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Chapter 1

INTRODUCTION

Cancer biology and precision oncology 
Cancer, the emperor of all maladies [1], is still one of the major challenges of modern 
medicine. Cancer development is a multi-step, complex process in which cells acquire 
aberrant phenotypic capabilities that allow the evasion of all the control switches in the 
body [2, 3]. In the last twenty years, enormous progress has been made in the study of 
tumor biology. Recently, Douglas Hanahan described the updated hallmarks of cancer [4] as 
eight aberrant capabilities (sustained proliferation, evasion of growth suppression, enabled 
replicative immortality, activated invasion and metastasis, vascularization, resistance to 
cell death, evasion of immune destruction, and deregulated cellular metabolism) and two 
enabling characteristics (genome instability and tumor-promoted inflammation) at the 
basis of the neoplastic transformation. Interestingly, two additional emerging hallmarks, 
phenotypic plasticity and senescence, together with two novel enabling characteristics 
such as microbiome and epigenetic reprogramming, have been added as potential 
additional pieces to the intricate and still incomplete cancer picture [4].

The first step in the development of cancer is  the progressive acquisition of mutations in 
the DNA of pre-neoplastic cells. Genomics had a pivotal role in the identification of DNA 
alterations in malignant cells. The booming sequencing technologies at the beginning of 
the twenty-first century, including next generation sequencing, allowed the mapping of 
the genetic defects that underlie the malignant transformation in several cancer types 
[5, 6] which ultimately resulted in the creation of the Cancer Genome Atlas [7], a pan-
cancer investigational project that includes the genomic characterization of 33 different 
tumor types [5, 8-11] (https://www.cancer.gov/tcga). A targetable genetic aberration is a 
DNA defect that results in altered protein expression, protein activity, or unusual cellular 
phenotype that can be potentially exploited for the design of cancer therapies. Frequently, 
the DNA defects behind the aberrant phenotype affect the so-called driver genes. While 
some driver gene mutations are common to many cancer types, some tumors might have 
unique driver genes that characterize their phenotype [9]. Cancer cells are dependent 
on these aberrant genes, proteins, or phenotypes for their survival since the abnormality 
usually provides a selective proliferation and survival advantage. This oncogenic addiction 
[12] constitutes the strongest feature of the tumor and, at the same time, its own biggest 
vulnerability. In fact, oncogenic addictions can be potentially exploited as the Achille’s heel 
of the cancer to switch off its malignant growth [13].  
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In the search for druggable targets in cancer, protein kinases emerged as one of the 
first molecules to study. Kinases are proteins that mediate all the cellular processes via a 
reversible post-translational modification called phosphorylation. Phosphorylation acts as 
the main switch in signal transduction, regulating the most important cellular functions such 
as control of the cell cycle, survival, motility, and differentiation [14]. The human genome 
encodes for about 560 kinases and kinase-coding genes are often altered in cancer [9]. 
Common aberrations detected in kinase-coding genes are not only mutations [15, 16] but 
also gene amplifications and gene fusions, such as BCR-ABL1 in chronic myeloid leukemia 
(CML) [17] and ALK and BRAF fusions in several solid tumors [18]. A recent pan-cancer 
study estimated that gene fusions can drive the development of cancer in over 6% of 
the cases, with more than 1000 fusions involving a kinase-coding gene with a functional 
catalytic domain [10]. In particular, 19 kinase coding-genes were recurrently involved, 
including FGFR, EGFR, BRAF, and ALK [10]. Stransky and colleagues reported that 3% of 
tumors present an oncogenic kinase fusion [18]. Gene fusions frequently originate from 
chromosomal translocations and result in chimeric proteins with de-regulated expression 
and increased catalytic activity [19]. Furthermore, negative regulators of kinase activity such 
as phosphatases and tumor suppressor genes like PTEN, are also frequently inactivated in 
tumor cells [9], favoring an uncontrolled proliferation and promoting cell survival. 

The year 2001 was a landmark moment in the history of oncology. The Food and Drug 
Administration (FDA) approved imatinib, the very first kinase inhibitor for the treatment of 
CML. Imatinib targets the tyrosine-kinase ABL1, and it was discovered as an inhibitor of 
the aberrant BCR-ABL1 fusion kinase, which is a chimeric protein with constitutive kinase 
activity that represents the main disease driver of CML [17]. Its approval was a breakthrough 
for modern medicine. For the first time, a selective drug, targeting only the aberrant feature 
of leukemic blasts while sparing normal cells, had been proven effective [20]. The approval 
of imatinib paved the way for the rise of precision oncology with the discovery of innovative, 
more selective agents targeting the aberrant molecular features of cancer [15]. Nowadays, 
for several tumor types such as BRAF-mutant melanoma, gastrointestinal stromal tumors, 
and advanced non-small cell lung cancer, the use of systematic chemotherapy is no longer 
the choice for first-line treatment but it is reserved as last option when all the other tailored 
treatments, including EGFR and ALK inhibitors, have failed [12]. 

As of May 2021, 71 small-molecule kinase inhibitors have been approved by the FDA 
and these agents target only 20% of the human kinome [21]. Therefore, there is still room 

1
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for kinase target discovery and drug development to extend the applicability of kinase 
inhibitors. 

The presence of a mutated kinase-coding gene or the detection of a gene fusion can be 
used as a direct biomarker for therapy response. Such DNA alterations have been the main 
criteria for the assignment of patients to clinical trials investigating targeted drugs in the 
last twenty years (genomic based-precision oncology) [22]. Nevertheless, many clinical 
trials investigating molecularly-directed agents have often produced rather disappointing 
results. In fact, genomic-based precision oncology can result in minor clinical benefit either 
because the detected aberration cannot be targeted by currently approved or investigated 
agents (lack of an actionable alteration) [23-26], or because after an initial response, the 
insurgence of additional mutations during the treatment will provoke resistance to the 
monotherapy [27, 28] and favor the outgrowth of the resistant sub-population. Thus, in 
addition to the discovery of targets, predictive biomarkers of response and accurate 
diagnostic tests are also essential for the success of innovative treatments [29]. 

Resistance to a single drug can also be independent of the acquisition of novel mutations. 
Alternative feedback loops might compensate for the inhibition of a single kinase or pathway 
via different signaling routes [12, 30-32] or metabolic rewiring could favor resistance to the 
inhibition of a single signaling node [33-35]. Therefore, the design of effective combination 
treatments seems necessary to overcome tumor heterogeneity, adaptation, and disease 
progression [36]. 

Functional precision medicine to address the cancer complexity 
Genomics has been pivotal for the development of precision oncology. Nevertheless, there 
is an underestimation of the role of non-genetic mechanisms that drive cancer phenotypes 
and therapy resistance [37]. It is well established now that a single treatment will not provide 
a long-lasting effect, and to prevent the occurrence of therapy resistance and disease 
relapses, effective combination treatments are needed [38]. However, several important 
questions arise: how do we identify a non-genetic cancer vulnerability? Is it possible to 
unravel the cancer complexity? How do we effectively combine targeted agents? 

Sengupta and colleagues reported that in a cohort of over 6500 tumors, only 3% of the 
cases presented an actionable lesion that could be targeted with an FDA-approved agent. 
Nevertheless, when adding to the identification of targetable mutations also transcriptome, 
protein expression, and protein phosphorylation analyses as well as drug repurposing, 
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the potential druggability of tumors could be raised up to 16% [39]. This study highlights 
the added value of more integrated, multi-omic approaches compared to genomic only-
driven strategies [23]. Therefore, the molecular tumor profiling should address the cancer 
complexity, including post-translational events [40]. 

Recently, the concept of functional precision medicine has taken the spotlight. In fact, 
while DNA aberrations are static features of the tumor [37], the cancer phenotype can 
rapidly change. Thus, there is a need for dynamic and functional analyses that can 
capture and follow cancer development and adaptation before and after treatment [37]. 
The recent results from the EXALT prospective clinical trial [41] revealed the feasibility of 
ex vivo drug screening of over 100 targeted agents as a functional precision medicine 
approach to assign patients with hematological malignancies to the most appropriate 
tailored treatment. In fact, direct testing of the patient’s tumor cells sensitivity to a panel 
of drugs can give, in a relatively short turnaround time, strong evidence of the tumor 
phenotype. Furthermore, Malani and colleagues reported the successful establishment 
of a functional precision medicine tumor board that includes not only the ex vivo drug 
testing of more than 500 compounds, but also the integration of multi-omic analyses 
(such as whole-exome sequencing, RNA sequencing, pathway enrichment analyses, and 
phospho-flow measurements) for the identification of biological insights and response 
biomarkers in acute myeloid leukemia (AML) [42]. Precision medicine programs have been 
initiated for the molecular investigation of relapsed/refractory pediatric cancers as well, 
like the MOSCATO-01 trial [43], ESMART (NCT02813135), INFORM [26], and the iTHER 
(individualized THERapy) trial which includes not only the identification of DNA and RNA 
aberrations but also the generation of organoids from tumor biopsies which are used 
for the ex vivo drug screenings of 170 compounds [44]. Similarly, for refractory/relapsed 
pediatric acute lymphoblastic leukemia or lymphoblastic lymphoma cases, the upcoming 
HEM-iSMART trial will investigate the assignment of patients to targeted treatments based 
on the tumor molecular profile which includes DNA and RNA sequencing but also ex vivo 
drug response profiling [45]. 

Thus, while genomics allowed the rise of precision medicine, it seems to be necessary to 
go beyond genomics to further uncover the potential of precision oncology. 

1
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Mass spectrometry-based phosphoproteomics: a functional read-out for 
target identification and treatment selection

Innovative therapeutic agents such as small-molecule inhibitors and immunotherapies 
do not target DNA aberrations but proteins, the effectors of signal transduction and the 
main determinants of the cancer phenotypes. Therefore, protein expression patterns, 
active signaling pathways, and aberrant kinase activities can provide useful information 
for drug prioritization and the design of effective combination treatments in the context of 
personalized medicine.

Mass spectrometry (MS)-based phosphoproteomics has been pivotal in the study of cancer 
signaling networks [46-48] since it allows the simultaneous investigation of multiple proteins 
and signaling routes without the need for any a priori knowledge or pathway selection. 
Global analyses of protein phosphorylation at the single amino acid resolution have allowed 
the mapping of signal transduction pathways and the identification of kinases and their 
substrates as targetable cancer vulnerabilities, regardless of their mutational status ([49, 
50], this thesis). Phosphoproteomic-guided identification of hyper-active kinases and 
kinase activity rankings have been proven important tools for the appropriate selection 
of therapeutical targets, for the design of personalized treatment combinations in case of 
monotherapy resistance, and for the elucidation of predictive response biomarkers ([50-55], 
this thesis). Additionally, phosphoproteome profiling has facilitated the identification of new 
disease subtypes [50, 56]. Phosphoproteomic analyses have been successfully integrated 
with DNA sequencing, RNA, and protein expression data to create a proteogenomic profile 
for several cancer types [56-60]. The Clinical Proteomic Tumor Analysis Consortium 
(CPTAC) [61] established in 2011, is driving the proteogenomic characterization of cancer to 
enhance precision oncology and to promote the direct translation of discovered biological 
insights into clinical practice (https://proteomics.cancer.gov/programs/cptac). 

The large-scale application of chemical proteomics and kinome profiling allowed the 
elucidation of kinase-drug interactions [62] and highlighted unknown targets of several 
kinase inhibitors [62, 63].  The target landscape of clinical kinase drugs [62] provides 
valuable information that supports drugs repurposing beyond their primary application 
thanks to the identification of additional targets, and uncovered mechanism of unwanted 
side effects upon treatment. 

MS-based proteomics and phosphoproteomics have revealed unexpected biological 
insights and provided essential tools to favor the translation of preclinical research findings 
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from bench-to-bedside, adding a fundamental, functional value to genomic-driven precision 
oncology [64-66]. 

Pediatric T cell acute lymphoblastic leukemia
Cancer development is generally considered a disease associated with aging, but 
unfortunately, the incidence of pediatric cancer, particularly childhood leukemia, has 
been notably increasing [67, 68]. T cell acute lymphoblastic leukemia (T-ALL) is a rare 
hematological malignancy. In fact, while ALL is the most common form of cancer in children, 
T-ALL accounts for about only 15% of the pediatric ALL cases [69] and it is characterized 
by the aberrant proliferation of immature T cell progenitors. Intensive, risk-adapted, multi-
agent chemotherapy-based regimens [70, 71] have raised the overall survival (OS) of 
T-ALL patients above 80%. Nevertheless, in the last two decades, no improvements in 
the 5- and 10-year OS have been achieved for T-ALL [68]. Despite the rather favorable 
OS, one out of five pediatric T-ALL patients will ultimately die as a result of relapse and/
or therapy-refractory disease. Upon disease relapse, most T-ALL cases are resistant to 
further treatment due to acquired therapy resistance. Furthermore, survivors have a higher 
risk to suffer from organ failure and development of secondary malignancies caused by 
the intensive treatment.

At this moment, the current treatment regimens have been optimized and reached the 
upper limit of the balance between cure rate and acute toxicities, indicating that further 
intensification of the chemotherapeutical regimen for high-risk and relapsed patients is 
not feasible [72, 73] and that additional, more selective therapeutical options are of utmost 
importance to improve survival and limit treatment-induced severe side effects. 

The capability of cancer cells to evade terminal differentiation or to prevent the differentiation 
commitment has been recently recognized as additional hallmark of cancer [4]. Thanks to 
the aberrant expression of developmental transcription factors, which are normally active 
during the early stages of embryonic development, leukemic cells maintain a progenitor-
like state that assures a differentiation arrest and favors an aberrant proliferation. In fact, 
extensive transcriptome and genome sequencing studies uncovered that the disease 
drivers of T-ALL are developmental transcription factors ectopically expressed due to 
genomic rearrangements [74-76]. While kinase aberrations are not the main disease drivers, 
secondary mutations in receptors (e.g., NOTCH1, IL7R) [77, 78], kinase-coding genes (e.g., 
JAK1, JAK3, FLT3, AKT, PIK3, NRAS) [76, 78, 79] and their regulators (e.g., PTEN ) [76, 80, 
81] can support the leukemogenesis and favor the proliferation and survival of leukemic 

1
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blasts. Additionally, fusions involving kinase-coding genes are rare in T-ALL [82, 83] and 
often present only in minor leukemic subclones, like for the NUP214-ABL1 fusion in various 
T-ALL patients [84], thus limiting the possibilities for a genomic-driven precision medicine 
approach.

LAYOUT OF THIS THESIS

Hematological malignancies are underrepresented in the current pan-cancer international 
studies where usually AML is taken as a reference for blood cancers. However, given 
the diverse genetic aberrations that characterize each blood cancer and the consequent 
different treatment protocols designed, AML cannot be used as a model for other 
hematological malignancies such as ALL. T-ALL is not included in the current TCGA dataset 
(https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga/
studied-cancers) nor in the CPTAC initiative (https://pdc.cancer.gov/pdc/) at the moment, 
indicating a lack of systematic analysis of this cancer type, especially at the (phospho)
proteome and proteogenomic level. Furthermore, unlike any other type of leukemia, no 
targeted therapy has been approved for the treatment of T-ALL patients yet, and the lack 
of accurate predictive biomarkers hampers the correct assignment of patients to tailored 
treatments. Therefore, we aimed to go beyond the genomics of T-ALL and search for non-
genomic dependencies that could be exploited as leukemic vulnerabilities. 

Chapter 2 offers an overview of the current state of knowledge on the genetics of T-ALL. 
Moreover, we highlight how functional studies investigating signaling pathways at the 
RNA and protein level can offer valuable opportunities to unravel mechanisms of therapy 
resistance and uncover novel putative therapeutical targets. We suggest an integrative, 
multi-omic approach to study T-ALL under every aspect to capture the disease complexity 
and to find the Achille’s heel of the disease. 

In chapter 3, we showcase the application of global phosphoproteomic profiling and kinase 
activity inference for the identification of targetable kinases in T-ALL and for the design of 
personalized combination therapies. By using a panel of T-ALL cell lines and four patient-
derived xenograft (PDX) models, we provide an overview of kinase activation in T-ALL and 
we uncover a role for INSR/IGF-1R signaling in sustaining resistance to the kinase inhibitor 
dasatinib in T-ALL cases with an elevated LCK and SRC kinase activity. 
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Multiple precision medicines are currently under clinical investigation for the treatment 
of T-ALL. In chapter 4, we provide an extensive literature review on targetable genomic 
lesions and active signaling pathways in T-ALL. Furthermore, we give a comprehensive 
overview of all the targeted agents in current clinical trials as well as relevant compounds 
that showed promising results in preclinical T-ALL models. These agents include different 
classes of small-molecule inhibitors and immunotherapies. 

Despite the elucidation of recurrent signaling mutations in T-ALL, the use of such aberrations 
as prognostic or response biomarkers is still controversial [85]. In chapter 5, we describe 
an ex vivo drug screening on a panel of 47 T-ALL PDXs. Furthermore, we report targetable 
mutations, and we integrate the genomic information with microarray-based transcriptomic, 
proteomic, and phosphoproteomic analyses to highlight relevant signaling pathways and 
determinants of drug sensitivity. By using 11 matched diagnostic-relapse PDXs, we show 
that selected signaling patterns (e.g., protein expression, pathway activation, and kinase 
activities) are retained at relapse. 

PDXs have become fundamental tools in preclinical research. In chapter 6, we report the 
establishment of a novel PDX-derived T-ALL cell line that can be cultured in vitro in the 
presence of human IL7. Given the predominant role of exogenous IL7 in sustaining blast 
proliferation and favoring resistance to glucocorticoid therapy [86], the cornerstone of 
T-ALL treatment, we leverage this new cell line to study IL7-induced kinase signaling and 
to possibly identify effective combination therapies. 

Chapter 7 summarizes the main findings and arguments of this thesis, with a broader look at 
future T-ALL preclinical and translational investigations. The Appendices include a layman’s 
summary of the work described in this thesis in Dutch and Italian. 

1
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ABSTRACT

In the last decade, tremendous progress in curative treatment has been made for T-ALL 
patients using high-intensive, risk-adapted multi-agent chemotherapy. Further treatment 
intensification to improve the cure rate is not feasible as it will increase the number of toxic 
deaths. Hence, about 20% of pediatric patients relapse and often die due to acquired 
therapy resistance. Personalized medicine is of utmost importance to further increase cure 
rates and is achieved by targeting specific initiation, maintenance or resistance mechanisms 
of the disease. Genomic sequencing has revealed mutations that characterize genetic 
subtypes of many cancers including T-ALL. However, leukemia may have various activated 
pathways that are not accompanied by the presence of mutations. Therefore, screening for 
mutations alone is not sufficient to identify all molecular targets and leukemic dependencies 
for therapeutic inhibition. We review the extent of the driving type A and the secondary 
type B genomic mutations in pediatric T-ALL that may be targeted by specific inhibitors. 
Additionally, we review the need for additional screening methods on the transcriptional 
and protein levels. An integrated ‘multi-omic’ screening will identify potential targets and 
biomarkers to establish significant progress in future individualized treatment of T-ALL 
patients.  
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T-ALL subtypes and driving oncogenes
T-cell acute lymphoblastic leukemia (T-ALL) is the malignant expansion of immature, 
arrested T-cells at various stages of thymocyte development. The European Group for the 
Immunological Characterization of Leukemias (EGIL) distinguished three T-ALL subtypes by 
virtue of their expression of Cluster of Differentation markers (CD-markers). These subtypes 
were denoted as early, cortical and mature T-ALL (1). The outcome of cortical T-ALL was 
found superior over the outcome of both other subtypes (2, 3).

The first T-ALL oncogenes were identified by resolving the translocations from T-cell 
receptor (TCR) gene enhancers or promotors to other chromosomes as a consequence 
of errors in VDJ recombination events. This led to the discovery of the TAL1 oncogene 
for patients harboring the t(1;14)(p34;q11) translocation (4, 5), LYL1 in a patient with a t(7;19)
(q34;p13) translocation (6) and TLX1/HOX11 in patients bearing t(10;14)(q24;q11) translocations 
(7-11). For TAL1, small deletions were identified in approximately 12-25% of pediatric patients 
that result in repositioning of the TAL1 coding region behind the STIL gene promoter (12-14). 
Whereas TAL1 abnormalities are predominantly associated with late cortical development 
(15), TLX1-rearranged patients mostly resemble early cortical thymocytes (16). Since these 
initial discoveries, extensive molecular and cytogenetic analyses have resolved many 
additional oncogenic rearrangements in nearly 80 percent of the T-ALL patients (Table 
1) (17-24).

The first genome-wide gene expression analysis that distinguished the T-ALL subtype from 
other leukemic types was performed by the group of Eric Lander (25). Shortly after, the 
gene signatures of immature, early and late cortical T-cell developmental stages in T-ALL 
patient samples could be distinguished that were characterized by ectopic expression 
levels of oncogenic transcription factors including LYL1, TLX1/HOX11 or TAL1, respectively 
(26). Whereas expression of TLX1 and TAL1 are driven by chromosomal rearrangements, 
LYL1-positive T-ALL patients are devoid of LYL1 rearrangements. Some early cortical T-ALL 
patients express the TLX1-related gene TLX3/HOX11L2 due to a cryptic (5;14)(q35;q32) 
chromosomal translocation in approximately 25 percent of pediatric T-ALL patients (26, 
27). Later gene expression microarray studies distinguished at least four T-ALL groups, i.e. 
the immature, TLX, proliferative and TALLMO subtypes (28-30). Identification of additional 
oncogenes extended previous observations that each subtype was characterized by 
specific oncogenic rearrangements that facilitate specific blocks in T-cell development 
and drive T-ALL. Each genetic subtype is discussed below.

2
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Table 1. Oncogene rearrangements in T-ALL.

Oncogene 
activation

Enhancer/promoters Incidence 
(%)

Associated 
subtype

Ref

TAL1, TAL2, LYL1 TCRB (enh), TCRAD (enh), STIL 
(promoter), TCF7**, Myb-Enh mut.

27, <1, <1 TALLMO (4-6, 12, 13, 75, 
156-158)

LMO1, LMO2, LMO3 TCRB (enh), TCRAD (enh), MBNL1, 
STAG2, Myb-Enh mut., 11q13 
deletion

5, 12, <1 TALLMO (72, 73, 156, 159, 
160)

TLX1 TCRB (enh), TCRAD (V-gene 
promoter), DDX30**

5 Proliferative (7-11)

NKX2-1, NKX2-2 TCRAD (enh), TCRB (enh) 5 Proliferative (29)
TLX3 BCL11B (enh), TCRB (enh), TCRAD 

(V-gene promoter), CAPSL
21 TLX (26, 27, 43, 161, 

162)
HOXA9/A10 TCRB (enh) <2 TLX/ ETP-ALL (28, 163-165)
MEF2C PITX2 <2 ETP-ALL (29)
SP1 BCL11B (enh) <1 ETP-ALL (29)
LMO2** BCL11B (enh) <1 ETP-ALL
NKX2.5 BCL11B(enh), TCRAD (enh) <1 ETP-ALL (29, 166, 167)
LCK TCRB (enh) <1 unknown
MYB TCRB (enh), duplications <2 unknown (168-170)
CCND2 TCRB (enh) <1 unknown (171)
Oncogenic fusions Partner gene Incidence Associated 

subtype
Ref

PICALM (HOXA act.) MLLT10 3 TLX/ ETP-ALL (29, 172)
KTM2A (HOXA act.) MLLT1, ENL, MLLT10, MLLT4, 

MLLT6, CT45A4
<2 TLX/ ETP-ALL (38, 173)

SET (HOXA act.) NUP214 2 TLX/ ETP-ALL (29, 30, 174)
SPI1 STMN1, TCF7 <1 ETP-ALL (post-ETP) (40)
RUNX1 AFF3, EVX <1 ETP-ALL (29, 37)
ABL1 BCR, EML1, ZMIZ1, NUP214 

(episomal), SLC9A3R1, ETV6, 
MBNL1, ZBTB16*

<1 ETP-ALL/*TALLMO (29, 38, 39, 
175-185)

ETV6 JAK2, NCOA2, INO80D, ABL1, 
CTNNB1

<1 ETP-ALL (37, 38)

MLLT10 (HOXA act.) PICALM, XPO1, NAP1L1, DDX3X, 
KTM2A, FAM17A1, CAPS2, 
HNRNPH1

TLX/ ETP-ALL (29, 37-39, 186)

NUP214 ABL1 (episomal), SET, SQSTM1 6 ETP-ALL (37)
NUP98 RAP1GDS1, CCDC28A, LNP1,  

PSIP1, DDX10, VRK1
<2 ETP-ALL (38, 39)

*ABL1-ZBTB16 rearrangements found in 2 TALLMO patients; **unpublished unique rearrangement
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Immature subtype (ETP-ALL)
Immature T-ALL patients are characterized by high expression levels of BCL2, LYL1, LMO2, 
HHEX and MEF2C, reflecting activation of self-renewal genes that are also expressed in 
hematopoietic stem cells (29, 31). This profile matched with the immature T-ALL entity that 
was identified based on its resemblance to normal early thymocyte progenitor cells (ETP) 
(32-34). This subtype was accordingly denoted ETP-ALL. In-depth molecular-cytogenetic 
analysis of immature/ETP-ALL patient samples revealed unique rearrangements of the 
MEF2C transcription factor in some patients while others contained ETV6-coupled fusions 
of the MEF2C co-factor NCOA2/TIFF (29, 35, 36). Rearrangements that affect other MEF2C 
transcriptional regulators—including SPI1, NKX2.5 and a RUNX1-AFF3 fusion product—have 
also been reported in ETP-ALL (Table 1) (29). 

Since the introduction of next-generation sequencing, various additional fusions have been 
identified in ETP-ALL patients affecting ETV6, KTM2A, RUNX1, ABL, MLLT10, NUP214 and 
NUP98 (Table 1) (37-39). A Japanese study on 121 pediatric T-ALL cases identified recurrent 
SPI1 (encoding PU.1) fusions including STMN1-SPI1 and TCF7-SPI1 fusions in ETP-ALL patients 
that highly expressed MEF2C, HHEX, FLT3 and cKIT (40). In contrast to most other ETP-ALL 
patients (37), ETP-ALL cases bearing SPI1 fusion products were characterized by recurrent 
activating NOTCH1 mutations (40). Some ETP-ALL patients bear rearrangements that result 
in the activation of various members of the HOXA gene cluster (Table 1, HOXA act). Such 
HOXA-positive ETP-ALL patients were related to high intrinsic chemo-resistance and very 
poor outcome in the French GRAALL-2003 and -2005 studies (41, 42). 

TLX subtype  
Most patients that cluster in the TLX subtype are characterized by TLX3 rearrangements 
(29). Whereas some patients express the γδ TCR, other TLX patients have a more 
immature phenotype that lack TCR surface expression suggesting that this disease entity 
is associated with early γδ lineage of development (43, 44). The TLX cluster also comprises 
patients with HOXA-activating events including SET-NUP214, PICALM-MLLT10 or MLL fusion 
products (29, 38).

TLX3 rearrangements mostly reposition the TLX3 oncogene from 5q35 in close proximity 
to the BCL11B enhancer at 14q32, thereby inactivating one functional allele of the BCL11B 
haplo-insufficient tumor suppressor gene (27, 45). BCL11B is a critical transcription factor 
that commits early developing thymocytes to the αβ lineage of T-cell development (46-
48). TLX3-BCL11B rearrangements may therefore impair αβ differentiation potential and 
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consequently drive differentiation towards the γδ lineage. Some TLX patients also inactivate 
the second, non-rearranged BCL11B allele that may further block αβ lineage commitment 
potential (49-51). TLX3 itself may also switch off the TCR αβ lineage program. As a strong 
repressor (52), TLX3 represses the TRCA enhancer in an ETS-dependent fashion thereby 
limiting TCRA recombination events (53). As a significant number of TLX3-rearranged cases 
express cytoplasmic TCRB (44), it cannot be ruled out that TLX3-BCL11B rearrangements 
may initially have occurred in αβ lineage cortical thymocytes that subsequently diverged 
towards the γδ lineage as a consequence of BCL11B insufficiency and/or TLX3 expression 
(54). Some early studies reported an association of TLX3 rearrangements with poor 
outcome (16, 26, 55-58), but no such association has been reported for patients treated 
on contemporary treatment protocols.

Proliferative subtype 
T-ALL patients that express a proliferative gene signature are frequently characterized 
by TLX1 or NKX2-1 translocations (29). Historically, TLX1 translocated patients have been 
associated with superior outcome compared to patients from other T-ALL subtypes (16, 
59-61). TLX1 translocation breakpoints mostly occur downstream of TLX1, coupling the 
TCRB enhancer downstream of TLX1 in TCRB-translocated patients. However, in TCRAD 
translocated patients the TLX1 genomic breaks are positioned upstream and positions TLX1 
behind promoters of TCRAD V-gene segments, possibly because the TCRAD enhancer 
is repressed by TLX1 similar to the repressor function of TLX3 (53). Various patients of 
the proliferative cluster contain translocations or inversions involving the NKX2-1 or 
the homologous NKX2-2 homeobox genes (29). In these patients, ectopic NKX2-1/2-2 
oncogene expression levels are driven as consequence of their close proximities to TCRB 
or TCRAD enhancers (29). The presence of recurrent NKX2-1 aberrations in T-ALL has 
been confirmed in other studies (39, 62). Remarkably, most TLX1-rearranged patients also 
express low levels of NKX2-1 in the absence of NKX2-1 rearrangements implying direct 
regulation of NKX2-1 by TLX1 (29). 

TALLMO subtype 
Patients with a TALLMO gene expression profile represent nearly half of all pediatric T-ALL 
patients (26, 28, 29, 38). Just as in normal hematopoietic erythroid precursors, TAL1 and 
TAL2 proteins form transcription complexes with E2A/HEB, RUNX1, GATA3, and MYB co-
factors that are bridged by LMO1 or LMO2 in these T-ALL cells (63, 64). In addition to 
recurrent TAL1 translocations or SIL-TAL1 deletions that drive ectopic TAL1 expression, other 
TALLMO patients bear alternative TCRB or TCRAD rearrangements that ectopically drive 
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TAL2, LYL1, LMO1, LMO2 or LMO3 oncogenes (6, 26, 28, 29, 65-71). Almost a quarter of all 
TALLMO patients harbor a combination of 2 different aberrations that affect both members 
of TAL1 and LMO2 gene families. In addition, small insertion/deletion (INDEL) mutations have 
recently been identified that create strong MYB binding sites in or upstream of TAL1, LMO1 
or LMO2 loci in nearly 6 percent of pediatric/young adult T-ALL patients (38). Recruitment of 
MYB at these sites results in the assembly of a TAL1 super-enhancer complex that strongly 
drives oncogene expression (72-75). 

Non-driver mutations in T-ALL
In addition to the driving oncogenes or oncogene fusion products that characterize the 
four predominant T-ALL subtypes and that are denoted type A aberrations (76), various 
other recurrent aberrations including point- or INDEL mutations, chromosomal gains 
and losses have been described for T-ALL (19, 20, 23, 24). These aberrations are not 
necessarily disease-initiating events as they mostly appear in leukemia subclones (76). 
These mutations were accordingly denoted as type B mutations. These mutations provide 
advantages for oncogenesis, disease progression, relapse, or induce therapy resistance. 
Historic research and recent next-generation sequencing studies have now revealed over 
100 genes that are recurrently mutated, amplified or deleted in T-ALL (Table 2) (37-39, 77-
80). The majority of these genetic alterations impact on cell cycle by inactivating cell cycle 
inhibitors or by loss of Rb (38), or ectopically activate signaling pathways that are important 
for T-cell development including NOTCH1 (81-85), cytokine signaling cascades (86-90) or 
their downstream pathways (91-95). Other mutations frequently involve (in)activation of 
transcriptional regulators, epigenetic reprogramming enzymes, components of ribosomes 
that affect protein translation, protein-modifying enzymes, or genes that are involved in the 
chromatin architecture and DNA looping, DNA repair or DNA synthesis. An overview of 
all mutations is listed in Table 2, along with the cellular processes they affect and notable 
associations.  
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While type B mutations occur in all T-ALL subtypes, ETP-ALL patients typically harbor the 
highest mutational load compared to the other subtypes (37, 78) and have been associated 
with an inferior steroid response (96). ETP-ALL is distinguished from other subtypes in the 
genetic landscape by the relative enrichment of specific type B events, which includes 
activating mutations in the tyrosine kinase receptor gene FLT3, mutations in the IL-7R 
(interleukin-7 receptor) signaling pathway (i.e. in IL7R, JAK1 and/or JAK3) or recurrent 
5q-deletions that affect the NR3C1 gene locus (37, 97, 98). In contrast, ETP-ALL patients 
have a lower frequency of deletions affecting cell cycle regulators including CDKN2A/B, 
CDKN1B or CDKN1C and have lower incidences of NOTCH1-activating mutations (38, 40, 
78). Although ETP-ALL was initially associated with extremely poor outcome (32, 90, 
99-104), treatment intensification in contemporary risk-adapted treatment protocols has 
improved outcome for ETP-ALL patients and is now comparable to the outcome of other 
T-ALL patients (33, 105-107). The only exception is the HOXA-activated ETP-ALL group 
that still has a very poor outcome (41, 42). Other type B events that cluster with specific 
T-ALL subtypes include strong NOTCH1-activating mutations in TLX3-rearranged ALL, 
and activating PIK3R1 or PIK3CG events, PTEN-inactivating mutations and inactivating 
USP7 mutations in TALLMO subtype patients (Table 2). In contrast to NOTCH1-activating 
mutations, PTEN-inactivating events have been associated with poor outcome in various 
studies (78, 92, 95, 108-111) but not in the MRC UKALL2003 cohort (112).  

Mutations in genes encoding various IL-7R signaling molecules (i.e. IL7R, JAK1/3, STAT5B, 
N/KRAS or AKT ) have been found in nearly 35% of pediatric T-ALL patients and are 
associated with inferior event free survival (37-40, 78, 80, 88, 89, 93, 113-121). These 
pathway mutations are predominantly found in ETP-ALL and TLX subtypes and occur in a 
near mutually exclusive manner (78, 113). Moreover, JAK-STAT and RAS/PTEN alterations 
are often identified in chemorefractory patients, and identified in higher frequencies at 
disease relapse. Similar to mutations affecting IL7R, these mutations predict for very poor 
outcome of relapsed T-ALL (80, 122). One of the explanations for this is that aberrant IL-7R 
signaling results in increased cellular resistance towards steroid treatment (78). 

Combined omic-based targeted therapies: opportunities in T-ALL
Contemporary multi-agent and risk-adapted protocols have boosted survival rates to 
approximately 80 percent, with the number of toxic deaths now almost equaling the number 
of patients that relapse (123). This proves that further treatment intensification is not feasible 
and there is an urgent need for targeted compounds in individualized treatment protocols 
for high-risk T-ALL patients. Given our profound understanding of pathogenic drivers and 
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mutations in T-ALL, various targeted compounds could be implemented in the near future 
to improve outcome for refractory/relapsed T-ALL and may allow implementation in first-
line treatment for high-risk T-ALL patients in the future. 

Roughly 50% of all pediatric cancer patients present with a potentially druggable genetic 
event, with aberrations in NOTCH-, mitogen-activated protein kinase (MAPK)-, or receptor 
tyrosine kinase (RTK)-signaling and cell cycle control as potential targets for future T-ALL 
treatment regimens (124). The question remains whether introduction of single targeted 
compounds in current chemotherapy backbones will improve treatment outcome. In adult 
metastasized carcinoma patients genomics-directed treatment strategies only yielded 
minimal prognostic benefits (125-127). The effect of single targeted compound treatment 
might be disappointing in T-ALL since many of the targetable processes are the result of 
type B mutations that are frequently found at subclonal levels (128). Targeted inhibition 
should therefore not be expected to eradicate the complete leukemic burden. However, 
some subclonal mutations give rise to therapy resistance and could therefore still serve 
as essential targets for therapy. In the case of IL-7R pathway mutations, MEK and AKT are 
attractive targets for selective inhibitors that synergize with steroid treatment (78). Moreover, 
mutated subclones may actually reflect pathway dependency and/or drug sensitivity of 
the entire leukemic population. Therefore, the effect of combined treatment could extend 
beyond the elimination of mutated cells. For example, this has been implemented in the 
phase1/2 SeluDex trial in which dexamethasone treatment is given in combination with the 
MEK-inhibitor Selumetinib for relapse or refractory RAS-mutant BCP-ALL (129) and is now 
open for relapsed/refractory T-ALL patients as well. 

The observed benefit of combining targeted treatment with standard chemotherapeutics 
may extend beyond the treatment of patients that harbor specific (subclonal) mutations. 
Loh et al. demonstrated that in two out of three high risk-ALL cases no somatic mutations 
could be identified in tyrosine kinase-coding genes, despite their gene expression profiles 
that point to active kinase signaling (130). This indicates that patients with activated kinase 
signaling benefit from targeted therapy, especially those who lack druggable genetic 
targets. To decipher the full pathogenic program and to pinpoint novel biomarkers for 
both therapy and prognosis, an integrated approach that combines data on the genomic, 
transcriptomic and proteomic level may be required to identify additional druggable 
targets (131). This so-called ‘multi-omic’ approach could reveal other tumor targets, and 
therefore provides an opportunity to increase the detail and complexity of basket-trials 
for small numbers of patients or for individualized patient treatment programs (132) 
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(Figure 1). Refinement of treatment strategies, as a direct consequence of this advanced 
screening approach, could consequently improve outcome. Since for most hematological 
malignancies sufficient patient material can be obtained at diagnosis, testing on these 
three levels indeed seems feasible for T-ALL. In the next two paragraphs, we will highlight 
the current progress and application of transcriptome sequencing and proteomics in ALL. 

Figure 1. Intrinsic mechanisms (e.g. by genetic hits (stars)), extrinsic mechanisms (e.g. by interaction 
with niche (green) or ligand-induced (blue)) and aberrant pathway activation with unknown cause 
(orange) involved in disease initiation, maintenance or drug resistance that may be observed in leu-
kemic blasts. Integration of genomics, transcriptomics and proteomics identifies the vulnerabilities 
caused by these pathogenic events. As a result, it allows for the precise use of targeted compounds 
that (in combination with standard chemotherapeutics) can enhance treatment effectiveness and 
ultimately may improve survival.

Integration of transcriptome sequencing 
In the last few years, great technological advances in sequencing have been applied not 
only to DNA analysis but to RNA as well. RNA-sequencing of the leukemia transcriptome 
has a prominent role in the identification of novel splice variants and fusion transcripts that 
drive or sustain tumorigenesis. As mentioned before, RNA-sequencing studies have led 
to the discovery of various novel and cryptic fusion transcripts in T-ALL (39, 122, 133) and 
T-lymphoblastic lymphoma patients (134) that had not been identified earlier by genome 
sequencing or molecular-cytogenetic tests. The Total XVII protocol (NTC03117751) for 
the treatment of ALL at the St. Jude children’s hospital integrates information from RNA 

2
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sequencing with RT-PCR or FISH to detect potential druggable fusions at diagnosis that are 
then used for therapy stratification. While the pipeline for fusion detection from RNA-seq 
data will give results already at day 15 of the induction therapy, additional whole-genome 
sequencing information is available only at later stages of the treatment (135). 

Cancer cells rely on altered mechanisms of signal transduction that boost cell cycle 
progression and proliferation (136). When pathological pathway activation is not predicted 
by genomic aberrations, different approaches like transcriptome sequencing will be 
required to identify the Achilles’ heel of the disease. Quantitative measurement of pathway 
activity inferred from target gene mRNA levels have been developed for various signaling 
pathways, e.g. the Oncosignal platform by Philips Healthcare, and provides a molecular 
phenotype of the tumor (137-140). It generates an automated and reliable quantitative 
readout of specific pathways that are highly activated in malignant cells that can support 
the choice of relevant small-molecule inhibitors. Furthermore, it can potentially predict 
therapy resistance due to the activation of compensatory/escape mechanisms. 

Integration of proteomics 
An additional way to discover novel oncogenic dependencies or identify new biomarkers 
is to analyze the cancer proteome. Mass spectrometry-based global proteomic analyses 
have been pivotal in the identification of changes in protein expression as well as in post-
translational modifications, in particular phosphorylation (141, 142). These changes at the 
phospho-protein level reflect altered signal transduction that cannot be detected at the 
DNA or RNA level. Protein kinases are one of the major effectors of signal transduction. 
Nevertheless, direct quantification of activity levels of kinases has been challenging and 
requires a priori knowledge of the enzyme of interest. In the past decade, an increasing 
interest in post-translational modifications and their role in cancer led to development of 
workflows for the identification of alterations in protein phosphorylation levels as functional 
readout for enzyme hyper-activity. High-throughput phospho-proteome data can therefore 
provide direct information on pathway signaling. 

In 2013, Casado et al. demonstrated that kinase activity inferred from analysis of global 
phospho-proteome data of different hematological cancer cell lines correlates with 
differential drug responses (143). Phospho-proteomic analyses have also been applied to 
the identification of putative therapy response biomarkers in ALL (reviewed in (144, 145)). In 
T-ALL, the phospho-proteomic studies investigating signal transduction have been limited 
to either a kinome microarray system—identifying differentially phosphorylated peptides 
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for pediatric B-ALL versus T-ALL samples (146)—or by using Reverse-Phase Protein Array 
(RPPA) that identified hyper-activation of the mTOR/STAT3 and LCK/calcineurin axes in 
pediatric ETP-ALL (147). Based on the latter study, the authors suggested LCK hyper-
activity as possible resistance factor for steroid treatment in T-ALL (148). Both kinome 
array and RPPA are valuable tools but can only detect changes in a subset of pre-defined 
proteins and therefore do not allow for screening of the entire (phospho)proteome. 
Unbiased mass spectrometry-based phospho-proteomic studies dedicated to T-ALL are 
necessary to unravel specific pathological signaling pathways and escape mechanisms. 
The identification and the degree of pathway activation with subsequent downstream 
effects will provide a rationale for therapy stratification and will lead to the identification of 
novel disease specific- or individualized biomarkers (149).

Functional screening into practice: IL-7R-signaling and steroid resistance
IL-7R pathway activation by interleukin-7 (IL-7) even in the absence of IL-7R pathway 
mutations has also been shown to confer steroid resistance in T-ALL patients (96, 150). 
This indicates that pathway activation (and subsequent drug responsiveness) can depend 
on the availability of growth factors, and may provide an underlying mechanism for 
increased therapy resistance for local, niche embedded leukemia cells. For patients that 
present with this so called ‘IL-7 dependent steroid resistance’ (150), pathway inhibition by 
combined MEK or AKT inhibition with steroid treatment to restore steroid sensitivity may 
be equally effective as for patients that harbor IL-7R pathway mutations. Increase in the 
phosphorylation of STAT5 or the activation of downstream STAT5 target genes following 
IL-7 stimulation are important biomarkers to identify these patients for whom integration 
of phospho-proteomics and transcriptomics at diagnosis is needed. 

Both proteomic and transcriptomic analyses have identified novel treatment targets or 
biomarkers that represent pathway activation downstream of the IL-7R before. For example, 
phospho-proteomic profiling of JAK3 mutated leukemia cells—that signal downstream of 
the IL-7R but do not impair steroid sensitivity in contrast to JAK1 mutations (78)—identified 
non-JAK-STAT druggable targets that were affected by mutant JAK3 signaling (151). 
Combined pathway inhibition of these targets with Ruxolitinib or Tofacitinib (JAK-inhibitors) 
worked synergistically in vitro and in vivo (151), indicating that proteomic profiling serves as a 
powerful tool to improve personalized medicine. Additionally, transcriptional and epigenetic 
research identified that the STAT5BN642H mutation—which leads to strong STAT5B pathway 
activation—increases its binding at regions that are also bound by epigenetic regulators 
such as EZH2 and SUZ12 (118, 119, 152). STAT5BN642H expressing T-cells showed a higher 
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expression level and activity of the EZH2 target gene Aurora kinase B (Aurkb), yielding 
sensitivity for treatment with a specific Aurora Kinase B inhibitor (AT9283) (152). High PIM1 
expression downstream of STAT5 signaling has also been identified by transcriptional 
analysis, and PIM1 inhibition was demonstrated effective in (IL-7 mediated) JAK-STAT 
activated leukemias (153-155). 

The observations for JAK3 and STAT5 illustrate that pathway activation and dependency, 
as measured by proteomic and transcriptomic approaches, predict sensitivity to selective 
inhibitors and may improve outcome by optimization of personalized medicine. Additionally, 
screening at multiple levels provides additional biomarkers that can be used for targeted 
therapy regardless of signaling mutations. For example, RNA sequencing could reveal 
significant PIM1 overexpression (in the absence of JAK or STAT5B mutations as determined 
by genomic screening) and could therefore provide a rationale for treatment with a selective 
PIM1-inhibitor for individual patients. As another example, phospho-proteomic results that 
point to activation of the AKT pathway in a T-ALL patient vouches for combination treatment 
with an AKT-inhibitor. Thus, ‘multi-omics’ screening approaches will excel the choice of 
targets to inhibit in personalized medicine. It will help clinicians to individualize treatment 
and optimize basket-trials in refractory/relapsed T-ALL patients. Moreover, a multi-omics 
functional screening with subsequent therapeutic consequences at the start of treatment 
might prevent (early) relapse, therefore significantly increasing the survival rate of T-ALL 
patients.   

Concluding remarks
Given our profound understanding of genomic aberrations in T-ALL, we can now 
successfully identify oncogenic driving lesions in nearly 80% of T-ALL patients (Table 1). 
Additionally, patients frequently present with non-driver mutations at the subclonal level 
for which some relate to inferior outcome or therapy resistance (Table 2). At present, the 
majority of small-molecule inhibitors that could be applied in clinical trials target these 
subclonal mutations and may offer therapeutic effect if the mutation in the subclone is 
indicative for a vulnerability of the total leukemic population. Genomic screening in T-ALL 
should therefore not only focus on driving events, but also on identifying genetic aberrations 
for which a selective inhibitor combined with standard chemotherapeutics drugs can lead 
to a maximal treatment response. Integration of genomic sequencing, RNA sequencing 
and phospho-proteomics in a ‘multi-omics’ functional screening will uncover the complete 
Achilles’ heel of the leukemia, allowing great improvement of personalized medicine and 
eventually patient outcome as a result of the precise use of targeted compounds (Figure 1). 
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ABSTRACT

Protein kinase inhibitors are amongst the most successful cancer treatments, but targetable 
kinases activated by genomic abnormalities are rare in T cell acute lymphoblastic 
leukemia. Nevertheless, kinases can be activated in the absence of genetic defects. Thus, 
phosphoproteomics can provide information on pathway activation and signaling networks 
that offer opportunities for targeted therapy. Here, we describe a mass spectrometry-
based global phosphoproteomic profiling of 11 T cell acute lymphoblastic leukemia cell lines 
to identify targetable kinases. We report a comprehensive dataset consisting of 21,000 
phosphosites on 4,896 phosphoproteins, including 217 kinases. We identify active Src-
family kinases signaling as well as active cyclin-dependent kinases. We validate putative 
targets for therapy ex vivo and identify potential combination treatments, such as the 
inhibition of the INSR/IGF-1R axis to increase the sensitivity to dasatinib treatment. Ex 
vivo validation of selected drug combinations using patient-derived xenografts provides 
a proof-of-concept for phosphoproteomics-guided design of personalized treatments.
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INTRODUCTION

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive malignancy arising from 
aberrant proliferation of immature T cell progenitors and accounts for about 15% of pediatric 
ALL cases 1. The current risk-adapted, multi-agent chemotherapeutic regimen has led 
to an overall survival rate exceeding 80%. Nevertheless, one out of five children with 
T-ALL will relapse within four years after the start of therapy. Further intensification of the 
current high-risk treatment protocols seems not feasible due to serious and even fatal 
detrimental side effects, such as toxicities and infections 2. Relapsed T-ALL patients have 
a poor prognosis and are refractory towards further treatment. Therefore, the identification 
of novel therapeutic options for refractory/relapsed patients remains an urgent need. 
Thanks to extensive genome sequencing studies, the genetic drivers of T-ALL have been 
identified as developmental transcription factors that are ectopically expressed due to 
chromosomal rearrangements (reviewed in Belver et al.3 and van der Zwet et al.4). Unlike 
other leukemias, genomic rearrangements involving kinase-coding genes are scarce in 
T-ALL. The most common aberration involving a kinase-coding gene is the NUP214-ABL1 
episomal amplification, which is found in less than 6% of T-ALL patients at diagnosis and 
is often detected only in minor leukemic sub-clones 5. Recurrent activating mutations 
detected in kinase-coding genes or kinase regulators involve the PI3K-AKT axis (AKT1, 
PIK3CD, PIK3R1), the JAK-STAT (IL7R, JAK1, and JAK3 which is mutated in about 16% of 
T-ALL cases 6), or the Ras signaling pathways (PTPN11, NF1, N-RAS, K-RAS), while in some 
early T cell precursor (ETP)-ALL cases, Fms-like tyrosine kinase (FLT3) mutations and/or 
overexpression are found 7. Additionally, other potentially druggable kinases reported for 
T-ALL include the JAK-family member tyrosine kinase 2 (TYK2) which can be activated 
either by rare gain-of-function mutations or IL-10 signaling 8,9, the cell cycle regulators 
Polo-like kinases (PLKs) and Aurora kinases (AURKs) 10,11, and the PIM1 kinase which can be 
upregulated by active IL-7 signaling, upon glucocorticoid-induced IL7RA expression, or in 
the presence of IL-7R pathway mutations 12,13.

Nevertheless, genomic-guided targeted therapies can show disappointing results due to 
the sub-clonal nature of these mutations (i.e., leukemia heterogeneity) 5,14. The treatment 
pressure can drive the selection of minor resistant clones 15, induce the acquisition of novel 
mutations 16 or activate alternative feedback loops that drive therapy resistance. Leukemic 
cells rely on an enhanced kinase signaling that promotes aberrant proliferation and survival. 
Protein kinases can be activated in the absence of gene fusions or mutations in their coding 
sequences. In fact, except for mutations in JAK1/2 and FLT3, no other somatic mutation in 
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tyrosine kinase-coding genes were found in 45 high-risk B-ALL cases, although the gene 
expression profiles indicated an active kinase signaling 17. Therefore, proteome analyses 
can provide additional insights into active signaling pathways and kinases that could 
be exploited for targeted therapy. Mass spectrometry (MS)-based phosphoproteomics 
importantly contributed to the identification of signaling pathways and protein networks 
that can be targeted for cancer therapy 18-20. Recently, Frejno and colleagues performed 
a large-scale proteome and phosphoproteome profiling of 125 cancer cell lines to create 
a proteomic activity landscape that can predict drug sensitivity in vitro 21. Moreover, 
additional phosphoproteomic studies identified determinants of sensitivity to clinical 
kinase inhibitors in acute myeloid leukemia (AML) cell lines 22 and primary cells 23. In the 
context of T-ALL, reverse phase protein array (RPPA)-based proteomic studies identified 
highly active signaling pathways in ETP-ALL such as the mTOR/STAT3 and LCK/calcineurin 
24. Additionally, Degryse and colleagues applied phosphoproteomics to investigate 
the signaling pathways downstream of mutant JAK3 in T-ALL 25. Recently, Franciosa 
and colleagues used proteomic analyses to unravel the mechanisms of resistance to 
NOTCH1 inhibition in T-ALL 26. Nevertheless, to our knowledge, no unbiased, MS-based 
phosphoproteomic study to predict drug sensitivity has hitherto been performed in T-ALL. 
Here, we present an exploratory MS-based, unbiased, global profiling of tyrosine, serine, 
and threonine phosphorylation in a panel of T-ALL cell lines and patient-derived xenografts 
(PDXs) to identify relevant kinase signaling and to predict novel dependencies. We validate 
highly active kinases as potential targets for therapy in vitro using both cell lines and PDX 
models. Furthermore, we demonstrate how the application of phosphoproteomics can 
guide the ex vivo identification of synergistic combination treatments and the selection of 
the most appropriate therapeutical strategy for personalized medicine.

RESULTS

Unbiased analysis of the global phosphoproteome in T-ALL cell lines
to explore the phosphoproteome of human T-ALL, we performed global, unbiased mass 
spectrometry-based phosphoproteomic profiling of protein extracts from 11 T-ALL cell 
lines (Supplementary Table 1) as illustrated in Fig. 1a. Following phospho-tyrosine (pY) 
peptide immunoprecipitation, we identified about 3,800 phosphosites while the titanium 
dioxide (TiO2)-based enrichment yielded over 17,000 phosphosites. The identification of 
phospho-tyrosine peptides was notably higher for HSB-2 cells compared to the other cell 
lines (Supplementary Fig. 1a). This higher recovery correlates with an enhanced overall 
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phospho-tyrosine signal in the unsupervised phosphopeptides cluster analysis which was 
also confirmed by western blotting (Supplementary Fig. 1b and c).

To identify (hyper) active protein kinases that may be targeted by small-molecule inhibitors, 
the Integrative iNferred Kinase Activity (INKA) pipeline 27 was used to infer highly active 
kinases from phosphoproteomic data. This analysis pipeline provides a numerical single 
score as proxy for kinases activity detected in a sample. The kinase ranking from the pY 
dataset revealed the broad activation of the Src-family kinases (SFKs) LCK, SRC, and FYN 
in all the cell lines analyzed, while other Src-family members such as ABL1, LYN, and FGR 
were detected only in specific lines, including PEER (ABL1), ALL-SIL (ABL1), MOLT-16 (LYN), 
LOUCY (LYN), and HPB-ALL (FGR) (Fig. 1b,  Supplementary Fig. 1d, and Supplementary 
Fig. 2a-f ). Three cell lines present a known genetic aberration that involves a kinase-
coding gene, including the TCRβ-LCK translocation in the HSB-2 line and the NUP214-ABL1 
fusions in the cell lines ALL-SIL and PEER. Correspondingly, we identified LCK and ABL1 
as highest-ranking kinases in these three lines, respectively (Fig. 1b). Nevertheless, LCK 
shows high activation even in the absence of known genetic alterations in the remaining 
lines. Other active kinases identified include the cyclin-dependent kinases CDK1 and CDK2, 
the housekeeping kinases GSK3Bα/β, the insulin receptor (INSR) and the insulin-like growth 
factor receptor (IGF-1R) as illustrated in Fig. 1b.

The INKA ranking obtained from the TiO2 dataset confirmed high activation of the cell 
cycle regulators CDK1 and CDK2 as a general hallmark for all lines. Additionally, INKA 
uncovered other potentially relevant kinases such as the dual-specificity kinase CLK1, 
the p21-activated kinases PAK1 and PAK2, and AKT1 (Fig. 1c and Supplementary Fig. 3). 
Interestingly, some cell lines showed a modest mTOR activity, while Jurkat cells had high 
MAPK/ERK activity, with MAPK1 and MAPK3 ranking 5 and 12 respectively in the TiO2-
INKA plot (Fig. 1c). To assess the reproducibility of our pipeline, two biological replicates 
for LOUCY and CCRF-CEM were included for both phospho-enrichment procedures. 
As illustrated in Fig. 1d, the biological duplicates showed high correlation (R2 ≥  0.76) 
among INKA scores for the pY and the TiO2 datasets. Similarly, a high correlation (R2 ≥ 
0.89)  was found between technical duplicates for the TiO2 enrichment in eight other lines 
(Supplementary Fig. 4). We then compared the T-ALL INKA scores with the INKA scores 
of a published AML phosphoproteomic dataset 22. We identified differential (FDR < 0.1) 
kinase activities that characterize the myeloid and lymphoid lineages, further highlighting 
the relevance of the acquired phosphoproteome data. Both types of leukemia have high 
activation of SFKs. However, while T-ALL shows high activity of LCK, SRC, ABL1, YES1, and 
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FYN, AML cells show activation of LYN and HCK only (Fig. 1e). Interestingly, the ETP-ALL-
like cell line LOUCY and the LMO2-rearranged MOLT-16 cells show activation of LYN and 
HCK as well (Fig. 1b and 1e), indicating that subsets of T-ALL cells can present myeloid-
like signaling features, along with the expression of known immature markers such as 
CD34. Furthermore, we could identify other subtype-specific kinases such as the Bruton 
Tyrosine Kinase BTK and FLT3 for AML, while ITK and ZAP70 were identified for T-ALL 
(Fig. 1e). These activities reflect active signaling pathways and can arise independently 
from known activating mutations in kinase-coding genes in these lines. Therefore, our data 
give a comprehensive overview of kinase activation in T-ALL cell line models and points to 
several potentially targetable activities that could represent novel leukemia vulnerabilities.
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Figure 1. Phosphoproteomic profiling and INKA analysis identify active kinases in T-ALL. a Ex-
perimental overview. Protein extracts from 11 T-ALL cell lines were enriched for phosphopeptides by 
anti-phosphotyrosine immunoprecipitation (IP) and titanium dioxide (TiO2)-enrichment. Phosphor-
ylated proteins were identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS). 
Kinase activities were inferred and ranked using the INKA pipeline27 and selected kinase inhibitors 
were tested in vitro. b Top20 INKA kinases inferred from the phospho-tyrosine (pY) dataset. Each 
bar plot illustrates the highest 20 active kinases in each cell line ranked on their INKA score. Red, 
LCK; blue, ABL1; grey, SRC; orange, INSR/IGF-1R; striped pattern, myeloid-lineage kinases (LYN and 
HCK). c Top20 INKA kinases inferred from the TiO2 dataset. Each bar plot illustrates the highest 20 
active kinases in each cell line ranked on their INKA score (each graph is representative of a technical 
duplicate). Purple, CDK1/2; dark green, PAK1/2; light green, AKT; yellow, mTOR; pink, MAPK; red, LCK, 
Blue: ABL1. d INKA scores correlation plots for biological duplicates in pY and TiO2 datasets. Each 
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plot shows the correlation of the INKA scores between biological duplicates for LOUCY and CCRF-
CEM cell lines in both the pY and TiO2 datasets (Pearson’s correlation, two-sided Student’s t-test, 
p < 0.001). e Heatmap illustrating significantly different (FDR < 0.1) kinases based on INKA scores in 
T-ALL (pY dataset) and AML (pY dataset; 22) cell lines. 

The CDK1/2 inhibitor milciclib effectively induces G1-cell cycle arrest in T-ALL 
cell lines in vitro

Based on the kinases identified in our phosphoproteome profiling study, we tested the 
sensitivity of the cell lines to multiple kinase inhibitors in vitro (Supplementary Table 2) to 
uncover signaling dependencies that can be exploited for targeted therapy. Despite the 
high ranking of CLK1 (Top7 TiO2-INKA ranking in every cell line, Fig.1c), the CLK1 inhibitor 
TG-003 had only limited cytotoxic efficacy in these lines (Supplementary Fig. 5a). In 
addition, the PAK1/2 inhibitor FRAX597 showed some effects in ALL-SIL and HSB-2 cells, 
with IC50 values around 400nM, but was less effective in the other cell lines (IC50 values 
above 1µM; Supplementary Fig. 5b). Therefore, CLK1 or PAK1/2 inhibition alone do not 
suffice to effectively impair T-ALL cell survival. Similar results were obtained with the AKT 
inhibitor ipatasertib (Supplementary Fig. 5c). Despite the low ranking of mTOR activity, the 
mTOR inhibitor sirolimus significantly reduced cell viability at nanomolar concentrations in 
five cell lines (Supplementary Fig. 5d). Of note, no effect was seen upon mTOR inhibition in 
healthy human thymocytes (Supplementary Fig. 5e). Jurkat cells showed high ERK activity 
(MAKP1 and MAPK3), but cells were insensitive to the MEK inhibitor selumetinib, indicating 
that Jurkat cells do not essentially depend on ERK signaling for survival (Supplementary 
Fig. 5f). In the TiO2-INKA dataset, CDK1 and CDK2 were the top2 ranking kinases in all 
cell lines analyzed (Fig.1c). Interestingly, the CDK1/2 inhibitor milciclib induced an effective 
reduction of cell survival in all lines tested, with IC50 values between 50nM and 1µM 
(Fig. 2a). To investigate the mechanism of action, we performed cell cycle analysis that 
highlighted an induction of G1-arrest upon milciclib treatment (Fig. 2b). Annexin V/PI staining 
revealed that induction of apoptosis only occurs at higher drug concentrations (1µM) with a 
drastic effect in HSB-2 cells and a less pronounced effect in the remaining lines, indicating 
that milciclib mainly acts as a cytostatic drug (Fig. 2c). To investigate potential cytotoxic 
mechanisms in HSB-2 cells, we looked for possible off-target effects of milciclib. Thus, we 
browsed the publicly available chemical proteomic database ProteomicsDB 28,29 (https://
www.proteomicsdb.org/) and found that milciclib can also inhibit LCK (EC50 1.4µM). We 
validated the reduced phosphorylation of SFKs, including LCK, upon milciclib treatment 
by western blot (Fig. 2d). Since HSB-2 cells present a driver TCRβ-LCK translocation that 
induces ectopic LCK expression, cells highly depend on LCK signaling for their survival. 
Therefore, milciclib efficacy in T-ALL could be higher in LCK-dependent cells. Eventually, 
we confirmed milciclib treatment efficacy in 4 T-ALL patient-derived xenografts treated ex 
vivo (Supplementary Fig. 5g and h).
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Figure 2. The CDK1/2 inhibitor milciclib induces G1 arrest in T-ALL cell lines. a Dose-response 
curves of milciclib treatment in 11 T-ALL cell lines. Cells were treated with increasing concentrations 
of milciclib (3.2nM-32µM range) in triplicate and cell viability was assessed after 72 hours using the 
colorimetric MTT assay. Cell survival was calculated in comparison to the untreated control. Each 
point represents the mean and standard deviation of the triplicate. The green box shows the corre-
sponding clinical concentration range of milciclib used in patients enrolled in clinical trials 51. b Cell 
cycle analysis upon milciclib treatment. Cells were treated with either 100nM or 1µM milciclib for 
72 hours and cell cycle analysis was performed via Hoechst-DNA staining and FACS analysis. The 
graphs show the average and standard deviation of three independent experiments. Significance 
was determined using a paired, two-tailed Student’s t-test and annotated as “ns” (not significant, p 
≥ 0.05), * (p< 0.05), ** (p< 0.01). c Detection of apoptotic cells upon milciclib treatment. Cells were 
treated with either 100nM or 1µM milciclib for 72 hours and Annexin V/ Propidium Iodide (PI) staining 
was used to detect apoptosis. Apoptotic cells were identified as the sum of the Annexin V+ cells and 
Annexin V+/PI+ cells. The percentage of apoptotic cells is calculated compared to untreated control 
cells. The graphs show the average and standard deviation of three independent experiments. Sig-
nificance was determined using a paired, two-tailed Student’s t-test and annotated  as * (p< 0.05),  
** (p< 0.01),  **** (p< 0.0001). If not annotated, the results were not significant (p ≥ 0.05). d Western 
blot analysis upon milciclib treatment. HSB-2 cells and P12-ICHIKAWA cells were treated with 100nM 
milciclib for 72 hours and 20µg of protein was used for each condition. The image is representative 
of three independent experiments. 
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T-ALL cell lines show limited sensitivity to SRC-family kinases inhibition in vitro
To further investigate the potential of LCK as therapeutical target, we analyzed the 
pY dataset. A predominant role of Src-family members emerged among the detected 
tyrosine kinases, in particular LCK and SRC (Fig. 1b). Despite the ranking of SRC and LCK 
as Top2 pY-kinases in most lines (Fig. 1b and Supplementary Fig. 2a and b), only HSB-2 
and ALL-SIL cells were highly sensitive to ATP-competitive SRC/ABL inhibitors (dasatinib, 
ponatinib, bosutinib, nilotinib, and imatinib) with IC50 values below 100nM. These lines are 
characterized by a TCRβ-LCK translocation or a NUP214-ABL1 fusion, respectively (Fig. 
3a). The PEER cell line, also described as a NUP214-ABL1 fusion-positive line, had a low 
sensitivity to SKFs inhibition (IC50 for SRC/ABL inhibitors above 1µM except for ponatinib, 
834nM. Fig. 3a). The remaining cell lines responded to increasing doses of SRC/ABL 
inhibitors, but at concentrations beyond the clinically relevant concentrations that are 
achieved in patient’s plasma (Supplementary Fig. 6a-e). Similar results were obtained 
with the LCK inhibitor A-420983 (Fig. 3a). Given the broad activation of SFKs detected, 
we then investigated the effects of dasatinib treatment. Western blotting confirmed high 
expression of both SRC and LCK in the cell line panel (Fig. 3b) and the lines with the 
highest LCK and SRC expression were used to investigate the effect of dasatinib in vitro. 
Dasatinib treatment (100nM) for three days induced an effective decrease of phospho-
LCK and phospho-SRC in all these lines as well as an apparent downregulation of total 
LCK expression (Fig. 3c), without affecting the cell viability (Fig. 3a and Supplementary 
Fig. 6f) while HSB-2 cells show induction of apoptosis already after 16 hours of dasatinib 
treatment (Supplementary Fig. 6g).  Thus, our data suggest that LCK and SRC are highly 
active in T-ALL, but the pharmacological inhibition of these activities is only effective 
in HSB-2 and ALL-SIL that harbor rearrangements in LCK or NUP214-ABL1, respectively. 
Remarkably, dasatinib-resistant T-ALL cell lines also downregulate LCK upon dasatinib 
treatment, indicating their limited dependency on LCK activity for their survival. Therefore, 
the inhibition of LCK alone seems not a universal effective treatment for every T-ALL, 
possibly due to the activation of alternative signaling routes.
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Figure 3. T-ALL cell lines show limited sensitivity to SFKs inhibition in vitro. a Dose-response 
curves of SFKs inhibitors treatment in 11 T-ALL cell lines. Cells were treated with increasing concen-
trations of different SFKs inhibitors: dasatinib, bosutinib, A-420983, ponatinib, imatinib and nilotinib 
(3.2nM–32µM range) in duplo and cell viability was assessed after 72 hours using the ATPLite assay 
(PerkinElmer). Cell survival was calculated in comparison to the untreated control. Each point rep-
resents the mean and standard deviation of the duplicate. The green box shows the range of clinical 
concentrations either derived from pharmacodynamics studies or based on drug dosages used in 
current clinical trials 52-55. b Western blot analysis showing LCK and SRC expression in untreated 
T-ALL cell lines. 30µg of protein input was used for each sample. The image is representative of two 
independent experiments. c Western blot analysis upon dasatinib treatment. Cell lines expressing 
high levels of LCK and/or SRC were treated with 100nM dasatinib for 72 hours and 30µg of protein 
was used per sample. The image is representative of two independent experiments. 
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Inhibition of the INSR/IGF-1R axis sensitizes T-ALL cells to dasatinib treat-
ment in vitro

To further investigate the role and the possible targeting of Src-family kinases in T-ALL, 
we looked for possible upstream kinases or receptors that can explain the activation of 
LCK and the other SFKs. Interestingly, INSR and IGF-1R were amongst the top20-activated 
kinases in the pY-INKA profiles for nine out 11 lines (Fig.1b and Fig. 4a). Therefore, we tested 
the sensitivity of these lines to the INSR/IGF-1R inhibitor BMS-754807. ALL-SIL, HPB-ALL, 
and MOLT-16 demonstrated sensitivity to single BMS-754807 treatment with IC50 values 
below 300nM while most of the other cell lines had IC50 values around 1µM (Fig. 4b). SUP-T1 
and Jurkat cells were resistant to BMS-754807 treatment (IC50 approximately 10µM) despite 
the predicted INSR/IGF-1R activity (Fig. 4b) possibly due to alternative survival signaling 
pathways. Since SRC can act as signal transducer downstream of several membrane-
receptors, we questioned whether lines with active SRC, LCK, and INSR/IGF-1R signaling 
could benefit from combined SFKs and INSR/IGF-1R signaling inhibition. Therefore, we 
evaluated the effect of the addition of a low BMS-754807 dose (IC20) to the dasatinib 
treatment in vitro. The lowest dose of dasatinib tested (3.2nM) in combination with low 
concentrations of BMS-754807 (30-300nM) showed a synergistic and superior effect 
compared to the single treatments (Fig. 4c and d). For SUP-T1 cells, the addition of 30nM 
BMS-754807 to the dasatinib treatment strongly enhanced the cytotoxic effects (CI<0.1; 
Fig. 4d). As validation of the combined treatment strategy, two other INSR/IGF-1R inhibitors 
were tested in SUP-T1 cells, linsitinib (OSI-906) and GSK-4529A, respectively. Like the 
BMS-754807 single treatment,  SUP-T1 cells showed low sensitivity to both INSR/IGF-1R 
inhibitors as monotherapy (Supplementary Fig. 7a and b). However, the combination of a 
low dose (IC20) of linsitinib or GSK-4529A to the dasatinib treatment in vitro confirmed the 
synergism of simultaneous SRC/LCK and INSR/IGF-1R inhibition (Fig. 4e). 
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Figure 4. IGF-1R inhibition can sensitize cells to dasatinib treatment. a Bar plots of the INKA 
scores inferred from the pY dataset for IGF-1R and INSR in each cell line. b Dose-response curves of 
BMS-754807 treatment in 11 T-ALL cell lines. Cells were treated with increasing concentrations of the 
INSR/IGF-1R inhibitor BMS-754807 (3.2nM–32µM range) in duplicates. Cell survival after 72 hours was 
calculated in comparison to the untreated control. Each point represents the mean and the standard 
deviation of the duplicates. c Sensitivity to dasatinib, BMS-754807 and the combination of 3.2nM 
dasatinib with the IC20 concentration of BMS-754807 (30-300nM) for SUP-T1, Jurkat and KARPAS-45 
cells. Data is shown as mean and standard deviation of two independent experiments performed 
in triplicate. d Dose-response curves of dasatinib, BMS-754807 and combination of dasatinib and a 
fixed concentration of BMS-754807 treatment in SUP-T1 cells. Cells were treated for 72 hours with 
increasing concentrations of either dasatinib or BMS-754807 alone or with a combination of dasatinib 
(3.2nM–32µM range) with a fixed concentration of BMS-754807 (30nM, corresponding to the IC20 
of the single treatment for SUP-T1 cells indicated by the dotted line), in triplicate. Cell survival was 
calculated in comparison to the untreated control. The graph is representative of three independent 
experiments. CI: combination Index. e Dose-response curves of dasatinib, linsitinib, GSK-4524A and 
combination of dasatinib and a fixed concentration of either linsitinib or GSK-4529A treatment in 
SUP-T1 cells. Cells were treated for 72 hours with increasing concentrations of dasatinib or linsitinib/
GSK-4529A alone or with a combination of dasatinib (3.2nM–32µM range) with a fixed concentration 
of linsitinib (500nM, corresponding to the IC20 of the single treatment for SUP-T1 cells indicated by the 
dotted line) or GSK-4529A (60nM, corresponding to the IC20 of the single treatment for SUP-T1 cells 
indicated by the dotted line), in triplicate. Cell survival was calculated in comparison to the untreated 
control. The graph is representative of three independent experiments. CI: Combination Index. 
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To investigate the mechanisms for the synergistic efficacy of this drug combination, we 
performed western blotting using SUP-T1 cells after treatment with dasatinib, BMS-754807, 
or their combination. Single 3.2nM dasatinib treatment reduced the phosphorylation of 
SFKs and ERK1/2 while single 30nM BMS-754807 treatment reduced the phosphorylation 
of IGF-1Rβ as well as AKT (S473) (Fig. 5a). No effect was detected on phospho-mTOR or 
phospho-p70 S6 kinase upon BMS-754807 treatment (Fig. 5a), indicating that the IGF-1R 
signaling converges mainly on AKT. Interestingly, upon IGF-1R inhibition, a slight increase 
in phosphorylation of SFKs was noticed (phospho-SRC family Y416), further pointing to a 
potential cross-talk between IGF-1R and SFKs. In fact, the combination of 3.2nM dasatinib 
and 30nM BMS-754807 showed a further decrease in the activation of IGF-1R (phospho-
IGF-1Rβ Y1135), phospho-AKT (S473) and phospho-SFKs (Fig. 5a). To further validate a role 
for AKT in IGF-1R and SFKs signaling, we tested the cytotoxic effects of the ATP-competitive 
AKT inhibitor ipatasertib and its combination with dasatinib treatment. Addition of 100nM 
ipatasertib to the dasatinib treatment enhanced the cytotoxic effects (CI<0.3; Fig. 5b). Thus, 
our data show that co-targeting of activated IGF-1R/AKT and SFKs (summarized in Fig. 5c) 
can extend the potential usage of dasatinib in T-ALL.
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Figure 5. Concomitant inhibition of SFKs and IGF-1R inhibits AKT. a Western blot of SUP-T1 cells 
treated with dasatinib, BMS-754807 or combination treatment. Cells were incubated for 72 hours 
with 3.2nM dasatinib, 30nM BMS-754807 or combined 3.2nM dasatinib and 30nM BMS-754807. 
50µg of protein input was used for each sample. The image is representative of two independent 
experiments. b Dose-response curves of dasatinib, ipatasertib and combination of dasatinib and 
a fixed concentration of ipatasertib treatment in SUP-T1 cells. Cells were treated for 72 hours with 
increasing concentrations of either dasatinib or ipatasertib alone or with a combination of dasatinib 
(3.2nM–32µM range) with a fixed concentration of ipatasertib (100nM, corresponding to the IC20 of 
the single treatment for SUP-T1 cells indicated by the dotted line), in triplicate. The data is presented 
as mean and standard deviation of the mean. The graph is representative of three independent ex-
periments. CI: Combination Index. c Graphical summary of the potential targeting of the INSR/IGF-1R 
axis and the SFKs signaling.

INKA-guided ex vivo drug screenings identify synergistic combinations in 
T-ALL patient-derived xenografts

To validate our approach, we performed phosphotyrosine proteome profiling followed by 
INKA prediction of active kinases using human T-ALL blasts that were obtained from four 
different murine patient-derived xenografts (Fig. 6a). INKA prediction of active tyrosine 
kinases highlighted SFKs activation (LCK, SRC, FYN, and YES1) in all the PDXs analyzed, 
as well as activation of the INSR/IGF-1R axis in two PDXs (PDX-01 and PDX-02) and to a 
lesser extent in PDX-04 that presented only INSR activity with a low ranking (Fig. 6b). All 
PDXs showed sensitivity to dasatinib treatment ex vivo with IC50 values lower than 100nM 
while PDX-01 showed also high sensitivity to the BMS-754807 single treatment with an IC50 
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of 234nM (Fig. 6c). To further validate the SFKs and INSR/IGF-1R combined inhibition as a 
putative treatment strategy, blasts obtained from the four different T-ALL PDXs were treated 
with either dasatinib, BMS-754807 or the combination of both drugs ex vivo using a 10-by-
10 drug combination matrix as illustrated in Fig. 6a. Zero-Interaction Potency (ZIP) analysis 
30 of the drug matrix identified synergy between dasatinib and BMS-754807 treatment in 
one out of four PDXs (PDX-02) already at nanomolar concentrations, as illustrated in Fig. 
6d. PDX-01 showed already high sensitivity to both single treatments (Fig. 6c) with the 
drug combination treatment yielding only an additive effect (ZIP synergy scores lower 
than 10). However, PDX-02 which had lower sensitivity to BMS-754807 single treatment 
(IC50 675nM), showed high synergy upon combined dasatinib and BMS-754807 treatment, 
indicating that an active INSR/IGF-1R axis is a targetable vulnerability. Importantly, none of 
the PDXs carried any somatic mutation in the INSR or IGF1R gene (Supplementary Data 
1), highlighting the power of phosphoproteomics in uncovering non-genomic targets for 
therapy. Consistent with a lack of INSR/IGF-1R activity (Fig. 6b), PDX-03 did not benefit from 
the combination treatment (Fig. 6d). For PDX-04, INKA analysis predicted only INSR activity 
with a low ranking (16/20; Fig. 6b) indicating that INSR is not one of the dominant activities 
and thus explaining the lack of synergy upon combination treatment. Nevertheless, PDX-04 
presented high Janus kinases (JAKs) activity which was absent in the other PDXs (Fig. 6b). 
Interestingly, the high JAK3 activity correlated with the presence of an activating JAK3M511I  
mutation (Supplementary Data 1). Therefore, we tested whether the combination of the 
JAK inhibitor ruxolitinib with dasatinib could be an effective treatment option for this specific 
T-ALL case. As shown in Fig. 6e, PDX-04 was the only sample sensitive to ruxolitinib ex vivo 
(IC50 < 100nM) while the other PDXs remained completely insensitive to the treatment (IC50 

> 10µM). Moreover, ZIP analysis of the drug combination matrix identified synergy between 
ruxolitinib and dasatinib only when high JAK activity was predicted (PDX-04, Fig. 6f). Thus, 
the prediction of highly active kinases from phosphoproteomic data can guide the ex vivo 
evaluation of effective drug combination treatments which can differ from patient to patient.
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Figure 6. INKA prediction of active kinases identifies synergistic combinations in patient-derived 
xenografts. a PDXs were obtained from T-ALL primary cells expanded in NSG mice. Purified human 
blasts were used for phosphoproteomics, INKA analyses, and ex vivo drug screening using a 10-by-10 
drug concentrations matrix. b Top20 INKA kinases from the phosphotyrosine (pY) dataset. Each bar 
plot illustrates the highest 20 active kinases in four PDXs ranked on their INKA score. Orange, INSR/
IGF-1R; grey, JAKs; c Dose-response curves of dasatinib and BMS-754807 in T-ALL PDX cells (T-ALL 
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PDX-01 to 04). Cells were treated for 72 hours with increasing concentrations of either dasatinib or 
BMS-754807 (1nM–10µM range) and viability was calculated in relation to untreated control cells 
(DMSO only). Each point represents the mean and standard deviation of the duplicate. d Zero-Inter-
action Potency (ZIP) synergy scores for the combination of dasatinib and BMS-754807 in a 1nM-10µM 
concentration range. Cells were treated with either one of the single drugs or a drug combination 
for 72 hours in duplicate. Cell survival was calculated in comparison to untreated cells (DMSO only). 
ZIP values lower than 0 indicate an antagonistic effect of the drug combination (blue), values be-
tween 0 and 10 indicate an additive effect (white to light red) while values above 10 (corresponding 
to a deviation from the reference model above 10%) indicate synergy (dark red and outside black 
dashed line). Each drug screening was performed in duplicate. e Dose-response curves of dasatinib 
and ruxolitinib in T-ALL PDX cells. Cells were treated for 72 hours with increasing concentrations of 
either dasatinib or ruxolitinib (1nM–10µM range) and viability was calculated in relation to untreated 
control cells (DMSO only). Each point represents the mean and standard deviation of the duplicate. 
f ZIP synergy scores for the combination of dasatinib and ruxolitinib in a 1nM - 10µM concentration 
range. Cells were treated with either one of the single drugs or a drug combination for 72 hours in 
duplicate. Relative viability vas calculated in comparison to untreated cells (DMSO only). Each drug 
screening was performed in duplicate. Source data are provided as a Source Data file.

DISCUSSION

The identification of new targeted drugs is urgently needed to prevent relapses, overcome 
therapy resistance, and avoid excessive toxicities for T-ALL patients. Genomic-guided 
therapy has thus far not led to the wide implementation of targeted agents in T-ALL 31,32. 
However, protein analyses can provide useful insights for the identification of cellular 
dependencies that translates into targetable leukemia vulnerabilities 4. In this study, 
we performed an exploratory, global, unbiased phosphoproteome profiling to identify 
targetable kinases in T-ALL and to establish a proteome platform that can complement 
genomic analyses for the investigation of leukemia dependencies. In our initial analysis 
of 11 T-ALL cell lines, we identified highly active tyrosine kinases (LCK, SRC, FYN, YES1, 
LYN, INSR, and IGF-1R) as well as serine/threonine kinases (CDK1/2, AKT, and PAK1/2). 
Moreover, the comparison of the phosphoproteomes of T-ALL and AML revealed active 
kinases that reflect differences in their hematopoietic lineages of origin, independently of 
the presence of known signaling mutations, highlighting the additional value of MS-based 
phosphoproteome profiling. Next, we screened several clinical kinase inhibitors in vitro and 
found that the CDK1/CDK2 inhibitor milciclib has a cytostatic effect in T-ALL cells. Milciclib is 
under clinical investigation for the treatment of thymoma and hepatocellular carcinoma 33. 
Currently, clinical studies are investigating other CDKs inhibitors (ribociclib and palbociclib) 
for the treatment of relapsed T-ALL 12 and milciclib may be an additional treatment option. 

Cells with ABL1 or LCK driving oncogenic aberrations showed high sensitivity to SRC/
ABL inhibitors, including dasatinib, while the remaining cell lines had a limited response, 
despite the prediction of highly active Src-family members. Therefore, elevated LCK 
activity seems not to translate into cellular dependency in all T-ALL specimens. In 2017, 
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Frismantas and colleagues showed that up to 30% of T-ALLs were sensitive to dasatinib 
ex vivo in the absence of ABL1 abnormalities. This dasatinib-responsiveness correlated 
with higher levels of phosphorylated SRC in sensitive cells 34. In line with this previous 
study, our PDX models showed high sensitivity to dasatinib ex vivo in the absence of LCK 
or SRC mutations (Supplementary Data 1), underscoring the potential use of this drug 
for T-ALL treatment. Recently, a pharmacogenomic study on pediatric T-ALL identified 
LCK, but not SRC, as driver of dasatinib sensitivity in up to 40% of pediatric T-ALL cases. 
The observed LCK activity correlated with pre-TCR signaling and relatively more mature 
developmental stages (TAL/LMO) 35, while immature ETP-ALL cells were less sensitive to 
dasatinib. In our study, the immature T-ALL cell line LOUCY indeed showed lower LCK 
activity but increased activation of myeloid kinases such as LYN and HCK. Given the 
lower response to dasatinib for most of the cell lines in our panel, possibly due to the 
presence of alternative escape signaling routes, we found that the co-inhibition of the 
INSR/IGF-1R axis and SFKs was strongly synergistic. We provided evidence that the INSR/
IGF-1R axis is active in most T-ALL cell lines and that the pharmacological inhibition of IGF-1R 
sensitizes T-ALL cells to dasatinib treatment, indicating important cross-talks between 
INSR/IGF-1R and SFKs. These results are in line with previous studies that identified INSR/
IGF-1R activation as a bypass mechanism in solid tumors with intrinsic resistance to tyrosine 
kinase inhibitors 36-38. Moreover, preclinical investigations showed that a subset of T-ALL 
cells is sensitive to INSR/IGF-1R inhibition without presenting any activating mutations 
in these receptor kinase-coding genes 39,40. We validated the targeting of active INSR/
IGF-1R signaling either as single treatment or in combination with dasatinib in two PDX 
models. In line with previous observations, both PDXs did not carry any somatic mutation 
in INSR or IGF1R. The lack of mutations that could explain the active INSR/IGF-1R signaling 
underscores the role of phosphoproteomics in highlighting relevant signaling nodes 
which would have not been uncovered via genomic analyses. Interestingly, Gocho and 
colleagues showed modulation of INSR activity upon dasatinib treatment in dasatinib-
sensitive T-ALL patient-derived murine xenografts 35, further strengthening the observation 
that the INSR/IGF-1R and SFKs signaling can be interconnected and can mutually affect 
each other, as summarized in Fig. 5c, and illustrated in kinase-substrate relation networks 
in Supplementary Fig. 8. Two studies highlighted the role of dendritic cells and tumor-
associated myeloid cells in supporting T-ALL growth in stromal niches via IGF-1R activation 
41,42, emphasizing the relevance of this signaling pathway in the pathobiology of T-ALL. The 
tumor niche can provide a protective microenvironment, and therefore the simultaneous 
blocking of IGF-1R and SFKs signaling should be further investigated for T-ALL patients. 
Furthermore, since several studies highlighted a role for LCK in supporting resistance to 
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glucocorticoids in T-ALL 43,44, targeting LCK activation could provide additional benefits 
to other combination therapies. Multiple clinical trials are investigating the JAK inhibitor 
ruxolitinib for the treatment of T-ALL in the presence of JAK mutations 12. Here, we show 
that ruxolitinib treatment is effective ex vivo in T-ALL cells with elevated JAK kinase activity. 
Interestingly, the elevated JAK3 activity correlated with the presence of an activating 
JAK3 mutation, highlighting that driving oncogenic aberrations can also be detected at 
the signaling level. Moreover, ruxolitinib can synergize with dasatinib treatment in JAK- 
and SFKs-activated cells, indicating another putative combinatorial strategy for selected 
T-ALL cases. Therefore, our phosphoproteomic profiling provides a platform for the 
investigation of combinatorial treatments and for the identification of non-genomic leukemia 
dependencies. Such dependencies can be further exploited as leukemia vulnerabilities 
for personalized treatment. 

INKA-based selection of (combination) treatments has been already validated in the context 
of solid tumors27 and acute myeloid leukemia22,45, underscoring the functional value of the 
pipeline. Future T-ALL studies should include an in vitro screening platform that can allow 
blasts proliferation ex vivo to study drugs affecting the cell cycle, as well as an extended 
PDXs cohort comprising all the different T-ALL subtypes. Further in vivo investigations of 
selected drug combinations should address not only the efficacy and tolerability of these 
treatments (i.e., toxicities) but also the role of the microenvironmental niches that can 
support blasts growth and survival. Such investigations could allow the direct translation 
of the preclinical findings to the clinical settings. In conclusion, we provide evidence 
that phosphoproteomics can guide the selection of targets for ex vivo drug screening to 
evaluate the most effective treatment strategy.

METHODS

Cell culture
Cell lines (Supplementary Table 1) were purchased from DSMZ (Germany) or ATCC (USA) 
and maintained in RPMI1640 + GlutaMax® (Gibco) supplemented with 10% fetal bovine 
serum (Gibco) and antibiotics at a density of 0.2-2 x 10^6 cells/ml in a humidified incubator 
with 5% CO2 at 37°C.  Cells were periodically tested for the absence of mycoplasma 
contamination using the MycoAlert Mycoplasma Detection Kit (Lonza cat# LT07-118). Cell 
lines authentication was performed via short tandem repeat (STR) profiling.
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Western Blotting
Membranes were incubated with the following primary antibodies (1:1,000 dilution, if not 
stated otherwise): anti-P-Tyr-1000 (Cell Signaling Technology cat# 8954), anti-Lck (Cell 
Signaling Technology cat# 2752), anti-Src L4A1 (Cell Signaling Technology cat# 2110), 
anti-phospho Lck (Tyr505) (Cell Signaling Technology cat# 2751), anti-phospho Src Family 
(Tyr416) (Cell Signaling Technology cat# 2101), anti-IGF1Rβ (Cell Signaling Technology 
cat# 3027), anti-phospho IGF1Rβ (Tyr1135) (Cell Signaling Technology cat# 3918), anti-
phospho mTOR (Ser2448) (Cell Signaling Technology cat# 2971), anti-phospho p70 S6K 
(Thr421/Ser424) (Cell Signaling Technology cat# 9204), anti-AKT (Cell Signaling Technology 
cat# 9272), anti-phospho AKT (Ser473) (Cell Signaling Technology cat# 9271), anti-p44-
42 MAPK (ERK1/2) (137F5) (Cell Signaling Technology cat# 4695), anti-phospho p44-42 
MAPK (Thr202/Tyr204) (D13.14.4E) (Cell Signaling Technology cat# 4370), anti-cleaved 
caspase-3 (Asp175) (Cell Signaling Technology cat# 9661), and anti-β actin (Abcam, cat# 
ab6276, 1:10,000).

For protein bands staining, SDS-PAGE gels were stained using the Colloidal Blue Staining 
kit (Invitrogen cat# LC6025) according to the manufacturer protocol. Uncropped and 
unprocessed blots are provided in the Source Data file.

Flow cytometry
Experiments were performed using the ZE5 flow cytometer (BioRAD). For cell cycle analysis, 
200,000  cells per condition were stained with Hoechst (7.5µg/ml) for 1 hour at 37⁰C and 
then incubated for 15 minutes on ice before FACS analysis. For Annexin V/propidium iodide 
(PI) staining of apoptotic cells, 200,000 cells were stained with Annexin V-APC antibody 
(Biolegend cat# 640920) diluted 1:20 in Annexin V-binding buffer (Invitrogen cat# V13246) 
for 15 minutes at room temperature (RT) in the dark. PI (Miltenyi) was added at a final 
concentration of 0.5µg/ml just before the FACS measurement. Data analysis was performed 
using FlowJo v10.7.1 (FlowJo).  Examples of the sequential gatings used for the FACS data 
analyses are shown in Supplementary Fig. 9. 

Generation of patient-derived xenografts
Blasts obtained from pediatric patients diagnosed with T-ALL were provided by the Dutch 
Childhood Oncology Group (DCOG) upon signed informed consent and in accordance 
with the declaration of Helsinki. Animal experiments were approved by the Animal 
Welfare Committee of the Princess Máxima Center for pediatric oncology (Utrecht, the 
Netherlands) and were carried out at the animal facility of the Hubrecht Institute (Utrecht, 
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the Netherlands) under specific pathogen-free conditions and in accordance with animal 
welfare, FELASA (Federation of European Laboratory Animal Science Associations), ethical, 
and institutional guidelines. Mice were hosted in individually ventilated cages in groups 
of 2-3 mice per cage. Briefly, viably frozen human blasts were intravenously injected into 
immunocompromised NOD/scid/Gamma (NSG) female mice of 8-10 weeks of age (Charles 
River, France). Mice were constantly monitored for leukemia development and disease 
burden was assessed by detection of human CD45+ cells in the murine blood by tail vein 
cut and FACS analysis. Mice were sacrificed when presenting symptoms of leukemia (lack of 
grooming and activity, hunched back position, visible loss of weight) or when the circulating 
human CD45+ cells reached 50%. Human blasts were isolated from the murine spleen 
using the Lymphoprep density gradient separation (STEMCELL technologies, Canada). 
Purified blasts were either immediately harvested for phosphoproteomic analyses or viably 
frozen until further usage. The mutational status of primary cells and their related PDXs was 
previously investigated by whole-exome sequencing 46. The full list of somatic mutations 
of the T-ALL xenografts used in this study is reported in Supplementary Data 1.

Phosphorylated peptide enrichment and mass spectrometry analysis
Cell lines were harvested in their exponential growth phase to preserve physiological 
signaling while human CD45+ blast obtained from the murine spleen were immediately 
harvested after the Lymphoprep density gradient separation. Briefly, cells were spun down 
at 250 x g for 5 minutes, washed in cold PBS, spun down again, and harvested in 9M 
urea/20mM HEPES (pH 8) lysis buffer containing 1mM sodium orthovanadate, 2.5mM sodium 
pyrophosphate, and 1mM β-glycerophosphate. Cell lysates were thoroughly vortexed at 
maximum speed for 30 seconds, snap-frozen in liquid nitrogen and stored at -80⁰C until 
further usage. Before the enrichment step, lysates were thawed, sonicated three times at 
18-micron amplitude (30 seconds on/60 seconds off) using the MSE Soniprep 150 sonicator 
(MSE) on ice. Cleared lysates were diluted to a concentration of 2mg/ml and 5mg of protein 
input was used for each sample. Proteins were reduced with 2mM DTT for 30 minutes at 
55⁰C, alkylated using 5mM iodoacetamide for 15 minutes at RT in the dark and eventually 
digested overnight with Sequencing Grade Modified Trypsin (Promega cat# V5111) at RT. 
Digested peptides were purified using OASIS HLB Cartridges (6 cc, 500 mg Sorbent, 
60 µm particle size. Waters cat# 186000115) and lyophilized. Phospho-tyrosine peptides 
were enriched via immunoprecipitation (IP) using the PTMScan® Phospho-Tyrosine Rabbit 
mAb (P-Tyr-1000) Kit (Cell Signaling Technology cat# 8803) according to the manufacturer 
protocol, using 4µl of bead slurry for each mg of protein input. Phospho-tyrosine peptides 
were eluted in 0.15% trifluoroacetic acid (TFA) and the unbound peptide fraction was used 
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for complementary phospho-serine and phospho-threonine peptides capturing using 
custom-made TiO2 C8-fitted tips. Eventually, eluted phosphorylated peptides were desalted 
using 20µl SDB-XC StageTips (Prepared from Empore™ SPE Disks with SDB-XC, Sigma cat# 
66884-U) prior to LC-MS analysis. For global protein expression analysis, 1µg of total lysate 
was subjected to liquid chromatography-mass spectrometry (LC-MS). LC-MS analyses were 
performed as previously described 27. Briefly, phosphopeptides were dried in a vacuum 
centrifuge and dissolved in 20µl 0.5% trifluoroacetic acid (TFA)/4% acetonitrile (ACN) prior 
to injection; 18µl was injected using partial loop injection. Peptides were separated by an 
Ultimate 3000 nanoLC-MS/MS system (Thermo Fisher) equipped with a 50cm × 75μm ID 
Acclaim Pepmap (C18, 1.9μm) column. After injection, peptides were trapped at 3μl/min on a 
10mm × 75μm ID Acclaim Pepmap trap at 2% buffer B (buffer A: 0.1% formic acid (FA); buffer 
B: 80% ACN, 0.1% FA) and separated at 300nl/min in a 10–40% buffer B gradient in 90 min 
(125 min inject-to-inject) at 35°C. Eluting peptides were ionized at a potential of +2 kVa into 
a Q Exactive HF mass spectrometer (Thermo Fisher). Intact masses were measured from 
m/z 350-1400 at resolution 120,000 (at m/z 200) in the Orbitrap using an AGC target value 
of 3E6 charges and a maxIT of 100ms. The top 15 for peptide signals (charge-states 2+ and 
higher) were submitted to MS/MS in the HCD (higher-energy collision) cell (1.4 amu isolation 
width, 26% normalized collision energy). MS/MS spectra were acquired at resolution 15,000 
(at m/z 200) in the Orbitrap using an AGC target value of 1E6 charges, a maxIT of 64 ms and 
an underfill ratio of 0.1%. This results in an intensity threshold for MS/MS of 1.3E5. Dynamic 
exclusion was applied with a repeat count of 1 and an exclusion time of 30s. For peptide and 
protein identification, MS/MS spectra were searched against theoretical spectra from the 
UniProt complete human proteome FASTA file (release January 2018, 42,258 entries) using 
the MaxQuant 1.6.0.16 software47 with the following settings: enzyme specificity= trypsin, 
missed cleavages allowed= 2, fixed modification= cysteine carboxamidomethylation; 
variable modification= serine, threonine and tyrosine phosphorylation, methionine 
oxidation, and N-terminal acetylation; MS tolerance= 4.5 ppm and MS/MS tolerance= 20 
ppm. For both peptide and protein identifications, the false discovery rate was set at 1% for 
filtering using a decoy database strategy. The minimal peptide length was set at 7 amino 
acids, the minimum Andromeda score for modified peptides at 40, and the corresponding 
minimum delta score at 6. Moreover, the “match between runs” option was used to 
propagate the peptides identification across samples. 

Isolation of human thymocytes and ex vivo drug treatment
Normal pediatric thymic tissues were obtained according to the study protocol TCbio-18-181 
approved by the ethical committee and the biobank of the Utrecht university medical center 
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(the Netherlands). Informed written consent for research purposes was provided by all the 
legal guardians of the participants. Briefly, after surgical removal, thymic tissue biopsies 
were mechanically disrupted in RPMI-1640 medium (Gibco) supplemented with fetal bovine 
serum (Gibco) and antibiotics to obtain a single-cell suspension. Isolated thymocytes were 
washed in PBS and contaminating red blood cells were removed via osmotic shock using 
the RBC lysis buffer (BioLegend, cat #420301) according to the manufacturer protocol. 
Cells were diluted to a concentration of 2.5 x 10^6 cells/ml and dispensed into a 384 multi 
well plate (Corning) using the semi-automated Multidrop dispenser (Thermo Fisher) in 
duplicates. Drugs were diluted in DMSO at a concentration of 10mM and dispensed using 
a TECAN D300e digital dispenser in a range of 1nM – 10µM. Cell viability was evaluated at 
the time of seeding (t=0) and after 72 hours incubation using the CellTiter-Glo luminescence 
assay (Promega) according to the manufacturer protocol.

INKA analyses
Inference of highly active kinases from phosphoproteomic data was performed as 
previously described 27. Integrative iNferred Kinase Activity (INKA) scores are calculated 
based on 4 parameters: the sum of all phosphorylated peptides belonging to a kinase; 
the detection of the phosphorylated kinase activation domain (kinase-centric parameters), 
3) the detection of known phosphorylated substrates and the presence of predicted 
phosphorylated substrates (substrate-centric parameters) 22,27. The latest version of the 
INKA pipeline is available online at https://inkascore.org/.

Drug screenings
Cytotoxicity assays were performed as previously described 48. Alternatively, cells 
were seeded in triplicate in 96-multiwell plates and incubated with kinase inhibitors 
(Supplementary Table 2) in a concentration range from 3.2nM to 32µM for 72 hours. For 
combination treatment assays in cell lines, a fixed concentration of BMS-754807, linsitinib, 
GSK-4529A, or ipatasertib was added to the dasatinib range. Cell viability was calculated in 
relation to untreated control cells using the colorimetric Thiazolyl Blue Tetrazolium Bromide 
(MTT) assay (Sigma-Aldrich cat# 475989). Graphs were obtained using the GraphPad 
Prism 9.0.1 software (GraphPad Prism, nonlinear regression, inhibitor vs response; three 
parameters). Synergy upon treatment combination was calculated using the Chou-Talalay 
method 49, according to the following formula: combination index (CI) = D1/Dx1 + D2/
Dx2 where Dx1 and Dx2 are the IC50 of the single drugs while D1 and D2 are the drug 
concentrations achieving 50% reduction in cell viability in the combined treatment.

162842_Valentina_Cordo_BNW-def.indd   76162842_Valentina_Cordo_BNW-def.indd   76 10-2-2023   10:47:1210-2-2023   10:47:12



77

Phosphoproteomic profiling of T-ALL

For synergy testing in PDXs, viably frozen T-ALL blasts purified from the murine spleen 
were thawed and cultured in RPMI1640 + GlutaMax® (Gibco) supplemented with 20% fetal 
calf serum (Gibco) and antibiotics in the absence of cytokines and feeder layer. Cells 
were dispensed into a 384 multi well plate (Corning) using the semi-automated Multidrop 
dispenser (Thermo Fisher) in duplicates. Drugs were diluted in DMSO at a concentration 
of 10mM and dispensed using a TECAN D300e digital dispenser in a range of 1nM – 10µM. 
Cell viability was evaluated at the time of seeding (t=0) and after 72 hours incubation using 
the CellTiter-Glo luminescence assay (Promega) according to the manufacturer protocol. 
Synergy was evaluated using the SynergyFinder R package (version 2.4.16) 50 applying the 
Zero-Interaction Potency (ZIP) method 30. In case of negative inhibition values, a partial 
correction was applied to avoid an overestimation of the synergistic effect with a combined 
treatment 30. Drug combinations with a ZIP synergy score higher than 10 (corresponding to 
a deviation from the reference model above 10%) were considered synergistic.

Data availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the dataset identifier PXD024807 ( 
http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD024807 ). The 
human Swiss-Prot database used for raw data search was downloaded from the UniProt 
database (https://www.uniprot.org/). The AML phosphoproteomic data22 used in Fig. 1e was 
downloaded from the ProteomeXchange Consortium using the accession code PXD007237 
(http://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD007237). The 
targets of milciclib were identified browsing the ProteomicsDB database 28,29 (https://www.
proteomicsdb.org/). 

Code availability
The latest version of the INKA code used in this manuscript is available online at https://
inkascore.org/.

Statistical analyses
Statistical analyses were performed via a paired, two-sided Student’s t-test using the 
GraphPad Prism 9.0.1 software (GraphPad Prism). The number of biological replicates and 
the exact p-values are indicated in the figure legends.
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Supplementary Table 2. Kinase inhibitors used in this study.

Kinase inhibitor Target Supplier Catalog number CAS number

Milciclib CDK1/2 MedChemExpress HY-10424 802539-81-7

Dasatinib ABL1/SFK Sigma-Aldrich CDS023389 302962-49-8

Imatinib mesylate BCR-ABL1 Sigma-Aldrich SML1027 220127-57-1

Ponatinib ABL1/SFK MedChemExpress HY-12047 943319-70-8

Bosutinib ABL1/SFK MedChemExpress HY-10158 380843-75-4

Nilotinib BCR-ABL1 MedChemExpress HY-10159 641571-10-0

A-420983 LCK Provided by Oncolines B.V. 330789-03-2

BMS-754807 INSR/IGF-1R MedChemExpress HY-10200 1001350-96-4

Linsitinib (OSI-906) INSR/IGF-1R MedChemExpress HY-10191 867160-71-2

GSK1904529A INSR/IGF-1R MedChemExpress HY-10524 1089283-49-7

TG003 CLK1 MedChemExpress HY-15338 719277-26-6

FRAX597 PAK MedChemExpress  HY-15542A 1286739-19-2

Ipatasertib AKT MedChemExpress HY-15186 1001264-89-6

Selumetinib MEK1/2 Selleckchem S1008 606143-52-6

Sirolimus mTOR MedChemExpress HY-10219 53123-88-9

Ruxolitinib JAK Selleckchem S1378 941678-49-5

3
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Supplementary Figure 1. Phospho-peptides recovery and differences among T-ALL cell lines. a 
Number of phospho-peptides recovered and identified in each sample following an anti-phosphory-
lated tyrosine immunoprecipitation. For LOUCY and CCRF-CEM, two biological replicates were used 
as internal reproducibility control. b Unsupervised clustering of phosphorylated peptides identified in 
each sample following an anti-phosphorylated tyrosine immunoprecipitation. c Anti phospho-tyrosine 
western blotting was performed on total lysates (30μg for each cell line) prior to phospho-peptides 
enrichment to evaluate the total tyrosine phosphorylation in each sample. Coomassie blue gel staining 
was used as a parallel loading control to assure equal protein loading. Figures are representative of 
two independent experiments. d Top20 INKA kinases inferred from the phospho-tyrosine (pY) data-
set. Each bar plot illustrates the highest 20 active kinases in each cell line (biological duplicates for 
LOUCY and CCRF-CEM) ranked on their INKA score. Red, LCK; blue, ABL1; grey, SRC; orange, INSR/
IGF-1R; striped pattern, myeloid-lineage kinases (LYN and HCK).
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Supplementary Figure  2. INKA scores for several Src-family kinases (SFKs). Each bar plot illus-
trates the INKA scores for different SFK members in each cell line (pY dataset). a LCK. The dotted pat-
tern indicates the presence of a TCRβ-LCK translocation (HSB-2 cell line). b SRC. c FYN. d ABL1. The 
striped pattern indicates the presence of a NUP214-ABL1 fusion (PEER and ALL-SIL lines). e LYN. f FGR.

3
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Supplementary Figure  3. Top20 INKA kinases inferred from the TiO2 dataset. Each bar plot illus-
trates the highest 20 active kinases in each cell line ranked on their INKA score (technical duplicates 
for 10 cell lines are shown). Purple, CDK1/2; dark green, PAK1/2; light green, AKT; yellow, mTOR; pink, 
MAPK; red, LCK, Blue: ABL1.
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Supplementary Figure  4. Correlation plots TiO2 dataset. Each plot shows the correlation of the 
INKA scores between technical duplicates in the TiO2 dataset for 8 cell lines (Pearson’s correlation, 
two-sided t-test, p < 0.001).

3
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Supplementary Figure  5. Dose-response curves of kinase inhibitors (CLK1i, PAKi, AKTi, mTORi, 
MEKi, CDKi). Dose-response curves of kinase inhibitors treatment. Cell lines were treated with 
increasing concentrations of the CLK1 inhibitor TG-003 (a), PAK inhibitor FRAX597 (b), AKT inhibitor 
ipatasertib (c), mTOR inhibitor sirolimus (d) in a 3.2nM–32μM range in triplicate and cell viability was 
assessed after 72 hours using the colorimetric MTT assay. Cell survival was calculated in comparison 
to the untreated control. Each point represents the mean and standard deviation of the triplicate. e 
Dose-response curves of everolimus treatment ex vivo in healthy thymocytes isolated from a pe-
diatric thymic biopsy. Cells were treated with increasing concentrations (1nM–10μM) of everolimus 
in duplicates. Cell survival was calculated in comparison to the untreated control (DMSO only). f 
Dose-response curves of selumetinib treatment in T-ALL cell lines. Each point represents the mean 
and standard deviation of the triplicate. g In vitro survival of blasts obtained from four T-ALL patient-de-
rived murine xenografts (PDXs). Luminescence signal recorded at day 0 (time of seeding) and day 
3 (72h culture). Symbols indicate replicates per conditions (N = 4), the horizontal line the mean, and 
the error bars indicate the average of the mean. h Dose-response curves of milciclib treatment ex 
vivo in 4 PDXs. Cells were treated with increasing concentrations of milciclib (1nM-10μM) for 72 hours 
and the survival was calculated in comparison to the untreated control (DMSO only). The green box 
indicates the clinical concentration range of milciclib. Each point represents the mean and standard 
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deviation of the duplicate.

Supplementary Figure  6. IC50 values for different kinase inhibitors tested in T-ALL cell lines and in 
vitro SFKs inhibition. Each bar plot shows the IC50 values for each cell line for the SFKs/ABL inhibitors 
tested. The dotted line indicates the highest plasma concentration achieved in patients. a dasatinib, 
b bosutinib, c ponatinib, d imatinib, e nilotinib. f Western blot analysis upon dasatinib treatment in 
vitro. Cell lines expressing high levels of LCK and/or SRC were treated with 100nM dasatinib for 72 
hours. The image is representative of two independent experiments. g Western blot analysis upon 
dasatinib treatment in vitro. A dasatinib-sensitive cell line (HSB-2) and a dasatinib-resistant cell line 
(P12-ICHIKAWA) were treated with 100nM dasatinib for 16 hours. The image is representative of two 
independent experiments.

3
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Supplementary Figure  7. Dose-response curves of the INSR/IGF-1R inhibitors linsitinib and 
GSK-4529A in SUP-T1 cells and combination treatment ex vivo in PDXs. Dose-response curves 
of linsitinib (a) and GSK-4529A (b) in SUP-T1 cells. Cells were treated for 72 hours with increasing 
concentrations of linsitinib (1nM–10μM range) or GSK-4529A (3.2nM–32μM range) as single treat-
ment. Cell survival was calculated in comparison to the untreated control. Each point represents the 
mean and standard deviation of the triplicate. c Dose-response curves of dasatinib, BMS-754807 
and combination treatment ex vivo in PDX-02. Cells were treated for 72 hours and viability was 
calculated in relation to untreated control cells (DMSO only). Each point represents the mean and 
standard deviation of the duplicate. The red box indicates the area of synergy of the drug matrix. d 
Dose-response curves of dasatinib, ruxolitinib and combination treatment ex vivo in PDX-04. Cells 
were treated for 72 hours and viability was calculated in relation to untreated control cells (DMSO 
only). Each point represents the mean and standard deviation of the duplicate. The red box indicates 
the area of synergy of the drug matrix.
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Supplementary Figure  8. Kinase substrate-networks. Each graph represents the main kinase-sub-
strate relation networks inferred from the phosphoproteomic data (pY dataset) by INKA analysis for 
each T-ALL cell line.

3
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Supplementary Figure  9. Gating strategy for FACS analysis of cell cycle and apoptosis (Figures 
2b and 2c). a The first gating is made to remove debris based on size, then the selected cellular 
population is gated again to remove duplets, and eventually the phases of the cell cycle are defined 
based on the peaks in the distribution of the Hoechst (UV) signal intesity (histogram). Processed data 
are shown in Figure 2b. b The first gating is made to remove debris based on size, then the selected 
cellular population is gated to remove duplets, and eventually gated cells are defined as live (An-
nexin V-/PI-), necrotic (Annexin V-/PI+), early apoptotic (Annexin V+/PI-), and apoptotic (Annexin V+/
PI+). Processed data are shown in Figure 2c where apoptotic cells are defined as the sum of early 
apoptotic (Annexin V+/PI-) and apoptotic (Annexin V+/PI+) cells.
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ABSTRACT

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy 
characterized by aberrant proliferation of immature thymocytes. Despite an overall survival 
of 80% in the pediatric setting, 20% of T-ALL patients ultimately die from relapsed or 
refractory disease. Therefore, there is an urgent need for novel therapies. Molecular-
genetic analyses and sequencing studies have led to the identification of recurrent T-ALL 
genetic drivers. This review summarizes the main genetic drivers and targetable lesions 
of T-ALL and gives a comprehensive overview of the novel treatments for T-ALL patients 
that are currently under clinical investigation or that are emerging from preclinical research.

SIGNIFICANCE

T-ALL is driven by oncogenic transcription factors that act along with secondary acquired 
mutations. These lesions, together with active signaling pathways, may be targeted by 
therapeutic agents. Bridging research and clinical practice can accelerate the testing of 
novel treatments in clinical trials, offering an opportunity for patients with poor outcome.

162842_Valentina_Cordo_BNW-def.indd   98162842_Valentina_Cordo_BNW-def.indd   98 10-2-2023   10:47:1710-2-2023   10:47:17



99

T-ALL: a roadmap to targeted therapies

INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) arises from the accumulation of genetic lesions 
during T-cell development in the thymus, resulting in differentiation arrest and aberrant 
proliferation of immature progenitors. T-ALL accounts for only 10-15% of pediatric and up 
to 25% of adult ALL cases (1), with an overall survival (OS) of 80% in the pediatric setting 
that has been achieved using a risk-based stratification towards intensive, multi-agent 
combination chemotherapeutic protocols (2). OS rates for adult T-ALL patients are lower 
than 50% due to higher treatment-related toxicities (1). Patients are assigned to standard-, 
medium- or high-risk group based on initial steroid response and minimal residual disease 
(MRD) after the first two courses of chemotherapy (3,4). The risk-based therapeutic 
regimen consists of steroids, microtubules-destabilizing agents (vincristine), alkylating 
agents (cyclophosphamide), anthracyclines (doxorubicin, daunorubicin), anti-metabolites 
(methotrexate, MTX), nucleoside analogues (6-mercaptopurine, thioguanine, cytarabine), 
hydrolyzing enzymes (L-asparaginase) and in some cases it is followed by stem cell 
transplantation. Some of these conventional chemotherapeutics have a lymphoid lineage-
specific effect in ALL. In fact, lymphoblasts have low asparagine synthetase activity and thus 
they are very sensitive to exogenous asparagine depletion by L-asparaginase. Moreover, 
ALL blasts are susceptible to methotrexate treatment due to a higher accumulation of MTX-
polyglutamate metabolites that increases MTX intracellular retention and its anti-leukemic 
effect in these cells (5). Risk-based intensification of the therapeutic regimen has greatly 
improved the survival rate for pediatric (6) and young adult patients treated on pediatric-
based protocols (1). Nevertheless, still one out of five pediatric T-ALL patients dies within 
five years after first diagnosis from relapsed disease and therapy resistance (refractory 
disease) or from treatment-related mortalities, including toxicity and infections. Therefore, 
further intensification of the treatment protocol does not seem feasible for high-risk patients 
(6) and there is an urgent need for implementation of targeted therapies. Furthermore, 
molecular biomarkers, in addition to MRD detection, could improve the upfront identification 
of high-risk patients and therefore guide the treatment of these patients with an intensified 
chemotherapeutic regimen or, whenever available, targeted agents. Unfortunately, such 
genetic biomarkers are not included in the risk stratification of newly diagnosed T-ALL 
patients yet.

The clinical testing of targeted agents in the oncology field has dramatically increased 
over the last years. Nevertheless, targeted treatment options for T-ALL patients remain 
limited. In fact, unlike other leukemias such as CML and Philadelphia-positive ALL (Ph+-

4
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ALL), which are kinase-driven malignancies, the initiating events in T-ALL cause the 
ectopic expression of transcription factors (type A aberrations) that drive leukemogenesis. 
However, the additional genetic lesions that are required for full transformation into 
malignancy (the so-called type B mutations) potentially serve as druggable vulnerabilities. 
Therefore, the thorough investigation of T-ALL oncogenic molecular pathways and their 
intricate RNA and protein signaling networks that sustain proliferation and survival can 
offer opportunities for the implementation of personalized targeted therapies (7). Potential 
limitations to the use of targeted drugs in pediatric T-ALL include clonal heterogeneity of 
the disease, resulting in only partial elimination of leukemia cells upon therapy. Therefore, 
resistant clones may be selected and survive under the selective pressure of treatment 
(8,9). Similar resistance mechanisms have already been demonstrated for conventional 
chemotherapeutics such as the glucocorticoids-selected NR3C1 mutations (10-12) and 
the 6-mercaptopurine (6MP)-selected NT5C2 mutations in chemo-resistant relapsed ALL 
(11,13). Already in 2017, the Innovative Therapies for Children with Cancer (ITCC) consortium 
advised a change in the setup of early phase pediatric clinical trials in order to accelerate 
the access of interesting drugs to randomized trials (14). ITCC has proposed to extrapolate 
data from adult clinical trials as starting point for first-in-child trial designs. Additionally, ITCC 
suggested the addition of homogeneous expansion cohorts to assess pharmacodynamic 
and pharmacokinetic parameters for the therapeutic agents tested and to detect early signs 
of antitumor activities. Furthermore, it has become evident that molecular tumor profiling 
is needed to study cancer heterogeneity, to understand therapy-induced mutations and 
the insurgence of relapse (14). Table S1 offers an overview of current clinical trials that 
investigate targeted agents for T-ALL. In the following paragraphs, we summarize the 
main recurrent T-ALL oncogenic drivers and targetable genetic lesions and highlight the 
most important preclinical and clinical evidence to implement promising drugs in clinical 
trials for T-ALL patients. In particular, we discuss agents that target activated pathways 
by specific genomic lesions in T-ALL and drugs already approved for cancer treatment 
that are under clinical investigation for T-ALL patients. Moreover, we briefly discuss novel 
therapeutic options for which promising pre-clinical results were obtained in T-ALL models 
and that should be taken into consideration for future research. The agents discussed here 
include modifiers of apoptosis, inhibitors of transcriptional regulators, signal transduction, 
cell cycle and immunotherapies. Figure 1 offers a visual summary of the relevant targets 
and therapeutic agents described throughout this review. 
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Figure 1. Targeted therapies to tackle T-ALL vulnerabilities. Oncogenic NOTCH1 signaling can 
be inhibited via different strategies such as monoclonal antibodies blocking the NOTCH1 receptor 
itself (brontictuzumab), monoclonal antibodies blocking the ADAM10 metalloprotease that releases 
extracellular NOTCH1, gamma secretase inhibitors (GSI) preventing the release of intracellular ICN1, 
SERCA inhibitors that block the maturation of NOTCH1 and its localization on the cell surface. Since 
NOTCH1-mutated T-ALL cases can present higher CXCR4 surface expression, CXCR4 antagonists 
(plerixafor, BL8040) can be used to tackle NOTCH1-driven T-ALL as well. Immunotherapy approaches 
for T-ALL include monoclonal antibodies against surface CD38 (daratumumab, isatuximab) as well 
as CAR T-cells directed towards surface CD1, CD5, CD7 and CD38. The increased expression of an-
ti-apoptotic BH3 proteins such as BCL2 and BCLXL can be counteracted by the use of BH3 mimetics 
(venetoclax, navitoclax and AZD5991). The oncogenic signaling of ABL1-fusion proteins as well as 
aberrant activity of Src-family kinases can be inhibited by the tyrosine kinase inhibitors imatinib and 
dasatinib. The aberrant IL7R signaling cascade can be tackled using multiple targeted agents includ-
ing JAK inhibitors (ruxolitinib), PIM1 inhibitors (AZD-1208), PI3K inhibitors (buparlisib), AKT inhibitors 
(MK-2206), mTOR inhibitors (sirolimus, everolimus, temsirolimus) and MEK inhibitors (selumetinib, 
trametinib). APR-246 can bind mutant p53 and restore its wild-type, tumor suppressor function while 
MDM2 inhibitors (idasanutlin, NVP-HDM201) can prevent wild-type p53 ubiquitination and consequent 
degradation via the proteasome. Alternatively, tumor suppressor proteins degradation can be pre-
vented by proteasome inhibitors (bortezomib). Increased activity of cell cycle regulators CDK4/6 can 
be blocked by CDK inhibitors (ribociclib, palbociclib) while aberrant transcription induced by BRD4 
can be targeted by BET inhibitors (OTX015). Nuclear trafficking of oncogenic mRNA and proteins can 
be targeted via XPO1 inhibitors (selinexor).

4
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ONCOGENIC DRIVERS AND T-ALL SUBTYPES

Historically, three main T-ALL differentiation stages were identified based on the expression 
of cluster of differentiation (CD) markers on the cell surface and were denoted as early/
precortical, cortical and mature in analogy with the thymocytes developmental stages (15).  
With the rapid development of (cyto)genetic technologies and NGS in the last two decades, 
it was possible to identify genetic drivers that, in case of T-ALL, are transcription factors 
that are ectopically activated due to chromosomal rearrangements or deletions (reviewed 
in ref. (7)). Initially using gene expression profiling (16,17) which has been replaced by the 
identification of recurrent genomic abnormalities via genome sequencing (18,19), T-ALL 
patients can be clustered in 4 main subtypes with characteristic oncogenic aberrations, 
namely early thymocyte progenitor (ETP)/immature-ALL, TLX, TLX1/NKX2.1 (originally 
denoted as proliferative subgroup) and TAL/LMO. Figure 2 illustrates the main features 
of each subtype. 

The ETP–ALL group includes the most immature T-ALL cases (approximately 10% of the 
total T-ALL cases) that present a gene expression profile similar to hematopoietic stem 
cells and myeloid progenitors, with a high expression of self-renewal genes including 
LMO2, LYL1 and HHEX and the anti-apoptotic BCL2 (20). The mechanisms for high BCL2 
expression in ETP-ALL are still poorly understood: the expression of this anti-apoptotic 
protein could reflect a stem cell-like feature of immature cells, or it could be due to STAT5 
activation downstream of recurrent IL7 signaling pathway mutations within this subgroup 
(21,22). ETP-ALL cases show increased expression of the transcription factor MEF2C or 
genetic aberrations of MEF2C-associated transcription regulators such as SPI1, RUNX1, 
ETV6-NCOA2 and NKX2.5 (16). Interestingly, ETP-ALL blasts have higher mutational loads 
compared to blasts of other T-ALL subtypes (21,22). In particular, while NOTCH1 activating 
mutations and cell cycle regulators’ CDKN2A/2B inactivating mutations are relatively rare 
in ETP-ALL, recurrent activating aberrations involve kinase encoding genes, such as FLT3, 
NRAS, IL7R, JAK1 and JAK3 (21,22). Additionally, recurrent 5q deletions result in deletion 
of the NR3C1 locus, encoding for the glucocorticoid receptor (GCR) (22,23). Interestingly, 
recent evidence demonstrated that reduced GCR expression can induce steroid resistance 
in T-ALL (12). Some ETP-ALL cases present genomic aberrations that activate genes of the 
HOXA locus. Such activating events have been correlated to chemo-resistance and inferior 
outcome in adult ETP-ALL (24).
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Figure 2. Thymocytes developmental stages and T-ALL subtypes. Early thymocyte progenitor (ET-
P)-ALL subtype is driven by aberrant MEF2C or HOXA gene expression, present frequent mutations 
in the IL7 signaling cascade and shows higher BCL2 protein expression. Similar to hematopoietic 
progenitors, ETP-ALL blasts express stem cell markers such as CD34. The TLX subgroup, driven by 
either TLX3 or HOXA activating events, often present NOTCH1 mutations and, in some cases, expres-
sion of the γ/δ T-cell receptor (TCR), in analogy to the pre-cortical γ/δ T-cell progenitors (DN2 stage). 
The TLX1/NKX2.1 subgroup is driven by either NKX2.1 or TLX1 aberrations. TLX–rearranged cases 
can present the oncogenic NUP214-ABL1 fusion. The TAL/LMO subgroup, driven by the expression of 
the oncogenes TAL1 and LMO2, includes the most mature T-ALL cases. As for late cortical (SP) T-cell 
progenitors, TAL/LMO blasts express mature T-cell surface markers such as CD4, CD8, CD3 and α/β 
TCR and often present PTEN mutations.

The TLX group includes immature cases that either lack a functional T-cell receptor (TCR) 
or present a γ/δ TCR, in line with early or γ/δ T-cell lineage development (DN2 stage). A 
recent study suggests that patients with γ/δ T-ALL have higher MRD levels after induction 
chemotherapy compared to other T-ALL cases (25). Common genetic lesions within the 

4
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TLX group include rearrangements of the transcription factor TLX3 (16,17), mostly as 
consequence of recurrent TLX3-BCL11B translocations (26). These aberrations result in 
haplo-insufficiency of the tumor suppressor BCL11B (27), which is a crucial regulator of the 
α/β lineage commitment during differentiation. Moreover, TLX3-rearranged T-ALL often 
have NOTCH1-activating mutations (28) and aberrations in epigenetic regulators such as 
PHF6 and CTCF (18). Similar to various ETP-ALL cases, some TLX patients harbor alternative 
HOXA driving events instead of TLX3-activating lesions (16).

The common features of the TLX1/NKX2.1 T-ALL group are genomic rearrangements 
involving either TLX1 or NKX2.1, CD1 expression and differentiation arrest at the cortical 
(DN3-DP) stage of T-cell development. These cases present higher expression of genes 
involved in cell cycle regulation and progression, DNA duplication and spindle assembly 
(16,17). T-ALL cases with TLX1 or NKX2.1 aberrations have been associated with excellent 
treatment outcomes (reviewed in (7)).

The TAL/LMO T-ALL subgroup comprises nearly half of all pediatric T-ALL patients and it is 
characterized by ectopic expression of TAL1 (either via translocation or SIL-TAL1 deletion), 
TAL2, LYL1, LMO1, LMO2 or LMO3 (driven by TCRB or TCRAD rearrangements) (16,17).  
Immuno-phenotypes of TAL/LMO patients mostly resemble late cortical (CD4+ SP or CD8+ 
SP) T-cell development stages. PTEN mutations are most common in this subgroup and 
have been associated with poor outcome (29). In addition, PIK3R1 or PIK3CG activating 
lesions are frequent within this cluster (30,31). Moreover, TAL1-rearranged cases often 
have mutations in the ubiquitin-specific protease USP7 that regulates MDM2 and TP53 
stability (18). 

CURRENT AND NOVEL POSSIBILITIES FOR TARGETED THERAPY

In the following paragraphs, we will discuss various classes of drugs and biological agents 
that provide novel strategies for targeted treatment. These are classified as modifiers 
of apoptosis, inhibitors of transcription regulation, signal transduction, cell cycle and 
immunotherapies.

162842_Valentina_Cordo_BNW-def.indd   104162842_Valentina_Cordo_BNW-def.indd   104 10-2-2023   10:47:1810-2-2023   10:47:18



105

T-ALL: a roadmap to targeted therapies

Modifiers of apoptosis

BH3 mimetics
Encouraged by significant responses of the BCL2 inhibitor venetoclax (ABT-199) in chronic 
lymphatic leukemia (CLL) (32), BH3 mimetics became of great interest for the treatment 
of various hematological malignancies. The sensitivity towards BH3 mimetics can be 
determined by BH3 profiling, a functional screening method that determines the ‘priming 
of death’ state in cells by measuring specific BCL2 family member (e.g. BCL2, BCLXL and/
or MCL1) dependencies (33). BH3 profiling of T-ALL cell lines and patient blasts identified 
a dependency on BCL2 in ETP-ALL and BCLXL in the remaining subtypes of T-ALL (34). 
Consequently, immature/ETP-ALL cells are most responsive to venetoclax while other 
T-ALL subtypes are more sensitive to navitoclax (ABT-263) treatment, respectively (34,35). 
The BCL2/BCLW/BCLXL inhibitor navitoclax induces significant cell death in both T-ALL 
and BCP-ALL PDX models (36), but it can induce severe thrombocytopenia in vivo. First 
reports on pediatric and adult relapsed/refractory T-ALL patients treated with venetoclax 
alone or combined with navitoclax showed promising results (37,38). However, various 
resistance mechanisms towards venetoclax treatment have been reported in several 
hematological malignancies including T-ALL, such as acquired BCL2 mutations, altered 
mitochondrial fitness or MCL1 upregulation (36,39-41). Combination treatment of venetoclax 
with other BH3 mimetics or PI3K/AKT/mTOR inhibitors significantly increases cell toxicity 
and overcomes venetoclax-induced resistance (39,40). The MCL1 inhibitor S63845 also 
induces efficient cell death in various T-ALL cell lines as single treatment (39), therefore 
serving as an interesting alternative to venetoclax, especially given the limited dependency 
on BCL2 in most T-ALL patients (34). Measuring BCL2 family dependencies can enable 
guided application of different BH3 mimetics for individualized medicine. In addition, the 
mitochondrial priming for apoptosis correlates with clinical responses in ALL and predicts 
for chemo-sensitivity, empowering the use of BH3 profiling as a functional screen in 
pediatric leukemia (42).

Transcriptional regulator inhibitors

NOTCH1 inhibitors
Over 70% of T-ALL cases present NOTCH1-activating mutations (gain-of-function) and up to 
25% of patients harbor mutations in the FBXW7 gene (18), which mediates the proteasomal 
degradation of NOTCH1. Gamma-secretase inhibitors (GSI) have been extensively studied 
as potential treatment for NOTCH1-activated tumors. Despite promising pre-clinical results, 
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GSI failed during clinical trials due to insufficient efficacy (even in presence of NOTCH1 
mutations) and excessive gastro-intestinal toxicity caused by the concomitant inhibition of 
NOTCH2 in the gut epithelium (reviewed in (43)). Preclinical data showed that simultaneous 
administration of corticosteroid can relieve gastro-intestinal toxicity and enhance the GSI 
anti-tumor activity (44). Current clinical trials are investigating whether combined GSI and 
dexamethasone administration could be an effective therapeutic approach (NCT02518113, 
NCT01363817). As an alternative strategy, Habets and co-workers showed a safe, selective 
GSI-targeting of NOTCH1 signaling in T-ALL using a PSEN1 inhibitor (MRK-560) (45). While 
intestinal epithelial cells express both PSEN1 and PSEN2 subunits of the γ-secretase 
proteolytic complex, T-ALL cells only express PSEN1. In vivo preclinical data showed that 
γ-secretase inhibition by MRK-560 has anti-leukemic activity without causing intestinal 
toxicity in T-ALL patient-derived mouse xenografts, offering a promising alternative 
therapeutic approach for NOTCH1-activated T-ALL cases (45). It is fair to question whether, 
despite high prevalence of NOTCH1 mutations in T-ALL, GSI is a valid strategy to efficiently 
and safely target this mutant protein and the consequent altered transcriptional program.

Additional strategies to block aberrant NOTCH1 signaling include monoclonal antibodies 
(46) or SERCA (sarco-endoplasmic reticulum Ca2+- ATPase) inhibitors that blocks NOTCH1 
protein maturation by preventing its localization on the cell membrane (47). Other 
approaches to tackle oncogenic NOTCH1 involve the targeting of molecules that are 
activated upon NOTCH1-induced signaling. For example, it has been reported that GSI-
resistant T-ALL cells express lower levels of the anti-apoptotic protein MCL1. Since MCL1 
can counteract the inhibition of BCL2 and BCLXL, cells with lower MCL1 expression are 
vulnerable to navitoclax treatment (48). At last, another emerging druggable player within 
NOTCH1 oncogenic signaling is CXCR4 (CD184), the chemokine receptor for CXCL12 
that is released by stromal cells in the thymus. CXCR4 is upregulated in NOTCH1-driven 
T-ALL and promotes survival and proliferation in the bone marrow niche (reviewed in (49)). 
Therefore, CXCR4 antagonists, which are already largely used in the clinic to promote 
stem cells mobilization into the bloodstream, could be repurposed as therapeutic option 
for leukemic patients. In fact, the novel CXCR4 inhibitor BL8040 is now in phase II clinical 
trial for relapsed T-ALL/LBL patients (Table S1). Together these studies show that there is 
potential for targeting mutant NOTCH1 or its downstream signaling. 

BET inhibitors
Bromodomain (BRD)-containing proteins affect gene transcription via binding to acetylated 
histones. Their functions include remodeling of the chromatin, modifying histones and 
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modulating transcription itself (50). The bromodomain and extraterminal (BET) family of 
BRD-containing proteins consists of four members: BRD2, BRD3, BRD4 and the testis-
specific BRDT. One of the first small molecules developed to selectively inhibit BET 
proteins was JQ1 (50). In leukemia, BRD4-activity can drive aberrant MYC expression. 
Since MYC is an important and direct NOTCH1-target gene (51), NOTCH1-mutated T-ALL 
cases have increased MYC expression. In preclinical T-ALL models, JQ1 competes with 
BRD4, resulting in reduced MYC expression, decreased cell proliferation and impaired 
tumor growth (52). Moreover, JQ1 treatment can synergize with vincristine (53) and also 
with the BCL2 inhibitor venetoclax (54). Interestingly, T-ALL cells that acquire resistance 
to γ-secretase inhibitors remain responsive to BRD4 inhibition by JQ1 (55), indicating that 
NOTCH1-mutated patients could benefit from BET inhibitor treatment. In addition to MYC, 
JQ1 also lowers the transcription of another important NOTCH1 target gene, the IL7 receptor 
(IL7R) (56). Moreover, another BRD4-dependent transcription factor, ETS1 can cooperate 
with NOTCH1 during leukemogenesis. Since Ets1 deletion sensitizes T-ALL cells to GSI 
(57), targeting NOTCH1 transcriptional cofactors could offer an alternative strategy to treat 
NOTCH1-driven T-ALL cases.

Cancer cells often use super-enhancer structures to restore and sustain oncogene 
expression. Guo and colleagues (58) showed that JQ1-resistant leukemic cells can 
restore MYC expression via enhancer remodeling. However, combined BET and CDK7 
(transcriptional regulator) inhibition in JQ1-resistant cells effectively abrogates MYC 
expression. Pharmacological targeting of CDK7 results in decreased enhancer activity 
in T-ALL and epigenetic reprogramming, in particular for NOTCH1-related enhancers that 
are not affected by GSI treatment (59). CDK7 inhibition also effectively disrupts the TAL1 
super-enhancer (60), highlighting that disruption of oncogenic transcription complexes 
may be an effective approach for T-ALL treatment when direct targeting of mutant genes, 
proteins or pathways is not possible. Therefore, the investigation of the epigenetic state 
of leukemia cells can provide additional insights to guide the use of targeted treatments. 
Despite promising results in preclinical models, JQ1 has a very short half-life that limits 
its applicability as therapeutic agent in vivo. Nevertheless, several novel BET inhibitors 
have been developed by multiple companies and they are currently under investigation in 
oncology trials, highlighting the great interest in these epigenetic drugs and their potential 
application (61) . Among these novel agents, OTX015 was proven effective in preclinical 
leukemia models (62). 
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Signal transduction inhibitors

ABL1 / Src-family kinases inhibitors
Differently from B-ALL cases, T-ALL patients with ABL1 fusions are rare (18,63). The 
most common ABL1 aberration in T-ALL is the NUP214-ABL1 fusion due to an episomal 
amplification of the 9q34 region, which was one of the few discovered T-ALL lesions that 
can be directly targeted by a kinase inhibitor (63). Usually, NUP214-ABL1 rearrangements 
are particularly present at the sub-clonal level (64). Novel ZBTB16-ABL1 and ZMIZ1-ABL1 
fusions have been identified in rare T-ALL cases ((65) and unpublished observations), 
resulting in sensitivity towards imatinib and dasatinib treatment in preclinical models (65). 
Interestingly, in 2017, Bourquin and colleagues identified a subgroup of T-ALL patients that 
are highly sensitive to dasatinib treatment in vitro despite the absence of ABL1 aberrations, 
suggesting a role for SRC kinase as putative novel target for therapy (66). Other studies 
proposed the lymphocytic specific kinase LCK, which is often highly expressed in T-ALL, as 
prime dasatinib target in T-ALL (67,68). Based on these pre-clinical data, patients presenting 
high SRC phosphorylation and/or increased LCK expression could potentially benefit from 
dasatinib treatment. Therefore, in addition to genomic analyses, further investigation of 
the phospho-proteome could highlight aberrantly activated proteins (7) that could serve 
as biomarkers for dasatinib responsiveness when ABL1 abnormalities are not present.

JAK inhibitors
JAK-STAT pathway activation in T-ALL is mainly observed in the context of IL7-induced 
signaling or caused by activating mutations in the IL7R gene or in genes encoding 
downstream effectors (e.g. JAK1, JAK3 or STAT5) that are recurrently found at diagnosis 
(18,21,69). Active JAK-STAT signaling leads to the upregulation of various anti-
apoptotic and pro-survival proteins including BCL2 and PIM1 and contributes to steroid 
resistance (21,70,71). Ruxolitinib, an FDA-approved JAK1/2-inhibitor for the treatment of 
myeloproliferative neoplasms (MPNs) and graft-versus-host disease (GvHD) blocks JAK-
STAT signaling regardless of the presence of mutations (72). In T-ALL, ruxolitinib shows 
efficacy in IL7-responsive T-ALL and ETP-ALL (69). Ruxolitinib treatment can synergize with 
dexamethasone treatment to overcome IL7-induced steroid resistance in both T-ALL and 
ETP-ALL patients. Multiple trials are under way to test the efficacy of ruxolitinib for JAK-
mutated T-ALL (Table S1) or Philadelphia-like BCP-ALL with CRLF2-rearrangements and/
or JAK mutations (NCT2723994, NCT03117751 and NCT02420717), despite the fact that 
the clinical responses to ruxolitinib in MPNs seem rather limited (73). This indicates that 
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the role of JAK inhibitors should be carefully considered in future treatment regimens of 
T-ALL.  

PIM1 inhibitors
When exploring alternative treatment options for aberrant JAK-STAT signaling, PIM1 
was identified as a direct STAT5 transcriptional target gene that is also upregulated by 
physiological IL7-induced signaling (71,74,75). Expression of the pro-survival PIM1 kinase 
is mainly observed in pre-cortical T-ALL, with the highest expression in the TLX and ETP-
ALL subtypes (71,74,76,77). This is in agreement with the higher occurrence of activating 
mutations in the IL7R signaling pathway in these T-ALL subtypes, including JAK1/3 and 
STAT5B mutations (18,21,22,78). PIM1 inhibition has proven efficacy in T-ALL using in vitro 
and in vivo models, with an increased effect observed for ETP-ALL blasts (74,77). Both 
phospho-STAT5 and PIM1 expression levels can be used as a predictive biomarker for 
response to JAK inhibitors (74). PIM1 inhibition paradoxically results in enhanced MAPK-
ERK signaling and may explain the observed synergy of combined PIM1 and MEK inhibitors 
treatment (74,79). Additionally, synergistic effects of PIM1 inhibitors in combination with 
venetoclax or dexamethasone have been observed (77,80) indicating that PIM1 could be 
a valuable therapeutic target to counteract unfavorable hallmarks of immature /ETP-ALL 
cases such as high BCL2 expression and steroid resistance.

PI3K-AKT-mTOR inhibitors
High PI3K-AKT-mTOR signaling is frequently observed in T-ALL and can be caused by 
a variety of cellular events, including activating mutations in PI3K or AKT, inactivating 
lesions in the tumor suppressor gene PTEN or by post-translational modification of these 
molecules (21,30,31,81). PTEN inactivating events are predominantly observed in T-ALL 
patients that belong to the TAL/LMO subtype. PTEN loss is associated with poor prognosis 
in T-ALL, resulting in higher risk of disease relapse (29,30,81,82). Additionally, IL7R-signaling 
mutations that frequently occur in ETP-ALL and TLX subtypes also activate the downstream 
PI3K-AKT pathway and correlate with steroid resistance and inferior event-free survival 
(21,78). Pan-PI3K inhibitors have shown higher efficacy in inhibiting cell growth and survival 
of T-ALL cell lines compared to inhibitors that target only specific catalytic subunit(s) of PI3K 
(83). Preclinical in vitro studies demonstrate synergy between PI3K-inhibitors and several 
chemotherapeutic agents including doxorubicin, nelarabine and glucocorticoids (21,84,85). 
Moreover, dual PI3K/mTOR inhibitors seem to be even more effective and also synergize 
with a wide range of chemotherapeutics (85-88). 
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The effects of first generation allosteric mTOR inhibitors rapamycin (sirolimus) and 
rapalogues RAD001 (everolimus) and CCI-779 (temsirolimus) have been largely investigated 
in T-ALL (86,89,90). These inhibitors only target mTORC1 and can paradoxically activate AKT 
via PI3K-mTORC2 in some cell types (reviewed in (91)). Second generation ATP-competitive 
dual mTORC1/mTORC2 inhibitors are more efficient in inducing apoptosis in T-ALL blasts 
since they also interfere with more downstream PI3K-AKT-mTOR signaling effectors, 
including a strong inhibition of 4EBP1 phosphorylation (92). The stronger cytotoxic effects 
and broad PI3K-AKT pathway regulation of dual-inhibitors (e.g. PI3K/mTOR and mTORC1/
mTORC2 inhibitors) compared to PI3K- or mTORC1-only inhibitors provides evidence that 
dual inhibitors are more suitable for future clinical trials (91,93). 

Alternatively, the oncogenic signaling of the PI3K-AKT-mTOR axis can also be targeted 
by direct AKT inhibition. The allosteric AKT inhibitor MK-2206 inhibits AKT and impairs 
downstream activation of mTORC1, mTORC2, GSK3 and FOXO in various T-ALL cell lines 
(94). Additionally, MK-2206 synergizes with steroids in primary T-ALL patient samples 
(21,94). ATP-competitive AKT inhibitors like AZD5363 also demonstrate cytotoxic effect 
against T-ALL cells in vitro (95). 

MEK inhibitors
The presence of mutations in N- and K-RAS genes at diagnosis, which strongly activate the 
MAPK-ERK signaling, predicts for inferior outcome in both BCP- and T-ALL patients (82,96-
98). Additionally, a high prevalence of these mutations in ALL patients is found at relapse 
(10). Although not significantly enriched in relapsed T-ALL, the presence of RAS mutations 
in relapsed pediatric T-ALL patients predicts for extremely poor outcome (99). MAPK-
ERK activating mutations, which may be selected under the pressure of treatment, can 
contribute to steroid resistance (21,78,100). MEK inhibitors induce cell death in RAS-mutant 
cells and synergize with glucocorticoids in primary T-ALL patient cells and in vivo BCP-ALL 
models (21,97,101,102). These findings led to the ongoing SeluDex trial that combines the 
MEK inhibitor selumetinib with dexamethasone for the treatment of relapsed adult and 
pediatric BCP- and T-ALL patients (NCT03705507; Table S1). As IL7R and JAK1 signaling 
mutations strongly activate downstream MEK-ERK signaling, in addition to the JAK-STAT 
and PI3K-AKT pathways, and strongly provoke steroid resistance in T-ALL (21), patients 
having such IL7R signaling mutations should also become eligible for selumetinib treatment. 
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Cell cycle inhibitors

CDK inhibitors
More than 70% of T-ALL cases downregulate CDKN2A/B (18), negative regulators of cyclin-
dependent kinases (CDK) 4/6, either via recurrent gene deletions, sporadic mutations 
or promoter hypermethylation (103). Therefore, the CDK4/6 inhibitors palbociclib and 
ribociclib could be potential therapeutic options for T-ALL patients. Palbociclib induces 
cell cycle arrest in T-ALL cells and can suppress leukemia progression in animal models 
(104). Moreover, another preclinical study proved that the CDK4/6 inhibitor ribociclib can 
act synergistically with glucocorticoids and mTOR inhibitors in both T-ALL cell lines and 
murine models (90). Current phase I clinical trials for relapsed/refractory pediatric ALL 
(Table S1) are investigating the tolerability of the combination of ribociclib with everolimus 
and dexamethasone (NCT03740334) or the addition of palbociclib to the standard re-
induction chemotherapeutic regimen (NCT03792256). Other aberrations involving cell 
cycle regulators include overexpression of the NOTCH1 target Cyclin D3, and CDK6 
(18,19,21,65,99). Moreover, deletions of CDKN1B (p27KIP1), which is a negative regulator of 
Cyclin E-CDK2 complex, have been reported in about 13% of T-ALL patients (18). Therefore, 
inhibitors targeting CDK2 might be of interest for the treatment of T-ALL as well. In 2017, 
Moharram and colleagues reported the efficacy of the CDK1/2/5/9 inhibitor dinaciclib in 
preclinical T-ALL models (105). Despite the promising results, a clinical trial had already 
showed only transient effect of dinaciclib treatment for adult leukemia patients (106).

Nelarabine
Active cell cycle may increase the sensitivity to nucleoside analogues treatment. 
Nelarabine is a purine nucleoside analogue that inhibits DNA synthesis and showed higher 
efficacy in T-ALL compared to other malignancies. Whether this is an exclusive T-ALL 
effect still remains debatable. Nevertheless, T-lymphoblasts show higher accumulation 
of nelarabine active metabolite ara-G with consequent increased cytotoxicity compared 
to other hematopoietic cells (107), making T-ALL cells more susceptible to this treatment. 
At the moment, it is the only novel drug approved for the treatment of relapsed T-ALL/
LBL cases. As single agent for relapsed or refractory T-ALL in children and young adults, 
nelarabine had a response rate of over 50% (108). In adults these response rates were 
somewhat lower (36% achieved complete remission), but they still provided encouraging 
results for relapsed cases by inducing clinical remissions that facilitated access to stem 
cell transplantation (109). However, nelarabine treatment can have significant neurologic 
side effects depending on other central nervous system-directed therapy, in particular in 
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children older than 10 years of age (110). The results of nelarabine safety and efficacy trials in 
T-cell acute lymphoblastic leukemia/lymphoma patients highlight considerable single agent 
activity in the relapse setting that facilitates disease control. Moreover, nelarabine can be 
combined with other drugs with non-overlapping toxicities. The Children’s Oncology Group 
recently published the results of a randomized phase III trial investigating the addition of 
nelarabine to the chemotherapeutic treatment for newly diagnosed pediatric and young 
adult T-ALL patients. The increased disease free-survival rate as well as the decreased 
CNS relapse incidence without excessive toxicity, supports the inclusion of nelarabine into 
frontline therapy for pediatric T-ALL, especially for high-risk cases (111).

Drugs targeting mutant p53 
Mutations that inactivate p53 are rare in T-ALL patients at diagnosis (1-6%) but show an 
increased incidence at relapse and correlate with poor prognosis (18,99). A recent study 
showed that p53-mutant sub-clones that were detected at first relapse can give rise to 
clonal p53 mutations detectable in post-stem cell transplantation relapses. Furthermore, 
in these patients, p53 mutations correlated with an extremely short time-to-relapse (112). 
Various re-activators of mutant p53 that induce restoration of the wild-type conformation 
are in preclinical investigation (113). Interestingly, leukemic blasts from a T-ALL patient who 
relapsed after stem cell transplantation, showed sensitivity ex vivo to the p53 re-activator 
APR-246 (112). APR-246 already showed promising results for p53-mutant patients affected 
by other hematological malignancies (NCT00900614) and could be a suitable option for 
T-ALL patients that relapse after stem cell transplantation and present with p53 mutations. 

Drugs targeting wild-type p53
P53 signaling pathway can be impaired despite the presence of wild-type p53 by 
overexpression of physiological p53 inhibitors such as MDM2 or MDM4. In fact, 
p53 activity can be restored by targeting the E3 ubiquitin-ligase MDM2. The MDM2 
antagonist idasanutlin disrupts the MDM2-p53 interaction and prevents p53 degradation. 
Currently, idasanutlin has reached phase I/II clinical trial investigation for pediatric ALL 
(NCT04029688). Furthermore, another MDM2 inhibitor, NVP-HDM201, is currently 
investigated in a phase I/II clinical trial for wild-type p53 tumors, including relapsed ALL 
(NCT02143635).  Lastly, the MDM2/MDM4 stapled peptide ALRN-6924 has reached clinical 
investigation in pediatric patients with relapsed ALL (NCT03654716). 
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Immunotherapies

Antibody-based therapy
Monoclonal antibodies can be applied in immunotherapies and have entered various 
trials for T-cell lymphoma (reviewed and summarized in (114)). Surprisingly, only a few 
have been considered in the treatment of ALL such as anti-CD38 antibodies. CD38 is a 
transmembrane receptor that is expressed on subsets of myeloid, lymphoid and some 
non-hematological cells. The anti-CD38 monoclonal antibody daratumumab was initially 
developed for multiple myeloma and was approved by the FDA in 2015 and the EMA in 
2016 as a single agent for relapsed/refractory multiple myeloma patients. CD38 is also a 
promising target for T-ALL as it is robustly and consistently expressed on T-ALL and ETP-
ALL blasts at diagnosis, during chemotherapy treatment, and at relapse (115). Moreover, 
daratumumab displayed great efficacy in 14 out of 15 patient-derived xenograft models in 
NOD/Scid/IL2R-gamma null (NSG) mice (115). Of note, the cytotoxic efficacy of daratumumab 
in NSG mice—that do not have B, T, NK cells, and complement factors—seems therefore 
independent of T-cell mediated or complement-dependent cytotoxicity. CD38 expression 
on regulatory B and T-cells as well as on myeloid suppressor cells results in their depletion 
by daratumumab, which could boost anti-tumor responses (116). Clinical trials will reveal 
whether daratumumab has an even higher efficacy than that observed in NSG mice, as 
both T-cell mediated toxicity and repression of regulatory cells will be active in T-ALL 
patients. Recently, daratumumab has been successfully administered for compassionate 
use to three CD38-positive ALL patients who experienced multiple relapses, with one 
patient that relapsed after an allogeneic stem cell transplantation (117). Two patients had 
T-ALL while the third had a CD19/CD22-negative pre B-ALL and all three achieved an MRD-
negative remission after daratumumab treatment. Trials combining daratumumab treatment 
with standard chemotherapy for pediatric and young adult ALL patients are in phase II 
(NCT03384654; EudraCT 2017-003377-34). Another anti-CD38 monoclonal antibody that 
is under clinical investigation is isatuximab. An isatuximab trial for adult T-ALL patients in 
the USA was closed prematurely due to lack of response, while the NCT03860844 trial for 
pediatric patients with refractory/relapsed acute leukemia is still ongoing. 

Pre-clinical evidences suggest that TCR-expressing T-ALL blasts can be targeted by anti-
CD3 antibodies. In fact, the activation of persistent TCR signaling induced by antibodies 
engaging CD3, leads to cell death in vitro and in vivo (118), suggesting a novel targeted 
therapeutic option for T-ALL cases that present TCR expression.
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Cellular therapy
Genetically engineered autologous chimeric antigen receptor T-cells (CAR T) have 
been used successfully as therapy for various malignancies including relapsed ALL. An 
extensive review recently addressed the challenges and potential solutions for the use 
of CAR T-cells in T-cell malignancies and lists all currently ongoing trials (119). Initially, the 
challenge to harvest sufficient mature T-cells from patients with T-cell malignancies without 
any lymphoblast contamination hampered the development of CAR T-cells against T-ALL/
LBL. Most of the CAR T therapies developed so far are dependent on harvesting sufficient 
autologous and healthy T-cells from a single patient. The production of allogenic CAR T-cells 
would eliminate this challenge by using genetically modified T-cells from a healthy donor 
(reviewed in (120)). Additionally, the fratricide effect – the paradigm that CAR T-cells share 
the same surface markers with their malignant T-cell targets – would rapidly self-extinguish 
the CAR T-cells. After the first approval of the anti-CD19 CAR T for the treatment of pediatric 
relapsed B-ALL patients, many different surface proteins have been investigated for the 
development of novel CAR T therapies directed towards T-cell malignancies, including 
CD5, CD7, CD1 and CD38. One of the advantages of anti-CD5 CAR T-cells is the rapid 
internalization of CD5 from their cell surface, resulting in a limited and transient fratricide 
effect (121). Nevertheless, the internalization of CD5 can happen on blasts as well, offering 
an escape mechanism for leukemia cells that needs to be taken into account. Currently, a 
phase I anti-CD5 CAR T-cell trial is ongoing for patients with CD5-positive T-ALL or T-cell 
lymphoma (NCT03081910). As CD5 is expressed on most T-ALL subtypes while it is absent 
or expressed at low levels on ETP-ALL cells, there is need for additional CAR T-cells that 
can target ETP-ALL as well. CD7 is a promising target on T-lymphoblasts but is also highly 
expressed on effector T-cells. To minimize the fratricide effect, the CRISPR-Cas9 gene 
editing technology has been used to remove the endogenous CD7 gene from these CAR 
T cells (122).  A clinical trial using these modified anti-CD7 CAR T-cells for treating CD7-
positive T-ALL/LBL has been designed (NCT03690011). However, since CD7 is expressed 
on all thymocytes and T-cells, patients receiving CD7 CAR T-cell treatment risk a lifelong 
T-cell depletion and immunodeficiency that might impair a broad use in the clinic. In order 
to avoid such side effects and to regulate the activity of these cellular therapies, some 
CARs have been designed to express an inducible suicide gene (e.g. caspase 9) that can 
be selectively activated upon administration of a small molecule (reviewed in (123)).  As an 
alternative strategy to target CD7, a second generation, fratricide-resistant anti-CD7 CAR 
T-cells have been developed using T cells from healthy donors (UCART7) (124). These 
CAR T-cells have been genetically altered to be not only CD7 deficient, but also to lack 
the TCRAD gene to eliminate the risk for an allogenic CAR T-cell mediated graft-versus-
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host disease (GvHD).  Of note, such an allogenic product can be immediately available for 
treatment of multiple patients as an “off-the-shelf” product. Promising results on the use 
of another allogeneic anti-CD7 CAR T cells have been recently presented at the American 
Association for Cancer Research virtual meeting in April 2020. Dr X. Wang reported the 
preliminary exciting data on the efficacy of a single infusion of TruUCAR™ GC027 (Gracell 
Biotechnologies) after 6 days of lympho-depleting chemotherapy in 5 adult refractory/
relapsed T-ALL patients enrolled in a phase I clinical trial in China (ChiCTR1900025311). 
Four patients achieved complete response at day 28 with manageable cytokine release 
syndrome and absence of neurotoxicities and GvHD, while one patient that had received 
the lowest CAR T dose relapsed. Three out of four patients remained in complete remission 
at day 161 of follow-up. Future evaluations will investigate the duration of the remissions 
induced by this treatment (125). 

CD1a is another promising target for refractory or relapsed cortical T-ALL (126). Moreover, 
CD1a is only expressed during the proliferative phase of thymocyte development and not on 
immature progenitor cells or mature T-cells, limiting the risk of complete immunodeficiency 
after treatment. Recently, the development of fratricide-resistant anti-CD1a CAR T-cells for 
the treatment of CD1a-positive T-ALL has been reported (126). However, since CD1-positive 
cortical T-ALL patients have been associated with excellent outcomes, it is not known 
what percentage of relapsed T-ALL patients will express CD1 and thus benefit from such 
a CAR T therapy. 

As discussed in the previous session, CD38 is widely expressed on T-lymphoblasts, thus 
the development of anti-CD38 CAR T has also been pursued (127). Recently, the treatment 
of a relapsed adult B-ALL patient was reported with the occurrence of serious side effects 
including cytokine release syndrome and damage to lung and liver tissues that also express 
the CD38 antigen (128). Therefore, caution and accurate target choices are warranted to 
extend the repertoire of safe and effective CAR T-cell treatments.

OTHER PROMISING TARGETED TREATMENTS IN DEVELOPMENT

Oncology drug development is constantly growing, and several potential novel candidates 
have been recently put into the spotlight. New potentially promising compounds that should 
be kept in consideration for upcoming studies will be discussed below. 
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OBI-3424 is a first-in-class targeted treatment for liquid and solid tumors that overexpress 
the Aldo-Keto Reductase 1 c3 (AKR1C3) enzyme such as castrate-resistant prostate cancer 
and hepatocellular carcinoma. AKR1C3 is also expressed in T-ALL, with the exclusion 
of TLX1/3-rearranged cases (129). OBI-3424 is a pro-drug that releases a potent DNA-
alkylating component upon intracellular reduction by AKR1C3. This agent has shown 
promising cytotoxic activity in T-ALL cell lines and patient-derived xenografts that express 
AKR1C3 (129). In September 2017, OBI-3424 received FDA orphan drug designation for 
AKR1C3-expressing tumors including ALL, and it is currently investigated in a phase I/II 
clinical trial for solid tumors (NCT03592264).

Selinexor (KPT-330) is a selective inhibitor of Exportin-1 (XPO1) which has recently been 
approved in combination with dexamethasone for the treatment of refractory/relapsed 
multiple myeloma. XPO1 is the key player in nuclear export of receptors (e.g. NR3C1), tumor 
suppressor proteins (e.g. p53 and pRB) but also oncogenic mRNAs transcribed from MDM2, 
BCL2 and MYC, which will be retained in the nucleus upon XPO1 inhibition. Selinexor 
treatment is currently investigated in a phase I clinical trial for relapsed pediatric acute 
leukemia (NCT02091245). Furthermore, the second generation XPO1 inhibitor, eltanexor 
(KPT-8602) can induce cytotoxicity and apoptosis in ALL models and can enhance the 
efficacy of dexamethasone treatment (130).

Histone deacetylases (HDAC) are key enzymes in chromatin remodeling and epigenetic 
gene regulation. HDACs are frequently overexpressed in cancer, including T-ALL. T-ALL 
patient samples demonstrate higher HDAC1 and HDAC4 but lower HDAC5 levels compared 
to B-ALL (131). The pan-HDAC inhibitor panobinostat has shown anti-leukemic activity 
in T-ALL preclinical models (132) and it is under clinical investigation for relapsed acute 
leukemia (Table S1). The same applies for vorinostat, which is already approved for the 
treatment of refractory/relapsed cutaneous T-cell lymphoma. 

Additional epigenetic regulators that can be pharmacologically targeted are DNA 
methyltransferases. DNA methyltransferase inhibitors decitabine and azacitidine induce 
chromatin hypomethylation with a consequent alteration in gene transcription. They have 
been approved for the treatment of myelodysplastic syndromes and they are currently 
investigated in early phase clinical trials for pediatric ALL patients (Table S1). In 2016, 
Lu and colleagues showed that decitabine pre-treatment enhanced chemo-sensitivity of 
preclinical models of ETP-ALL (133). One year later, the successful treatment of a relapsed 
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adult ETP-ALL patient with decitabine was reported (134), therefore offering a promising 
opportunity for salvage therapy of ETP-ALL cases.

An alternative way to target oncogenic signaling pathways is by tackling protein stability or 
degradation. Cancer cells become addicted to the rapid elimination of tumor suppressor 
proteins or may require higher protein turnover to sustain their metabolism. Therefore, 
processes involved in protein degradation can provide leukemia-specific vulnerabilities that 
can be effectively targeted. Bortezomib, a first-in-class proteasome inhibitor, is approved for 
the treatment of refractory multiple myeloma. It inhibits the 26S subunit of the proteasome, 
impairing protein degradation that results in cell cycle arrest and eventually apoptosis. A 
recent report of the Children’s Oncology Group highlights the safety of bortezomib during 
re-induction chemotherapy for pediatric relapsed ALL, and provided encouraging results 
for T-ALL, with an increase in patients achieving complete remission (135).  Another way of 
altering protein stability and activity is through inhibition of the Nedd8-activating enzyme 
(NAE). NAE is an ubiquitin-like (UBL) protein that regulates the activity and the protein-
protein interactions of NF-kB and cullins, which are essential cell cycle regulators (136). 
Preclinical data showed that the NAE inhibitor pevonedistat (MLN4924) can induce cell 
cycle arrest and apoptosis in T-ALL models (136). Both bortezomib and pevonedistat are 
currently under clinical investigation for ALL patients (Table S1). 

Aurora kinases (AURK) are mitotic regulators often overexpressed in cancer, including 
pediatric ALL (137).  AURKA inhibitor alisertib (MLN8237) had shown promising results 
for both ALL and lymphoma cells in vitro (138). Unfortunately, a phase II clinical trial from 
the Children’s Oncology Group reported objective response after alisertib single agent 
treatment in less than 5% of the pediatric patients with recurrent/refractory advanced solid 
tumor or acute leukemia (139). Recent evidence elucidates a role for AURKB in inhibiting 
proteasomal degradation of MYC, thus stabilizing this oncogenic protein (140). In vitro 
treatment of T-ALL cells with the AURKB inhibitor barasertib (AZD1152) leads to reduced 
MYC protein levels (140) and enhanced cell death (140,141). Furthermore, AZD1152 can act 
in synergy with vincristine (140). 

CONCLUSIONS

The outcome for children diagnosed with T-ALL has dramatically improved in the last 
decades. Nevertheless, therapy resistance, disease relapse, treatment-related death, and 
long-term detrimental side effects for cancer survivors remain serious issues to be solved. 
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Additionally, the lack of predictive biomarkers at diagnosis remain an unmet need for T-ALL 
patients. In this review, we presented an overview of the current state of drug development 
and ongoing clinical trials that are of interest for the T-ALL field, integrating preclinical 
evidence and clinical data. Several molecular tumor profiling protocols have been initiated 
in Europe (e.g., MOSCATO-01, iTHER, ESMART) (142) to identify actionable lesions for 
targeted treatment in specific subgroups of patients. This highlights the importance of 
bridging preclinical research with clinical practice to accelerate the use of promising novel 
drugs in effective new treatment combinations for T-ALL patients.
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SUPPLEMENTARY DATA

Table S1. Relevant clinical trials investigating targeted therapies for T-ALL treatment
Therapeutic 

agent
Target Association with 

T-ALL subtype/ 
outcome

Trial identifier and 
year posted on 
clinicaltrials.gov

Tumor type Phase/
status

Results

BH3 mimetics Higher BCL2 
expression

Higher in ETP-ALL
Venetoclax
 (ABT-199)

NCT03236857 (p, 
ya); 2017

R/R malignancies I (R)

NCT03808610 (a); 
2019

R/R ALL (with chemo) I/II (R)

Navitoclax
 (ABT-263)

Higher BCL2 
and BCLXL 
expression

NCT00406809 (a); 
2006

R/R lymphoid 
malignancies

I/II (C) Thrombo-
cytopenia and 
neutro-penia 
(1)

NCT03181126 (p, 
a); 2017

R/R ALL or LBL (with 
chemo)

I (A)

AZD-5991 Higher MCL1 
expression

NCT03218683 (a); 
2017

R/R 
hematologicmalignancies
(also with venetoclax)

I (A)

NOTCH1 
inhibitors

NOTCH1 
activating 
mutations

Favourable 
outcome

Brontictuzumab 
(OMP-52M51)

NCT01703572 (a); 
2012

R/R lymphoid 
malignancies

I (C)

γ-secretase 
inhibitors

LY3039478 NCT02518113 (p, 
a); 2015

T-ALL/T-LBL (with dexa) I/II (C)

BMS-906024 NCT01363817 (a); 
2011

R/R T-ALL/LBL (alone or 
in combination with dexa)

I (C)

PF-3084014 NCT00878189 (ya; 
a); 2009

R/R T-ALL/LBL and solid 
tumors

I (C) Anti T-ALL 
activity (2)

CXCR4 inhibitors
Plerixafor 

(AMD3100)
NCT01319864 (p, 
a); 2011

R/R ALL, AML, and MSD 
(with cytarabine and 
etoposide)

I (C) No response 
in ALL patients 
(3)

BL-8040 NCT02763384 (a); 
2016

R/R T-ALL/LBL (with 
nelarabine)

II (R)

BET inhibitors BRD4 activity;
aberrant Myc 

activity

OTX015 
(MK-8628)

NCT01713582 (a); 
2012

R/R acute leukemia 
and MM

I (C)

GSK525762  NCT01943851 (a); 
2013

R/R hematologic 
malignancies

I/II (C)

ABL/SRC 
inhibitors

ABL1 fusions

Dasatinib NCT03117751 (p); 
2017

Dx ALL/LL (with chemo) II/III (R)

Imatinib NCT02551718 (p, 
a); 2015

R/R acute leukemia N/A (R)

JAK1/2 inhibitor IL7Ra, JAK1/3 
and STAT5B 
mutations

Higher in ETP-ALL;
associated with 

steroid resistance

Ruxolitinib NCT01251965 (ya, 
a); 2010

R/R ALL/AML I/II (T) No clinical 
benefit *

NCT03613428 (p, 
a); 2018

R/R ETP-ALL (with 
chemo)

I/II (NR)

NCT03117751 (p); 
2017

Dx ALL/LL (with chemo) II/III (R)

NCT03515200 (p, 
ya); 2018

R/R ALL (with chemo) I (T)

4
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Table S1. Continued.
Therapeutic 

agent
Target Association with 

T-ALL subtype/ 
outcome

Trial identifier and 
year posted on 

clinicaltrials.gov

Tumor type Phase/
status

Results

Pan-PI3K inhibitors
Buparlisib 
(BMK120)

PIK3R1 and 
PIK3CA/D 
mutations;

AKT mutations; 
PTEN deletions;

Poor prognosis, 
therapy failure and 

relapse

NCT01396499 (a); 
2011

R/R acute leukemia I (C)

NCT01833169 (a); 
2013

PIK3-activated solid and 
hematologicmalignancies

II (C)

Selective-PI3K 
inhibitors
Duvelisib

 (IPI-145, γ/δ 
inhibitor)

NCT02711852 (a); 
2016

R/R
hematologicmalignancies

II (A)

Idelalisib
 (CAL-101, δ 

inhibitor)

NCT03742323 (a); 
2018

R/R ALL I/II (R)

mTOR inhibitors
Everolimus 
(rapamycin, 

RAD001)

NCT00968253 (p, 
a); 2009

R/R ALL (with chemo) I/II (C) The 
combination 
is tolerated 
with moderate 
activity in 
T-ALL (4)

NCT01523977 (p, 
ya); 2012

R/R ALL (with chemo) I (C) The 
combination is 
feasible (5)

NCT00874562 (p, 
a); 2009

R/R ALL (with steroids) I (C)

NCT03740334 (p,a); 
2018

R/R ALL (with dexa and 
ribociclib)

I (R)

Temsirolimus 
(CCI-799)

NCT00084916 (a); 
2004

R/R leukemia II (C)

NCT01403415 (p, 
ya); 2011

>2 relapses ALL/LBL 
(with re-induction chemo)

I (C) Excessive 
toxicity (6)

Dual PI3K/mTOR 
inhibitors

NCT01756118 (a); 
2012

R/R acute leukemia I (A)

Dactolisib 
(NVP-BEZ235)
AKT inhibitors NCT01231919 (p, 

ya); 2010
R/R solid tumors or 
leukemia

I (C)
MK-2206 
(allosteric)

MEK inhibitors
Selumetinib NRAS/ KRAS 

mutations
Higher in ETP-ALL; 

associated with 
steroid resistance

NCT03705507 (p, 
a); 2018

R/R ALL (with dexa) I/II (R)

Trametinib NCT00920140 (a); 
2009

R/R leukemias I/II (C)

NCT02551718 (p, 
a); 2015

R/R acute leukemias N/A (R)

Binimetinib 
(MEK162)

NCT01885195 (a); 
2013

RAS/RAF/MEK-activated 
malignancies

II (C)
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Table S1. Continued.
Therapeutic 

agent
Target Association with 

T-ALL subtype/ 
outcome

Trial identifier and 
year posted on 

clinicaltrials.gov

Tumor type Phase/
status

Results

CDK4/6 inhibitors
Ribociclib 
(LEE011)

CDKN2A/B 
down- 

regulation;
CDKN1B 

deletions;
CCND3 up- 
regulation

Lower incidence in 
ETP-ALL

NCT02187783 (a); 
2014

CDK4/6-activated tumors II (C)

NCT03740334 (p, 
a); 2018

R/R ALL (with dexa and 
everolimus)

I (R)

NCT02813135 (p); 
2016

R/R cancer I/II (R)

Palbociclib
 (PD-332991)

NCT03792256 (p); 
2019

R/R ALL/LL
(with re-induction chemo)

I (R)

 NCT03132454 (ya, 
a); 2017

R/R leukemia (with 
sorafenib, decitabine 
or dexa)

I (R)

NCT03515200 (p, 
ya); 2018

R/R ALL (with chemo) I (T)

Purine analog Rapid DNA 
synthesisNelarabine NCT02551718 (p, 

a); 2015
R/R acute leukemia N/A (R)

NCT00866671 (p, 
ya); 2009

R/R T-ALL/LBL with ≥2 
prior treatments

IV (C) The risk–
benefit profile 
is positive (7)

NCT00408005 (p, 
ya); 2006

Dx T-ALL/LBL III (A) Increased 
disease-free 
survival rate (8)

MDM2 inhibitors MDM2 over- 
expressionIdasanutlin NCT04029688 (p, 

ya); 2019
R/R acute leukemia or 
solid tumors (with chemo 
or venetoclax)

I/II (R)

HDM201 NCT02143635 (a); 
2014

p53-WT advanced 
tumors, including ALL

I (C)

ALRN-6924 NCT03654716 (p, 
ya); 2018

Pediatric cancer, 
including R/R ALL

I (R)

Immunotherapy
Daratumumab CD38 

expression
NCT00501826 (p, 
a); 2007

T-ALL/T-LBL (with chemo) II (R)

NCT03384654 (p); 
2017

R/R ALL/LBL (with 
chemo)

II (R)

Isatuximab NCT03860844 (p); 
2019

R/R ALL or AML (with 
chemo)

II (R)

CAR T
Anti-CD5 CAR T CD5 expression NCT03081910 (p, 

a); 2017
R/R T-cell malignancies I (R)

Anti-CD7 CAR T CD7 expression NCT03690011 (p, 
a); 2018

R/R T-cell malignancies I (NR)

OTHER DRUGS
XPO1 inhibitor Nuclear export 

of oncogenic 
proteins/

mRNA

Selinexor 
(KPT-330)

NCT02212561 (p, 
ya); 2014

R/R ALL, AML, or MSD I (C) Drug is safe 
with promising 
activity (9)

NCT02091245 (p, 
ya); 2014

R/R ALL and AML I (A)

4
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Table S1. Continued.
Therapeutic 

agent
Target Association with 

T-ALL subtype/ 
outcome

Trial identifier and 
year posted on 

clinicaltrials.gov

Tumor type Phase/
status

Results

HDAC inhibitors High HDAC 
expression and 

activity

Panobinostat NCT00723203 (a); 
2008

R/R ALL or AML II (T) Lack of 
efficacy *

NCT02518750 (p); 
2015

R/R T-ALL/LBL (with 
bortezomib and chemo)

II (T) Slow accrual *

NCT01321346 (p); 
2011

R/R acute leukemias 
(with cytarabine) and 
lymphomas

I (C)

Vorinostat NCT03117751 (p); 
2017

Dx ALL/LBL (with chemo) II/III (R)

NCT01483690 (p, 
ya); 2011

R/R ALL (with decitabine 
and chemo)

I/II (T) Excessive 
toxicity *

NCT02553460 (p); 
2015

Dx ALL (with bortezomib 
and chemo)

I/II (R)

Methyltransferase 
inhibitors

DNA methyl-
transferase 

activity5-Azacitidine NCT02551718 (p,a); 
2015

R/R acute leukemias N/A (R)

NCT01861002 (p); 
2013

R/R ALL or AML (with 
chemo)

I (C)

Decitabine NCT02551718 (p, 
a); 2015

R/R acute leukemias N/A (R)

NCT01483690 (p, 
ya); 2011

R/R ALL (with vorinostat 
and chemo)

I/II (T) Excessive 
toxicity *

NCT00349596 (p, 
a); 2006

R/R ALL I (C)

NCT03132454 (ya, 
a); 2017

R/R ALL or AML (with 
palbociclib)

I (R)

Proteasome inhibitors
Bortezomib Rapid protein 

turnover
NCT02518750 (p); 
2015

R/R T-ALL/LBL (with 
chemo)

II (T) Slow   accrual *

NCT02553460 (p); 
2015

Dx ALL (with vorinostar 
and chemo)

I/II (R)

NCT02551718 (p, 
a); 2015

R/R acute leukemias N/A (R)

NCT00440726 (p); 
2007

R/R ALL (with chemo) I/II (C)

NCT04224571 (p, 
ya); 2020

R/R ALL (with chemo) II (R)

NCT00873093 (p, 
a); 2009

1st relapse ALL/LBL (with 
chemo)

II (C) Promising 
results for 
T-ALL (10)

NCT02112916 (p, 
ya); 2014

Dx T-ALL-LBL (with 
chemo)

III (A)

NCT03590171 (p); 
2018

R ALL (with chemo) II (R)

NCT03117751 (p); 
2017

Dx ALL/LBL (with chemo) II/III (R)

NCT03643276 (p); 
2018

Dx ALL (with chemo) III (R)

NAE inhibitor
Pevonedistat 
(MLN49243)

NCT03349281 (ya, 
a); 2017

R/R ALL (with chemo) I (R)
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Table S1. Continued.
Therapeutic 

agent
Target Association with 

T-ALL subtype/ 
outcome

Trial identifier and 
year posted on 

clinicaltrials.gov

Tumor type Phase/
status

Results

AURK inhibitors AURK over 
expressionAlisertib NCT01154816 (p, 

ya); 2010
R/R ALL, AML, and solid 
tumors

II (C) Response rate 
<5%
(11)

AT-9283 NCT01431664 (p); 
2011

R/R acute leukemia I (C) No efficacy (12)

List of clinical trials investigating the targeted agents described in this review. The clinical trials listed were chosen 
based on the following two selection criteria: the targeted drug investigated belongs to one of the categories of 
agents described in the text (modifiers of apoptosis, inhibitors of transcription regulation, signal transduction, cell 
cycle or immunotherapies) and the trial includes T-ALL patients.
* Source: https://clinicaltrials.gov/
Abbreviations: p= pediatric, ya= young adult, a= adults; ALL= acute lymphoblastic leukemia, LBL= lymphoblastic 
lymphoma, AML= acute myeloid leukemia, MDS= myelodysplastic syndrome, MM= multiple myeloma, Dx= newly 
diagnosed, R/R= refractory/relapsed; chemo= chemotherapy; dexa= dexamethasone; WT= wild-type; N/A= not 
applicable, R= recruiting, A= active, C= completed, T= terminated, NR= not yet recruiting.

4
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ABSTRACT

Tailored therapies are urgently needed for relapsed or refractory T-ALL patients that do 
not respond to conventional chemotherapy. Despite the extensive genetic knowledge of 
T-ALL, the paucity of targetable mutations and the lack of accurate response biomarkers 
have hampered the broad implementation of targeted drugs in the current treatment 
protocols. Here, we describe an ex vivo drug screening of 42 drugs, 10 conventional 
chemotherapeutic agents and 32 clinically relevant targeted agents, in a cohort of 47 
T-ALL patient-derived xenografts (PDXs), including 11 matched diagnostic-relapse cases. 
Furthermore, we report targetable mutations identified by whole-exome sequencing and 
we present an unbiased, mass spectrometry-based, global phosphoproteomic profiling 
and microarray-based transcriptomic analysis of the 11 matched diagnostic-relapse PDX 
pairs. By integrating the results of the ex vivo drug screening with pathway enrichment 
analyses, inference of kinase activities, and analysis of differential phosphosites, we 
show that several signaling features are retained at relapse and we identify non-genomic 
leukemia vulnerabilities and determinants of sensitivity to kinase inhibitors.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is a hematological malignancy that results in aberrant 
proliferation of immature lymphocyte progenitors, and it is the most common form of cancer 
in children. The two major subtypes include B-cell precursor ALL (BCP-ALL) and T cell ALL 
(T-ALL), with the latter accounting for about only 15% of the total ALL cases. The overall 
survival (OS) for ALL has exceeded 90%. Nevertheless, both the 5-year and the 10-year OS 
for T-ALL patients are still notably lower [1] and have not improved in the last two decades 
[2], indicating the need for additional novel therapeutic interventions. The current standard 
treatment for T-ALL is a multi-agent, chemotherapeutic regimen. Patient are stratified based 
on minimal residual disease after the first two courses of conventional chemotherapy, 
with high-risk patient receiving the highest tolerated dosage and hematopoietic stem cell 
transplantation. Due to severe side effects that include organ toxicities and life-threatening 
or sometimes fatal infections [3], a further treatment intensification is impossible [3, 4]. 
Therefore, alternative, tailored approaches are urgently needed, especially for relapsed 
patients that frequently present a treatment-refractory disease [5].

Protein kinase inhibitors (PKI) are one of the most prominent targeted drugs in modern 
oncology. While Philadelphia chromosome-positive BCP-ALL patients can greatly benefit 
from the use of PKI like imatinib, dasatinib  or ponatinib [1], currently no targeted drug or 
immunotherapy has been approved for the treatment of T-ALL patients yet [5].

Extensive gene expression analyses [6, 7] and genome sequencing studies [8, 9] have 
identified different T-ALL subtypes, uncovered developmental transcription factors as 
genetic drivers of disease, and highlighted the insurgence of secondary mutations that 
support leukemogenesis and survival (reviewed in [5, 10, 11]). NOTCH1 mutations are the 
most frequent signaling mutations in T-ALL [8, 12]. Nevertheless, direct targeting of NOTCH1 
has shown disappointing results due to gastro-intestinal toxicities and insufficient efficacy 
(reviewed in [5, 13]). Other recurrent targetable mutations include the PI3K/AKT/mTOR axis 
[14], the RAS signaling pathway [15], and the IL7R-JAK-STAT signaling [16], with the latter 
being more frequent in the early T cell precursor (ETP)-ALL and TLX subtypes [8, 9, 17]. 
However, the actual prognostic value and the effective targetability of such mutations 
remain controversial [18]. T-ALL is a highly heterogeneous disease, with signaling mutations 
and rare targetable oncogenic fusions [19] like the NUP214-ABL1 episomal amplification, 
mostly occurring in minor leukemic clones only [20].  Moreover, the selective pressure 
induced by the treatment can favor the acquisition of novel mutations that result in clones 
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selection and therapy resistance [21-23]. A comprehensive DNA and RNA sequencing 
study in a cohort of 309 pediatric cancer cases, including leukemia, identified actionable 
mutations in about 25% of the cases analyzed [24], indicating that genomics-guided therapy 
can benefit only a fraction of patients. Additional functional and molecular studies are 
needed to uncover early response biomarkers and relevant targets that would allow 
the enrolment of more patients into clinical trials. In the last years, functional molecular 
screenings that include ex vivo drug testing have highlighted that a few T-ALL cases are 
sensitive to small molecule-drugs, including the PKI dasatinib, in the absence of causative 
genomic abnormalities [25, 26]. Recently, we showcased the application of unbiased 
phosphoproteomic profiling for the identification of targetable kinases and for the design of 
combination therapies in T-ALL cell lines and ex vivo patient-derived xenografts (PDXs) [27].  

Here, we describe an ex vivo drug screening of 42 drugs, comprising conventional 
chemotherapeutics and 32 clinically relevant targeted agents, in a cohort of 47 T-ALL 
PDXs, including 11 diagnostic-relapse paired samples, and we report targetable mutations 
identified by whole-exome sequencing (WES). Furthermore, we performed an unbiased, 
mass spectrometry-based, global phosphoproteomic profiling and microarray-based 
transcriptomic analysis in these 11 matched diagnostic-relapse T-ALL pairs to identify non-
genomic vulnerabilities and determinants of sensitivity to small molecule-drugs. Our study 
shows that an integrative functional approach can complement genomic analyses, uncover 
active signaling pathways, and provides rational to extend the tailored therapeutic options 
for T-ALL.

MATERIALS AND METHODS

Generation of patient-derived xenografts
Leukemic blasts obtained from pediatric patients diagnosed with T-ALL were provided by 
the Children’s Oncology Group (COG) or the Dutch Childhood Oncology Group (DCOG) 
upon signed informed consent and in accordance with the declaration of Helsinki. 
Animal experiments were approved by the Animal Welfare Committee of the Princess 
Máxima Center for pediatric oncology (Utrecht, the Netherlands) and were carried out 
at the animal facility of the Hubrecht Institute (Utrecht, the Netherlands) under specific 
pathogen-free conditions and in accordance with national regulations for animal welfare, 
FELASA (Federation of European Laboratory Animal Science Associations), ethical, and 
institutional guidelines. Mice were hosted in individually ventilated cages in groups of 2-3 
mice per cage. Briefly, viably frozen human leukemic blasts were intravenously injected 
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into immunocompromised NOD/scid/Gamma (NSG) female mice of 8-10 weeks of age 
(Charles River, France). Mice were constantly monitored for leukemia development and 
disease burden was assessed by the percentage of detectable human CD45+ cells in the 
murine blood by tail vein cut and FACS analysis. Mice were sacrificed when presenting 
symptoms of leukemia (lack of grooming and activity, hunched back position, visible loss 
of weight) or when the circulating human CD45+ cells reached 50%. Human leukemic cells 
were isolated from the murine spleen using the Lymphoprep density gradient separation 
(STEMCELL technologies). Purified human cells were either immediately harvested for 
phosphoproteomic analyses or viably frozen until further usage.

Flow cytometry
Experiments were performed using the CytoFLEX LX (Beckman Coulter). For the 
identification of human leukemic blasts, single-cell suspensions obtained from the murine 
blood, spleen, bone marrow, and liver were stained with the anti-human CD45-Viogreen 
antibody (Miltenyi Biotec cat# 130-110-638) diluted 1:50 in autoMACS buffer (Miltenyi Biotec 
cat# 130-091-221) for 15 minutes on ice in the dark. Data analysis was performed using 
FlowJo v10.7.1 (FlowJo).

Phosphorylated peptide enrichment and mass spectrometry analysis
Human CD45+ leukemic blasts obtained from the murine spleen were immediately 
harvested after the Lymphoprep density gradient separation. Leukemic cells enrichment 
was analyzed via FACS and only samples with at least 90% human CD45+ cells were used 
for the phosphoproteomic profiling. Briefly, cells were spun down at 250 x g for 5 minutes, 
washed in cold PBS, spun down again, and harvested in 9 M urea/20 mM HEPES (pH 8) 
lysis buffer containing 1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate, and 1 
mM β-glycerophosphate. Cell lysates were thoroughly vortexed at maximum speed for 30 
seconds, snap-frozen in liquid nitrogen and stored at -80⁰C until further usage. Before the 
enrichment step, lysates were thawed, sonicated three times at 18-micron amplitude (30 
seconds on/60 seconds off) using the MSE Soniprep 150 sonicator (MSE) on ice. Cleared 
lysates were diluted to a concentration of 2 mg/ml and 5 mg of protein input was used for 
each sample. Proteins were reduced with 2 mM DTT for 30 minutes at 55⁰C, alkylated using 
5 mM iodoacetamide for 15 minutes at room temperature (RT) in the dark and eventually 
digested overnight with Sequencing Grade Modified Trypsin (Promega cat# V5111) at RT. 
Digested peptides were purified using OASIS HLB Cartridges (6 cc, 500 mg Sorbent, 
60 µm particle size. Waters cat# 186000115) and lyophilized. Phospho-tyrosine peptides 
were enriched via immunoprecipitation (IP) using the PTMScan® Phospho-Tyrosine Rabbit 
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mAb (P-Tyr-1000) Kit (Cell Signaling Technology cat# 8803) according to the manufacturer 
protocol, using 4 µl of bead slurry for each mg of protein input. Phospho-tyrosine peptides 
were eluted in 0.15% trifluoroacetic acid (TFA) and the unbound peptide fraction was 
used for complementary phospho-serine and phospho-threonine peptides capturing 
using custom-made TiO2 C8-fitted tips. Eventually, eluted phosphorylated peptides were 
desalted using 20 µl SDB-XC StageTips (prepared from Empore™ SPE Disks with SDB-XC, 
Sigma cat# 66884-U) prior to LC-MS analysis. For global protein expression analysis, 1 µg 
of total lysate was subjected to liquid chromatography-mass spectrometry (LC-MS). LC-MS 
analyses were performed as previously described [27, 28]. Briefly, phosphopeptides were 
dried in a vacuum centrifuge and dissolved in 20 µl 0.5% trifluoroacetic acid (TFA)/4% 
acetonitrile (ACN) prior to injection; 18 µl was injected using partial loop injection. Peptides 
were separated by an Ultimate 3000 nanoLC-MS/MS system (Thermo Fisher) equipped 
with a 50 cm × 75 μm ID Acclaim Pepmap (C18, 1.9 μm) column. After injection, peptides 
were trapped at 3 μl/min on a 10 mm × 75μm ID Acclaim Pepmap trap at 2% buffer B 
(buffer A: 0.1% formic acid (FA); buffer B: 80% ACN, 0.1% FA) and separated at 300 nl/min 
in a 10–40% buffer B gradient in 90 min (125 min inject-to-inject) at 35°C. Eluting peptides 
were ionized at a potential of +2 kVa into a Q Exactive HF mass spectrometer (Thermo 
Fisher). Intact masses were measured from m/z 350-1400 at resolution 120,000 (at m/z 
200) in the Orbitrap using an AGC target value of 3E6 charges and a maxIT of 100 ms. 
The top 15 for peptide signals (charge-states 2+ and higher) were submitted to MS/MS in 
the HCD (higher-energy collision) cell (1.4 amu isolation width, 26% normalized collision 
energy). MS/MS spectra were acquired at resolution 15,000 (at m/z 200) in the Orbitrap 
using an AGC target value of 1E6 charges, a maxIT of 64 ms and an underfill ratio of 0.1%. 
This results in an intensity threshold for MS/MS of 1.3E5. Dynamic exclusion was applied 
with a repeat count of 1 and an exclusion time of 30 s. For peptide and protein identification, 
MS/MS spectra were searched against theoretical spectra from the UniProt complete 
human proteome FASTA file (release February 2019, 42,417 entries) using the MaxQuant 
1.6.4.0 software [29] with the following settings: enzyme specificity= trypsin, missed 
cleavages allowed= 2, fixed modification= cysteine carboxyamidomethylation; variable 
modification= serine, threonine, and tyrosine phosphorylation, methionine oxidation, and 
N-terminal acetylation; MS tolerance= 4.5 ppm and MS/MS tolerance= 20 ppm. For both 
peptide and protein identifications, the false discovery rate was set at 1% for filtering using 
a decoy database strategy. The minimal peptide length was set at 7 amino acids, the 
minimum Andromeda score for modified peptides at 40, and the corresponding minimum 
delta score at 6. Moreover, the “match between runs” option was used to propagate the 
peptides identification across samples. 
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INKA analyses
Inference of highly active kinases from phosphoproteomic data was performed as 
previously described [27, 28]. Integrative iNferred Kinase Activity (INKA) scores are 
calculated based on 4 parameters: the sum of all phosphorylated peptides belonging to 
a kinase; the detection of the phosphorylated kinase activation domain (kinase-centric 
parameters), 3) the detection of known phosphorylated substrates and the presence of 
predicted phosphorylated substrates (substrate-centric parameters) [28, 30]. The latest 
version of the INKA pipeline is available online at https://inkascore.org/.

Whole exome sequencing
The 11 diagnostic-relapse paired patient samples had been sequenced in a previous study 
[31]. For the other diagnostic PDXs, human CD45+ leukemic blasts were purified from the 
murine spleen and enrichment for human cells was evaluated via FACS staining. Only 
samples containing more than 90% CD45+ cells were used for DNA extraction. In case 
of low enrichment, human CD45+ cells were positively selected using CD45 MicroBeads 
(Miltenyi cat# 130-045-801) according to the manufacturer’s protocol, using 20 µl of beads 
for 10 x 10^6 cells. DNA was extracted using the AllPrep DNA/RNA Micro Kit (QIAGEN, cat# 
80284) or QIAamp DNA Mini Kit (QIAGEN, cat# 51304). Exome libraries were prepared 
using the KAPA HyperPrep kit (Roche) and the KAPA HyperExome kit (Roche). Paired-end 
sequencing was performed on an Illumina NovaSeq 6000 (Illumina) at 200x coverage. 
Reads were aligned to Hg38 using BWA [32] and duplicates reads were marked with 
Samtools 1.9 [33]. Variants were called using Mutect2 from GATK 4.2.0.0 [34]. Soft-clipped 
bases were skipped, whilst the rest of the settings were kept at default. Ensemble VEP 92 
[35] was used to annotate the detected variants. Since no reference DNA was available for 
these samples, we performed a strict filtering to select causal variants and to reduce the 
number of false positives. The following filters were used: alternative read count (Alt.count) 
≥75, Variant Allele Frequency (VAF) ≥ 0.2, predicted effect = high, biallelic genotype, and 
exclusion of variants present in the global SNPs collection from gnomAD 3.5 [36]. The list 
of recurrently mutated oncogenes in T-ALL was downloaded from Liu et al. [8] while the list 
of kinase-coding genes was downloaded from the KinBase database (http://kinase.com/
web/current/human/). The oncoplots illustrating these mutations were generated using the 
R package Complexheatmap [37]. 

Microarray-based transcriptomics
Human CD45+ leukemic blasts were purified from the murine spleen and enrichment 
for human cells was evaluated via FACS staining. Human leukemic cells were positively 
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selected using CD45 MicroBeads (Miltenyi biotec cat# 130-045-801) according to 
the manufacturer’s protocol, with a ratio of 20 µl of beads for 10 x 10^6 cells. RNA was 
extracted using TRIzol Reagent (Thermo Fisher Scientific, cat #15596018), according to 
the manufacturer’s protocol and as previously described [38]. Isolated RNA was purified 
using the EchoCLEAN RNA CleanUp Kit (BioEcho, cat# 020-002-050-050) following the 
manufacturer’s protocol. Gene expression profiles were obtained using an Affymetrix HG-
U133PLus2.0 array system as previously described [6]. Probe sets intensities were extracted 
from CEL files using the R package affy [39]. Probe sets intensities were normalized using 
the Robust Multichip Average (RMA) method [40]. 

Gene set enrichment analyses 
Gene ontology enrichment analysis on differential protein expression at relapse 
(Supplementary Figure 3C) was performed with the online tool ShinyGO v0.75 (http://
bioinformatics.sdstate.edu/go/) [41] using the entire proteomic expression dataset (N = 4176 
proteins) as background, and with an FDR cutoff set at 0.05. 

Gene Set Variation Analysis (GSVA) was performed as originally described by Hanzelmann 
and colleagues [42] using the R package GSVA (version 1.44.0). Normalized protein 
counts and RMA-normalized probe set values from the microarray dataset were used 
as input. GSVA analysis was performed using the hallmarks of cancer curated gene lists 
[43] (hallmark gene sets collection)  or cell cycle-related pathways from the C2 collection 
obtained from the Molecular Signatures database (MsigDB, https://www.gsea-msigdb.org/
gsea/msigdb/, version v7.5.1, updated January 2022). 

Drug screenings
Cytotoxicity assays with single drugs were performed as previously described [16, 27]. 
Briefly, viably frozen human T-ALL blasts were cultured in RPMI1640+Glutamax medium 
supplemented with 20% fetal calf serum and antibiotics. Cells were treated with increasing 
concentrations of drugs (1nM–10µM range) in duplo and cell viability was assessed after 
72 hours using the ATPLite assay (PerkinElmer). Cell survival was calculated in comparison 
to the vehicle only-treated control. The average cell doubling during the ex vivo screen 
was calculated comparing the intensity of the readout of untreated cells at the start of the 
assay (day 0) and after 72h in culture (day 3). Graphs were obtained using the GraphPad 
Prism 9.0.1 software (GraphPad Prism, nonlinear regression, inhibitor vs response; three 
parameters).
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Statistical analyses
Statistical analyses were performed via either a paired or unpaired, two-sided Student’s 
t-test using the GraphPad Prism 9.0.1 software (GraphPad Prism). The number of replicates 
and the exact p-values are indicated in the figure legends. For differential protein 
expression and phospho-site intensity, statistical analyses were performed using the R 
package limma [44].

RESULTS

Genomic mutations cannot fully explain drug sensitivity patterns in T-ALL
To study the applicability of small molecule inhibitors for the treatment of T-ALL, we 
performed an ex vivo drug screening on 36 diagnostic pediatric T-ALL patient-derived 
xenograft (PDX) samples. Additionally, for 11 diagnostic cases, a matched relapse PDX was 
obtained and included in the drug screening. A total of 42 drugs were tested on these 
47 PDX samples, including standard chemotherapeutics, various kinase inhibitors, BH3-
mimetics, proteasome inhibitors, and epigenetic drugs as listed in Supplementary Table 
1 and illustrated in Figure 1A. While the response to standard chemotherapeutics showed 
different degrees of sensitivity, the response to small molecule-inhibitors uncovered 
higher sensitivity for defined subsets of T-ALL samples, while most of the remaining cases 
remained insensitive. A subgroup of T-ALL xenografts showed sensitivity to the kinase 
inhibitor dasatinib (14/47 PDXs, ED50 < 100 nM). Interestingly, the sample PDX_8173 showed 
sensitivity (ED50 < 100 nM) to the MEK inhibitor selumetinib both in the diagnostic and 
relapse PDXs, while for another case (PDX_11451), only the relapse sample responded to 
selumetinib while its diagnostic counterpart (PDX_11451_D) was completely resistant to the 
MEK inhibitors (Figure 1A). These results indicate the possibility of a tailored approach for 
subsets of T-ALL cases. In general, all the T-ALL PDXs tested showed high sensitivity (ED50 
< 100 nM) to the proteasomal inhibitor bortezomib. Moreover, 32 out of 47 T-ALL cases 
responded to the BET inhibitor BMS986158 (ED50 < 100 nM), the XPO1 inhibitor KPT-8600 
(31/47 PDXs, ED50 < 100 nM), the CDK7 inhibitor AZD457 (35/47 PDXs, ED50 < 100 nM), 
and the BCL2/BCL-XL inhibitor navitoclax  (38/47 PDXs, ED50 < 100 nM).

To identify possible biomarkers of response to these clinically relevant drugs, we analyzed 
the presence of somatic mutations that could explain the sensitivity to targeted inhibitors. 
In particular, to evaluate the potential applicability of protein kinase inhibitors (PKIs) for 
the treatment of T-ALL, we first analyzed the occurrence and the frequencies of genomic 
somatic mutations in kinase-coding genes (N = 538) in our PDX cohort as illustrated 
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in Figure 1B. Except for two PDXs (PDX-023 and PDX_8711_R), which carried several 
mutations in kinase-coding genes, most of the mutations occurred exclusively in only one 
sample. Mutations in genes coding for pharmacologically targetable kinases included IGF1R 
(2/46), but for both of these samples the IGF1R mutations did not confer increased sensitivity 
to the INSR/IGF-1R inhibitor BMS-754807 ex vivo (Supplementary Figure 1A).  JAK3-
mutations were observed in 3 PDX samples that includes both the diagnostic and matched 
relapse PDX for patient 8173 (PDX_8173_Dx and PDX_8173_Rel, as well as for sample 
PDX-016). These samples demonstrated high sensitivity to the JAK inhibitor ruxolitinib, the 
MEK inhibitors selumetinib and the BCL-2 inhibitor venetoclax (Supplementary Figure 1B). 
We then extended the analysis of mutations in kinase coding-genes using a previously 
published dataset that includes whole exome sequencing of 175 ALL patients (46 T-ALL, 
129 B-ALL) [31]. Somatic mutations were described in 12 recurrently mutated kinase-coding 
genes (ABL1, JAK1, JAK2, JAK3, SGK223, EPHA3, FLT3, MUSK, ERBB3, MAP3K7, BRAF, and 
FRK ) in the whole ALL dataset as illustrated in Supplementary Figure 1C. When looking at 
the T-ALL cases, only eight kinase-coding genes were affected by somatic mutations. The 
top three mutated genes were JAK3 (8%), JAK1 (7%), and the pseudo kinase SGK223 (5%), 
with a higher incidence of mutations at relapse, as shown in Supplementary Figure 1D. 
Moreover, only one chimeric transcript involving a kinase (NUP214--ABL1) was detected in 
the T-ALL dataset analyzed [31]. This analysis indicates that the occurrence of (targetable) 
aberrations involving kinase coding-genes is notably low in T-ALL. 

We then looked for mutations in known T-ALL oncogenes [8] in our PDX cohort as illustrated 
in the oncoplots in Figure 1C. Among the mutations found, the only lesions that can be 
potentially targeted by small molecule-inhibitors affected NOTCH1 (16/47), FBXW7 (4/47), 
JAK3 (3/47), JAK1 (3/47), NRAS (3/47), PIK3CA (2/47), KIT (1/47), TP53 (1/47), and ABL1 (1/47). 
Two out of three NRAS-mutant cases (PDX-026 and PDX-028) showed higher sensitivity 
to the MEK-inhibitors. However, other PDXs were sensitive to the MEK inhibitors in the 
absence of such mutations (PDX_8711_R, PDX_11451_R, PDX-005, PDX-015, PDX-019; 
ED50 < 300 nM; Figure 1A).

Therefore, the paucity of actionable mutations in both and kinases and driving oncogenes 
indicates that sensitivity to targeted treatments cannot be solely explained by genomic 
aberrations. Thus, to extend the usage of PKIs and targeted inhibitors for the treatment of 
T-ALL, additional approaches which can complement the genomic information offered by 
genomic sequencing should be preferred.

162842_Valentina_Cordo_BNW-def.indd   146162842_Valentina_Cordo_BNW-def.indd   146 10-2-2023   10:47:2010-2-2023   10:47:20



147

Integrative phosphoproteomic profiling of T-ALL xenogratfs

Figure 1. Ex vivo drug screening and mutational analysis of T-ALL xenografts. A) Log10(ED50) values 
of different drugs tested ex vivo for 72 hours. The boxplots represent the median Log10(ED50) for 
each drug in the PDX panel. B) Somatic mutations in kinase-coding genes. C) Somatic mutations in 
the most recurrently mutated oncogenes in T-ALL as described in Liu et al. [8]. Blue: mutation. Red: 
truncating mutation.
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The overall proteome and transcriptome highlight inter-patient heterogene-
ity and maintenance of features at relapse

To explore the mechanisms of sensitivity to targeted inhibitors in T-ALL, we selected 11 
matched diagnostic-relapse PDX samples, and we performed global, mass-spectrometry 
based proteomic and phosphoproteomic profiling to identify putative proteomic 
determinants of drug sensitivity or resistance to treatment. Additionally, we also performed 
microarray-based transcriptomic analysis to have a complete overview of gene and protein 
expression together with active signaling pathways, as illustrated in Figure 2A. A total 
of 4174 protein were detected in the entire proteomic dataset. Unsupervised clustering 
of all the identified proteins shows that the diagnostic-relapse paired samples from five 
patients clustered together, indicating that expression signatures are conserved from 
diagnosis to relapse in these cases, with a high inter-patient heterogeneity of the disease 
(Supplementary Figure 2A). Similarly, the unsupervised clustering of the whole microarray 
dataset which consists of more than 54,000 gene probes, also highlighted a close 
clustering of the diagnostic and the matched relapse sample for five out 11 PDX couples, 
further indicating a conservation of gene expression patterns (Supplementary Figure 2B).  

To evaluate common features that might be present at relapse, we searched for significantly 
different proteins between the diagnostic and relapse group. When comparing the total 
proteome of the diagnostic and the relapsed samples, we could identify 84 differentially 
expressed proteins  (p < 0.05, FC > 1.5, Supplementary Figure 3A). In particular, the 
proteome of the relapsed PDXs highlighted an enrichment for proteins involved in 
mitochondrial activity with enhanced oxidative phosphorylation (Supplementary Figure 
3B and C). 

To have an overview of active pathways in T-ALL samples and to investigate whether 
selected gene expression and proteomic features might be retained at relapse, we 
performed Gene Set Variation Analysis (GSVA) [42] using the proteomic dataset. We 
evaluated the activation of the main cancer-related signaling pathways in each sample 
using as background curated gene lists that represent the hallmarks of cancer [43]. Figure 
2B illustrates the enrichment scores for the main hallmarks investigated. Unsupervised 
clustering  of the enrichment scores did not show a clear separation between the diagnostic 
and the relapse group, with two diagnostic-relapse pairs clustering together (11451 and 
11936). NOTCH1 signaling has a pivotal role during T-cell development and NOTCH1 
mutations can be detected in more than 70% of pediatric T-ALL cases at diagnosis [8]. 
The median enrichment score for the NOTCH_SIGNALING hallmark was not significantly 
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different in the diagnostic group compared to the relapse cases (Figure 2C). NOTCH1-
mutated PDXs have a higher median enrichment score for this hallmark, (p < 0.05, Figure 
2D). Nevertheless, the sample PDX_COG17_D has one of the highest NOTCH signaling 
enrichment scores (0.61) but does not present any mutation in NOTCH1 or its regulator 
FBXW7 (Supplementary Figure 4A). These results suggest that the activation of the 
NOTCH pathway cannot solely be explained by the presence of mutations in NOTCH1 or 
FBXW7. We performed GSVA also on the microarray dataset, and the obtained NOTCH 
signaling enrichment scores showed a similar pattern of pathway activation, but with much 
lower absolute values (Supplementary Figure 4A). In addition, the GSVA highlighted a 
positive enrichment for the HEDGEHOG signaling hallmark in seven out 22 samples (Figure 
2B). Notably, the samples with the highest enrichment for this pathway (HEDGEHOG 
signaling enrichment score > 0.4) belong to the relapse group (Figure 2E) and only one of 
these HEDGEHOG-high samples (PDX_14643_R) presented a mutation in the HEDGEHOG 
pathway that involves the GLI2 gene (E735K). Therefore, single sample enrichment analysis 
can highlight multiple active pathways whose activation seems not be caused by direct 
mutations. Furthermore, four out of five samples with a high NOTCH signaling enrichment 
score present a zero or negative enrichment score for the HEDGEHOG signaling hallmark. 
Similarly, both HEDGEHOG-high samples (PDX_11936_R and PDX_14643_R) have a 
negative enrichment score for NOTCH signaling (Figure 2F and Supplementary Figure 4B). 
The same trend of reciprocal pathway activation was found via GSVA on the transcriptome 
level but with lower absolute scores (Supplementary Figure 4C). These results indicate 
that the NOTCH and HEDGEHOG pathways seem to be active in a mutually exclusive 
manner and that the effect of the pathway activation seems to be more evident on the 
proteomic level. 

5

162842_Valentina_Cordo_BNW-def.indd   149162842_Valentina_Cordo_BNW-def.indd   149 10-2-2023   10:47:2110-2-2023   10:47:21



150

Chapter 5

Figure 2. Proteomic analysis of active signaling pathways in T-ALL. A) Schematic overview of the 
workflow. For 11 matched diagnostic-relapse pairs, PDX models were derived and different down-
stream analyses were performed such as detection of somatic mutations via whole-exome sequenc-
ing [31], microarray-based transcriptomic analysis, proteome analysis, phosphoproteomic profiling for 
the prediction of active kinases and pathways, and ex vivo drug screenings. Moreover, an additional 
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PDX cohort of 25 diagnostic samples was used to extend the ex vivo drug screenings and the anal-
ysis of targetable mutations. B) Gene Set Variation Analysis (GSVA) performed using the proteomic 
expression data as described by Hanzelmann et al. [42], using as background curated lists of genes 
that represent the main hallmarks of cancer [43]. The heatmap represents the unsupervised cluster-
ing of the single-sample enrichment scores. Pink: diagnostic sample. Light Blue: relapse sample. C) 
Dot-plot of the enrichment scores for the NOTCH signaling hallmark in both diagnostic and relapse 
samples. ns: not significant (paired t-test, p> 0.05). The horizontal line indicates the median. D) Dot-
plot of the enrichment scores for the NOTCH signaling hallmark in both NOTCH1-wild type (WT) and 
NOTCH1-mutated PDXs (unpaired t-test, p< 0.05). The horizontal line indicates the median. E) Bar 
plot illustrating the GSVA enrichment scores for the hallmark HEDGEHOG signaling. Black: diagnostic 
sample. Red: relapse sample. Striped pattern: mutation in the HEDGEHOG pathway. F) Bar plot illus-
trating the GSVA enrichment scores for the hallmarks NOTCH and HEDGEHOG signaling in selected 
PDXs. Blue: HEDGEHOG signaling score. Red: NOTCH signaling score.

Analysis of the phosphoproteome confirms the maintenance of signaling 
characteristics at relapse 

To get further insights into the relevant signaling pathways and kinases that are activated 
in T-ALL, we performed an unbiased phosphoproteomic profiling of the 11 longitudinal 
PDX couples. In particular, we performed a phospho-tyrosine immunoprecipitation 
that yielded a total of about 1750 phosphopeptides and over 1300 phosphosites, and 
a complementary titanium dioxide (TiO2) enrichment that allowed the identification 
of about 8000 phosphopeptides and 7600 phosphosites belonging to a total of 4174 
proteins. Similar to the proteome and microarray data, unsupervised clustering of the two 
phosphoproteomic dataset shows that samples belonging to the same patient to cluster 
together for eight out 11 cases (Supplementary Figure 5A-B). These results indicate that 
inter-patient differences in the overall phosphorylation can be larger than the intra-patient 
(diagnostic and relapse samples from the same case) differences.

To have an overview of active kinases, we used the Integrative iNferred Kinase Activity 
(INKA) pipeline [27, 28] to infer kinase activity in each PDX sample. INKA analysis gives 
a numerical score to each detected kinase as proxy for its activity based both on the 
phosphorylation of the kinase itself and on the presence of phosphorylated substrates. 
Supplementary Figure 6 illustrates the bar plots with the top20 kinases in each sample 
for the phospho-tyrosine dataset while the bar plots obtained from the TiO2 datasets 
are illustrated in Supplementary Figure 7. Figure 3A and 3B provide an overview of all 
the detected kinases in the diagnostic-relapse PDX panel. Overall, among the tyrosine-
kinases, all the PDXs showed activation of several Src-family kinases (LCK, SRC, FYN, 
YES1, ABL1) but remarkably three out 22 samples (PDX_COG5_Dx, PDX_COG17_R, 
and PDX_8173_Rel) presented active LYN, a Src-family member usually expressed and 
activated in B lymphocytes and myeloid cells (Figure 3A). We then looked for tyrosine 
kinases that were activated only in specific samples to possibly find biomarkers of response 
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to targeted agents. High activation of JAK kinases (JAK1, JAK2, JAK3) was found only in 
the PDX_8173_Dx sample and was retained in the matched relapse case (PDX_8173_R) 
as depicted in Figure 3A and 3C. The PDX_COG5 diagnostic-relapse sample pair also 
presented activation of JAK2 but with a much lower INKA score (Supplementary Figure 
6). Interestingly, both PDX_8173_Dx and PDX_8173_R presented an activating mutation in 
JAK3 (M511I, Figure 1B-C) and an additional JAK1 mutation (A723D). Moreover, the presence 
of these mutations correlated not only with high JAK kinase activity but also sensitivity to 
the kinase inhibitor ruxolitinib (Supplementary Figure 1B).

Activation of the INSR/IGF-1R was detected in six out 22 samples in the absence of any 
INSR or IGF1R mutations, with the highest scores in the matched samples of patient 11451 
(Figure 3D and 3E). Nevertheless, no samples within the matched diagnostic-relapse series 
showed sensitivity to the single treatment with the INSR/IGF-1R inhibitor BMS-754807 
(Figure 1A and Figure 3E). AKT activation was detected in almost every PDX sample 
(Figure 3B and 3E, and Supplementary Figure 6) in the absence of AKT mutations, while 
only five out of 22 samples carried a PTEN alteration (Figure 3E). Among the PTEN-mutated 
PDXs, only one PDX (PDX_COG17_R) showed high sensitivity to all three AKT inhibitors 
tested (capivasertib, ipatasertib, and miransertib; Figure 3E). We and other previously 
demonstrated that active INSR/IGF-1R signaling results in downstream AKT activity [27, 
45]. Both the diagnostic and the relapse samples of patient 11451, which had the highest 
INKA scores for INSR/IGF-1R, showed active AKT (Figure 3D). Interestingly, the INSR-high 
samples PDX_11451_Dx and the matched relapse also showed high sensitivity to all the 
three AKT inhibitors in the absence of any signaling mutations (Figure 3E). Taken together, 
our results highlight that kinase activation patterns can be maintained at relapse and that 
sensitivity to AKT inhibitors can correlate with activation of INSR/IGF-1R is in the absence 
of any other causing signaling mutation.

. 
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Figure 3. INKA-based overview of active kinases in T-ALL. A) Unsupervised clustering of the INKA 
scores obtained from the phospho-tyrosine IP dataset. Pink: diagnostic sample. Light Blue: relapse 
sample. B) Unsupervised clustering of the INKA scores obtained from the titanium dioxide (TiO2) 
dataset. Pink: diagnostic sample. Light Blue: relapse sample. C) Bar plot illustrating the top20 active 
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kinases inferred from the phospho-tyrosine IP dataset in the matched sample PDX_8173 ranked on 
their INKA scores. Dark green: JAK3. Light green: JAK1 and JAK2. D) Bar plot illustrating the top20 
active kinases inferred from both the phospho-tyrosine IP dataset and the TiO2 dataset in the matched 
sample PDX_11451 ranked on their INKA scores. Pink: INSR and IGF1R. Orange: AKT. E) Presence of 
somatic mutations in PI3K/AKT and INSR-pathway genes, INKA scores for INSR, IGF1R, and AKT, and 
Log10(ED50) values for INSR/IGF-1R inhibitor (BMS-754807) and AKT inhibitors (capivasertib, ipatasert-
ib, miransertib). Grey: data not available. White: gene not mutated. Orange: gene with somatic mutation

Cell proliferation and cell cycle can correlate with sensitivity to dasatinib 
treatment

To identify additional signaling features that can explain the ex vivo drug sensitivity to 
kinase inhibitors, we looked for changes in sensitivity to kinase inhibitors in the matched 
diagnostic-relapse cohort. Most of the PDXs showed ex vivo sensitivity to the kinase 
inhibitor dasatinib (Figure 1A). However, for three diagnostic-relapse couples, the response 
to dasatinib drastically changed at relapse compared to diagnosis. In particular, while the 
diagnostic PDX_COG5_D showed a complete resistance to dasatinib (ED50 > 10µM), 
the matched relapse sample (PDX_COG5_R) showed some response to the treatment 
albeit at a high drug dosage (ED50 ~ 800 nM). Moreover, for two longitudinal couples, 
PDX_6953 and PDX_COG17, the diagnostic samples showed high sensitivity to dasatinib 
(ED50 ~ 100 nM) but the matched relapse cases became completely resistant to the drug 
(ED50 > 10µM) as illustrated in Figure 4A. Therefore, we searched for possible common 
determinants of sensitivity and resistance in these two matched cases. Given the lack of any 
common mutation acquired at relapse for PDX_6953 and PDX_COG17 that could explain 
the acquisition of resistance to dasatinib, we analyzed the proteome and phosphoproteome 
to highlight any differential feature. The single sample GSVA analysis on the proteome and 
on the transcriptome (Supplementary Figure 8A) highlighted a common higher enrichment 
for hallmarks related to cell cycle (MITOTIC_SPINDLE, G2M_CHECKPOINT, and E2F_
TARGETS) and MYC targets in the two dasatinib-sensitive samples, while the resistant ones 
had higher enrichment for the hallmark OXIDATIVE_PHOSPHORYLATION, as depicted 
in Figure 4B. An additional GSVA analysis using curated gene list for cell cycle-related 
pathways also showed a similar trend, with the dasatinib-sensitive samples presenting 
higher enrichment scores (Supplementary Figure 8B). Next, we looked for differences 
in kinase activation that could explain the longitudinal change in drug sensitivity. When 
comparing the INKA scores for the paired samples, we could find higher INKA scores for 
the cell cycle-related kinases CDK1 and CDK2 in the sample PDX_COG17_D (dasatinib-
sensitive) compared to the matched relapse case that showed a resistant phenotype (PDX_
COG17_R) as highlighted in Figure 4C. A similar trend, albeit less pronounced, could be 
found the PDX_COG5 couple (Supplementary Figure 8C). Subsequently, we searched for 
differential phosphosites connected with the change in drug sensitivity. Fifty-nine differential 
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phosphosites (FDR < 0.1) could be found in the TiO2 dataset (Figure 4D). In particular, among 
the phosphosites highly detected only in the dasatinib-sensitive samples, three belonged 
to proteins involved in the cell cycle progression such as the elongation factor EIF4G1 and 
the cell division – cycle associated protein CDCA3 (Figure 4D). Furthermore, we analyzed 
the pTyr-IP phospho-dataset and while no consistent difference could be found in activation 
of the kinases primarily targeted by dasatinib in T-ALL (LCK, SRC, ABL1, FYN, YES1), for two 
resistant samples (PDX_COG17_R and PDX_COG5_D), activation of the myeloid Src-family 
kinase LYN was found (Figure 4E and Supplementary Figure 8D), while their sensitive 
counterparts (PDX_COG17_D and PDX_COG5_R) did not present any activity predicted for 
this kinase. Similarly, the resistant samples PDX_COG17_R and PDX_6953_R presented an 
increase in TEC activity (Figure 4E and Supplementary Figure 8E). Lastly, we looked for 
differential tyrosine-phosphosites related to the longitudinal change in sensitivity and only 
10 phosphosites could be found (Figure 4F, FDR <0.1), with resistant samples presenting a 
higher phosphorylation of DOK1, a docking protein involved in the regulation of receptor 
tyrosine signaling kinases. Interestingly, the dasatinib-sensitive samples presented higher 
phosphorylation of the surface glycoprotein CD5 (Figure 4F), an important player in the 
regulation of the T-cell receptor (TCR) signaling and a known LCK and FYN target. 

In conclusion, our results show that an integrative analysis of different omic layers can 
highlight differential biological features and uncover non-genetic determinants of sensitivity 
to targeted inhibitors.
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Figure 4. Cell cycle-related pathways can influence dasatinib sensitivity. A) ED50 values for da-
satinib for 11 matched diagnostic (Dx) – relapse (Rel) samples after a 72h ex vivo drug screening. Red: 
PDX longitudinal samples with a change in dasatinib ED50 higher than two log-fold. B) Gene Set 
Variation Analysis (GSVA) performed using the proteomic expression data and the microarray-based 
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transcriptomic dataset as described by Hanzelmann et al. [42], using as background curated lists of 
genes that represent the main hallmarks of cancer [43]. The heatmap represents the unsupervised 
clustering of the single-sample enrichment scores for hallmarks that show a similar pattern in both 
datasets. Green: dasatinib-sensitive samples. Purple: dasatinib-resistant samples. C) Bar plot illus-
trating the top20 active kinases inferred from the TiO2 dataset in the matched diagnostic-relapse 
sample PDX_COG17 ranked on their INKA scores. Green: dasatinib-sensitive sample (Dx). Purple: 
dasatinib-resistant sample (Rel). D) Differential phosphosites from the TiO2 dataset (FDR < 0.1) in 
dasatinib-sensitive PDXs (green) and their matched dasatinib-resistant samples (purple). E) Bar plot 
illustrating the top20 active kinases inferred from the phospho-tyrosine IP (pTyr – IP) dataset in 
the matched diagnostic-relapse sample PDX_COG17 ranked on their INKA scores. Green: dasati-
nib-sensitive sample (Dx). Purple: dasatinib-resistant sample (Rel). F) Differential phosphosites from 
the phospho-tyrosine IP (pTyr – IP) dataset (FDR < 0.1) in dasatinib-sensitive PDXs (green) and their 
matched dasatinib-resistant samples (purple).

DISCUSSION

Tailored therapies are urgently needed for relapsed T-ALL patients that often suffer from a 
treatment-refractory disease. Despite the extensive knowledge on the genetics of T-ALL, 
the paucity of actionable mutations and the lack of accurate response biomarkers have 
hampered the use of targeted drugs for T-ALL patients. Recent clinical trials that include 
pediatric leukemia, highlight the need for a comprehensive tumor profiling to address the 
cancer complexity, identify targetable vulnerabilities and reliable biomarkers to guide the 
design of clinical trials [45, 46]. In particular, in the last few years, functional screenings 
including ex vivo drug testing, transcriptome analysis, and (phospho)proteomic profiling 
and have underscored the added value of an integrative approach for the identification 
of tumor vulnerabilities and therapeutical targets compared to a genomic only-driven 
approach [25, 46-49]. 

Phosphoproteomic profiling has had a pivotal role in the identification of targetable signaling 
networks in cancer, providing useful tools to uncover aberrant protein kinases that can 
be over expressed or aberrantly activated in the absence of any genomic defect in their 
coding genes [27, 50, 51]. Here, we presented an ex vivo drug screening of 42 drugs on a 
large panel of T-ALL xenografts and we integrated genomic mutations, protein expression, 
pathway enrichment analyses, and inference of kinase activity from phosphoproteomic data 
to uncover determinants of sensitivity to targeted agents. In particular, using 11 matched 
diagnostic – relapse PDXs, we highlight that several signaling features such as pathways 
activation and kinase activities are retained at relapse. PDXs are useful models since 
they allow the expansion of small human samples obtained via blood sampling or bone 
marrow biopsy. Woo and colleagues demonstrated that murine PDXs are evolutionary 
stable, highlighting that cancer cells engrafted in a murine host retained high fidelity to 
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the patient tumor of origin [52].  In particular,  T-ALL xenografts present not only genomic 
stability but they also preserve the epigenetic [53] and the protein landscape [54] of their 
primary tumor. 

Given the limited number of actionable DNA mutations in T-ALL patients in this and other 
studies [31], we focused our analysis on the proteome and phosphoproteome. Despite 
an elevated inter-patient heterogeneity, differential protein analysis highlighted a higher 
expression of protein involved in mitochondrial activity and oxidative phosphorylation 
at relapse compared to matched samples obtained at disease diagnosis. Interestingly, a 
recent study from Baran and colleagues demonstrated a fundamental role of oxidative 
phosphorylation for T-ALL cell survival and chemoresistance downstream of mutated 
NOTCH1 [55] , underscoring the role of metabolic reprogramming in favoring survival and 
drug resistance. 

NOTCH1 activating mutations occur in nearly 70% of  T-ALL patient at diagnosis and result 
in increased NOTCH1 activity. Gene set variation analysis performed at the proteome 
level uncovered an elevated NOTCH1 signaling even in the absence of activating NOTCH1 
mutations, indicating that aberrant signaling cannot be solely explained by genomic 
defects [56]. Moreover, activation of the NOTCH1 pathway and the HEDGEHOG signaling, 
another important pathway activated during T cell development and rarely mutated in 
T-ALL, seem to occur in a mutually exclusive way. Moreover, the pathway activation can 
change from diagnosis to relapse. This mutually exclusive pattern could be detected both 
at the proteome and at the transcriptomic level. The samples with the highest HEDGEHOG 
signaling enrichment belonged to the relapse group. Tosello and colleagues reported that 
under stress conditions like serum starvation, the HEDGEHOG pathway can be activated 
in T-ALL cells via stabilization of the transcription factor GLI1 [57]. Therefore, activation of 
the HEDGEHOG pathway at relapse may favor survival in unfavorable conditions such as 
limiting nutrients and oxygen that characterize the bone marrow microenvironment. 

After analyzing the proteome, we provided an overview of the phosphoproteome of T-ALL. 
Moreover, we applied the INKA pipeline to infer kinase activity. While many kinases were 
active in the whole PDX panel (e.g., LCK, SRC, FYN, AKT, CDK1/2), selected kinases such 
as LYN, JAK3, and INSR were detected only in specific samples. 

When integrating the presence of mutations in kinase-coding genes with elevated kinase 
activity, we could highlight that the presence of the activating JAK3-M511I mutation in the 
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PDX_8173_D sample resulted in elevated JAK3 activity and high sensitivity to the JAK 
inhibitor ruxolitinib. Notably, both the genetic mutation and the high JAK3 activity was 
retained in the matched relapse PDX. 

We recently demonstrated that the INSR/IGF-1R axis can be activated in T-ALL in the 
absence of mutations in INSR or IGF1R, and that the signaling downstream the receptor 
converges on AKT [27]. Here, we confirmed the activation of INSR/IGF-1R signaling in 
a subset of T-ALL cases. In particular, the two matched diagnostic-relapse samples 
(PDX_11451) with the highest INSR score also showed sensitivity to three different AKT 
inhibitors, in the absence of mutations in INSR, IGF1R, AKT, PIK3 or PTEN. These results 
underscore the added value of phosphoproteomic profiling and kinase activity inference 
for the identification of determinants of sensitivity to targeted treatments, particularly in 
the absence of actionable genomic lesions.  

Lastly, we integrated the results of the ex vivo drug screening with pathway enrichment 
analysis, INKA scoring of active kinases, and analysis of differential phosphosites to 
identify determinants of change in sensitivity to the SRC-family kinase inhibitor dasatinib. 
In fact, for 3 longitudinal PDX couples, the cell sensitivity to dasatinib changed at relapse. 
Comparative analysis showed a higher enrichment for cell cycle-related pathways and 
higher CDK1/2 kinase activity in the dasatinib sensitive-samples compared to their matched 
resistant ones. Moreover, dasatinib sensitive PDXs presented high phosphorylation of the 
elongation factor EIF4G1 and the cell division–cycle associated protein CDCA3. Several 
studies reported an important role of the T cell receptor (TCR) signaling in LCK activation 
and dasatinib sensitivity [26, 58, 59] and in line with these results, we found an elevated 
phosphorylation of the surface protein CD5, a known target of LCK and FYN, and an 
important player in the activation of the TCR signaling, selectively in the dasatinib sensitive 
PDXs. Interestingly, ETP-ALL cases that do not respond to dasatinib [26], often show low 
or absent surface CD5 expression [60, 61]. 

In conclusion, our study provides a resource of ex vivo drug screens, a proteomic and a 
phosphoproteomic dataset of diagnostic and matched relapse T-ALL xenografts for the 
investigation of biological features underlining sensitivity and resistance to therapeutical 
agents. Furthermore, we highlight how the integration of transcriptomic, proteomic, and 
phosphoproteomic data can capture the leukemia complexity and uncover non-genetic 
determinants of drug sensitivity.
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SUPPLEMENTARY DATA

Supplementary Table 1. Drugs used in this study. 

Name Category

Prednisolone Chemotherapy

Dexamethasone Chemotherapy

Hydrocortison Chemotherapy

PEG-asparginase (Oncaspar) Chemotherapy

Cytarabine Chemotherapy

Nelarabine Chemotherapy

Etoposide Chemotherapy

Daunorubicin Chemotherapy

Doxorubicin Chemotherapy

Idarubicin Chemotherapy

Midostaurin Kinase inhibitor

Dasatinib Kinase inhibitor

Bosutinib Kinase inhibitor

Nilotinib Kinase inhibitor

Ponatinib Kinase inhibitor

BMS-754807 Kinase inhibitor

PF-431396 Kinase inhibitor

Defactinib Kinase inhibitor

KX2-391 Kinase inhibitor

A-420983 Kinase inhibitor

Imatinib Kinase inhibitor

Selumetinib Kinase inhibitor

Trametinib Kinase inhibitor

Binimetinib Kinase inhibitor

Capivasertib Kinase inhibitor

Ipatasertib Kinase inhibitor

Miransertib Kinase inhibitor

Venetoclax BH3-mimetic

Navitoclax BH3-mimetic

AZD5991 BH3-mimetic

AMG176 BH3-mimetic

TP3654 Kinase inhibitor

Bortezomib Proteasome inhibitor

Ruxolitinib Kinase inhibitor

BMS986158 BET inhibitor
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Supplementary Table 1. Continued.

Name Category

PRIMA-1Met p53 reactivator

Idasanutlin MDM2 inhibitor

Palbociclib Kinase inhibitor

Ribociclib Kinase inhibitor

AZD4573 Kinase inhibitor

KPT 8600 XPO1 inhibitor

OBI-3424 AKR1C3-activated prodrug

5
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Supplementary Figure 1. Ex vivo sensitivity to kinase inhibitors and somatic mutations in ki-
nase-coding genes in T-ALL. A) Dot-plot of the ED50 values for the INSR/IGF-1R inhibitor BMS-
754807. Red: IGF1R-mutant PDXs. B) Dose-response curves of the JAK inhibitor ruxolitinib (black), the 
MEK inhibitor selumetinib (green), and the BCL2 inhibitor venetoclax (purple) in three JAK3-mutated 
PDXs. C) The oncoplots illustrate the presence of gene fusions involving a kinase-coding gene 
(NUP214—ABL1) and somatic mutations detected in kinase-coding genes in 175 matched diagnos-
tic-relapse ALL patient samples and D) 46 matched diagnostic-relapse T-ALL patient samples as 
reported in the dataset by Oshima and colleagues [1].
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Supplementary Figure 3. Differential protein expression and signaling features. A) Supervised 
clustering of differentially expressed proteins (p < 0.05, log2FC < 0.5 or log2FC > 0.5) between the 
diagnostic and the relapse group. Pink: diagnostic sample. Light blue: relapse sample. B) Volcano plot 
of the supervised differentially expressed proteins (p < 0.05, log2FC < 0.5 or log2FC > 0.5) between 
the diagnostic and the relapse group. Blue box: proteins involved in oxidative phosphorylation. C) 
Gene ontology enrichment of biological processes of differentially expressed proteins with a higher 
expression at relapse (p < 0.05, log2FC > 0.5). 
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Supplementary Figure 4. GSVA scores of NOTCH and HEDGEHOG pathways. A) Bar plot illustrating 
the GSVA enrichment scores for the hallmark NOTCH signaling in both the proteomic and microarray 
datasets. Black: diagnostic sample. Red: relapse sample. Striped pattern: mutation in the NOTCH 
pathway (NOTCH, FBXW7 ). B) GSVA enrichment scores for the hallmarks NOTCH and HEGDEHOG 
signaling in 11 matched diagnostic-relapse PDX samples. C) Bar plot illustrating the GSVA enrichment 
scores for the hallmarks NOTCH and HEDGEHOG signaling in selected PDXs using the microarray 
dataset. Blue: HEDGEHOG signaling score. Red: NOTCH signaling score.

5
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Supplementary Figure 6. Single-sample INKA scores (phospho-tyrosine). Bar plot illustrating the 
top20 active kinases inferred from the phospho-tyrosine IP dataset in 11 matched diagnostic-relapse 
PDX samples, ranked  on their INKA score. Red: JAK3

5
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Supplementary Figure 7. Single-sample INKA scores (TiO2). Bar plot illustrating the top20 active 
kinases inferred from the TiO2 dataset in 11 matched diagnostic-relapse PDX samples, ranked  on 
their INKA score.
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Supplementary Figure 8. Cell cycle-related pathways can influence dasatinib sensitivity. A) 
Gene Set Variation Analysis (GSVA) performed using the proteomic expression data and the mi-
croarray-based transcriptomic dataset as described by Hanzelmann et al. [2], using as background 
curated lists of genes that represent the main hallmarks of cancer [3]. The heatmap represents the 

5
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unsupervised clustering of the single-sample enrichment scores. Green: dasatinib-sensitive samples. 
Purple: dasatinib-resistant samples. B) GSVA single-sample enrichment scores of cell cycle-related 
pathways obtained using as background curated lists of genes from BIOCARTA, WikiPathways, KEGG, 
REACTOME, PID, and Sigma Aldrich (SA) downloaded from MsigDB.  C) Bar plot illustrating the top20 
active kinases inferred from the TiO2 dataset in the matched diagnostic-relapse sample PDX_COG5 
ranked on their INKA score. Green: dasatinib-sensitive sample (Rel). Purple: dasatinib-resistant sample 
(Dx). D) Bar plot illustrating the top20 active kinases inferred from the phospho-tyrosine IP (pTyr – IP) 
dataset in the matched diagnostic-relapse sample PDX_COG5 ranked on their INKA score. Green: 
dasatinib-sensitive sample (Rel). Purple: dasatinib-resistant sample (Dx). E) Bar plot illustrating the 
top20 active kinases inferred from the phospho-tyrosine IP (pTyr – IP) dataset in the matched diag-
nostic-relapse sample PDX_6953 ranked on their INKA score. Green: dasatinib-sensitive sample 
(Dx). Purple: dasatinib-resistant sample (Rel). Red: TEC.
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ABSTRACT

Cell lines are fundamental models in preclinical cancer research. Nevertheless, many 
established cell lines have deviated from their original phenotype due to the acquisition 
of mutations during prolonged culture in vitro. Thus, it is questionable whether commercially 
available cell lines are still fully representative of their tumors of origin. 

T cell acute lymphoblastic leukemia (T-ALL) is a rare cancer and given the lack of approved 
targeted therapies for the treatment of relapsed/refractory T-ALL, the investigation of 
mechanisms of therapy resistance is fundamental. In addition to genome sequencing, 
functional screenings can uncover leukemia vulnerabilities. The use of patients’ leukemic 
blasts from blood or bone marrow biopsies should be preferred for these analyses, but 
the need of a substantial number of cells and the lack of proliferation of T-ALL cells ex vivo 
are critical limiting factors. 

Interleukin-7 (IL7) can support the survival and proliferation of healthy T cell precursors 
but also T-ALL blasts. Here, we describe the establishment of a new IL7-dependent 
T-ALL cell line obtained by expanding human leukemic cells first in murine xenografts 
and subsequently ex vivo. Moreover, using phosphoproteomics and integrative inferred 
kinase activity (INKA) analysis, we characterize the role of IL7 in sustaining continuous 
cell proliferation as well as the effect of the cytokine on the sensitivity of this cell line to 
prednisolone treatment. From this IL7-dependent line, we derived a second line that can 
grow in the absence of IL7. Together, these paired cell lines constitute novel tools for 
studying IL7 signaling and drug sensitivity in T-ALL. 
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INTRODUCTION

Cell lines have been essential tools in preclinical cancer research. In the last decade, 
several large-scale studies using panels of cell lines across different tumor types allowed 
the identification of genomic drivers of cancer [1], tumor vulnerabilities, and mechanism 
of resistance to therapy [2-5]. Nevertheless, many established cell lines obtained via 
spontaneous immortalization of tumor biopsies, have lost their original phenotype due to 
prolonged culture in vitro (reviewed in ref [6]) that can favor the insurgence of additional 
mutations and the positive selection of sub-clones. Thus, it is questionable whether 
commercially available cell lines are still fully representative of their tumors of origin [6-8]. 
As an alternative, recently, many researchers prefer the use of patient biopsies as direct 
experimental tools. However, this approach is still strictly dependent on several factors 
such as  signed informed consent from the patients, correct handling and storage of 
tumor biopsies to preserve all the original features [9], the presence of residual healthy 
tissue or stromal/immune cells within the biopsies which could influence the experimental 
results, and the need of standardized protocols to obtain reproducible and comparable 
experimental results within collaborating research centers. Therefore, there is still an unmet 
need for reliable and representative in vitro/ex vivo cancer models. While for solid cancers, 
tumor organoids grown from patient biopsies have become the predominant and most 
widely used tools [10, 11], for leukemia, most of the preclinical studies still rely on commercial 
cell lines and patient-derived xenografts (PDXs) as disease models.

T cell acute lymphoblastic leukemia (T-ALL) is a rare cancer, accounting for only 12-15% of 
the total pediatric ALL cases [12]. While the overall survival has reached 80% thanks to risk-
adapted chemotherapeutic regimens [12, 13], patients who are refractory to the treatment 
or experience a disease relapse, still have a poor prognosis due to the insurgence of 
therapy resistance. Moreover, long-term survivors suffer from detrimental side effects of 
the treatment. Given the lack of approved targeted therapies for the treatment of relapsed/
refractory T-ALL [14], the investigation of mechanisms of therapy resistance and the 
selection of biomarkers for an improved patient stratification remain of utmost importance. 
In addition to genome sequencing, functional screenings such as genome-wide knock-out 
or knock-down screens, drug testing, (phospho)proteome and transcriptome profiling, and 
BH3-profiling are valuable tools to uncover leukemia vulnerabilities [15-19]. Thus, the direct 
use of T-ALL blasts obtained from blood or bone marrow aspirates of patients would be the 
ideal strategy for personalized and precision medicine. However, the need of a substantial 
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amount of primary material, the possible contamination with healthy blood cells, and the 
inability of T-ALL cells to proliferate ex vivo, are important limiting factors. 

The cytokine interleukin-7 (IL7) plays a pivotal role in normal T cell development in 
the thymus [20] and regulates the proliferation, differentiation, and activity of mature 
lymphocytes.  Similarly, IL7 can also favor the proliferation of T-ALL blasts [21, 22]. 
Moreover, IL7-induced signaling has emerged as one of the major players in the insurgence 
of resistance to glucocorticoids in T-ALL [23]. In addition to the effect of exogenous IL7 
produced within the leukemic microenvironment, activating mutations in the IL7 signaling 
pathway (IL7Ra, JAK1, JAK3, PTPN2, STAT5B) are frequently described at T-ALL diagnosis 
[24, 25] and these mutations are also associated with resistance to synthetic steroids [24, 
26]. 

Here, we describe the establishment of a new IL7-dependent T-ALL cell line from a 
pediatric T-ALL patient. Human leukemic cells were first expanded in murine xenografts 
and subsequently, purified T-ALL cells were cultured ex vivo, with the addition of human IL7 
to the culture medium. After several passages in vitro, we named the cell line PDX-COG17-
IL7. We characterized the role of IL7 in sustaining a continuous proliferation of these cells. 
Moreover, we investigated the IL7-induced signaling in PDX-COG17-IL7 cells by unbiased 
phosphoproteomic profiling and we analyzed the cellular response to glucocorticoids, the 
cornerstone of T-ALL therapy. In addition, we also report a second T-ALL cell line, derived 
from the PDX-COG17-IL7 line, that can grow in the absence of IL7 (PDX-COG17-IND) after 
a prolonged in vitro culture without the exogenous cytokine. Taken together, these two 
models constitute novel important tools for the investigation of the IL7 signaling pathway 
and the mechanisms of drug resistance in T-ALL. 
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MATERIALS AND METHODS

T-ALL patient derived xenograft
The first patient-derived xenograft was generated from cryopreserved human leukemic 
blasts (pediatric T-ALL patient at disease diagnosis) at the Irving Cancer Research Center 
of Columbia University Medical Center as previously reported [19]. The second generation 
of xenografts was obtained at the Hubrecht Institute (Utrecht, the Netherlands). Animal 
experiments were approved by the Animal Welfare Committee of the Princess Máxima 
Center for pediatric oncology (Utrecht, the Netherlands) and were carried out at the animal 
facility of the Hubrecht Institute (Utrecht, the Netherlands) under specific pathogen-free 
conditions and in accordance with animal welfare, FELASA (Federation of European 
Laboratory Animal Science Associations), ethical, and institutional guidelines. Mice were 
hosted in individually ventilated cages in groups of 2-3 mice per cage. Briefly, 1.5-5 million 
viably frozen human leukemic blasts obtained from the first xenograft were intravenously 
injected into immunocompromised NOD/scid/Gamma (NSG) female mice of 8-10 weeks 
of age (Charles River, France). Mice were constantly monitored for leukemia development 
and disease burden was assessed by detection of human CD45+ cells in the murine blood 
by tail vein cut and FACS analysis. Mice were sacrificed when presenting symptoms of 
leukemia (lack of grooming and activity, hunched back position, visible loss of weight) or 
when the circulating human CD45+ cells reached 50%. Human leukemic cells were isolated 
from the murine spleen using the Lymphoprep density gradient separation (STEMCELL 
technologies) or from the bone marrow by flushing the femur bones with PBS.  Purified cells 
were either immediately used for cell culture attempts or viably frozen until further usage.

Cell line establishment and culture
T-ALL blasts obtained from the second generation of xenografts were isolated from the 
bone marrow, washed in PBS, and seeded in a 24 multi-well plate in RPMI1640 + GlutaMax® 
(Gibco) medium supplemented with 20% Fetal Bovine Serum (Gibco) and antibiotics in 
the presence or absence or recombinant human IL7 (10 ng/ml, R&D systems). The culture 
medium was refreshed periodically, and cells were split when the concentration exceeded 
2x10^6 cells/ml. Cells were kept at a density between 0.5 and 2x10^6 cells/ml. Cell viability 
was assessed using Trypan Blue and an automatic cell counter (BioRad, USA). Cells were 
grown in vitro for more than nine months and could be viably frozen and successfully 
thawed to restart the culture. Cells were periodically tested for the absence of mycoplasma 
contamination using the MycoAlert™ Mycoplasma Detection Kit (Lonza). For the IL7 depletion 
experiments, cells were counted, washed twice in PBS, and seeded in 20%FCS-RPMI1640 
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+ GlutaMax® medium without IL7. For the IL7-pulse experiment, cells previously deprived of 
IL7 overnight were treated with IL7 (25 ng/ml) for 30 minutes and subsequently cells were 
harvested for phosphoproteomic profiling or western blotting. 

Ba/F3 cells were purchased from DSMZ (Germany). Ba/F3 cells were cultured in 10% 
FCS-RPMI1640 + GlutaMax® supplemented with murine IL3 (10 ng/ml). For the IL3-pulse 
experiment, cells previously deprived of IL3 overnight were treated with IL3 (10 ng/ml) 
for 30 minutes and subsequently cells were harvested for phosphoproteomic profiling or 
western blotting.

Phosphorylated peptides enrichment and mass spectrometry analysis
Cultured cells were spun down at 250 x g for 5 minutes, washed in cold PBS, spun 
down again, and harvested in 9M urea/20 mM HEPES (pH 8) lysis buffer containing 1 mM 
sodium orthovanadate, 2.5 mM sodium pyrophosphate, and 1 mM β-glycerophosphate. 
Cell lysates were thoroughly vortexed at maximum speed for 30 seconds, snap-frozen 
in liquid nitrogen and stored at -80⁰C until further usage. Before the enrichment step, 
lysates were thawed, sonicated three times at 18-micron amplitude (30 seconds on/60 
seconds off) using the MSE Soniprep 150 sonicator (MSE) on ice. Cleared lysates were 
diluted to a concentration of 2 mg/ml and 5 mg of protein input was used for each sample. 
Proteins were reduced with 2 mM DTT for 30 minutes at 55⁰C, alkylated using 5 mM 
iodoacetamide for 15 minutes at room temperature (RT) in the dark and eventually digested 
overnight with Sequencing Grade Modified Trypsin (Promega, cat# V5111) at RT. Digested 
peptides were purified using OASIS HLB Cartridges (6 cc, 500 mg Sorbent, 60 µm particle 
size. Waters, cat# 186000115) and lyophilized. Phospho-tyrosine peptides were enriched 
via immunoprecipitation (IP) using the PTMScan® Phospho-Tyrosine Rabbit mAb (P-Tyr-
1000) Kit (Cell Signaling Technology, cat# 8803) according to the manufacturer protocol, 
using 4 µl of bead slurry for each mg of protein input. Phospho-tyrosine peptides were 
eventually eluted in 0.15% trifluoroacetic acid (TFA). In parallel, a global phosphorylated 
peptide enrichment was performed using the AssayMap Bravo automated platform (Agilent 
Technologies) as previously described [27]. Desalted peptides corresponding to 200 µg 
of protein were used as input for an automated Fe(III)-IMAC enrichment. Phosphorylated 
peptides were enriched using the AssayMAP Fe(III)-NTA cartridges (Agilent Technologies, 
cat# G5496-60085) and eluted in 5% ammonium hydroxide/30% acetonitrile in Milli-Q 
water. Eventually, eluted phosphorylated peptides were desalted using 20 µl SDB-XC 
StageTips (prepared from Empore™ SPE Disks with SDB-XC, Sigma, cat# 66884-U) prior to 
LC-MS analysis. For global protein expression analysis, 1 µg of total lysate was subjected 
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to liquid chromatography-mass spectrometry (LC-MS). LC-MS analyses were performed as 
previously described [16, 28]. Briefly, phosphopeptides were dried in a vacuum centrifuge 
and dissolved in 20 µl 0.5% TFA/4% acetonitrile (ACN) prior to injection; 18 µl was injected 
using partial loop injection. Peptides were separated by an Ultimate 3000 nanoLC-MS/MS 
system (Thermo Fisher) equipped with a 50 cm × 75 μm ID Acclaim Pepmap (C18, 1.9 μm) 
column. After injection, peptides were trapped at 3 μl/min on a 10 mm × 75  μm ID Acclaim 
Pepmap trap at 2% buffer B (buffer A: 0.1% formic acid (FA); buffer B: 80% ACN, 0.1% FA) 
and separated at 300 nl/min in a 10–40% buffer B gradient in 90 min (125 min inject-to-
inject) at 35°C. Eluting peptides were ionized at a potential of +2 kVa into a Q Exactive HF 
mass spectrometer (Thermo Fisher). Intact masses were measured from m/z 350-1400 at 
resolution 120,000 (at m/z 200) in the Orbitrap using an AGC target value of 3E6 charges 
and a maxIT of 100 ms. The top 15 for peptide signals (charge-states 2+ and higher) were 
submitted to MS/MS in the HCD (higher-energy collision) cell (1.4 amu isolation width, 26% 
normalized collision energy). MS/MS spectra were acquired at resolution 15,000 (at m/z 
200) in the Orbitrap using an AGC target value of 1E6 charges, a maxIT of 64 ms and an 
underfill ratio of 0.1%. This results in an intensity threshold for MS/MS of 1.3E5. Dynamic 
exclusion was applied with a repeat count of 1 and an exclusion time of 30 s. For peptide 
and protein identification, MS/MS spectra were searched against theoretical spectra from 
the UniProt complete human proteome FASTA file (release January 2021, 42,383 entries) 
or the murine (Mus musculus) proteome FASTA file (25,131 entries) using the MaxQuant 
1.6.10.43 software [29] with the following settings: enzyme specificity= trypsin, missed 
cleavages allowed= 2, fixed modification= cysteine carboxyamidomethylation; variable 
modification= serine, threonine, and tyrosine phosphorylation, methionine oxidation, and 
N-terminal acetylation; MS tolerance= 4.5 ppm and MS/MS tolerance= 20 ppm. For both 
peptide and protein identifications, the false discovery rate was set at 1% for filtering using 
a decoy database strategy. The minimal peptide length was set at 7 amino acids, the 
minimum Andromeda score for modified peptides at 40, and the corresponding minimum 
delta score at 6. Moreover, the “match between runs” option was used to propagate the 
peptides identification across samples.

Cell line authentication and whole-exome sequencing
Short tandem Repeat (STR) profiling was performed to exclude any possible contamination 
with any other commercially available cell line (Cell line Authentication Service, Eurofins 
Genomics).
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The first xenograft and the matching patient sample were sequenced via whole-exome 
sequencing  in a previous study [19], the corresponding somatic mutations and their variant 
allele frequencies (VAF) are listed in Table 1. To analyze the somatic mutations in the newly 
generated PDX-COG17-lines, DNA was extracted using the AllPrep DNA/RNA Micro Kit 
(QIAGEN, cat# 80284). Exome libraries were prepared using the KAPA HyperPrep kit 
(Roche) and the KAPA HyperExome kit (Roche). Paired-end sequencing was performed on 
an Illumina NovaSeq 6000 (Illumina) at 200x coverage. Reads were aligned to Hg38 using 
BWA [30] and duplicates reads were marked with Samtools 1.9 [31]. Variants were called 
using Mutect2 from GATK 4.2.0.0 [32]. Soft-clipped bases were skipped, while the rest of 
the settings were kept at default. Ensemble VEP 92 [33] has been used to annotate the 
detected variants. Since no reference DNA was available for these samples, we performed 
a strict filtering to select causal variants and to reduce the number of false positives. The 
following filters were used: alternative read count (Alt.count) ≥75, Variant Allele Frequency 
(VAF) ≥ 0.2, predicted effect = high, biallelic genotype, and exclusion of variants present 
in the global SNPs collection from gnomAD 3.5 [34]. 

INKA analyses
Inference of highly active kinases from phosphoproteomic data was performed as 
previously described [16, 28]. Integrative iNferred Kinase Activity (INKA) scores are 
calculated based on 4 parameters: the sum of all phosphorylated peptides belonging to 
a kinase; the detection of the phosphorylated kinase activation domain (kinase-centric 
parameters), 3) the detection of known phosphorylated substrates and the presence of 
predicted phosphorylated substrates (substrate-centric parameters) [28, 35]. The latest 
version of the INKA pipeline is available online at https://inkascore.org/.

In vitro drug screening
Cells were dispensed into a 384 multi well plate (Corning) using the semi-automated 
Multidrop dispenser (Thermo Fisher) in duplicates. Drugs were diluted in DMSO (ruxolitinib) 
or 0.3% Tween-20/PBS (prednisolone) at a concentration of either 100 mM or 10 mM and 
dispensed using a TECAN D300e digital dispenser in a range of 0.1 nM – 32 µM (ruxolitinib) 
or 0.2 µM – 514 µM (prednisolone). Cell viability was evaluated at the time of seeding 
(t = 0) and after a 96 hour-incubation using the CellTiter-Glo® 2.0 Cell Viability Assay 
(Promega, cat# G9242) according to the manufacturer protocol. Cell viability was calculated 
in relation to vehicle-only treated cells. Graphs were obtained using the GraphPad Prism 
9.0.1 software.
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Western Blotting
Membranes were incubated with the following primary antibodies (CST, 1:1000 dilution, 
if not stated otherwise): anti-phospho Src Family (Tyr416) #2110, anti-Src L4A1 #2110, anti-
Lck #2752, anti-AKT #9272,  anti-phospho AKT (S473) #9271, anti-p44-42 MAPK (ERK1/2) 
(137F5) #4695, anti-phospho p44-42 MAPK (T202/Y204) (D13.14.4E) #4370, anti-STAT5 
(D2O6Y) rabbit Ab #94205, anti-phospho STAT5 (Y694) #9351,  and anti-β actin (1:10,000; 
Abcam, #ab6276). 

Flow cytometry
Experiments were performed using the BioRad ZE5 (BioRAD, USA). For surface markers 
detection, live cells were washed in AutoMACS buffer (Miltenyi biotec, cat# 130-091-221) 
and incubated with the following antibodies for 30 minutes on ice in the dark: anti-CD127-
PE (Miltenyi biotec, cat# 130-098-094, 1:100), anti-CD3-BUV496 (BD Biosciences, cat# 
564810, 1:500), anti-CD7-BV786 (BD Biosciences, cat# 740964, 1:500), anti-CD44-BV510 
(Biolegend, cat# 103044, 1:1000), anti-CD4-PE Cy7 (BD Biosciences, cat# 560644, 1:500), 
anti-CD8-BV711 (Biolegend, cat# 301043, 1:500), and anti-CD1a-PE (Biolegend, cat#  
300105, 1:1000). For cell cycle analysis, 200,000 cells for each condition were stained 
with Hoechst (7.5 µg/ml) for 1 hour at 37⁰C and then incubated for 15 minutes on ice before 
FACS analysis. For Annexin V/propidium iodide (PI) staining of apoptotic cells, 200,000 

cells were stained with Annexin V-APC antibody (Biolegend, cat# 640920) diluted 1:20 
in Annexin V-binding buffer (Invitrogen, cat# V13246) for 15 minutes at RT in the dark. PI 
(Miltenyi biotec, cat# 130-093-233) was added at a final concentration of 0.5 µg/ml just 
before FACS measurement. Data analysis was performed using FlowJo v10.7.1 and bar 
graphs were obtained using the GraphPad Prism 9.0.1 software.

Quantitative real-time PCR
RNA was isolated using the RNeasy Plus Mini Kit (QIAGEN, cat# 74134). 
Amplification of cDNA was obtained using the following primers: GAPDH Fw primer 
5’-GTCGGAGTCAACGGATT-3’ and Rev primer 5’-AAGCTTCCCGTTCTCAG-3’. BIM Fw 
primer 5’-GCGCCAGAGATATGGAT-3’ and Rev primer 5’-CGCAAAGAACCTGTCAAT-3’. 
IL7R Fw primer 5’-AGTAAATGCAAAGCACCCTGAG-3’ and Rev primer 5’- 
TAAATGGGGCTTAAGCTCTGAC-3’.  MCL1 Fw primer 5’- CGCCAAGGACACAAAG-3’ and Rev 
primer 5’-AAGGCACCAAAAGAAATG-3’. NR3C1 Fw primer 5’-TGTTTTGCTCCTGATCTGA-3’ 
and Rev pr imer 5’-TCGGGGA ATTCA ATACTCA-3’. FKBP5 Fw primer 
5’-GAATGGTGAGGAAACGC-3’ and Rev primer 5’-TGCCTCCATCTTCAAATAA-3’. GILZ Fw 
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primer 5’TGGCCATAGACAACAAGAT-3’ and Rev primer 5’-TTGCCAGGGTCTTCAA-3’. SGK1 
Fw primer 5’-GGAGCCTGAGCTTATGAAT-3’ and Rev primer 5’-TTCCGCTCCGACATAATA-3’.

The fold changes in gene expression were calculated applying the delta-delta Ct method 
(ddCt) using as control the normal culturing condition of each cell line in the absence of 
prednisolone (“+IL7” for the PDX-COG17-IL7 line and “no IL7” for the PDX-COG17-IND line, 
respectively). 

RESULTS

Establishment of a novel human IL7-dependent T-ALL cell line
To create new tools and models for investigating the biology of T-ALL, we attempted the 
in vitro culture of leukemic blasts expanded via xenotransplantation and purified from 
different tissues of NSG mice in the absence of any feeder layer. Given the fundamental 
role of IL7 in sustaining survival, proliferation, and therapy resistance in T-ALL, we tested 
whether the addition of IL7 in the culture medium could facilitate the survival and expansion 
of T-ALL blasts ex vivo. Briefly, human leukemic blasts collected at diagnosis of a pediatric 
T-ALL patient were expanded in NSG mice (PDX-COG17-Dx) for two consecutive rounds 
of xenotransplantation. After the second round of xenotransplantation, CD45+ leukemic 
cells purified from the murine bone marrow were cultured in suspension in the presence 
or absence of IL7 (10 ng/ml) and kept at a high cellular density, as illustrated in Figure 1A. 
In the absence of IL7, cells did not proliferate in vitro, and after one week in culture, their 
viability rapidly decreased (Figure 1B and Supplementary Figure 1A). On the contrary, 
cells cultured with IL7 kept high viability and rapidly started to proliferate with a doubling 
time of 48-72 hours (Figure 1B). After passaging cells for over a month, we tested whether 
cultured PDX-COG17-Dx cells were still dependent on IL7 for their survival and proliferation. 
Therefore, cells were thoroughly washed and deprived of IL7 for two weeks. In the absence 
of IL7, cells did not die but they stopped proliferating (Figure 1C) indicating that IL7 is 
necessary for the active proliferation of the PDX-COG17-Dx cells in vitro. These cells could 
be cultured continuously for more than six months (reaching over 30 passages in vitro) and 
could be successfully viably frozen and re-thawed several times. Therefore, we named 
this newly established T-ALL cell line PDX-COG17-IL7 line. Since cells deprived of IL7 
had remained viable in culture, despite the lack of active proliferation, we attempted to 
prolong the culture for over a month to see if a putative minor clone would emerge, or if 
an acquired mutation would give a selective growth advantage, or if any other adaptation 
would occur, allowing the proliferation of cells in the absence of IL7 (Figure 1A). After four 
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weeks of culture in IL7-deprived medium, cells slowly started to proliferate (Supplementary 
Figure 1B) and once they could be periodically split and expanded in the absence of 
any cytokine, we named the derived IL7-independent line PDX-COG17-IND. To further 
characterize these two new T-ALL cell lines, we compared the surface markers expression 
of the PDX of origin and the cultured cells (after eight passages in vitro for the PDX-COG17-
IL7 line, and 18 passages for the PDX-COG17-IND line). Human CD45+ leukemic cells purified 
from the murine bone marrow and spleen showed some heterogeneity in the expression 
of CD1a, CD44, CD8, and CD4 while both cell lines showed a clonal immunophenotype 
sCD3-, CD7+, CD1a-, CD44-, CD4-, CD8- (Figure 1D), indicating that a minor subclone of the 
original leukemic blast population purified from the murine bone marrow was selected and 
expanded during the ex vivo culturing. Overall, the immunophenotype of the two cell lines 
resembles the one of double negative, cortical T-cell progenitors.

Subsequently, we investigated whether the acquisition of somatic mutations in culture 
might have had a role in promoting the survival of cells ex vivo. Thus, we compared the 
somatic mutations present in the first xenograft and the newly established cell lines, as 
listed in Table 1. Interestingly, the two cell lines did not acquire any mutation in TP53 or 
any inactivation of a tumor suppressor gene that could promote an aberrant proliferation 
and survival ex vivo. In addition, no mutation was found in the IL7R gene or in any IL7R-
signaling pathway genes in the derived IL7-independent line. 

Next, we investigated the role of the IL7 signaling in promoting survival and proliferation 
of these cells. Therefore, IL7-dependent cells were deprived of IL7 for 10 days and cells 
arrested their proliferation (Figure 1E). Cell cycle analysis revealed an increase in the 
sub-G1 phase, indicating a possible induction of apoptosis or exit from the cell cycle (Figure 
1F). Annexin V – propidium iodide (PI) staining highlighted a slight increase in the apoptotic 
fraction as well as a minor increase in the necrotic cell population upon IL7 removal, 
suggesting that IL7-induced signaling can promote cell survival. On the other hand, for the 
IL7-independent line, the addition of IL7 in the culture medium did not provoke any evident 
alteration in cell proliferation, the cell cycle, or the induction of apoptosis (Figure 1F).
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Figure 1. Establishment of a novel, IL7-dependent T-ALL cell line. A) Experimental overview. Patient 
leukemic blasts were expanded in NSG mice for two consecutive rounds of xenotransplantation (PDX) 
and purified from the murine bone marrow. Subsequently, cells were put in culture in the presence or 
absence of human IL7 (10 ng/ml). T-ALL cells rapidly died without IL7 while they started to proliferate in 
the presence of the cytokine. Cell counts were monitored using a trypan blue staining and automatic 
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cell counting (B, day 0 = leukemic blasts purification from the murine bone marrow). After several pas-
sages in culture, IL7 was removed from the medium to check whether cells still needed the cytokine 
to actively proliferate. Cells did not proliferate without IL7 for two weeks (C). After prolonged culture 
in the absence of any cytokine, cells started to proliferate and an additional, IL7-independent cell 
line was derived. D) FACS analysis of surface markers expression of the leukemic blast population 
purified from the murine xenograft (PDX-COG17-Dx, bone marrow and spleen) and the two derived 
cell lines (PDX-COG17-IL7, IL7-dependent, after eight passages in culture, and PDX-COG17-IND, IL7-in-
dependent, after 18 passages in vitro). E) Growth curves of the cell lines in the absence or presence 
of human IL7 (10 ng/ml) for ten days. Cells were incubated with or without cytokine for ten days and 
the cell counts were monitored using a trypan blue staining automatic cell counting. The graphs show 
the average and the standard deviation of triplicates. F) Cell cycle analysis and staining of apoptotic 
cells of the PDX-COG17-IL7 (IL7-dependent) and PDX-COG17-IND (IL-independent) cell lines after ten 
days in culture with or without human IL7 (10 ng/ml). Cells were deprived or incubated with human 
IL7 (10 ng/ml) for ten days. Apoptotic cells were defined as the sum of AnnexinV+/PI- (pre-apoptotic) 
and AnnexinV+/PI+ (fully apoptotic) cells, while AnnexinV-/PI+ cells were considered necrotic. Cell 
cycle analysis was performed via HOECHST-DNA staining and FACS analysis of DNA content. The 
bar plots show the average and standard deviation of triplicates.
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IL7-induced signaling causes JAK-STAT activation
To characterize the responsiveness to IL7 of these newly established cell lines, we first 
investigated the surface expression of the IL7 receptor (IL7R) in the cell lines. FACS analysis 
revealed the expression of the IL7Rα (CD127) in both lines, even in the IL7-independent 
cell line as shown in Figure 2A. Moreover, the IL7R expression could be modulated by the 
presence of exogenous IL7. In fact, after adding IL7 to the culture medium for 72 hours, 
the CD127 expression decreased, possibly due to internalization of the receptor-ligand 
complex [36] in both lines (Figure 2A). 

To study the intracellular signaling induced by IL7 in PDX-COG17-IL cells, we deprived 
the cells of IL7 overnight and subsequently added IL7 for a short incubation (30 minutes) 
to activate the IL7R signaling cascade (IL7 pulse). We performed global, unbiased 
phosphoproteomic profiling on PDX-COG17-IL7 cells before and after the IL7 pulse to 
identify active mediators of IL7 signaling. By using a phospho-tyrosine immunoprecipitation 
and a complementary global, IMAC-based enrichment coupled to mass spectrometry 
analysis, we aimed to obtain a comprehensive view of both tyrosine and serine/threonine 
phosphorylation. To study the change of signaling after the cytokine pulse, we inferred 
kinase activity from the phosphoproteomic data using the INKA pipeline [16, 28] to give 
a numerical score to each kinase, calculated using both the phospho-kinase and the 
phospho-substrate data, as a proxy for their activation. As shown in the bar plots depicted 
in Figure 2B, the IL7 pulse causes activation of the kinase JAK3 (ranking 5/20) while cells 
deprived of the cytokine do not have any JAK3 activity. On the other hand, no relevant 
signaling change was detected in MAP kinases or any other serine/threonine kinases. A 
similar result was obtained using the IL3-dependent murine pro-B cell line Ba/F3 (Figure 
2C). In fact, Ba/F3 cells deprived overnight of IL3 and subsequently subjected to an IL3 
pulse, show activation of JAK2 (ranking 2/20) among the tyrosine kinases. Additionally, Ba/
F3 cells also show activation of the MAPK axis (MAPK1/ERK2 ranking 4/20, MAPK3/ERK1 
ranking 10/20, and MAP2K1 ranking 17/20, respectively in the IMAC-INKA dataset upon IL3 
pulse), as illustrated in Figure 2C. Further analysis of the phosphoproteomic data confirmed 
an increase in phosphorylation of JAKs upon cytokine pulse (Figure 2D). These results 
indicate that IL7-induced signaling, similarly to the IL3-induced signaling in murine Ba/F3 
cells, converges on increased JAK activation in our PDX-COG17-IL line. 

To investigate the downstream signaling cascade, we performed western blotting in PDX-
COG17 cells before and after the administration of the IL7 pulse. Exogenous IL7 induced 
an evident STAT5 phosphorylation in the PDX-COG17-IL7 line and even in IL7-independent 
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PDX-COG17-IND cells (Figure 2E). A similar increase in STAT5 phosphorylation on residue 
Y694 could be seen also in the phosphoproteomic profiling (Figure 2F).  Again, no increase 
in ERK phosphorylation was seen in the PDX-COG17-lines, while the IL7-responsive T-ALL 
cell line CCRF-CEM showed increased ERK1/2 (T202/Y204) and AKT (S473) phosphorylation 
upon IL7-induced signaling (Supplementary Figure 1C). Similarly, Ba/F3 cells presented 
an increase in phospho-ERK (T202/Y204) upon exogenous IL3 pulse in addition to STAT5 
phosphorylation, as illustrated in Supplementary Figure 1D.

These results indicate that the IL7-induced signaling in PDX-COG17 cells mainly converges 
on the activation of the JAK3-STAT5 axis. 

6

162842_Valentina_Cordo_BNW-def.indd   193162842_Valentina_Cordo_BNW-def.indd   193 10-2-2023   10:47:3210-2-2023   10:47:32



194

Chapter 6

Figure 2. IL7-induced signaling converges on JAK3. A) Surface expression of the IL7Rα (CD127). 
Both cell lines (PDX-COG17-IL7 and PDX-COG17-IND) were incubated in the presence or absence 
of human IL7 (10 or 50 ng/ml) for 72h and cells were stained with anti-CD127 antibody before FACS 
analysis. B) INKA bar plots illustrating the top 20 active kinases in PDX-COG17-IL7 cells inferred from 
the phospho-tyrosine immunoprecipitation (pTyr-IP) and the IMAC dataset. NO IL7: cells were deprived 
overnight of the cytokine. +IL7: after an overnight culture without IL7, cells were incubated for 30 min-
utes with the cytokine (25 ng/ml). Red: JAK3. C) INKA bar plots illustrating the top 20 active kinases in 
Ba/F3 cells inferred from the phospho-tyrosine immunoprecipitation (pTyr-IP) and the IMAC dataset. 
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NO IL3: cells were deprived overnight of the cytokine. +IL3: after an overnight culture without IL3, 
cells were incubated for 30 minutes with the cytokine (10 ng/ml). Red: JAK3. Green: MAPK. D) Bar plots 
illustrating the sum of the normalized spectral counts of phosphopeptides belonging to JAK1 (pJAK1), 
JAK2 (pJAK2) and JAK3 (pJAK3) in PDX-COG17-IL7 and Ba/F3 cells before (NO IL7/IL3) and after the 
cytokine pulse (+IL7/IL3). E) Western blotting of PDX-COG17-IL7 and PDX-COG17-IND cells before 
(NO IL7) and after the cytokine pulse (+IL7 25 ng/ml). Cells were cultured overnight in the absence 
of IL7, subsequently incubated with the cytokine (25 ng/ml) for 30 minutes and harvested for protein 
extraction. F) Bar plots illustrating the normalized log10 intensity of the phosphorylation of the tyrosine 
residue 694 on STAT5 (pSTAT5-Y694) in PDX-COG17-IL7 (NO IL7) and after the cytokine pulse (+IL7).

PDX-COG17-lines are resistant to prednisolone
STAT5 activation and its transcriptional activity have been proven pivotal for the survival of 
T-ALL cells [21]. Moreover, increased JAK/STAT activity induced by either exogenous IL7 
or due to mutations in genes involved in the IL7R signaling pathway, play a fundamental 
role in sustaining resistance to glucocorticoids in T-ALL [23, 24, 26, 37]. Therefore, we 
tested the sensitivity of the two PDX-COG17 lines to prednisolone, in the presence or 
absence of exogenous IL7. As illustrated in Figure 3A, PDX-COG17-IL7 cells are resistant to 
prednisolone in vitro in the presence of exogenous IL7. When cells are deprived of IL7 for 
3 days and subsequently treated with prednisolone, they seem only slightly more sensitive 
to the treatment. Similarly, PDX-COG17-IND cells are resistant to prednisolone and the 
resistance is slightly increased in the presence of exogenous IL7 (Figure 3B). 

To evaluate the response to glucocorticoid treatment and the possible role of IL7 in 
influencing the steroid response, we performed qPCR for several NR3C1-target genes 
in both cell lines after a 4-day prednisolone treatment, in the presence or absence of 
exogenous IL7. A shown in Figure 3C, PDX-COG17-IL7 cells show upregulation of the 
glucocorticoid receptor (NR3C1) and of its target genes, including the pro-apoptotic BIM. 
For PDX-COG17-IND cells, both in the presence or absence of IL7, a similar upregulation of 
NR3C1-target genes could be seen (Figure 3D). Taken together, these data showed that 
both cell lines, despite being resistant to glucocorticoids in vitro, retain a NR3C1-mediated 
steroid response at the transcriptional level. 6

162842_Valentina_Cordo_BNW-def.indd   195162842_Valentina_Cordo_BNW-def.indd   195 10-2-2023   10:47:3310-2-2023   10:47:33



196

Chapter 6

Figure 3: PDX-COG17 cells are resistant to prednisolone. A) Dose-response curves of prednisolone 
treatment in PDX-COG17-IL7 cells. Cells were incubated with increasing concentrations of predniso-
lone (0 – 514 µM) for 96 hours in the presence or absence of IL7 (10 ng/ml). IL7 removed: cells were 
deprived of IL7 for 72 hours (day -3) before the addition of the drug (day 0) and kept without cytokine 
during the assay. Relative survival was calculated in comparison with cells treated with vehicle only. 
The graph shows the average and the standard deviation of two independent experiments performed 
in duplicate. B) Dose-response curves of prednisolone treatment in PDX-COG17-IND cells. Cells were 
incubated with increasing concentrations of prednisolone (0 – 514 µM) for 96 hours in the presence or 
absence of IL7 (10 ng/ml). +IL7: cells were incubated with IL7 for 72 hours (day -3) prior to the addition 
of the drug (day 0) and cultured in presence of the cytokine during the assay.  Relative survival was 
calculated in comparison with cells treated with vehicle only. The graph shows the average and the 
standard deviation of two independent experiments performed in duplicate. C) Gene expression of 
glucocorticoid receptor (GR)-target genes in PDX-COG17-IL7 cells following prednisolone treatment 
for 96 hours, in the presence or absence of exogenous IL7 (10 ng/ml). The fold change was calculated 
compared to the normal culturing condition of PDX-COG17-IL7 cells (in the presence of IL7, indicated 
as CTRL (+IL7) in orange).  D) Gene expression of GR-target genes in PDX-COG17-IND cells following 
prednisolone treatment for 96 hours, in the presence or absence of exogenous IL7 (10 ng/ml). The 
fold change was calculated compared to the normal culturing condition of PDX-COG17-IND cells (no 
IL7, indicated as CTRL in black).
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The JAK inhibitor ruxolitinib synergizes with prednisolone in PDX-COG17-IL7 
cells

Since PDX-COG17 cells showed resistance to prednisolone and since the presence of 
IL7 could even slightly increase the resistance to glucocorticoid in vitro (Figure 3A-B), we 
questioned whether the targeting of JAK3 activity upon IL7 signaling could be an effective 
strategy to sensitize cells to prednisolone. PDX-COG17-IL7 cells did not show sensitivity to 
ruxolitinib as single treatment, with an IC50 of 10 µM in the presence of IL7 and even higher 
in the absence of the cytokine (Figure 4A). When combining ruxolitinib and prednisolone 
in the absence of IL7, synergy could be found only at very high concentration of both 
drugs (NO IL7; prednisolone > 27.2 µM and ruxolitinib > 10 µM) as illustrated in Figure 
4B. Interestingly, when the drug combination is the tested in the constant presence of 
IL7, synergy can be found using a much lower ruxolitinib concentration (0.32 µM, Figure 
4B-C). Furthermore, when PDX-COG17-IL7 cells are first deprived of IL7 and then incubated 
with the cytokine (IL7 pulse) together with the drugs, the synergistic effect of the drug 
combination can be seen already when using 0.1 µM ruxolitinib (Figure 4B). For PDX-
COG17-IND cells, the addition of IL7 also induced a higher synergy of the combined 
ruxolitinib and prednisolone treatment but only in the higher drug concentration range 
(Supplementary Figure 2A-B, ruxolitinib > 1 µM). These results indicate that the increased 
JAK3 activity induced by active IL7 signaling in PDX-COG17-IL7 cells is targetable and can 
sensitize leukemic cells to prednisolone treatment. Moreover, our results indicate that the 
PDX-COG17-IL7 line can be used as model for studying the reversal of steroid resistance 
in  T-ALL. 

6
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Figure 4: ruxolitinib and prednisolone have synergistic effect in PDX-COG17-IL7 cells. A) Dose-re-
sponse curves of prednisolone and ruxolitinib single treatments in PDX-COG17-IL7 cells. Cells were 
incubated with increasing concentrations of prednisolone (0 – 514 µM) or ruxolitinib (0 – 32 µM) 
for 96 hours in the presence or absence of IL7 (10 ng/ml). NO IL7: cells were deprived of IL7 for 72 
hours (day -3) prior to the addition of drugs (day 0) and kept without cytokine during the assay.  +IL7: 
cells were cultured in the presence of IL7 as normally done for this cell line. NO IL7 + PULSE: cells 
were deprived of IL7 for 72 hours (day -3) prior to the addition of drugs (day 0). Subsequently, IL7 
(10 ng/ml) was added when seeding cells with the drugs at day 0. Relative survival was calculated 
in comparison with cells treated with vehicle only. The graph shows the average and the standard 
deviation of duplicates. B) Zero-Interaction Potency (ZIP) synergy scores for the combination of rux-
olitinib (0 – 32 µM) and prednisolone (0 – 514 µM). Cells were treated with either one of the single 
drugs or a drug combination for 96 hours in duplicate. Cell survival was calculated in comparison to 
vehicle-only treated cells. ZIP values lower than 0 indicate an antagonistic effect of the drug com-
bination (blue), values between 0 and 10 indicate an additive effect (white to light red) while values 
above 10 (corresponding to a deviation from the reference model above 10%) indicate synergy (dark 
red and outside black dashed line). Each drug screening was performed in duplicate. C) Cell survival 
of PDX-COG17-IL7 cells upon single prednisolone/ruxolitinib or combination treatment. Each dot 
represents the relative survival (compared to vehicle-only treated cells) after 96 hours treatment with 
3.9 µM prednisolone, 0.32 µM ruxolitinib or combination of both drugs. The error bars represent the 
standard deviation of the duplicate.
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DISCUSSION

The use of patient biopsies is becoming the preferred choice for studying cancer biology 
and mechanisms of therapy resistance. Functional screenings such as ex vivo drug testing 
and unbiased analysis like phosphoproteomic profiling are becoming fundamental tools 
to identify druggable targets and to design personalized therapies. Nevertheless, for 
T-ALL, many preclinical studies still rely on commercial cell lines or patient-derived murine 
xenografts used as disease model, given the lack of cell proliferation and poor survival of 
T-ALL blasts ex vivo. In the last few years, to increment both cell survival and proliferation 
of primary cells, different co-culture platforms have been set up where T-ALL blasts are 
cultured on a stromal layer, typically mesenchymal stem cells, and successfully used for 
drug screenings combined with FACS analysis or imaging readouts [38, 39]. Furthermore, 
novel patient-derived T-ALL cell lines have been established in the last two decades, such 
as the IL7-dependent TAIL7 cell line [40], the NOTCH1-dependent cell line CUTTL1 [41], 
the MYC-translocated cell line UP-ALL13 [42], and two T-ALL cell lines from the Children’s 
Oncology Group that can grow at both atmospheric (20%) and bone marrow-like (5%) 
oxygen concentrations [43]. Here, we presented a new, IL7-dependent T-ALL cell line 
obtained from the leukemic blasts of a pediatric T-ALL patient (PDX-COG17-IL7). Moreover, 
we also described the sub-derivatization of an IL7-independent cell line (PDX-COG17-
IND) from the original one. Interestingly, the two cell lines do not present any inactivating 
mutation in tumor suppressor genes such as TP53 that could favor the proliferation of cells 
ex vivo. Therefore, differently from most of the commercially available cell lines, these new 
lines possibly retain an intact DNA-damage response. In addition, the IL7-independent 
PDX-COG17-IND cells did not acquire any mutation in the IL7R (or any other gene involved 
in the IL7 signaling cascade) that could explain the IL7-independence in vitro. This evidence 
indicates that possible metabolic rewiring, alternative signaling loops, and adaptation to 
different culturing conditions can occur and favor the survival of leukemic cells ex vivo 
even the absence of IL7. 

Phosphoproteomic profiling and INKA prediction of active kinases highlighted the activation 
of JAK3 upon cytokine stimulation in PDX-COG17-IL7 cells. Similarly, in the IL3-dependent 
pro-B murine Ba/F3 cells, upon exogenous administration of murine IL3, high JAK2 activity 
was induced. However, while Ba/F3 cells also present an increase in ERK activity upon IL3 
administration, PDX-COG17-IL7 cells do not show any downstream ERK or AKT activation 
after IL7-induced signaling. In our cell line, the IL7-induced signaling converges on the 
activation of JAK3 and the transcription factor STAT5. Since activation of the IL7R-JAK-STAT 

6

162842_Valentina_Cordo_BNW-def.indd   199162842_Valentina_Cordo_BNW-def.indd   199 10-2-2023   10:47:3410-2-2023   10:47:34



200

Chapter 6

pathway has been described as one of the major cause of resistance to glucocorticoids [23, 
24], the cornerstone of T-ALL therapy, we tested the sensitivity of our PDX-COG17-lines to 
prednisolone and both cell lines showed a resistant phenotype, regardless of IL7-induced 
signaling. Interestingly, for the IL7-dependent line, in the absence of exogenous IL7, there 
was only a minor sensitization to prednisolone. Furthermore, we also showed the both 
the IL7-dependent and the IL7-independent lines retain a glucocorticoid transcriptional 
response, with the upregulation of various NR3C1-target genes, including the pro-apoptotic 
BIM. Recently, Meyer and colleagues demonstrated that glucocorticoids can paradoxically 
induce steroid resistance in T-ALL by directly upregulating the expression of IL7Ra [44]. In 
our two cell lines, this paradoxical upregulation of the IL7Ra upon prednisolone seemed 
to be more pronounced in the PDX-COG17-IL7 line.

Since the phosphoproteomic profiling underscored a predominant role of JAK3 in IL7-
induced signaling, we evaluated the response of PDX-COG17-IL7 cells to the JAK inhibitor 
ruxolitinib. While single ruxolitinib treatment did not show an effect in PDX-COG17-IL7 cells 
even in the presence of IL7, the combined JAK inhibition by ruxolitinib and prednisolone 
showed a high synergy in the presence of IL7. In the last few years, several studies have 
highlighted the role of active JAK3, either due to mutational gain-of-function or exogenous 
IL7-induced signaling, in conferring resistance to steroid treatment in T-ALL [17, 23, 24, 
26]. In particular, Delgado-Martin and colleagues demonstrated that exogenous IL7 can 
induce steroid resistance and that the treatment with the JAK inhibitor ruxolitinib can 
sensitize a subset of T-ALL blasts to glucocorticoid ex vivo [23]. Similarly, we could model 
the synergistic effect of ruxolitinib and prednisolone when JAK3 is activated by exogenous 
IL7 in our cell lines. Therefore, PDX-COG17-IL7 cells and the derived PDX-COG17-IND line 
can be used as tools not only for investigating the JAK3-STAT5 signaling downstream of 
IL7, but they can also be used to model the resistance to glucocorticoids of T-ALL cells.

IL3-dependent Ba/F3 cells are usually the preferred model to study the oncogenic potential 
and the transforming capacity of gene overexpression or gene mutation [45]. However, the 
Ba/F3 line is a murine pro-B cell line. Therefore, our IL7-dependent cell line could be used in 
future studies as valid alternative to Ba/F3 cells to have a direct model of human leukemia 
oncogenic dependency. Lastly, our two cell lines allow the investigation of drug sensitivity 
to agents that require an active proliferation to exert their effect, such as nucleotide 
analogues and cyclin-dependent kinase inhibitors, or other small-molecule inhibitors that 
may need a prolonged treatment to affect the cellular phenotype like epigenetic drugs. 
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. A) Cell viability of PDX-COG17-IL7 cells cultured in vitro. T-ALL blast purified 
from the murine bone marrow were cultured in the presence or absence of human IL7 (10 ng/ml). 
Cell viability was assessed via trypan blue staining and automatic cell counting. B) Growth curve of 
PDX-COG17-IND cells. Cells were kept in culture in the absence of IL7 for more than a month and 
cell counts were assessed via trypan blue staining and automatic cell counting. C) Western blotting 
of PDX-COG17-IL7 and CCRF-CEM cells before (NO IL7) and after the cytokine pulse (+IL7 25 ng/ml). 
Cells were cultured overnight in the absence of IL7, subsequently incubated with the cytokine (25 
ng/ml) for 30 minutes and harvested for protein extraction. D) Western blotting of PDX-COG17-IL7 
and Ba/F3 cells before (NO IL7/IL3) and after the cytokine pulse (+IL7 25 ng/ml, +IL3 10 ng/ml). Cells 
were cultured overnight in the absence of IL7/IL3, subsequently incubated with the cytokines for 30 
minutes and harvested for protein extraction.
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Supplementary Figure 2. Ruxolitinib and prednisolone have a synergistic effect in PDX-COG17-
IND cells. A) Dose-response curves of prednisolone and ruxolitinib in PDX-COG17-IND cells. Cells 
were incubated with increasing concentrations of prednisolone (0 – 514 µM) or ruxolitinib (0 – 32 
µM) for 96 hours in the presence or absence of IL7 (10 ng/ml). NO IL7: cells were cultured without IL7 
and kept without cytokine during the assay.  +IL7: IL7 (10 ng/ml) was added when cells were seeded 
with the drugs. Relative survival was calculated in comparison with cells treated with vehicle only. 
The graph shows the average and the standard deviation of duplicates. B) Zero-Interaction Potency 
(ZIP) synergy scores for the combination of ruxolitinib (0 – 32 µM) and prednisolone (0 – 514 µM). 
Cells were treated with either one of the single drugs or a drug combination for 96 hours in duplicate. 
Cell survival was calculated in comparison to vehicle-treated cells. ZIP values lower than 0 indicate 
an antagonistic effect of the drug combination (blue), values between 0 and 10 indicate an additive 
effect (white to light red) while values above 10 (corresponding to a deviation from the reference 
model above 10%) indicate synergy (dark red and outside black dashed line). Each drug screening 
was performed in duplicate.
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ON THE ROAD TOWARDS TARGETED TREATMENTS FOR T-ALL

T cell acute lymphoblastic leukemia (T-ALL) originates when genetic lesions accumulate in 
the DNA of immature T cell precursors. These genomic aberrations allow the expression 
and activation of developmental transcription factors, normally not active in mature T cells, 
which induce a differentiation arrest and promote an uncontrolled proliferation of immature 
progenitors. 

Despite ALL being the most common form of cancer in children, T-ALL accounts for only 
10-15% of the pediatric ALL cases [1], with an overall survival (OS) of 80% that has been 
achieved using a risk-based stratification of intensive, multi-agent chemotherapeutic 
protocols [2, 3]. The current therapeutic regimen includes a combination of 
chemotherapeutic agents such as steroids, microtubules-destabilizing agents, alkylating 
agents, anthracyclines, anti-metabolites, nucleoside analogues, L-asparaginase and, in 
selected patients, an additional stem cell transplantation. Some agents present a lymphoid 
lineage-specific effect, such as synthetic steroids that induce apoptosis in lymphocytes [4]. 
Also the amino acid-depleting enzyme L-asparaginase has a lineage-specific effect since 
ALL cells present a low or absent asparagine synthetase activity, making them vulnerable 
to the exogenous asparagine depletion [5]. Another example is the antifolate methotrexate 
(MTX) that inhibits de novo purine synthesis and, consequently DNA and RNA synthesis. 
Since ALL blasts present a higher intracellular retention of the drug and of its poly-
glutamate metabolites, its effect is more elevated in ALL cells [6], albeit recent evidence 
highlights that T-lymphoblasts retain less MTX metabolites compared to B-ALL cells [7]. 
Nevertheless, the remaining drugs are conventional chemotherapeutics that target highly 
proliferating cells, including healthy tissues. Therefore, the intense treatment of pediatric 
patients with cytotoxic agents will not only impact their quality of life during therapy, but it 
will cause long-term, chronic sequelae in survivors together with an increased risk for the 
development of a secondary malignancy [8]. 

Patients are assigned to standard, medium, or high-risk group based on minimal residual 
disease (MRD) after the first two courses of chemotherapy [3, 9]. A recent study from the 
Dutch Childhood Oncology Group highlighted that the limit of treatment intensification 
for high-risk patients has been achieved, since the number of pediatric patients who die 
because of a leukemia relapse equals the number of patients dying from treatment-related 
toxicities [10]. Therefore, alternative, more targeted therapeutic options are warranted to 
reduce the toxic effects of chemotherapy and increase the cure rate. 
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In the last twenty years, the only additional drug approved for the treatment of T-ALL was 
the deoxyguanosine analogue nelarabine which received FDA-approval in 2005 for the 
treatment of relapsed patients with T-ALL or lymphoblastic lymphoma. T-lymphoblasts are 
more sensitive to nelarabine treatment compared to other hematopoietic cells [11] due to 
the higher accumulation of the active nelarabine metabolite ara-G, a purine nucleoside 
analogue that induces an arrest of DNA synthesis and consequent induction of apoptosis. 
In 2020, a phase III clinical trial demonstrated high efficacy and tolerability of nelarabine 
treatment in newly diagnosed pediatric T-ALL patients [12], indicating a possibility for 
integrating nelarabine already in the first-line treatment. In fact, the current ALLtogether1 
study includes nelarabine treatment for high-risk pediatric and young adult T-ALL cases 
that are refractory to the first two courses of chemotherapy after diagnosis [NCT04307576].

Protein kinase inhibitors are one of the most used targeted treatments in modern 
oncology. Nevertheless, no kinase inhibitor or any other small molecule-drug has been 
approved yet for the treatment of T-ALL patients, mostly because of the lack of accurate 
predictive biomarkers for the stratification of patients [13]. Several clinical trials are currently 
investigating the use of kinases inhibitors based on the detection of recurrent genomic 
lesions in oncogenes, such as the JAK inhibitor ruxolitinib for T-ALL cases that present 
JAK-STAT signaling activating mutations (NCT03117751), the MEK inhibitor selumetinib in 
case of detection of mutations in the RAS pathway (NCT03705507), and the ABL inhibitors 
imatinib or dasatinib for ABL1-fusion positive T-ALL cases (NCT03117751, NCT02551718). 

This thesis
Extensive genomic studies performed via whole-exome and whole-genome sequencing 
have uncovered the genetic drivers of T-ALL [14-16] which are developmental transcription 
factors ectopically expressed due to genomic rearrangements (type A aberrations) [17, 
18]. The expression and activation of such transcription factors promote a differentiation 
arrest and induce an aberrant proliferation of immature progenitors. While direct targeting 
of aberrant transcription factors is trivial, identification of secondary mutations that act 
in concert with genetic drivers to promote leukemogenesis and favor proliferation and 
survival, can provide important opportunities for genomic-driven precision medicine. These 
secondary mutations (type B aberrations) usually occur in surface receptors like the IL7R 
and NOTCH1, kinases (e.g., JAK1/3, AKT, PIK3) and their regulators (e.g., PTEN, RAS, PTPN11) 
[14, 16, 19]. Nevertheless, many clinical trials showed disappointing results on the use of 
targeted agents based on a genomic only-driven informed treatment in T-ALL and also for 
other types of cancer [13, 20-22]. Therefore, we aimed to go beyond the genomics of T-ALL 
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and to perform an unbiased analysis of the proteome and phosphoproteome to uncover 
relevant signaling pathways and active kinases and leverage such hyper-active proteins 
as putative targets for therapy.  

In chapter 2, we extensively reviewed the most frequent genetic aberrations in T-ALL and 
we analyzed the main characteristics of the four main T-ALL subtypes [17]. Each of the four 
T-ALL subtypes, namely the most immature subgroup, the early T cell precursor – ALL (ETP-
ALL), the TLX, the TLX1/NKX2.1 (also known as proliferative subgroup), and the most mature 
subtype, the TAL/LMO subgroup, have defined genomic abnormalities, gene expression 
profiles, and surface markers. In particular, the ETP-ALL subtype presents the highest 
mutational burden compared to the other subtypes. Despite this detailed knowledge on the 
most common genomic aberrations occurring in T-ALL, only a few genetic lesions could be 
associated with prognosis, such as the presence of NOTCH1 pathway activating mutations 
that are associated with a good outcome [23-25] while aberrations in the PI3K axis and in 
the RAS signaling pathway are related to a poor prognosis [25-27]. Nevertheless, none of 
them is currently used for the risk-stratification of patients [28]. Therefore, we proposed 
a more comprehensive analysis of the biology T-ALL. In addition to genome sequencing, 
RNA, proteome, and phosphoproteome profiling should be integrated to fully capture the 
complexity of the disease and uncover non-genomic leukemia dependencies. In fact, a 
sequencing study from the Children’s Oncology Group reported that, except for JAK and 
FLT3 mutations, no other somatic mutation could be found in tyrosine-kinase coding genes 
or their mediators, in a group of high-risk pediatric acute lymphoblastic leukemia patients, 
despite their gene expression profile suggested an elevated kinase signaling [29]. Thus, 
selected patient could benefit from the use of kinase inhibitors even in the absence of 
genetic mutations. The analysis of active signaling pathways via transcriptome, proteome, 
and phosphoproteome profiling can complement the detection of genetic aberrations. 
This multi-omic and integrative tumor profiling can enlarge not only our knowledge on the 
biology of the disease, but also extend the list of actionable targets for precision oncology 
[17, 30].

In the search for actionable targets, proteins are of great interest since they are ultimate 
mediators of the cellular phenotype and their analysis can directly reveal how DNA 
mutations, external stimuli, signaling, and metabolic rewiring are eventually translated at 
the functional level. Active signaling pathways and aberrant kinase activities can provide 
useful information for drug prioritization and the design of effective combination treatments 
in the context of personalized medicine, in particular when no actionable target is found via 
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a genomic-driven approach. Phosphoproteomics has had a pivotal role in the identification 
of aberrant signaling networks that could be exploited as molecular targets for therapy [31-
33]. For T-ALL, only limited phosphoproteomics studies have been reported. Kinome array 
and reverse-phase protein array (RPPA) studies identified differential signaling features 
between B- and T-ALL [34] and activation of the LCK/calcineurin axis in ETP-ALL [35, 36]. 
While kinome arrays and the RPPA approach provide information about a selected panels 
of kinases and their targets, mass spectrometry (MS)-based phosphoproteomics allows the 
simultaneous investigation of multiple proteins and signaling routes without the need for 
any a priori target selection. Degryse and colleagues used MS-based phosphoproteomic 
profiling to study the signaling downstream of mutant JAK3 [37]. Recently, Franciosa and 
colleagues applied phosphoproteomic analyses to identify possible mediators of resistance 
to γ-secretase inhibitors, the most common NOTCH1 inhibitors, in T-ALL models [38].

In chapter 3 we presented an exploratory, global, unbiased profiling of tyrosine, serine, and 
threonine phosphorylation in T-ALL. Furthermore, we leveraged the phosphoproteomic 
profiling to infer kinase activities at baseline in each sample using the integrative inferred 
kinase activity (INKA) pipeline [39, 40]. Based on the kinase activation profiles, we designed 
effective treatment combinations that we validated ex vivo in patient-derived murine 
xenografts [40]. Previous studies had demonstrated that a subset of T-ALL cells is sensitive 
to the SRC-family kinase inhibitor dasatinib [41-43]. We showed high activation of LCK, SRC, 
ABL1, and other Src-family members even in the absence of genomic rearrangements 
involving LCK or ABL1. While single dasatinib treatment might not be effective in all T-ALL 
cases, INKA-guided design of combination treatments uncovered a synergistic effect of 
the simultaneous inhibition of the INSR/IGF-1R axis and LCK/SRC signaling by dasatinib. 
Importantly, none of the cell lines and patient samples analyzed presented aberrations 
in the LCK, SRC, INSR, and IGF1R genes, underscoring the added value of unbiased 
phosphoproteomic profiling in the identification of non-genomic vulnerabilities which can 
be exploited as therapeutical targets.

Previous studies uncovered the involvement of the IGF-1R signaling in supporting survival 
and growth of T-ALL blasts both in vitro [44] and in vivo [45, 46]. We showed that the 
activation of the INSR/IGF-1R can cause resistance to SRC/LCK inhibition by dasatinib 
and this connection opens important questions about the possible protective role of 
the microenvironment. In fact, the involvement of the INSR/IGF-1R signaling in inducing 
resistance to different tyrosine kinase inhibitors, including EGFR inhibitors, has been shown 
in the context of solid tumors [39, 47, 48]. Therefore, future studies should address the 
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complicated relationship between leukemic blasts and their bone marrow niche also in 
relation to therapy sensitivity, in order to further elucidate the mechanisms behind the 
insurgence of drug resistance. 

Differently from many other types of cancer, no targeted treatment has been approved 
for the treatment of T-ALL yet. Nevertheless, several targeted agents are currently under 
clinical investigation to increase the cure rate of T-ALL and to improve the quality of life 
of patients by limiting the chemotherapy-induced toxicities and long-term side effects. 
In Chapter 4, we reviewed the main actionable targets in T-ALL and we provided an 
extensive overview of the most promising novel agents investigated in clinical trials, such 
as modifiers of apoptosis (BH3-mimetics), signal transduction inhibitors (including kinase 
inhibitors), cell cycle inhibitors, transcriptional regulator inhibitors, epigenetic drugs, and 
immunotherapies. While a single treatment might not be sufficient to eradicate the whole 
leukemia population, the possibility of combining a targeted agent with a less intense 
chemotherapy regimen holds promising possibilities to effectively target the malignant cells 
and, at the same time, reduce the insurgence of toxicities. Furthermore, the combined used 
of targeted inhibitors and chemotherapeutics can overcome the drug resistant phenotype 
that often characterizes T-ALL at relapse. Preclinical studies already showed the successful 
combination of dasatinib and dexamethasone in LCK-overexpressing T-ALL cells [36, 42], 
AKT inhibitors and glucocorticoids in PTEN-mutated leukemic blasts [49], ruxolitinib and 
glucocorticoids in JAK-activated T-ALLs [50, 51], and the successful combination of MEK 
inhibitors and synthetic steroids [16, 52-54] that is currently investigated in the phase I/II 
international SeluDex trial (NCT03705507). 

Eventually, we also highlighted novel agents that showed promising results in preclinical 
research models and that might soon enter upcoming clinical trials. It is of utmost 
importance to bridge preclinical research with clinical settings to promote and accelerate 
the translation of innovative therapies from bench-to-bedside. 

In the last 15 years, there has been a huge international effort to characterize the genome 
of several cancer types to identify targetable lesions. The American National Institute of 
Health created The Cancer Genome Atlas (TCGA) project to promote a systematic analysis 
of cancer genomes. With the increasing developments in the field of proteomics, a similar 
initiative was launched to create a Clinical Proteomic Tumor Analysis Consortium (CPTAC) 
in 2011 to promote the proteomic characterization of cancer and the integration of genomic 
and proteomic data in a proteogenomic profile. Unfortunately, T-ALL has not been included 
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in TCGA or in CPTAC, indicating a lack of a systematic investigation of the disease at the 
proteome and at the proteogenomic level. In chapter 5 we performed a transcriptomic, 
proteomic, and phosphoproteomic profiling using a panel of 11 matched diagnostic-relapse 
patient-derived xenografts (PDXs) to obtain an overview of active signaling pathways and 
kinases in T-ALL. We integrated these data with the detection of somatic mutations via 
whole-exome sequencing, and with the ex vivo cellular response to 42 drugs to identify 
possible determinants of sensitivity. We extended our drug screening to an additional 
cohort of 25 PDXs and we showed that subsets of T-ALL cases are sensitive to small 
molecule-agents such as the kinase inhibitors dasatinib, selumetinib, and trametinib, in 
the absence of known genetic lesions. These results underscore the importance of going 
beyond genomics to increase the possibilities of precision medicine. In fact, functional 
screenings such as ex vivo drug tests can provide important and rapid indications on the 
cancer phenotypes, and they have been already proven successful in guiding clinical 
treatment decisions in selected T-ALL patients who showed an exceptional response to 
a targeted agent [41, 55], and in two prospective clinical trials for acute myeloid leukemia 
[56] and aggressive hematological malignancies [57].

To gain insights into possible differences between diagnostic and relapse T-ALLs, we 
compared the proteome of diagnostic and relapse PDXs, and we found an enrichment for 
proteins involved in mitochondrial activity and oxidative phosphorylation in the relapse 
group. A deregulation of the cellular metabolism has been recognized as an hallmark of 
cancer [58] since it gives a selective advantage to malignant cells. Therefore, the detection 
of an increased mitochondrial metabolism in the relapse T-ALLs could be related to cellular 
adaptation to the microenvironment but also to treatment and could be therefore possibly 
involved in therapy resistance. 

Furthermore, we performed pathway enrichment analyses, differential protein expression 
analysis, and inference of kinase activities, and we highlighted that both proteomic and 
phosphoproteomic features that are present at diagnosis can be retained at relapse, such 
as the activation of the JAKs and the INSR/IGF-1R kinases, and they correlate to cellular 
sensitivity to the JAK inhibitor ruxolitinib and to three different AKT inhibitors, respectively. 
Therefore, selected patients could benefit already at initial diagnosis from a targeted agent. 

Lastly, we found an enrichment for cell cycle and proliferation pathways in dasatinib-
sensitive PDXs at the transcriptome, proteome, and phosphoproteome level. Interestingly, 
these proliferation-signature was abrogated in their matched relapse samples that acquired 
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resistance to the kinase inhibitor. Thus, cellular quiescence could be involved in the 
insurgence of drug resistance. In fact, previous studies correlated dasatinib responsiveness 
to LCK activation downstream of active T cell receptor (TCR) signaling [42, 43]. Similarly, we 
uncover an elevated phosphorylation of CD5, a known LCK target and an essential player 
in the activation of the TCR signaling, exclusively in three dasatinib sensitive samples and 
the lack of such phosphosite in their matched resistant counterparts. 

Therefore, our study provides an important multi-omic resource to uncover non-genetic 
determinants of sensitivity to targeted therapies and allows the investigation of the 
complexity of the biology of T-ALL at the signaling level. 

PDXs have become widely used in preclinical research since they allow the expansion 
of patient samples, they provide an in vivo model of a human disease, and they maintain 
the main characteristics of their tumor of origin [59-61]. The generation of several murine 
xenografts allowed us to perform multiple analysis such as ex vivo drug screenings, 
sequencing, transcriptomic and (phospho)proteomic profiling on the same sample, starting 
from only a few million leukemic blasts obtained from patient’s biopsies. Moreover, in 
chapter 6, we reported the establishment of two novel T-ALL cell lines from a patient-
derived xenograft. In particular, the first cell line presented a dependency on the presence 
of human IL7 for growth and expansion in vitro, while the second cell line that was sub-
derived from the IL7-dependent one, did not need any cytokine to proliferate. IL7-induced 
signaling correlated with active JAK3 signaling as highlighted by the INKA ranking of active 
kinases upon cytokine stimulus. Moreover, we demonstrated a synergistic effect of the 
JAK3 inhibitor ruxolitinib and prednisolone in the presence of IL7 in our IL7-dependent 
cell line, as previously demonstrated for T-ALL blasts treated ex vivo [50]. Therefore, our 
novel IL7-dependent cell line could be used to investigate possible mechanisms of re-
sensitization to glucocorticoids but also, given the continuous proliferation of these cells 
in vitro, to study the mechanisms of action and the cellular sensitivity to all those agents 
that require an active cell cycle to be effective (e.g., CDK inhibitors, nucleoside analogs…) 
or a longer exposure to the treatment (e.g., epigenetic drugs). Furthermore, our novel cell 
lines do not present any TP53 mutations. Therefore, differently from many commercial T-ALL 
cell lines that have acquired an inactivation of the tumor suppressor p53, our cell lines 
recapitulate the lack of TP53 mutations at T-ALL diagnosis [14] and allow the study of the 
effects induced by DNA damage. Lastly, the dependency on IL7 for an active proliferation 
could be leveraged to study the oncogenic potential of gene mutations, deletions or over-
expression as commonly done using the murine, IL3-dependent, pro-B, Ba/F3 cells. In fact, 
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our cell line can possibly allow the investigation of such oncogenic mechanisms directly 
in a human model of cancer. 

T-ALL and precision medicine: a look ahead
The outcome for children diagnosed with T-ALL has dramatically improved over the last 
decades thanks to risk-directed chemotherapeutic protocols [10, 62, 63]. Nevertheless, 
the insurgence of relapse, often accompanied by refractory disease, together with severe 
side-effect induced by chemotherapy, remain unmet needs. Recent clinical trials have 
proven that the limit for treatment intensification has been reached [10, 63]. Thus, further 
improvement in cure rate and quality of life heavily relies on tailored treatments such as 
targeted agents and immunotherapies, including chimeric antigen receptor T (CAR T) cells 
and monoclonal antibodies. Several monoclonal antibodies are approved for the treatment 
of both hematological and solid cancers. Daratumumab and isatuximab (NCT03860844), 
two CD38-directed antibodies, are also currently investigated for the treatment of pediatric 
T-ALL patients, since T-ALL blasts also express CD38 on the cell surface [64]. Promising 
results from the phase II DELPHINUS study (NCT03384654) recently presented at the 
American Society of Clinical Oncology meeting demonstrated safety and efficacy of the 
addition of daratumumab to the chemotherapy backbone in pediatric and young adult 
T-ALL or lymphoblastic lymphoma (LL) patients who had a relapse or present a refractory 
disease [65]. 

CAR T cells have revolutionized the treatment of pediatric B-ALL but their application for the 
treatment of T-ALL has been limited because of the many similarities between T-ALL cells 
and their healthy counterparts, T cells. Therefore, for the design of effective CAR T for the 
treatment of T cell malignancies, several factors must be considered such as the expression 
of common targets in both leukemic blasts and T cells that would cause the so-called 
“fratricide effect”, the need for selectively isolating healthy T cells from the donor without 
any lymphoblast contamination, and a sustained expansion of CAR T cells in vivo [66]. 
Thanks to the development of more sophisticated genome editing techniques, it has been 
possible to design fratricide-resistant CAR T cells from both patients and heterologous 
sources and those innovative therapies have shown impressive results in early clinical trials 
[67-70], indicating a future for immunotherapy for the tailored treatment of T-ALL.

Several international molecular tumor profiling protocols have been initiated to extend the 
access of tailored treatments also to pediatric patients [71-73]. DNA and RNA sequencing 
are becoming routinely used for the identification of actionable targets even though the 
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clinical benefit of this genomic-driven approach seems to be limited [74, 75]. Therefore, 
future T-ALL research should promote the integration of functional studies, such as ex vivo 
drug (combination) screenings and functional profiling via phosphoproteomics for treatment 
selection in the absence of a targetable DNA aberration. In fact, based on a recently 
published study that demonstrate the sensitivity of a subset of T-ALL cases to LCK inhibition 
ex vivo in the absence of ABL1-fusions, in particular in non-ETP-ALL cases [43], a new 
clinical trial will investigate the addition of the Src-family inhibitor ponatinib to chemotherapy 
in relapsed/refractory T-ALL patients (NCT05268003). Moreover, phosphoproteomic 
analyses have shown promising results in identifying targetable proteins and guide the 
design of combination treatments [39, 40]. We presented an exploratory phosphoproteomic 
profiling of T-ALL cell lines and PDXs to predict drug sensitivity. However, given the lack 
of a systematic proteomic and proteogenomic analysis of T-ALL, future studies should 
address the proteomic and phosphoproteomic landscape of the different T-ALL subtypes, 
also in relation to the most common genomic aberrations and copy number variations, to 
provide a proteogenomic map of this rare malignancy. In addition, the systematic study of 
the T-ALL surface proteome could uncover novel potential targets for the development 
of immunotherapies. While the application of proteomics and phosphoproteomics in the 
clinical setting is still limited to RPPA and kinome arrays, recent advances showcased an 
increased sensitivity, reduced analysis time, and the need for a lower amount of input 
material, and the possibility to perform analyses at the single cell level [76] to identify 
heterogeneity also for MS-based proteomics. Thus, there are promising expectations 
for a future translation of (phospho)proteomics measurements as predictive response 
biomarkers [32, 77] and for a broader application in the context of precision medicine.  
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T cel acute lymfatische leukemie (T-ALL) is een zeldzame hematologische maligniteit, 
verantwoordelijk voor ongeveer 15% van alle gevallen van ALL op kinderleeftijd. Het 
ontstaat wanneer genetische afwijkingen opstapelen in het DNA van de voorloper T cellen. 
De behandeling is gebaseerd op intensieve chemotherapie en dit heeft ervoor gezorgd 
dat de overleving van T-ALL patiënten boven de 80% is. De 5 en 10 jaar overleving zijn 
echter niet meer verbeterd de afgelopen twee decennia. Ondanks de goede overleving 
overleeft één op de vijf T-ALL patiënten de ziekte niet. Dit komt doordat de ziekte bij 
hen terugkeert en dan meestal resistent is tegen therapie. Daarnaast veroorzaakt de 
intensieve behandeling toxiciteit bij T-ALL patiënten en overlevenden, wat insinueert dat 
het niet mogelijk is om de behandeling met chemotherapie te intensiveren voor hoog-risico 
patiënten en patiënten met een recidief. Dit geeft het uiterste belang aan van therapie op 
maat, om zo de overleving van patiënten te verbeteren en ernstige bijwerkingen van de 
therapie te verminderen.   

De mogelijkheden om differentiatie te vermijden en om te dedifferentiëren zijn recent 
erkend als ‘hallmarks of cancer’, specifieke eigenschappen van tumorcellen. De afwijkende 
expressie van transcriptiefactoren, vaak enkel tijdens de vroege stadia van differentiatie, 
zorgen ervoor dat leukemische cellen in een voorloperstadium blijven. Dit zorgt voor 
een halt van differentiatie en komt een afwijkende celdeling ten goede. Uitgebreide 
transcriptomische en genomische sequencing studies hebben aangetoond dat de 
belangrijkste afwijkingen die T-ALL veroorzaken ontwikkelingstranscriptiefactoren zijn 
met ectopische expressie door genherschikkingen.  

Gebaseerd op genexpressie profielen en de aanwezigheid van herhaaldelijke genomische 
afwijkingen, zijn vier subtypen van T-ALL ontdekt. Dit zijn vroege T-cel voorloper – ALL 
(ETP-ALL), TLX, TLX1/NKX2.1 (wordt ook wel proliferatief genoemd), en TAL/LMO. ETP-ALL 
is het meest immature subtype, en wordt gekarakteriseerd door verhoogde expressie 
van genen die betrokken zijn bij zelf-hernieuwing van de cel (LMO2, LYL1, HHEX, en het 
anti-apoptotische eiwit BCL2). Daarnaast hebben de ETP-ALL cellen een genexpressie 
profiel dat vergelijkbaar is met hematopoeitische stamcellen. De TLX-groep heeft óf geen 
functionele T cel receptor (TCR), óf een γ/δ TCR in combinatie met herschikkingen in de 
transcriptiefactor TLX3. De TLX1/NKX2.1 subgroep wordt onder andere gekenmerkt door 
verhoogde expressie van genen die de progressie van de celcyclus reguleren (als gevolg 
hiervan wordt dit subtype ook wel proliferatief genoemd), en genherschikkingen in TLX1 
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en NKX2.1. Ten slotte is er de TAL/LMO subgroep, die uit ongeveer 50% van alle T-ALL 
patiënten bestaat en wordt gekenmerkt door ectopische expressie van TAL1/2, LYL1 en 
LMO1/2/3. 

Hoewel het direct bestrijden van deze afwijkende transcriptiefactoren onvoldoende 
is, kan het identificeren van secundaire mutaties, die samen met de belangrijkste 
genetische afwijkingen de T-ALL veroorzaken, mogelijkheden bieden voor therapie op 
maat. In het bijzonder eiwitkinases, die de belangrijkste effectors van signaaltransductie 
zijn en elk aspect van het cellulaire fenotype reguleren. Afwijkingen in kinases zijn niet 
de belangrijkste aanstuuders voor de ziekte, maar secundaire mutaties in receptoren 
(NOTCH1 en IL7R), genen die voor kinases coderen (JAK1, JAK3, FLT3, AKT en PI3K ), en 
hun regulatoren (PTEN en NRAS) kunnen het ontstaan van leukemie ondersteunen en 
ten gunste komen van celdeling en overleving. Het ETP-ALL subtype wordt gekenmerkt 
door het hoogste aantal mutaties per eiwitcoderend gebied, in vergelijking tot andere 
subtypen, terwijl afwijkingen in PTEN met name voorkomen in het TAL/LMO subtype. Deze 
afwijkingen zijn geassocieerd met een slechte uitkomst. Genfusies in genen die coderen 
voor kinases zijn zeldzaam in T-ALL en worden vaak alleen gezien in kleine subklonen. Dit 
limiteert te mogelijkheid voor genomisch gedreven therapie op maat. 

Informatie over actieve signaalroutes en afwijkende kinase activiteit kan nuttig zijn voor 
het prioriteren van medicatie en het ontwikkelen van effectieve combinatietherapie 
in de context van therapie op maat, met name wanneer een genomisch-gedreven 
benadering niet mogelijk is. Massaspectometrie (MS) gebaseerd op fosfoproteomics 
heeft een belangrijke rol gespeeld in het identificeren van afwijkende signaalroutes die 
gebruikt zouden kunnen worden als moleculaire doelwitten voor therapie. Sterker nog, 
fosfoproteomics gebaseerd op MS heeft ervoor gezorgd dat het mogelijk is om simultaan 
meerdere eiwitten en signaalroutes te onderzoeken, zonder dat er a priori doelwit selectie 
nodig is. 

Er is nog geen therapie op maat goedgekeurd voor de behandeling van T-ALL patiënten, 
en het gebrek aan accurate voorspellende biomarkers houdt de juiste toepassing van 
therapie op maat tegen. Het doel van dit proefschrift is daarom ook om verder te gaan dan 
genomica in T-ALL en om te zoeken naar niet-genomische afhankelijkheden die gezien 
kunnen worden als kwetsbaarheid van de leukemiecellen. We hebben hierom onder 
andere een onbevooroordeelde analyse van het proteoom en fosfoproteoom uitgevoerd 
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met het doel om relevante signaalroutes and actieve kinases aan het licht te brengen en 
om deze hyperactieve eiwitten te gebruiken als doelwitten voor therapie op maat.

In hoofdstuk 2 geven we een overzicht van de meest voorkomende genetische 
afwijkingen in T-ALL en hebben we de meest belangrijke karakteristieken van de vier 
subtypes in T-ALL geanalyseerd. Daarnaast hebben we uitgelicht hoe functionele studies 
die signaalroutes onderzoeken op RNA en eiwitniveau waardevolle inzichten kunnen 
bieden om mechanismen van therapieresistentie te achterhalen en nieuwe therapeutische 
doelwitten te kunnen ontdekken. We stellen een integratieve, multi-omische benadering 
voor om elk aspect van T-ALL te bestuderen, om op deze manier de complexiteit van 
leukemie vast te leggen, en op deze manier de Achilleshiel van T-ALL te vinden. 

In hoofdstuk 3 presenteren we een verkennende, globale, onbevooroordeelde profilering 
van tyrosine, serine en threonine fosforylering in T-ALL. Daarnaast demonstreren we de 
toepasbaarheid van globale fosfoproteomische profilering en kinase activiteit inferentie 
om kinases te identificeren die als doelwit gebruikt kunnen worden in T-ALL voor 
het ontwerpen van therapie op maat. Door het gebruik van 11 T-ALL cellijnen en vier 
muismodellen afgeleid van patiëntmateriaal (PDX modellen), verstrekken we een overzicht 
van kinase activteit in T-ALL en ontdekken we een rol voor INSR/IGF-1R signalering in het 
handhaven van resistentie tegen de Src-familie kinase remmer dasatinib.

Op dit moment worden er meerdere medicijnen op maat onderzocht voor T-ALL in een 
klinische studie. In hoofdstuk 4 hebben we uitgebreid literatuuronderzoek uitgevoerd 
op genomische doelwitten en relevante signaalroutes in T-ALL. Daarnaast laten we 
een volledig overzicht zien van alle therapieën op maat die op dit moment onderzocht 
worden in klinische studies en relevante stoffen die veelbelovende resultaten lieten 
zien in preklinische T-ALL modellen. Dit betrof verscheiden klassen van kleine-molecuul 
inhibitoren en immuuntherapieën.

Ondanks de ontdekking van terugkomende signaalroutes in T-ALL is het gebruik van 
deze afwijkingen voor de prognose van de patiënt of als biomarker voor de ziekte nog 
steeds minimaal. In hoofdstuk 5 beschrijven we een ex vivo screen voor medicatie op 
een panel van 47 T-ALL PDX modellen. Daarnaast rapporteren we mutaties die als doelwit 
voor therapie kunnen fungeren en hebben we genomische informatie geïntegreerd met 
microarray-gebaseerde transcriptomische, proteomische en fosfoproteomische analyses 
om relevante signaalroutes en determinanten van gevoeligheid voor medicijnen aan het 
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licht te brengen. Door het gebruik van 11 gematchte diagnose en recidief PDX-modellen 
laten we zien dat bepaalde signaleringspatronen (eiwitexpressie, interacties tussen 
signaalroutes en kinase activiteit) behouden blijven tijdens een recidief. 

PDX modellen zijn fundamenteel geworden in preklinisch onderzoek. In hoofdstuk 
6 rapporteren we de implementatie van een nieuwe T-ALL cellijn gebaseerd op PDX 
cellen, die in vitro gekweekt kan worden in de aanwezigheid van humaan IL7. Gezien 
de overheersende rol van exogeen IL7 in het behoud van celdeling en ten gunste van 
resistentie tegen therapie met glucocorticoïden, de basis van de behandeling voor T-ALL, 
hebben we deze cellijn ingezet om IL7-geïnduceerde kinase signalering te bestuderen en 
om mogelijke effectieve combinatietherapieën te identificeren. 

In hoofdstuk 7 geven we een opsomming van de belangrijkste bevindingen en 
argumenten in dit proefschrift, met een bredere blik richting de toekomst van preklinisch 
en translationeel T-ALL onderzoek. 
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La leucemia linfoblastica acuta a cellule T (T-ALL) è una rara forma di tumore che rappresenta 
solamente il 15% dei casi totali di leucemia linfoblastica acuta in ambito pediatrico. Insorge 
a seguito di un accumulo di anomalie nel DNA a livello dei progenitori di linfociti T ed è 
caratterizzata da una proliferazione incontrollata di cellule immature. Grazie ad intensi 
regimi chemioterapici, adattati in base alle fasce di rischio, il tasso di sopravvivenza per i 
pazienti pediatrici affetti da T-ALL ha raggiunto l’80%, ma, purtroppo, negli ultimi vent’anni 
non si è registrato nessun miglioramento per quanto riguarda i tassi di sopravvivenza a 
cinque e a dieci anni dalla diagnosi. Un paziente su cinque sarà affetto da una ricaduta, 
spesso accompagnata da resistenza alla chemioterapia e da una prognosi cattiva. Inoltre, 
i pazienti sono affetti da severi effetti collaterali come infezioni e malattie croniche causati 
dalla chemioterapia. Dunque, un’ulteriore intensificazione del regime chemioterapico 
attuale, in particolare per i pazienti ad alto rischio, risulta impossibile. Quindi, l’utilizzo di 
terapie mirate è fondamentale per aumentare la sopravvivenza dei pazienti, ma anche per 
limitare i dannosi effetti collaterali causati dalla chemioterapia. 

La capacità di evadere il processo di differenziazione cellulare è stata di recente 
descritta come uno dei tratti principali (hallmark) del cancro. Le cellule leucemiche, 
grazie all’espressione ed attivazione di fattori di trascrizione, tipici dei primi stadi del 
differenziamento cellulare, mantengono uno stato di cellule progenitrici che causa un blocco 
del differenziamento cellulare ed una continua proliferazione. Infatti, studi di trascrittomica 
e di sequenziamento del genoma hanno dimostrato che i driver genetici della T-ALL sono 
fattori di trascrizione evolutivi, i quali vengono espressi in seguito a riarrangiamenti genici. 
Si possono distinguere quattro diversi sottotipi di T-ALL, in base al profilo di espressione 
genica e alla presenza di anomalie genomiche ricorrenti. I principali sottotipi sono: ETP-
ALL (Early T cell Precursor), TLX, TLX1/NKX2.1 (anche noto come proliferative) e TAL/LMO. 

Il sottotipo ETP-ALL raggruppa i casi più immaturi di T-ALL che presentano un profilo di 
espressione genica molto simile alle cellule staminali ematopoietiche. Inoltre, i casi ETP-ALL 
sono caratterizzati da un’elevata expressione di geni che garantiscono il continuo auto-
rinnovo cellulare come LMO2, LYL1, HHEX e la proteina anti-apoptotica BCL2. 

I casi del sottogruppo TLX sono caratterizzati dall’assenza totale di un recettore T 
funzionale o presentano un recettore T del tipo γ/δ, in aggiunta a riarrangiamenti che 
coinvolgono il fattore di trascrizione TLX3. Invece, il sottogrouppo TLX1/NKX2.1 presenta 
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un’elevata espressione di geni coinvolti nella regolazione e progressione del ciclo cellulare 
(da cui deriva l’annotazione proliferative) e riarrangiamenti genici che coinvolgono i fattori 
di trascrizione TLX1 ed NKX2.1. Infine, il sottogrouppo   TAL/LMO include circa la metà dei 
casi totali di T-ALL e si caratterizza per l’espressione di TAL1/2, LYL1 e LMO1/2/3. L’utilizzo 
di fattori di trascrizione come bersagli molecolari è ancora limitato, ma l’identificazione 
di mutazioni secondarie che agiscono insieme ai driver genetici, può fornire importanti 
informazioni per la medicina di precisione. 

Le protein-chinasi sono i principali componenti della trasduzione del segnale e regolano 
ogni processo che influenza il fenotipo cellulare. Mutazioni secondarie in geni che 
codificano per recettori cellulari come NOTCH1 e IL7R; chinasi come JAK1, JAK3, FLT3, AKT 
e PIK3; regolatori di chinasi come PTEN e NRAS, supportano la trasformazione tumorale 
e favoriscono la sopravvivenza e la proliferazione di cellule maligne. In particolare, i casi 
ETP-ALL presentano il più alto tasso di mutazioni, mentre aberrazioni che coinvolgono 
PTEN di solito occorrono frequentemente nel sottotipo TAL/LMO e si associano ad una 
prognosi cattiva. Inoltre, fusioni geniche che coinvolgono chinasi sono rare nei casi di T-ALL 
e spesso sono identificate solamente in sottopopolazioni cellulari. Quindi, raramente, tali 
fusioni geniche possono essere utilizzate come biomarcatore predittivo per l’utilizzo di 
terapie mirate come, ad esempio, gli inibitori di chinasi. 

L’attivazione selettiva di pathway e la rilevazione di elevate attività chinasiche possono 
fornire importanti informazioni per la scelta dei trattamenti più adeguati e per la formulazione 
di terapie combinate nell’ambito della medicina personalizzata, soprattutto quando nessun 
bersaglio terapeutico può essere identificato in base al solo profilo genetico del paziente. 

Le analisi del proteoma (la totalità delle proteine in una cellula) e del fosfoproteoma 
(l’insieme delle proteine fosforilate da chinasi) attraverso la spettrometria di massa hanno 
avuto un ruolo fondamentale nell’identificazione di circuiti e pathway attivati in maniera 
anomala che possono essere sfruttati come bersagli molecolari. Infatti, la fosfoproteomica 
combinata alla spettrometria di massa permette l’analisi simultanea di tutte le proteine 
cellulari e di tutti i pathway di trasduzione del segnale, senza la necessità di fare una 
selezione a priori delle proteine d’interesse. 

Purtroppo, ancora nessuna terapia mirata è stata ufficialmente approvata per il trattamento 
della T-ALL e la mancanza di biomarcatori predittivi accurati limita le possibilità di 
assegnazione dei pazienti al miglior trattamento mirato. Lo scopo del nostro progetto di 

162842_Valentina_Cordo_BNW-def.indd   231162842_Valentina_Cordo_BNW-def.indd   231 10-2-2023   10:47:3610-2-2023   10:47:36



232

Riassunto in italiano 

ricerca è stato di andare oltre la genetica della T-ALL per poter identificare nuovi bersagli 
terapeutici. In particolare, abbiamo effettuato una analisi globale del proteoma e del 
fosfoproteoma per rilevare i pathway di trasduzione del segnale e le protein-chinasi più 
attive, con lo scopo finale di sfruttare tali proteine come nuovi bersagli terapeutici. 

Il capitolo 2 descrive le aberrazioni genetiche più frequenti nei casi di T-ALL e le principali 
caratteristiche dei quattro sottotipi della malattia. Inoltre, abbiamo evidenziato come gli 
studi funzionali che analizzano i pathway di trasduzione del segnale a livello di RNA e 
proteine possano fornire importanti dettagli per capire i meccanismi di resistenza alle 
terapie attuali e per scegliere i migliori bersagli terapeutici. Proponiamo un approccio 
integrativo e multi-omico (che combina genomica, trascrittomica e proteomica) per studiare 
la T-ALL sotto ogni aspetto, così da essere in grado di valutare la complessità del tumore 
e di poter trovare il suo tallone d’Achille. 

Nel capitolo 3, abbiamo presentato un’analisi globale della fosforilazione del proteoma nella 
T-ALL. Inoltre, abbiamo dimostrato come l’utilizzo della fosfoproteomica e dell’inferenza 
di attività chinasiche possano aiutare l’identificazione di chinasi iperattive. Tali chinasi 
possono essere sfruttate come bersaglio terapeutico. Utilizzando undici diverse linee 
cellulari di T-ALL e quattro modelli murini derivati da cellule di pazienti (patient-derived 
xenografts, PDXs), abbiamo fornito una panoramica delle chinasi più attive nelle cellule di 
T-ALL. Abbiamo poi scoperto che l’attivazione del recettore per l’insulina (INSR) e per l’IGF1 
(IGF-1R) possono contribuire alla resistenza al trattamento con dasatinib, un inibitore delle 
chinasi della famiglia Src, le principali tirosin-chinasi attive nelle cellule di T-ALL analizzate.

Diverse terapie mirate sono al momento incluse in studi clinici per i pazienti affetti da 
T-ALL. Nel capitolo 4, abbiamo fatto una ricerca in letteratura riguardo alle principali 
aberrazioni genetiche della T-ALL che possono essere sfruttate come bersagli molecolari. 
Inoltre, abbiamo fatto una panoramica di tutte le terapie mirate che hanno raggiunto la 
sperimentazione clinica e dei nuovi farmaci che hanno dimostrato dei risultati molto 
promettenti in modelli preclinici di T-ALL. Questi farmaci includono vari classi di inibitori 
e immunoterapie. 

Nonostante l’identificazione di mutazioni ricorrenti nei casi di T-ALL, l’utilizzo di tali anomalie 
genetiche come biomarcatori di prognosi o di risposta alla terapia è ancora limitato. Nel 
capitolo 5, abbiamo descritto uno screening di agenti terapeutici ex vivo usando 47 
modelli murini derivati da pazienti di T-ALL. Inoltre, abbiamo riportato le principali mutazioni 
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genetiche e abbiamo integrato le informazioni genetiche con analisi di trascrittomica, 
proteomica e fosfoproteomica per identificare i principali pathway di trasduzione del 
segnale attivi e possibili fattori che determinano la risposta ai diversi farmaci. Utilizzando 
undici casi longitudinali (prima diagnosi di T-ALL e recidiva ottenuti dallo stesso paziente), 
abbiamo dimostrato che alcune caratteristiche (espressione di proteine, attivazione di 
pathway e attivazione di chinasi) sono presenti alla prima diagnosi e vengono mantenute 
nella recidiva. 

I modelli murini derivati da campioni di pazienti sono diventati strumenti fondamentali 
nella ricerca preclinica. Nel capitolo 6, abbiamo riportato la creazione di una nuova linea 
cellulare di T-ALL a partire da uno di questi modelli. In particolare, questa linea celllulare 
può essere coltivata in vitro con l’aggiunta dell’interleuchina 7 (IL7) umana. Dato che IL7 ha 
un ruolo importante nel sostenere la proliferazione di cellule leucemiche nel microambiente 
del midollo osseo e può favorire l’insorgenza di resistenza ai glucocorticoidi, uno dei 
principali componenti del regime terapeutico per la T-ALL, abbiamo sfruttato questa linea 
cellulare per studiare l’attivazione di chinasi indotta da IL7 e per identificare possibili 
combinazioni di farmaci efficaci. 

Infine, il capitolo 7 fornisce un riassunto dei principali risultati descritti in questa tesi, visti 
anche in prospettiva dei futuri studi preclinici e clinici della T-ALL. 
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