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Abstract

Acute lymphoblastic leukemia (ALL) is a genetically and epigenetically heterogeneous
malignant disease characterized by different subtypes with varying sensitivities to conven-
tional chemotherapy. Despite significant improvements in survival rates, relapse remains
the primary cause of treatment failure, often associated with intrinsic or acquired drug
resistance. First-line therapy at diagnosis represents a major determinant of relapse in ALL.
In this study, we performed a transcriptome and drug response profiling analysis to identify
subtype-specific cell surface proteins that are overexpressed in patients with poor response
to induction therapy. We summarize the current state of knowledge regarding chemother-
apy responses, resistance mechanisms to standard cytostatic drugs and the increasing
importance of cell biomarkers as predictors of an adverse disease course and potential
therapeutic targets. We discuss the results of clinical and molecular studies linking specific
genomic alterations—such as KMT2A-rearrangements, Ph-like, DUX4-rearrangements
and T-ALL—to drug resistance and highlight surface antigens like CSPG4, HER2, MCAM
and ROR1 that define high-risk leukemia phenotypes. The integration of transcriptomic,
immunophenotypic and drug response data could enable a new generation of risk-adapted,
surface-directed strategies for relapse treatment in ALL. Our analysis therefore provides
subtype-specific predictive therapeutic targets for relapse treatment in ALL.

Keywords: acute lymphoblastic leukemia; drug response profiling; antibody–drug
conjugates; immunotherapy; therapy resistance; relapse

1. Introduction
Despite significant advances in intensive multidrug chemotherapy, acute lymphoblas-

tic leukemia (ALL) remains one of the most common causes of cancer-related deaths in
children and young adults. Leukemia arises from the clonal expansion of immature lym-
phatic precursor cells whose differentiation and proliferation are impaired by genetic and
epigenetic alterations. Modern treatment protocols lead to remission in most cases. How-
ever, depending on age and risk group, relapse occurs in approximately 15–20% of pediatric
and over 30% of adult ALL patients [1–4]. Relapse is associated with multidrug resistance
and the prognosis remains poor after a relapse [5,6].

ALL represents a prototypical example of a genetically diverse malignancy with
defined subtypes, where response to therapy is determined not only by cytogenetics
but also by transcriptional and epigenetic programs [7,8]. Molecular classification has
divided ALL into several subtypes—such as ETV6-RUNX1 (ETS variant transcription
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factor 6/Runt-related transcription factor 1), Ph-positive (Philadelphia chromosome-
positive), Ph-like (Philadelphia chromosome-like), KMT2A-rearranged (histone lysine
N-methyltransferase 2A) and DUX4-rearranged (double homeobox 4)—each characterized
by unique signaling dependencies, relapse risks and prognoses. For example, ETV6-RUNX1
is highly chemosensitive, while KMT2A-rearranged, Ph-like and T-ALL (T-cell ALL) exhibit
intrinsic resistance to glucocorticoids, anthracyclines and antimetabolites [9–12]. Recent
multi-omics studies in ALL suggest that therapy resistance results from the combined
effects of leukemia-specific genetic lesions, treatment-driven clonal selection and adaptive
non-genetic programs. Notably, relapse-associated mutations present in minor diagnostic
subclones do not consistently predict relapse [13,14]. Therapy-imposed selective pressure
and microenvironmental support critically contribute to the persistence and expansion of
relapse-fated clones.

Although genetic lesions are increasingly used for risk stratification, the systematic
surface phenotype of chemoresistant cells remains largely unexplored. Since many cytotoxic
drugs rely on the induction of apoptosis and metabolic vulnerability, resistant clones may
exhibit specific surface markers indicative of altered signaling pathways or stem cell-
like properties [15,16]. Identifying such markers could enable early prediction of poor
treatment response and facilitate targeted therapeutic strategies. We hypothesize that poor-
response phenotypes in ALL are associated with reproducible surface marker signatures
that correlate with molecular subtype and relapse risk. Importantly, the composition of
first-line therapy at diagnosis represents a major determinant of the relapse landscape
in ALL [17]. Emerging evidence indicates that individual treatment regimens impose
specific selective pressures on leukemic populations, thereby shaping clonal survival and
evolutionary trajectories. Consequently, analyses of relapse biology must be interpreted
within the context of the initial therapeutic exposure, as the choice and intensity of upfront
therapy can profoundly influence the genetic architecture and clonal composition observed
at recurrence [17].

In this review, we illuminate the sequential phases of chemotherapy in leukemia, dis-
cuss the molecular resistance mechanisms and explain the impact of genetic ALL subgroups
on treatment response, in order to highlight how therapy-induced surface receptor plasticity
can convert resistance into vulnerability, thus opening new avenues for immunotherapeutic
targeting in relapsed and refractory disease.

2. Therapy Phases and Chemotherapeutic Agents of Acute
Lymphoblastic Leukemia

Chemotherapy for ALL consists of several phases, which are further subdivided
into cycles. Due to the considerable genetic and immunocytological heterogeneity of
ALL, subgroup-specific therapies are available. In particular, the identification of risk
factors allows for the classification of patients into high-risk groups with risk-adapted
treatment [18,19]. Chemotherapy involves the administration of various cytostatic agents
in different combinations to enhance the antileukemic effect and prevent the development
of resistance.

Treatment starts with a cytoreductive pre-phase, followed by induction therapy, con-
solidation therapy, reinduction therapy and maintenance therapy. Stratification into low-
or high-risk groups is based on prognostic risk factors after diagnosis and after induction
therapy [20]. The induction phase aims to achieve remission. This corresponds to a blast
count in the bone marrow of less than 5% [21]. The distinction between morphological
blasts and genetically proven blasts is a critical point in modern hematopathology. While
traditional diagnosis relies on a visual threshold (microscope), modern classifications in-
creasingly prioritize the underlying genetic drivers to define the disease by determining
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the minimal residual disease (MRD; e.g., by flow cytometry and PCR). The treatment is
also intensive because the development of resistance in the leukemia cells must be avoided.
During the consolidation phase, the remaining leukemia cells are to be eliminated. In the
maintenance phase, the goal is to maintain the remission and prevent relapse. A range of
therapeutic agents are used for this purpose [4,22]. One of the most important classes of
drugs are the glucocorticoids. This class includes prednisone and dexamethasone. After
the glucocorticoid binds to the glucocorticoid receptor, it migrates into the cell nucleus
and alters gene expression. It switches off survival genes and activates death genes such
as Bim, forcing the leukemia cell to self-destruct [23]. Furthermore, cell division is inhib-
ited by halting the blast cell cycle. Vincristine belongs to the class of vinca alkaloids and
inhibits microtubules. Daunorubicin and doxorubicin are anthracyclines that cause DNA
strand breaks by inhibiting topoisomerase II and are primarily used in high-risk cases.
Antimetabolites such as methotrexate (MTX), 6-mercaptopurine (6-MP) and cytarabine
inhibit cellular DNA/RNA synthesis. Intrathecal chemotherapy, such as methotrexate,
is mainly used for CNS (central nervous system) prophylaxis. In cases of CNS relapse,
leukemia cells are found in the cerebrospinal fluid (CSF). This fluid acts as a sanctuary site
for blast cells against the methotrexate treatment. The class of asparaginases includes the
drugs L-asparaginase and PEG-L-asparaginase (polyethylene glycol-L-asparaginase). They
deprive the cell of the essential amino acid asparagine, resulting in protein deficiency in
leukemia cells.

During the induction phase, prednisone or dexamethasone, vincristine, asparaginase
and the anthracyclines daunorubicin and doxorubicin are used (Figure 1). The exact medi-
cations (or combinations) and dosages vary across different study protocols depending on
the risk profile, age and genetic subtype. CNS therapy is a fundamental component across
all phases of treatment. For certain subtypes, targeted therapies are added (e.g., tyrosine
kinase inhibitors; TKIs).

Figure 1. ALL therapy consists of chemotherapy and comprises several phases and cycles. Therapy
includes the preliminary phase, induction therapy, consolidation therapy, re-induction therapy and
maintenance therapy. After induction therapy and the first cycle of consolidation therapy, remission is
monitored and minimal residual disease (MRD) is measured. MRD is monitored repeatedly thereafter.
In certain cases, high-dose chemotherapy followed by stem cell transplantation may be necessary.
Conventional therapies used in the induction phase include asparaginase, cytarabine, dexamethasone,
daunorubicin and vincristine. Non-conventional therapies that can be used as adjuncts, depending
on the ALL subtype, include venetoclax and dasatinib. Trametinib, on the other hand, is a tyrosine
kinase inhibitor targeting MEK and is currently used primarily in experimental settings.
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Dasatinib is a TKI frequently used in Ph-positive and Ph-like ALL. In the COG study
AALL0622, dasatinib was combined with intensive chemotherapy starting on day 15 of
the induction phase [24]. A phase 2 study demonstrated that dasatinib with prednisone is
effective for induction and early consolidation in newly diagnosed Ph-positive ALL [25].
Another study combined dasatinib with glucocorticoids in the induction phase, followed
by treatment with blinatumomab [26].

Trametinib is an inhibitor against the kinase MEK (mitogen-activated protein kinase),
primarily used in solid tumors (e.g., BRAF-mutated melanoma) [27]. In a preclinical
mouse model of RAS-mutated KMT2A-rearranged ALL, trametinib inhibited tumor growth
and reduced ERK (extracellular signal-regulated kinase) phosphorylation [28]. In an
in vitro B-ALL cell model, trametinib alone showed only moderate efficacy but acted
synergistically with BCL-2 (B-cell leukemia/lymphoma 2) inhibitors (e.g., venetoclax) to
induce apoptosis [29]. A case report also describes the combination of trametinib with
dasatinib and chemotherapy in a child with Ph-positive ALL after the patients asparaginase
treatment had to be discontinued due to pancreatitis [30].

Venetoclax is a targeted cancer drug from the class of BCL-2 inhibitors. It is primarily
used to treat certain types of blood cancer by reactivating programmed cell death in cancer
cells. Venetoclax is not yet fully standardized for ALL. It is primarily being investigated in
clinical trials, both in the induction and consolidation phases (NCT05386576; NCT05192889;
NCT05157971). In a study of adults with newly diagnosed, Ph-negative B-ALL, venetoclax
was used during the induction and consolidation cycles of the CALGB-10403 regimen [31].
In older or newly diagnosed ALL patients (both B- and T-cell), venetoclax was administered
concurrently with a reduced-intensity chemotherapy regimen. In such regimens, venetoclax
is used cyclically, even over several cycles, typically corresponding to both induction and
subsequent phases [32,33].

The emergence of resistance to chemotherapeutic agents, whether intrinsic or therapy-
induced, remains a central obstacle in the treatment of ALL. A deeper understanding of
these resistance pathways is essential not only to explain treatment failure but also to
identify rational targets for more effective, mechanism-based therapeutic interventions.

3. Resistance Mechanisms That Contribute to the Relapse of Human
Tumor Cells During Therapy

Therapy resistance arises when tumor cells weaken or evade the effects of medical
treatments. These mechanisms can be intrinsic or acquired during therapy (Figure 2). Re-
sistance mechanisms are diverse and include genetic and epigenetic alterations, modified
transport, metabolic changes, microenvironmental factors, evasion of immune responses
and functional adaptations such as epithelial–mesenchymal transition (EMT). This ex-
plains why therapy resistance is often difficult to overcome and why modern treatments
increasingly employ combined and personalized approaches.

3.1. Genetic Mechanisms

Cells develop gene mutations primarily when their products are the target of drugs.
These mutations frequently affect tyrosine kinase genes. These mutations modify the target
protein in such a way that the binding of inhibitors to the active sites of the proteins is
reduced or prevented [34]. The BCR-ABL1-T315I mutation is a common point mutation in
the ABL1 kinase domain and prevents the binding of many TKIs (e.g., imatinib and dasa-
tinib), leading to resistance in Ph-positive ALL or CML (chronic myeloid leukemia) [35,36].
Recent data show that imatinib in combination with cytarabine demonstrated significant
efficacy [37]. Genetic lesions are key determinants of drug resistance in ALL. Activating
mutations in the 5′-nucleotidase NT5C2, which frequently arise under the selective pres-
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sure of therapy, enhance the degradation of thiopurines such as 6-mercaptopurine and
thioguanine and thereby reduce their cytotoxicity [38–40]. Alterations in TP53 broadly
impair cell-cycle control and DNA-damage responses, while loss-of-function mutations
in the histone acetyltransferase CREBBP, enriched at relapse, diminish histone acetylation
at glucocorticoid-responsive promoters and drive steroid resistance [41–45]. Defects in
chromatin regulators such as the histone methyltransferase SETD2 increase tolerance to
genotoxic stress by altering chromatin structure and DNA-repair capacity [46]. Deletions
or mutations of IKZF1, characteristic of high-risk Ph-positive and Ph-like ALL, reprogram
B-cell transcriptional networks toward a poorly differentiated, therapy-refractory state
and are strongly associated with relapse [47,48]. In Ph-like ALL, CRLF2 rearrangements
and JAK–STAT mutations confer resistance to conventional chemotherapy but may create
vulnerabilities to JAK inhibitors [49]. In T-ALL, activating mutations in NOTCH1 and
loss-of-function lesions in FBXW7 are common at diagnosis, whereas relapse is typically
marked by additional lesions affecting cell-cycle regulators (e.g., CDKN2A/B) [50,51].

Figure 2. Overview of known resistance mechanisms that contribute to the relapse of leukemia cells
during therapy. Various genetic and epigenetic mechanisms, as well as changes in drug transport,
metabolic adaptations, changes in the cell cycle and DNA repair, adaptation of apoptosis and survival
signals, the tumor microenvironment, epithelial–mesenchymal transition, cellular plasticity and
tumor heterogeneity and immunotherapy-specific resistance mechanisms influence the treatment
success of ALL.

Studies have shown different expression patterns in resistant ALL compared to
treatment-sensitive disease. These different expression patterns are primarily driven
by important signaling pathways, such as the PI3K/AKT/mTOR (phosphoinositide-3-
kinase/protein kinase B) or the RAS/MAPK (mitogen-activated protein kinase) path-
way [52,53]. For example, in Ph-positive B-ALL, resistance to TKIs has been associated
with the upregulation of important kinase pathways, such as the SRC family kinases [54]
or the PI3K/AKT/mTOR pathway [55]. Glucocorticoid resistance is one of the most com-
mon forms of drug insensitivity in ALL and correlates strongly with the activation of
the survival pathways of the PI3K/AKT/mTOR and RAS/MAPK pathways [56]. These
signaling pathways also activate proteins involved in cell cycle progression, DNA repair,
drug efflux, metabolism and therefore play a role in relapsed ALL [57,58]. In addition,
coordinated adaptions to this pathway by increased mTOR signalling, create a metabolic

https://doi.org/10.3390/hemato7020014

https://doi.org/10.3390/hemato7020014


Hemato 2026, 7, 14 6 of 42

landscape optimized for resistance, often at the expense of proliferative speed but with
enhanced persistence [59].

Focal adhesion kinase (FAK) is a central mediator of therapy resistance that integrates
signals from cell adhesion and the tumor microenvironment into intracellular survival
pathways [60]. Activation of FAK promotes resistance to cytotoxic therapies primarily
through stimulation of pro-survival signaling, including the PI3K/AKT pathway, thereby
suppressing apoptosis [61–63]. In addition, FAK functions as a scaffold for oncogenic sig-
naling networks, supports the transition toward a more invasive and stem-like phenotype,
and may facilitate DNA damage repair following chemotherapy or radiation [64–66]. FAK
signaling can also compensate for inhibited receptors, such as EGFR (epidermal growth
factor receptors), sustaining proliferation under targeted therapy [67]. Furthermore, FAK
contributes to the formation of a dense extracellular matrix that impairs immune cell in-
filtration [68]. Consequently, FAK inhibitors are currently being explored in combination
with chemotherapy or immune checkpoint blockade (e.g., pembrolizumab) to overcome
therapy resistance and improve antitumor responses [69,70].

Gene amplifications lead to excessive production of the target protein by in-
creasing the copy number of the corresponding gene. Consequently, the drug is no
longer sufficient to block all target molecules [71,72]. Intrachromosomal amplification
of chromosome 21 (iAMP21) represents a rare cytogenetic subgroup of B-ALL and overex-
pression of multiple genes in chromosome 21 occurs [73]. Additionally, amplification or
altered expression of topoisomerase II (TOP2A) can compromise anthracycline efficacy [74].

Glucocorticoid resistance represents one of the most frequent resistance mechanisms
in ALL. It commonly results from mutations or transcriptional downregulation of the glu-
cocorticoid receptor (NR3C1) or constitutive activation of the PI3K/AKT/mTOR signaling
pathway [75,76]. These alterations impair glucocorticoid-induced apoptosis and are partic-
ularly prevalent in T-ALL, Ph-like B-ALL and KMT2A-rearranged leukemias, where they
correlate with poor initial prednisone response [75,77,78]. The combination of dasatinib
with dexamethasone showed a synergy that leads to resensitization of glucocorticoid-
resistant ALL cells [4].

3.2. Epigenetic Mechanisms

Epigenomic dysregulation is a major driver of therapy resistance in ALL [79]. Changes
in DNA methylation, histone modifications and chromatin accessibility enable leukemic
cells to transcriptionally adapt to therapeutic pressure, thereby maintaining survival and
facilitating relapse. Altered DNA methylation patterns can activate resistance genes or
suppress therapy target genes, involved in drug metabolism, apoptosis and cell-cycle
regulation [80]. Chromatin remodeling is an important epigenetic resistance mechanism
because it alters gene accessibility. This allows cells to activate survival programs or silence
therapy-relevant genes. EZH2 (enhancer of zeste homolog 2) is a catalytic component of
the Polycomb Repressive Complex 2 (PRC2) and mediates trimethylation of histone H3 at
lysine 27 (H3K27me3), thereby promoting chromatin condensation and transcriptional
silencing [81]. When EZH2 is overactive, tumor suppressor genes are increasingly epige-
netically silenced, apoptosis and differentiation programs are suppressed and cells become
more resistant to therapy [82]. Promoter hypermethylation of tumor suppressors such as
CDKN2A (cyclin-dependent kinase inhibitor 2A) leads to their silencing and promotes cell
cycle dysregulation and uncontrolled proliferation [83,84]. CREBBP (CREB-binding protein)
alterations in relapsed ALL lead to impaired histone acetylation, altered glucocorticoid
response and steroid resistance [43]. In addition, over 150 hypermethylated genes encoding
cell surface proteins that are putative accessible for immunotherapy have been recently
identified in ALL [85].
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3.3. Changes in Drug Transport

Another type of resistance mechanism involves the increased activity of efflux pumps.
Tumor cells can reduce the expression of specific transporter proteins that carry drugs into
the cells or can increase the expression of ATP-binding cassette (ABC) transporters that
pump drugs out of the cell. MDR1 (ABCB1) is a P-glycoprotein and its overexpression
leads to increased pumping of chemotherapeutic agents such as anthracyclines or vinca
alkaloids out of the cell [86–88]. This represents a classic mechanism in multidrug-resistant
ALL. Methotrexate is a central component of ALL therapy, especially for CNS prophylaxis
and transporter expression correlates with treatment response [89]. This is particularly
relevant in high-dose MTX regimens. Methotrexate is structurally a folate analog and
cannot freely diffuse across the cell membrane. SLC19A1 encodes the reduced folate carrier
(RFC1) and actively transports folate and methotrexate into the cell [90]. Leukemia cells
can downregulate SLC19A1 or induce functional changes in the transporter, resulting in
less MTX entering the cell [91]. Other examples include the transporters SLC29A1 (ENT1)
and SLC22A1 (OCT1), which, after downregulation, contribute to cytarabine and imatinib
resistance, respectively [92,93].

3.4. Metabolic Adaptations

During treatment, tumor cells can also overexpress enzymes that enzymatically in-
activate drugs. Furthermore, tumor cells can redirect metabolic pathways by switching
from glycolysis to oxidative phosphorylation or by utilizing alternative energy sources.
Methotrexate inhibits dihydrofolate reductase (DHFR), thereby blocking nucleotide syn-
thesis. The overexpression of DHFR following amplification leads to resistance to MTX,
whereas increased expression of asparagine synthetase (ASNS) leads to resistance to as-
paraginase [94,95]. Methylenetetrahydrofolate dehydrogenase 2 (MTHFD2) is a key mi-
tochondrial enzyme of the folate metabolism pathway and has emerged as an important
mediator of therapy resistance in hematologic malignancies, including ALL and acute
myeloid leukemia (AML) [96]. While MTHFD2 expression is low or nearly absent in most
normal adult tissues, it is markedly upregulated in malignant cells, where it supports
increased proliferation by promoting the synthesis of purine nucleotides required for
DNA replication [97]. In consequence, inhibition of MTHFD2 disrupts folate-dependent
nucleotide synthesis, leading to genomic instability and apoptosis. Overexpression of
MTHFD2 has also been shown to protect leukemic cells from venetoclax-induced apoptosis,
whereas pharmacological inhibition—using compounds such as DS18561882—can resensi-
tize venetoclax-resistant cells in preclinical models [98]. Cytarabine resistance is frequently
associated with impaired intracellular activation due to reduced deoxycytidine kinase
(DCK) activity or increased cytidine deaminase (CDA) expression, leading to decreased
formation of the active metabolite [99].

3.5. Changes in the Cell Cycle and DNA Repair

Many anticancer therapies exert their effects by inducing DNA damage or targeting
proliferating cells during specific phases of the cell cycle. Under normal conditions, se-
vere DNA damage triggers cell cycle arrest, activation of p53-dependent pathways and
apoptosis. However, resistant leukemic cells can enhance DNA repair capacity, activate
checkpoint pathways, or evade apoptosis, thereby maintaining survival under therapeutic
stress [100]. DNA repair mechanisms are therefore critical determinants of treatment re-
sponse [4]. Homologous recombination (HR), a high-fidelity repair pathway active during
the S/G2 phase, involves proteins such as BRCA1, BRCA2, and RAD51 (breast cancer
gene1/2; RAD51 recombinase) [101].
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In addition, many chemotherapeutic agents preferentially target rapidly dividing cells.
Cells that enter a quiescent state or activate cell-cycle checkpoints become less susceptible
to these treatments. The G1/S checkpoint, regulated by p53, p21, and the retinoblastoma
protein (RB), can induce temporary cell-cycle arrest to facilitate DNA repair instead of
apoptosis. Similarly, the G2/M checkpoint, controlled by proteins such as CHK1, CHK2,
and WEE1 (checkpoint kinase 1/2; WEE1 G2 checkpoint kinase), prevents mitotic entry
in the presence of DNA damage and may prolong repair processes, thereby reducing
treatment efficacy [102,103]. Loss of p53 function further contributes to resistance. TP53
mutations impair the DNA damage response and diminish the induction of pro-apoptotic
genes such as BAX, PUMA, and NOXA (Bcl-2-associated X; p53 upregulated modulator of
apoptosis; phorbol-12-myristate-13-acetate-induced protein 1), allowing leukemic cells to
survive despite extensive genotoxic stress. Such alterations are frequently associated with
high-risk and relapsed ALL [9].

3.6. Adaptation of Apoptosis and Survival Signals

Tumor cells also induce the upregulation of anti-apoptotic proteins such as the BCL-2
family or IAPs (Inhibitors of Apoptosis) [104,105]. These proteins protect the cell from
premature cell death. BCL-2 is a prototypical anti-apoptotic protein that is frequently
dysregulated in therapy-resistant malignancies. Its overexpression suppresses mitochon-
drial outer membrane permeabilization and thereby inhibits intrinsic apoptosis, ultimately
promoting chemoresistance [106]. Pharmacological targeting of BCL-2 with venetoclax can
restore apoptotic signaling and re-sensitize leukemic cells to treatment [107]. Furthermore,
the tumor cell can also deactivate pro-apoptotic factors. Downregulation or mutation of p53
or BAX/BAK prevents the initiation of cell death [108,109]. BAX is a member of the BCL-2
family and is transcriptionally regulated by p53, linking DNA damage responses to mito-
chondrial cell death pathways [110]. The loss of BAX has been described in therapy-resistant
leukemias and is particularly relevant in therapies that act via mitochondrial apoptosis
(e.g., anthracyclines, glucocorticoids or venetoclax) [104]. Venetoclax inhibits BCL-2, but if
BAX/BAK is deficient, even BCL-2 blockade cannot effectively induce apoptosis.

3.7. Tumor Microenvironment (TME)

The tumor microenvironment, including bone marrow stromal support and immune
evasion mechanisms, also plays a critical role in the development of resistance to thera-
peutics. Fibroblasts, immunomodulatory cells or the extracellular matrix can form crucial
barriers to drugs while simultaneously releasing pro-resistant signaling molecules to the
ALL cells. An acidic tumor microenvironment (pH) can also affect drug penetration or
stability [111]. Hypoxia in the bone marrow or oxygen-deprived regions within the tu-
mor, can also reduce the efficacy of many drugs and stabilize HIF-1α (hypoxia-inducible
factor 1-alpha), a key factor in pro-survival signaling that regulates key EMT genes [112].
It activates the transcription factors Snail (zinc finger protein SNAI1), Twist (twist-related
protein 1) and ZEB1 (Zinc finger E-box-binding homeobox 1) [113,114]. These factors
suppress E-cadherin, leading to cell aggregation [115,116]. HIF-1α also enhances EMT-
promoting signals such as TGF-β, Wnt/β-catenin and Notch (Transforming growth factor
beta; Wingless-Type MMTV Integration Site Family Member 1/Catenin Beta; notch ho-
molog protein) [117].

The CXCR4–CXCL12 (C-X-C chemokine receptor type 4; C-X-C motif chemokine
ligand 12) axis is one of the most important communication pathways between tumor cells
and their environment [118]. The binding of CXCL12 to CXCR4 triggers survival signaling
pathways in tumor cells (e.g., PI3K/AKT and RAS/MAPK), which directly promote EMT
and enable the migration of leukemia cells into protective niches [119]. Relapsed cells
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often exhibit increased niche dependency in ALL [120]. CXCR4 antagonists (such as
plerixafor) are being intensively investigated to disrupt communication between the tumor
and metastatic niches [121].

Adhesion molecules such as CD44 and ITGAE (CD103) play key roles in mediating
leukemic cell interactions with the protective bone marrow niche [122,123]. CD44 promotes
leukemic cell adhesion, migration, and survival, partly by stabilizing the drug efflux trans-
porter MDR1 and supporting the persistence of quiescent leukemia stem cell populations
after induction chemotherapy [124–126]. ITGAE binds to E-cadherin on stromal cells and
contributes to stable retention of leukemic cells within supportive microenvironments,
thereby facilitating therapy resistance [127].

3.8. Epithelial–Mesenchymal Transition (EMT)

EMT is a fundamental biological process in which firmly anchored, polarized epithelial
cells lose their typical properties and are transformed into motile, spindle-shaped mesenchy-
mal cells. This leads to the cells exhibiting increased motility, resistance to apoptosis and
altered surface markers. In the pathogenesis of ALL, ZEB1 acts as a molecular link between
EMT-like reprogramming and the development of massive therapy resistance [128]. ZEB1
also activates genes responsible for the stem cell phenotype [129]. These cells often remain
in a quiescent phase, rendering them invisible to cell cycle-specific chemotherapeutic agents.
ZEB1 suppresses pro-apoptotic factors while simultaneously strengthening anti-apoptotic
networks, thus preventing programmed cell death following DNA damage [104,128].

3.9. Cellular Plasticity and Tumor Heterogeneity

Cell populations differ significantly in their genetic diversity, epigenetic variations and
survival strategies. Genomic studies tracking the transition from diagnosis to relapse show
that therapy selects for pre-existing (at low frequencies) resistant subclones that expand
under treatment pressure [130,131]. One example is the enrichment of RAS pathway
mutations at relapse in pediatric B-cell precursor ALL, highlighting their value as potential
predictive biomarkers [131,132]. In addition, rare quiescent clones can escape cytotoxic
therapies targeting proliferating cells and later re-emerge to drive relapse. However, a RAS
mutation often requires further mutations or other forms of cell degeneration to enable
tumor progression. Another example represents the deletion of the IKZF1 gene (Ikaros
family zinc finger protein 1), which is predominantly observed in Ph-positive ALL. These
cases are also classified as high-risk B-ALL cases [133].

A particularly dramatic form of therapy resistance is lineage switch, in which leukemic
cells undergo a phenotypic transformation during treatment or at relapse. This happens
most commonly from lymphoid (ALL) to myeloid (AML) morphology, or less frequently
vice versa [134]. This phenomenon represents an extreme adaptation to therapeutic pres-
sure, as leukemic cells evade targeted treatment by losing lineage-defining surface antigens.
Lineage switch is especially well documented in the context of CD19-directed immunother-
apies such as blinatumomab or CAR T-cell therapy. Following eradication of CD19-positive
blasts, residual leukemic cells may re-emerge as CD19-negative myeloid-like populations,
thereby escaping immune recognition [135]. KMT2A-rearranged leukemias are particularly
prone to such plasticity, as they often arise from early progenitor cells with multilineage
differentiation potential. Epigenetic remodeling plays a central role in this process, enabling
large-scale transcriptional reprogramming driven by lineage-specific transcription factors
such as EBF1 or PAX5 [136,137]. Mutations in key regulators including TP53 or IKZF1
further promote genomic instability and transcriptional dysregulation, facilitating lineage
conversion [138,139]. Clinically, lineage switch is associated with a highly unfavorable prog-
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nosis, as the newly emergent phenotype is frequently resistant to the original ALL-directed
treatment protocols.

3.10. Immunotherapy-Specific Resistance Mechanisms

Tumor cells can also reduce or alter surface proteins that are meant to be recognized
by the immune system. The downregulation of MHCI (major histocompatibility complex)
results in cells presenting fewer antigens, making them less recognizable to T cells [140]. The
expression of immunosuppressive molecules such as PD-L1, TGF-β or IL-10 (programmed
cell death ligand 1; Interleukin-10) also suppresses immune cells in the vicinity of the
tumor cell [141]. A common example of immunotherapeutic resistance in ALL is CD19 loss
following CAR-T cell (chimeric antigen receptor T cells) or blinatumomab treatment [142].
Leukemia cells frequently lose the CD19 surface antigen or downregulate it, so that the
corresponding therapies targeting CD19 can no longer recognize the tumor cells. This type
of resistance is a very common mechanism in relapsed ALL.

While diverse molecular resistance mechanisms contribute to treatment failure in
ALL, these processes are deeply embedded in the genetic architecture of the disease.
Distinct genetic subgroups of ALL harbor characteristic mutations, chromosomal rear-
rangements and signaling alterations that shape cellular behavior and influence respon-
siveness to chemotherapy. Consequently, the propensity to develop resistance, the pattern
of relapse and the overall treatment outcome are often closely linked to the underlying
genomic landscape.

4. Genetic Subgroups of Acute Lymphoblastic Leukemia Determine the
Probability of Relapse

In B-ALL, several genetically defined subtypes can be distinguished, including ETV6-
RUNX1, KMT2A-rearranged (Histone-lysine N-methyltransferase 2A), Ph-positive/BCR-
ABL1-positive (breakpoint cluster region/Abelson mouse leukemia virus oncogene ho-
molog 1), Ph-like, PAX5-alteration (PAX5-alt; Paired Box 5) and DUX4-rearranged. ALL
subgroups such as KMT2A-r define rare subgroups with highly drug-resistant dis-
ease [143]. The genetic subtype of ALL provides important prognostic information
and allows estimation of the likelihood of relapse based on its distinct molecular and
cytogenetic characteristics.

KMT2A-rearranged ALL is characterized by structural alterations of the KMT2A
gene, which forms fusion transcripts with a wide range of partner genes, including AFF1,
MLLT1 and MLLT3 (AF4/FMR2 family member 1; myeloid/lymphoid or mixed-lineage
leukemia 1/3). It is detected in approximately 70% of infant ALL cases (<1 year of age) and
in around 15% of adult patients [144,145]. Clinically, infant ALL with KMT2A rearrange-
ments is associated with very high relapse and mortality rates and shows poor response to
conventional chemotherapy treatment [146].

The ETV6–RUNX1 translocation is frequently acquired during prenatal hematopoiesis.
It represents the most prevalent genetic subtype in pediatric ALL, accounting for approxi-
mately 20–25% of cases and is generally associated with a favorable response to standard
ALL therapy [147]. Nevertheless, disease relapse occurs in up to 20% of patients with
ETV6–RUNX1–positive ALL [148,149].

The Philadelphia chromosome–positive (Ph-positive) ALL, gives rise to a fusion
between the breakpoint cluster region (BCR) and the Abelson murine leukemia viral
oncogene homolog 1 (ABL1), resulting in a constitutively active tyrosine kinase. It is
detected in approximately 3% of pediatric B-ALL and in about 25% of adult cases [150].
Clinical outcomes are worse, but have improved substantially with the introduction of
TKIs (e.g., imatinib and dasatinib) [151].
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Philadelphia-like (Ph-like) ALL lacks the canonical BCR-ABL1 translocation but ex-
hibits a highly similar gene expression profile, frequently accompanied by alterations af-
fecting JAK/STAT signaling (janus kinase/signal transducer and activator of transcription)
or ABL-class kinases, including CRLF2 rearrangements. It is identified in approximately
10–15% of pediatric patients and in up to 30% of young adults with B-ALL [152]. Ph-like
B-ALL is typically characterized by poor responsiveness to conventional chemotherapeu-
tic regimens and is associated with an unfavorable clinical outcome and increased risk
of relapse [153].

The DUX4-rearranged ALL subtype is defined by structural alterations involving the
DUX4 gene, most commonly through insertion of DUX4 into the immunoglobulin heavy
chain (IGH) locus. DUX4 is highly involved in CpG hypermethylation and chromatin
architecture. It accounts for approximately 5–10% of cases [154]. Despite the presence
of molecular high-risk features, this subtype demonstrates a highly variable response to
conventional ALL therapy and is associated with an intermediate relapse rate.

The PAX5 gene is a key regulator of B-cell differentiation. The PAX5-altered subtype is
characterized by extreme heterogeneity. It includes rearrangements (e.g., PAX5-ETV6, PAX5-
NOL4L), intragenic amplifications and sequence mutations. It accounts for approximately
2–3% of B-ALL cases [155]. The prognosis for patients with PAX5 alterations is generally
considered intermediate to poor. Studies show that relapse occurs in up to 50% of cases
in the PAX5-alt group [156]. The PAX5-AUTS2 fusion is considered particularly prone to
relapse and exhibits a high rate of CNS involvement [155].

The biological heterogeneity of ALL, as reflected by its diverse genetic subgroups,
not only shapes disease behavior and relapse risk but also defines distinct therapeutic
vulnerabilities. Given that each subtype is characterized by specific molecular alterations
and patterns of antigen expression, a uniform treatment strategy is unlikely to address
all high-risk constellations effectively. These differences necessitate tailored therapeutic
approaches, including immunotherapeutic strategies that exploit subtype-specific surface
antigens and resistance-associated targets. In summary, both children and adults with a
KMT2A rearrangement, the presence of the BCR-ABL1 fusion gene, the Ph-like subtype
and T-ALL frequently have a poor prognosis and belong to the high-risk subtype, thus
requiring additional therapeutic options [157]. Thus, the transition from genotype-driven
risk stratification to precision immunotherapy represents a logical and necessary step in
the evolution of ALL treatment.

5. Immunotherapeutic Approach for the Treatment of ALL
5.1. Immunotherapy in ALL

Immunotherapy has profoundly transformed the therapeutic landscape of B-ALL dur-
ing the last decade, extending well beyond the capabilities of conventional chemotherapy.
Bispecific T-cell engagers (BiTEs), antibody–drug conjugates (ADCs) and chimeric antigen
receptor (CAR) T-cell therapies have demonstrated the ability to induce deep and durable
remissions, particularly in relapsed or refractory disease settings. For instance, tisagenle-
cleucel has shown remarkable clinical efficacy, achieving high initial response rates and
sustained remissions in pediatric and young adult patients with ALL (NCT02435849) [158].
Established target antigens such as CD19, CD22 and CD20 are in clinical practice. For
example, CD20-based immunotherapies, such as rituximab, have also been successfully
integrated into the treatment of malignant B-cell diseases [159]. Despite these advances,
disease relapse driven by target antigen loss or inadequate CAR T-cell persistence contin-
ues to represent a major clinical obstacle, underscoring the need for further refinement of
immunotherapeutic strategies.
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5.2. Established ADCs and Therapeutic Antibodies in ALL

Receptors on leukemic blasts in ALL are frequently constitutively activated in certain
subgroups. However, attempts to pharmacologically inhibit these individual signaling
proteins often lead to complex feedback mechanisms and limited efficacy. A more ad-
vanced therapeutic approach therefore involves the targeted intracellular administration of
cytotoxins into ALL cells. Using antibodies, these cytotoxins can be specifically delivered
to cells with high antigen expression. Antibody-drug conjugates (ADCs) combine the
high specificity of monoclonal antibodies with the potency of cytotoxic substances. They
consist of an antibody coupled to a payload via a chemical linker, selectively releasing the
drug into tumor cells. Currently, more than ten ADCs are approved for the treatment of
hematological and solid tumors, including tisotumab vedotin, loncastuximab tesirine, be-
lantamab mafodotin, sacituzumab govitecan, trastuzumab deruxtecan, enfortumab vedotin,
polatuzumab vedotin, inotuzumab ozogamicin, trastuzumab emtansine, brentuximab ve-
dotin and gemtuzumab ozogamicin. In addition, more than 150 novel ADCs are in clinical
development [160]. The CD22-targeting ADC inotuzumab ozogamicin (InO) has been
approved for the treatment of relapsed or refractory B-ALL [161].

However, not every patient benefit from InO therapy and treatment failure is often
caused by downregulation or alternative splicing of the CD22 antigen [162]. Data on the
efficacy of ADC-based strategies in ALL and its subgroups beyond CD22 are currently
limited [163]. CD19-targeted approaches, such as with blinatumomab or loncastuximab
tesirin, are considered promising because CD19 is expressed on a broad spectrum of B
cells and has a more comprehensive expression profile than other B-cell-specific antigens
such as CD20 or CD22. Of particular importance is the fact that immunotherapies can
partially overcome unfavorable genetic risk constellations, as impressively demonstrated
by the example of blinatumomab in KMT2A-rearranged infants [164]. At the same time,
the occurrence of antigen-negative escape variants, especially after CD19-targeted therapy,
highlights the need for additional target antigens [144].

A key challenge for the design and clinical success of ADCs is therefore the selection
of a suitable target molecule. Equally crucial are the selection of an effective payload
and the construction of a stable yet cleavable linker. Ideally, the target antigen should
exhibit high and homogeneous expression in tumor cells while being largely absent in
healthy tissue [165]. However, many of the currently investigated target structures show a
broader expression pattern in both tumor and normal cells. While successful strategies for
identifying suitable ADC targets have already been described for solid tumors [165–167],
validated alternative antigens for r/r patients are still lacking in ALL. This deficiency
represents a major reason for the failure of therapy in resistant cell populations. Therefore,
the identification of a broad spectrum of diverse target antigens for r/r patients is of central
importance for the further development of effective ADC-based treatment approaches
in ALL.

6. Therapy-Induced Surface Receptor Remodeling in Acute
Lymphoblastic Leukemia

Recent technological advances now enable integrated molecular profiling of ALL
across genomic, transcriptomic, epigenetic, proteomic and metabolic layers. Notably,
single-cell multi-omics analysis allows the dissection of heterogeneous subpopulations and
the detection of rare resistant subclones, while bulk RNA sequencing has identified gene
expression signatures associated with poor prognosis, drug resistance and relapse [168,169].
In particular, receptors play a central role in signal transduction in ALL and are therefore
potential therapeutic targets.
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To systematically identify potential immunotherapy targets in patients with poor
treatment response after induction therapy for ALL, we analysed publicly available tran-
scriptome and drug response profiling data from ALL patients (Figure 3) [170,171]. Drug re-
sponse sensitivity was measured in samples from children with newly diagnosed ALL [171].
The corresponding transcriptome datasets were then assigned to these samples [170]. First,
we classified each patient as a good or poor responder with respect to the specific drug
response of eight drugs (asparaginase, cytarabine, dexamethasone, danorubicin, vincristine,
venetoclax, dasatinib and trametinib) and across seven molecular subtypes (DUX4-r, ETV6-
RUNX1, KMT2A-r, PAX5-alt, Ph-like, Ph-positive and T-ALL) [171]. We then used a
bioinformatics pipeline to select candidate genes that encode cell surface proteins. For
this, we created a cell surface annotation list from various public databases [172,173];
[GeneOntology: GO:0009986; GeneOntology: GO:0016021; GeneOntology: GO:0071944;
GeneOntology: GO:005886; UniProt: KW-1133; UniProt: KW-0472]. We then selected
from these genes those that were upregulated in patients with poor drug response. We
differentiated the type of response based on the significance level and the expression level.
We then eliminated genes that showed high expression in hematopoietic stem cells and
progenitor cells [174,175]. These genes were thoroughly investigated in relevant leukemia
cell databases (The Human Protein Atlas, Headword: Protein Expression and Localization;
NCBI Pubmed; UniProt) regarding their location on the outer cell membrane and thus their
accessibility for immunotherapy. Genes were prioritized based on their protein expression
using immunohistochemical (IHC) and flow cytometry data [176]. Proteins satisfying these
criteria were retained as putative cell surface receptors. Using this approach, we identified
150 candidates for potential immunotherapeutic targeting (Tables 1 and S1–S8).

Table 1. Cell surface receptors with increased expression in the poor responder group after the
relevant treatment according to the ALL subgroup.

DUX4-r ETV6-RUNX1 KMT2A-r PAX5-Alt Ph-Like Ph-Positive T-ALL

Asparaginase

FCGR3A LILRA5 PSD2 CD1C TNFRSF12A IL2RA LDLR

FLT1 LILRB3 PCDHGC3 FCGR3A LY6G6C CLEC4D LAG3

CTLA4 FCGR3B LPAR4 FCRL6 MRC1 CEACAM8 UMODL1

ROR2 AQP1 NPR1 FERMT2 CLEC4E FCRL3

EPHA4 RHBDL1 PTCH2

Cytarabine

CD19 TENM1 FLT4 OSCAR EPOR SLC2A9 UMODL1

CD70 IL1R1 CSPG4 IL21R CD80 OSMR BMPR1A

PTPRM SIGLEC11 PSD2 ITGB7 FOLR2 TSPAN15 ITGAE

CHRNA3 PCDHGC3 PTCH2 PTCH2 FCGR2A

FLT4 OSCAR PLAUR CXCR1

LPAR1 FCGR2A KLRF1

LPAR4 LILRA5

SLC2A14 CEACAM8

PCDHGC4 CLEC4D

LILRA6

EPHA4
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Table 1. Cont.

DUX4-r ETV6-RUNX1 KMT2A-r PAX5-Alt Ph-Like Ph-Positive T-ALL

Daunorubicin

FLT4 CTLA4 CTLA4 IL21R FERMT2 XKR3

TSPAN9 LILRA5 CD8A IL10RA LY6G6C PTCH2

CD14 FCRL6 SCN1B KIR2DL1 KIR3DL2

CD8A KIR2DL4

FCGR3B

Dexamethasone

CD226 CEACAM6 CSPG4 CEACAM3 LILRB2 CEACAM3 CXCR1

MS4A1 IL21R PCDHGC3 ERBB2 TTYH2 OSMR CCR9

SIGLEC1 CD14 PDGFRB MS4A1 MS4A1 CEACAM8 ITGAM

CLEC12B LILRB3 LILRB3 IL11RA LILRB3 LAG3

FCGR2A CEACAM8 CLEC4E FCRL3 LILRA5 CXCR2

LILRB3 IL1R2 CD40 CLEC4D CLEC4E

SIGLEC7 LILRA6 EPHA4 LILRA6 CD70

FCRL6 CEACAM3 CXCR1

CLEC7A CLEC4D CEACAM6

CEACAM6 CXCR1 EPHA4

LILRA6

CEACAM8

Vincristine

TACR2 PVRIG CNR2 SDC1 LILRB1 ITGA1

SLAMF6 CHL1 BVES LILRB5 SLC4A1 IL4R

PCDHGA9 GP6 CD9 CHRNB4 DPEP1

ACVR1C ENTPD1 IL2RB

ICOSLG

Dasatinib

FGFR1 TENM1 CCR8

PDGFRB IL11RA DPEP1

PCDHGA7 NEO1 PCDHGB2

CEACAM6 PDCD1 P2RY12

PCDHGB4 FFAR1 PSD2

MCAM

CCR6

Trametinib

GPR37 ITGA8 CRLF2 SLC4A3

EFNB2 KIR3DL1 PCDHGB1 ULBP1

ROR1 CACNA2D2 PCDHGA5 IL1R2

CTLA4 PCDHGA7 TSPAN15

TENM1 PCDHGA6 TREML4
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Table 1. Cont.

DUX4-r ETV6-RUNX1 KMT2A-r PAX5-Alt Ph-Like Ph-Positive T-ALL

PCDHGB2 CCR8

PCDHGA4

PCDHGB3

PCDHGA8

Venetoclax

PTPRG VLDLR CD22 SLC2A14 TMPRSS5 CD27 FCGR3B

PTCH1 GABRA3 PCDHGA2 FGFR4 CRLF2 CD19 CXCR1

TGFBR3 SLAMF1 TNFRSF13C CD40 TNFRSF18

ASTN1 AGRN CLEC7A ICAM1

SIRPG CACNA2D2 FCRL3 TNFRSF4

CTLA4 CD27 TNFRSF12A

IL1R2

 

Figure 3. Workflow for identifying cell surface markers in patients with poor treatment response.
The workflow describes the approach for identifying subtype-specific cell surface proteins that are
overexpressed in patients with a poor response to induction therapy for ALL. Based on publicly available
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transcriptome and drug response profiling data from ALL patients, we classified each patient as
a good or poor responder with respect to the specific drug response and ALL subtype [170,171].
First, we selected cell surface genes that were listed in a cell surface annotation list from various
public databases [172,173]. We then selected from these genes those that were upregulated in patients
with poor drug response. We differentiated the type of response based on the significance level
and the expression level. We then eliminated genes that showed high expression in hematopoietic
stem cells and progenitor cells. Genes with a risk-adapted, surface-directed profile were thoroughly
investigated regarding their location on the outer cell membrane and thus their accessibility for
immunotherapy. Genes that met these criteria were analyzed for their protein expression in relevant
leukemia cell databases. The most promising candidates for each ALL subgroup and drug were listed.
LC50: Lethal Concentration 50%; UniProt: universal protein database; FC: fold change; FORALL:
functional omics resource of acute lymphoblastic leukemia.

Of these 150 receptor genes, 27 belong to the adhesion receptor type, 14 genes encode
cytokine receptor proteins, 1 gene encode an ephrin (receptor) ligand, 12 genes encode G-
protein-coupled receptors (GPCRs), 45 genes encode immune receptors, 7 genes encode ion
channels, 2 genes encode protein tyrosine phosphatase receptors (PTP receptors), 9 genes
encode receptor tyrosine kinases (RTKs), 8 genes encode transmembrane proteins, 6 genes
encode transporter proteins, 7 genes encode tumor necrosis factor receptors (TNF receptors)
and 12 genes encode other receptor proteins (Figure 4A).

 

Figure 4. Model of clonal selection of non-responder cells with specific receptor repertoire during the
treatment of ALL and subsequent antibody therapy. (A) Cell surface target genes of poor responders are
of interest for the development of therapeutic antibodies. 150 cell surface receptors of different receptor
subtypes were identified that are present in patients with a poor response to agents of the induction
therapy. (B) ALL is characterized by clonal heterogeneity, with leukemic blasts displaying distinct
surface receptor profiles. Chemotherapy imposes selective pressure, allowing specific receptor-defined
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subclones to gain a survival advantage and expand. In this example, cells expressing a “red” receptor
have a selective advantage over cells with a “purple” or “brown” receptor and represent non-
responder cells. As a result, resistant clones accumulate within the residual disease population.
Targeting these therapy-enriched receptors, for example, with antibody–drug conjugates (ADCs),
may provide a strategy to selectively eliminate the resistant cell population.

The aforementioned receptors thus form the basis for further targeted antibody-based
therapy options. Consequently, chemotherapeutic therapy of a heterogeneous leukemic
cell population can result in the selective outgrowth and accumulation of therapy-resistant
clones characterized by increased surface expression of specific receptors. These therapy-
enriched receptors may represent actionable vulnerabilities in patients who subsequently
develop relapse. In this context, immunotherapeutic strategies, particularly antibody–drug
conjugates (ADCs), are of considerable interest. ADCs bind selectively to target receptors
on the leukemic cell surface, undergo receptor-mediated internalization and subsequently
release their cytotoxic payload intracellularly, thereby enabling targeted elimination of
receptor-expressing resistant clones while minimizing off-target toxicity (Figure 4B).

6.1. B-Cell Specific Immunotherapeutic Targets in r/r ALL

A variety of cell surface receptors, such as CSPG4 for the KMT2A-rearranged sub-
group or CCR9 for T-ALL have recently been identified as characteristic biomarkers for
distinct ALL genetic subgroups [174]. Notably, several therapeutic agents analyzed in this
study actively enhance the surface expression of these specific receptor genes, suggesting
both selective and inducible mechanisms contributing to therapy-associated phenotypic
remodeling. Moreover, recent data suggest that the surface receptor profile of cells changes
after therapy and that some of these therapy-induced target antigens offer novel targets for
immunotherapies [177–180]. In this chapter, we summarize the most important molecular
functions, therapeutic approaches and clinical trials of leading targets and discuss their
significance for future therapeutics.

CD19 is a well-known B-cell surface protein involved in the B-cell receptor complex,
enabling signal amplification upon antigen binding. It is highly expressed in early B-cell de-
velopmental stages and on malignant B cells [181]. Due to its restrictive expression on B cells
and leukemia cells, it is ideally suited as an immunotherapy target. Tisagenlecleucel and
obecabtagene autoleucel are CAR T-cell therapies that target CD19 and demonstrate impres-
sive remission rates in r/r B-ALL (NCT03876769, NCT04404660, NCT02935257) [158,182].
The bispecific antibody blinatumomab (CD19 × CD3) recruits T cells for the targeted killing
of CD19-positive cells. A dual CD19/CD22 CAR T-cell strategy is being investigated in cur-
rent clinical trials in patients with refractory/relapsed ALL (NCT06445803). Loncastuximab
tesirine is a CD19-directed ADC composed of a humanized immunoglobulin G1 (IgG1) κ
monoclonal antibody linked to SG3199, a pyrrolobenzodiazepine (PBD) dimer with potent
DNA-alkylating activity. This agent has been approved for the treatment of adult patients
with relapsed or refractory large B-cell lymphoma [183]. However, these therapies can often
lead to antigen loss and subsequent relapses. Here, CD19 expression increased following
cytarabine treatment in the DUX4-rearranged subgroup and after venetoclax exposure in
the Ph-positive subgroup.

CD22 is a B-cell-restricted adhesion molecule that mediates negative regulatory signals
at the B-cell receptor and contributes to the control of B-cell activation and proliferation.
CAR-T therapies targeting CD22 offer an option for CD19-negative relapses. UCART22 and
similar CD22 CAR-T products have shown success in refractory ALL populations [184,185].
Moreover, the CD22-directed ADC inotuzumab ozogamicin is approved for the treatment
of patients with relapsed or refractory B-ALL and recent phase III clinical data have
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demonstrated benefits in remission rates (NCT03150693) [161]. Here, CD22 expression was
specifically enhanced by venetoclax in the KMT2A-rearranged subgroup.

MS4A1 (CD20) is a transmembrane protein expressed on B lymphocytes that plays
a key role in B-cell activation and differentiation and contributes to the regulation of
calcium influx. CD20 is expressed on the majority of B cells, beginning at the late pre-B-cell
stage and its expression is lost upon terminal differentiation into plasmablasts and plasma
cells [186]. Upregulation of CD20 has been frequently reported in high-risk ALL patients,
in patients with elevated minimal residual disease (MRD) at the end of induction therapy
and in relapsed disease [187]. Established CD20-directed antibodies include rituximab,
ofatumumab and obinutuzumab, which are widely used in non-Hodgkin lymphoma
(NHL), chronic lymphocytic leukemia (CLL) and selected autoimmune disorders [188,189].
MRG001 represents a novel anti-MS4A1 antibody–drug conjugate developed for patients
with relapsed or refractory advanced NHL. It consists of a chimeric monoclonal anti-CD20
antibody linked to the cytotoxic agent monomethyl auristatin E (MMAE) via a valine–
citrulline linker. In preclinical models of rituximab-resistant NHL, this ADC demonstrated
substantial inhibition of tumor growth [190]. Moreover, the tri-specific CD19xCD20xCD22
VHH CAR-T Cell (LCAR-AIO) preparation is investigated in a phase 1 clinical study in
patient with r/r B-ALL (NCT05292898). Here, CD20 was consistently upregulated in the
DUX4-rearranged, Ph-like and PAX5-altered subgroups upon dexamethasone treatment.

6.2. Microenvironmental and Adhesion-Mediated Resistance in ALL

Leukemia cells are not isolated entities. They survive and persist in the bone marrow
niche microenvironment, where they physically bind to stromal cells, utilize the extracel-
lular matrix (ECM), receive cytokine signals and are metabolically supported. The bone
marrow niche thus represents a central protective reservoir for leukemic cells and con-
tributes significantly to relapse [191]. These interactions within the bone marrow niche lead
to a form of resistance known as cell adhesion-mediated drug resistance (CAM-DR) [192].
In this process, leukemia cells protect themselves through physical contact with their
environment. Leukemic blasts migrate to the bone marrow niche and establish stable
interactions with stromal cells and extracellular matrix proteins via integrins.

ITGB7 (Integrin-β7) mediates the firm anchoring of leukemia cells in the protective
microenvironment of the bone marrow or lymph nodes by binding to ligands such as
MAdCAM-1 (mucosal addressin cell adhesion molecule-1) [193]. ITGB7 overexpression
could support the interaction of leukemia cells with the bone marrow stroma and promote
resistance [194]. Here, ITGB7 expression was induced by cytarabine in the PAX5-alt sub-
group. The integrin family comprises cell adhesion receptors that are broadly expressed
across various cancer entities and play central roles in tumor cell proliferation, migration
and invasion [195]. Integrin α8 (ITGA8) has been shown to interact with focal adhesion
kinase (FAK), leading to activation of the downstream PI3K/AKT/mTOR signaling cas-
cade [196]. Recently, elevated ITGA8 expression was reported in multiple myeloma patients
experiencing early relapse, suggesting a potential association with aggressive disease be-
havior [197]. Here, ITGA8 expression was elevated by trametinib in the PAX5-alt subgroup.

The melanoma cell adhesion molecule (MCAM, CD146) is a cell surface glycopro-
tein involved in cell–cell adhesion. MCAM facilitates the interaction of tumor cells with
components of the vasculature, thereby promoting hematogenous dissemination [198].
High MCAM expression has been documented in numerous malignancies throughout
different stages of tumor development, particularly during metastatic progression [198].
CD146 functions as a receptor for multiple ligands, including growth factors and extracel-
lular matrix components such as galectins and laminins [198]. Acting as a coreceptor for
VEGFR2 (vascular endothelial growth factor receptor 2) and PDGFRβ, MCAM activates
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PI3K/AKT, RAS/MAPK and PLC signaling pathways, thereby enhancing pro-angiogenic
signaling and supporting cell growth, proliferation, differentiation and survival [199,200].
The antibody–drug conjugate AMT-253 consists of a humanized IgG1 antibody targeting
MCAM conjugated to the topoisomerase I inhibitor exatecan. AMT-253 has been developed
for the treatment of MCAM-positive solid tumors and has been evaluated in a Phase I
clinical trial [201]. Here, MCAM was induced by dasatinib in the Ph-like subgroup.

In ALL and CLL, the upregulation of CD39 (ENTPD1) represents also a critical resis-
tance mechanism. Tumor cells or infiltrating Tregs use CD39 to accumulate adenosine and
to inhibit the immune system [202]. Furthermore, CD39 expression correlates with the EMT
score in many cancers, suggesting a role in cell motility and invasiveness [203,204]. A high
CD39 density is therefore often considered a biomarker for aggressive disease progression
and a poorer response to standard therapies [205]. ES002023 is a humanized IgG1 mon-
oclonal antibody that specifically targets CD39 in patients with metastatic solid tumors
(NCT05075564). Here, CD39 was upregulated by vincristine in the PAX5-alt subgroup.

The PCDH family belongs to the cadherin superfamily and includes clustered PCDHs
such as PCDHA, PCDHB and PCDHG and non-clustered PCDHs such as PCDH7 and
PCDH17. In malignant disease, clustered protocadherins are frequently subject to epige-
netic silencing mediated by promoter hypermethylation [206]. Several studies indicate
that PCDH methylation correlates with a more aggressive disease course and a poorer
prognosis [207,208]. Multiple PCDHs interact with β-catenin and the loss or downregu-
lation of PCDHs can enhance Wnt signaling, promote stem cell-like programs and favor
chemoresistance/relapse [209,210]. Furthermore, PCDHs also influence cell-cell stability
and can thereby modulate their interaction with stromal cells [211]. Here, members of the
PCDH family (PCDHGA4, PCDHGA5, PCDHGA6, PCDHGA7, PCDHGA8, PCDHGB1,
PCDHGB2, PCDHGB3 and PCDHGB4,) showed increased expression predominantly in
the Ph-like subgroup following dasatinib and trametinib treatment and were additionally
induced in the KMT2A-rearranged subgroup by cytarabine, asparaginase, dexamethasone
and venetoclax (PCDHGA2, PCDHGC3 and PCDHGC4).

Chondroitin sulfate proteoglycan 4 (CSPG4) is a membrane-associated proteoglycan
that was initially identified as a tumor-associated antigen on melanoma cells and exhibits
limited expression in normal tissues [212]. Subsequent studies demonstrated that CSPG4
is expressed on cancer-initiating cell populations, across a broad range of solid tumors.
Aberrant CSPG4 expression has also been detected on leukemic blasts in subsets of patients
with AML and ALL, while being absent from healthy hematopoietic cells [213]. In AML,
CSPG4 expression correlates with the presence of KMT2A rearrangements, although it
does not appear to depend on specific KMT2A fusion partners [213]. Moreover, CSPG4
levels have been associated with a monocytic blast morphology [213,214]. Functionally,
CSPG4-mediated activation of focal adhesion kinase (FAK) and integrin signaling promotes
sustained AKT pathway activation, thereby contributing to chemotherapy resistance [215].
CSPG4 has further been implicated in the regulation of tumor cell proliferation, migra-
tion and metastatic dissemination [215,216]. Several antibody–drug conjugates targeting
CSPG4 have been developed. One construct utilizes a single-chain antibody fragment
conjugated to auristatin F and has been explored in triple-negative breast cancer [217].
Another ADC consists of an anti-CSPG4 antibody linked to a pyrrolobenzodiazepine (PBD)
payload. This agent effectively inhibited growth and colony formation of CSPG4-expressing
melanoma cells and induced apoptosis at low concentrations without detectable off-target
toxicity [218]. Here, CSPG4 expression was markedly induced in the KMT2A-rearranged
subgroup following exposure to cytarabine and dexamethasone.
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6.3. Cytokine Receptors—Activation of Pro-Survival Signaling

Cytokine receptors such as IL2RA, IL2RB, IL4R, IL7R and CRLF2 play a crucial role
in activating intracellular signaling pathways that promote the survival of ALL cells.
Activation of JAK/STAT, PI3K/AKT and RAS/MAPK signalling pathways promotes
leukemic cell survival by upregulating anti-apoptotic BCL-2 family members, enhancing
cell cycle progression and inducing glucocorticoid resistance in ALL [76,219,220]. Cytokine-
dependent resistance is often microenvironmentally driven, as stromal cells and immune
cells provide pro-survival cytokines that selectively protect leukemia cells. Particularly
in high-risk subtypes such as Ph-like ALL, CRLF2-associated JAK/STAT activation is
associated with an increased relapse rate [221]. Similarly, IL4R activation can reduce
sensitivity to chemotherapy [222].

Cytokine receptor–like factor 2 (CRLF2) is a member of the type I cytokine receptor
family and forms a functional receptor complex with thymic stromal lymphopoietin (TSLP)
and the interleukin-7 receptor (IL7R) [223]. Activation of this complex promotes cellular
proliferation primarily through stimulation of the JAK/STAT signaling pathway [223].
CRLF2 plays an important role in normal hematopoietic development and rearrangements
of CRLF2 are frequently observed in Ph-like ALL [224]. Patients with high-risk ALL ex-
hibiting CRLF2 overexpression show elevated relapse rates and poor overall survival.
CRLF2-positive B-ALL is therefore being intensively investigated clinically (NCT06919393).
Chromosomal rearrangements leading to fusion of CRLF2 with either the immunoglobu-
lin heavy chain locus (IGH@) or the purinergic receptor gene P2Y8 (P2Y receptor family
member 8) have been described [225]. These fusions place CRLF2 under alternative tran-
scriptional control, resulting in marked overexpression [225]. Moreover, CRLF2 alterations
are strongly associated with activating JAK mutations [226] and enhanced activation of the
AKT/mTOR/S6 signaling axis has been detected in a substantial proportion of primary
CRLF2-altered ALL samples [227]. Here, CRLF2 expression was elevated in the Ph-like
subgroup in response to trametinib and venetoclax.

The interleukin-2 receptor α-chain (IL2RA/CD25) represents one of three subunits
of the IL-2 receptor and is critically involved in immune tolerance through regulation of
regulatory T-cell (Treg) activity [228]. Physiologically, CD25 is predominantly expressed
on activated T and NK cells; downstream signaling via the PI3K/AKT, JAK/STAT5 and
RAS/MAPK pathways occurs upon IL-2 binding to dimeric or trimeric IL-2 receptor
complexes [229,230]. Aberrant IL2RA expression has also been reported in malignant
hematopoiesis. In AML, CD25 overexpression has been linked to chemotherapy resistance
and adverse outcome [231]. Similarly, ALL cells, particularly those harboring the Ph-
chromosome, have been shown to ectopically express IL2RA. Whereas normal B cells exhibit
minimal CD25 expression, primary ALL samples and ALL cell lines frequently display
high IL2RA levels, which correlate with inferior clinical outcomes in B-ALL patients [164].
Functional studies demonstrated that IL2RA silencing in primary ALL cells induced cell-
cycle arrest and apoptosis [232]. CD25 is currently being explored as a therapeutic target
in clinical trials for leukemia and other hematologic malignancies (e.g., NCT02588092
and NCT05139004). Camidanlumab tesirine (ADCT-301) is an antibody–drug conjugate
composed of a human anti-CD25 antibody linked to the pyrrolobenzodiazepine payload
SG3199 via a cathepsin-cleavable valine–alanine linker and has shown activity against
AML and ALL cells [233]. Here, IL2RA expression was induced by asparaginase in the
Ph-positive subgroup, whereas IL2RB was upregulated by vincristine in the same subgroup.

The oncostatin M receptor (OSMR/IL31RB) belongs to the type I cytokine recep-
tor family and forms the IL-31 receptor complex together with IL31RA. Engagement by
IL-31 triggers activation of STAT proteins as well as the RAS/MAPK and PI3K/AKT
signaling pathways [234–236]. Oncostatin M (OSM), an inflammatory cytokine of the
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interleukin-6 family produced by osteoblasts, bone marrow macrophages and neutrophils,
signals through a heterodimeric receptor composed of gp130 (CD130) as well as OSMR
and promotes proliferation of hematopoietic stem and progenitor cells [237]. Consequently,
OSMR-mediated signaling can support tumor growth and metastatic progression, pro-
viding a selective advantage to malignant cells [238]. Overexpression of OSMR has been
documented in multiple cancer entities and is associated with unfavorable clinical out-
comes [234,238]. Here, OSMR expression was elevated in the Ph-positive subgroup in
response to cytarabine and dexamethasone.

6.4. Receptor Tyrosine Kinases—Constitutive Signaling and Therapy Resistance

Aberrant RTK signaling allows cancer cells to modulate survival, proliferation and
differentiation, leading to tumorigenesis and chemoresistance. To this group belong key
regulators such as FLT1, FLT4, FGFR1, FGFR4, PDGFRB and ERBB2. In ALL, gene fusions
(e.g., PDGFRB, FGFR1), overexpression and constitutive activation can lead to the persistent
activation of PI3K/AKT and RAS/MAPK pathways [239,240]. RTK-dependent subtypes
often exhibit aggressive disease courses and higher relapse rates, particularly if kinase
activity is not completely blocked therapeutically [241].

ROR1 (receptor tyrosine kinase-like orphan receptor 1) is an oncofetal receptor tyrosine
kinase-like protein expressed during embryonic development and involved in Wnt signal-
ing pathways that promote cell survival, proliferation and migration [242]. In malignant
cells, ROR1 is often reactivated and correlates with tumor progression and resistance [243].
Current results show that simultaneous treatment of ROR1 and the BCR signaling pathway
is effective in the therapy of B-ALL cells [244]. ROR1 shows low normal tissue expres-
sion, making it an attractive target [245]. The antibody zilovertamab targets ROR1 and
zilovertamab vedotin is a ROR1-directed ADC in clinical trials (NCT03833180) [246,247].
ROR1-directed CAR T cells are also in early stages of clinical development for ALL and
lymphomas (NCT02706392). ROR2 (Receptor tyrosine kinase-like orphan receptor 2) is a
non-canonical Wnt receptor that is particularly involved in Wnt5a-mediated signal trans-
duction [248]. Aberrant Wnt signaling is an established mechanism for promoting stem
cell-like properties and therapy resistance [249]. ROR2 can exert both tumor-suppressive
and tumor-promoting functions, depending on the context [250]. ROR2-targeted antibodies
and CAR-T cell therapies are in preclinical or early clinical development, primarily for solid
tumors (NCT03504488; NCT03393936). Here, ROR1 and ROR2 expression increased in the
DUX4-rearranged subgroup following trametinib and asparaginase treatment, respectively.

Platelet-derived growth factor receptor beta (PDGFRB; CD140B) is a receptor tyrosine
kinase that functions as a cell-surface receptor for homodimeric PDGFB and PDGFD as well
as for heterodimers composed of PDGFA and PDGFB [251]. Ligand binding induces recep-
tor dimerization and autophosphorylation of regulatory tyrosine residues, thereby relieving
inhibitory conformations and initiating downstream signaling. Activated PDGFRB pre-
dominantly regulates the PI3K/AKT and RAS/MAPK pathways and is subject to negative
feedback regulation, particularly in cells with enhanced mTOR activity [239,240]. PDGFRB
plays essential roles in embryonic development and in the control of cell proliferation, sur-
vival, differentiation and migration [252]. Dasatinib is currently being investigated in clini-
cal trials for B-ALL patients without PDGFRB gene fusions, among others (NCT06124157).
Here, PDGFRB expression was enhanced by dexamethasone in the KMT2A-rearranged
subgroup and by dasatinib in the Ph-like subgroup.

ERBB2 (HER2/CD340): The ErbB/HER receptor tyrosine kinase family comprises four
transmembrane glycoproteins: ERBB1 (EGFR), ERBB2 (HER2), ERBB3 and ERBB4 [253].
ERBB2 functions as a preferred heterodimerization partner for other ErbB receptors and
requires a coreceptor for ligand-mediated activation [254]. Receptor dimerization activates
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multiple downstream cascades, including the RAS/MAPK and PI3K/AKT pathways,
thereby promoting cellular proliferation and inhibiting apoptosis. ERBB2 expression
has been reported in approximately 30% of B-ALL cases and increased HER2 activity
is observed in up to 56% of Ph–positive ALL [255]. Two HER2-directed antibody–drug
conjugates, trastuzumab emtansine and trastuzumab deruxtecan, are approved as second-
line therapy for patients with HER2-positive breast cancer [256,257]. In addition, HER2-
targeted CAR T-cell approaches are currently being evaluated in clinical trials for CNS
tumors (NCT03500991). Here, ERBB2 expression was induced by dexamethasone in the
PAX5-altered subgroup.

FLT1 (Fms-related tyrosine kinase 1; VEGFR-1) is a receptor from the VEGF receptor
family that plays a crucial role in regulating angiogenesis, cell migration and inflammatory
processes [258]. In leukemia, FLT1 plays a key role in the bone marrow microenviron-
ment [259]. The VEGF ligand bevacizumab is used as a therapeutic agent [260]. Here, FLT1
expression was increased by asparaginase in the DUX4-r subgroup.

FLT4 encodes the receptor tyrosine kinase VEGFR3, which primarily binds VEGF-C
and VEGF-D and plays a central role in lymphangiogenesis as well as in proliferative
and survival signaling pathways such as PI3K/AKT and MAPK [261]. In hematological
malignancies, FLT4 is occasionally expressed on leukemic blasts and can mediate autocrine
or paracrine survival signals. Although FLT4 is not a classic driver of ALL, VEGF sig-
naling has been generally associated with leukemia progression, increased bone marrow
vascularization and poor prognosis [262]. Increased activation of angiogenic signaling
axes may contribute to chemotherapy resistance by enhancing survival and anti-apoptotic
signals. Recently, it was shown that activation of FLT4 by either overexpression or binding
of its ligand (VEGFC) promotes MDM2/MDMX (murine double minute 2/4) stability,
inactivates p53 and leads to resistance to DNA-damaging therapies [262]. In clinical studies,
the VEGF-C/VEGFR3 axis is being investigated in relation to angiogenesis and chemoresis-
tance in leukemia cells (NCT01195506). Therapeutically, the FLT4-specific inhibitor MAZ51
exist [262]. Here, FLT4 expression increased in response to cytarabine in the KMT2A-
rearranged subgroup, while in the DUX4-rearranged subgroup it was upregulated by both
cytarabine and daunorubicin.

PTPRM (receptor-type tyrosine-protein phosphatase µ) belongs to the R2B subfam-
ily of receptor-type protein tyrosine phosphatases. PTPRM mediates cell–cell adhesion
through homophilic interactions at the cell surface [263]. Aberrant methylation of PTPRM
has been reported in 36 of 57 primary ALL samples, indicating frequent epigenetic silencing
in this disease [264]. In breast cancer, higher PTPRM expression has been shown to corre-
late positively with survival in patients harboring BRCA mutations [265]. Here, PTPRM
expression was elevated by cytarabine in the DUX4-r subgroup.

6.5. G-Protein-Coupled Receptors—Chemokine and Homing

Chemokine receptors such as CXCR4, CXCR1, CCR6, CCR8 and CCR9 belong to the
family of G protein-coupled receptors (GPCRs) and regulate the migration and retention
of leukemia cells in the bone marrow. The CXCR4–CXCL12 axis is particularly well
characterized. High CXCR4 expression correlates with increased homing into protective
niches, reduced chemotherapy sensitivity and increased MRD persistence [266].

C-C chemokine receptor type 9 (CCR9; CD199) is a seven-pass transmembrane G
protein–coupled receptor that binds the chemokine ligand CCL25 [267]. CCR9 is expressed
in more than 70% of T-ALL cases, including over 85% of relapsed or refractory disease,
while being detectable on only a minor fraction (<5%) of normal T cells [268]. CCR9 directs
leukemia cells into protective microenvironments [269]. In malignant cells, activation of
the CCR9/CCL25 axis upregulates AKT and ERK1/2 signaling, thereby promoting anti-
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apoptotic effects and contributing to chemoresistance [270–272]. CCR9-directed CAR T-cell
therapy is currently being investigated in clinical trials for T cell leukaemia (NCT07300683).
Here, CCR9 expression was induced by dexamethasone in T-ALL patients.

Lysophosphatidic acid receptor 1 (LPAR1; LPA-1) is a G protein–coupled receptor
that mediates signaling in response to lysophosphatidic acid (LPA). LPA and its receptors
constitute key components of pathways regulating cell proliferation, migration, survival,
vascular homeostasis, stromal remodeling, lymphocyte trafficking and immune modu-
lation [273,274]. Consistent with these functions, aberrant LPAR1 expression has been
associated with enhanced tumor motility and metastatic potential in multiple cancer
types [273,275]. In B lymphocytes, LPA acts as a growth-promoting factor that stimu-
lates proliferation and suppresses apoptosis through activation of PLC, RAS/MAPK and
PI3K/AKT signaling cascades [274,276]. Here, LPAR1 expression was upregulated by
cytarabine in the KMT2A-r subgroup.

6.6. Immune Checkpoint Receptors as Central Mediators of Immune Escape and Relapse in Acute
Lymphoblastic Leukemia

The upregulation and functional activation of immune checkpoint receptors play a
central role in suppressing antileukemic immunity [120,277,278]. Immune checkpoints
are inhibitory receptor-ligand systems that physiologically maintain immune homeostasis
and prevent autoimmunity. In ALL and other cancers, these signaling pathways are
frequently hijacked by leukemic blasts and the surrounding microenvironment to suppress
T-cell-mediated cytotoxicity and favor relapse [279]. Checkpoint receptors such as PD-1
(Programmed cell death-1), CTLA-4 (Cytotoxic T-lymphocyte associated protein 4) and
LAG3 (lymphocyte activation gene 3) are frequently upregulated during relapse, where
sustained signaling inhibits TCR pathways (e.g., PI3K/AKT and NF-κB), drives T-cell
exhaustion and contributes to treatment failure, particularly after CAR-T therapy [280,281].

Inhibitory receptors, such as PD-1, CTLA-4, LAG-3, PVRIG or other checkpoint-
associated proteins, expressed on leukemic blasts in ALL may contribute not only to
immune escape but also to the attenuation of intracellular signaling pathways (including
PI3K/AKT and RAS/MAPK), thereby enhancing cellular persistence in the periphery. Such
adaptations allow leukemic cells to survive stress-associated pathways, therapeutic pres-
sures and apoptosis [279,282]. Monoclonal antibodies against these targets are therefore
being tested in clinical trials (e.g., relatlimab or COM701). In addition, current clinical stud-
ies are investigating the expression of PD-1 and PD-L-1 in childhood ALL (NCT05428111).
Here, PDCD1 expression was induced by dasatinib in the Ph-positive subgroup.

CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) is an immunoinhibitory check-
point receptor on activated T cells and Tregs. CTLA-4 displaces CD28 and sends a stop
signal that prevents T cells from becoming active against leukemia cells. Recent research
shows that ALL blasts themselves can also express CTLA-4. Surface expression of CTLA-4
has been detected in various acute and chronic myeloid leukemias, as well as B- and
T-lymphatic leukemias in adults and children [283]. After B-cell activation, 52% of B
cells were induced to express CTLA-4 on their surface by Phorbol-12-myristat-13-acetat
(PMA) [283]. Increased CTLA-4 expression has also been observed in various hematopoietic
cell lines [283]. This allows cancer cells to directly silence immune cells by depriving them
of the necessary activation signals. High levels of soluble CTLA-4 or strong expression on
T cells often correlate with a higher risk of relapse and a poorer prognosis in ALL patients.
Significantly elevated levels of a circulating soluble form of CTLA-4 were detected in 70% of
pediatric patients with active B-ALL [284]. Further investigations are needed to determine
the role of CTLA-4 on the surface of B-ALL blasts, for example, in the immune escape of
resistant cells. Monoclonal antibodies targeting CTLA-4 include tremelimumab and ipili-
mumab [285]. Current studies are investigating ipilimumab in hematological malignancies
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(NCT02890329) and checkpoint blockade in leukemias (NCT01767454). In clinical practice,
ipilimumab is currently being investigated in ALL primarily as a component of combina-
tion therapies (e.g., with blinatumomab) to overcome the immune resistance of leukemia
cells (NCT02879695) [286]. Here, CTLA4 expression was enhanced by cytarabine in the
DUX4-rearranged subgroup, by daunorubicin and venetoclax in the KMT2A-rearranged
subgroup and by trametinib in the PAX5-altered subgroup.

ICOSLG (CD275) is the ligand of the costimulatory receptor ICOS on T cells and plays
an important role in T-cell activation, differentiation of Tfh cells and immune regulation.
In ALL, increased expression of ICOSLG on leukemic cells or in the microenvironment
could contribute to the modulation of antileukemic T-cell responses and thus promote
immune escape. ICOSLG was found to be a relapse-predicting biomarker and a therapeutic
target involved in a potential immune evasion relapse mechanism of infant KMT2A-r
ALL [120]. Increased ICOSLG expression was shown in a cohort of 18 patients with infant
ALL at relapse [120]. Here, ICOSLG expression was upregulated by vincristine in the
Ph-positive subgroup.

While SIRPα (signal regulatory protein alpha) is primarily found on phagocytes,
SIRPγ (also known as CD172g) is expressed almost exclusively on T cells [287]. The binding
of SIRPγ to CD47 on leukemia cells helps T cells adhere to the cancer cells [288]. Recent
studies also show that SIRPγ-expressing cells often possess cancer stem cell properties and
may thus promote leukemia survival after chemotherapy [289]. Here, SIRPG expression
increased in the KMT2A-rearranged subgroup following venetoclax treatment.

CLEC12B (C-type lectin domain family 12 member B) is an inhibitory cell surface
receptor that contributes to the protection of target cells from natural killer (NK) cell–
mediated lysis [290]. Consequently, elevated CLEC12B expression may confer a selective
advantage to malignant cells by facilitating immune evasion. The extracellular domain of
CLEC12B exhibits structural homology to the activating NK-cell receptor NKG2D (natural
killer group 2D). In contrast to NKG2D, CLEC12B contains an immunoreceptor tyrosine-
based inhibitory motif (ITIM) within its intracellular domain, enabling it to antagonize
NKG2D-mediated activating signals [291]. Here, CLEC12B expression was induced by
dexamethasone in the DUX4-r subgroup.

Signaling lymphocytic activation molecule family member 1 (SLAMF1/IPO-3/CD150)
is part of the SLAM receptor family, which is broadly expressed on hematopoietic cells
and plays key roles in immune cell regulation and differentiation [292]. Engagement of
SLAMF1 triggers downstream activation of the RAS/MAPK and PI3K/AKT pathways,
thereby modulating cytotoxic responses, humoral immunity, lymphocyte development, cell
survival, proliferation and adhesion [293–295]. Here, SLAMF1 expression was upregulated
by venetoclax in the KMT2A-r subgroup.

6.7. Ion Channels and Transporter Proteins—Drug Efflux and Metabolic Protection

Transport proteins and ion channels can contribute to direct or indirect drug resistance.
ATP-binding cassette transporters (e.g., ABC transporters) are classic efflux pumps that
export cytotoxic drugs from the cell. Other transporters (e.g., the SLC family) influence
intracellular pH regulation, metabolite availability and redox balance. These transporters
can reduce the efficacy of chemotherapeutic agents, buffer oxidative stress and prevent
apoptosis [296]. Moreover, ion channels regulate calcium signaling pathways, which are
crucial for apoptosis and proliferation.

FOLR2 (folate receptor beta) encodes folate receptor-β, a GPI-anchored cell surface re-
ceptor that enables intracellular transport of folate via receptor-mediated endocytosis [297].
FOLR2 is primarily expressed on activated macrophages, but is also found on approxi-
mately 70% of AML blasts [298]. In CLL, cancer cells have been observed to acquire FOLR2
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through trogocytosis of nurse-like cells (specific macrophages) in the lymph nodes [299].
FOLR2 enables cancer cells to synthesize DNA efficiently, a phenomenon particularly
observed in late relapses. Therapeutically, FOLR2-directed antibodies and ADCs, are be-
ing developed. Mirvetuximab soravtansine is an antibody-drug conjugate that is already
used to treat adult patients with folate receptor-alpha (FRα)-positive, platinum-resistant,
high-grade ovarian cancer [300]. Here, FOLR2 was upregulated by cytarabine in the
Ph-like subgroup.

CNR2 encodes the G-protein-coupled cannabinoid receptor 2 (CB2), which is primarily
expressed in the hematopoietic system and is involved in the regulation of cell migration,
cytokine production and immunomodulation [301]. CNR2 is not a direct transporter, but a
key effector of B-lymphoid restriction of glucose and energy supply [302]. CB2 contribute
to therapy resistance through modulation of intracellular signaling pathways such as the
PI3K/AKT and MAPK pathways [303,304]. Here, CNR2 was upregulated by vincristine in
the PAX5-altered subgroup.

TTYH2 (human tweety family member 2) is a cell surface protein comprising five
transmembrane domains and functions as a Ca2+-activated chloride channel. Increased
TTYH2 expression has been reported in several malignancies, including colon and renal cell
carcinomas [305]. Experimental studies suggest that TTYH2 contributes to the regulation of
both proliferative capacity and metastatic potential in colon cancer [306]. Notably, TTYH2
has also been identified among genes with elevated expression in high-risk ALL and has
been associated with adverse clinical outcome [307]. Here, TTYH2 expression was elevated
by dexamethasone in the Ph-like subgroup.

6.8. Tumor Necrosis Factor Receptor Family—Survival and NF-κB Activation

Members of the TNF receptor family, such as CD27, CD40, CD70, TNFRSF13C (BAFF-
R), TNFRSF18 (GITR) and TNFRSF4 (OX40), mediate strong survival signals. Activation
of these receptors leads to NF-κB activation and increased cell proliferation [308]. These
signals promote the persistence of residual leukemia cells and contribute to relapse.

TNFRSF13C (BAFF-R) mediates survival and differentiation signals for B cells through
BAFF ligand binding [309]. Therapies using BAFF-R-directed CAR-T cells are currently
being developed. An ongoing Phase I clinical trial is investigating the safety and opti-
mal dosage of BAFF-R CAR-T cells in relapsed/refractory B-ALL (NCT04690595). Here,
TNFRSF13C expression was induced by venetoclax in the PAX5-alt subgroup.

CD70 is a type II transmembrane glycoprotein. It is physiologically expressed on
activated antigen-presenting cells, including B cells and interacts with its receptor CD27
on T lymphocytes to promote T-cell activation, proliferation and survival. CD70 can be
aberrantly upregulated on malignant cells, where it contributes to tumor progression and
has been implicated as a marker of immune evasion. Owing to its expression on AML blasts
and leukemia stem cells and its absence on normal hematopoietic stem cells, CD70 has
emerged as a promising therapeutic target in AML [310]. Elevated CD70 surface expression
has also been reported on ALL cells compared to healthy control cells [311]. CD70-directed
CAR T-cell therapy is currently under clinical investigation for CD70-positive hematologic
malignancies, including ALL (NCT06326463). PRO1160 is a human monoclonal antibody
targeting CD70 that is conjugated to the topoisomerase I inhibitor exatecan via a protease-
cleavable linker. This antibody–drug conjugate demonstrated potent antitumor activity in
cell-based and xenograft models of renal cell carcinoma, non-Hodgkin lymphoma and na-
sopharyngeal carcinoma [312]. Here, CD70 expression increased following dexamethasone
exposure in T-ALL and cytarabine treatment in the DUX4-rearranged subgroup.
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7. Summary
ALL remains a therapeutic challenge despite major advances in risk-adapted

chemotherapy, targeted treatments and immunotherapies. Although cure rates in children
are high, outcomes for adults, high-risk patients and relapsed disease are still poor. Subtype-
specific biology dictates the differential response of ALL to chemotherapy [171,313]. Ther-
apies, particularly chemotherapy or targeted treatments, can also influence the expres-
sion profile of surface antigens [171,177,314]. These effects can increase the efficacy of
immunotherapies while simultaneously leading to evasion and immune escape. A com-
bined approach—molecular classification, drug response profiling and surface marker
analysis—will be essential to move from uniform chemotherapy to precision-tailored
treatment strategies.

Here, differential expression analysis between responders and non-responders re-
vealed distinct signatures of cell surface molecules enriched in chemoresistant leukemias.
CSPG4 (cytarabine or dexamethasone) and CD22 (venetoclax) were preferentially in-
duced in KMT2A-rearranged leukemia, while FLT4 expression increased in both KMT2A-
rearranged and DUX4-rearranged subgroups upon cytarabine-based treatment. CTLA4
was differentially inducible across multiple subtypes, including DUX4-rearranged (cy-
tarabine), KMT2A-rearranged (daunorubicin, venetoclax) and PAX5-altered leukemia
(trametinib). A notable pattern emerged for B-lineage markers. CD19 and CD20 expression
increased following cytarabine, venetoclax or dexamethasone treatment in distinct molecu-
lar subgroups, indicating that standard chemotherapy can modulate clinically actionable
immunotherapy targets. Similarly, CRLF2, PDGFRB, MCAM and members of the PCDH
family were selectively upregulated in Ph-like leukemia in response to kinase inhibitors
such as dasatinib and trametinib, highlighting adaptive signaling plasticity under targeted
pressure. Immune regulatory receptors were also dynamically modulated. PDCD1, LAG3
and PVRIG showed therapy-associated induction in specific contexts, while IL2RA, IL2RB
and ICOSLG were upregulated in Ph-positive leukemia following asparaginase or vin-
cristine exposure. These findings suggest that treatment may transiently enhance immune
checkpoint and co-stimulatory pathways, potentially contributing to immune evasion or
altered immune interactions.

Markers such as CSPG4, HER2, MCAM, IL2RA, CD70, CTLA4 and ROR1 are
not only predictive of poor response, but also therapeutically accessible, as there are
ongoing clinical trials with monoclonal antibodies or CAR-T constructs for each of
them [201,218,233,247,256,285,312]. Many of the receptor targets identified in this study
are strongly supported by existing literature as key mediators of therapy resistance and
relapse in ALL and other hematologic malignancies. Several of the detected molecules have
previously been linked to stromal niche retention (e.g., ITGB7, CCR9, CXCR1), pro-survival
cytokine and growth factor signaling (e.g., IL2RA/IL2RB, IL4R, CRLF2, PDGFRB, FLT1)
or immune checkpoint–mediated immune escape (e.g., PDCD1, CTLA4, LAG3, ICOSLG,
CD80). In addition, B-lineage–associated receptors such as CD19, CD22 and MS4A1 (CD20)
are well-established therapeutic targets whose altered expression has been directly associ-
ated with treatment resistance and antigen escape following immunotherapy [174]. Thus,
the substantial overlap between our identified surface receptor profile and previously
described resistance-associated pathways and biomarkers underscores the biological rele-
vance of our findings and highlights the translational potential of these receptors. In the
future, the inclusion of MRD-guided analyses should enable even more precise identifica-
tion of therapeutically relevant cell surface markers, especially in patient cohorts with an
increased risk of relapse, since MRD monitoring reflects the real-time biology and evolution-
ary dynamics of ALL more accurately than in vitro assays [315]. To identify new markers
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for MRD detection in ALL, Coustan-Smith et al. used gene expression analysis to find
22 markers that were differentially expressed in up to 81.4% of the ALL cases studied [316].

In addition to ADCs, there are other novel immunotherapies that may potentially use
the same target molecules in the future. A new generation of bispecific antibodies and
advanced CAR-T cell constructs is being developed to address antigen loss, heterogeneity,
and persistence issues. Furthermore, CAR-NK cells, CAR-NKT cells, and multi-specific
CARs (logic-gate CARs) are currently being tested [317–319]. While dual-CARs target two
different markers simultaneously (e.g., CD19 and CD22), AND-gates ensure that the cell
only becomes active when both markers are present. This increases safety for healthy tissue.
In contrast, with an OR-gate, cells become active when either marker is present. This serves
primarily to prevent relapse.

Collectively, these data indicate that anti-leukemic therapy induces a dynamic and
genetically contextualized surface receptor plasticity. This adaptive remodeling may facili-
tate the emergence of therapy-resistant clones while simultaneously creating secondary
therapeutic vulnerabilities. Importantly, the inducible expression of clinically targetable
antigens suggests that sequential or combination strategies incorporating antibody-based
therapies or antibody–drug conjugates could exploit this therapy-driven phenotypic shift
to improve relapse-directed treatment approaches.
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