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Abstrakt

T bunééné vycerpani je stav charakterizovany zvySenou expresi imunitnich kontrolnich
bodu (immune checkpoints), jako je protein programované bunééné smrti 1 (PD-1) a jeho
ligand PD-L1. T bunétné vycerpani také vyrazné omezuje ucinnost adaptivni imunitni
odpovédi pti chronické expozici uréitému antigenu. Aby doslo k jeho ptekonani a obnovée
efektorovych funkci T-lymfocytl, je nutna pfesna farmakologickda modulace
nitrobunéénych signalnich drah, specificky cilicich na molekuly, jako je Lck kindza a SHP-
2 fosfatdza. Tato prace si kladla za cil zhodnotit in vitro Gcinky rtznych cilenych
farmakologickych inhibitort a latek, konkrétn¢ Dasatinibu (inhibitor Lck), inhibitora
tyrosinovych fosfatas (TPI-1, PTP1Bi) a CUET, podavanych samostatné i v multilékovych
kombinacich, na expresi PD-1 a PD-L1, jakoz i na fosforylaci Lck v lidskych
T-lymfocytech a jejich cytotoxickou funkci.

Mononuklearni butiky periferni krve (angl. PBMCs) byly izolovany z krve zdravych
darcti pochazejici z Transfizniho oddéleni FN Olomouc, nasledné byly kultivovany a
podrobeny bud farmakologické stimulaci (PMA/ionomycin), nebo stimulaci
zprostfedkované receptory (fytohemaglutinin, PHA). Modulace povrchové exprese PD-1 a
PD-L1 byla kvantifikovana pomoci pritokové cytometrie. Dale byla hodnocena
cytotoxicka aktivita oSetfenych T-lymfocytd proti 2D kulturam nadorovych bunék.
Soucasné byl pomoci analyzy metodou Western blot hodnocen stav fosforylace Lck na
specifickych aminokyselinovych zbytcich (Tyr394, Tyr192 a Tyr505). Analyza pomoci
pratokové cytometrie odhalila, Ze intenzita bunécné odpovedi byla vysoce zavisla na typu
stimulace. Ve vzorcich stimulovanych PMA/ionomycinem vedlo oSetfeni Dasatinibem,
TPI-1 a kombinaci Dasatinib + TPI-1 + PTP1Bi ke statisticky vyznamnému sniZeni exprese

PD-L1, pfi¢emz soucasné doslo ke zvySeni buné¢né populace exprimujici PD-1 i PD-L1.



Ve vzorcich stimulovanych PHA oSetfenych kombinaci CuET + TPI-1 doslo k
vyznamnému zvyseni exprese PD-1. Analyza Western blot prokazala, Ze bunééna stimulace
uspésné indukovala expresi PD-1 spolu s fosforylaci Lck. Z kvalitativniho hlediska
Dasatinib konzistentné potlacoval fosforylaci Lck napii¢ testovanymi podminkami. Testy
cytotoxicity odhalily odlisné odpovédi specifické pro jednotlivé bunééné linie. U linii A549
a K562 nebyly zaznamenany zadné statisticky vyznamné zmény napii¢ oSetfenimi.
Cytotoxicita se vSak plo$né zvySila u linii Jurkat (Dasatinib+TPI-1, CuET, TPI-1,
CuET+TPI-1) a HCT116 (TPI-1, CUET+TPI-1, Dasatinib+TPI-1). Stoji za povS§imnuti, Ze
zatimco CUET a TPI-1 obecné zvySovaly cytotoxicitu u bunék MOLT-4 a HCT116 p53-/-
, oSetfeni Dasatinibem vedlo u téchto specifickych linii ke sniZeni cytotoxicity. Tato zjisténi
zdlraziiuji komplexni, na mnoha faktorech zéavislou dynamiku modulace imunitnich
kontrolnich bod pomoci cilenych inhibitorti kinaz a fosfataz. Synergicka aplikace vice
Iékovych terapii, jako jsou kombinace zahrnujici CUET, Dasatinib, TPI-1 a PTP1Bi, ma
velky potencial pro ptesné ovlivnéni signalnich drah T-buné¢ného receptoru (TCR). Tyto
kombinace mohou piedstavovat slibnou translaéni strategii pro potla¢eni vycerpani T-

lymfocytii a zvySeni u¢innosti imunoterapeutickych intervenci.
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Abstract

T-cell exhaustion, characterized by the upregulation of immune checkpoints such as
Programmed cell death protein 1 (PD-1) and its ligand PD-L1, severely limits the efficacy
of the adaptive immune response in settings of chronic antigen exposure. Overcoming this
exhaustion and restoring T-cell effector function requires precise pharmacological
modulation of intracellular signaling pathways, specifically targeting molecules like the
Lck kinase and SHP-2 phosphatase. This study aimed to evaluate the in vitro effects of
various targeted pharmacological inhibitors, specifically Dasatinib, tyrosine kinase
inhibitors (TPI-1 and PTP1Bi) and CuET, administered individually and in multidrug
combinations, on PD-1 and PD-L1 expression, as well as on Lck phosphorylation in
human T-lymphocytes and their cytotoxic function. Peripheral blood mononuclear cells
(PBMCs) were isolated from healthy human donors, and subsequently cultivated and
subjected to either pharmacological stimulation (PMA/ionomycin) or receptor-mediated
stimulation (Phytohemagglutinin, PHA). The modulation of PD-1 and PD-L1 surface
expression was quantified using flow cytometry. Additionally, cytotoxic activity of treated
T-lymphocytes against 2D cancer cell cultures was assessed. Concurrently, the
phosphorylation status of Lck at specific residues (Tyr394, Tyr192, and Tyr505) were
assessed via Western blot analysis. Flow cytometric analysis revealed highly stimulation-
dependent responses. In the PMA/ionomycin cohort, treatments with Dasatinib, TPI-1, and
the combination of Dasatinib + TPI-1 + PTP1Bi led to a statistically significant
downregulation of single-positive PD-L1 expression, while simultaneously increasing the
PD-1+/PD-L1+ double-positive cell population. In the PHA cohort, the combinatory
treatment of CUET + TPI-1 significantly upregulated single-positive PD-1 expression.

Western blot analysis demonstrated that cellular stimulation successfully induced PD-1



expression alongside Lck phosphorylation. Dasatinib consistently abrogated Lck
phosphorylation across the tested conditions. Cytotoxicity assays revealed distinct cell-
line-specific responses. A549 and K562 showed no significant changes across treatments.
On the other hand, cytotoxicity broadly increased in Jurkat (Dasatinib+TPI-1, CUET, TPI-
1, CUET+TPI-1) and HCT116 (TPI-1, CUET+TPI-1, Dasatinib+TPI-1) lines. Notably,
while CUET and TPI-1 generally enhanced cytotoxicity in MOLT-4 and HCT116 p53-/-
cells, Dasatinib treatment resulted in decreased cytotoxicity in these specific lines. The
findings underscore the complex, context-dependent dynamics of immune checkpoint
modulation by targeted kinase and phosphatase inhibitors. The synergistic application of
multidrug therapies, such as combinations involving Dasatinib, TPI-1, and PTP1Bi,
demonstrates significant potential in fine-tuning T-cell receptor (TCR) signaling
pathways. These combinations may offer a promising translational strategy to counteract

T-cell exhaustion and enhance the efficacy of immunotherapeutic interventions.
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Dasatinib, Disulphiram, immunotherapy

Number of pages 72
Number of appendices 4

Language English



TABLE OF CONTENTS

1 INTRODUCTION ..ottt sttt sra e naeneenees 1
2  LITERATURE REVIEW ...ttt 3
2.1 L= | S 3
2.1.1  T-cell involvement in the immuNe reSPONSE ........cccvvvvevereienenineeieeenes 4
2.1.1.1  T-Cell @CtIVALION ....c.veiiiiieic e 5
2.1.1.2 T-cell receptor signal transduction.............cccoocviiieveeiesie s 6
2.1.1.3  T-Cell eXNAUSTION .....oooviieiiciie e 9
2.2 Programmed cell death 1 (PD-1) reCeptor .......ccccceveiereneieninineceeeens 10
2.2.1  Structure and function of PD-1........ccccccoiiiiiiiiiii e 10
2.2.1.1  PD-1 PAtNWAY ....ooviiiiiiciieieeeie e 12
2.2.2  Role of PD-1in T-cell exhaustion ............c.cccovveiiiiiiiie i 13
2.2.3  Clinical relevance and therapeutic applications ...........c.ccccoevvviniiennn. 14
2.3 Src homology 2-domain containing phosphatases (SHPS) ...........c.ccec...... 15
2.3. 1 OVErVIEW OF SHPS......coiiiiiice e 15
2.3.2  Structure and function of SHP-2.........cccccoiiiiiiiii e 16
2.3.2.1 Role of SHP-2 in signaling pathways............cccccceviviiiieiiiieieece e 17
2.3.3  Inhibitors of SHPs and their clinical relevance............ccccccocvvvvivinnnnn. 18
2.3.3.1 The allosteric revolution............cccccooieiieiiiciece e 18
2.4 Lymphocyte-specific protein tyrosine Kinase (LCK).........ccccoeveiieieiinennnnn 19
2.4.1  Structure and function of LCK..........ccccceiiiiiiiiiiicce e 20
2.4.2  Lckinvolvement in T-cell activation ............ccccoccvvieiieiiene e 22
2.4.3  Inhibitors and modulators of Lck and their clinical relevance ............ 22

3 MATERIALS AND METHODS........cccoiiii s 23



4

5

©O© 00N>

3.1 MALEITALS ... e 23
3.1.1  Laboratory eqUIPMENT........ccoiiiiiiiiieeee e 23
312 CREMICAIS ..ot e 24
3.1.3  Diagnostic Kits, markers, and aCCeSSONIES.........cccurrrerreeriesieiieieneeees 25
3.1.4  Buffers and SOIULIONS .........ccooiiiiiiiiiieeee e 25
315 ANTIDOAIES ..o s 26
3.1.6  Cell lines and cell culture consumables...........c.ccocvviiiiiiiiienc s 26
3.1.7  Biological Material ...........ccooiiiiiieiiie s 27
318 SOTIWANE ...ttt 27

3.2 113 1 0T PSP PRTR 28
3.2.1  Isolation of lymphocytes from donors.........cccoceveeieiienciie s 28
3.2.2  T-cell cultivation and Stimulation ...........cccocvveriniiiinieee e 28
3.2.3  Preparation of treatment CONAItIONS ..........cccoeviriiiiniiiieieec s 29

3.2.3.1 Treatment of T-cells prior to flow cytometry ... 29
3.2.3.2 Treatment of T-cells prior to Western blot analysis...............cc......... 30
3.2.3.3 Treatment of T-cells prior to CytotoXiCity assay.........ccccceevrerererinnnn. 30
3.24  Flow cytometry of stimulated T-cells and data analysis........................ 30
3.25  Cytotoxicity assessment of treated T-Cells and data analysis............... 31
3.2.6  Cell lysis prior to Western blot analysis............ccocooviiiiiieiienincns 32
3.2.7  Total protein concentration assessment by the BCA method ............... 32
3.2.8  Protein separation by SDS-PAGE ..o 32
3.29  Semi-dry WESTERN BLOT ....ccooiiiiiiiiiieie e 33
3.29.1 Immunodetection and band intensity quantification........................ 33
RESULTS ..ottt et e b e stesnenreeneene e 35

4.1 Modulation of PD-1 and PD-L1 expression in T-lymphocytes.................. 35
4.1.1  PMA/ionomycin cohort (donors 1—4) ......ccocovieviiiiiiinieieie e 35
4.1.2  PHA cOOrt (dONOrS 5-8) ......ccoiiieiiiieiieiii e 39

4.2 Effects on Lck phosphorylation and protein expression ..o 42

4.3 Cytotoxic effects across multiple cell [ines...........ccccovveiveiiiiciiccciccee, 45

DISCUSSION ...ttt ettt et sreeneene e 49

51 Context-dependent modulation of PD-1 and PD-L1........c.cccocvevviieinennnne 49

5.2 PD-1/PD-L1 co-expression and its implications for T-cell exhaustion.....50

5.3 The role of Lck phosphorylation in immune checkpoint regulation........ 51

5.4 Cytotoxic effects of pharmacological treatments............cccccccevveveiicieenens 51

55 Synthesis of immunomodulatory and cytotoxic effects...........c..cccooveenenene 52

5.6 Clinical implications and therapeutic Perspectives...........cccceovervrenennnnnns 52

5.7 Limitations and future direCtions..........cccoceeviiiiiniiniesesee e 53

CONCLUSIONS ...ttt neenes 54
REFERENGCES ..ottt 55
LIST OF ABBREVIATIONS ...t 67

SUPPLEMENTARY DATA s 69



Aims of the thesis
Theoretical part

e To undertake a thorough literature review that delineates the current status of
research on T-cell exhaustion and its associated markers, with a primary focus on
PD-1 and a secondary emphasis on PD-L1, as well as SHP phosphatases,

particularly SHP-2, and Lck, while underscoring their clinical significance.

Experimental part
e To evaluate the effects of pharmacological modulation of Lck and SHP-2, as well
as cellular activation, on the immune checkpoints PD-1 and PD-L1.

e To investigate the phosphorylation of the protein Lck at residues Tyr394, Tyr192,
and Tyr505, and its correlation with PD-1 induction and SHP-2 inhibition.

e To assess lineage-specific and treatment-specific cytotoxic function of stimulated
T-lymphocytes.



1 INTRODUCTION

The mammalian immune system relies on the adaptive immune response to provide
highly specialized, pathogen-specific defenses and long-term immunological memory.
The primary effectors of this cell-mediated immunity are T-cells, which recognize
specific antigens presented by Antigen-Presenting Cells (APCs) on Major
Histocompatibility Complex (MHC) molecules (Janeway et al., 2001; Malissen et al.,
2014). The activation of naive T-cells is a tightly regulated, multi-signal process requiring
TCR-MHC engagement (Signal 1), co-stimulation via receptors such as CD28 (Signal 2),
and microenvironmental cytokine signaling (Signal 3) (Bretscher & Cohn, 1970; Acuto
& Michel, 2003; Goral, 2011).

The translation of these external antigenic cues into precise cellular responses relies
on the structural assembly of the TCR-CD3 complex. Antigen recognition by the TCR
must be efficiently coupled with the intracellular signaling motifs (ITAMs) of the
invariant CD3 chains (Pennock et al., 2013; Shah et al., 2021). Effective signal
transduction is intrinsically dependent on co-receptors such as CD4 and CD8, whose
cytoplasmic tails interact with the non-receptor tyrosine kinase Lck (Artyomov et al.,
2010). Upon TCR engagement, Lck plays a foundational role by phosphorylating the
ITAMs on the CD3 complex, thereby initiating the downstream intracellular kinase
cascade required for robust T-cell activation, clonal expansion, and differentiation
(Arnaud, 1997; Carson et al., 1991).

However, to prevent uncontrolled systemic inflammation and autoimmunity, this
potent activation is strictly counterbalanced by inhibitory immune checkpoints (Kumari
et al., 2023). Following activation, T-cells upregulate Programmed cell death protein 1
(PD-1) (Buchbinder & Desai, 2015). When PD-1 binds to its primary ligands, PD-L1 and
PD-L2, which are expressed on peripheral tissues or co-opted by tumor cells, it transmits
a profound inhibitory signal that limits effector T-cell activity (Keir et al., 2008). The
intracellular mechanism of PD-1-mediated suppression heavily relies on the recruitment
of Src homology 2 domain-containing phosphatase 2 (SHP-2). Once recruited to the
intracellular tail of PD-1, SHP-2 dephosphorylates proximal signaling molecules,
crucially including Lck and CD28, effectively severing the TCR signal transduction
cascade (Cammann et al., 2022). In environments characterized by chronic antigen
exposure, sustained PD-1/PD-L1 signaling drives T-cells into a state of “exhaustion,"”



characterized by a progressive loss of effector functions, diminished proliferative

capacity, and altered transcriptional profiles (Marasco et al., 2020).

Overcoming T-cell exhaustion and restoring immune efficacy requires precise
pharmacological intervention targeting these specific intracellular and extracellular
macromolecules. Various targeted inhibitors have been developed to modulate these
pathways. Dasatinib, a potent tyrosine kinase inhibitor, is known to target Lck, thereby
allowing for the modulation of TCR signaling thresholds (Schade et al., 2008).
Conversely, to counteract the immunosuppressive phosphatase activity driven by
checkpoint engagement, specific inhibitors such as TPI-1 (which targets SHP-1 and less
SHP-2) and inhibitors of Protein Tyrosine Phosphatase 1B (PTP1B) are utilized (Kundu
et al., 2010; Baumgartner et al., 2023). By blocking SHP-2 and PTP1B, these agents
prevent the premature dephosphorylation of Lck and other critical signaling nodes.
Furthermore, agents like CUET (bis(diethyldithiocarbamate)copper) have emerged as
highly relevant compounds in this context, modulating intracellular protein degradation
pathways and influencing the broader microenvironmental factors that dictate T-cell
viability and function (Wang et al., 2022; Dumut et al., 2025).

While targeting individual nodes has provided mechanistic insights, monotherapies
often yield limited clinical efficacy, fail to completely reverse exhaustion, and can induce
significant systemic toxicity (Wu et al., 2026). Consequently, there is a critical imperative
to develop and evaluate multidrug therapies. It is particularly important to systematically
try out different therapeutic combinations in vitro to fully understand their combined
effects. Rigorous in vitro modeling allows researchers to observe how the simultaneous
pharmacological manipulation of Lck, PD-1, and SHP-2 interacts at the cellular level, and
critically, how these combined interventions influence the ultimate cytotoxic function of
lymphocytes, as is addressed in this thesis. Identifying optimal synergistic combinations
in these controlled settings is essential for overcoming T-cell exhaustion while
simultaneously mitigating the deleterious effects and side effects experienced by patients

undergoing immunotherapy.



2 LITERATURE REVIEW
2.1 T-cells

The mammalian immune system is a complex, integrated network of biological structures
and processes that protects the organism against disease. It is broadly categorized into
two subsystems: the innate immune system and the adaptive immune system. The innate
system provides an immediate, non-specific defense, comprising physical barriers (e.g.,
skin), chemical mediators, and cellular components such as macrophages and neutrophils
(Parkin & Cohen, 2001). In contrast, the adaptive immune system offers a specialized,
pathogen-specific response and immunological memory. The primary effectors of the
adaptive system are lymphocytes: B-cells, which govern humoral immunity through
antibody production, and T-cells, which orchestrate cell-mediated immunity (Janeway et
al., 2001).

T-cells, or T-lymphocytes, originate in the bone marrow and mature in the thymus,
which is why they are called "T" cells. They are small, spherical cells with a large nucleus,
minimal cytoplasm, and a surface rich in T-cell receptors (TCRs) and co-receptors that

determine their function and specificity. (Smith-Garvin et al., 2009).

There are several distinct subsets of T-cells, distinguished primarily by their surface
glycoproteins, such as CD3, CD4, and CD8 (see Table 1 on page 4). CD4+ Helper T-cells
don't kill pathogens directly; they secrete cytokines that activate B-cells to produce
antibodies and macrophages to destroy microbes. (Kan et al., 2024). CD8+ Cytotoxic T-
cells are key effectors of cell-mediated immunity, inducing apoptosis in virus-infected or
cancerous somatic cells. (Raskov et al., 2020). Regulatory T-cells are a CD4+ subset,
often with CD25 and FoxP3 markers, that modulate the immune system and prevent
autoimmune diseases. (Sakaguchi et al., 2008). Memory T-cells develop after exposure
to a specific antigen and provide quick protection during future encounters due to their

longevity and enhanced function. (Burleson et al., 2015)



Table 1. Overview of T-cell subsets and surface markers.

Primary Surface . .
T-cell type Markers Main Function
Cytokine secretion, B-cell
Helper T-cell (Th) CD3+, CDa+ activation, Macrophage activation
. Direct killing of infected or

Cytotoxic T-cell (Tc) CD3+, CD8+ cancerous cells via perforin/granzyme
Regulatory T-cell CD3+, CD4+, Immune suppression, maintenance

(Treg) CD25+ of tolerance
Memory T-cell CD45RO+ Rapid response upon re-exposure to

the antigen

2.1.1 T-cell involvement in the immune response

T-cells are crucial for the adaptive immune response. Unlike B-cells that recognize free-
floating antigens, T-cells only identify antigens presented on the surface of host cells via
Major Histocompatibility Complex (MHC) molecules. (Malissen et al., 2014).

When a pathogen enters the body, Antigen-Presenting Cells (APCs), like dendritic
cells, process its proteins into peptides and present them on MHC molecules. Naive CD4+
T-cells recognize antigens on MHC Class I, while naive CD8+ T-cells recognize
antigens on MHC Class I. (see Figure 1) (Vyas et al., 2008).

A)
TCR
MHC Il
Naive CD4+ T-cell Dendritic cell
B)
TCR
O
MHC |
Naive CD8+ T-cell Dendritic cell

Figure 1. Antigen recognition of T-cells. Section A) depicts a CD4+ T-cell interacting with an
antigen (red sphere) presented on an MHC Il molecule of a dendritic cell. Section B) depicts a
CD8+ T-cell interacting with an antigen (red sphere) presented on an MHC | molecule of a
dendritic cell. This figure was created using BioRender.



Naive T-cells, upon recognition, undergo clonal expansion and differentiation, migrating
to the infection site to execute effector functions. This specificity enables the immune

system to target infected cells while sparing healthy tissue.

2.1.1.1 T-cell activation

The activation of a naive T-cell is a tightly regulated event that requires a specific
sequence of signals. The "Two-Signal Hypothesis™ posits that T-cell activation requires
two concurrent events (Bretscher & Cohn, 1970), though modern immunology recognizes

a crucial third signal (cytokines) for differentiation (Goral, 2011).

ANTIGEN

SIGNAL 3

SIGNAL 1

SIGNAL 2

Naive T-cell Dendritic cell

Figure 2. The three-signal model of T-cell activation. This diagram illustrates the interaction
between a naive T-cell (left) and an antigen-presenting dendritic cell (right). Full activation
requires three distinct signals: (1) antigen recognition via the TCR-MHC complex, (2) co-
stimulation through CD28 and B7 molecules, and (3) cytokine signaling to direct differentiation.
This figure was created using BioRender and inspired by Lee et al. (2020).

During “Signal 1 (Antigen Recognition), the TCR interacts with the specific peptide-
MHC complex on the APC. This interaction is stabilized by the co-receptors CD4 or CD8
(See Figure 2). This signal provides specificity but is insufficient on its own. Stimulation
of the TCR without co-stimulation leads to anergy (unresponsiveness) (Bretscher, 1999).

The “Signal 2” (Co-stimulation) is a non-antigen-specific signal provided by the
interaction between co-stimulatory molecules on the APC (such as CD80/B7-1 and
CDB86/B7-2 from the B7 family) and the CD28 receptor on the T-cell (See Figure 2 on

5



page 5). CD28 engagement lowers the threshold for T-cell activation and promotes

survival and proliferation (Acuto & Michel, 2003).

During “Signal 3” (Cytokine Signaling), cytokines present in the microenvironment
(e.g., IL-12, 1L-4) direct the differentiation of the T-cell into specific effector subtypes
(e.g., Thl, Th2, Th17) (Athie-Morales et al., 2004; Bao & Reinhardt, 2015; Powell et al.,
2019).

To prevent autoimmunity and uncontrolled inflammation, T-cell activation is
counterbalanced by inhibitory signals, often referred to as immune checkpoints (Kumari
et al., 2023). Following activation, T-cells upregulate surface proteins such as Cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and Programmed cell death protein 1 (PD-
1) (Buchbinder & Desai, 2015).

CTLA-4 competes with CD28 for binding to B7 molecules on APCs but with much
higher affinity (Rowshanravan et al., 2017). Unlike CD28, CTLA-4 transmits an
inhibitory signal that dampens T-cell proliferation (Walunas et al., 1994).

PD-1 binds to its ligands PD-L1 and PD-L2 on peripheral tissues. This interaction
inhibits effector T-cell activity in tissues, thereby limiting collateral damage during

chronic inflammation (Keir et al., 2008).

To induce robust T-cell activation and evaluate immune checkpoint regulation, two
mitogenic protocols can be used: Phytohemagglutinin (PHA) and a combination of
Phorbol 12-myristate 13-acetate (PMA) and lonomycin. PHA, a lectin from Phaseolus
vulgaris, activates T-cells by cross-linking surface glycoproteins, simulating antigen
signaling for polyclonal T-cell proliferation (Movafagh et al., 2011). The
PMA/lonomycin cocktail bypasses surface receptors. PMA directly activates Protein
Kinase C (PKC) as a diacylglycerol analogue, while lonomycin acts as a calcium
ionophore, enhancing calcium influx and activating calcineurin. (Gao et al., 2022). Both
stimulation methods activate NFAT and NF-«kB pathways, leading to rapid upregulation
of activation markers, notably PD-1, which serves as a negative feedback regulator after

strong mitogenic signaling. (Oestreich et al., 2008; Ahn et al., 2018).
2.1.1.2 T-cell receptor signal transduction

When TCRs engage with antigenic peptides presented by APCs such as dendritic cells,
macrophages, or B cells, a complex molecular cascade is triggered (Pennock et al., 2013).



This cascade translates external environmental cues into internal signals, leading to T-
cell activation, clonal expansion, and differentiation (Curtsinger et al., 2003).

The TCR complex, essential for signaling, is made of variable antigen-recognition
chains and invariant signaling chains. The human genome contains four TCR genes—a.,
B, v, and 6—forming two heterodimers. Most mature T-cells express the TCRaTCRf
heterodimer (aff T-cells), while a smaller group expresses TCRYTCRGS (yd T-cells). (Zhao
et al., 2018; Born et al., 1987; Holtmeier & Kabelitz, 2005). Structurally, these TCR
chains consist of an extracellular region, a transmembrane region, and a short cytoplasmic
tail. The extracellular region is further divided into a variable immunoglobulin-like (V)
domain, which serves as the antigen-recognition site, and a constant immunoglobulin-
like (C) domain (see Figure 3). The C domain is crucial for the interaction with the CD3
signaling chains (Van Boxel et al., 2010; Shah et al., 2021).

For proper TCR function and localization on the cell surface, antigen-binding
heterodimers must associate with six CD3 chains through non-covalent interactions. The
CD3 chains form three dimers: d¢, ye, and { . In contrast to the short tails of TCRaTCRf3
chains, CD3 chains contain signaling motifs (ITAMs) for intracellular signal propagation
(Arnaud, 1997; Carson et al., 1991).

TCRa TCRB TCRy TCRS

Cc

¥ ITAM
---- Disulfide bond

Figure 3. Structural assembly and signaling configuration of the TCR-CD3 complex. The TCR
complex comprises antigen-binding T7CRaTCRfS or TCRyTCRO heterodimers non-covalently
associated with invariant CD3 signaling molecules. The CD3 component consists of de, ye
heterodimers alongside a { { homodimer. While the TCR heterodimers are stabilized by both
intramolecular and intermolecular disulfide bonds, the variable (V) regions recognize pMHCs.
The cytoplasmic domains of the CD3 chains collectively contain 10 immunoreceptor tyrosine-
based activation motifs (ITAMs). In the resting state (absence of pMHC), the intracellular
domains of the CD3 molecules adopt a closed conformation, rendering the ITAMs inaccessible
to kinase-mediated phosphorylation. This figure was taken from Shah et al. (2021) and adjusted.



Effective signaling involves co-receptors CD4 and CDS8, which help the TCR
differentiate MHC molecule classes and stabilize the TCR-pMHC interaction. CD4, a
monomeric protein with four extracellular domains, recognizes MHC Class Il molecules.
(Ge et al., 2006). Its cytoplasmic tail interacts with the non-receptor tyrosine kinase Lck
(Artyomov et al., 2010). Conversely, CD8 is typically a heterodimer (CD8aCD8p) that
contains a single VV domain per chain and recognizes MHC Class | molecules. These co-
receptors ensure that CD4+ T-cells respond to antigens on APCs, while CD8+ T-cells can

target any nucleated cell presenting antigens on MHC Class | (Srinivasan et al., 2024).

Signal transduction begins when ligand binding leads to receptor aggregation or
conformational changes, allowing protein tyrosine kinases (PTKs) like Lck to
phosphorylate tyrosine residues on the receptor complex's cytoplasmic tails. (Straus,
1992; Bozso et al., 2020). These phosphorylated sites act as docking platforms for
molecules with specific domains, such as SRC homology 2 (SH2) and phosphotyrosine-
binding (PTB) domains. A critical molecule recruited to these sites is the Zeta-chain-
associated protein kinase 70 (ZAP-70), which binds via its SH2 domains (see Figure 4)
(Chan et al., 1991). Once activated, ZAP-70 phosphorylates the transmembrane adaptor
protein LAT (Linker for Activation of T-cells) (Aguado et al., 2006). These adaptors,
which generally lack intrinsic enzymatic activity, function as scaffolds. They possess
multiple binding domains (for phosphotyrosine, proline-rich regions, and lipids) that
facilitate protein-protein interactions. By forming multiprotein complexes, adaptors
integrate proximal biochemical signals (mediated by kinases, phosphatases, and
phospholipases) with distal signaling pathways, ultimately activating the transcription
factors required for gene expression and full T-cell activation (Shah et al., 2021). Upon
phosphorylation, LAT recruits additional signaling molecules (see Figure 4), including
the cytosolic adaptor SLP-76 (via Gads) and phospholipase Cy1 (PLCy1) (Malissen et al.,
2005). This formation of a signalosome (see Figure 4 on page 9) allows PLCyl to
hydrolyze membrane lipids, generating second messengers that trigger calcium flux and
Ras/MAPK pathway activation (Fernandez-Aguilar et al., 2023).
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Figure 4. TCR signaling cascade. This figure was created by adjusting the “TCR Downstream
Signaling” template using BioRender.

2.1.1.3 T-cell exhaustion

T-cell exhaustion is a dysfunction that occurs during chronic infections and cancer,
characterized by a loss of effector functions, persistent expression of inhibitory receptors,
and unique transcriptional and metabolic profiles. (Wherry, 2011).

The main cause of exhaustion is ongoing antigen exposure. In acute infections,
antigens are cleared, and the effector T-cells become memory T-cells. However, in
chronic conditions like HIV, Hepatitis C, or solid tumors, the immune system cannot
eliminate the antigen. (Vigano et al., 2020). Continuous TCR stimulation leads to the
overexpression of inhibitory receptors such as PD-1, TIM-3, and LAG-3. This chronic
signaling alters the cell's epigenetic landscape, rendering it unable to respond effectively
to stimulation (Pauken & Wherry, 2015).

Phenotypically, exhausted T-cells exhibit reduced proliferation and impaired
production of IL-2, TNF-a, and IFN-y, and increased expression of PD-1 and PD-1ligand.
For the host, this results in the inability to control the viral load or tumor growth (Zeng et
al., 2020).

Conditions strongly linked to T-cell exhaustion include chronic viral infections such
as Human Immunodeficiency Virus (HIV), Hepatitis B (HBV), and Hepatitis C (HCV)
(Yeetal., 2015; Cortés et al., 2023). Additionally, various solid tumors (melanoma, lung
cancer) and hematologic malignancies create an immunosuppressive microenvironment

that induces T-cell exhaustion to evade immune destruction (Kim & Cho, 2022).



Overcoming T-cell exhaustion has become a cornerstone of modern immunotherapy.
The discovery that blocking inhibitory pathways can reinvigorate exhausted T-cells led
to the development of Immune Checkpoint Inhibitors (ICIs). For example, the Anti-
CTLA-4 Antibody Ipilimumab (Yervoy) blocks CTLA-4 (CTLA-4 function is described
in section 2.1.1.1. T-CELL ACTIVATION), enhancing the priming of T-cells in lymph
nodes (Lipson & Drake, 2011).

While these therapies have revolutionized cancer treatment, they are not effective in
all patients, and reversing "terminally exhausted™" T-cells remains a significant challenge

in current immunological research.
2.2 Programmed cell death 1 (PD-1) receptor

As described in section 2.1 T-CELLS, T-cell activation is contingent upon the initial
antigen-specific signal relayed to TCRs through the antigen-loaded MHC (pMHC).
Costimulatory molecules are essential in modulating T-cell responses, affecting their
intensity, characteristics, and duration. Some interactions enhance naive T-cell activation
and proliferation, while others inhibit activation and promote regulatory mechanisms.
(Francisco et al., 2010; Li et al., 2009). One significant receptor-ligand network involved
in this process is the PD-1 receptor pathway, which primarily provides a co-inhibitory
signal. Interactions between PD-1 and its ligands (PD-L1 and PD-L2) help sustain
peripheral tolerance and can be exploited by tumors and viruses that induce chronic

infections to evade immune surveillance (Riella et al., 2012).

2.2.1 Structure and function of PD-1

The inhibitory receptor programmed death 1 (PD-1, also CD279) is a cell surface
molecule characterized by a single immunoglobulin (Ig) superfamily domain and a
cytoplasmic domain that contains two tyrosine-based signaling motifs (see Figure 5 on
page 11): an inhibitory motif (ITIM) and an immunoreceptor tyrosine-based switch motif
(ITSM) (Dong et al., 1999). PD-1 interacts with two ligands, PD-L1 (B7-H1; CD274) and
PD-L2 (B7-DC; CD273)(Latchman et al., 2001; Tseng et al., 2001; Agata et al., 1996),
both of which feature extracellular domains resembling IgV-like and 1gC-like structures
(see Figure 5 on page 11), along with a short intracellular domain (Riella et al., 2012).
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Figure 5. Schematic representation of the PD-1 receptor structure. The diagram illustrates the
transmembrane protein Programmed cell death protein 1 (PD-1) embedded within the T-cell
membrane. The extracellular region consists of an N-terminal binding site, an IgV-like domain,
and an IgC-like domain. The protein traverses the lipid bilayer via a transmembrane domain. The
intracellular cytoplasmic tail contains two key tyrosine-based signaling motifs: the
immunoreceptor tyrosine-based inhibitory motif (ITIM) and the immunoreceptor tyrosine-based
switch motif (ITSM), which are critical for mediating inhibitory signaling. This figure was created
using BioRender.

PD-1 expression is inducibly upregulated in T-cells and B-cells following activation
(Agata et al., 1996), as well as in natural killer T (NKT) cells, natural killer (NK) cells,
activated monocytes, and specific subsets of dendritic cells (Keir et al., 2008). Notably,
PD-1 expression is enhanced after engagement of the T-cell receptor (TCR) or B-cell
receptor (BCR) in naive lymphocytes, with sustained antigen stimulation leading to
elevated PD-1 levels (Freeman et al., 2006). Additionally, common y-chain cytokines
(such as IL-2, IL-7, IL-15, and IL-21), Toll-like receptors (TLRS), and interferons have
been shown to augment PD-1 expression on T-cells (Kinter et al., 2008). The expression
of PD-1 is partially regulated by the translocation of the nuclear factor of activated T-
cells c1 (NFATCc1) into the nucleus (Oestreich et al., 2008). NFATc1, in conjunction with
AP-1 and NF-kB, represents a critical set of transcription factors activated upon antigen
recognition by T-cells. While PD-1 upregulation in naive T-cells peaks approximately 48
hours after stimulation with anti-CD3 or anti-CD3/anti-CD28 in vitro (Yamazaki et al.,
2002), PD-1 levels in allogeneic CD4+ T-cells progressively increase over time following

skin transplantation in vivo, reaching their zenith on day 10 post-transplantation (Sandner
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et al., 2005). The assessment of PD-1 expression across various immune cell subsets at
different time points during transplantation warrants further investigation. Moreover,
certain subsets of T-cells, including CD4"Foxp3* regulatory T-cells (Tregs)(Baecher-
Allan et al., 2003), T follicular helper cells (TrH) (Haynes et al., 2007), memory T-cells
(Duraiswamy et al., 2011), and "exhausted” CD8+ T-cells exhibit elevated levels of PD-
1 expression (Wherry et al., 2007). The PD-1 promoter remains demethylated in
exhausted T-cells even in the absence of antigenic stimulation (Youngblood et al., 2013;
Youngblood et al., 2011).

2.2.1.1 PD-1 pathway

Upon ligand binding and recruitment to the immunological synapse (see Figure 6 on page
13), the tyrosines in ITIM and ITSM undergo phosphorylation (Freeman et al., 2000;
Schildberg et al., 2016), facilitating the recruitment of SHP2 [Src homology 2 (SH2)
domain-containing tyrosine phosphatase 2], which subsequently dephosphorylates
multiple mediators of T-cell activation (Yokosuka et al., 2012). Hui et. al. (2017) have
demonstrated that SHP-2, associated with PD-1, dephosphorylates CD28 more efficiently
than TCRs and other downstream components such as CD3-(, ZAP70, and LAT/SLP76.
This differential effect is attributed to the higher rephosphorylation rate of CD3-( by Lck.
Enhanced net dephosphorylation of CD28 by PD-1 has been validated through in vitro
cellular assays. Even in the absence of CD28/B7 interactions at the immunological
synapse, PD-1 attenuates T-cell activation by targeting TCRs and downstream molecules,
as observed in cytotoxic CD8+ T-cell interactions with B7-negative target cells (Hui et.
al., 2017; Yokosuka et al., 2012). PD-1 interacts with two ligands from the B7 family:
PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273) (Schildberg et al., 2016). PD-L1 is
constitutively expressed across various cell types and can be induced by cytokines, such
as IFN-y, as part of an adaptive resistance mechanism (Tumeh et al., 2014). PD-L1
expression within the tumor microenvironment, closely associated with CD8+ T-cell
infiltration, is correlated with favorable clinical responses to PD-1-targeted
immunotherapy (Taube et al., 2014). In contrast, PD-L2 expression is inducible and more
restricted, occurring under specific conditions such as exposure to IL-4 and GM-CSF
(Schildberg et al., 2016). The PD-1 pathway significantly influences T-cell metabolism
by inhibiting Akt activation, thereby reducing mTOR activity and shifting metabolism
from glycolysis to fatty acid oxidation (Chang et al., 2015; Staron et al., 2014; Patsoukis
etal., 2015).
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Figure 6. PD-1-driven inhibition of TCR signaling. In a normal activation state (a), the
engagement of the TCR and co-stimulatory molecule CD28 initiates a phosphorylation cascade
involving PI3K, AKT, and ZAP70, which drives the activation of essential transcription factors
like NFAT and NF-xB. However, during PD-1 inhibition (b), PD-1 binding to its ligands PD-L1/2
recruits the phosphatase SHP-2 to the receptor's intracellular tail. SHP-2 subsequently
dephosphorylates proximal signaling molecules, effectively severing the downstream pathways
and preventing T cell activation. This figure was taken from Hashimoto et al. (2018) and adjusted.

2.2.2 Role of PD-1 in T-cell exhaustion

As stated in chapter 2.1.1.3, T-cell exhaustion represents a state of dysfunction in T-cells
that occurs during numerous chronic infections and cancer. It is characterized by
diminished effector function, persistent expression of inhibitory receptors, and a
transcriptional profile distinct from that of functional effector or memory T-cells. This
exhaustion impedes optimal control of infections and tumors. Immunoregulation plays a
central role in T-cell exhaustion, with these negative pathways classified into three
primary categories: cell surface inhibitory receptors (e.g., PD-1), soluble factors (e.g., IL-
10), and immunoregulatory cell types (e.g., regulatory T-cells (Treg cells) and other
similar cells (Wherry, 2011).

Exhausted CD8+ T-cells exhibit metabolic deficiencies, with PD-1 regulating early
glycolytic and mitochondrial changes and repressing PGC-1a (peroxisome proliferator-
activated receptor y coactivator la). Overexpression of PGC-1a has been shown to
enhance metabolic function and performance in these cells during chronic viral infection
(Bengsch et al., 2016). Decreased mTOR activation in PD-1-expressing CD8+ T-cells
increases FoxO1l (forkhead box O1) activity, maintaining PD-1 expression and cell

survival (Staron et al., 2014).
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Furthermore, these processes result in stable epigenetic "scars" that lock T-cells into a
dysfunctional state that is often resistant to full reversal (Pauken et al., 2016), while
simultaneously coordinating with other inhibitory receptors like LAG-3 and altering T-
cell motility to impede effective target interaction (Blackburn et al., 2009; Zinselmeyer
etal., 2013).

2.2.3 Clinical relevance and therapeutic applications

The clinical translation of PD-1 biology began with the landmark approval of the
monoclonal antibodies pembrolizumab (Poole, 2014) and nivolumab (Motzer et al.,
2014), which fundamentally altered the oncology landscape by targeting the interaction
between the PD-1 receptor on T-cells and its ligands (PD-L1/PD-L2) on tumor cells.
Initially validated in ipilimumab-refractory melanoma and subsequently in non-small cell
lung cancer (NSCLC), these first-generation inhibitors demonstrated that releasing the
"brakes™ on the immune system could yield durable, long-term remission in patients with
previously incurable metastatic disease (Hamid et al., 2013; Topalian et al., 2012). These
early pivotal trials established the proof-of-concept for checkpoint blockade, shifting the
focus of cancer treatment from targeting the tumor directly to empowering the host
immune system, and set the stage for the rapid expansion of indications across diverse
solid and hematologic malignancies.

Building on this foundation, the therapeutic landscape has evolved significantly
between 2020 and 2026, shifting toward perioperative applications and novel
combinatorial strategies to overcome resistance. A major paradigm shift occurred with
the validation of neoadjuvant and adjuvant checkpoint blockade in early-stage solid
tumors; notably, the CheckMate 816 and KEYNOTE-671 trials established that
integrating PD-1 inhibitors with chemotherapy in resectable NSCLC significantly
improves event-free survival and pathological complete response rates compared to
chemotherapy alone (Forde et al., 2022; Wakelee et al., 2023). This strategy capitalizes
on the presence of a larger antigen load and intact lymphatic drainage prior to surgery,
theoretically priming a more robust systemic T-cell response against micrometastatic

disease than adjuvant therapy alone (Topalian et al., 2015).

Furthermore, the management of resistance mechanisms has driven the development
of bispecific antibodies and dual-checkpoint inhibition. The RELATIVITY-047 trial
demonstrated that combined LAG-3 and PD-1 inhibition (relatlimab and nivolumab)

offers superior progression-free survival in metastatic melanoma compared to PD-1
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inhibition alone, validating LAG-3 as the third distinct checkpoint target in the clinic
(Tawbi et al., 2022). Concurrently, next-generation bispecific molecules targeting PD-
1/CTLA-4 (such as cadonilimab) and PD-1/VEGF (such as ivonescimab) have shown
promising efficacy in gastric and lung cancers, respectively, by localizing immune
activation within the tumor microenvironment while potentially mitigating some systemic
immune-related adverse events associated with separate antibody infusions (Keam, 2022;
Zhou et al., 2021).

These advancements collectively signal a move toward precision immuno-oncology,
where PD-1 blockade serves as a backbone for increasingly personalized, multimodal

treatment regimens.
2.3 Src homology 2-domain containing phosphatases (SHPSs)

The protein tyrosine phosphatase (PTP) superfamily represents a diverse group of
enzymes critical for maintaining cellular homeostasis by counteracting the activity of
protein tyrosine kinases (PTKs). Within the Class | cysteine-based PTPs, the Src
homology 2 (SH2) domain-containing phosphatases (SHPS) constitute a unique
subfamily of non-receptor PTPs characterized by their specific modular architecture and
regulation (Tonks, 2016).

2.3.1 Overview of SHPs

In the mammalian genome, this family is primarily represented by two highly conserved
enzymes: SHP-1 (encoded by PTPNG6) and SHP-2 (encoded by PTPN11) (Tamir et al.,
2000).

SHP-1 expression is largely restricted to hematopoietic lineages, where it acts as a
canonical negative regulator of signaling (Matthews et al., 1992). The physiological
importance of SHP-1 is exemplified by the "motheaten” mouse model, in which loss-of-
function mutations in PTPTN6 (encoding SHP-1) lead to severe autoimmunity and
systemic inflammation due to hyperactive immune cells (Hendriks et al., 2023;
Kiratikanon et al., 2022).

SHP-1 and SHP-2 share 55% sequence identity in their catalytic domains and similar
structures, but they differ in physiological functions and tissue distribution. (Ran et al.,
2016). Germline mutations in PTPN11 (gene encoding SHP-2) are the cause of
approximately 50% of Noonan syndrome (a common genetic disorder causing

developmental disruptions, distinct facial features, heart defects and many other health
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issues) cases, while somatic gain-of-function mutations are frequent drivers in juvenile
myelomonocytic leukemia (JMML) and various solid tumors, solidifying SHP-2 as a

proto-oncogene (Tartaglia et al., 2011).

2.3.2 Structure and function of SHP-2

The structural biology of SHP-2 is defined by a "molecular switch™ mechanism. The
enzyme comprises two tandem SH2 domains at the N-terminus (N-SH2 and C-SH2), a
catalytic PTP domain, and a C-terminal tail containing two critical tyrosyl
phosphorylation sites (Tyr542 and Tyr580) (see Figure 7 on page 17)(W. Li et al., 1994;
Bennett et al., 1994). The catalytic activity is centered on the P-loop signature motif
(HC(X)5R), containing the essential nucleophilic cysteine (Cys459) required for
phosphate hydrolysis (LaRochelle et al., 2018).

In the basal, unstimulated state, SHP-2 exists in a "closed,” auto-inhibited
conformation. Crystallographic studies reveal that the N-SH2 domain wedges into the
catalytic cleft of the PTP domain. Specifically, the D'E loop of the N-SH2 domain
interacts directly with the catalytic site, blocking substrate entry. A critical interaction
involves Asp61 in the N-SH2 domain, which forms hydrogen bonds near the catalytic

Cys459, effectively locking the enzyme in an inactive state (Darian et al., 2011).

Activation is triggered when the SH2 domains engage with specific phosphotyrosine
(pTyr) motifs—typically bis-phosphorylated immune receptor tyrosine-based inhibitory
motifs (ITIMs) or docking sites on scaffolding proteins like GAB1, GAB2, or IRS-1. The
binding of pTyr peptides to the N-SH2 domain induces a steric clash that disrupts the N-
SH2/PTP interface. This allosteric shift releases the N-SH2 domain, exposing the
catalytic pocket (“open™ conformation) (see Figure 7 on page 17) and increasing
phosphatase activity (Neel et al., 2003; Pierotti & Kohn, 2026).
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Figure 7. Structure and activation mechanism of SHP-2. (A) Schematic representation of the

domain structure of the SHP-2 protein, highlighting the N-terminal SH2 domain, the C-terminal
SH2 domain, and the protein tyrosine phosphatase catalytic domain (PTP). (B) In its basal state,
SHP-2 is autoinhibited (inactive) by an intramolecular interaction between the N-SH2 and PTP
domains. Upon receptor stimulation, the receptor tyrosine kinase (TK) domains phosphorylate
specific residues, creating binding sites. The SH2 domains of SHP-2 bind to these
phosphotyrosine residues (P), releasing the autoinhibition and activating the phosphatase. This
active SHP2 promotes downstream signaling, specifically the activation of the RAS-MAPK
pathway. This figure was taken from Butterworth et al.(2014) and adjusted.

2.3.2.1 Role of SHP-2 in signaling pathways

SHP-2 serves as a pleiotropic node in cellular signaling, integrating inputs from the cell
surface to nuclear transcriptional machinery.

The most well-characterized function of SHP-2 is the positive regulation of the
RAS/ERK MAPK pathway. Upon growth factor stimulation (e.g., EGF, PDGF), SHP-2
is recruited to the receptor complex via GAB1/2 adapters (M. Arnaud et al., 2004; Maroun
et al., 2000; Yang et al., 2006). Once activated, SHP-2 dephosphorylates specific pTyr
sites on GABL that act as docking sites for p120RasGAP (a negative regulator that
hydrolyzes RAS-GTP to RAS-GDP). By removing these binding sites, SHP-2 prevents
RAS inactivation, thereby prolonging RAS-GTP accumulation and sustaining ERK1/2
activation (Dance et al., 2007). Additionally, SHP-2 dephosphorylates Sprouty (Spry)
proteins, which are intrinsic inhibitors of the RAS pathway, further amplifying the signal
(Jarvis et al., 2006).
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In the context of tumor immunology, SHP-2 functions as a metabolic brake on T-cells.
As described in chapter 2.2.1.1. PD-1 PATHWAY, the ligation of PD-1 by PD-L1 results
in the phosphorylation of the ITIM and ITSM motifs on the PD-1 cytoplasmic tail. SHP-
2 binds predominantly to the ITSM motif (Patsoukis et al., 2020). Once recruited, SHP-2
dephosphorylates the co-stimulatory receptor CD28 and the TCR-associated kinase Lck
(Cammann et al., 2022). This dephosphorylation creates a "short-circuit™ in T-cell
activation, leading to decreased cytokine production and T-cell exhaustion (Marasco et
al., 2020).

2.3.3 Inhibitors of SHPs and their clinical relevance

Targeting phosphatases has historically been termed "undruggable™ due to the highly
polar, conserved, and positively charged nature of the PTP active site. Early "Type I"
competitive inhibitors (e.g., sodium stibogluconate, NSC-87877) targeted the catalytic
pocket but failed due to poor cellular permeability, lack of selectivity (inhibiting other
phosphatases), and rapid oxidation (Zhang, 2016).

2.3.3.1 The allosteric revolution

The discovery of "Type II" allosteric inhibitors marked a paradigm shift. Instead of
competing with the substrate at the active site, these small molecules bind to a
hydrophobic tunnel formed at the interface of the N-SH2, C-SH2, and PTP domains. This
binding stabilizes the auto-inhibited "closed™ conformation, effectively gluing the N-SH2
domain over the catalytic pocket. The prototype allosteric inhibitor, SHP099,
demonstrated that stabilizing the inactive conformation could potently suppress
RAS/ERK signaling in cancer cells. While not suitable for human trials due to
pharmacokinetic properties, it established the structural basis for subsequent drugs (Chen
et al., 2016; Luo et al., 2022; Fedele et al., 2018).

TNO155 (developed by Novartis) is a highly potent, selective, and orally bioavailable
allosteric inhibitor. It is currently in Phase I/1l clinical trials (e.g., NCT03114319).
TNO155 has shown efficacy in KRAS-mutant cancers by disrupting the SOS1-mediated
feedback loop that reactivates RAS (LaMarche et al., 2020). RMC-4630 is another
clinical-stage allosteric inhibitor targeting the SHP-2/RAS interface. The compound is
being investigated in combination with direct KRAS-G12C inhibitors (e.g., sotorasib) to
prevent adaptive resistance mechanisms where tumor cells upregulate RTK signaling to
bypass KRAS blockade (Johnson et al., 2022).
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In the context of T-cell modulating molecules affecting SHP-2 in preclinical research,
TPI-1 functions as a potent immune enhancer by blocking the inhibitory activity of SHP-
1 and, to a lesser extent, SHP-2, which normally serve as negative regulators of T-cell
receptor (TCR) signaling. By preventing the dephosphorylation of proximal signaling
kinases such as Lck and ZAP-70, TPI-1 effectively lowers the activation threshold of
CD8+ T-cells, allowing them to recognize and respond to suboptimal tumor antigens
(Kundu et al., 2010). This molecular intervention not only increases the production of
effector cytokines like interferon-gamma (IFN-y) but also rejuvenates exhausted
T-cells within the immunosuppressive tumor microenvironment, thereby restoring their
cytotoxic potential (Watson et al., 2016).

The PTP1B inhibitors (PTP1Bi) enhance T-cell effector functions primarily by
modulating the JAK/STAT signaling axis rather than directly altering TCR sensitivity.
By inhibiting PTP1B and PTPNZ2, these molecules enhance JAK1 and STAT1 activity,
boosting transcriptional responses to inflammation and improving T-cell infiltration into
"cold" tumors. (Baumgartner et al., 2023). Crucially, while these inhibitors target the
catalytic domains of PTP1B/PTPN2, they maintain high selectivity against SHP-2,
thereby avoiding direct interference with the Ras/ERK pathways that SHP-2 typically
mediates (Qu et al., 2023). Hyperactivation of STAT1-dependent transcription increases
the expression of cytolytic molecules like granzyme B and perforin, enhancing T-
lymphocyte cytotoxicity. This reprogramming makes T-cells more resistant to tumor-
suppressive signals, suggesting that PTP1B may synergize with conventional checkpoint
inhibitors to overcome adaptive immune resistance. (Baumgartner et al., 2023; Qu et al.,
2023).

While promising, SHP-2 inhibition faces challenges. On-target toxicity is a concern
given SHP-2's role in normal hematopoiesis and cardiac development. Furthermore,
adaptive kinome reprogramming, where cancer cells bypass SHP-2 inhibition by
activating parallel signaling kinases (e.g., FGFR or MET), suggests that SHP-2 inhibitors
will likely serve best as backbones of combination therapies rather than monotherapies
(Fedele et al., 2018).

2.4 Lymphocyte-specific protein tyrosine kinase (Lck)

The lymphocyte-specific protein tyrosine kinase (Lck) is a 56-kDa non-receptor tyrosine
kinase belonging to the Src family of kinases (SFKs) (Elkamhawy et al., 2021). It

functions as an obligate proximal signaling mediator within the hematopoietic lineage,

19



specifically localized to T-lymphocytes and natural killer (NK) cells (Palacios & Weiss,
2004; De Sanctis et al., 2024). Lck serves as the primary enzymatic trigger for the T-cell
receptor (TCR) signaling apparatus, whereby it transduces extracellular antigen-
recognition events into intracellular biochemical cascades. Beyond its role in peripheral
immune responses, Lck activity is a fundamental requirement for thymic selection,
dictating the maturation and lineage commitment of developing thymocytes (Palacios &
Weiss, 2004; Van Laethem et al., 2013).

2.4.1 Structure and function of Lck
The structural architecture of Lck is defined by a modular arrangement of domains that
facilitate its precise spatial and temporal regulation. The N-terminal SH4 domain (see
Figure 8 on page 21) undergoes dual acylation, specifically myristoylation and
palmitoylation, which dictates its sequestration into specialized, cholesterol-rich
microdomains of the plasma membrane known as lipid rafts (L. Li et al., 2017). This is
followed by the Unique Domain (UD), which contains a specialized zinc-clasp motif that
mediates the non-covalent association of Lck with the cytoplasmic tails of CD4 or CD8
co-receptors (P. W. Kim et al., 2003). The regulatory core comprises the SH3 and SH2
domains, which facilitate protein-protein interactions via proline-rich motifs and
phosphotyrosine residues, respectively, while the SH1 (kinase) domain executes
phosphotransferase activity (Panchamoorthy et al., 1994; Kurochkina & Guha, 2012; De
Sanctis et al., 2024).

The catalytic efficacy of Lck is meticulously governed by the phosphorylation status
of three critical tyrosine (Tyr) residues, which act as allosteric and enzymatic switches
(see Figure 8 on page 21).

Tyr505 (The Inhibitory Residue) is located at the C-terminal tail. Tyr505 is the primary
site of negative regulation. Upon phosphorylation by the C-terminal Src kinase (Csk),
pTyr505 engages in an intramolecular interaction with Lck's own SH2 domain. This
interaction stabilizes the protein in a quiescent, closed conformation (see Figure 8 on page
21), thereby occluding the catalytic cleft and preventing substrate phosphorylation (Rossy
et al., 2012; De Sanctis et al., 2024).

Tyr394 (The Autocatalytic Residue) is positioned within the activation loop of the
kinase domain and is the primary site of trans-autophosphorylation. Phosphorylation of
Tyr394 induces a conformational shift that reorients the catalytic residues, significantly
enhancing the enzymatic activity (see Figure 9 on page 22). This state is widely
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considered an open and active kinase. Double phosphorylation of Tyr394 and Tyr505 is
possible, yielding an active enzyme distinct from the closed state. However, Lck activity
is not regulated through the phosphorylation of its kinase domain (Fernandez-Aguilar et
al., 2023; Inderberg et al., 2017; De Sanctis et al., 2024). Instead, it is allosterically
activated when its SH2 domain interacts with SFK-phosphorylated motifs (De Sanctis et
al., 2024).

Membrane TCR Substrate recognition Kinase domain C-regulatory tail
localization  activation Negative regulation & Dimerization (activating pY) (inhibitory pY)
1 SH4 UD 61 121 127 224 245 498 509
N m SH3 m SH2 SH1 I c
¥ ¥
Zn @9 /é) sé ":‘g é é @
® G2 ©S158 W Proline motif
SH4 03} ;gé‘,?r:f::t SH2 W Y192 regulatory residue ® Phosphorylation
-®C5 ©S194 Myristylation
A Palmitoylation
®C207 Zn-clasp ATP binding site
uD g (5:4223 formation SH1 ) Y394 activating residue
(®C465

CD4/CD8 interaction
© Y505 inhibitory residue
Wl Interaction of SH3 C-tail Bound to SH2 in closed
and linker region conformation

SH3

Figure 8. Schematic representation of the domain structure of the Lck protein. This scheme
highlights the N-terminal SH4 and Unique (UD) domains, the central SH3 and SH2 domains, the
catalytic SH1 kinase domain, and the C-regulatory tail. In its basal state, Lck is autoinhibited
(inactive) by an intramolecular interaction where the phosphorylated C-terminal inhibitory
residue (Y505) binds to the SH2 domain, maintaining a closed conformation. Upon TCR
stimulation, the SH4 domain anchors the kinase to the membrane via myristoylation and
palmitoylation, while the UD domain facilitates interaction with CD4/CD8 co-receptors through
a zinc-clasp formation. Full catalytic activity is achieved via phosphorylation of the activating
tyrosine residue (Y394) within the SH1 domain, which releases autoinhibition and activates the
kinase. This active Lck promotes downstream signaling, specifically driving TCR activation
pathways. This figure was taken from De Sanctis et al. (2024) and adjusted.

Tyr192 (The Regulatory Modulator) is located within the SH2 domain and serves as a
critical node in feedback regulation. Phosphorylation of this residue, typically mediated
by the kinase Itk, alters the binding specificity of the SH2 domain and sterically hinders
the association between Lck and the phosphatase CD45. Because CD45 is required to
dephosphorylate the inhibitory pTyr505, pTyr192 effectively preserves the inactive state
of Lck, serving as a biological "brake" to attenuate TCR signaling sensitivity (Kastle et

al., 2020; Courtney et al., 2017; De Sanctis et al., 2024).
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Figure 9. Dynamic structural shifts governing Lck enzymatic function. This diagram outlines
the activation cycle of the Lck kinase, which transitions through three distinct structural phases
dictated by specific phosphorylation events. Initially, the enzyme is held in a tightly folded,
dormant state when the Csk kinase adds a phosphate group to the Y505 residue. To prepare for
cellular signaling, the CD45 phosphatase removes this inhibitory phosphate, causing the
molecule to unfurl into an intermediate, "primed" configuration. Full catalytic activity is
subsequently achieved when the Y394 residue undergoes auto-phosphorylation, locking the
protein into a fully open and functional shape. This signaling phase is eventually turned off when
phosphatases, specifically Shpl or CD45, dephosphorylate Y394, returning the Lck molecule to
its resting, primed state. This figure was taken from Bommhardt et al. (2019) and adjusted.

2.4.2 Lck involvement in T-cell activation

As discussed in sections 2.1.1.1 and 2.1.1.2, the initiation of T-cell activation is predicated
upon the formation of the immunological synapse, where TCR engagement with a pMHC
complex triggers the recruitment of Lck-bound co-receptors. According to the Kinetic
segregation model, the narrow intermembrane space at the synapse excludes large
ectodomain phosphatases such as CD45, creating a protected environment for Lck
activity (F. Li et al., 2024; Davis & Van Der Merwe, 2006). Once localized, Lck executes
the phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) within
the CD3 and -chain subunits. These phosphorylated ITAMs serve as docking sites for the
ZAP-70 kinase, which Lck subsequently activates via phosphorylation of Tyr319 and
Tyr493, thereby unleashing the downstream LAT/SLP-76 signalosome (Fernandez-
Aguilar et al., 2023).

2.4.3 Inhibitors and modulators of Lck and their clinical relevance

Lck plays a key role in T-cell-mediated immunity, making it an important therapeutic
target. Using small-molecule inhibitors like A-770041 can effectively suppress T-cell
activation, offering a potential strategy for treating autoimmune disorders and preventing

organ transplant rejection. (Stachlewitz et al., 2005; Burchat et al., 2005). Conversely, in
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lymphoid malignancies like T-cell acute lymphoblastic leukemia (T-ALL), multikinase
inhibitors such as Dasatinib are employed to target the constitutive Lck activity that drives
malignant proliferation (Schade et al., 2008).

Recent insights show that CUET (bis-diethyldithiocarbamate-copper complex), the
active metabolite of disulfiram (an anti-alcoholism drug), has a strong
immunomodulatory role beyond classical inhibition. (Antabuse) (Dosset & Zanetti,
2022). Emerging research indicates that CUET—and its parent compound—directly
modulates Lck activity by covalently binding to the Cys20 and Cys23 residues located in
the N-terminal region of the kinase (Wang et al., 2022). This covalent ligation facilitates
a conformational transition that promotes Tyr394 phosphorylation, thereby significantly
enhancing Lck catalytic activity (S. Zhang et al., 2023). In the context of oncology, this
mechanism is of profound clinical relevance; while CUET exerts direct anti-cancer effects
by inducing proteotoxic stress through NPL4/p97 inhibition, its ability to simultaneously
activate Lck bolsters CD8+ T-cell-mediated anti-tumor immunity. Consequently, CUET
acts as a unique bifunctional agent capable of "turning cold tumors hot" by stimulating
T-cell infiltration and cytotoxic effector function (Wang et al., 2022; Dumut et al., 2025).

It has been suggested, but never proven, that CUET could rescue exhausted cells.

3 MATERIALS AND METHODS
3.1 Materials

3.1.1 Laboratory equipment

Product Supplier

Analytical balance KERN ABT 220-5DM KERN & SOHN GmbH
Automatic / Mechanical pipettes Eppendorf (Research® plus)
ChemiDoc™ MP Imaging System Bio-Rad Laboratories, Inc.
Dry block thermostat Bio TDB-100 Biosan, Latvia

EnSpire Multimode Plate Reader PerkinElmer, Inc., USA

Gel Electrophoresis Mini-PROTEAN Tetra Bio-Rad Laboratories, Inc.
Heracell™ 1501 CO2 Incubator Thermo Scientific™, USA

Herasafe KS, Class Il Biological Safety Cabinet Thermo Scientific™, USA
Hettich Universal 32R Refrigeration Centrifuge Andreas Hettich GmbH & Co. KG
Hybridisation oven Techne Hybridizer HB-1D Bibby Scientific Ld., UK

IKA® VORTEX 3 Sigma-Aldrich, USA
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Inverted microscope

MilliQ® Ultrapure Water Systems

Revvity EnVision Nexus Multimode plate reader
Rotina 420 R Centrifuge

Trans-Blot Turbo Transfer / Blotting System
Ultrasonic cleaner Sonorex Digitec DT
Vi-CELL™ XR cell viability analyzer

3.1.2 Chemicals

Product / Chemical

1-butanol

Bovine serum albumin (BSA)

Complete Tablets, Mini EDTA-free, EASYpack
CUuET

Dasatinib

Dimethyl sulfoxide (DMSO)

eBioscience™ Cell Stimulation Cocktail (500X)

Ethanol, 96%

Hystopaque 1077 Ficoll-Paque density gradient
Lectin from Phaseolus vulgaris
Penicillin-Streptomycin solution 100x

Ponceau Stain
Propidium iodide
Protease Inhibitor
Tablets EASY pack
Restore™ PLUS Western Blot Stripping Buffer
RIPA Lysis and Extraction Buffer

Sodium Dodecyl Sulfate (SDS)

Cocktail

SuperSignal™ West Pico PLUS Chemiluminescent

Substrate

Trans-Blot Turbo 5x Transfer Buffer
Tris/Glycine/SDS 10x

TrypLE™ Express Enzyme (1X), no phenol red
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Tablets complete

Zeiss, Germany

Merck KGaA, Germany

Rewvity, Inc., USA

Andreas Hettich GmbH & Co. KG
Bio-Rad Laboratories, Inc.
BANDELIN electronic GmbH
Beckman Coulter, Inc., USA

Supplier
Penta s.r.0., Czech Republic
Sigma-Aldrich, USA

Roche Diagnostics Deutschland GmbH

Sigma-Aldrich, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Thermo Scientific™, USA

Penta s.r.o., Czech Republic
Sigma-Aldrich, USA
Sigma-Aldrich, USA
Gibco™, USA
Sigma-Aldrich, USA
Sigma-Aldrich, USA

Roche Diagnostics Deutschland GmbH

Thermo Scientific™, USA
Thermo Scientific™, USA
Sigma-Aldrich, USA

Thermo Scientific™, USA

Bio-Rad Laboratories, Inc., USA
Bio-Rad Laboratories, Inc., USA
Gibco™, USA



3.1.3

3.14

Diagnostic Kits, markers, and accessories

Spectra™ Multicolor Broad Range Protein Ladder (Thermo Scientific™, USA,
#26623)

Pierce™ BCA protein assay kit (Thermo Fisher Scientific, UK/USA) (Includes
Reagent A #23223 and Reagent B #23224)

Pierce™ Bovine Serum Albumin Standard Pre-Diluted Set (Thermo Scientific™,
USA, #23208)

TGX Stain-Free™ FastCast™ Acrylamide Kit, 12% (Bio-Rad Laboratories, Inc.,
USA, #1610185)

Trans-Blot Turbo RTA Mini 0.2 um Nitrocellulose Transfer Kit (Bio-Rad
Laboratories, Inc., USA, #1704270)

Buffers and solutions

Stock Phosphate-buffered saline (PBS) buffer (10x) (pH 6.8 — 7.2):
A ready-to-use 10x solution was prepared by the lab manager.

Working solution of PBS (1x): 100 ml of 10x PBS + 900 ml MiliQ water
Radioimmunoprecipitation assay (RIPA) buffer with inhibitors:
RIPA Lysis and Extraction Buffer + 1x complete protease inhibitor cocktail + 1x
phosphatase inhibitor.

Sample loading Laemmli buffer (5x): ready-to-use 5x solution prepared by the
lab manager (Tris, SDS, glycerol, beta-mercaptoethanol, bromphenol blue)
Working solution of Tris-Glycine-SDS (TGS) Running Buffer (1x): 100 ml of
stock 10x TGS + 900 ml MiliQ water

Tris-buffered saline (TBS) buffer (10x) (pH 7.6):
24,2 g Tris base; 80 g NaCl, in 1 L of MiliQ water

Washing buffer Tris-buffered saline with Tween 20 (TBST):
1x TBS with 0,1% of Tween-20.

Blocking buffer / 5% Bovine Serum  Albumin  solution:
5% BSA in TBST buffer

Transfer buffer: 600 ml MilliQ water; 200 ml 5x Trans Blot Turbo Buffer; 200
ml 96% ethanol

Cell culture media preparation: 500 ml chosen culture media + 50 ml FBS
(10%) + 5 ml Penicillin-Streptomycin solution (100 U-ml-1), filtered (0.22 micron
filter).
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3.1.5 Antibodies
Antibody

anti GAPDH

anti PD-1 (WB)
anti PD-1 (FC)
anti PD-L1 (FC)
anti pTyr192 LCK
anti pTyr394 LCK
anti pTyr505 LCK
anti total LCK

Secondary anti-mouse

secondary anti rabbit

Catalog number/ Supplier

Monoclonal Antibody (MA5-15738); Thermo Scientific™, USA
Monoclonal Antibody (53-9969-42) ; Thermo Scientific™, USA
PE anti-human CD279 (PD-1) Antibody; BioLegend, USA
Monoclonal Antibody (53-5983-42) ; Thermo Scientific™, USA
Polyclonal Antibody (44-844G) ; Thermo Scientific™, USA
Polyclonal Antibody (PA5-78038) ; Thermo Scientific™, USA
Polyclonal Antibody (PA5-99353) ; Thermo Scientific™, USA
Monoclonal Antibody (MA1-19197) ; Thermo Scientific™, USA
HRP Goat anti-mouse IgG (minimal x-reactivity); BiolLegend,
USA

HRP Cojugated Polyclonal Antibody (32460),

; Thermo Scientific™, USA

3.1.6 Cell lines and cell culture consumables

Product / Item
Cell Lines

A549
HCT-116
HCT-116 p53~/~

Jurkat
K562
MOLT-4

Other Items

Supplier / Details

human epithelial cells, lung carcinoma
human epithelial cells, colorectal carcinoma

P53 double knock-out from ATCC #CCL-247,
Horizon Discovery Ltd., UK

human T-lymphocyte cells, acute T-cell
leukemia

human bone marrow cells,

chronic myelogenous leukemia

human T lymphaoblast cells, acute
lymphoblastic leukemia

BioWhittaker® Dulbecco's Modified
Eagle Medium (DMEM)
BioWhittaker® RPMI-1640 medium
with L-glutamine

Cell Scraper

Centrifuge tubes conical
(15 ml & 50 ml)
DURAN® sterile glass bottle 500mL

Lonza Walkersville, Inc, USA
Lonza Walkersville, Inc, USA

TPP Techno Plastic Products AG
TPP Techno Plastic Products AG

Schott AG, Germany
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Fetal Bovine Serum (FBS) Gibco™, USA
McCoy’s 5A w/ L-Glutamine culture BIOSERA, France

media

OptiPlate 96-well PerkinElmer, Inc., USA
Penicillin-Streptomycin solution 100x Gibco™, USA

Syringe filters (0.2 pum & 0.22 pm) Sarstedt AG & TPP

Tissue Culture Flask 75 cm2 TPP Techno Plastic Products AG
TrypLE™ Express Enzyme (1X), no Gibco™, USA

phenol red )

Two-part disposable syringes Chirana T. Injecta, Ceska republika

3.1.7 Biological material

e Buffy Coat from healthy donors was retrieved at the Transfusion Department of

the Faculty Hospital, Olomouc.

3.1.8 Software
. BioRender (Toronto, Canada; https://biorender.com/)
. Excel 365 (Microsoft Corporation, Washington, USA)
. Grammarly (California, USA, https://app.grammarly.com/)
. GraphPad Prism 9 (GraphPad Software, California, USA)
. Image Lab Software (Bio-Rad Laboratories, USA)
. Microsoft Word (Microsoft Corporation, Washington, USA)
. PowerPoint 365 (Microsoft Corporation, Washington, USA)
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3.2 Methods

3.2.1 Isolation of lymphocytes from donors

Peripheral blood mononuclear cells (PBMCs) were isolated from the peripheral blood of
healthy human donors, kindly provided by the Transfusion Department (with the approval
from the Ethical Committee), using standard Ficoll-Hypaque density gradient
centrifugation. Briefly, donor blood was transferred to sterile 50 mL conical tubes and
diluted to a final volume of 20 mL with 1x sterile phosphate-buffered saline (PBS). For
the density gradient, 10 mL of the diluted blood was carefully layered over 5 mL of sterile
Ficoll-Hypaque solution in 15 mL conical tubes, ensuring the interface remained
undisturbed. The samples were centrifuged at ~760 x g (2000 RPM) for 30 minutes at
room temperature with the centrifuge brake disabled to preserve the gradient. Following
centrifugation, the PBMC-containing buffy coat layer was harvested using a sterile
Pasteur pipette, transferred to a fresh 15 mL tube, and washed three times with sterile 1x
PBS. Each wash consisted of centrifugation at ~345 x g (1200 RPM) for 10 minutes,

followed by decantation and resuspension.

3.2.2 T-cell cultivation and stimulation
To evaluate T-cell activation and the induction of exhaustion markers (e.g., PD-1), two
stimulation methods were used: a pharmacological approach with a Phorbol 12-myristate
13-acetate (PMA) and ionomycin cocktail, and a receptor-mediated approach with
Phytohemagglutinin (PHA). PMA/ionomycin acts intracellularly by activating Protein
Kinase C and elevating cytoplasmic calcium, thereby bypassing surface receptor
engagement to induce rapid and robust cytokine production. Conversely, PHA stimulates
cells by cross-linking glycosylated surface proteins, including the T-cell receptor (TCR)
and CD3 complex, mimicking physiological antigen-presenting cell (APC) interactions.
While PHA is optimal for multi-day proliferation assays, PMA/ionomycin was prioritized
for shorter-term assays (cytotoxicity and Western blotting) due to its rapid efficacy and
tendency to induce activation-induced cell death (AICD) over extended periods.
Following isolation, washed PBMCs were resuspended in 6 mL of DMEM
(Dulbecco's Modified Eagle Medium with fetal bovine serum and antibiotics). Cell
viability and concentration were determined using a Vi-CELL™ Cell Viability Analyzer
(Beckman Coulter) with a 20-fold dilution factor (50 pL cell suspension in 950 pL 1x
PBS). Cells were subsequently diluted in DMEM to a total volume of 50 mL per condition
and seeded into T175 flasks. Flasks were incubated horizontally at 37°C in a humidified
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5% CO2 atmosphere for 48 hours to allow monocyte adherence, thereby enriching the

non-adherent lymphocyte population.

For stimulation, the PMA/ionomycin cocktail was added at a ratio of
1 pL per 1 x 108 cells immediately following isolation, with a secondary restimulation
performed at 24 hours. For PHA stimulation, cells were treated once at the onset of
incubation with 1 pg/mL (1 pL per 1 x 10° cells). An unstimulated flask served as the

negative control.

3.2.3 Preparation of treatment conditions
After the 48-hour incubation period, non-adherent cells were harvested into sterile
50 mL tubes, centrifuged at ~345 x g (1200 RPM) for 5 minutes, and washed twice with
20 mL of 1x PBS. Cells were recounted to ensure accurate seeding densities for
downstream assays.

Stock solutions of the experimental compounds were prepared in dimethyl sulfoxide
(DMSO) at the following concentrations: CUET (2 mM), Dasatinib (1 mM), TPI-1 (2
mg/mL), and PTP1Bi (10 mM).

3.2.3.1 Treatment of T-cells prior to flow cytometry

Flow cytometry was used to assess the expression of exhaustion markers PD-1 and
PD-L1 across 10 distinct treatment conditions. Treatment solutions were prepared in
DMEM. For each sample, 2 x 10° cells were suspended in 1 mL of the respective
treatment media. The conditions included:

= Control: DMEM media only

= CUuET: 1 uM final concentration (10 pL stock per 10 mL DMEM media)

= Dasatinib: (10 pL stock per 10 mL DMEM media)

= TPI-1: (2 pL stock per 10 mL DMEM media)

= PTP1Bi: (10 pL stock per 10 mL DMEM media)

= Combinations: T+P, C+T, C+D, C+P, and D+T+P, prepared using the respective

stock volumes described above

Each treatment condition was applied to cells from the three stimulation groups
(unstimulated, PMA/ionomycin, and PHA), totaling 30 samples per donor. Cells were
incubated with the treatments for 3 hours at 37°C. Following incubation, cells were
washed with 1x PBS, and the supernatant was decanted to a minimal residual volume.
Cells were stained with anti-PD-1 (diluted 46 pL stock in 414 pL 1x PBS) and anti-PD-
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L1 (diluted 1:10 to 0.1 mg/uL in PBS) antibodies. A volume of 10 pL of the antibody
working solution was added to each tube that contained 20,000 cells, and the samples
were incubated for 20 minutes at room temperature in the dark. Cells were subsequently
washed three times with 1x PBS, resuspended in a minimal volume, and analyzed via

flow cytometry.
3.2.3.2 Treatment of T-cells prior to Western blot analysis

For protein expression and phosphorylation pattern analysis, 8 x 106 cells per condition
were aliquoted into 15 mL tubes containing 2 mL DMEM. A working solution of CUET
was prepared by diluting 40 pL of stock in 40 mL of DMEM. Inhibitor stocks (1 pL each
of Dasatinib, TPI-1, and/or PTP1Bi, depending on the assigned combination) were added
directly to the 2 mL cell suspensions. The tubes were incubated for 30 minutes at 37°C.
Subsequently, 2 mL of the prepared CUET working solution (or 2 mL of plain DMEM
for non-CuET conditions) was added to the respective tubes, followed by an additional
15-minute incubation. Cells were then pelleted (~345 x g for 5 minutes), washed three
times with 1x PBS, transferred to 1.5 mL microcentrifuge tubes, and pelleted once more.
The supernatant was completely removed, and the dry cell pellets were flash-frozen and

stored at -80°C until lysis.
3.2.3.3 Treatment of T-cells prior to cytotoxicity assay

Cytotoxicity assays were conducted using a protocol similar to that for Western blot
preparation, with 8 x 1076 cells in 2 mL of DMEM per condition. Inhibitor stocks (1 pL
each of Dasatinib and/or TPI-1) were added to the appropriate tubes. PTP1Bi was not
included in this specific assay because it was not available at the time (cytotoxicity was
performed first out of all experiments). Cells were incubated for 30 minutes at 37°C.
Then, 2 mL of the CUET working solution (prepared as described in Section 3.2.3.2) or
plain DMEM was added to the relevant conditions, and the samples were incubated for
an additional 15 minutes. Finally, cells were centrifuged (~345 x g for 5 minutes) and the

treatment media was discarded prior to downstream viability analyses.

3.2.4 Flow cytometry of stimulated T-cells and data analysis

Following the staining protocol, flow cytometric analysis of the treated T-cells was
performed using a BD FACSAria™ Il cell sorter (BD Biosciences) with the kind help of
Dr. Ivo Frydrych.
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For quantitative and statistical evaluation, the mean fluorescence intensity (MFI) was
extracted for each sample to assess the expression levels of the target surface markers. To
ensure statistical robustness, each experimental condition was evaluated using biological

replicates derived from four independent healthy donors (n = 4).

3.2.5 Cytotoxicity assessment of treated T-Cells and data analysis

To evaluate the cytotoxic efficacy of the treated lymphocytes against various cancer
models, two-dimensional (2D) cancer cell cultures were prepared 48 hours prior to co-
incubation. The target cell lines included HCT 116 (colorectal carcinoma, partially
resistant to killing), HCT 116 p53-/- (p53 knockout colorectal carcinoma, partially
resistant to killing), Jurkat (T-cell leukemia, susceptible to killing), K562 (myeloid
leukemia, susceptible to killing), A549 (lung carcinoma, most resistant cell line tested),
and MOLT-4 (T-lymphoblastoma, susceptible to killing). Target cells were harvested
(adherent cells were trypsinized), washed with 1x PBS, and seeded into fluorimetry-
compatible 96-well plates at a density of 2 x 10"* cells/well (effector to target ratio 5:1).
The plates were incubated at 37°C in a humidified 5% CO2 atmosphere for 48 hours in
RPMI, McCoy’s, or DMEM, depending on the cell line.

Following the 48-hour adherence/acclimation period, 100 uL of the pre-treated
lymphocyte suspensions (prepared in Section 3.2.3.3) were added to the respective wells.
The first row of each plate was maintained without lymphocytes to serve as a negative
control. The co-cultures were then incubated for 24 hours. The experiments were

performed in triplicate.

Cell death was quantified using a propidium iodide (PI) exclusion assay. A Pl working
solution was prepared by dissolving 2 mg of P1 in 50 mL of 1x PBS. A volume of 20 puL
of this solution was added to each well, and the plates were incubated in the dark at room
temperature for 30 minutes. Fluorescence was subsequently measured at an emission
wavelength of 618 nm using a microplate spectrofluorometer. To establish a 100% cell
death reference for cytotoxicity calculations, control wells were treated with hydrogen
peroxide prior to Pl staining. Sample fluorescence was considered directly proportional

to the number of dead cells.

sample fluorescence — neg.control fluorescence

% cytotoxicity =
Y Y pos.control fluorescence — neg. control fluorescence

Statistical analysis of the cytotoxicity data was performed using GraphPad Prism 9,
with the Bonferroni multiple-comparison test for significance. Notably, basal viability
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assessments confirmed that the low concentrations of compounds used did not
significantly affect the intrinsic viability of either isolated lymphocytes (>95%) or target

cancer cell lines (>90%) when administered alone.

3.2.6 Cell lysis prior to Western blot analysis

Cell pellets previously stored at -80°C (from Section 3.2.3.2) were thawed on ice. All
subsequent protein extraction steps were performed on ice or at 4°C to prevent protein
degradation. The pellets were then resuspended in 30—40 pL (depending on pellet size)
of Radioimmunoprecipitation Assay (RIPA) buffer supplemented with protease and
phosphatase inhibitors and vortexed for at least 5 seconds. To facilitate cell membrane
disruption, samples were incubated in RIPA buffer on ice for 20 minutes, then sonicated
in a water bath for 2 minutes at a temperature not exceeding 10°C. Finally, the lysates
were centrifuged at ~13 700 x g (12,000 RPM) for 25 minutes at 4°C, and the protein-
rich supernatants were transferred to clean, pre-chilled microcentrifuge tubes for

downstream analysis.

3.2.7 Total protein concentration assessment by the BCA method

Total protein concentration was determined using the Bicinchoninic Acid (BCA) assay in
a 96-well microplate format. A standard curve was generated using a pre-diluted Bovine
Serum Albumin (BSA) standard set with concentrations ranging from 125 to 2000 pg/mL.
RIPA buffer supplemented with inhibitors served as the blank. Sample lysates were
diluted prior to measurement (2.5 pL of lysate mixed with 7.5 pL of Milli-Q water). BCA
Reagents A and B were mixed at a 50:1 ratio, and 200 pL of the resulting working reagent
was added to each well. The plate was incubated at 37°C for 30 minutes, after which

absorbance was measured at 562 nm using a microplate spectrophotometer.

3.2.8 Protein separation by SDS-PAGE

Protein samples were normalized to load 10 pg of total protein per well. Samples were
prepared by mixing the calculated volume of lysate with Milli-Q water and 5x Laemmli
sample buffer, then denaturing in a heating block at 95°C for 5 minutes. Proteins were
resolved using 12% polyacrylamide gels (1.5 mm thickness), which were cast according
to the manufacturer’s specifications (Bio-Rad), and 1-butanol was used for surface
smoothing of the resolving gel. The gels were placed in an electrophoretic chamber filled
with 1x Tris-Glycine SDS (TGS) running buffer. Electrophoresis was conducted at 80 V
for 30 minutes to allow proteins to pass through the stacking gel, then increased to 120 V

until the dye front reached the bottom of the resolving gel.
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3.29 Semi-dry WESTERN BLOT

Proteins were transferred from the polyacrylamide gels to nitrocellulose membranes using
a semi-dry transfer method via the Trans-Blot® Turbo™ Transfer System (Bio-Rad).
Filter papers were pre-soaked in 1x transfer buffer (200 ml of 5x Trans-Blot Turbo 5x
Transfer Buffer, 600 ml Milli-Q water, 200 ml of ethanol), and the transfer sandwich was
assembled according to the manufacturer's guidelines. The assembled cassettes were
inserted into the transfer system, and blotting was performed using the pre-programmed
protocol for 1.5 mm gels (10-minute transfer time). Following the transfer, membranes
were reversibly stained with Ponceau S to verify uniform protein transfer and equal

loading.
3.2.9.1 Immunodetection and band intensity quantification

Following transfer verification, membranes were de-stained with 1x Tris-Buffered Saline
containing 0.1% Tween-20 (TBS-T) until the Ponceau S was completely removed.
Membranes were blocked in 5% BSA in TBS-T to prevent non-specific binding. Blocking
conditions were optimized for specific targets: membranes probed for PD-1 were blocked
for 1 hour at room temperature, whereas membranes probed for phosphorylated targets
(pTyr394, pTyrl92, pTyr505), total Lck, and GAPDH were blocked overnight at 4°C on
a gentle shaker to prevent signal oversaturation and background noise.

Membranes were incubated with the following primary antibodies: anti-PD-1 (mouse,
1:500, overnight), anti-pTyr394 (rabbit, 1:1000, 2 hours at room temperature), anti-
pTyrl92 (rabbit, 1:1000, 2 hours at room temperature), anti-pTyr505 (rabbit, 1:1000, 2
hours at room temperature), anti-total Lck (mouse, 1:3000, 2 hours at room temperature),
and anti-GAPDH (mouse, 1:2000, 1 hour at room temperature). Following primary
antibody incubation, membranes were washed three times for 5 minutes each in 1x TBS-
T at room temperature. Membranes were then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (goat anti-mouse or goat anti-rabbit, 1:5000 in
5% BSA\) for 1 hour at room temperature. This was followed by three additional 5-minute
washes in 1x TBS-T.

Signal detection was achieved using the SuperSignal™ West Pico PLUS
Chemiluminescent Substrate. Membranes were incubated with the substrate for 3 minutes
in the dark (except for GAPDH, which was imaged immediately upon substrate
application to prevent signal blowout). Chemiluminescence was captured using the Bio-

Rad ChemiDoc™ MP Imaging System and processed with ImageLab® software. When
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necessary, membranes were stripped for re-probing by washing twice for 5 minutes in 1x
TBS-T, incubating in Restore™ PLUS Western Blot Stripping Buffer for 10 minutes,

washing three times in 1x TBS-T, and repeating the blocking and immunodetection cycle.

Densitometric quantification of protein bands was performed using ImagelLab®
software, utilizing maximum background subtraction. Target band intensities were first
normalized to their respective GAPDH loading controls, and subsequently normalized to
the untreated control samples within each membrane to determine relative fold changes
(values > 1 indicating an increase, and values < 1 indicating a decrease relative to the
control). Statistical significance of the fold changes across the biological replicates (n=9

independent donors) was determined using GraphPad Prism 9.
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4 RESULTS

4.1 Modulation of PD-1 and PD-L1 expression in T-lymphocytes

To evaluate the impact of various pharmacological interventions on immune checkpoint
expression, flow cytometry was utilized to quantify the percentage of cells expressing
PD-1 and/or PD-L1. Primary cells from eight donors were divided into two main
experimental cohorts: a PMA/ionomycin-stimulated group (Donors 1-4) and a PHA-
stimulated group (Donors 5-8), both compared alongside their respective unstimulated

controls.

4.1.1 PMA/ionomycin cohort (donors 1-4)
In unstimulated cells, PD-L1 expression was significantly upregulated following
treatment with CuET, Dasatinib, TPI-1, PTP1Bi, as well as the combinatory treatments
of CUET + TPI-1 and Dasatinib + TPI-1 + PTP1Bi (see Figure 10 on page 36). However,
upon stimulation with PMA/ionomycin for 48h, a statistically significant downregulation
of PD-L1 was observed in cells treated with Dasatinib, TPI-1, and the Dasatinib + TPI-1
+ PTP1Bi combination (see Figure 11 on page 36).

Regarding PD-1 expression, no statistically significant changes were observed in
either the unstimulated or PMA/ionomycin-stimulated groups across any of the

treatments (see Figure 12 and Figure 13 on page 37).

When evaluating PD-1 and PD-L1 co-expression, unstimulated cells showed no
significant alterations (see Figure 14 on page 38). Conversely, PMA/ionomycin
stimulation resulted in a statistically significant increase in the double-positive (PD-
1+/PD-L1+) cell population following treatment with Dasatinib, TPI-1, PTP1Bi, CuET +
Dasatinib, and Dasatinib + TPI-1 + PTP1Bi (see Figure 15 on page 38).
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Figure 10. PD-L1 expression in non-stimulated lymphocytes across various treatment groups.
The y-axis represents the percentage of cells expressing PD-L1out of all detected cells. The x-
axis lists the ten experimental groups. Each group is represented by a distinct color, as detailed
in the legend on the right side of the graph. Statistical significance compared to the control group
is indicated by asterisks above specific boxes (* represents p<0,05, ** represents p<0,001, ***
represents p<0,000; number of assays was 4). This figure was made using GraphPad Prism 9.
Please note the Y-axis scale compared to the next figure.
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Figure 11. PD-L1 expression in PMA/ionomycin-stimulated lymphocytes across various
treatment groups. The y-axis represents the percentage of cells expressing
PD-L1 out of all detected cells. The x-axis lists the ten experimental groups. Each group is
represented by a distinct color, as detailed in the legend on the right side of the graph. Statistical
significance compared to the control group is indicated by asterisks above specific boxes (*
represents p<0,05; number of assays was 4). This figure was made using GraphPad Prism 9.
Please note the Y-axis scale compared to the previous figure.
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Figure 12. PD-1 expression in non-stimulated lymphocytes across various treatment groups.
The y-axis represents the percentage of cells expressing PD-1out of all detected cells. The x-axis
lists the ten experimental groups. Each group is represented by a distinct color, as detailed in the
legend on the right side of the graph. No statistical significance was observed; the number of
assays was 4. This figure was made using GraphPad Prism 9. Please note the Y-axis scale
compared to the next figure.
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Figure 13. PD-1 expression in PMA/ionomycin-stimulated lymphocytes across various
treatment groups. The y-axis represents the percentage of cells expressing PD-1 out of all
detected cells. The x-axis lists the ten experimental groups. Each group is represented by a distinct
color, as detailed in the legend on the right side of the graph. No statistical significance was
observed; 4 assays were performed. This figure was made using GraphPad Prism 9. Please note
the Y-axis scale compared to the previous figure.
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Figure 14. PD-1 and PD-L1 co-expression in non-stimulated lymphocytes across various
treatment groups. The y-axis represents the percentage of cells co-expressing PD-1 and PD-L1
out of all detected cells. The x-axis lists the ten experimental groups. Each group is represented
by a distinct color, as detailed in the legend on the right side of the graph. No statistical
significance was observed, and 4 assays were performed. This figure was made using GraphPad
Prism 9. Please note the Y-axis scale compared to the next figure.
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Figure 15. PD-1 and PD-L1 co-expression in PMA/ionomycin-stimulated lymphocytes across

various treatment groups. The y-axis represents the percentage of cells co-expressing PD-1 and
PD-L1 out of all detected cells. The x-axis lists the ten experimental groups. Each group is
represented by a distinct color, as detailed in the legend on the right side of the graph. Statistical
significance compared to the control group is indicated by asterisks above specific boxes
(* represents p<0,05, ** represents p<0,001; number of assays was 4). This figure was made
using GraphPad Prism 9. Please note the Y-axis scale compared to the previous figure.
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4.1.2 PHA cohort (donors 5-8)
In the PHA cohort, single-positive PD-L1 expression remained unaltered, with no
statistically significant changes observed in either the unstimulated or PHA-stimulated
(48h) conditions (see Figure 16 on page 39 and Figure 17 on page 40).

In contrast, single-positive PD-1 expression was significantly upregulated by the
CUET + TPI-1 combination in both unstimulated and PHA-stimulated cells for 48h (see
Figure 18 on page 40 and Figure 19 on page 41).

Analysis of PD-1/PD-L1 co-expression revealed no significant changes in the
unstimulated group (see Figure 20 on page 41). However, following PHA stimulation,
the combinatory treatment of Dasatinib + TPI-1 + PTP1Bi induced a statistically

significant upregulation in the double-positive cell population (see Figure 21 on page 42).
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Figure 16. PD-L1 expression in non-stimulated lymphocytes (donors 5-8) across various
treatment groups. The y-axis represents the percentage of cells expressing PD-L1lout of all
detected cells. The x-axis lists the ten experimental groups. Each group is represented by a distinct
color, as detailed in the legend on the right side of the graph. No statistical significance was
observed, and 4 assays were performed. This figure was made using GraphPad Prism 9. Please
note the Y-axis scale compared to the next figure.
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Figure 17. PD-L1 expression in PHA -stimulated lymphocytes across various treatment
groups. The y-axis represents the percentage of cells expressing
PD-L1 out of all detected cells. The x-axis lists the ten experimental groups. Each group is
represented by a distinct color, as detailed in the legend on the right side of the graph. No
statistical significance was observed, and 4 assays were performed. This figure was made using
GraphPad Prism 9. Please note the Y-axis scale compared to the previous figure.
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Figure 18. PD-1 expression in non-stimulated lymphocytes (donors 5-8) across various
treatment groups. The y-axis represents the percentage of cells expressing PD-lout of all
detected cells. The x-axis lists the ten experimental groups. Each group is represented by a distinct
color, as detailed in the legend on the right side of the graph. Statistical significance compared
to the control group is indicated by asterisks above specific boxes (* represents p<0,05; number
of assays was 4). This figure was made using GraphPad Prism 9.
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Figure 19. PD-1 expression in PHA -stimulated lymphocytes across various treatment groups.
The y-axis represents the percentage of cells expressing PD-1 out of all detected cells. The x-axis
lists the ten experimental groups. Each group is represented by a distinct color, as detailed in the
legend on the right side of the graph. Statistical significance compared to the control group is
indicated by asterisks above specific boxes (** represents p<0,001; the number of assays was 4
). This figure was made using GraphPad Prism 9.
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Figure 20. PD-1 and PD-L1 co-expression in non-stimulated lymphocytes (donors 5-8) across
various treatment groups. The y-axis represents the percentage of cells co-expressing PD-1 and
PD-L1 out of all detected cells. The x-axis lists the ten experimental groups. Each group is
represented by a distinct color, as detailed in the legend on the right side of the graph. No
statistical significance was observed, and 4 assays were performed. This figure was made using
GraphPad Prism 9.
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Figure 21. PD-1 and PD-L1 co-expression in PHA-stimulated lymphocytes across various
treatment groups. The y-axis represents the percentage of cells co-expressing PD-1 and PD-L1
out of all detected cells. The x-axis lists the ten experimental groups. Each group is represented
by a distinct color, as detailed in the legend on the right side of the graph. Statistical significance
compared to the control group is indicated by asterisks above specific boxes (* represents
p<0,05; number of assays was 4). This figure was made using GraphPad Prism 9.

4.2 Effects on Lck phosphorylation and protein expression

Western blot analysis was performed to assess protein expression and phosphorylation
status. Overall, semi-quantitative analysis did not yield statistically significant differences
across the treatment groups (see Figures 23 and 24 on page 44). However, qualitative
observation indicated that Dasatinib treatment consistently abrogated phosphorylation,
though this effect did not reach statistical significance. Notably, as depicted in Figure 22
on page 43, cellular stimulation successfully induced PD-1 expression concurrently with
Lck phosphorylation at residues Tyr394, Tyr192, and Tyr505.
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Figure 22. Effect of various targeted treatments on Lck phosphorylation and PD-1 expression
in resting and activated cells. A representative Western blot analysis evaluating the
phosphorylation status of specific Lck tyrosine residues (pTyr394, pTyr192, and pTyr505) and
the expression of PD-1. The last two strips with bands correspond to the housekeeping protein
GAPDH used for normalization. Cells were either left untreated (non-stimulated) or activated
with PMA/ionomycin (PMA/i stimulated). Both experimental cell groups were then treated with
a vehicle control, CUET, Dasatinib, TPI-1, PTP1Bi, or combinations of these inhibitors. PD-1
undergoes glycosylation after T-cell activation, which can be visible as additional, more dense
bands in the PMA/ionomycin-stimulated cohort.
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Figure 23. Alterations in Lck phosphorylation profiles in non-stimulated T-lymphocytes
following pharmacological interventions. The bar graph illustrates the relative changes in
phosphorylation levels at three specific Lck tyrosine residues: pTyr394, pTyr192, and pTyr505.
Immunoblot band intensities for each site were quantified, internally normalized to a
housekeeping protein (GAPDH), and subsequently expressed as fold changes relative to the
untreated control group (set to 1). The legend indicates the respective single and combinatorial
treatments applied, including CuET, Dasatinib, TPI-1, and PTP1Bi. Error bars indicate
variability across biological replicates; 9 assays were performed. This figure was made using
GraphPad Prism 9.
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Figure 24. Alterations in Lck phosphorylation profiles in PMA/i-stimulated T-lymphocytes
following pharmacological interventions. The bar graph illustrates the relative changes in
phosphorylation levels at three specific Lck tyrosine residues: pTyr394, pTyr192, and pTyr505.
Immunoblot band intensities for each site were quantified, internally normalized to a
housekeeping protein (GAPDH), and subsequently expressed as fold changes relative to the
untreated control group (set to 1). The legend indicates the respective single and combinatorial
treatments applied, including CuET, Dasatinib, TPI-1, and PTP1Bi. Error bars indicate

variability across biological replicates; 9 assays were performed. This figure was made using
GraphPad Prism 9.
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4.3 Cytotoxic effects across multiple cell lines

The cytotoxicity of the compounds, both individually and in combination, was evaluated
across a diverse panel of cell lines. The responses varied considerably depending on the
cell lineage and genetic background, as summarized in Table 2.

While the A549 and K562 cell lines exhibited no significant changes in viability across
any treatments (see Figure 25 and Figure 26 on page 46), significant cytotoxic effects
were observed in the lymphoid and colorectal lineages (see Figures 27-30 on pages 47
and 48). Notably, Dasatinib induced a significant decrease in cytotoxicity in MOLT-4
(see Figure 28 on page 47) and HCT116 p53-/- cells (see Figure 30 on page 48), whereas
treatments containing CUET and TPI-1 generally resulted in increased cytotoxicity across
MOLT-4, Jurkat, and HCT116 cell lines.

Table 2. Cytotoxicity of pharmacological treatments across various cell lines.

Cell Line Result Significant Treatments
Ab49 No significant changes None
K562 No significant changes None
MOLT-4 Increased cytotoxicity CuET, TPI-1
Decreased cytotoxicity Dasatinib
Jurkat Increased cytotoxicity Dasatinib + TPI-1, CuET, TPI-1, CUET + TPI-1
HCT116 Increased cytotoxicity TPI-1, CuUET + TPI-1, Dasatinib + TPI-1
WT
HCT116 p53 | Increased cytotoxicity CuET, Dasatinib + TPI-1, TPI-1, CuET + TPI-1
/- Decreased cytotoxicity Dasatinib
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Figure 25. Cytotoxic activity of stimulated lymphocytes against the A549 cell line under various
treatment conditions. The effector-to-target ratio was 5:1, and no statistical significance was
observed. The number of assays was 3. One-way ANOVA along with Bonferroni correction was
performed. This figure was made using GraphPad Prism 9.
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Figure 26. Cytotoxic activity of stimulated lymphocytes against the K562 cell line under various
treatment conditions. The effector-to-target ratio was 5:1, and no statistical significance was
observed. The number of assays was 3. One-way ANOVA, along with Bonferroni correction, was
performed. This figure was made using GraphPad Prism 9.
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Figure 27. Cytotoxic activity of stimulated lymphocytes against the Jurkat cell line under
various treatment conditions. The effector-to-target ratio was 5:1. Statistical significance
compared to the control group is indicated by asterisks above specific boxes ( ** represents
p<0,001, *** represents p<0,0001, number of assays was 3). One-way ANOVA, along with
Bonferroni correction, was performed. This figure was made using GraphPad Prism 9.
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Figure 28. Cytotoxic activity of stimulated lymphocytes against the MOLT-4 cell line under
various treatment conditions. The effector-to-target ratio was 5:1. Statistical significance
compared to the control group is indicated by asterisks above specific boxes (* represents p<0,05,
** represents p<0,001, *** represents p<0,0001; number of assays was 3). One-way ANOVA,
along with Bonferroni correction, was performed. This figure was made using GraphPad Prism
9.
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Figure 29. Cytotoxic activity of stimulated lymphocytes against the HCT116 parental cell line

under various treatment conditions. The effector-to-target ratio was 5:1. Statistical significance
compared to the control group is indicated by asterisks above specific boxes (* represents
p<0,05; number of assays was 3). One-way ANOVA, along with Bonferroni correction, was
performed. This figure was made using GraphPad Prism 9.
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Figure 30. Cytotoxic activity of stimulated lymphocytes against the HCT116 cell line with
knocked-out p53 under various treatment conditions. The effector-to-target ratio was 5:1.
Statistical significance compared to the control group is indicated by asterisks above specific
boxes (* represents p<0,05, ** represents p<0,001, *** represents p<0,0001; number of assays
was 3). One-way ANOVA, along with Bonferroni correction, was performed. This figure was
made using GraphPad Prism 9.
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5 DISCUSSION

The present thesis systematically evaluated the pharmacological modulation of the
immune checkpoint molecules PD-1 and PD-L1 in primary human T-lymphocytes,
alongside the effects of these interventions on Lck phosphorylation and cytotoxic activity
against 2D cancer cell cultures. By utilizing distinct stimulation protocols
(PMA/ionomycin and PHA) and a panel of targeted agents, including Dasatinib (a Src-
family kinase inhibitor), CUET, TPI-1 (an SHP-1 and SHP-2 inhibitor), and PTP1Bi (a
PTP1B inhibitor). The discussions encompass intricate, context-dependent regulatory
mechanisms that govern the expression of immune checkpoints. The findings may have
significant implications for the optimization of combinatorial immunotherapies and for

understanding T-cell exhaustion pathways.
5.1 Context-dependent modulation of PD-1 and PD-L1

A primary finding of this study is the highly divergent effects of pharmacological
inhibitors, depending on the cellular activation state and the specific mitogenic stimulus
applied. PMA/ionomycin induces intracellular activation of the cell. PMA is a known
activator of PKC, and ionomycin is a calcium ionophore that enhances PMA's effect on
PKC activation.

In the unstimulated PMA/ionomycin cohort (Donors 1-4), PD-L1 was significantly
upregulated by CUuET, Dasatinib, TPI-1, PTP1Bi, and their combinations. As described
in the theoretical part, robust stimulation with PMA/ionomycin bypasses the proximal T-
cell receptor (TCR) complex to directly activate protein kinase C (PKC) and increase
intracellular calcium. It rapidly drives T-lymphocytes towards exhaustion, leading to a
phenotypically altered, unresponsive population. As expected, PMA/I-stimulated cells
were less responsive than resting cells (statistically significant differences were less
pronounced). However, there was a paradoxical downregulation of PD-L1 in PMA/I-
stimulated cells treated with Dasatinib, TPI-1, and the Dasatinib + TPI-1 + PTP1Bi
combination. This dynamic shift suggests that basal PD-L1 regulation relies on
homeostatic phosphatase and kinase activities that are fundamentally rewired during
acute PKC/calcium-mediated activation (R. Zhang et al., 2025). This observed decrease
in an exhaustion marker suggests that a partial rescue of exhausted T- lymphocytes

occurred under those conditions.

Conversely, in the PHA cohort (Donors 5-8), which stimulates cells via cross-linking

of the TCR/CD3 complex, single-positive PD-L1 expression remained entirely unaltered
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across all conditions. This discrepancy underscores that PD-L1 expression on T-
lymphocytes is highly sensitive to the specific intracellular signaling cascades engaged
during activation. Recent literature indicates that TCR-directed stimulation (akin to PHA)
versus downstream second-messenger activation (PMA/ionomycin) differentially
recruits transcription factors such as NF-kB and AP-1, which directly bind the CD274
(PD-L1) promoter (Green et al., 2012; J. H. Lee et al., 2023). These transcription factors,
directly or indirectly, may affect the kinetics of PD-1 and PD-L1 expression.

5.2 PD-1/PD-L1 co-expression and its implications for T-cell exhaustion

While single-positive PD-1 expression was largely unaffected in the PMA/ionomycin
cohort, the co-expression of PD-1 and PD-L1 (double-positive cells) was significantly
upregulated following stimulation in the presence of Dasatinib, TPI-1, PTP1Bi, and their
combinations. In the PHA cohort, the triple combination of Dasatinib + TPI-1 + PTP1Bi
also induced a significant upregulation of this double-positive population.

The emergence of a PD-1+/PD-L1+ T-cell population is increasingly recognized as a
hallmark of severe T-cell exhaustion and terminal differentiation in chronic infection and
tumor microenvironments (Hofmeyer et al., 2011; Jiang et al., 2019). The forced
uncoupling of proximal TCR signaling (via Dasatinib) combined with the blockade of
negative regulatory phosphatases (via TPI-1 and PTP1Bi) appears to drive T-cells into a
hyperdysfunctional or exhausted-like phenotype upon activation (Wu et al., 2026). This
observation aligns closely with recent paradigm-shifting discoveries regarding the
metabolic and lipidomic landscape of exhausted T-cells. Notably, Medina et al. (2026)
demonstrated that exhausted, PD-1+ CD8+ T-cells externalize phosphatidylserine (PS) to
the outer plasma membrane, functioning as a non-classical, extrinsic inhibitory molecule.
In their chronic lymphocytic choriomeningitis virus (LCMV) model, viable antigen-
specific CD8+ T-cells maintained high levels of exposed PS, thereby constraining
dendritic cell immunostimulatory capacity. Given that my pharmacological combinations
(particularly Dasatinib + TPI-1 + PTP1Bi) rapidly induced a PD-1+/PD-L1+ exhausted-
like phenotype, it is plausible that these cells concurrently undergo lipidomic remodeling,
including PS externalization. Future studies must evaluate whether the double-positive
populations generated by these targeted treatments also exhibit elevated surface PS, as
targeting PS in tandem with PD-L1 has been shown to synergistically restore CD8+ T-
cell responses and improve viral/tumor control (Medina et al., 2026). The results are in

accordance with the proposed mechanism.
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5.3 The role of Lck phosphorylation in immune checkpoint regulation

The Western blot analyses provided some yet limited insights into the upstream signaling
events regulating these surface phenotypes. Cellular stimulation successfully induced PD-
1 expression concurrently with Lck phosphorylation at key regulatory residues (Tyr394,
Tyr192, and Tyr505). The semi-quantitative analysis did not reach statistical significance,
most likely due to high inter-donor variability, a small sample size (9 donors), and the
relatively high error rate of this quantification method, which masked more subtle
changes. Qualitative observations confirmed that Dasatinib consistently abrogated Lck
phosphorylation at all sites.

Dasatinib is a potent inhibitor of Src-family kinases, including Lck, which is essential
for initiating TCR signaling (Schade et al., 2008). The abrogation of Lck phosphorylation
by Dasatinib, paired with its ability to upregulate PD-1/PD-L1 co-expression when
combined with phosphatase inhibitors (TPI-1/PTP1Bi), suggests a compensatory
feedback loop. When proximal TCR signaling is blunted, but downstream negative
feedback loops (SHP-1, PTP1B) are simultaneously removed, the T-cell may default to
an exhaustion-associated transcriptional program characterized by high expression of

coinhibitory receptors (Wu et al., 2026).
5.4 Cytotoxic effects of pharmacological treatments

In addition to immunomodulatory effects, the cytotoxic efficacy of T-lymphocytes treated
by pharmacological agents was tested across a panel of cancer cell lines (A549, K562,
MOLT-4, Jurkat, HCT116 WT, and HCT116 p53-/-). The results, summarised in Table 2
on page 46, revealed several unexpected deviations from my initial hypotheses,
highlighting the complex, cell-type-specific nature of these targeted therapies. The
observed differences may result from variability in cell types and, consequently,
variations in receptor expression on the cell surface. This variability may ultimately
influence the cellular response.

For the solid tumor line A549 (lung carcinoma, resistant to spontaneous killing,
described by Tieche et al. (2018)) and the leukemia line K562 (susceptible to spontaneous
killing), no significant changes in cytotoxicity were observed across treatments.
Conversely, the T-cell leukemia lines (MOLT-4 and Jurkat) and the colorectal carcinoma
lines (HCT116 parental and p53-/-) yielded statistically significant results. It can be
proposed that CUET, TPI-1, and CUET + TPI-1 treatments would increase cytotoxicity

because, as mentioned in the theoretical part, CUET activates T-lymphocytes, and TPI-1
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inhibits the inhibitory signals from SHP-1 and SHP-2. Consequently, Dasatinib, along
with any combinatory treatments containing it, would decrease cytotoxicity by swiftly
abrogating Lck function. CUET and TPI-1 alone and/or in combination increased cell
death in MOLT-4, Jurkat, and HCT116 p53-/- cells. However, combinatorial treatments,
specifically Dasatinib + TPI-1 (D+T), unexpectedly increased cytotoxicity in Jurkat and
both HCT116 lines, suggesting that SHP-1/SHP-2 inhibiton trumped the effects of

Dasatinib.
5.5 Synthesis of immunomodulatory and cytotoxic effects

The intersection of my T-lymphocyte checkpoint data and the tumor cytotoxicity data
presents a fascinating clinical conundrum. On one hand, combinations like Dasatinib +
TPI-1 (D+T) exhibit potent, unexpected direct cytotoxicity against specific leukemic
(Jurkat) and solid tumor (HCT116) lines. On the other hand, flow cytometry data
demonstrate that the combination (Dasatinib + TPI-1) drives primary human T-cells
toward a PD-1+/PD-L1+ double-positive state upon stimulation, indicative of severe
immune exhaustion. This co-expression can be an effect in those cells that the treatment
could not rescue. In addition, the cell cycle may be crucial to the effect of the inhibitors,
since cell cycle-dependent kinases may be affected by the treatment, as reported by Tsang
et al. (2012).

5.6 Clinical implications and therapeutic perspectives

The clinical implications of these findings are significant, particularly concerning
combination immunotherapy. Dasatinib is extensively utilized in the treatment of chronic
myeloid leukemia (CML), and its immunomodulatory off-target effects are currently the
focus of rigorous investigation. The data indicate that while Dasatinib alone can suppress
proximal T-cell activation (diminished Lck phosphorylation), its combination with other
targeted agents (such as SHP-1/PTP1B inhibitors) during active cellular stimulation can
paradoxically enrich for a PD-1+/PD-L1+ population. This dual-action profile suggests
that while these combinations might successfully debulk a tumor directly, they could
simultaneously paralyze the patient's endogenous anti-tumor T-cell response. If these
double-positive T-cells also externalize phosphatidylserine as described by Medina et al.
(2026), the resulting immunosuppressive microenvironment would severely limit long-
term therapeutic efficacy. Therefore, translating these combinations to the clinic would
strictly require co-administration of immune checkpoint inhibitors (such as anti-PD-

1/PD-L1 or anti-PS antibodies) to rescue T-cells from therapy-induced exhaustion while
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allowing the direct cytotoxic effects of D+T or C+T to eliminate tumor cells. As Medina
et al. (2026) highlighted, treating exhausted T-cells with a PS-targeting antibody
(mch1N11) allowed PD-1+ TCF1+ stem-like CD8+ T-cells to downregulate quiescence-
associated genes and proliferate. Therefore, a multimodal approach combining targeted
kinase inhibitors such as Dasatinib with both classical checkpoint inhibitors (anti-PD-
1/PD-L1) and novel metabolic checkpoint inhibitors (anti-PS) may be required to fully
unleash T-cell effector functions and prevent therapy-induced exhaustion. Other

mechanisms proposed by Wu (2026) are plausible and warrant further study.
5.7 Limitations and future directions

Several limitations of the current study must be acknowledged. First, the sample size was
limited to primary cells from nine, eight, or three donors, divided into two distinct
stimulation cohorts. This restricted our statistical power, particularly in the semi-
quantitative Western blot analyses of Lck phosphorylation. Second, the in vitro nature of
the mitogenic stimulation (PMA/ionomycin and PHA) does not fully replicate the
complex, antigen-specific TCR engagement occurring within a physiological tumor
microenvironment or during chronic viral infection.

Future research should expand to larger patient cohorts and utilize antigen-specific
stimulation models to validate these findings. Furthermore, integrating lipidomic
profiling to assess phosphatidylserine externalization in the generated PD-1+/PD-L1+ T-
cells will be crucial. Determining whether the pharmacological induction of PD-L1 and
PD-1 correlates directly with PS exposure will help map the intersection between surface

protein checkpoints and lipid metabolic checkpoints (Medina et al., 2026).
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6 CONCLUSIONS

This thesis investigated modulation of immune checkpoint molecules PD-1 and PD-L1,
Lck phosphorylation, and cytotoxicity in human T-lymphocytes. The effects of kinase
and phosphatase inhibitors like Dasatinib, TPI-1, and PTP1Bi were investigated under
various mitogenic conditions, PMA/ionomycin and PHA, highlighting the intricate
regulatory mechanisms influencing T-cell activation and exhaustion.

Research indicates that immune checkpoint modulation during T-cell activation is
influenced by intracellular signaling. Inhibiting T-cell receptor (TCR) signaling with
Dasatinib, along with blocking negative regulatory phosphatases (TPI-1 and PTP1BI),
alters checkpoint expression under PMA/ionomycin stimulation. This results in reduced
PD-L1 expression and an increase in PD-1+/PD-L1+ T-cells, indicating T-cell
exhaustion. Western blot analyses confirm that stimulation raises PD-1 expression and

Lck phosphorylation, while Dasatinib inhibits Lck activity.

T-cell-mediated cytotoxicity against 2D cancer cell cultures varied by cell line,
presenting clinical challenges. Combinations like Dasatinib and TPI-1 showed strong
cytotoxicity against specific leukemic (Jurkat) and solid tumor (HCT116) lines but risk
T-cell exhaustion, potentially weakening the overall anti-tumor immune response despite

reducing tumor burden.

The clinical translation of these findings requires a nuanced approach, balancing
systemic administration of targeted kinase and phosphatase inhibitors to minimize off-
target effects. To enhance efficacy and prevent immune paralysis, agents like Dasatinib
and TPI-1 may need to be combined with immune checkpoint inhibitors, such as anti-PD-
1/PD-L1. Future studies should investigate the lipidomic and metabolic changes in PD-
1+/PD-L1+ populations to improve immunotherapy combinations, combat T-cell

exhaustion, and restore anti-tumor immunity.
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Abbreviation
AICD
APC / APCs
BCR

C domain
C-SH2

CD (e.g., CD3)
Csk
CTLA-4
CuET
DMEM
FoxO1

HBV

HCV

HIV

ICls

IFN-y

g

IL (e.g., IL-2)
ITAMs
ITIM/ITIMs
ITk

ITSM

LAT

Lck

MAPK

MFI

MHC
N-SH2
NF-xB
NFAT

NK

NKT

NPL4
NSCLC
p53-/-
PBMC

8 LIST OF ABBREVIATIONS

Explanation

Activation-induced cell death
Antigen-Presenting Cell(s)

B-cell receptor

Constant immunoglobulin-like domain
C-terminal SH2 domain

Cluster of Differentiation

C-terminal Src kinase.

Cytotoxic T-lymphocyte-associated protein 4
bis(diethyldithiocarbamate)copper complex
Dulbecco's Modified Eagle Medium
Forkhead box O1

Hepatitis B

Hepatitis C

Human Immunodeficiency Virus

Immune Checkpoint Inhibitors
Interferon-gamma

Immunoglobulin

Interleukin.

Immunoreceptor Tyrosine-based Activation Motifs.
Immunoreceptor tyrosine-based inhibitory motif(s)
Interleukin-2-inducible T-cell kinase.
Immunoreceptor tyrosine-based switch motif
Linker for Activation of T-cells.
Lymphocyte-specific protein tyrosine kinase.
Mitogen-Activated Protein Kinase

Mean fluorescence intensity

Major Histocompatibility Complex
N-terminal SH2 domain

Nuclear factor kappa B

Nuclear factor of activated T-cells (e.g., NFATc1)
Natural killer (cells)

Natural killer T-cells

Nuclear Protein Localization protein 4
Non-small cell lung cancer

p53 knock-out.

Peripheral blood mononuclear cell
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PBS

PD-1
PD-L1/PD-L2
PGC-1a

PHA

Pl

PKC

PLCyl1

PMA

pMHC

PTKs

PTP

PTP1B
PTP1Bi
RAG1/RAG2

SH1, SH2, SH3, SH4

SH2
SHP-1
SHP-2
SHPs
SLP-76
Spry
Tc
TCR
TFH
Th

TK
TLRs
TNF-a

TPI-1
Treg / Tregs

uD
V domain
ZAP-70

Phosphate-buffered saline:.

Programmed cell death protein 1.

Programmed death-ligands 1 and 2

Peroxisome proliferator-activated receptor y coactivator lo
Phytohemagglutinin

Propidium iodide

Protein Kinase C

Phospholipase Cyl

Phorbol 12-myristate 13-acetate

Peptide-Major Histocompatibility Complex

Protein tyrosine kinases

Protein tyrosine phosphatase

Protein Tyrosine Phosphatase 1B

PTP1B inhibitor

Recombinases

Src Homology domains (1, 2, 3, 4)

Src homology 2 domain

Src homology 2 domain-containing phosphatase 1
Src homology 2 domain-containing phosphatase 2
Src homology 2 domain-containing phosphatases
SH2 domain-containing Leukocyte Protein of 76 kDa
Sprouty (proteins)

Cytotoxic T-cell

T-cell receptor

T follicular helper cells

Helper T-cell

Tyrosine kinase

Toll-like receptors

Tumor necrosis factor alpha

An experimental compound/inhibitor used in combination

treatments.

Regulatory T-cell(s)

Unique Domain: A specific N-terminal structural domain of Lck
that facilitates interaction with CD4/CD8 co-receptors.

Variable immunoglobulin-like domain
Zeta-chain-associated protein kinase 70
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9 SUPPLEMENTARY DATA
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Supplementary Figure 1. Flow cytometry histograms illustrating the distribution of cells expressing

PD-L1 and/or PD-1 during individual conditions of a non-stimulated donor 1.
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Supplementary Figure 2. Flow cytometry histograms illustrating the distribution of cells expressing

PD-L1 and/or PD-1 during individual conditions of a PMA/ionomycin-stimulated (48h) donor 1.
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Supplementary Figure 4. Flow cytometry histograms illustrating the distribution of cells expressing
PD-L1 and/or PD-1 during individual conditions of a PHA -stimulated (48h) donor 5.
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