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Summary

The biological and clinical heterogeneity within T-cell malignancies
presents a significant challenge in developing effective treatments, particularly
given the limited efficacy of first-line anthracycline-based chemotherapy. These
malignancies often exhibit epigenetic dysregulation and mutations in the T-cell
receptor (TCR) signaling pathways. However, the rarity of these mutations has
hindered the development of targeted therapies, necessitating more precise and
effective therapies. Zeta-chain-associated protein kinase 70 (ZAP-70), a
cytoplasmic tyrosine kinase predominantly expressed in T cells, plays a crucial
role in proximal TCR signaling—an essential pathway for the survival and growth
of T cells. Remarkably, heightened ZAP-70 expression has been detected in certain
T-cell malignancies, and genetic ZAP-70 knockdown has been shown to impact
malignant T-cell proliferation and induce apoptosis. Altogether, these results

suggest a role of ZAP-70 in mediating T-cell malignancy progression.

Consequently, we aimed to develop pharmacological ZAP-70 inhibitors
and evaluated their effect on malignant T-cell lines. After the in vitro screening of
the kinase inhibition profile of 27 ZAP-70 candidate inhibitors against 26 kinases,
we identified two promising small-molecule ZAP-70 kinase inhibitors, IQS117 and
1QS141. These compounds demonstrated robust inhibition of approximately 90%
of ZAP-70 kinase activity with off-targets residual kinase activity remaining above
20%. Subsequent in vitro studies in OCI-Ly13.2, Jurkat and T8ML-1 cell lines,
representing distinct T-cell malignancy subtypes, unveiled a dose-dependent
inhibition of both proliferation and viability, with cell lines tending to being more
sensitive to 1QS117. Additionally, both compounds exhibited dose-dependent
inhibition of key TCR signaling molecules in Jurkat and OCI-Ly13.2 cell lines,
including ZAP-70, LAT, SLP-76, PLCy1, and ERK1/2. Notably, unlike 1QS141, 1QS117
also demonstrated inhibitory effects on AKT, potentially contributing to its

enhanced effectiveness on decreasing cell proliferation and viability.

Our subsequent in vivo investigations with IQS117 and IQS141 in
immunodeficient mice at a dose of 300 mg/kg, revealed no detectable acute
toxicity effects through oral and intraperitoneal administration. Further

pharmacokinetic analysis at a dose of 50 mg/kg indicated a prolonged half-life for
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both ZAP-70 inhibitors following oral administration, establishing this as the best
route for subsequent pharmacological assessment in xenograft models of
malignant T-cell lines. Nonetheless, subcutaneous and intravenous xenograft
models of malignant T-cells treated with 1QS117 and 1QS141 displayed no
significant impact on tumor growth or survival. Additionally, transcriptome
analysis of subcutaneous tumors following a seven-day treatment with 1QS117
and 1QS141 did not reveal specific ZAP-70 inhibition-associated changes, raising
concerns about the delivery of these drugs to the tumor site and would require

further validation.

Collectively, our results underscore the potential of ZAP-70 inhibition as
a therapeutic approach for T-cell malignancies, while emphasizing the critical

need for optimizing IQS117 and 1QS141 drug delivery to the tumor site.
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Resumen

La heterogeneidad bioldgicay clinica en las neoplasias linfoides de células
T representa un desafio importante en el desarrollo de tratamientos efectivos,
especialmente dada la limitada eficacia de la quimioterapia basada en
antraciclinas de primera linea. Estas neoplasias a menudo muestran
desregulacidn epigenética y mutaciones en las vias de sefializacién del receptor de
células T (TCR). Sin embargo, la baja frecuencia de estas mutaciones ha
obstaculizado el desarrollo de terapias dirigidas, lo que hace necesario buscar
terapias mds precisas y efectivas. La proteina quinasa 70 asociada a la cadena zeta
(ZAP-70), una tirosina quinasa citoplasmdtica expresada predominantemente en
células T, desempeiia un papel crucial en la sefializacién proximal del TCR— una
via esencial para la supervivencia y crecimiento de las células T. Es relevante
destacar que se ha detectado una expresidén elevada de ZAP-70 en ciertos subtipos
de neoplasias linfoides de células T, y que la supresién génica de ZAP-70 ha
demostrado impactar la proliferacién de células T malignas e inducir apoptosis.
En conjunto, estos resultados sugieren un papel de la ZAP-70 en la progresién de

las neoplasias de células T.

Por tanto, nuestro objetivo fue desarrollar inhibidores farmacolégicos de
la actividad quinasa de ZAP-70 y evaluar su efecto en lineas de células T malignas.
Tras evaluar in vitro el perfil de inhibicién de la actividad quinasa de 27 inhibidores
candidatos de ZAP-70 frente a 26 quinasas, identificamos dos prometedores
inhibidores de la quinasa ZAP-70, IQS117 e IQS141. Estos compuestos demostraron
una so6lida inhibicién de aproximadamente el 90% de la actividad quinasa de ZAP-
70, manteniendo una actividad quinasa residual superior al 20% para las demds
quinasas del panel evaluado. Estudios in vitro posteriores en las lineas celulares
OCI-Ly13.2, Jurkat y T8ML-1, que representan subtipos distintos de neoplasias
linfoides de células T, revelaron una inhibicién dependiente de la dosis tanto de la
proliferacién como de la supervivencia celular, habiendo una tendencia de las
lineas celulares a ser mds sensibles a IQSI117. Ademds, ambos compuestos
inhibieron de manera dependiente de la dosis la fosforilacién de moléculas clave
en la sefializacién del TCR en las lineas Jurkat y OCI-Ly13.2, incluyendo ZAP-70,

LAT, SLP-76, PLCyly ERK1/2. Notablemente, a diferencia de 1QS141,1QS117 también
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demostré efectos inhibidores sobre AKT, lo que podria contribuir a su mayor

eficacia en la disminucién de la proliferacién y viabilidad celular.

Nuestras posteriores investigaciones in vivo con IQS117 e IQS141 en ratones
inmunodeficientes a una dosis de 300 mg/kg no demostraron efectos tdxicos
agudos detectables mediante administracién oral e intraperitoneal. El andlisis
farmacocinético a una dosis de 50 mg/kg demostré una vida media prolongada en
plasma para ambos inhibidores de ZAP-70 tras la administracién oral,
estableciendo esta como la mejor ruta para la posterior evaluacién farmacoldgica
de los compuestos en modelos de xenoinjerto de lineas de células T malignas. No
obstante, el tratamiento con IQS117 e IQS141 en modelos de xenoinjerto
subcutdneo e intravenoso de células T malignas, no mostré un impacto
significativo en el crecimiento tumoral o en la supervivencia de los animales.
Ademis, en el andlisis del transcriptoma de los tumores subcutdneos tras ser
sometidos a una semana de tratamiento con 1QS117 e IQS141, no se identificaron
cambios significativos asociados ala inhibicién de ZAP-70, lo que plantea posibles
dificultades en la distribucién de los compuestos al tumor y requiere una

validacidn adicional.

En resumen, nuestros resultados resaltan el potencial de la inhibicién de
ZAP-70 como un enfoque terapéutico prometedor para las neoplasias linfoides de
células T, al tiempo que subrayan la necesidad de optimizar los mecanismos de

distribucién de IQS117 e IQS141 para llegar eficazmente al tumor.
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Introduction

1.1. Origin and development of T lymphocytes

1.1.1. Hematopoiesis

Hematopoiesis refers to the intricate process of generation, development
and maturation of all blood cells, originating from a population of long-lived and
self-renewing cells known as hematopoietic stem cells (HSC) (1). This process
initiates during embryonic development within blood islands present in the yolk
sac, subsequently transitioning temporarily to the liver before ultimately
establishing in a special microenvironment within the bone marrow (BM), called
HSC niches (2). Following birth, hematopoiesis takes place within the bones
throughout the skeleton and, by the time of puberty, it becomes primarily
confined to the BM of flat bones such as the sternum, vertebrae, iliac bones and
ribs (1).

The classical stepwise hematopoietic hierarchy postulates a hierarchical
three-branched process of cellular differentiation (Figure 1A). At the apex of this
hierarchy are HSCs, which possess the capacity to progressively differentiate into
all blood cell lineages. HSCs can be classified into two groups based on their
expression of CD34: CD34-negative long-term HSCs (LT-HSCs) and CD34-
positive short-term HSCs (ST-HSCs). LT-HSCs undergo differentiation into ST-
HSCs which, subsequently give rise to multipotent progenitors (MPPs). These
MPPs have the capability to differentiate into either common myeloid progenitors
(CMPs) or common lymphoid progenitors (CLPs). CMPs possess the potential to
generate myeloid, erythroid and megakaryocytic lineages whereas CLPs

exclusively possess lymphoid potential (3).

Significant progress in the field of single-cell transcriptomics has unveiled
the existence of heterogeneity in the most primitive HSCs populations (4). A more
recent model proposes that lineage-restricted cells originate from a continuum of
low-primed undifferentiated hematopoietic stem and progenitor cells (HSPCs),
achieved through the suppression of cell proliferation-related genes and the

upregulation of lineage-specific genes (Figure 1B) (3,4).
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Figure 1. The evolution of hematopoietic models. (A) In the classical hematopoietic
hierarchy model, hematopoietic stem cells (HSCs) at the apex give rise to various blood
cell types. HSCs differentiate into long-term HSC (LT-HSCs) and short-term HSC (ST-
HSCs). ST-HSCs further differentiate into multipotent progenitors (MPP), which can give
rise to either common myeloid progenitors (CMPs) or common lymphoid progenitors
(CLPs), leading to myeloid or lymphoid lineages, respectively. (B) Hematopoiesis is
described as a continuum of less-differentiated hematopoietic stem and progenitor cells
(HSPCs) differentiation, leading to the generation of lineage-restricted cells. Adapted from
Cheng H. et al. Protein Cell. 2020.

1.1.2. Development and differentiation of T

lymphocytes

T lymphocytes, also known as T cells, play a pivotal role in the adaptive
immune system’s response, serving as a critical component in the eradication of
pathogens and tumor surveillance. T cells originate from BM progenitors that
migrate to the thymus at an early stage as thymocytes. Within the thymus, these
thymocytes undergo a series of maturation steps prior to ultimately migrating to
peripheral tissues. The main characteristic of T-cell lymphopoiesis is the
rearrangement of the T-cell receptor (TCR) genes prior to exposure to antigens,
resulting in the generation of a diverse repertoire of more than 10® unique TCRs,

each capable of recognizing distinct antigens (5).
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1.1.2.1. T cells maturation in the thymus

The thymocytes that enter the thymus are considered double-negative
cells (DN) as they do not express the coreceptors CD4 or CD8 (Figure 2). As they
progress through the outer cortex of the thymus, thymocytes encounter cortical
epithelial cells to proliferate and they can further be divided into different
subpopulations (DN1-DN4) based on the expression of specific surface markers
(CD44 and CD25): DN1 cells (CD44+ CD25-), DN2 cells (CD44+ CD25+), DN3
(CD44-CD25+) and DN4 (CD44-CD25-) (6,7).

The transition from DN1 to DN3 cells occurs independently of the TCR as
the cells primarily interact with the thymic environment to proliferate. At the DN3
stage, cell proliferation ceases, and TCR gene rearrangement of the TCR [ chain
takes place (8). Thymocytes at this stage express the pre-TCR complex on the cell
membrane, consisting of the TCR [§ chain paired with a surrogate TCR o chain and
CD3 subunits (Figure 2). The pre-TCR complex plays a crucial role in 3 selection,
where the functionality of the TCR 3 chain is evaluated. Only thymocytes that
express a functional 3-subunit progress beyond this checkpoint. However, those
thymocytes that successfully rearrange TCR Y and 6 chains instead of 3 chains are
selected as YO T cells, representing less than 10% of T cells. Thymocytes expressing
a functional (-subunit at DN3 will proliferate and proceed to the DN4 stage,

ultimately expressing CD4 and CD8 to become double-positive cells (DP) (8,9).

At the DP stage, thymocytes rearrange their TCR-a chain to form the cell-
surface TCR-af3 complex (Figure 2). DP thymocytes then undergo two rigorous
consecutive selection checkpoints to ensure the responsiveness of the TCR to
foreign antigens (positive selection) while also establishing central tolerance to
autoantigens (negative selection) (5) (Figure 2). During positive selection, TCRs
interact with self-antigens presented by the major histocompatibility complex
(pMHC), also known as human leukocyte antigens (HLA) class I (pHLA-I) or II
(pHLA-II) molecules. If the signal strength is strong enough to promote T-cell

survival and maturation, cells mature into single-positive (SP) CD8+ or CD4+ T
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cells, respectively. Thymocytes not recognizing self-antigens with sufficient
affinity undergo death by neglect. In the subsequent negative selection,
thymocytes with TCRs that strongly interact with self-antigens presented by
antigen presenting cells (APCs) are eliminated by apoptosis (10). Those
thymocytes with weak interactions survive to become CD4+ or CD8+ naive T cells.
Intermediate or high interactions will divert CD4+ T cells towards regulatory T

cells that maintain immunological tolerance (11).
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Figure 2. T-cell development in the thymus. Bone marrow progenitors migrate to the
thymus as thymocytes. Thymocytes enter the thymus as double-negative (DN) cells and
undergo a series of developmental stages, from DN1 to DN4. Transition from DN1 to DN3
isindependent of T-cell receptor (TCR) and involves proliferation, while DN3 cells express
the pre-TCR complex for [(-selection. Thymocytes expressing a functional -subunit
progress to the DN4 stage. TCR-a chain rearrangement and coexpression of CD4 and CD8
lead to the double-positive (DP) stage. DP thymocytes undergo positive selection based on
TCR interactions with self-antigens, leading to maturation into CD4+ or CD8+ single-
positive (SP) T cells if signal strength is adequate, and negative selection, eliminating
thymocytes with strong self-antigen interactions through apoptosis. Weak interactions
resultin the development of mature SP CD4+ or CD8+ naive T cells, while intermediate or
high interactions result in regulatory T cells, maintaining immunological tolerance. HLA,
human leukocyte antigen. Image adapted from ‘T-Cell Development in Thymus 2’ by
BioRender.com and Magali L. et al. Annu. Rev. Immunol. 2022.
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1.1.2.2. T cells antigen recognition in the

periphery

Mature naive T cells, which have successfully undergone TCR
rearrangement and possess functional, non-self-reactive TCRs, exit the thymus
and migrate to secondary lymphoid organs (SLOs) such as lymph nodes, tonsils,
spleen, Peyer’s patches, and mucosa-associated lymphoid tissue (MALT) to

identify and recognize foreign antigens presented by self-HLA molecules (12).

The two major classes of T cells, CD4+ and CD8+ T cells, exert different
effector functions and recognize epitopes in a different manner. CD8+ T cells
recognize short peptides (around 8-10 amino acids) derived from endogenous
proteins (e.g., viral particles, intracellular pathogens, or tumor antigens)
previously partially degraded by the proteasome and presented on the cell
membrane on HLA-I molecules (Figure 3). HLA-I molecules are present on almost
all nucleated cells and activate CD8+ effector T cells, leading to a cytotoxic

response that directly kills the recognized cells (13).

CD4+ T cells typically recognize longer peptides (12-20 amino acids)
derived from extracellular proteins. These proteins are endocytosed, transported
to endosomes, and then presented on the cell-surface on HLA-II molecules
(Figure 3) (13). HLA-II molecules expression is restricted to APCs (monocytes,
macrophages, B cells, and dendritic cells). However, certain inflammatory stimuli
can induce HLA-II expression on some epithelial cells and endothelial cells.
Peptides presented by HLA-II molecules are recognized by CD4+ T cells, which in

turn activate other immune cells and help amplify the immune response (13,14).
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Figure 3. Antigen recognition by CD4+ and CD8+ T cells. Both CD8+ and CD4+ T cells
recognize peptides bound to HLA molecule on the surface of target cells via their TCRs.
CD8+ T cells identify short peptides originating from cytoplasmic proteins, which are
partially digested through proteasomal activity and then presented by HLA-I molecules.
In contrast, CD4+ T cells recognize longer peptides derived from extracellular proteins that
were previously endocytosed, loaded and presented on HLA-II molecules. ER,
endoplasmic reticulum. Image adapted from ‘MHC class I and II Pathways’ by
BioRender.com

1.2. T-cell lymphoid malignancies

1.2.1 Definition and Classification

T-cell lymphoid malignancies constitute a heterogeneous group of rare
disorders that can be indolent or aggressive, characterized by the abnormal
growth of clonal, dysfunctional immature or mature T-cells. These entities can be
broadly categorized into precursor and mature T-cell neoplasms, delineating

distinct stages of T-cell development (15).

In 1994, the first international consensus system known as the ‘Revised
European-American Classification of Lymphoid Neoplasms’ (REAL) classification
included over 11 distinct entities within the category of ‘T-cell and Putative

Natural Killer (NK)-Cell neoplasms’ (16).

Since then, the World Health Organization (WHO) has been instrumental
in providing a standardized global reference for the classification of T-cell

lymphoid malignancies since the release of its 3™ edition in 2001. This edition
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expanded upon the REAL classification and described 2 precursor T-cell
neoplasms arising from maturing thymocytes and 14 mature T-cell and NK-cell
neoplasms derived from post-thymic T cells. This classification was based on their
clinical presentation and histological morphology, under the unified category of

“T-cell and NK-cell neoplasms’ (17).

Over the years, the WHO, and other Clinical Advisory Committees (CACs)
have continually updated the classification of T-cell malignancies, incorporating
major advances in the understanding of the genetic landscape of these diseases.
The most recent updates to the classification of T-cell neoplasms were released in
2022 by two different institutions: the WHO and a multidisciplinary group of
international haematologists, oncologists, and scientists through joint CACs
(15,18). In this fifth edition of the WHO classification, T-cell and NK-cell
neoplasms are organized into 9 families, categorized based on their cell of
origin/differentiation state, disease localization, clinical presentation, and
cytomorphology (Table 1) (15). It is important to note that the classification
released by CACs, namely ‘The International Consensus Classification (ICC) of
Mature Lymphoid Neoplasms’, solely focuses on mature T-cell and NK-cell
neoplasms, classifying them in a manner that aligns with the WHO classification

(18). For this thesis, we will focus on describing the WHO classification.

The 2022 WHO classification of Hematolymphoid tumors categorizes T-
cell neoplasms into two major groups based on their cell of origin: precursor T-cell
neoplasms and mature T-cell neoplasms (Table 1) (15). Notably, this updated
classification introduces a third major group termed ‘Tumor-like lesions with T-
cell predominance’, which will not be further elaborated upon as it falls beyond

the scope of this thesis.

This doctoral thesis will primarily be focused on discussing the precursor
T-cell neoplasm, T-cell acute lymphoblastic leukemia (T-ALL), as well as the three
most common subtypes of mature T-cell lymphomas: peripheral T-cell
lymphoma, not otherwise specified (PTCL, NOS), nodal T-follicular helper cell
lymphoma, angioimmunoblastic-type (nTFHL-AI), and anaplastic large cell

lymphoma (ALCL).

45



Introduction

Table 1. List of T-cell lymphoid malignancies based on the 2022 WHO classification

WHO Classification, 5% edition

Precursor T-cell neoplasms

T-lymphoblastic

leukemia/lymphoma

T-lymphoblastic leukemia/lymphoma, not otherwise specified
(NOS)
Early T-precursor lymphoblastic leukemia/Lymphoma

Mature T-cell and NK-cell neoplasms

Mature T-cell and
NK-cell leukemias

T-prolymphocytic leukemia

T-large granular lymphocytic leukemia
NK-large granular lymphocytic leukemia
Adult T-cell leukemia/Lymphoma
Sézary Syndrome

Aggressive NK-cell leukemia

Primary cutaneous
T-cell lymphomas

Primary cutaneous CD4-positive small or medium T-cell
lymphoproliferative disorder

Primary cutaneous acral CD8-positive lymphoproliferative
disorder

Mycosis fungoides

Primary cutaneous CD30-positive T-cell lymphoproliferative
disorder: Lymphomatoid papulosis

Primary cutaneous CD30-positive T-cell lymphoproliferative
disorder: Primary cutaneous anaplastic large cell ymphoma
Subcutaneous panniculitis-like T-cell lymphoma

Primary cutaneous gamma/delta T-cell lymphoma

Primary cutaneous CD8-positive aggressive epidermotropic
cytotoxic T-cell lymphoma

Primary cutaneous peripheral T-cell lymphoma, NOS

Intestinal T-cell and
NK-cell lymphoid
proliferations and
lymphomas

Indolent T-cell lymphoma of the gastrointestinal tract
Indolent NK-cell lymphoproliferative disorder of the
gastrointestinal tract

Enteropathy-associated T-cell lymphoma

Monomorphic epitheliotropic intestinal T-cell lymphoma
Intestinal T-cell lymphoma, NOS

Hepatosplenic T-cell

Hepatosplenic T-cell lymphoma

lymphoma
Anaplastic large cell ~ ALK-positive anaplastic large cell lymphoma
lymphoma ALK-negative anaplastic large cell lymphoma

Breast implant-associated anaplastic large cell lymphoma

Nodal T-follicular
helper (TFH) cell

Nodal TFH cell lymphoma, angioimmunoblastic-type
Nodal TFH cell lymphoma, follicular-type

lymphoma Nodal TFH cell lymphoma, NOS

Other peripheral T- Peripheral T-cell lymphoma, not otherwise specified
cell ymphomas

EBV-positive NK/T-  EBV-positive nodal T- and NK-cell lymphoma

cell ymphomas Extranodal NK/T-cell lymphoma

EBV-positive T- and
NK-cell lymphoid
proliferations and
lymphomas of
childhood

Severe mosquito bite allergy

Hydroa vacciniforme lymphoproliferative disorder
Systemic chronic active EBV disease

Systemic EBV-positive T-cell lymphoma of childhood
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1.2.2  Epidemiology

The American Cancer Society estimates that in 2023, there will be
approximately 80.550 new cases of non-Hodgkin lymphomas (NHLs) diagnosed
in the USA, with approximately 15% of these cases being attributed to T-cell

lymphoid malignancies (19,20).

The incidence of T-cell lymphomas (TCL) displays significant
geographical disparities worldwide. In Western countries, TCLs constitute merely
5-10% of all NHL, whereas in regions such as Asia, the Caribbean, Africa, and South
America, their incidence escalates to 15-20% of all NHL cases (21). This disparity
can be attributed, in part, to the exposure to viral infections, such as human T-
lymphotropic virus type-1 (HTLV-1) and Epstein-Barr virus (EBV), both implicated
in the pathogenesis of adult T-cell leukemia/lymphoma and EBV+ NK/T-cell
lymphomas (NKTCL), respectively (20). Most TCL subtypes are more prevalent in
males, with an increase in incidence correlating with advanced age (typically

diagnosed between the ages of 49-75) (21,22).

Although the 2022 WHO classification of Hematolymphoid tumors
describes a total of 35 distinct entities, approximately 30% of TCL cases in North
America and Europe, along with 21% in Asia, remain unclassifiable due to not
meeting the existing criteria for any classification. Consequently, these cases
receive a diagnosis of exclusion called PTCL, NOS (21). The second most common
subtype is nTFHL-AI, accounting for 16% of cases in North America and
approximately 29% in Europe (21). The third most prevalent subtype is the ALCL,
contributing to 15% of the TCL cases (20). In Asia, the most common subtypes are
NKTCL (28,6% cases), followed by the nTFHL-AI (approximately 25% cases) and
PTCL,NOS (approximately 21% cases) (23).

Regarding the precursor T-cell neoplasms, T-ALL arises from early T-cell
progenitors and represents 10-15% of pediatric and 20-25% of adult acute
lymphoblastic leukemia (ALL) cases (24). It is more frequent in males than
females and predominantly affects younger age groups, being commonly

considered an adolescent and young adult-affecting (AYA) disease. Survival
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outcomes in ALL are profoundly influenced by age, evidenced by a 5-year overall
survival (OS) of 80% for individuals younger than 50 of age, in contrast to a less

favorable rate under 35% for those aged 50 years or older (24,25).
1.2.3  Clinical presentation and diagnosis

T-cell malignancies exhibit a wide range of symptoms that vary across
their distinct types. Both immature and mature forms of T-cell leukemia are
characterized by the circulation of malignant T cells leading to lymphocytosis,
generalized lymphadenopathy, and hepatosplenomegaly (26,27). Malignant T-
cell colonization of the BM can lead to anemia with neutropenia and

thrombocytopenia (27).

Mature TCL typically exhibit an aggressive clinical behavior at the time of
diagnosis. Among these, two of the better-known subtypes, the ALCL and nTFHL-
Al, are frequently present with generalized lymphadenopathy, systemic B
symptoms (night sweats, fever, and weight loss) and can involve extranodal sites
(28). Primary cutaneous T-cell lymphomas (CTCL) present various
manifestations on the skin. The most common subtype, mycosis fungoides (MF),
initially presents as skin patches that can evolve to plaques and, in some cases,
tumors. The second most common, the leukemic Sézary syndrome (SS), is
characterized by peripheral blood involvement, erythroderma, and

lymphadenopathy (29).

Extranodal subtypes are localized diseases without nodal involvement,
whose names reflect their predilection for a specific anatomic site. These subtypes
include intestinal T-cell and NK-cell lymphoid proliferations and lymphomas, as

well as hepatosplenic T-cell lymphomas (30).

Lastly, PTCL, NOS, the most heterogeneous subtype, primarily involves
nodal sites, yet extranodal involvement can also occur in the liver, BM,
gastrointestinal tract, and skin. Patients with PTCL, NOS may display a range of

symptoms, including systemic B symptoms and hepatosplenomegaly (31).
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Given the rarity and heterogeneity of T-cell malignancies, precise
differential diagnosis of T-cell malignancies strongly depends on the
histopathological features of the disease. Among these malignancies, the
Anaplasticlymphoma kinase (ALK)-positive ALCL stands as the only subtype with
a unique diagnostic genetic marker—the t(2;5) translocation involving ALK and
nucleophosmin (NPM). In contrast, the diagnosis for other major subtypes greatly
relies on morphologic traits. Notably, nTFHL-AI is identified by partial or total
effacement of the lymph node structure, infiltrated by polymorphous small to
medium-size T cells clustered around high endothelial venules and follicular
dendritic cells (28). In the case of ALCL, it is characterized by a diffuse
proliferation of large cells exhibiting abundant cytoplasm and characteristic

horseshoe- or kidney-shaped nuclei (32).

Emerging research reveals the distinct clinical nature of each subtype of
T-cell malignancies, emphasizing the need for tailored therapeutic strategies
based on their specific pathogenesis. The ideal approach to reach a more accurate
diagnosis would involve integrating the clinical, morphological,
immunophenotyping, cytogenetic, and molecular characteristics of tumor cells
(33). The rarity and heterogeneity of these diseases, the complex diagnostic
criteria, and incomplete biological understanding contribute to the difficulties in

achieving an accurate diagnosis and treatment.

1.2.4  Genetic landscape

Genomic and transcriptomic investigations on T-cell malignancies have
advanced our comprehension of the complex molecular alterations that underlie
the pathogenesis of these uncommon and diverse malignancies. These studies
have unveiled the potential for a more precise molecular subtyping and the
development of targeted therapies tailored to specific subtypes that would lead to
better clinical outcomes (34). The subsequent sections discuss our current insight

into the genetic landscape of several prevalent T-cell malignancies.
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1.2.4.1 Nodal Teu cell lymphoma,

angioimmunoblastic-type (nTFHL-AI)

The nTFHL-AI subtype, formerly recognized as angioimmunoblastic T-
cell lymphoma (AITL), is characterized by the presence of clonal malignant CD4+
Tru cells. CD4+ Tey cellsreside in the lymph node germinal center and support B
cell responses (35). The most frequently mutated genes in nTFHL-AI involve
epigenetic regulators, the Ras homology family member A (RHOA) and TCR

signaling genes.

Genetic alterations affecting epigenetic regulators including Tet
methylcytosine dioxygenase 2 (TET2), DNA methyltransferase 3 alpha (DNMT3A)
and isocitrate dehydrogenase (NADP+) 2 (IDH2) are prevalent in hematological
malignancies. Although initially identified in myeloid malignancies, their
mutations are particularly high within the Nodal Tey cell lymphomas family,
comprised of nodal Te cell lymphoma, follicular type (nTFHL-F), nodal Tz cell
lymphoma, NOS (nTFHL-NOS) and nTFHL-AI (36-38).

TET2 encodes a 2-oxoglutarate/Fe**-dependent oxygenase that
participates in the epigenetic control of gene expression by catalyzing the
oxidation of DNA 5’-methylcytosine to 5-hydroxymethylcytosine. TET2 loss-of-
function mutations have been identified in 40-80% nTFHL-AI (Figure 4). These
mutations are frequently identified as the initial event in malignant
transformation and are correlated with advanced-stage disease and unfavorable
clinical outcomes (34,39-42). Studies in animal models demonstrated that TET2
loss contributes to heightened self-renewal and repopulation of HSCs (43).
Interestingly, TET2 mutations are commonly detected in the blood of healthy
elderly individuals without accompanying indications of an ongoing or prior
hematological malignancy, a phenomenon termed clonal hematopoiesis of
indeterminate potential (CHIP) (44). Studies in mice models have proven that
TET2 mutations alone are insufficient to induce nTFHL-AI malignant
transformation; a secondary genetic alteration is required to drive this process

(45).
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DNMT3A encodes a DNA methyltransferase that controls cytosine
methylation. Loss-of-function mutations have been described in 10-40% nTFHL-
AL These mutations are considered an initial event in malignant transformation

and frequently co-occur with TET2 mutations (Figure 4) (46).

IDH2, a metabolic mitochondrial enzyme, participates in the generation
of 2-oxoglutarate. Mutations in IDH2, specifically at the R172 position, have been
exclusively described in nTFHL-AI, with a prevalence of 30-40%. IDH2 R172
mutation is considered a second hit and often co-occurs with TET2 mutations
(Figure 4) (34,38). Recent studies in mouse models suggest that the presence of
IDH2 R172 mutation in TET2-deleted Ty cells can modify the cross-talk between
malignant T cells and their surrounding microenvironment, potentially
contributing to the establishment of the characteristic nTFHL-AI

microenvironment (47).

The RHOA small GTPase, encoded by the RHOA gene, plays a role as a
molecular switch activated upon guanosine triphosphate (GTP) binding. This
binding is finely regulated by guanine exchange factors (GEFs), including Vav
guanine nucleotide exchange factor 1 (VAV1). RHOA regulates numerous biological
processes, most notably in actin polymerization, cytoskeleton formation,

adhesion, migration and cytokinesis (48).

The heterozygous missense RHOA G17V mutation, present in up to 70%
cases of nTFHL-AI (Figure 4), has become a molecular diagnostic biomarker for
nTFHL-AI (39,40,49). This mutation results in an inactive RHOA that functions as
a dominant-negative form, interfering with the wild-type RHOA signaling
(39,40,49). Furthermore, RHOA G17V frequently coincides with mutations in
epigenetic regulators, particularly TET2 (39,40). Mice models carrying the RHOA
G17V mutation in CD4+ T cells exhibited an expanded CD4+ Ty cell population.
When coupled with TET2 loss, these models demonstrated the expansion of CD4+

T cells and the development of TCL with features of human nTFHL-AI (50,51).
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(a)
nTFHL-AI (N = 120)

RHOA G17V
TET2

DNMT3A
IDH2 R172

Co-occurrence (n (%))
RHOA G17V  TET2 DNMT3A IDH2 R172 Cases

(b)

RHOA G17V “nja 72 (88) 30(36.5  31(37.8) 82
TET? 72(766) nla 29(30.8)  29(30.8) 94
DNMT3A 30 (83) 29(80.5  nla 15(416) 36
IDH2 R172 31 (97) 29(90.6)  15(46.8)  nla 32

Figure 4. Co-ocurrence of frequent mutations in nTFHL-AI. (A) Mutational status
analysis of RHOA G17V, TET2, DNMT3A, and IDH2 in a cohort of 120 patients. Each row
represents mutations in each of the genes of interest and each column represents a patient
sample. (B) Quantification of the co-occurrence of mutations in RHOA G17V and
epigenetic regulators. The column of the right shows the total number of cases mutated
for RHOA G17V, TET2, DNMT3A, and IDH2 R172; the rest of the columns display the
mutational co-occurrence for the mutations indicated by the number (n) of cases and the
percentage of co-occurrence calculated from the total of cases [(%)]. DNMT3A, DNA
methyltransferase 3 alpha; IDH2, isocitrate dehydrogenase (NADP+) 2; RHOA, Ras
homology family member A; TET2, Tet methylcytosine dioxygenase 2. Adapted from
Cortés]. et al. Curr. Opin. Hematol. 2016.

1.2.4.2 Anaplasticlarge cell lymphoma (ALCL)

ALCL comprises three aggressive subtypes, all characterized by the
consistent expression of CD30 and often defective expression of T-lineage
markers (15). In this section we will focus on the most frequent subtypes, ALK-

positive ALCL and ALK-negative ALCL.

ALK-positive ALCL subtype is distinguished by chromosomal
translocations that lead to ALK constitutive activation. The most prevalent is the
t(2,5) translocation, which fuses the ALK gene in chromosome 2 with
nucleophosmin (NPM), resulting in a constitutive active kinase that aberrantly
activates downstream signaling pathways as Janus kinase (JAK)-signal
transducer and activator of transcription 3 (STAT3) (52). The ALK-NPM was the

first recurrent genetic abnormality identified in TCL (53).
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In contrast, ALK-negative ALCL differs from the ALK-positive ALCL by the
absence of ALK translocations (32). Numerous genomic mechanisms lead to
oncogenic activation of STAT3 signaling in ALK-negative ALCL. Mutations in JAKI
and STAT3 are identified in approximately 20% ALK-negative ALCL cases (54).
Recurrent gene translocations involving the ROS proto-oncogene 1 (ROSI) and the
tyrosine kinase 2 (TYK2) also exert oncogenic effects by activating the JAK/STAT
signaling pathway. This suggests that constitutive STAT3 activation is a prevalent
mechanism of malignant transformation of ALCL, irrespectively of the ALK status

(54,55).

Recurrent chromosomal rearrangements in ALK-negative ALCL involve
the dual specificity protein phosphatase 22 (DUSP22) and the tumor protein 63
(TP63). These rearrangements are mutually exclusive and are related to different
survival outcomes; rearrangements in DUSP22 are associated with a better

prognosis compared to TP63 rearrangements (56,57).

1.2.4.3 Peripheral T-cell lymphoma, Not
otherwise specified (PTCL, NOS)

PTCL, NOS is the most common subtype of TCL. Early transcriptional
profiling studies unveiled the intricate diversity within PTCL, NOS, exhibiting
subsets resembling other subtypes as ALK-negative ALCL and nTFHL-AI, while
others diverge from them completely (58,59). Notably, recent transcriptional
studies identified that approximately 15% of cases exhibited a transcriptional
profile that resembled nTFHL (60). The current WHO classification recognizes
them as a distinct entity called, nodal T cell lymphoma, NOS (nTFHL-NOS),
defined by the expression of CD4 and at least two Tru-associated antigens and a

lack of morphologic features of other nodal Tsx lymphomas (15,41).

Recurrent genetic alterations identified in nTFHL-AI are also present in
nTFHL-NOS in varying frequencies. Epigenetic mutations involving RHOA G17V
(25-50% cases) (39,40,61), TET2 (50-75% cases) and DNMT3A (7-18% cases) loss

,40,61), as well as signaling mutations.
39,40,61 11 as TCR signaling i
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Immunohistochemistry (IHQ) and gene expression profile (GEP) studies
demonstrated that PTCL, NOS could be subdivided into two different subgroups,
distinguishable by the opposing expression of two distinct transcriptional factors:
T-box-21 (TBX-21) and GATA 3 binding protein (GATA3). TBX-21I regulates the
differentiation and function of T-helper CD4+ type 1 (Thl) and cytotoxic T-cell
(CTL), regulating the expression of interferon-gamma (IFNG) and granzyme B
(GZB). Conversely, GATA3 is implicated in T-helper CD4+ type 2 (Th2)
differentiation and regulates interleukin-4 (IL-4), IL-5, and IL-13 expression

(60,62).

A study encompassing the profiling of 121 of PTCL, NOS cases delineated
two principal subtypes. The PTCL-GATA3 subtype, representing 33% of cases,
exhibited high expression of GATA3 and its target genes and correlated with poor
prognosis (60). The loss or mutations in the cyclin dependent kinase inhibitor
2A/B (CDKN2A/B)-tumor protein 53 (TP53) and phosphatase and tensin homolog
(PTEN)- phosphatidylinositol-3-kinase (PI3K) signaling pathways are a key
feature of PTCL-GATA3. In contrast, the PTCL-TBX-21 subtype constituted 49% of
cases, characterized by high expression of TBX-21 and its target genes, and was
associated with a better outcome. This signature is associated with nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) activation and a more
inflammatory microenvironment in comparison to the PTCL-GATA3 signature.
The remaining 18% were unclassifiable (60,63). A minor subgroup within PTCL-
TBX-21, marked with a high cytotoxic signature, exhibited a more adverse clinical
outcome than the rest of PTCL-TBX21, highlighting the heterogeneity within the
PTCL-TBX21 subtype (59). Despite these distinct genetic landscapes being
uncovered, the current WHO and ICC classifications have not incorporated them

as a distinct subclassification (15,18).

1.2.4.4 T-cell acute lymphoblastic leukemia
(T-ALL)
T-ALL arises from the accumulation of genetic alterations that disrupt the

precise control of cellular growth, proliferation, survival, and differentiation
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within different stages of T-cell development. A hallmark of T-ALL is the intricate
interplay between oncogenic signaling pathways and critical regulators of early T-

cell development associated with T-ALL (64).

Recurrently altered genes in T-ALL disrupt multiple essential cellular
processes, including deregulation of the cell cycle (e.g., deletions of CDKNIAB or
TP53), the activation of several signaling pathways, including neurogenic locus
notch homolog protein (NOTCH) signaling, rat sarcoma (RAS) pathway, IL-7
receptor (IL7R)-JAK-STAT signaling, PI3K-serine/threonine kinase (AKT)
signaling, and the ABL proto-oncogene 1 (ABL1)-Src proto-oncogene (Src) family
kinases. Additionally, inactivating mutations or deletions affecting epigenetic
modulators such as PHD finger protein 6 (PHF6), lysine demethylase 6A (KDM6A),
DNMT3A, and members of the polycomb repressive complex 2 (PRC2), along with
alterations in tumor suppressor genes including ETS variant transcription factor
6 (ETV6), RUNX family transcription factor 1 (RUNXI), GATA3, and the BCLI11
transcription factor B (BCLIIB), collectively contribute to the pathogenesis of

leukemia (65,66).

A prominent genetic hallmark of T-ALL involves gain-of-function
mutations in NOTCH receptor 1 (NOTCHI), a key regulator of thymocyte
development. These mutations are present in more than 60% of T-ALL cases and
drive the constitutive activation of NOTCH]I, resulting in aberrant thymocyte
proliferation and survival (67). Additionally, the NOTCH pathway can be activated
by loss-of-function mutations or deletions of F-box and WD repeat domain
containing 7 (FBXW?7), a gene encoding a ubiquitin protein that mediates NOTCH1
degradation, observed in up to 24% T-ALL cases. Notably, NOTCHI and/or FBXW?7

mutations can co-occur in approximately 60% of T-ALL cases (68).

Another recurrent genetic alteration involves deletions within the
CDKN2A locus, present in more than 70% of T-ALL patients (69). CDKN2A
encodes two distinct tumor suppressor proteins, P16/INK4 and P14/ARF. While
P16/INK4 inhibits cell cycle progression from G1 to S phase, P14/ARF mediates cell

cycle arrest and apoptosis. The inactivation of CDKN2A promotes cell cycle
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progression and resistance to apoptosis, significantly contributing to leukemia

progression (70).

Chromosomal translocations affecting oncogenic genes is another
distinctive trait of T-ALL, resulting in the abnormal expression of a diverse group
of oncogenic transcription factors (Figure 5). These alterations disrupt the typical
progression of thymocyte development, ultimately leading to a stage-specific
blockage in cellular differentiation (65). Notably, the early T-cell precursor (ETP)
subtype of T-ALL experiences an early block in thymocyte development at the DN
stage. This subtype exhibits a transcriptional program characterized by the
overexpression of HOXA, MEF2C or BCLI1IB, alongside the expression of markers
associated with HSCs and myeloid progenitors as CD34. In contrast, T-ALL with
an early cortical phenotype present overactivation of TLX1/3, NKX2.1, or NKX2.2
transcription factors. Lastly, T-ALL with a late cortical thymocyte phenotype is
associated with the dysregulation of TAL and LMO transcription factors (71). Each
T-ALL subtype is associated with specific alterations in signaling pathways as

shown in Figure 5.

double negative (CD4™ CD8") early cortical late cortical mature
cD4~  CD4" cpa- cpa* c4* cpa’ coa+ cpd" TCRag"
i cp3d"  cp3dt  reen cpas* [cpsas- cp2g* D3
3 commitment CD1a CDla  p-selection
5 — +/ selecnon
s e cD8”
z cp7/low cp7* Tcnys\ - cpia" cDla" cma"
a
cDs~  CDs" < b cog' cog* cog”
=> @ TCRag" cp3" TCRap*
cp3™ Tcryst CD3T TCRys'
ow ETP-ALL
E z TLX3 TLX1 TAL1/TAL2
-]
63 HOXA NKX2-1/NKX2-2 LMO1/LMO2

IL7R/JAK/STAT
PI3K/AKT/mTOR
RAS/MEK/ERK

SIGNALING

NOTCH1, FBXW7

[ CDKN2AB deletions >

Figure 5. Schematic representation of the different molecular genetic subtypes of
human T-ALL in relation to normal T-cell differentiation. Genetic subtypes are
categorized based on T-cell phenotype, the unequal distribution of mutations that
activate specific oncogenic signaling pathways, and CDKN2A/B deletions. Early T-cell
precursor ALL, ETP-ALL. Adapted from De Smedt R. et al. Blood Rev. 2019.
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1.2.5 Treatment options and outcome

1.2.5.1 First-line treatment in T-cell

lymphomas

In T-cell malignancies, first-line anthracycline-based chemotherapy
regimens have been adapted from effective strategies employed in the treatment
of aggressive B-cell NHLs, being CHOP (cyclophosphamide, doxorubicin,
vincristine, and prednisone) or CHOP-like combination chemotherapy the
standard first-line treatment regimen in T-cell malignancies (Figure 6) (72).
However, these approaches have yielded suboptimal responses in TCL, with
notable differences in the 5-year overall survival (OS) and 5-year progression-free
survival (PFS) rates. ALK-positive ALCL demonstrates better survival outcomes
(70% and 60%), compared to other prevalent subtypes like PTCL, NOS (32% and
20%) and nTFHL-AI (32% and 18%) (21,73,74). These findings have been
substantiated by additional retrospective studies. Within a cohort of 181 ALCL
cases treated with CHOP-like therapies, individuals with ALK-positive ALCL
exhibited enhanced 5-year OS (70% vs 49%) compared to those with ALK-negative
ALCL (75).

Consolidation therapy after achieving first complete remission with
autologous stem cell transplant (ASCT) is commonly employed for young patients
with chemotherapy-sensitive disease (Figure 6). A report from the
Comprehensive Oncology Measures for Peripheral T-Cell Lymphoma Treatment
(COMPLETE) initiative, a multicenter prospective cohort, estimated an improved
2-year OS and PFS among patients with nTFHL-AI who underwent ASCT,
compared to their non-ASCT counterparts (93,3% vs 52,9% and 68,8% vs 41,2%,
respectively). However, no significant benefits were observed for ALCL and PTCL,
NOS patients (76). A more recent retrospective study from the Netherlands Cancer
Registry reported that patients under 65 years old who underwent ASCT exhibited
a 5-year OS of 81%, in contrast to 39% for non-ASCT patients in ALK-negative

ALCL,nTFHL-AIL and PTCL, NOS (77). Itisimportant to consider that the observed
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benefits may be influenced by patient selection, especially considering that many
patients are ineligible for ASCT due to early progression or relapse of the disease

(78).

Given the unfavorable prognosis associated with first-line treatment in T-
cell malignancies, there is an urgent need for the development of innovative
therapeutic strategies (79,80). Efforts to combine CHOP with targeted therapies
in the front-line treatment (Table 2), such as the addition of the anti-CD52
monoclonal antibody (alemtuzumab) or the histone deacetylase (HDAC)
inhibitor romidepsin (Ro) to CHOP, have not demonstrated improved survival in
phase III clinical trials, possibly due to increased treatment-related toxicity
(81,82). Nonetheless, exploratory analysis indicate a potential prolongation of PFS
for Ro-CHOP in nTFHL compared to the CHOP alone (19,5 vs 10,6 months) (82).
These observations are consistent with prior research demonstrating extended
duration of response in patients with relapsed/refractory (r/r) nTFHL-AI treated
with Ro, as well as recent retrospective report finding a benefit of HDAC inhibitors

in TCL exhibiting a TFH phenotype (83,84).

The phase III randomized trial (ECHELON-2) assessed the impact of
combining Brentuximab vedotin, an antibody-drug conjugate targeting CD30,
with cyclophosphamide, doxorubicin, and prednisone (A+CHP), compared to
CHOP, in a cohort of 452 patients with previously untreated systemic ALCL and
other CD30-positive TCL (CD30 expression defined as >10% of cells) (85). After a
median follow-up of 5 years, the median OS remained indeterminate, while the
median PFS was 63 months for A+CHP and 24 months for CHOP. The estimated 5-
year PFS and 5-year OS rates were 51% and 69% for A+CHOP, and 43% and 60% for
CHOP. The survival advantage of A+CHP therapy was more pronounced for ALCL,
which constituted 70% of participants in the trial. Consequently, these outcomes
lead to the approval of A+CHP by the Food and Drug Administration (FDA) as a
first-line treatment for patients with untreated systemic ALCL and other CD30-
expressing subtypes, including PTCL, NOS and nTFHL-AI. Additionally, the
European Medicines Agency (EMA) approved A+CHP for front-line therapy and r/r
systemic ALCL.
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Initial Presentation of Patient with nodal TCL

—> Clinical Trial if possible
l A4 l
¢ Nodal TFH lymphomas 3 o -
« PTCL, NOS ALK-negative ALCL ALK-positive ALCL
l—v CD30+ TCL |——>
Y
CHOP A+CHP
CHOEP CHOP
DA-EPOCH CHOEP
HyperCVAD DA-EPOCH IP10-1 IPl22
Chemosensitive (PR, CR) and transplant eligible CHOEP A+CHP
AutoSCT

Figure 6. Treatment algorithm for initial presentation of nodal T-cell lymphomas.
A+CHP, brentuximab vedotin + cyclophosphamide + doxorubicin + prednisone; ALCL,
anaplastic large cell lymphoma; ALK, anaplastic lymphoma kinase; AutoSCT, autologous
stem cell transplant; CHOP, cyclophosphamide + doxorubicin + vincristine + prednisone;
CHOEP, cyclophosphamide + doxorubicin + vincristine + etoposide + prednisone; CR,
complete response; DA-EPOCH, dose-adjusted etoposide + prednisone + vincristine +
cyclophosphamide + doxorubicin; HyperCVAD, cyclophosphamide + vincristine +
doxorubicin + dexamethasone —alternating with methotrexate + cytarabine; IPI,
International prognostic index; PR, partial response; PTCL, NOS, peripheral T-cell
lymphoma, not otherwise specified; TCL, T-cell lymphoma; TFH, T-follicular helper.
Adapted from Zing N. et al. Oncology (Williston Park) 2018 and Sibon D. et al. Cancers 2022.

Table 2. Phase III randomized studies in treatment-naive T-cell lymphomas

ACT2 Alemtuzumab €1.80 No significant difference in
116 + CHOP vs PFS or OS. Alemtuzumab-
(NCT00725231) years .. .
CHOP derived increased toxicity
(NCT01796002) CHOP years A psin
derived increased toxicity
ECHELON-2 452, A+CHP vs _ Median PFS: 63 mo in A-

(NCT01777152) CHOP =loyears CHP vs 24 mo CHOP

A+CHP, brentuximab vedotin + cyclophosphamide + doxorubicin + prednisone; CHOP,
cyclophosphamide + doxorubicin + vincristine + prednisone; mo, months; OS, overall survival; PFS,
progression-free survival; Ro+CHOP, romidepsin + cyclophosphamide + doxorubicin + vincristine +
prednisone.
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1.2.5.2 First-line treatment in T-ALL

The treatment algorithm for T-ALL involves several stages and differs
between AYA patients (approximately 15-39 years old) and adults (40 years or
older), as well as for different T-ALL subtypes. Variations of multiagent
chemotherapy regimens, such as those formulated by the Berlin-Frankfurt-
Minster (BFM) group and the hyper-CVAD regimen from MD Anderson Cancer
Center (MDACC), form the core of T-ALL treatment strategy. The treatment
phases involve induction, consolidation, and maintenance of therapy, with all
regimens incorporating central nervous system (CNS) prophylaxis at specific

points (Figure 7) (86-88).

The induction phase (Figure 7) employs combination therapy involving
vincristine, anthracyclines (such as doxorubicin), and corticosteroids
(dexamethasone or prednisone), often with L-asparaginase and/or
cyclophosphamide. This aims to eliminate the bulk of the disease. Under the BFM
regimen, AYA patients receive a 4-drug induction regimen including vincristine,
anthracycline, corticosteroid, and L-asparaginase. In contrast, adults receive a 5-
drug regimen by adding cyclophosphamide (72). Studies like AIEOP-BFM ALL
2000 and UK MRC ALL97 demonstrated the benefits of dexamethasone over
prednisone for pediatric T-ALL, including reduced risk of CNS relapse, potentially
due to its enhanced penetration into the CNS, although concerns about toxicities

remain (89,90).

Following successful CR, consolidation therapy (Figure 7) aims to further
reduce risk of relapse using drugs similar to those used in the induction phase,
such as corticosteroids, cyclophosphamide, vincristine, and L-asparaginase and
can include methotrexate, cytarabine or 6-mercaptopurine (6-MP). After
consolidation phase, Allo/autoASCT may be considered and tailored based on
individual patient disease characteristics. Lastly, maintenance therapy aims to
prevent disease relapse, often involving daily 6-MP and weekly methotrexate

administration for 2 to 3 years (72).
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Induction Consolidation* Maintenance

Glucocorticoid o Glucocorticoid * Methotrexate
Vincristine e Vincristine * 6-mercaptopurine
L-Asparaginase o L-Asparaginase

Anthracycline e Anthracycline

o Methotrexate
o Cytarabine
e 6-mercaptopurine
Intrathecal chemotherapy o Intrathecal chemotherapy  Intrathecal chemotherapy

Figure 7. Front-line treatment of T-acute lymphoblastic leukemia. T-ALL treatment
involves multiple phases: induction to reduce disease burden, consolidation to reduce the
risk of relapse, and maintenance to prevent progression of disease. Different drug
combinations are used for each phase. Adapted from Malard F. & Mohty M. The Lancet
2020 and NCCN Acute Lymphoblastic leukemia guidelines (Version 2.2023). Intrathecal
chemotherapy consists of methotrexate alone or combined with cytarabine and
corticosteroids. *Allogeneic HSCT transplantation is optional after consolidation.

1.2.5.3 Approved therapies in

relapsed/refractory T-cell lymphomas

Approximately 70% patients with TCL will experience relapse or develop
refractory disease in response to chemotherapy, resulting in a dismal clinical
outcome (91). Patients with r/r TCL have a median PFS of 3,1 months and a median
0S of 5,5 months (91). Notably, the FDA has granted approval to five agents for r/r
TCL (Table 3). The first agent that received approval was the anti-folate
pralatrexate. This decision followed the promising results observed in the
prospective phase II study (PROPEL) conducted in pre-treated patients with r/r
TCL in 2009 (92). In 2011, the HDAC inhibitor romidepsin obtained FDA approval
for r/r TCL, based on its efficacy in 130 patients (93). However, in August 2021, the
FDA withdraw the approval of romidepsin. This decision was made in response to
the results of the phase III trial comparing Ro-CHOP versus CHOP, where, after a
median follow-up of 28 months, there was not a significant improvement in ORR,
CR, or PFS. Moreover, there was an increase in adverse effects within the Ro-CHOP

group (82).

In 2011, the FDA granted approval to Brentuximab vedotin for the
treatment of r/r ALCL (Figure 8). This decision was based on the high response

rate of 86% observed in a phase II study focused on r/r CD30+ ALCL after prior
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therapy (94). More recently, in 2014, the FDA approved the pan-HDAC inhibitor
Belinostat based on the outcomes of the phase II BELIEF trial in r/r TCL, which
demonstrated a similar ORR of 26% to other HDAC inhibitors, along with a
favorable toxicity profile (95). Lastly, in 2021, the FDA approved the ALK inhibitor,
crizotinib, for use in pediatric and young adults with r/r ALK-positive ALCL after
at least one prior line of therapy (Figure 8) (96).This approval was based on the
results from the ADVLO0912 trial, where 26 patients with r/r ALK-positive ALCL

were treated with crizotinib, observing an ORR of 88% and a CR rate of 81% (97).

Table 3. FDA-approved novel agents for relapsed/refractory T-cell lymphomas

Pralatrexate Anti-folate . TCLand 29%, 11%,
(PROPEL) transformed MF 10,1 mo
(o) O,
Romidepsin® HDAC inhibitor I TCL 25%,15%,
28 mo

0-CD30 linked to

Brentuximab P 86%, 57%,
Vedotin auristatin II ALCL 1 302 m0°
(antitubulin agent) ’
. c s II 26%, 11%,
Belinostat HDAC inhibitor (BELIEF) TCL 13,6 mo
Crizotinib ALK inhibitor I ALK-positive ALCL 88%, 81%, —°

Abbreviations: ALK, anaplastic lymphoma kinase; ALCL, anaplastic large cell lymphoma; CR,
complete response; DOR, duration of response; HDAC, histone deacetylase; mo, months; MF,
mycosis fungoides; ORR, objective response rate; TCL, T-cell lymphoma.

*Phase I1I study romidepsin plus CHOP lead to withdrawal of romidepsin for relapsed/refractory TCL
in the USAin 2022.

*DoR assessment not provided.
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Figure 8. Treatment algorithm for relapsed/refractory nodal T-cell lymphomas. Bv,
brentuximab vedotin; ALCL, anaplastic large cell lymphoma; AlloSCT, allogenic stem cell
transplantation; ALK, anaplastic lymphoma kinase; AutoSCT, autologous stem cell
transplant; CR, complete response; PR, partial response; PTCL, NOS, peripheral T-cell
lymphoma, not otherwise specified; RT, radiotherapy; TCL, T-cell lymphoma; TFH, T-
follicular helper. Adapted from Zing N. ez al. Oncology (Williston Park) 2018.

Considering the need for more effective therapies within these diseases,
several new targeted agents are currently under investigation as monotherapies
in the context of r/r TCL (Figure 8). The recurrent TET?2 alterations identified in
PTCL, NOS and nTFHL-AI is a promising therapeutic target. A retrospective study
involving 12 nTFHL-AI patients treated with the hypomethylating agent
azacytidine reported an impressive ORR of 75% and a CR of 50%. These patients
exhibited TET2 mutations and, in some cases, additional mutations in DNMT3A,
IDH2, and RHOA (98). This compelling outcome lead to multiple clinical trials
testing combinations involving azacytidine for TCL treatment. One ongoing phase
III trial (NCT03593018) compares azacytidine against the investigator-selected
choice of romidepsin, bendamustine or belinostat in r/r nTFHL-AI. Additionally, a

randomized phase IIb trial (NCT04747236) has incorporated romidepsin
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alongside azacytidine to assess its efficacy in comparison to the investigator-
selected choice of romidepsin, pralatrexate, bendamustine or belinostat for r/r

TCL. No results have been published yet.

Several early-phase studies have demonstrated the clinical efficacy in
TCL. Given that JAK/STAT pathway mutations are observed in several TCL
subtypes, two ongoing trials are evaluating the therapeutic potential of the oral
JAK inhibitor ruxolitinib. The first trial, a completed phase II study
(NCTO01431209), enrolled 71 patients of B-cell NHL and TCL concluding in 2021.
The second ongoing phase II trial (NCT02974647) has enrolled 82 patients so far.

No results have been published so far.

Ongoing and recently completed single-agent trials in TCL are

summarized in Table 4.

Table 4. Single-agent therapies under investigation for relapsed/refractory T-cell
lymphomas

Avelumab Intravenous Anti-PDLI antibody 11 NCT03046953
AZD4205 Oral JAK inhibitor 11 NCT04105010
Ruxolitinib Oral JAK inhibitor 11 NCT01431209
HBI-8000 Oral HDAC inhibitor 1Ib NCT02953652
ralemechstat Omal EZH1/2 inhibitor 11 NCT04703192
Tosylate
Tipifarnib Oral Fameisrz'}lltﬂr;?srferase 11 NCT02464228
CD7 CAR-T Intravenous Humanized CD7 CAR-T 11 NCT05059912
Chidamide - HDAC inhibitor 11 NCT05833724
Venetoclax Oral BCL2 inhibitor 11 NCT03552692
Carfilzomib - Proteasome inhibitor I NCT01336920
ONO-4685 ; CIBE-HIL Srpili: I NCT05079282
antibody

BCL2, B-cell lymphoma 2; CAR-T, chimeric antigen receptor T-cell; EZH1/2, enhancer of zeste
homolog; HDAC, histone deacetylase; JAK, janus kinase; PD1, programmed cell death 1; PDLI,
programmed cell death ligand 1.

64



Introduction
1.2.5.4 Approved therapies in
relapsed/refractory T-ALL

Both children and adults with r/r T-ALL have dismal outcomes. The OS in
children and adults is approximately 25% (99,100). Nelarabine, a purine
nucleoside analogue with cytotoxic effects on T lymphoblasts, is the only FDA-
approved therapy (in 2005) for the treatment of r/r T-ALL (101). Initial early-phase
trials demonstrated its efficacy as a monotherapy in paediatric r/r T-ALL cases,
achieving a response rate over 50%, with neurotoxicity being the most prevalent
dose-limiting adverse effect (102). In a study involving 26 adult patients with r/r
T-ALL, Nelarabine achieved an ORR of 41% accompanied by mild neurotoxicity

(103).

The AALL0434 trial evaluated Nelarabine in the upfront setting among
children and young adults in combination with different methotrexate regimens.
This integration led to an improved 5-year disease-free survival (DSF) rate of 88%
and a reduced CNS relapse rate without an associated increase in toxicity, leading
to consider it as standard of care in paediatric T-ALL (104). The ongoing phase III
UKALL 14 trial (NCT01085617) is currently evaluating the impact of chemotherapy

with or without Nelarabine in adults with T-ALL in the front-line setting.

At present, there are no other FDA-approved therapies for T-ALL. Early-
phase studies are exploring several novel agents as chimeric antigen receptor
(CAR) T-cell therapy and small-molecule compounds targeting NOTCH-1
signaling, cell cycle (such as Palbociclib), or apoptosis [such as B-cell lymphoma 2
(BCL2) inhibitors] (Table 5). Given that over 50% T-ALL present activating
NOTCH-1 mutations, targeting this pathway has been appealing. y-secretase
inhibitors (GSIs), initially developed for Alzheimer’s disease, prevent NOTCH-1
cleavage and activation. However, in T-ALL, they exhibited limited antileukemic

effects and gastrointestinal toxicity (105,106).

In a phase I multicenter trial (NCT03181126), the combination of the

selective BCL2 inhibitor Venetoclax with the B-cell lymphoma extra-large (BCL-
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xL)/BCL2 inhibitor, navitoclax, demonstrated promising results in pediatric and
adult patients with r/r T-ALL, achieving a 52,6% CR rate (107). Daratumumab, a
CD38 monoclonal antibody approved for multiple myeloma, demonstrated
antileukemic effects in preclinical T-ALL models (108,109). A phase II study is
currently evaluating the safety of Daratumumab in combination with
conventional chemotherapy for pediatric and young r/r T-ALL patients
(NCT05289687). Additionally, a phase I clinical trial (NCT05038644) is
investigating the safety of XmAb18968, a bispecific antibody targeting CD3 and
CD38. Regarding the cell cycle, the cyclin-dependent kinase 4/6 (CDK4/6)
inhibitor Palbociclib, which disrupts G1/2 cell cycle phase, is undergoing phase I
evaluation in r/r T-ALL (NCT03792256).

In light of the approval of several CAR-T therapies for the treatment of
several r/r B-cell malignancies, efforts have been directed towards adapting CAR-
T therapy for T-ALL (110). However, one of the major challenges is that normal T
cells share antigens with malignant T cells, leading to fratricide and T-cell aplasia
upon CAR-T treatment (111). Despite this challenge, potential targets have been
identified, leading to the initiation of several phase I and/or II clinical trials of CAR-
T therapy in T-ALL (112). An early-phase clinical trial investigating CD7 CAR-T
treatment for r/r T-ALL demonstrated safety and efficacy, achieving a 90% CR
among the 20 participants (113). These promising results led to an ongoing phase
II study (NCT04689659). There are currently 15 active clinical trials employing
CAR-T targeting CD7 for r/r T-ALL (Table 5). Additionally, other clinical trials in
r/r T-ALL are exploring CAR-T therapy targeting CD4 or CD5. Nonetheless, there
are currently no phase III or phase IV clinical trials utilizing CAR-T therapy in r/r

T-ALL.
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Table 5. Ongoing or recently completed clinical trials for relapsed/refractory T-ALL

Daratumumab CD38 monoclonal antibody I NCT05289687
Alemtuzumab CD52 monoclonal antibody I NCT00199030
XmAb18968 CD3-CD38 bispecific antibody I NCTO05038644
Venetoclax +
Navitoclax
Palbociclib CDK4/6 inhibitor I NCT03792256
I NCT04689659
NCT04984356
NCT04762485
NCT05909527
NCT05212584
NCTO05127135
NCT03690011
CD7 CAR-T NCTO05716113
NCT05043571
NCT05907603
NCT04823091
NCT05397184
NCT04599556
NCT05290155
NCT04572308
CD4 CAR-T I NCT03829540
NCT04594135
NCT05487495
NCT05596266
NCT05032599
BCL2, B-cell lymphoma 2; BCL-xL, B-cell lymphoma extra-large; CAR-T, chimeric antigen receptor
T-cell.

BCL2 inhibitor + BCL-xL/BCL2 inhibitor I NCTO03181126

1/11

CAR-T I

CD5 CAR-T I

1.3. TCR signaling in T-cell malignancies

T-cell activation is a meticulously regulated process that requires three
sequential signals. The first signal involves antigen recognition presented by APCs
through the TCR on the naive T cell, thereby activating the TCR signaling pathway.
To achieve full T-cell activation, a second signal is required, known as co-
stimulation, originated from the interaction of costimulatory receptors on the T
cell and their ligands on APCs. An essential interaction for T-cell activation is the
binding of CD28 on T cells with CD80/86 on APCs. The lack of the second signal
leads to T-cell anergy, a state of T-cell unresponsiveness where T cells are
refractory to restimulation. The third signal involves T-cell response to the
cytokines present in the environment, orchestrating T-cell differentiation and

functionality (114).
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1.3.1.  Overview of TCR signaling pathway

The TCR signaling pathway plays a crucial role in various aspects of T-cell
biology, including development, homeostasis, activation, and tolerance.
Physiological activation of TCR signaling occurs when T cells recognize specific
peptides presented by APCs (115). This recognition leads to the recruitment of
signaling molecules to the plasma membrane near the activated TCR.
Subsequently, multiple downstream pathways are activated, resulting in the
induction of specific cellular functions, such as cytoskeletal reorganization, gene
transcription and cytokine production. The connection between the proximal and
the distal signaling is mediated by adaptors, which act as scaffolds to assemble
complexes of multiple signaling molecules, known as signalosomes (116,117).
Under physiological conditions, TCR activation is a tightly regulated process to
control foreign agents and prevent autoimmunity, contributing to the immune
homeostasis. Abnormal function can contribute to autoimmunity, inflammation,

or malignant pathogenesis (116).

1.3.1.1. Physiologic role of TCR signaling in T

cells

The TCR is amembrane-bound receptor expressed on the surface of T cells
(Figure 9). It consists of a heterodimer composed of two transmembrane
polypeptide chains: TCR ot and f3, expressed in more than 90% T cells, or TCRy and
0, found in less than 10% T cells (118). While the intracellular and transmembrane
regions of the TCR lack enzymatic activity, signal transduction relies on the
assembly of the TCR with the CD3 proteins (consisting of §, ¥, € and { chains). The
TCR chains recognize antigen fragments presented by APCs, transmitting this
signal through the cytosolic domains of the CD3( chains that contain the
immunoreceptor tyrosine-based activation motifs (ITAMs). Each ITAM consists of
two tyrosine residues flanked by leucine/isoleucine, spaced by six to eight amino

acids, forming a consensus sequence of YxxL/I-(x)6-8- YxxL/I (Y: tyrosine, L/I:
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leucine/isoleucine). CD34, €, y have one ITAM each, while each CD3( has three
tandem ITAMS. In total, each TCR-CD3 complex has 10 ITAMS (119).

TCR

Extracellular ~ S 8 TEgFecrettt
space
Cytoplasm

Immunoreceptor tyrosine-based
activation motif (ITAM)

Figure 9. TCR o/ complex structure. The o/ chains of the TCR are non-covalently
linked to CD3 chains in the plasma membrane of T cells. Citoplasmic domains of CD39, &,
Y chains contain one ITAM each, while each { chain contains three ITAMs. Image adapted
from ‘TCR/CD3 subunit structure’ by BioRender.com

Upon antigen recognition, early TCR signaling occurs in a matter of a few
seconds (Figure 10) (120). One of the initial events is the phosphorylation of the
tyrosine residues in the ITAMS by the Src family of tyrosine kinases, mainly
lymphocyte cell-specific kinase (LCK) and to some extent FYN, although FYN
expression is not essential for T-cell development (121,122). This prompts the
recruitment of ZAP-70 kinase to the phosphorylated ITAMs and its further
activation through LCK-mediated phosphorylation and autophosphorylation.
ZAP-70 proceeds to phosphorylate its substrates, the adaptor proteins linker for
activation of T cells (LAT) and SH2 domain-containing leukocyte protein of 76 kDa
(SLP-76), which serve as docking sites for multiple signaling molecules (123).
Phosphorylated LAT recruits phospholipase C gamma 1 (PLCy1), as well as the
adaptors proteins growth factor receptor-bound protein 2 (GRB-2) and GRB-2
related adapter protein 2 (GADs). GRB2 is constitutively associated with a GEF,
son of sevenless (SOS). Importantly, GADs plays a crucial role in expanding the
signalosome by recruiting SLP-76 (124). ZAP-70 also phosphorylates SLP-76 at
multiple tyrosine residues, leading to the recruitment of several molecules,

including IL2 inducible T-cell kinase (ITK), VAV1, NCK adaptor protein 1 (NCK1) or
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adhesion- and degranulation-promoting adaptor protein (ADAP), a key regulator

of T-cell cytoskeletal rearrangement (118).

The association of PLCyl with SLP-76 serves to further strengthen the dual-
scaffolded signalosome. Following the recruitment of ITK to SLP-76 and its
activation by LCK, ITK interacts and phosphorylates PLCyl. Activated PLCyl
catalyzes the hydrolysis of membrane-bound phosphatidylinositol 4,5-
biphosphate (PIP2) to generate the secondary messengers: inositol triphosphate
(1P3) and diacyl glycerol (DAG) that lead to the activation of major downstream

pathways fundamental for T-cell biology (125).

IP3 binds to its receptors located in the endoplasmic reticulum, triggering
Ca” release and calcineurin activation. This activation of calcineurin leads to the
dephosphorylation and nuclear translocation of nuclear factor of activated T cells
(NFAT) (126). Membrane-bound DAG activates the GTPase RAS guanyl
nucleotide-releasing protein (RASGRP1), initiating the RAS-extracellular signal-
regulated kinase 1/2 (ERK1/2)-activator protein 1 (AP-1) cascade. Nuclear NFATSs
form a complex with AP-1 transcription factor to induce the expression of genes
fundamental for T-cell activation, such as the pro-inflammatory cytokine IL-2

(127).

DAG can also activate protein kinase C-theta (PKCO), which stimulates the
inhibitor of kappa B kinase (IKK)-induced release of activated NF-kB and its
nuclear translocation leading to T-cell activation, survival and effector function

(115,127). NF-KB signaling can be further promoted through CD28 signaling.

CD28 signaling complements and extends the pathways initiated by TCR
ligation. Upon the recruitment of PI3K to CD28, PI3K converts PIP2 into
phosphatidylinositol 3,4,5-triphosphate (PIP3), which facilitates the recruitment
of pyruvate dehydrogenase kinase 1 (PDK1) that subsequently activates PKCH,
thereby prolonging NF-kB signaling. Moreover, PDK1 can also activate AKT and
downstream mammalian target of rapamycin (mTOR) pathway, critical for T-cell
proliferation and survival. Additionally, activated AKT can enhance NF-xB

signaling, although it is not essential for NF-kB signaling in T cells. Furthermore,
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AKT can prolong the nuclear localization of NFAT, thereby influencing IL-2

transcription (118,127).
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Figure 10. T-cell receptor signaling. Schematic of the TCR signaling cascade with a
simplified representation of the downstream signaling mediators. Briefly, TCR
engagement leads to the activation of LCK and FYN that phosphorylate the tyrosine
residues in ITAMs, recruiting ZAP-70 kinase, which is further activated through LCK-
mediated phosphorylation and autophosphorylation. ZAP-70 then phosphorylates
adaptor proteins LAT and SLP-76, serving as docking sites for signaling molecules. This
leads to the recruitment of PLCy1, GRB-2, GADS, SOS and other molecules, expanding the
signalosome. PLCY1 catalyzes the hydrolysis of PIP2 to generate IP3 and DAG, activating
downstream pathways. IP3 triggers Ca** release and NFAT activation, while DAG initiates
the RAS-ERK1/2-AP-1 cascade. Additionally, DAG activates PKCH, stimulating NF-kB
signaling, complemented, and extended by CD28 signaling through PI3K, PDK1, AKT, and
mTOR pathways, influencing T-cell activation, survival, and effector function. GEF,
guanine exchange factor; Adapted from Shah K. et al. Signal Transduct. Target. Ther. 2021.

1.3.1.2. Pathogenic role of TCR signaling in T-
cell lymphoid malignancies
Recurrent mutations and fusions affecting genes associated with proximal
TCR signaling have been reported in several T-cell malignancies. In the following

section, I will focus on genetic alterations that impact proximal TCR signaling,

significantly contributing to the pathogenesis of T-cell malignancies (Figure 11).
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In addition to the widely prevalent RHOA G17V mutation observed in AITL
and PTCL, NOS, studies on gene expression profiling studies within TCL have
identified several mutations in other genes regulating the TCR signaling pathway
(128). Genetic alterations within the most proximal TCR signaling kinases, FYN
and LCK, have been reported. Mutations occurring within the autoinhibitory loop
of the FYN tyrosine kinase lead to its constitutive activation. These mutations are
detected in 3% of cases of nTFHL-AI and PTCL, NOS (39,61). Furthermore, a gene
fusion involving FYN and the TRAF3 interacting protein 2 (TRAF3IP2), a
cytoplasmic adaptor signaling downstream of the IL-17 receptor (IL-17R), results
in aberrant NF-kB signaling (129,130). Notably, within a cohort of 30 patients, the
FYN-TRAF3IP2 fusion was identified in 20% cases (4/30 nTFHL-AI and 2/30 PTCL,
NOS) (130).

A less common fusion involving LCK and KH domain-containing, RNA-
binding, signal transduction associated 1 (KHDRBSI) was identified in 1/15 patient
of PTCL, NOS. Importantly, the ectopic expression of LCK-KHDRBSI in murine
CD4+ T cells triggered the chronic activation of various TCR signaling branches
and resulted in increased LCK phosphorylation compared to the empty vector in
mice (129). Around 5-10% of T-ALL cases exhibit a fusion involving nucleoporin
214 (NUP214) and ABLI, which leads to the epigenetic amplification of ABL1. The
NUP215-ABL1 fusion protein promotes proliferation and survival of T-

lymphoblasts in a LCK-dependent manner (131).

Genomic alterations in VAVI encompass in-frame deletions in its negative
regulatory domain, resulting in the disruption of the autoinhibitory conformation
of the protein, leading to an enhanced NFAT and NF-kB signaling. These
mutations are detected in approximately 11% of ALCL, 6-11% of PTCL, NOS and 5%
of nTFHL-AI (132-135). Additionally, gene fusions involving the C-terminal
domain of VAVI lead to aberrant activation of VAV1 downstream signaling (133).
Notably, the VAV1 and myosin 1F (MYOIF) fusion protein strongly activates VAV1-
dependent signaling cascades, including ERK1/2 and NFAT pathways. A mouse

model with a conditional knock-in of VAV1-MYOIF fusion protein, selectively
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expressed in CD4+ T cells, resulted in the development of PTCL,NOS mimicking
traits of the human GATA3 subtype (132,133,136,137).

Activating mutations within the PLCy1 gene are detected in approximately
14% nTFHL-AI and 6% in PLCyl of PTCL, NOS, contributing to enhanced NFAT
signaling (61). Another notable translocation involves ITK and spleen tyrosine
kinase (SYK), often abnormally expressed in TCL. This fusion is described in
approximately 18% of nTFHL-F and leads to the over-expression of SYK, a
component of the B-cell receptor (BCR) signaling (138). The ITK-SYK fusion gene
in mice leads to persistent activation of TCR signaling and induced

lymphomagenesis (139,140).

Mutations in the co-stimulatory receptor CD28 signaling have been
documented in TCL. A subset of patients with nTFHL-AI, ranging from 4% to 12%,
exhibit mutations within CD28 that prolong ligand-receptor interactions, thereby
amplifying TCR signaling (61,137). Additionally, CD28 gene fusions are common.
Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)-CD28 fusions are
detected in approximately 58% of cases, and inducible T-cell co-stimulator
(ICOS)-CD28 fusions are identified in around 5% of cases (54). Upon TCR
stimulation, the expression of CTLA4 and ICOS increases, while CD28 expression
is downregulated. These CD28 fusions are believed to sustain CD28 co-

stimulatory signaling pathway (141).

Furthermore, mutations in PI3K have been identified in 7% of nTFHL-AI,
as well as other nTFHL. These mutations likely enhance the catalytic subunit
activity or strengthen the binding of the PI3K regulatory subunit 1 (PI3KIR) to
CD28 (61). The negative regulation of the PI3K signaling highly depends on the
PTEN, a phosphatase responsible for dephosphorylating PIP3, thereby preventing
AKT activation (142). PTEN mutations or deletions are described in 20% of T-ALL
patients, leading to the PI3K hyperactivation and subsequent enhancement of
proliferation and survival of malignant T-ALL cells (143). Lastly, PDK], a pivotal
mediator of PI3K-AKT signaling, displays mutations in 5,9% of nTFHL-AI,

potentially contributing to enhanced downstream signaling activation (61,144).
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Figure 11. Recurrent alterations in the TCR signaling pathway in T-cell malignancies.
Genes that are frequently altered are indicated with bold black borders. Adapted from
Shah K. et al. Signal Transduct. Target. Ther. 2021.

1.3.2. Therapeutic targeting of TCR signaling

A few early-phase studies in TCL have demonstrated the clinical potential
of targeting pivotal kinases in the TCR signaling cascade. Notably, a phase II trial
(NCT03372057) assessing Duvelisib, an orally administered PI3K-gamma, delta
inhibitor, in 78 patients with r/r TCL. unveiled an ORR 50% and CR of 32% during
the expansion phase (145). Another phase II study (NCT04705090) exploring the
safety and efficacy of YY-20394, a small molecule PI3K-delta inhibitor, in r/r TCL

is currently underway.

Dasatinib, an oral small molecule inhibitor targeting the ABL1 kinase and
the Src family kinases, in synergy with CHOEP, exhibited enhanced chemotherapy
efficacy in vitro and efficacious tumor growth inhibition in murine TCL models
(146). Dasatinib has been used for the treatment of Philadelphia-positive B-cell
ALL, which is characterized by the presence of the BCR-ABLI oncoprotein, and T-
ALL patients expressing the NUP215-ABL1 fusion protein, suggesting the utility
and application of dasatinib in the clinic (147,148). Interestingly, emerging

research elucidated the reliance of NUP215-ABL1-driven T-ALL cells on LCK
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expression and activity to proliferate and survive, which can also be targeted by
dasatinib (131). Nevertheless, dasatinib single-drug treatment often leads to drug-
resistant mutations within BCR-ABLI or activates Ras and PI3K/AKT/mTOR
signaling pathways as compensatory mechanisms (149,150). Further exploring
the potential benefits of LCK inhibition in T-ALL, a preclinical study identified a
potent synergistic effect between dasatinib and AKT/mTORI1 inhibitors, validated

in human T-ALL cell lines and murine models (151).

Another member of the Src family of kinases, FYN can also be targeted in
TCL. Given the aberrant activation of NF-kB signaling by the FYN-TRAF3IP2
fusion protein, a preclinical study with the IKK inhibitor, BMS-345541, induced

strong dose-dependent anti-lymphoma effects with in vitro and in vivo (130).

While the expression of the ITK-SYK fusion protein is predominantly
observed in nTFHL-F, heightened ITK expression has been detected in diverse
subtypes, including nTFHL-AI (152). Preclinical studies highlighted the potential
role of ITK in chemotherapy resistance in malignant T cells, with ITK inhibition
showing promise in overcoming this resistance and suppressing tumor growth in
TCL models (152,153). Cerdulatinib, a small-molecule inhibitor targeting both SYK
and JAK family members, demonstrated favorable tolerability in a phase Ila trial
for r/r TCL patients (154). However, a subsequent phase IIb trial (NCT04021082)
was withdrawn. Presently, an ongoing phase I trial (NCT03952078) is evaluating

the selective ITK inhibitor CPI-818 in r/r TCL patients.

1.4. Zeta-Chain Associated Protein Kinase 70

(ZAP-70)

In 1991, Chan A. et al aimed to identify molecules interacting with the ¢
chain of the TCR complex, crucial for TCR signal transduction (155). In their
investigation, they successfully discovered a 70 kDa protein that co-precipitated
with the { chain following TCR stimulation, which they designated as ZAP-70
(155,156).
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ZAP-70 is a crucial kinase in the transduction of proximal TCR signaling,
whose expression is predominantly confined to T cells and NK cells (157). ZAP-70
belongs to the SYK-family of tyrosine kinases, along with its B-cell homologue,
SYK kinase, thatis primarily expressed in B cells. Interestingly, it has been reported
that ZAP-70 is expressed in pro/pre B cells of both mice and humans, but not in
mature B cells (158). Both ZAP-70 and SYK have essential roles in the signaling
pathways of TCR and B-cell receptor (BCR), crucial for the functionality and

development of these respective cell types (159).
1.4.1. ZAP-70 Structure

The ZAP-70 protein is organized into three domains and two
interdomains (Figure 12). The N-terminal region of the protein contains two Src
homology (SH2) domains, linked by the interdomain A (160). The C-terminal SH2
domain is connected to the kinase domain via interdomain B (161). The total

length of the five segments accounts for 619 amino acids (162).

Interdomain
A )
Kinase

NSHZ:%&S;EHZ domain

Y126 Y292
Y315

Figure 12. ZAP-70 domain structure. Schematic representation of ZAP-70 structural
domains, including the N-terminal and C-terminal SH2 domains, interdomain A,
interdomain B and the kinase domain. Positive regulatory tyrosines are depicted in black
while negative regulatory tyrosines are represented in purple. Adapted from Ashouri J. et
al. Immunol Rev. 2022.

e SH2 domains

SH2 domains are renowned for their specific binding capability to
phosphorylated tyrosine residues on other proteins. In the case of ZAP-70, they are

responsible for recruiting ZAP-70 to the TCR complex by interacting with the
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diphosphorylated ITAMs located on the cytoplasmatic ¢ chain dimers of the TCR
complex (123).

e Interdomain A

Interdomain A confers flexibility and facilitates communication between
the two SH2 domains. Mutations in the Tyrosine 126 (Y126) residue of the
interdomain A have been shown to reduce the binding affinity of ZAP-70 to
phosphorylated ITAMS (123). The phosphorylation of Y126 promotes the release
of ZAP-70 from ITAMs, enabling its interaction with more distantly located LAT
molecules, thereby amplifying the TCR signal during early stages of TCR

stimulation (123,163).
e Interdomain B

Interdomain B contains three critical tyrosine residues, namely Y292, Y315
and Y319. Upon phosphorylation by LCK, these Tyr residues facilitate the
interaction of ZAP-70 with other proteins, therefore contributing to the
propagation of downstream signaling events (161). Mutational studies have
demonstrated that the phosphorylation of Y292 allows the binding of negative
regulators, as the ubiquitin ligase c-Cbl, that inactivate ZAP-70 kinase activity
(164). Conversely, the phosphorylation of Y315 facilitates the recruitment of the
guanine exchange factor VAV and the phosphorylation of Y319 facilitates the
interaction with LCK, respectively, that positively regulate ZAP-70 kinase activity

(161).
e Kinase Domain

The kinase domain is responsible for the catalytic activity of ZAP-70.
Following TCR stimulation, two critical tyrosine residues, Y492 and Y493, undergo
phosphorylation by LCK or autophosphorylation of ZAP-70 itself. The
phosphorylation of both residues, particularly Y493, is imperative for the full

kinase activity of ZAP-70 (165).
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1.4.2. Recruitment of ZAP-70 to the TCR

In the absence of ligand binding to the TCR complex, ‘the non-ligand
bound state’ (Figure 13A), ZAP-70 resides in the cytoplasm of the T cell, adopting
an autoinhibited conformation (Figure 13A). In this state, two regulatory tyrosine
residues, Y315 and Y319, located within interdomain B, engage with interdomain
A and the kinase domain, respectively. These interactions effectively prevent the

SH2 domains from engaging with the ITAMs at the TCR complex (Figure 13B)

(123).
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Figure 13. Schematic reprsentation of ZAP-70 location and conformational state in
resting state. (A) In resting T cells in the absence of interaction between the TCR and any
pHLA, ITAMs are not phosphorylated and ZAP-70 is located in the cytoplasm in an
autoinhibited state. (B) The red and blue arrows indicate key interactions among different
structural domains of ZAP-70 that maintain the autoinhibitory state of ZAP-70. From
Ashouri J. et al. Immunol Rev. 2022.

Upon recognition of self-antigens (self-pHLA), the ’self-ligand-bound
state’, the membrane bound LCK kinase phosphorylates both tyrosines within
ITAMs (Figure 14A). Subsequently, the tandem SH2 domains of ZAP-70 establish
high affinity and specific interactions with these phosphorylated tyrosines. This
binding induces a conformational change in interdomain A, leading to a partial
release from the autoinhibited state of ZAP-70. However, self-antigen recognition
does not lead to full activation of ZAP-70, mainly because the self-pHLA-TCR

interaction is transient, and does not endure long enough for LCK to

78



Introduction

phosphorylate the essential ZAP-70 residues required for complete autoinhibition

relief and consequent activation (123,160).

Conversely, when foreign antigens (agonist pHLA) are recognized, the
‘agonist-bound state’ (Figure 14B), the prolonged interaction between the
agonist pHLA-TCR and the sustained association of the CD4 or CD8 coreceptors,
which are linked to active LCK, results in the phosphorylation of specific residues.
LCK phosphorylates Y315 and Y319 within interdomain B, as well as Y493 within
the ZAP-70 kinase domain. The phosphorylation within the kinase domain leads
to the stabilization of its active conformation, a pivotal step for ZAP-70 catalytic
function. Subsequently, ZAP-70 is able to phosphorylate its targets, LAT and SLP-
76 (160).
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ﬁ@ Self-pHLA ﬁ@ Agonist
CD4 @ ]’ 0 }pHLA
(or CD8)

. gL \Hé . pY315

I 7 & pY319
—o QC] O b
pY~ U0 uo Y492
pY493
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Figure 14. Schematic reprsentation of ZAP-70 location and conformational state
during TCR recognition of self-pHLA or agonist pHLA antigens. (A) Upon antigen
recognition of a self-pHLA, the interaction delivers a sufficient tonic signal to lead ITAM
phosphorylation by LCK. This results in the recruitment of ZAP-70 to the phosphorylated
ITAMs but ZAP-70 is not further phosphorylated. (B) Upon recognition of an agonits
PHLA, coreceptor-associated LCK is recruited to the proximity of engaged TCR and CD3
complexes long enough to phosphorylate ITAMs and recruit as well as phosphorylate ZAP-
70 that is bound to phosphorylated ITAMs. Further phosphorylation of ZAP-70 by LCK on
Y315, Y319 and Y493 leads to its activation. From Ashouri J. et al. Immunol Rev. 2022.

79



Introduction

1.4.3. Role of SYK family kinases in T-cell

development

The two constituents of the SYK family of tyrosine kinases, namely SYK
and ZAP-70, are expressed at various stages of thymic ontogeny, featuring an

inverse expression pattern and play distinct functions (Figure 15) (166).

SYK is predominantly expressed during the early stages of DN1-DN3
populations, after which it experiences downregulation. During the intermediate
developmental stages, there is an overlapped expression of both kinases at DN3
and DN4 stages (Figure 15). Notably, studies in mice thymocytes deficient in
either ZAP-70 or SYK do not exhibit any apparent abnormalities at the [3-selection
stage. Intriguingly, when both kinases are simultaneously knocked out, a
complete blockage at this stage is observed. This observation suggests that SYK
and ZAP-70 can functionally compensate for each other during pre-TCR signaling

in the DN3 stage (166,167).

In contrast, ZAP-70 expression exhibits an upward trend, increasing from
the DN3 population and continuing to promote sustained pre-TCR/TCR signaling
from DN4 to SP stages. This sustained signaling orchestrated by ZAP-70

contributes to the promotion of cell survival and cell-cycle progression (168,169).
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Figure 15. Expression and function of SYK family kinases throughout T-cell
development. SYK is primarily expressed in early-stages of T-cell development (DN1-
DN3), whereas the expression of ZAP-70 increases from DN3 onwards, promoting survival
of mature T cells. Adapted from Wang H. et al. Cold Spring Harb. Perspect. Biol. 2010.

1.4.4. ZAP-70 and disease

ZAP-70 expression has been identified across various subtypes of B cell
malignancies (170). Nevertheless, the central emphasis of this chapter will be on
chroniclymphocytic leukemia (CLL), since it was the first B cell malignancy where
ZAP-70 expression was identified and has been extensively studied (171).

Furthermore, I will discuss the role of ZAP-70 in T-cell lymphoid malignancies.
1.4.4.1. Chroniclymphocyticleukemia (CLL)

CLL is a lymphoproliferative malignancy characterized by the clonal
expansion of mature CD5+ B cells in peripheral blood, BM, lymph nodes and the
spleen. To date, this disease is still incurable (172). Early investigations unveiled a
distinct prognostic significance in CLL linked to the mutational status of the

immunoglobulin heavy chains (IGHV). Specifically, patients with unmutated
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IGHV genes exhibit a more aggressive disease and an unfavorable prognosis

compared to those with mutated IGHV genes (173).

The aberrant expression of ZAP-70 in CLL B cells has emerged as a
surrogate marker for determining the IGHV mutational status. The detection of at
least 20% ZAP-70-positive malignant B cells through flow cytometry correlates

with the presence of unmutated IGHV genes (174,175).

However, the strict segregation of SYK to B cells and ZAP-70 commonly
seen in healthy cells, is less evident in lymphoid malignancies. In CLL, ZAP-70
expression is associated with unfavourable outcomes due to heightened BCR
signaling, increased proliferation, and migration of CLL cells to the tumor
microenvironment (123). Early investigations indicated that ZAP-70 enhanced
Immunoglobulin M (IgM) BCR signaling within ZAP-70 positive CLL B cells (176).
Importantly, this enhancement was independent of ZAP-70 kinase activity, as its
phosphorylation levels within CLL B cells were inefficient and negligible
compared to those of SYK (177). Induced mutations in the kinase domain of ZAP-
70 did not abolish IgM-mediated BCR signaling activation. This implies that ZAP-

70 assumes a more prominent role as an adaptor protein within CLL cells (178).

Recent research has shown that ZAP-70 plays pro-survival roles in CLL
that are independent of BCR signaling. ZAP-70 positive CLL B cells exhibit
enhanced surface C-C chemokine receptor type 7 (CCR7) expression, enabling
increased migration to its chemokine ligands CCL19 and CCL21 towards the lymph
nodes, where they can encounter CD4+ T cells, promoting CLL B cells survival
(179,180). Besides, ZAP-70 is involved in the assembly of protein complexes
between itself and ribosomal proteins. This interaction ultimately leads to
elevated MYC expression and protein synthesis. Additionally, ZAP-70 enhances
the production of the chemokines CCL3 and CCL4. These chemokines facilitate
the accumulation of CD4+ T cells within the CLL microenvironment and can

further induce CLL B cell proliferation via CD40 activation (181).

The expression of ZAP-70 has also been described in other B cell

malignancies. In cases where ZAP-70 and SYK are co-expressed aberrantly in B

82



Introduction

cells, ZAP-70 competes with SYK at the BCR signalosome. This rewires BCR
signaling, shifting it from negative selection to tonic PI3K signaling.
Consequently, B cells are able to escape anergy and negative selection, thereby

promoting B cell survival (182).
1.4.4.2. T-cell malignancies

ZAP-70 expression is preserved in the majority of nTFHL, Al and PTCL,
NOS cases (183-185). However, systemic ALCL commonly exhibits the lack of
expression of TCR, CD3 proteins or ZAP-70 (183,186). In a prospective study
involving 12 paired nTFHL-AI samples treated with CHOP or CHOP-like therapy,
newly identified ZAP-70 missense mutations were detected in 41,7% of patients by
whole exome sequencing. However, the biological implications of these mutations
remain uncertain. Moreover, the phosphorylation status of crucial regulators in
the proximal TCR signaling pathway was assessed in tumor tissues from 38
nTFHL-AL IHQ analysis demonstrated ZAP-70 phosphorylation in 68,4%, ITK
phosphorylation in 73,7% and PLCy1 phosphorylation in 52,6% of cases (152).
Besides, the knockdown of ZAP-70 by short-hairpin RNA (shRNA) led to a pro-
apoptotic effect, compromised proliferation, adhesion, invasion, migration and
G2/M cell cycle arrest of malignant T-cell lines (187). Conversely, a separate article
focused on ZAP-70 expression mainly in NKTCL cell lines. Interestingly, ZAP-70
knockout exhibited no advantageous effect on cell viability or apoptosis
induction. Furthermore, treatment with Gefitinib, an epidermal growth factor
receptor (EGFR) inhibitor of which ZAP-70 is an off-target, showed no significant

differences between ZAP-70 overexpressing or knockdown cell lines (188).
1.4.5. Therapeutic targeting of ZAP-70

Given its crucial role in TCR signaling transduction and its relevance in
lymphoid malignancies pathogenesis, targeting ZAP-70 holds compelling
potential in these diseases. Despite not achieving the same level of success of SYK-
specific inhibitors, limited selective ZAP-70 inhibitors have emerged, with none

progressing to clinical trials so far. Various strategies for ZAP-70 inhibition have
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been explored, leading to the development of potential inhibitors like 2-
phenylaminopyrimidines or imidazo[1,2-c]pyrimidine scaffolds (162). A recent
publication presented a pyrimidine covalent inhibitor of ZAP-70 kinase domain,
impacting CD4+ T-cell proliferation, division and cytokine production in vitro,

along with promising results in a psoriasis mouse model (189,190).

An alternative approach seeks to prevent ZAP-70 from binding to doubly
phosphorylated ITAMs while promoting its autoinhibited conformation.
Biophysical screenings identified small organic compounds, mainly sulfone and
sulphonamide compounds, that could covalently modify tSH2 of ZAP-70,
consequently impeding their binding to ITAMs (191).

The third described strategy for ZAP-70 inhibition involves an allele-
specific approach, achieved by replacing a specific M414 residue within the ZAP-
70 kinase domain. This modification preserved kinase activity while creating a
unique binding pocket sensitive to analogues of the broad kinase inhibitor PP1.
This strategy hinders downstream signals, including the rise in cytosolic free Ca*,
prior to TCR stimulation. Notably, this technique demonstrates specificity by
lacking inhibition effects on wild-type ZAP-70 and having negligible effect on
SYK-dependent BCR signal transduction (192).

In a recent study, a dual small molecule-gated ZAP-70 signaling switch
was introduced. This design fuses the analogue-sensitive ZAP-70 allele with the
engineered ligand binding domain of the estrogen receptor ERT2. The activity of
ERT2 can be upregulated to a certain degree by a tamoxifen metabolite, and
diminished by an ATP analogue, 3-MB-PP1. This system also allows the
modulation of early TCR signaling by adjusting the concentration of activator or
inhibitor. However, the fusion of ERT2 with ZAP-70 seems to alter ZAP-70
downstream effector function, necessitating further exploration (193). This
approach holds promise for potentially managing overreactions in CAR-T therapy,

offering a means to regulate their activity and limit their effects (171).

These diverse approaches for ZAP-70 inhibition collectively hold the

promise of advancing therapies for lymphoid malignancies and fine-tuning
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immune responses in novel ways, paving the path towards more effective

treatments.
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Hypothesis

Hypothesis

T-cell malignancies are a heterogeneous group of highly aggressive
diseases that currently lack effective treatments. Despite recent advancements in
the understanding of T-cell malignancy biology, the standard approach of using
front-line anthracycline-based chemotherapy, originally adapted from studies in
more prevalent B-cell lymphomas, leads to limited response rates, high relapse
rates and dismal survival outcomes. These suboptimal clinical responses
underscore the need to develop new highly selective and more effective drugs that

target specific molecular and genomic vulnerabilities in T-cell malignancies.

Similar to B-cell lymphoproliferative syndromes, where the B-cell
receptor (BCR) plays a central role in pathogenesis, multiple somatic mutations
and gene translocations have been identified in crucial genes within the TCR
signaling pathway, suggesting its critical role in the survival and proliferation of
malignant T cells. Within the TCR signaling pathway, ZAP-70, a tyrosine kinase
protein that belongs to the SYK/ZAP-70 family and is predominantly expressed on
T cells, plays a pivotal role in proximal TCR signaling. Upon TCR stimulation, ZAP-
70 undergoes phosphorylation and participates in signal transduction, essential
for the survival and proliferation of T cells and, to date, no specific inhibitors

targeting ZAP-70 have been translated to clinic use.

Based on this observation, we hypothesized that ZAP-70, due to its major
function in the TCR signaling pathway, is a potential main effector to target to
decrease the proliferation and survival of malignant T cells and represents a novel

therapeutic approach for the treatment of T-cell malignancies.
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Objectives

Objectives

The main objective of this thesis is:

To assess the preclinical therapeutic potential of pharmacological

inhibitors targeting the tyrosine kinase ZAP-70 in T-cell malignancies.

The secondary objectives are the following:

1. To determine the in vitro efficacy and specificity of novel ZAP-70 kinase

inhibitors against a panel of kinases using a biochemical kinase assay.

2. To analyze in vitro the impact of the most efficient and specific ZAP-70
kinase inhibitors on the proliferation, viability, and TCR signaling of

human malignant T-cell lines.

3. To characterize in vivo the acute toxicity profile and pharmacokinetic
properties of the most efficient and specific ZAP-70 inhibitors in

immunodeficient mice.
4. To assess the in vivo anti-tumor efficacy of the most efficient and specific

ZAP-70 kinase inhibitors in subcutaneous and intravenous T-ALL and

ALK-negative ALCL xenograft models of malignant T-cell lines.
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Materials and Methods

4.1. Compounds

The 27 small-molecule ZAP-70 kinase domain inhibitors, IQS117 and
1QS141, are pyrido[2,3-d]pyrimidine derivatives that were designed, synthesized,
and provided by the Pharmaceutical Chemistry group led by Dr. José Ignacio
Borrell (Chemistry Institute of Sarrid, Barcelona, Spain). The reference
compounds, TAK-659, a SYK/FLT3 inhibitor, was obtained from Takeda
Pharmaceutical International Co., while the BTK inhibitors, Ibrutinib and

Acalabrutinib, were acquired from Selleckchem.
4.2. Kinase Inhibition profiling

The kinase inhibition profile of the ZAP-70 kinase domain inhibitor
candidates was evaluated at Reaction Biology (Freiburg, Germany) using a
radiometric protein kinase assay (**PanQinase® Activity Assay). The kinase
residual activity (in %) of each compound was evaluated at 10 pM in duplicates
against a panel of 26 kinases relevant to T-cell and B-cell biology, particularly in
TCR and BCR signaling, and kinases structurally related to ZAP-70 (see
Supplementary table 1 for the complete list of kinases). Briefly, the reaction
cocktail for each kinase (10 pL of non-radioactive ATP solution; 25 pL of assay
buffer/ [y-33P]-ATP mixture; 5 puL of each test compound in 10% DMSO; and 10 pL
of enzyme/substrate mixture) was added in duplicates in a 96-well
FlashPlatesTM (Perkin Elmer) plate and incubated at 30°C for 60 min. The
reaction was stopped with 50 uL of 2 % (v/v) HsPO., wells were aspirated, and
washed two times with 200 pL of 0.9 % (w/v) NaCl. All assays were performed
with a BeckmanCoulter Biomek 2000/SL robotic system. The incorporation of **Pi
was determined with a microplate scintillation counter (Microbeta, Wallac).
Commercial drugs TAK-659, Ibrutinib and Acalabrutinib were used as internal

quality controls.

The residual kinase activity was calculated as follows: Residual activity
(%) =100 x [(signal of compound — low control)/(high control — low control)],

where ‘low control’ defines the unspecific binding of radioactivity to the plate only
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in the presence of the substrate and ‘high control’ reflects the maximum kinase
activity of each kinase in the presence of the substrate in the absence of any
inhibitor. The difference between the high and low control of each enzyme was

taken as 100% activity.

4.3. Cell lines

The T-ALL cell line Jurkat and the Burkitt lymphoma B-cell line Ramos
were purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). The ALK-negative ALCL cell line OCI-Ly13.2 was kindly provided by Dr.
David M. Weinstock (Dana-Farber Cancer Institute, Harvard Medical School,
Boston, MA, USA). The PTCL, NOS cell lines SMZ-1, OCI-Ly12 and T8ML-1 were
provided by Dr. Adolfo Ferrando (Irving Cancer Research Center, University of
Columbia, NY, USA). Ramos, Jurkat, OCI-Ly12 and OCI-Lyl3.2 were cultured in
RPMI (#LO500, Biowest) supplemented with 2 mM L-glutamine (#X0550,
Biowest), 10% heat-inactivated fetal bovine serum (FBS) (#10270-106, Gibco) and
50 pg/mL penicillin/streptomycin (#L0022, Biowest). SMZ-1 was cultured in
RPMI supplemented 2 mM L-glutamine, 20% FBS and 50 pg/mL
penicillin/streptomycin. T8ML-1 was cultured in RPMI containing 2 mM L-
glutamine, 20% heat-inactivated FBS, 50 pg/mL penicillin/streptomycin and 10
pg/mL recombinant human IL-2 (#200-02, Peprotech). Cell lines were
maintained at 37°C in a humidified atmosphere under 5% CO,. Cell lines were
routinely tested for mycoplasma contamination and cell lines authenticity was

validated by short tandem repeat (STR)-profiling.

4.4. Flow cytometry analysis

To immunophenotype malignant human T-cell lines by flow cytometry,
an extracellular and intracellular panel of human-specific antibodies was
designed (Table 6). Briefly, T cells were stained with surface marker antibodies
for 15 min at room temperature. Then, cells were resuspended in staining buffer
[PBS with 1% bovine serum albumin (#A7906-100G, Merck) and 0.1% sodium

azide (#52002-5G, Merck)| and acquired in the flow cytometer. For the staining of
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intracellular markers, cells were fixed and permeabilized for 30 min at 4°C using
the IntraPrep Permeabilization reagent (#A07803, Beckman Coulter) and
incubated with the corresponding antibodies for 30 min at room temperature.

Table 6. List of monoclonal antibodies used for flow cytometry staining and their
applications

Target Conjugate Clone Application Supplier sz:::;gr
CD2 FITC 39CL.5 Cell lines phenotyping (s.s.)  BD Biosciences ~ A07743
CD3 ECD UCHTL Cell lines phenotyping (s.s.)  BD Biosciences ~ A07748
CD3 AA750 UCHTL Cell lines phenotyping (i.s.) ~ BD Biosciences ~ A94680
CD4 AA750 13B8.2 Cell lines phenotyping (s.s.) ~ BD Biosciences ~ A94682
CD5 APC BLIA Cell lines phenotyping (s.s.) ~ BD Biosciences =~ A60790
CD7 PB 8HS8.1 Cell lines phenotyping (s.s.)  BD Biosciences =~ B06499
CD8 AA700 B9.11 Cell lines phenotyping (s.s.)  BD Biosciences B49181
CD10 PC5.5 ALB1 Cell lines phenotyping (s.s.)  BD Biosciences B16490
CD19 PC7 J4-119 Cell lines phenotyping (s.s.) ~ BD Biosciences ~ IM3628
CD25 PC7 B149.9 Cell lines phenotyping (s.s.)  BD Biosciences =~ A52882
CD27 APC 1A4CD27 Cell lines phenotyping (s.s.)  BD Biosciences ~ B09983
CD28 PC7 CD28.2 Cell lines phenotyping (s.s.)  BD Biosciences B23313
CD30 APC HRS4 Cell lines phenotyping (s.s.)  BD Biosciences =~ A87939
CD45 KrO ]33 Cell lines phenotyping (s.s.)  BD Biosciences ~ A96416

CD45RA PB 2H4LDHIILDB9  Cell lines phenotyping (s.s.) = BD Biosciences  A82946

CD45RO FITC UCHLL Cell lines phenotyping (s.s.)  BD Biosciences = IM1247U

CD197 PE G043H7 Cell lines phenotyping (s.s.)  BD Biosciences =~ B30632

CD279 PE PD1.3 Cell lines phenotyping (s.s.)  BD Biosciences =~ B30634

Cell lines phenotyping (s.s.

TCRaf PE BMA BD Biosciences B49177

andi.s.)
TCRYS PC5.5 IMMU510 Cell lines phenotyping (s.s.)  BD Biosciences ~ A99021
HLA-DR PB IMMU-357 Cell lines phenotyping (s.s.)  BD Biosciences B36291
CD3 APC/A750 UCHT1 T-cell lines xenografts BD Biosciences ~ A94680
CD45 V500 HI30 T-cell lines xenografts BD Biosciences 560777

s.s., surface staining; i.s., intracellular staining

To identify malignant human T cells in processed mouse organs from
intravenous xenograft models of malignant T-cell lines, the list of monoclonal
antibodies used for flow cytometry staining is detailed in Table 1. After single-cell

suspension obtention from each mouse organ (explained in 'Tissue dissociation
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for flow cytometry analysis’ below), cells were washed with ice-cold PBS 1X and
erythrocytes were lysed using ACK lysing buffer (#A10492-01, Gibco). To minimize
non-specific antibody binding, cells were blocked with 1 ug rat serum IgG per 10°
cells (#18015-10MG, Merck) for 10 min at 4°C before the 30 min incubation with
LIVE/DEAD™ Fixable Violet Dead Stain Cell kit (#L34964, Invitrogen) to stain
dead cells. Cells were washed in PBS 1X and stained with the antibodies shown in

Table 1. Human T cells were identified as CD45+ CD3+.

Cells from both experiments were acquired by a Navios™ cytometer
(Beckman Coulter, Brea, CA, USA) and data were analyzed using the Flow]o v10

software (TreeStar).

4.5. Western blot

To initially select malignant human T-cell lines exhibiting functional TCR
signaling, tyrosine phosphatase inhibition was induced by treating cell lines with
300 mM hydrogen peroxide (H,0,) and 100 mM sodium pervanadate (Na;VO,) for
5 min at 37°C. To assess the impact of ZAP-70 kinase domain inhibitors upon TCR
signaling activation, 3x10° cells/well were seeded in a 24-well plate and treated for
6 h at 37°Cwith 1,10 or 25 pM of each compound. Cells were treated for 1 min with
5 pg/mL human anti-CD3 antibody (#130-093-387, Miltenyi) and 1 pg/mL human
anti-CD28 antibody (#130-093-375, Miltenyi) to stimulate TCR signaling.
Stimulation was stopped by the addition of ice-cold 1X PBS. In this experiment,
Jurkat and OCI-Ly13.2 cells treated with 300 mM H,0, and 100 mM Na;VO, were
included as positive controls for phospho-proteins. Whole-cell protein extracts
were prepared using lysis buffer [20 mM Tris pH 7.4, 1 mM EDTA, 140 mM Nacl,
1% NP-40, 2% Na;VO, and 1X proteases inhibitor cocktail (#P8340-1ML, Sigma-
Aldrich)] for 30 min at 4°C. Equal amounts of denatured protein were resolved by
10% SDS-PAGE and transferred to Immobilon-P membranes (#IPVHO0O10,
Millipore). Membranes were blocked for 1 h at room temperature in 5% non-fat
milk/TBST (Tris-Buffered Saline Tween 20) and incubated overnight at 4°C with
the following primary antibodies: phospho-Akt*™*” (#9271), phospho-
ERK1/2™20%/1y1204 (49101), phospho-LAT™™"" (#3581), phospho-PLCy1™"7* (#2821),
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phospho-ZAP-70™" (#2717), Akt (#9272), ERK1/2 (#9102), LAT (#4533), PLCy1
(#2822) and SLP-76 (#4958) from Cell Signalling Technology; phospho-SLP76""**
(#PA540272) and phospho-ZAP-70™* (#MA5-28073) (Invitrogen), ZAP-70
(#05-253) from Sigma-Aldrich and GAPDH (#sc-32233, Santa Cruz
Biotechnology) or [-actin (#ab8226, Abcam) as loading control.
Immunodetection was done with the corresponding IgG horseradish peroxidase
(HRP)-linked secondary antibodies swine anti-rabbit (#P0399) or rabbit anti-
mouse (#P0260) (Dako North America). The Immobilon Classico Western HRP
substrate (WBLUCO0100, Millipore) was used to detect protein-antibody
complexes through chemiluminescence in an Amersham™ Imager 600 (GE

Healthcare Life Sciences).

4.6. Cell proliferation assay

The effect of ZAP-70 kinase inhibitor candidates on cell proliferation was
evaluated by measuring the metabolic reduction of the tetrazolium salt MTS. This
was done using the CellTiter96™ Cell Proliferation Assay (#G3582, Promega)
following the manufacturer’s instructions to determine IC50 values. A total of
5x10° cells/well were seeded in a 24 well-plate and treated with increasing
concentrations of each ZAP-70 inhibitor candidate (IQS117 or 1QS141) from 1-30
BEM. We analyzed drug treatment responses following 48 h incubation.
Absorbance was measured in a Spark 10M plate reader (Tecan) at 490 nm after
MTS conversion. The IC50 values were calculated with GraphPad Prism 8

(GraphPad Software).

4.7. Assessment of apoptosis

Apoptosis was determined by analyzing the binding of Annexin V-APC
(#BMS306APC, Invitrogen) and the incorporation of Propidium Iodide (PI)
(#556463, BD Biosciences) staining by Flow cytometry. Annexin V/PI double-
negative cells were considered viable cells. A total of 5x10° cells/well were seeded
in a 24 well-plate and treated with increasing concentrations of each ZAP-70

inhibitor candidate (IQS117 or 1QS141) from 1-30 pM. After 48h, cells were stained
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and acquired in a Navios cytometer (Beckman Coulter), and results were

evaluated using FlowJo v10 software (TreeStar).

4.8. Plasmids

For human cell line lentiviral infection, we obtained FUW-mCherry-Puro-
Luc (194), pCMV AR8.91 vector (195) and pMD2.G VSVG (#12259, Addgene) from
Dr. Adolfo Ferrando (Irving Cancer Research Center, University of Columbia, NY,

USA).

4.9. Virus production and cell lines infection

To generate infectious viral particles, 293FT cells (kindly provided by Dr.
Alena Gros, Vall D’Hebron Institute of Oncology, Barcelona, Spain) were
transfected with lentiviral constructs FUW-mCherry-Puro-Luc, pCMV AR8.91 and
pMD2.G VSVG using polyethyleneimine (PEI) (#24765-1, Polysciences) as a
transfecting agent. To transduce Jurkat and OCI-Ly13.2 cell lines, lentiviral
supernatants were harvested at 48 h after transfection and malignant T-cell lines
were infected by spinoculation. After infection, transfected cells were selected for
1 week in medium containing 1 pg/mL puromycin (#A1113802, Gibco). Cells
bioluminescence was quantified using bioluminescence imaging (BLI), measured
as total photons per second (ph/s), utilizing the IVIS® Spectrum system and Living

Image software (PerkinElmer).

4.10. Animal models

NOD.CB17-Prkdc™™/j  (NOD/SCID)  mice  and  NOD.Cg-
Prkdc*“PIl2rg™""/Sz] (NSG) mice were purchased from Charles River (Charles
River Laboratories, France). NOD/SCID mice were used to evaluate the in vivo
acute toxicity and pharmacokinetic profile of ZAP-70 inhibitor candidates. For in
vivo therapeutic studies, NSG mice were used to develop subcutaneous and
intravenous xenograft models of Jurkat and OCI-Ly13.2 cells lentivirally

transfected to express luciferase.
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All animals were maintained in filter-topped cages on autoclaved food
and water in specific pathogen-free facilities at Vall D’Hebron Institute of
Oncology. All animal procedures were approved by the Ethics Committee of
Animal Research of the Vall D’Hebron Institute of Research and by the Catalan

Government.

4.10.1. Acute toxicity

To assess the potential acute toxic effects resulting from a single-dose of
our ZAP-70 inhibitors (IQS117 and 1QS141), we adhered to the guideline outlined
in the Organization for Economic Cooperation and Development (OECD) Fixed
Dose Procedure Guideline for Single-dose Acute Toxicity (196). In this approach,
the death of animals as an endpoint is avoided, and relied on the observation of
clear signs of toxicity within a predefined range of fixed doses (5; 50; 300; 2000
mg/kg), leading to a decrease in the number of animals tested. The initial choice
of 300 mg/kg dose is suggested in the absence of prior in vivo drug information.
Given so, eight-week-old NOD/SCID mice were randomized into 6 groups, with
each group comprising 2 males and 2 females. Prior to drug administration, mice
were subjected to a 2 h fasting period. Then, one mouse from each group received
a dose of 300 mg/kg of 1QS117, 1QS141 or vehicle (5% DMSO, 0.5% methylcellulose
and 0.1% Tween80) via either oral gavage (p.o.) or intraperitoneal injection (i.p.).
Following drug administration, mice were carefully monitored for signs of distress
and toxicity for 30 min post-administration. If no critical conditions were
observed during this initial observation period, the remaining mice were treated
as planned, and the fasting period was resumed 1 h after compound
administration. Mice weight and general condition were recorded every 3-4 days
for two weeks. Animals were sacrificed 14 days after treatment and major organs
(bone marrow, liver, lung, inguinal lymph node, kidney, small intestine, and

spleen) were histologically examined at necropsy.
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4.10.1.1. Histopathology and

immunohistochemistry

Mouse tissues were dissected and fixed in 10% buffered formalin and
paraffin-embedded at the Pathological Anatomy department at Vall D’Hebron
Hospital. Tissue sections were subjected to hematoxylin-eosin staining using
standard procedures. Microscopic images were captured with a light microscope

(Nikon Eclipse Ci).
4.10.2. Single-dose pharmacokinetics

Seven- to eight-week-old NOD/SCID mice were randomized into eight
groups (2 males and 2 females per group) for each drug. A single-dose of 50 mg/kg
of IQS117 or 1QS141 was administered via p.o. or i.p. and intracardiac blood was
obtained at various time points after drug administration over 24 h (basal, 30 min,
2h,4h,6h,8h,16 h and 24 h). Plasma samples were obtained by centrifugation
of individual blood samples at 2000g for 10 min at 4°C and stored at -80°C until
drug concentration could be analyzed using reversed-phase liquid
chromatography-tandem mass spectrometry (RP-LC-MS). Proteins were
precipitated from 10 pL plasma samples by adding two volumes of acetonitrile.
After vigorous vortexing, the samples were centrifuged for 5 min at 16.000 g. The
supernatant was separated and diluted 40-fold in a solution containing 15%
acetonitrile and 0.1% formic acid in water before LC-MS analysis. These samples
were analyzed using a Maxis Impact high-resolution Q-TOF spectrometer

(Bruker, Bremen), coupled to a nano-HPLC system (Proxeon, Denmark).

In the first step, 10 pL of each diluted sample was loaded onto a trapping
column (Acclaim PepMap 100 nanoviper), which was 2 cm long with an inner
diameter of 75 pm packed with C18 material (5 pm particle size, from Thermo
Fisher Scientific) at a flow rate of 4 mL/min. Then, the samples were separated on
the analytical column (Acclaim PepMap 100), which was 15 cm long with an inner

diameter of 75 pm and packed with C18 (3 pm particle size, from Thermo Fisher).
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Chromatography was performed using a gradient of 0.1% formic acid - acetonitrile
(ranging from 0% to 80% over 30 min) at a flow rate of 300 nL/min. The column
was coupled to the mass spectrometer (MS) inlet through a Captive Spray (Bruker)

ionization source.

The MS acquisition was configured to 3 s cycles of mass spectra (2 Hz),
followed by intensity dependent MS/MS scans at a variable rate between 2-20 Hz,
depending on the intensity of the most intense precursor ions. A minimum
intensity threshold of 2500 counts was applied, with a dynamic exclusion time of

1 min. All spectra were acquired on the range 150-2200 Da.

The LC-MS data was first processed using Data Analysis 4.1 (Bruker) and
then quantified using Skyline Software (MacCoss Lab) to filter and integrate
precursor signals of the target compounds. Using a HR-XIC Skyline template,
extracted ion chromatograms for the mass-to-charge ratio (m/z) corresponding to
the main isotope and charge state signal for each target compound were used for
quantification. Plasma inhibitor concentrations were calculated using a standard
curve constructed through the analysis of plasma samples spiked with known
amounts of each drug. Pharmacokinetic parameters were calculated using the

noncompartmental analysis tool of the software PCModfit V7.1.
4.10.3. Subcutaneous xenografts

Six-to seven-week-old NSG mice were subcutaneously injected with 5x10°
cells in 100 uL PBS (Jurkat-Luc) or PBS+Matrigel (1:1 ratio) (OCI-Ly13.2-Luc) into
the right flank of each mouse. Two experiments were developed, a survival
experiment and an acute drug treatment to further evaluate potential drug-

related changes in the tumor transcriptome by RNA sequencing.

For the survival experiment, tumor growth was weekly measured by BLI,
starting on day 14 post-injection until the end of the experiment. In parallel, tumor
size was measured twice a week using a Vernier caliper and tumor volume was
calculated using the following formula: volume=length x width?/2. At day 15 post-

injection, mice were randomized into 3 groups per cell line (4 females and 4 males
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per group) and treatments were initiated: vehicle control (5% DMSO + 0.5%
Methyl Cellulose + 0.1% Tween80 + 5% D-sucrose), IQS117 and 1QS141 (50 mg/kg).
Drugs were administered in the drinking water until the end of the experiment.
Mice were euthanized when endpoint criteria were met, including tumor size
(21500 mm?), tumor ulceration, and significant weightloss (20% body weightloss
or 210% over a week). Survival analysis used the Kaplan-Meier log-rank (Mantel-

Cox) test using GraphPad Prism 8 (GraphPad Software).

For the acute treatment experiment, at day 28-post-injection, mice were
randomized into 3 groups per cell line (4 males and 4 females): vehicle control (5%
DMSO + 0.5% Methyl Cellulose + 0.1% Tween80 + 5% D-sucrose), IQS117 and
1QS141 (50 mg/kg). Drugs were administered in the drinking water for a week. At
day 35-post-injection, all mice were sacrificed, and tumors were snap-frozen in

liquid nitrogen and kept at -80°C until RNA extraction.
4.10.3.1. Bioluminiscence imaging

Mice were anesthetized with isoflurane (1-2%) before i.p. injection of
luciferin at a dosage of 150 mg/kg. Images were acquired in an IVIS® Spectrum
system, and the resulting data were processed with the Living Image software
(PerkinElmer). The analysis involved determining the average radiance, expressed
in units of photons per second per square centimeter per steradian (p/s/cm?/sr),

for each individual mouse.

4.10.3.2. RNA sequencing and data processing

Subcutaneus tumors were disaggregated using the hard tissue
homogenizing CK28-2 mL kit (#P000916-LYSKO-A, Bertin Technologies)
following standard procedures in a Precellys® Evolution Homogeniser (Bertin
Technologies). Total RNA from tumors was isolated using the RNeasey mini kit
(#74104, Qiagen). Total RNA was quantified by Qubit® RNA Broad Range (BR)
Assay kit (Thermo Fisher Scientific) and the RNA integrity was estimated by using

RNA 6000 Nano Bioanalyzer 2100 Assay (Agilent).
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The RNASeq libraries were prepared with KAPA Stranded mRNA-Seq
Mlumina®  Platforms Kit (Roche) following the manufacturer s
recommendations starting with 500 ng of total RNA as the input material. The
library was quality controlled on an Agilent 2100 Bioanalyzer with the DNA 7500

assay.

The libraries were sequenced on a NovaSeq 6000 sequencing system
(1llumina) with a read length of 2x51bp, following the manufacturer’s protocol for
dual indexing. Image analysis, base calling and quality scoring of the run were

processed using the manufacturer’s software Real Time Analysis (RTA 3.4.4).

RNA-seq reads were mapped against a combined reference genome of
human (GRCh38) and mouse (GRCm39), using STAR aligner version 2.7.8a (197)
with ENCODE parameters. Annotated genes were quantified using a combined
annotation of human GENCODE v42 and mouse GENCODE version M31, with
software RSEM (198) version 1.3.0 and default parameters. Subsequently, counts

belonging to mouse genes were filtered out.

Differential expression analysis was performed independently for each
cell line, using limma v3.6.1 R package (199). Counts were normalized with TMM
(200) and transformed with the ‘voom’ function into logCPM. The linear models
were fitted with the voom-transformed counts adjusting for the sex covariate and
contrasts were extracted. A gene set enrichment analysis (GSEA) was perfomed on
the list of pre-ranked genes by the limma moderated t-statistic, with the R

package fgsea v1.12 (201), against the Reactome database (202).
4.10.4. Intravenous xenografts

Six-to seven-week-old NSG mice were intravenously injected with 5x10°
Jurkat-Luc cells or 2.5x10° OCI-Ly13.2-Luc via tail vein in 100 uL PBS. Tumor
engraftment was evaluated weekly by BLI, as described in section 4.10.3.1, starting
at day 14 post-injection (Jurkat-Luc) and day 21 post-injection (OCI-Ly13.2-Luc)
until the end of the experiment. At day 15 post-injection (Jurkat-Luc) and day 22

post-injection (OCI-Ly13.2-Luc), mice were randomized into 3 groups per cell line
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(3 females and 3 males per group) and treatments were initiated: vehicle control
(5% DMSO + 0.5% Methyl Cellulose + 0.1% Tween80), 1QS117 and 1QS141 (50
mg/kg). Drugs were administered daily via oral gavage. Mice were euthanized
when endpoint criteria were met, including paraplegia, significant weight loss
(20% body weight loss or 210% over a week) or general bad condition. Spleen and
the left femur (Jurkat-Luc) or spleen and liver (OCI-Ly13.2-Luc) were collected in
cold RPMI-1640 medium immediately after euthanasia and destined for flow
cytometry analysis. Survival analysis was done using the Kaplan-Meier method
and applied the log-rank (Mantel-Cox) test using GraphPad Prism 8 (GraphPad

Software).

4.10.4.1. Tissue dissociation for flow

cytometry analysis

Femur. The left femur from each mouse was cleaned after obtention with
a scalpel and gentle rolling of the tissue between the fingers with paper towels.
Each femur was placed inside of a mortar containing 5 mL of cold RPMI-1640
medium and the bone was crushed with a pestle. Cells were harvested with a
Pasteur pipette and filtered through a 70 pm cell strainer (#352350, Falcon). This

process was repeated three times to maximize the number of cells gathered.

Spleen. Half of the spleen from each mouse was placed in a 70 pm cell
strainer. The organ was minced using the flat end of a plunger by crushing the
spleen 5 times in gentle circular motions. 3 mL of RPMI-1640 were flushed through
the filter to ensure maximizing cell harvesting. This process was repeated three

times.

Liver. Half of the liver from each mouse was placed in a 10 mm petri dish
containing 5 mL cold RPMI-1640. The organ was minced with a scalpel, cells were
harvested with a Pasteur pipette and filtered through a 70 pm cell strainer. This

process was repeated three times.

Single-cell suspensions were stained and analyzed in the flow cytometer

as described in section 4.4.
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4.11. Statistical Analysis

We conducted statistical analyses using Prism software v8.0 (GraphPad
Software, La Jolla, CA, USA). Results are expressed as the mean + SEM (standard
error of the mean) or mean * SD (standard deviation) of three independent
experiments or replicates. The statistically significant differences between groups
were analyzed using the Mann-Whitney test or two-way ANOVA and Bonferroni
post-hoc test, and P < 0.05 was considered significant. For mouse survival
experiments, we represented the results as Kaplan-Meier curves and determined
the significance using Log-rank test. Representative images correspond to

experiments repeated at least twice.

4.12. Data sharing statement

RNA-seq data is deposited at GEO under GSE243897.
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5.1. Design and synthesis of ZAP-70 kinase
inhibitors

In our pursuit of developing novel ZAP-70 kinase domain inhibitors for
preclinical evaluation in the context of T-cell malignancies, we focused on developing
nitrogen-containing heterocyclic compounds, specifically pyrido[2,3-d]pyrimidine
derivatives. This particular chemical structure is considered a privileged heterocyclic
scaffold for drug discovery, due to their well-known activity as tyrosine kinase
inhibitors (203). In this context, our collaborators from the Pharmaceutical
Chemistry group at IQS had previously synthesized pyrido[2,3-d]pyrimidine
compounds that demonstrated significant activity against BTK, effectively

suppressing BCR signaling in B-cell lymphoid malignancies (204).

While several classes of ZAP-70 inhibitors have been reported (192,205), most
display limited potency against ZAP-70 and a lack of selectivity, particularly in
comparison to its structurally homologous protein, SYK. To develop ZAP-70 kinase
domain inhibitors for our research project, our collaborators utilized structure-based
design methods, conducting an in-depth analysis of ZAP-70 kinase domain. This
comprehensive analysis identified crucial residues in the ATP-binding site for
selective inhibition through pocket analysis and pharmacophore modelling.
Subsequently, we identified compounds establishing critical interactions with ZAP-
70, assessing their binding affinity through docking, and refining this process via
molecular dynamics simulations. These efforts ultimately led to the synthesis of the

most promising candidates (206).
5.2. Kinase inhibition profile of ZAP-70 kinase
inhibitors

Our initial assessment involved the evaluation of the efficacy and selectivity
of 27 novel pyrido[2,3-d]|pyrimidine compounds against a panel of 26 kinases

(complete list is provided in Appendix Figure 1). This panel included ZAP-70, along
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with other kinases implicated in TCR and BCR signaling, including its structurally
homologous kinase, SYK. As internal controls for the assay, we used three commercial
tyrosine kinase inhibitors that target the BCR signaling pathway in B-cell
malignancies. These included TAK-659, a dual SYK/FLT3 inhibitor currently
undergoing phase I clinical studies for r/r diffuse large B-cell lymphoma (207) and r/r
acute myeloid leukemia (208). We additionally included two BTK inhibitors,
Ibrutinib and the more selective BTK inhibitor Acalabrutinib, both of which are

approved therapies for several B-cell malignancies (209-211).

Among the 27 compounds tested, IQS117 and 1QS141 primarily targeted ZAP-
70 kinase activity, reducing it to 17% + 1.6 and 11% =+ 0.5, respectively, at a 10 pM dose
(Table 7). Furthermore, IQS117 and 1QS141 exhibited moderate inhibition of SYK
kinase activity, with both compounds displaying approximately three-fold greater
selectivity for ZAP-70 over SYK. Regarding off-targets effects on other relevant
proximal signaling kinases, IQS117 reduced kinase residual activity to 21-50% for BTK
and kinases within the Src family (LYN, LCK and YES), which are relevant in BCR and
TCR signaling. Conversely, 1QS141, exhibited off-target effects on SYK, BTK, and
kinases in the Src family (LYN, LCK and FYN).

Interestingly, TAK-659 demonstrated potent inhibition on SYK and FLT3
kinase activity but also targeted other kinases like ZAP-70, BTK, LYN, LCK, YES, FYN
and ITK, exhibiting low selectivity at 10 uM dose (Table 7). In contrast, Ibrutinib and
Acalabrutinib effectively suppressed BTK kinase activity, with Ibrutinib also
inhibiting other kinases, as its well-known off-target, ITK (212). As expected, these

BTK inhibitors had minimal impact on ZAP-70 activity (Table 7).

These findings highlight the distinctive efficacy and selectivity of 1QS117 and
IQS141 in inhibiting ZAP-70 kinase activity among the tested candidates, making
them promising candidates for targeting TCR signaling pathways in T-cell

malignancies.
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Table 7. Kinase inhibition profiles of the most potent and selective ZAP-70 inhibitors,
1QS117 and 1QS141, and commercial drugs (Ibrutinib, Acalabrutinib and TAK-659) at 10
BM. Residual kinase activity (%) for selected kinases (including off-targets) classified as
significantly inhibited (<20%), moderately inhibited (21-50%), and low-inhibited (>50%).
Results reported as mean + SEM.

Residual Compound (target)
Activi Ibrutinib Acalabrutinib TAK-
10 pM t(y%@1 fesu7 - resial (;T:t/ITII:) - ?:T‘;(; ’ (SYK/Fi’SI??,)
ZAP70 17+16 11+0.5 76 +0 95 +2 7+0.6

SYK 62+33 41+9.2 81+0.8 92 +5.3 1+0.1
BTK 32+1 245 0x12 1£0.2 28+0.1 Kinase residual activity (%)
LYN 30+7.5 34+6.8 509 57+0.7 15+15 <20%
LCK 49+3 48+4.7 2+0.6 50+28 39+15 >20% < 50%
YES 41+21 58+0.8 1+0.3 50+5.5 25+0.3 > 50%
FYN 54+61 4572 1+0.8 74+82 5+0.9
ITK 51+0.5 51+34 3+18 87 +2 10+1
FLT3 96+2.8 66+58 20+0.2 89 +1.7 7+0.2

5.3. Characterization of malignant T-cell lines
and assessment of TCR signaling

functionality

To study the in vitro effect of our ZAP-70 inhibitors candidates, IQS117 and
IQS141, on the viability, proliferation, and TCR signaling of several malignant T-cell
lines, the cell lines under examination must have a functional surface TCR complex
and associated signaling components, CD3 and/or CD28. Therefore, we conducted an
initial immunophenotypic analysis (complete immunophenotype in Appendix
Tables 2-3) on five malignant T-cell lines: Jurkat (T-ALL), OCI-Ly13.2 (ALK-negative
ALCL), OCI-Ly12, SMZ-1 and T8ML-1 (PTCL, NOS). These cell lines represented
different subtypes of T-cell leukemia and lymphomas (Table 8), where four out of the
five were of non-commercial origin (T8ML-1, OCI-Lyl3.2, OCI-Lyl2 and SMZ-1),

underscoring the necessity for additional characterization.

Regarding the immunophenotype of the cell lines (Table 8), Jurkat, OCI-

Ly13.2 and T8ML-1 showed surface CD3, CD28 and TCRaf, confirming their

115



Results

suitability for further study. However, OCI-Lyl2 and SMZ-1 exhibited no surface
expression of CD3, CD28, TCRaf} or TCRYS. Subsequently, we conducted further
analysis to confirm the presence of cytoplasmic CD3 and TCRa.} in OCI-Ly12 and
SMZ-1 cell lines, indicative of intracellular retention. Additionally, all cell lines
exhibited CD30 expression, a characteristic marker associated with the ALCL
subtype, a percentage of PTCL, NOS cases, and a third of T-ALL cases (184,213).
Regarding CD4 and CD8 expression, Jurkat and SMZ-1 were CD4+, while TSML-1and
OCI-Ly12 were CD8+. OCI-Ly13.2 was characterized as CD4- CD8-.

Table 8. Phenotypic characterization of malignant human T-cell lines. Cell line selection
based on surface expression of CD3, CD28 and TCRaf} or TCRyd. Jurkat, OCI-Ly13.2 and
T8ML-1 cell lines exhibited surface expression of CD3, CD28 and TCRo3 while OCI-Ly12 and
SMZ-1cell lines did not expressed surface CD3, CD28, TCRa3, or TCRYd. Additional CD4, CD8
and CD30 expression shown for each cell line.

Immunophenotype
Cell line Subtype
CD3  cytCD3 CD28 TCRap  cytTCRap TCRyS CD4 CD8 CD30
Jurkat T-ALL + + + - + - +
0Cl-Ly13.2 ALK-negative + + ) ) ) .
ALCL

T8ML-1 PTCL, NOS + + + - - + +
OCl-Ly12 PTCL, NOS - + - - + - - + +
SMz-1 PTCL, NOS - + - - + - + . .

ALCL, anaplastic large cell lymphoma; Cyt, cytoplasm; PTCL, NOS, peripheral T-cell lymphoma, not
otherwise specified; T-ALL, T-cell acute lymphoblastic leukemia.

To further elucidate the functionality of the TCR signaling pathways within
the studied malignant T-cell lines, we initially treated each cell line with hydrogen
peroxidase (H,0,) and sodium pervanadate (Na;VO,). This treatment is known to
inhibit tyrosine phosphatases, thereby intensifying and prolonging tyrosine
phosphorylation events, including the activation of ZAP-70 and subsequent
downstream TCR signaling (214). As a negative control for ZAP-70 expression, we
used the Burkitt B-cell lymphoma line, Ramos. Importantly, unlike the Ramos cell

line, all five malignant T-cell lines evaluated expressed ZAP-70 (Figure 16A,B).
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Among the T-cell lines, Jurkat, T8ML-1 and OCI-Ly13.2 exhibited
phosphorylation at both ZAP-70 activating residues, Y319 and Y493, along with
downstream activation of PLCyl and ERK1/2 (Figure 16A). Conversely, SMZ-1 and
OCI-Ly12 displayed no ZAP-70 phosphorylation or downstream activation of PLCyl,
accompanied by weaker ERK1/2 activation (Figure 16B). This observation aligns with
previously described ZAP-70-independent activation of ERK1/2 in ZAP-70-negative
Jurkat T cells (215).

Ramos Jurkat T8ML-1 OCl-Ly13.2 Jurkat  Ramos SMZz-1 OCl-Ly12
PV - + - + - + - + PV -+ -+ - + +
Tyr352
— < PSYK332 < PSYK

- < pZAP-70™31 | =i - |3 pzap-7omeas
L_ | s | - o= | swk
o aaaPE = = < s
| - e | ZAP-70 [ - = =] zap70
| . -— | pPLCY1™783 | . » | pPLCYL™7E3
|— -0“. - | PLCY1 | easas - | PLCY1
IM PERK1/2Th202/y204 | . - | PERK1/2Thi202/yr204
- T —euw o [ = ™ e | R
[ o= e o e == | GAPDH [ - e | GrPOH

Figure 16. Assessment of TCR signaling functionality in malignant T-cell lines following
pervanadate treatment. Each cell line was incubated with 100 mM sodium pervanadate
(Na;v0,) and 300 mM hydrogen peroxide (H,O,) for 5 min. Western Blot analysis was
performed to assess phosphorylation and total protein levels of SYK, ZAP-70, PLCyl and
ERK1/2. (A) Jurkat, TSML-1 and OCI-Ly13.2 cell lines demonstrated active TCR signaling,
characterized by ZAP-70 activation and downstream pathway activity. (B) SMZ-1 and OCI-
Ly13.2 cell lines exhibited impaired TCR signaling, as evidenced by the absence of ZAP-70 and
PLCyl activation. Ramos cells were used as a ZAP-70 negative control cell line. Jurkat cells were
included in both blots as a positive control for pervanadate treatment and antibody specificity.
PV, pervanadate treatment.

Taking into consideration the specific immunophenotype required for
further antigen-dependent TCR stimulation and the functionality of TCR signaling
pathways, we selected Jurkat, TSML-1 and OCI-Ly13.2 cell lines for subsequent
experiments. Additionally, since TSML-1 and OCI-Ly13.2 were non-commercial cell

lines, we performed STR profile to validate their identity (Appendix Table 4).
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5.4. ZAP-70 inhibitor candidates, IQS117 and
I1QS141, suppress the proliferation and
viability of malignant T-cell lines in a dose-

dependent manner

We initially assessed the sensitivity of malignant T-cell leukemia and
lymphoma cell lines to the ZAP-70 inhibitor candidates IQS117 and 1QS141. Jurkat,
OCI-Ly13.2, and T8ML-1 cells were treated with escalating doses of each compound

6™ Cell Proliferation

for 48 h. Cell proliferation was quantified using the CellTiter9
Assay, and viable cells were identified as the Annexin V-negative/PI-negative
population through flow cytometry (representative gating images are provided in

Appendix Figures 1and 2).

Our results unveiled a dose-dependent inhibitory effect of both 1QS117 and
IQS141 on all malignant T-cell lines evaluated (Figure 17A,B). Remarkably, both
IQS117 and 1QS141 demonstrated a similar effect on cell proliferation and viability,
with IC50 values falling within the micromolar range (Figure 17C,D). However, cells
tended to exhibit greater sensitivity to IQS117 treatment, as evidenced by consistently

lower IC50 values compared to those observed with IQS141 treatment.

These results validated the efficiency of these two compounds decreasing the
proliferation and viability of malignant T-cells in vitro and highlight their potential as

therapeutic strategy for treatment of T-cell malignancies.
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Compound Compound
Cell line 1QS117 1QS141 Cell line IQS117 1QS141
IC50 (uM) 95% CI IC50 (uM) 95% CI IC50 (pM) 95% CI IC50 (uM) 95% CI
Jurkat 9.80 9.58-10.02 16.71 15.80-17.68 Jurkat 10.32 10.25-10.39 18.52 18.20-18.84
OCI-Ly13.2 9.74 9.12-10.41 13.98 13.86-14.10 OCI-Ly13.2 12.03 11.59-12.48 13.94 13.72-14.17
T8ML-1 11.78 10.85-12.79 19.94 17.03-23.36 T8ML-1 10.43 10.05-10.82 22.45 21.37-23.59

Figure 17. Dose-dependent inhibition of malignant T-cell lines proliferation and viability by 1QS117 and 1QS141. Jurkat, OCI-Ly13.2 and T8ML-1
cell lines were exposed to a range of concentrations (1-30 pM) of IQS117 and IQS141 for 48 h. Cell proliferation was assessed using the CellTiter96™ Cell
Proliferation Assay, while cell viability was determined by assessing the Annexin V-negative/PI-negative population using Annexin V and PI staining,
followed by flow cytometry analysis. Data are represented as percentages (%) relative to the DMSO control. (A-B) Dose-response curves illustrating the
effect of IQS117 and IQS141 treatment on cell lines proliferation (A) and viability (B) plotted in a linear scale. Graphs show mean + SEM. (C-D) Summary

— JURKAT
= OCI-Ly13.2
v T8ML-1

table of the half-maximal inhibitory concentrations (IC50) calculated for each treatment and cell line based on dose-response graphs plotted in
logarithmic scale for proliferation (C) and viability (D).
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IQS117 and IQS141 antagonize antigen-
mediated TCR signaling on malignant T

cells

To better understand the in vitro on-target inhibition of IQS117 and 1QS141 on
ZAP-70 and their consequentimpact on TCR signaling in response to TCR stimulation
in cellular models, we treated Jurkat and OCI-Ly13.2 cell lines with increasing doses
of IQS117 or IQS141 for 6 h. After treatment, we stimulated TCR signaling with soluble
anti-CD3 and anti-CD28 antibodies for 1 min, followed by whole protein extraction
and Western blotting analysis. We analyzed their effect on ZAP-70 phosphorylation,
its immediate downstream targets (SLP-76 and LAT), and downstream signaling
pathways (PLCyl, ERK1/2 and AKT), as depicted in Figure 18. This analysis was
conducted in Jurkat and OCI-Ly13.2 cell lines, as our efforts to optimize TCR

stimulation for TSML-1 cells were unsuccessful (data not shown).
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Figure 18. TCR signaling pathway scheme highlighting analyzed targets via Western
blotting analysis following 1QS117 and 1QS141 treatment. Assessment of phosphorylation
and total protein levels of ZAP-70, LAT, SLP-76, PLCy1, ERK1/2 and AKT (indicated with bold
black borders) in Jurkat and OCI-Ly13.2 cell lines following ZAP-70 inhibitor treatment and
TCR stimulation.
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5.5.1. IQS117 and IQS141 suppress the activation
of ZAP-70 and its immediate TCR

signaling targets

Our initial evaluation focused on the on-target effect of IQS117 and 1QS141 on
ZAP-70 activation and its immediate downstream targets, SLP-76 and LAT. To
accomplish this, we examined the inhibitory influence of IQS117 and 1QS141 on
activating phosphorylation sites within ZAP-70, SLP-76, and LAT in TCR-stimulated
Jurkat and OCI-Ly13.2 cells.

In Jurkat cells, TCR stimulation upregulated the phosphorylation of ZAP-70
at Y319, along with phosphorylated SLP-76 at Y128, and phosphorylated LAT at Y171
(Figure 19A). Remarkably, both compounds dose-dependently inhibited the
phosphorylation of ZAP-70, SLP-76, and LAT, most notably at the highest dose
evaluated. Interestingly, a transient increase in ZAP-70 phosphorylation at Y319 was

observed at the lowest concentration tested for each compound.

Conversely, in OCI-Ly13.2 cells, TCR stimulation led to increased
phosphorylation of ZAP-70 at Y319 and downstream phosphorylation of LAT at Y171,
without any discernible phosphorylation of SLP-76 in Y128 (Figure 19B). IQS117
treatment demonstrated a dose-dependent inhibition of phosphorylated ZAP-70 and
LAT, while 1QS141 most prominently decreased the phosphorylation of ZAP-70 and

LAT at the highest concentration tested.

Collectively, these results indicated that IQS117 and 1QS141 effectively
targeted ZAP-70 activation, further validated by the inhibition of its direct targets,

SLP-76 and LAT in Jurkat cells and LAT in OCI.Ly13.2 cells.
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Figure 19. 1QS117 and 1QS141 decrease ZAP-70 activation and its downstream targets in
Jurkat and OCI-Ly13.2 cells. (A-B) Western Blot analysis of phosphorylation and total
protein levels of ZAP-70, SLP-76 and LAT in Jurkat (A) and OCI-Ly13.2 (B) cells. Cells were
incubated with increasing doses of IQS117 and 1QS141 for 6 h and stimulated with soluble anti-
CD3 and anti-CD28 antibodies for 1 min. In each experiment, Jurkat or OCI-Ly13.2 treated
with pervanadate served as positive controls for antibody specificity. Given the high intensity
of these controls, they were incubated separately to prevent masking of other bands and they
are not shown in the images.

5.5.2. IQS117 and 1QS141 decrease ZAP-70

activation and distal TCR signaling

To gain further insight into the impact of ZAP-70 inhibition on downstream
TCR signaling pathways, we evaluated the effect of 1QS117 and IQS141 on the
phosphorylation of several activating phosphorylation sites, including
phosphorylated ZAP-70 at Y319 and Y493, phosphorylated PLCyl at Y783,
phosphorylated AKT at S473 and phosphorylated ERK1/2 at T202/Y204, all in

response to TCR stimulation (Figure 20).

In Jurkat cells, TCR stimulation led to increased phosphorylation in ZAP-70
Y319 and Y493, PLCy1 Y783, ERK1/2 T202/Y204 and AKT S473 (Figure 20A). IQS117
treatment resulted in a dose-dependent reduction in the phosphorylation of ZAP-70

PLCyl, ERK1/2 and AKT (Figure 20A). Conversely, IQS141 exhibited a dose-dependent
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reduction in the phosphorylation of ZAP-70, PLCy1, ERK1/2, while showing no impact
on AKT phosphorylation.

In OCI-Ly13.2 cells, TCR stimulation led to increased phosphorylation in ZAP-
70 Y319 and Y493 and ERK1/2 T202/Y204 (Figure 20B). No phosphorylation of PLCy1
Y783 was observed, and AKT S473 phosphorylation remained similar. While 1QS117
treatment induced a dose-dependent inhibitory effect on ZAP-70 at Y319, ERK1/2 and
AKT, 1QS141 treatment exerted a dose-dependent inhibitory effect on ZAP-70 Y319
and Y493 and ERKI1/2. Similarly, IQS141 did not decreased AKT phosphorylation
(Figure 20B).

Our findings consistently revealed a dose-dependent inhibition of ZAP-70
and downstream TCR signaling in both cell lines when treated with 1QS117 or 1QS141,
compared to the TCR stimulation control. Besides, these results collectively
suggested that IQS117 and 1QS141 exerted their inhibitory effects on TCR signaling
through different mechanistic pathways, with 1QS141 showing limited AKT inhibition
and IQS117 inhibition AKT.
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Figure 20. ZAP-70 inhibition by 1QS117 and 1QS141 downregulates distal TCR signaling
in Jurkat and OCI-Ly13.2 cells. (A-B) Western Blot analysis of phosphorylation and total
protein levels of ZAP-70, PLCyl, ERK1/2 and AKT in Jurkat (A) and OCI-Ly13.2 (B) cells. Cells
were incubated with increasing doses of IQS117 and 1QS141 for 6 h and stimulated with soluble
anti-CD3 and anti-CD28 antibodies for 1 min. In each experiment, Jurkat or OCI-Ly13.2
treated with pervanadate served as positive controls for antibody specificity. Given the high
intensity of these controls, they were incubated separately to prevent masking of other bands
and they are not shown in the images.

5.6. 1QS117 and 1QS141 exhibit no in vivo acute

toxicity effects

Building upon the promising in vitro results of IQS117 and IQS141 on
malignant T-cell lines, we proceeded to investigate their in vivo efficiency. For that,
our initial step involved assessing the potential acute toxicity of the ZAP-70 inhibitor
compounds, 1QS117 and 1QS141, as well as the control group (vehicle-treated),
utilizing two administration routes: oral gavage (p.o.) and intraperitoneal injection
(i.p.), asillustrated in Figure 21A. Each test group consisted of four mice, ensuring an
equal distribution with 50% male and 50% females, for each drug and route of

administration evaluated.
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Following the OECD Fixed Dose Procedure guideline for single-dose acute
toxicity (196), which recommends a starting dose of 300 mg/kg in the absence of
previous in vivo data for the tested compound, we administered a 300 mg/kg dose to
one mouse per compound. We closely monitored their appearance and behaviour for
30 min, and no discernible alterations in the mice aspect or behaviour were observed.
Subsequently, the remaining mice underwent the same treatment regimen, and we
attentively observed them for a duration of 14 days. Throughout this observation

period, no mortality was recorded in either the treatment groups or the vehicle group.

Furthermore, our investigation revealed that IQS117 and 1QS14],
administered via both p.o. and i.p., did not produced changes in body weight when
compared to the mice treated with the vehicle (Figure 21C). Additionally, no
abnormal behaviours or signs of dehydration were noted in any of the mice
throughout the study duration. On day 14 of the study, we sacrificed the mice and
conducted a thorough gross examination of the organs that revealed no
abnormalities in any organ. Moreover, histopathological evaluation of tissue sections
obtained from the small intestine, liver, lung, lymph node, spleen, bone marrow and
kidney exhibited no morphological changes at the 300 mg/kg dose, regardless of

administration route, compared to the vehicle-treated controls (Figure 21B).

In summary, our acute toxicity assay for the ZAP-70 inhibitors 1QS117 and
IQS141, administered via p.o. or i.p. routes, demonstrated no adverse effects on mouse
behaviour, body weight, organ gross examination, or histopathological
characteristics at the specified dose of 300 mg/kg when compared to the vehicle
group. Because we observed no acute toxic effects at this 300 mg/kg dose, further

doses evaluations were not conducted.

Figure 21 (next page). Absence of acute toxicity effects following single-dose oral and
intraperitoneal administration of 1QS117 and IQS141. (A) Scheme representing mice
treatment and monitoring strategy. (B) Histopathological assessment of oral gavage (p.o.) or
intraperitoneal injection (i.p.) administration of IQS117 or 1QS141 at a dose of 300 mg/kg on
multiple organs (small intestine, liver, lung, lymph node, spleen, bone marrow and kidney) at
day 14 post-administration, compared to vehicle-treated mice. Hematoxylin and eosin
staining. Scale bar represents 1000 pm. (C) Impact of p.o. and i.p. administration of 1QS117,
IQS141, and vehicle on mice body weight.
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5.7. Improved pharmacokinetic profiles
with oral administration of IQS117 and
1QS141 in comparison to

intraperitoneal route in vivo

Given the absence of observed toxic effects at the initial dose of 300 mg/kg,
for the in vivo pharmacokinetic evaluation of IQS117 and 1QS141, we made the decision
to reduce the drug dosage to 50 mg/kg, the subsequent lower dose recommended by
OECD guidelines and commonly used in in vivo experiments with tyrosine kinase
inhibitors (216,217). To determine the optimal route of administration between oral
gavage (p.o.) and intraperitoneal injection (i.p.) for IQS117 and 1QS141, we conducted
a single-dose pharmacokinetic study at 50 mg/kg (Figure 22). Both drugs were
detected in mice plasma following p.o. and i.p. administration. However, p.o.
administration exhibited a longer half-life (t;;) and improved total drug exposure
over time (AUCo.) for 1QS117 and 1QS141 compared to their respective i.p. values
(Figure 22C). Specifically, p.o. administration of 1QS117 resulted in a higher peak
blood concentration (Cm.x) occuring at a delayed time (Tmax), 2 slower elimination rate
(Ke) compared to ip. administration. Conversely, p.o. administration of 1QS141
yielded alower Cuax at a longer time (Tmax) in comparison to i.p. administration, along

with a reduced elimination rate (Ka).

In summary, the pharmacokinetic evaluation in mice indicated that p.o.
administration is the optimal route for IQS117 and 1QS141, characterized by longer
half-lives and extended total drug exposure compared to i.p. administration, making

it more suitable for subsequent in vivo experiments.
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Figure 21. Enhanced pharmacokinetic efficiency of IQS117 and 1QS141 upon oral gavage
administration compared to intraperitoneal injection in mice. (A) Experimental design
scheme: A single 50 mg/kg dose of IQS117 or IQS141 was administered via oral gavage (p.o.) or
intraperitoneal injection (i.p.). Mice were sacrificed at various time points, and plasma
samples were collected from intracardiac blood for drug detection using reversed-phase liquid
chromatography-tandem mass spectrometry (RP-LC-MS). (B) Plasma concentration-time
profiles following a single p.o. or i.p. dose for each compound. (C) Pharmacokinetic
parameters calculated from plasma concentration-time profiles. Data are reported as mean +
SD.
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5.8. I1QS117 and 1QS141 exhibit no influence on
tumor growth or mice survival in
subcutaneous models of T-cell leukemia

and T-cell lymphoma in vivo

Given the limited availability of established models for studying T-cell
malignancies in preclinical research, we initially aimed to develop subcutaneous
xenograft models using Jurkat and OCI-Ly13.2 cell lines to evaluate the impact of ZAP-
70 inhibition in vivo. Previous studies have successfully generated xenograft models
with Jurkat cells in athymic mice and OCI-Ly13.2 cells in NOD/SICD mice (218,219).
To precisely monitor tumor growth, Jurkat and OCI-Ly13.2 cell lines were transfected
with a lentiviral vector to express luciferase, allowing the assessment of tumor
progression by in vivo bioluminescence imaging (BLI). The luciferase signal, which is
proportional to the tumor burden, was quantified using the IVIS-Spectrum to

determine the average radiance per mouse over the course of the experiment.

However, our initial pilot study in NOD/SCID mice, which lack functional T
and B cells, yielded inconsistent tumor development (data not shown).
Consequently, we decided to transition to the NSG immunodeficient mice strain,
which is characterized by the absence of functional B and T cells, as well as a
compromised innate immune system with defective macrophage and dendritic cells
and non-functional NK cells. NSG mice are widely recognized as a valuable model for
establishing xenograft models from various tumor types (220,221). Based on the
consistent tumor growth observed in the pilot study in both Jurkat-Luc and OCI-
Lyl3.2-Luc xenograft models in NSG mice (data not shown), we subsequently

assessed the effect of ZAP-70 inhibitors in this mouse strain.

Subsequently, we subcutaneously injected Jurkat-Luc or OCI-Ly13.2-Luc cells
into the right flank of each NSG mice (Figure 23A). Fourteen days following cell
injection, all animals from both models developed detectable tumors restricted to the

injection site (Figure 23B,F). The animals were then randomized to receive either
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1QS117, 1QS141 or vehicle for both the Jurkat-Luc model (vehicle, n=8, mean radiance
=2.53x10'"°p/s/cm?/sr + 2.02x10°%; IQS117, n=8, mean radiance = 2.64x10'° p/s/cm?/sr +
4.67x10% 1QS141, n=8, mean radiance = 2.23x10'° p/s/cm’/sr *+ 1.8x10°) and the OCI-
Lyl13.2-Luc model (vehicle, n=8, mean radiance = 2.47x10" p/s/cm’/sr + 7.35x10°%
IQS117, n=8, mean radiance = 1.51x10" p/s/cm?®/sr + 3.57x10% 1QS141, n=8, mean
radiance = 1.24x10" p/s/cm?/sr £ 1.79x10°). On day fifteen post-cell injection, mice

were dosed with 50 mg/kg of 1QS117, 1QS141 or vehicle in the drinking water until the

end of the experiment.

Tumor growth was monitored non-invasively through weekly BLI
measurement (Figure 23C,G), and additionally, tumor volume was measured with a
caliper every seven to ten days (Figure 23D,H). Mice treated with ZAP-70 inhibitors
exhibited no significant differences in BLI signal or tumor size by day 36 (Jurkat-Luc)
(Figure 23B,C,D) and day 56 (OCI-Ly13.2-Luc) (Figure 23F,G,H). Furthermore, there
was no survival benefit in the treatment groups compared to the vehicle-treated

group in Jurkat-Luc and OCI-Ly13.2-Luc xenografts (Figure 23E,I).

In summary, this initial approach demonstrated no discernible advantages in

subcutaneous mice treated with ZAP-70 inhibitors.

Figure 23 (next page). Treatment with IQS117 or IQS141 treatment does not impair tumor
growth or prolong mice survival in subcutaneous malignant T-cell xenografts. (A)
Schematic representation of mice treatment and monitoring strategy. (B,F) Representative
images of NSG mice engrafted with Jurkat-Luc (B) or OCI-Ly13.2-Luc (F) cells before the first
day of treatment (day 14) or imaged after treatment on the days noted within each image
panel. (C,G) Tumor size represented as the average radiance (photons/second per cm?/sr)
measured by bioluminescence imaging (BLI) for Jurkat-Luc (C) and OCI-Lyl13.2-Luc (G)
xenografts. (D,H) Tumor volume measurements taken every seven to ten days. Data displayed
until day 36 for Jurkat-Luc (D) and day 56 for OCI-Lyl13.2-Luc (H) xenografts, representing
the last day when all animals were still alive. Graphs depict mean + SEM of 8 mice/group. BLI
and tumor volume analyzed using two-way ANOVA for Jurkat-Luc (P >0.05) and OCI-Ly13.2-
Luc (P >0.05). The black arrow indicates the initiation of treatment (day 15 post-cell injection).
(E,I) Kaplan-Meier survival curves, statistically compared using the log-rank test for Jurkat-
Luc (E) and OCI-Ly13.2-Luc (I) xenograft.
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5.9. Minimal transcriptomic alterations in
subcutaneous tumors from malignant T-
cell xenograft models treated with 1QS117
or IQS141

To assess potential transcriptome alterations in subcutaneous tumors
derived from OCI-Ly13.2 and Jurkat xenograft models, we conducted an end-point
experiment following a one-week treatment with ZAP-70 inhibitors or vehicle in a

separate cohort from the survival experiment.

To achieve this, we subcutaneously injected Jurkat and OCI-Ly13.2 cells into
the right flank of each mouse. We then waited until day twenty-eight post-injection,
when tumor size reached approximately 200-250 mm? to ensure we had sufficient
tumor material in both xenograft models. On day twenty-eight post-injection, we
uniformly distributed the mice based on tumor size (Jurkat: Vehicle, 181mm? + 44.2;

1QS117, 161.6 mm® + 43.9; 1QS141: 202.7 mm? * 19.7; OCI-Ly13.2: Vehicle, 243.1mm* +

11.6, 1QS117 240.5 mm® * 15.8, 1QS141, 247.7 mm® + 13.5). Subsequently, mice were
subjected to a seven-day treatment regimen with either IQS117, 1QS141, or the vehicle,
administered at a dose of 50 mg/kg in the drinking water. Following treatment, all
mice were sacrificed, and RNA was extracted from the tumor tissue for RNA

sequencing (RNAseq) analysis (Figure 24A).

In our RNAseq data analysis, we employed principal component analysis
(PCA) to discern the major sources of variation. Notably, we found that the primary
source of variation was attributed to the specific cell line under examination (Figure
24B). However, when we compared the treated groups to the vehicle group within
both Jurkat (Figure 24C) or OCI-Lyl13.2 (Figure 24D) models, we did not discern

distinct clusters.

Furthermore, the results obtained from the differential expression analysis,

which compared all treatment groups for Jurkat and OCI-Ly13.2 models, were in
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accordance with the PCA findings. In both cell lines, there were no significant changes

in gene expression between treated and vehicle groups (adjusted P value > 0.05).

To further substantiate these findings, we calculated Euclidean distances for
the Jurkat (Figure 24E) and OCI-Ly13.2 (Figure 24F) models, confirming the absence
of any discernible clustering pattern in response to ZAP-70 inhibitors or vehicle

treatment.

Given the lack of conclusive findings from the analysis of individual
significant genes, we conducted a gene set enrichment analysis (GSEA) against the
Reactome database for each treatment comparison in both Jurkat and OCI-Ly13.2
models. However, our results indicated the absence of significant overlapping gene

sets associated with ZAP-70 inhibitors (data not shown).

These collective results suggested that the lack of a survival benefit from ZAP-
70 inhibitor treatment in subcutaneous malignant T-cell xenograft models may be
attributed to inadequate drug delivery to the tumor site, as evidenced by the absence
of significant transcriptomic changes and the lack of enriched gene sets related to

each treatment.
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Figure 22. Absence of distinct differential gene regulation in subcutaneous tumors from
OCI-Ly13.2 and Jurkat xenograft models upon ZAP-70 inhibitors treatment. (A)
Schematic overview of mice treatment and monitoring. (B-D) Principal component analysis
(PCA) of the first two principal components (PCl and PC2) using RNA sequencing data from
subcutaneous tumors in OCI-Ly13.2 and Jurkat xenograft models. The plot illustrates the
clustering of samples comparing cell lines (B) and among treatment groups for each Jurkat
(C) and OCI-Ly13.2 model (D), with each point representing an individual sample. (E,F)
Euclidean distance values heatmaps comparing Jurkat (E) and OCI-Ly13.2 (F) samples in
response to ZAP-70 inhibitor or vehicle. The color scale represents normalized Euclidean
distances, with dark blue signifying greater similarity and light blue indicating lower
similarity.
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5.10. Lack of survival benefit or tumor growth
suppression in intravenous malignant T-
cell xenografts treated with IQS117 and
1QS141

Given the lack of observable effects of ZAP-70 inhibitors in the subcutaneous
xenograft models, we decided to shift our focus to intravenous xenograft models
derived from malignant T-cell lines in NSG mice. Intravenous models have proven
effective for establishing Jurkat xenograft models in pre-clinical studies (151,222). To
proceed with this investigation, we conducted a pilot study with the primary
objectives of optimizing cell density and assessing mouse survival following cell
injection of Jurkat-Luciferized (Jurkat-Luc) and OCI-Ly13.2-Luciferized (OCI-Ly13.2-
Luc) cells via tail vein. Importantly, the results from this pilot study revealed that all
mice developed the disease (data not shown), validating the engraftment efficiency

to further explore the impact of ZAP-70 inhibition in both xenograft models.

For that, Jurkat-Luc or OCI-Ly13.2-Luc cells were injected via tail vein into six
mice per treatment group or vehicle control (Figure 25A). Subsequently, BLI imaging
performed fourteen days after Jurkat-Luc cell injection and twenty-one days after
OCI-Ly13.2-Luc cell injection, revealing that two Jurkat-Luc mice did not develop
tumors and were consequently excluded from the analysis. Additionally, two OCI-
Ly13.2-Luc mice were excluded due to deaths following manipulation. Notably, both
models exhibited widespread dissemination to various anatomical sites within the
animals (Figure 25B,E). Specifically, the leukemic cell line, Jurkat-Luc, disseminated
throughout the mice, including the bone marrow, lymph nodes and lungs (Figure
25B). In contrast, the lymphoma cell line, OCI-Lyl13.2-Luc, displayed a distinct

distribution profile, primarily detected in the spleen and liver (Figure 25E).

Then, mice were randomized to receive either IQS117, IQS141, or the vehicle in

both the Jurkat-Luc xenograft model (vehicle, n=6, mean radiance = 7.62x10’

p/s/cm’/sr + 7.11x10% 1QS117, n=5, mean radiance = 1.23x10® p/s/cm?’/sr + 4.40x10’;
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1QS141, n=5, mean radiance = 2.60x10® p/s/cm?/sr + 9.49x10”) and the OCI-Ly13.2-Luc
xenograft model (vehicle, n=6, mean radiance = 4.05x10” p/s/cm?/sr + 2.16x107; 1QS117,
n=5, mean radiance = 3.93x10” p/s/cm?/sr + 1.09x107; IQS141, n=5, mean radiance =
4.04x107 p/s/cm?/sr £ 1.19x107). Daily oral gavage dosing with 50 mg/kg of IQS117,
IQS141, or vehicle was administered. Tumor growth was monitored through weekly

BLI measurement (Figure 25C,F).

In the Jurkat-Luc model, at day 15 after treatment initiation, a significant
increase in tumor growth was observed in 1QS141-treated Jurkat-Luc xenograft mice
compared to the vehicle group (two-way ANOVA P < 0.0001; IQS141 mean radiance =
2.54x10"°p/s/cm?/sr + 6.32x10° vs 1.44x10" p/s/cm? /st + 2.15x10° for vehicle; P = 0.046)
(Figure 25C). However, despite the statistical significance, this did not translate into
a meaningful survival disadvantage, with similar median survival values of 36 days
for 1QS141 and 34 days for the vehicle group (Figure 25D). Conversely, IQS117-treated
mice in the Jurkat-Luc xenograft model did not exhibit significant differences in

terms of BLI or survival observed over time (Figure 25C,D).

In the case of the OCI-Ly13.2-Luc xenograft model, despite the absence of
significant differences in BLI results, a statistically significant difference between
IQS117 and IQS141 in terms of survival was observed (Figure 25F,G). However, these
differences might not be attributed to the efficacy of the drugs, as the median survival
value of 58 days for IQS117-treated mice was lower than the median survival value for
IQS141 and the vehicle groups, which exhibited similar survival durations of 66 days

and 64 days, respectively.

Upon necropsy, we performed flow cytometry analysis on the spleen and
bone marrow samples obtained from the Jurkat-Luc xenograft model, as well as
spleen and liver samples from the OCI-Ly13.2-Luc xenograft model to identify the
presence of human malignant T cells. Analysis of samples from Jurkat-Luc xenograft
mice revealed the presence of human malignant T cells in the spleen and
predominantly in the bone marrow (Figure 26B,C). Furthermore, all OCI-Ly13.2-Luc
xenograft mice exhibited splenomegaly and hepatomegaly (Figure 26A), with

malignant T cells detected in the liver and spleen irrespectively of the treatment
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group (Figure 26D,E). No statistical differences were observed in the number of
malignant T cells in the groups treated with ZAP-70 inhibitors compared to the

vehicle-treated groups for both the Jurkat-Luc and OCI-Ly13.2-Luc xenograft models.

Collectively, the findings from intravenous malignant T-cell xenograft
models indicate that 1QS117 and 1QS141 treatments do not significantly affect tumor
growth and mice survival. This observation raises the possibility that additional
factors or mechanisms beyond the drugs efficacy might be influencing the observed

survival and BLI disparities, indicating the need for further investigation.

Figure 23 (next page). Limited impact of 1QS117 and IQS141 on tumor growth in
intravenous malignant T-cell xenografts. (A) Schematic representation of mice treatment
and monitoring strategy. (B,E) Representative images of NSG mice engrafted with Jurkat-Luc
(B) and OCI-Ly13.2-Luc (E) cells prior to the initiation of treatment and post-treatment on
the indicated days in each image panel. (C,F) Tumor size displayed as the average radiance
(photons/second per cm?/sr) measured by BLI imaging for Jurkat-Luc (C) and OCI-Ly13.2-Luc
(F) xenografts. Data are shown until day 29 (Jurkat-Luc) and day 56 (OCI-Ly13.2-Luc), the last
day with a minimum of 4 animals per group still alive. Graphs depict mean + SEM of 5-6 mice
per group. Two-way ANOVA analysis for Jurkat-Luc (P < 0.05) and OCI-Ly13.2-Luc (P > 0.05);
* P < 0.05; from Bonferroni Post-hoc analysis. Asterisks indicate comparisons between IQS117
and vehicle (first asterisk) and IQS141 and vehicle (second asterisk). Black arrow indicates the
treatment initiation (day 15 for Jurkat-Luc; day 22 for OCI-Ly13.2-Luc). (D,G) Kaplan-Meier
survival curves for Jurkat-Luc (D) and OCI-Ly13.2-Luc (G) xenografts, with statistical
comparisons using the log-rank test of;* P < 0.05. ns, not significant.
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Discussion

The clinical and biological heterogeneity of T-cell malignancies has made
it challenging to develop effective treatment strategies, especially given the
suboptimal responses to first-line anthracycline-based chemotherapy regimens
on prevalent subtypes, where 5-year OS rates range from 32-49% (73-75). This
underscores the pressing need for more tailored and efficacious treatment

approaches for treating T-cell malignancies.

T-cell malignancies frequently exhibit epigenetic dysregulation and
mutations within the TCR signaling pathways (34,37-42,46,49,54,61,65,66,128).
However, many of these identified mutations are rare, making it difficult to
develop targeted therapies (34). Furthermore, emerging evidence underscores the
importance of TCR signaling in the pathogenesis of T-cell malignancies (186),
whose inhibition has shown potential to impact chemotherapy response (146)
and resistance (152,153). It is noteworthy that there are currently no FDA-
approved drugs specifically targeting TCR signaling pathways in T-cell

malignancies.

A hypothesis that has gained importance is the reliance of T-cell
malignancies on TCR signaling for survival, evident in the ubiquitous expression
of TCR signaling proteins (223). In this context, a key player is ZAP-70, a crucial
kinase primarily expressed in T cells and NK cells, essential for proximal TCR
signaling pathway and T-cell development (123). Certain T-cell malignancy
subtypes, like nTFHL-AI and PTCL, NOS, maintain ZAP-70 expression (185).
Moreover, a substantial portion of nTFHL-AI cases exhibit constitutive activation
of ZAP-70 (152), suggesting its role in disease pathogenesis. In addition, ZAP-70
knockdown has been shown to reduce cell proliferation and induce apoptosis in
T-ALL and CTCL cell lines (187). Preclinical studies have demonstrated the
sensitivity of T-cell malignancies to the inhibition of various kinases within the
TCR signaling cascade, including SYK (224), PI3K (225), ITK (152) and PKC (226),
which function downstream of ZAP-70. However, the inhibition of LCK, an
upstream kinase of ZAP-70, was insufficient in inhibiting malignant T-cell
proliferation or inducing apoptosis (151). Significantly, studies focusing on

selective ZAP-70 inhibitors in T-cell malignancies are lacking.
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To explore the therapeutic potential of inhibiting ZAP-70 kinase activity
and its impact on TCR signaling in T-cell malignancies, we developed a library of
27 novel pyrido[2,3-d]pyrimidine derivative compounds targeting the kinase
domain of ZAP-70. Among these compounds, IQS117 and 1QS141 were the most
potent and selective inhibitors against a panel of kinases, reducing ZAP-70 kinase
activity to 17% and 11%, respectively, at 10 pM, while maintaining an approximate
three-fold selectivity for ZAP-70 over SYK, a structurally homologous B-cell kinase
(227). Our analysis revealed no significant decrease (< 20%) in kinase activity for
other kinases treated with IQS117 and IQS141, although both compounds exhibited
moderate inhibitory effects (21-50% residual kinase activity) on proximal BCR
signaling kinases (BTK and LYN) and members of the Src family (LCK, YES, and
FYN), mainly expressed on T cells, at 10 pM. To optimize the optimal dosage for a
balanced ZAP-70 kinase inhibition and minimized off-target effects, it is crucial to
conduct lower-dose evaluations of 1QS117 and 1QS141 against the same kinase
panel. This approach gains support from our findings on TAK-659, a SYK/FLT3
inhibitor previously reported to have on-target activity in the low nanomolar
range and 23-fold selectivity for SYK over ZAP-70 in a cell-free assay (228).
Notably, in our panel, TAK-659 showed a lack of selectivity against most evaluated
kinases at 10 pM. Furthermore, this approach would enable the comparison with
RDN2150, a recently reported potent ZAP-70 inhibitor achieving 98.3% inhibition
of kinase activity at 1 pM with an eighteen-fold selectivity for ZAP-70 over SYK
(190). Importantly, the specificity of RDN2150 toward key proximal TCR signaling
kinases, such as FYN, LCK, and ITK, remains undocumented, necessitating further

in vitro validation experiments to elucidate its impact on malignant T cell lines.

Subsequent in vitro analysis of the antitumoral effect of IQS117 and 1QS141
on the proliferation and viability of Jurkat, OCI-Ly13.2 and T8 ML-1 malignant T-
cell lines revealed a dose-dependent inhibition of cell proliferation and viability
within the micromolar range in all cell lines. Both inhibitors also dose-
dependently inhibited the phosphorylation of ZAP-70, its immediate downstream
effectors (LAT and SLP-76), and downstream signaling pathways (PLCy1, ERK1/2
and AKT) in Jurkat and OCI-Ly13.2 cell lines. Notably, OCI-Ly13.2 cells exhibited a
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lack of activation in SLP-76 and PLCyl, while ERK1/2 activation persisted. This
observation raises the possibility for ERK1/2 activation through alternative GEFs,
such as SOS, in the absence of SLP-76/PLCyl/RasGRP1 activation (230,231).
Notably, 1QS117 exhibited additionally inhibitory effects on AKT in Jurkat and OCI-
Ly13.2 cell lines compared to 1QS141. However, our kinase inhibition panel
revealed that both 1QS117 and 1QS141 had minimal impact on AKT kinase activity.
Since AKT activation in T cells is primarily regulated by PI3K and PDK1, which were
not included in our kinase panel, the observed AKT inhibition could be a
consequence from off-target effects on these upstream kinases. Additional
Western blotting analysis of these kinases would provide clarity. Given the pivotal
role of AKT in regulating cell survival, proliferation, and differentiation in both
normal and malignant cells (232-234), AKT inhibition by IQS117 may explain the
generally lower IC50 values for proliferation and viability in 1QS117-treated cells

compared to IQS141-treated cells.

Building upon our promising in vitro results, we evaluated the safety and
pharmacokinetic profiles of 1QS117 and 1QS141 in immunodeficient mice. While
conventional protocols typically involve immunocompetent mice or rats
(190,196,229,235), we opted for immunodeficient mice for our initial studies to
align with our malignant T-cell xenografts model background. We observed no
significant changes in body weight or acute organ histopathology following a
single-dose of 300 mg/kg of 1QS117 or 1QS141 compared to the vehicle-treated
mice, regardless of the administration route. Notably, oral administration of
1QS117 and 1QS141 at a lower dose of 50 mg/kg resulted in longer half-lives, higher
Cmax and prolonged total drug exposure in mice compared to the intraperitoneal
administration, leading to the choice of oral administration for pharmacological
in vivo experiments. However, it is essential to consider that, while these results
are promising, they may not fully represent the potential toxicity pharmacokinetic
profiles in immunocompetent mice, given the potential impact of the immune
system activation on drug metabolism and toxicity. Therefore, the absence of
observed toxicity in immunodeficient mice primarily suggests limited direct

toxicity effects of the drugs on the organ microenvironment.
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To validate our results from cellular models, IQS117 and 1QS141 were orally
administered to luciferase-expressing Jurkat and OCI-Ly13.2 subcutaneous and
intravenous xenograft models, with a control group receiving a vehicle treatment.
Notably, there were no significant differences in tumor growth and survival in the
subcutaneous xenograft models upon IQS117 and 1QS141 treatment compared to
the vehicle treatment group. This led us to conduct another experiment to
evaluate potential transcriptomic changes in subcutaneous tumors derived from
OCI-Ly13.2 and Jurkat xenograft models after seven days of oral treatment with
IQS117, 1QS141, and vehicle. However, this analysis did not reveal distinct
transcriptome changes associated with ZAP-70 inhibition when compared to the

vehicle-treated group.

These results raised concerns about the effective delivery of the
compounds to the subcutaneous tumor site, despite their detection in mouse
plasma during the previous pharmacokinetic assay. Subsequently, we shifted our
focus to intravenous xenograft models to assess the impact of the drugs in a
disseminated disease context. However, not significant differences were observed
in tumor growth or survival in the intravenous Jurkat-Luc and OCI-Ly13.2
xenograft models. Furthermore, there were no significant differences in the
percentage of malignant T cells in the spleen or BM in the Jurkat-Luc or in the liver
and spleen in the OCI-Ly13.2-Luc models between IQS117- and 1QS141-treated

mice compared to the vehicle group.

To further assess whether 1QS117 and 1QS141 effectively reach the tumor
site, Western blotting analysis and IHQ staining for phospho-ZAP-70 should be
conducted to shed light on the activation status of ZAP-70 in IQS117 and 1QS141-
treated mice compared to the vehicle group. Another potential approach to
improve drug delivery could involve synthesizing the salt form of each compound,
a strategy that has previously proven effective in improving in vivo drug efficacy

(229).

In conclusion, our findings emphasize the potential of ZAP-70 inhibition

in T-cell malignancies. Nevertheless, further investigations are required to bridge
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the gap between promising in vitro results and in vivo efficacy, particularly
regarding drug delivery to the tumor site. This additional insight will be crucial to

optimize the structure of more efficient ZAP-70 inhibitors.
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Conclusions

IQS117 and 1QS141 demonstrate the highest efficacy and selectivity in

inhibiting ZAP-70 kinase activity among the synthesized compounds.

IQS117 and 1QS141 effectively suppress the proliferation and viability of

malignant T-cell lines.

IQS117 and 1QS141 exert potent inhibitory effects on ZAP-70 activation,

effectively disrupting TCR signaling in malignant T-cell lines.

In immunodeficient mice, the absence of acute toxicity associated with
IQS117 and 1QS141 administered via oral gavage and intraperitoneal

injection underscores their favourable safety profiles in vivo.

After oral gavage administration, both IQS117 and 1QS141 exhibit
prolonged half-lives and increased total drug exposure in the
bloodstream of immunodeficient mice compared to intraperitoneal

injection.

IQS117 and IQS141 do not significantly improve the survival of
subcutaneous and intravenous T-ALL and ALK-negative ALCL xenograft
models of malignant T-cell lines, nor do they induce substantial
transcriptomic changes in subcutaneous tumors, indicating the necessity

for further research to enhance their efficacy in these models.
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Future research opportunities

Our study elucidates the challenges associated with treating
heterogeneous T-cell malignancies while highlighting the therapeutic potential of
ZAP-70 inhibition. To deepen our understanding and develop effective therapies,
we propose several avenues for future research. Firstly, we intend to expand our
kinase panel to encompass a diverse array of kinases at several doses, with a
particular emphasis on those relevant to various cellular subtypes within the
immune system. This expanded evaluation will allow us to delve deeper into the

selectivity profile of our ZAP-70 inhibitors.

Secondly, building upon the observed in vitro effects of our ZAP-70
inhibitors on proliferation, viability, and TCR signaling in malignant T-cell lines,
we will expand our study to include a more extensive range of cellular models,
representing other T-cell malignancy subtypes. Furthermore, we will assess their
impact on healthy T cells. Additionally, we will include malignant B-cell lines to
discern the potential off-target effects identified in the kinase inhibition panel.
This approach will facilitate a more comprehensive understanding of the
therapeutic potential of ZAP-70 inhibitors on T-cell malignancies. Thirdly, the on-
target effects observed with pharmacological ZAP-70 inhibition need validation
via genetic ZAP-70 knockdown in malignant T-cell lines. Fourthly, we plan to
explore transcriptomic alterations in malignant T cells following treatment with
ZAP-70 inhibitors, alongside the identification of potential synergistic therapeutic

targets for combined administration with ZAP-70 inhibitors.

In fifth place, we plan to expand our in vivo studies to include assessments
of both acute and chronic exposure in various mouse models, including
immunodeficient and immunocompetent mice. This approach will provide
valuable insights into potential safety concerns and variations in
pharmacokinetics related to the presence of a functional immune response. Lastly,
we aim to conduct an acute treatment experiment of ZAP-70 inhibitors in
intravenous xenograft models of malignant T-cells. This experimental setup will
not only involve addressing transcriptomic changes following ZAP-70 inhibition
treatment but will also address the issue of drug delivery to the tumor site. Given

the lack of a significant impact on the survival of intravenous xenograft models of
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malignant T-cells in response to ZAP-70 inhibitors, we will employ LC-MS to
quantitatively measure drug delivery to the tumor sites. Specifically, we will focus
on evaluating drug delivery in the spleen and BM for the Jurkat-Luc model, and

the spleen and liver OCI-Ly13.2-Luc model.

In summary, our findings underscore the therapeutic potential of ZAP-70
inhibition and emphasize the need for further research to optimize ZAP-70
inhibitors for clinical use, addressing critical aspects such as safety,

pharmacokinetics, and drug delivery to enhance their efficacy and clinical utility.
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Appendix Table 1. Kinase inhibition profile of ZAP-70 inhibitor candidates and
commercial drugs (Ibrutinib, Acalabrutinib and TAK-659) determined by measuring
residual kinase activity (%) at a concentration of 10 pM of each candidate against a panel
of 26 kinases.

CompoundID | IQS117 | IQSI23 | IQSI29 | IQSI34 | IQSI35 | IQSI38
aal?)IZT;SO 101+17.2 | 83+9.7 | 82+10.5 | 83+45 | 93+16.4 | 8433
aa?(l)<7T3181 76+4.4 | 75+59 | 76+59 | 75+24 | 7821 | 82+3l
aafé‘::iw 102+2.4 | 91+0.6 94+7 9122 | 95+11 | 94+9.4
BRAF 80+59 | 83+83 | 17+14 | 99+12.7 | 104+1.5 | 97+11.9
BTK 32+1 65+6.4 | 30+0 41+1.8 | 43+25 | 60+6.5
CHK1 96+54 | 90+23 | 9142 | 90+52 | 87+71 | 87+72
CHK2 70 +1.9 78+ 8 91+6.2 | 87+6.4 | 9071 9013.1
CSFIR 59+63 | 79+13.5 | 5256 | 58+3.5 | 75+19.9 | 57+19
FLT3 96+2.8 | 82+84 | 72+03 | 71+0.6 | 71+52 | 84+8.8
FYN 54+61 | 71+9.8 | 6211 | 68+6.7 | 68+3.6 | 68=12
IRAK4 57+3 75+43 | 75+89 | 8111 | 78+12.7 | 77+14.2
ITK 5105 | 73x21 | 66+21 | 67+3.7 | 68+61 | 65+16
JAK3 84+21 | 74+58 | 83+05 | 88x23 | 80x4.6 | 102+8.4
JNK3 92+20.6 | 84+232 | 103£11.3 | 97+153 | 96+16.8 | 96+12.2
LCK 49+3 45+3.4 | 48+13 | 60+4.9 | 64+27 | 102%5.1
LYN 3075 | 69+02 | 43+3.6 | 41+3.5 | 57+3.7 | 81+7.4
MAP4K2 84+0.4 | 79+3.9 | 84+23 | 91+8.5 | 84+0.4 | 95+6.6
MAP4KS5 89 +1 95+55 | 90+33 | 91+3.4 | 88+3.6 | 95+7.5
MET 101+12.5 | 90+4.4 | 88+13.5 | 91+3.5 | 84+28 | 91+37
SRC 805 82+3 48+2 61+1.8 | 66+57 | 77+16.5
SYK 62+3.3 81+5 48+21 | 64+6.7 | 56+5.6 | 80+17.3
VEGFR1 94+13 | 80+4.4 | 71+81 | 68+14 | 7532 | 89+73
VEGFR2 107+13.8 | 77+59 | 42+16 | 62+16 | 56+2.9 | 90+32
VEGFR3 90+0.7 | 83+7.5 | 63+9.6 | 72+2.4 | 72+21 | 8377
YES 4121 | 75+51 | 49+16 | 73209 | 5313 | 74x6.1
ZAP70 17+1.6 | 83+2.9 40+5 49+37 | 65+73 | 70+113

Kinase residual activity (%)
I | <20% | | >20% =< 50%

| >50%
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CompoundID | IQS139 | IQS141 | IQS142 | IQS143 | IQS144 | IQS145
aal?)léT;SO 88+17.9 | 95+0.5 | 97+53 | 97+62 | 92101 | 87%6.9
aa‘:‘gﬁ 81 82+4.6 | 73£9.2 | 77+14.4 | 77+115 | 76+5.6 | 84+43
aaﬁ)lgiw 91+17 | 97+114 | 96+9 | 90+7.5 | 92+9.4 | 98+10.2

BRAF 123+36 | 80+6.2 | 77+3.9 | 90177 | 89+10 | 98+6.6
BTK 72+84 | 24%5 82+7.8 | 91£119 | 43+0.9 | 78=22
CHK1 93+4 | 85+2.9 | 93x43 | 93%119 | 86+58 | 90+9.8
CHK2 87+3.4 | 69+11 | 84+103 | 942 90+1.6 | 94+7.8
CSFIR 60+6 | 44+122 | 77+111 | 60+7.7 | 57+5 | 75%3L7
FLT3 94+8.9 | 66+58 | 78+2.7 | 788 | 7349 | 81+0.
FYN 69+7.5 | 45+7.2 | 105+9.8 | 84+18.4 | 71+162 | 74%5.5
IRAK4 79+2.9 | 82+243 | 93165 | 8347 | 80+157 | 9412
ITK 69+9.4 | 51+3.4 | 86+6.5 | 86+6.6 | 75+6.3 | 85+27.3
JAK3 98+8.8 | 78+4.7 | 94+32 | 97+10.8 | 91+7.5 | 100+11.8
JNK3 95+9.6 | 71+82 | 76+4.4 | 88+132 | 95+10.4 | 93%5.1
LCK 85+7 | 48+47 | 91111 | 94+42 | 5851 | 10142
LYN 69+9.3 | 34+6.8 | 92+10.8 | 71£8.6 | 55+10.1 | 91=12.1
MAP4K2 110+13.4 | 77+3 91+7.3 | 91+87 | 9812 | 93:4l
MAP4K5 92+3.5 | 95+4.1 | 101£13 | 95+2.8 | 94+2.8 | 94%58
MET 106+51 | 81+61 | 102+3.1 | 96+12.7 | 89+7.4 | 87+8.8
SRC 67+6.4 | 51+8.6 | 87+22.6 | 85+6 | 6742 | 81%15.6
SYK 77+12.4 | 4192 | 85107 | 92+87 | 66+10.1 | 80+7.2
VEGFR1 86+9.7 | 59+3 90+16 | 94+12 | 98+39.7 | 869
VEGFR2 83+13.8 | 58+6 | 8392 | 85101 | 75+53 | 88+0.9
VEGFR3 82+9 62+9 | 84%16.5 | 82+10 | 77+0. 85+3
YES 76 +20.7 | 58+0.8 | 77+0.1 | 89+9.5 | 76+132 | 64+10.2
ZAP70 70312 | 11£0.5 | 69171 | 87+13.3 | 50£27 | 65+0.3

Kinase residual activity (%)

| <20%

| >20% =< 50%

| >50%
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Compound ID 1QS146 1QS147 1QS148 1QS149 IQS150 IQS151
aaﬁ)lgl—;llSO 105 +22.5 92+6.1 99 £1.3 97 £ 1.9 115 £ 25.9 91+£0.1
aa11\(1)<7T-?181 91+6.3 93+10.7 | 78+9.7 | 79+6.6 75+8.1 75+ 4
aaﬁ)K6'I-‘i79 86+4.3 105+11.6 | 9072 | 86+4.3 94+71 85+4.2

BRAF 92+3 100+£7.5 | 75+4.8 73+£6.2 68 +1.9 85+4.9
BTK 94 +4.1 101+7.1 | 74+8.9 791 838 34+3.6
CHK1 90+7.1 91+ 9.4 91+ 6.5 94+9.4 87+9.2 80£0.5
CHK2 102+0.8 | 98122 | 80+£7.7 79 1.4 85+7 82+9.6
CSFIR 73 1.5 82+333 | 74+9.2 | 79213 871 54+43
FLT3 95+3.8 110+£3.2 | 93£5.9 | 79x12.1 88 +0.7 74+0.8
FYN 82+2.7 79 £17.8 7311 | 80+12.4 | 93+32.2 | 64+13.4
IRAK4 93 £12.5 98+10.9 | 8218 | 78 £12.7 83+6.1 100 £ 2.1
ITK 84+5.2 85+179 | 80+6.9 | 85+7.6 90 2.1 66+3.1
JAK3 101+18.9 | 102+8.1 [ 91+13.3 | 96+19.8 | 96+15.8 72 £11.7
JNK3 89+9.8 95+5.6 69+6.4 | 70+11.9 | 80+£28.7 | 93+15.4
LCK 76 +10 98+8.7 |90x18.1 98 £14 96 +21 64+6.3
LYN 71+7.4 |100+£20.6 | 72+£3.6 | 67+10.7 78 £3.9 51+5.4
MAP4K2 92+5 121+ 7.6 76 £ 4 83+10.1 93 +2.5 89+5.2
MAP4K5 89+0.3 102+1.8 | 98+3.4 95+1.2 97+ 3.5 92+ 6.4
MET 92 +£16.5 107+8.3 |102+2.5| 88+14.3 99 £11.5 94 +£7.2
SRC 90 £12 98 £11 85+8.6 | 81+10.8 87+5.2 63 +10.3
SYK 90+0.3 104+£9.4 | 8957 | 92+3.4 82+5.4 73 £11.8
VEGFR1 90+ 4.4 104+6.7 | 87+£8.8 | 80+0.9 88+5.3 [102+44.4
VEGFR2 89+5.9 101+4.4 | 94+11.8 | 84+2.8 79+3 75£7.5
VEGFR3 83+9.7 9955 |92=+10.1 8911 83+10.1 74 +2.4
YES 98 £2.2 111+£5.4 82+49 | 94222 | 79%18.3 57+9.8
ZAP70 84 +19 96 +5.6 81+5.4 88 +5.3 83+9.9 69 +1.9

Kinase residual activity (%)

| <20%

| >20% < 50% I

| >50%
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C°mlpl;’“nd IQS152 | IQS153 | I1QS154 | IQS155 | I1QS156 | IQS157
aal?)lgiso 99+4.8 | 95437 | 93£59 | 9243 | 103+43 | 11125
aa?;(;:im 82+4.4 | 84+9.1 | 87+59 | 81+77 | 77+6.7 | 74+57
aaﬁ)l(;i79 93+11 | 96+6 | 94+135 | 96+12.7 | 8925 | 88+7.8
BRAF 97+0.8 | 94+1.6 | 94+8.6 | 102+71 | 73+9.3 | 74+4.8
BTK 85+32 | 63+14.6 | 46+15.8 | 51+4.6 | 65+4.9 | 7871
CHK1 88+49 | 88+7.8 | 826 | 89+3.4 | 89+49 | 87+5.9
CHK2 M+11 | 94+0.8 | 92+3.7 | 86+31 | 77+4.8 | 81+14
CSFIR 81+21.9 | 121£0.9 | 40+0.7 | 66+1.8 | 67+2.3 | 8477
FLT3 92+4.8 | 95+9.8 | 83£58 | 105121 | 97+45 | 81+6.6
FYN 79+11.3 | 117+8.7 | 6013 | 73+4.6 | 62+21 | 7244
IRAK4 104+13.9 | 94:67 | 73+3 88+6 | 86+9.4 | 90+16
ITK 94+86 |137+6.9 | 71£54 | 78+6.4 | 74+13 | 84118
JAK3 9811 | 85+2.6 | 95+2.9 | 77+10.5 | 90£10.7 | 8456
JNK3 86+63 | 88+4 | 92+69 | 92+88 | 71+6.6 | 69+53
LCK 96+11.6 | 66+8.4 | 53+32 | 72+3.7 | 61+13 | 80112
LYN 90+11.8 | 67+55 | 45+115 | 78+13.8 | 41+9.4 | 70£10.5
MAP4K2 99+5 |104+7.9 | 91+8.9 |107+21.6| 74+11.5 | 81+0.5
MAP4K5 | 98+3.3 | 93+23 | 92+3.8 | 93+3.3 | 101+0.4 | 104+0.2
MET 924151 | 94+143 | 82+2.6 | 95+6.7 | 98+8.8 | 92+6.4
SRC 56+10.9 | 83+18.3 | 46+0.7 | 85+14.7 | 64+6.5 | 92+13.4
SYK 77+4.6 | 687 5748 | 60+3.3 | 85+7.6 | 86+16
VEGFR1 | 97+19.6 | 99+6 | 76+4.6 | 81+4.6 | 73+2.3 | 84+9.7
VEGFR2 77+72 | 85+5.4 | 78+44.6 | 85+0.6 | 90+8.6 | 82£3.5
VEGFR3 80+7.8 | 83+54 | 62£59 | 77+11 | 79+3.7 | 80%27
YES 91+12.3 | 58+7 | 76+149 | 67+53 | 66+9.8 | 8147
ZAP70 72+28.8 | 86+57 | 67+55 | 81+0.9 | 6493 | 853

Kinase residual activity (%)

I

<20%

| >20% < 50%

| >50%
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Comlpl;’ und | ;05158 | 1QS159 | 1QS160 | Acalabrutinib | Ibrutinib | TAK-659
aal?)lggso 90+5.8 |104+18.5| 92+0.5 87+0.3 115£6.9 | 8816
aai‘g‘:i& 70+9.9 | 76+7.6 | 78+8.9 77+ 1.4 84+147 | 91+4
aa?é?—iw 82+123 | 90£10.1 | 85+52 84+7.9 95+8.6 | 70+8.6
BRAF 76+2.5 | 97+1.6 | 83:16.7 73+ 11.8 31432 | 94+10.9
BTK 21£2.6 | 20+1.6 | 96+13.9 1£0.2 0£12 | 280.1
CHK1 79+09 | 87+6.8 | 87:8.3 85+5.5 9986 | 5+16
CHK2 68+3.8 | 94+0 | 102%2.4 95+7.8 70+2.8 | 12+3.4
CSFIR | 47+13.6 | 86+12.9 | 76+9.7 75+2.2 50+3 1£0.6
FLT3 66+7.4 | 87+6.9 | 81+9.8 89+17 20£02 | 702
FYN 5267 | 82+143 | 86+17.2 74+82 108 | 5+0.9
IRAK4 | 63£103 | 79+61 | 88+4.9 87+3.9 85+12.4 | 10+0.4
ITK 61+1.8 | 83+x92 | 9014 87+2 3:1.8 10 £1
JAK3 82+23 | 96+103 | 91x1 96 9.7 4+14 | 5+03
JNK3 74+195 | 79+07 | 86+7.3 88 + 4.4 103+£8.9 | 80£9.5
LCK 44+5 | 89+152 | 9263 50 =28 2+0.6 | 39%15
LYN 35+5.9 | 78+116 | 76+22 57+0.7 5£0.9 | 15+15
MAP4K2 | 79+67 | 91+122 | 89+8.8 85 +11.7 132+6.7 | 1512
MAP4K5 | 99+0.6 | 96+7.9 | 9815 73+2.8 44+0.6 | 3+0.9
MET 89+114 | 10067 | 90+7.2 91+ 10 64+31 | 7981
SRC 39+83 | 91+15 | 83x7.7 59+ 6.2 6+12 | 17£0.1
SYK 33+7.5 | 90+10 | 94+12.4 92+5.3 81+0.8 | 1%0.
VEGFR1 | 64+19 | 84+0.7 | 9356 8211 1907 | 13:14
VEGFR2 | 39+6.7 | 89%25 91+3 64+0.1 7+02 | 5+0.8
VEGFR3 | 57+3.6 | 88%6.9 | 90+0 76 +1.9 9+0.8 | 3x0.1
YES 43+15 | 84+53 |102+17.8 50£5.5 103 | 25+0.3
ZAP70 23+2.9 | 92+85 | 93%7.7 95+ 2 76+ 0 7+0.6

Kinase residual activity (%)

| <20% |

| >20% < 50%

| >50%
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Appendix Table 2. Inmunophenotypic surface staining of malignant T-cell lines

Surface Target
Cell line

(subtype)

TCRafl TCRYS CD2 CD3 CDh4 CD5 CD7 CD8 CD1I0 CD19 CD25 CD27 CD28 CD30 CD45 CD45RA CD45RO CD197

CD279

HLA-DR

Jurkat
(T-ALL) + - + + + + + - - - - + + + + +/- -

OCI-Ly13.2
(ALK-
negative
ALCL)

ocl-Ly12 + + + + + +
(PTCL, NOS) - - - - - - - - - - -

TSML-1 + + + + + + + + +
(PTCL, NOS) - - - - - - - -

SMZ-1
(PTCL, NOS) - - + - + +/- - - - - + + - + + - +/-

Appendix Table 3. Inmunophenotypic intracellular staining of malignant T-cell lines

Cell line Cytoplasmic Target

subtype
( ) TCRaf cD3
oCI-Ly12 . N
(PTCL, NOS)
SMZ-1 + +
(PTCL, NOS)

xipuaddy
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Appendix Table 4. Short tandem repeat profiles (STR) of malignant T-cell lines. Genetic characterization and STR analysis of malignant T-cell

lineage
STR profile
Cell line
(Subtype) Number of
D5S818 D13S317 D7S8820 D16S539 VWA THO1 AMEL TPOX CSFIPO D21S11  shared alleles
(% match)
Expected
OCI-LYB2  profile 12,13 17 10 11,13 17 7 X 1 9,1 30, 30.2
(ALK- 18/18 (100%)
negative
ALCL Observed
) 12,13 17 10 11,13 17 7 X 1 9,1 30,30.2
profile
Expected 3 8 2 6 6 8 9,3
TSMLA profile 1 ,11 1 10,11 16,17 )7 X ,11 12 29,
(PTCL, 18/18 (100%)
NOs Observed
) profile 13 8,11 12 10,11 16,17 6,7 X 8,11 12 29,3
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IQS117
UNTREAT DMSO 5 pM 10 pM 12 pM 14 pM
A = E e % & o =
JURKAT
95.1% 1%
OCl-Ly13.2
| 58% 4.71%
T8ML-1 *
o Bl : 2 =, = : &
94,6% 94,4% 84,5% 70% 27,4% 12,8%
Annexin V-APC .

»

Appendix Figure 1. IQS141 dose-dependently inhibited malignant T-cells viability. Representative flow cytometry analysis demonstrating the effect of increasing
doses of IQS141 on the viability of malignant T-cell lines after 48 h of treatment. Viable cells were identified as Annexin V-negative/PI-negative population.
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1QS141
DMSO 14 uM 16 uM 18 uM 20 uM 30 uM
A o &
JURKAT
0,1% |
OCl-Ly13.2
87,7% 0,18% 0,12% 0,16% 0%
T8ML-1
SRl E b N e | B &
93,2% 88,2% 84,2% 77,8% 1,01%
Annexin V-APC >

Appendix Figure 2. 1QS141 dose-dependently inhibited malignant T-cells viability. Representative flow cytometry analysis demonstrating the effect of increasing
doses of 1QS141 on the viability of malignant T-cell lines after 48 h of treatment. Viable cells were identified as Annexin V-negative/Pl-negative population.
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