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Acute myeloid leukemia (AML) exhibits a pronounced ability to develop drug resistance and undergo disease relapse. Recent research has noticed that resistance to treatments could substantially be attributed to drug-tolerant persister (DTP) cells, which are capable of surviving under therapeutic pressures. These are transient, reversibly dormant cells with the capability to act as a reservoir for disease relapse. DTP cells utilize diverse adaptive strategies to optimize the ecological niche, undergo metabolic reprogramming, and interact with microenvironment. The persister state of AML is established through transient cellular reprogramming, thus allowing cells to survive the initial phase of drug therapy and develop drug resistance. Our review explores the identification and phenotypic characteristics of AML DTP cells, as well as their clinical relevance. We summarize the mechanisms underlying the persistence of AML DTP cells and the molecular attributes that define the DTP state. We further address the current challenges and future prospects of DTP-targeting approaches. Understanding these features may provide critical insights into novel therapeutic strategies aimed at targeting AML DTP cells, especially in the new era of immunotherapy against AML.
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1 Introduction

Cancer continues to pose an important global public health challenge (1, 2). Acute myeloid leukemia (AML) is a malignant hematologic tumor originating from myeloid hematopoietic stem cells, characterized by the excessive proliferation of abnormal leukemic cells in the bone marrow, which impairs normal hematopoiesis and leads to clinical manifestations such as anemia, bleeding, and infections (3–5). AML is the most prevalent form of acute leukemia in adults, with its incidence significantly increasing with age, particularly in individuals over 60 years old (6). Acute myeloid leukemia is more frequent in adults but is also common in children, with higher incidence rates in higher Human Development Index (HDI) settings (1, 7). Clinical features include abnormal peripheral blood leukocyte counts, anemia, thrombocytopenia, and extensive infiltration of the bone marrow by immature myeloid cells (3, 8). The standard treatment for AML primarily involves intensive chemotherapy, targeted therapy, immunotherapy and hematopoietic stem cell transplantation (HSCT) (8–12). On the one hand, while drug can induce remission to some extent, drug resistance and relapse remain significant challenges in the treatment of AML. On the other hand, while HSCT can effect a radical cure, complication challenges include graft failure, graft-versus-host disease (GVHD), and relapse could not be avoided (13, 14). Chemotherapy, the traditional treatment for AML, utilizes cytotoxic drugs to kill rapidly dividing leukemic cells. However, many patients develop resistance after initial remission, resulting in disease relapse (10). In recent decades, targeted therapies and immunotherapies have provided new hope for AML treatment. Targeted therapy inhibits the growth of leukemic cells by targeting specific genetic mutations or signaling pathways, while immunotherapy functions by stimulating the individual’s immune system to assault leukemic cells (8, 9). Although these novel therapies have demonstrated remarkable efficacy in selected patients, the complexity of resistance mechanisms remains a formidable challenge. The complexity of resistance mechanisms is one of the main factors that limits the effectiveness of AML treatment. Resistance can be crudely divided into two forms-genetic and non-genetic. Genetic resistances are in general caused by genetic mutations which may alter targets of drugs or activate alternative signaling pathways. However, non-genetic resistance mechanisms are also crucial, particularly the formation of drug-tolerant persister (DTP) cells (13, 15, 16).

DTP cells are a subset of cells that survive drug treatment and maintain a low proliferative state. DTP cells were initially derived from bacterial resistance studies, describing a non-genetic resistance phenomenon in which certain bacteria can survive and repopulate during antibiotic treatment (17–19). In oncology, DTP cells are defined as a cell subset that can endure the toxic effects of drugs and remain viable under drug treatment, with non-genetic, reversible resistance (20–23). Key characteristics of DTP cells include non-genetic resistance, reversibility, phenotypic plasticity, and metabolic remodeling (23–27). These cells can enter a dormant state under drug pressure, evading drug-induced cell death, and can resume proliferation once the drug is removed (20, 22, 23). In recent decades, substantial progress has been achieved in studying DTP cells in solid tumors, with evidence of their widespread presence in lung cancer, breast cancer, gastrointestinal tumors, and other types (22, 28–32). DTP cells can survive and maintain a low proliferative state under drug pressure through epigenetic reprogramming, metabolic remodeling, and intercellular signaling. It has been proved that DTP cells also exist in AML and play a critical role in drug resistance and recurrence (13, 15, 33). Thus, the research on DTP cells in AML is significant for understanding the resistance mechanism in AML and will provide a theoretical basis for finding new therapeutic strategies.



2 DTP cells in AML: characteristics and phenotypes


2.1 Identification and phenotypic characteristics of DTP cells in AML


2.1.1 Methods for identifying DTP cells during experiments

Identifying DTP cells is crucial for elucidating their resistance mechanisms in AML. During experiments, DTP cells are primarily identified through in vitro experiments, single-cell sequencing, and flow cytometry.

In vitro experiments expose AML cells to chemotherapeutic drugs for prolonged periods of time to simulate clinical chemotherapy conditions, thereby assessing cell survival and proliferation. For instance, Morgenstern et al. treated AML cell lines (including MV4-11, THP-1 and MOLM-13) with high concentrations of Ara-C and daunorubicin, collected the surviving cells and analyzed their phenotypic characteristics via flow cytometry, successfully establishing a DTP cell model (34). The results showed that DTP cells exhibited significant survival capabilities and slow proliferation after chemotherapy, which is closely associated with chemotherapeutic tolerance.

Flow cytometry, through specific cell surface marker staining combined with fluorescence labeling and cell sorting techniques, detects changes in the cell cycle of DTP cells and the expression of drug resistance-related markers (35, 36). For example, CD44 and MDR1 are cell surface markers associated with drug resistance (37). By using flow cytometry to detect the expression levels of these markers in DTP cells, researchers can screen out DTP cells with drug resistance. This technique identifies DTP cells and helps researchers further understand their drug resistance mechanisms.

Single-cell sequencing technology can deeply analyze the gene expression profiles of individual DTP cells, revealing cellular heterogeneity (38–40). For example, Gebru et al. revealed the heterogeneity of DTP cells at the gene expression and transcriptome levels (33). After treatment, DTP cells exhibited unique transcriptomic features significantly different from those of normal hematopoietic stem cells (HSCs) and leukemia stem cells (LSCs). This difference not only helps researchers further understand the drug resistance mechanisms of DTP cells but also provides an important molecular basis for developing targeted therapeutic strategies. Although Single-cell sequencing technology is effective in identifying DTP cells, few patients can afford it in clinical applications.

In summary, by combining in vitro experiments, flow cytometry, and single-cell sequencing technology, researchers can comprehensively identify DTP cells and deeply understand their drug resistance mechanisms. These technical means provide important tools and theoretical support for developing new therapeutic strategies (41) (Table 1).


TABLE 1 Characteristics of DTP cells across three recent studies in AML.
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2.1.2 Phenotypic characteristics of DTP cells

HSCs are a small pool of pluripotent cells, which are origin of all blood lineages (42). LSCs are resistant cells with long-term self-renewal capacity that drive clonal outgrowth (43). Phenotypically, DTP cells overlap with but differ from normal HSCs and LSCs (44–47). In terms of proliferation, HSCs have self-renewal and differentiation capabilities, capable of differentiating into various blood cells; LSCs have self-renewal and drug resistance but abnormal differentiation, and can initiate and maintain leukemia development; DTP cells are a subpopulation of drug-resistant cells formed under therapeutic stress, exhibiting higher drug resistance and lower proliferation rates (34). After chemotherapeutic treatment, DTP cells commonly undergo cell cycle arrest at the G1 or G2-M phase, which contributes to their transient evasion of drug-induced cytotoxicity. In contrast, HSCs and LSCs tend to remain in a quiescent state, though through distinct mechanisms. Most HSCs reside in a reversible G0 phase under steady-state conditions. While LSCs may also pause at certain stages of the cell cycle, they can re-enter the cycle once drug resistance develops, thereby contributing to disease persistence or relapse. DTP cells may highly express drug resistance-related proteins (such as MDR1) and upregulate CD36 expression regarding cell surface markers (39). In contrast, LSCs aberrantly express CD9, CD25, CD69, CD93, CD96, CD371/CLL-1, IL-1RAP and typically lack CD26 and CD90. Higher expression of CD33 and CD123 compared to HSCs (48). In terms of metabolic activity, after treatment with chemotherapeutic drugs, DTP cells enter a low proliferative state, allowing them to survive under drug stress (20, 39).

Regarding cell morphology, DTP cells exhibit increased membrane rigidity after treatment, which may be related to chemotherapeutic resistance but also increase their sensitivity to T cell-mediated killing (34). Although DTP cells may acquire “stemness” characteristics similar to LSCs through epigenetic and transcriptomic reprogramming, thereby enhancing drug resistance, once the therapeutic stress is removed, DTP cells can regain drug sensitivity. This indicates that the drug resistance of DTP cells is a dynamic, non-genetic adaptive change (49) (Table 2).


TABLE 2 Comparison of the characteristics of normal hematopoietic stem cells, leukemia stem cells, and DTP cells.
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2.2 Clinical relevance of DTP cells in AML


2.2.1 Chemotherapy and targeted therapy resistance

DTP cells are closely related to the treatment response of AML and are one of the key factors leading to resistance to chemotherapy and targeted therapy. Many AML patients show a good initial response to treatment but often face the dilemma of recurrence (50). One important reason is that DTP cells can survive under the action of chemotherapeutic drugs and enter a low proliferation state, just like embryos in diapause, thereby evading drug killing (39, 51, 52). Morgenstern et al. conducted studies revealed a unique survival mechanism of DTP cells that when acutely exposed to daunorubicin and Ara-C, a subpopulation of AML cells would transiently augment membrane rigidity to evade destruction. However, after the chemotherapeutic drugs were removed, the membrane hardness would return to baseline levels, and the cells would regain sensitivity to chemotherapy and restore proliferation (15). Furthermore, DTP cells also exhibit resistance to targeted therapy. In FLT3-mutant AML, after treatment of FLT3 inhibitors, the inflammatory pathway is upregulated in DTP cells, leading to drug resistance (33). AML cells become resistant to venetoclax combined with azacitidine (ven/aza) therapy by increasing nicotinamide metabolism and thus driving OXPHOS (53). The complexity of DTP cells drug resistance mechanisms in AML indicates that a combination of multiple therapeutic strategies is needed. Both their intrinsic survival mechanisms and their interactions with the ecological niche need to be addressed.



2.2.2 Transition from minimal residual disease to relapse

DTP cells are key in transitioning from minimal residual disease (MRD) to relapse in AML. After treatment, DTP cells, as an important component of MRD, persist and remain quiescent (50, 54). However, after removal of therapeutic stress, DTP cells can re-enter the cell cycle and begin to proliferate rapidly. This reactivation often marks the beginning of relapse. Studies have shown that DTP cells can resist the clearance by immune cells in the bone marrow microenvironment through immune evasion and other mechanism, gradually restore proliferative capacity, and thereby trigger disease relapse (55–57). The transition from MRD to relapse is driven by the resilience and adaptability of DTP cells. DTP cells maintain their drug tolerance under chemotherapeutic stress and cause relapse through non-genetic resistance mechanisms, metabolic remodeling, cellular signaling modification, and the effective of leukemic microenvironment, etc. These pose a serious challenge for the complete cure of AML.





3 Drug resistance mechanisms of DTP cell


3.1 Non-genetic resistance mechanisms


3.1.1 Epigenetic reprogramming

Epigenetic reprogramming is crucial in forming DTP cells, with histone modifications and chromatin remodeling being core factors. DTP cells maintain their drug-resistant phenotype through dynamic epigenetic modifications. For instance, van Gils et al. found that anthracycline-induced AML DTP cells exhibited a hypomethylated state of H3K27me3 and H3K4me3, accompanied by increased expression of the KDM6 demethylase and downregulation of EZH1/2 methyltransferases (13). This epigenetic reprogramming activated stem cell-related genes (such as CD44 and MDR1), endowing DTP cells with leukemia stem cell-like characteristics. Targeted inhibition of KDM6 can restore H3K27me3 levels, inducing DTP cell apoptosis by upregulating pro-apoptotic proteins STAT5B and BCL2 (13). Preclinical models have shown that the KDM6 inhibitor GSK-J4 significantly reduces the burden of AML minimal residual disease, highlighting the potential of epigenetic regulators in eliminating DTP cells (58, 59).



3.1.2 Transcriptome reprogramming

In DTP cells, transcriptome reprogramming is one of the mechanisms of non-genetic resistance. This process involves activation and repression of key transcription factors and gene regulatory networks. For example, upregulation of inflammatory pathways such as the IL-6/STAT3 axis plays an important role in the survival of DTP cells (60). Activation of STAT3, a activator of transcription responsive to inflammatory signals, promotes cell survival and expression of drug efflux genes (61). In addition, activation of stem cell-associated genes such as CD44 and MDR1 confers greater plasticity and drug resistance to DTP cells (62). CD44 is a marker commonly associated with stemness that contributes to the cell’s ability to adapt to different microenvironmental conditions, while MDR1 is a drug efflux transporter (63, 64). These reprogramming collectively allow DTP cells to withstand drug stress.



3.1.3 Translational reprogramming

The emergency of DTP cells is closely related to translational reprogramming, particularly the role of translation regulatory factors such as eIF4A (65). Changes in these factors directly affect protein synthesis, thereby influencing cellular drug resistance. Studies have shown that DTP cells exhibit significant changes in mRNA translation efficiency after chemotherapy, with eIF4A particularly critical (66). eIF4A, an RNA helicase, alters its activity to affect mRNA translation efficiency and protein synthesis (67). Under stress conditions, changes in eIF4A activity prioritize the translation of proteins related to drug resistance and cell survival, thereby enhancing cellular drug resistance. Inhibition of eIF4A can significantly reduce the survival capacity of DTP cells (34) (Figure 1).
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FIGURE 1
Epigenetic and transcriptional regulation.





3.2 Metabolic remodeling

The DTP cells exhibit unique metabolic characteristics. These cells either predominantly utilize oxidative phosphorylation (OXPHOS) or exhibit a hybrid metabolic phenotype that relies on both OXPHOS and the pentose phosphate pathway of glycolysis (68). This metabolic remodeling helps DTP cells maintain energy supply and redox balance under therapeutic stress.

DTP cells enhance the generation of reactive oxygen species (ROS) production by upregulating mitochondrial function, activating redox signaling pathways and promoting cell survival (68–70). In DTP cells, ROS are involved in oxidative damage and homeostatic processes such as metabolism, immune response, cell growth, and differentiation. For example, DTP cells enhance OXPHOS via modulating the histone H3K4 demethylase KDM5B, exhibiting a quiescent phenotype characterized by increased oxygen consumption and elevated levels of hydrogen peroxide. Study reveals that mitochondrial functions, particularly high OXPHOS status, contribute to cytarabine-resistance in AML (71).

Furthermore, DTP cells combat oxidative stress by upregulating glutathione peroxidases (GSH-Px), maintaining redox balance (72). GSH-Px protect DTP cells from oxidative damage by catalyzing the detoxification of ROS and preventing lipid peroxidation-induced membrane damage. Based on it, on the one hand, DTP cells maintain metabolic activity and prevent lipotoxicity by enhancing fatty acid oxidation (FAO) which further enhancing the survival capacity of DTP cells (73, 74). On the other hand, DTP cells showed an enhanced absorption of fatty acids and exhibited higher levels of elongated fatty acids, triglycerides, and sphingomyelins. Alterations in lipidome composition result in stiffer plasma membranes and play a role in chemoresistance (15) (Figure 2).
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FIGURE 2
Metabolic remodeling resulting in DTP cells depending on mitochondrial respiration for energy production and having increased antioxidant capacity. ATP, Adenosine triphosphate; FAO, fatty acid β-oxidation; GSH-Px, glutathione peroxidases; OXPHOS, oxidative phosphorylation; ROS, reactive oxygen species.




3.3 Cellular signaling modification

In AML, the underlying mechanisms of the emergence of DTP cells involve various signaling pathways. These cells show upregulated prosurvival signaling pathways, including the MAPK and PI3K-AKT pathways, which promote their survival and propagation (75). In FLT3-mutant AML, treatment with FLT3 inhibitors like quizartinib mediates the augmentation of inflammatory pathways in DTP cells, characterized by the activation of transcription factors and cytokines involved in inflammation (33). Anti-inflammatory glucocorticoids can target this inflammatory response, which enhances cell death by increasing the proapoptotic protein BIM and decreasing the antiapoptotic protein MCL-1. These signaling modifications highlight DTP cells’ dynamic and adaptive nature, providing multiple targets for therapeutic intervention to overcome drug resistance in AML (76) (Figure 3).
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FIGURE 3
Up-regulation of genes associated with inflammatory pathways in DTP cells. GR, glucocorticoid receptors.




3.4 Leukemic microenvironment

Mounting evidence suggest that cancer-associated fibroblasts (CAFs) represent the predominant fraction of stromal cells inside the solid tumor microenvironment (77). While in the case of AML, the development of DTP cells is intricately linked to cell-cell interactions inside the leukemic microenvironment (78). Within the leukemia microenvironment, bone marrow stromal cells may display CAF characteristics, which secret multiple cytokines to enhance leukemia proliferation, infiltration, and niche modification (79, 80). Malignant leukemia-associated fibroblasts (LAFs) might alter the bone marrow microenvironment, creating a more hostile and chemoresistant niche (81). While the precise functions and mechanisms of LAFs are not fully understood, it is evident that LAFs in bone marrow may be associated with accelerated leukemia growth and increased treatment resistance. Certain chemotherapeutic agents, including cytarabine and anthracycline, have been observed to potentially stimulate the formation of LAFs (81–83). Generally, LAFs may exhibit unique characteristics and are instrumental in therapeutic resistance.

In addition to LAFs, the leukemic microenvironment also includes other stromal cells that support the survival of DTP cells by secreting cytokines and chemokines and offering physical support (84, 85). After engulfing apoptotic cell debris, macrophages release anti-apoptotic signals and secrete inflammatory factors such as IL-6 and TNF-α, which activate survival signaling pathways in DTP cells and promote their survival (86). The formation of DTP cells is also substantially influenced by hypoxia and nutrient deprivation, which are also microenvironmental factors. Intracellular hypoxia-inducible factors (HIF-1α) are activated in hypoxic conditions, thereby initiating the HIF pathway (29, 87). This pathway initiates metabolic remodeling in DTP cells, thereby improving their adaptability to hypoxic environments and upregulating drug resistance-related genes. Under nutritional scarcity, DTP cells modify their metabolic processes by initiating autophagy and metabolic modification so they adjust to the hostile environment and ensure survival (88, 89). Research indicates that DTP cells, when deprived of resources, markedly increase the oxidization of fatty acids and OXPHOS process, effectively using scarce resources to sustain the utilization of energy and ensuring cellular survival (90) (Figure 4).
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FIGURE 4
Leukemic-microenvironment interaction, particularly involving leukemia-associated fibroblasts within the reactive stroma. LAFs, leukemia-associated fibroblasts.




3.5 Immune evasion mechanisms

DTP cells evade the recognition and elimination by the immune system via multiple means, presenting a significant and emerging challenge in treating AML, especially in the new era of immunotherapy against AML (91, 92). One of DTP cells’ important immune evasion strategies is the upregulation of immune checkpoint molecules (93). For instance, the increased expression of PD-L1 and CTLA-4 can suppress immune cells’ activity, hinder T cells’ killing function, and make it difficult for them to effectively recognize and eliminate DTP cells (94, 95). In addition, DTP cells are capable of secreting immunosuppressive factors, including TGF-β and IL-10, which collectively create an immunosuppressive microenvironment, attracting the aggregation of immunosuppressive cells including myeloid-derived suppressor cells (MDSCs) and regulatory T cells (96–100). These immunosuppressive cells further suppress immune responses, protecting DTP cells, enabling them to escape immune system attacks, persist in the body, and cause disease recurrence.



3.6 The differences resistance mechanisms between DTP cells and LSCs

Drug resistance in DTP cells is more related to non-genetic factors and is a dynamic adaptive change induced in the cells under drug stress, which is reversible (101). Drug resistance in LSCs is a naturally occurring trait and is more dependent on their intrinsic biological properties which endow them with stronger genetic and epigenetic stability (43). Here’s a comparison of the different angles.


3.6.1 Epigenetic regulation

DTP cells induce reprogramming of gene expression through activation of histone demethylases such as KDM5A, and epigenetic changes such as DNA methylation and acetylation, resulting in tolerance to drugs (13). LSCs are more dependent on mutations in genes such as DNMT3A and TET2, which affect the methylation status of DNA and thus modulate the gene expression program, allowing LSCs to acquire drug resistance (102).



3.6.2 Cellular signaling modification

The formation of DTP cells and drug resistance are closely related to the alteration of various signaling pathways, such as EGFR, JAK/STAT, PI3K/AKT, MAPK and other signaling pathways (103, 104). Abnormal activation or inhibition of these pathways affects cell proliferation, survival and response to drugs. A common mechanism of drug resistance in LSCs involves the activation of downstream signaling pathways by mutations in FLT3, IDH1/2, and other genes (105, 106).



3.6.3 Leukemic microenvironment

DTP cells are induced by drugs to alter the tumor microenvironment through processes such as epithelial-mesenchymal transition (EMT), which enables the cells to better adapt to drug stress and enhance tolerance to drugs (107). For example, the EMT process allows cells to acquire migratory and invasive capabilities, while altering their interactions with the extracellular matrix, thereby affecting drug uptake and sensitivity (108). LSCs are usually located in specific regions of the bone marrow microenvironment, such as the hypoxic region (niche), where the microenvironment provides protection for LSCs (109). In the hypoxic environment, the expression of factors such as HIF1a is increased, which reduces sensitivity to chemotherapeutic agents by regulating gene expression to bring LSCs into a resting state (110).



3.6.4 Metabolic remodeling

DTP cells usually change their metabolic mode from aerobic glycolysis to mitochondrial respiration for energy. Increased levels of ROS are accompanied by activation of the antioxidant system, further enhancing drug resistance (68). LSCs dependent on mitochondrial OXPHOS for energy production and utilize primarily amino acids and fatty acids as energy sources (111, 112). LSCs use a variety of molecular and metabolic mechanisms to maintain a ROS-Low state (113), and rely on OXPHOS for the production of high-energy compounds. This unique metabolism allows LSCs to survive in a low-glycemic, low-oxygen microenvironment and develop resistance to chemotherapeutic drugs.



3.6.5 Redox regulation

DTP cells survive drug-induced oxidative stress by increasing the expression of enzymes such as glutathione peroxidase 4 (GPX4) and aldehyde dehydrogenase (ALDH), scavenging harmful substances generated by oxidative stress, and maintaining intracellular redox balance (72, 114). LSCs maintain low levels of ROS through multiple mechanisms to avoid cellular damage from oxidative stress (115, 116). For example, LSCs can scavenge ROS by increasing glutathione production, activating FOXO transcription factors (117), and mitochondrial autophagy to maintain cellular stability and function (118).

In summary, these differences provide different targets and ideas for therapeutic strategies against DTP cells and LSCs.





4 Potential therapeutic strategies for DTP cells in AML


4.1 Targeting metabolic pathways in DTP cells

DTP cells exhibit remarkable metabolic adaptability, with significantly enhanced OXPHOS and fatty acid oxidation activity (68). Therefore, it is considered a promising therapeutic strategy for inhibiting these metabolic pathways. Studies have shown that GPX4 inhibitors can disrupt the antioxidant defense system of DTP cells, accumulating intracellular reactive oxygen species and ultimately causing cell death (72). ACOX1 inhibitors can suppress fatty acid oxidation, reducing the energy supply of cells and thereby weakening the survival capacity of DTP cells (119). Although still some way from clinical translation, theoretically, these inhibitors used alone or in combination, may selectively kill DTP cells.

In addition to single-target inhibitors, the therapeutic strategy of simultaneously targeting multiple metabolic pathways also holds potential efficacy. For example, drugs that inhibit both OXPHOS and fatty acid oxidation can block multiple energy metabolism pathways of DTP cells, thereby enhancing their sensitivity to treatment (69). On this basis, combining drugs that inhibit OXPHOS and fatty acid oxidation with other targeted drugs (such as inhibitors of specific signaling pathways) can interfere with the metabolic processes and survival signals of DTP cells from multiple dimensions (74). For instance, the combination of GPX4 inhibitors and FLT3 inhibitors can, on the one hand, disrupt the antioxidant capacity of DTP cells, resulting in an abundance of intracellular ROS and causing cell damage (120); on the other hand, it can block abnormal signal transduction, inhibiting cell proliferation and survival, thereby synergistically inhibiting the growth of DTP cells (28, 33). Moreover, combining metabolic inhibitors with immunotherapeutic drugs (such as CAR-T cell therapy or immune checkpoint inhibitors) is expected further to enhance the therapeutic effect (24, 121–125). Immunotherapeutic drugs can activate the body’s immune system, enhancing the immune cells’ ability to recognize and kill DTP cells (126). Combined with metabolic inhibitors, they can act on DTP cells from both metabolic and immune aspects, bringing new hope for overcoming the drug resistance challenges caused by DTP cells in leukemia.



4.2 Targeting epigenetic and transcriptional regulation

In AML, non-genetic mechanisms are used by DTP cells to withstand drug therapy. Therapeutic strategies targeting this could be potential treatments for DTP cells in AML. Some of the findings so far are followed. In AML, targeting the histone demethylase KDM6 by epigenetic reprogramming removes DTP cells, which were found to be characterized by low H3K27me3 and H3K4me3 levels (13). Histone demethylase inhibitors, such as KDM5 and KDM6 inhibitors, can regulate the methylation status of histones, thereby correcting abnormal gene expression patterns (127, 128). The KDM6B inhibitor GSK-J4 significantly augments the sensitivity of DTP cells in AML to chemotherapeutic drugs (129). GSK-J4 increases H3K27me3 levels by reducing the KDM6B enzymatic activity (130), diminishes the expression of drug resistance-related genes in AML (131).

Targeting transcription factors is also an important strategy for treating DTP cells. For example, RXR antagonists and EZH2 inhibitors can influence the gene expression of DTP cells by modulating the activity of transcription factors. RXR antagonists can block the activity of specific transcription factors and interfere with the transcriptional regulatory network of DTP cells, thereby inhibiting the expression of drug resistance-related genes of DTP cells (132). EZH2 inhibitors, on the other hand, can modulate the chromatin state, alter the microenvironment of gene transcription, and thereby inhibit the growth and survival of DTP cells (133). With the continuous development and clinical application of these targeted drugs, breakthroughs are expected in precisely eliminating DTP cells and improving the therapeutic effect of AML.



4.3 Aiming at immune evasion mechanisms

At present, immunotherapy for AML is still challenged by issues like immune escape and antigen escape, which restrict its application (134). Therefore, combining immunotherapy with targeted therapy for DTP cells holds promise for providing more effective strategies for AML treatment. Chimeric antigen receptor (CAR) T-cell therapy involves genetically modifying a patient’s own T cells to express a chimeric antigen receptor that can recognize and target specific cancer cells, leading to their destruction (135, 136). For example, CAR-T cell therapy can precisely target surface antigens of DTP cells, achieving precise recognition and killing of DTP cells (137). However, the immune evasion mechanisms of DTP cells often limit the therapeutic effect when CAR-T cell therapy is used alone (138, 139). Research has demonstrated that the concurrent application of immune checkpoint inhibitors including PD-1 inhibitor and CTLA-4 inhibitor can block immune checkpoint signals, relieve the inhibitory effect of DTP cells upon T cells, significantly enhance T cell activity, and consequently enhance the lethality of CAR-T cells against DTP cells (140–143). Moreover, combining immunotherapy with targeted therapy for DTP cells (such as metabolic inhibitors or epigenetic inhibitors) may work synergistically from multiple aspects, more effectively eliminating DTP cells, further improving the overall therapeutic effect of AML.



4.4 Blocking the formation and evolution of DTP cells

DTP cells possess high phenotypic plasticity, enabling them to flexibly alter their phenotype and function according to microenvironmental conditions (101, 144, 145).This characteristic allows DTP cells to adapt and evolve various drug resistance mechanisms under therapeutic stress, significantly increasing the difficulty of AML treatment. Therefore, blocking DTP cells’ phenotypic transition and drug resistance evolution has become a key strategy in AML treatment. On one hand, the suppression of key transcription factor activities virtually prevents DTP cells from phenotypic shifting toward more highly drug-resistant cell types (13, 101). On the other hand, various targeted drugs, including epigenetic and metabolic inhibitors, might simultaneously block different mechanisms of DTP cell drug resistance, therefore achieving a far better therapeutic response (33, 68). In addition, interfering with the signaling pathways of DTP cells and inhibiting their transitions between different drug-resistant states can limit the development of their drug resistance (68). It is worth noting that continuously monitoring the phenotype and molecular characteristics of DTP cells in patients and promptly adjusting treatment plans based on this information is crucial for effectively inhibiting the evolution of DTP cells and improving the success rate of AML treatment (101). This comprehensive strategy is expected to bring a better treatment outlook for AML patients, reduce the risk of disease recurrence, and improve patient prognosis.




5 Conclusion and expectations in the field of AML DTP


5.1 Importance of DTP cell research in AML

DTP cells occupy a central position in the drug resistance mechanisms of AML. Numerous studies have shown that DTP cells can survive under therapeutic stress and gradually develop drug resistance through various complex mechanisms, including epigenetic reprogramming, transcriptome reprogramming, and metabolic remodeling (38, 68, 146–149). During treatment, these cells exhibit temporary proliferation inhibition, but after the therapeutic stress is removed, they can rapidly resume proliferation and regain drug resistance (24, 150). Therefore, DTP cells are a key factor in AML relapse and drug resistance, posing a significant challenge to leukemia treatment. DTP cells’ reversibility and dynamic nature make them a highly promising therapeutic target (39). Since their drug resistance is formed based on non-genetic mechanisms, research on these mechanisms can help develop new therapeutic strategies, providing the possibility to overcome drug resistance.



5.2 Promising new research directions

DTP cells are cell cycle arrested and in a lower proliferation rates after being stressed by drugs. Is this arrest beneficial or detrimental to chemotherapy response? On the one hand, the arrest may reflect DNA damage caused by chemotherapeutic agents; on the other hand, it may serve as a protective mechanism by which the cells evade drug-induced killing and gain time for DNA repair. We may be able to block this protective mechanism of DTP cells by synergizing with other drugs. Clinically common, non-oncology drugs may be one of the directions that can be tapped (33, 151). The formation of DTP cells and the mechanism of drug resistance remain to be further investigated, and effective therapeutic targets remain to be discovered.

Currently, most DTP cells researches rely on in vitro cell experiments, and specific biomarkers to detect DTP cells in AML patients are still lacking in the process of clinical therapy. There is still a long way to go in applying tests in the laboratory to clinical practice. In the future, exploring the expression patterns of DTP cells in pathological tissues will be a key issue that will provide a basis for developing biomarkers for the early identification of DTP cells. With such biomarkers, DTP cells’ presence and dynamic changes can be monitored in real-time during clinical treatment, providing strong guidance for formulating personalized treatment plans.

The rise of high-throughput single-cell technology has opened up new avenues for DTP cell research (152). With single-cell sequencing technology, it is possible to precisely analyze the essential differences between ordinary cancer cells, DTP cells, and cancer stem cells in corresponding cancers (153, 154). This analysis helps to understand the origin and maintenance mechanisms of DTP cells deeply, reveal their roles at the microscopic level.

Promoting the translation of novel therapeutic strategies targeting DTP cells from the laboratory to clinical application is crucial for future research (46). Many promising anti-DTP drug candidates are still in the preclinical research stage, and their actual therapeutic effects in humans are unclear. However, some low-toxicity or non-toxic drugs and natural products may have inhibitory effects on DTP cells, such as discovering the anti-cancer potential of non-oncology drugs (33, 101, 151). Moreover, the combined use of multiple targeted drugs, such as epigenetic and metabolic inhibitors, may simultaneously block multiple drug resistance mechanisms of DTP cells, enhancing the therapeutic effect. These novel therapeutic strategies may lead to more efficient AML treatment and their clinical application feasibility should be further investigated.

However, although numerous studies of DTP cells have extensively outlined the details of resistance mechanisms, many directions of research into the DTP cells in AML remain to be pursued. Biomarkers for DTP cells should be discovered to provide them with accurate identification and monitoring in clinical treatment. High-throughput single-cell technology in research on DTP cells needs further development to understand their nature and provide high-precision analysis. Translating novel therapeutic strategies, equally essential, from concept into clinical practice must be accelerated. Only by advancing these research directions comprehensively can we overcome the drug resistance challenges in AML treatment, effectively improve patients’ therapeutic outcomes and survival rates, and bring a brighter future for AML patients.
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Characteristics

Induction method

van Gils et al. (13)

Treatment with doxorubicin to induce
drug-tolerant clones in K562 cells.

Gebru et al. (33)

Treatment with FLT3 inhibitors
(quizartinib) in FLT3-ITD mutant AML
cell lines to induce DTPs.

Morgenstern et al. (15)

Treatment with combination chemother-
apy (Daunorubicin and Ara-C) in AML
cell lines and primary AML patient
samples to induce DTP cells.

Definition of DTP cells

Drug-tolerant leukemia cells that survive
chemotherapy, characterized by stem cell
features and lack of H3K27me3 or
H3K4me3 upregulation.

Drug-tolerant leukemia cells that survive
FLT3 inhibitor treatment, characterized by
upregulation of inflammatory pathways.

Drug-tolerant leukemia cells that survive
chemotherapy, characterized by increased

plasma membrane rigidity.

Major features

Cell cycle arrest (G1 or G2-M phase); stem
cell features with high expression of CD44
and MDRI; lack of H3K27me3 or

H3K4me3 upregulation; reversible (regain

Cell cycle arrest (G1 or G2-M phase);
upregulation of inflammatory pathway
genes; reversible (regain sensitivity upon

drug removal); increased sensitivity to

Cell cycle arrest (G1 or G2-M phase);
increased plasma membrane rigidity;
reversible (regain sensitivity upon drug

removal); increased sensitivity to immune

sensitivity upon drug removal) glucocorticoids cell killing
Recovery of drug sensitivity Approximately 10 weeks Approximately 28 days Approximately 14 days
(time)
Recovery of drug sensitivity Cultured in drug-free medium After drug removal After chemotherapy removal

(condition)

This table provides a structured comparison of the methods used to induce DTP cells, their definitions, key characteristics, and the conditions under which they regain drug sensitivity across

the three studies.
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Characteristics

Normal hematopoietic stem

Leukemia stem cells (LSCs)

DTP cells

cells (HSCs)

Phenotype Capable of self-renewal and differentiation | Possess self-renewal and drug resistance A subpopulation of drug-resistant cells
into various blood cells but exhibit abnormal differentiation formed under treatment stress, exhibiting
abilities and can initiate and sustain higher drug resistance and lower prolifera-
leukemia development tion rates
Proliferation ability Capable of self-renewal and differentiation | Possess self-renewal and drug resistance Exhibit higher drug resistance and lower
into various blood cells but exhibit abnormal differentiation proliferation rates
abilities
Cell cycle Able to progress normally through the cell | Able to progress normally through the cell | After chemotherapy drug treatment, the

cycle

cycle, though they may stall at certain
stages

cell cycle stalls in the G1 or G2-M phase

Cell surface markers

Express CD43, CD44, CD90, CD105,
CD114, CD117,CD133, CD135, and
ROBO4.

Do not express CD26, CD96, CD243,
CD271, CD309, CLL-1, or IL-1RAP.

Aberrantly express CD9, CD25, CD69,
CD93, CD96, CD371/CLL-1, and
IL-1RAP. Higher expression of CD33 and
CD123 compared to HSCs. Typically lack
CD26 and CD90.

May highly express drug resistance-
MDR1).
Can acquire LSC-like markers (e.g.,
CD25, CD33, CD123) under treatment
stress.

related proteins (e.g.,

Metabolic activity Maintain higher metabolic activity to Maintain higher metabolic activity to Enter a low proliferative state after
support normal hematopoietic function support leukemia development chemotherapy drug treatment to survive

under drug pressure
Cell morphology Normal cell morphology with higher Abnormal cell morphology with Exhibit higher membrane rigidity after

membrane flexibility

potentially increased membrane flexibility

treatment, which may be associated with
chemotherapy resistance

Drug resistance

Sensitive to chemotherapy drugs

Possess drug resistance and can resist

chemotherapy drugs

Possess higher drug resistance, but can
regain drug sensitivity once treatment
pressure is removed

Adaptive changes

No significant adaptive changes

Acquire drug resistance through genetic
and epigenetic alterations, enabling them

to resist treatment

Acquire “stemness” similar to LSCs
through  epigenetic ~and  transcrip-
tomic reprogramming to enhance drug
resistance
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