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Abstract

In recent years, the relationship between the immunosuppressive niche of the

bone marrow and therapy resistance in acute myeloid leukemia (AML) has

become a research focus. The abnormal number and function of

immunosuppressive cells, including regulatory T cells (Tregs) and myeloid-

derived suppressor cells (MDSCs), along with the dysfunction and exhaustion

of immunological effector cells, including cytotoxic T lymphocytes (CTLs),

dendritic cells (DCs) and natural killer cells (NKs), can induce immune escape

of leukemia cells and are closely linked to therapy resistance in leukemia. This

article reviews the research progress on the relationship between immune cells in

the marrow microenvironment and chemoresistance in AML, aiming to provide

new ideas for the immunotherapy of AML.
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Impact statement

Over the past few years, tolerance to chemical therapy in leukemia has become a

significant challenge in treatment. The development of the leukemia immune niche

significantly contributes to resistance in leukemia. Our article discusses the key roles of

several immune cells in the immune microenvironment of AML in the development of

resistance. Abnormalities in the number and function of immune cells in the AML

immunemicroenvironment are vital in leukemia resistance. Therefore, immunotherapy is

an important strategy to combat acute myeloid leukemia resistance and improve

patient prognosis.
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Introduction

AML represents the most prevalent form of leukemia in

adults and ranks as the second most frequently diagnosed

leukemia in children. Currently, under conventional intensive

chemotherapy, the complete remission (CR) rate ranges from

60% to 85% in adults younger than 60 years, while it decreases to

40%–60% in elderly patients aged 60 years or older [1].

Nevertheless, the overall survival (OS) rate over 5 years is

only approximately 27% among patients with AML [2].

Although the CR rate of children with AML is high at

approximately 90% compared with that of adults, the 3-year

event-free survival (EFS) rate remains suboptimal at 45%, with

the OS rate also being only at 65%, and nearly half of the children

are resistant to relapse [3]. Therefore, relapse with drug resistance

continues to be a significant factor contributing to poor

prognosis among AML patients. The development for drug

resistance in AML patients may be associated with leukemia

cells evading immune responses and the progression of the

minimal residual disease (MRD) in the bone marrow (BM)

[4]. With the continuous proliferation of tumor cells, changes

in immunogenicity, the recruitment of inhibitory immune cells,

and the dysfunction and depletion of effector immune cells

induce the immune evasion of leukemia cells. Among them,

the strengthening of inhibitory immune cells and the weakening

of effector immune cells could serve as a key contributor to the

development of tumor cell resistance. Our review summarizes the

role of immune cells in the bone marrow microenvironment of

drug-resistant AML, helping to identify new therapeutic targets,

optimize chemotherapy regimens, and improve the prognosis for

AML patients.

Tregs and drug resistance in AML

Tregs, a specialized subset of T cells with immunosuppressive

properties, are essential for preserving immune tolerance and

facilitating the immune evasion of tumor cells. Tregs can be

divided into two categories based on their origin and function:

natural Tregs (nTregs) and induced Tregs (iTregs). nTregs,

characterized by the markers CD4+CD25+Foxp3+, originate

and mature in the thymus and possess intrinsic

immunosuppressive functions, primarily maintaining self-

tolerance and immune homeostasis by regulating effector

immune responses. Unlike nTregs, iTregs are induced from

CD4+ T cells through external signals in peripheral blood

(PB). Based on cellular phenotype and function, iTregs are

divided into Foxp3+ Treg, T helper 3 cell (Th3), and Type

1 regulatory T cell (Tr1). According to their

immunophenotypes, Tregs can be categorized into three types,

including CD4+ Tregs, CD8+ Tregs and double-negative Tregs

(DN Tregs, CD4−CD8− Tregs). There were slight differences in

the functions of Tregs with different phenotypes and their

specific roles in AML, as shown in Table 1. Additionally, DN

Tregs possess unique immunoregulatory capabilities that can

induce the functional inactivation of effector T lymphocytes

(Teffs) while also suppressing the immune response of NKs

via the secretion of perforin [11]. McIver et al. suggested that

DN Tregs are essential for immune tolerance after allogeneic

hematopoietic stem cell transplantation (allo-HSCT) by

regulating the diversity of the TCR repertoire and suppressing

the excessive proliferation of immune-reactive T cells, which is

especially critical for preventing graft-versus-host disease

(GVHD) [12]. Ford et al. revealed that LPS-activated

allogeneic antigen-presenting Cells (APCs) can promote the

expansion of DN Tregs, which in turn enhances their

immune-regulatory function by killing B cells through a

perforin-dependent pathway [13]. Studies have shown that re-

infusion of human DN Treg cells, after ex vivo expansion, can

effectively inhibits the growth of autologous T and B lymphocytes

and alleviate GVHD [14]. Additionally, pretreatment with

rapamycin (an mTOR inhibitor) further enhances their

immunoregulatory function, highlighting the potential clinical

application of DN Treg cells in therapeutic settings [14].

However, the role of DN Tregs in AML is still in the early

stages, requiring further investigation.

Cytokines secreted by Tregs are involved
in drug resistance in AML

A high frequency of CD4+CD25+Foxp3+ Tregs is closely

associated with immune tolerance and chemoresistance relapse

in AML. The transcription factor Foxp3, when highly expressed

in the nucleus, plays a vital role in triggering suppressive activity

of Tregs and stabilizes of their phenotype and functional

properties. [15], and its mechanism may be related to DNA

methyltransferases at the Foxp3 locus [16]. Foxp3+ Tregs

maintain immune tolerance by suppressing immune responses

through the secretion of inhibitory cytokines, including IL-10,

TGF-β, and IL-35, as well as the expression of immune regulatory

molecules [17, 18]. These molecules interact with receptors on

immune cells to exert potent immunosuppressive effects, making

Tregs key factors in facilitating immune evasion of tumors.

Studies have shown that the elevated levels of IL-35 are linked

to unfavorable outcomes in AML [19, 20]. TGF-β can cooperate

with IL-2 to upregulate the production of Foxp3 and promote the

transformation of naive CD4+ T lymphocytes to Tregs [21]

(Figure 1). IL-35 plays a dual role by suppressing the

proliferation of CD4+CD25− effector T cells while

simultaneously promoting the growth and preventing the

apoptosis of AML cells [22] (Figure 1). Compared with

healthy individuals, AML patients present significantly

elevated levels of Tregs in the PB and BM, which are

positively correlated with IL-35 expression [18, 23].

Conversely, the proportions of cytotoxic lymphocytes and
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B cells are relatively low [24]. It is closely related to recurrence

and drug resistance in AML. Elevated IL-10 levels and reduced

IL-6 levels are linked to OS rates in AML patients and could act as

potential biomarkers for predicting disease progression in AML

patients [25]. Furthermore, studies have shown that a high-

frequency single-nucleotide polymorphism (SNP) at

position −819 of IL-10 has been identified as a factor that

raises the risk of AML [26]. In AML patients, high expression

of TGF-β1 may inhibit the immune function of NKs by

phosphorylating SMAD and downregulating Natural Killer

Group 2 Member D Receptor (NKG2DR) expression [27]. In

addition, studies have demonstrated that TGF-β1 can suppress

the antitumor immunity of NK cells through enhancing the

SMAD3 signaling to induce CD96 expression on NK cells,

thereby reducing IFN-γ production [28]. Importantly,

transcriptomic analysis of HL60 cells (M3 subtype) revealed

that TGF-β/activin signaling represents a promising target to

overcome drug resistance in AML [29]. Studies indicate that

relapse after allogeneic hematopoietic stem cell transplantation

(allo-HSCT) may be linked to increased levels of TGF-β1, which
strongly suppress mTORC1 activity, mitochondrial oxidative

phosphorylation, cell proliferation, and cytotoxic functions of

NKs in the BM, leading to their functional impairment [30]. In

addition, Tregs promote the polarization of macrophages into

M2-type tumor-associated macrophages (M2-TAMs) by

secreting IL-10 and TGF-β. M2-TAMs exhibit tumor-

promoting functions, such as degrading the tumor

extracellular matrix, promoting angiogenesis, and recruiting

immunosuppressive cells, thereby facilitating tumor

progression and distant metastasis [31]. Research has

demonstrated that AML blasts recruit M2-TAMs and Tregs,

resulting in their high infiltration into the BM, which is linked to

poor prognosis [32]. To conclude, the inhibitory cytokines

secreted by Tregs can enhance immune tolerance and

immune escape by directly inhibiting the function of effector

immune cells, promoting differentiation and function of Tregs,

and regulating immune microenvironment.

Moreover, CD4+CD25+ Tregs possess high-affinity IL-2

receptor (CD25), which depletes IL-2, thereby suppressing the

proliferation of Teff cells and promoting their apoptosis

(Figure 1). IL-2 can stimulate the growth of NKs, however,

when Tregs and NKs are cocultured, Tregs can inhibit the

proliferation of NKs by competing with IL-2 [33, 34],

indicating that the affinity between Tregs and IL-2 may be

dominant, which can weaken the immune ability and facilitate

the escape of tumor cells (Figure 1). CD8+Foxp3- Tregs can

inhibit the function of Teffs through intercellular contact and

the release of suppressive cytokines like IL-10 and TGF-β [35].

TABLE 1 Phenotype and function of Tregs.

Type Origin Immunophenotype Main function Role in AML

CD4+Tregs Natural
Tregs

(nTregs)

Thymus CD4+, CD25+, Foxp3+ Tregs Suppress autoreactive T cells through
contact-dependent mechanisms and
inhibitory cytokines to maintain self-

tolerance

Promote immune escape by inhibiting
CD8+ T cells, DCs and NKs.

High levels in AML correlate with poor
prognosis.

Induced
Tregs
(iTregs)

Peripheral
tissues

Tr1 (CD4+, IL-10high) Secrete elevated amounts of IL-10 and
TGF-β, with minimal Foxp3 expression,
and release granzyme B and perforin to

mediate cytotoxicity [5]

Regulate the tumor microenvironment
through IL-10 and TGF-β, induce the

increase of Tregs, and indirectly promote
tumor immune escape while suppressing

the immune response
Th3 (CD4+, TGF-βhigh) Primarily secrete TGF-β, induce the

differentiation of CD4+ T cells into Tregs,
and upregulate Foxp3 expression [6]

CD4+, Foxp3+ Tregs Differentiated from CD4+T cells under the
induction of TGF-β and IL-2, inhibit
effector T-cell function, maintain
peripheral tolerance, and inhibit

autoimmune responses [7]

CD8+ Tregs Thymus or
Peripheral
tissues

CD8+ T cells, partially
expressing Foxp3

Secrete IL-10 and TGF-β to inhibits the
activity of CD4+ T cells and B cells, reduce
the release of inflammatory cytokines

through the CTLA-4 and PD-1 pathways,
directly induce target cells death via the

Fas/Fasl and perforin/granzyme B
pathways,thereby enhancing the anti-

tumor effect [8]

CD8+ Tregs exert their unique
therapeutic potential and advantages by
secreting immunosuppressive factors and
specifically regulating immune responses,

thereby alleviating GVHD while
maintaining the GVL effect. However,

research on CD8+ Tregs in AML is limited

CD4-CD8- Tregs Thymus and
peripheral
tissues [9]

Double negative T cells,CD4-,
CD8-

Express IFN-γ, TNF-α, Ly6A, FcRγ, and
CXCR5; acquire MHC-peptide complexes
from antigen-presenting cells; and exert
immunosuppression through Fas/Fas

ligand interactions [10]

mechanisms include suppression of
effector cells and promotion of a
tolerogenic microenvironment
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Therefore, Tregs mainly downregulate the quantity and

activity of Teffs by secreting different soluble negative

immune molecules and suppress the growth of Teffs and

NKs by competing with and depleting IL-2, which can

cause immune escape of tumor cells and induce drug

resistance in AML.

Surface molecules of Tregs and drug
resistance in AML

A variety of coinhibitory receptors (CIRs), including

cytotoxic T lymphocyte-associated protein 4 (CTLA-4), T-cell

immunoglobulin and mucin domain 3 (TIM-3), programmed

cell death protein 1 (PD-1), lymphocyte activation 3 (LAG-3,

CD223) and T-cell immunoglobulin and immunoreceptor

tyrosine-based inhibitory motif domains (TIGIT), expressed

on the surface of Tregs are critical for their

immunosuppressive activity. Studies have shown that the

highly expressed coinhibitory molecule CTLA-4 on Tregs

competes with CD28 on Teff cells to attach to CD80/86 on

the surface of APCs, resulting in the inhibition of Teffs and APCs

activation and increased apoptosis, thereby weakening the

immune killing effect of Teffs on tumor cells [36]. Compared

with those of healthy controls, AML patients exhibit significantly

higher levels of CTLA-4 and LAG-3, which is closely related to

poor prognosis [37, 38]. Interestingly, the CTLA-4 expression

level in individuals with APL is markedly higher compared to

those with non-M3 subtypes [39]. Research conducted by Davids

demonstrated that CTLA-4-specific antibody ipilimumab in

treating AML patients who relapsed following allo-HSCT can

promote the infiltration of cytotoxic CD8+ T lymphocytes and

the expansion of Teff subsets, suggesting that ipilimumab is

feasible for managing drug-resistant relapsed patients [40].

FIGURE 1
Cytokines secreted by Tregs and drug resistance in AML. TGF-β can cooperate with IL-2 to induce naive T lymphocytes to differentiate into
Tregs; CD25+ Tregs inhibit NK and Teff proliferation and induce apoptosis through competitive binding to IL-2; IL-35 can directly promote the
proliferation of leukemia cells. A schematic diagram is created by Figdraw (www.figdraw.com).
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Studies have shown that the combination of PD-L1 highly

expressed on AML cells and PD-1 on the surface of T

lymphocytes can induce them to differentiate and expand into

Tregs that highly express Foxp3 and PD-1, and these Tregs

release suppressive cytokines, including IL-10 and IL-35,

enabling tumor cell immune escape [41]. Moreover, PD-1 on

T lymphocytes interacts with PD-L1 on tumor cells, which can

also induce T lymphocyte apoptosis [42]. Chen et al. analyzed

The Cancer Genome Atlas (TCGA) database and verified

62 AML bone marrow samples and indicated that the

combined high expression of PD1, PD-L1, PD-L2 and CTLA-

4 was linked to reduce OS rates [43]. In patients with a high AML

cell burden, the bone marrow shows a significant increase in PD-

1+ Tregs and PD-1+ TIGIT+ Tregs. Interestingly, the elevated

PD-1 is closely linked to lactate secretion by AML blasts [44].

TIGIT is expressed only on lymphocytes, especially nTregs,

which can promote the differentiation of Tregs and combine

with CD112 and CD155 [45]. TIGIT+ Tregs mainly inhibit the

differentiation and proliferation of Th1 cells and Th17 cells via a

mechanism dependent on fibrinogen-like protein 2 (FGL2) [45].

Thus, TIGIT may be an important immunosuppressive molecule

related to the immunosuppressive function of Tregs, which are

involved in tumor immune escape and resistance. Relapse, the

primary cause of mortality in AML patients following allo-HSCT,

is strongly linked to elevated TIGIT expression on CD4+ T cells

[44]. LAG-3 shares high homology with CD4 [46], is highly

expressed on Tregs [47], and has a high affinity for major

histocompatibility complex class II (MHC II). The

combination of LAG-3 and MHC II on CD4+ T cells induces

an inhibitory pathway mediated by the activation of immune

body tyrosine kinase [48], inhibits the immunity of T cells so that

targeting the LAG-3/MHC II signaling pathway helps to promote

the immune effect of CD4+ T cells against tumors, indicating that

LAG-3 is critical for Treg-mediated immunosuppression and

may serve as a novel therapeutic strategy in AML. Research has

indicated that LAG3 not only can bind to MHC II [49] but can

also interact with soluble liver-secreted fibrinogen-like protein 1

(FGL-1), thereby inhibiting both autoimmune and antitumor

immunity [50]. Additionally, Tregs in AML patients express high

levels of LAG3, which can reduce the activation of CD8+ T cells

and is linked to poor outcomes [51]. In vitro experiments have

confirmed that anti-LAG3 antibodies can downregulate Tregs,

increase their cytotoxic activity against CD8+ T cells, reduce IFN-

γ secretion, and modulate the immune tolerance of AML cells.

Research has demonstrated that TIM3+ Treg cells exhibit

elevated expression of inhibitory molecules, including LAG-3,

PD-1, and CTLA-4, resulting in increased inhibitory function via

releasing more IL-10, granzymes and perforin [52]. Dama et al.

found that the high frequency of TIM-3+Tregs and Gal9+CD34-

leukemic cells in the BM can promote T-cell exhaustion and

induce immune escape in AML [53]. Therefore, targeting the

Gal9/Tim-3 axis may improve AML patient prognosis.

Additionally, research has indicated that functional single

nucleotide polymorphisms (SNPs) of TIM-3 are connected to

the risk prediction of AML [54]. The above studies revealed that

high expression of coinhibitory molecules on Tregs can cause the

dysfunction in APCs and effector T cells, promote their own

differentiation and expansion, and are crucial for promoting

immune escape and drug resistance in tumor cells (Figure 2). In

summary, monitoring these immune-related biomarkers can

help identify the immunosuppressive state in AML patients,

predict treatment response, and provide guidance for

personalized immunotherapy regimens.

Recently, the application of immune checkpoint inhibitors

(ICIs) that target Tregs has provided new therapeutic directions

and hope for overcoming resistance in AML. Widely studied and

considered potential therapeutic targets include PD-1, TIM-3,

LAG-3, and TIGIT. The clinical efficacy of ICIs is determined by

factors, including the targeted pathway, disease stage, and

combination with conventional therapies. Clinical studies have

shown that when nivolumab or pembrolizumab is combined

with azacitidine, the overall response rates (ORRs) are 33% and

55%, respectively, among individuals with relapsed/refractory

(R/R) AML. Especially, patients who had not previously received

hypomethylating agents (HMAs) had even higher ORRs [55–57],

which may be related to the ability of HMA to increase the levels

of PD-1/PD-L1 [58]. The combination of pembrolizumab with

high-dose cytarabine or decitabine demonstrated efficacy, which

was consistent with previous studies [59]. Other studies have

shown that nonresponders to the combination of nivolumab and

azacitidine primarily exhibit increased CTLA-4 expression on T

lymphocytes [55]. The combination of ipilimumab with

azacitidine and nivolumab for treating R/R AML

demonstrated superior efficacy compared with the

combination of nivolumab and azacitidine alone, along with

an improvement in overall survival [60]. Research suggests that

dual immunotherapy holds promising potential for clinical

application. Additionally, research indicates that the

application of ICIs targeting PD-1 (nivolumab) or CTLA-4

(ipilimumab) before stem cell transplantation (SCT) can

enhance the progression-free survival (PFS) of AML/MDS

patients post-transplant [61]. Clinical studies on the utilization

of PD-L1 inhibitors for treating R/R AML have shown

suboptimal therapeutic efficacy. For example, the combination

of avelumab with decitabine has not yielded promising results

[62]. The combination of atezolizumab with azacitidine has also

shown limited therapeutic efficacy for treating R/R AML [63]. An

earlier study showed that an anti-CTLA-4 mAb (MDX-010)

induced the expansion of Teffs by enhancing the activity of

DCs [64]. Research have demonstrated that the anti-TIGIT mAb

TGTB227 is capable of suppressing the immunosuppressive

function of Tregs by reducing the expression of Foxp3 in

Tregs. This mechanism may be associated with the CD25/IL-

2 signaling pathway [65]. Furthermore, an elevation in the

frequency of TIGIT+ CD8+ T cells is associated with R/R

AML and post-HSCT relapse. This effect is mediated
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primarily through the dysfunction of CD8+ T cells and

diminished cytokine production. Moreover, knockdown of

TIGIT can reverse the immunosuppressive effects induced by

its high expression [66]. Tiragolumab, a novel anti-TIGIT

monoclonal antibody, has demonstrated promising efficacy in

studies on solid tumors when combined with the immune

checkpoint inhibitor atezolizumab to overcome

immunosuppression and restore immune responses [67].

Research on its use in malignant hematological tumors is

limited. However, clinical studies on TIGIT inhibitors for R/R

AML are relatively rare, although TIGIT inhibitors represent

potential therapeutic targets for overcoming AML resistance.

Sabatolimab (MBG453), a monoclonal antibody targeting TIM-

3, has demonstrated the ability to enhance immune responses

against leukemia cells in vitro [68]. We hypothesize that

inhibiting the immune checkpoint TIM-3 may help alleviate

the immunosuppressive effects of Treg cells and restore the

antitumor immune activity of Teffs, making it a promising

therapeutic approach for R/R AML. Currently, a study is

underway to investigate whether sabatolimab, either as a

monotherapy or combined with azacitidine, can amplify the

graft-versus-leukemia (GvL) response in patients who achieve

complete remission and are MRD positive following allogeneic

stem cell transplantation (allo-SCT) [NCT04623216]. Relatlimab

(BMS-986016), a human IgG4 anti-LAG-3 mAb, is a LAG-3-

targeting drug that can enhance antitumor immune responses

[69]. The combination of relatlimab with azacitidine in immune

therapy for AML is currently under investigation

[NCT04913922]. While LAG-3 inhibitors appear to be

effective immunotherapeutic targets for treating R/R AML,

further research is needed to increase their clinical applicability.

Tregs also express inducible T-cell costimulatory molecules

(ICOSs) on their surface. Its binding to inducible T-cell

costimulatory ligand (ICOSL) on AML cells can maintain

overexpression of Foxp3 and CD25 and promote the

transformation and proliferation of Tregs [70] (Figure 2).

Moreover, the upregulation of IL-10 secretion by

CD4+CD25+ICOS+ Tregs indicated that the expansion of

Tregs in AML could be achieved through the ICOS/ICOSL

pathway, which enhances the body’s immunosuppressive

ability and induces leukemia cells to immune escape and drug

resistance (Figure 2). Experiments have demonstrated that

FIGURE 2
Surface molecules of Tregs and drug resistance in AML. The coinhibitory receptor on Tregs mainly induces immune escape of AML cells by
inhibiting APCs and depleting Teffs. The combination of the costimulatory receptor ICOS on Tregs and ICOSL on AML cells can induce the
transformation and proliferation of Tregs, produce more IL-10, and play a stronger immunosuppressive role. Treg-expressed chemokine receptors
promote their accumulation at the tumor site to exert an immunosuppressive effect. A schematic diagram is created by Figdraw (www.
figdraw.com).
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ICOS+ Tregs exhibit an increased suppressive effect on

CD4+CD25− effector T cells. Treatment of AML mice with

anti-ICOSL mAb can decrease the number of Tregs, thereby

slowing the progression of AML [70]. Thus, the strategy targeting

the ICOS/ICOSL signaling pathways is expected to become new

targets in drug-resistant AML. Elevated ICOS expression is

linked to reduced OS rates in AML patients, and the

coexpression of ICOS with PD-1 in non-M3 patients predicts

even lower OS rates. Additionally, ICOS/PD-1 has emerged as an

independent predictor of poor outcomes in AML [71]. Studies by

Wan et al. have demonstrated that the proportion of Tregs in the

BM of AML patients is greater than that observed in normal

individuals, mainly because regulatory B cells (Bregs) induce

CD4+CD25-T cells to transform into Tregs, and the chemokine

receptor CXCR4 highly expressed on Tregs facilitates the strong

migration and aggregation to the BM [72] (Figure 2). In addition,

other chemokines, CCR1 and CCR5, expressed by Tregs can also

cause Tregs to accumulate at the tumor site to mediate

immunosuppression, promote immune evasion by cancer

cells, and promote drug resistance recurrence. Animal

experiments have confirmed that blocking the CXCL12-

CXCR4 and CCL3-CCR1/CCR5 axes can inhibit the

recruitment of Tregs in the bone marrow microenvironment

and delay the progression of leukemia [73] (Figure 2), therefore,

targeting the CXCL12-CXCR4 and CCL3-CCR1/CCR5 signaling

pathways may become targets of leukemia immunotherapy.

Moreover, AML cells can also effectively recruit Tregs by

expressing CCL2, which binds to CCR2 receptors on Tregs

[74]. These interactions help create an immunosuppressive

microenvironment that enhances the survival and drug

resistance of AML cells. Studies have shown that ICOSL,

which is overexpressed on AML cells, interacts with ICOS+

Tregs, which enhances their ability to secrete IL-10,

potentially inducing AML cell proliferation by triggering the

Akt, Erk1/2, p38, and STAT3 signaling cascades. Additionally, it

directly promotes the expansion of Tregs [70]. The upregulation

of hypoxia-inducible factor (HIF) expression triggered by

hypoxia in the AML microenvironment is associated with

resistance to doxorubicin, possibly because HIF-1α enhances

the expression of the YAP gene in AML cells, which stabilizes

the binding of HIF-1α to its target genes [75]. Regulating the

glycolytic pathway is associated with promoting Treg

proliferation [76], further assisting in the evasion of immune

surveillance by AML cells. Early studies have shown that

leukemia-derived microvesicles (MVs) in AML patients

suppress NKs cytotoxicity through TGF-β1, and this

inhibition is mediated via the SMAD signaling pathway [27].

AML cell-derived extracellular vesicles (EVs) inhibit the activity

of CD4+ T cells by carrying immune suppressive factors, such as

PD-L1, TGF-β1 or miRNA, thereby promoting immune evasion

in leukemia [77]. Research reported that leukemia cell-derived

exosomes can stimulate bone marrow stromal cells (BMSCs) to

secrete IL-8. IL-8 not only enhances the drug resistance of AML

cells (e.g., etoposide) and promotes the survival of leukemia cells

[78], but also interacts with the CXCR1 and CXCR2 on Tregs,

facilitating the migration of Tregs to the tumor site and thereby

suppressing effector T cells in the immune microenvironment.

Hong et al.’s research indicated that EVs isolated from patients

with relapsed/refractory AML can inhibit the antileukemic

cytotoxicity of NK-92 cells [79]. These findings suggest that

leukemia cells can induce the accumulation of Tregs at the

tumor site and inhibit the antitumor immune response by

changing the tumor immune microenvironment, thus

affecting the outcome of chemotherapy and leading to drug

resistance.

Over the past few years, substantial advancements have been

achieved inAML immunotherapy, with the identification ofmultiple

critical immune targets on AML cells that have been utilized for drug

development. Among these, CD33 is a widely studied target, and its

antibody‒drug conjugate, gemtuzumab ozogamicin, was approved

in 2017 for use in treating newly diagnosed and relapsed or refractory

CD33-positive AML patients [80, 81]. CD123, a marker of leukemia

stem cells, has been targeted by drugs such as flotetuzumab (a

CD123/CD3 bispecific antibody) and IMGN632 (an antibody‒drug

conjugate), both of which have demonstrated therapeutic potential in

R/R AML patients [82, 83]. The SIRPα-αCD123 fusion antibody

targets both CD123 and CD47, with a specific focus on AML

leukemia stem cells (LSCs). This dual-targeting approach

significantly enhances immune clearance while reducing off-target

toxicity, offering a novel strategy for achieving long-term remission

and improved survival in AML patients [84]. These studies not only

provide new strategies for the treatment of AML but also offer hope

for improving patient survival rates and quality of life in the future.

Other immune cells and drug
resistance in AML

Dendritic cells (DCs)

DCs originate from hematopoietic stem cells (HSCs) in the

BM and are the most powerful APCs in the body. DCs are mainly

categorized into conventional DCs (cDCs) and plasmacytoid DCs

(pDCs). Mature cDCs, characterized by high expression of MHC

II, the costimulatory molecules CD80/86 and CD40, and

intercellular adhesion molecule 1 (ICAM-1), effectively present

antigens, stimulate T cells, trigger adaptive immune responses, and

fight tumors. pDCs also have the ability to process and present

antigens, but their main function is to generate substantial

amounts of type I interferon (IFN-I) and other

proinflammatory factors, contribute to the antiviral innate

immune response, and participate in the initiation and

progression of tumors. Research have suggested that the

expansion of pDCs is closely associated with the progression of

AML [85]. The drug Tagraxofusp, which targets the pDC surface

marker CD123, has shown significant efficacy in clearing pDCs
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[86]. Research by Wenbin et al. reported that the frequent

occurrence of RUNX1 mutations is crucial for the

differentiation and expansion of pDCs [86]. Therefore, CD123-

targeted immunotherapy may represent a potential therapeutic

approach for RUNX1-mutated AML. Importantly, Zhu et al.

reported that patients with pDC infiltration in AML-M4/

M5 patients had lower chemotherapy sensitivity and longer

durations of CR and OS than those without pDC infiltration

did, indicating that pDCs can be used for AML-M4/M5 risk

stratification and to guide treatment [87]. Ocadlikova et al.

reported that doxorubicin and cytarabine can induce the

upregulation of CD39 or CD73 on DCs. The large amounts of

ATP released by AML cells during exhaustion can be broken down

by CD39 and CD73 into adenosine, which stabilizes the immune

activity of Tregs, promoting the formation of an

immunosuppressive microenvironment and inducing resistance

[88]. ATP can bind to the P2X7 receptor on DCs to induce the

upregulation of IDO1, depleting tryptophan and promoting the

production of kynurenine, which inhibits T-cell proliferation and

function [88–91]. Furthermore, Tregs release IL-10 and TGF-β,
driving DCs and macrophages to adopt an immune-tolerant or

protumor phenotype, further dampening the immune response

[92, 93]. Other research has revealed that differentiation and

proliferation of DCs rely on the FLT3/FLT3L signaling

pathway, with FLT3 mutations being the most common in

AML [94], and approximately 25% of patients harbor

FLT3 mutations, which is linked to an unfavorable prognosis

[95]. In recent years, with the development of tumor

immunotherapy, DCs presenting tumor-specific antigens have

been developed as vaccines, through which DCs present tumor

antigens to T cells to induce adaptive immune responses to fight

tumors and prevent drug resistance recurrence. However, the

effectiveness of DC vaccination in inducing the anti-tumor

response of immune system is relatively limited [96], and

combined treatment with chemotherapy and radiotherapy may

enhance the anti-tumor effect [97, 98]. Pepeldjiyska et al. reported

that the increase in the frequency of leukemia-derived DCs

(DCleu) derived from bone marrow primitive leukemia cells in

AML patients can downregulate Tregs and activate specific T cells

and NKs, promoting anti-tumor immune response [99], thus, the

heightened frequency of induced DCleu helps to increase the

body’s antitumor immunity and reverse tumor resistance.

Natural killer cells (NKs)

NKs are lymphoid innate immune cells and are the key effector

cells in immunotherapy [100], which are related to the occurrence,

progression and recurrence of AML [101]. The killer cell

immunoglobulin-like receptor (KIR) expressed on the surface of

NKs can be divided into two types, inhibitory and activating [102],

which can specifically recognize and bind target cell surface

molecules and play important antitumor roles [103]. NKs

express different immunophenotypes at the immature, mature,

and hypermature stages and can migrate, release cytokines, and

destroy target cells [104]. A study reported that the ratio of NK cells

in the BM of newly diagnosed AML patients may forecast patient

outcomes. In comparison to healthy individuals, the proportion of

NKs in the BMof R/R patients is the lowest [105], and their function

is impaired, suggesting that a reduced NK cell ratio correlates with a

worse prognosis in AML patients [106, 107]. NK-based

immunotherapy can significantly improve the outcomes of

patients with advanced or high-risk AML [108]. Studies have

shown that the overexpression of heme oxygenase 1 (HO1) in

AML patients induces NK dysfunction [109], thus, targetingHO1 to

restore NK cell function may be a promising anti-AML

immunotherapy strategy. Dai et al. reported that the myeloid cell

leukemia-1 (MCL1) is negatively correlated with that of NKs and

that the combined action of MCL1 inhibitors and NKs can

significantly exhaust primary AML cells and cell lines.

Interestingly, the proportion of NKs in the BM can affect the

effect of MCL1 inhibitors [105], indicating that the proportion

and abnormal function of NKs play important roles in the drug

resistance of AML leukemia cells. Chajuwan et al. observed that

elevated TIM-3 expression in NKs correlated with CR status after

induction therapy, indicating that TIM-3 in NKs may be a

prognostic marker for AML [110]. Bou-Tayeh et al. reported

that NKs from mice with leukemia express IL-15/mTOR

signaling, and this pathway can induce NK metabolism and

functional failure in leukemic mice [111]. Compared with that in

healthy controls, AML patients showed reduced levels of the NK-

activating receptors NKG2D, NKp46, and NKp30 in their

peripheral blood, while there was an upregulation in the

expression of inhibitory receptors such as TIM-3, ILT-4, ILT-5,

and PD-1. At the same time, the expression of Siglec-7 in NK cells

was notably reduced in AML patients [101], suggesting that

Siglec7 is an indicator of NK cell function and could potentially

be targeted to improve NK cell activity, thereby boosting the

antitumor immune response. Disruption of the NKG2D/

NKG2DL pathway, which is crucial for NK cell-mediated tumor

cell killing, can lead to immune escape in AML, resulting in drug

resistance [112]. Furthermore, NKs can release cytokines like IFN-γ
and perforin/granzyme, and express TNF-related apoptosis-

inducing ligand (TRAIL) and Fas Ligand (FasL) to activate

apoptotic pathways in tumor cells [113]. The loss of these

functions may represent a key mechanism through which

tumors escape killing mediated by NK cells. The

immunosuppressive tumor microenvironment created by TAMs,

MDSCs, and Tregs is a major obstacle to NK cell-mediated

antitumor activity. They drive NKs exhaustion and facilitate

tumor immune escape by depleting activation factors like IL-2,

releasing immunosuppressive molecules such as TGF-β and IL-10,

and activating inhibitory receptors on NK cells, including PD-1 and

TIGIT. Studies have shown that NK cells recognize ligands like

PDL1, Gal-9, and CD112/CD155 on AML cells through their

surface receptors PD-1, TIM3, and TIGIT, triggering inhibitory
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signaling pathways. This activation affects NK cell function via the

PI3K, ERK, and PKCθ pathways, thereby facilitating tumor immune

evasion [114, 115]. Moreover, the high expression of CD200 on

leukemia cells, through binding to CD200R, inhibits the cytotoxicity

of NK cells, inducing immune evasion of leukemia cells, which is

associated with the recurrence and progression of AML [116, 117].

NKs exhibit strong anti-tumor activity. Restoring the antitumor

properties of NK cells may represent a promising approach for

treating relapse. Notably, AML cells can evade the immune

recognition of NKs via gene mutation, fusion and epigenetic

modification, though the exact mechanism remains uncertain

[118]. Research has shown that the hypomethylation agent

(HMA) decitabine can upregulate the level of ICAM-1(CD54)

and CD48 on AML cells, thereby activating NKs to kill leukemia

cells while reversing immune evasion by leukemia cells [118, 119].

This suggests that the combination of HMA and NK cells infusion

may serve as a promising new approach for AML treatment.

The immune exhaustion of effector immune cells poses a critical

challenge in cancer treatment. Current strategies to reverse T cells

and NKs exhaustion primarily include ICIs, activation receptor

enhancement, and the application of genetically engineered CAR-

T/CAR-NK cells. ICIs targetmolecules such as PD-1, CTLA-4, TIM-

3, TIGIT, and LAG-3, blocking the interaction of checkpoint

molecules to relieve the inhibition of effector immune cells,

enhance their activity, reverse immune exhaustion, and overcome

immune resistance. IL-2 and IL-15 are critical cytokines that

promote the growth and activation of T cells and NK cells [120,

121]. Local or systemic administration of recombinant IL-2 or IL-15

can enhance the proliferation and function of immune cells, thereby

reversing immune exhaustion. Additionally, a study on CD33-

targeted CAR-T-cell therapy for AML demonstrated a transient

reduction in CD33+ leukemic blasts (lasting only 7 days),

accompanied by adverse effects such as leukopenia [122].

CD123-targeted CAR-T-cell therapy can achieve CR in AML

patients, but it is linked to notable adverse effects [123, 124].

NKG2D is a type II transmembrane receptor, and its signaling

induces cytolytic effector functions [125]. In a study involving

22 AML patients, repeated infusions of NKG2D CAR-T cells

resulted in a 4.5% probability of achieving a morphologic

leukemia-free state (MLFS) [126]. CAR-T-cell therapy for AML

remains under study but has demonstrated significant potential.

Owing to the potent antitumor properties of NK cells, CAR-NK cells

can also specifically target tumor cells [127], and CAR-NK cells offer

several advantages, including immediate availability, inducible

proliferation, and a longer lifespan [128]. However, when donor-

derived NKs are used, GVHD may occur [129].

Cytotoxic T lymphocytes (CTLs)

CD8+ T cells are activated, proliferate, and differentiate into

CTLs in peripheral immune organs and can accumulate at tumor

sites under the action of chemokines. The surface of CD8+ T cells

highly expresses lymphocyte function-associated antigen-1 (LFA-1)

and CD2, which can interact with the expression of ICAM-1. LFA-3

binds to target cells and kills target cells efficiently. Early research has

demonstrated that the accumulation of Tregs in the AML

progression model can suppress the expansion of CTLs [130],

potentially through the secretion of the inhibitory cytokines IL-10

and TNF-β. Leukemic progenitor cells and leukemic stem cells

(LPCs/LSCs) are currently believed to be responsible for disease

relapse after intensive therapy, and targeting LPCs/LSCs through

specific CTLs may be an option to prevent AML relapse [131]. The

application of anti-PD-1 antibody (nivolumab) in AML significantly

increases T-cell-directed immune response targeting leukemia-

associated antigen (LAA), particularly in the context of targeting

LPCs [131], thus, the nivolumab could a candidate immunotherapy

for those who are resistant. However, Rakova reported that ICIs

targeting PD-1 and CTLA4 exhibit limited clinical effectiveness in

AML [132]. InAMLwith TP53 genemutations, TIM-3 expression is

significantly increased, and CTLs exhibit characteristics of

exhaustion/dysfunction, indicating that the antitumor immune

response of TP53-mutated AML is insufficient, which presents a

new strategy for overcoming drug resistance in AML [133]. Studies

have suggested that IFN-I can promote the recruitment of tumor-

specific CTLs; therefore, stimulator of interferon genes (STING)

agonists have a killing effect on AML leukemia cells [134]. In

conclusion, CTLs specifically kill target cells, and immunotherapy

to restore and enhance the cytotoxic function of CTLs is an effective

treatment to combat tumor drug resistance.

A clinical study demonstrated progress in treating relapsed

AML patients with tumor-associated antigen-specific cytotoxic T

lymphocytes (TAA-CTLs), showing that some patients achieved

MRD negativity with a reduced incidence of relapse [135], but the

study involved a limited sample size, leading to lack statistical

significance and reliability. However, some studies have revealed

that immunotherapeutic approaches with TAA-CTLs are less

reliable at eradicating the disease, potentially because of the

immunosuppressive tumor microenvironment [136]. Studies

indicate that LAA-CTLs (such as CG1-CTLs or PR1-CTLs)

combined with pembrolizumab are more effective in eliminating

AML cells than LAA-CTLs alone without increasing toxic side

effects or the risk of GVHD [136, 137]. Chapuis et al. used adoptive

transfer of WT1-specific allogeneic TCR-T cells in a clinical trial to

treat high-risk AML patients, achieving good therapeutic outcomes

and helping to prevent disease relapse (NCT01640301) [138]. In

addition, an additional clinical study of autologous WT1-specific

TCR-T cells aimed to evaluate their therapeutic effects on high-risk

bone marrow malignancies, which showed significant efficacy and

excellent safety (NCT02550535) [139].

T helper 17 (Th17) cells

The primary function of Th17 cells is to induce neutrophils to

phagocytose and kill pathogens, primarily by secreting IL-17, IL-

Experimental Biology and Medicine
Published by Frontiers

Society for Experimental Biology and Medicine09

Zhang et al. 10.3389/ebm.2025.10235

https://doi.org/10.3389/ebm.2025.10235


21, and IL-22 to exert their immune effects. Among these

cytokines, IL-21 can amplify Th17 function through autocrine

signaling, stimulate CD8+ T-cell and NK proliferation and

differentiation, and have antitumor immune effects (Figure 3).

IL-17 has both tumor-promoting and antitumor effects. The

tumor-promoting properties of AML are mediated mainly by

angiogenesis, which stimulates endothelial cells to release

chemokines (CXCL1, CXCL2) and growth factors (GM-CSF) to

recruit neutrophils, and induces epithelial cells and fibroblasts to

release monocyte chemoattractant protein 1 (MCP-1) to recruit

monocytes to tumor sites to differentiate into TAMs [140],

whereas TAMs lose their antitumor immune properties and are

linked to unfavorable outcomes [141] (Figure 4). The antitumor

effect of IL-17 is synergistic with that of IFN-γ, which stimulates

tumor cells to release the chemokines CXCL9 and CXCL10 to

recruit NKs and CTLs into tumor sites [140, 142] (Figure 3). In

addition, Th17 cells can also recruit DCs by releasing CCL20,

which may enhance the immune response at the tumor site [140]

(Figure 3). Studies have confirmed that the proportion of

Th17 cells and the concentration of IL-17 in the bone marrow

of patients with newly diagnosed and relapsed AML are

significantly increased and that there is no notable distinction

between these patients and healthy controls in the CR and disease-

free survival (DFS) stages [143]. Ren et al. reported that the

overexpression of beta-1,4-galactosyltransferase 1 (B4GALT1) in

AML may be linked to poor patient outcomes, and the proportion

of Th17 cells shows a positive correlation with B4GALT1 levels

[144]. In newly diagnosed AML patients, peripheral blood CD4+

T cells (mainly Th17 cells) secrete abundant TNF-α, which binds

to TNFR2 on the surface of Tregs, inducing Treg expansion and

enhancing their function [145]. An in vitro study confirmed that

IL-1β, IL-6 and IL-23 can promote naive CD4+ T cells to

differentiate into Th17 cells. High levels of Th17 cells can

promote the proliferation and poor prognosis of AML patients

through IL-17-mediated activation of the PI3K/AKT and JAK/

STAT3 pathways. In addition, high levels of Th17 cells can inhibit

Th1 cell and IFN-γ production through the secretion of IL-17 and

IL-22 [146]. Another clinical study indicated that the cytokines IL-

23 and IL-17 secreted by Th17 cells are also positively correlated

with poor clinical outcomes in AML [147].

This novel epigenetic therapy shows safety and efficacy in

managing early relapse in non-APL AML patients following

transplantation, with Th1/Th17 ratio modulation offering both

immunological benefits and potential as a biomarker for relapse

FIGURE 3
Targeting effect of Th17 cells on AML cells. Th17 cells induce the differentiation and proliferation of CTLs and NKs by secreting IL-21; IL-17
secreted by Th17 cells and IFN-γ secreted by NKs act on AML cells together, which can induce tumor cells to secrete CXCL9/CXCL10, accumulate
NKs and CTLs, and kill tumor cells. Th17 cells also recruit DCs by releasing CCL20 to enhance the immune response at the tumor site. A schematic
diagram is created by Figdraw (www.figdraw.com).
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monitoring [148]. The traditional stimulator of interferon genes

pathway can effectively improve antitumor immunity. However,

owing to its easy degradation and membrane transport difficulties,

its antitumor effect is blocked. Emerging bioinspired nanomedicines

can enhance the STING pathway to target AML cells systemically,

and the mechanism may be related to the increased proportion of

Th1/Th17 cells, the concentration of IFN-I and proinflammatory

cytokines, and the decreased proportion of Th2 cells [149]. Elevated

expression of the immunoregulatory transcription factor ZEB1 is

related to poor overall survival, and the underlying mechanism may

involve the promotion of Th17 cell development, increasing the

secretion of IL-17 and TGF-β, and the expression of suppressor of

cytokine signaling 2 (SOCS2) [150]. Therefore, ZEB1 may be a

promising therapeutic target for AML.

Myeloid-derived suppressor cells (MDSCs)

MDSCs are composed mainly of granulocyte myeloid-

derived suppressor cells (G-MDSCs, CD66b+CD15+HLA-DR-

cells), monocyte MDSCs (M-MDSCs, CD14+CD11b+CD33+HLA-

DR-/lo cells) and immature myeloid cells (IMCs,

CD11b+CD33+CD14-HLA-DR-CD34+ cells) [151]. An increase

in the number of MDSCs in myeloid malignancies results in a

significant immunosuppressive effect, which may induce immune

escape of tumor cells and promote tumor development [152].

MDSCs can inhibit Teffs by releasing arginase 1 (Arg1), nitric

oxide synthase 2 (NOS2), reactive oxygen species (ROS),

cyclooxygenase 2 (COX2), TGF-β, etc. [153–155], thereby

promoting the progression of various cancers. In addition,

MDSCs can indirectly upregulate Tregs [156]. In AML, MDSCs

can suppress potent antitumor immune responses [157] and can

suppress the function of CD8+ T cells via high expression of

Arg1 and indoleamine-2,3-dioxygenase 1 (IDO) [158]. Among

them, IDO1 can decompose tryptophan, and a decrease in

tryptophan and the accumulation of its metabolites can suppress

the proliferation of antigen-specific T cells and trigger their apoptosis

[159]. Arginase II induces T-cell apoptosis and autophagy by

depriving T cells of the ability to metabolize the essential amino

acid arginine [160], thereby reducing the immune effect of T cells on

cancer cells. MDSCs and Tregs are complex, as they can enhance

their interactions through soluble mediators (such as IL-10 and

TGF-β), metabolic cooperation (such as Arg-1, iNOS, and CD73),

and intercellular communication (such as PD-L1/PD-1, CD80/

FIGURE 4
Tumor-promoting effects of Th17 cells. The tumor-promoting effect of Th17 cells is mainly to induce angiogenesis and TAM differentiation.
TAMs lose their antitumor properties, have immunosuppressive effects, induce immune escape of tumor cells, and are linked to a poor prognosis in
AML. A schematic diagram is created by Figdraw (www.figdraw.com).
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CTLA-4, and CD40/CD40L), establishing a complex

immunosuppressive feedback mechanism [161]. Ren et al.

reported that high levels of M-MDSCs, which possess potent

immunosuppressive capabilities, can predict poor prognosis in

AML patients [162]. In addition, Tohumeken et al. reported that

AML-derived EVs can induce conventional monocytes to

differentiate into MDSCs, obtain a CD14+HLADRlow

phenotype, and upregulate IDO to inhibit effector T-cell

immunity. The Akt/mTOR pathway plays a critical factor in the

phenotype and functional transformation of monocytes induced by

AML-released EVs [163], and MDSCs also significantly inhibit the

proliferation of NKs [164], indicating that an increase in MDSCs

facilitates tumor cell immune escape. Research by Bai et al. revealed

that the mechanism of AraC-induced AML resistance may involve

the amplification of TNF-α, which activates the IL-6/STAT3 and

NF-KB pathways, enhancing the function and survival of MDSCs

and thereby mediating the immune evasion by tumors and drug

resistance [165], suggesting that chemotherapy combined with

TNF-α-targeting therapy may be an effective strategy to inhibit

MDSC-induced immune escape. Additionally, Pyzer et al. reported

that AML induces the release of the c-Myc protein through MUC1-

C signaling, which inhibits the expression of miR34a, driving the

proliferation of MDSCs, the levels of PD-L1, and

immunosuppressive functions [166]. These findings highlight the

potential of targeting the MUC1-C/c-Myc pathway as an approach

for AML immunotherapy. Au et al. reported that the accumulation

of immunosuppressive cells, including Tregs, MDSCs (mainly

G-MDSCs) and TAMs, in the BM of AML patients is connected

to CD34+ AML progenitor cells [32], which promotes the immune

evasion of AML blasts. Research has demonstrated that MDSC-like

progenitor cells can induce Tregs expansion and cause CTLs

dysfunction and exhaustion [158, 167], further reinforcing the

tumor-suppressive microenvironment, which is closely associated

with relapse following allo-HSCT in AML [168]. VISTA inhibits the

activity of CD8+ T cells via high expression on MDSCs from AML

patients, and its synergistic effect with PD-1 suggests that combined

inhibition of VISTA and PD-1 pathways may be a new strategy to

enhance AML immunotherapy [169]. In vitro studies have shown

that an IDO1 inhibitor (INCB024360) can induce the proliferation

of CTLs, reduce Tregs, and decrease the immunosuppressive activity

of MDSCs [170]. However, a phase II trial in MDS patients revealed

that INCB024360 had no significant therapeutic effect [171].

Currently, research on INCB024360 (epacadostat) in AML is

relatively limited. Research conducted by Masahiro et al. showed

that DC vaccines loaded with Wilms’ tumor 1 (WT1) enhance

immune surveillance by reducing the number of MDSCs and

downregulating their immunosuppressive functions, particularly

the arginase 1 and IDO pathways, offering new hope for

immunotherapy in AML [172]. Miner et al.’s study revealed that

myeloid leukemia cells (including AML and MDS cells) can inhibit

T-cell function through the STAT3 and arginase pathways [173].

These findings suggest that therapeutic strategies targeting

STAT3 and arginase inhibitors may increase the effectiveness of

leukemia immunotherapy and improve immune evasion

mechanisms.

Summary

We conducted a detailed exploration of the immune

mechanisms responsible for resistance to treatment in AML,

with an emphasis on immune cells in the bone marrow

microenvironment. Research indicates that Tregs contribute

significantly to immune evasion and chemoresistance by

releasing inhibitory cytokines and expressing immune

checkpoint molecules, with elevated Treg levels being associated

with poor prognosis. AML cells further promote tumor survival

and evade immune surveillance by releasing immunosuppressive

molecules and altering the bone marrow microenvironment. DCs,

NKs, and CTLs also contribute significantly to immune regulation

in AML, with impaired DC function, suppressed NK activity, and

reduced CTL antitumor capacity closely linked to drug resistance.

Moreover, myeloid-derived suppressor cells exacerbate immune

suppression by secreting metabolic inhibitory molecules and

increasing Treg activity. We also summarize recent advances in

immunotherapy, including ICIs, CAR-T and CAR-NK cell

therapies, and treatments targeting AML-specific antigens, all of

which have potential in enhancing immune function and

overcoming drug resistance. We emphasize the need for future

research to optimize immunotherapy protocols, integrate

chemotherapy and other treatments, improve patient outcomes

and increase survival rates.
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