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Resumo

A leucemia linfoblastica aguda (LLA) € uma neoplasia hematologica que
pode ser subdividida de acordo com o tipo de linfécitos afetados. Assim sendo,
denomina-se leucemia linfoblastica aguda de células T (LLA-T), quando existe a
expanséo e proliferagao de linfocitos T imaturos, e leucemia linfoblastica aguda
de células B (LLA-B), quando associada a proliferagao de linfocitos B imaturos.

A LLA é o cancro pediatrico mais comum, sendo que dentro destes casos,
aproximadamente 15% sao de LLA-T. Apds tratamento, 85% das criangas com
LLA-T atingem remiss&o. No entanto, nos adultos esta percentagem é mais
reduzida, ficando entre os 20-40%.

O tratamento da LLA-T consiste num programa intenso de quimioterapia,
que esta associado a varios efeitos secundarios. Para além disso, apesar destes
doentes terem um prognostico favoravel a data do diagndstico, a taxa de recidiva
€ elevada e esta associada a um pior prognostico, uma vez que a doenga
persistente € geralmente resistente a quimioterapia. Como tal, os efeitos
secundarios associados a quimioterapia e a falta de tratamento alternativos apos
recidiva realca a necessidade urgente da descoberta de novas abordagens
terapéuticas.

Este tipo de leucemia (LLA-T) esta associada a diversas alteragdes
genéticas, que resultam na desregulagdo do processo de desenvolvimento de

células T, e por sua vez, levam a proliferacao nao controlada de células imaturas.

A via de sinalizagdo da interleucina-7 (IL-7) desempenha um papel muito
importante no processo de diferenciagcdo das células T. Estudos realizados
demonstram que a eliminagao desta via resulta no bloqueio do desenvolvimento
de linfocitos T e B, e consequentemente na produgcdo de linfocitos T nédo
funcionais e numa populagdo de linfocitos B reduzida. A ativagdo desta via
requer a participagdo da IL-7 e do seu recetor, o IL-7R. O recetor da IL-7 é
composto por duas subunidades, nomeadamente a cadeia o (IL-7Ra) e a cadeia
vy comum. Estas subunidades ndo possuem atividade catalitica intrinseca e como
tal, para poderem fosforilar substratos e darem inicio a transdugédo de sinal
necessitam da acgao de outras proteinas, como as cinases Janus (JAK) JAK1 e
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JAK3, que se ligam a cadeia IL-7Ra e a cadeia y comum, respetivamente.
Quando a interleucina se liga ao recetor, JAK1 e JAK3 fosforilam-se
mutuamente, causando a sua ativacao, o que resulta na fosforilagao de tirosinas
presentes nas cadeias do recetor, criando locais de ancoragem para a proteina
STATS. Esta proteina, ao ser ativada por JAK1 e JAKS, sofre dimerizacéo e é
transportada para o nucleo onde, atuando como um fator de transcri¢éo, da inicio
a transcricdo de genes envolvidos na proliferagdo, diferenciagao e apoptose.

Varios estudos descrevem alteracdes na via da IL-7 no contexto da LLA-
T. Por exemplo, foi reportado que 70% dos linfécitos T imaturos dos doentes com
LLA-T expressam o IL-7R, sendo que 10% destes doentes apresentam

mutagdes no recetor que levam a ativagao constitutiva da via.

Uma compreensao detalhada dos processos fisiologicos permite perceber
que alteragdes levam ao desenvolvimento de uma patologia e que estratégias
terapéuticas poderao ser eficientes. Assim sendo, um dos objetivos do nosso
laboratdrio é tentar caracterizar a via de transdugao de sinal da IL-7 num contexto
fisioloégico para perceber de que modo alteragbes nesta via contribuem para a
LLA-T. Recentemente, num estudo que visava caracterizar proteinas fosforiladas
em resposta a estimulagédo com IL-7 em diferentes linhas celulares, verificamos
que TYKZ2, uma Janus cinase, sofre fosforilacdo e ativacado apods estimulacao
com IL-7. TYK2, apesar de ja ter sido associado a LLA-T, nunca foi associado a
via da IL-7. Deste modo, este projeto tem como objetivo estudar a possivel
funcdo de TYKZ2 na via de transdugéo de sinal da IL-7 e o seu papel na LLA-T
dependente da IL-7.

Neste projeto comegamos por validar os resultados preliminares e
verificamos que TYK2 sofre fosforilagdo apds estimulagdo com IL-7 em trés
linhas celulares diferentes. Nomeadamente numa linha celular derivada de um
paciente com LLA-T dependente de IL-7 (TAIL7), numa linha derivada de
timécitos murinos e transduzida com o recetor humano da IL-7 (D1 hWT/IL-7R)
e numa linha murina de linfécitos pro-B transduzida com o recetor humano da IL-
7 (BA/F3).

Seguidamente, tentamos perceber se a fosforilagdo de TYK2 ocorre como
um produto final da ativagédo da via da IL-7, ou se tem um papel ativo durante a
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transducao de sinal nesta via. Para tal, utilizamos uma abordagem de expresséao
ectopica, usando a linha celular HEK-293T, que com a exce¢ao de JAK1, nao
expressam as proteinas envolvidas na ativagdo da via da IL-7. Este modelo
permitiu-nos modular a presenga das proteinas envolvidas nesta via para tentar
perceber se TYK2, sendo uma Janus cinase, poderia exercer as funcdes de
JAK1 e/ou JAK3. Para modular a presenca de JAK1 criamos uma linha
knockdown para JAK1. Os nossos resultados demonstraram que TYK2, quando
sobrexpresso, aumenta a ativagdo de JAK1 e STATS, independentemente dos
niveis de JAK1 e de JAKS. Utilizando o mesmo modelo, verificamos igualmente
que TYK2 esta associado ao complexo do IL-7R.

Tentamos ainda compreender o papel de TYK2 no contexto da LLA-T
dependente de IL-7. Para tal, utilizamos a linha celular TAIL7 que tratamos com
um inibidor especifico de TYKZ2 e avaliamos o seu impacto na viabilidade celular,
na ativagao celular e nos niveis de superficie do IL-7R apds estimulagdo com IL-
7. Apesar de néo ter sido possivel tirar conclusées no que diz respeito ao impacto
de TYK2 da viabilidade celular, os resultados sugerem que ao inibir TYK2 existe
uma tendéncia para uma diminuicdo da ativagao destas células e dos niveis de

superficie do recetor na presenca de IL-7.

Estando ainda numa fase inicial, este projeto requer experiéncias
adicionais para que se possa estabelecer o papel de TYK2 naviada IL-7 e 0 seu
impacto na LLA-T dependente da IL-7. No entanto, conseguimos demonstrar que
a sobreexpressao de TYK2 exacerba a ativacdo da via da IL-7, o que pode ser
significativo na LLA-T onde mutagdes gain-of-function nesta proteina estéo
descritas. Ainda no que diz respeito a LLA-T, os nossos resultados sugerem que
a inibicdo farmacoldgica de TYK2 diminui os niveis de IL-7R a superficie, o que

em termos terapéuticos pode ser relevante.
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Abstract

T-cell acute lymphoblastic leukemia (T-ALL) is the most common
childhood malignancy, characterized by the expansion of T-cell progenitors.
Although the 5-year event-free survival rate has improved to 85% in children, it
remains at 20-40% in adults. In addition, the relapse rate is high and is associated
with a poor prognosis.

The IL-7/IL-7R signaling pathway plays a significant role in T-ALL onset
and maintenance, and its inhibition displays therapeutic potential in the treatment
of T-ALL. Our lab has recently found that TYK2, a Janus kinase (JAK) involved
in cytokine receptor signaling, is activated in response to IL-7. Since this
particular JAK has never been associated with the IL-7 signaling pathway, this
project aimed to investigate TYK2's putative role in the IL-7 signaling pathway
and its impact on IL-7-mediated T-ALL.

Using both a physiological and an ectopic model, we showed that IL-7
activates TYK2. Moreover, our results show that overexpression of TYKZ2 in the
IL-7 signaling pathway ectopic model leads to the increased activation of JAK1
and STATS, two major players of the IL-7 signaling cascade. Using the same
model, we also found that TYK2 associates with the IL-7 receptor (IL-7R)

complex.

In the context of IL-7-dependent T-ALL, our results suggest that inhibition

of TYK2 may decrease IL-7R surface expression and cell activation.

Although a deeper characterization of TYK2's putative role in the IL-7
signaling pathway is necessary, our results suggest that it may have a role, in
particular in the context of IL-7-dependent T-ALL.

Keywords: IL-7/IL-7R signaling pathway; TYK2; IL-7-dependent T-ALL;

Deucravacitinib, Janus Kinases.
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1 Introduction

1.1 The Immune System

Our immune system plays a crucial role in safeguarding our bodies against
a range of biological threats. It does so by detecting and removing harmful
pathogens, substances, and cells that have deviated from their normal

functions'2.

The immune system can be subdivided into the innate and the adaptive
immune systems. The innate system is responsible for providing general
defenses against all pathogens, and the adaptive system is highly specific in
targeting the pathogens that overcome the innate response’. Despite exerting
different functions, it is imperative that they work together and that they are
correctly operating in order to protect the human body?.

1.1.1 The Innate Imnmune Response

The innate immune system comprises physical barriers, such as the skin
and mucosa, and different cell types, like macrophages, neutrophils, and

eosinophils?.

Physical barriers are the first line of defense and can prevent the entry of
pathogens'3. These barriers are covered in a layer of mucus composed of
antimicrobial peptides, such as defensins, that can slow or inhibit the growth or
even kill pathogens®. However, general immune responses intervene when

pathogens can overcome these defenses?.

When the cells responsible for the innate immune system, for example,
mast cells, encounter a pathogen within the body, they elicit an inflammatory
response, and a variety of molecules such as histamine, prostaglandins,
cytokines, and growth factors will be released. Different cell types will be recruited
into the environment due to positive chemotaxis3. Neutrophils and macrophages
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will be called into action, release pro-inflammatory signals to elicit the chemotaxis
further, and phagocyte the pathogen®. After the phagocytoses, neutrophils will
release the pathogen’s antigens to the bloodstream, and macrophages, as
antigen-presenting cells (APCs), will present those antigens with the help of major
histocompatibility complex (MHC) Il to other cells, eliciting an adaptive immune

response*5.

Other players can complement the innate immune response, such as the
Complement system. The liver is responsible for producing more than 30 proteins
that compose this system, and they can be subdivided according to their
functional roles, such as binding to the antigen, activating enzymes, mediators of
inflammation, membrane-attack proteins, among others®. When these
complement proteins encounter a pathogen or antibodies connected to antigens,
they will become activated and trigger several pathways, converging into the final
goal of eliminating the pathogen®.

1.1.2 Adaptive Inmune Response

The adaptive immune response is responsible for destroying the
pathogens that overcame the first line of defense and for maintaining long-lasting
and precise protection against infectious agents that have previously entered the
body. This task is performed by lymphocytes (B- and T-cells) and Natural Killer
(NK) cells’.

The adaptive immune response can be divided into an antibody response
(also known as humoral response), carried out by B-cells, or a cell-mediated

immune response, carried out by T-cells (Figure 1.1)3.

The antibody response protects the extracellular spaces, such as the
plasma, lymph, and interstitium, from extracellular threats®. For B-cells to become
activated, they must endure two mechanisms. First, the B-cell receptor (BCR)
present in the naive B-cell must recognize the foreign antigen, induce its
internalization, and display it in MHC-Il complexes®. Th2 T-cells, previously
subjected to the same antigen, will recognize the antigen in the MHC-II and
induce B-cell activation*®. The activated B-cell will suffer clonal expansion of two
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subpopulations: plasma cells, which are antibody-producing cells, and memory
B-cells that, after an encounter with the same antigen, will differentiate into
plasma cells*. The antibodies formed and released by the plasma cells will induce
neutralization and opsonization of the foreign antigen and elicit complement

activation* 19,
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Figure 1.1. Graphical resume of the Adaptive Immune System. The adaptive immune system
can be subdivided into the humoral and the cell-mediated immunity. These responses are elicited
by different triggers, which result in the activation of different cell types and different response
mechanisms. Humoral immunity is activated when extracellular pathogens, which display foreign
antigens on their surface, activate B-cells, which will then release specific antibodies towards
them. The cell-mediated response is triggered due to intracellular pathogens, resulting in the
activation of helper T-cells, which will activate other cells to combat the pathogen, and cytotoxic
T-cells, which will induce cell death of infected cells'®. Figure created in BioRender.com



T-cells and APCs carry the cell-mediated response. T-cells can be divided
into three types: cytotoxic T-cells (CD8"), which destroy pathogen-infected cells;
helper T-cells (CD4%), which enhance the cell-mediated response, and the
antibody response, which is subdivided into Th1 and Th2; and regulatory T-
cells’®. When an APC engulfs a pathogen, it will break down its antigens and
present them in MHC-Il and MHC-I molecules. Helper T-cells are able to
recognize the non-self-antigen in the MHC-II and become activated. Th1 cells will
enhance the activity of cytotoxic T-cells and macrophages, and Th2 cells will
activate naive B cells, as previously described. Naive cytotoxic T-cells will interact
with the MHC-I of the APC and become activated towards that specific non-self-
antigen. The now-activated cytotoxic T-cell will destroy non-APC cells that display
the same antigen on the MHC-I molecule.

As we can appreciate, T-cells play a crucial role in destroying infected cells
and exacerbating various immune responses. To perform their duties, T-cells
undergo a multi-step development process that ensures their proper functionality,
which begins with hematopoiesis followed by T-cell development and

maturation'2.

1.2 Hematopoiesis

Hematopoiesis refers to the process of production of all blood cells,
starting from the embryonic phase, known as primitive hematopoiesis, and

continuing throughout all lifetime, known as definitive hematopoiesis™s.

Definitive hematopoiesis begins in the bone marrow, where hematopoietic
stem cells (HSCs) are present, although they can also be found in the peripheral
blood. These cells are multipotent, as they can differentiate into all blood cell
types through a multi-step process that involves different cellular mediators
(Figure 1.2). HSCs can differentiate into either a common myeloid progenitor
(CMP) or a common lymphoid progenitor (CLP), which are oligopotent stem

cells'415,

The CMP generates the myeloid lineage and can undergo four
differentiation processes: thrombopoiesis, erythropoiesis, granulopoiesis, or
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monocytopoiesis'®. Each of these processes produces different cell types. For
example, thrombopoiesis results in the creation of platelets, erythropoiesis
produces red blood cells, granulopoiesis creates basophils, neutrophils, and

eosinophils, and monocytopoiesis generates monocytes'”.

The lymphoid lineage starts with a CLP cell that has the ability to produce
T-cells, B-cells, and NK cells'®. The formation of mature cells from CLP cells is
called lymphopoieses. Depending on different regulatory factors, CLPs can
undergo B-cell development, which takes place in the bone marrow and leads to
the production of B-cells, or T-cell development, which occurs in the thymus and

results in the generation of T-cells®.
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Figure 1.2. Schematic representation of Hematopoiesis. Hematopoietic stem cells are
multipotent and can give rise to either the myeloid lineage, which comprises megakaryocytes,
eosinophils, basophils, erythrocytes, monocytes, and neutrophils, or the lymphoid lineage, which
comprises T-cells, B-cells, and Natural killer cells Adapted from Raza Y, Salman H, Luberto C.
Sphingolipids in Hematopoiesis: Exploring Their Role in Lineage Commitment. Cells. 2021;
10(10):2507.



1.3 T-cell development

As previously stated, T-cell development begins in the thymus. This
primary lymphoid organ exerts its maximum function during infancy and
childhood and contains a vast number of developing T-cell precursors. As we
age, the activity of the thymus begins to decrease and starts atrophying due to
the formation of fibrous tissue''. It comprises the thymic cortex, an inner
medulla, and the thymic stroma, creating the perfect environment for T-cell
development'®. The thymus secretes different chemotactic agents that attract the
lymphoid progenitors, the CLPs, from the bone marrow to the thymus, where they
will lose the potential for B-cell maturation and commit to the T-cell lineage™®.

The developmental stage of T-cells is characterized by the maturation
status of different receptors present in their membrane: the T-cell receptor (TCR),
which will suffer recombination throughout the maturation process; the cluster of
differentiation 3 (CD3¢, CD3y, CD34, and CD3g), also known as the CD3 complex;
and the co-receptors CD4 and CD8, which will determine the final immunological
function of the T-cell'.

The TCR is a heterodimer composed of « TCR and BTCR chains or yTCR
and 3TCR chains, and mature T-cells can have only one of these combinations.
This receptor is responsible for T-cell activation after the recognition of antigens
present in the MHC complexes, and it is indispensable for proper T-cell function.
The CD3 complex assists in the signal transduction initiated by the TCR, and it is
necessary for TCR surface expression?.

When CLPs arrive at the thymus, they become committed to the T-cell
lineage due to Notch1 signaling?'. These cells are called double negative (DN)
thymocytes as they lack the expression of the co-receptors CD4 and CD8 and
the TCR. The double-negative stage can be further divided into four other stages
(DN1-DN4) depending on the presence of CD44 and CD25. DN1 is characterized
by CD44*CD257; DN2, CD44*CD25*; DN3, CD44°CD25*; and DN4,
CD44-CD25722. This DN population will give rise to y§ T cells and o T cells,
meaning they will have either an aff or yd TCR, which will endure different

biological functions'®. o T-cells are responsible for mediating the cell-mediated



response of the adaptive immune system, while y5 T-cells have the ability to exert

roles in both adaptive and innate systems?': 2223,

In the DN2 and DN3 stages, cells start to experience gene segment
rearrangements of the [-chain, y chain, and & chain mediated by the
recombinases RAG1 and RAGZ2, a process that requires the interleukin 7 (IL-7)

and Notch signaling pathways?4.

DN3 cells will suffer a triage, in which only cells with a robust p-chain
capable of interacting with the pre-TCR a-chain and the CD3 complex and of
forming the pre-TCR-complex will further maturate and proliferate, a process
called B-selection?s. Afterwards, the pre-TCR o chain suffers another set of
rearrangements, generating the mature TCR. From now on, aff cells have a
functional op-TCR that will downregulate CD25 expression and allow the
passage to the DN4 stage'®. In the DN4 stage, cells start expressing CD8 and
CD4 and are called double positive (DP) cells (Figure 1.3)%2.

Regarding the yo T-cell lineage, only cells with a functional yd TCR will be
rescued from apoptosis at the DN3 stage. Afterwards, these cells will mature into
interferon (IFN) y producers (Tyd1), which have roles in the eradication of
intracellular pathogens and anti-tumor responses, or IL-17A producers (Ty317),

displaying functions in the removal of extracellular pathogens?®.



<2 \‘ // D
7 ys TCR ¥6 TCR
yd selection
IL-7 sustained viability T IL-7 B selection
Bone marrow | Pre-a TCR
Thymus
T-cell lineage commited RN , RN ”
— . (e)— . | — —

Notch1 g \ /

Common lymphoid progenitor Common lymphoid progenitor DN1 DN2 DN3 i DN4
(CLP) (CLP) | | !

Y, 8, B chain rearrangements -
tCr
cp4 | cD8
Notch1 RAG] A
— \_RAG2 t ‘

IL-7 y ¢

DP

Figure 1.3. A schematic brief resume of T-cell development. T lymphocytes arise from a
common lymphoid progenitor (CLP) in the bone marrow. Due to chemotaxis, this CLP enters the
thymus and becomes committed to the T cell lineage in response to Notch1 signals. It enters the
double-negative stage (DN) and goes through different TCR chain rearrangements due to RAG1
and RAG2 activity. At the DN3 stage, it either commits to the of3 lineage or v5 lineage, a process
tightly regulated by IL-7. After the selection of correct TCR rearrangements, it further maturates.
vd T cells become either Tyd1 or Ty317 cells. The af lineage goes into the double positive stage
(DP), where they start to express the co-receptors CD4 and CD8'2. The figure was created in
BioRender.com.

In the DP stage, af cells pass through four processes: death by neglect,
negative selection, positive selection, and lineage-specific development??. Death
by neglect occurs when the TCR interacts poorly with the MHC molecules,
reducing sustained viability intercellular signals. It is noteworthy that 90% of cells
die at this stage. Negative selection induces apoptosis in cells whose TCR binds
too strongly to self-ligands. Positive selection occurs when the TCR connects to
the self-antigens with the suitable affinity - not too much or too little. This enables
the cells to progress to their final stage of development, the lineage-specific
development, and become either CD4+ (T-helper cells) or CD8+ (T-cytotoxic
cells)?®. Figure 1.4 resumes this process.
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Figure 1.4. Schematic representation of double-positive cells maturation and selection
process. Double-positive cells have to go through three main processes in order to become
committed single-positive cells. With the assistance of cortical epithelial cells, the TCR and a co-
receptor, either CD4 or CD8, will interact with the self-antigens present in the MHC complex. If
the affinity is too strong, cells will die due to negative selection, and if the affinity is insufficient,
cells will die due to insufficient signaling. However, when the right affinity is achieved, cells will
finalize their maturation into CD4 or CD8 lineage commitment'2. Image created in BioRender.

1.3.1 IL-7 in T-cell development

T-cell development is a tightly regulated process, which needs a careful
balance between various cellular mediators, such as intrathymic cytokines. One
of the most important players throughout T-cell development is the IL-725.

IL-7 is indispensable for the development of lymphoid cells and their
maintenance, to such an extent that murine studies have shown that IL-7
deficiency results in a blockade of T- and B-cell development, characterized by
the presence of non-functional and lower numbers of peripheral T- and B-cells,

respectively 27,



The expression of IL-7 is found in different organs, such as the intestine,
liver, skin, and lungs. However, its highest expression is in the lymphoid organs,
such as the thymus and the lymph nodes, where it's produced by the stromal
cells?8. Moreover, patients with Severe Combined Immunodeficiency (SCID) lack
T-cells, which can be attributed to alterations and mutations in the IL-7 pathway,

such as those found in the IL-7 receptor (IL-7R) oo or common y chains?°.

At the DN2 stage, IL-7 is essential for cell proliferation and differentiation
into the D3 stage®®. Studies have demonstrated that cells deficient in IL-7
signaling are usually arrested at the p-selection stage, a checkpoint present at
the DN3 stage?®. Moreover, the differentiation into either v5 or o T cells, which
occurs also at the DN3 stage, is dependent on the strength of the signals
produced by the IL-7 pathway, with a greater impact on the development of y5 T-
cells®®. Studies involving mice deficient in IL-7 at the DN3 stage have
demonstrated a complete absence of y§ T-cells?®-2831, |In addition, IL-7 signaling
was shown to inhibit the T cell factor-1 (TCF-1) transcription factor, known to be
necessary for af T cell lineage progression, and thus, it is not unsurprising that
these cells require reduced IL-7 signaling in order to continue their

development?6:32

At the DN4 stage, the expression of the IL-7R is down-regulated by the
suppressor of cytokine signaling 1 (SOCS1) protein. Later on, when DN4 cells
differentiate into the DP stage and overcome the positive selection checkpoint,
they re-express the IL-7R due to the downregulation of SOCS1, which will induce

IL-7-dependent survival signals?®.

Studies have also reported that IL-7 plays a role in the CD4/CD8 lineage
decision. For T-cells to differentiate into CD4+, they need persistent TCR
signaling, which will override the signals induced by intrathymic cytokines. The
presence of low TCR signals allows the cells to be signaled instead by intrathymic
cytokines, including IL-7, that will induce CD8" differentiation. After T-cell

development, IL-7 activity remains necessary for their long-term maintenance3.
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1.4 T-cell Acute Lymphoblastic Leukemia

Throughout Chapter 1.3, we can observe how T-cell development is a
highly regulated multi-step process that requires the action of several cellular
components. Any dysregulation that affects this differentiation process can
potentially result in T-cell malignancies, such as leukemia®*. One of the most
common malignancies affecting the T-cell lineage is T-cell acute lymphoblastic
leukemia (T-ALL)34.

Leukemia is a malignant condition marked by the excessive production of
abnormal or immature leukocytes, leading to a disruption in the production of
healthy blood cells. This condition can be broadly classified into two categories
based on the infiltration status of the leukemic cells in the peripheral blood and
bone marrow: acute or chronic, with the former exhibiting the highest level of
immature cell infiltration. Additionally, leukemia can also be characterized by the
lineage of the leukemic cells, being accordantly either defined as myeloid or

lymphoid leukemia®®.

Acute lymphoblastic leukemia (ALL) is a hematological neoplasm
characterized by the malignant transformation and prompt proliferation of
lymphoid progenitor cells due to a blockage in the lymphoid differentiation
process®. ALL is considered the most prevalent childhood malignancy,
representing about 80% of leukemia diagnoses in children and 20% of adults®*.

ALL can be subdivided into T-cell acute Lymphoblastic Leukemia or B-cell
Acute Lymphoblastic Leukemia (B-ALL), depending on if it is derived from B- or
T-lymphoid precursors®’. T-ALL represents 15% of ALL cases in children and
25% in adults, and it is estimated that in 2023, 6540 people of all ages will be
diagnosed with ALL just in the United States3®.

1.4.1 T-ALL classification and treatment

T-ALL can be subdivided into pro-T, pre-T/immature, cortical T, mature-T,
and early T-cell precursor (ETP-ALL)%. This classification is established on
immunophenotype, morphology, and genetic alterations*®. ETP-ALL exhibits the
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highest level of genomic instability and the lowest prognosis when treated with
standard therapeutic approaches “°. Additionally, this subtype is associated with
significantly higher relapse rates, with a striking 72% relapse rate at the ten-year
mark post-diagnosis, in contrast to the 10% seen for non-ETP subtypes®.
Clinically, these patients present high levels of white blood cells, anemia,
neutropenia, and thrombocytopenia. Moreover, they also suffer from mediastinal
thymic masses of immature T-cells and meningeal infiltration of the central

nervous system*!.

The survival rates without experiencing an event over five years, also
known as event-free survival (EFS), have demonstrated a significant increase
over the years *°. This has been attributed to the advancements in therapeutic
regimens, resulting in an EFS rate of 85% among children and 20-40% in adults,
a noteworthy development in medicine®**. However, these patients must be
subject to multi-agent chemotherapeutic regimens, often coupled with
corticosteroids for two to three years, which is a highly toxic therapeutic
scheme®42, Acute side effects include allergic reactions, pancreatitis, and
neurologic impairment. Regarding chronic side effects, there can be
neurocognitive deficits, obesity, osteoporosis, and others *3.

The multi-agent chemotherapeutic regimens are composed of different
drug combinations, such as vincristine, a vinca alkaloid which can disrupt
microtubule function, causing impairment in mitosis*4; dexamethasone or
prednisone, a type of steroid that interacts with the glucocorticoid receptor
mediating anti-inflammatory and immunosuppressive responses*®; and an
anthracycline drug, which can disrupt the DNA due to their topoisomerase-
poisoning properties leading to cell death?®.

The therapeutic scheme is divided into three phases, the first called
induction, which aims at inducing leukemia remission. The second is the
consolidation phase, which, making use of a more intense therapeutic approach,
aims at reducing the persisting leukemia cells. Stem cell transplantation can also
be performed at this phase and is coupled with radiation. The last phase is
maintenance, where drugs like methotrexate, an antineoplastic drug able to
inhibit nucleotide synthesis-responsible enzymes* and 6-mercaptopurine, are

used for about two years*3,
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One of the primary concerns related with T-ALL is the significantly high
rates of relapse. Approximately 20% of pediatric patients and 40% of adult
patients relapse after treatment 3849, Such patients tend to develop resistance to
the chemotherapy and steroids used during treatment, leading to a dismal
prognosis. Unfortunately, no therapies have proven effective in these cases .
Therefore, a deeper understanding of the genetic alterations of this malignancy
is essential to serve these patients better.

1.4.2 Genetic alterations in T-ALL

T-ALL, like other types of cancer, is caused by genetic alterations, which
have been extensively studied and documented. The pathways most frequently
affected by genetic alterations include the NOTCH, Phosphatidylinositol 3-
kinase (PI3K), and the small GTPase rat sarcoma virus (RAS) pathways, which

results in hyperactivated signaling34.

1.4.2.1 Notch pathway

One of the most acknowledged genetic alterations in T-ALL are NOTCH1
activating mutations, which are present in 60% of T-ALL patients®'. As discussed
above, Notch signaling is very important throughout T-cell development for
proliferation and survival®'. These genetic alterations result in conformational
changes that facilitate the ligand-independent proteolysis of the receptor’s
intracellular domain (NICD), a transcriptional factor, or impair its degradation,
promoting constitutive activation of the pathway and gene transcription®2.

Characterization of these alterations allowed the identification of several
NOTCH1-related genes capable of inducing the proliferation and malignant
transformation of T-cells or their precursors, such as MYC and the IL7R 5.

There is also an important crosstalk between the Notch1 and IL-7 signaling
pathways, namely, Notch1 can transcriptionally upregulate the expression of IL-

7R, a subunit of the IL-7R. Moreover, the involvement of IL-7 in Notch-mediated
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leukemia cell maintenance has also been identified?*. More precisely, Notch1
promotes IL-7R transcription by binding to his gene promotor®3.

As Notch pathway alterations are amongst the most common genetic
abnormalities in T-ALL, several studies and clinical trials have evaluated the
capacity to target this pathway. One of the most studied approaches is the use of
v secretase inhibitors (GSls), a protein complex responsible for NOTCH receptor
cleavage, which induces pathway activation®®. These molecules have
demonstrated the ability to reduce endogenous NICD levels, cell growth, and
cause cell cycle arrest in T-ALL cell lines %*. While promising in in vitro and in vivo
models, clinical trials have revealed high gastrointestinal toxicity®>. Nonetheless,
these molecules are still under investigation with lower dosages and with
intermittent therapeutic schemes, as a study demonstrated that this new
approach was able to reduce toxicity>®. Moreover, the capacity to use these
inhibitors in combination with other drugs, such as glucocorticoids, is also under

investigation*%:57,

1.4.2.2 PI3BK/AKT/mTOR pathway

PI3K pathway is also frequently mutated in T-ALL. In fact, about 85% of T-
ALL patients have this pathway activated®®. In a significant number of patients,
precisely 5-30%, non-sense or frame-shift mutations are present in the
phosphatase and tensin homolog (PTEN), a vital inhibitor of this pathway.
Furthermore, it was also shown that the protein casein kinase 2 (CK2) is
frequently overexpressed in T-ALL and can induce PTEN inhibition®®. These
genetic alterations cause hyperactivation of the pathway, which sustains

leukemic cell maintenance?'.

In T-ALL, resistance to glucocorticoids is also primarily associated with
the activation of the PI3K pathway. More precisely, the v-akt murine thymoma
viral oncogene homolog/Protein kinase B (AKT/PKB) can phosphorylate the
glucocorticoid receptor, reducing nuclear localization and decreasing target-
gene activation. Additionally, the mammalian target of rapamycin protein
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(mTOR) can upregulate the expression of the anti-apoptotic protein Mcl-1, thus
inhibiting glucocorticoid-induced apoptosis*'.

PI3K pathway inhibitors have been tested in T-ALL. Rapamycin isa mTOR
inhibitor that has been extensively studied in the context of T-ALL®°. Research
indicates that rapamycin is able to decrease T-ALL proliferation and cell cycle
progression®. Despite the promising results for rapamycin, studies are trying to
focus on dual PI3K/AKT/mTOR pathway inhibitors, such as PKI-587, as targeting
more than one player might be more advantageous. This inhibitor was
demonstrated to be the most selective drug in inducing T-ALL apoptosis in a

panel of 88 drugs tested in both in vitro and in vivo models®®.

1.4.2.3 RAS/MEK/ERK pathway

The RAS protein from the RAS/MEK/ERK pathway requires
conformational changes to be activated. In T-ALL, HRAS mutations frequently
result in the protein being arrested in its active state, translating into a
hyperactivated pathway commonly associated with the PISK/AKT/mTOR®,
Approximately 50% of T-ALL cases exhibit increased RAS/MEK/ERK signaling,
which is more pronounced in relapsed patients and those resistant to steroids®’.

Although there have been numerous studies on RAS-targeted therapies
for various types of cancer, there are currently no Food and Drug Administration
(FDA)-approved drugs available. Inhibiting the RAS protein is highly challenging
due to the substantial amount of its substrate, guanosine triphosphate (GTP), and
the strong affinity between these two proteins®2. This has limited the number of
studies evaluating the therapeutic potential of targeting the RAS/MEK/ERK
pathway in T-ALL.

1.4.3 IL-7/IL-7R pathway

As discussed above, the IL-7 signaling pathway has significant roles
during T-cell development, and its proper function is indispensable for
maintaining immune system homeostasis?®?8. Thus, it is not surprising that
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deregulation of this pathway also plays a significant role in T-ALL, being among
the most commonly altered pathways*'.

1.4.3.1 IL-7/IL-7R signaling cascade

IL-7 accomplishes its biological role via its receptor. The IL-7R comprises
two subunits: the IL-7Ra chain and the common y chain. These receptor chains
require the presence of Janus kinases (JAKs) for activating their molecular
targets since they don’t have intrinsic catalytic activity®3. The IL-7Ra chain
couples with JAK1, and the common y chain couples with JAK3%8. These receptor
chains heterodimerize upon the binding of the interleukin, causing the auto-
phosphorylation of tyrosine residues in JAK1 and JAKS, leading to their
activation®*. JAKs will then phosphorylate tyrosine residues within the intercellular
portion of the corresponding chains of the receptor, creating docking sites for
different proteins, such as signal transducer and activator of transcription (STAT)
5 and PI3K?8,

Upon binding to the receptor chains, STATS5 is phosphorylated and
activated by the JAKs, which results in homodimerization. STATS, as a
transcriptional factor, will then enter the nucleus and induce transcription of
different genes involved in survival, proliferation, and differentiation®. For
instance, different proteins of the anti-apoptotic protein family of BCL-2 are
upregulated, and pro-apoptotic proteins such as BAX and BAD are

downregulated (Figure 1.5)%.

As with any other signaling pathway, IL-7 has the ability to activate different
pathways, generating various types of crosstalk. Through its IL-7R/JAK1/JAK3
complex, it can phosphorylate the p85 subunit of PI3K and consequently activate
this pathway, which collaborates with AKT, converging in cell cycle progression®s,
There is also a crosstalk between IL-7 and the MAPK pathway (Figure 1.6)%.
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Figure 1.5. IL-7/IL-7R signaling cascade. IL-7 induces receptor heterodimerization via the IL-
7Ro and commony chain. JAK1, coupled to the IL-7Ra chain, and JAKS, coupled to the
common y chain, auto-phosphorylate each other and the respective receptor chains. The
phosphorylated tyrosines in the receptor create docking sites for STAT5. The JAKs activate
STAT5 by inducing the phosphorylation of tyrosine residues, leading to its homodimerization and
translocation into the nucleus, where it will induce gene transcription. The phosphorylated tyrosine
residues in the receptor are also docking sites for PI3K, which will result in the activation of the
PI3K/AKT/mTOR pathway?*. Image created in BioRender.com

Activation of the IL-7 signaling pathway induces receptor internalization
and decreases expression of the IL7R gene®. Like other cytokine receptors
(including IL-2R and IL-5R), the internalization of the IL-7Ra chain is required for
effective signal transduction®”. According to the "altruistic model", T-cells
internalize the IL-7R and reduce the transcript expression to make the interleukin
available to other cells that have not benefited from it?*. This occurs in order to
maximize the number of T-cells that benefit from the IL-7-induced survival
signals®®. The preferred internalization route utilized is via clathrin-dependent
endocytosis, and a considerable portion of the internalized receptors are
degraded by lysosomes and proteosomes in a JAK3-dependent manner®s. JAK3
inhibition impairs IL-7-induced IL-7Ra degradation but not the internalization
process®®. Curiously, it has also been shown that even though the receptor is
internalized, the overall surface levels remain constant, suggesting a recycling

route®®,
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1.4.3.2 IL-7/IL-7R signaling in T-ALL

Studies show that more than 70% of T-ALL patients have IL-7R* blasts,
which correlates to their capacity to respond to IL-7 in vitro.?* Moreover,
approximately 10% of T-ALL patients have a gain-of-function mutation in the IL7R

gene, which is considered a dominant oncogene®®.

There are three types of mutations that affect the IL-7Ra chain in T-ALL
(Figure 1.6). The first type, 1a, involves the homodimerization of the chains due
to the formation of disulfide bonds between cysteine residues. This leads to
constant pathway activation. The second type, 1b, involves the formation of a
hydrogen bond between two serine and two glycine residues, resulting in the
homodimerization of IL-7Ra chains and constant signaling. The third type, 1c,
involves the interaction between a negatively charged residue and a positively
charged one, facilitating the heterodimerization of the IL-7Ra and common vy

chain, increasing IL-7 sensitivity?2.
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Figure 1.6. Representative scheme of the IL-7R mutations described in T-ALL. IL-7R
mutations can be subdivided into three types. The cysteine mutation occurs when two unpaired
cysteine residues create disulfide bonds in two IL-7Ra chains, resulting in homodimerization and
constitutive pathway activation without the need for the interleukin. The transmembrane (TM)
mutation occurs when there is a hydrogen bond between two serine and two glycine residues,
which results in homodimerization of the IL-7Ra chains and constitutive signaling without the
requirement of IL-7. The extracellular juxtamembrane (EJM) mutations occur when a positively
charged residue and a negatively charged one interact and facilitate the heterodimerization of the
receptor, resulting in increased IL-7 sensitivity’'. Image created in BioRender.com
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Besides IL-7Ra mutations in T-ALL, JAK1, JAK3, and STAT5 alterations

have also been described as affecting IL-7 signaling.

JAK1 mutations are somatic and usually of gain-of-function type. In adults, they
are present in about 18% of the cases and 2% in children. These mutations are
found within all the different domains of the protein and converge in inducing
STATS activation. Moreover, these alterations are more prevalent in older

patients with poor response to therapy?®.

JAK3 mutations are present in 8% of pediatric and 12% of adult cases and
are usually associated with JAK1 mutations’?. One of the most acknowledged
alterations is the M5111 mutation. A study showed that transplanting T-ALL cells
with this mutation in mice caused lymphoproliferative disease and accumulation
of CD8+ immature T cells in the blood and hematopoietic tissues. Curiously,
when transplanted into a secondary recipient mouse, these cells demonstrated
new mutations in Notch1, Pten, Kras, and other genes’.

STATS mutations have also been associated with T-ALL, including the
most common STATS5 alteration (N642H) that alters the binding pocket of the SH2

domain, which leads to constitutive STAT5B phosphorylation5%74.

Our lab and others have demonstrated how this pathway can affect and
contribute to T-ALL in several ways. As previously noted, IL-7R mutations can
lead to constitutive pathway activation and IL-7 hypersensitivity. However, even
the wild-type IL-7/IL-7R signaling can be oncogenic. More precisely, studies
conducted in transgenic mice showed that overexpression of the receptor results
in increased proliferation of T-cell precursors, ultimately leading to leukemia's
development’. Of note, several genetic alterations can also upregulate IL-7R
expression, such as Notch mutations and ZEB2 translocations, leading to IL-7

hypersensitivity?4.

IL-7 by itself has been shown to stimulate T-ALL cell proliferation and
survival in vitro, including when produced by bone marrow or thymic stroma?*28-
Moreover, studies in vivo using xenotransplant models of T-ALL have also
demonstrated that IL-7 promotes T-ALL development®®. This increase in
proliferation and survival induced by IL-7 in T-ALL cells results from the activation
of the PIBK/AKT/mTOR pathway downstream of IL-7 signaling. The crosstalk
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between these two pathways leads to the up-regulation of Bcl-2 expression and
to the downregulation of the cyclin-dependent kinase inhibitor p27 (p27KiP1),
which is STAT5 independent’®. Curiously, IL-7 activation and subsequent
PISBK/AKT/mTOR pathway activation in healthy T-cells does not regulate Bcl-2
expression or cell survival (Figure 1.7). This is interesting because while PI3K or
mTOR inhibitors have a cytostatic effect on healthy T-cells, they have a cytotoxic

effect on T-ALL cells by impairing their viability?*.

Signaling in normal T-cells : Signaling in T-ALL cells

IL-7
IL-7Ra

chain ‘ yc chain

IL-7
IL-7Ra

chain ‘ yc chain

( JAK1 ( JAK1

U

L N

lp27K'P1 T Bcl-2 lp27"”’1 Bcl-2
L .
Cell cycle || Viability | | Celleycle [ Viability | 1
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Figure 1.7. IL-7 signaling in normal T-cells versus IL-7 signaling in T-ALL cells. IL-7 induces
the activation of STAT5, which increases the expression of the anti-apoptotic protein Bcl-2,
increasing viability. In physiological conditions, IL-7 also inhibits the cell cycle inhibitory protein
p27XP!via PI3K pathway activation, ultimately leading to cell cycle progression. In T-ALL cells, IL-
7 induces the same signaling processes, however, the PI3K pathway can also induce Bcl-2
activity, which leads to exacerbated viability and cell cycle progression?2.

In order to improve our understanding regarding the IL-7/IL-7R pathway,
our lab has been trying to establishing the IL-7/IL-7R signaling landscape in
health and in malignancy. Using Reverse Phase Protein Array (RPPA) to
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characterize IL-7-induced changes in the phosphorylation status of proteins in T-
ALL, we have been able to identified changes in proteins not yet associated with
the IL-7/IL-7R signaling cascade. Interestingly, one of these belongs to the Janus
kinase family, and it is known as Tyrosine Kinase 2 (TYK2). The next chapter will
address the different interactions between Janus Kinases and their properties,
including TYK2.

1.5 Janus Kinases

Janus Kinases are key players in several signaling pathways with
important roles in T-cell development and T-cell functions, including in the IL-7
signaling pathway. JAKs are the first players to start signal transduction in
JAK/STAT pathways 6377,

JAKs are tyrosine kinases that are non-covalently associated with the
cytoplasmatic domain of Type | and Type Il cytokine receptors since these lack
intrinsic catalytic activity’®. These kinases work with the associated receptors to
induce the signal transduction from different cytokine superfamily proteins,
including interleukins, chemokines, growth factors, IFN, and tumor necrosis factor
(TNF) family members, as shown in Figure 1.97°. These messengers play a
crucial role in differentiation, growth, and development. Additionally, interleukins
and cytokines activate both immune and non-immune cells, making them

essential for the proper functioning of the immune system?®.
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Figure 1.8. Type | and type Il cytokine receptors and their associated JAKs. The different
cytokine families rely on different combinations of receptor chains and their associated Janus
Kinases in order to perform their biological activities®?.

Figure created in BioRender.com

In mammals, there are four known JAKs: JAK1, JAK2, and TYK2, which
are ubiquitously expressed, and JAK3, primarily present in the lymphatic system,
bone marrow, vascular smooth cells, and endothelial cells’?. These proteins are
composed of seven homology domains (JH) distributed in four different main
domains represented in Figure 1.9, and their functional properties are explained
in Table 1.177.
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Figure 1.9. Structure of the different JAK family members. Janus kinases have a highly similar
structure, comprising four different domains: the FERM domain, the SH2 domain, the
pseudokinase domain and kinase domain. Within these main domains JAKs are further
subdivided into seven different homology domains. JAKs catalytic activity resides in their
pseudokinase and kinase domains.

Adapted from Hu, X,, Li, J., Fu, M., Zhao, X., & Wang, W. (2021). The JAK/STAT signaling
pathway: from bench to clinic. Signal transduction and targeted therapy, 6(1), 402.

Table 1.1. The different domains and functional properties of the JAK family members.

Domain Homology Domain Function

Four-point- one, ezrin,
radixin, moesin (FERM) JH7-JH4 Regulates the connection to
the receptor;

Src-homology 2 (SH2) JH4, JH3

Regulates the activity of the

Pseudokinase JH2 . 7
kinase domain;

Protein kinase functionally
Kinase JH1 capable of phosphorylating
a substrate.

JAK/STAT signaling pathways are activated all in the same fashion. Upon
the binding of a cytokine to its respective receptor, the associated chains are
brought into close proximity and undergo reorientation, allowing for JAKs to trans-
or autophosphorylate one another. This process ultimately leads to the activation
of their kinase domain®'. Following activation, JAKs proceed to phosphorylate
tyrosine residues located within the C-terminal tails of the receptor chains. This
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phosphorylation event facilitates the binding of STAT proteins, including STAT1-
4, STAT5a/STAT5b, and STAT6, by means of their SH2 domain®'. Finally, JAKs
will phosphorylate the corresponding STAT within their C-terminal and activate
them, allowing the STATSs to form hetero- or homodimers due to the connection
of the phospho-tyrosines 8'.

In order to provide tight regulation of these signaling pathways, STATs
induce the expression of different negative regulators of the pathway. For
instance, SOCS proteins (SOCS1-SOCS7) contain a kinase-inhibitory region that
can directly inhibit JAKs, leading to their deactivation®?. Another example is the
cytokine-inducible SH2-domain (CIS) proteins, which can physically block the
binding of STAT proteins to the SH2 domain®. Proteasomal degradation can be
induced by both types of proteins. Moreover, phosphatases like Src homology
region 2 domain-containing phosphatase-1 (SHP-1), CD45, and Protein tyrosine
phosphatase 1B (PTB-1B) are also in the regulatory process. Regarding STAT
inactivation, these can be sumoylated by the protein inhibitor of activated STAT
(PIAS), leading to their degradation®? .

Besides their kinase function, JAKs are also able to display other roles,
such as stabilize each other and their corresponding receptors in the cell

membrane83-86,

Growing evidence shows that the deregulation of JAKs’ functions can
potentially lead to hematological malignancies 7>87. These alterations can arise
from different mechanisms, such as aberrant cytokine signaling, activating point
mutations, and gene translocations®®. According to the literature, approximately
140 JAK mutations are associated with different types of leukemia.
Interestingly, one of the main mutational hotspots for activating mutations is the
JH2 domain, also known as the regulatory region for protein kinase activity "2.
Studies have also shown that the FERM domain can inhibit JAKs’ functions, and,
unsurprisingly, mutations within this domain leading to its defective activity have
also been associated with leukemia’?. The JH1 domain has also been reported
to suffer different activating mutations’2.
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1.5.1 JAK1

JAK1 participates in signaling transduction for Type | and Type Il cytokine
receptors and can pair with JAK2, JAK3, and TYKZ2, resulting in significant roles

in immunity, inflammation, and lymphoid cell maturation’®.

Within the Type | cytokine receptors that require JAK1 are the IL-2 receptor
family and the IL-6 family’®. The IL-2 family comprises IL-2, IL-4, IL-7, IL-9, IL-15,
and IL-21 and works with the common gamma chain, restrictedly associated with
JAK383, Most of these cytokines have roles in lymphocyte survival, differentiation,
proliferation, and activation”. JAK1 then allies with the corresponding alpha
chain subunit, IL-2Ra, IL-4Ra, IL-7Ra, IL-9Ra, IL-15Ra, and IL-21R,
respectively®®. JAK1 is also present in the Thymic stromal lymphopoietin (TSLP)

signaling, where it associates with the IL-7Ra. and JAK2 with the TSLP receptor’®.

The IL-6 family, differently from the IL-2 family, works with the gp130
subunit associated with JAK1 and the corresponding a chain with JAK2. These
include IL-6, L-31, IL-11, IL-27, IL-35, and different growth factors’®. TYK2 is also
associated with these complexes. However, its biological role is still uncertain.

Within the type Il cytokine receptors that utilize JAK1 is the IL-10R that
couples with TYK2, and it is used by the IL-10 family, comprising IL-10, IL-19, IL-
20, IL-22, IL-24, and IL-2678. These play significant roles in tissue homeostasis
during inflammation and infection®. In the same category as Type Il cytokine
receptors are Type | (IFN-a/B) and Ill IFNs (IL-28, IL-28B, and IL-29), which are
responsible for anti-viral and immune responses, both receptor types coupling
with TYK283, The final receptor is the Il IFN (IFN-y) receptor, which couples with

JAK2 and exerts anti-tumoral responses °.

As we can appreciate, JAK1 has multiple roles regarding cytokine
signaling, so it is not surprising that biological alterations can lead to
pathogenesis. Studies have shown that JAK1 is crucial for embryonic
development since JAK1 knockdown in mice results in perinatal lethality, reduced
numbers of thymocytes, and of mature T- and B-cells’®%°. Moreover, JAK1 also
exerts major roles in protection against infections, microbial responses, and

tumor surveillance®!.
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1.5.2 JAK2

JAK2 exerts its role within the type | and Il cytokine receptors. Regarding
type |, JAK2 couples with TYK2 in the IL-12R family and in the IL-3R family.”®
The interaction between JAK2 and JAK1 in type Il cytokine receptors has been
described in Chapter 1.5.1.

The IL-12R family, composed of IL-12, IL-23, and granulocyte-
macrophage colony-stimulating factor (GM-CSF), displays roles in the regulation
of effector cells and the development/ function of hematopoietic cells®. The IL-

3R family (IL-3 and IL-5) exerts roles in inflammatory and immune responses 3.

JAK2 is also able to homodimerize in Hormone-like receptors, which are
used by erythropoietin (Epo), thyroid peroxidase, granulocyte-colony stimulating
factor (G-CSF), prolactin and growth hormone (GH) 7994,

Studies with mice revealed that JAK2 knockout impairs erythropoiesis and
leads to embryonic death 5 °'. Although functional or deletional mutations have
not been described in humans®, JAK2 has been associated with hematological
malignancies as a result of gain-of-function mutations and gene translocations’?.
JAK2 fusion proteins such as PCM1-JAK2, BCR-JAK2 and PAX5-JAK2 have
been described in acute leukemia, promoting JAK2 dimerization and constitutive
activation®”. Moreover, JAK2 activation mutations are also correlated with

myeloproliferative neoplasms’?.

JAK2 has also been proven to have a scaffold function. In the IFN-y
pathway, JAK2, using JAK1 as a cooperator, acts as a scaffold for the
heteromeric IFNGR cellular localization®”, and this function of JAK2 is
independent of its kinase domain %. Moreover, in the thrombopoietin receptor
(TpoR), JAK2 in cooperation with TYK2, promotes cell surface expression and

stabilization®’.
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1.5.3 JAK3

As mentioned above, JAK3 is associated with the common y chain and
operates in conjunction with JAK1 in the IL-2R family®3. Given that JAK3 is
primarily expressed in the hematological lineages, it is not unexpected that
defects in its activity can lead to immunodeficiency, such as X-linked severe
combined immunodeficiency (X-SCID), which has the same phenotype as X-

SCID linked to common y chain mutations’®.

The relationship between JAK3 and the common y chain has been well
established. Besides their co-role in cytokine signaling, studies showed that when
JAK3 is overexpressed, it is able to upregulate the membrane levels of the
common y chain 84, Moreover, JAK3 has also been reported to have more than a
kinase role in the IL-7R complex. More specifically, JAK3 has been shown to be
necessary for IL-7R degradation 6.

1.5.4 TYK2

TYK2 can pair with JAK1 or JAK2 and activate all STAT proteins to
mediate signals required for hematopoietic and immune cells and inflammatory
responses %8. TYK2 can be found in class | (IL-10R2, IL-12Rp1, IL-13Ra1, IL-6Ra
and gp130) and class Il (IFNAR1) cytokine receptors, as schematically
represented in Figure 1.10, exerting different roles induced by variety of cytokines
such as IL-12, IL-23, IL-10, IL-22, IL-6, and IFN-a, IFN-B, IFN-A, CG-CSF, OSM,
LIF and CNTF 82:99.100,

The physiological functions that TYK2 exerts are varied. For instance,
through IFN-o and -p it can potentiate anti-viral and anti-cancer immune
responses®. It can also mediate the signal transduction of type Il IFNs (IFN-1),
which are responsible for initial host responses against minor infections and
epithelial layer damage'®'. By cooperating with the IL-10 family members, which
have immunosuppressive actions,'® can induce epithelial homeostasis and

barrier function upon infection. TYK2 also interacts with IL-12 family members
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(IL-12 and IL-23) which are imperative in cell-mediated immunity and

inflammation, respectively'°.

IFN-a/B IL-12 IL-23 IL-10 IL-22 IL-6

IFN- AR2

(sTAT1)(STAT2 Al (sTAT1)(STATS) STATIASTATS
(sTAT3) (sTATS) (sTATS)
Antitumor Th1 response Th17 response Anti-inflammatory Barrier immunity Acute phase
Antiviral Antimicrobial responses
response immunity Tcell

differentiation

Figure 1.10. TYK2 mediated signaling. TYK2 has different biological roles depending on the
pathway activated, and on the combination of JAK/receptor associated with. It can couple with
JAK1 and JAK2 and activate all STAT proteins. TYK2 has roles in anti-tumoral, anti-viral and anti-
inflammatory responses; it can mediate Th1 and Th17 responses; potentiate barrier and
antimicrobial immunity; and T-cell differentiation.

Adapted from Rusifiol, L., & Puig, L. (2023). Tyk2 Targeting in Immune-Mediated Inflammatory
Diseases. International journal of molecular sciences, 24(4), 3391.

There is emerging evidence regarding TYK2 potential roles in different
pathologies. For instance, patients with a non-functional TYK2 protein are
associated with immune and inflammatory diseases, such as atopic dermatitis,
inflammatory bowel disease, systemic lupus, rheumatoid arthritis, augmented
susceptibility to viruses, fungi, and mycobacterial-induced infections®?. These are
due to alterations in IL-12, IL-6, IL-10, IL-23, IFN-o and B signaling pathways. In
these patients, naive CD4" cell differentiation is compromised, in particular, the
Th1 subpopulation®. Moreover, reports of murine studies also demonstrate that

TYK2 defects increase Th2 cytokine production 192,

Regarding cancer, TYK2 has been described as a “bona fide oncogene”
as it has been reported to have several roles in tumorigenesis®, which are briefly
explained in Table 1.2 and represented in Figure 1.11.
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Table 1.2. TYK2 roles in cancer. Adapted from Leitner, N. R., Witalisz-Siepracka, A., Strobl, B.,
& Miuller, M. (2017). Tyrosine kinase 2 - Surveillant of tumors and bona fide

oncogene. Cytokine, 89, 209-218.

Characteristics

Cell extrinsic effects

Avoid immune destruction

TYK2 loss of function (LOF) in mice
leads to impaired surveillance of B-
and T-cell tumors and of
transplantable tumors

Tumor promoting inflammation

TYK2 is detrimental in several mouse
models of auto-inflammatory
diseases; also linked to and causative
for several human auto- inflammatory
diseases

Angiogenesis

TYK2 is essential in uPA-uPAR
signaling

Characteristics

Cell intrinsic effects

Invasion and metastasis

Enhances epithelial-mesenchymal
transition and matrix
metalloproteinase expression in
various cancer types

Cellular metabolism

Involved in Warburg Effect

Resisting cell death

Induces pro-apoptotic factors and
anti-apoptotic genes

Genome instability and mutations

TYK2 mutations and fusions are
oncogenic
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Figure 1.11. Role of TYK2 in cancer. TYK2, via upregulation of anti-apoptotic proteins (Bcl-2,
MclL-1), inhibits cell death and promotes proliferation of cancer cells via STAT1 and STAT3
activation, as well as upregulation of c-myc, cyclin D, and heat-shock protein 90. TYK2 is also
able to induce invasion and migration through the activation of the epithelial-mesenchymal
transition and metalloproteinase expression. After metastasis assembly, TYK2 induces
angiogenesis via upregulation of the uPA signaling. Additionally, TYK2 is able to induce
chemotherapy resistance via FGF-2 signaling®?. Image created in BioRender.com

TYK2 has recently been associated with human T-ALL. Using whole-
exosome sequencing of five patients with a secondary ALL, a study revealed that
two patients had TYK2 germline mutations affecting the pseudokinase domain
(p.Pro760Leu and p.Gly761Val), which resulted in TYK2 autophosphorylation
and enhanced STAT1, 3 and 5 phosphorylation. These genetic alterations were
found in patients who suffered multiple de novo ALL'®3. Moreover, the P760L
mutations demonstrated transformation capacity in hematopoietic cells and
induced leukemia formation in transplanted mice'%3. Activating point mutations,
also found in these patients, induced the activation of oncogenic pathways, such
as PIBK/AKT/mTOR and RAS'%4,

A recent study conducted on primary leukemic cells from a pediatric patient
has shown that leukemia cells rely on TYK2 for survival. In this study, 14 out of
16 T-ALL cell lines analyzed had their growth inhibited after TYK2 silencing, an
effect attributed to the inhibition of the TYK2-STAT1 pathway'%. In addition,
Patient-Derived-Xenografts (PDX) have also demonstrated sensitivity to TYK2
silencing. Interestingly, it was found that the anti-apoptotic protein Bcl-2 was
downregulated after TYKZ2 silencing, suggesting that these TYK2-dependent
leukemia cells rely on the activation of Bcl-2'%. Another study showed that in 50
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T-ALL patient samples, 21 had TYK2 single nucleotide-polymorphisms (SNPs),
and in T-ALL cell lines (CCRF-CEM, MOLT-16, MOLT-4 and RPMI-8402) 7

variants were detected %%,

Table 1.3. TYK2 genetic alterations described in T-ALL

TYK2 alterations in T-ALL
TYK2 status Activated STAT proteins
Activating somatic mutations
TYK2-G36D; S47N STAT1, 3
TYK2-731I STAT1, 3, 4
TYK2-E957D STAT1, 3,5
TYK2-R1027H STAT1, 3
Activating germline mutations
TYK2-G761V STAT1, 3,5

1.5.5 JAK inhibitors T-ALL

As discussed above, JAKs play significant roles in regulating various
signaling pathways, including the IL-7 signaling pathway, thereby establishing
them as promising therapeutic targets. Furthermore, given their involvement in
the initial stages of signaling cascades, impairing the activity of JAK kinases can
potentially halt the pathway’s activation at an earlier stage. In this regard, several

studies have evaluated the use of JAK inhibitors in the context of T-ALL.

A recent in vitro study found that combining Ruxolitinib, a JAK1/JAK2
inhibitor, and dexamethasone increases cell death in both ETP and non-ETP IL-
7-dependent T-ALLs. The JAK inhibitor effectively balanced the steroid response
in steroid-resistant cells, resulting in a behavior similar to cells that respond well
to steroids. Additionally, while a JAKS inhibitor was used with dexamethasone,
its effect was less significant than Ruxolitinib™”. In in vivo studies, mice
transplanted with ETP-ALL cells and treated with Ruxolitinib had reduced blasts
in peripheral blood and spleen. Moreover, although the ETP-ALLs analyzed had
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different genetic alterations, the study demonstrated that even in the presence of
JAK3 or JAK1 mutations, Ruxolitinib maintained the same ability to reduce

peripheral blood blasts'%,

Another study showed that the most frequent T-ALL JAK3 mutation,
M5111, located in its pseudokinase domain, can trigger T-ALL in mouse models.
These mice, when treated with Tofacitinib, a JAK3 inhibitor, presented decreased
white blood cell counts, high apoptotic cell levels, and a reduction in the size of
the spleen and thymus.'%® Another illustration of the impact of JAK3 inhibition in
T-ALL can be seen through the use of the IL-7-dependent TAIL7 cell line.
Inhibition of JAK3 in this cell line, using the JAK3 specific inhibitor WHI-P131,

results in decreased IL-7-induced leukemia cell proliferation and survival®®.

TYK2 inhibition has also been evaluated in the context of T-ALL.
Deucravacitinib is a specific TYK2 inhibitor that acts through the blockade of the
protein’s JH1 domain (pseudokinase domain), impeding the activation of the
kinase domain. This drug has already been approved by the FDA for the
treatment of psoriasis''® A study with this pharmacological inhibitor demonstrated
that TYK2 P760L-transformed cells had their metabolic activity decreased. These
results were also coupled with the abrogation of TYK2, STAT1 and STAT3

phosphorylation upon treatment with Deucravacitinib'%3.
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2 Research Aims

Although TYK2 has never been associated with the IL-7/IL-7R pathway,
considering its well-documented role in T-ALL and our recent RPPA results, we
asked whether TYK2 could play a role in IL-7-mediated T-ALL.

Thus, the main goal of this project is to understand and characterize a
potential role for TYK2 in IL-7/IL-7R signaling in T-cell Acute Lymphoblastic

Leukemia.

The first step aims at validating our lab preliminary results by evaluating
IL-7-mediated phosphorylation of TYK2 in hWT IL-7R D1, hWT BA/F3 and TAIL7
cells via Western Blot (WB).

The second part of this project aims at understanding the mechanistic role
of TYKZ2 in the IL-7 signaling pathway. For this purpose, the different elements of
the IL-7 signaling (JAK3, STATS, IL-7R o chain and common y chain) and TYK2
will be transfected in the HEK-293T cell line that does not express them
endogenously, except for JAK1, which is expressed by these cells. For signaling
evaluation, WB will be performed.

The third part of this study aims at analyzing the putative binding of TYK2
to the IL-7R complex in transfected HEK-293T cells and TAIL7 cells via

Immunoprecipitaiton.

Lastly, and to characterize the functional role of TYKZ2 in T-ALL cells, we
will use a specific TYK2 inhibitor (Deucravacitinib) to treat TAIL7 cells stimulated
with IL-7 and analyze its impact on T-ALL cell viability, activation and IL-7R

surface levels.

In its all, this study has the potential to expand our understanding regarding
the IL-7 signaling pathway and its critical elements in the context of T-ALL. The
successful achievement of our aims has the potential to identify a new therapeutic
approach in the management of IL-7-dependent T-ALL.
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Validate IL-7-mediated TYK2 Analyze the association of

phosphorylation TYK2 to the IL-7R
Understand the role of TYK2 in Characterize the functional
the IL-7 signalling role of TYK2 in T-ALL cells

Figure 2.1. Schematic illustration of the leading research aims of this project.
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3 Materials and methods

3.1 Cell culture

Human TAIL7, a primary-like IL-7-dependent T-ALL cell line, murine BA/F3
hWT IL-7R, an IL-7-dependent pro-B-cell line stably transduced with the human
IL-7R, and D1 hWT IL-7R, an IL-7-dependent murine thymocyte cell line stably
transduced with the human IL-7R, were used in this project'''. All the cell lines
were cultured at 37°C in 5% CO2. The cells were cultured in Roswell Park
Memorial Institute (RPMI) — 1640 medium supplemented with 1% L-glutamine
(Gibco), 10% of Fetal Bovine serum (FBS) (BioWest), 1% Penicillin/Streptomycin
(Gibco) and 1% N-2-Hydroxyethylpiperazine-N-2-Ethane Sulfonic Acid (HEPES),
henceforward referred to as R10. The culture conditions for TAIL7, D1, and BA/F3
were 2x108 cells/mL with 25 ng/mL of IL-7, 0.5x108 cells/mL with 25 ng/mL of IL-
7 and 0.5 x108 cells/mL with 50 ng/mL of IL-7, respectively.

Human Embryonic Kidney 293 cell line containing the SV40 T-antigen
(HEK-293T) was used and cultured in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 1% L-Glutamine (Gibco), 10% FBS, and 1%
Penicillin/Streptomycin, hereafter referred to as D10. To detach the cells, Trypsin-
EDTA 1x (Gibco) was utilized and deactivated with the serum-supplemented
medium, D10.

3.2 JM109 Competent Cells transformation

JM109 Competent Cells 108 cfu/ug (VWR, Promega) were transformed
with the following plasmids: pMig hWT IL-7R, pcDNA 3.1+ yc, pcDNA 3.1+ JAKS,
pcDNA 3.1+ STATS, pcMV6 XL5 TYKZ2, pMig empty, pcDNA 3.1+ empty and
pcMV6 empty.

The following protocol was performed at the flame in aseptic conditions.
For each plasmid, 1yL was added to 50 pyL of JM109 competent cells and
incubated for 30 minutes on ice, followed by a heat shock at 42°C for 45 seconds
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and 5 minutes on ice. The bacteria were supplemented with 450 uL of Super
Optimal Broth (S.0.C) medium (ThermoFisher) and incubated at 37°C, shaking
at 220 rotations per minute (RPM) for 45 minutes for maximal transformation
efficiency. From the cell suspension, 30 yL was spread into a petri dish with
Lysogenia Broth (LB) agar supplemented with ampicillin and left overnight at
37°C.

The next day, a colony from the LB agar plate was picked and transferred
to a 15 mL tube with LB medium supplement with ampicillin and incubated at
37°C, shaking at 220 RPM for eight hours. Afterwards, 30 pL of the inoculum was
transferred to a 2L erlenmeyer with 300 mL of LB medium supplemented with
ampicillin and left overnight at 37°C shaking at 220 RPM. The bacterial
suspension was centrifuged at 4°C and at 4000 RPM for 10 minutes, and the
supernatant was discarded. Afterwards, the cell pellet was frozen at -20°C or
DNA extraction was followed.

3.3 Maxi-Prep for high copy number plasmids

A Genopure Plasmid Maxi Kit High Copy Number (Roche) was used to
extract the DNA of interest from the transformed bacteria.

The cell pellet was resuspended in 12 mL of Suspension Buffer + RNAse
A followed by adding 12 mL of Lysis Buffer, after which the suspension was
inverted 6-8 times and incubated for 2-3 minutes at room temperature (RT).
Twelve mL of Neutralization Buffer at 4°C was added to the suspension, and the
mixture was homogenized by inverting the tube 6-8 times and incubating for 5
minutes on ice. Subsequently, the precipitate was cleared with a filter (240 mm
diameter) placed in a 50 mL Falcon tube, previously moistened with Equilibration
Buffer, and collected. A NucleoBond AX 500 column was assembled into a new
Falcon and equilibrated with 6mL of Equilibration Buffer, and the flow through
was discarded. The cleared lysate was loaded into the column, and the flow
through was removed. Afterwards, the column was washed twice with 16 mL of
Wash buffer, and the flow through was discarded. The column was transferred
into a new 50 mL Falcon, and 15 mL of pre-warmed (56°C) Elution Buffer was
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added. The collected flow through containing the plasmid was eluted with 11 mL
of isopropanol and centrifuged for 45 minutes at 3900 RPM at 10°C. The
supernatant was carefully discarded, and the plasmid was washed with 4 mL of
chilled (4°C) 70% ethanol and centrifuged at 3900 RPM for 10 minutes at 10°C.
The ethanol was carefully removed, and the plasmid was left to air dry for 10
minutes. The plasmid was resuspended in 100-500 uL of UltraPure™ Distilled

Water DNAse/ RNAse Free (Invitrogen) and stored at 4°C until use.

3.4 Protein extraction

Cells used for protein analysis were centrifuged at 1500 RPM at 4°C, and
the supernatant was discarded. For protein extraction per se, the cell pellet was
resuspended thoroughly in a mix of lysis buffer (50 mM Tris-Base pH 8.0, 150
mM NaCl, 5 mM EDTA, 1 mM Na3VO4, 10 mM NaF, 10 mM Sodium
Pyrophosphatase, 1% v/v NP-40) supplemented with the protease inhibitor
cocktail Complete Mini (Roche) and the protease inhibitor AEBSF hydrochloride
1 mM (Fisher Scientific), followed by centrifugation at 13000 RPM during twenty
minutes at 4°C. Afterwards, the protein extract (supernatant) was recovered and
stored at -20°C for later use. The Bradford assay (Bio-Rad) was performed for
protein quantification with the GeneQuant Pro (Amersham Biosciences)

spectrophotometer at 595 nm.

3.5 Western blot

Samples were prepared with equal protein amounts (50 ug), resuspended
in 6X Sample Loading Buffer [375 mM TRIS-HCI (pH 6.8), 9% SDS, 50% glycerol,
and 0.03% bromophenol blue], and denatured at 96°C for five minutes. The
samples were loaded onto a SDS-PAGE gel (12% or 10% of acrylamide) and ran
in an electrophoresis chamber (Bio-Rad) with Running Buffer (Tris-glycine-SDS
buffer) at 60 volts for thirty minutes and 120 volts for one hour and a half or two
hours, depending on the acrylamide percentage of the gel and the protein
separation required.
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The proteins were transferred in a Transfer Buffer (Tris-Glycine buffer,
20% Methanol) to a nitrocellulose membrane (BioVision) for 90 minutes at 400
mA at 4°C. Ponceau S solution (Sigma) was used for transference validation,
which also assisted in cutting the membranes. Subsequently, the membranes
were blocked for 1 hour with slow agitation with 3% w/v skimmed milk diluted in
Tris-Buffered Saline with 0.1% Tween 20 (TBS-T) buffer at RT and washed three

times with TBS-T buffer for 10 minutes with mild agitation.

Immunoblotting was followed at 4°C overnight (ON) with slow agitation with
the respective primary antibodies. On the next day, membranes were washed
three times with TBS-T buffer for 15 minutes each wash and immunoblotted with
the respective horseradish peroxidase (HRP)-conjugated secondary antibodies
anti-mouse (Promega), anti-rabbit (Promega) with slow agitation at RT for one
hour, followed by three more washes of 15 minutes each with TBS-T.

For immunodetection, membranes were treated with Pierce ECL Plus
Western Blotting Substract (ThermoFisher Scientific) for five minutes in the dark,
and chemiluminescence was performed using Curix60 (AGFA HealthCare).

3.5.1 Primary antibodies for Inmunoblotting

The following primary antibodies were used: JAK1 (#50996, Cell
Signaling), p-JAK1 (Tyr1022, 1023) (#3331 Cell Signaling), JAK3 (#8863 Cell
Signaling), p-JAK3 (Tyr980, 981) (#5031, Cell Signaling), TYK2 (#9312, Cell
Signaling), p-TYK2 (Tyr1054/1055) (#9321, Cell Signaling), STAT5 (#94205, Cell
Signaling), p-STATS (Tyr694) (#9351, Cell Signaling), B-Actin (ab8224, Abcam),
AKT (#9272, Cell Signaling), p-AKT (Ser473) (#4060, Cell Signaling). All
antibodies were diluted in TBS-T 1:1000, except for beta-actin, which was used
at a 1:10 000 dilution.

Antibodies against JAK3, p-JAK3 and p-JAK1 were optimized as
demonstrated in Table 3.1.
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Table 3.1. Antibody optimization protocols used for p-JAK1 (Tyr1022, 1023) (#3331, Cell
Signaling) and p-JAK3 (Tyr980, 981) (#5031, Cell Signaling), and JAK3 (#8863 Cell
Signaling).

Blocking solution Primary antibody Secondary antibody

Dilution: 1:1000 TSB-T
Incubation: ON at 4°C

Dilution: 1:1000 TBS-T 3% milk
Incubation: ON at 4°C

Dilution: 1:500 TBS-T
Incubation: ON at 4°C Dilution:

. - o)
Dilution: 1:500 TBS-T 3% milk | -0000 TBS-T 3%

Incubation: ON at 4°C m”k.
Incubation:

Dilution: 1:500 TBS-T 1h at RT
Incubation: 2h at RT

Dilution: 1:1000 TBS-T 5% BSA

TBS-T 3% milk

TBS-T 5% Bovine Incubation: ON at 4°C
Serum Albumin

Incubation: 2h at RT

3.5.2 Membrane stripping

Membrane stripping was performed to allow the re-blot of the membranes.
A Stripping Buffer [15 nM Tris Base, 100 nM 2-B-Mercaptoethanol (Sigma), 2%
SDS, pH 6,7] supplemented with 1:1000 v/v dilution of 2-B-Mercaptoethanol was
used to submerge the membranes for thirty minutes in a water bath at 56°C. The
membranes were thoroughly washed with running water and then with TBS-T
buffer for 10 minutes three times with agitation.

3.6 Lentiviruses production and transduction in HEK-293T cells

HEK-293T cells were transduced with short-hairpin RNA (shRNA) Clones
set against Human Janus Kinase 1 (sShRNA hJAK1 A, B and C) and a scramble
sequence (ShRNA SCR) used as control (NM_002227.3, Tebubio).
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Briefly, VSV-G-pseudotyped lentiviruses were produced by transient
transfection of HEK-293T cells at 70% confluence in 10 cm plates, using the
Lipofectamine™ 3000 Transfection Reagent and following the transfection
reagent guidelines. The plasmid vectors and DNA amount used for viral
production are described in Table 3.2. Lentiviruses were collected 48h and 72h
after transfection, snap-frozen and stored at -80 °C until used.

Table 3.2. Plasmids used for lentiviruses

Quantity used for

A transfection
Target vector 6.6 ug
pPAX2 packaging vector 6 ug
pMD2.G VSV-G envelope vector 3 Mg

For cell transduction, HEK-293T cells were incubated with lentiviruses and
10 pg/ml of Polybrene (Sigma) for 24 hours at 37°C. shRNA SCR, hJAK1 A,
hJAK1 B, and hJAK1 C transduced cells were collected 24 hours, 48 hours, and
72 hours after transduction. Cells were centrifuged at 1500 RPM at 4°C for 5
minutes, the cell pellet was homogenized in TRIzol (Ambion) or snap-frozen and

stored at -80°C until further use.

3.7 RNA extraction

For RNA isolation, the protocol from Ambion was followed with certain
alterations. The homogenized sample was incubated at RT for five minutes, then
200 pL of chloroform were added and the sample vortexed. An incubation of 2-3
minutes at RT was performed until the two-phase separation was observed.
Afterwards, 500 pL of isopropanol was added, and samples were inverted 2-3
times and incubated for 15 minutes on ice, followed by centrifugation at 13000
RPM for 15 minutes at 4°C. The supernatant was removed, and the RNA pellet
was washed with 1 mL of 75% ethanol. Later, the ethanol was removed, and the
RNA pellet was left to air dry for 5 minutes. The RNA pellet was resuspended in
50 pL of DNase/RNase-free water and incubated in a dry bath at 55-60°C for 10
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minutes to help resuspension. The RNA was quantified using NanoDrop 2000
Spectrophotometer (ThermoFisher Scientific) and stored at -80°C until further

use.

3.8 cDNA synthesis

NZY First-Strand cDNA Synthesis Kit was used for cDNA synthesis with
500 ng of RNA resuspended in 8 uL of UltraPure™ Distilled Water DNAse/
RNAse Free (Invitrogen) for each sample. All the following steps were performed

on ice.

A mix of UltraPure™ Distilled Water DNAse/ RNAse Free (Invitrogen) with
NZYRT 2X Master Mix and the respective primers was prepared according to kit
guidelines, from which 12 pL was distributed onto the nuclease-free
microcentrifuge tubes, and 8 pL of RNA was loaded. The samples were gently
mixed and incubated at 25°C for 10 minutes, followed by 30 minutes at 50°C.
Next, the reactions were incubated for 5 minutes at 85°C and placed in ice to
cease the reaction. To eliminate the RNA template, 1 yL of NZY RNase H was
added, and the samples were incubated at 37°C for 20 minutes. The cDNA was
stored at -20°C until further use.

3.9 Quantitative Real-Time PCR (qPCR)

Quantitative Real-Time PCR (qPCR) was performed to evaluate the
knockdown efficiency of human JAK1 variant 1 in HEK-293T transduced with the
specific shRNAs.

Power SYBR™ Green Master Mix (ThermoFisher Scientific) was used for
gPCR according to the manufacturer’s directions. The reaction was performed in
the Viia™ 7 Real-Time PCR system (ThermoFisher Scientific) instrument and
with the primers listed in Table 3.3. The comparative cycle (CT) method 2-AACT
was used to calculate the relative gene expression. The gene 18S was used as
the endogenous control. Samples were then equated with the shRNA hJAK1
SCR condition.
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Table 3.3. List of primers used in RT-gPCR

Species Gene Strand Primer sequence (5’-3’) Concentration

JAKT1 Forward TGGCTGTCATGGTCCAATCT 10 pmol/uL

Human  vgriant

1 Reverse CAAATGTTGCTTGTCTGGTG 10 pmol/uL

3.10 HEK-293T transfection

Lipofectamine 3000 (Invitrogen) was used as the transfection reagent in
all experiments requiring cell transfection, and manufacturers’ guidelines were
followed. The plasmids used are listed in Table 3.4. Twenty-four hours before the
transfection procedure, 0.25x10% HEK-293T cells were plated in a 6-well plate or
2 x108 cells in a 10 cm plate, depending on the experiment.

On the day of the transfection, the D10 medium was changed. The
quantities of the reagents p3000, lipofectamine, OPTI-MEM — Reduced Serum
Medium (Gibco), DNAs, and the plate’s size were followed and optimized
according to the manufacturer’s instructions. On the third day, the cells were
stimulated with IL-7 at 50 ng/mL for 15 minutes and retrieved for protein
extraction, or for snap-freeze of the cell pellet, depending on the experiment to
be performed.

Table 3.4. Plasmids used for co-transfections in HEK-293T cell line

Plasmid Quantity used for transfection
pMig WT hIL-7R 0,8 ug
pcDNA 3.1+ yc 0,4 ug
pcDNA 3.1+ JAK3 0,4 ug
pcDNA 3.1+ STAT5S 0,1 ug
pcMV6 XL5 TYK2 0,1 ug

42



3.11 Immunoprecipitation protocol

For IL-7Ra and TYK2 pull-down, immunoprecipitation was executed. For
this protocol, Dynabeads Protein G (ThermoFisher), Co-IP NP40 buffer (50 mM
Tris HCI, 150 nM NaCl, 2 nM EDTA, 1% NP40), and a wash buffer [0.1% BSA; 2
mM EDTA in Phosphate-buffered saline solution (PBS)] were used. Every step

of this protocol was done on ice with the solutions at 4°C.

After each experiment, the cell pellet was snap-frozen and stored at -80°C,
and the following day protein extraction was performed with Co-IP buffer.
Samples were prepared for 10 pg and 30 ug (input) in a total volume of 40 yL Co-
IP buffer plus 20 pL of 3X Laemmli Buffer supplemented with denaturing agent.
For the protein precipitation per se, 420 ug — 500 g of protein in 150 uL Co-IP
buffer for each experimental condition was used, as well for the control (19G).

On day 1, the main goal is to bind the beads to the respective antibodies.
A pre-clearing step was performed, where 20 yL of beads were added to each
sample and incubated for one hour at 4°C in the rotator. Afterwards, in two
microcentrifuge tubes, one for the antibody and the other for the respective 1gG,
50 uL of beads per sample were added. The beads were washed with 1 mL of
wash buffer, inverted 30 times, and placed into the magnetic holder to attach to
the microcentrifuge tubes’ wall to remove the wash buffer. This washing step was
performed three times. After, the beads were resuspended in 500 uL of wash
buffer, and the quantity of the respective antibodies, IL-7Ra (sc-514445, Santa
Cruz Biotechnology), TYK2 (sc-5271, Santa Cruz Biotechnology), and mouse
mADb IgG2a isotype control (#61656, Cell Signaling), was added accordingly to
the manufacturer’s instructions. The beads were then incubated overnight at 4°C
in the rotator.

On day 2, the main goal is to bind the protein extracts to the beads
previously incubated with the antibodies. After incubating ON, the beads were
washed three times with wash buffer and then diluted in 50 pL times the number
of samples. Next, 50uL of this mixture was added to the protein extracts, and 300
ML of Co-IP buffer was added to reach a final volume of 500 uL. The prepared

samples with the beads were incubated for 2 hours at 4°C in the rotator. After the
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incubation, the microcentrifuge tubes were placed onto the magnetic column, and
the supernatant was removed. Then, the beads were washed five times with Co-
IP buffer. Before the last washing step, the beads were transferred to a new
microcentrifuge tube, and the supernatant was removed. 60 uL of Co-IP buffer +
Laemmli Buffer 3X (without a denaturing agent) was added and homogenized
gently, followed by an incubation of 10 minutes at 70°C. The tubes were placed
in the magnetic holder, and the supernatant was collected into a new
microcentrifuge tube. The samples were frozen at -20°C, and on the day of the
WB, 0.88 uL of the reducing agent 2-3-Mercaptoethanol (Sigma) was added, and
the samples boiled at 96°C for 5 minutes.

3.12 Flow cytometry analysis in TAIL7 cells

Flow cytometry evaluation via the equipment BD Accuri C6 Plus (BD
Biosciences) was performed to assess cell viability, activation and IL-7Ra surface
expression using a Human IL-7R alpha/CD127 PE-conjugated antibody
(#FAB306P, R&D Systems) in TAIL7 cells treated with increasing concentrations
of Deucravacitinib (BMS-986165) (Selleckchem).

Cells were directly washed with FACs buffer (2% Serum PBS) at 4°C in
the 96-well plate, centrifuged for 3 minutes at 2000 RPM at 10°C, and the
supernatant was discarded. IL-7Ra staining was performed for 30 minutes at RT
and protected from light, as indicated by the manufacturer. Afterwards, another
wash cycle with FACs buffer was performed. Finally, the cells were resuspended
in 100 uL of FACs buffer and retrieved to microcentrifuge tubes for analysis.
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4 Results

4.1 Validation of TYK2 phosphorylation in TAIL7, D1 hWT IL-7R and BA/F3

hWT IL-7R cell lines.

In an effort to establish the IL-7/IL-7R signaling landscape in health and in
malignancy, our lab has been characterizing IL-7-induced protein
phosphorylation in different cell models. For this a T-ALL cell line (TAIL7), that
endogenously expresses the IL-7R, and two other cell lines, the D1 murine
thymocytes hWT IL-7R and the BA/F3 murine pro-B hWT IL-7R, which express
the IL-7R ectopically, were stimulated with IL-7 and the cells collected at different

time points after stimulation for RPPA analysis.

The phosphorylation status of 91 proteins was evaluated via RPPA. From
this phosphoproteomic approach, proteins known to be associated with the IL-7
signaling, such as STATS (Tyr694), were found phosphorylated, attesting for the
validity of the experimental approach (Figure 4.1). More interestingly, this
phosphoproteomic approach allowed us to identify the IL-7-induced
phosphorylation of proteins not yet associated with IL-7 signaling, such as TYK2.
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Figure 4.1. Heatmap of proteins phosphorylated in response to IL-7 in the different cell
lines. Reverse Phase Protein Array (RPPA) demonstrates JAK/STAT pathway players’
phosphorylation status upon IL-7 stimulation in BA/F3 hWT IL-7R, D1 hWT-IL-7R and TAIL7 cells.
* Statistical significant.
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As part of the project's initial phase, we started by validating the RPPA results,
which demonstrated TYK2 phosphorylation in response to IL-7 stimulation.

To accomplish this, we stimulated the same cell lines (TAIL7, D1 hWT IL-
7R, and BA/F3 hWT IL-7R) with IL-7 and collected the cells at increasing time
points after stimulation (Oh, 30 seconds, 1 minute, 5 minutes, 15 minutes, 30
minutes, and 8 hours) to evaluate TYK2 phosphorylation by WB analysis.

As expected and shown in Figure 4.2, stimulation of the three cell lines with
IL-7 results in the phosphorylation of STAT5. AKT activation can also be
observed in D1 hWT IL-7R and TAIL7 cells, with AKT phosphorylation levels
increasing overtime. However, in BA/F3 hWT IL-7R cells, AKT activation is not

observed.

In agreement with our RPPA results, stimulation of D1 hWT IL-7R and of
TAIL7 cells with IL-7 induced TYK2 phosphorylation (Figure 4.2. A, B). In both
cell lines, TYK2 phosphorylation was detected as early as 30 seconds upon

stimulation with IL-7 and remained induced up to 8 hours after stimulation.

As for the BA/F3 hWT IL-7R cell line, TYK2 phosphorylation was only
observed at the 8 hour time-point, and the TYK2 total protein levels varied across
the different time points. Of note, STATS phosphorylation was only detected 5
minutes upon IL-7 stimulation and so considerably later than what was expected
and observed for the other two cell lines (Figure 4.2. C).

These results confirm our RPPA data, indicating that TYKZ2 is
phosphorylated after IL-7 stimulation in the three cell lines tested.
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Figure 4.2. TYK2 IL-7-dependent phosphorylation in D1 hWT IL-7R, TAIL7 and BA/F3
hWTIL-7R cell lines. A) D1 hWT IL-7R cells were deprived of IL-7 for 16 hours and subjected to
IL-7 stimulation at 25 ng/mL for increasing time points. IL-7 stimulation induces TYK2
phosphorylation from 30 seconds up to 8h; B) TAIL7 cells were deprived of IL-7 for 24 hours and
stimulated with IL-7 at 25 ng/mL in increasing time points. IL-7 stimulation induces TYK2
phosphorylation from 30 seconds up to 8h; C) BA/F3 hWT IL-7R cells were depleted of IL-7 for
24 hours and stimulated with IL-7 at 100 ng/mL in increasing time points. IL-7 induces TYK2
phosphorylation after 8h. Western Blot analysis was performed in order to evaluate the
phosphorylation status of TYK2, and STAT5 and AKT phosphorylation as outputs for the
activation of the IL-7 signaling.
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4.2 Optimization of an IL-7/IL-7R signaling pathway ectopic model in HEK-

293T cells.

We next sought to evaluate a putative role for TYK2 in the IL-7/IL-7R
signaling pathway using as approach an ectopic model of IL-7/IL-7R signaling
pathway in HEK-293T cells, already developed at the JBarata Lab®. This cell line
doesn’t express the IL-7 pathway players, except for JAK1, which allow us to
modulate the pathway players in order to understand the role of TYK2 in the

signaling cascade.

We started by optimizing the amount of TYK2 plasmid DNA to be
transfected in the HEK-293T cell line in order to be detected by WB. We tested
the following amounts of pCMV6 XL5 TYK2 plasmid DNA: 0,05 ug, 0,1 ug, 0,2

ug and 0,4 ug.

As observed in Figure 4.3, 0,1ug of plasmid DNA was sufficient to detect
TYK2 phosphorylation and TYK2 total protein levels by WB. Of note, these cells
were not stimulated with IL-7 or co-transfected with the IL-7 pathway players.
Since the 0,1ug condition allowed for the visualization of TYK2 total protein by

WB, we proceeded with this condition for the co-transfections.

pCMV6 XL5 TYK2 optimization in HEK-293T

TYK2 TYK2 TYK2 TYK2
0,05ug 0,1ug 0,2ug 0,4ug

. . p-TYK2

| TYK2

Unt Emp

134 kDa

actin
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Figure 4.3. pCMV6 XL5 TYK2 plasmid DNA optimization for HEK-293T cells transfection.
HEK-293T cells were transfected with increasing concentrations of the construct TYK2 pCMV6
XL5 in order to optimize its quantity for future transfections.
Unt — Untransfected; Emp — Empty constructs.
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To evaluate the impact of TYK2 on IL-7 signaling pathway using this
model, we co-transfected HEK-293T cells with the different IL-7 signaling players
(IL-7Ra chain, common y chain, JAK3, and STATS, not endogenously expressed
by these cells) and, in some experimental conditions, with TYK2. JAK1, known to
be expressed by these, was not co-transfected®s. All conditions were stimulated
with IL-7 at a concentration of 50 ng/mL for fifteen minutes.

As shown in Figure 4.4, the correct operation of the system can be
observed through the detection of p-STAT5 upon IL-7 stimulation. Noteworthy,
co-transfection with TYK2 results in STATS phosphorylation in the absence of IL-
7 stimulation. These phosphorylation levels are nonetheless further increased

upon IL-7 stimulation.

Regarding TYKZ, the protein displays phosphorylation prior to stimulation,
as previously observed in the optimization process (Figure 4.3). However, the
phosphorylation levels increase upon stimulation with IL-7 (Figure 4.4).
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Figure 4.4. Evaluation of TYK2 in HEK-293T IL-7/IL-7R signaling pathway ectopic model.
HEK-293T cells were co-transfected with the different IL-7 pathway players and TYK2 and
stimulated with IL-7 for fifteen minutes at 50 ng/mL. L-7 induces TYK2 phosphorylation in HEK-
293T IL-7/IL-7R signaling pathway ectopic model.

Unt —Untransfected E —Empty constructs

We attempted to visualize the phosphorylation status of JAK1 and JAK3
but failed to obtain reliable results. Precise WB bands were unobservable, and
despite different conditions were tested (shown in Table 3.1 in the Methods

section), the outcome was still unsatisfactory (data not shown). Nonetheless, with
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this experiment, we were able to demonstrate that TYKZ2 is responsive to IL-7
stimulation in this ectopic model.

4.2.1 Evaluation of JAK1 and JAKS3 activation in the HEK-293T IL-7/IL-7R

signaling pathway ectopic model

We were puzzled by the inability to detect the phosphorylation status of
JAK1 and JAK3 and questioned if the 15 minute time point at which the
phosphorylation levels were being analyzed was indeed the best one to observe
the activation of these proteins. Thus, we conducted a kinetic experiment in which
the HEK-293T cells were stimulated with IL-7 and cells retrieved at increasing

time points.

As shown in Figure 4.5, although STATS activation was detected within 5
minutes after stimulation (with clearer results at 15 minutes), phosphorylation of
JAK1 and JAK3 was not observed (Figure 4.6).

IL-7 pathway players
IL-7

Unt. E Oh 157 307 1 5 15 30’

90 kDa S W D STATS

L R ——
44KDa | w— --“‘--‘- B-actin

IL-7 pathway players + TYK2
IL-7
Unt. E Oh 15” 30” 1 5 15’ 30

90 kDa —— e w— W a5

- T IRWWEWWE
44 kDa ” - -' TTeee

Figure 4.5. STAT5 phosphorylation in kinetic experiment using HEK-293T IL-7/IL-7R
signaling pathway ectopic model. HEK-293T cells were transfected with IL-7 pathway players
(IL-7Ra, common y chain, JAK3, and STAT5) and co-transfected with TYK2. Cells were
stimulated with IL-7 at 50 ng/mL at increasing time points. Western blot analysis of the
phosphorylation status of STAT5 was performed. TYK2 overexpression in HEK-293T induces
earlier STAT5 phosphorylation.

Unt —Untransfected; E —Empty constructs.
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These results were unexpected. Since these proteins interact directly and
very closely in time in this signaling cascade, we would expect their activation to

occur (and be detected) at approximate time points.
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Figure 4.6. JAK1 and JAK3 phosphorylation kinetic experiment using HEK-293T IL-7/IL-7R
signaling pathway ectopic model. HEK-293T cells were co-transfected with IL-7 pathway
players (IL-7Ra, common y chain, JAK3, and STAT5) and with TYK2. Cells were stimulated with
IL-7 at 50 ng/mL at increasing time points. Western blot analysis of the phosphorylation status of
JAK1 and JAK3 was performed. JAK1 and JAK3 phosphorylation was not detected at any of the
time-points tested and with TYK2 overexpression.

Unt — Untransfected; E —Empty constructs.

Noteworthy, co-transfection with TYK2 impacted the kinetic of STAT5
phosphorylation, inducing faster and increased levels upon IL-7 stimulation
(Figure 4.5). However, we still couldn’t observe the phosphorylation of JAK1 or
JAKS in the TYK2 overexpression condition (Figure 4.6).
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With this experiment, we concluded that the lack of detectable levels of
phosphorylated JAK1 and JAK3 was not related to the time point at which cells
were being analyzed. Thus, since STATS5, our readout for the activation of the IL-
7 signaling pathway, was clearly phosphorylated at the 15 minute time point in
both conditions with and without TYK2, we kept using this time point for the

following experiments.

4.3 Evaluation of TYK2 role in the IL-7 signaling pathway

Since TYK2 is a Janus kinase, like JAK1 and JAK3, we wondered if TYKZ2
could have a role in the IL-7 signaling pathway similar to the one performed by
JAK1 and/or JAK3, which would result in its phosphorylation downstream of IL-7
stimulation. To address this, we sought of using the HEK-293T IL-7/IL-7R
signaling pathway ectopic model validated above, to test the impact of TYK2
overexpression when combined with either JAK1 or JAK3. More precisely, to test
the impact of TYKZ2 in the IL-7 signaling pathway when combined: with JAK1 in
the absence of JAK3; with JAKS in the absence of JAK1; and in the absence of
both JAK1 and JAKS.

In order to proceed with our experiment, we set out to generate a HEK-
293T cell line knockdown for JAK1 since it is expressed endogenously by these
cells. As for JAKS, since it is not expressed by HEK-293T cells, it could be simply
removed from the co-transfections of the IL-7 signaling players.

4.3.1 Generation of a HEK-293T cell line knockdown for hJAK1

To create a HEK-293T knockdown for JAK1, we used shRNAs against the
human JAK1 variant 1 gene. A shRNA scramble sequence (shSCR) was used

as control.

HEK-293T cells were transduced with a shSCR and 3 different shRNAs
against the hJAK1 variant 1 gene (shJAK1 A, shJAK1 B, and shJAK1 C). The

cells were then expanded and sorted for mCherry, the reporter gene for positively
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transduced cells (Figure 4.7), in order to obtain a pure population of mCherry

positive cells.

shSCR shJAK1 A
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mCherry
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Figure 4.7. Gating strategy for mCherry sorting of HEK-293T cells transduced with sh
RNAs for hJAK1. Cells were sorted for mCherry via FACSAria Fusion.

In order to verify the efficiency of knockdown by the shRNAs, we evaluated
JAK1 mRNA levels by RT-gPCR and JAK1 protein levels by WB.

As demonstrated in Figure 4.8, all shRNAs induced a knockdown of at
least 74% at the mRNA level, with shJAK1 B being the most efficient sShRNA,
inducing a knockdown of approximately 84%. In what regarded JAK1 protein
levels, shJAK1 C showed the lowest levels.

Thus, we decided to proceed with our experiments using both shJAK1 B
and shJAK1 C cell lines together with shSCR cell line as the control.
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Figure 4.8. Relative gene expression and protein levels of JAK1 in HEK-293T cells
transduced with shRNAs for hJAK1. Relative gene expression was evaluated by RT-PCR and
normalized to shSCR condition. Protein expression was evaluated via Western Blot.

293T WT - HEK-293T cells untransduced.

4.3.2 Evaluation of TYK2 role in the IL-7 signaling pathway in the absence

of JAK1, JAKS or both

After establishing the new cell lines, we transfected the HEK-293T shSCR,
HEK-293T shJAK1 B, and HEK-293T shJAK1 C with the conditions depicted in
Figure 4.9. This experiment had three main goals:

1) To evaluate if TYK2 can replace JAK1 in the IL-7 signaling. The three cell
lines were transfected with the different IL-7 pathway players and co-
transfected with TYKZ2.

2) To evaluate if TYK2 can replace JAKS in the IL-7 signaling. The three cell
lines were transfected with the different IL-7 pathway players except for
JAKS and co-transfected with TYK2.
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3) To evaluate if TYK2 can replace both JAK1 and JAK3. The three cell lines
were transfected with the different IL-7 pathway players except for JAK3
and co-transfected with TYK2.

All of the experimental conditions were stimulated with IL-7 at 50 ng/mL
for 15 minutes. WB analysis of IL-7 signaling downstream effectors was
performed, and all blots were exposed simultaneously and equally in time to be
comparable among experimental conditions. Some blots were exposed for more

time to visualize the signal better.

HEK-293T shSCR HEK-293T shJAK1 B and C HEK-293T shSCR HEK-293T shJAK1 B and C
”5;12?: C\ ‘ yc chain I;Za?: c ) yc chain "(;"11?# { yc chain It'-;‘l?: yc chain
-/+IL-7

-/+ ( TYK2

Figure 4.9. Schematic illustration of the conditions used in HEK-293T shSCR, shJAK1 B
and shJAK1 C transfections to understand the role of TYK2 in the IL-7 signaling pathway.
In all of the conditions, TYK2 was co-transfected to understand if it can replace the “missing” JAK.
All of the conditions were unstimulated and stimulated with IL-7.

Image was created in BioRender.com.

As shown in Figure 4.10 A, IL-7 stimulation of shSCR cells transfected with
all the IL-7 pathway players elicits an increase in STATS phosphorylation,
indicating successful signaling (see higher exposure blot). Although a higher
exposure blot is necessary to observe p-STATS in the control condition (shSCR)

there is an increase of about 2.65 fold after stimulation (Figure 4.10 B).

It is worth noting that in shJAK1 B and shJAK1 C cells, despite the low
JAK1 protein levels (Figure 4.10 A), IL-7 stimulation results in the phosphorylation
of STATS, although at lower levels in comparison with shSCR (Figure 4.10 B).
The cell line shJAK1 B has an IL-7-induction fold of 1.42 and the shJAK1 C of
1.16. This result is consistent with IL-7 signaling being compromised in the
absence of JAK1. Curiously, we further observed that JAK1 knockdown results
in increased basal p-STATS levels (Figure 4.10 A and Figure 4.14).
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Figure 4.10. IL-7 signaling in the new HEK-293T cell lines with knockdown for JAK1. (A)
Western blot analysis of cells transfected with the IL-7 pathway players (IL-7Ra chain, common
y chain, JAK3, and STAT5) and stimulated with IL-7 at 50 ng/mL for fifteen minutes. In order to
better visualize p-STAT5 and TYK2, a higher exposure time was done. (B) Protein quantification
analysis of p-STATS5 levels via Imaged. p-STAT5 levels were normalized to total protein levels
and then for B-actin. All conditions were normalized to each unstimulated condition. IL-7
stimulation induces STAT5 activation in JAK1 knockdown HEK-293T cells.

C+ - Positive Control for p-JAK1 (HPB-ALL cells stimulated with IL-7 at 50 ng/mL for fifteen
minutes); Unt SCR — Untransfected HEK-293T shSCR cells; Emp SCR — HEK-293T shSCR cells
transfected with empty constructs.
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The introduction of TYK2 into the system, as depicted in Figure 4.11 A,
results in an enhancement of STATS5 basal phosphorylation in the three cell lines
(Figure 4.14). Moreover, in the cell lines HEK-293T shSCR and shJAK1 B,
STATS activation increased upon IL-7 stimulation, with a fold change of 1.30 and
1.19, respectively. Regarding the shJAK1 C cell line, there isn’t a push when the
cytokine is introduced, as observed in Figure 4.11 A and B.

Furthermore, as shown in Figure 4.11 A and C, TYK2 overexpression
leads to increased basal levels of p-JAK1 and an increase in the phosphorylation
levels of JAK1 in response to IL-7 in all three cell lines. However, in the shSCR
cell line, the push is more prominent. The reduced response to IL-7 in the cell
lines shJAK1 B and shJAK1 C may be due to the high levels of basal p-JAK1
(Figure 4.15).

TYK2 co-transfection (Figure 4.11 A) results in its basal phosphorylation
in shSCR and shJAK1 B cell lines, in which stimulation with IL-7 induces a push.
In the shJAK1 C cell line, TYK2 basal phosphorylation is also enhanced, but it
doesn’t increase with IL-7.

Although the low STATS activation in the shJAK1 B cell line and the
absence of it in shJAK1 C could suggest that TYK2 can’t replace JAK1 in the IL-
7 signaling pathway, our results are difficult to interpret and to make a final
conclusion regarding TYK2’s ability to perform JAK1’s role. First, because we
observe that TYK2 leads to an exacerbated activation of the remaining levels of
JAK1 in the knockdown cell lines, which can mask our results in what concerns
the exact role of TYK2. Second, the reduction of JAK1 endogenous levels
increases STATS basal phosphorylation, which can result in reduced STATS IL-
7-dependent activation. Taken together these considerations, it would be
necessary in future experiments to do a knockout of JAK1 in this model.
Nonetheless, our results show that TYK2 overexpression leads to increased p-
STATS basal levels and JAK1 activation, independently of JAK1 levels.
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Figure 4.11. IL-7 signaling with TYK2 overexpression in the new HEK-293T cell lines with
knockdown for JAK1. (A) Western blot analysis of cells transfected with the IL-7 pathway
players (IL-7Ra chain, common y chain, JAK3, and STAT5) and TYK2 and stimulated with IL-7 at
50 ng/mL for fifteen minutes. (B) Protein quantification analysis of p-STATS levels via ImageJ. p-
STATS5 levels were normalized to total protein levels and then for B-actin. All conditions were
normalized to each unstimulated condition. (C) Protein quantification analysis of p-JAK1 levels
via Imaged. p-JAK1 levels were normalized for B-actin. All conditions were normalized to each
unstimulated condition. TYK2 increases basal STAT5 phosphorylation and JAK1 activation in
response to IL-7 in the presence of low levels of JAK1.

C+ - Positive Control for p-JAK1 (HPB-ALL cells stimulated with IL-7 at 50 ng/mL for fifteen

minutes); Unt B — Untransfected HEK-293T shJAK1 B cells; Emp SCR — HEK-293T shJAK1 B

cells transfected with empty constructs.
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Surprisingly, when JAK3 is not introduced into this system, it's possible to
observe STATS activation in the shSCR condition, where JAK1 is fully present
(Figure 4.12, higher exposure blot). This result is intriguing because the IL-7
pathway requires JAK3 to induce signaling®®, and according to the Human Protein
Atlas, HEK-293 cells don’t have JAK3 mRNA transcripts''?. Nonetheless, in the
absence of ectopic expression of JAK3 and in the presence of low levels of JAK1,
as expected and observed in Figure 4.12, in shJAK1 B and shJAK1 C conditions,
there is no response to IL-7 in what regards STAT5 and JAK1 activation.

IL-7 pathway players
- JAK3
Unt Emp
sh SCR shJAK1 B shJAKIC C+ c c
- + - + - + + - - IL-7
130 kDa - ; p-JAK1
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90 kDa -— p-STATS
Higher exposure —— . . . p-STATS
R R STAT5
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- TYK2
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Figure 4.12. IL-7 signaling in the absence of JAK3 in the new HEK-293T cell lines with
knockdown for JAK1. Western blot analysis of cells transfected with the IL-7 pathway players
(IL-7Ra chain, common y chain, and STAT5) and stimulated with IL-7 at 50 ng/mL for fifteen
minutes. In order to better visualize p-STAT5, a higher exposure time was done. Reduced p-
STATS levels in the absence of JAK3 in response to IL-7 in the HEK-293T shSCR cells.

C+ - Positive Control for p-JAK1 (HPB-ALL cells stimulated with IL-7 at 50 ng/mL for fifteen
minutes); Unt SCR — Untransfected HEK-293T shJAK1 C cells; Emp SCR — HEK-293T shJAK1
C cells transfected with empty constructs.
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Adding TYK2 to this system without JAK3 ectopic expression leads to an
increase in basal p-STATS5 levels both in shSCR and shJAK1 B and C cells
(Figure 4.13 A and Figure 4.14). Moreover, p-STATS levels are further increased
upon IL-7 stimulation. A 1.25 fold increase in the shSCR cell line and a 1.33 fold
increase in the shJAK1 B and C cell lines (Figure 4.13 B) can be observed in
response to IL-7. However, with JAK1 normal levels (shSCR cell line), STATS
activation happens at a lower extent when compared to the control condition
(Figure 4.14 shSCR IL-7 signaling) since the basal levels are enhanced.

Furthermore, co-transfection of TYKZ2Z in the absence of JAK3, also
exacerbated JAK1 activation in response to IL-7, in the three cell lines, and p-
JAK1 basal levels in the shJAK1 C cell line (Figure 4.13). Moreover, TYK2
activation in the presence of IL-7 also occurred, but only in the shSCR and
shJAK1 B cell lines. In the shJAK1 C cell line, this absence of activation may be
due to the high basal phosphorylation of TYK2.

Taken together, our results could suggest that in the absence of JAKS,
TYK2 co-transfection restores IL-7 signaling, even if lower than the control
condition (Figure 1.14), indicating that TYK2 is able to replace JAK3 in the IL-7
signaling pathway. However, the major drawback is the fact that even in the
absence of JAK3, we observed STATS activation and, as such, we can't
determine if TYK2 is the only factor inducing signaling activation.

Regarding TYKZ2's ability to perform JAK1 and JAK3’'s function
simultaneously, we also can’t make any conclusions. Even though co-
transfecting TYKZ2 induces signaling, determined by STATS activation, in the cell
lines shJAK1 B and C without JAKS ectopic expression (Figure 4.12 A and B),
we still have JAK1 endogenous levels, which activation is exacerbated by TYK2
co-transfection. As such, we can’t confirm if the activation of the signaling is solely

due to the presence of TYK2, or due to the remaining levels of JAK1.
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Figure 4.13. IL-7 signaling in the absence of JAK3 and with TYK2 ectopic expression in the
new HEK-293T cell lines with knockdown for JAK1. (A) Western blot analysis of cells
transfected with the IL-7 pathway players (IL-7Ra chain, common y chain, and STAT5) and TYK2
and stimulated with IL-7 at 50 ng/mL for fifteen minutes. (B) Protein quantification analysis of p-
STATS levels via Imaged. p-STATS levels were normalized to total protein levels and then for j3-
actin. All conditions were normalized to each unstimulated condition. (C) Protein quantification
analysis of p-JAK1 levels via Imaged. p-JAK1 levels were normalized for B-actin. All conditions
were normalized to each unstimulated condition. TYK2 overexpression in HEK-293T shJAK1 cells
in the absence of JAK3 leads to higher basal p-STAT5 and JAK1 activation.

C+ - Positive Control for p-JAK1 (HPB-ALL cells stimulated with IL-7 at 50 ng/mL for fifteen
minutes.

61



Although the experiments above do not allow us to conclude if TYK2 can
replace JAK1 or JAKS in the IL-7 signaling pathway, we showed nonetheless that
TYK2 can exacerbate the activation of proteins of the IL-7 pathway. We show
that TYKZ2 has the ability to increase p-STATS basal levels independently of JAK1
or JAK3 (Figure 4.14) Moreover, it also enhanced JAK1 basal and IL-7-
dependent phosphorylation levels, which was also independent of JAK1 levels

and JAKS ectopic expression (Figure 4.15).
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Figure 4.14. p-STAT5 quantification in all experimental conditions. Protein quantification
analysis of p-STATS5 levels via Imaged. p-STAT5 levels were normalized to total protein levels
and then for B-actin. All conditions were normalized to shSCR IL-7 signaling (control).
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Figure 4.15. p-JAK1 quantification in all experimental conditions. Protein quantification
analysis of p-JAK1 levels via ImageJ. p-JAK1 levels were normalized to B-actin. All conditions
were normalized to shSCR IL-7 signaling (control).

4.3.2.1 Evaluation of endogenous TYK2 role in the activation of IL-7

signaling in the absence of JAK3

The previous results showed that even in the absence of ectopic JAKS,
there was a response to IL-7, as observed in Figure 4.12. This finding contradicts
the literature, which shows that JAK3 is crucial for IL-7-mediated signaling®®.
Furthermore, we noted that the HEK-293T shSCR cell line has TYK2 endogenous
levels (Figure 4.12). Based on these observations, we hypothesized that the
TYKZ2 endogenous levels may be able to activate the pathway in the absence of
JAK3 in HEK-293T shSCR cells.

In order to evaluate our hypothesis, the HEK-293T shSCR cell line was
transfected with the IL-7 pathway players, without and with JAKS3, and TYK2
endogenous activity was inhibited with Deucravacitinib, a specific TYK2

inhibitor!93,
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As shown in Figure 4.16, IL-7 induces STATS activation in the control
conditions (DMSO), indicating that our experiment is working. When all the
players in the IL-7 pathway are present, and endogenous TYK2 is inhibited,
STATS activation still occurs, though to a lower extent.

When ectopic JAKS isn’t present, STATS activation after IL-7 stimulation
is observed, as previously observed in Figure 4.12 in Chapter 4.3.2. Upon
treatment with the TYK2 inhibitor, phosphorylation of STATS is no longer
visualized in basal and IL-7-stimulated conditions in the absence of JAK3, as
shown in Figure 4.16. These results strongly suggest that TYK2 endogenous
levels are responsible for STATS activation when JAK3 is absent from the

signaling.
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Figure 4.16. Evaluate if TYK2 endogenous levels are responsible for STAT5 activation in
response to IL-7 in the absence of JAK3. HEK-293T shSCR cell line was transfected with IL-
7Ra chain, common y chain and STAT5 and, after 24 hours, treated with Deucravactinib. The
cells were stimulated with IL-7 at 50 ng/mL for fifteen minutes, 48 hours after the transfection.
Results suggest that TYK2 endogenous levels are responsible for STAT5 activation in response
to IL-7 in the absence of JAK3. HPB-ALL cells were stimulated with IL-7 at 50 ng/mL for 15
minutes and used as a positive control; Untransfected — HEK-293T shSCR cell line untransfected;
Empty — HEK-293T shSCR cell line transfected with empty constructs.
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We were unable to detect p-TYK2 or p-JAK1 with the given exposure time,
as demonstrated in Figure 4.17. Nevertheless, total protein levels were present.
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Figure 4.17. TYK2 and JAK1 expression in HEK-293T shSCR treated with Deucravacitinib.
HEK-293T shSCR cell line was transfected with the IL-7Ra chain, common vy chain, and STAT5
and, after 24 hours, treated with Deucravactinib. The cells were stimulated with IL-7 at 50 ng/mL
for fifteen minutes 48 hours after the transfection.

HPB-ALL cells were stimulated with IL-7 at 50 ng/mL for 15 minutes and used as a positive
control; Untransfected — HEK-293T shSCR cells untransfected; Empty — HEK-293T shSCR cells
transfected with empty constructs.

4.4 Evaluation of TYK2 association with the IL-7R complex in HEK-293T

model

In order to ascertain the association between TYK2 and the IL-7R
complex, we conducted a transfection of HEK-293T cells with the various players
of the IL-7 pathway, with or without TYK2. We then proceeded to

immunoprecipitate the IL-7Ra chain.

As shown in Figure 4.18, the immunoprecipitation of the IL-7Ra chain was

successful, as determined by the band below 76 kDa (indicated by the black
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arrow). Moreover, the IL-7R heterodimer was also precipitated, evidenced by the
upper band ranging from 76 to 102 kDa (indicated by an orange arrow).

With the regular signaling pathway players (Figure 4.18, upper panel), it's
possible to visualize JAK1, and JAK3 associated with the IL-7R. Moreover, it's
also possible to visualize the presence of endogenous TYK2, associated with the
IL-7R complex (yellow arrow).

Upon co-transfection of TYK2 (Figure 4.18, lower panel), the association
of TYK2 to the IL-7R complex is again observed, including in the IL-7 stimulation
condition. Curiously, the presence of JAK3 associated with the IL-7R complex is
no longer evident with TYK2 co-transfection.

Of note, all of the detected proteins associated with the IL-7R had a lower
signal when the cells were stimulated with IL-7.
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Figure 4.18. IL-7Ra chain immunoprecipitation in HEK-293T IL-7/IL-7R signaling pathway
ectopic model. Immunoprecipitation of the IL-7Ra chain was performed in HEK-293T cells
transfected with the different players of the IL-7 pathway (upper panel) and with TYK2 (bottom
panel). Both conditions were unstimulated and stimulated with IL-7 at 50 ng/mL for fifteen minutes.
The yellow arrow indicates TYK2 and the red arrow JAK3. The black arrow indicates the IL-7R
heterodimer and the orange arrow the IL-7Ra chain. Input is characterized by 10 ng and 30 ug
total protein extracts, respectively. TYK2 is found in association with the IL-7R complex.
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To validate these results, TYK2 immunoprecipitation was performed next,
and the association with IL-7R was evaluated. TYK2 immunoprecipitation was

successful in both experimental conditions, as observed in Figure 4.19.

With the regular signaling pathway players (Figure 4.19, upper panel), it's
possible to observe the IL-7Ra chain in the total protein extracts in the input,
represented by the band below 76 kDa. The IL-7R heterodimer is also present in
the input, represented by the band between 76 kDa and 102 kDa. Curiously, in
the TYK2 immunoprecipitated condition, the molecular weight of the IL-7Ra chain
seems to be higher than the band observed in the input, closer to the 76 kDa
marker, suggesting a possible conformational change (orange arrow). In what
regards JAK1 and JAK3, we observed that JAK1 is associated with TYK2 after
IL-7 stimulation, and JAKS is only present in the input before stimulation.

By co-transfecting TYK2 (Figure 4.19, lower panel), the same changes in
the molecular weight of the IL-7Ra, are found in the immunoprecipitation
condition. JAK1 is observed in association with TYKZ2 in both IL-7 stimulated and
unstimulated conditions, and JAK3 remains unassociated.
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Figure 4.19. TYK2 immunoprecipitation in HEK-293T IL-7/IL-7R signaling pathway ectopic
model. Immunoprecipitation of TYK2 was performed in HEK-293T cells transfected with the
different players of the IL-7 pathway (upper panel) and with TYK2 (lower panel). Both conditions
were unstimulated and stimulated with IL-7 at 50 ng/mL for fifteen minutes. The black arrow
indicates the IL-7R heterodimer and the orange the IL-7Ra. Input is characterized by 10 ug and
30 pg total protein extracts, respectively. IL-7R complex is found in association with TYK2.

Our results show that, in this HEK-293T IL-7/IL-7R signaling pathway

ectopic model, TYK2 is associated with the IL-7R complex.
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4.5 Evaluation of TYK2 association with the IL-7R complex in HEK-293T

model, in the absence of JAK1 and JAK3

Since TYK2 showed an association with the IL-7R complex, we sought to
understand if altering the presence of JAK1 or JAK3 would impact TYKZ2's
interaction with the complex. For this, the experimental setting used in Chapter
4.3.2 was performed, but only using the HEK-293T shSCR and HEK-293T
shJAK1 C cell lines.

First, the shJAK1 C cell line was transfected with all the IL-7 pathway
players and then co-transfected with TYK2, to evaluate if there were differences
in TYK2's association with the IL-7R complex in the presence of low levels of
JAK1 protein. Subsequently, IL-7Ra immunoprecipitation was conducted in

unstimulated and stimulated cells.

In the condition with the IL-7 pathway players (Figure 4.20, upper panel),
the IL-7Ra chain was effectively precipitated. However, the heterodimer band
(represented by the black arrow) is much weaker than in the previous
precipitations (e.g. Figure 4.18, upper panel). Moreover, in this condition, TYK2
doesn’t show an association with the IL-7R, and it is only found in the input.

With the co-transfection of TYK2 and by comparing the upper panel with
the lower panel in Figure 4.20, it is possible to observe that the heterodimer band
of the receptor is more prominent than before. Moreover, JAK3's association with
the receptor increases when TYK2 is co-transfected. This observation was only
made with JAK1 lower levels and was not found in the immunoprecipitations with
JAK1 normal endogenous levels (Figure 4.18). Regarding TYK2's association
with the IL-7R with lower JAK1 levels, there is a slight signal.
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Figure 4.20. IL-7Ra chain immunoprecipitation in HEK-293T JAK1 knockdown cells.
Immunoprecipitation of the IL-7Ra chain in the HEK-293T shJAK1 C cell line transfected with the
IL-7 pathway players (upper panel), and with TYK2 (lower panel). Both conditions were
unstimulated and stimulated with IL-7 at 50 ng/mL for fifteen minutes. The black arrow indicates
the IL-7R heterodimer, and the orange arrow indicates the IL-7Ra. chain. Input is characterized
by 10 ug and 30 ug total protein extracts, respectively.

Regarding the removal of JAKS from the IL-7 pathway, in the condition with
the normal players (Figure 4.21 upper panel), the IL-7Ra chain
immunoprecipitation was successful, as determined by the presence of the band
below 76 kDa and the second band between 76 kDa and 102 kDa, indicating the

heterodimer. However, TYK2 wasn't found associated with the IL-7R.
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In the condition with ectopic TYK2, the IL-7Ra chain and the IL-7R
heterodimer immunoprecipitation were also successful, as shown in Figure 4.21
lower panel. Nonetheless, TYK2 was once again not found associated with the
precipitated proteins, and we were not able to observe JAK1 or STAT5
associated with the IL-7R complex. This suggests that JAK3 may be necessary
for assembling the IL-7R complex, as neither JAK1 nor STATS were present in
the precipitate condition and could explain why TYK2 is not associated to the

complex in these conditions.

IL7R immunoprecipitation in HEK-293T shSCR
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Figure 4.21. IL-7Ra chain immunoprecipitation in HEK-293T model in the absence of JAK3.
Immunoprecipitation of the IL-7Ra chain in the HEK-293T shSCR cell line transfected with the IL-
7 pathway players, except for JAK3 (upper panel) and with TYK2 (lower panel). Both conditions
were unstimulated and stimulated with IL-7 at 50 ng/mL for fifteen minutes. The black arrow
indicates the IL-7R heterodimer and the orange arrow the IL-7Ra chain. Input is characterized by
10 nug and 30 pg total protein extracts, respectively.
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Our results showed that in the absence of JAK3, TYK2 is not associated
with the IL-7R. In what regards JAK1 lower levels, TYK2 has a weak association.
However, we cannot discard the possibility that for the IL-7R complex to
assemble, it requires JAK1 and JAKS, and this could be the reason why TYKZ2 is
not found in the absence of these two proteins.

4.6 Evaluation of TYK2 association with the IL-7R complex in TAIL7 cells

We also attempted to evaluate the association between TYK2 and the IL-
7R complex in the T-ALL cell line TAIL7, which expresses IL-7R endogenously,
by immunoprecipitating the IL-7Ra.

Our results showed that only the IL-7Ra chain was precipitated instead of
the usual IL-7Ra chain and heterodimer, as previously demonstrated in other
immunoprecipitation experiments (Figure 4.22). In concordance with the
heterodimer not being precipitated, JAK3, which binds to the common y chain,
was not observed in the immunoprecipitated condition. Of note, it was also absent
in total protein extracts, represented in the “input” condition in Figure 4.22.
Additionally, the presence of TYK2Z was only observable in the input of the

stimulated condition at very low levels.

These results demonstrate that the IL-7R complex was not precipitated,
as JAKS and the heterodimer aren’t detected. Moreover, TYK2 was not detected
either, which may suggest that, in the IL-7R complex, TYK2 does not associate
with the IL-7Ra chain.
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Figure 4.22. IL-7R immunoprecipitation in TAIL7 cell line. TAIL7 cells were deprived of IL-7
for 24h and afterwards stimulated with IL-7 at 50 ng/mL for fifteen minutes. Immunoprecipitation
of the IL-7Ra chain was attempted. Input is characterized by 10 png and 30 ng total protein
extracts, respectively.

4.7 Evaluation of TYK2 inhibition biological impact in TAIL7 cells

In order to evaluate the biological role of TYKZ2 in IL-7-dependent T-ALL
cells, TAIL7 cells were treated with increasing concentrations of Deucravacitinib,
and cell viability, activation, and IL-7R surface expression were assessed.

TAIL7 cells require IL-7 for their survival. For instance, when these cells
are cultured without the cytokine for 24 hours, 50% of the population dies.
However, upon stimulation with IL-7, their viability increases®. Thus, to
understand if TYK2 has a role in IL-7-dependent viability in T-ALL cells, we inhibit

TYKZ2 and evaluated its impact in IL-7 induced cell viability.

However, the control condition (DMSOQO) in Figure 4.23 shows no major
increase after IL-7 stimulation. This indicates that the time-point (72h) at which
the cells were collected, and their viability was assessed, was not the appropriate
one, and a longer time-point should be considered to observe alterations in the

viability.
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Figure 4.23. Viability assay in TAIL7 cells treated with Deucravacitinib. This experiment was
performed once. The cells were deprived of IL-7 for 24 hours, then treated with increasing
concentrations of Deucravacitinib (50 nM, 100 nM, 250 nM and 500 nM), and stimulated with IL-
7 at 20 ng/mL. For the vehicle condition, the volume applied was the same as the highest
concentration from the inhibitor (500 nM). Cells were microscopically evaluated 24 hours and 48
hours upon treatment with TYK2 inhibitor and IL-7 stimulation, and then collected at 72 hours for
flow cytometry analysis. Graphics were made in GraphPad.

Another objective was to understand if inhibiting TYK2 would affect TAIL7
activation. TAIL7 activation occurs in the presence of IL-7, and it leads to an
increase in cell size, which can be analyzed by flow cytometry using SSC and
FSC parameters®. As shown in Figure 4.24, activated TAIL7 cells correspond to

the subpopulation gated within Live cells.
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Figure 4.24. Flow cytometry analysis of TAIL7 activation.
Plot on the left are TAIL7 cells in the DMSO condition. Plot on the right are TAIL7 cells in DMSO
condition stimulated with IL-7.
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As we can appreciate in Figure 4.25, IL-7 induces TAIL7 activation in the
DMSO condition. We couldn't perform statistical tests because the experiment
was performed only once, corresponding the error bars to the three technical
replicates done for each condition. Nonetheless, we can appreciate that the
activation fold induced by IL-7 is lower at the highest concentration of the inhibitor
(1.225) when compared to the DMSO control condition (1.368). The results
suggest a tendency for lower IL-7 activation of TAIL7 cells when TYK2 is
inhibited. However, this needs to be confirmed with new experiments and

assessed at later time points and possibly higher concentrations of the inhibitor.

TAIL7
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Figure 4.25. Activation assay in TAIL7 cells treated with Deucravacitinib. This experiment
was performed once. The cells were deprived of IL-7 for 24 hours, then treated with increasing
concentrations of Deucravacitinib (50 nM, 100 nM, 250 nM, and 500 nM), and stimulated with IL-
7 at 20 ng/mL. For the vehicle condition, the volume applied was the same as the highest
concentration from the inhibitor (500 nM). Cells were microscopically evaluated 24 hours and 48
hours upon treatment with TYK2 inhibitor and IL-7 stimulation, and then collected at 72 hours for
flow cytometry analysis. For each condition, three technical replicates were performed.

The values above the columns represent the fold change between conditions. Graphics were
made in GraphPad.

TAIL7 cells suffer receptor internalization after IL-7 stimulation, which is
necessary for IL-7-mediated signaling and cell activation®®. As such, IL-7R
surface expression was also evaluated in order to understand if TYK2 inhibition

could be functionally associated with the receptor membrane levels.
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As shown in Figure 4.26 in the DMSO condition, stimulating the cells with
IL-7 led to a decrease in IL-7R surface expression, indicating that our experiment
worked.

Figure 4.26 shows a clear tendency for the receptor membrane levels to
decrease as the concentration of the inhibitor becomes higher in the presence of
IL-7. In fact, the difference in fold change between the DMSO condition (0,509)
and the 500 nM condition (0,364) was 0,145.

Different hypotheses can be formulated regarding TYKZ2's role in the
membrane receptor levels. One of them could be that TYK2 is stabilizing the
receptor in the membrane, and its inhibition results in impaired receptor
membrane levels in the presence of IL-7. The second could be that TYK2
participates in the recycling route of the receptor, as signaling activation induces
receptor internalization and either results in receptor recycling or degradation.
TYK2 inhibition could impair the recycling pathway and decrease the membrane
levels, moreover, this would explain why this phenomenon only occurs in the
presence of IL-7. The third hypothesis could be that TYKZ2 inhibition could even

induce a faster internalization.
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Figure 4.26. IL-7TR surface expression evaluation in TAIL7 cells treated with
Deucravacitinib. This experiment was performed once. The cells were deprived of IL-7 for 24
hours, then treated with increasing concentrations of Deucravacitinib (50 nM, 100 nM, 250 nM
and 500 nM), and stimulated with IL-7 at 20 ng/mL. For the vehicle condition, the volume applied
was the same as the highest concentration from the inhibitor (500 nM). Cells were microscopically
evaluated 24 hours and 48 hours upon treatment with TYK2 inhibitor and IL-7 stimulation, and
then collected at 72 hours for flow cytometry analysis. For each condition, three technical

replicates were performed.
The values above the columns represent the fold change between conditions. Graphics were

made in GraphPad.

This experiment needs to be repeated as it was only performed once.
Nonetheless, it allowed us to evaluate where optimization needs to be performed
and also make certain observations. Despite our viability assay didn’t show an
increase in cell viability in the presence of IL-7, we were able to observe changes

regarding cell activation and IL-7R surface expression.

Our findings demonstrate a slight decrease in TAIL7 activation at the
highest inhibitor concentration. Similarly, when evaluating IL-7R surface
expression, there was a tendency for the IL-7R membrane levels to reduce as

the inhibitor concentration increased, but only in the presence of IL-7.

From this experiment, we were also able to detect parameters that require
optimization. The first is to use in future experiments a higher time point, such as
96 hours or 120 hours, even though at the 72-hour time point, alterations in the
viability should start to be observable, according to the literature®®. Moreover, as
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the activation results only suggest alterations with the highest inhibitor
concentration, it would be helpful to increase the concentrations of

Deucravacitinib.
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5 Discussion

T-cell acute lymphoblastic leukemia is a subgroup of acute lymphoblastic
leukemia, the most common childhood cancer, accounting for 15% of pediatric
and 25% of adult cases®*. T-ALL results from the malignant transformation and
expansion of T-cell progenitors. Nowadays, the event-free survival exceeds the
85% mark in children, however, in adults, it is significantly lower, with only 20-
40% of cases achieving event-free survival3®48, Patients are exposed to intensive
multiagent chemotherapeutic agents and often relapse having poor outcomes®.
T-ALL is associated with genetic alterations and one of the most common altered
pathways is the IL-7 signaling pathway, which displays major roles in T-cell

development?4.6465,

Our laboratory is dedicated to gain a deeper understanding of the
mechanisms involved in IL-7 signaling, to uncover its significance in the context
of T-ALL and ultimately identify new therapeutic targets and develop novel
therapeutic strategies. To characterize the signaling landscape in IL-7-dependent
T-ALL, we employed Reverse Phase Protein Arrays to evaluate the changes in
the phosphorylation levels of several proteins in response to IL-7. Our experiment
yielded significant results, indicating that phosphorylation of TYK2, a Janus
kinase protein never before associated with the IL-7 signaling, occurs upon IL-7
stimulation. Thus, this project aimed at understanding the role of TYKZ2 in the IL-

7/1L-7R signaling pathway and also in the context of IL-7-dependent T-ALL.

5.1 Validate IL-7-mediated TYK2 phosphorylation

In the first part of this project, we were able to validate the RPPA results
and demonstrate that D1 hWT-IL-7R, TAIL7, and BA/F3 hWT-IL-7R cell lines
suffer TYK2 phosphorylation after IL-7 stimulation (Figure 4.2).

D1 cells are thymocytes, and TAIL7 cells are T-cell blasts arrested at an
immature thymocyte stage,®®'"® and BA/F3 cells are murine pro-B cells''4. The
later TYKZ2 activation in the BA/F3 hWT-IL-7R cell line could be due to differences

regarding cell lineage. As such, TYKZ2 activation in the IL-7 signaling could be
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more prominent in the T-cell lineage than in the B-cell lineage. Nonetheless, this
later response to IL-7 could also be due to the biological state of these cells. As

for example older cells tend to respond slower to stimuli.

5.2 Understand the role of TYK2 in the IL-7 signaling pathway

Following our confirmation of TYK2 phosphorylation in response to IL-7
signaling pathway activation, we sought to understand how mechanistically this
process unwinds. Is TYKZ2 phosphorylation a byproduct of IL-7 signaling
activation or does TYK2 take part in IL-7 signaling cascade? To address this
question, we took advantage of an ectopic model of IL-7/IL-7R signaling pathway
already established in the lab''®. This system uses the HEK-293T cell line which,
apart from JAK1, lacks the expression of several key players in the IL-7 pathway,
including IL-7Ra,, common y chain, JAK3, and STATS.

Using this ectopic approach, we demonstrated that co-transfection of the
IL-7 signaling players and TYK2, leads to TYK2 phosphorylation upon IL-7
stimulation, (Figure 4.4). On note, phosphorylation of TYK2 could be observed in
the absence of IL-7, an effect that can be attributed either to TYKZ2's
autophosphorylation self-ability, a capacity that has been previously reported in
the literature ''6117; or to the operation of another pathway within these cells.

Interestingly, overexpression of TYK2 also resulted in STATS5 activation
prior to IL-7 stimulation. TYKZ2 has been shown to have the ability to interact with
STATS5 before cell stimulation with IFNa.''8. More specifically, in the absence of
IFNa, TYK2 was associated with STATS, and both proteins were in their
phosphorylated state''8. As such, it could be possible that TYK2 overexpression
could lead to an enhancement of basal STAT5 phosphorylation in the absence of
IL-7 stimulation''8. Moreover, in our experiment, cell stimulation with IL-7 also led

to a considerable increase in the levels of phosphorylated STATS.

We also aimed to understand the impact of TYK2 overexpression on JAK1
and JAKS activation using the same experimental approach. However, even
though several antibody optimizations were attempted, we were not able to
visualize JAK1 or JAK3 phosphorylation. We then hypothesized that the time
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point at which these proteins activation was being analyzed was not the best one.
To address if this was the case, we conducted a kinetic experiment (Figures 4.5
and 4.6) and analyzed p-JAK1 and p-JAKS levels at different time points after IL-
7 stimulation. Although we still failed to detect JAK1 and JAK3 phosphorylation
in all the time points tested (Figure 4.6), we were able to observe STATS
activation as early as 5 minutes after cell stimulation with IL-7, with clearer results
at the 15 minutes time point (Figure 4.5). Since IL-7-induced STATS activation
occurs downstream of JAK1 and JAK3 activation®?, this experiment allowed us to
validate the time point of 15 minutes post IL-7 stimulation chosen for analysis of
IL-7 signaling pathway players activation.

Interestingly, with this experiment, we also observed that not only does
TYK2 overexpression led to basal STATS phosphorylation, but it also results in a
faster response to IL-7 in what regards activation of STATS (Figure 4.5).

Since TYK2 is a Janus kinase, just like JAK1 and JAK3, we sought to
understand if TYK2 could have a redundant function with either JAK1, JAK3 or
both in the IL-7 signaling cascade. Although the HEK-293T ectopic model allowed
us to easily manipulate the IL-7 signaling players being expressed at a specific
condition, since these cells express endogenously JAK1, a sub-line knockdown
for JAK1, had to be generated.

In what regards a potential redundant role between TYK2 and JAK1, we
observed that TYK2 overexpression leads to increased levels of basal STATS
phosphorylation independently of JAK1 expression levels since this effect was
observed both in control condition (shSCR cells) and in JAK1 KD conditions
(shJAK1 B, and shJAK1 C cell lines) (Figure 4.11 A and B). Moreover, we further
observed that in the shSCR and in the shJAK1 B cell lines, p-STATS levels
increase after IL-7 stimulation. Although IL-7-induced STATS activation was less
robust than the observed in the control condition (shSCR in Figure 4.10 A and
Figure 4.14), it could be suggestive of TYK2 overtaking the function of JAK1.
However, not only we did not observe the same effect in shJAK1 C cell line, which
had no response to IL-7 in what regards STATS5 activation; as TYK2
overexpression led to increased levels of basal and IL-7-induced levels of p-JAK1
(Figure 4.11 A and C, and Figure 4.15) which can be responsible for the pathway
activation. TYK2’s ability to activate JAK1 is not surprising since it is widely
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accepted that these two JAKs participate in several JAK/STAT

pathways,”®89.92119 gnd are able to interact constitutively'”.

It is essential to acknowledge that this part of our study might need to be
further optimized or re-drawn. Instead of doing a knockdown of the JAK1 gene, a
knockout might be more beneficial, for instance, using the CRISPR-Cas9
technique, as the knockdown cells used might have different expression levels of
JAK1, which could result in different results, as we saw signaling activation in the
shJAK1 B cell line with TYK2 overexpression but not in the shJAK1 C cell line.
Another point is that the remaining JAK1 levels in these two cell lines may be
sufficient to induce signaling (Figure 4.10), which can compromise our results
and cover the effect of TYK2 in the pathway. Another possible approach is to
complement our approach with a JAK1 inhibitor, for example, Ruxolitinib, which
is a JAK1 and JAK2 inhibitor, and it wouldn’t affect TYK2 or JAKS activity.

Aiming at understanding if TYKZ2 could replace JAK3'’s function in the IL-7
signaling cascade, we used the same IL-7/IL-7R ectopic model but this time
removing JAK3 from the co-transfections. Our results demonstrated that, as
previously observed for control and JAK1 knockdown conditions, TYK2
overexpression induces basal STATS activation in all conditions (Figure 4.13 A
and B). This effect thus seems to be independent of JAK3, which is, to some
extent, expected since TYK2 is known to collaborate with JAK1 and JAK2 in
various signaling pathways but has not been reported as interacting with
JAK377.78 Moreover, we showed, once again, that JAK1 activation is exacerbated
in the presence of TYK2 ectopic expression, and it is independent of JAKS (Figure
4.15). We were also able to observe that co-transfection of TYKZ2 in the absence
of JAK3 increased STATS activation in the shSCR cell line in the presence of IL-
7. This could be suggestive that TYKZ2 is able to display JAK3'’s functional role.
However, in the control condition of this experiment (Figure 4.12), STATS
activation was already present in the absence of JAK3, even if at low levels. This
means we cannot confirm that the co-transfection with TYK2 is responsible for
signaling activation in the absence of JAK3. Nonetheless, we showed that TYK2
endogenous levels were responsible for that specific STATS5 activation when

JAK3 was not present (Figure 4.16). Thus, and although pending further
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confirmation, we can hypothesize that TYK2 can exert JAK3’s role in the IL-7

signaling cascade.

5.3 Analyze the association of TYK2 to the IL-7R signaling complex

We wondered if TYK2 could be physically associated with the IL-7R
complex. Through immunoprecipitation of the IL-7Ra, we found that TYK2 was
associated with the IL-7R complex (Figure 4.18) in both conditions with
endogenous and overexpressing levels of TYK2 and in the presence and
absence of IL-7. Interestingly, and although this observation needs to be
confirmed, when TYK2 was overexpressed, JAK3 was no longer present in the
IL-7R complex.

TYK2 association to the IL-7R complex was further investigated by
performing TYK2Z immunoprecipitation and analyzing IL-7Ra pull-down (Figure
4.19). Intriguingly, although we identified a band pattern that seems to be
consistent with that of IL-7Ra chain and IL-7R heterodimer, it had a higher
molecular weight than that observed in total protein extracts (Figure 4.19). This
observation requires further investigation, but changes in the molecular weight of
a protein may be indicative of a conformational change. Studies have identified
such conformational changes in receptors through WB analysis'?. It is known
that the IL-7R can suffer different post-translational alterations, such as N-
glycosylation and disulfide bond formation'?%-122, Curiously, N-glycosylation
increases the interaction of IL-7 to the IL-7R, '2".122 and if TYK2 were to be
associated with this form of the receptor, it could give insight into how this protein

exacerbates the IL-7 signaling.

Further investigation needs to be performed in order to understand if TYK2
binds preferentially to a glycosylated form of the receptor. For instance, the same
experiment could be performed but pre-treating the cells with an endoglycosidase
protein. If TYK2 preferentially binds to a glycosylated form of the receptor, treating
the cells with an endoglycosidase should decrease its binding to the IL-7R, which

could be observed in immunoblots3.
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We also tried to evaluate if changes in the IL-7R complex, particularly the
absence of JAK1 and JAKS, impact TYK2's ability to bind to the IL-7R complex.
Our results demonstrate that either in the absence of JAK1 (Figure 4.20) or JAK3
(Figure 4.21), TYKZ2 is not associated with the IL-7R complex. Different studies
have highlighted that JAK kinases, besides having a role in phosphorylating
substrates, can also stabilize proteins, including receptors3-86.9.116 This could
explain why TYK2 is not associated with the IL-7R complex, as it could need
JAK1 and JAK3 for stabilization. Our immunoprecipitations, including in the
absence of JAK1 and JAKS, also showed that the WB band of the IL-7R
heterodimer was present, although not as prominent when the JAKs were
present. This could mean that there are remaining levels of the receptor dimer,
but at lower levels. As such, the probability of seeing TYK2 associated with the
heterodimer could be reduced and explain why we don't observe TYK2
associated with the IL-7R complex in the absence of JAK1 and JAKS.

We have further tried to investigate if TYK2 associates with the IL-7R
complex in TAIL7, a T-ALL cell line that expresses the IL-7R and that is IL-7
dependent. Unfortunately, we have reason to believe that only the IL-7Ra chain
of the receptor was precipitated (Figure 4.22). This hypothesis is supported by
the absence of JAK3 and the heterodimer detection, as JAK3 couples directly
with the common y chain. Thus, since we didn’'t observe TYK2 in the IL-7R
pulldown extract, we could speculate that in the IL-7R complex TYK2 does not
associates with the IL-7Ra.. Nonetheless, we cannot disregard the possibility that,

in T-ALL cells TYK2 does not associate with the IL-7R complex.

5.4 Characterize the functional role of TYK2 in IL-7-dependent T-ALL cells

To investigate the biological function of TYK2 in the context of IL-7
signaling-dependent T-ALL cells, we treated TAIL7 cells with increasing
concentrations of Deucravacitinib, a TYK2-specific inhibitor, and evaluated its

impact on leukemia cell viability, activation, and IL-7R surface expression.

The TAIL7 cell line is an IL-7-dependent T-ALL cell line and, as such, it
requires IL-7 for its survival and viability. In fact, in the absence of IL-7 in culture
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conditions, 50% of the population dies in 24 hours, but the viability can be
increased after the introduction of the cytokine. According to the studies that have
characterized this cell line, 72 hours after stimulation, it should be possible to start
to observe an increase in viability®®. Based on our results, the 72-hour time point
wasn’t the most suitable for evaluating cell viability since our control condition
didn't respond to IL-7 properly (Figure 4.23), as it showed almost no increase in
cell viability. Even though at this time point we should observe an increase, in
future experiments, it would be beneficial to use a longer time point, such as 96
hours or even 120 hours. Therefore, we couldn't draw any conclusions regarding
TYK2's impact on TAIL7 cell viability. Furthermore, enhancing Deucravacitinib’s
concentration might also be promising. A study using the human T-ALL cell line
HPB-ALL, demonstrated that using a TYK2 inhibitor (NDI-031301) for 72 hours,
decreases cell viability with an IC50% of 2,143 nM, a much higher concentration

than the ones used in our experiments'?3.

TAIL7 activation occurs after IL-7 stimulation, and it is characterized by an
enhancement in cell size®. We were able to observe an increase in cell size in
the control condition (DMSO) upon IL-7 stimulation, indicating that the cells were
activated after stimulation (Figure 4.25). At the highest concentration of the
inhibitor (500 nM), the differences between the unstimulated cells and the
stimulated ones had a lower fold change than the DMSO condition, which could
mean that TYK2 inhibition is impairing the activation process. However, we were
not able to perform statistical tests, so this hypothesis needs further confirmation.
Besides, further testing with higher concentrations is also necessary to evaluate
the extent of this possible correlation.

When the IL-7 signaling is activated, it leads to receptor internalization,
reducing IL-7R surface expression,®® which can be observed in Figure 4.26
(DMSO versus DMSO + IL-7 condition). In this regard, our results show that, as
the inhibitor's concentrations increased, there was a reduction in the surface
levels of the IL-7R in the presence of IL-7.

TYK2 has been associated with the capacity of stabilizing the IFNAR1
receptor, more precisely by preventing its internalization in endosomes?®. If
having a similar function in the IL-7 signaling pathway, this could explain why IL-
7R surface levels decrease when TYK2 is inhibited. However, this only happens

86



when the signaling is activated by IL-7. As such, if this were to be the mechanism
through which TYK2 exerts its role in the IL-7R pathway, a decrease in the IL-7R

surface levels should also occur in absence of IL-7.

Another study investigated has investigated TYK2 chaperone capacity in
the thrombopoietin receptor (TpoR) pathway, which uses JAK2 and TYK2 as
signal transducers®’. This receptor, like the IL-7R, suffers internalization and can
be either degraded or recycled back to the surface after stimulation with its
corresponding cytokine, thrombopoietin (Tpo)*”. In this study, the authors
demonstrated that JAK2 and TYK2 protect the receptor from proteasomal
degradation by enhancing the recycling route®’.

If TYK2 were to have a role in the recycling route of the IL-7R, it would
make sense that its inhibition would result in decreased membrane levels upon
IL-7 stimulation, as the receptor would not be able to return to the membrane.
Nonetheless, new studies are required to test this hypothesis.
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6 Conclusion

Through our research, we have shown that IL-7 has the ability to
phosphorylate TYK2 in four distinct cell lines, utilizing both ectopic and

endogenous approaches.

We demonstrated that overexpression of TYK2 using an ectopic approach
enhances STAT5 basal phosphorylation and increases JAK1 activation,
independently of JAK3 and JAK1 expression.

Our research also showed compelling evidence that TYK2 is associated

with the IL-7R complex and, most likely, not with the IL-7Ra. chain.

The results have also suggested that inhibiting TYKZ2 in the context of IL-
7-mediated T-ALL might reduce IL-7-induced cell activation and IL-7R surface

levels. However, further testing is required.
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7 Future perspectives

Further research is required to fully comprehend the interaction of TYK2
with the IL-7R complex and its putative function. Employing the same ectopic
approach but with the integration of supplementary measures may yield more

advantageous outcomes.

One area that warrants further investigation is the question if TYK2 is able
to replace JAK1 function. Our experiments using a JAK1 knockdown revealed
that a gene knockout or protein inhibition, is required. Additionally, we found a
potential link between TYKZ2's ability to perform JAK3 activity, as we showed
TYK2 is able to restore signaling in the absence of JAK3, and TYK2 endogenous
levels are responsible for signaling activation in the absence of JAK3. However,
further investigation is necessary to confirm this hypothesis. So, using the same
experimental model in future experiments, it would be beneficial to use a TYK2
inhibitor.

Our ectopic approach showed a possible association between TYK2 and
the IL-7R complex. However, it is necessary to validate this in a physiological
approach, for instance through immunoprecipitation of the IL-7R in TAIL7 cells,
which we also must repeat. Nonetheless, the immunoprecipitation performed in
the TAIL7 cell line showed compelling evidence that TYK2 might not be
associated to the IL-7Ra chain. TYK2 could be associated to the common y chain,
and to evaluate this observation, it would be beneficial to do the
immunoprecipitation of the common y chain and check for TYK2 pull down.
Another possible technique to validate the association between TYK2 and the

common vy chain could be the implementation of a Proximation Ligation Assay.

Additionally, determining whether TYK2 has a stronger association with a
modified receptor could aid in analyzing its function in the IL-7 signaling. We also
hypothesized that TYK2 could have a role in IL-7R recycling. Thus, it would be
beneficial to do an immunofluorescence assay and check for TYK2 and the IL-
7R in endocytic vesicles, specifically the ones associated with receptor recycling.

In order to gain a better understanding of TYK2's functional role in IL-7-
dependent T-ALL, we must optimize our experiments by increasing the time point

89



at which we collect cells and utilizing a higher concentration of the TYK2 inhibitor.
Additionally, repeating the experiments is necessary to verify if our observations
have statistical significance. Moreover, incorporating IL-7-dependent PDXs or IL-
7-dependent T-ALL patient samples and subjecting them to the same viability,
activation, and receptor surface expression assays would also provide a valuable
complementary approach to our current methodology. This could help deepen
our understanding of the role of TYK2 in IL-7-mediated T-ALL and potentially offer

new insights for therapeutic intervention.

90



10.

11.

12.

References

Nicholson LB. The immune system. Essays Biochem. 2016;60(3):275-301.
doi:10.1042/EBC20160017

Janeway CA Jr, Travers P, Walport M. Immunobiology: The Immune
System in Health and Disease. 5th ed. Garland Science; 2001.

Alberts B, Johnson A, Lewis J, et al. Molecular Biology of the Cell. (Wilson
J, Hunt T, eds). WMW. Norton & Company;, 2017.
doi:10.1201/9781315735368

Murphy K, Weaver C. Janeway’s Immunobiology, 9th Edition.

www.garlandscience.com,

Janeway CA Jr TPWM et al. Immunobiology: The Immune System in
Health and Disease. 5th ed. Garland Science; 2001.

da Silva EZM, Jamur MC, Oliver C. Mast Cell Function. Journal of
Histochemistry & Cytochemistry. 2014;62(10):698-738.
doi:10.1369/0022155414545334

Alam U. Immunity: The Immune Response to Infectious and Inflammatory
Disease. Published online 2007.

Hoffman W, Lakkis FG, Chalasani G. B Cells, Antibodies, and More.
Clinical Journal of the American Society of Nephrology. 2016;11(1):137-
154. doi:10.2215/CJN.09430915

Rastogi |, Jeon D, Moseman JE, Muralidhar A, Potluri HK, McNeel DG.
Role of B cells as antigen presenting cells. Front Immunol. 2022;13.
doi:10.3389/fimmu.2022.954936

SunlL, SuY, Jiao A, Wang X, Zhang B. T cells in health and disease. Signal
Transduct Target Ther. 2023;8(1):235. doi:10.1038/s41392-023-01471-y

Chaplin DD. Overview of the immune response. Journal of Allergy and
Clinical Immunology. 2010;125(2):S3-S23. doi:10.1016/j.jaci.2009.12.980

Erdés M, Téth B, Marodi L. T Cell Development. In: Fetal and Neonatal
Physiology. Elsevier; 2017:1198-1201. doi:10.1016/B978-0-323-35214-
7.00123-2

91



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jagannathan-Bogdan M, Zon Ll. Hematopoiesis. Development.
2013;140(12):2463-2467. doi:10.1242/dev.083147

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and
cancer stem cells. Nature. 2001;414(6859):105-111.
doi:10.1038/35102167

Orkin SH, Zon LI. Hematopoiesis: An Evolving Paradigm for Stem Cell
Biology. Cell. 2008;132(4):631-644. doi:10.1016/j.cell.2008.01.025

Woolthuis CM, Park CY. Hematopoietic stem/progenitor cell commitment
to the megakaryocyte lineage. Blood. 2016;127(10):1242-1248.
doi:10.1182/blood-2015-07-607945

Boes KM, Durham AC. Bone Marrow, Blood Cells, and the
Lymphoid/Lymphatic System. In: Pathologic Basis of Veterinary Disease.
Elsevier; 2017:724-804.e2. doi:10.1016/B978-0-323-35775-3.00013-8

Ciofani M, Zuhniga-Pflucker JC. The Thymus as an Inductive Site for T
Lymphopoiesis. Annu Rev Cell Dev Biol. 2007;23(1):463-493.
doi:10.1146/annurev.cellbio.23.090506.123547

Rezzani R, Nardo L, Favero G, Peroni M, Rodella LF. Thymus and aging:
morphological, radiological, and functional overview. Age (Omaha).
2014;36(1):313-351. doi:10.1007/s11357-013-9564-5

Shah K, Al-Haidari A, Sun J, Kazi JU. T cell receptor (TCR) signaling in
health and disease. Signal Transduct Target Ther. 2021;6(1):412.
doi:10.1038/s41392-021-00823-w

Gonzalez-Garcia S, Garcia-Peydro M, Alcain J, Toribio ML. Notch1 and IL-
7 Receptor Signalling in Early T-cell Development and Leukaemia. In: ;
2012:47-73. doi:10.1007/82_2012_231

Germain RN. T-cell development and the CD4—-CD8 lineage decision. Nat
Rev Immunol. 2002;2(5):309-322. doi:10.1038/nri798

Parker ME, Ciofani M. Regulation of yd T Cell Effector Diversification in the
Thymus. Front Immunol. 2020;11. doi:10.3389/fimmu.2020.00042

92



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Oliveira ML, Akkapeddi P, Ribeiro D, Melédo A, Barata JT. IL-7R-mediated
signaling in T-cell acute lymphoblastic leukemia: An update. Adv Biol
Regul. 2019;71:88-96. doi:10.1016/j.jbior.2018.09.012

Shah DK, Zuniga-Pflucker JC. An Overview of the Intrathymic Intricacies of
T Cell Development. The Journal of Immunology. 2014;192(9):4017-4023.
doi:10.4049/jimmunol.1302259

Hong C, Luckey MA, Park JH. Intrathymic IL-7: The where, when, and why
of IL-7 signaling during T cell development. Semin Immunol.
2012;24(3):151-158. doi:10.1016/j.smim.2012.02.002

von Freeden-Jeffry U, Vieira P, Lucian LA, McNeil T, Burdach SE, Murray
R. Lymphopenia in interleukin (IL)-7 gene-deleted mice identifies IL-7 as a
nonredundant  cytokine.  Journal of  Experimental = Medicine.
1995;181(4):1519-1526. doi:10.1084/jem.181.4.1519

Barata JT, Durum SK, Seddon B. Flip the coin: IL-7 and IL-7R in health and
disease. Nat Immunol. 2019;20(12):1584-1593. doi:10.1038/s41590-019-
0479-x

Cunningham-Rundles C, Ponda PP. Molecular defects in T- and B-cell
primary immunodeficiency diseases. Nat Rev Immunol. 2005;5(11):880-
892. doi:10.1038/nri1713

Taghon T, Yui MA, Pant R, Diamond RA, Rothenberg E V. Developmental
and Molecular Characterization of Emerging B- and yd-Selected Pre-T
Cells in the Adult Mouse Thymus. Immunity. 2006;24(1):53-64.
doi:10.1016/j.immuni.2005.11.012

Puel A, Ziegler SF, Buckley RH, Leonard. WJ. Defective IL7R expression
in T-B+NK+ severe combined immunodeficiency. Nat Genet.
1998;20(4):394-397. doi:10.1038/3877

Xing S, Gai K, Li X, et al. Tcf1 and Lefl are required for the
immunosuppressive function of regulatory T cells. Journal of Experimental
Medicine. 2019;216(4):847-866. doi:10.1084/jem.20182010

Park JH, Adoro S, Guinter T, et al. Signaling by intrathymic cytokines, not
T cell antigen receptors, specifies CD8 lineage choice and promotes the

93



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

differentiation of cytotoxic-lineage T cells. Nat Immunol. 2010;11(3):257-
264. doi:10.1038/ni.1840

Raetz EA, Teachey DT. T-Cell Acute Lymphoblastic Leukemia.

Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the World
Health Organization classification of myeloid neoplasms and acute
leukemia. Blood. 2016;127(20):2391-2405. doi:10.1182/blood-2016-03-
643544

Rafei H, Kantarjian HM, Jabbour EJ. Recent advances in the treatment of
acute lymphoblastic leukemia. Leuk Lymphoma. 2019;60(11):2606-2621.
doi:10.1080/10428194.2019.1605071

Chiaretti S, Zini G, Bassan R. Diagnosis and subclassification of acute
lymphoblastic leukemia. Mediterr J Hematol Infect Dis. 2014;6(1).
doi:10.4084/mjhid.2014.073

American Cancer Society. Key Statistics for Acute Lymphocytic Leukemia
(ALL).

Brody T. Hematological Cancers. In: Clinical Trials. Elsevier; 2012:279-
325. doi:10.1016/B978-0-12-391911-3.00017-7

Lato MW, Przysucha A, Grosman S, Zawitkowska J, Lejman M. The New
Therapeutic Strategies in Pediatric T-Cell Acute Lymphoblastic Leukemia.
Int J Mol Sci. 2021;22(9):4502. doi:10.3390/ijms22094502

Belver L, Ferrando A. The genetics and mechanisms of T cell acute
lymphoblastic leukaemia. Nat Rev Cancer. 2016;16(8):494-507.
doi:10.1038/nrc.2016.63

Jabbour E, O’'Brien S, Konopleva M, Kantarjian H. New insights into the
pathophysiology and therapy of adult acute lymphoblastic leukemia.
Cancer. 2015;121(15):2517-2528. doi:10.1002/cncr.29383

Al-Mahayri ZN, AIAhmad MM, Ali BR. Long-Term Effects of Pediatric Acute
Lymphoblastic Leukemia Chemotherapy: Can Recent Findings Inform Old
Strategies? Front Oncol. 2021;11. doi:10.3389/fonc.2021.710163

94



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Moudi M, Go R, Yien CYS, Nazre M. Vinca alkaloids. Int J Prev Med.
2013;4(11):1231-1235.

Yasir M, Goyal A, Sonthalia S. Corticosteroid Adverse Effects.; 2023.

Geisberg CA, Sawyer DB. Mechanisms of Anthracycline Cardiotoxicity and
Strategies to Decrease Cardiac Damage. Curr Hypertens Rep.
2010;12(6):404-410. doi:10.1007/s11906-010-0146-y

Inoue K, Yuasa H. Molecular Basis for Pharmacokinetics and
Pharmacodynamics of Methotrexate in Rheumatoid Arthritis Therapy. Drug
Metab Pharmacokinet. 2014;29(1):12-19. doi:10.2133/dmpk.DMPK-13-
RV-119

American Cancer Society. Typical Treatment of Acute Lymphocytic
Leukemia (ALL). cancer.org.

Fattizzo B, Rosa J, Giannotta JA, Baldini L, Fracchiolla NS. The
Physiopathology of T- Cell Acute Lymphoblastic Leukemia: Focus on
Molecular Aspects. Front Oncol. 2020;10. doi:10.3389/fonc.2020.00273

Inaba H, Greaves M, Mullighan CG. Acute lymphoblastic leukaemia. The
Lancet. 2013;381(9881):1943-1955. doi:10.1016/S0140-6736(12)62187-4

Brandstadter JD, Maillard |. Notch signalling in T cell homeostasis and
differentiation. Open Biol. 2019;9(11):190187. doi:10.1098/rsob.190187

Li X, von Boehmer H. Notch Signaling in T-Cell Development and T-ALL.
ISRN Hematol. 2011;2011:1-9. doi:10.5402/2011/921706

Gonzalez-Garcia S, Garcia-Peydré M, Martin-Gayo E, et al. CSL-MAML-
dependent Notch1 signaling controls T lineage—specific IL-7Ra gene
expression in early human thymopoiesis and leukemia. Journal of
Experimental Medicine. 2009;206(4):779-791. doi:10.1084/jem.20081922

Paganin M, Ferrando A. Molecular pathogenesis and targeted therapies for
NOTCH1-induced T-cell acute lymphoblastic leukemia. Blood Rev.
2011;25(2):83-90. doi:10.1016/j.blre.2010.09.004

Deangelo DJ, Stone RM, Silverman LB, et al. A phase | clinical trial of the
notch inhibitor MK-0752 in patients with T-cell acute lymphoblastic

95



56.

57.

58.

59.

60.

61.

62.

63.

leukemia/lymphoma (T-ALL) and other leukemias. Journal of Clinical
Oncology. 2006;24(18_suppl):6585-6585.
doi:10.1200/jco.2006.24.18_suppl.6585

Wei P, Walls M, Qiu M, et al. Evaluation of Selective y-Secretase Inhibitor
PF-03084014 for Its Antitumor Efficacy and Gastrointestinal Safety to
Guide Optimal Clinical Trial Design. Mol Cancer Ther. 2010;9(6):1618-
1628. doi:10.1158/1535-7163.MCT-10-0034

Samon JB, Castillo-Martin M, Hadler M, et al. Preclinical Analysis of the y-
Secretase Inhibitor PF-03084014 in Combination with Glucocorticoids in T-
cell Acute Lymphoblastic Leukemia. Mol Cancer Ther. 2012;11(7):1565-
1575. doi:10.1158/1535-7163.MCT-11-0938

Gazi M, Moharram SA, Marhall A, Kazi JU. The dual specificity PI3K/mTOR
inhibitor PKI-587 displays efficacy against T-cell acute lymphoblastic
leukemia (T-ALL). Cancer Lett. 2017;392:9-16.
doi:10.1016/j.canlet.2017.01.035

Oliveira ML, Akkapeddi P, Alcobia I, et al. From the outside, from within:
Biological and therapeutic relevance of signal transduction in T-cell acute
lymphoblastic leukemia. Cell Signal. 2017;38:10-25.
doi:10.1016/j.cellsig.2017.06.011

Evangelisti C, Chiarini F, McCubrey J, Martelli A. Therapeutic Targeting of
MTOR in T-Cell Acute Lymphoblastic Leukemia: An Update. Int J Mol Sci.
2018;19(7):1878. doi:10.3390/ijms19071878

Knight T, Irving JAE. Ras/Raf/MEK/ERK Pathway Activation in Childhood
Acute Lymphoblastic Leukemia and Its Therapeutic Targeting. Front Oncol.
2014;4. doi:10.3389/fonc.2014.00160

Keeton AB, Salter EA, Piazza GA. The RAS—Effector Interaction as a Drug
Target. Cancer Res. 2017;77(2):221-226. doi:10.1158/0008-5472.CAN-
16-0938

Bousoik E, Montazeri Aliabadi H. “Do We Know Jack” About JAK? A Closer
Look at JAK/STAT Signaling Pathway. Front Oncol. 2018;8.
doi:10.3389/fonc.2018.00287

96



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Wang C, Kong L, Kim S, et al. The Role of IL-7 and IL-7R in Cancer
Pathophysiology and Immunotherapy. Int J Mol Sci. 2022;23(18):10412.
doi:10.3390/ijms231810412

Barata JT, Boussiotis VA, Yunes JA, et al. IL-7—dependent human
leukemia T-cell line as a valuable tool for drug discovery in T-ALL. Blood.
2004;103(5):1891-1900. doi:10.1182/blood-2002-12-3861

Henriques CM, Rino J, Nibbs RJ, Graham GJ, Barata JT. IL-7 induces rapid
clathrin-mediated internalization and JAK3-dependent degradation of IL-
7Ra in T cells. Blood. 2010;115(16):3269-3277. doi:10.1182/blood-2009-
10-246876

Lei JT, Martinez-Moczygemba M. Separate endocytic pathways regulate
IL-5 receptor internalization and signaling. J Leukoc Biol. 2008;84(2):499-
509. doi:10.1189/j1b.1207828

Park JH, Yu Q, Erman B, et al. Suppression of IL7Ra Transcription by IL-7
and Other Prosurvival Cytokines. Immunity. 2004;21(2):289-302.
doi:10.1016/j.immuni.2004.07.016

Silva A, Laranjeira ABA, Martins LR, et al. IL-7 Contributes to the
Progression of Human T-cell Acute Lymphoblastic Leukemias. Cancer
Res. 2011;71(14):4780-4789. doi:10.1158/0008-5472.CAN-10-3606

Flex E, Petrangeli V, Stella L, et al. Somatically acquired JAKT mutations
in adult acute lymphoblastic leukemia. J Exp Med. 2008;205(4):751-758.
doi:10.1084/jem.20072182

Campos LW, Pissinato LG, Yunes JA. Deleterious and Oncogenic
Mutations in the IL7RA. Cancers (Basel). 2019;11(12):1952.
doi:10.3390/cancers11121952

Raivola J, Haikarainen T, Abraham BG, Silvennoinen O. Janus Kinases in
Leukemia. Cancers (Basel). 2021;13(4):800.
doi:10.3390/cancers13040800

Degryse S, Cools J. JAK kinase inhibitors for the treatment of acute
lymphoblastic leukemia. J Hematol Oncol. 2015;8(1):91.
doi:10.1186/s13045-015-0192-7

97



74.

75.

76.

77.

78.

79.

80.

81.

82.

Bandapalli OR, Schuessele S, Kunz JB, et al. The activating STAT5B
N642H mutation is a common abnormality in pediatric T-cell acute
lymphoblastic leukemia and confers a higher risk of relapse.
Haematologica. 2014;99(10):e188-e192.
doi:10.3324/haematol.2014.104992

Silva A, Almeida ARM, Cachucho A, et al. Overexpression of wild-type IL-
7Ra promotes T-cell acute lymphoblastic leukemia/lymphoma. Blood.
2021;138(12):1040-1052. doi:10.1182/blood.2019000553

Barata JT, Cardoso AA, Nadler LM, Boussiotis VA. Interleukin-7 promotes
survival and cell cycle progression of T-cell acute lymphoblastic leukemia
cells by down-regulating the cyclin-dependent kinase inhibitor p27kip1.
Blood. 2001;98(5):1524-1531. doi:10.1182/blood.VV98.5.1524

Hu X, li J, Fu M, Zhao X, Wang W. The JAK/STAT signaling pathway: from
bench to clinic. Signal Transduct Target Ther. 2021;6(1):402.
doi:10.1038/s41392-021-00791-1

Bousoik E, Montazeri Aliabadi H. “Do We Know Jack” About JAK? A Closer
Look at JAK/STAT Signaling Pathway. Front Oncol. 2018;8.
doi:10.3389/fonc.2018.00287

Garrido-Trigo A, Salas A. Molecular Structure and Function of Janus
Kinases: Implications for the Development of Inhibitors. J Crohns Colitis.
2020;14(Supplement_2):S713-S724. doi:10.1093/ecco-jccl/jjz206

Gonzales AJ, Bowman JW, Fici GJ, Zhang M, Mann DW, Mitton-Fry M.
Oclacitinib (APOQUEL®) is a novel Janus kinase inhibitor with activity
against cytokines involved in allergy. J Vet Pharmacol Ther.
2014;37(4):317-324. doi:10.1111/jvp.12101

Babon JJ, Lucet IS, Murphy JM, Nicola NA, Varghese LN. The molecular
regulation of Janus kinase (JAK) activation. Biochemical Journal.
2014;462(1):1-13. doi:10.1042/BJ20140712

Ubel C, Mousset S, Trufa D, Sirbu H, Finotto S. Establishing the role of
tyrosine kinase 2 in cancer. Oncoimmunology. 2013;2(1):e22840.
doi:10.4161/onci.22840

98



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Ragimbeau J. The tyrosine kinase Tyk2 controls IFNAR1 cell surface
expression. EMBO J. 2003;22(3):537-547. doi:10.1093/emboj/cdg038

Hofmann SR, Lam AQ, Frank S, et al. Jak3-Independent Trafficking of the
Common y Chain Receptor Subunit: Chaperone Function of Jaks
Revisited. Mol Cell Biol. 2004;24(11):5039-5049.
doi:10.1128/MCB.24.11.5039-5049.2004

Huang LJ shen, Constantinescu SN, Lodish HF. The N-Terminal Domain
of Janus Kinase 2 Is Required for Golgi Processing and Cell Surface
Expression of Erythropoietin Receptor. Mol Cell. 2001;8(6):1327-1338.
doi:10.1016/S1097-2765(01)00401-4

Radtke S, Hermanns HM, Haan C, et al. Novel Role of Janus Kinase 1 in
the Regulation of Oncostatin M Receptor Surface Expression. Journal of
Biological Chemistry. 2002;277(13):11297-11305.
doi:10.1074/jbc.M100822200

Chen E, Staudt LM, Green AR. Janus Kinase Deregulation in Leukemia
and Lymphoma. Immunity. 2012;36(4):529-541.
doi:10.1016/j.immuni.2012.03.017

Leonard WJ, Lin JX, O’Shea JJ. The yc Family of Cytokines: Basic Biology
to  Therapeutic = Ramifications. Immunity. 2019;50(4):832-850.
doi:10.1016/j.immuni.2019.03.028

Ouyang W, O’Garra A. IL-10 Family Cytokines IL-10 and IL-22: from Basic
Science to Clinical Translation. Immunity. 2019;50(4):871-891.
doi:10.1016/j.immuni.2019.03.020

Witalisz-Siepracka A, Klein K, Prinz D, et al. Loss of JAK1 Drives Innate
Immune Deficiency. Front Immunol. 2019;9.
doi:10.3389/fimmu.2018.03108

Ghoreschi K, Laurence A, O’'Shea JJ. Janus kinases in immune cell
signaling. Immunol Rev. 2009;228(1):273-287. doi:10.1111/j.1600-
065X.2008.00754 .x

Sun L, He C, Nair L, Yeung J, Egwuagu CE. Interleukin 12 (IL-12) family

cytokines: Role in immune pathogenesis and treatment of CNS

99



93.

94.

95.

96.

97.

98.

99.

100.

101.

autoimmune disease. Cytokine. 2015;75(2):249-255.
doi:10.1016/j.cyt0.2015.01.030

Dougan M, Dranoff G, Dougan SK. GM-CSF, IL-3, and IL-5 Family of
Cytokines: Regulators of Inflammation. Immunity. 2019;50(4):796-811.
doi:10.1016/j.immuni.2019.03.022

Broughton SE, Dhagat U, Hercus TR, et al. The GM-CSF/IL-3/IL-5 cytokine
receptor family: from ligand recognition to initiation of signaling. Immunol
Rev. 2012;250(1):277-302. doi:10.1111/j.1600-065X.2012.01164.x

Park SO, Wamsley HL, Bae K, et al. Conditional Deletion of Jak2 Reveals
an Essential Role in Hematopoiesis throughout Mouse Ontogeny:
Implications for Jak2 Inhibition in Humans. PLoS One. 2013;8(3):€59675.
doi:10.1371/journal.pone.0059675

Keil E, Finkenstadt D, Wufka C, et al. Important scaffold function of the
Janus kinase 2 uncovered by a novel mouse model harboring a Jak2
activation-loop mutation. Blood. 2014;123(4):520-529. doi:10.1182/blood-
2013-03-492157

Royer Y, Staerk J, Costuleanu M, Courtoy PJ, Constantinescu SN. Janus
Kinases Affect Thrombopoietin Receptor Cell Surface Localization and
Stability. Journal of Biological Chemistry. 2005;280(29):27251-27261.
doi:10.1074/jbc.M501376200

Leitner NR, Witalisz-Siepracka A, Strobl B, Mdller M. Tyrosine kinase 2 —
Surveillant of tumours and bona fide oncogene. Cytokine. 2017;89:209-
218. doi:10.1016/j.cyt0.2015.10.015

Rusifiol L, Puig L. Tyk2 Targeting in Immune-Mediated Inflammatory
Diseases. Int J Mol Sci. 2023;24(4):3391. doi:10.3390/ijms2404 3391

Borcherding DC, He K, Amin N V., Hirbe AC. TYK2 in Cancer Metastases:
Genomic and Proteomic Discovery. Cancers (Basel). 2021;13(16):4171.
doi:10.3390/cancers13164171

Kopitar-Jerala N. The Role of Interferons in Inflammation and
Inflammasome Activation. Front Immunol. 2017;8.
doi:10.3389/fimmu.2017.00873

100



102.

103.

104.

105.

106.

107.

108.

109.

Seto Y, Nakajima H, Suto A, et al. Enhanced Th2 Cell-Mediated Allergic
Inflammation in Tyk2-Deficient Mice. The Journal of Immunology.
2003;170(2):1077-1083. doi:10.4049/jimmunol.170.2.1077

Woess K, Macho-Maschler S, Van Ingen Schenau DS, et al. Oncogenic
TYK2 P760L kinase is effectively targeted by combinatorial TYK2, mTOR
and CDK4/6 kinase blockade. Haematologica. 2022;108(4):993-1005.
doi:10.3324/haematol.2021.279848

Waanders E, Scheijen B, Jongmans MCJ, et al. Germline activating TYK2
mutations in pediatric patients with two primary acute lymphoblastic
leukemia occurrences. Leukemia. 2017;31(4):821-828.
doi:10.1038/leu.2016.277

Sanda T, Tyner JW, Gutierrez A, et al. TYK2-STAT1-BCL2 Pathway
Dependence in T-cell Acute Lymphoblastic Leukemia. Cancer Discov.
2013;3(5):564-577. doi:10.1158/2159-8290.CD-12-0504

Sanda T, Tyner JW, Gutierrez A, et al. TYK2-STAT1-BCL2 Pathway
Dependence in T-cell Acute Lymphoblastic Leukemia. Cancer Discov.
2013;3(5):564-577. doi:10.1158/2159-8290.CD-12-0504

Delgado-Martin C, Meyer LK, Huang BJ, et al. JAK/STAT pathway
inhibition overcomes IL7-induced glucocorticoid resistance in a subset of
human T-cell acute lymphoblastic leukemias. Leukemia.
2017;31(12):2568-2576. doi:10.1038/leu.2017.136

Maude SL, Dolai S, Delgado-Martin C, et al. Efficacy of JAK/STAT pathway
inhibition in murine xenograft models of early T-cell precursor (ETP) acute
lymphoblastic leukemia. Blood. 2015;125(11):1759-1767.
doi:10.1182/blood-2014-06-580480

Degryse S, de Bock CE, Cox L, et al. JAK3 mutants transform
hematopoietic cells through JAK1 activation, causing T-cell acute
lymphoblastic leukemia in a mouse model. Blood. 2014;124(20):3092-
3100. doi:10.1182/blood-2014-04-566687

101



110.

111.

112.

113.

114.

115.

116.

117.

118.

Roskoski R. Deucravacitinib is an allosteric TYK2 protein kinase inhibitor
FDA-approved for the treatment of psoriasis. Pharmacol Res.
2023;189:106642. doi:10.1016/j.phrs.2022.106642

Akkapeddi P, Fragoso R, Hixon JA, et al. A fully human anti-IL-7Ra
antibody promotes antitumor activity against T-cell acute lymphoblastic
leukemia. Leukemia. 2019;33(9):2155-2168. doi:10.1038/s41375-019-
0434-8

The Human Protein Atlas.

Zenatti PP, Ribeiro D, Li W, et al. Oncogenic IL7R gain-of-function
mutations in childhood T-cell acute lymphoblastic leukemia. Nat Genet.
2011;43(10):932-939. doi:10.1038/ng.924

Thomas KR, Allenspach EJ, Camp ND, et al. Activated interleukin-7
receptor signaling drives B-cell acute lymphoblastic leukemia in mice.
Leukemia. 2022;36(1):42-57. doi:10.1038/s41375-021-01326-x

Meldo A, Spit M, Cardoso BA, Barata JT. Optimal interleukin-7 receptor-
mediated signaling, cell cycle progression and viability of T-cell acute
lymphoblastic leukemia cells rely on casein kinase 2 activity.
Haematologica. 2016;101(11):1368-1379.
doi:10.3324/haematol.2015.141143

Gauzzi MC, Barbieri G, Richter MF, et al. The amino-terminal region of
Tyk2 sustains the level of interferon a receptor 1, a component of the
interferon o/ receptor. Proceedings of the National Academy of Sciences.
1997;94(22):11839-11844. doi:10.1073/pnas.94.22.11839

Homodimerization and intermolecular tyrosine phosphorylation of the Tyk-
2 tyrosine kinase. FEBS Lett. 1995;374(3):317-322. doi:10.1016/0014-
5793(95)01094-U

Fish EN, Uddin S, Korkmaz M, Majchrzak B, Druker BJ, Platanias LC.
Activation of a CrkL-Stat5 Signaling Complex by Type | Interferons. Journal
of Biological Chemistry. 1999;274(2):571-573. doi:10.1074/jbc.274.2.571

102



119.

120.

121.

122.

123.

Prchal-Murphy M, Semper C, Lassnig C, et al. TYK2 Kinase Activity Is
Required for Functional Type | Interferon Responses In Vivo. PLoS One.
2012;7(6):€39141. doi:10.1371/journal.pone.0039141

Rose T, Lambotte O, Pallier C, Delfraissy JF, Colle JH. ldentification and
Biochemical Characterization of Human Plasma Soluble IL-7R: Lower
Concentrations in HIV-1-Infected Patients. The Journal of Immunology.
2009;182(12):7389-7397. doi:10.4049/jimmunol.0900190

Goodwin R. Cloning of the human and murine interleukin-7 receptors:
Demonstration of a soluble form and homology to a new receptor
superfamily. Cell. 1990;60(6):941-951. doi:10.1016/0092-8674(90)90342-
C

McElroy CA, Dohm JA, Walsh STR. Structural and Biophysical Studies of
the Human IL-7/IL-7Ra Complex. Structure. 2009;17(1):54-65.
doi:10.1016/j.str.2008.10.019

Akahane K, Li Z, Etchin J, et al. Anti-leukaemic activity of the TYK2
selective inhibitor NDI-031301 in T-cell acute lymphoblastic leukaemia. Br
J Haematol. 2017;177(2):271-282. doi:10.1111/bjh.14563

103



