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Abstract

Progress in our understanding of the central genes, pathways, and mechanisms in the pathobiology 

of T-cell acute lymphoblastic leukemia (T-ALL) has identified key drivers of the disease, opening 

new opportunities for therapy. Drugs targeting highly prevalent genetic alterations in NOTCH1 
and CDKN2A are being explored, and multiple other targets with readily available therapeutic 

agents, and immunotherapies are being investigated. The molecular basis of T-ALL is reviewed 

here and potential targets and therapeutic targets discussed.
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Introduction

Over the last years studies dissecting the mutational landscape of T-cell acute lymphoblastic 

leukemia (T-ALL) have identified prominent genes that define key pathways and 

mechanisms essential in the pathogenesis of the disease. Among these, genetic lesions 

involving CDKN2A, and NOTCH1 are particularly prevalent [1]. Deletions of the CDKN2A 
locus encoding the P16/INK4A and P19/ARF tumor suppressors, responsible for control of 

cell cycle progression and P53 regulation, respectively, are present in about 70% of T-ALLs. 

In addition, activating mutations in NOTCH1 can be found in the majority of T-ALL cases 

[1,2]. However, TALL is a genetically and clinico-biologically heterogeneous disease 

implicating alterations in numerous transcriptional, signaling, and epigenetic factors.

Molecular basis of T-ALL

Gene expression profiling has identified major clinico-biological categories of T-ALL 

associated with gene expression programs related to those present during differentiation 
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along the thymocyte development spectrum [1,3]. Early T-cell precursor T-ALL (ETP T-

ALL) is characterized by activating mutations in genes regulating cytokine receptor RAS 
signaling, including FLT3, inactivating lesions in GATA3, ETV6, and RUNX1 disrupting 

hematopoietic development, and histone-modifying genes, such as EZH2, SUZ12 and EED 
[4]. ETP T-ALLs have a gene expression profile characteristic of very immature precursors, 

they are related to hematopoietic stem cells and myeloid progenitors, and they 

characteristically have a pattern of mutations that overlaps with that of acute myeloid 

leukemias [4–6]. In addition, ETP T-ALL has a lower frequency of mutations in NOTCH1 
and loss of the short arm of chromosome 9 [4].

Early cortical thymocyte leukemias are primarily associated with translocations resulting in 

aberrant expression of TLX1, TLX3, and related homeobox transcription factor oncogenes 

[1,3]. They are defined as a molecular group not only by their gene expression signature and 

immunophenotype, which are related to those of early cortical thymic precursors, but also by 

the presence of associated mutations that are characteristically enriched in this group, such 

as mutations in BCL11B, WT1, or PHF6 or rearrangements of the ABL1 oncogene with 

NUP214 [1,3,7–9]. Late cortical leukemias characteristically overexpress the transcription 

factor oncogene TAL1 with either LMO1 or LMO2. They occur later in the pattern of gene 

expression programming related to T-cell development and they have the highest frequency 

of mutations in PTEN [1,3,10].

It is important to consider these clinical biological groups because they not only define the 

biology of the disease, but they are also associated with clinical outcome. ETP T-ALL has 

been associated with poor prognosis [1,5,11]. Early cortical thymocyte leukemias 

characteristically have a favorable outcome [3,12], and later cortical leukemias in the context 

of PTEN mutations may be associated with poor prognosis [1,3,13].

Targeting NOTCH1

The high prevalence and prominent role of NOTCH1 mutations in T-ALL make the NOTCH 

signaling pathway a promising target to treat the disease. NOTCH1 is activated by mutations 

in over 65% of T-ALL [14] and is a central driver of T-ALL cell metabolism, growth, and 

survival [15–18]. Hematopoietic-specific knockout of NOTCH1 results in no T-cell 

development, as it is the receptor that reads the instructive signals of the thymic 

microenvironment that commits lymphoid progenitors to become T cells [18,19]. In T-ALL 

this developmental circuitry is hijacked by receptor mutations that induce constitutive 

NOTCH1 activation or impaired degradation of active NOTCH1 [14,18]. Constitutively 

active NOTCH1 in T-ALL activates a broad number of cell growth and metabolism, activates 

MYC, and facilitates increased PI3K signaling, in support of a central disease driver role and 

therapeutic [15–17]. NOTCH1 is a type 1 transmembrane protein that functions as the 

transcription factor and requires an intramembrane proteolytic cleavage catalyzed by the γ-

secretase complex for activation [18]. As result the function of NOTCH1 in the context of 

mutations present in T-ALL can be abrogated by blocking it at the membrane with small 

molecule gamma secretase inhibitors (GSIs) [14,20] (Figure 1).
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Gamma secretase inhibitors

Originally developed to treat Alzheimer’s disease, GSIs have now been specifically 

developed in the context of oncologic applications. In early trials attempts to achieve 

NOTCH1 inhibition in T-ALL using this strategy had limited success, perhaps in part 

because these early drugs were not designed to inhibit NOTCH and had more specific 

activity against the production of amyloid beta peptide in the context of Alzheimer’s disease. 

However, biomarker analyses suggested that there was some level of inhibition of the 

NOTCH signaling pathway despite very limited clinical activity. Of note, exposure to the 

drug was limited by gastrointestinal toxicity, an on-target side effect resulting from intestinal 

secretory metaplasia resulting from inhibition of NOTCH1 and NOTCH2 in the intestine 

[18].

However, combination therapies with GSIs may offer opportunities for efficacious treatment 

with less toxicity in patients with mutations in NOTCH1. NOTCH1 inhibition is highly 

synergistic with glucocorticoids and most importantly glucocorticoids seem to be able to 

prevent the development of gastrointestinal toxicity associated with GSI therapy [21,22]. 

The synergistic interaction of GSIs and glucocorticoids in T-ALL was originally 

demonstrated in a xenograft model generated from a highly glucocorticoid-resistant 

leukemia cell line derived from a refractory patient with relapsed T-cell lymphoblastic 

lymphoma harboring an activating translocation driving constitutively active NOTCH1 
signaling [22]. In vivo synergistic activity resulted in complete durable responses with 

leukemia-bearing mice treated with combination therapy surviving after 2 months of follow-

up and remaining minimal residual disease-free at endpoint. Treatment with dexamethasone 

plus a GSI was well tolerated; however, animals that were treated with GSI alone showed 

accelerated mortality due to toxicity [22]. Of note, this effect was not the result of a 

pharmacokinetic interaction, as it could be recapitulated with genetic models of NOTCH 
inhibition exposed to glucocorticoids [22].

In addition, NOTCH is a central node that controls multiple aspects of biology of T-ALL, 

and multiple therapeutics also synergize with NOTCH inhibition in cellular and animal 

models [23]. Thus, inhibition with NF-kappaB with bortezomib [24], inhibition of mTOR 

with rapamycin [23,25], and interference with protein biosynthesis [23] are strongly 

synergistic with GSIs and may offer the possibility of delivering stronger cytotoxic activity 

and less toxicity.

Finally, NOTCH1 is also central for the control of leukemia cell metabolism [16,26]. This 

can be exploited therapeutically, as the inhibition of NOTCH1 results in a starvation 

response suppressing anabolic pathways and upregulating cellular catabolism and autophagy 

in leukemia [16]. Drugs that inhibit glutaminolysis are now in clinical trials in solid tumors 

and hematologic malignancies and downregulation of glycolysis following NOTCH 

inhibition with GSIs makes the leukemia cells more dependent on glutaminolysis [16]. As 

result, genetic inactivation of glutaminase enhances the therapeutic effects of GSIs and 

pharmacologic inhibition of glutaminolysis with BPTES, a potent and specific small 

molecule glutaminase inhibitor, is highly synergistic with inhibition of NOTCH in 

preclinical animal models [16].
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Targeting the cell cycle

A second strategy targeting a central genetic driver of T-ALL is to block deregulated cell 

cycle progression resulting from loss of the P16/INK4A tumor suppressor gene [1]. As 

mentioned before, the loss of the P19/ARF and P16/INK4A tumor suppressors in the short 

arm of chromosome 9 is present in about 70% of T-ALL cases [1]. P16/INK4A functions as 

a negative regulator of cyclin-CDK complexes and its activity can be recapitulated via 

pharmacologic inhibition of CDK4/CDK6 [27] (Figure 1). Importantly, loss of the 

retinoblastoma tumor suppressor gene can be recurrently found in adult T-ALL [28] and loss 

of RB can abrogate the antitumor effects of CDK4/CDK6 inhibitors. In addition, it should be 

noted that CDK4/CDK6 inhibition can have an antagonistic effect with chemotherapy agents 

with cycle dependent activity as a result of decreased cell proliferation [29].

Targeting the PI3K pathway

The PTEN tumor suppressor gene is mutated and deleted in 10% of T-ALLs, and an 

additional 10% of leukemias show loss of PTEN protein expression [30]. PTEN loss results 

in constitutive activation of the PI3 kinase pathway, which drives cell growth, metabolism, 

proliferation, and survival pathway in T-ALL [31]. PI3K and NOTCH1 signaling closely 

interact in the regulation of cell metabolism in normal thymocyte development and in T-ALL 

[16,30,32]. PTEN loss in T-ALL has been associated with poor prognosis in some series, 

particularly if associated with RAS mutations [13,33]. Therapeutically, the PI3K pathway 

can be effectively blocked pharmacologically and dual inhibition of PI3 kinase gamma and 

PI3 kinase delta show strong antileukemic effects in preclinical models of PTEN deficient T-

ALL [34] (Figure 1).

Of note, constitutive activation of PI3K can impair glucocorticoid response [35,36] and 

targeting PI3K, AKT, and mTOR can enhance the antileukemic effects of glucocorticoids 

[34–36].

Targeting the JAK/STAT pathway

Cytokine signaling provides important cues promoting proliferation and survival of 

lymphoid cells and leukemia lymphoblasts. In addition, activating mutations in IL-7 

receptor, JAK1, JAK3, and STAT5 can be found in T-ALL, resulting in activation of JAK-

STAT signaling [1,37]. Of note, IL-7 receptor mutations tend to be strongly activating alleles 

[38,39]; however multiple hits involving JAK1 and JAK3 mutations can be found in the 

same patient showing cooperative activity in the disease transformation [40]. In this context, 

inhibition of JAK-STAT can result in antitumor effects in preclinical models [40,41] (Figure 

1). Importantly, the antileukemic effects of JAK-STAT inhibition do not seem restricted to 

leukemias harboring activating mutations in the pathway. In primary xenograft models of 

ETP, activation of the JAKSTAT signaling pathway was independent of the presence of JAK/
STAT mutations and showed to be hypersensitive to stimulation with IL-7. Moreover, 

ruxolitinib inhibited JAK-STAT signaling and abrogated the hyperactivation effect of IL-7 

and was highly effective in these preclinical models [41]. Finally, signaling pathways with 

altered phosphorylation after JAK inhibition (MEK, PI3K) and BCL2 can be 
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pharmacologically inhibited, which results in synergistic antitumor effects in combination 

with JAK kinase inhibitors in primary T-ALL samples with JAK3 mutations [42].

Targeting NUP214-ABL1

About 5% of T-ALLS are driven by tyrosine kinase oncogene fusions, the most frequent 

being the NUP214-ABL1 rearrangement [7]. NUP214-ABL1 is frequently associated with 

the TLX1 and TLX3 group of T-ALLs and although it can be found as a subclonal alteration 

and does not appear to be linked with poor prognosis, it can be effectively blocked with 

tyrosine kinase inhibitors [43]. To date only a handful of NUP214-ABL1 positive patients 

have been treated with a tyrosine kinase inhibitor, yet these drugs seem to be active, 

demonstrating preclinical biomarkers of activity and could provide clinical benefit in some 

cases [44–46] (Figure 1).

Relapsed T-ALL

Relapse T-ALL is associated with high rates of secondary chemotherapy resistance and 

represents a particularly challenging therapeutic scenario with limited therapeutic 

opportunities. Genomic studies of matched diagnosis and relapsed leukemia demonstrate a 

frequent branched pattern of clonal evolution with relapsed tumors containing some 

common mutations with the main clone present at diagnosis and specific alterations not 

detected in the major population at diagnosis [8,47]. These results support the idea that 

relapse frequently emerges as a result of expansion of a preexisting ancestral clone related to 

but distinct from the major diagnostic population. Relapsed T-ALL is genetically 

heterogeneous. Among the genes altered in relapse, mutations in the cytosolic nucleotidase 2 

gene (NT5C2) are particularly prevalent and can be detected in about 45% of early relapse 

T-ALLs and 20% of T-ALL relapses overall [47,48]. NT5C2 mutations are characteristically 

heterozygous and result in specific single amino-acid substitutions in characteristic hotspots, 

with one allele NT5C2 p.R367Q accounting for almost 90% of cases [47–50]. NT5C2 
encodes a cytosolic enzyme normally involved in the degradation of purine monophosphate 

nucleotides. Structural and functional analyses reveal that relapse-associated NT5C2 
mutations are gain of function alleles with increased nucleotidase activity [48–50].

NT5C2 activity is tightly regulated by a series of intramolecular interactions that trigger 

activating conformational changes in response to allosteric activation and then return the 

enzyme to its basal inactive state [50]. NT5C2 is a tetrameric protein composed of a dimer 

of dimers with a closed inactive configuration in basal conditions that transitions to an active 

open state upon interaction with allosteric regulators [50,51]. Most common NT5C2 
mutations target an intramolecular switch off mechanism responsible for returning the 

enzyme back to its inactive configuration, while others lower the threshold for allosteric 

activation or directly activate the catalytic center resulting in allosteric-independent 

activation [50].

As a result, leukemia lymphoblasts harboring NT5C2 mutations have increased nucleotidase 

activity that not only metabolizes the normal nucleotide monophosphate intermediates in the 

purine biosynthesis pathway (IMP, XMP, GMP), but facilitates the clearance of Thio-IMP, 
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Thio-XMP, and Thio-GMP, intermediate metabolites generated by the incorporation of 6-

mercaptopurine (6-MP) and 6 tioguanine (6-TG) by the salvage pathway of purine 

biosynthesis [48–50]. Dephosphorylation and secretion out of the cell of thiopurine 

nucleotides decreases the effective intracellular concentration of the cytotoxic products of 6-

MP and 6-TG. Consequently, expression of relapse-associated NT5C2 mutations in ALL 

cell lines induces resistance to thiopurine chemotherapy [48,49]. This resistance phenotype 

was formally verified in patient-derived xenografts and in vivo in a mouse conditional-and-

inducible knock-in leukemia model with expression of the highly prevalent Nt5c2 p.R367Q 

allele [52]. Clonal evolution dynamic analyses in this model revealed positive selection of 

the Nt5c2 mutation under 6-MP chemotherapy and progression under therapy [52]. 

However, 6-MP resistance comes at the cost of impaired leukemia cell growth and leukemia-

initiating cell activity as result of mutation-driven enhancement of purine degradation and 

excess export of purines [52]. In addition, the leak of purines to the media results in 

increased dependence on purine biosynthesis and cells harboring NT5C2 mutations show 

increased sensitivity to mizoribine, an inhibitor of IMPDH, a central enzyme responsible for 

the production of IMP downstream of both the de novo and salvage purine biosynthetic 

pathways [52].

Emerging immunotherapy opportunities in T-ALL

The promising results of cellular and antibody-based immunotherapies in the treatment of B-

cell malignancies have generated much interest in the development of targeted 

immunotherapy strategies for the treatment of T-ALL. However, the development of 

chimeric antigen receptor (CAR) T cells with killing specificity against surface T-cell 

antigens is impaired by the fratricide effect of such cells and the frequent low yields of T-cell 

harvesting. A potential strategy to overcome these obstacles is the development via 

CRISPR-CAS9 of fratricide-resistant T cells devoid of CD7 and TCRA that express a CAR 

directed against CD7. These “off the shelf” CAR T cells show efficacy against human T-

ALL without xenogeneic graft-versus-host disease [53]. Yet, even if successful in controlling 

disease, CAR T cell pan T-cell killing would result in long-term T-cell immunosuppression 

and high risk of life-threatening opportunistic infections.

In this context, allele specific CAR T cells targeting the monoallelically expressed TCRB 

constant chain may deliver effective antileukemic effects with preservation of T-cell immune 

function [54,55]. During T cell receptor β (TCRB) rearrangement, developing T cells can 

engage two different modules in the TCR locus both encoding the constant region of this 

receptor chain. These TCRB constant domains 1 and 2 (TCRBC1 and TCRBC2) are 

functionally equivalent but show some differences in their amino acid sequence which can 

be exploited for the development of TCRB1 or TCRB2-specific antibodies and CAR T cells 

[54,55]. Importantly, the normal T-cell pool is composed of cells expressing TCRs 

containing the TCRBC1 and cells with TCRs containing a β chain using instead TCRBC2. 

In contrast monoclonal T-cell malignancies express only one TCR that will contain a TCRB 

chain with either TCRBC1 or TCRBC2. By engineering anti-TCRBC CAR T cells that 

specifically recognize a TCRBC1-specific epitope not present in the TCRBC2, a CAR T 

product can be generated, as CAR expression results in fratricidal killing of TCRBC1 

positive normal T cells but preserves TCRBC2+ lymphocytes [54]. The resulting TCRBC2+ 
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anti-TCRBC1 CAR T cells can recognize and kill normal and malignant TCRBC1+ cells, 

but not TCRBC2+ lymphocytes. They would thus deliver effective antileukemic effects 

towards T-ALLs with surface expression of a TCRB1 containing TCR, while preserving 

much of the normal T-cell immune repertoire composed of normal T cells with TCRs 

containing a TCRBC2 β chain for maintenance of cellular immunity [54,55] (Figure 1).

Finally, an antibody-based immunotherapy based on the activation of the T-cell receptor 

using antibodies directed against the CD3 receptor similar to OKT3 may be possible, as 

antibody engagement of surface CD3 can induce strong TCR signaling and activate a 

programmed cell death response similar to that engaged during negative selection of normal 

autoreactive developing T cells in the thymus [56] (Figure 1).

Conclusion

Much progress has been made in the identification of oncogenic drivers and therapeutic 

targets in T-ALL, opening numerous new opportunities for the development of improved, 

highly active and less toxic therapies. Systematic efforts to identify synergistic and easily 

deployable new drugs and drug combinations vetted using state of the art preclinical models 

and the development of a path towards the clinical testing of emerging immunotherapies 

may guide the development of the next generation of clinical trials aiming to incorporate 

targeted therapies and immunotherapeutic tools for the treatment of this disease.
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Figure 1. 
Schematic representation of oncogenic driver pathways, therapeutic targets, and 

immunotherapy strategies in T-ALL. Proteins encoded by genes with driver mutations are 

indicated with red stars. Targeted therapies are indicated in red. GSI: γ-secretase inhibitors, 

JAKI: Janus kinase inhibitors, PI3Ki: phosphatidylinositol 3 kinase inhibitor, TKI: tyrosine 

kinase inhibitor, CDKi: cyclin kinase inhibitor, PIP2: Phosphatidylinositol 4,5-bisphosphate, 

PIP3: Phosphatidylinositol (3,4,5)-trisphosphate, ICN1: intracellular NOTCH1, TCR: T-cell 

receptor
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