe antisense vs sense vector upon co-culture with tar-
getcells (Extended DataFig. 4e). Differencesin IL-2 gene cargoexpres-
sionlevels were notobserved upon PMA-lonomycin stimulation of the
engineeredT cells, acondition thatdrives the maximum production of
endogenous IL-2 (Extended DataFig. 4f).Finally, TCR-T cellswithinduc-
iblemCherry as gene cargo generated from antisense vs sense vectors
were tested. Upon T-cell activationin co-culture assays with target
cells, anincrease in mCherry was evident over time for the antisense
butnotforthesenselentiviral vector-generated TCR-T cells (Extended
Data Fig. 4g). However, flow cytometric analysis of next-generation
TCR-T cells following 24 h co-culture with A2°/NY* Saos-2 target tumour
cells confirmed that mCherry was in fact produced by T cells gen-
erated with both antisense and sense lentiviral vectors (Extended
Data Fig. 4h, left) but that mCherry expression levels (MFI) were very
low for the sense orientation (Extended Data Fig. 4h, right). Signifi-
cantly higher levels of mCherry expression (MFI) were also observed
upon PMA-lonomycin stimulation of the antisense vs sense lentiviral
vector-generated TCR-T cells (Extended Data Fig. 4i).

Inducible gene cargo encoded in antisense is efficiently
expressed upon T-cell activationin vivo

For in vivo proof-of-principle of our antisense lentiviral vector
approach, we evaluated next-generation anti-PSMA and anti-CD19
CAR-T cells with luciferase (for imaging purposes) expressed under
6XNFAT asinducible gene cargo (Extended DataFig.5a).Efficient trans-
ductionof primary human T cells was achieved for both antisense lenti-
viral4G CAR constructs (Extended DataFig. 5b, left). We observed low
levels of background mCherry expressionin non-activated anti-CD19
CAR-T cells, presumably due to minor tonic signalling’®, but upon

Fig.4|Invitr ingr Is higheractivation-i ed expression levels
ofgene cargoby 4G CAR-T cells engineered withantisense vs sense lentiviral
vectors. a, Schematicoflentiviral vectors encoding an anti-PSMA or anti-CD19
2GCAR(geneA) under thePKG promoter and luciferaseor mCherry asgene
cargo (geneB) under 6xNFAT, in both sense and antisense configurations. The 2G
CARscomprise atumour-targeted scFv, the linker region of CD8c, the TMand
EDof CD28,and the ED of CD3z. b, Transduction efficiency of primary human
CD4"'and CD8'T cells with the2 different CARs and luciferase constructs as
measured by cell-surface CAR staining on day 9. Shownare mean +s.e.m. for
Tcells from3independenthealthydonors. ¢, PSMA* PC3-PIP (right) or PC3-CD19"
engineered tumour celllines (left) killing assay by the CART cellsand UTD-T

cells as measured by the IncuCyte instrument (decrease in total green area

per pm? correspondsto target-cell death) over time. Shown are mean + s.e.m.
Symbols indicate individual donors (n=3). (NS, not significant, P= 0.9173 sSPSMA
vs aPSMA; **P=0.0049 aPSMAvs UTD, P=0.0507 sPSMA vs UTD, *P=0.0025
aCD19vs UTD). Statistical significance was assessed using two-way ANOVA

and post-hoc Tukeytest vs UTD. d, Evaluation of luciferase expression levels
(luminescence (counts)) byactivated anti-PSMA- (left) and anti-CD19-CAR-T

cells (right), measured by HIDEX. Valuesfor assayare the mean +s.e.m.forn=3
human T-cell donors. (*P=0.0484 aPSMA vs tumour control; ***P < 0.001aCD19
vs tumour control). Statistical significance was assessed usingone-way ANOVA vs
tumour cells alone. e, Transductionefficiency of primary human CD4* and CD8* T
cells. Left: percentage of CAR' positive cells. Right: MFlof positive cells by direct

surface cell staining on day 9 (*P=0.0447 CD4' sPSMA vs aPSMA; *P= 0.0229
CD8'sPSMAvs aPSMA). Valuesfor assayare the mean +s.e.m.forn =3 human
T-cell donors. Statistical significance was assessed using one-way ANOVA. f, Left:
PSMA' PC3-PIP killingassay by CAR- and UTD-T cells asmeasured by the IncuCyte
instrument (total greenarea per pm?) over time. Shownare mean +s.e.m.
Symbols indicate individual donors (n=3). Statistical significancewas assessed
using two-wayANOVA and post-hoc Tukey test. (NS, P=0.961sPSMAvs aPSMA).
Right: evaluation of mCherry expression (total red area per pm’) by activated
anti-PSMA tumour-cell reactive CAR-T cells. Valuesfor the IncuCyte assay are the
mean +s.e.m. for n =3 human T-cell donors. Statistical significance was assessed
bytwo-way ANOVA and post-hoc Tukey test. (*P=0.0182 sSPSMA vs aPSMA).

g, Flow cytometric analysisto evaluate % mCherry (left) and mCherry MFI (right)
background expression levelsinnon-activated CART cells. h, Flow cytometric
analysis to evaluate % mCherry (left) and mCherry MFI (right) expression by
activated CAR-T cells upon 24 h co-culture with PSMA" PC3-PIP tumour cells.

i, Flow cytometricanalysis to evaluate % mCherry (left) and mCherryMFI (right)
by CAR-T cells after 24 h PMA-lonomycin stimulation. Bar graphs (g-i) show the
mean +s.e.m. Symbols indicateindividual healthy T-cell donors (n = 3). Statistical
significance was assessed by one-way ANOVA (g left ““**P < 0.001sPSMA vs
aPSMA; g right**P < 0.001sPSMA vsaPSMA; hleft NS, P=0.1699 sSPSMA vs
aPSMA; hright ****P < 0.001 sSPSMA vsaPSMA; ileft NS, P= 0.1492 sPSMA vs
aPSMA; i right ***P < 0.001 SPSMA vs aPSMA). a, antisense; s, sense; mC, mCherry.
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PMA-lono activation we observed similar %mCherry expression for
both CAR constructs (Extended Data Fig. 5b, right).

For thefirstin vivo study, NSG mice were inoculated with 5 x 10°
PSMA’PC3-PIP tumour cellsand treated onday S by peritumoral trans-
fer of 5 x 10°4G CAR-or UTD-T cells (Extended Data Fig. 5¢). Asexpected,
the 4G anti-PSMA CAR-T cells, but neither the 4G anti-CD19 CAR- nor
the UTD-T cells, were able to control tumour growth (Extended Data
Fig.5d). In addition, luciferase activity uponluciferin injection inmice
was only observed for the tumour-infiltrating4G anti-PSMA CAR-T cells
(Extended DataFig.Se,f). Subsequently, we repeated thein vivostudy
but further compared next-generation anti-PSMA CAR-T cells gen-
erated with antisense vs sense vectors (Fig. 5a,b). We observed no

significant differences in tumour control for antisense vs sense len-
tiviral vector-generated CAR-T cells (Fig. 5¢), in line with our in vitro
data for this very potent anti-PSMA CAR. Inthis study, we also sought
toevaluatewhether theuse of Tax and NovB2 during lentivirus vector
production (to increase titres) has anyimpact on CAR-T-cell function.
We found that there was no significant difference in tumour control by
anti-PSMA CAR-T cells generated with virus produced in the presence or
absence of Taxand NovB2 (Fig.5c).Importantly, however, we observed
that luciferase activity levels of tumour-infiltrating CAR-T cells, as
measured by luminescence imaging upon luciferin injection of the
treated mice, were significantly higher for the antisense lentiviral
vector-generated 4G CAR-T cells (Fig. 5d,e). This observation, which

a b 100
80
- L ]
g uTD
2 60 W PSMASCAR
8 v .
& w0 PSMAaCAR
4
o ¥ CD19 aCAR
20
L]
o
cDa+ CD8+
c
"g_ 12x10° Cytotoxicity “‘g Cytotoxicity
5 1x10° g 15x10°
s PSMA aCAR g 41| -+ CDIgCAR
= gx10' = PSMA sCAR = S
8 o 8 1aer > 4
- 6x10 -g ¥
8 ot 8 ¥ *x
‘5 57 o 5x10t ¥
S a2x0t - UTD ] ¥ = PSMA sCAR
8 »- 8 g } PSMA aCAR
e ols CDI1S CAR g ol p—p—p—y r—t—e——e—e—e _ 7p
° o 2 8 10 12 14 16 18 20 2 24
Time (h) Time (h)
5,000 2500 v*L 100 —* ® uTD
2 2 xt0t ® PSMA sCAR
S 4000+ € 2.000 80 L3 PSMA aCAR
3 3 ® UTD 2 = Y
> 3000 - 1500 = PSMA sCAR 2 & 8 .
g g PSMA aCAR 3 Pt
8 g 8 ¥ CDI9 aCAR 9 z
g 2000 g o 2 # Tumor & =
£ £ (= o s 2x0*
g 1,000+ 'y g 500 m 20
=1 3 .
olea P (1% o R ° °
CD4+ CD8+ CD4+ CD8+
!E 6x10° - Cytotoxicity o 5x10¢ NFAT activation
£
E
3 ~§|  PSMAaCAR 2 a0t PSMA aCAR
B 4x10° . # PSMA sCAR 8
3 7 F 3x10
9 5
b 2010° T 3x10t
T 2x10° -
-~ o
. o = 1x10t
2 Z uto k] = PSMA sCAR
" ° T T T T T T T T T o ¥ Y " T ¥ M T r v uTD
o 2 &4 s 8 10 2 14 16 o 2 4 6 8 10 12 u 1%
Time (h) Time (h)
9 *UTD ® PSMA SCAR 4 PSMA aCAR h © UTD = PSMASCAR 4 PSMAaCAR i ® UTD = PSMASCAR 4 PSMAaCAR
100 800 100 800 100 2,000
g - z - = 2 i
R T 600 g% £ 600 B 8 = 1500
8 = ] g - =
E‘ 60 2 ‘8‘ 60 > ry E 60 pe — @
5 8 s00 L E 400 s 8 1,000
G & 5 0 R + £ a0 z
g 5 2 + F z 2 H
£ Q 3 Q
* 5 200 2 0 2 200 E 20 5 ¥
T L1 : o]
0 o 0 0 0 0
Legend

Constitutive promoter (PGK) [EBRN Polyadenylation signal 1

Polyadenylation signal 2

[EETN chimeric antigen receptor (CAR) [EB8@ co3ichain S\ \S\RNA
mCherry or luciferase

AAAA Poly(A) tail

Inducil A
nducible promoter (6xNFAT) % LTR post integration

n Single-chain variable fragment

[cp8a] cD8a hinge [[CD2BED | CD28 endo domain
CD28 TD Truncated 3’ LTR

Nature Biomedical Engineering

48



Article

https://doi.org/101038/s41551-023-01013-5

. b
Primary T cells
NVVVVVVW AAS s.c. tumour cells injection ACT
5, ’\ AAA _i_
Sense vector M Gene B Gene A m
Day O Day5 Day13
AN g L : -
5 : 3
Antltsense _ lAug BLIimaging upon luciferin injection
vector [ \ and tumor caliper measurements
aPSMA CAR Luciferase
or
aCD19 CAR
c d
x10° o vs UTD
500 — : : vs PSMA sCAR
—e-UTD NS NS vsPSMAaCAR
z ~#- PSMA sCAR & —e-UTD
600 L ]
£ - PSMA aCAR % XE 4x10° a . —#=- PSMA sCAR
g PSMA aCARMwe2 Tax S a NS :l I i'i #- PSMA aCAR
= 400 / °g
S ~¥- CD19 aCAR 7 o8 PSMA aCARNov82 Tax
5 P ! S8 5.0 !
8 2t ~¥- CDI9 aCAR
5 200 — /: 2 =
: i ¢ .
l__.,.ss——"e/' —3— INs '
o T T T T T 1 o -
0 2 4 6 8 10 12 14 1 3 6
Time post ACT (d) Time post ACT (d)
e CD19 CAR-T cells PSMA sCAR-T cells PSMA aCAR-T cells"*™ PSMA aCAR-T cellshev82Tax

- FTARCRE EREEER BO0H0E ﬂ%gﬂﬂﬂ HHERIE

- HIAEAN HOGHAE 000 &

0 GEHE

- UUHAEE OROOAE ARA0E  EECRE  HEEEHE
- HOEIEETED COREIEIEE (OS] RIEETEIED  EIEDETCIE
- HEAAAE BREAEE HOCHE QEREE  HEHEH

Min T Max

Fig.5|Invivo testing reveals higheractivation-induced expression levels of
gene cargo by 4G CART cells engineered with antisense vs sense lentiviral
vectors. a, Schematicof senseand antisense lentiviral vectorsencoding anti-
PSMAand anti-CD19 CARs under the PGK promoter and luciferase under 6xNFAT.
b, Schematicoftheinvivo study. ¢, Caliper tumour volume measurements

over days. Values are the mean +s.e.m. for n = 6 mice per group. Statistical
significance was determined by two-way ANOVA; ***P < 0.001aPSMA vsUTD
atendpoint; NS P=0.78 aPSMA vs sPSMA. d, Luciferase flux as measured by
bioluminescence imagingupon luciferininjectionfor all the experimental
groups. Dataare represented as mean +s.e.m. for n = 6 mice per group. Statistical

significance was assessed using two-way ANOVA and post-hoc Tukey test;
**P<0.0001; Day3: NS P=0.67 aPSMAvs aPSMA Tax-NovB2; Day 6 NS P=0.13
aPSMA vsaPSMA Tax-NovB2; *P=0.006 sPSMA vsaPSMA; *P=0.002sPSMA
vsaPSMATax-NovB2; *“P=0.006UTD vs aPSMA; **P=0.002UTDvs aPSMA
Tax-NovB2; Day 9 NS P=0.78 aPSMA vs aPSMATax-NovB2; *P=0.01 sPSMA vs
aPSMA; **P < 0.001sPSMA vsaPSMA Tax-NovB2; **P=0.009 UTD vs aPSMA;
**P=0.002UTD vs aPSMATax-NovB2. e, Representative images of luciferase
activity of the transferred tumour-infiltrating 4G CAR-T cells over days upon
luciferininjection of mice.

correspond with our in vitro findings (Fig. 4), is presumably due to a
lack of transcriptional interference inthe engineered T cells as occurs
upon the use of dual sense lentiviral vectors.

Finally, we evaluated the next-generation CAR-T cells in vivo
against a CD19* tumour model. Briefly, mice were inoculated with
10 x 10° Bjab tumour cells and on day 7 were treated by peritumoural

transfer of 5 x 10° antisense lentiviral vector-generated 4G CAR-T cells
or UTD-T cells (Extended Data Fig. 5g). As expected, the anti-CD19
CAR-, but neither the anti-PSMA-CAR- nor the UTD-T cells, were able
tocontrol tumour growth. Wealso observed nosignificant differences
in tumour control (Extended DataFig. Sh) orin NFAT-driven luciferase
activity (Extended Data Fig.5i,j) for 4G anti-CD19 CAR-T cells generated
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withvirus producedinthe presence orabsence of Tax and NovB2. We
further showed that the use of NovB2and Taxduring lentivirus vector
production (Extended Data Fig. 6a) had no impact on transduction
efficiency (Extended DataFig. 6b), the cytolytic capacity of CAR-T cells
against target cells (Extended Data Fig. 6c), the levels of inducibly
expressed gene cargo upon CAR-T cell co-culture with target cells
(Extended Data Figs 6d,f) or tumour control by anti-CD19 CAR-T cells
(Extended Data Fig.6g,h).

Development of culture conditions suitable for clinical-grade
lentivirus vector production

HTLV-Tax has been reported to act on several signalling pathways,
among them NF-kB”". Although no Tax protein is expectedin the lentivi-
ral particle preparation following ultracentrifugation, its tumourigenic
potential®*may raise regulatory concernsfor clinical-grade production
of lentivirus vector. We thus sought to identify a suitable alternative.
As previously mentioned, the CMV promoter and enhancer comprises
four NF-kB consensus binding sites, and TNFa, IL-1, camptothecinand
phorbolester (PMA) have all been shown to efficiently activate NF-kB in
adose-dependent manner™. To validate this effectinasimple manner,
we transiently transfected HEK293T cells with a suboptimal concen-
tration of pcDNA-EGFP which harbours a CMV promoter and treated
the cells with the different compounds. At 48 h post-transfection, we
observedan increase in both the percentage and MFI of cells express-
ing EGFP upon TNFa exposure (Extended Data Fig. 7a). Encouraged
by this observation, we next tested the use of TNFa in the context of
sense-orientation singlegene cassette (Extended Data Fig. 7b) lentivirus
vector productionin HEK293T cellsand observed animportantincrease
inviraltitre, percentage and MF1 of EGFP" cells (Extended DataFig. 7c),
presumably due to the effect of TNFa not only on the transfer vector
butalso on theenvelopeand packaging vectors which comprise CMV
promoters. Of note, this NF-kB-mediated strategy can in principle be
applied to enhance the production and hence lower the costs of any
viral vector comprising NF-kB consensus binding sites in promoter/
enhancer regions.

Evaluation of clinical-grade protocolin the context of ‘difficult
to produce’ lentivirus vectors

Along with the development of tumour-redirected T cells that
co-expressadditionalmolecules orreceptors, gene-downregulation
strategies’” can also be employed to potentiate their function. How-
ever, transfer vectors encoding shRNA which comprise stem-loop
structures are associated withlow viral titres due toDicer processing.
Hence, tofurthervalidate the use of TNFatand NovB2 toaugment viral
titres, we developed different transfer vectors comprising a short
miR-based shRNA hairpin”” (miR-based shRNA). Notably, NovB2
has been previously shown to increase the titre of such vectors due

to specific inhibition of the canonical activity of Dicer isoformsin
processing microRNAs™.

We began by expressing the miR-based shRNA under the consti-
tutive U6 promoter with EGFP expressed downstream under the PGK
promoter (Fig. 6a). Indeed, because the termination of transcription
from polymerase 1l promoters comprises 5 thymidine residues, the
vectorwasbuiltin adual sense orientation; there is no transcriptional
interference to reach a PA site and hence no need to invert the gene
cassette. Upontitration of viral supernatant produced in the presence
of NovB2, TNFa or both, we observed an important gainin transduc-
tion efficiency as measured by percentage of EGFP” cells (Fig. 6b),
lentiviral titre (Fig. 6¢) and relative expression level of EGFP per cell
(MFI) (Fig. 6d).

Encouraged by these results, we subsequently built a sense vector
comprisinga miR-based shRNA under the U6 promotertargeting athera-
peutically relevanttarget, Hematopoietic Progenitor Kinase 1(Hpkl),a
negative regulator of TCRsignalling™, also known as Mitogen-Activated
ProteinKinase1(Map4kl). ThemiR-based shRNAswere followed by trun-
cated human nerve growth factor receptor (tNGFR)™ and the HLA-A2/
NY-ESO-1,;,s restricted TCR®, both expressed under the PGK promoter
andseparated bya T2A element (Fig. 6¢).Jurkatcells transduced with this
constructshowed anefficient knockdown of HPK1 (over 90% reduction
by miR-based ShRNA ‘A’) (Fig. 6f). We then transduced primary T cells
and observed 85% and -70% transduction efficiency of primary CD4"
and CD8" T cells, respectively, as measured by HLA-A2/NY-ESO-1,;,4s
tetramer staining (Fig. 6g). Efficient transduction was accompanied
by strong HPK1 knockdown, similar to the levels observed in Jurkat
cells (Fig. 6h). We subsequently evaluated the in vitro function of the
TCR-T cells +/- HPK1knockdown by miR-based shRNA upon co-culture
with the A2°/NY* target cell lines Me275 and A375, as well as the A2*/
NY  cell line Na8 as anegative control. Others have previously demon-
strated that pharmacological inhibition or full gene knock-out of HPK1
inCD8" Tcells canimprove their effector functionand ability to control
tumours”’°, However, we did not observe significant differences in
target-cellkilling (Fig. 6i) or in IFNy release (Fig. 6j) for the HPK1knock-
down TCR-T cells (HPK1 ‘A" and ‘B’) vs the control (CTRL) TCR-T cells
comprising a scrambled miR-based shRNA, but we did observe higher
proliferative capacity for the HPK1‘A’knockdown CD8" T cells (Fig. 6k).
Whether these differences are due to the use of miR-based shRNA to
knockdown HPK1 or the in vitro conditions used in our experiments is
unknown, butis beyond the scope of our study.

Evaluation of clinical-grade lentivirus vector production
protocol forantisense transfer vectors

Theuse of TNFa in combination with NovB2 was next tested in the con-
textofthe antisense configuration transfer vector encodingmcCherry
under 6xXNFAT and EGFP under PGK (Fig. 7a, left). Similar to when Tax

Fig. 6| Optimized lentivirus vector production protocol yields high titresin
the context of transfer vectors encoding miR-based shRNA. a, Schematic of
sense lentiviral transfer vector encoding a chimeric CMV promoter and enhancer
atthe 5’ LTRtoallow enhanced replication in the presence of TNFacand EGFP.

b, Transduction of Jurkat cells withdecreasing volumes of lentivirus vector
supernatant produced in the presence or absence of TNFaand NovB2, and

flow cytometricevaluation (on day 5) of % EGFP expression. Bar graph

represents the meanof Sindependent experiments. ¢, Viral titres (TUml™).

d, Representative histograms of EGFP expression by Jurkatcells transduced with
100 pl of lentivirus vector supernatant. €, Schematic of sense lentiviral transfer
vector encoding miR-based shRNAtargeting HPK1 (shRNA A and shRNA B) or
scramble control (shRNA CTRL) under the U6 promoter, as well as truncated
nerve growth factor receptor (tNGFR) and aTCR, both under the PGK promoter
and separated by T2A sequences. f, Western blot analysis to evaluate HPK1
downregulationin Jurkat cells (technical replicatesshown), together with -actin
control. g, Transductionefficiency of primary human CD4* and CD8" T cells with
lentivirus vector supernatant produced in the presence of TNFocand NovB2. At 5 d

post-transduction, the T cells were stained with HLA-A2/NY-ESO-1;s;.,; tetramer
and analysed by flow cytometry. Bar graph represents the mean +s.e.m.ofn=3
human T-cell donors. h, Western blotanalysisto evaluate HPK1 downregulation,
together with B-actin control blot for n=3 humandonors (HD) (Source Data for
Fig. 6).1, Tumour-cell killingassay for Nuclei red A2"/NY targets Me275 and A375,
and Nucleiredand A2°/NY " cellline Na8, by TCR-T cells withmiR-based shRNA
knockdown of HPK1, TCR-T cells comprisinga scrambled miR-based shRNA
(CTRL)and UTD-T cells, asmeasured by the IncuCyteinstrumentasalossinred
area over time. Shown are mean +s.e.m. for n =3 independent T-cell donors.
J,IFNy release as measured by ELISA upon 24 h co-culture of TCR-T cells with
miR-based shRNA knockdownof HPK1 T cells, CTRL-or UTD-T cells with A2*/NY*
targetsMe275, A375and Saos-2, and A2°/NY" cell line Na8. Bar graphsrepresent
the mean +s.e.m.forn=3human T-celldonors. k, Percentage of CTV negative
cells(cells that have undergone proliferation) upon tumour stimulation. Shown
aremean +s.e.m. forn=3healthyT-cell donors. Statistical significance was
assessed using two-way ANOVA, *P=0.0209HPK1 vs UTDCDS'.
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was used, a gain in viral titre was observed inthe presence of TNFa
alone, but titres were even higher if NovB2 was combined with TNFa

(Fig. 7a, middle and right).

Itiswellknown thatthe use of vectors comprising U6-drivenshr-
NAs can betoxictotransfectedcells®*-,and polymerase lll promoters

do not allow for inducible expression of genes of interest. Hence, to
overcome this obstacle we next built an antisense vector comprising
anmiR-based shRNA under 6XNFAT and EGFP under PGK (Fig.7b, left),
and produced lentivirus vectors using our optimized clinical-grade
production protocol. We observed animportant gain in viral titre in
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the presence of NovB2 alone or combined with TNFa (Fig. 7b, middle
and right).

We further evaluated aninverted configuration vector compris-
ing theanti-PSMA CAR and miR-based shRNA ‘A’ targeting HPK1 under
6XNFAT inprimary human T cells (Fig. 7c, left). Upon transduction with
lentivirus vector produced in the presence of NovB2 and TNFa, we
reached approximately 90% and about 60% CAR expression by CD4*
and CD8' T cells, respectively (Fig. 7c, middle). Moreover, upon 6 h
CAR-T-cell triggering with plate-coated anti-F(ab), we achieved over
90% HPK1knockdown (Fig. 7¢, right).

Finally, for the dual antisense vector, we cloned an miR-based
shRNAtargeting the TCR-alpha chainunder an alternative constitutive
Polymerase Il promoter, SFFV (silencing prone spleen focus forming
virus),andEGFP under PGK (Fig. 7d, left). Thisis astrategy that can be
usedtoabrogate TCR chain mispairing upon engineering of T cells for
ACT with anexogenous TCR”. Transduced Jurkat cells demonstrated
efficient knockdown of the TCR-alpha chain with our dualantisensevec-
torasmeasured by cell-surface staining withapan-anti-TCRantibody
(Fig. 7d, bottomright).

Thus, in summary we have demonstrated that the use of TNFa
duringvirus production when using antisense (or sense) transfer vec-
tors in which the RSV-based promoter and enhancer at the 5’ LTRis
replaced with the complete CMV promoter and enhancer (which com-
prises 4 consensus NF-kB binding motifs®’) can substantially increase
titres. It is likely that the TNFa, in addition to favouring transcription
of the transfer vector, also promotes replication of the packaging
and envelope vectors. Moreover, the presence of TNFa in the cul-
ture media can synergize with NovB2, a protein that can abrogate
Dicer-mediated dsRNAantiviral response generated during virus pro-
ductionin HEK293T cells.In addition, the protocol, whichisfeasible for
theproduction of clinical-grade virusat reduced costs, canbeused to
generate high titres of ‘difficult to produce’ lentivirus vector, such as
ones encoding miR-based shRNA. Indeed, NovB2 may further abrogate
Dicer-mediated processing of such hairpin structures.

Discussion

Inrecentyears, rational TCR- and CAR-T-cell co-engineering strategies
havebeenunderextensiveinvestigation toimprove responses against
solid tumours, either by directly enhancing the intrinsic fitness and
function of the T cells themselves or/and by TME reprogramming®*.
Inaddition to barriersin the TME, the clinical success of T-cell therapy
againstsolid tumoursis constrained by adverse patientreactions such
ason-target but off-tumour toxicity®, as well as cytokine release syn-
dromeby CAR-T cells* andunexpected cross-reactivity by TCR-T cells
against vital organs®. Hence, importantresearchefforts arealsobeing
undertaken in the development of ON, OFF and STOP switches®**¢"
along with gene-modification strategies®” and optimized vectors* to
allow tighter control of the biological activities of engineered T cells
post-infusion®’.

Although emerging gene-modification strategies such as
Crispr/Cas9 hold tremendous potential for the development of
next-generation TCR- and CAR-T cells”, in particular for gene knock-
outs' butalsogeneknock-ins as approaches are developed to increase
efficiencies’”, the (1) strong safety record of lentiviral vectors cou-
pled with (2) enhanced manufacturing protocols™ and (3) the high
transduction efficiencies that can readily be achieved makelentivirus
vectorsan importantclinical tool. Indeed, lentivirus vectors will prob-
ably be used for yearsto come in the clinic, likely also in combination
with Crispr/Cas9" and other gene-engineering techniques. Hence,
further optimization of lentiviral vectors, virus production methods
and transductionstrategies are warranted”.

Here we have developed an antisense transfer vector allowing
efficient constitutive expression of a tumour-directed TCR or CAR
andindependent co-expressionof gene cargo. While we have used the
activation-inducible promoter 6XNFAT to express various gene cargoes
includingIL-2 and miR-based shRNAs to knockdown genes of interest,
itisalsofeasible to employ promoters thatrespond to environmental
cuesincluding hypoxia™.Suchanapproach may be useful, for example,
for co-expression of chemokinesthatcan generate agradienttoattract
additional lymphocytes into the tumour bed. The development of
drug-inducible promoters”,suchasthe tetracycline-controlled ONsys-
tem (Tet-ON, of bacterial origin)’*, comprising non-immunogenic com-
ponents suitable for the clinicand allowing sufficient expression levels
of thetarget molecule(s) of interest for therapeutic efficacy, would be
of greatbenefit for tighter and safer control of next-generation TCR-
and CAR-T cellsand other cellular therapies.

In our study, side-by-side evaluation with comparative dual for-
ward and bidirectional vectors revealed transcriptional interference
for the former and leakiness of the inducible promoter for the latter
configuration. However, we showed that primary human T cells could
be efficiently engineered with lentivirus vector comprising a dual
antisense transfer vector encoding a constitutively expressed CAR
or TCR and inducible gene cargo without such problems. Moreover,
next-generation TCR- and CAR-T cells engineered with the dual anti-
sense lentiviral constructs were validated for functionality bothinvitro
and in vivo in the context of solid tumour-bearing mice.

While the antisense transfer vector design was limiting to
virus production, evidently because of convergent transcription in
HEK293T cells, we developed arobust protocol to restore titres. First,
weshowed that the presence of the RNA interferencesuppressor protein
NovB2®, previously demonstrated toinhibit isoforms of Dicer®, could
augment lentiviral titres. We subsequently sought to address theissue
that transcriptional interference is limiting to the levels of the ssRNA
viral genome available for packaging. We began by using the Tax pro-
tein®which, inadditiontoavariety of oncogenic properties, canactasa
potent transactivator of CMV promoters as they harbour 4 NF-kB bind-
ing motifs”. Indeed, we replaced the RSV-based promoter and enhancer
attheS'LTR of the transfer vector with the complete CMVpromoter and

Fig.7 |Optimized clinical-grade protocol for high-titre lentivirus vector
productioncan be usedinthe context of antisense vectors encoding miR-
based shRNA. a, Left: schematic of antisense lentiviral transfer vector encoding
EGFP under PGK and mCherry under 6xNFAT. Middle: transductionof Jurkat
cells with titrated lentivirus vector supernatant producedin the presence
orabsence of TNFain combination with NovB2; flow cytometric evaluation

of % EGFP expression on day 5. Bar graphs representthe mean +s.e.m. of 3
independent experiments. Right: viral titres (TU mI™). b, Left: schematic of dual
antisense lentiviral transfer vector encoding EGFPunder PGK and miR-based
shRNA under 6xNFAT. Middle: transduction of Jurkat cells with titrated lentivirus
vector supernatant produced in the presence or absence of TNFa or Taxin
combination with NovB2; flow cytometric evaluation of % EGFP expression on
day 5. Bar graphs represent the mean +s.e.m. of 5 independent experiments.
Right: viral titres (TU mI™). ¢, Left: schematic of antisense lentiviral transfer
vector encoding an anti-PSMA-CAR under PGKand miRNA under 6xNFAT.

Middle: transduction efficiency of primary human CD4" and CD8" T cells with
lentivirus vector supernatant produced in the presence of TNFaand NovB2.
Tcells were stained with fluorescenated anti-Fab Ab to evaluate cell-surface
CARexpression onday 5 post-infection. Bar graphs represent the mean +s.e.m.
of n =4 human T-cell donors. Right: western blot analysis showing specific
downregulation of HPK1 upon 6 hstimulation with plate-coated anti-F(ab),,
togetherwith B-actin control blot of n =2 human T-celldonors (Source Data for
Fig.7).d, Top left: schematic of antisense lentiviral transfer vector encoding
EGFP under PGK and miR-based shRNA targeting TRAC, or control miR-based
shRNA, under the constitutive promoter SFFV. Bottom left: representative dot
plot of flow cytometric evaluation of % EGFP expression on day 5 and PAN-anti-
TCRantibody staining to evaluate TCR knockdown. Top right: transduction of
Jurkat cells with different amountsof lentivirus vector supernatant. Bar graphs
represent the mean +s.e.m. of EGFP’ cells. Bottom right: the percentage of TCR"
cellsfor3independent experiments.
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enhancer, and showed that we couldincrease viral titres in the presence
of Tax*, and to agreater extent when combined with NovB2.

For potential clinical GMP-grade productionoflentivirus vector,
we sought a substitution for Tax. We demonstrated that the pres-
ence of TNFa (previously shown to efficiently act on NF-kB binding
motifsina dose-dependent manner™)in the culture supernatant also
increased viral titres. Notably, the use of TNFa to increase viral titres
may be applicable toother viruses produced from vectors comprising
promoters with NF-kB binding motifs. Moreover, TNFamay be useful
forincreasing plasmid production (thatis, comprising NF-kB binding
motifs) in transfected cells.

Recently, an ‘all in one’ dual sense lentiviral vector system was
described comprising inducible expression of a gene upstream of a
constitutively expressed second gene. However, in line with previous
work, our datasuggest transcriptional interference for this designand
consequently lower gene expression®®, presumably due to competi-
tion for the same PA siteand the simultaneous occupancy of the DNA
template. This lower expression may be limiting to the therapeutic effi-
cacyofthecellularproduct, suchas T cells gene-modified to secretea
decoy molecule targeting animmune checkpoint such as programmed
death-protein 1(PD-1)”. The enhanced expression of genes from our
dualinverted vector is probably due both to a lack of transcriptional
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interferenceas well as the use of the potent BGH polyadenylation sig-
nal*. A full head-to-head comparison of the vector designs cannot be
undertaken asitis not possible toinclude independent PAsites in the
sense vectorasthis willabrogate virus production. Notably, it is impor-
tant to evaluate potential ‘leakiness’ from vectors comprising induc-
ible promoters. For example, tonic CAR signalling’® can lead to gene
expression under 6XNFAT in atargetantigen-independent manner.
We further tested a bidirectional transfer vector design but
observed expressionof theinducible geneinnon-activated cells. While
itmay be possible to abrogate leakiness by further buffering the two
promoters, this will be limiting to the size of the genes that can sub-
sequently be accommodated; beyond a genomic load of 10,000 bp,
lentiviral vectors become increasingly inefficient’””. We did not test
a convergent design for the transfer vectors because we reasoned
that there would be interference in gene expression in transduced
Tcells*’. Moreover, a convergent design runs the risk of an unwanted
IFN response ingene-modified Tcells due to the generation of dsRNA.
Taken together, our work presents animproved dual antisense
transfer vector and accompanying lentivirus vector production pro-
tocol enabling efficient transduction of primary human T cellswith a
constitutively expressed tumour-targeting receptor along withinde-
pendentactivation-inducible co-expression of gene cargo. We demon-
strated functionality of the dualinverted vector encoding either aCAR
oraTCRunderPGK and various gene cargoes under 6XxNFAT including
IL-2 and miR-based shRNA targeting HPK1. We further demonstrated
proof-of-principle for theuse of our dual inverted vector for generat-
ing 4G CAR-T cells for ACT. We showed that the inducible gene cargo
(luciferase) was expressed by T cells in tumours only if target antigen
for the CARs was present. Notably, our overall approach is universal
in thatit canbe applied to the engineering of other cell types, alter-
native polymerase Il promoters and different engineering purposes
in the context of other diseases. Importantly, our strategy can lower
costs due to the use of a single vector and higher titres achieved, and
it holds important promise towards effective and safety-enhanced
next-generation cellular therapies reaching the clinic.

Methods

Celllinesand culture

The prostate carcinoma cell line PC3-PIP (PMSA®), PC3 engineered with
human CD19+ cells, Bjab, Na8,Me275, A375, Sa0s-2,293T human embry-
onickidney (HEK293T) cells and Jurkat cellswere cultured in RPMI-1640
medium supplemented with 10% heat-inactivated fetal bovine serum
(FBS), 2 mmol I L-glutamine, 100 pg ml™ penicillin and 100 Uml™
streptomycin, at 37 °Cin a 5% CO, atmosphere (Invitrogen, Life tech-
nologies). Na8, Me275, A375, Saos-2, 293T and Jurkat cell lines were
purchased from the ATCC. The PC3-PIP and PC3 cell lines werekindly
provided by Dr A. Rosato (University of Padau, Padova, Italy)’®. Bjab was
kindly provided by Dr C. Arber (University of Lausanne, Switzerland).
ThePC3 and PC3-PIP cells lentivirally transduced to enforce expression
of CD19 (PC3-CD19"and PC3-PIPCD19°) were kindly provided by Dr Y.
Muller (University of Lausanne, Switzerland). The HEK293T cell line
was used for lentivirus vector production.

Vector construction

Second-generation CARs comprising the CD8« hinge, CD28 trans-
membrane (TM), CD28 endodomain (ED) and CD3-zeta ED were cloned
intoa 2G self-inactivating lentiviral expression vector pELNSunder the
PGK promoter. The HLA-A2/NY-ESO-1;;,4s restricted TCR was cloned
invector pRRL, with expressionalsodriven by the PGK promoter. The
anti-PSMA scFv derived from monoclonal antibody J591°° and the
anti-CD19 CAR scFv derived frommonoclonal antibody FMC63'” were
used to confer tumour-antigenspecificity. The HLA-A2/NY-ESO-1,; 5
restricted TCR has been previously described®. The (NFAT), response
elements-IL-2minimal promoter, abbreviated as 6xXNFAT, was used to
evaluateinducible expressionof different gene cargoes.Replacement

ofthe RSV promoter with the CMV promoter in the 5’ LTR was used to
enable TNFa in the culture supernatant to favour transcription of the
sSRNA viral genome.

Lentivirus vector production

Forlarge-scale production: briefly, 24 hbefore transfection, 293T cells
were seeded at 10 x10° cells in 30 ml medium in a T-150 tissue cul-
ture flask. All plasmid DNA was purified using the Endo-free Max-
iprepkit (Invitrogen, Life Technologies).293T cells were transfected
with 7 ug pVSVG (VSV glycoprotein expression plasmid) or 7 pg
pVSVG-T2A-NovB2,18 pug of R874 (Rev and Gag/Pol expression plas-
mid) and 15 pg of pELNS or pCRRL transgene plasmid using a mix
of Turbofect (Thermo Fisher) and Optimem media (Invitrogen, Life
Technologies, 180 pl of Turbofect for 3 ml of Optimem). The cells
were further transfected witha plasmid encoding the T-cell leukaemia
virus 1, TAX protein, or the medium was further supplemented with
TNFaat10 ng ml* working concentration. The viral supernatant was
collected at48 h post-transfection. Viral particles were concentrated
byultracentrifugation for 2hat24,000 gand resuspendedin 400 pl
complete RPMI-1640 media, followed by immediate snap freezing
ondryice.

For small-scale production: briefly, 4-5 h before transfection,
293T cells were seeded at 1.25 x 10° cells in 2 ml medium per well ina
6-wellplate.293T cells were transfected with 2.5 pg total DNA (divided
as 0.282 pg pVSVGor pVSVG-T2A-NovB2, 0.846 pgR874, and 1.125 pg
PELNS or pCRRL transgene plasmid), using a mix of Lipofectamine
2000 (Invitrogen) and Optimem media (Invitrogen, Life Technolo-
gies) according to the manufacturer’s instructions. The cells were
further transfectedwithaplasmid encoding the T-cell leukaemiavirus
1, TAX protein, or the medium was further supplemented with TNFa at
10 ng ml™. Theviralsupernatantwas collected at48 h post-transfection
and supernatant was used directly.

Jurkat cell transduction for viral titration

Jurkat cells were suspended at 1x 10° cells per ml and seeded into
24-well plates at1 ml per well. Different volumes of viral supernatant
wereused for transduction, asindicated, ranging from 300 pldownto
3 pl. Cell media were refreshed after incubation for24 hat37 °C. viral
titres (transducing units per ml (TU ml™) were calculated as follows:
((total number of cells/100) x percentage of transduced cells) x dilu-
tion of the virus supernatant).

Primary human T-cell purification, activation, transduction
and expansion

Primary humanT cells wereisolated from the peripheral blood mono-
nuclear cells (PBMCs) of healthy donors (HDs; prepared asbuffycoats)
collected withinformed consent by the blood bank. Total PBMCs were
obtained viaLymphoprep (Axonlab) separation solution by astandard
protocol of centrifugation. CD4"and CD8’ T cells were isolated by nega-
tive selection using magneticbeads following the manufacturer’s pro-
tocol (easySEP, Stem Cell Technology). Purified CD4"and CD8" T cells
were cultured separately inRPMI-1640 with Glutamax, supplemented
with10%heat-inactivated FBS, 100 U ml™ penicillin,100 pg mI ™ strepto-
mycinsulfate, and stimulated with anti-CD3 and anti-CD28 monoclonal
antibody (mAb)-coated-beads (Invitrogen, Life Technologies) ata1:2
ratioof T cellstobeads. T cells were transduced with lentivirus vector
particles at18-22 h post-activation. Human recombinantinterleukin-2
(h-IL-2; Glaxo) was replenished every other day fora concentration of
50 IUmI ! until 5 d post-stimulation (day +5). At day +5, magnetic beads
were removed, and h-1L-7 and h-IL-15 (Miltenyi Biotec) were added to
the cultures at 10 ng ml™. A cell density of 0.5-1x 10° cells per ml was
maintained for expansion. Rested engineered T cells were adjusted
for equivalent transgene expression before all functional assays; the
more efficiently transduced samples were diluted with appropriate
numbersof UTD-T cells.
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Cytotoxicity assays

Cytotoxicity assays were performed using the IncuCyte Instrument
(Essen Bioscience). Briefly, 1.25 x 10* target cells were seeded in
flat-bottom 96-well plates (Costar, Vitaris). Four hours later, rested
T cells (no cytokine for 48 h) were washed and seeded at 2.5 x 10*
cells per well, at a 2:1 effector:target (E:T) ratio in complete media. No
exogenous cytokines were added during the co-culture period of the
assay. CytotoxRed or Caspase-3/7greenreagent (Essen Bioscience) was
added atafinal concentration of 125 nMina total volume of 200 pl.
Internal experimental negative controls were included in all assays,
including co-incubation of UTD-T cells and tumour cells, as well as
tumour cellsalone, tomonitor tumour cell death over time. As a posi-
tive control, tumour cells alone were treated with 1% triton solution to
evaluate maximal killing in the assay. In some assays (as indicated in
the figurelegends), freshly generated nucleired and nucleigreen engi-
neered tumour cellswere used. Thenuclei red/green target cells were
generated with IncuCyte NucLight Lentivirus (Essen Bioscience) for
nuclear-restricted expression of tagGFP2 (green fluorescent protein)
andmKate2 (red fluorescent protein),according to the manufacturer’s
instructions. Activation of co-engineered TCR-T and CAR-T cellsupon
specific antigen stimulation was assessed by mCherry IncuCyte quan-
tification over time. Images of total red area per well and greenareaper
well were collected every 2 h of the co-culture. The total red area per
well andgreen area per well were obtained using the analysis protocol
provided by EssenBioscience. Data were normalized by subtracting the
background fluorescence observed at time O (that is, before any cell
killing by CAR-T cells) fromall further timepoints. Data are expressed
asmean +s.e.m. of different HDs .

Cellstaining and flow cytometric analysis

Toevaluate CARcell-surface expression, transduced cells were stained
withfluorescenated anti-human F(ab’)mAb (BD Biosciences). To evalu-
ate TCR cell-surface expression, transduced cells were stained with
fluorescenated HLA-A2/NY-ESO-1,s; s tetramer produced in-house.
Aqua live Dye BV510 and near-infrared fluorescent reactive dye (APC
Cy-7) were used to assess viability (Invitrogen, Life Technologies). To
evaluate mCherry induction upon stimulation, T cells were stained
withnear-infrared fluorescentreactive dye (APC Cy-7) (Invitrogen, Life
Technologies). Acquisition and analysis were performed using a BD
FACS LRSII flow cytometer and FACS DIVA software (BD Biosciences).

Immunoblotting

Cellswerelysed inRIPA buffer supplemented with Halt phosphate/pro-
teaseinhibitors (ThermoFisher) andboiled at 97 °C for 10 minwith Bolt
LDSsample buffer and reducing agent (Thermo Fisher). Protein samples
(10 pg) were separated by SDS-PAGE and transferred to PVDF mem-
branesusing theiBlot2 system (Thermo Fisher). Antibody stainingof the
molecules of interest was carried out according to the manufacturer’s
instructions. Rabbitmonoclonal antibody (EP630Y) specificto MAP4K1/
HPK1 antibody (ab33910) was purchased from Abcam and anti-B-actin
(sc-47778) from Santa Cruz.Images were acquired with a western blot
imager (Fusion, Vilber Lourmat),and protein levels were quantified using
theImage) software by analysing pixel intensity of the bands. Total HPK1
level was calculated by dividing its signal to the B-actinsignal.

Mouse strainand in vivo experimentation

NOD scid gamma (NSG) male mice were bred and housed in aspecific
and opportunistic pathogen-free (SOPF) animal facility at the Uni-
versity of Lausanne (Epalinges, Switzerland). All in vivo experiments
were conducted in accordance with and approval from the Service of
Consumer and Veterinary Affairs (SCAV) of the Canton of Vaud. All
cages housed Smice in an enriched environment providing free access
to food and water. Mice were monitored at least every other day for
signs of distress during experimentation and euthanized at endpoint
by carbon dioxide overdose.

Subcutaneous tumour model and adoptive T-cell transfer

NSG male mice aged 8-12 weeks were subcutaneously injected with
5x10° PC3-PIP (or PC3-CD19%) tumour cells or 10 x 10° Bjab. Once
tumour was palpable (day 5 for PC3 and day 7 for Bjab), the mice were
treated by peritumouralinjection of 5 x 10° UTD or CAR-T cells. Tumour
volume wasassessed every other day by caliper measurement. Tumour
volumes were calculated using the formula V= 1/2(length x width?),
where length is the greatest longitudinal diameter and width is the
greatest transverse diameter determined via caliper measurement.

Invitro bioluminescence assay to evaluateinducible gene
cargo expression levels for sense vs antisense lentiviral
vectors

To evaluate gene-cargo expressionlevels for CAR-or TCR-T cells trans-
ducedwithsense vs antisense lentiviral vectors containing luciferase as
theinducible gene cargo under 6XxNFAT, 2.5x 10* UTD and transduced
Tcellswere co-cultured with target tumour cellsat 1:1 E:T ratio for24 h
in 96-well plates. The following day, the culture media were washed
away and 10 pl per well of opportunely diluted Reporter Lysis 5X buffer
(Promega) was added and the cells resuspended. Luciferin (50 pl per
well) (PerkinElmer) was then added and cell lysates were transferred
intowhite 96-well white optiplates (PerkinElmer) for bioluminescence
acquisition. Luciferase activity was measured by total counts acquired
using the HIDEX sense 425-301i platereader and software (Hidex).

Proliferation assay

To assess the proliferative capacity of A2/NY-specific TCR-T cells
co-expressing anmiR-based shRNA, both transduced and UTD-T cells
(n=3 donors) were stained with CTV (Invitrogen, Life Technologies)
according to the manufacturer’s instructions. Cells were then stim-
ulated for 96 h with anti-CD3 and anti-CD28 monoclonal antibody
(mAb)-coated-beads (Invitrogen, Life Technologies) at a 2:1 ratio
ofbeads:T cells, or with A2°/NY" tumour cells lines (Me275, A375 and
Saos-2)and an A2°/NY cellline (Na8 cells) atan E:Tratio of 1:1.

Invivo bioluminescenceimagingusing luciferase

Luciferase expression was evaluated in vivo from day 1to day 11 post
T-celltransfer. Mice were injected intraperitoneally with 150 mg kg™
d-luciferin (PerkinElmer) in 100 pl of PBS and transferred into an
anaesthesiachamberinduced by 3% mixture of isoflurane and 1.5% oxy-
gen.Anaesthetized animals were imaged at10-35 min post-luciferin
injection using the In-Vivo Xtreme system (In-Vivo Xtrem, Bruker)
reducing anaesthesia level to 1%. The photons emitted from the
luciferase-expressing T cells were quantified using Molecular Imaging
software (Bruker). A pseudocolour image representing the lumines-
cence flux intensity was generated (violetand red colours refer to the
least and the mostintense flux, respectively) and then superimposed
over the greyscale reference image. The luminescentregion of inter-
est was determined by drawing a gate and intensity of the signal was
measured as total photon s mm2, which correlates proportionally
withtheexpression of luciferase genein transduced T cells. Mice were
euthanized when the tumour volume reached 1,000 mm?® according
to the following formula V' =1/2(length A- x width?), or when they
met euthanasiacriteria (weight loss, signs of distress) in accordance
with the Swiss Federal Veterinary Office and the Cantonal Veterinary
Office guidelines.

Statistical analysis

GraphPad Prism 9.0 software was used to determine statistically sig-
nificant differences using one-way analysis of variance (ANOVA) fol-
lowed by Tukey post-hoc correction for multiple comparisons (column
groups,onevariable tested). A two-way repeated measurement ANOVA
followed by Tukey post-hoc correctionwas usedfor statistical analysis
of tumour growth curves, invitro cytotoxicityandmCherry induction
analysis (two-variables analysis for multiple groups).Differences were
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considered significant when *P < 0.05, very significant when **P < 0.01
and highly significantwhen***P<0.001.

Reportingsummary
Furtherinformationonresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The maindata supporting the findings of thisstudy are available within
thearticleandits Supplementary Information. Allraw data generated
during the study are available from the corresponding authors on
request. Source data for the figures are provided with this paper.
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Extended Data Fig. 4| See next page for caption.
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Extended Data Fig. 4| Higher levels ofinducible gene-cargo are produced
by TCR-T cellstr: with the dual anti: ver: lentiviral
vector. (a) Schematicof senseand antisense constructsencodingan HLA-A2
restricted NY-ESO-155.45 specific TCR (Gene A) lunder thecontrol of the PGK
promoter and mCherry or h-IL-2 (Gene B) under the 6XNFAT promoter. (b) Top
and bottom left; percentage TCR expressionas measured by tetramer staining
of primary human CD4"and CD8' T cells transduced withsense and antisense
lentivirusvector supernatant produced in the presenceof TNFaxand NovB2.
Top and bottom right; TCR expression levels (MFIvalues) for primaryhuman
CD4"and CD8'T cells transduced with senseand antisense lentivirus vector
supernatant produced in the presence of TNFa and NovB2. Bar graphshows
the mean +/-S.E.M. for n= 6 human donors for two independent experiments
(n=3perexperiment); “*P<0,001upper panel TCR sense versus TCRIL2
antisense; “*“P<0,001bottom panel TCR IL2 sense versus TCR IL2 antisense)
() Killingassay for TCR-T cells and UTD T cells against A2°/NY* Saos-2 tumour
cells labelled with nuclei green at ratio of 2:1as measured by the IncuCyte
instrument over time. Loss of total green area/pm?is proportional to killing
activity. Shown aremean values + /- S.E.M. for T cellsfromn = 3 human donors.
(d) IFNyquantification by ELISAassay of TCR- and UTD-T cells co-cultured with
A2'/NY*Saos-2 tumour cellsat ratio of 2:1. Shown are mean values + /-S.E.M. for
Tcells fromn =6humandonorsfor two independent experiments (left panel
ns=0,9392TCRIL2 sense versus TCR IL2 antisense, ns>0,9999 TCRmC sense
versus TCR mCantisense; right panel ns=0,9959 TCR IL2 sense versus TCR IL2
antisense, ns=0,3562 TCR mC sense versus TCRmC antisense). () Human (h)

IL-2 quantificationby ELISA assay of TCR-and UTD-T cells co-cultured with A2"/
NY'Saos-2 tumour cellsat aratioof 2:1. Shown are mean values + /-S.E.M. for
Tcellsfromn =6 human donors for two independent experiments (panel left
“*pP<0,0001 TCRIL2 sense versus TCRIL2 antisense; panel right **P < 0,0023
TCRIL2sense versus TCR IL2 antisense;). (F) hIL-2 quantification by ELISA assay of
TCR-and UTD-T cellscultured overnight in the presence of PMA-lonomycin (left
panelns=0,953 TCRIL2 sense versus TCR IL2 antisense, ns>0,9999 TCR mC sense
versus TCRmCantisense). (g) Induced mCherry expression by TCR-and UTD-T
cellsagainstA2"/NY* Saos-2 tumour cells ata ratio of 2:1asmeasured by the
IncuCyte instrument (total red area/um?) over time. Shown are mean values + /-
S.E.M.for T cells from n= 6 human donors (**P=0,0031 TCRmC sense versus TCR
mCantisense at endpoint). (h) Flow cytometricanalysis of mCherry expression
for TCR-and UTD-T cells cells co-cultured with A2°/NY' Saos-2 tumour cells at a
ratio of 2:1. Shown aremean values + /- S.E.M. for T cells from n=3 human donors.
Left; percentage of mCherry' cells (*P=0,0461 TCRmC sense versus TCRmC
antisense). Right; mCherry expression levels (MFI) (**P=0,0092 TCRmC sense
versus TCRmC antisense). (i) Flow cytometric analysis of mCherry expression
for TCR-and UTD-T cells after overnight stimulation with PMA-lonomycin.
Shown are themean values + /- S.E.M. for T cells from n=3 human donors

Left; percentage of mCherry' cells (ns=0,8478 TCRmCsense versus TCRmC
antisense). Right; mCherry expression levels (relative MFI) (***P < 0,0001 TCR
mCsense versus TCR mCantisense). Two-way (panel c and g) and One-way Anova
(panelsb,d,e,f,handi) tests were used to determine statistical significance.
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Extended Data Fig. 5| T cells transduced withantisense lentiviral vector
dingaCARandi ible gene-carg specificin vitro
and invivo functionandare notimpacted by the use of NovB2and Tax
during virus production. (a) Schematic of sense and antisense lentiviral vector
encoding the anti-PSMA and anti-CD19 CARsunder the PGK promoter and
firefly luciferaseunder 6xNFAT. (b) Left; Transduction efficiency of CD4"and
CD8" primary T cellsas measured bycell-surface CAR expression. Bar graphs
showthe mean +/-S.E.M. of the percentage of CAR" T cells. Data are for T cells
fromn= 6 healthy donors and symbolson the graphsrepresent individual
donors. Right; mCherryexpression at12 h post PMA-lonomycin stimulation by
equivalentlytransduced T cells as measured by flow cytometricanalysis. With
the T cellsnormalized to approximately 40% cell-surface CAR-expression the
graphindicatesthat all transduced T cells express mCherry upon activationby
PMA-lonomycin. Shown are meanvalues +/-S.E.M.. Symbolsindicate individual
donors (n=3) (c) Schematic of CART cell transfer study in PSMA* PC3-PIP
tumour bearing mice. (d) Caliper tumour volume measurements over days.
Values are the mean +/-S.E.M. for n=5 mice per group. Statistical significance
was determined by Two-way ANOVA. (Day9 **P=0,034aPSMA versus aCD19;

Dayl1**“P<0,0001aPSMA versus aCD19) (€) Representative images of luciferase
activity of the transferred T cells over days upon luciferin injection in mice. (f)
Bar graph shows the meanvalue of luciferase flux for all experimental groups.
Data are represented as the mean +/-S.E.M.and for n = Smice per group.
Statistical significance was assessed usinga Two-Way ANOVAand Post-hoc Tukey
test. (Day9 *P=0,0201aPSMA versus aCD19, * P=0,0156 aPSMA versus UTD;
Dayl1****P < 0,0001aPSMA versusaCD19, ““P=0,0003 aPSMAversusUTD). (g)
Schematic of CART cell transfer study in CD19* Bjab tumour bearing mice. (h)
Caliper tumour volume measurements over days. Values are the mean + /- S.E.M.
forn=6 mice per group. Statistical significance was determined by Two-way
ANOVA (Day11ns=0,726 aCD19 versus aCD19 Tax-NovB2, *“P=0,0051aCD19
Tax-NovB2 versus UTD. (i) Representative images of luciferase activity of the
transferred T cells over daysupon luciferin injection inmice. (j) Bar graph
showsthe mean value of luciferase flux for all the experimental groups. Data
arerepresented as the mean +/- S.E.M. and for n= 6 mice per group. Statistical
significance was assessed using Two-Way ANOVAand Post-hoc Tukey test. (Dayll
ns=0,1589 aCD19versus aCD19 Tax-NovB2, **p = 0,0019 aCD19 Tax-NovB2 versus
UTD. (ns=non-significant, **P < 0.01and ****P < 0.0001).
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(Gene A) and anti-CD19 (Gene B) CARs under the PGK promoter alongwith
mCherryunder 6xNFAT. (b) Transduction efficiency of CD4"and CD8' primaryT
cells using lentiviral supernatant produced in absence or presence of both NovB2
and Tax. Bar graphs show the mean + /- S.E.M. of percentage of CAR" T cells. Data
shownare for T cells fromn = 3 human donors and symbols represent individual
donors. () Evaluation of mCherry expression (total red area/pum?) by activated
anti-PSMA and (d) Evaluation of mCherryexpression (total red area/pm?) by
activated anti CD19 CAR-T cells upon co-culture withPSMA + PC3-PIP tumour
cells (panel c ns=0,4921aPSMAversus aPSMA Tax-NovB2, **“*P < 0,0001aPSMA
versus UTD, P=0,0525 aPSMA Tax-NovB2 versus UTD); (panel d ns=0,9671aCD19
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NovB2 versus UTD). Values for the IncuCyte assay are the mean +S.E.M. for T cells
fromn =3 humandonors. Statistical significance wasassessed using a Two-Way
ANOVA and Post-hoc Tukeytest. (€) Schematic of antisense lentiviral vectors
encoding the anti-PSMA or anti-CD19 CARs (Gene A) and luciferase as gene

cargo (Gene B). The CARs are expressed under the PGK promoter and luciferase
under 6xNFAT. (f) Induction of luciferase in anti-CD19 CAR-T cells upon24 h
co-culture withPC3-CD19" tumour cells. Bar graph representsmean +/-S.E.M. of
luminescence (counts) measured by HIDEX. Data are for T cells fromn =3 human
donors. (ns=0,5563 aCD19 versusaCD19 Tax-NovB2). (g) Schematic of CAR-T cell
transfer study in PC3-CD19 tumour bearing mice. (h) Caliper tumour volume
measurements over days. Values are the mean + /- S.E.M. for n = 6 mice per group.
Statistical significance was determined by Two-way ANOVA (Dayl2 ns=0,46
aCD19 versus aCd19 Tax-NovB2, ***P < 0,001aCDI19 versus UTD,**P< 0,001
aCD19 Tax-NovB2 versus UTD.
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2. Evaluation of the antitumor activity of CAR/TCR T-cell expressing miRNAs for HPK1 downregulation:

2.1. Summary:

To improve T-cell fitness in the context of solid tumors, one promising approach is to engineer TCR/CAR-T-
cells to resist suppressive mechanisms. This can be achieved by downregulating master negative regulatory
genes involved in attenuating T-cell activity following chronic TCR stimulation, such as HPK1, which was
reported in several studies that is a crucial negative intracellular regulator of human and murine CD8+ T-cell
effector function (discussed in the introduction section of “Intracellular negative regulators downstream TCR
signaling pathways”).

Given the fact that targeting HPK1 holds promise for improving T-cell-mediated immune responses, we
hypothesized that HPK1 KD in human primary T-cells would significantly increase the potency of T-cells to
initiate a more robust response, better persist, and infiltrate the TME. Here, we have evaluated HPK1 KD in
the context of Pz1-CAR and HLA/A2-NY-ESO-1i57.1¢5 (referred to, here, as NYESO-1) restricted TCR-
engineered T-cells for ACT. However, we also anticipated that our gene-engineering approach would not come
without difficulties as we sought to downregulate HPK1 using a miRNA, which we considered the best fit for
our therapeutical goal (i.e., stable downregulation and clinically translated approach for gene KD) due to its
biology and cellular processing machinery that make it difficult to be delivered (please refer to the introduction
section of “Gene inhibitory strategies”). Still, these facts did not compromise our objective, and we opted to
use our optimized tools to tackle these issues.
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2.2. Material and Methods:

Cell lines and culture

The prostate carcinoma cell line PC3-PIP (PMSA+), Na8, Me275, A375, Saos-2, 293T human embryonic
kidney (HEK293T) cells, and Jurkat cells were cultured in roswell park memorial institute medium (RPMI)
complete medium, consisting of Roswell Park memorial institute medium (RPMI) 1640 Glutamax medium
(61870010, Invitrogen) supplemented with 10% heat-inactivated (HI) fetal bovine serum (FBS) (for 30 min at
56°C) (26140-079, Gibco) and 1% Penicillin/Streptomycin (P/S) (penicillin 10°000 IU ml '—streptomycin
10°000 pg ml™' (100X)) (BioConcept) at 37 °C in a 5% CO2 atmosphere. Na8, Me275, A375, Saos-2, 293T,
and Jurkat cell lines were purchased from the american type culture collection (ATCC). The PC3-PIP and PC3
cell lines were kindly provided by Dr. A. Rosato (University of Padua, Italy).

Vector construction

e In the context of Pzl-CAR: Second-generation PzI-CAR comprising the CD8a hinge, CD28
transmembrane (TM), CD28 endodomain (ED), and CD3( ED, along with the miRNA targeting HPK1
(miRNA B) and the control miRNA (miRNA CTRL) were cloned in an antisense configuration pCRRL
vector available in the lab. The anti-PSMA scFv derived from monoclonal antibody J59199 was used to
confer tumor-antigen specificity and was constitutively expressed under the phosphoglycerate kinase
(PGK) promoter. The (NFAT)6 response elements-IL-2 minimal promoter, abbreviated as 6xNFAT, was
used to promote the inducible expression of the miRNAs.

e In the context of NYESO-1 TCR: In a sense configuration pCRRL vector, the human truncated nerve
growth factor receptor (tINGFR) and HLA-A2/NY-ESO-1,57.165 restricted TCR bearing the [53F mutation
(IS3F-NYESO-TCR) were constitutively expressed by the PGK promoter. In addition, miRNAs targeting
HPK1 (miRNA A and B), and the miRNA control (miRNA CTRL) were expressed under the U6 promoter
followed by a leader sequence (LS). The HLA-A2/NY-ESO-11s7.165 restricted TCR has been previously
described”””.

Replacement of the RSV promoter with the CMV promoter in the 5’ long terminal repeat (LTR) was used to

enable soluble TNFa in the culture supernatant to favor transcription of the single-strand RNA (ssSRNA) viral

genome.

Cloning strategies

The gene strings of the transgenes were ordered from Addgene, and the cloning was done in lentiviral (pCRRL)
vectors. Vectors’ amplification was performed in Stellar competent cells (E. coli HST08, 636763, Takara). All
plasmids were purified using PureLink HiPure Plasmid Filter Maxiprep kit (Invitrogen, Life Technologies) or
Miniprep kit (Qiagen) upon confirmative sequencing (from Microsynth AG, Switzerland)

Lentivirus supernatant production

e For large-scale virus production to transduce primary human T cells: 24 h before transfection, 293T-cells
were seeded at 10 x 10° cells in 30 ml medium in a T-150 tissue culture flask. All plasmid DNA was purified
using the Endo-free Maxiprep kit (Invitrogen, Life Technologies). 293 T-cells were transfected with 7 pug
pVSVG or 7 ng pVSVG-T2A-NovB2, 18 ng of R874 (Rev and Gag/Pol expression plasmid), and 15 pg of
pCRRL transgene plasmid added to a mixture of 180ul Turbofect (Thermo Fisher) and 3 ml Optimem media
(Invitrogen, Life Technologies). The medium was further supplemented with TNFa at 10 ng ml—1 working
concentration. The viral supernatant was collected at 48 h post-transfection. Viral particles were
concentrated by ultracentrifugation for 2 h at 24,000 g and resuspended in 400ul complete RPMI-1640
media, followed by immediate snap freezing on dry ice.

o For small-scale virus production to transduce Jurkat cells: Viral supernatant was produced by seeding 293T
cells in a 12-well plate at 0.65 x 10° cells in 2 ml medium per well 5-6 h prior to transfection. 293T cells
were transfected with 2 pg total DNA mixture consisting of 1 pug pVSVG/R874 and 1 pg of pCRRL
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transgene plasmid. The DNA mixture was added to a mix of Turbofect (Thermo Fisher) and Optimem
media (Invitrogen, Life Technologies) according to the manufacturer’s instructions, then incubated for
10—20 min at room temperature (RT). After 24h, the medium was refreshed, and at 48h post-transfection,
the viral supernatant was collected and then used directly to transduce Jurkat cells.

Jurkat cell transduction for viral titration

Jurkat cells were suspended at 1 x 10° cells per ml and seeded into 24-well plates at 1 ml per well. Different
volumes of viral supernatant were used for transduction, as indicated, ranging from 300ul down to 3ul. Cell
media were refreshed after incubation for 24 h at 37 °C. Viral titers (transducing units per ml (TU ml—1) were
calculated as follows: ((total number of cells/100) x percentage of transduced cells) x dilution of the virus
supernatant).

Primary human T-cell purification, activation, transduction, and expansion

Primary human T-cells were isolated from the PBMCs of healthy donors (HDs; prepared as buffycoats)
collected with informed consent by the blood bank. Total PBMCs were obtained via Lymphoprep (Axonlab)
separation solution by a standard centrifugation protocol. CD4+ and CD8+ T-cells were isolated by negative
selection using magnetic beads following the manufacturer’s protocol (easySEP, Stem Cell Technology).
Purified CD4+ and CD8+ T-cells were cultured separately in complete RPMI-1640 and stimulated with anti-
CD3 and anti-CD28 monoclonal antibody (mAb)-coated-beads (Invitrogen, Life Technologies) at a 1:2 ratio
of T-cells to beads. T-cells were transduced with lentivirus vector particles at 18—22 h post-activation. Human
recombinant interleukin-2 (h-IL-2; Glaxo) was replenished every other day for a concentration of 50 [U ml—1
until 5 d post-stimulation (day +5). At day +5, magnetic beads were removed, and h-IL-7 and h-IL-15 (Miltenyi
Biotec) were added to the cultures at 10 ng ml—1. A cell density of 0.5-1 x 10° cells per ml was maintained for
expansion. Rested engineered T-cells were adjusted for equivalent transgene expression before all functional
assays; the more efficiently transduced samples were diluted with appropriate numbers of UTD-T-cells.

Cell staining and flow cytometric analysis

To evaluate CAR cell-surface expression, transduced cells were stained with fluorescent anti-human F(ab’)
mAb (BD Biosciences). For evaluating IS3F-NYESO-TCR cell-surface expression, transduced cells were
stained with fluorescent HLA-A2/NY-ESO-1s7.165 tetramer produced in-house. Aqua live Dye brilliant violet
(BV510) and near-infrared fluorescent reactive dye (APC Cy-7) were used to assess viability (Invitrogen, Life
Technologies). For assessing memory phenotype, cells were subjected to surface staining using CCR7 BV421
(clone G043H7, BioLegend) and CD45RA ECD (clone 2H4LDH11LDB9 (2H4), B49193, Beckman Coulter).

Proliferation assay

To assess the proliferative capacity of HLA-A2/NY-ESO-157.165 (A2/NYESO-1)-specific TCR-T-cells co-
expressing a miRNA-based shRNA, both transduced and UTD-T-cells (n=3 donors) were stained with cell
trace violet (CTV) (Invitrogen, Life Technologies) according to the manufacturer’s instructions. Cells were
then stimulated for 96 h with anti-CD3 and anti-CD28 monoclonal antibody (mAb)-coated beads CTV
(Invitrogen, Life Technologies) at a 2:1 ratio of beads: T-cells.

Immunoblotting

Cells were lysed in RIPA buffer supplemented with Halt phosphate/protease inhibitors (Thermo Fisher) and
boiled at 97 °C for 10 min with Bolt LDS sample buffer and reducing agent (Thermo Fisher). Protein samples
(10 ng) were separated by SDS-PAGE and transferred to PVDF membranes using the iBlot2 system (Thermo
Fisher). Antibody staining of the molecules of interest was carried out according to the manufacturer’s
instructions. Rabbit monoclonal antibody (EP630Y) specific to MAP4K1/HPK1 antibody (ab33910) was
purchased from Abcam, and anti-B-actin (sc-47778) from Santa Cruz. Images were acquired with a western
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blot imager (Fusion, Vilber Lourmat), and protein levels were quantified using the ImageJ software by
analyzing the pixel intensity of the bands. Total HPK1 level was calculated by dividing its signal by the [3-
actin signal.

Enzyme-Linked Immunosorbent Assay (ELISA) for IFNy detection

To assess human IFNy (hIFNy) secretion by engineered T-cells, 5x104 primary untransduced (UTD) and
transduced T-cells were cocultured with 5x104 target cells per well, at a ratio of effector: target (E:T) of 1:1,
as duplicates in 96-well round bottom plates in a final volume of 200 uL complete RPMI media. After 24-hrs,
supernatants of the coculture were harvested and tested for the presence of IFN-y using the Human IFNy
ELISA MAX Deluxe kit (Cat n°430104, BioLegend) upon appropriate dilution (1/25-100) according to the
manufacturer protocol.

Cytotoxicity with IncuCyte System

Cytotoxicity assays were performed using the IncuCyte System (Essen Bioscience). Briefly, 1.5x10*
engineered nuclei red target cells per well were seeded in flat bottom 96well plates (Costar, Vitaris) 4h before
to the coculture. Rested T-cells (80% CD8+ and 20% CD4+ T-cells) not receiving cytokines for 48h were
washed and seeded at 3x10* cells per well, at a ratio of the E:T = 0,25:1, 0,5:1, 1:1 or 2:1 in complete media
of 200pl total volume with or without the presence of inhibitory factors 2-chloroadenosine CADO (Sigma-
Aldrich), Forskolin (FSK) (Sigma-Aldrich) and PGE2 (Sigma-Aldrich) in an increasing dose manner. No
exogenous cytokine was added to the assay medium during the coculture period. Internal experimental
negative controls were included in all assays, including coculture with UTD-T-cells, tumor cells, and tumor
cells alone, to monitor tumor cell death over time. As a positive control, tumor cells alone were treated with
1% triton solution (T8787, Sigma-Aldrich) to evaluate maximal killing in the assay. The nuclei red target cells
were generated with IncuCyte NucLight Lentivirus (Essen Bioscience) for nuclear-restricted expression of
mKate2 (red fluorescent protein), according to the manufacturer’s instructions. Images of the total red area per
well were collected every 2 h of the coculture for up to three days. The total red area per well was obtained
using the analysis protocol on the software provided by Essen Bioscience manufacturer. Data were normalized
by subtracting the background fluorescence observed at time Oh (before any cell killing by Pz1-CAR- or
NYESO-1-TCR-T-cells) from all further time points. Data are expressed as mean =+ s.e.m. of different donors.

Mouse strain and in vivo experimentation

Mouse Strains and Housing

NSG (NOD scid gamma) and NSG -IL15 mice (The Jackson Laboratory) were bred and housed in a specific
and opportunistic pathogen-free animal facility (SOPF) providing a temperature-controlled environment and
a light-dark (12h/12h) cycle in the Oncology Department of the University of Lausanne (Epalinges,
Switzerland). All in vivo experiments were conducted according to the Swiss Federal Veterinary Office
guidelines and were approved by the Cantonal Veterinary Office. Experiments used mice at least six weeks
old, and all cages housed five animals in an enriched environment providing free access to food and water.
During experimentation, all animals were monitored for signs of distress at least every other day. Mice were
euthanized at the endpoint by carbon dioxide overdose.

In vivo experiments with xenogeneic tumor models

NSG-IL15 male mice aged 8—12 weeks were blindly selected, then subcutaneously (s.c.) injected in the flank
with 5x10° Me275 melanoma tumor cells in 100ul of PBS. Once tumors were palpable (day 5), the mice were
randomized and grouped for similar mean tumor volume and standard deviation (SD) prior to T-cell treatment.
The T-cell transfer was performed by intravenous (i.v.) injection of 5x10° UTD or NYESO1-T-cells in 100ul
of PBS. NYESO1-T-cells were distinguished into three groups: (1) CTRL, (2) HPK1 (A), and (3) HPK1 (B).
In each group of T-cell treatment, 80% of CD8+T-cells and 20% of CD4+T-cells were mixed. Tumor volume
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was monitored via caliper measurement every two days. It was calculated using the formula V (mm?) = 1/2
(length x width?), where length is the greatest longitudinal diameter and width is the greatest transverse
diameter.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA). For single
variable testing, one-way analysis of variance (ANOVA) followed by Tukey post-hoc correction was utilized
for multiple comparisons across column groups. In the case of two/multiple-variable analysis involving
multiple groups, a two-way repeated measure ANOVA, coupled with either a Tukey post-hoc correction or a
Sidak post-hoc analysis, was employed. Differences were considered significant when *P <0.05, very
significant when **P < 0.01, and highly significant when ***P <(.001.
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2.3. Results:

2.3.1. In the context of Pz1-CAR T-cells:

To address our study objectives, we started initially by evaluating the KD potency of three microRNAs (miRs)
- A, B, and C (from Transomic Technologies Inc.) targeting HPK1 in comparison to a control miRNA (CTRL),
that has no target in primary cells, using a commercial retroviral vector (Figure 11a).

By performing a western blot in Jurkat cells transduced with the aforementioned vector, we could demonstrate
that miRs A and C demonstrated substantial KD potency resulting in approximately 85-86% downregulation
of HPK 1. Notably, miR B achieved the highest level of KD with over 92% downregulation of HPK1 expression
compared to the miR CTRL, exhibiting its efficacy in targeting HPK1 (Figure 11b).

To take our approach a step further and investigate the HPK1 KD’s potential in primary human T-cells, we
took advantage of the novel lentiviral vector design we have developed in our lab (discussed previously in the
section “1.3 article” of the previous chapter) and cloned the miR B and miR CTRL in a pCRRL lentiviral
vector construct harboring an antisense configuration, wherein miR B was inducibly expressed under the
NFAT promoter (to induce the downregulation only when T-cell engage with tumor antigen as a way to avoid
any potential toxicities due to T-cell overactivation). In contrast, second-generation Pz1-CAR recognizing the
PSMA antigen of prostate cancer cells and comprising 28z endodomain was constitutively expressed under
the PGK promoter (Figure 11C).

Isolated human primary CD4+ and CD8+ T-cells were then transduced with lentivirus-bearing Pz-1-CAR-miR
B/miR CTRL and stained cells with anti-fab Ab recognizing the single chain fragment variable (scFv) of the
CAR to determine the TE by flow cytometry on day 7 post-transduction (Figure 1d). Data were displayed as
percentages and mean fluorescence intensity (MFI) of CAR expression. The results revealed TE rates
exceeding 90% and 60% of CD4+ cells and CD8+ T-cells, respectively, for both miR B targeting HPK1 and
CTRL miR. No statistical difference (ns) is to be reported between CD4+Ctrl and KD or CD8+Ctrl and KD.

Moreover, to determine the level of HPK1 KD, sorted Pz-1-CAR" T-cells were stimulated with either anti-fab,
anti-CD3 Ab, or anti-CD3/CD28 dynabeads for 6h, 24h, and 48h. Western blot analysis of one representative
donor indicated that miR B effectively downregulated HPK 1 expression, with over 99% KD level observed in
CD4+ and 90% efficiency in CD8+ T-cells following activation of the NFAT promoter through anti-fab
stimulation for 6 hours (Figure 11e) (Figure 7c, right of the attached published article).

Lastly, we investigated whether HPK1 KD affected the fraction of live CD4+ and CD8+ T-cells stained by
the near-infrared fluorescent reactive dye (Figure 1f) and could demonstrate that the percentage of live cells
remained unaltered upon HPK 1 downregulation compared to the CTRL condition highlighting the potential of
miR B in efficiently reducing HPK1 expression without compromising the viability of CD4+ and CD8+T-
cells. Taken together, these results emphasize the effectiveness of miR B in downregulating HPK 1 expression
in human primary Pz1-CAR T-cells and the successful cell transduction using both miR B and the CTRL miR,
resulting in a significant milestone achievement in this study.

73



a) b)

20ug 40pg
Jurkat cells .
miRNA CTRL A B C CTRL A B C
miRNA
@
LMN r— H
BRI 5'flank zam3flankzs PGK 2 Neo ZUIRESHE ZsGreen HPK1 — y—
9 B-Actin _—— e —— — — — —
Primary T cells
5 CTRL 3 If‘lt;r?a'im(g/ 0 8 92 82 0 8 92 86
nhibition (%)
EORRL I T (-
5 3
ECRRL MR HEZSHITT T —— - aus-
d) e) 6h anti-Fab stimulation
cD8* CD4* CD8* CD4*
CD4+ cD8+ CAR* CAR*  UTD UTD
CTRL HPK1 CTRL HPK1
uTD
HPK1 - —
——
CTRL
- ——
BoActin [N ———
©
é HPK1 (B)
Normalized o 9013 0 9929 0 0
scFv Pz1-CAR Inhibition (%)
1007 6x10%
3 80 . S '
T”’ ~~ 4x10%
= 1]
3 60 v ] 3
o o v v
Y =
é &2:104- =
3 20 S
0 0 T T
CD4+ cD8+ CD4+ cD8+
f)
100
__ 80
X
@ 60
3
40
2
-
20
o : -
CD4+ cD8+
Legend

‘ Consitutive Promoter (PGK) m Polyadenylation signal AU3 Truncated 3'LTR

Inducible Promoter (6xNFAT) ? miR-based shRNA DR LR Postintegration

Figure 11: Characterization of HPK1 Knockdown in transduced Jurkat cells and anti-PSMA-CAR primary CD4+ and CD8+
T-cells.

(a) Schematic of the commercial vector used for Jurkat cell transduction. (b) Western blot analysis showing HPK1 KD levels using
miR A, B, and C compared to miR CTRL together with -actin control blot for 20ug and 40pug Jurkat cell protein extract. (c) Schematic
of antisense lentiviral transfer vector encoding an anti-PSMA-CAR under PGK and miRNA either targeting HPK1 (HPK1 (B)) or miR
CTRL (CTRL) under 6xNFAT. (d) Evaluation of transduction efficiency 7 days post-transduction; top: representative flow cytometry
histogram of Pz-1-CAR CD4+ and CD8+ T-cells downregulating HPK1 (HPK1 (B)), CTRL T-cell, and UTD T-cells used as a baseline
for the gating strategy to exclude the fluorescence background; bottom: bar graphs presenting the mean + s.e.m of the percentage (%)
(bottom left) and as MFI (Bottom right) of the Pzl derived CAR expression in primary CD4+ and CD8+ T-cells (n=4 donors)
determined by flow cytometric analysis using anti-fab targeting Pz-1-CAR scFv. (e). Western blot analysis showing specific
downregulation of HPK1 using miR B compared to miR CTRL together with B-actin control blot of a representative human T-cell
donor (out of n=2 donors) upon 6h stimulation with plate-coated anti-F(ab)?. (f) Bar graph depicting the mean =+ s.e.m of the percentage
of cell viability of transduced CD4+ and CD8+ T-cells stained with near-infrared fluorescent reactive dye (n=4 donors) 7 days post-
transduction.
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Next, we wanted to investigate the impact of HPK1 downregulation on various aspects of Pz1-CAR T-cell
functionality when stimulated and even challenged in immunosuppressive conditions. We designed
experimental settings to provide insights into the impact of HPK1 downregulation without or with
immunosuppressive inhibitors, mimicking the immunosuppressive conditions in the TME using PGE2, CADO
(stable adenosine analog), and Fsk (specific activator of adenylate cyclase), on T-cell proliferation, cytokine
secretion, and tumor-killing potential. To examine the proliferation capacity of HPK1 KD T-cells, we
performed a CTV-based proliferation assay where CD4+ and CD8+ Pz-1-CAR T-cells downregulating or not
HPK1 were stimulated in technical duplicates with aCD3/aCD28 dynabeads at a ratio of E:T=2:1. The results
highlighted the positive impact of miR B-mediated HPK1 downregulation on CD8+ T-cell proliferation, as a
significant difference was found between HPK1 KD and CTRL T-cells, whereas no difference was observed
in CD4+ T-cells (Figure 12a).

Next, we exposed HPK1 KD and CTRL CD4+T-cells to CADO and PGE2 in cell culture at increasing
concentrations. We stained them intracellularly for flow cytometric analysis to measure IL2, IFNy, and TNFa
expression by the T-cells. Notably, significantly higher IFNy secretion was observed in HPK1 KD CD4+ T-
cells compared to the CTRL for intermediate to high concentrations of CADO and PGE2 (Figure 12b).
However, in vitro cytotoxicity analysis using the IncuCyte system did not reveal a significant difference in
tumor killing when coculturing HPK1 KD and CTRL T-cells (80% CD8+ and 20% CD4+ T-cells) with PC3
PIP cells at E:T ratios of 2:1 and 1:1 over a 48 hour period, as shown by the line graphs depicting the percentage
of tumor survival, suggesting comparable efficacy in tumor cell elimination (Figure 12¢). Similarly, no
discernible difference was observed in tumor killing between T-cells bearing or not HPK1 downregulation
when cocultured at an E:T ratio of 2:1 with PC3 PIP cells under different conditions, including the
immunosuppressive inhibitors CADO, PGE2, and FSK at increasing concentrations (Figure 12d).

These findings offer valuable perspectives into the role of HPK1 in modulating T-cell responses and tumor
immunity of both CD4+ and CD8+ T-cells.

75



CD4+ CD8+

a) ~
100 v CTRL 52 J\ _A
— HPK1 (B) EG A UTD CTRL
S 2 /\
3
80 g omooss VN L S\ UTD HPK1 (B)
2 — ° A
8 6o v 5 you CTRL
o
£ E i - N
B 400 v 2 | 4
< E | CTRL
2 2 ﬁ ) — o
a v ) A\
i v . I oN HPK1 (B)
cD4 cD8 T "
o |D3 IO‘ H)5 [\ |03 |0‘ IO5
b) cv ctv
v CTRL 4
HPK1 (B) §
15 S 15
< 2
§ 3 s rom o ks peoos 8
2 =
5 - ™ - ™ ™ g £s - - - - - -
35 10{*= I S8 E T =S 10{#
2< hd 4 S5 2 " P
gs * P + e
g K ¥ * g £ L * 3 3%
2 05 T 3 o ry 05
=2 * ¥ Q 14 = had w - T
e & ¥
e ¥ e 2 %
0. 0.0 *
0 10 50 100 250 500 0 10 50 100 250 500 0 10 50 100 250 500
CADO (nM) CADO (nM) CADO (nM)
v CTRL .
HPK1 (8) <
15 5 m o biomm  m promm peowy peowm prawm 9 15
2 8
s e m m m m m w g ® 1 & v w m w w eeose w
%o 10{%E g8 ) = |z $5 royFR
as f © - T ZzZ®
3% frag3 I = ¥ ;ES
g 05 - Q 1 - 3 had £ 05 1
e Lo Ll ks e e e Ll el Ve i
0.0 00
0 50 250 1000 2500 5000 10000 0 50 250 1000 2500 5000 10000 0 50 250 1000 2500 5000 10000
Q) PGE2 (nM) PGE2 (nM) PGE2 ("M)
001, e Ratio 2:1 100 Ratio 1:1
R . ) “'/‘
2 ®] ~CWRL € o ~CTRL | X
g HPK1 (B) s HPK1 (B)
1 g o
H \ H
- - N
3 w0 N, 8 w g
§ A § Sy
5= g, 5= 43
T 2 4 G 5 1012 14 16 16 20 22 24 20 28 30 32 34 30 33 40 42 44 40 48 T 2 4 6 6 1012 14 16 18 20 22 24 20 28 30 32 34 9 38 40 42 44 40 4B
Time (h) Time (h)
oy Media = CTRL ] 4 PGE20,5:M 100 A PGE225:M ] poq  POE25M iy POE2TOM
0. N HPK1 KD \ \ w e
\ \1 o . . )
o W\ o o N AN o4 N
\ \ \
w . . “w w \
» \ » \\« » N\ » \ » M
o R \ e
T 1 » % 4 % o 1 2 % 4 % w » % 4 @ w2 % 4« % 0 1 2 2 4 @
42 Moda + DMSO oojas, CADO 5uM 0 ,;\ CADO 10uM 0g CADO 25uM o CADO 50uM
\ N ' M
o \ . \ . \ . o
- \ w \ o0 ‘\\ 60- 0.
\ \ \
o . o o \‘ o \ o
» \\‘ » N » - = \-\“’ » hN S
I iies - T ety Fhesy
R
o 2 % 4 % o ™ % o« % o 2o % % % o 2 % % % ]
100- /\ FSK 10uM 100- /\ FSK 50uM 100- \ FSK 100uM 100- \‘\ FSK 250uM
_ . m \ wf O\ .
§ \\ \ \v \
3 w \ o - w \ @
: \ \ \\
H “w \ . w \ w \
3 » » \. » o » Y
4 S .
g — Staaes L S, = -
2 W % % 4 % 0 1 2 % 4 % 0 10 2 0 4 % o 0 2 % 40 0

Time (h)

Figure 12: Functional effect of HPK1 downregulation on human primary Pz1-CAR T-cells.

(a) CTV-based proliferation assay; left: Bar graph presenting the mean =+ s.e.m of the percentage of proliferating HPK1 KD (HPK1 B)
and CTRL CD4+ and CD8+ T-cells (n=3 donors). Statistical significance determined using Two-Way ANOVA and post-hoc Sidak
analysis; right: Flow cytometry histograms displaying non-stimulated CTV-unstained cells and stimulated CTV-stained cells as the
baseline for analysis in addition to miR B targeting HPK1 (HPK1 B) and CTRL T-cells. (b) Bar graphs showing the mean +s.e.m. of
the fold change (FC) of cytokine expression in the presence of inhibitor reagents CADO and PGE2 at increasing concentrations
normalized to the percentage of expression upon cell culture at OnM of inhibitors, Two-Way ANOVA and post-hoc Sidék analysis
were performed of n=2. (c) Line graph representing the mean + s.e.m. of tumor survival upon HPK1 (B) and CTRL T-cell (n=3 donors)
coculture with PC3 PIP Nucred cells at a ratio of E:T of 2:1 and 1:1 over 48h. Statistical analysis was done using mixed-effect analysis
over time and post-hoc Tukey’s multiple comparisons analysis test. (d) Line graph representing the mean of technical duplicates of
tumor survival upon HPK1 (B) and CTRL T-cell coculture with PC3 PIP Nucred cells at a ratio of E:T of 2:1 and 1:1 over 48h (n=1
donors) in the presence of PGE2, FSK, and CADO at increasing concentrations and in media alone and media with DMSO as control,
t test analysis was used to compare the mean of n=2 between CTRL and HPK1 KD.
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2.3.2. In the context of NYESO-1 TCR T-cells:

Encouraged by the foreseen potential of HPK1 KD to enhance CD8+Pz-1-CAR T-cell proliferation and
CD4+Pz-1-CAR T-cell cytokine expression in the presence of immunosuppressive inhibitors, we sought to
evaluate the effect of HPK1 KD in the context of HLA/A2-NY-ESO-1157.16s (NYESO-1) restricted TCR
bearing the I5S3F mutation (I53F-NYESO-TCR). For this, we used a pCRRL lentiviral vector which included
a constitutively expressed NYESO-1 TCR under the PGK promoter, U6 promoter-based constitutive
expression of miRs (A and B) targeting HPK1 or a miR CTRL (targeting no molecule), the NGFR reporter
gene, and the NYESO-1 TCR, all arranged in the sense configuration vector. A leader sequence was inserted
after the U6 promoter to facilitate miR processing, as it was reported (also tested in our lab; data not shown)
that it was necessary for an effective gene downregulation (Figure 13a).

A proportional increase in TE of Jurkat cells was observed for HPK1 KD (using miR A and B) as well as
CTRL-T-cells upon infecting with different volumes (3, 10, 30, 100, and 300ul) of viral supernatants, as
indicated by the percentage of double positive (DP) cells for the NGFR and the tetramer, which specifically
recognizing for NYESO-1 TCR. TE ranged from less than 5% for the lowest volume (3pl) to over 70-80% for
the highest volume (300ul) (Figure 13b) (Figure 6f of the attached published article).

Moreover, Western blot analysis of extracted proteins from transduced Jurkat cells demonstrated a KD level
of over 93% with miR A and an average of 60% with miR B compared to the CTRL (Figure 13¢). In primary
human T-cells, and by using these lentiviral vectors, we could induce high levels of TE that exceeded 80% in
CD4+ T-cells and over 60% in CD8+T-cells for all miRs (Figure 13d). Furthermore, through western blot
data analysis, we determined the efficiency of HPK1 KD using miR A and miR B compared to miR CTRL
and UTD cells in CD4+ and CD8+T-cells. The results indicated an HPK1 KD level exceeding 95% in CD4+T-
cells and between 70% to 97% in CD8+T-cells with miR A, as compared to the CTRL miR (Figure 13e)
(Figure 6h of the attached published article).

These results provide valuable insights into the KD efficiency of HPK1 using specific miRNAs in primary
human T-cells and the impact of TE on transduced Jurkat cells, CD4+ T-cells, and CD8+ T-cells.

71



a) b)

Primary T cells Jurkat cells UTD miR-based miR-based miR-based
shRNAA shRNAB  shRNA
* miRNA CTRL
~HPK1 (3) HPK1 HPK1 CTRL

I
3|
|

5 O
’ HPK1 —_ S —

PCRRLR P2 au3
A s e ——

— C— S S—

B-Actin
Q) Normalized 0 93.62 9325 66.87 5793 0 0
Inhibition (%)
1004
o 3pl —
Q\i o 10l
£ 801 30 )
8 100p! ol A uTD
‘+T 604 * 300ul - 9
o) 100yl R
&8 L ™ [ [ oA\ 3004
> 40 - ©
Zz é o A 100! »i
x 20 | . | | oA [300m =
(0]
Z -
CTRL miRA miR B w0 0 10° ' 10 0% 0 10 w0' 10
d) NGFR Tetramer
CTRL LA JA utD
1100— = HPK1 (A) g CTRL
I HPK1 (B) S N M
o 80 [ ] 1_1:_ LN | \ HPK1 (A)
8 -
T 60
o . 030 100 10t w0 o w0t 10
%]
uw
> 404
< _A— L uTD
+
% 20- N J/\7 7/\\/\7 —
o
z i i o A JV\”,,\— HPK1 (A)
CD4+ CD8+
w3 o 100 w0t w0 o w0t 0
e) NGFR Tetramer
HD-1 HD-2 HD-3
CD4* cDs* cD4* cos* CcD4* cD8*
Q@ L Q L Q@ Qe L@ < Q
o ¥ ¥ & Q ¥ & & o ¥ ¥ & Q ¥ ¥ & Q X ¥ & Q X x &
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~
52286 52286 52286 52£6 5%£%6 5226
- - —
HPK1 - - e G
[ —— ——
B-Actin B — — — ——— — p—y—T —— o —
—
Normalized
nhibition %) 7 956626 0 0 776 0 0 0 95 453 0 0875406 0 135 97 60 O 0 965477 0
Tlegend T T

q Consitutive Promoter (PGK) [N[e]S:8 Truncated Neuronal growth factor receptor

‘ U6 Promoter ? miR-based ShRNA ] Leader Sequence

CMV  CMV promoter AU3 Truncated 3' LTR

Figure 13: Evaluation of knockdown levels using miRs targeting HPK1 in transduced NYESO-1-TCR CD4+ and CD8+ T-cells.
(a) Schematic of sense lentiviral transfer vector encoding miRNAs targeting HPK1 (A and B) or scramble control (miRNA CTRL)
under the U6 promoter, as well as tNGFR and the IS3F-NYESO-TCR, both under the PGK promoter and separated by P2A sequence.
(b) Evaluating the TE in Jurkat cells; left: Bar graph as mean =+ s.e.m of the percentage of Jurkat cell DP for NGFR and NYESO-1
TCR in technical duplicates; right: Representative flow cytometry histograms showing Jurkat cells' TE with miR CTRL, miR A, and
miR B for HPK1 KD as UTD as a baseline for gating. (c) Western blot analysis of HPK1 KD levels in Jurkat cells using miR A, miR
B, and miR CTRL together with -actin control blot of technical duplicates for each condition in addition to UTD cells. (d) Evaluating
the TE in primary T-cells; left: Bar graph as mean +s.e.m of primary human CD4+ and CD8+ T-cell percentage DP for NGFR and
tetramer (n=3 donors); right: representative flow cytometry histograms showing CD4+ and CD8+ T-cell TE with miR A, and miR B
targeting HPK 1, miR CTRL and with UTD being a baseline for gating. (¢) Western blot data comparing HPK1 KD efficiency of miR
A and miR B with miR CTRL in CD4+ and CD8+ T-cells together with B-actin control blot (n=3 donors).
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After successfully transducing primary human T-cells with NYESO-1 HPK1 KD, we sought to assess their
functionality in vitro. However, we wanted first to investigate whether downregulation of HPK1 can
compromise their ability to expand in moderate-to-long in vitro cell expansion or perhaps modulate their
phenotype, based on the hypothesis that HPK1 could push more toward an effector state rather than memory
phenotype before performing an ACT. This could substantially lead to the generation of terminally
differentiated effector cells after a long-term in vitro cell culture prior to in vivo injection.

Interestingly, when examining the rate of expanding UTD and engineered T-cells CD4+ and CD8+ T-cells, no
significant difference was observed between T-cells with or without HPK1 downregulation, indicating that
HPK1 KD did not alter the in vitro expansion capacity of the T-cells (Figure 14a). Similarly, no significant
difference was to be reported in the phenotype of HPK1 KD T-cells compared to the control (CTRL) T-cells
as measured by the ratio of memory cells over effector cells (Figure 14b), suggesting that HPKI1
downregulation does not affect the cell phenotype of the engineered T-cells in vitro.

Next, to elucidate the proliferation capacity of HPK1 KD T-cells upon TCR stimulation with anti-CD3/CD28
dynabeads (E:T=2:1), a CTV-based proliferation assay was performed on CD4+ and CD8+ T-cells and results
demonstrated a significant increase in the proliferation capacity of CD8+ T-cells with HPK1 KD using miR A
compared to the control (CTRL) T-cells. A representative histogram of CD8+ T-cells clearly shows the
enhanced proliferation of HPK1 KD T-cells. However, no significant difference was observed in the
proliferation of CD4+ T-cells. These findings indicate that HPK1 downregulation using miR A specifically
enhances the proliferative response of CD8+ T-cells in vitro (Figure 14c¢) (Figure 6k of the attached
published article).

We further evaluated the secretion of [FNy by HPK1 KD and CTRL T-cells measured by ELISA upon
coculture with HLA2+/NYESO-1" (A2+/NY+) tumor cells (Me275, A375, and Saos2) in addition to coculture
with the (A2-/NY-) cells Na8 for 24h at a ratio of E:T=1:1. While no significant differences were detected
among the different conditions, the data suggested that HPK1 KD T-cells using miR A tended to secrete more
IFNy than the CTRL T-cells when cocultured with Me275 melanoma cells (Figure 14d) (Figure 6j of the
attached published article). Although not statistically significant, this finding suggests a potential role for
HPK1 in regulating IFNy secretion, particularly in the context of Me275 melanoma cells.

These findings suggest that HPK1 KD may not significantly impact T-cell expansion or phenotype in vitro.
However, it may play a role in regulating the proliferative response of CD8+ T-cells and potentially IFNy
secretion in specific tumor cell contexts.
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Figure 14: In vitro characterization of NYESO-1* T-cells downregulating HPK1 using miR A and B compared to CTRL
NYESO-1+ T-cells.

(a) Cell expansion rate of UTD and NYESO-1+T-cells with miR A and B for HPK1 KD and miR CTRL over time of CD4+ and
CD8+T-cell in vitro cell culture measured by dividing the total number of cells in each condition by the number of cells at the
corresponding condition at the beginning of the in vitro cell culture day 0, data presented as mean=+s.e.m (n=3 donors), statistical
significance was assessed using Two-way ANOVA and post-hoc Tukey analysis. (b) The ratio of memory over effector cells in
engineered T-cells (HPK1 KD vs. CTRL), and the phenotypic state of T-cells was determined by flow cytometric analysis of CCR7-
and CD45RO-stained T-cells, data presented as mean +s.e.m (n=4 donors) and Two-way ANOVA and post-hoc Tukey’s multiple
comparison was used for statistical analysis. (¢) CTV-based proliferation assay; left: bar graph presenting the mean +s.e.m of the
percentage of proliferating HPK1 KD (HPK1 B) and CTRL CD4+ and CD8+ T-cells (n=3 donors), statistical significance was
determined by Two-way ANOVA and post-hoc Tukey analysis; right: flow cytometry histograms displaying non-stimulated CTV-
unstained cells and stimulated CTV-stained cells as the baseline for analysis in addition to UTD, HPK1 (A), HPK1 (B) and CTRL T-
cells. (d) IFNy secretion measured by ELISA upon overnight coculture of HPK1 KD and CTRL T-cells with A2+/NY+ and A2-/NY-
tumor cells at ratio E:T of 1:1, data are shown as mean + s.e.m (n=3 donors) and analyzed for statistical significance using Two-Way
ANOVA and post-hoc Tukey’s multiple comparisons where ****P<0,0001.
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When investigating the antitumor activity in vivo of NYESO-1+-T-cells downregulating HPK1, NSG-IL15
mice (n= 5 mice/ group) were subcutaneously injected with 5SM Me275 melanoma cancer cells. When tumors
became palpable 10 days after inoculation, an ACT was conducted using 10x10° UTD and engineered T-cells.
We then monitored tumor growth over time and evaluated survival. (Figure 15a). The engineered T-cells were
downregulating HPK1 using miR A and B, and their performance was compared to control (CTRL) T-cells,
UTD T-cells, and tumors alone (saline). T-cells exhibiting the highest KD level of HPK1 through the use of
miR A (HPK1 (A)) demonstrated significantly improved tumor control compared to the CTRL T-cells
(p=0,0002 comparing CTRL and HPK1 (A) transduced T-cells using student ¢ test) (Figure 15b, left), as also
indicated by the lowest tumor volume at day 24 (Figure 15b, right). Furthermore, HPK1 KD using miR A
significantly enhanced mice’s probability of survival compared to CTRL T-cells (P=0,01 using Kaplan Meier
analysis) (Figure 15c¢).

Here, we provide evidence that downregulating HPK 1, particularly through miR A with the highest KD level,
can significantly enhance tumor control and improve survival in vivo.
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Figure 15: In vivo evaluation of HPK1 KD impact on NYESO-1* T-cells’ antitumor activity.

(a) In vivo experimental design for ACT of engineered T-cells targeting HPK1 in NSG-IL15 mice using the Me275 melanoma cancer
tumor model. (b) Tumor volume in mm? measured by caliper over time; top: individual tumor growth curves of different groups;
bottom left: Tumor growth curves of different groups over time presented as mean + s.e.m. for n =4 (saline) to 5 mice/group. Statistical
significance was determined by student ¢ test between CTRL vs. HPK1 (A) or vs. HPK1 (B) T-cells, ***P =0,0002 and ns= 0,163;
bottom right: bar graph representing total tumor volumes at day 24 of CTRL, HPK1 (A) and HPK1 (B) as mean +s.e.m. for n=4
(saline) to 5 mice/group until the endpoint. Statistical significance was determined using One-Way ANOVA and post-hoc Tukey’s
analysis. (c) Probability of survival of different conditions presented using Kaplan Meier analysis of mice’s survival up to the endpoint
after tumor injection of n=5 mice /group.
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We subsequently evaluated the in vitro cytotoxicity of the NYESO-1 T-cells with or without HPK1 KD against
A2+/NY+ target cell lines Me275, A375, and Saos2, as well as the A2-/NY- cell line Na8 as a negative control.
Tumor killing capacity was quantified over 44h using the IncuCyte system, where UTD and +/- HPK1 KD T-
cells were cocultured at different E:T ratios of 2:1, 1:1, and 0.5:1 with target cells engineered to express the
nucred dye. Thus, the number of dead tumor cells is proportional to the loss of NucRed signal by tumors
quantified in each well. Although no significant difference in vitro cytotoxicity was observed overall between
T-cells with or without HPK 1 KD compared to the control (CTRL) at different E:T ratios tested using different
target cells, the most striking results emerged from the coculture with Me275 tumors at an E:T ratio of 2:1,
where HPK1 loss using miR B significantly enhanced T-cell killing capacity in vitro compared to CTRL T-
cells (P= 0,012 using two-way ANOVA analysis and post-hoc Tukey test for multiple comparisons at last time
point of n=3 donors in technical duplicates) (Figure 16a).

To elucidate the underlying mechanisms of these findings, we analyzed by flow cytometry the expression of
surface inhibitory markers on HPK1 (A), HPK1 (B), and CTRL T-cells at the end of the IncuCyte assay from
each coculture condition tested. The cells were then stained with Ab against CTLA4, PD-1, TIGIT, and TIM-
3. Data shown in Figure 16b revealed that T-cells downregulating HPK1 and specifically using miR A
exhibited significantly higher levels of TIGIT, TIM-3, and CTLA4 expression in all tested A2+/NY+ tumor
models. Additionally, HPK1 (A) T-cells displayed a greater upregulation of PD-1 when cocultured with Me275
cells at an E:T ratio of 0.5:1. These results suggest HPK 1 KD in T-cells may contribute to an enhanced immune
checkpoint inhibitor profile in vitro and could also explain why we couldn’t replicate the same findings as in
vivo.

However, this could highlight a potential for enhanced immunoregulatory functions and open a path for
exploring the benefit of a combinatorial approach involving HPK1 KD with ICB to boost HPK1 KD NYESO-
1 T-cell cytotoxicity.
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Figure 16: Assessment of cytotoxicity and inhibitory checkpoints expression upon HPK1 knockdown in NYESO-1 T-cells.

(a) NYESO-1 +/- killing assay by +/- HPK1 KD-NYESO-1+T-cells measured by IncuCyte system as total red area per pm? overtime
at 3 different E:T ratios using A2+/NY+ Me275, A375, and Saos2 target cells along with A2-/NY- Na§ target cells as a negative
control. Data presented as mean+s.e.m. (n=3 donors in technical duplicates). Statistical significance was assessed using Two-way
ANOVA and post-hoc Tukey test, where indicated, **P=0,0046 and *P= 0,012. (b) Fold change expression of surface checkpoint
inhibitors of CTRL, HPK1 (A), and HPK1 (B) NYESO-1+ T-cells measured by flow cytometric analysis at the end of IncuCyte assay
at 3 ratios E:T and using A2+/NY+ Me275, A375 and Saos?2 target cells along with A2-/NY- Na8 target cells. Data are shown as
mean + s.e.m. (n =3 donors in technical duplicates). Statistical significance was assessed using Two-way ANOVA and post-hoc Tukey
test.
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3. A combinatorial gene-engineering approach targeting multiple TCR intracellular negative regulators
for enhanced T-cell persistence and functionality.

3.1. Summary

Given the wide range of suppressive barriers in the TME, chronic antigen exposure and inflammatory signals
can render T-cells exhausted. To counteract this effect, we further proposed to evaluate HPK1 KD in
combination with additional downregulation of other suppressor molecules downstream of TCR. One possible
combinatorial approach to improve T-cell function is to downregulate the inhibitory lipid kinases, such as
DGKs, responsible for “switching off”’ the MAPK pathway in T-cells * or kinases belonging to the E3 ligases
family responsible for attenuating TCR signaling through the ubiquitylation machinery. These E3 ligases
include Cbl-b, Itch, GRAIL, and NEDD4-1 linked anergy and exhaustion. *">**. Indeed, several studies have
shown that many intracellular suppressor regulators can dampen TCR signaling and attenuate T-cell response
and their killing capacity in the context of tumors; thus, downregulating each of these target genes could
significantly enhance T-cell function. Overall, our strategy aims to engineer CAR/TCR T-cells with two
combined KDs to strengthen the TCR signaling and protect it from degradation and suppression. We believe
combinatorial gene KD T-cell therapy will be a potent approach against solid tumors.

Furthermore, to determine the optimal combinatorial gene KD strategy to complement HPK1 KD in our
investigation, we transitioned from employing a Xenograft model to using a syngeneic mouse model. This
transition allowed for a comprehensive examination of the TME. It facilitated a thorough assessment of the
impact of potential combinatorial downregulation of suppressor genes on overcoming immunosuppressive
barriers within tumors. Additionally, we selected the B16 OVA tumor model, known for its characteristics as
a cold solid tumor with limited T-cell infiltration, attributed to its low immunogenicity.
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3.2. Material and Methods:

Molecular Biology:

Vector construction and insert cloning:

DNA fragment inserts were designed using SnapGene software version 5.2 (San Diego, USA), purchased from
Microsynth (Microsynth AG, Switzerland) or from Transomic for shRNA-based miRNAs, then cloned in
frame in retroviral (pMSGV) or in pSUPER (kindly provided by Ping-Chi-Ho lab) vectors available in the lab.
The vectors amplification was performed in Stellar competent cells (E. coli HSTO08, 636763, Takara) and
purified with PureLink HiPure plasmid Filter mini/maxi-prep kit (K210016, ThermoFisher Scientific) upon
confirmative sequencing (Microsynth AG, Switzerland).

mRNA extraction and quantitative PCR

The mRNA was extracted using the Rneasy Mini extraction kit (74104, Qiagen) following the manufacturer’s
instructions. Post purification, less than 1 pg of RNA was reversely transcribed to cDNA with the PrimeScript
1** strand ¢cDNA Synthesis Kit (Takara 6110). The quantitative polymerase chain reaction (QPCR) primers
HPK1 (MAP4K1, MmO01152700 ml, Tagman), Cbl-b (Mm01343092 ml, Taqman), NEDD4
(Mm00456829 ml, Tagman), IFNy (mM-01168134 ml, Tagman), TNFoa (Mm00443258 ml, Tagman),
GzmB (MmO00442837 ml, Tagman), PD-1 (MmO01285676 ml, Taqman), CD69 (MmO01183378 ml,
Taqman), GAPDH (Mm99999915 g1, Tagman) were used to perform quantitative PCR (qPCR) with TagMan
Fast Universal PCR Master Mix kit (4352042, Lifetechnologies) using manufacturer’s suggested plates
(4346906, Lifetechnologies) with appropriate optical cover plates (4360954, Lifetechnologies). The qPCR
using housekeeping gene GAPDH was performed as a control to allow the normalization of samples. Each
sample was run in duplicate or triplicate, and each experiment included two non-template control wells. The
relative mRNA levels (fold change) of each transgene among the different samples were quantified using the
comparative 2 **“ method.

Retroviral supernatant production

Phoenix-Eco cells (ATCC CRL-3214) were seeded at 2,5x10° per T-150 tissue culture (Corning, 430825) in
35ml RPMI complete medium 3 days before transfection. On the day of transfection, the medium was then
removed from each T-150 flask bearing Phoenix Eco cells of 80—90% confluency and was reconstituted with
a transfection mixture that comprised plasmid DNA mix added to 180ul of Turbofect (ThermoFisher
Scientific) or Polyethyleneimine (PEI) (Chemie Brunschwig) and 3ml of Optimem (Invitrogen, Life
Technologies) added on top of the cells then incubated for 30 min at RT followed by the addition of 30 ml
fresh medium. Plasmid DNA mix included 14,4pg pCLEco retrovirus packaging vector and 21,4 pg transfer
plasmid using Turbofect. The viral supernatant was harvested at 48 h and 72h post-transfection. Viral particles
per each T-150 flask were concentrated by ultracentrifugation at 24,000 g for 2h at 4°C in 38,5 ml tubes
(244058, Beckman Coulter) with a Beckman JS-24 rotor (Beckman Coulter) and resuspended in 400ul of T-
cell medium consisting of complete RPMI medium further supplemented with 1% sodium pyruvate
(11360070, ThermoFisher Scientific), 1% nonessential amino acids (MEM nonessential amino acids solution
100X) (11140035, ThermoFisher Scientific) and 0.1% 2-mercaptoethanol (31350010, ThermoFisher
Scientific). The retrovirus was used immediately or aliquoted for snap-freeze and storage at —80°C until the
day of cell transduction.

Cell line Culture:

The B16 cell line was purchased from ATCC (ATCC CRL-6475) and genetically manipulated to express the
OVA peptide presented on major histocompatibility complex (MHC) class I molecules. Wild type (WT) B16,
B16-OVA, C1498, and Phoenix-Eco (ATCC CRL-3214) cell lines were kept in complete RPMI medium at
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37°C in a 5% CO? atmosphere. Cell media was refreshed three times per week to maintain the cells in culture
at a maximum of 80% confluency.

Primary murine T-cells isolation, stimulation, transduction, and culture

OTI/OT3.CD45.1" or OT1/0T3 CD45.1" Cas9 GFP murine T-cells were isolated from single-cell suspensions
of dissociated spleens from CD45.1/2+ congenic C57BL/6 or C57BL/6 whole body cas9 mice bred in-house
at the animal facility of the University of Lausanne (UNIL; Epalinges, Switzerland) using the EasySep Mouse
T-cell Isolation Kit (StemCell Technologies). Briefly, upon mice euthanasia with high doses of CO?
atmosphere, the spleen was harvested, smashed on a 40 um size strainer (352340, Corning) using a 2 ml syringe
plunger (01227, Becton Dickinson) and RPMI-1640 Glutamax medium. Collected splenocytes were lysed
using red blood lysis buffer (420301, BioLegend), then T-cells were negatively selected using antibody
complexes and magnetic beads of the EasySep Mouse T-cells Isolation Kit (Stem Cell) according to the
manufacturer’s protocol (19851, Stem Cell Technology). Purified murine T-cells were resuspended in mouse
T-cells complete medium, activated on the same day using aCD3/aCD28 monoclonal antibody (mAb)
magnetic beads (Gibco, Thermo Fisher Scientific) at a bead-to-cell ratio of 2:1, in addition to 50 IU/ml of hIL-
2 (Glaxo) then seeded at 1 x 10° cells per ml in a cell culture treated 48-well plate in a total volume of 1 ml per
well of T-cell media (CLS3548, Corning). Non-treated 48 or 24-well plate cell culture plates (Corning) were
precoated with 0,25 ml or 0,5 ml, respectively, of Human recombinant RetroNectin (T100A, Takara Bio) at a
final concentration of 20 pg/ml, overnight (O/N) at 4°C prior murine T-cell transduction. 24h post-T-cell
activation, the RetroNectin-precoated plates were washed twice with PBS and then blocked with T-cell media
for 30 min at RT. Subsequently, a volume of T-cell media equal to virus volume to be used is removed and
replaced by the retrovirus for a final volume of 500ul per well and with a multiplicity of infection (MOI) of
2,5 or 5. In some experiments, the transduction procedure was performed at 48h or both at 24h and 48h after
activation. Later, the plates were spun at 2’000 g for 2h at 32°C. Finally, the supernatants were aspirated, and
the 24h-activated cells were transferred to each coated well for a final volume of 500ul. The plates were
centrifuged at 300g for 10 min before incubation at 37 °C in a 5% CO? atmosphere. Starting from the third day
of culture, the cells were maintained at a cell density of 0.5x10°%ml and replenished with fresh T-cell medium
supplemented with human IL2 at 20UI/ml, IL15 at 25ng/ml (130-093-955, Miltenyi Biotech) and human IL7
at 2,5ng/ml (130-093-937, Miltenyi Biotech) every other day. To maintain the cell density at 0.5x10%ml, cells
were manually counted over time with a Neubauer chamber (140527, Milian) with trypan blue (15250061,
Invitrogen) dilution to distinguish live and dead cells. Alternatively, cells were counted with
NucleoCounter®200 (Chemometec) counting machine to automatically assess cell number, viability, and size
(in uM). At day 6 post-activation, magnetic beads were removed, and T-cells were stained for flow cytometric
analysis before performing an in vivo ACT or in vitro assays.

In vitro assays with primary murine T-cells

T-cells stimulation

OTI and OT3 cells were stimulated in duplicate or triplicate by coculturing 0,5x10° primary murine T-cells
with WT B16 or B16 OVA target cell lines at aratio of E:T =2:1 or 1:1 in 200l T-cell media. Where indicated,
we stimulated OTI or OT3 cells with the daily addition of OVA SIINFEKL peptide (EMC microcollections
GmbH) in the culture at 0,01 pg/ml. 24h, 48h, 72h, and 96h post-coculture or peptide stimulation, 100ul of cell
culture supernatant were collected and frozen at -80°C for reverse transcription qPCR (RT-qPCR) analysis or
cytokines release analysis.

Proliferation assessment with CSFE trace assay
For evaluating the proliferative capacity of murine primary T-cells, OTI or OT3 cells were stained with
Carboxyfluorescein succinimidyl ester (CFSE) (C34554, Invitrogen) according to the manufacturer’s
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instructions and seeded at a cell density of 10* in 200 pl of T-cell medium per well in duplicate or triplicate
prior coculture with WT B16 or B16-OV Acells at a ratio of E:T = 1:1. Upon 72h of coculture, cell division
was evaluated by dilution of the CFSE dye in live CD8+ T-cells by flow cytometric analysis.

Intracellular and extracellular staining for Flow Cytometry
For analyzing molecular-cell surface expression, cells were collected in a 96-well round or V-shaped bottom
plate (Corning), washed with FACS buffer containing PBS (CHUV) with 1% bovine serum albumin (BSA)
(268131000, Chemie Brunschwig) and 0,1% NAN3 sodium azide (S2002-100G, Sigma-Aldrich) then
incubated with the antibody mixture on ice for 30min at 4°C.

For cell surface staining, the following anti-murine antibodies were used: aCD8+ BV510 (clone 145-2C111)
or BV711 (clone 53-6.7), aCD90.1 (Thyl.1) BV650 (clone OX-7) or BV605 (clone OX-7), aCD45 PE Cy5.5
(clone 104), aPD-1 APC Cy7 (clone 29F.1A12), aCD69 BV605 (clone H1.2F3) and aCD25 BV605 (clone
PC61). Abs were purchased from eBioscience or BioLegend. For distinguishing the live versus dead cells, the
Live/dead Fixable Aqua dead (BV510) staining kit was used (L34957, ThermoFisher Scientific).

For intracellular staining, the cells were collected in a 96-well round or V-shaped bottom plate (Corning) and
washed with FACS buffer before adding Fc Block (BD Biosciences-clone 2.4G2). After washing, cells were
cell surface stained, fixed, and permeabilized for 30 min at RT with the Fix/Perm buffer set kit according to
the manufacturer’s instructions (88-8824-00, eBioscience) before adding the intracellular antibodies mixture
resuspended in permeabilization buffer on the ice at 4°C for 30 min as following: alFNy Peridinin chlorophyll
protein (PerCp) (clone XMG12), aTNFa Pacific Blue (PB) (clone MP6-XT22), aTOX PE (clone REA473),
aTCF1 (C63D9), aHPK1 Alexa Fluor 647 (clone G-9), aCbl-b Fluorescein isothiocyanate (FITC) (clone G-1),
aNEDD4 (PAS5-17463), aDGKa (PA5-87278, Invitrogen), AKAPS5 (NBP2-92620), Cabinl (PA5-68119),
PTPN3 (NBP2-93945), PTPN12 (AG10), PTPN22 (D6D1H), 14-3-3¢/6 (D7HS), XBP1 (NBP-77681), and
secondary anti-rabbit IgG Fab® Alexa Fluor 488 (44128, Cell Signaling) or PE (8885S, Cell Signaling). Abs
for intracellular staining were purchased from eBioscience, BioLegend, Invitrogen, Miltenyi, Cell signaling,
Santa Cruz Biotechnology, or Novus Bio. The stained samples were kept on ice and acquired with the LSRII
machines at the UNIL Flow Cytometry Facility.

Cytotoxicity with IncuCyte System

The IncuCyte System (Essen Bioscience) was used for assessing the cytotoxicity of murine primary OTI. 1x10*
target cells were seeded 4h before the coculture was set up in flat bottom 96well plates. Rested T-cells (no
cytokine addition for 48h) were counted and seeded at 1x10* cells/well, at a ratio E:T = 1:1 in T-cell media.
Cytotox Red reagent (Essen Bioscience) was added at a final concentration of 125nM in a total volume of
200ul. No exogenous cytokine was added to the assay medium during the coculture period. Internal
experimental negative controls were included in all assays, involving untraduced cells and co-incubation with
WT B16 cells, as well as T-cells and tumor cells alone in the presence of Cytotoxic Red reagent to monitor
spontaneous cell death over time. As a positive control, tumor cells alone were treated with 1% Triton (T8787,
Sigma-Aldrich) solution to represent maximal killing in the assay. Images of the total red area/well were
collected every two hours of the coculture for up to three days. The total red area per well was obtained using
the analysis protocol on the software provided by Essen Bioscience manufacturer. Data were normalized by
subtracting the background fluorescence observed at time 0, which consists of any cell killing by primary
murine transduced or untraduced OTI cells from all further time points. Data are expressed as mean + s.e.m.
of different donors.
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In vivo adoptive cell transfer experiments with syngeneic tumor models

C57Bl1/6 CD45.1/.2 female mice (purchased from Harlan Laboratories) and OTI/OT3-CD45.1 whole-body
Cas9 GFP were housed in a dedicated and opportunistic pathogen-free animal facility (SOPF) in the Oncology
Department of the University of Lausanne. B16 OVA tumor cells were harvested with Accutase (Sigma-
Aldrich), washed, and resuspended in PBS at 1x10° cells per 100pl, then subcutaneously injected in the flank
of 8-12 weeks old mice. Once the tumor volume reached 50-100 mm? after 8 days, mice were irradiated with
5QGy prior to ACT which was performed twice on day 9 and 11 post-tumor injections by administering
intravenously 2,5-5x10° OTI/OT3 CD45.1" cells or OT1/0OT3 CD45.1" Cas9 GFP cells. Tumor growth was
monitored via caliper measurement every two days. It was calculated using the formula V (mm?®) =1/2
(length x width?), where length is the greatest longitudinal diameter and width is the greatest transverse
diameter. During experimentation, all animals were monitored for signs of distress at least every other day.
Mice were sacrificed at the endpoint by carbon dioxide overdose, and where indicated, tumors, spleens, and
lymph nodes were collected.

Ex vivo analysis of syngeneic tumor models

At the terminal point, solid tumor mass was excised from the mice, cut into small pieces with a scalpel, passed
through 40mm pore cell strainers (Grenier Bio-One), processed in GentleMACS dissociator system using
tumor dissociation kit (130-096-730, Miltenyi) according to the manufacturer’s guidelines, then centrifuged
for 5 min at 1500 rpm to pellet the cells. Upon washes, the obtained cells were stained with anti-CD45.1 (clone
A20) Ab to assess the presence of TILs post ACT by flow cytometry.

Statistical Analysis

All the statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software, La Jolla, CA).
Student t-test or Mann-Whitney u test were used to evaluate differences among two groups, one-way analysis
of variance (ANOVA) followed by post-hoc Tukey correction for multiple comparisons was used for
evaluating significant differences among column groups when one variable was tested. Two-way ANOVA
followed by post-hoc Tukey correction was used for statistical analysis of multiple groups with more than one
variable. Differences were considered significant when *P < 0.05, very significant when **P < 0.01, and highly
significant when ***P <0.001.

CRISPR screen data visualization

For identifying essential and suppressor genes downstream of the TCR signaling in the OTI model in the
context of in vivo persistence, the MAGeCKFlute pipeline was adopted. It combines the MAGeCK and
MAGeCK-VISPR algorithms®”'. The volcano plot and the ranking plot based of the fold change of the output
(TILs) vs. the input (OTI+Cas9+GFP+ cells) were created using the R program, version 4.1.2.

Graphical and schematic illustrations
The graphical figures depicted in the introduction, as well as the schematic visualization elucidating the design
of vector constructs and in vivo experimental designs, were created using Biorender.com.
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3.3. Results

3.3.1. Identification of relevant intracellular negative regulators for miRNA targeting downstream the
TCR signaling pathway.

Following a comprehensive literature review, as detailed in the introduction section of "Intracellular negative
regulators downstream TCR signaling pathways," twelve initial genes were identified as potential targets for
gene inhibitory strategies. The selection process considered several factors: the role each intracellular
checkpoint plays in CD4+ and CD8+ T-cell activity, the risk of autoimmunity, and the availability of clinical
or preclinical data pertaining to ACT combined with the inhibition of these molecules (Table 2). The chosen
targets include HPK1, Cbl-b, NEDD4, DGKa, CISH, PTPN3, PTPN12, PTPN22, AKAPS, Cabinl, 14-3-3z,
and XBP1 (Figure 17a).

3.3.2. Evaluation of gene expression of the selected negative regulators in high-affinity CD8+ cells:

Prior to implementing our strategy for downregulating the activity of selected downstream TCR suppressor
genes, it was imperative to evaluate their expression levels following antigen stimulation. This approach aimed
to mimic the conditions observed within the TME and allowed us to ascertain that these negative regulators
were indeed upregulated when T-cells experienced chronic stimulation. This preliminary assessment was
crucial to ensure that a KD strategy targeting these regulators would yield meaningful outcomes and could
effectively release the TCR brakes and enhance the antitumor functionality of T-cells upon TCR stimulation.

To achieve this, we employed an in vitro protocol adapted from the Katsikis laboratory’s publication in 2020
%61 'which focused on generating an exhausted-like state in T-cells through chronic antigen stimulation. Using
OTI mouse T-cells as a model of high-affinity TCR, T-cells were isolated and then chronically stimulated at
day 6 post in vitro culture with SIINFEKL OVA peptide repeatedly for three consecutive days (repeated
peptide condition, RP). The single peptide condition (SP), where OTI cells encountered the peptide only once
on day 6, in addition to OTI cells that did not receive any peptide stimulation (NP), were included as a control

(Figure 17b).

Post-stimulation, the influence of peptide-TCR engagement was assessed through flow cytometric analysis.
Two primary effects were observed: First, an indication of OTI-cell exhaustion, evidenced by the upregulated
expression of PD-1 and TOX, alongside the downregulation of TCF1 in the RP condition compared to the NP
condition (Figure 17¢). Second, the expression of the chosen target negative regulator was observed (Figure
17d).

Notably, HPK1, together with other selected molecules, Cbl-b, NEDD4, DGKa, CISH, PTPN22, and XBP1,
exhibited upregulation upon stimulation, with the highest levels observed when OTI cells were chronically
stimulated (RP) compared to when the TCR engaged only once (SP). At the same time, the difference was
much greater when OTI cells that were not stimulated by the peptide (NP) or when they are freshly isolated as
naive T-cells. On the other hand, the expression of AKAPS, Cabinl, 14-3-3z, PTPN3, and PTPN12 was similar
in both RP and NP conditions (Supplementary Figure 1a).

These data suggest that chronic antigen stimulation induces the upregulation of selected negative regulators
associated with high-affinity TCR T-cell exhaustion, supporting the potential effectiveness of a KD approach
targeting these regulators to enhance the antitumor function of T-cells by relieving TCR brakes.
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Figure 17: Evaluation of selected negative regulators’ expression levels in the context of in vitro exhaustion assay using high-
affinity TCR OTI cells.

(a) List of selected negative regulators targeted for downregulation. b) Schematic of the in vitro exhaustion assay with different peptide
stimulation conditions: repeated peptide (RP), single peptide (SP), and no peptide (NP). (c) Representative flow cytometry contour
plots illustrating the expression of PD-1, TOX, and TCF1 in CD8+ OTI cells in RP compared to NP condition. (d) right: Representative
histogram depicting HPK1 expression in NP, SP, and RP compared to Naive OTI cells and FMO (Fluorescence Minus One); left and
bottom: Bar graphs demonstrating the expression as mean fluorescence intensity (MFI) of TCR downstream checkpoints i.e., HPK1,
Cbl-b, NEDD4, DGKa, CISH, PTPN22, and XBP1, in NP, SP, and RP conditions compared to naive cells, data shown as mean +s.e.m.
of two independent experiments (n=6).
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3.3.3. miRNA screening for achieving a high knockdown level of the selected targets using the single-
miRNA vector in high-affinity CD8+ cells.

After the confirmation of TCR suppressor molecule candidates, we proceeded with cloning the Transomic
miRNA targeting mRNA corresponding to each TCR negative regulator candidate in an MSGV retroviral
vector developed in-house. This vector was employed to introduce miRNAs targeting each selected negative
regulator (listed in Figure 7a) to assess their KD efficiency. Three distinct miRs were tested for
downregulating each negative regulator alongside a control miRNA (CTRL) (devoid of any targeted sequence
in primary murine OTI cells).

The miRNAs were constitutively induced by the U6 promoter, followed by a leader sequence for facilitating
miR processing, and the Thyl.1 reporter gene was also expressed constitutively under the PGK promoter,
enabling the measurement of transduced T-cells, all arranged in a sense configuration (Figure 18a). Thereafter,
we determined the efficacy of retroviral vector transduction (MOI=5) by assessing the percentage of Thyl.1
expression in live CD8+T-cells relative to UTD CD8+T-cells, which was found to be high, reaching above
90%, indicating successful transduction of the T-cells with the retroviral constructs (Figure 18b).

Next, the KD potency was evaluated within the in vitro exhaustion assay context and by performing
intracellular staining for flow cytometric analysis to detect each molecule expression within each condition.
Representative histograms showcase the reduction in expression of selected molecules, notably HPKI, in
different experimental conditions: NP, SP, and RP compared to Naive OTI cells and FMO (Figure 18c). Each
of the selected molecules underwent downregulation using three distinct miRNAs (A, B, and C) in OTI cells
compared to the control miRNA (miR CTRL) under the in vitro exhaustion assay. Subsequently, flow
cytometric analysis was conducted to determine the percentage (%) and mean fluorescence intensity (MFI) of
expression for each targeted molecule, as we anticipated that the KD could impact either the percentage of the
positive population expressing the molecule or reduce the expression level within individual cells.
Additionally, we established a fixed minimum threshold for the KD level set at 30% to evaluate the
effectiveness of the downregulation. Data was presented based on the condition where the KD demonstrated
the most KD efficacy.

A strong KD level was observed for HPK1 of approximately 70%, for Cbl-b of above 40%, and for NEDD4
with more than 50% of KD (Figure 18d). Other miRNAs targeting the remaining molecules were also
evaluated for their downregulation potency, with some achieving KD levels above 30% and others below 30%
(Supplementary Figure 1b). An alternative approach was pursued to downregulate molecules whose KD
levels were below 30%. Three newly designed miRNAs targeting each of those molecules were developed
using a specific algorithm (SplashRNA) published by Pelossof, Fairchild, et al. in 2017 2. However, the
introduction of these new "splash" miRNAs (sp-miRs) did not significantly improve the KD potency of the
targeted genes (Supplementary Figure 1c). As a result, the focus was narrowed down to HPK1, Cbl-b, and
NEDDA4, encompassing two E3 ligases of the TCR ubiquitination pathway along with the main target, HPK1,
for combinatorial gene downregulation.
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Figure 18: Downregulation of selected TCR negative regulators in transduced OTI cells with single miRNA retroviral vector
(a) Schematic of the MSGYV retroviral constructs containing a single miRNA, either miR CTRL or a miRNA targeting TCR intracellular
checkpoint molecule, expressed under the U6 promoter, a leader sequence for miRNA processing, and a constitutively expressed
Thyl.1 reporter gene under the PGK promoter. (b) Representative flow cytometry contour plots showing high TE measured by the
percentage of Thyl.1 expression in live transduced miR CTRL-CD8+T-cells (right plot) compared to untransduced CD8+T-cells (left
plot). (c) Representative histograms illustrating the downregulation of HPK1 in different experimental conditions (NP, SP, RP) along
with the OTI naive cells and FMO as a baseline for gating strategy. (d) Bar graphs demonstrating the fold change of percentage (%)
and mean fluorescence intensity (MFI) of expression of targeted intracellular checkpoint inhibitors upon downregulation using miR A,
B, and C compared to miR CTRL (CTRL) for each targeted molecule. Data are presented as mean+s.e.m. (n=2 or 3 technical
replicates).
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3.3.4. Vector design for dual and multiple targeting of the selected TCR intracellular inhibitory
checkpoints:

To accomplish concomitant downregulation of two or three selected HPK1, Cbl-b, and NEDD4 negative
regulators, retroviral vectors were generated comprising dual miR vectors for targeting two genes and a
multiple miR vector for targeting all three molecules simultaneously. The positioning of each miRNA sequence
within the vector presented numerous possibilities, including placing the miR directly after the U6 promoter
and leader sequence, at the last miRNA position, or in the middle in the case of the multiple miR vector. In
our approach, HPK 1 was consistently positioned as the first miR after the U6 promoter, while the last position
was filled by the miRNA that exhibited the highest KD level. This selection was based on the hypothesis that
the miR processing machinery would be more potent closer to the promoter, resulting in stronger KD. In
contrast, reduced efficacy might be observed as the distance from the promoter increases (this hypothesis was
tested and confirmed by colleagues and me; the data is not shown in this report).

Furthermore, we have also considered expressing all miRs under individual U6 promoters for each miR to
enhance the KD efficacy. Thus, we designed retroviral vectors using consecutive U6 promoters to induce
individual miR-mediated KD. However, we encountered challenges during the cloning steps, including
bacterial recombination (data not shown). Therefore, we present here only the vectors utilized in the
forthcoming studies.

The retroviral vectors were generated using the NEB Golden Gate assembly method (NEB Labs), which
involves a streamlined and efficient DNA assembly technique based on the use of type IIS restriction enzymes.
The dual and multiple miR vectors utilized in this section shared identical compositions with the single miR
vectors, differing solely in the number of miRs incorporated. These are the miRs selected based on their
demonstrated highest KD levels, as presented in Figure 18d. Consequently, two distinct types of dual miR
vectors were generated: the first contained two miRs targeting HPK 1 and Cbl-b, while the second incorporated
two miRs targeting HPK 1 and NEDDA4. In addition, a multiple miR vector was also developed, encompassing
three miRs targeting HPK1, Cbl-b, and NEDD4 simultaneously. Spacers comprising specific and distinct
restriction enzymes were employed to ensure proper separation and proper processing of the miRs within the
dual and multiple miR vectors (Figure 19a).

To comprehensively evaluate the effectiveness of our combinatorial gene KD approach, we sought to examine
its performance in the context of both high-aftinity and low-affinity TCR systems. Therefore, our developed
vectors’ transduction efficiency and KD levels were assessed in two distinct contexts: OTI cells, representing
the high-affinity TCR, and OT3 cells representing the low-affinity TCR. This investigation allowed us to gauge
the functionality and versatility of our vectors across varying TCR affinity scenarios. Subsequently, flow
cytometric analysis of Thy1.1 expression indicated high TE levels ranging from >60% to 90% when employing
single, dual, and triple miRNA vectors in OT3, while in OTI cells, TE was beyond 50% to 90%, which is
considered a success considering the utilization of constructs comprising complex secondary structure
miRNAs (Figure 19b). The KD levels in Thyl.1 sorted OTI cells were measured by RT-qPCR as a more
sensitive detection of molecules’ downregulation. They are shown as relative mRNA expression normalized
to the CTRL murine T-cells (miR CTRL). The results demonstrated high KD levels achieved using single and
multiple miRNA vectors, ranging from 30% to 70% with the multiple miR vector and 40% to 90% with the
dual miRNA vectors (Figure 19c¢).

Another comparative strategy was employed to double or triple transduce OTI cells with single miR vectors
using an equal MOI for the selected combinations; however, this approach failed to reach the same KD levels
as the one achieved by our developed vector constructs for downregulating HPK1 and NEDD4 while a
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nonsignificant increase of Cbl-b KD was observed using the double or triple transduction (DT or TT) of single
miR targeting HPK1 and single miR targeting Cbl-b (Supplementary Figure 2a).

Furthermore, we have assessed the kinetics of the KD levels for the dual KD combination, specifically HPK1-
Cbl-b KD, upon antigen stimulation and over a 72-hour period compared to the control miR (CTRL). For this,
engineered OTI cells were cocultured with B16 OVA cells at an E:T ratio of 1:1, along with B16 cells as a
negative control. The obtained data demonstrated that upon antigen stimulation (with B16 OV A cells), the KD
level of HPK1, as well as Cbl-b expressions, remained suppressed over time with a significant decrease at 24h
(P=0,0141) for HPK1 expression and at 48h (P=0,0479) for Cbl-b expression. As anticipated, the expression
of both HPK1 and Cbl-b was reduced to negligible levels in the B16 control for both conditions due to the
absence of stimulation (Supplementary Figure 2b). Moreover, the KD levels observed in Thy1.1 sorted OT3
cells were remarkably high for both the dual and multiple miR vectors and the single miR targeting HPK1,
ranging from 80% to 90% for downregulating HPK 1, 40% to 70% for Cbl-b KD, and 50% to 70% for NEDD4
KD (Figure 19d).

Here we demonstrate the successful generation of dual and multiple miRNA retroviral vectors for transducing
murine T-cells and inducing multiple perturbations of selected TCR downstream suppressor molecules.
Indeed, the vectors exhibit high transduction efficiency and achieve significant KD levels, highlighting their
potential utility for studying and manipulating TCR signaling pathways.
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Figure 19: Generation and evaluation of dual and multiple miR retroviral vectors for knocking down HPk1, Cbl-b, and NEDD4
in OTI and OT3 cells.

(a) Schematic representing different MSGYV retroviral constructs, similar to single miRNA vectors (as shown in Figure 8a), additional
dual and multiple miRNA vectors were generated. (b) TE measured by flow cytometric analysis of Thyl.1 expression in primary
murine OTI and OT3 cells for single, dual, and multiple miR vectors, data presented as mean +s.e.m (n=2 and n=3 for OTI and OT3,
respectively). (¢) KD levels in Thyl.1"-sorted OTI cells were measured by relative mRNA expression of selected genes using single,
dual, and multiple miR vectors compared to the miR control (CTRL), data shown as mean +s.e.m (n=2). (d) KD levels in Thyl.1*-
sorted OT3 cells were measured by relative mRNA expression of selected genes using single, dual, and multiple miR vectors compared
to the miR control (CTRL), data presented as mean + SD (n=2).
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3.3.5. Evaluation of in vitro and in vivo T-cell antitumor activity upon multiple perturbations targeting
the TCR negative regulators in high and low-affinity CD8+ cells:

Subsequent to the successful induction of KD for the targeted molecules, namely HPK 1, Cbl-b, and NEDD4,

our investigation progressed toward the in vivo assessment of the antitumor impact upon their downregulation

in T-cells.

This evaluation encompassed single perturbations, dual and multiple KD combinations, with a focus on
survival and tumor control. To initiate this investigation, we first examined the antitumor effect within the
context of high-affinity TCR using OTI cells for ACT in the B16 OVA tumor model. C57BL/6 female mice
(n=5 mice/group) were subcutaneously injected with 0.1M tumor cells. On day 11 post-inoculation, when
tumors became around 100mm?, mice were subject to lymphodepletion with 5Gy total body irradiation (TBI)
prior to performing an ACT using 5x10° of engineered OTI cells (TE and KD levels shown in Figure 19)
administered in two sequential injections on day 12 and day 14, then we monitored tumor growth over time
and evaluated survival. (Figure 20a).

The in vivo evaluation was performed on multiple occasions, with a minimum of two repetitions. The results
revealed that individual downregulation involving the KD of HPK1, Cbl-b, and NEDD4 did not substantially
improve in OTI cell-mediated tumor control compared to the control group (ns; One-way ANOVA analysis).
In contrast, dual KD targeting HPK1 and Cbl-b significantly enhanced tumor control compared to the CTRL
(P=0,019; One-Way ANOVA analysis), while unexpectedly, concomitant downregulation of HPK1, Cbl-b,
and NEDD4 did not (Figure 20b). Despite the observed distinct effects on tumor growth, the survival
outcomes were comparable across the tested conditions, as no significant difference in survival was detected
between single and multiple gene perturbations compared to the CTRL (Figure 20c).

In summary, these results indicate that individual downregulation of HPK1, Cbl-b, and NEDD4 could not
significantly delay tumor growth. However, the combined effects of dual HPK1 and Cbl-b KD resulted in a
substantial significant enhancement of tumor growth delay, although it did not improve overall survival
compared to the control group.
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Figure 20: In vivo study in the B16 OVA tumor model to evaluate the antitumor activity of OTI cells downregulating HPK1,
Cbl-b, and NEDD/4 as single and combinatorial perturbations.

(a) Schematic in vivo study design using the B16 OVA tumor model and OTI cells for ACT. (b) Tumor volume in mm? measured by
caliper over time; top: Individual tumor growth curves of different groups; bottom left: Tumor growth curves of single HPK1, Cbl-b,

98



and NEDD4 KD over time compared to CTRL OTI cells and no T-cells as control, data presented as mean + s.e.m. for n = 5 mice/group.
Statistical significance was determined by mixed-effect analysis post-hoc Tukey’s multiple comparisons where no statistical
significance was detected among groups; bottom right: Tumor growth curves of combined HPK 1-Cbl-b KD, HPK1-NEDD4 KD, and
HPK1-Cbl-b-NEDD4 KD over time compared to CTRL OTI cells and no T-cells as control, data presented as mean +s.e.m. forn=>5
mice/group. Statistical significance was determined by mixed-effect analysis post-hoc Tukey’s multiple comparisons where *P=0,019;
(c) left: Probability of survival of single HPK1, Cbl-b, and NEDD4 KD compared to CTRL OTI cells and no T-cells as control,
presented using Kaplan Meier analysis of mice survival up to the endpoint, post ACT of n=5 mice /group; right: Probability of survival
of combined HPK1-Cbl-b KD, HPK1-NEDD4 KD and HPK1-Cbl-b-NEDD4 KD compared to CTRL OTI cells and no T-cells as
control, presented using Kaplan Meier analysis of mice survival up to the endpoint, post ACT of n=5 mice /group, no statistical
significance was detected between groups using single or multiple gene KD approach.

Next, we proceeded in vitro to assess the impact of HPK1-Cbl-b KD on OTI, then in OT3, cell activity. Using
B16 OVA tumor cells, we assessed their cytokine expression, proliferation capacity, and cytotoxicity against
target cells. As a negative control, B16 cancer cells were included in the experiment, maintaining a ratio of
E:T at 1:1. In the initial dataset, cytokine expression and cellular proliferation, measured via Kiel University's
experiment number 67 (ki67) expression in HPK1 KD and HPK1-Cbl-b KD OTI cells were compared to a
CTRL OTI cell. The relative mRNA expression levels of IFNy, TNFa, ki67, and GzmB over time were
quantified using RT-qPCR.

Interestingly, albeit not reaching standard statistical significance, both HPK1-Cbl-b KD and HPK1 KD
displayed higher IFNy cytokine expression in addition to greater proliferative ability demonstrated by higher
levels of ki67 expression than the CTRL OTI cells. However, regarding Gzmb and TNFa expression, all
conditions demonstrated similar levels to the CTRL OTI cells (Figure 21a).

To address the second segment of our study, the in vitro cytotoxicity of OTI cells engineered with either single
(only for HPK1), dual, or multiple miR vectors was evaluated by quantifying the incorporation of a nucleic
acid dye that correlates with the number of dead tumor cells using IncuCyte assay. This evaluation was
conducted at least twice to ensure reliability. OTI cells were either stimulated or not with B16 OVA cells at
an E:T ratio of 1:1. The results indicated that the single, dual, and multiple combinatorial KD approaches did
not improve the in vitro tumor killing compared to the control condition (CTRL) (Figure 21b).

Taken together, downregulating HPK 1 and HPK1 along with Cbl-b leads to increased IFNy expression in OTI
cells, while the combination of HPK1 KD with Cbl-b and NEDD4 KD as dual or multiple TCR downstream
perturbations did not significantly enhance TNFo or GzmB expression compared to the CTRL cells. Moreover,
none of the single, dual, or multiple KD strategies resulted in improved in vitro cytotoxicity against tumor
cells.
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Figure 21: In vitro evaluation of cellular cytokine expression and cytotoxicity upon downregulating HPK1 as single or in
combination with Cbl-b KD and/or NEDD4 KD in OTI cells.

(a) Relative mRNA expression of IFNy, TNFa, ki67, and GzmB measured over time by RT-qPCR; data presented as mean + s.e.m for
n = 3. Statistical analysis was done using Two-Way ANOVA and post-hoc Tukey’s analysis (no statistical difference was detected);
(b) In vitro cytotoxicity assessed by nucleic acid dye incorporation in OTI bearing single HPK1 KD and in combinations with Cbl-b
and/or NEDD4 data presented as mean for n=2. Statistical analysis using One-Way ANOVA and post-hoc Tukey’s analysis where
**¥p=(0,0008 and ****P<0,0001.

Next, we turned our attention toward investigating the in vivo outcomes of downregulating HPK 1, along with
Cbl-b and/or NEDD4 in low-affinity CD8+ T cells using the OT3 model. This investigation was endorsed by
the hypothesis that our induced TCR downstream perturbations might yield more significant benefits for low-
affinity TCR T-cells to enhance their tumor infiltration into the tumor bed and antitumor activity by relieving
the inhibitory effects imposed by these suppressor genes. Following the identical in vivo study design
employed in the OT1 model, engineered OT3 in vivo antitumor activity was assessed. For this, 5 female
C57BL/6 mice were subcutaneously injected with 0.1x10° tumor cells. Once the tumors became palpable on
day 11 post-inoculation, the mice underwent lymphodepletion with 5Gy TBI before initiating an ACT using
5x10° engineered OT3 cells administered on day 12 and then on day 14 in a raw. Subsequently, tumor growth
was monitored over time, and survival was evaluated post-ACT (Figure 22a).

Notably, the downregulation of HPK1 as single gene perturbations or combined with combination with Cbl-b
KD and/or NEDD4 did not significantly improve OT3-mediated tumor control relative to CTRL cells (Figure
22b). Furthermore, this downregulation strategy did not lead to enhanced survival rates when compared to the
control OT3 cells since the survival outcomes were comparable across the different conditions (Figure 22c).
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Furthermore, the in vitro cytotoxicity of OT3 cells engineered with single HPK 1, dual, or multiple miR vectors
was assessed to determine their ability to induce tumor cell death. This evaluation was conducted by
quantifying the incorporation of a nucleic acid dye, which is proportional to the number of dead tumor cells
using the IncuCyte assay. For this purpose, OT3 cells were either stimulated or not stimulated with BI6OVA
cells, maintaining an effector-to-target (E:T) ratio of 1:1. In line with the outcomes observed in the in vivo
experiments, the findings demonstrated that the single, dual, and multiple combinatorial KD approaches did
not yield an improvement in the in vitro tumor killing as compared to the control condition (CTRL) (Data not
shown).

These results indicate that the downregulation strategies employed, whether individually or in combination,
did not enhance the cytotoxicity of OT3 cells against tumor cells in both the in vitro and in vivo settings.
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Figure 22: In vivo evaluation of OT3 cell antitumor activity bearing single and combined HPK1, Cbl-b, and NEDD4
downregulation.

(a) Schematic in vivo study design using the B16 OVA tumor model and OT3 cells for ACT. (b) Tumor volume in mm? measured by
caliper over time; top left and bottom: individual tumor growth curves of different groups; top right: Tumor growth curves of single

101



HPK1 and combined HPK1-Cbl-b KD, HPK1-NEDD4 KD, and HPK1-Cbl-b-NEDD4 KD over time compared to CTRL OT3 cells as
control, data presented as mean +s.e.m. for n=35 mice/group. One-way ANOVA and post-hoc Tukey analysis revealed no statistical
significance between groups (ns); (c) Probability of survival of single HPK1 and combined HPK1-Cbl-b KD, HPK1-NEDD4 KD, and
HPK1-Cbl-b-NEDD4 KD compared to CTRL OTI cells, data presented using Kaplan Meier analysis of mice survival up to the
endpoint, post ACT of n=5 mice /group. No statistical significance was detected among the groups.

In order to gain a comprehensive understanding of the dissimilar antitumor responses observed in OTI and
OT3 cells, as well as the underlying mechanisms contributing to the limited enhancement of in vivo and in
vitro antitumor capacity in OT3 cells when employing HPK1-Cbl-b KD or other combinatorial KD approaches,
we conducted a thorough investigation. Our investigation aimed to assess the baseline functionality and explore
potential disparities in the antitumor responses between high-affinity and low-affinity TCR in CD8+ cells.
Additionally, we examined the kinetics of upregulation for each targeted molecule. To achieve this, we
performed measurements of cytokine and activation markers' expression in these cells during coculture with
target cells, precisely when TCR engagement occurred. Furthermore, we compared the expression patterns of
these markers over time upon antigen engagement and TCR stimulation in the context of both high-affinity
CD8&+ cells (OTI cells) and low-affinity CD8+ cells (OT3 cells).

Upon TCR stimulation with B16 OVA cells at a ratio of E:T=1:1 or via chronic stimulation by SIINFEKL
OVA peptide at 10ng/ml for 3 days in raw. In basal levels, we observed that OTI cells exhibited significantly
enhanced proliferation compared to OT3 cells (Figure 24a). Furthermore, OTI cells demonstrated markedly
improved cytotoxicity compared to OT3 cells, as determined by the IncuCyte assay, where engineered miR
CTRL T-cells (CTRL) were cocultured with B16 OVA tumor cells alongside non-stimulated cells as the
control at a ratio of E:T=2:1 in which dead cells were quantified by the total red area of added nucred dye
incorporation over time (Figure 24b).

Additionally, these findings align with the observed high in vivo antitumor capacity of OTI cells compared to
OT3 cells engineered to express the miR CTRL in the B16 tumor model. Notably, significant tumor control
was demonstrated by OTI CTRL cells (P=0.049 at day 13 post ACT) compared to OT3 CTRL cells, which
was accompanied by improved survival, although the difference did not reach statistical significance (Figure
24c).

Subsequent to the previous findings, OTI and OT3 cells were subjected to coculture with B16 OVA cells or
B16 cells as a control, with an E:T ratio of 1:1 and was maintained over a period of time, including time points
at Oh, 4h, 16h, 24h, 48h, and 72 h. The expression levels of target genes, namely HPK1, Cbl-b, and NEDD4,
along with the expression levels of cytokines IFNy, TNFa, and activation markers PD-1 and CD69, were
measured by RT-qPCR. For analysis purposes, the baseline expression at Oh was used, and relative mRNA
expression values were calculated (n=2). The experiment was repeated on multiple occasions to ensure its
reliability.

Remarkable upregulation of HPK1, Cbl-b, and NEDD4 TCR suppressor genes was observed over time in the
OTI cells upon TCR engagement with the antigen OV A presented on B16 OV A tumor cells. This upregulation
correlated with an increase in CD69 and PD-1 activation markers and GzmB expression; additionally, gene
expression levels of IFNy and TNFa were also more prominent in OTI cells. Interestingly, these patterns were
not observed in OT3 cells as they showed decreased expression below thresholds at all time points (Figure
24d), suggesting that differences in HPK1, Cbl-b, and NEDD4 gene expression levels in high vs. low-affinity
TCRs may contribute to the inability to downregulate these molecules in low-affinity TCR (OT3) cells. Thus,
the incapacity to enhance the antitumor function of OT3 cells.

Likewise, upon evaluating HPK1, Cbl-b and NEDD4 expression levels by flow cytometric analysis upon
SIINFEKL OVA peptide stimulation at 10ug/ml along with increasing concentrations of aCD3/aCD28§
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dynabeads in each of the following conditions: NP, SP and RP of in vitro exhaustion assay (described in Figure
7b) (at least in two independent experiments), the results affirmed that those suppressor molecules were highly
upregulated in high-affinity TCR (OTI) cells compared to low-affinity TCR (OT3) cells (Supplementary
Figure 3a). To ensure the reliability of the results, these assessments were repeated on a minimum of two
occasions.

These data collectively support the notion that low-affinity TCR (OT3) cells possess lower expression levels
of HPK1, Cbl-b, and NEDD4 upon antigen engagement, along with reduced proliferative capacity and lower
tumor-killing ability compared to OTI cells, explaining their reduced in vivo antitumor functionality, albeit
they were engineered to suppress negative TCR regulators.
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Figure 23: Functional characterization and evaluation of TCR signaling suppressive molecules in OT1 and OT3 cells in the
context of the B16 OVA tumor model.

(a) CFSE-based proliferation assessment; left: bar graph of CTV stained unstimulated and B16-, B16 OVA and SIINFEKL peptide
(10ng/ml for 3 days)-stimulated cells, data shown as mean +s.e.m. for n=3. Statistical significance was determined by Two-Way
ANOVA analysis and post-hoc Tukey analysis; right: representative histogram of CFSE-stained OTI and OT3 cells stimulated with
SIINFEKL OVA peptide (10 ng/pl for 3 days) and with B16 OVA coculture at ratio E:T=1:1 along with +/-CFSE unstimulated OTI
and OT3 cells as control and baseline for gating. (b) Line graph indicating CTRL-OTI and -OT3 in vitro cytotoxicity against B16 OVA
target cells upon coculture at E:T= 2:1 along with non-stimulated CTRL-OTI and -OT3 cells as control presented as dead cells per pm?
and as mean n=2. Statistical significance was determined by One-Way ANOVA analysis and post-hoc Tukey analysis, where
**#%P<0,0001. (c) left: Tumor growth curve of OTI CTRL cells over time compared to OT3 CTRL cells, data presented as
mean * s.e.m. for n=>5 mice/group. Student ¢ test analysis revealed statistical significance between the two groups at day 13 post ACT
where *P=0,049; right: Probability of survival of OTI CTRL cells over time compared to OT3 CTRL cells, data presented using Kaplan
Meier analysis of mice survival up to the endpoint, post ACT of n=5 mice /group. No statistical significance was detected among the
groups, P=0,085. (d) Combined multiple variables graphs depicting relative mRNA expression of HPK1, Cbl-b, NEDD4, CD69, PD-
1, TNFa and IFNy in OT1 and OT3 cells over time upon coculture with B16 OVA cells at a ratio of E:T=1:1 (data shown are the mean
of n=2/plotted value).
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3.3.6. Development of an unbiased high throughput screening approach for identifying inhibitory genes

in the context of high versus low-affinity CD8+ cells.
Despite the promising results observed in high-affinity TCR (OTI) cells engineered to downregulate HPK1
and Cbl-b, which resulted in a tumor growth delay in vivo, the impact on survival enhancement remains modest.
In an effort to further refine our approach, we sought to introduce an additional TCR downstream perturbation
by targeting another TCR negative regulator. Our objective was not to be limited to the previously selected
molecules but also to explore a broader range of potential targets. Thus, we turned to an unbiased and well-
validated high-throughput method, namely the CRISPR screening, to identify potential targets for
downregulation in combination with the HPK1-Cbl-b KD strategy. This involved the utilization of a small
TCR library, generated in-house, comprising three to five sgRNAs per gene, aiming to evaluate the effect of
each gene deletion on one aspect of T-cell function, notably T-cell persistence, within the context of this
chapter.

The TCR small CRISPR library included TCR downstream molecules along with positive control genes that
have been published and widely used in similar approaches as crucial genes for cell survival (essential genes)
or genes well-known to inhibit T-cell function (suppressor genes) in which their deletion will make T-cells
persist more in TME. Additionally, a negative control was included, consisting of non-targeting sgRNAs.

Initially, the TCR CRISPR library was generated by designing three sgRNAs targeting each listed gene using
the CrisPick algorithm *”* and cloning them in bulk into the pSUPER retroviral vector kindly provided by Prof.
Ping Chi Ho (Supplementary Figure 4a). However, upon performing a quality control test involving DNA
isolation from all bacterial clones and next-generation sequencing (NGS), it was observed that the sgRNAs
were not equally distributed among the clones, as evidenced by the non-gaussian distribution of sgRNA in the
pool library (Supplementary Figure 4b). As an alternative approach, we opted for manually and individually
cloning three to five each sgRNA targeting each listed molecule (Figure 25a), including 27 TCR downstream
molecules, 26 positive control genes, and 20 non-targeting sgRNAs as a total of 222 sgRNAs (the positive and
negative control sgRNAs were cloned by Dr. Catherine Ronet and Aodrenn Spill).

Consequently, using individual sgRNA cloning into the retroviral vector, we could achieve a homogeneous
distribution of sgRNAs (Supplementary Figure 4c). To establish the conditions for transducing the TCR
small CRISPR library into OTI and OT3 cells, we first had to determine the proper MOI that would result in
15-30% TE to allow the integration of one sgRNA per one cell, measured by double positivity for Thy1.1-GFP
(GFP is a reporter gene for Cas9 in OTI/OT3 CD4Cre Cas9 eGFP cells). Different MOIs were tested, and an
MOI of 1 or 1.2 was chosen, resulting in TE of 15-20% (Supplementary Figure 4d). The TCR CRISPR
library was initially tested in vitro using the in vitro exhaustion assay using the OTI model, with the NP
condition being the input and the RP condition as the output (data not shown). The results were plotted as a
volcano plot, highlighting the top five suppressor genes (with positive scores) for which OTI cells were
enriched upon those gene KOs, as well as the top five essential genes with the lowest scores in which their
deletion-induced cell death (Supplementary Figure 4f).

For selecting TCR negative regulator candidates in the in vivo context, we implemented the experimental
setting presented in Figure 25b, in which C57BL/6 cas9+ eGFP mice (n= at least 5-7 mice/group with at least
2 groups) were initially injected subcutaneously with 0.1M B16 OV A tumor cells, followed by TBI at a dose
of 5Gy on day 11. On day 12, an ACT was performed using either SM OTI or OT3 Cas9 " GFP" cells that had
been transduced with our small TCR CRISPR library (DP for Thyl.1 +Cas9+ GFP expression). At this point,
a fraction of these cells was reserved for sorting based on the double positivity for Thyl.1 and GFP (Cas9),
which would serve as our input sample. Subsequently, at 7 days post-ACT, we sorted the TILs that had
integrated the library (DP for Thyl.l and GFP (Cas9)), lymph nodes, and spleens as they will constitute our
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output sample. Genomic DNA was then isolated from both the input and output samples and therefore sent for
NSG sequencing. The generated sequencing data were analyzed using the MAGeCKFlute CRISPR screening
Analysis >"'. The results were then presented as a volcano plot, where the enriched fraction represents the cells
that persisted within tumors, and for which deleted genes functioned as suppressive inhibitors within the TCR
network. Conversely, the negative fraction of the volcano plot comprised genes deemed essential for T-cell
function. In vivo experiments were conducted at least in two independent experiments with
(n>=5/group/experiment) for OTI and OT3 cell models (data not shown for OT3 cells).

Besides positive controls, the volcano plot retrieved from the analyzed NGS data of OTI TILs revealed an
absence of hits that can be potentially targeted via gene silencing to enhance TIL persistence (Figure 25c).
This suggests that individually inhibiting TCR negative regulators does not improve the persistence of high-
affinity CD8+ cells in vivo. However, there were some genes, namely Pelil, CISH, and Ubash3a, whose
sgRNA were clearly enriched, although not significant, relative to the input. These genes hold potential for
targeted inhibition strategies (Figure 25d) and present promising candidates for the combinatorial gene KD
approach, supplementing the dual downregulation of HPK1 and Cbl-b.
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Figure 24: Identification of TCR suppressor and essential genes for in vivo T-cell persistence using small TCR CRISPR Library.
(a) List of genes integrated into the TCR CRISPR library, including positive control and negative control molecules. (b) Schematic
representation of the in vivo experimental design. (c) Volcano plot highlighting the top ten suppressors and essential genes identified
in the OTI cell model according to the statistical significance threshold. Data was presented based on two independent in vivo
experiments. (d) Rank plot based on the fold change of the output (TILs) vs. the input (injected OTI+Cas9+GFP+ cells) identified in
the OTI cell model according to the statistical significance threshold. Data is presented based on two independent in vivo experiments.
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3.4. Extended data:
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Supplementary Figure 1: Evaluation of selected TCR checkpoint inhibitors’ expression levels and their downregulation by
miRs.

(a) Bar graphs demonstrating the expression as mean fluorescence intensity (MFI) of AKAPS5, Cabinl, 14-3-3z, PTPN3, and PTPN12
in RP compared to NP condition, data shown as mean + s.e.m. of n=2. (b) Bar graphs demonstrating the fold change of percentage (%)
and mean fluorescence intensity (MFI) of expression of targeted intracellular checkpoint inhibitors upon downregulation using
Transomic miRNAs: miR A, B, and C compared to miR CTRL (CTRL) for each targeted molecule. Data are presented as mean + s.e.m.
(n=2 or 3 technical replicates). (c) Bar graphs demonstrating the fold change of percentage (%) and mean fluorescence intensity (MFI)
of expression of targeted intracellular checkpoint inhibitors upon downregulation using splash miR (sp-miR) A, B, and C compared to
sp-miR CTRL (CTRL) for each targeted molecule. Data are presented as mean + s.e.m. (n=single or technical replicates).
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Supplementary Figure 2: Assessment of HPK1, Cbl-b, and NEDD4 knockdown levels in OTI cells
(a) KD levels of HPK1, Cbl-b, and NEDD4 measured by relative mRNA expression of selected genes compared to CTRL using single
miR vectors for transducing OTI cells either as single, double, or triple cell transduction (DT or TT). Total MOI=5 was deployed across
all conditions, data shown as mean +s.e.m (n=2). (b) Kinetics of the HPK1 and Cbl-b KD level over time using dual miR targeting
HPK1-Cbl-b upon B16 OVA stimulation along with B16 as a negative control at ratio E:T=1:1. Data are shown as mean + s.e.m (n=3)
and statistical analysis was assessed Two-Way ANOVA and post-hoc Tukey’s multiple comparisons.
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Supplementary Figure 3: Flow cytometric analysis of HPK1, Cbl-b, and NEDD4 expression in OTI cells stimulated with

aCD8/aCD28 dynabeads and SIINFEKL peptide.
(a) Combined multiple variables graphs presenting the percentage of expression of HPK1, Cbl-b, and NEDD4 measured by flow
cytometry in OT1 and OT3 cells upon culture with increasing concentrations of aCD3/aCD28 along with SIINFEKL peptide

stimulation at 10pg/ml.
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Supplementary Figure 4: Design, implementation, and in vitro evaluation of generated small TCR CRISPR Library using OTI
cells.

(a) Vector design of the pSUPER retroviral vector. (b) sgRNA Frequency distribution measured by counts gathered from NSG
sequencing of isolated DNA from transformed bacteria clones as a pool. (c) sgRNA frequency distribution measured by counts gathered
from NGS sequencing of transformed bacterial cloned individually so that each clone of bacteria contains one sgRNA before being
pooled. (d) TE using different MOIs for OTI+Cas9 (GFP) cell transduction by TCR small library determined by DP population for
Thyl.1 and GFP expression.
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IV. General discussion and perspectives:

Gene therapy has emerged as a foundational tool in cancer immunotherapy, with particular emphasis on the
genetic modification of T-cells to express either CARs or TCRs. These strategies have demonstrated
considerable potential for the treatment of solid tumors. Nevertheless, there is still ample room for
improvement in several key areas. Efforts are underway to enhance the ability of engineered T-cells to
selectively recognize tumor cells while simultaneously bolstering their TCR activation, metabolic profile,
overall fitness, and cytokine secretion capabilities to reprogram the TME. Moreover, various engineering
approaches are being pursued to mitigate potential side effects associated with T-cell adoptive therapy, such
as TCR T-cell cross-reactivities, cytokine release syndrome, and on-target/off-tumor toxicities. These
approaches involve refining gene-engineering strategies, such as optimizing vector design and ensuring precise
control over gene cargo expression. These advancements are crucial in meeting the growing demand for
effective gene therapy strategies in clinical settings.

The primary objective of this dissertation study is to elucidate the regulatory mechanisms of TCR signaling
and develop effective genetic modification techniques that can be applied in potential clinical settings for
improved T-cell-based immunotherapy against tumors. To accomplish this objective, this research
investigation focuses on identifying negative regulators of TCRs and implementing T-cell engineering
techniques to downregulate their activity, thereby enhancing the antitumor function of T-cells. In parallel, the
underlying mechanisms responsible for the improved T-cell function are also explored.

In this regard, careful selection of the appropriate method was undertaken to attenuate the activity of suppressor
TCR genes, notably to choose between a complete KO or a KD of TCR suppressor genes. In our specific
context, we opted for gene downregulation by utilizing a synthetic miRNA. This method was preferred due to
its stability, endogenous processing within cells, and ability to promote constitutive and inducible expression
using a Pol II or Pol III.

1. Optimizing lentiviral vector design for dual gene insertion and inducible gene knockdown in
engineered T-cells for enhanced antitumor activity.

The primary aim was to exploit the potential of gene downregulation in the context of an inducible expression
for precise gene regulation, specifically when desiring that the outcome of gene downregulation occurs solely
upon T-cell engagement with the antigen or subsequent stimulation within the TME. This approach was
favored to prevent potential cytotoxicity associated with constitutive or overexpression of miRNA expression,
which could disrupt other genes’ regulatory processes or lead to cytotoxic effects due to a constant lack of
gene-negative regulators. Moreover, we harbored uncertainty regarding the hyper- or continuous activation of
T-cells resulting from suppressing the TCR negative feedback. Such activation might lead to early exhaustion
states and potentially compromise their functionality.

Subsequently, we endeavored to enhance the antitumor activity of primary human CAR/TCR T-cells by
incorporating an inducible gene KD strategy. However, the successful implementation of this strategy
necessitated addressing certain challenges associated with designing a vector construct encompassing both a
constitutively expressed CAR or TCR for targeted tumor eradication, and an inducible expression of the
miRNA. In our pursuit to address these issues, we encountered the need to meticulously design a construct
utilizing lentiviral vectors. Lentiviral vectors have gained prominence in gene therapy due to their safety
profile, clinical translatability, and ability to efficiently deliver genes, thereby enhancing T-cell function.
Several vector designs have been developed to enhance co-engineering strategies, taking into consideration
the challenges associated with standard dual co-gene delivery employing independent promoters.
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Notably, when using forward-oriented promoters, with the first constitutive and the second inducible, weak
gene expression for the second gene can occur due to transcriptional interference. An alternative approach
involves a bidirectional configuration, allowing inducible gene expression without compromising its
responsiveness to stimulation. However, this approach is undermined by the potential leakiness of the
constitutive promoter into the inducible one.

Nevertheless, these challenges necessitated the development of a novel dual antisense transfer vector and an
optimized protocol for T-cell lentiviral transduction. Remarkably, the utilization of the dual antisense
configuration resulted in the formation of dSRNA during virus production in the packaging cells (293 T-cells)
due to the simultaneous transcription occurring from both the LTR promoter and the NFAT promoter in the
transfected cells. dSRNA triggers the intracellular anti-dsSRNA response involving DICER and RISK complex,
which may lead to low titer virus production. To mitigate this issue, we employed the RNAi suppressor protein
NovB2, previously demonstrated to inhibit Dicer isoforms, thereby preventing the undesirable effects of
dsRNA formation.

Furthermore, we introduced modifications to the transfer vector by replacing the RSV-based promoter and
enhancer at the 5' LTR with the complete CMV promoter and enhancer. This strategy was undertaken to
facilitate the transcription of the entire gene insert by utilizing TNFa, which promotes the expression of the
CMV promoter containing four NF-xB binding motifs. Consequently, the effect of TNFa in increasing viral
titers was significant and was further improved when combined with the NovB2 approach.

In summary, a lentiviral vector design has been developed to facilitate the insertion of two specific genes. One
of these genes encodes an inducible or constitutive miRNA that promotes gene KD, while the other gene
induces the expression of a constitutive CAR or TCR in primary human CD4+ and CD8+ T cells, allowing
targeted tumor antigen recognition. Moreover, an optimized protocol for high-titer viral particle production
suitable for clinical application has been established to enable efficient genetic modification of these cells.

2. Enhancing primary human T-cell function and antitumor response through HPK1 downregulation

In continuation of our previous findings, we sought to validate the feasibility of our approach by investigating
the functionality of CAR/TCR T-cells downregulating a TCR negative regulator using the vector we
developed. This provided a valuable opportunity to assess the vector's capability in effectively accommodating
what is commonly referred to as "hard to express gene cargo," exemplified by the miRNA construct used in
our study. HPK1 was the initial target we have identified for gene silencing. It is noteworthy that extensive
studies have underscored the role of HPK 1 in T-cells by examining HPK 1-deficient mice **° and HPK1 kinase-
dead mice **>*%. These investigations have revealed enhanced proliferation in response to TCR stimulation
compared to wild-type mice, suggesting the potential of HPK1 inhibition in cancer treatment. Various classes
of pharmacological small-molecule inhibitors targeting HPK 1 have been identified.

Moreover, in a separate study, CRISPR Cas9 technology was employed to KO HPK1, improving CAR-T-cell-
based immunotherapies' efficacy in diverse preclinical mouse models of hematological and solid tumors ***,
Therefore, we successfully implemented our developed dual antisense lentiviral vector design to clone the Pz1
CAR, which recognizes the PSMA prostate cancer antigen. This CAR construct was placed under the
constitutive expression of the PGK promoter, while the inverted miRNA targeting HPK 1 was positioned under

the inducible NFAT promoter.

Among the three miRNAs (initially inserted in a commercial plasmid) targeting HPK 1, we selected the miRNA
with the highest KD efficiency (miRNA B) in Jurkat cells to be cloned into our lentiviral vector. Notably, the
lentiviral vector bearing miRNA B exhibited high transduction efficiency and achieved a downregulation
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exceeding 90% in CD4+ and CD8+ T-cells. Importantly, HPK1 KD did not compromise cell viability,
revealing no detrimental impact on the internal cellular system of T cells. Consequently, we could proceed
with characterizing the impact of HPK1 KD on T-cell function. Notably, our findings showed that HPK1 KD
specifically enhanced the proliferation of CD8+ T-cells and augmented the expression of IFNy under the
influence of intermediate concentrations of immunosuppressive inhibitors typically present in the TME, such
as PGE2 and the adenosine agonist CADO. However, T-cell cytotoxicity remained unaffected by HPK1 KD
with or without the use of inhibitors.

In our subsequent examinations, we shifted our focus to a different tumor-specific targeting model by
employing the NYESO-1 TCR. We used a sense configuration lentiviral vector to clone the NYESO-1 TCR
and NGFR reporter gene, expressed under the constitutive PGK promoter. To achieve different levels of KD
strength, we introduced two miRNAs (miRNA A and B) targeting HPK1, comparing their outcomes to the
control miRNA (miRNA CTRL) expressed under the constitutive U6 promoter. This exploration allowed us
to fully understand the impact of HPK1 downregulation in T-cells.

To ensure optimal vector design, the 3' flank of the miRNA included a polyadenylation site to effectively
terminate miRNA transcription to avoid transcriptional interference. However, to overcome the potential viral
titer decrease associated with using the double-stranded hairpin secondary structure of the miRNA, we
incorporated TNFa to boost the transcription of our gene insert. This modification aimed to enhance viral titer
and ensure efficient gene transfer.

Using this vector design, we could achieve high transduction efficiency in both transduced Jurkat cells and
primary human NYESO-1 CD4+/CD8+ T-cells. However, for an efficient HPK1 KD, the inclusion of a leader
sequence was imperative to ensure proper miRNA (miR) biogenesis and processing (data not shown). Indeed,
placing the leader sequence immediately after the U6 promoter enabled us to achieve substantial HPK1 KD
levels, ranging from 80% to over 90%, using miR A in CD4+ and CD8+ T-cells. On the other hand, the
downregulation was moderate when utilizing miR B, with KD levels ranging between 45% and 60%. This
discovery was unexpected, considering that miR B showed the highest KD level in Jurkat cells using the
commercially available vector, compared to the miR CTRL and other tested miRs. Interestingly, in the case of
primary Pz1-CAR CD4+ and CD8+ T-cells, miR B exhibited higher KD levels compared to miR CTRL. This
suggests that the downregulation mechanism may be influenced by the vector or the cell type, indicating that
the cellular context plays a significant role in determining the level of KD.

Encouragingly, downregulating HPK 1 did not impact the memory and effector phenotypes of CD4+ and CD8+
T-cells. This is noteworthy because, while a memory-like phenotype is desirable for ACT due to its advantages,
we expected the loss of TCR inhibition to result in an effector-like phenotype or terminally differentiated T-
cells after long-term in vitro expansion prior to ACT. Functionally, CD8+ T-cells with HPK1 KD exhibited
increased proliferation capacity compared to control cells, similar to what was observed in the context of Pz-
1-CAR T-cells. In contrast, within our experimental setup, we did not observe significant differences in [FNy
secretion levels upon stimulation with A2+/NY+ target cells (Me275, A375, and Saos2). Nevertheless, in in
vivo experiments, the highest level of HPK1 KD achieved using miR A significantly improved tumor control,
leading to significant tumor growth delay and improved survival outcomes.

3. Combinatorial strategies targeting TCR negative regulators for enhanced functionality in high-affinity

TCR T-cells

Following the validation of our vector design and the promising results obtained through HPK1 KD in both
Pz-1CAR and NYESO-1 TCR T-cells, we aimed to further enhance T-cell functionality and gain a deeper
understanding of the complex interplay between T-cells and the TME. However, we encountered limitations
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in conducting comprehensive characterization using a xenograft mouse model. Consequently, we transitioned
to a syngeneic mouse model, which not only facilitated the investigation of T-cell interaction with TME but
also allowed us to explore the impact of downregulating negative regulators in a more physiologically relevant
setting. Initially, we identified twelve relevant molecular targets based on existing literature that demonstrated
improved T-cell function upon their complete deletion or downregulation. Subsequently, we assessed the
expression levels of these target molecules upon antigen stimulation, aiming to mimic the conditions that occur
in vivo within the TME. All evaluated TCR-negative regulators exhibited elevated expression levels upon
chronic antigen stimulation and during cellular exhaustion. However, upon repeated antigen stimulation,
certain targets, namely AKAPS, cabinl, 14-3-3(, PTPN3, and PTPN12, did not show increased expression.
Instead, their expression remained similar to the basal level observed in unstimulated cells.

Next, we carefully selected the miRNAs that resulted in the highest KD levels (based on the percentage and
the MFI of expression) compared to the miRNA CTRL for each of the chosen targets, namely those targeting
HPK1, Cbl-b, and NEDD4. These miRNAs were cloned in a retroviral vector available in the lab. It is
noteworthy that both Cbl-b and NEDD4 are part of the E3 ligases family. They play crucial roles within the
ubiquitination pathway responsible for the degradation of key components downstream of the TCR signaling
network.

As we observed only moderate antitumor effects when using single perturbations downstream of the TCR, we
decided to combine them as dual and triple combinatorial KD. The chosen miRNAs were then cloned in dual
and multiple miRNA vectors we have developed, with HPK1 as the primary target, alongside Cbl-b and/or
NEDDA4. The design of these vectors took into consideration several aspects linked to the concomitant miRNA
delivery, such as the spacing between the miRNA, the positioning, and the length of the miRNA sequences.
Significant transduction efficiency and high KD levels were observed in high (OTI) and low-affinity (OT3)
TCR cells using dual and multiple miRNA vectors. Interestingly, the KD levels achieved in OTI cells using
the dual and multiple miRNA vectors surpassed those achieved through double or triple transduction by single
miRNA vectors. This highlights the efficacy of the miRNA vectors generated in our study for inducing
efficient multiple gene silencing.

Consequently, the dual KD of HPK1 and Cbl-b in OTI cells demonstrated a significant improvement in tumor
control; however, it did not result in enhanced survival outcomes. Conversely, in the low-affinity TCR model
represented by OT3 cells, neither the individual nor the combinatorial KD of TCR suppressive molecules led
to improved tumor control or survival. Upon investigating the reasons behind these observations in OT3 cells,
we found that HPK1, Cbl-b, and NEDD4 were highly upregulated in OTI cells but not in OT3 cells upon
antigen encounter and TCR stimulation with B16 OVA target cells over time, and with the SIINFEKL OVA
peptide. Furthermore, our investigations confirmed previous findings that OT3 cells exhibit lower proliferation
rates and reduced cytotoxic capacities in vitro and in vivo compared to high-affinity TCR (OTI) cells. These
observations underscore the intrinsic limitations of low-affinity TCR cells in terms of their basal antitumor
activity.

Collectively, these findings support the notion that downregulating TCR suppressor genes is particularly
relevant in the context of high-affinity TCR cells, which aligns with previous studies demonstrating various
advantages of using high-affinity TCR over low-affinity TCR T-cells. This is mainly due to their increased
tumor infiltration, capacity to effectively eradicate tumors, and ability to sense lower peptide epitope densities,
in addition to their lower expression of inhibitory molecules, including PD-1, LAG-3, and NKG2A ™7,
Moreover, high TCR affinities enhance CD8+ T-cell effector function and have the potential to redirect CD4+
T-cells to the tumor >’**"’. In contrast, TCRs with nanomolar range affinities may impair T-cell function,
leading to activation-induced cell death, early exhaustion, or undesired cross-reactivity with self-antigens
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261578 On the other hand, controversial studies have demonstrated that high-affinity TCR T-cells may be more
susceptible to exhaustion and negative regulatory mechanisms upon chronic stimulation that limit their long-
term functionality *”

affinities to avoid diminished function and self-peptide cross-reactivity

and have also indicated that in vivo selection processes naturally maintain low TCR
574,580,581

Given the limited outcomes observed thus far regarding the positive effect of the concomitant deletion of
HPK1 and Cbl-b on the in vitro function in high-affinity TCR T-cells, further research is warranted to
characterize the impact of these deletions in OTI cells in vitro. Additionally, investigations into the behavior
of these engineered T-cells within the TME are essential to elucidate the reasons underlying the significant
tumor control achieved by this specific combination. It is crucial to understand how these engineered T-cells
interact with immunosuppressive components and inhibitors in the TME, such as PGE2, adenosine, and
various suppressive immune cells, such as Tregs and myeloid cells. Moreover, comprehensive ex vivo
characterization studies are necessary to assess the outcomes of these deletions on other critical pathways,
including apoptosis and metabolic features. A thorough understanding of these mechanisms will provide
valuable insights into the functionality and behavior of engineered T-cells in complex immunosuppressive
environments, ultimately informing the development of more effective therapeutic strategies.

Finally, in order to expand the scope of our approach, we employed a small TCR CRISPR library as a high-
throughput and unbiased method to systematically screen more than 27 TCR suppressor molecules. Through
this analysis, we were able to confirm that individual deletions of these molecules alone cannot enhance high-
affinity TCR T-cell persistence. Consequently, it became evident that implementing combinatorial strategies
is necessary to achieve the desired improvements in T-cell function. Of note, when employing the same TCR
library for CRISPR screening using low-affinity TCR cells in at least two separate experiments, we
encountered technical challenges due to the limited number of OT3 TILs retrieved from B16 tumors, which
could have compromised the quality of the analysis. However, the data indicates that OT3 cells are not retained
in the tumor bed, rendering efforts to enhance low-affinity TCR signaling futile if the cells fail to infiltrate the
TME and get stimulated by the antigen. This hypothesis could be potentially verified by co-transferring OTI
and OT3 cells in an ACT with a specific ratio, allowing the evaluation of their respective in vivo persistence
and the significance of suppressing TCR intracellular checkpoints.

Several studies have investigated similar questions by targeting different TCR suppressor genes. For instance,
individual loss of Cbl-b has been shown to enhance T-cell function and increase in vivo antitumoral activity
upon T-cell stimulation ****!_ In contrast, a study led by Ventura, PMO. et al., (2022) demonstrated in vivo
that sustained or acute deletion of PTPN6 along with PTPN11 deletion does not improve T-cell-mediated
tumor control. Furthermore, sustained loss of PTPN6/11 impairs the therapeutic effects of anti-PDI
treatment®®?. In this study, in vitro findings revealed that Ptpn6/11-deleted CD8+ T-cells exhibit impaired
expansion due to a survival defect, and proteomics analyses also highlighted significant alterations, including
changes in apoptosis-related pathways>*?. These observations emphasize the need for caution when choosing
negative regulators for gene inhibition strategies, specifically when considering clinical applications.

Intriguingly, the question of combinatorial deletion or loss of TCR negative regulators remains relatively
unexplored. This may be attributed to the challenges faced when combining multiple miRNAs or shRNAs for
knocking down multiple genes or concerns regarding off-target effects when using the CRISPR/Cas9 system
for gene deletion. However, there is apprehension regarding the risk of inducing T-cell exhaustion due to
overactivation or the potential for cytotoxicity or autoimmune responses resulting from the loss of negative
regulatory loops in TCR signaling, particularly in high-affinity TCR cells. This recalls the need for introducing
suicide genes into the vector construct, such as the epidermal growth factor receptor (EGFR), for inducing
modified T-cell death to encounter cellular cytotoxicity if it occurs.
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As a perspective of our study, we plan to explore the combination of HPK1-Cbl-b KD with the deletion or
complete loss of other TCR suppressive molecules, such as Pelil, CISH, and Ubash3a using the syngeneic
mouse model. We also aim to incorporate cytokines or molecules known to enhance T-cell persistence in vivo,
such as IL2v or CD40L, or 41BBL which have been developed and utilized in our laboratory. Furthermore,
we plan to extend the scope of our study beyond the TCR intracellular pathway and include target molecules
from various regulatory pathways, such as anergy, cAMP, apoptosis, and others. This comprehensive approach
addresses the regulatory mechanisms governing T-cell function, fitness, and in vivo persistence.

In the xenograft mouse model, we aim to evaluate the efficacy of the HPK1-Cbl-b KD setting using CAR/TCR
T-cells. We plan to further enhance our combinatorial KD approach by deploying inhibitory checkpoint
blockade, considering the upregulation inhibitory checkpoints, such as PD-1, TIM-3, and TIGIT, upon TCR
engagement with melanoma (Me275 and A375) and sarcoma (Saos2) target cells.

Looking ahead to our future research directions, we propose developing the CRISPR screening approach to
explore individual TCR perturbations based on other aspects of T-cell function, such as proliferation, cytokine
expression, and metabolic fitness. Specifically, we anticipate that focusing on proliferation outcomes in our
CRISPR screening approach will yield interesting data and reveal potential targets. This prediction is based on
evidence from our investigations with HPK1 KD on primary human and murine T cells, which showed an
increase in their proliferative capacity. Notably, HPK1 KD significantly improves primary human CD8+
proliferation in vitro in both the Pz1-CAR and NYESO-1 TCR models.

In summary, we have successfully demonstrated the efficacy of our novel antisense configuration lentiviral
vector and high titer lentiviral production protocol in overcoming the limitations observed with previous vector
designs and enhancing cell transduction efficiency even when using complex miRNA structures. This vector
contains two gene cargos; an inducible miRNA targeting HPK1 and the Pzl CAR or NYESO-1 TCR
constitutively expressed, allowing for specific T-cell redirection to target cancer cells. This was shown to boost
CD8+ T cell proliferation, in vivo antitumor control, and survival in the context of human tumor models.
Additionally, we also explored the effectiveness of a combinatorial gene KD strategy in the syngeneic mouse
model by inhibiting other TCR negative regulators using a multi-miRNA retroviral vector we developed. This
retroviral vector enabled constitutive expression of multiple miRNAs targeting different intracellular
checkpoints downstream of high and low-affinity TCR signaling networks, further enhancing the therapeutic
potential of engineered T-cells. In particular, simultaneous downregulation of HPK1 and Cbl-b led to a
significant delay in tumor growth of high-affinity TCR T cells. We also suggest various future strategies to
improve T cell antitumor activity. Lastly, we highlighted the relevance of using our combinatorial KD strategy
in the context of high-affinity TCR over the low-affinity TCR T-cells. Furthermore, we used a CRISPR
screening with a small TCR library to establish that individual deletions of TCR intracellular checkpoints do
not sufficiently improve T cell persistence, hence, necessitating the combinatorial gene KD approach.

Overall, this dissertation contributes significantly to cancer immunotherapy by providing new approaches for
suppressing intracellular T-cell checkpoints for adoptive cell therapy and paving the way for future research
exploration and development.
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