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ABSTRACT 

 

Chronic Lymphocytic Leukemia (CLL) is characterized by the accumulation of mature B cells in 

peripheral blood and lymphoid organs. The extended survival of leukemic cells is due to a 

combination of intrinsic alterations in the apoptotic machinery and microenvironmental factors, 

which both mediate evasion of immune surveillance. Among intrinsic alteration, the profound 

imbalance in the expression of pro- and anti-apoptotic members of the Bcl-2 family stands out. 

Impaired activity of the phosphatase SHP-1 in CLL cells has been related to the deficient expression 

of the pro-apoptotic Bcl-2 family member Bax. Since the membrane phospholipid metabolite 

glycerophosphoinositol (GroPIns) binds and activates SHP-1, here we asked whether GroPIns can 

restore Bax expression in CLL cells by reactivating SHP-1. To test this hypothesis, we cultured CLL 

cells in the presence of GroPIns, alone or in combination with Venetoclax, a Bcl-2 inhibitor 

commonly used for CLL treatment. We found that GroPIns alone increases Bax expression and 

apoptosis in CLL cells in a SHP-1 dependent manner. Moreover, GroPIns potentiates the pro-

apoptotic activity of Venetoclax. Interestingly, among GroPIns interactors, we found Bax itself, 

which becomes activated when CLL cells are treated with GroPIns. These data provide evidence 

that GroPIns exploits two different pathways converging on Bax to promote leukemic cell 

apoptosis. 

Surface receptor/ligand inhibitory axes have recently reached attention as promoters of CLL cell 

survival in the tumor microenvironment (TME) by suppressing the killing activities of cytotoxic T 

cells (CTLs) and their ability to form the immune synapse (IS), a specialized platform which 

polarizes both membrane and soluble signaling mediators at the interface between T cell and 

antigen-presenting cell. Since leukemic cells release soluble factors which profoundly shape the 

TME toward a pro-survival and protective niche, here we asked whether they also contribute to 

suppress CTL anti-tumoral functions. We found that healthy CTLs cultured in media conditioned by 

leukemic cells from CLL patients or Eμ-TCL1 mice upregulate the exhaustion marker PD-1 and 

become unable to form functional ISs and kill target cells. These defects were more pronounced 

when media were conditioned by leukemic cells lacking the pro-apoptotic adaptor p66Shc, whose 

deficiency has been implicated in CLL aggressiveness. Multiplex ELISA assays and quantitative 

RT-PCR showed that interleukin (IL)-9 and IL-10 were overexpressed in leukemic cells from CLL 

patients, where they inversely correlated with residual p66Shc. Using neutralizing antibodies or the 

recombinant cytokines we show that IL-9, but not IL-10, mediates both the enhancement in PD-1 

expression and the suppression of effector functions in healthy CTLs. These data demonstrate that 

IL-9 secreted by leukemic cells negatively modulates the anti-tumor immune abilities of CTLs.  
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Altogether, our results highlight new intrinsic and extrinsic mechanisms underlying the defective 

apoptosis of CLL cells, and pave the way to new studies aimed at exploiting these molecular 

pathways as therapeutical targets in CLL. 

 

 

  



5 

 

INTRODUCTION 

 

1.1 Chronic Lymphocytic Leukemia (CLL) 
1.1.1 Epidemiology and aetiology 

Chronic Lymphocytic Leukemia (CLL) is a lymphoproliferative disorder characterized by the 

accumulation of mature CD5+/CD19+ B cells in peripheral blood, bone marrow, lymph nodes, and 

spleen.1 CLL is the most common leukemia among adults in the Western world, with an incidence 

of approximately 4 cases per 100,000 people per year.2 Typically diagnosed in individuals with a 

median age of 67-72 years, CLL is often regarded as a disease affecting the elderly. Nevertheless, in 

the last decades, a growing number of younger individuals, nearly 15% of patients, have been 

diagnosed around the age of 55.1,2 

The aetiology of this pathology remains unknown, since exposure to common carcinogens does not 

appear to be linked to disease onset. Ongoing studies are exploring potential connections between 

the onset of CLL and inflammation and/or autoimmune conditions.3 

Remarkably, hereditary genetic susceptibility plays a significant role in CLL. It is well-documented 

that 8-10% of cases have a family history of the disease.4 Relatives of CLL patients have a 

heightened risk of developing CLL and other lymphoproliferative disorders when compared to the 

general population, although the genetic basis of this susceptibility remains elusive.1 

 

1.1.2 Diagnosis 

Most CLL patients are asymptomatic at the time of diagnosis, and the disease is detected due to an 

increased lymphocyte count during blood evaluations performed for unrelated reasons.2 However, 

CLL patients can present a wide range of clinical symptoms. These may include weight loss, fever, 

fatigue, and an increased frequency of infections which may be associated with 

hypogammaglobulinemia or autoimmune cytopenia that in turn may induce immunodeficiency and 

increased risk of infection-related mortality.1,2,5 Some patients do not experience disease 

progression and can live without treatment need. Conversely, patients with aggressive disease 

require immediate treatment.2 

The 2018 iwCLL (International Workshop on Chronic Lymphocytic Leukemia) guidelines give 

recommendations on diagnostic criteria for CLL. In most cases CLL diagnosis is established by 

blood count, blood smear, and immunophenotyping:  
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1. the diagnosis requires detection of ≥ 5,000 B lymphocytes per µl of peripheral blood, 

sustained for at least 3 months. Lymphocytes in the blood smear are characteristically small 

(7-10 μm diameter) and mature, with poor cytoplasm and dense nuclei lacking discernible 

nucleoli with partially aggregated chromatin. Gumprecht shadows, which are degenerated 

cells broken during slide preparation, are also present in peripheral blood smears (Fig. 1);2 

 

 

 

Figure 1. Peripheral blood smear of CLL patients. Wright-Giemsa-stained blood smears showing the 
typical CLL B lymphocyte (a), Gumprecht shadow or smudge cell (b) and a prolymphocyte with a 
prominent nucleolus (c). Magnification ×500 (adapted from Kipps et al.1). 

 

2. CLL immunophenotype is characterized by three elements:  

a) the expression of low levels of surface immunoglobulins (Igs) with restricted light 

chains (κ or λ);  

b) the co-expression of the T cell-specific antigen CD5 and the B cell surface antigens 

CD19 and CD20;  

c) low levels of the BCR-associated signaling molecule Igβ (also known as CD79b) and 

surface Igs, that in CLL appear to be mainly IgM; it is not unusual to find IgM and IgD co-

expression.2 

 

1.2 Mechanisms underlying the extended CLL cell survival 
CLL patients are characterized by a high percentage of B cells that progressively accumulate in 

bone marrow, lymphoid organs, and peripheral blood, where they are mainly arrested in the G0/G1 

phase of the cell cycle. Only few of them proliferate in “pseudo-germinal centres” located in both 

bone marrow and lymph nodes.6  

Of key importance for the pathogenesis of this disease, CLL cells display extended survival,7 which 

can be attributed to a combination of intrinsic alterations in the apoptotic program8 and extrinsic 

factors provided by the tumor microenvironment (TME), which help them evading the anti-tumor 

immune responses.9 Among intrinsic factors, CLL cells exhibit an altered balance of members of 
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the B-cell lymphoma-2 (Bcl-2) family of apoptosis-regulating proteins,8 which play a key role in 

regulating mitochondrial apoptosis.10 Bcl-2 itself belongs to the group of anti-apoptotic and pro-

survival members, which also includes MCL-1, BCL2L1, and Bcl-w. The group of pro-apoptotic 

Bcl-2 family members includes Bax and Bak which, upon activation, homo-oligomerize and lead to 

permeabilization of the mitochondrial membrane, thereby promoting cytochrome c release, caspase 

activation, and apoptosis.8,10  

Many researchers have reported altered expression of the Bcl-2 family members in CLL, with 

enhanced levels of the anti-apoptotic Bcl-2 and MCL-1 alongside downregulation of the pro-

apoptotic proteins Bax and Bak.8,11 The decreased Bcl-2/Bax ratio has been associated with both 

increased sensitivity of CLL cells to cytotoxic drugs in vitro and improved response to 

chemotherapy in vivo. Indeed, resistance to apoptosis of leukemic cells is associated with disease 

progression and an inadequate response to treatment.1  

It was previously shown that 13q deletion [del(13q)], the most common cytogenetic abnormality in 

CLL patients, leads to deletion of the microRNAs miR-15 and miR-16, which act as negative 

regulators of Bcl-2 expression.12 However, the fact that an altered balance of Bcl-2 family members 

is observed in the majority of cases suggests that intrinsic mechanisms other than miR-15 and miR-

16 deletion are operational in this malignancy which alter their expression.  

Not only intrinsic factors, but also external, microenvironmental-derived factors contribute to 

extend CLL cell survival. Indeed, when CLL cells are maintained in vitro alone, they recover their 

ability to undergo apoptosis, suggesting that extrinsic factors present in the TME are required for 

their survival.13,14 This has been elegantly demonstrated by Willimott and colleagues, who reported 

that CLL cells cultured in the presence of recombinant CD40 ligand (CD40L), a surface 

glycoprotein expressed by several immune cells including CD4+ and CD8+ T lymphocytes, 

upregulate Bcl-2 and show extended survival.15 In line with these findings, several studies have 

shown that CLL cell survival significantly increases when they are cultured in the presence of 

stromal and immune cells of the TME16 which provide extrinsic factors, including surface ligands, 

cytokines and chemokines, which favour their survival.  

The TME consists of various types of accessory cells, including stromal cells, nurse-like cells 

(NLCs) and endothelial cells. The TME also includes cells of both innate and adaptive immunity, 

such as dendritic cells (DCs), Natural Killer (NK) cells, CD4+ and CD8+ T lymphocytes and 

regulatory T cells (Tregs). Leukemic cells themselves shape the TME by secreting chemokines such 

as CCL3, CCL4, and CCL22, cytokines such as IL-10, and other soluble mediators that recruit 

immune cells in this niche,6,17 thereby contributing to establish an inflammatory, 

immunosuppressive and pro-survival milieu.18 
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Several studies have documented alterations in the T cell repertoire in CLL patients, which show 

increased total numbers of CD4+ and CD8+ T lymphocytes, with a shift in their ratio towards CD8+ 

lymphocytes, likely as a result of an attempted adaptive immune response targeted against CLL 

cells.19,20 Interestingly, as a consequence of chronic antigenic stimulation, T lymphocytes lose their 

effector functions and become “exhausted” and unable to eliminate cancer cells.21 The “exhausted” 

T cell phenotype is characterized by increased expression of inhibitory receptors such as Cytotoxic 

T-Lymphocyte Antigen-4 (CTLA-4), Lymphocyte Activation Gene-3 (LAG-3) and Programmed 

Cell Death-1 (PD-1),18 coupled with an inability to produce adequate levels of immune-activating 

cytokines during stimulation.21 CLL cells contribute to the “exhausted” phenotype of T cells thanks 

to the enhanced expression of inhibitory surface ligands which interact with the inhibitory receptors 

expressed by T lymphocytes. This mechanism has been found to suppress the effector functions of 

cytotoxic T lymphocytes (CTLs), which differentiate from naïve CD8+ T cells22 to eliminate both 

infected and tumor cells by building the immunological synapse (IS), a highly specialized structure 

that allows for target cell killing.23 Importantly, a profound impairment in IS formation favours 

CLL cell escape from CTL-mediated killing.22 

The formation of a distinctive TME, coupled with the interaction and influence of factors derived 

from it, enables CLL cells to evolve alongside the microenvironment. How intrinsic factors, such as 

the tilted balance between anti- and pro-apoptotic intrinsic factors, and extrinsic factors coming 

from the TME, crosstalk to enhance growth and prolong survival of leukemic cells remains still 

elusive and represents a significant focus of investigation in CLL. 
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Part I 
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Bax expression and activation 
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Part I 

INTRODUCTION 

 

1.1 Glycerophosphoinositols (GPIs) 
Glycerophosphoinositols (GPIs) are ubiquitous water-soluble bioactive compounds which can be 

detected both in the cytoplasm and in the extracellular space. Their intracellular concentrations are 

cell-type dependent and their production vary upon oncogenic transformation, cellular 

differentiation and hormonal stimulation.24  

GPIs exist as both unphosphorylated (glycerophosphoinositol (GroPIns)) and phosphorylated 

(glycerophosphoinositol 4-phosphate (GroPIns4P) and glycerophosphoinositol 4,5-biphosphate 

(GroPIns 4,5 P2)) metabolites. GroPIns and GroPIns4P are generated starting from the membrane 

phospholipids phosphatidylinositol (PtdIns) and PtdIns4-phosphate (PtdIns4P), respectively.24 Their 

production requires the enzyme phospholipase A2IVα (PLA2IVα), that has both intrinsic 

phospholipase and lysolipase activities.25 Indeed, GroPIns formation requires two sequential 

deacylation steps, both carried out by PLA2IVα. The first reaction involves hydrolysis of membrane 

PtdIns to free arachidonic acid and lysophosphatidylinositol (LysoPtdIns), while the second 

deacylation reaction releases free GroPIns and fatty acid from LysoPtdIns (Fig. 2).  

 

 

 

Figure 2. Schematic representation of the GroPIns metabolism GroPIns is produced from membrane 
PtdIns via two sequential deacylation reactions catalysed by PLA2IVα. The first reaction produces 
LysoPtdIns and free arachidonic acid, while the second reaction releases free fatty acid and GroPIns. 
GroPIns can be active on intracellular targets or can be released in the extracellular space through the Glut2 
transporter. In the extracellular space GroPIns can either behave as a paracrine molecule or be catabolised by 
GDEs. (adapted from Patrussi et al.26). 
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GroPIns4P formation, also schematized in figure 2, occurs starting from membrane PtdIns4P 

following the same diacylation cascade operated by PLA2IVα.26 

Once produced in the cytoplasm, both GroPIns and GroPIns4P can act on intracellular targets. 

GroPIns is also transported to the extracellular space through the Glut2 transporter, where it can act 

as a paracrine factor on nearby target cells.24 In the extracellular space, GroPIns is degraded thanks 

to the membrane-bound glycerophosphodiesterases GDE1 and GDE3, which catalyse the hydrolysis 

of extracellular GroPIns to glycerolphosphate and glycerol (Fig. 2).24 

The amounts of GPIs, especially GroPIns and GroPIns4P, have been monitored in a wide variety of 

cells.27,28 While GroPIns ranges from low micromolar to almost millimolar concentrations,27 the 

relative levels of GroPIns4P have been found to be approximately 10-fold lower.27,29 Interestingly, 

the amounts of GroPIns change during differentiation of both myeloid and lymphoid cells.30–32 

Studies conducted on cell lines representative of the immature and mature stages of B and T 

lymphocytes showed a significant increase in GroPIns levels in mature cells.31 These changes in the 

intracellular concentrations of GroPIns indicate a potential role for this metabolite in regulating 

both myeloid and lymphoid cell differentiation.  

Pro-inflammatory stimuli increase intracellular levels of GPIs, in macrophages, suggesting that 

these metabolites are implicated in modulating immune responses. Indeed, macrophages release 

GroPIns and GroPIns4P in the extracellular space, where they promote recruitment of T 

lymphocytes.28  

The release of these metabolites has been recently shown to be involved in T lymphocyte signaling. 

When exogenously added, GroPIns4P activates Lck, a member of the Src family of tyrosine kinases 

which is responsible for initiation of the T cell receptor (TCR) signaling cascade, which in turn 

activates the Rho-family dependent pathway, which promotes actin polymerization.33 Interestingly, 

treatment of T lymphocytes with GroPIns4P also promotes chemotaxis toward the homeostatic 

chemokine CXCL12, demonstrating the potent immunomodulatory effect of this compound.33 

In innate immune cells, GPIs negatively regulate the expression of pro-inflammatory mediators. 

When exogenously added, GroPIns acts as an anti-inflammatory factor by blocking the Toll-like 

Receptor 4 (TLR4)-dependent signaling cascade triggered by lipopolysaccharide (LPS) in human 

blood monocytes, thereby leading to decreased NF-B-dependent transcription of pro-inflammatory 

genes.34 

Thus, GPIs exploit different functions according to the specific target/receptor. Exogenous addition 

of GPIs could therefore contribute to not only modulate pro-inflammatory responses, but also 

counteract the invasive potential of tumor cells and build efficient anti-tumor immune responses in 

malignancies characterised by low levels of these metabolites.  
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1.2 The tyrosine phosphatase SHP-1 

In lymphocytes, the tight balance between phosphatases and kinases strictly regulates several 

cellular processes, including cell growth, migration, invasion, differentiation and survival.35 Indeed, 

deviations in the phosphorylation/dephosphorylation balance have been found to promote the 

abnormal intracellular accumulation of phosphorylated proteins, which in turn cause signaling 

pathway alterations.35 

The tyrosine phosphatase SHP-1 (Src homology region 2 (SH2) domain-containing phosphatase-1) 

is one of the fundamental regulators of inflammatory and immune responses. It contains two SH2 

domains at the N-terminus, a central catalytic phosphatase domain and a C-terminal tail containing 

several tyrosine phosphorylation sites.36 SHP-1 is expressed in both epithelial and hematopoietic 

cells, where it negatively regulates several pathways mediated by cytokine, chemokine and growth 

factor receptors.37 

By dephosphorylating key signaling mediators, SHP-1 has been found to act as tumor suppressor in 

both haematological and solid cancers. Indeed, its down-regulation or absence promotes tumor 

progression.38 These findings, together with the fact that SHP-1 promotes tumor cell apoptosis by 

suppressing the oncogenic JAK/STAT3 pathway, which controls the expression of a series of genes 

encoding anti-apoptotic (Bcl-2, BCL2L1) and pro-apoptotic proteins (Cyclin D1),38 strongly 

suggest that targeting SHP-1 may represent a suitable anti-cancer strategy. 

Several chemotherapeutic drugs, like Surafenib,39 and natural compounds targeting SHP-1, such as 

dietary xanthone α-mangostin (α-MGT)40 and Phloretin41, counteract tumor cell proliferation by 

inducing SHP-1-mediated dephosphorylation of STAT3. Importantly, Gan and colleagues 

demonstrated that the in vitro treatment of Acute Promyelocytic Leukemia cells with 

epigallocatechin-3 gallate, a polyphenol with biochemical antioxidant properties, promotes tumor 

cell apoptosis by activating SHP-1, which in turn upregulates the expression of the pro-apoptotic 

protein Bax.42 

CLL is characterized by failure in the apoptotic process, which not only depends on the alteration in 

the expression of pro- and anti-apoptotic members of the Bcl-2 family,8 but also by inhibition of 

SHP-1 activity. Indeed, despite leukemic cells exhibit SHP-1 expression levels comparable to those 

observed in healthy B cells, its activity is inhibited due to constitutive phosphorylation of the Serine 

591 (pS591) residue in the C-terminal tail.43 The existence of a pool of inactive SHP-1 in CLL cells 

is crucial for escaping apoptosis program, as demonstrated by the fact that SHP-1 inhibition through 

either pharmacological or genetic approaches results in reduced activation of the caspase cascade 

and impaired apotosis.44 Additionally, SHP-1 activity can be promoted by Nintedanib, a small 

molecule known to act as angiokinase inhibitor.43 In breast cancer cells, Nintedanib has been found 
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to activate SHP-1 by blocking S591 phosphorylation, leading to the dephosphorylation of pro-

apoptotic players such as caspases and serine/threonine phosphatase 2A (PP2A), thereby 

normalizing apoptosis.43 These results suggest that reactivation of SHP-1 in CLL cells may restore 

their ability to undergo apoptosis, and make of this phosphatase an interesting pharmacological 

target for the treatment of CLL. 

Thanks to mass spectrometry analyses performed on melanoma cells, Varone and colleagues 

recently reported that GroPIns directly interacts with SHP-1.37 This interaction promotes SHP-1 

localization at invadopodia,45 where it dephosphorylates cortactin.46 This condition leads to a 

reduction in the metastatic capacity of melanoma cells both in vitro and in vivo,46 suggesting that 

the interaction between GroPIns and SHP-1 has an anti-tumor potential. The fact that SHP-1 

promotes the expression of Bax in Acute Promyelocytic Leukemia cells further confirms that it is an 

interesting target of future studies. 
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Part I 

AIMS 

 

GroPIns is a biomolecule which pleiotropically affects key cellular functions.26 It has been recently 

demonstrated that GroPIns interacts with the phosphatase SHP-1,37 a known promoter of the 

expression of the pro-apoptotic protein Bax in Acute Promyelocytic Leukemia cells.42 Since in CLL 

cells, the phosphatase activity of SHP-1 is impaired,1,8 here we asked whether GroPIns may 

promote apoptosis of CLL cells by activating SHP-1 and in turn enhancing Bax expression.  
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Part I 

MATERIALS AND METHODS 

 

2.1 Purification and culture of human primary B cells  
The collection of peripheral blood samples from anonymous healthy donors was approved by the 

local ethics committee (Siena University Hospital and Padova University Hospital) and performed 

after receiving signed informed consent according to institutional guidelines. 

Peripheral blood samples were collected from 40 treatment naïve CLL patients. Diagnosis of CLL 

was made according to international workshop on CLL (iwCLL) 2018 criteria.2 The 

immunophenotypic analysis of lymphocytes obtained from peripheral blood of CLL patients was 

performed by flow cytometry. All patients were positive for CD19, CD5, CD23 and CD200. 

Mutational IGHV status was assessed as reported.47 The main clinical features of CLL patients used 

in this study are listed in Table 1.  

B cells from 24 buffy coats were used as healthy population controls. B cells were purified by 

negative selection using RosetteSep B-cell enrichment Cocktail (StemCell Technologies, 

Vancouver, Canada) followed by density gradient centrifugation on Lympholite (Cedarlane 

Laboratories, The Netherlands), as reported in manufacturer’s instructions. 

Cells were maintained in RPMI (Roswell Park Memorial Institute)-1640 (Merck, #R8758) 

supplemented with 7.5% Bovine Calf Serum (BCS) (HyClone, #SH30072.03) and penicillin 50 

IU/ml.  
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Table 1. Clinical parameters of CLL patients used in this study. IGHV: Immunoglobulin heavy variable 
chain; WBC: white blood cell count; Ly: lymphocytes. 
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2.2 Reagents 

GroPIns was kindly provided by Euticals S.P.A. (Lodi, Italy). GroPIns-Bio was obtained from 

Echelon Biosciences (Salt Lake City, UT, USA). NSC-87887 (#565851) was from Merck and 

Venetoclax was from Selleck Chemicals (#S8048). His-tagged Bax- lacking 21 amino acids at the 

C-terminus (His-BaxDTM) cloned in the pTrcHis vector (Invitrogen Srl) was a kind gift of Ingram 

Iaccarino. This construct was expressed in E. coli BL21(DE3)/ pLysS cells and purified as 

described 48. 

 

2.3 Cell Treatments, Antibodies and Immunoblots 

Treatments with 100 µM GroPIns, 3.5 nM Venetoclax or combination treatments were carried out 

at 37°C in RPMI 7.5% BCS for the indicated times. Control samples were treated with DMSO 

(Merck Millipore, #102952). When required, cells were pretreated at 37°C for 20 min with 50 mM 

NSC-87887. Cells (5×106 cells/sample) were lysed in 1% (v/v) Triton X-100 in 20 mM Tris-HCl 

pH 8, 150 mM NaCl, in the presence of a cocktail of protease inhibitors (Calbiochem, #539134) and 

0.2 mg/ml Na orthovanadate (Merck, #S6508), resolved by SDS-PAGE and transferred to 

nitrocellulose (GE Healthcare, #9004-70-0). Immunoblots were carried out using mouse anti-Bax 

(BD Biosciences, #610982), anti-penta-His (Life Technologies, #P21315) and anti-actin (Millipore, 

#MAB1501) primary antibodies. Secondary peroxidase-labeled anti-mouse antibodies were from 

Jackson Immuno-Research (#115-035-146). Labeled antibodies were detected using ECL kit 

(SuperSignal® West Pico Chemiluminescent Substrate, Thermo Scientific) and scanned 

immunoblots were quantified using the ImageJ software. 

 

2.4 Intracellular Staining, Apoptosis, TMRM Assays and Flow Cytometry 

Cells (2×105 cells/sample) were treated for 20 min in complete medium at 37°C as above, washed 

with PBS and fixed in 100 l of fixation buffer (eBiosciences, #420801) for 15 minutes at Room 

Temperature (RT). Cells were then washed with PBS added with 1% BSA (AppliChem PanReac, 

#A6588) and incubated with 10 l permeabilization buffer (eBiosciences, #421008) containing 

either mouse anti-Bax (B-9) (Santa Cruz Biotechnology Inc., #sc-7480) or rabbit anti-phospho-

SHP-1 Tyrosine 564 (Cell Signaling, #D11G5) antibodies at RT for 1 h, washed twice in PBS 1% 

BSA and then incubated with 10 l permeabilization buffer containing Alexa Fluor anti-mouse-488 

(Thermo Fisher Scientific, #A11001) or anti-rabbit-488 (Thermo Fisher Scientific, #A11008) 

secondary antibodies for 45 min. After washing with PBS 1% BSA, cell pellets were resuspended in 

200 l PBS 1% BSA and subjected to flow cytometric analysis. Early apoptotic cells were 
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quantified by flow cytometric analysis of 1×106 cells stained with FITC-labeled Annexin V (e-

Bioscience, #88-8005-74) and Propidium iodide (PI, 20 μg/mL, Biotium, #40017). Mitochondrial 

membrane potential was measured using the fluorescent probe tetramethylrhodamine methyl ester 

(TMRM, Molecular Probes Europe BV). Cells (106 cells/sample) were suspended in 200 µl RPMI-

1640 w/o phenol Red (Invitrogen srl) added with 25 mM Hepes pH 7.4 and 200 nM TMRM and 

incubated for 20 min at 37°C. Cells were then added with 500 ng/ml of the calcium ionophore 

A23187 (Sigma-Aldrich #C7522), incubated for 10 min at 37°C and subjected to flow cytometric 

analysis. Flow cytometry was carried out using a Guava Millipore cytometer as described 49. Data 

were analysed using Flowjo (Tree Star, Inc.). 

 

2.5 GroPIns-Bio Pull-Down Assay 

GroPIns-Bio pull-down assays were previously described 37. Briefly, Raw 264.7 cells were 

centrifuged, washed with PBS and re-suspended in lysis buffer supplemented with a protease 

inhibitor cocktail (Complete Mini EDTA-free, Roche). The cell lysate was kept on a rotating wheel 

for 30 min at 4°C, centrifuged and the supernatant recovered, brought to a 0.2% (w/v) final 

concentration of Triton X-100, and dialyzed at 4°C. The cell extract was then precleared on 1 mg of 

uncoupled streptavidin-conjugated paramagnetic beads (Invitrogen Srl) on a rotating wheel, 

recovered and incubated with 1 mg of streptavidin-conjugated beads previously incubated with 2.5 

nmoles of GroPIns-Bio (from Echelon Biosciences (Salt Lake City, UT, USA)) or biotin in binding 

buffer (50 mM Tris-HCl, pH 7.6, 50 mM KCl, 10 mM EDTA) supplemented with the protease 

inhibitor cocktail. Following incubation, the unbound materials were separated, and the beads were 

washed with binding buffer. 

GroPIns-bound proteins were specifically eluted with 5 mM GroPIns. The elution was performed 

for 30 min at 4°C on a rotating wheel, eluted proteins were recovered, resuspended in SDS sample 

buffer and analysed by SDS-PAGE. Protein bands were analysed by liquid chromatography coupled 

to tandem mass spectrometry (LC/MS-MS). For GroPIns-Bio pull-down assays with purified Bax, 

100 ng of purified His-Bax were incubated for 2 h at 4°C with 0.5 mg of streptavidin-conjugated 

paramagnetic beads in the presence of 2.5 nmoles of biotin (Sigma-Aldrich, #B4501) or GroPIns-

Bio in binding buffer plus protease inhibitors (Complete Mini EDTA-free, Roche). Following 

incubation, the unbound material was removed, and beads were washed with binding buffer. The 

beads with bound protein were boiled in 100 µl of SDS sample buffer. 
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2.6 RNA Isolation, Reverse Transcription and qRT-PCR 

For all the experiments RNA was extracted from samples by using the RNeasy Plus Mini Kit 

(Qiagen) according to the manufacturer’s instructions, and RNA purity and concentration were 

measured using QIAxpert (Qiagen). Single strand cDNAs were generated using the iScriptTM 

cDNA Synthesis Kit 28 (Bio-Rad), and qRT-PCR was performed using the SsoFastTM EvaGreenR 

supermix kit (Bio-Rad) and specific pairs of primers listed in Table 2. Samples were run in 

triplicate on 96-well optical PCR plates (Sarstedt AG, Nümbrecht, Germany). Values are expressed 

as ΔΔCT relative to housekeeping gene HPRT1 expression. 

 

 

Table 2. List of primers used in this study. 
 

2.7 Statistical Analyses 

One-way ANOVA with post-hoc Tukey was used for experiments where multiple groups were 

compared. Mann Whitney rank-sum tests were performed to determine the significance of the 

differences between two groups. Statistical analyses were performed using GraphPad Software (La 

Jolla, CA). P values <0.05 were considered significant. 
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Part I 

RESULTS 

 

3.1 GroPIns has a pro-apoptotic activity on CLL cells which depends on SHP-1 

GroPIns is a naturally occurring phosphoinositide metabolite whose intracellular concentrations 

depend on the cell type. Its production changes in response to oncogenic transformation, cell 

differentiation and hormonal stimulation.24 In melanoma cells, GroPIns interacts with the tyrosine 

phosphatase SHP-1,38 which is known to promote apoptosis by enhancing Bax expression.42  

The activity of SHP-1 has been shown to be impaired in CLL cells.43 Thus, to investigate whether 

GroPIns reactivates SHP-1, we first examined whether it promotes apoptosis of leukemic cells 

through a SHP-1-dependent mechanism. B cells purified from peripheral blood of CLL patients and 

healthy donors (HD) were cultured for 24 h at 37°C in the presence of 100 µM GroPIns, and the 

percentage of early apoptotic Annexin V+/PI- cells was quantified by flow cytometry. Our results 

showed that GroPIns significantly enhanced apoptosis of CLL cells (Fig. 3A, 3B). Apoptosis of 

healthy B cells was also enhanced, although at significantly lower levels compared to CLL cells 

(Fig. 3A, 3B). The SHP-1-specific inhibitor NSC-87887 partly reversed the pro-apoptotic effect of 

GroPIns (Fig. 3B), demonstrating that it at least in part relies on the tyrosine phosphatase activity of 

SHP-1.  

In melanoma cells, GroPIns binds SHP-1 and induces the dephosphorylation of the actin-binding 

and cytoskeletal protein cortactin, thereby reducing their invasive capacity.37 To understand 

whether GroPIns interacts with and activates SHP-1 in CLL cells, B cells purified from peripheral 

blood of CLL patients and healthy donors were cultured for 30 min at 37°C in the presence of 

GroPIns and the phosphorylated form of SHP-1 was quantified by flow cytometry using an 

antibody recognizing the phosphorylated tyrosine 564.50 Our results showed that basal SHP-1 

phosphorylation levels were significantly lower in CLL cells compared to healthy B cells (Fig. 3C, 

3D). Following GroPIns treatment, SHP-1 phosphorylation increased in healthy B cells, and the 

increase was significantly more pronounced in CLL cells (Fig. 3C, 3D). These data suggest that 

GroPIns promotes CLL cell apoptosis by activating SHP-1.  
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Figure 3 GroPIns promotes CLL cell apoptosis in a SHP-1-dependent manner. (A) Flow cytometric 
analysis of the percentages of Annexin V+/PI- cells in B lymphocytes from HD (n=8) and CLL (n=8) after 
treatment with either carrier or 100 µM GroPIns for 24 h at 37°C. (B) Flow cytometric analysis of the 
percentages of Annexin V+/PI- cells in B cells from HD (n=7) and CLL (n=7). Samples were treated for 24 h 
at 37°C with either carrier or 100 µM GroPIns in the presence or absence of 50 µM NSC-87887 (NSC). (C) 
Flow cytometric analysis of phospho-SHP-1 in B cells from HD (n=8) and CLL (n=6), treated with either 
carrier or 100 µM GroPIns for 30 min at 37°C. Data are expressed as MFI phospho-SHP-1 in live cells. (D) 
Immunoblot of phospho-SHP-1 protein expression in B lymphocytes from HD (n=3) and CLL (n=3), after 
treatment as in (C). The stripped filters were reprobed with anti-actin antibodies. Molecular weights (kDa) 
are indicated on the left of the panel. The quantification of three independent experiments is shown on the 
right. Mean ± SD. ANOVA two-way test, Multiple Comparison. p ≤ 0.0001, ****; p ≤0.001, ***; p ≤ 0.01, 
**; p ≤ 0.05, *. 
 

3.2 GroPIns enhances the expression of Bax in CLL cells in a SHP-1-dependent 
manner 

In CLL cells, altered apoptosis depends in part on the decreased expression of the pro-apoptotic 

protein Bax.8 Since the activation of SHP-1 enhances Bax expression and increases apoptosis in 

Acute Promyelocytic Leukemia cells, we aimed to understand whether GroPIns promotes apoptosis 

in CLL cells by increasing Bax expression in a SHP-1-dependent manner. B cells were purified 

from peripheral blood of CLL patients and healthy donors and cultured for 24 h at 37°C in the 

presence of GroPIns. Bax expression was assessed by both immunoblot and qRT-PCR. As expected, 

untreated CLL cells expressed lower levels of Bax compared to healthy B cells (Fig. 4A - 4C).  
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Figure 4. GroPIns promotes Bax expression in CLL cells. (A, B) Immunoblot analysis of Bax protein 
expression in B lymphocytes from HD (n=6) and CLL (n=6), after treatment with either carrier or 100 µM 
GroPIns for 24 h at 37°C. The stripped filters were reprobed with anti-actin antibodies. Molecular weights 
(kDa) are indicated on the left of the panel. (B, C) qRT-PCR analysis of Bax mRNA in B cells from HD 
(n=8) and CLL (n=8), treated as in (A) and (B). (D, E) Fold protein (D) and mRNA (E) expression levels of 
Bax in samples from HD and CLL. Data were calculated as fold Bax protein quantification of treated vs 
untreated samples shown in (B, C). (F) qRT-PCR analysis of Bax mRNA in B cells from HD (n=8) and CLL 
(n=7), treated for 24 h at 37°C with either carrier or 100 µM GroPIns in the presence or absence of 50 µM 
NSC-87887 (NSC). (D, E): Mann Whitney Rank Sum Test. p ≤ 0.0001, ****; p ≤ 0.001, ***; p ≤ 0.01, **; p 
≤ 0.05, *. 
 

GroPIns enhanced Bax expression in both healthy and leukemic cells (Fig. 4A - 4C). Of note, when 

Bax expression was calculated as a ratio between treated and untreated samples, it was significantly 

higher in CLL cells compared to healthy B cells (Fig. 4D, 4E). To test whether the Bax-elevating 

activity of GroPIns depends on the phosphatase activity of SHP-1, both CLL and healthy B cells 

were treated for 24 h at 37°C with NSC-87887 and Bax expression was assessed by qRT-PCR. Our 

results show that NCS-87887 abolished the GroPIns-dependent Bax increase, demonstrating that 

GroPIns promotes CLL cells apoptosis by enhancing Bax expression in a SHP-1-dependent manner 

(Fig 4F).  

 

3.3 GroPIns interacts with and activates Bax in CLL cells 

SHP-1 has been previously identified as a direct cellular target of GroPIns through a pull-down 

assay coupled with liquid chromatography-tandem mass-spectrometry analysis.46 Among direct 
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interactors of GroPIns (listed in Table 3), Varone and colleagues also found Bax. We validated the 

direct binding of GroPIns with Bax through in vitro pull-down assays. B cells were purified from 

peripheral blood of CLL patients and healthy donors and treated with 100 µM GroPIns for 24 h at 

37°C. The immunoblot in figure 5A shows that GroPIns-Bio-bound beads, but not control Biotin-

bound beads, specifically pooled-down recombinant Bax, suggesting a direct binding of GroPIns to 

Bax.  

Following pro-apoptotic stimulation, Bax undergoes a conformational change that exposes its N-

terminus, shifting it to an active mediator of cell apoptosis.51 We assessed whether GroPIns 

promotes Bax activation. B cells from CLL patients and healthy donors were treated with either 

carrier or 100 µM GroPIns for 20 min at 37°C and Bax activation was quantified by flow 

cytometry, using an anti-Bax antibody designed to specifically recognize the N-terminus of Bax. 

Our results show significantly lower basal levels of active Bax in CLL cells compared to the healthy 

ones (Fig. 5B, 5C). When exogenously added, GroPIns enhanced Bax activation in both healthy 

and CLL cells. Interestingly, when the amount of active Bax was normalized to the protein levels of 

Bax of untreated cells shown in figure 4B, we observed a huge increase of Bax activation in CLL 

cells, but not in healthy B cells (Fig. 5C). Moreover, the increase in Bax activation calculated as the 

ratio between the MFI of active Bax in treated and untreated samples shown in figure 5D, was 

significantly higher in CLL cells compared to healthy ones (Fig. 5D). Consequently, GroPIns 

selectively induced the activation of Bax in leukemic cells. To assess whether GroPIns restores 

apoptosis in CLL cells, we quantified mitochondrial depolarization using the fluorescent probe 

TMRM. Both CLL and healthy B cells were treated for 4 h with either GroPIns or the calcium 

ionophore A23187, a potent inducer of apoptosis. GroPIns significantly enhanced mitochondrial 

depolarization in CLL cells, but not in the healthy counterparts (Fig. 5E). It is noteworthy that the 

SHP-1 inhibitor NSC-87887 did not further enhance Bax activation in CLL cells treated with 

GroPIns (Fig. 5F), suggesting that GroPIns-mediated Bax activation does not depend on SHP-1. 

Collectively, these findings support the existence of two distinct pathways, one dependent on, and 

the other independent of SHP-1, that both converge on Bax, and suggest that GroPIns takes 

advantage of both pathways to promote apoptosis of CLL cells. 
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Table 3. List of proteins identified from proteomic analysis. 
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Figure 5. GroPIns interacts with and activates Bax. (A) Representative pull-down of streptavidin-

conjugated beads using Biotin or biotinylated GroPIns (GroPIns-Bio) with His-Bax. Eluted proteins were 
analysed by immunoblot using anti-His antibodies. Molecular weights (kDa) are indicated on the left of the 
panel. (B) Flow cytometric analysis of active Bax in B lymphocytes from HD (n=8) and CLL (n=8). Samples 
were treated for 20 min at 37°C with either carrier or 100 µM GroPIns. (C) The MFI of active Bax shown in 
panel (B) was normalized to Bax protein levels of untreated cells shown in figure 4B (n=6). (D) Fold MFI 
active Bax in samples from HD and CLL shown in panel (C). Data were calculated as fold MFI of active Bax 
of treated vs. untreated samples.  (E) Flow cytometric analysis of the percentage of TMRMlow cells in B cells 
from HD (n=6) and CLL (n=6). Samples were treated for 4 h at 37°C with either carrier or 100 µM GroPIns 
or 500 ng/ml A23187. Stainings were performed in duplicate. (F) Flow cytometric analysis of active Bax in 
B cells from HD (n=6) and CLL (n=6). Samples were treated for 20 min at 37°C with either carrier or 100 
µM GroPIns in the presence or in the absence of 50 µM NSC-87887. Mean ± SD. (B, C, E, F): ANOVA 
two-way test, Multiple Comparison. (D): Mann Whitney Rank Sum Test. p ≤ 0.0001, ****; p ≤ 0.001, ***; p 
≤ 0.01, **; p ≤ 0.05, *; ns, not significant. 
 

3.4 GroPIns enhances the pro-apoptotic effects of Venetoclax on CLL cells 

Venetoclax is a drug approved for the treatment of refractory CLL patients that specifically inhibits 

the anti-apoptotic protein Bcl-2.52 Ramani and colleagues demonstrated that Venetoclax induces 

rapid and pronounced activation and mitochondrial translocation of Bax in  acute myeloid leukemia 

cell lines.53 These data led us to hypothesize that GroPIns enhances the pro-apoptotic effects of 

Venetoclax on CLL cells. 

B cells purified from peripheral blood of CLL cells were treated with either 100 µM GroPIns or 3.5 

nM Venetoclax, or a combination of both, for 24 h at 37°C. Our results show the enhanced 

apoptosis on CLL cells subjected to the combined treatment, compared to single treatments (Fig. 6). 
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Moreover, combined treatment not only enhanced not only expression (Fig. 6B), but also activation 

of Bax (Fig. 6C) in CLL cells, compared to single treatments. These results suggest a synergic pro-

apoptotic activity of GroPIns and Venetoclax on CLL cells. 

 

 

 

Figure 6.  GroPIns enhances the pro-apoptotic activity of Venetoclax in CLL cells. (A) Flow cytometric 
analysis of the percentages of Annexin V+/PI- cells in B cells from CLL (n=5) treated with either 100 µM 
GroPIns or 3.5 nM Venetoclax or the combination of both for 24 h at 37°C. (B) qRT-PCR analysis of Bax 
mRNA in B cells from CLL (n=4) and treated as in (A). (C) Flow cytometric analysis of active Bax in CLL 
B cells (n=4) and treated for 20 min at 37°C with either 100 µM GroPIns or 3.5 nM Venetoclax or the 
combination of both. Mean ± SD. ANOVA one-way test, Multiple Comparison. p ≤ 0.001, ***; p ≤ 0.01, **; 
p ≤ 0.05, *. 
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Part I 

DISCUSSION 

 

Apoptosis is a physiological mechanism which is essential for tissue development and homeostasis, 

as well as for the prevention of tumorigenesis.10 The escape from the apoptotic program is one of 

the hallmarks of cancer and correlates with clinical resistance to therapies.54 

In CLL, a profound imbalance in the expression of Bcl-2 family members towards the anti-

apoptotic ones leads to the accumulation of CLL cells in secondary lymphoid organs.8 The anti-

apoptotic protein Bcl-2, whose expression is increased in CLL due to the deletion of miR-15 and 

miR-16, is considered a therapeutic target for CLL treatment.12 Notably, Venetoclax, a BH3-

mimetic drug capable of mimicking the activity of the physiological antagonists of Bcl-2 to induce 

apoptosis, has been approved for the treatment of relapsed/refractory CLL.55 

The improved tolerability of targeted agents like Venetoclax has led to a decrease in the use of 

chemotherapeutic drugs such as Fludarabine and cyclophosphamide. Several studies are 

investigating the possibility of combining Venetoclax with Ibrutinib and monoclonal antibody anti-

CD20. This combination could provide higher response rates compared to Venetoclax alone.56,57 

However, some CLL patients develop resistance to Venetoclax due to the acquisition of Bcl-2 

mutations. 

The altered apoptosis in CLL cells also depends on the reduced expression of Bax, a pro-apoptotic 

protein of the Bcl-2 family.8 Following pro-apoptotic signals, Bax activation leads to the 

permeabilization of the mitochondrial membrane, releasing the apoptotic factor cytochrome c and 

promoting cell death.58 A decrease in the Bcl-2/Bax ratio is associated with increased sensitivity to 

cytotoxic drugs in vitro and an improved response to treatment in CLL patients. Drugs clinically 

used to treat different types of cancer indirectly impact the expression and activation of Bax, 

including Fludarabine51,59 and Venetoclax.60 In this thesis, it has been demonstrated that, by 

enhancing both expression and activation of Bax, GroPIns promotes CLL cell apoptosis. 

Additionally, a higher level of apoptosis was observed in CLL cells treated with the combination of 

GroPIns and Venetoclax. 

Therefore, our results highlight a potential new combinatorial strategy aimed at enhancing the pro-

apoptotic activity of Venetoclax with a natural and well-tolerated compound. This approach may 

overcome potential resistance mechanisms to Venetoclax when used as a single agent.61  

In the last decade, several classes of small molecules capable of selectively activating Bax and 

inducing apoptosis have been identified.62,63 For example, the compound SMBA1 induces 
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conformational changes in Bax by inhibiting Serine184 phosphorylation. This process facilitates 

Bax insertion into mitochondrial membranes, resulting in the release of cytochrome c and apoptosis 

in human lung cancer cells. SMBA1 potently suppresses lung tumor growth in vivo through 

apoptosis, selectively activating Bax without causing significant toxicity in normal tissues.64 

Recently, new SMBA1 analogous have been synthesized, showing promise in inhibiting the 

proliferation of breast cancer cells.65 However, none of these molecules has been tested in CLL 

until now.  

On the other hand, the small molecule BDA-366, known as an antagonist of the BH4-domain with 

therapeutic potential in lung cancer and multiple myeloma treatments, has been evaluated in CLL 

and Diffuse large B-cell lymphoma (DLBCL). Unfortunately, this small molecule exhibited 

selective toxicity towards both CLL and DLBCL and the mechanism underlying Bax activation by 

BDA-366 remains unknown.58,66 

In this study, GroPIns has been identified as a naturally occurring molecule with the ability to bind 

to and activate Bax. This discovery positions GroPIns as an intriguing candidate for testing in 

neoplasms characterized by reduced expression and activity of Bax. 

CLL cells, in addition to aberrant expression of anti-apoptotic molecules, exhibit high levels of 

intracellular phosphorylation due to the hyperactivation of downstream B-cell receptor kinases such 

as Lyn, Syk, Btk, PI3K, and AKT.67,68 This condition is also mediated by the altered activity of 

phosphatases, including PTEN69, PP2A70, and SHIP-171, which exhibit reduced expression in 

leukemic cells.  

It is interesting that SHP-1, a tyrosine phosphatase involved in regulating the proliferation, survival, 

and apoptosis of both hematopoietic and non-hematopoietic cells,38 is expressed in CLL cells at 

levels comparable to healthy B cells.72 However, the function of this phosphatase is disrupted by 

mechanisms mediated by the Src family kinase Lyn, which inhibits the pro-apoptotic activity SHP-

1 by phosphorylating its S591 residue,43 making it an interesting target for the development of new 

drugs.  

Unfortunately, SHP-1 has proven to be a challenging target for the development of specific drugs. 

This is attributed to both the highly conserved and positively charged nature of its active site and 

the limited selectivity or membrane permeability of the majority of phosphatase inhibitors73. It has 

been previously reported that GroPIns interacts with SHP-1 in melanoma cells.37 This interaction 

facilitates the recruitment of SHP-1 to invadopodia, where it plays a role in dephosphorylating 

crucial components of the actin polymerization pathways. This process leads to matrix invasion, 

effectively counteracting metastasis.46 In this context, we demonstrated that treatment of CLL cells 

with GroPIns enhances SHP-1phosphorylation. Despite the molecular mechanism underlying the 
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GroPIns-dependent increase in SHP-1 phosphorylation remains unknown, we can hypothesize that 

the interaction between GroPIns and SHP-1 stabilizes SHP-1 in a conformation which facilitates its 

interaction with an unknown kinase, thereby promoting SHP-1 phosphorylation. Active SHP-1 in 

turn promotes the expression of Bax42,74 through signaling pathways involving the MAP kinase 

p3842 and the transcription factor STAT3.74 Therefore, by promoting the phosphorylation and 

activation of SHP-1, GroPIns enhances Bax expression and facilitates apoptosis in CLL cells, 

highlighting the potential of GroPIns to overcome the apoptosis deficiencies observed in CLL cells. 
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Part II 

INTRODUCTION 

 

1.1 Mechanisms of immune evasion in the TME 

1.1.1 The PD-1/PD-L1 immune checkpoint axis  
Since escape from immune response is one of the hallmarks of cancer, restoring anti-tumor 

immunity has recently emerged as an interesting field of study. Immune checkpoints, which are 

characterized by ligand-receptor pairs which control the activation of immune effector cells to 

maintain self-tolerance and prevent autoimmunity,75 are relevant molecular targets in anti-tumor 

immunity.  

Notably, the PD-1 receptor and its ligands PD-L1 (Programmed cell death ligand 1) and PD-L2 

(Programmed cell death ligand 2) stand out as a key inhibitory pathway, crucial for sustaining a 

tolerant microenvironment.76 The PD-1 receptor is expressed by many immune cell types, including 

CD4+ and CD8+ T cells, monocytes, NK and DCs cells, while the membrane glycoproteins PD-L1 

and PD-L2 are expressed by both hematopoietic and non-hematopoietic cells.77 Interestingly, PD-

L2 exhibits a binding profile selective for both PD-1 and RGM-2 (Repulsive guidance molecule 

family member 2) receptors, and its expression is limited to specific cell types. In contrast, PD-L1 

exclusively interacts with the PD-1 receptor with a three times higher binding affinity compared to 

PD-L2.78 

Upon T lymphocyte recognition of the specific antigen presented on the surface of an antigen-

presenting cell, the binding between PD-1 and PD-L1 enables an inhibitory pathway 79 which leads 

to the phosphorylation of ITIM (immunoreceptor tyrosine-based inhibition motif) and ITSM 

(immunoreceptor tyrosine-based switch motif) motifs, located in the cytoplasmic tail of PD-1. 

These phosphorylation events recruit phosphatases such as SHP-2, thereby inducing the 

dephosphorylation of TCR-proximal signaling molecules.80 

Physiologically, the PD-1/PD-L1 axis regulates the extent of inflammation following antigen 

recognition by T cells.81 In the TME, the interaction between PD-1 on tumor-infiltrating T 

lymphocytes and PD-L1 on tumor cells plays a crucial role in tumor progression and survival.75 

PD-1 upregulation on CD4+ and CD8+ T cell subsets is well documented in CLL.20 Peripheral blood 

T cells of CLL patients express high levels of PD-1 compared to healthy donors. Furthermore, 

proliferation centres in lymph nodes of CLL patients exhibit high density of PD1+ T cells, which are 

in close contact with leukemic cells, and hence subjected to chronic stimulation.82  
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Chronic antigenic stimulation can lead to several progressive phenotypic and functional changes, 

which promote T cell exhaustion. These changes involve loss of proliferative capacity and reduced 

production of interleukin-2 (IL-2), tumor necrosis factor-alpha (TNF-α), and interferon-gamma 

(IFN-γ).83 These alterations coincide with enhanced expression of PD-1, LAG-3, and CTLA-4.18 

Additionally, exhausted CD8+ effector T cells display inhibited killing capacity, and hence impaired 

ability to form an immunological synapse.22,23 On the other hand, CLL cells exploit aberrant PD-L1 

expression to suppress T cell effector functions and induce an exhausted phenotype in T cells, 

thereby evading immune surveillance. 

Indeed, treatment with Ibrutinib has been shown to decrease PD-1/PD-L1 expression, influencing T 

cell proliferation and exhaustion, with significant implications for disease outcome.84 

These findings suggest that clarifying PD-1/PD-L1 axis and its pathway may be crucial to better 

understand the mechanisms underlying CLL cell survival in the TME, as well as their ability to 

evade immune response. 

 

1.1.2 CTL-mediated killing of tumor cells 

CTLs recognize antigenic peptides presented by major histocompatibility complex class I (MHC I) 

on the surface of target cells through their TCRs. This recognition allows the formation of the IS, a 

specialized structure crucial for tumor cell killing.85 

IS formation requires the coordinated and timely reorganization of lots of surface and cytoplasmic 

molecules towards the interface between effector T cell and antigen-presenting cell. Among them 

the actin cytoskeleton stands out, which ensures CTL polarization towards the target cell and 

mediates transport of the MTOC (Micro Tubule-Organizing Centre) beneath it.86,87 MTOC docking 

at the synapse promotes polarization of lytic granules, specialized vesicular compartments 

containing lytic enzymes such as perforin and granzymes, towards the synaptic interface through a 

microtubule-assisted transport. Lytic granule exocytosis at the synapse results in the focal release of 

their cytotoxic contents inside the synaptic cleft and promotes target cell death through apoptosis 

(Fig. 7).88,89 It is noteworthy that tumor cells, among which CLL cells, suppress CTL anti-tumoral 

functions by expressing immunosuppressive surface ligands such as PD-L1, which in turn bind and 

activate the cognate inhibitory receptors on CTLs. This interaction alters IS formation and impairs 

polarized lytic granule secretion into the synaptic cleft, thereby strongly affecting tumor cell 

killing.90,91 Additionally, these inhibitory axes impair polarized actin cytoskeleton polymerization as 

well as recruitment of key molecules, including TCR, to the IS, thereby strongly affecting TCR-

dependent signal transduction and activation of CTL effector functions, eventually helping CLL 

cells to escape from CTL-mediated killing. 92 
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Figure 7. CTL-mediated killing of a target cell. After CTL recognition of a target cell the immunological 
synapse starts to assemble. This process leads to the translocation of the microtubule-organizing centre 
(MTOC) towards the synapse, followed by granule polarization to the MTOC. The release of lytic enzymes 
contained in the granules inside the synaptic cleft promotes the apoptosis of the target cell (adapted from 
Kabanova et al.23). 
 

1.2 The molecular adaptor p66Shc and its deficiency in CLL cells 

The Shc (Src homologous and collagen) family of molecular adaptors consists of four members: 

ShcA, ShcB, ShcC, ShcD, which are involved in signal transduction pathways that regulate growth, 

survival and response to oxidative stress.93 Shc proteins exhibit a conserved structure, including a 

PTB domain (phosphotyrosine-binding domain) at the N-terminus, a central CH1 domain (collagen 

homologous region 1) and a SH2 domain (Src homology domain 2) at the C-terminus. 

In mammals, ShcA is expressed in all tissues except for central nervous system, as three different 

isoforms of 46, 52 and 66 kDa (p46Shc, p52Shc and p66Shc).94 The three isoforms are encoded by 

the same gene locus, although their expression is regulated by different promoters, one for the 

p52Shc and p46Shc isoforms and another for the p66Shc isoform.95 p52Shc and p46Shc are 

constitutively and ubiquitously co-expressed. In contrast, p66Shc expression is tissue-specific and 

regulated by extracellular factors such as growth factors or hypoxic conditions, both physiologically 

and pathologically.96 

p66Shc is distinguished from the other isoforms by its peculiar structure and physiological role. 

Indeed, it has an additional amino-terminal domain, called CH2, containing a phosphorylatable 

serine residue at position 36 (Ser36).97 Moreover, it exists as two pools, one in the cytoplasm and 

the other in the mitochondrial intermembrane space,98 where it translocates following 

phosphorylation on Ser36 by PKCβ (Protein Kinase C beta) and the MAPKs (Mitogen-Activated 

Protein Kinases) p38 and JNK, and where it interacts with cytochrome c thanks to the cytochrome-

c-binding (CB) domain, a small region localized between the CH2 and PTB domains.96 

In both T and B lymphocytes, p66Shc exhibits prominent pro-oxidant and pro-apoptotic activities,99 

which are mediated by integrated molecular mechanisms.100 In mitochondria, binding of p66Shc to 
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cytochrome c interrupts the mitochondrial respiratory chain thereby producing ROS (Reactive 

Oxygen Species), which in turn mediate cytochrome c oxidation and loss of mitochondrial 

membrane potential. The subsequent formation of pores on the mitochondrial membrane promotes 

cytochrome c release, which induces apoptosis through the formation of the Apoptosome, followed 

by activation of the caspase cascade and of the apoptotic machinery.98 Moreover, the pro-oxidant 

activity of p66Shc transcriptionally regulates the balance of pro- and anti-apoptotic members of the 

Bcl-2 family through still unknown molecular mechanisms.  

The role of p66Shc as a master regulator of apoptosis in lymphocytes has significant implications in 

the pathogenesis of CLL.101 In leukemic cells isolated from peripheral blood of CLL patients, 

p66Shc expression is significantly reduced compared to healthy B cells, showing a strong 

correlation with prognosis. Indeed, patients with lower p66Shc levels show a poorer prognosis.101 

Defective p66Shc expression in CLL cells leads to decreased expression of the anti-apoptotic 

members Bcl-2 and BCL2L1 and an upregulation of the pro-apoptotic members Bax and Bak, 

thereby favouring CLL cells survival.101  

p66Shc also plays a key role in lymphocyte trafficking from the blood and lymph to lymphoid 

organs. By altering the balance of homing and egress receptors, p66Shc deficiency in CLL cells 

promotes leukemic cell retention in the pro-survival stromal niche of lymphoid organs.100 In fact, 

leukemic cells show increased expression of the homing receptors CCR7 and CXCR4, at the same 

time expressing lower levels of the egress receptor S1PR1 (Sphingosine-1-Phosphate Receptor 

1).100,102 Altered lymphocyte trafficking allows leukemic cells to persist inside niches in lymphoid 

organs for longer than normal, where they are subject to pro-survival signals from the TME and are 

protected from the action of anti-cancer drugs.  

The role of p66Shc in CLL pathogenesis has been well characterized in the mouse model of CLL 

Eμ-TCL1103 and in the new mouse strain Eμ-TCL1/p66Shc-/-.104 In these mice, p66Shc deficiency 

leads to earlier onset and enhanced aggressiveness of the disease, with increased accumulation of 

leukemic cells in both lymphoid and non-lymphoid organs.104 The enhanced ability of p66Shc-

deficient leukemic cells to infiltrate nodal and extranodal sites was found to associate with 

increased secretion of the cytokine interleukin (IL)-9 by leukemic cells themselves that, in turn, 

drives the expression of homing chemokines by stromal cells of lymphoid organs.49 

Secreted by T cells, mast cells, neutrophils, and NK cells,105 IL-9 is not expressed by B 

lymphocytes. Its release has been found to modulate chemokine expression in non-immune cells, 

such as epithelial cells and astrocytes.106,107 Aberrant or ectopic IL-9 expression was found in 

several neoplasias like pancreatic,108 colorectal,109 and non-small cell lung cancer.110 
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High IL-9 serum levels are associated with unfavourable CLL prognosis.49,111 Interestingly, p66Shc 

deletion in leukemic Eµ-TCL1 cells or p66Shc deficiency in human CLL cells inversely correlates 

with IL-9 secretion.49 IL-9 blockade in Eμ-TCL1/p66Shc-/- mice leads to a decrease in the nodal 

expression of homing chemokines, which correlates with decreased leukemic cell invasiveness.49 

Consistently, CLL patients with the highest IL-9 expression have an increased frequency of 

lymphadenopathy and splenomegaly, features that are associated with advanced disease and 

unfavourable prognosis.2 Hence IL-9, by inducing chemokine expression in the lymphoid stroma, 

plays a key role in shaping the microenvironment, thereby contributing to the pathogenesis of CLL. 
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Part II 

AIMS 

 

CLL cells shape the TME by inducing the formation of a pro-survival and immunosuppressive 

niche which assists them escaping immune surveillance.112 It is known that CLL cells, through 

contact-dependent interactions, implement several strategies to shape CTLs of the TME toward an 

exhausted phenotype, characterized by increased expression of exhaustion markers and inability to 

produce adequate levels of immune-activating cytokines, which both contribute to T cell 

dysfunctions.90,91 This study aimed to investigate whether CLL cells also implement contact-

independent mechanisms to induce CTL dysfunctions, namely through the release of soluble factors 

such as cytokines and chemokines, which integrate with direct cell-to-cell contacts to favour 

leukemic cell survival. 
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Part II 

MATERIAL AND METHODS 

 

2.1 CLL patients, healthy donors, mice and cell lines 

The collection of peripheral blood samples from anonymous healthy donors was approved by the 

ethics committee (Siena University Hospital and Padova University Hospital) and performed after 

receiving signed informed consent according to institutional guidelines. 

CLL diagnosis and mutational IGHV status were assessed as reported 2. Peripheral blood samples 

were collected from 96 treatment-naïve CLL patients (>95% leukemic CD5+CD19+/CD19+ cells) 

and 4 CLL patients subjected to Ibrutinib treatment (Table 4). Healthy control B cells were purified 

from 119 buffy coats. Transfections were previously described 100. Non-randomized non blinded 

experiments were carried out on cells isolated from Eµ-TCL1, Eµ-TCL1/p66Shc-/- mice103 and 

parental C57BL/6J mice. Disease development and overt leukemia achievement were assessed as 

reported 104. In vivo treatment of Eμ- TCL1/p66Shc-/- leukemic mice with anti-IL-9 or isotype ctr 

antibodies was reported 49. The Raji B lymphoblastoid cell line was previously described 113. 

 

 

Table 4. Clinical parameters of 4 CLL patients subjected to second line Ibrutinib treatment. 
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2.2 Conditioned supernatants and multiplex assays 

Conditioned supernatants were generated and stored as reported 49. Viability of healthy B cells and 

CLL cells used to generate conditioned supernatants was consistently >65% at 48 h versus ~85% 

immediately after purification. Mouse cytokines and chemokines were quantified by Bio-Plex 

Chemokine Panel Multiplex assay (BioRad). Data were acquired and analysed using Luminex-

Magpix (BioRad). 

 

2.3 Purification, activation and conditioning of CD8+ cells 

CD8+ T cells isolated from spleens of C57BL/6J and Eµ-TCL1 by immunomagnetic sorting using 

Dynabeads™ Untouched Mouse CD8 Cells Kit were seeded on 6-well plates (1.5x105 cells/well) 

and incubated for 48 h with 2 ml supernatant conditioned by either leukemic or wild-type B cells.112 

0.5 ng/ml recombinant murine IL-9 and 0.1 ng/ml of either control or anti-IL-9 mAb (Table 5) were 

added to culture media.  

CD8+ cells were isolated from peripheral blood of healthy donors and CLL patients by negative 

selection using the RosetteSep Human CD8+ T Cell Enrichment Cocktail, following the 

manufacturer’s instructions. On the same day (day 0), cells were stimulated in RPMI-HEPES 

medium (1×106/ml) (#R7388; Merck) supplemented with 10% BCS (#SH30072.03; GE Healthcare 

HyClone), 1% MEM nonessential amino acids (MEM NEAA; #11140050), and 50 U/ml 

recombinant human IL-2 with DynabeadsTM Human T-activator CD3/CD28. Media conditioned by 

either leukemic or wild-type B cells were immediately added to the activation medium, to a final 

1:1 ratio (conditioned vs activation medium). 20 ng/ml recombinant human IL-9 or 0.5 ng/ml 

recombinant human IL-10, and 0.1 ng/ml isotype control, 1 ng/ml anti-IL-9 mAb or anti-IL10 mAb 

(Table 5), were added to culture media. 48 h after activation (day 2), beads were removed and 

CTLs were collected. For cytotoxicity and degranulation assays, CTLs were expanded in RPMI-

HEPES supplemented with 10% BCS, 1% MEM NEAA, and 50 U/ml recombinant human IL-2 for 

additional 3 days, then further expanded for 2 days and collected at day 7.6 
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Table 5. List of antibodies and reagents used in this study. 
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2.4 Immune synapse formation, immunofluorescence and analysis 

Raji B cells (0.4×106 cells/100 µl) were loaded with 10 µg/ml Staphylococcal SAg A (SEA; Toxin 

Technologies, #AT101), B (SEB; Toxin Technologies, #BT202) and E (SEE; Toxin Technologies, 

#ET404) for 2 h to broadly cover the TCR Vβ repertoire, and labelled with 20 µM Cell Tracker 

Blue for 15 min.6 Conjugates of CTLs with Raji B cells formed in the absence of SAgs were used 

as negative controls. Raji B cells were mixed with CTLs (1:1.5) and incubated for 15 min at 37°C. 

When required, 7.5 µg/ml anti-PD-1 neutralizing mAbs was added to the medium during conjugate 

formation. Samples were seeded onto poly-L-lysine (Merck, #P1274)-coated slides (ThermoFisher 

Scientific, #X2XER208B), fixed for 10 min in methanol at -20°C (for CD3ζ and pTyr staining) or 

for 15 min with 4% paraformaldehyde/PBS at room temperature (for PCNT and phalloidin staining) 

and permeabilized with 0.1% Triton, 1% BSA PBS. Cells were stained with primary antibodies 

overnight at 4°C, washed with PBS, incubated for 45 min at room temperature with Alexa Fluor 

488- and 555-labeled secondary antibodies and mounted with 90% glycerol/PBS. Confocal 

microscopy was carried out on a Zeiss LSM700 (Carl Zeiss, Jena, Germany) microscope using a 

63x/1.40 objective. Images were acquired with pinholes opened to obtain 0.8 µm-tick sections. 

Images were processed with Zen 2009 image software (Carl Zeiss, Jena, Germany). 

Immunofluorescence analyses were performed using ImageJ software. Scoring of conjugates for 

accumulation of CD3ζ, p-Tyr or F-actin at the IS, or for centrosome (PCNT) juxtaposition to the IS 

membrane, was performed as reported 6,114. Recruitment indexes and quantification of the relative 

distances (µm) of the centrosome (PCNT staining) from the centre of the contact site with the APC 

were calculated using ImageJ.6,114 Antibodies used for immunofluorescence microscopy are listed in  

Table 5. 

 

2.5 Degranulation and Cytotoxicity assays 

For degranulation assays,6 Raji B cells were incubated with 1.5 µM carboxyfluorescein diacetate 

succinimidyl ester (CFSE; #C34554; Thermo Fisher Scientific) dissolved in PBS for 8 min at room 

temperature. CFSE-stained Raji B cells (0.025×106) were pulsed with 1 µg/ml SAgs for 1 h in 

serum-free AIMV medium (#12055-091; Gibco), then mixed with CTLs, at the ratios of 1:2.5, 1:5 

and 1:10 (APC:CTL ratio) in 50 µl AIMV medium containing APC-labeled anti-human CD107a 

(LAMP1; BioLegend) mAb for 1 h. Monensin (BioLegend) was then added and cells were further 

incubated for further 3 h at 37°C. Unpulsed CFSE-stained Raji B cells were used as negative 

control. Then cells were washed, resuspended in cold PBS and acquired using a GUAVA flow 

cytometer (Merck Millipore).  
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For cytotoxicity assays,6 Raji B cells (0.025×106) were stained with 1.5 µM CFSE; (#C34554; 

Thermo Fisher Scientific) 8 min at room temperature in PBS and then pulsed with 2 µg/ml SAgs for 

1 h in serum-free AIMV medium. Unpulsed CFSE-stained Raji B cells were used as negative 

control. CTLs collected at day 7 were added to Raji B cells at different ratios (1:2.5, 1:5 and 1:10 

APC:CTL ratio) in 50 µl AIMV medium and incubated at 37°C for 4 h to evaluate target cell 

killing. Raji B cells pulsed and unpulsed with SAgs were used to set up control samples. Cells were 

then diluted to 200 µl with cold PBS and acquired using a GUAVA flow cytometer. Propidium 

Iodide (PI, Sigma, #537059) was added before each acquisition to the final concentration of 20 

µg/ml. Cytotoxicity (% target cell lysis) was calculated as follows: (CFSE+PI+ cells − CFSE+PI+ 

cells in control sample) × 100. 

 

2.6 CLL cell Ibrutinib treatments and ELISA assays 

Freshly isolated leukemic cells 453 purified from peripheral blood of 13 CLL patients were treated 

with 10 µM Ibrutinib for 48 h. DMSO was used as control. Samples were centrifuged and 

supernatants stored at -80°C. IL-9 was quantified by ELISA (Raybiotech). 

 

2.7 In vivo Ibrutinib treatment of CLL patients  
PB was collected from 4 CLL patients treated first line with chemoimmunotherapy. Patients from 

#1 to #3 received FCR (fludarabine 25 mg/ml plus cyclophosphamide 250 mg/ml administered on 

day 1-3 of cycles 1-6 and rituximab 375 mg/m2 on day 1 of cycle 1 and 500 mg/ml on day 1 of 

cycles 2-6). Patient #4 received BR (bendamustine 90 mg/m2 administered on day 1-2 of cycles 1-6 

and rituximab 375 mg/m2 on day 1 of cycle 1 and 500 mg/ml on day 1 of cycles 2-6). These 

treatments were started at disease progression according to iwCLL criteria2. At disease relapse all 

patients were managed with Ibrutinib 420 mg once a day.21 From each patient, PB samples were 

collected the starting day of Ibrutinib treatment and during follow-up.2,21 

 

2.8 RNA purification, gene expression profiling, qRT-PCR 

RNA was extracted from samples by using the RNeasy Plus Mini Kit (Qiagen) according to the 

manufacturer’s instructions, and RNA purity and concentration were measured using QIAxpert 

(Qiagen). Single strand cDNAs were generated using the iScriptTM cDNA Synthesis Kit 28 (Bio-

Rad), and qRT-PCR was performed using the SsoFastTM EvaGreenR supermix kit (Bio-Rad) and 

specific pairs of primers listed in Table 6. Samples were run in triplicate on 96-well optical PCR 

plates (Sarstedt AG, Nümbrecht, Germany). The relative gene transcript abundance was determined 

on triplicate samples using the ΔΔCt method and normalized to either HPRT1 (human-derived 
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samples) or GAPDH (mouse-derived samples). RNA from mouse-derived leukemic cells was 

subjected to gene array profile analysis as describe 49. 
 

 

Table 6. List of primers used in this study 

 

2.9 Flow cytometry and viability assays 

Leukemic cell immunophenotyping was performed as described.104 Spleen slices were disgregated 

on 70-μm cell strainers (BioSigma). Cell viability was measured by flow cytometric analysis of 

1×106 B cells co-stained with FITC-labeled Annexin V and Propidium iodide. Flow cytometry was 

performed using Guava Easy-Cyte cytometer (Millipore). 

 

2.10 Statistical analyses 

One-way and two-way ANOVA tests with post-hoc Tukey correction and multiple comparisons 

were used to compare multiple groups. Mann-Whitney rank-sum and paired t-tests were performed 

to determine the significance of the differences between two groups. Power and sample size 

estimations were performed using G*Power. Statistical analyses were performed using GraphPad 

Prism. P values <0.05 were considered significant. Sample size, determined on the basis of previous 

experience in the laboratory, and replicate number for each experimental group/condition are 

indicated in the figure legends. 
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Part II 

RESULTS 

 

3.1 Soluble factors released by CLL cells enhance PD-1 expression in CTLs and 
suppress their ability to assemble functional ISs 

CTLs from CLL patients show an exhausted phenotype, with impaired ability to form the IS and 

kill target cells.91,92 Accordingly, we observed enhanced expression of the exhaustion markers PD-

1, CTLA-4 and LAG-3 in CD8+ cells from CLL patients compared to healthy CD8+ cells (Fig. 8A, 

8B). We asked whether the CLL cell secretome participates in CTL exhaustion. CD8+ cells 

immunopurified from healthy donors were differentiated to CTLs115 and cultured for 48 h in the 

presence of complete culture medium alone or media conditioned by either healthy B cells or 

leukemic cells from CLL patients (experimental workflow in Fig. 9A). Under these experimental 

conditions healthy CD8+ cells showed an exhausted phenotype, with enhanced expression of PD-1, 

CTLA-4 and LAG-3 (Fig. 8C - 8E).  
 

 

 

Figure 8. Expression of the exhaustion markers in CD8+ cells from CLL patients compared to healthy 
CD8+ cells A. qRT-PCR analysis of mRNA (left) and flow cytometric analysis of surface expression (right) 
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of PD-1 in CD8+ cells purified from PB of healthy donors (n ≥ 8) or CLL patients (n ≥ 10). The flow 
cytometric histogram shows PD-1 staining in CD8+ cells from a representative healthy donor and a 
representative CLL patient. The relative gene transcript abundance was determined on triplicate samples 
using the ΔΔCt method and normalized to HPRT1. B. Flow cytometric analysis of surface expression of 
CTLA-4 (left) and LAG-3 (right) in CD8+ cells purified from PB of healthy donors (n ≥ 5) or CLL patients 
(n ≥ 5). C-E. Flow cytometric analysis of surface expression of PD-1 (left), CTLA-4 (middle) and LAG-3 
(right) in CD8+ cells purified from PB of healthy donors (n ≥ 3), either immediately after purification (0 h) or 
activated for 48 h in complete culture medium or in the presence of media conditioned by healthy B cells / B 
cells purified from CLL patients. (A, B: Mann-Whitney Rank Sum test; C-E: Ordinary one-way ANOVA test 
****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 

 

Of note, the expression of PD-1 was significantly enhanced in healthy CTLs cultured in CLL cell-

conditioned media compared to CTLs cultured in healthy B cell-conditioned media, but not that of 

CTLA-4 and LAG-3 (Fig. 9B, 9C and Fig. 8C - 8E), indicating that leukemic cells indirectly 

suppress CTL function by releasing soluble factors that promote their exhaustion by enhancing PD-

1 expression. CLL cells suppress the ability of T cells to form functional ISs through cell-to-cell 

inhibitory contacts.21,92 The contact-independent enhancement in PD-1 expression in CTLs cultured 

in conditioned media of CLL cells suggests that soluble CLL-derived factors may also contribute to 

the IS abnormalities. Healthy CD8+ cells were cultured for 48 h in the presence of healthy B cell- or 

CLL cell-conditioned media and conjugated with Raji cells pulsed with a mixture of the 

Staphylococcal enterotoxins A, B and E (SAgs). CLL cell conditioned media significantly impaired 

IS assembly, as shown by the decreased frequency of conjugates displaying tyrosine 

phosphoprotein (pTyr), TCR/CD3 and F-actin staining at the CTL/APC interface and the 

impairment in their synaptic accumulation (Fig. 9D - 9F). Additionally, centrosome polarization, 

which is essential for lytic granule delivery to the target cell, was impaired under these conditions, 

as assessed by measuring the frequency of conjugates displaying centrosome localization beneath 

the IS membrane and its distance from the IS centre (Fig. 9G). These results suggest that in vivo 

CD8+ cell conditioning exacerbates their inability to form the IS, likely through the combination of 

indirect mechanisms, mediated by CLL-derived soluble factors, and direct interactions involving 

multiple surface receptor-ligand inhibitory pairs.91 

To test the outcome of these defects on CTL-mediated killing, healthy donor CD8+ cells were 

activated in the presence of healthy or leukemic cell-conditioned media. After 7 days CTLs were 

incubated with CFSE-labelled SAg-pulsed Raji cells for 4 h, followed by propidium iodide staining 

and flow cytometric analysis. Consistent with the IS defects, CLL-conditioned media suppressed 

the ability of CTLs to kill target cells (Fig. 9H). Moreover, they significantly impaired CTL 

degranulation, as assessed by measuring the percentage of CD8+ cells expressing at their surface the 

lytic granule marker LAMP-1 (Fig. 9I). 
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By counteracting TCR-dependent signaling, PD-1 prevents CTLs from forming functional ISs.92,116 

To assess whether PD-1 overexpression induced in healthy CTLs by CLL conditioned media is 

causal to their IS assembly defects, PD-1 neutralizing antibodies were added to CTLs cultured as in 

figure 9A, immediately prior to conjugate formation with SAg-pulsed Raji cells. PD-1 

neutralization reverted the IS-suppressive effect of CLL cell conditioned media (Fig. 9L). Hence, 

leukemic cells indirectly control CTL exhaustion by secreting soluble factors that enhance PD-1 

expression, which in turn impairs the ability of CTLs to form functional ISs and kill target cells. 
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Figure 9. Soluble factors released by CLL cells enhance PD-1 expression on CTLs and suppress their 
ability to form functional ISs. A. Workflow for CTL generation from CD8+ cells purified from buffy coats 
of healthy donors and their treatment with media conditioned by either healthy B cells or B cells purified 
from CLL patients. B, C. qRT-PCR analysis of mRNA (B) and flow cytometric analysis of surface (C) 
expression of PD-1 in CD8+ cells purified from buffy coats, stimulated with anti-CD3/CD28 mAb-coated 
beads + IL-2 for 48 h (CTLs), in the presence of conditioned media. A representative flow cytometric 
histogram is shown (n buffy coats from healthy donors = 9). D-G. Immunofluorescence analysis of pTyr (D), 
F-actin (E), CD3ζ. (F), and PCNT (G) in CTLs activated as in (A-C), mixed with Raji cells (APCs) either 
unpulsed or pulsed with a combination of SEA, SEB, and SEE (SAgs), and incubated for 15 min at 37°C. 
Data are expressed as % of 15-min SAg-specific conjugates harboring staining at the IS (≥50 cells/sample, n 
independent experiments = 3). Representative images (medial optical sections) of the T cell:APC conjugates 
are shown. Scale bar, 5 µm. D-F, right panels. Relative fluorescence intensity of pTyr (D), F-actin (E), and 
CD3ζ (F) at the IS (recruitment index, RI; 10 cells/sample, n independent experiments = 3). G, right panel. 
Measurement of the distance (µm) of the centrosome (PCNT) from the CTL:APC contact in conjugates 
formed as above (10 cells/sample, n independent experiments = 3). H. Flow cytometric analysis of target cell 
killing by CTLs cultured for 7 days in conditioned media, using Sag loaded CFSE-labelled Raji cells as 
targets at an E:T cell ratio 2.5:1, 5:1 and 10:1. Cells were cocultured for 4 h and stained with propidium 
iodide prior to processing for flow cytometry. Analyses were carried out gating on CFSE+/PI+ cells. The 
histogram shows the percentage (%) of target cells lysed (n≥785 3) I. Flow cytometric analysis of 
degranulation of CTLs cultured for 7 days as in (H), then cocultured with CFSE stained SAg-loaded Raji 
cells for 4 h. The histogram shows the percentage (%) of LAMP1+ CTLs, measured gating on the CSFE-

negative population (n independent experiments ≥3). L. Immunofluorescence analysis of pTyr, F-actin, 
CD3ζ, and PCNT in CTLs activated for 48 h in the presence of conditioned media, mixed with Sag loaded 
Raji cells (APCs), and incubated for 15 min at 37°C. Immediately before mixing the cells, either isotype 
control (iso Ab) or anti-PD-1 (PD-1 Ab) antibodies were added to CTLs. Data are expressed as % of 15-min 
SAg-specific conjugates harboring pTyr, F-actin, CD3ζ, and PCNT staining at the IS (≥50 cells/sample, n 
independent experiments =3). Data are expressed as mean ± SD. (B-L): Mann Whitney Rank Sum Test (B, 
C); one-way Anova test (D-L).  ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 
 

3.2 The p66Shc expression defect in CLL cells contributes to their soluble PD-1-

elevating and IS-disrupting activity 

CLL cells have a profound defect in the expression of the pro-oxidant adaptor p66Shc, with the 

lowest levels in leukemic cells from patients with unfavourable prognosis.117 This defect, which 

translates into a redox imbalance,96,98 impinges on the expression of a number of CLL-critical 

genes, including genes encoding lymphoid homing and egress receptors, and cytokines such as IL-

9.49 Since T cells from poor prognosis patients show higher PD-1 levels compared to favourable 

prognosis patients,91 we asked whether the p66Shc defect in CLL cells may impact on the 

expression of the soluble factors that promote PD-1 expression in CTLs. 

The mRNA levels of p66Shc in CLL cells inversely correlated with PD-1 mRNA and surface 

expression in patient-matched CD8+ cells (Fig. 10A). This inverse correlation was also observed 

when healthy CTLs were cultured in media conditioned by CLL cells with different levels of 

residual p66Shc (Fig. 10B), suggesting the existence of an indirect p66Shc-dependent mechanism 

through which CLL cells regulate PD-1 expression in CTLs. To test this hypothesis, we 

reconstituted p66Shc expression in CLL cells by transient nucleofection (Fig. 10C). Media 

conditioned by CLL transfectants were used to culture healthy CTLs. p66Shc reconstitution 
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reverted the PD-1-enhancing (Fig. 10D, 10E) and IS-suppressive (Fig. 10F) activities of CLL-

conditioned media on CTLs. Hence the p66Shc defect in CLL cells modulates their secretome to 

promote PD-1 elevation and CTL suppression. 
 

 

 

Figure 10. PD-1 overexpression induced in CTLs by CLL culture supernatants is caused by p66Shc 
deficiency. A. Correlation between either surface (MFI) or mRNA levels of PD-1 in CD8+ cells isolated 
from CLL patients and the mRNA levels of p66Shc in B cells purified from the respective CLL patients (n 
CLL patients ≥ 10). B. Correlation between either surface (MFI) or mRNA levels of PD-1 in healthy CTLs 
activated for 48 h in media conditioned by CLL-B cells, and the mRNA levels of p66Shc in B cells purified 
from the respective CLL patients used to generate conditioned media (n=9). C. qRT-PCR analysis of p66Shc 
mRNA in B cells purified from CLL patients (n=8) and transfected with either empty (CLL/vect) or p66Shc-

encoding (CLL/p66) vectors. D, E. qRT-RT PCR analysis of mRNA (E) and flow cytometric analysis of 
surface (F) expression of PD-1 in CTLs from heathy donors (n=8), activated for 48 h in the presence of 
media conditioned by CLL B cell transfectants. Representative flow cytometric histograms are shown. F. 
Immunofluorescence 810 analysis of pTyr, F-actin, CD3ζ, and PCNT in CTLs activated in media 
conditioned by CLL-B cell transfectants, mixed with SAg-loaded Raji cells (APCs), and incubated for 15 
min at 37°C. Data are expressed as % of 15-min Sag specific conjugates harboring pTyr, F-actin, CD3ζ, and 
PCNT staining at the IS (≥ 50 cells/sample, n independent experiments=3). Data are expressed as mean±SD 
(C-F): paired t test (C, E); one-way ANOVA test (F). ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 
0.05. 
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3.3 p66Shc deficiency in leukemic cells from Eμ-TCL1 mice enhances their 

soluble PD1- elevating activity on CD8+ cells 

In agreement with a previous report,118 we found PD-1 overexpressed in CD8+ cells isolated from 

lymph nodes of Eµ-TCL1 mice, the mouse model of CLL,103 compared to their wild-type 

counterparts (Fig. 11A, 11B). PD-1 expression increased during disease progression, as assessed by 

flow cytometric analysis of CD8+ cells from Eμ-TCL1 mice with either mild (20-39% leukemic 

cells in PB, 1-2×107 WBC/ml PB) or overt (>40% leukemic cells in PB, >2×107 WBC/ml PB) 

leukemia (Fig. 11C). p66Shc expression defect in leukemic cells from Eμ-TCL1 mice becomes 

more pronounced during disease progression,104 and contributes to disease development and 

aggressiveness.104,49,118 Consistent with the data obtained in CLL cells, PD-1 mRNA and surface 

expression in CD8+ cells inversely correlated with the levels of residual p66Shc mRNA in leukemic 

Eμ-TCL1 cells (Fig. 11D). We asked whether the suppressive activity of CLL cell-conditioned 

media was reproduced in Eμ-TCL1 mice. PD-1 expression was enhanced in lymph node CD8+ cells 

purified from wild-type mice cultured in Eμ-TCL1 cell-conditioned media (Fig. 11E) (same 

experimental workflow as for human CD8+ cells, Fig. 9A), indicating that, similar to human CLL, 

leukemic cells promote bystander CD8+ cell exhaustion in Eμ-TCL1 mice through a contact 

independent mechanism. PD-1 expression further increased in healthy splenic CD8+ cells cultured 

in media conditioned by leukemic cells from Eμ-TCL1/p66Shc-/- mice (Fig. 11E), which develop an 

aggressive disease.104 Hence, leukemic cells from Eμ-TCL1 mice indirectly suppress CD8+ cell 

functions by secreting soluble factors that enhance PD-1 expression in a p66Shc-dependent manner. 
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Figure 11. p66Shc deficiency in Eμ-TCL1 mice enhances the ability of leukemic cell to enhance PD-1 
expression in CD8+ cells. A, B. qRT-PCR analysis of mRNA (A) and flow cytometric analysis of surface 
(B) expression of PD-1 in CD8+ cells isolated from lymph nodes of either wild-type (n = 10) or Eμ-TCL1 (n 
= 18) mice. Representative flow cytometric histograms are shown. C. mRNA expression of PD-1 in CD8+ 
cells from lymph nodes of Eµ-TCL1 shown in (A) were subgrouped, according to disease stage, in mild 
leukemia (20-39% leukemic cells in PB, 1-2×107 WBC/ml PB, n Eµ-TCL1 mice = 10) and overt leukemia 
(>40% leukemic cells in PB, >2×107 WBC/ml PB, n Eµ-TCL1 mice = 8). D. Correlation between surface 
(MFI) or mRNA levels of PD-1 in CD8+ cells isolated from lymph nodes of wild-type mice cultured in the 
presence of media conditioned by splenic B cells from Eμ-TCL1 mice, and the mRNA levels p66Shc in Eμ-

TCL1 cells used to generate conditioned media (n wild-type mice=18). E. qRT-PCR analysis of PD-1 
mRNA in CD8+ cells isolated from spleens of wild-type mice (n=10), cultured in the presence of media 
conditioned by splenic B cells from either wild-type, Eμ-TCL1 or Eμ-TCL1/p66-/- mice (n independent 
experiments ≥5). Data are expressed as mean±SD (A, B, C, E): Mann Whitney Rank Sum test (A, B, C); 
one-way ANOVA test (E). ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 
 

3.4 p66Shc deficiency impinges on the cytokine landscape of CLL cells 

CLL cell-derived IL-9 promotes the secretion of homing chemokines by stromal cells of the TME.49 

To identify leukemic cell-derived soluble factors with potential CTL-suppressive activity, we first 

quantified a panel of cytokines and chemokines released in media conditioned by splenic B cells 

from wild-type, Eµ-TCL1 or Eµ-TCL1/p66-/- mice by Multiplex ELISA. We identified soluble 

factors whose amounts were significantly increased in media conditioned by leukemic cells 

compared to their wild-type counterparts (Fig. 12A, Table 7), and selected the top candidates based 

on their significantly higher amounts in Eμ-TCL1 cell- vs wild-type B cell-conditioned media, and 
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Eµ-TCL1/p66-/- cell- vs Eµ-TCL1 cell-conditioned media. Moreover, we established a threshold of 

100 ng/ml in media conditioned by wild-type cells. 
 

 

 

Figure 12. p66Shc deficiency impinges on the cytokine landscape of leukemic cells in Eμ-TCL1 mice 
and CLL. A. Heat map of the amounts of cytokines and chemokines in the culture supernatants of B cells 
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isolated from spleens of wild-type mice (WT; n=40), or leukemic cells purified from spleens of Eμ-TCL1 
(TCL1; n=40) or Eμ-TCL1/p66-/- (TCL1/p66-/-; n=40) mice and quantified by Multiplex ELISA. B. Heat map 
of transcripts from Affymetrix array analysis showing differential expression patterns between leukemic Eµ-

TCL1 (TCL1, n=3) and Eµ-TCL1/p66Shc-/- (TCL1/p66-/-, n=3) cells. Differential expression criteria: p-value 
< 0.05, estimated fold change > 2. Up-regulated and down regulated transcripts are shown in red and green, 
respectively. C. qRT-PCR analysis of mRNA expression of CCL22, CCL24, IL-9 and IL-10 in B cells 
purified from peripheral blood of healthy donors (n≥6) or CLL patients (n≥45). D. Correlation between 
mRNA levels of CCL22, CCL24, IL-9 or IL-10 and p66Shc mRNA levels in the respective CLL patients 
(n≥31). E. qRT-PCR analysis of mRNA expression of CCL22, CCL24, IL-9 and IL-10 in B cells purified 
from CLL patients (n=9) and transiently nucleofected with either empty (vect) or with p66Shc-expressing 
(p66Shc) vectors. Data are expressed as mean±SD (C, E); Mann Whitney Rak Sum test (C); Wilcoxon test 
(E). ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 
 

Among all soluble factors tested, only CCL22, CCL24, IL-9 and IL-10 met all our criteria. Of these, 

CCL22 and IL-9 were previously shown to be overexpressed by leukemic cells isolated from 

spleens of Eµ-TCL1/p66Shc-/- compared to Eµ-TCL1 mice (Fig. 12B, Table 8 and 49). 

To translate these findings to the context of CLL, we quantified the selected candidates in B healthy 

and CLL cells by qRT-PCR. The levels of CCL24, IL-9 and IL-10 mRNAs were significantly 

higher in CLL cells compared to healthy B cells, while CCL22 expression was comparable to 

healthy B cells (Fig. 12C). As previously reported 49, the IL-9 mRNA levels inversely correlated 

with the p66Shc mRNA levels (Fig. 12D). This also applied to IL-10, but not to CCL22 or CCL24 

(Fig. 12D). Moreover, p66Shc reconstitution in CLL cells by transient nucleofection led to a 

decrease in the mRNA of IL-9 (Fig. 12E and 49) and IL-10, but not of CCL22 or CCL24 (Fig. 12E). 
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Table 7. p66Shc deficiency in Eμ-TCL1 mice correlates with enhanced secretion of CCL22, CCL24, IL-

9 and IL-10 by leukemic cells. List and concentrations (ng/ml) of the soluble factors released in the culture 
supernatants of either B cells purified from wild-type mice (n = 7) or leukemic cells purified from Eμ-TCL1 
(TCL1, n = 15) and Eμ-TCL1/p66Shc-/- (TCL1/p66-/-, n = 16) mice. The amounts of CCL22, CCL24, IL-9 
and IL-10 (highlighted in bold) were significantly enhanced in Eμ-TCL1 and Eμ-TCL1/p66Shc-/- vs wild-
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type supernatants, and in Eμ-TCL1/p66-/- vs Eμ-TCL1. (Student’s t test). ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 
0.05. 
 

 
 

Table 8. List of soluble molecules whose expression is significantly modulated in leukemic cells from 
Eμ-TCL1/p66Shc-/- vs Eμ-TCL1 mice. Fold change and p value of soluble factor expression extrapolated 
from Affymetrix array analysis showing differential expression patterns between leukemic Em-TCL1 (TCL1, 
n = 3) and Em-TCL1/p66Shc-/- (TCL1/p66-/-, n = 3) cells. Differential expression criteria: p-value < 0.05, 
estimated fold change > 2. Differentially expressed genes are highlighted in bold. 
 

3.5 IL-9 secreted by leukemic cells from CLL patients promotes PD-1 expression 
in CTLs 

Based on these results, we assessed IL-9 and IL-10 as potential p66Shc-dependent, CTL 

suppressive soluble factors produced by CLL cells. We quantified surface PD-1 in healthy CTLs 

cultured with healthy or leukemic cell-conditioned media, in the presence of anti- IL-9 or anti-IL-10 

neutralizing antibodies. Anti-IL-9 (Fig. 13A) but not anti-IL-10 (Fig. 13B) antibodies impaired the 

PD-1-elevating activity of CLL cell supernatants in healthy CTLs. These data were confirmed using 

recombinant IL-9 that, as opposed to recombinant IL-10, enhanced surface PD-1 expression in 
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healthy CTLs cultured in healthy B cell-conditioned media (Fig. 13A, 13B). These data indicate 

that IL-9, but not IL-10, mediates the PD-1-elevating ability of leukemic cells on healthy CTLs. 

We correlated PD-1 expression on CD8+ cells with IL-9 expression in CLL cells. PD-1 expression 

on CD8+ cells directly correlated with IL-9 expression in patient-matched leukemic cells. The heat 

map shown in figure 13C, which correlates PD-1 expression in CD8+ cells with both IL-9 and 

p66Shc expression in patient matched leukemic cells, highlighted a strong correlation among the 

three markers, with PD-1 expression on CD8+ cells directly correlated with IL-9 but inversely 

correlated with p66Shc expression in leukemic cells (Fig. 13C). These results highlight a new 

mechanism exploited by CLL cells to disable the tumor-suppressive activity of CTLs involving IL-

9 secretion into the TME to enhance PD-1 expression in CTLs. 
 

 

 

Figure 13. IL-9 secreted by CLL cells promotes PD-1 expression in CTLs. A, B. Flow cytometric 
analysis of surface PD-1 in CD8+ cells purified from buffy coats, stimulated with anti-CD3/CD28 mAb-

coated beads + IL-2 for 48 h (CTLs), and cultured in conditioned media in the presence of either control (iso 
Ab), anti-IL-860 9 (IL-9 Ab, A) or anti-IL-10 (IL-10 Ab, B) antibodies and/or recombinant IL-9 (rIL-9) (A), 
or recombinant IL-10 (rIL-10) (B) (n buffy coats from healthy donors = 4). C. Spearman r correlation index 
between surface PD-1 (MFI) in CD8+ cells isolated from CLL patients and IL-9 and p66Shc mRNA in CLL 
cells from the respective CLL patients (n=18).  Data are expressed as mean±SD (A, B); one-way ANOVA 
test (A, B); Sperman r correlation index (C). ****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 
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3.6 IL-9 secreted by leukemic cells from CLL patients impairs IS formation in 

CTLs 

CLL cells suppress the ability of activated CD8+ cells to assemble the IS through direct interaction 

of surface inhibitory receptor/ligand axes (Fig. 9L).91 To test the hypothesis that CLL cell-derived 

IL-9 contributes to the assembly of dysfunctional ISs by modulating PD-1 expression in CTLs, 

healthy CD8+ cells were cultured with healthy B cell or CLL cell-conditioned media in the presence 

of either isotype control or anti-IL-9 neutralizing antibodies prior to conjugate formation. Anti-IL-9 

antibodies counteracted the suppressive activities of leukemic cell supernatants on IS formation 

(Fig. 14A - 14D, left panels). Consistent with these findings, recombinant IL-9 added to healthy B 

cell conditioned media impaired IS formation, an effect that was not observed in the presence of 

neutralizing anti-IL-9 antibodies (Fig. 14A - 14D). Consistent with the IS defects (Fig. 14A - 14D), 

the suppressive activity of the CLL supernatants on CTL-mediated killing and degranulation were 

neutralized by anti-IL-9 antibodies (Fig. 14E, 14F). Moreover, recombinant IL-9 reproduced the 

suppressive activities of CLL supernatants (Fig. 14E, 14F). Collectively, these results demonstrate 

that CLL cell-derived IL-9 impairs IS formation and effector functions of CTLs by promoting PD-1 

expression in CTLs. 
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Figure 14. IL-9 secreted by CLL cells suppresses IS formation and effector functions in CTLs. A-D, 

left panels. Immunofluorescence analysis of pTyr (A), F-actin (B), CD3ζ (C), and PCNT (D) in CTLs 

activated for 48 h in the presence of conditioned media, with the addition of either control (iso Ab), anti-IL-9 

(IL-9 Ab) or recombinant IL-9 (rIL-9), mixed with Raji cells (APCs) either unpulsed or pulsed with a 

combination of SAgs, and incubated for 15 min at 37°C. Data are expressed as % of 15 min SAg-specific 

conjugates harboring staining at the IS (≥50 cells/sample, n independent experiments ≥3). Representative 
images (medial optical sections) of the T cell:APC conjugates are shown. Scale bar, 5 µm. A-C, right panels. 

Relative fluorescence intensity of pTyr (A), F-actin (B), and CD3ζ (C) at the IS (recruitment index, RI; 10 

cells/sample, n independent experiments ≥3. D, right panel. Measurement of the distance (µm) of the 

centrosome (PCNT) from the CTL:APC contact in conjugates formed as above (10 cells/sample, n 

independent experiments =3). E. Flow cytometric analysis of target cell killing by CTLs cultured for 7 days 

in conditioned media, with the addition of either control (iso Ab), anti-IL-9 (IL-9 Ab) or recombinant IL-9 

(rIL-9), using SAg-loaded Raji cells as targets at an E:T cell ratio 2.5:1, 5:1 and 10:1. Cells were cocultured 

for 4 h and stained with propidium iodide prior to processing for flow cytometry. Analyses were carried out 

gating on CFSE+PI+ cells. The histogram shows the percentage (%) of target cells lysed (n independent 

experiments =5). F. Flow cytometric analysis of degranulation of CTLs cultured for 7 days as in (E), then 

cocultured with CFSE-stained Raji cells loaded with SAg at an E:T cell ratio 2.5:1, 5:1 and 10:1 for 4 h. The 

histogram shows the percentage (%) of LAMP1+ CTLs, measured gating on the CSFE-negative population 

(n=6). Data are expressed as mean±SD (A-F): one-way ANOVA test (A-D); two-way ANOVA test (E, F). 

****, p ≤ 0.0001; ***, p ≤ 0.001; **, p ≤ 0.01; *, p ≤ 0.05. 
 

3.7 In vivo IL-9 blockade in Eμ-TCL1/p66-/- mice normalizes PD-1 expression in 
CD8+ cells 

To validate the role of IL-9 in PD-1 overexpression in CD8+ cells in vivo, we carried out IL-9-

blockade experiments in the aggressive CLL Eµ-TCL1/p66Shc-/- mouse model.104,49 Mice with 

overt disease were intraperitoneally administered anti-IL-9 or isotype-control mAbs twice a week 

for 4 weeks (Fig. 15A).49 Flow cytometry analysis of PD-1+CD8+ splenocytes demonstrated that IL-

9 blockade resulted in a reduction in PD1 expression and frequency of PD-1+CD8+ cells compared 

to isotype control (Fig. 15B). Hence, in the presence of anti-IL9 antibodies neutralized the 

enhancement in PD-1 expression induced by Eµ-TCL1/p66Shc-/- leukemic cell, indicating that IL-9 

shape the microenvironment to pro-tumoral one. 

 

8. Ex vivo and in vivo inhibition of BTK enhances IL-9 expression in leukemic 
cells from CLL patients 

Treatment of CLL patients with BTK inhibitors relieves T cell exhaustion by downregulating PD-1 

expression.84,120 We hypothesized that this could partly or completely account for the enhanced 

release of IL-9 in the TME by leukemic cells. To test this hypothesis, IL-9 secreted in media 

conditioned by CLL cells treated in vitro for 48 h with the BTK inhibitor Ibrutinib was quantified 

by ELISA. Ibrutinib treatment decreased IL-9 release by CLL cells (Fig. 15C). Moreover, IL-9 

expression was reduced in 4 CLL patients showing a significant response to second line Ibrutinib 

treatment (range follow-up 26.2±7.3 months) (Fig. 15E, Table 4), suggesting that the response of 
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CLL patients to BTK inhibitors results, at least in part, from the normalization of IL-9 release by 

leukemic cells. 

 

 

 

Figure 15. In vivo IL-9 blockade in Eμ-TCL1/p66-/- mice normalizes PD-1 expression in CD8+ cells.  
A. Schematic representation of the experimental design of intraperitoneal injection of wild-type C57BL/6 
mice (n=3) or Eµ-TCL1/p66Shc-/- mice (n=6) with overt leukemia (~40% CD5+CD19+ leukemic cells in PB) 
with 100 µg of either isotype control (n=3) or anti-IL-9 (n=3) antibodies dissolved in 100 μl PBS. B. Flow 
cytometric analysis of PD-1+CD8+ cells in spleens isolated from either wild type mice injected with PBS 
(n=3) or Eµ-TCL1/p66Shc-/- mice (n=6) injected with anti-IL-9 (IL-9 Ab, n=3) or isotype (iso Ab, n=3) 
mAb. Data are expressed as MFI of PD-1 in CD8+-gated cells (left) and as % PD-1+CD8+ cells (right). C. 
Quantification by ELISA of IL-9 released in the culture supernatants of leukemic cells isolated from 
peripheral blood of CLL patients (n=13) and treated in vitro for 48 h with either DMSO or 10 µM Ibrutinib. 
D. qRT-PCR analysis of mRNA expression of IL-9 in leukemic cells isolated from peripheral blood of CLL 
patients (n=4) who received 420 mg Ibrutinib once a day. Blood samples were collected on the starting day 
of Ibrutinib treatment (before Ibrutinib) and at follow-up of Ibrutinib treatment (follow-up Ibrutinib; range 
follow-up 26.2±7.3 months). Data are expressed as mean±SD (B): RM one-way ANOVA (B); Paired t test 
(C, D). ****, p ≤ 0.0001; **, p ≤ 0.01; *, p ≤ 0.05. 
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Part II 

DISCUSSION 

 

Tumor cells develop mechanisms to escape immune surveillance. CTLs are subjected to these 

suppressive actions, as demonstrated by impairment in their anti-tumoral functions.112 Direct 

inhibitory receptor/ligand axes contribute to CTL suppression by inhibiting TCR-dependent 

signaling pathways.112 Here we identify a new cell contact-independent mechanism of CLL cell 

escape from CTL-mediated killing. 

Within the TME, CLL cells secrete cytokines and chemokines in order to sustain and favour a pro-

tumorigenic loop,121–123 as exemplified by Interleukin (IL)-10, that suppress the ability of 

monocytes/macrophages to produce TNF-α.124 Of note, CLL cells also secrete cytokines with well-

known anti-tumoral activities122, such as IL-15 which enhances antibody-dependent cytotoxicity 

against CLL cells in vitro.125 Moreover, low IL-27 serum levels in CLL patients have been 

associated with the onset of aggressive disease and a decrease in the anti-leukemic cytotoxicity of 

CD8+ cells.126 Conversely, elevated levels of IL-6 in the serum of CLL patients are correlated with a 

suppressed functional profile of circulating CTLs.127,128 Notably, the direct involvement of IL-6 in 

CTL suppression in CLL has yet to be assessed.  

Abnormal IL9 secretion by leukemic cells is observed in CLL patients.71,49,129,130 In the CLL mouse 

model Eµ-TCL1, IL-9 abnormal secretion correlates with aggressive disease hallmarks, such as 

unmutated IGHV, low p66Shc levels 49,123, and lower overall survival 49.The pro-tumoral activity of 

IL-9 involves its ability to stimulate stromal cells to secrete homing chemokines, which in turn 

contribute to attract CLL cells to the pro-survival lymphoid niche.49,123,124 Moreover, IL9 blockade 

in Eµ-TCL1 mice decreases leukemic cell invasiveness and disease burden,49,123,124 suggesting a 

role of IL-9 in CLL pathogenesis.  

Here, we found that IL-9 is a key pro-tumoral cytokine that shapes the TME not only to promote 

leukemic cell accumulation and survival,49 but also to help them evade from CTL killing by 

enhancing PD-1 expression.  

PD-1 is a known inhibitory receptor expressed on several cell types, such as effector T cells, but it is 

almost absent in resting T cells.112,131,132 Several stimuli upregulate PD-1 expression, the most 

important being TCR-mediated signaling, which activates transcription factors implicated in PD-1 

expression, including nuclear factor of activated T cells 1 (NFATC1)133,134, NF-B131, and T-bet134. 

Cytokines such as IL-10132 and TGF-β132,135 have been also found to promote PD-1 expression. 

Here, we show that IL-9 secreted by leukemic cells from CLL patients with aggressive disease 
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presentation enhances PD-1 expression in healthy CTLs, thereby contributing to shift them to the 

exhausted and disabled phenotype. The results suggest that agents targeting IL-9, such as IL-9 

neutralising antibodies, could be used in combination with immune checkpoint inhibitor therapies to 

reverse the state of exhaustion and promote immune responses against tumor cells in CLL patients. 

In support of this notion, suppression of IL-10 expression has been shown to enhance anti-tumor T 

cell immunity in combination with PD-L1 blockade in a preclinical mouse model136. However, IL-

10 suppression alone in vivo increased the frequency of CD8+ cells showing effector markers, but it 

did not affect PD-1 upregulation136, consistent with our findings. 

Although CLL patients exhibit an accumulation of PD1+CD8+ cells in peripheral lymphoid organs, 

PD-1/PD-L1 inhibitory signaling axis blockade alone has shown limited clinical efficacy, with the 

exception of the most aggressive development of the disease, Richter's transformation.100 

Consequently, the neutralization of PD-1/PD-L1 axis may be insufficient to reactivate the anti-

tumor functions of CTLs, highlighting the crucial role of inhibitory molecules beyond PD-1, such 

as CTLA-4 and LAG-3,2,137,138 in limiting CTL functions.  

Our results showing a recovery of the ability of exhausted CTLs to form functional IS in the 

presence of neutralizing anti-PD-1 antibodies underscore the crucial role of PD-1 in the suppression 

of anti-tumor CTL activities in the complex context of TME. Indeed, expression of both CTLA-4 

and LAG-3 was not altered by CLL cell-conditioned media, ruling them out as mediators of CTL 

exhaustion mediated by soluble factors in CLL.  

Additionally, our data show that the ability of CLL cells to suppress CTLs also depends on the 

defective expression of p66Shc, a molecular adaptor that promotes apoptosis through an adaptor-

independent pro-oxidant activity,96,98 suggesting a key role of this adaptor in promoting the 

formation of a pro-survival TME for leukemic cells. Reduced p66Shc expression promotes CLL 

cell survival by altering intrinsic apoptosis mechanisms, and contributes to leukemic cell 

chemoresistance.104,49,139 Furthermore, p66Shc activity, which modulates gene expression by 

elevating intracellular ROS levels , promotes CLL cell survival by altering the balance between 

homing and egress receptors that coordinate lymphocyte trafficking. This promotes the 

accumulation of leukemic cells in pro-survival lymphoid niches.140,141 Here we show that reduced 

expression of p66Shc in Eμ-TCL1 mice is also involved in the expression of CLL-critical cytokines 

such as IL-9 and IL-10 by leukemic cells. This condition is also found in p66Shc-deficient CLL 

cells. These results highlight how the p66Shc defect in CLL cells is involved in processes that are 

crucial for the tumor cell survival. 

The data obtained from this work underline how CLL cells engage a crosstalk with CTLs in the 

TME in order to evade immunosurveillance. By implementing a cell contact-independent 
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mechanism, CLL cells are able to inhibit the killing capacity of CTLs by releasing soluble factors 

such as IL-9. Leukemic cell-derived IL-9 in turn induces an increased expression of exhaustion 

markers and alters the formation of a functional IS, thereby favouring the survival of leukemic cells 

and contributing to the pathogenesis of CLL. 
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