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Early T-cell precursor acute
lymphoblastic leukemia:
diagnostic pitfalls, genomic
alteration, novel therapeutics,
and minimal residual
disease monitoring
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Division of Hematology/Oncology, Department of Internal Medicine, The University of Texas Health
Science Center at Houston, Houston, TX, United States
Early precursor T-cell acute lymphoblastic leukemia (ETP-ALL) is a rare type of T-

cell ALL (T-ALL) that was initially described in 2009. Since its initial description, it

has been formally recognized as a distinct entity, according to the 2016 World

Health Organization classification. ETP-ALL is characterized by unique

immunophenotypic and genomic profiles. The diagnosis and management of

ETP-ALL remain challenging. Poorer outcomes, high incidence of induction

failure and relapsed/refractory disease demand novel therapies. This review

emphasizes the challenges of initial diagnosis, the molecular mechanisms

underlying leukemogenesis, and the available therapeutic options. Additionally,

it discusses the importance of induction failure, the prognostic value of detecting

minimal residual disease, and the implications of hematopoietic stem cell

transplantation, along with emerging novel therapies.
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1 Introduction

The bone marrow (BM) is an abode of progenitor cells of myeloid and lymphoid

precursors. After entering the thymus, lymphoid precursor cells differentiate and

proliferate into thymocytes, which are recognized as T-lineage cells. T-cell acute

lymphoblastic leukemia (T-ALL) is the proliferation of immature thymocytes and

infiltration of immature T cells in the peripheral blood and BM, with or without

involvement of the mediastinum, cerebral spinal fluid, and other lymphoid organs. T-

ALL represents 25% of adult ALL cases with a long-term overall survival (OS) of 50-60%

compared to the OS of 75-80% in the general pediatric ALL population (1, 2). Immature
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/frhem.2024.1463410/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1463410/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1463410/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1463410/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1463410/full
https://www.frontiersin.org/articles/10.3389/frhem.2024.1463410/full
https://www.frontiersin.org/journals/hematology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/frhem.2024.1463410&domain=pdf&date_stamp=2024-10-29
mailto:Binsah.s.george@uth.tmc.edu
https://doi.org/10.3389/frhem.2024.1463410
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/hematology#editorial-board
https://www.frontiersin.org/journals/hematology#editorial-board
https://doi.org/10.3389/frhem.2024.1463410
https://www.frontiersin.org/journals/hematology


George et al. 10.3389/frhem.2024.1463410
forms of T-ALL are further subclassified into early precursor T-cell

(ETP)-ALL, near-ETP-ALL, and pro-T-ALL (3).

ETP-ALL is a specific entity defined by the world health

organization (WHO) in 2016 for its unique immunophenotype

and genetic constitution compared to other subtypes of T-ALL (4).

ETP-ALL consists a subset of immature T-ALL cells with the

capability of multilineage differentiation into T cells and myeloid

cells, but no B-cell lineage (5–7). ETP-ALL was initially described in

pediatric patients based on the characteristic gene expression profile

(GEP) and immunophenotype (5). ETP-ALL represents

approximately 7% of adult ALL cases, and approximately 22% of

adult T-ALL cases are immature (8, 9). Unfortunately, ETP-ALL

has poor outcomes due to its genomic instability and refractoriness

to standard chemotherapy (8, 10). The 5-year OS rate of adult

patients with ETP-ALL treated with standard chemotherapy is less

than 40%. Currently, an allogeneic hematopoietic stem cell

transplant (Allo-HSCT) is recommended after a patient achieved

first complete remission (CR1) (5, 8, 11–14). In contrast to adult

ETP-ALL, pediatric or young adolescent patients with ETP and

near-ETP phenotypes have similar EFS and OS as compared to the

non-ETP group as reported in the COG AALL0434 study, despite

experienced higher rates of induction failure (15).

This review summarizes the diagnostic features, current

evaluations of genetic aberrations, therapeutic options, and

insights into the biology and molecular pathogenesis of ETP.
2 Diagnosis of ETP

2.1 Immunophenotypic signature

T-ALL is generally classified into four major subtypes: cortical

(CD1a+), mature (sCD3+), pre-T (cCD3+ plus CD2+, CD5+, and/

or CD8+), and pro-T ALL (cCD3+ and CD7+). In 2009, the

immature pro-T-ALL subtype was redefined as ETP-ALL. The

near-ETP subtype is positioned between the ETP and early (or

pre-T) ALL (5, 16).

The European Group for the Immunological Characterization

of Leukemias classified T-ALL from pro-T-ALL, pre-T-ALL, and

cortical T-ALL to mature T-ALL based on the expression of

immunological markers at different stages of T-cell development

in the thymus (Table 1). T-ALL was defined by the expression of

TdT and CD3.
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Immunophenotyping is the cornerstone of ETP-ALL diagnosis;

however, it is often challenging. The immunophenotype of ETP

leukemic cells is distinct and was initially described by Coustan-

Smith et al. in 2009; it typically lacks the expression of T lineage cell

surface markers such as CD1a and CD8, shows absence or weak

expression of CD5 (< 75% of the blast population), and the presence

of at least one stem cell (CD34, CD117) marker and/or myeloid

marker (CD11b, CD13, CD33, HLA-DR, CD65) in at least 25% of

leukemic cells. This paved the path for the inclusion of ETP in

WHO Classification 2016 and was defined as positive cCD3 and

CD7 expression, negative CD1a and CD8, negative or dim

expression of CD5 (< 75% blast population) and positive for at

least one stem cell or myeloid antigen (≥ 25% positive) including

CD34, HLA-DR, CD117, CD11b, CD13, CD33, CD65. According

to the 2017 WHO classification, CD2 and CD4 may be positive for

ETP-ALL (Table 2) (5). Although EGIL did not classify ETP-ALL as

a separate entity, T-I ALL (pro-T-ALL) and T-II ALL (pre-T-ALL)

cases were predominantly cCD3 and CD7 positive, surface CD3

negative (sCD3), CD1a negative and could represent ETP-ALL.

Since the initial description of ETP in 2009, multiple groups

have attempted to define ETP to develop an immunotypic profile

with high sensitivity and specificity. Khogeer et al. used 11 markers

in the scoring system to diagnose ETP, a score of ≥ 8 suggested a

diagnosis of ETP, expression of sCD3 (>20% blasts) and CD5

(>75% of blast) denoted -2 points in the scoring system (17).

Zuurbier et al. devised an immunophenotypic profile of CD1a,

CD4, and CD8 double negative, CD34 positive, and/or CD13/CD33

positive for the diagnosis of ETP (18), and The Tokyo Children’s

Cancer Study Group proposed a 6- and 11-marker combination to

validate the ETP-ALL cohort (12). The scoring system included

CD2, sCD3, CD4, and CD10, and their study reported that these

markers were expressed less frequently compared to the findings of

Coustan-Smith et al. (5).

In the initial description of ETP, a subset of cases characterized

by the expression of CD5 but not low enough to meet the criteria for

ETP-ALL, was referred to as near ETP-ALL (5). The strong

expression of CD5 is classified as near ETP and considered

immunophenotypically and transcriptionally similar to ETP. A

recent study by Morita et al., reported a 5-yr OS of near ETP-
TABLE 1 EGIL classificaton of T-ALL (91).

Type of
T-ALL

Immunophenotypic marker expression

cCD3 sCD3 CD1a CD7 CD5 CD2

Pro-T-ALL + - - + - -

Pre-T-ALL + - - + + +

Cortical T-ALL + +/- + + + +

Mature T-ALL + + - + + +
+, positive; +/-, positive/negative; -, negative.
TABLE 2 Diagnostic criteria for ETP (5).

ALL cases must be positive for cytoplasmic CD3 + and
CD7 plus the following:

Mandatory criteria
(All criteria fulfilled)

1. CD1a -
2. CD8 -
3. Surface CD3 -
4. TCR alpha/beta and TCR gamma/delta -
5. CD5 - or dim (<75% of blasts +)
6. One or more stem cell/myeloid antigens as stated in
WHO classification (CD34 +, HLA-DR +, CD13 +,
CD33 + CD117 +, CD11b +, and CD65 +

Positivity of these
markers do not
exclude the diagnosis
of ETP-ALL

CD2 +, CD4 +, CD10 +
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ALL and non-ETP-ALL to be identical while ETP-ALL showed a

significantly worse OS (19).

The GEP of ETP cells shares similarities with that of

hematopoietic stem cells and myeloid progenitor cells and is

usually characterized by a definite molecular profile of frequent

DNMT3A and FMS-like tyrosine kinase 3 (FLT3) mutations and a

lower incidence of NOTCH1 mutations (11, 20, 21).
2.2 Genomic trademark

ETP-ALL derives its genetic profile from the earliest thymic

progenitor cells (ETPs) rather than common lymphoid progenitors,

which usually lose the B cell differentiation potential intra-

thymically or pre-thymically but maintain their myeloid and T

differentiation potential. Hence, their cellular origins and genetic

profiles resemble those of myeloid progenitor cells (4, 22).

Mutations in FLT3 are frequently observed in ETP-ALL. FLT3

activating mutation is an effective target in AML with multiple

drugs available in the market and is being explored to alter the

trajectory of the disease (23). A common mutation in FLT3, internal

tandem duplication (ITD), or point mutation in the tyrosine kinase

domain (FLT3-TKD), is observed in nearly 35% of adult ETP-ALL

cases (11). However, gene mutations are observed in only 10% of

the pediatric ETP-ALL (4). DNMT3A mutations, on the other

hand, are usually seen in older patients and comprise

approximately 12% of the cases (24).

Although ETP-ALL is derived from multipotent bone marrow

progenitor cells, the genetic characteristics of pediatric and adult

ETP vary. Even within the WHO classification of T-ALL, the ETP-

ALL subset differs from T-ALL in terms of gene expression. Pediatric

ETP-ALL frequently harbors mutations in RAS signaling pathways,

such as FLT3, KRAS, BRAF, NRAS, JAK1, and JAK2, and

hematopoietic regulators and developers, such as RUNX1, IKZF1,

and GATA3 (4). However, adult ETP-ALL commonly exhibits

mutated DNMT3A and FLT3 gene express ion (24) .

Rearrangement and gene fusion in KMT2A, NUP214, NUP98,

BCL11B, and MLLT10, and upregulation of HOX have recently

been recognized in the genetic expression of ETP-ALL (25, 26).

GATA3, which plays a significant role in the maturation of ETPs,

has been observed in 30% of adult ETP-ALL cases. In addition,

BCL11B expression, which leads to the maturation of the T cell

lineage to double positive CD4 and CD8, was recently reported to be

mutated in ETP-ALL (27, 28). IL7R mutations, which are required

for early lymphoid maturation, are observed in nearly 45% of ETP-

ALL cases. Mutations in these genes result in homodimerization,

with subsequent hyperstimulation of the JAK/STAT and PI3K/AKT/

mTOR pathways, leading to the development of leukemia (29).

Mutation/deletion in transcription factor gene RUNX1 results in

maturation arrest and loss of thymocyte differentiation (30, 31).

Multiple genes have been implicated in the leukemogenesis of ETP-

ALL, but the phenotype requires the gain of signaling driver

mutations, such as NRAS and FLT3. Table 3 provides an overview

of the genetic alterations in ETP-ALL. NOTCH1, PTEN, and

FBXW7 oncogene mutations and deletions in CDKN2A/B are

frequently observed in T-ALL; however, they are uncommon in
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ETP-ALL (32). Although near-ETP-ALL and ETP-ALL share some

similarities, they exhibit different clinical and genetic profiles. Near

ETP and non-ETP-ALL are enriched in TAL1 dysregulation,

whereas ETP-ALL is enriched in LMO22/LYL1 aberrations (33).
3 Therapeutic options

3.1 Chemotherapeutic approach

At present, multiagent chemotherapy regimens represent the

most effective therapeutic approach for ETP-ALL, despite their

origin from pediatric protocols. These protocols typically involve

induction, consolidation, dose intensification, intrathecal

chemotherapy, and maintenance therapy. Studies involving

chemotherapeutic agents such as HCVAD (hyperfractionated

cyclophosphamide, vincristine, adriamycin, dexamethasone

alternating with methotrexate, and high-dose cytarabine) with or

without nelarabine (34), augmented Berlin-Frankfurt-Muenster

(aBFM) protocol, and peg-asparaginase have shown that ETP-

ALL has poorer survival rates than T-ALL, with higher induction

failure rates and increased minimal residual disease (MRD)

positivity at Day 33-35 post-induction (5, 8, 12, 35).

ETP-ALL, particularly in adults, has poorer outcome as

compared to T-ALL (36). Therefore, the current consensus is to

perform allo-HSCT in patients in CR1 to mitigate some of the

adverse outcomes associated with ETP-ALL, especially in adults.

Historically, both adult and pediatric outcomes of ETP-ALL have

been poor. Allo-HSCT in CR1 has been shown to improve

outcomes in multicenter studies and research by the GRAALL

group (37). Recent reports indicate that achieving complete

remission with FLAG-IDA (fludarabine, cytarabine, granulocyte

colony-stimulating factor, and idarubicin) is promising, potentially

overcoming initial molecular refractoriness and allowing

progression to allo-HSCT (38).

Although cranial radiotherapy (CRT) can reduce CNS relapse,

particularly in CNS3 disease, it does not translate into improved OS

(39). Modern therapeutic approaches include intensive CNS-

directed chemotherapy, which is incorporated into most regimens

to significantly reduce long-term neurocognitive deficits and

morbidity (40–42).
TABLE 3 Genetic abberation in ETP-ALL (4, 92).

Mutationa landscape

Signaling pathway

-FLT3, JAK1, JAK3, IL7R, KRAS, NRAS

Epigenetic modifiers

-DNMT3A, EZH2, PHF6,

Transcription factors

-ETV6, GATA3, HOXA, RUNX1, WT1

Genetic rearrangements

-KMT2Ar, NUP98r, NUP218r, MLLT10r, MEF2C
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3.1.1 Addition of nelarabine
Nelarabine, a DNA synthesis inhibitor with selective toxicity to T

lymphoblasts, received accelerated FDA approval in 2005 for treating

patients with T-ALL who were unresponsive or relapsed after two

chemotherapy regimens (43, 44). Its use and efficacy in pediatric and

young adult populations have been studied extensively in a large

randomized clinical trial (RCT) conducted by the Children’s

Oncology Group (COG) (45). However, frontline use of nelarabine

in adults remains to be explored in clinical trials (17, 34, 36).

In a significant phase 3 RCT for frontline pediatric and young

adult populations (COG trial AALL0434) received the augmented

BFM protocol (aBFM), participants were randomized to receive

either high-dose MTX or Capizzi protocols, with further

randomization to receive six 5-day courses of nelarabine (650 mg/

m2/dose) during consolidation, delayed intensification, and

maintenance. This study focused on disease-free survival (DFS).

The 5-year DFS was 88% with high dose MTX + nelarabine

compared to 82% without nelarabine, and the best outcome

(91%) was observed with Capizzi protocols and nelarabine.

Patients receiving nelarabine had a significantly lower cumulative

incidence of CNS diseases (1.3% vs. 6.9% without nelarabine) (45).

3.1.2 HyperCVAD and nelarabine in adult T-ALL
Frontline use of nelarabine was tested in a phase 2 trial at the

University of Texas MD Anderson Cancer Center for Adult T-ALL.

In this trial, nelarabine was administered at 650 mg/m2/day IV for 5

days over 2 cycles following the standard 8 courses of HCVAD,

alternating with high-dose MTX/cytarabine, and again for 2 cycles

during maintenance. Initial analysis revealed no significant benefit

(34). The protocol was then amended to include nelarabine in cycles

5 and 7 of induction and consolidation. Updated data revealed a 5-

year OS of 83% with nelarabine compared to 38% without

nelarabine in patients with non-ETP-ALL. Ongoing trial

amendments (NCT00501826) include venetoclax and

pegasparaginase (17).

3.1.3 Clinical trials using nelarabine frontline
Another major clinical trial was GRAALL-2014 (NCT02619630),

a phase 2 multi-center study led by The Group for Research on Adult

Acute Lymphoblastic Leukemia. This trial aimed to evaluate the

efficacy of nelarabine in high-risk patients using a 4-gene classifier

(NOTCH/FBXW7 and/or RAS/PTEN) and/or detectable MRD

following induction and first consolidation. Nelarabine was

administered at 1.5 g/m2 on days 1, 3, and 5 in up to 5 blocks

during consolidation and maintenance. The primary endpoint of the

4-year DFS results is expected in 2025 (46).

The UK National Cancer Research Institute’s UK ALL14 (NCT

01085617) is a phase 3 RCT in adult patients, comparing the

standard of care (SOC) with and without a single cycle of

nelarabine (1.5 g/m2 IV, days 1, 3, and 5) after the second

induction phase. Data presented at the 2021 American Society of

Hematology (ASH) meeting showed a 3-year event-free survival

(EFS) of 57% in the SOC arm versus 61.7% in the SOC-nelarabine

arm. The relapse rates were similar in both arms (29.1% in the SOC
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arm vs. 28% in the SOC-nelarabine arm) (47). Differences in DFS

outcomes between UKALL14 and AALL0434 may be due to the

total number of doses (3 in UKALL14 vs. 30 in AALL0434) and the

timing of nelarabine administration (following the second

induction in UKALL14 vs. following the first induction in

AALL0434) (46, 47).

Based on cumulative data from the phase 3 COG ALL0434 trial

and adult trials by MD Anderson with HCVAD and nelarabine,

many leukemia specialists in the USA are incorporating nelarabine

into the initial treatment regimen for adult T-ALL.
3.2 Newer oral agents

Poor outcomes in ETP-ALL highlight the urgent need for novel

therapeutic agents, particularly for relapsed and refractory diseases.

By understanding the underlying molecular and biological

mechanisms, we can potentially improve survival rates, similar to

the success of inotuzumab and blinatumomab in B-ALL (48).

Preclinical studies have indicated that ETP-ALL exhibits innate

resistance to glucocorticoids compared to more differentiated T-

ALL. Nevertheless, interventions targeting pathways such as JAK/

STAT and BCL-2 have shown the potential to restore steroid

sensitivity in ETP-ALL (29). These novel therapies are

summarized in Table 4.

3.2.1 Venetoclax
VEN is a BCL-2 inhibitor that has shown promising

preclinical results in immature T-ALL and xenograft mouse

models. Venetoclax is widely used to treat chronic lymphocytic

leukemia (CLL) and acute myeloid leukemia (AML) (49). In

CLL, single-agent activity of VEN has been established; however,

in AML, single-agent activity is poor due to the acquisition of

resistance. ETP-ALL upregulates BCL-2 levels through its anti-

apoptotic activity. The use of VEN in combination with

chemotherapy or hypomethylating agents for the treatment (R/

R) T-ALL is promising. Combination with other BH3 mimetic

drugs, such as navitoclax and obatoclax (BCL-W and BCL2L

inhibitors) or bortezomib (MCL-1 inhibitors), with or without

chemotherapy/HMA, would be an attractive approach (50, 51).

VEN and bortezomib have shown clinical activity in pilot studies

on R/R T-ALL and may pave the way for future chemotherapy-

free strategies (52).

3.2.2 FLT-3 inhibitors
Tyrosine kinase inhibitors (TKI) are well-established therapy

for FLT-3 mutation AML and have improved overall survival since

the use of TKI in FLT-3 mutated AML (53). Although there is

limited preclinical evidence to evaluate this hypothesis, the high

occurrence of FLT3-TKD and FLT3-ITD (35%) in ETP-ALL makes

it an innovative option for using TKI to improve CR and MRD-

negative induction responses (11). FLT3-ITD may be a potential

marker for MRD monitoring in ETP-ALL when immunoglobulin/

T-cell receptor (IG/TR) markers are not available (54).
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3.2.3 Ruxolinitib
Patients with ETP-ALL and PRC2 mutations exhibit increased

protein expression of the JAK/STAT pathway. Similarly, IL7R

mutations stimulate the hyperactivation of the IL7 pathway,

which in turn upregulates JAK/STAT signaling (29). RUXO

inhibits JAK1/2. The anti-leukemic effects of RUXO in ETP-ALL

xenografts have been demonstrated; however, surprisingly, these

effects were independent of mutations in JAK/STAT signaling (55).

Clinical trial NCT03613428 is investigating the effects of RUXO in

R/R ETP-ALL patients, and NCT03117751 is examining the effects

of a combination of conventional chemotherapy and RUXO in

newly diagnosed pediatric ALL, including T-ALL.
3.2.4 Monoclonal antibody
3.2.4.1 Anti-CD123

CD123 is expressed in multiple leukemia types, including blastic

plasmacytoid dendritic cell neoplasms (AML), and was recently

found to be expressed in 43% of T-ALL cases. Surprisingly, CD123

is robustly expressed (93%) in ETP and early non ETP-ALL (56–58).

Phase 1 clinical trial (NCT04681105) with single-agent flotetuzumab

(a monoclonal antibody against CD123) is currently recruiting

patients over the age of 12 years with hematological malignancies,

including T-ALL. In addition, a single-agent monoclonal antibody

against CD123 with IMGGN 632 is currently used to recruit patients

with hematological malignancies above 18 years of age, including

those with T-ALL (NCT03386513).
3.2.4.2 Anti-CD33

Gemtuzumab ozogamicin (GO), a monoclonal antibody against

CD33, is commonly used in AML to improve survival in patients

with high-risk cytogenetics (59). ETP-ALL cells express CD33

(67%). Therefore, the use of GO appears to be a promising

therapeutic option. However, further clinical trials are required to

evaluate the role of GO in ETP-ALL (18).
3.2.5 Chimeric antigen receptor engineered
T-cell therapy

CAR-T cell therapy has led to significant advances in B acute

lymphoblastic leukemia (B-ALL). Nevertheless, there are
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limitations to applying CAR-T therapy to T-ALL, as normal and

malignant T cells have similar antigen profiles. CAR-T cells

targeting CD5 and CD7 expression in T-ALL, including ETP, are

currently being recruited (NCT03081910) and (NCT03690011).
3.3 Roles of allo-HSCT in ETP-ALL

For patients with T-ALL exhibiting high-risk features,

contemporary pediatric-inspired regimens recommend allo-

HSCT for CR1 and relapsed/refractory diseases. High-risk

criteria include ETP-ALL, detectable MRD by multiparameter

flow cytometry (≥ 0.1% at the end of induction (EOI) or end of

consolidation (EOC)), or adverse genetic factors such as PTEN

gene alterations, N/K RAS mutations, or the presence of

NOTCH1/FBXW7 mutations (10, 60, 61).

In the AALL0434 study, patients diagnosed with ETP-ALL and

near-ETP were significantly more likely to have EOI MRD levels ≥

0.1% (75.5% and 57.1%, respectively) than those diagnosed with Non-

ETP (23.5%). They also had a five-fold higher risk of induction failure

(6.2% vs. 1.2%). Moreover, nearly 60% of ETP-ALL patients had EOI

MRD levels ≥ 1%, whereas this was observed in 37.8% of near-ETP

patients and only 13.2% of non-ETP patients. Despite these disparities,

the EFS and OS rates for patients with ETP and near-ETP were

comparable to those in patients without ETP, suggesting that induction

failure or high EOIMRD levels alone do not justify altering the therapy

for ETP-ALL within contemporary treatment protocols (45).

In a recent multicenter review involving children and young adults

treated using modern protocols, 10-year EFS rates were comparable

between patients with ETP-ALL (51.3%) and those without ETP

features (58.6%). However, notably, those who underwent HSCT in

CR1 achieved a significantly better 10-year DFS rate of 63.8%

compared to 45.5% for those who did not undergo HSCT. Although

the analysis did not specifically assess outcomes based on ETP status,

an exploratory analysis suggested a potential benefit of allo-HSCT

irrespective of end-consolidation MRD status (62).

Because of the unfavorable outcomes observed in ETP-ALL

patients who retain detectable MRD at the end of consolidation

therapy, our recommendation is to consider allo-HSCT using the

most suitable donor available. It is crucial that patients attain a state
TABLE 4 Clinical trials with novel therapies.

Novel therapy Therapeutic
target

Mechanism Phase Clinical trial

BCL-2 inihibitor (Venetoclax) BCL-2 ETP-ALL highly dependent on BCL-2 activitiy Phase I/II NCT03808610
NCT03808610

JAK inhibitor
(ruxolitinib)

JAK JAK/STAT pathway hyperactivation is common in ETPALL RCT NCT03117751

FLT3 inhibitors FLT3 FLT3-ITD and FLT3-TKD mutations are common in ETP-ALL Phase I/II NCT03132454,
NCT01620216

Anti-CD123 CD123 CD123 expression is prevalent in ETP-ALL Phase I/II NCT03386513
NCT04681105

CAR-T CD5, CD7 Genetically engineered patient’s T cells to target against various
antigens present on ETP-ALL

Phase I NCT03081910
NCT03690011
NCT04004637
frontiersin.org

https://doi.org/10.3389/frhem.2024.1463410
https://www.frontiersin.org/journals/hematology
https://www.frontiersin.org


George et al. 10.3389/frhem.2024.1463410
of MRD-negative remission before proceeding with allo-HSCT

because the presence of detectable MRD prior to transplantation

is linked to elevated rates of relapse (63).
4 Clinical utilities of MRD monitoring

Monitoring of MRD is universally acknowledged as the most

essential prognostic factor in ALL management. The clinical impact

and timing of MRD monitoring are significant. Multiple studies on

adult ALL have established effective key points for early MRD

monitoring while receiving therapy in combination with

chemotherapy and/or immunotherapy at early MRD monitoring

during end of induction or post-early consolidation. Early MRD

achievement is correlated with a good overall response and survival

(64). Furthermore, a few studies have noted that quick MRD

negativity after only 2 weeks of therapy is associated with a

favorable prognosis (65).

Recently, the MRD has been refined by the addition of genomic

marker assessments. A pivotal study on molecular MRD assessment

was led by the German Multicenter Study Group for Adult ALL

(GMALL) in 580 Ph-ALL patients in CR with high- or standard-risk

features. The only prognostic significance correlating survival with

standard induction/consolidation therapy was the achievement of

molecular MRD negative (66). This was further validated by other

groups, including the PETHEMA, GIMEMA LAL 1913 and

UKALL XII/ECOG2993 (67, 68).
4.1 Fusion transcript molecular MRD
assessment and novel markers

Another significant method for MRD monitoring is based on

fusion transcripts, which are considered the main drivers of

leukemogenesis and are expressed in leukemia cells. It is observed in

nearly 40% of the patients with ALL and is fairly stable during therapy,

making it a reliable and ideal tool for MRD assessment (69, 70). The

relevance of molecular MRD and chromosomal abnormalities in

prognosis makes their detection at the time of diagnosis critical. In

T-ALL, approximately 20% of patients have TAL1 deletions (SIL/

TAL1), and other gene alterations involving EML1/ABL, NUP/ABL,

ETV6/ABL, and KMT2A are also relevant (71, 72).

The persistence of MRD is associated with higher relapse and

shorter survival, which was validated in a study by the GRAALL group

of 423 young patients with ALL (B and T), which showed that

persistence of PTEN gene alteration, N/K RAS mutation, or the

absence of NOTCH1/FBXW7 was associated with higher relapses (45).
4.2 Antigen receptor rearrangement
molecular MRD assessment

During B and T lymphocyte development, immunoglobulin (IG)

and T cell receptor (TR) genes undergo somatic rearrangement. This

process involves combining the V, D, and J regions to form a single exon

that encodes a variable region specific to either B or T lymphocytes.
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These rearrangements are essential for the normal physiological function

of these cells and have not been implicated in the pathogenesis of

leukemia. However, in leukemia, the malignant transformation of

lymphoid cells results in clonal IG and TR gene rearrangements.

These clonal signatures can be leveraged for the detection of MRD,

even at low levels, in ALL cells. Leukemic cells express a distinct sequence

of gene rearrangements compared with normal lymphoid cells.

Typically, TR rearrangements are associated with T

lymphocytes, whereas IG rearrangements are associated with B

lymphoid cells. However, in leukemia cases, instances of cross-

lineage involvement are observed, where both B and T leukemia

cells exhibit mixed-lineage features. This characteristic can be

advantageous for evaluating the MRD.

Therefore, it is crucial that the DNA extracted from leukemia

cells undergo PCR amplification and subsequent gene scanning to

establish clonality. This approach aids in identifying unique IG and

TR gene rearrangements specific to leukemia cells, facilitating

accurate detection and monitoring of MRD (73–75).
4.3 Minimal residual disease monitoring
and methodologies of MRD detection

Advances in technology have significantly enhanced the ability to

detect and assess residual leukemia cells beyond traditional

cytomorphology. Various approaches including flow cytometry

(FCM), cytogenetics, high-throughput sequencing, and PCR-related

tools have been implemented globally. Standard methods for assessing

MRD in ALL involve amplifying IG/TR gene rearrangements using

PCR or multiparametric flow cytometry to identify leukemia-

associated immunophenotypes (LAIP). Current MRD assessments

can detect one leukemic blast in 10,000 normal cells (76–79).

Technological advancements have expanded the applicability of

conventional methods to achieve greater sensitivity (> 95%). These

include digital droplet PCR (ddPCR), which represents the third

generation of conventional PCR methods and provides faster and

more reliable results. ddPCR enables nucleic acid quantification

without the need for calibration curves (80, 81). Next-generation

flow cytometry (NGF) for MRD is a novel technique that evaluates

the degree of immunophenotypic variability between normal B cell

precursors and ALL blast cells. It can also distinguish therapy-

induced immunophenotypic shifts in the ALL population, achieving

a sensitivity of 10^-6 compared to the 10^-4 -10^-5 sensitivity of

conventional FCM-MRD (82–84).

Another promising method for MRD detection is next-

generation sequencing (NGS), which detects clonal sequences and

clone-specific IG/TR gene rearrangements before and after

treatment. NGS offers a sensitivity of 10^-6, an improvement

over the 10^-5 sensitivity achieved with real-time quantitative

PCR (RQ-PCR) (85, 86). Comparative studies from the Berlin-

Frankfurt-Munster trials have shown that NGS is more reliable than

qPCR for detecting relapse post-induction and post-allogeneic

HSCT in ALL (85, 87). The integration of innovative

technologies, especially ddPCR and NGS, represents an attractive

and feasible alternative to conventional MRD assessment for more

precise evaluation of post-therapy responses in patients with ALL.
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The choice between using peripheral blood (PB) versus bone

marrow (BM) for MRD assessment depends on the lineage (B-cell

or T-cell). In B-cell precursor ALL (BCP-ALL), BM samples

generally provide MRD levels that–1-3 logs better than those of

PB samples, making BM the preferred source for reliable MRD

assessment. In contrast, for T-ALL, both the BM and PB samples

are considered reliable sources for MRD assessment. However, most

institutions continue to rely on BM samples to assess MRD in T-

lineage ALL, although further validation is needed to exclusively

transition to PB samples (88, 89).

Despite the potential of newer NGS-based MRD assessment

techniques, their widespread adoption is limited in academic centers

owing to their high costs and technical complexity. As these assays

become more cost-effective, broader and more robust applications of

these technologies are expected to become available (90).
5 Conclusion

The diagnosis and management of ETP-ALL are challenging.

Close monitoring of MRD during induction/consolidation and

post-transplantation can offer timely opportunities to add or alter

treatment with early detection of MRD. Novel therapies based on

molecular pathogenesis have demonstrated promising outcomes in

preclinical models of VEN and RUXO; however, larger clinical trials

are needed to validate the outcomes of ETP-ALL. FLT-3 mutations

and epigenetic aberrations in ETP-ALL may justify the use of FLT-3

inhibitors and hypomethylating agents in this group of diseases.

Another innovative option is the use of monoclonal antibodies

against CD123, CD33, and CAR-T cells. Advances in CRISPR/Cas9

technology and CD5, CD7 targeted CAR-T cells may pave the way

for better outcomes and prognoses of ETP-ALL.
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et al. Immature MEF2C-dysregulated T-cell leukemia patients have an early T-cell
precursor acute lymphoblastic leukemia gene signature and typically have non-
rearranged T-cell receptors. Haematologica. (2014) 99:94–102. doi: 10.3324/
haematol.2013.090233

20. Neumann M, Heesch S, Schlee C, Schwartz S, Gökbuget N, Hoelzer D, et al.
Whole-exome sequencing in adult ETP-ALL reveals a high rate of DNMT3A
mutations. Blood. (2013) 121:4749–52. doi: 10.1182/blood-2012-11-465138

21. Neumann M, Heesch S, Gökbuget N, Schwartz S, Schlee C, Benlasfer O, et al.
Clinical and molecular characterization of early T-cell precursor leukemia: a high-risk
subgroup in adult T-ALL with a high frequency of FLT3 mutations. Blood Cancer J.
(2012) 2:e55. doi: 10.1038/bcj.2011.49

22. Bell JJ, Bhandoola A. The earliest thymic progenitors for T cells possess myeloid
lineage potential. Nature. (2008) 452:764–7. doi: 10.1038/nature06840

23. Zhao JC, Agarwal S, Ahmad H, Amin K, Bewersdorf JP, Zeidan AM. A review of
FLT3 inhibitors in acute myeloid leukemia. Blood Rev. (2022) 52:100905. doi: 10.1016/
j.blre.2021.100905
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