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Introduction
AML is a highly heterogeneous hematological malignancy char-

acterized by clonal proliferation of abnormal myeloid progenitor 
cells, which disrupts normal hematopoietic function and triggers 
life-threatening complications, including bone marrow failure, 
infection, bleeding, and organ infiltration. Conventional AML 
therapies are dominated by chemotherapy, targeted therapy, and 
hematopoietic stem cell transplantation. While these approaches 
achieve partial remission, they carry critical limitations: chemo-
therapy induces severe systemic toxicity and drug resistance, 
targeted agents are limited by genetic heterogeneity and high 
relapse rates, and transplantation is restricted by donor shortage 
and graft-versus-host disease. Given these clinical bottlenecks, 
immunotherapy has emerged as a promising alternative, and the 
combination of chemotherapy and immunotherapy has become a 
frontier strategy to break through monotherapy constraints. Recent 
studies have confirmed that chemotherapy drugs can reshape the 
tumor immune microenvironment through multiple pathways and 
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Abstract
Despite the emergence of new approaches in acute myeloid leukemia (AML) treatment in recent years, the overall prognosis re-
mains poor. Particularly for elderly patients and relapsed/refractory cases, the five-year survival rate consistently remains below 
30%. While traditional chemotherapy regimens can rapidly suppress tumor burden and alleviate clinical symptoms, they suffer 
from limitations such as insufficient targeting, prominent toxic side effects, and a tendency to induce drug resistance. Immuno-
therapy offers a novel therapeutic pathway for AML due to its advantages of precise targeting, long-lasting antitumor effects, and a 
controllable safety profile. However, single-agent immunotherapy demonstrates limited clinical response rates in AML and strug-
gles to achieve complete tumor cell clearance. In this context, combination regimens of chemotherapy and immunotherapy are in-
creasingly becoming the focus of research. This review aims to summarize the rationale and advances in the combination of immune 
checkpoint inhibitors, chimeric antigen receptor T-cell therapy, antibody-drug conjugates, bispecific antibodies, and cancer vaccines 
with chemotherapy for the treatment of AML. We have detailed the preclinical research and clinical trial progress of each combined 
regimen, analyzed the core challenges—including off-target toxicity, high tumor heterogeneity, and limited efficacy in specific AML 
subtypes—and further propose targeted solutions and future development directions, such as exploring novel specific antigens, 
developing multi-targeted drugs, and formulating precision individualized treatment plans. The clinical application of such com-
bined strategies is attracting increasing attention. In conclusion, chemo-immunotherapy combinations represent a highly promising 
therapeutic paradigm for AML, harnessing the synergy of chemotherapy-mediated immune microenvironment remodeling and 
the specific antitumor activity of immunotherapies to overcome single-agent limitations and deliver meaningful survival benefits.
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enhance the body’s own antitumor immune response. This process 
is termed immunogenic cell death.1 Chemotherapy can also elimi-
nate immunosuppressive cells, such as myeloid-derived suppres-
sor cells and regulatory T cells, within the tumor microenviron-
ment. Simultaneously, it can downregulate the expression levels of 
immune checkpoint molecules such as programmed death-1 (PD-
1)/programmed death-ligand 1 (PD-L1) and reduce the production 
of immunosuppressive factors, including interleukin (IL)-10 and 
transforming growth factor-β.2,3 This disrupts the immune evasion 
mechanisms of tumor cells, creating more favorable conditions 
for the efficacy of immunotherapy drugs. The core advantage of 
immunotherapy lies in its ability to activate the body’s own im-
mune system to target and eliminate tumor cells specifically. This 
approach offers persistence and memory, enabling the effective 
recognition and destruction of leukemia stem cells (LSCs) while 
disrupting their immortal proliferative properties.4,5 LSCs are con-
sidered the core factor driving acute myeloid leukemia (AML) 
relapse. Targeting and eliminating LSCs to prevent disease recur-
rence represents the most promising pathway toward achieving a 

permanent cure for AML, offering the potential for deep remission 
and long-term disease-free survival.5,6

In current AML treatment, immunotherapy is primarily catego-
rized into five types based on distinct drug mechanisms (Fig. 1): 
immune checkpoint inhibitors, chimeric antigen receptors (CARs), 
antibody-drug conjugates (ADCs), bispecific antibodies (BsAbs), 
and tumor vaccines.7 Multimodal immunotherapy combination 
treatment integrates immunotherapies with distinct mechanisms 
of action alongside chemotherapy, generating synergistic effects 
between the two. This represents the most promising development 
direction in current AML treatment. Accordingly, this review aims 
to elaborate the theoretical basis, core implementation strategies, 
and clinical research progress of chemotherapy–immunotherapy 
combination therapy for AML, analyze the existing challenges in 
clinical application, and explore future development directions, so 
as to provide theoretical references for optimizing AML combina-
tion regimens and developing individualized precise treatments, 
thereby improving therapeutic efficacy and survival outcomes of 
AML patients.

Fig. 1. Schematic of the distinct mechanisms of five classes of immunotherapeutic drugs: programmed death-1/programmed death-ligand 1 (PD-1/PD-
L1) inhibitors specifically bind to PD-1 or PD-L1, blocking their interaction. This releases the inhibitory state of T cells, restoring their activity so they can 
recognize and attack tumor cells once again. After specifically recognizing and binding to antigens on the surface of tumor cells, the antibody-drug conjugate 
(ADC) is internalized into the tumor cell. Within the cell, the ADC is degraded, releasing the cytotoxic drug that damages the tumor cell’s DNA or inhibits 
its division. Another portion can penetrate the cell membrane and diffuse into surrounding tumor cells, targeting those that do not express or express low 
levels of the target antigen. Chimeric antigen receptor T cells (CAR-T) can specifically recognize and bind to tumor antigens. Activated T cells can also release 
cytokines such as interferon-gamma (IFN-γ), thereby helping to activate a small number of innate immune cells and enhance immune responses. Bispecific 
antibodies (BsAbs) directly recruit immune cells to the vicinity of tumor cells, enabling more precise killing. Simultaneously, they activate immune cells such 
as natural killer (NK) cells to release cytokines, enhancing their cytotoxic function and promoting their proliferation. Dendritic cells (DCs) present tumor 
antigens to T cells, activating specific T cell immune responses and inducing the production of large numbers of cytotoxic T lymphocytes (CTLs) capable of 
recognizing tumors. These cells then kill tumor cells. IL, interleukin; MHC I, major histocompatibility complex class I; TCR, T-cell receptor; TRAIL, TNF-related 
apoptosis-inducing ligand.
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Combination therapy with immune checkpoint inhibitors
Immune checkpoints are based on interactions between inhibitory 
receptors and ligands on the surface of immune cells. By regulat-
ing signaling cascades, they can induce negative regulation of im-
mune cells, thereby allowing tumor cells to evade immune surveil-
lance. This ultimately leads to failure in eliminating tumor cells, 
promoting tumor progression.8 The anticancer effects of immune 
checkpoint inhibitors stem from their ability to augment immune 
responses. To do this, they utilize monoclonal antibodies designed 
to bind to immune checkpoint proteins expressed on the surface of 
immune cells or tumor cells. By blocking key immune checkpoints 
such as PD-1, cytotoxic T-lymphocyte antigen 4 (CTLA-4), and 
PD-L1, these inhibitors suppress the activity of negative signal-
ing receptors while promoting immune cell activation, ultimately 
driving the regression of cancer.9–11 Currently, new immune check-
points, including CD47, LAG-3, and TIM-3, are under investiga-
tion.12,13

PD-(L)1 and CTLA-4 inhibitors
Research findings from the Gojo team indicate that the combi-
nation therapy of pembrolizumab (a PD-1 inhibitor) with azaci-
tidine (AZA) offers a new treatment option for elderly patients 
with AML. For newly diagnosed elderly patients, this regimen 
demonstrated superior outcomes across all metrics compared to 
monotherapy, while also exhibiting improved safety. Although 
trials demonstrate significantly superior efficacy in newly diag-
nosed elderly AML compared to relapsed/refractory (R/R) AML, 
traditional salvage therapies for R/R AML patients typically yield 
a median overall survival (OS) of less than 6 months. In this study, 
however, the combination regimen extended median OS to 10.8 
months across the entire cohort. Among patients achieving com-
plete response (CR), complete response with incomplete blood 
count recovery (CRi), or partial response (PR), the one-year OS 
rate reached 75%. This highlights the disease control efficacy of 
this combination regimen in refractory patient populations, indi-
cating its salvage value for R/R AML and delivering clear survival 
benefits to patients.14

Another point worthy of attention is that immune checkpoint in-
hibitors may induce immune-related adverse events, representing 
a significant safety concern in the trial.15 Within this study, indi-
viduals who experienced immune-related adverse events received 
effective control through the administration of steroid hormones.14 
This finding suggests that further exploration of approaches such 
as low-dose prophylactic steroid use may reduce the incidence of 
immune-related adverse events, thereby enhancing the safety pro-
file of this combination therapy regimen. To improve outcomes for 
AML patients unsuitable for intensive induction therapy, Gojo et 
al. conducted a phase II trial (NCT04284787) evaluating pembroli-
zumab in combination with AZA plus venetoclax (VEN). How-
ever, current data indicate that adding pembrolizumab does not 
significantly improve patient survival or prognosis, and it may lead 
to worse treatment outcomes.16 The team is currently performing 
immune-related and correlational analyses to further validate the 
aforementioned findings. Further studies are warranted to identify 
effective therapeutic strategies for this group of AML patients.

A Phase II study (NCT04214249) of pembrolizumab combined 
with intensive chemotherapy for AML is currently underway (Ta-
ble 1), which will help us better understand its efficacy in patients 
with minimal residual disease status. To optimize therapeutic ef-
ficacy, a triple combination regimen of AZA plus nivolumab 
(anti-PD-1) and ipilimumab (anti-CTLA-4) is being used for the 
treatment of R/R AML. Preliminary data indicate that this regi-

men demonstrates significantly superior efficacy in salvage phase 
I patients compared to subsequent phases, suggesting that early 
intervention with such regimens may substantially improve patient 
survival.17 This provides a basis for selecting the optimal timing 
for clinical treatment, thereby preventing patients from missing the 
best window for intervention. Another study evaluated the com-
bination of high-dose cytarabine (HiDAC) with pembrolizumab. 
Among the 28 patients receiving HiDAC plus pembrolizumab as 
their first salvage therapy, 13 (46%) achieved CR/CRi. This com-
bination therapy significantly improved the CR rate compared to 
historical data for HiDAC monotherapy, yielding encouraging 
results.18 A Phase II trial investigating the triple combination of 
AZA, nivolumab, and relatlimab for the treatment of AML is also 
underway (NCT04913922) (Table 1).

CD47 macrophage immune checkpoint
The immune checkpoint inhibitor CD47 targets macrophages, dif-
fering from traditional immune checkpoint inhibitors that act on 
T cells. Its primary mechanism involves modulating macrophage 
function. CD47, as a transmembrane protein, primarily transmits 
anti-phagocytosis or “don’t eat me” signals, thereby inhibiting 
phagocytic clearance.19 Anti-CD47 antibodies have demonstrated 
their potential to inhibit tumor immune escape.20 Currently, exten-
sive work has been conducted on CD47-SIRPα pathway inhibition 
therapies. The core intervention strategy primarily involves block-
ing CD47 with monoclonal antibodies.21 Additionally, recombi-
nant SIRPα proteins capable of binding and blocking CD47 are 
also considered potential intervention approaches.22 In preclinical 
studies, anti-CD47 antibodies have demonstrated biological activ-
ity against multiple human malignancies, a conclusion validated 
through in vitro experiments and mouse xenograft models.23 Re-
searchers administered antibodies that specifically block the hu-
man CD47 molecule to mouse models implanted with human pri-
mary AML and acute lymphoblastic leukemia cells. They observed 
effective clearance of tumor lesions in the peripheral blood and 
bone marrow of the experimental animals, with some mice even 
achieving sustained disease remission.23,24

In certain preclinical xenograft models, the therapeutic efficacy 
of anti-CD47 antibodies is influenced to some extent by tumor 
burden. For example, in a mouse model of human AML, when 
the tumor burden in the bone marrow exceeded 70%, anti-CD47 
antibody alone failed to completely eradicate the tumor tissue 
within the animals.23,24 However, these residual tumor cells can 
be effectively phagocytosed by macrophages in in vitro experi-
mental settings. This phenomenon suggests that the key reason for 
the difficulty in eradicating tumors in the aforementioned mouse 
models is likely the insufficient number of macrophage effector 
cells within the bone marrow cavity to cope with the high tumor 
burden. Currently, the combined use of macrophage stimulants has 
been proven to effectively increase the number of macrophages 
and enhance their function.25 Moreover, when combined with an-
tigen-specific therapeutic antibodies, these cytokines can generate 
stronger antitumor activity against multiple tumor types.25

While monotherapy targeting CD47 has demonstrated effi-
cacy in various preclinical tumor models, combination strategies 
exhibit significantly greater therapeutic potential in comparison. 
Research combining anti-CD47 monoclonal antibodies with hy-
pomethylating agents (HMAs) demonstrated favorable safety and 
tolerability in Phase I clinical trials.26 Data from a Phase Ib clinical 
trial indicate that the combination of magrolimab and AZA sig-
nificantly improves the complete remission rate in treatment-naive 
AML patients harboring TP53 gene mutations.27 Based on these 
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positive early clinical results, multiple subsequent clinical studies 
were initiated, including a Phase III trial (NCT04778397) evalu-
ating the efficacy of magrolimab in combination with AZA, and 
a Phase III study (NCT05079230) exploring a triple combination 
regimen of magrolimab, AZA, and VEN. However, data analysis 
revealed that this combination therapy not only failed to meet ef-
ficacy expectations but also resulted in an increased risk of death 
among patients in the treatment group.28 Based on this, Gilead Sci-
ences announced the termination of the trial. Following the succes-
sive discontinuation of these three pivotal Phase III trials, the U.S. 
Food and Drug Administration (FDA) also suspended all clinical 
studies of magrolimab for the treatment of AML and MDS. Gilead 
ultimately decided to cease further development of the drug in the 
field of hematologic malignancies, leading to the halt of subse-
quent research on magrolimab for myeloid malignancies.

CAR-engineered immune cells combination therapy

CAR-T cell therapy
Since the FDA approved the first CAR-T therapy in 2017, it has 
ushered in a new era in hematological treatment, demonstrating 
remarkable efficacy in the management of blood cancers. In adop-
tive cell transfer therapy, CAR-T targeting CD19 or BCMA has 
demonstrated high response rates and durable responses in certain 
types of B-cell malignancies.29 No similar breakthroughs have yet 
emerged for AML, but they encourage us to turn our attention to 
potential treatments for AML. The greatest challenge in CAR-T 
therapy for AML is identifying specific target antigens, as antigens 
expressed on AML cells are often also expressed on healthy he-
matopoietic stem cells. This lack of exhaustive antigens means that 
targeting myeloid antigens can lead to severe side effects, such as 
clinically intolerable long-term bone marrow ablation, or the target 
antigen may not be expressed on the majority of AML cells.30

Patients with AML harboring DNMT3A gene mutations exhibit 
poor treatment outcomes and prognosis.31,32 However, it is note-
worthy that AML cells harboring DNMT3A mutations exhibit sig-
nificantly elevated CD44v6 expression on their surfaces.33 CD44v6 
CAR-T cells can precisely target and kill such mutated AML cells. 
Low-dose decitabine pretreatment enhances this killing effect and 
further upregulates CD44v6 expression on the surface of mutated 
cells.34,35 Therefore, the combination of CD44v6 CAR-T therapy 
with decitabine boosts the recognition and eradication of malig-
nant cells, broadening treatment options for AML with DNMT3A 
gene mutations. This target has demonstrated significant potential 
in trials (NCT04097301) treating AML and multiple myeloma.

A study found that combining anti-CD123 CAR-T therapy with 
HMA drugs may enhance anti-leukemia efficacy and survival 
rates. Aza increases cellular immunogenicity and boosts CD123 
surface expression on AML cells, thereby enhancing the ability 
of anti-CD123 CAR-T cells to discern and eradicate malignant 
cells.36 Compared to monotherapy, it significantly improves pa-
tient survival rates. Further studies are anticipated to evaluate the 
efficacy of this combination therapy. Research has revealed that 
abnormal activation of mTORC1 signaling in CAR-T cells reduces 
bone marrow infiltration, preventing CAR-T cells from effectively 
eliminating AML cells within the bone marrow.37 However, pre-
treatment with rapamycin effectively resolves this issue, signifi-
cantly enhancing the ability of CAR-T cells to infiltrate the bone 
marrow.38 As research progresses, mounting evidence indicates 
that chemotherapy not only eradicates leukemia progenitor cells 
but also enhances sensitivity to immune-mediated elimination 

when combined with immunotherapies such as CAR-T cell thera-
py or checkpoint inhibitors, thereby boosting cytotoxic effects.34,39

CAR-natural killer (NK) cell therapy
NK cells are a key component of the human innate immune system. 
Not only do they exhibit a broader spectrum of anticancer activ-
ity, but they also do not induce severe graft-versus-host disease.40,41 
Compared to T cells, NK cells possess numerous unique advantag-
es. Without requiring prior antigen sensitization, they can directly 
recognize and lyse cancer cells by releasing perforin and granzyme 
B.42 Additionally, they secrete cytokines such as interferon-gamma 
to activate surrounding immune cells and achieve systemic im-
mune regulation, thereby amplifying the overall immune response 
and enhancing antitumor efficacy.43,44 The development of CAR-
NK targets has achieved breakthroughs across multiple dimensions. 
CD33 and CD123, as classic targets for CAR-NK therapy, have 
demonstrated significant potential in multiple trials.45–47 Wang et 
al.48 designed a novel CD33-MSLN Loop CAR that further en-
hances the clearance efficiency of heterogeneous AML cells. They 
also discovered that gene-edited knockout of CD33 prevents self-
killing among Loop CAR-NK and Loop CAR-iNK cells, signifi-
cantly promoting their expansion capacity and antitumor efficacy.48 
Chen et al.49 identified a novel target for endoplasmic reticulum 
chaperone proteins. Their engineered HSP90B1 CAR-NK cells 
demonstrated precise killing with excellent safety profiles in both 
in vitro and animal models.49 CAR-NK therapy is gradually emerg-
ing as a new approach to cancer cell therapy.

Multiple clinical trials are underway to evaluate the safety and 
efficacy of combining CAR-NK therapy with chemotherapy. For 
example, a study (NCT05987696) is currently exploring the use of 
CD33/CLL1 dual CAR-NK cells, CD33 CAR-NK cells, and super 
NK cells in combination with chemotherapy for the treatment of 
AML. Another Phase I study (NCT05008575) evaluated the safety 
and efficacy of CD33 CAR-NK cells in R/R AML following chem-
otherapy pretreatment. The published data showed that 6 out of 
10 patients achieved minimal residual disease negativity within 28 
days, with no serious adverse events occurring.50 Preliminary re-
ports indicate that the combination therapy is well tolerated. How-
ever, in one trial, significant safety concerns arose in AML patients 
who underwent multiple pretreatments and subsequently received 
CD123 CAR-NK cell therapy due to excessive proliferation of the 
CAR-NK cells. Thorough investigations and expanded sample 
monitoring of its efficacy will still be required in the future.51

CAR-macrophage (CAR-M) cell therapy
Research and development of CAR-M cell therapy is currently in 
its early stages, with the number of preclinical and clinical studies 
on malignant hematologic disorders gradually increasing. Morris-
sey and colleagues developed the first CAR-M cell in 2018, ini-
tially referred to as CAR-phagocyte. They discovered in a mouse 
phagocytosis receptor library that the Megf10 and FcRγ intracel-
lular domains possess potent capabilities to trigger phagocytosis. 
Their research confirms that modifying the CAR domain can sig-
nificantly enhance the phagocytic function and antitumor efficacy 
of CAR-M.52 Jiang et al. successfully constructed CD26 CAR-
M, which demonstrated specific phagocytosis in CD26-positive 
chronic myeloid leukemia (CML) cells both in vitro and in vivo. 
It is expected to eradicate CML-LSCs.53 Zhang et al. designed the 
CD19 chimeric antigen receptor-engineered induced macrophages 
(CAR-iMacs). Subsequently, in co-culture with CD19-expressing 
K562 leukemia cells, CAR-iMacs demonstrated antigen-dependent 
phagocytosis and anti-cancer cell activity.54 These groundbreaking 
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research achievements provide crucial theoretical references and 
practical approaches for developing multi-target CAR-M therapies 
and applying them in the treatment of malignant hematological 
diseases. Although CAR-M therapy is currently primarily confined 
to preclinical research, it is expected to emerge as a significant 
treatment option in the field of malignant hematological disorders 
as research progresses.

Combination therapy with ADCs
CD33, CD123, and C-type lectin-like molecule-1 (CLL1, also 
known as CLEC12A) are specific antigens highly expressed on the 
surface of AML cells. They represent the most extensively studied 
targets for immunotherapy, exhibiting extremely low or undetect-
able expression in normal hematopoietic stem cells and somatic 
cells.55 CD33 is expressed in approximately 90% of AML cases, 
and its expression intensity and pattern in AML progenitor cells 
differ significantly from those in normal progenitor cells.56

Gemtuzumab ozogamicin (GO) has been approved by the FDA 
for the treatment of R/R AML. GO is an ADC targeting the CD33 
antigen that is linked to a DNA-damaging cytotoxic drug. It has 
demonstrated excellent therapeutic efficacy in the treatment of 
AML.57 Adding GO to induction chemotherapy significantly im-
proved OS, delivering a clear survival benefit for patients with-
out adverse cytogenetics.58 Singh et al. demonstrated through a 
retrospective study that the use of intensified daunorubicin and 
GO, combined with FLT3 inhibitors, is safe for treating high-risk 
AML patients and significantly improves remission rates.59 For 
R/R AML, the combination therapy of Lintuzumab-Ac225 target-
ing CD33 with CLAG-M (NCT03441048) achieved a CR/CRi rate 
of 67%. The combination demonstrated excellent tolerability and 
manageable toxicity. The study also revealed that as the dose in-
creased, remarkably impressive results were demonstrated in R/R 
AML patients, exerting a profound impact on high-risk R/R AML 
patients.60,61 Multiple studies investigating GO in combination 
with chemotherapy for AML are currently underway (Table 1).

IMGN632 is a novel CD123-targeted ADC featuring a hu-
manized IgG1 antibody and a DNA alkylating agent that dis-
rupts cancer cell DNA. It (NCT03386513) has demonstrated 
encouraging single-agent clinical activity in patients with R/R 
AML and BPDCN.62 Kuruvilla et al. discovered that when 
IMGN632 is combined with VEN, cancer cells’ DNA damage 
response is impaired, preventing them from repairing DNA dam-
age induced by IMGN632. This ultimately increases cancer cell 
death, highlighting the synergistic cytotoxic effect of IMGN632 
and VEN. Their findings demonstrate that VEN’s inhibition of 
DNA damage response enhances the efficacy of IMGN632. AZA 
further assists in disrupting cancer cell DNA, while VEN simul-
taneously inhibits BCL-2. The combined action of these three 
agents achieves highly efficient killing of AML cells.63 Notably, 
IMGN632 in combination with VEN and AZA demonstrates 
significant efficacy in CD123-positive AML, particularly in the 
FLT3-ITD mutation subtype. However, its efficacy diminishes 
in AML cells with TP53 loss-of-function mutations, providing 
a basis for subsequent precision patient selection.64 A Phase Ib/
II study (NCT04086264) evaluating IMGN632 as monotherapy 
or in combination with VEN and/or AZA in CD123-positive 
AML is currently ongoing (Table 1). To determine the optimal 
dose for combining IMGN632 with chemotherapy, a Phase I trial 
(NCT06034470) is currently underway evaluating a regimen of 
FLAG-Ida plus PVEK (IMGN632) in newly diagnosed AML pa-
tients with adverse-risk factors (Table 1).

Combination therapy with BsAbs
BsAbs represent a promising cancer immunotherapy approach. By 
combining the antigen-binding sites of two antibodies, they en-
able simultaneous binding to two distinct epitopes on the same or 
different antigens.65 Multiple forms of BsAbs can be bridged to 
enable specific binding between tumor antigens and the T-cell co-
receptor molecule CD3, redirecting polyclonal T cells to target tu-
mor cells and activating the cytotoxic function of immune effector 
cells.66 When combined with chemotherapy, they aim to eliminate 
minimal residual disease and reduce recurrence rates.

Flotetuzumab (MGD006) is an investigational CD123 dual-af-
finity redirection toxin molecule targeting both CD123 and CD3. It 
simultaneously binds to CD123 on the surface of AML cells and to 
CD3 on the surface of effector T cells.67 In vitro experiments and 
in vivo animal models demonstrate that activated T cells can exert 
targeted cytotoxic effects on AML blast cells by secreting gran-
zyme and perforin, ultimately inducing AML blast cell death.68 
In a trial, flotetuzumab demonstrated synergistic enhancement 
of efficacy when combined with cytarabine for the treatment of 
pediatric AML.69 Combination therapy did not interfere with the 
anti-AML activity of MGD006, confirming the feasibility of com-
bining chemotherapy (cytarabine) with a BsAb (flotetuzumab). 
Results from two patient-derived xenograft models (high/moder-
ate CD123 expression) demonstrated that the combination regimen 
adapts to pediatric AML with varying CD123 expression levels, 
showing potential for application across a broader range of patient 
subtypes. For the high CD123 expression group, the combination 
regimen not only achieved durable responses comparable to the T-
cell + flotetuzumab group but also further reduced residual lesions. 
For the moderate CD123 expression group, the combination regi-
men demonstrated consistent efficacy.69 This suggests that even 
in models with moderate CD123 expression levels, where flotetu-
zumab monotherapy demonstrates limited efficacy, the addition of 
cytarabine can sustain therapeutic effects. This opens up the pos-
sibility of combination therapy for pediatric AML patients with 
moderate CD123 expression in future clinical practice, expanding 
the potential patient population for flotetuzumab.

Multiple studies have now confirmed that immune suppres-
sion mechanisms play a crucial role in BsAb therapy. Research 
by Krupka et al. revealed that persistent PD-L1 expression was 
not detected in most samples from newly diagnosed AML patients. 
However, the BsAb AMG330 can trigger cytokine-dependent 
upregulation of PD-L1 on the surface of primary AML cells by 
inducing potent T-cell activation and cytokine release, ultimately 
mediating immune escape of tumor cells.70 Research by Zhou 
et al. indicates that following suppression of regulatory T cells, 
PD-1/PD-L1 pathway blockade therapy significantly enhances the 
proliferative activity and function of locally resident cytotoxic T 
cells within tumors. This approach reduces tumor burden and fur-
ther improves treatment efficacy.71 Breakthroughs in combination 
therapy research in this area are anticipated, promising to inject 
new vitality into the advancement of immunotherapy for AML.

Combination of tumor vaccines and HMAs
Recent studies have confirmed that chemotherapy not only directly 
kills tumor cells but also enhances the cytotoxic effects of immune 
cells. Chemotherapy drugs can induce immunogenic cell death in 
leukemia cells.72 For instance, decitabine has been demonstrated to 
induce the expression of tumor-associated antigens, enhance T-cell 
function, and generate cytotoxic immune effects.73,74 Chemothera-
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py promotes the release of tumor-associated antigens such as WT1 
and CD19, providing an abundant antigen source for vaccines and 
enhancing immune recognition.74

One early clinical trial (NCT01834248) combined decitabine 
with the NY-ESO-1 vaccine, yielding exciting results that may in-
crease the likelihood of leukemia cells being recognized and de-
stroyed by the immune system. Another early-phase clinical trial 
(NCT03358719) investigated the combination of decitabine with 
the NY-ESO-1 vaccine and nivolumab in patients with AML and 
MDS. Notably, all patients exhibited CD4 T-cell responses capa-
ble of precisely recognizing the NY-ESO-1 marker, and this re-
sponse was associated with increased immune gene activity related 
to nivolumab. This suggests that the immune system has indeed 
been activated against specific markers on cancer cells. This find-
ing also paves the way for subsequent research into the NY-ESO-1 
vaccine and anti-PD-1 monoclonal antibody regimen.

Challenges, limitations, and future directions
AML cells lack absolutely specific surface antigen markers such 
as CD33 and CD123, which are commonly used clinical targets. 
These markers are also expressed to varying degrees on the sur-
face of normal hematopoietic progenitor cells. This makes it 
highly likely for off-target toxicity reactions to occur when im-
munotherapy is combined with chemotherapy. Taking the CD33-
targeted ADC GO as an example, when used in combination with 
chemotherapy regimens, it effectively eliminates AML tumor cells 
but simultaneously causes severe damage to normal hematopoietic 
stem cells. This leads to persistent suppression of bone marrow 
hematopoietic function, inducing life-threatening complications 
such as infections and bleeding.75 Moreover, there are significant 
differences in the driver gene profiles and target antigen expres-
sion levels among different patient groups. Clinical data indicate 
that over 97% of AML patients harbor somatic gene mutations.76 
This high degree of heterogeneity results in variable responses 
to personalized treatment. Currently, researchers are actively ex-
ploring novel tumor-associated antigens such as CD70, ILT3, and 
LAIR1. These antigens exhibit high specificity on the surface of 
AML cells while being expressed at extremely low levels on nor-
mal hematopoietic stem cells. Immunotherapy drugs developed 
based on these targets hold promise for fundamentally reducing 
treatment-related toxicity.77,78 Multi-generational technological 
innovations in CAR-T cell engineering are advancing and aiming 
to create safer immunotherapies.79 Significant differences exist in 
the molecular subtyping and tumor microenvironment of AML 
patients, leading to marked variations in the efficacy of immuno-
therapy combined with chemotherapy. For example, TP53-mutat-
ed AML patients exhibit reduced tumor cell immunogenicity and 
impaired DNA damage repair capacity, thereby decreasing sensi-
tivity to standard chemotherapy and ultimately developing drug 
resistance.80 Additionally, mutations in the PD-1/PD-L1 signaling 
pathway and major histocompatibility complex dysfunction lead 
to defects in antigen presentation and reduced T-cell activation, 
resulting in minimal efficacy of immune checkpoint inhibitors in 
TP53-mutated AML.81 Therefore, there is an urgent need to de-
velop other combination therapies to improve this situation.

The immunosuppressive microenvironment of AML exacerbates 
chemotherapy resistance, while immunotherapy can overcome this 
microenvironmental constraint. For example, bispecific T-cell en-
gagers establish a connection between T cells and leukemia cells, 
activating the cytotoxic activity of T cells. This immune-activating 
effect synergizes with chemotherapy, effectively improving treat-

ment response rates in drug-resistant patients.82 To address antigen 
heterogeneity, novel leukemia-specific antigen screening, struc-
tural modification of immunotherapeutic agents, and multi-target 
combination strategies can be developed to overcome challenges 
posed by antigen heterogeneity and off-target toxicity. Personal-
ized treatment plans can be developed based on factors such as 
the patient’s genetic mutations, antigen expression profile, and 
age. For elderly high-risk patients, low-intensity chemotherapy 
combined with the less toxic CD123-targeted ADC IMGN632 is 
selected to balance efficacy and safety.83 For patients with T-cell 
depletion following chemotherapy, incorporating cytokines such 
as IL-7 and IL-12 into combination regimens can enhance T-cell 
function and improve the efficacy of immunotherapy.84

The development of AML immunotherapy combined with 
chemotherapy is currently at a critical juncture in its transition to-
ward precision medicine. Despite facing multiple challenges such 
as treatment heterogeneity, dual drug resistance, and cumulative 
toxicity, continuous exploration and the ongoing refinement of im-
munotherapy approaches have now revealed clear pathways for 
breakthroughs. In the future, we should focus on screening and 
validating highly specific surface antigens of AML, ensuring that 
such antigens are not significantly expressed in normal hemat-
opoietic cells, thereby reducing the risk of off-target damage. We 
should continue to advance the research, development, and upgrad-
ing of next-generation CAR-T cells, BsAbs, and ADCs, enhance 
the targeting selectivity of formulations, and attenuate associated 
immunosuppressive effects. To address the challenges posed by 
tumor heterogeneity and therapeutic resistance, we should further 
explore multi-target intervention strategies and optimize the theo-
retical basis for combination therapy. Meanwhile, an individual-
ized diagnosis and treatment system should be established based 
on antigen expression profiles, clinical risk stratification, and other 
factors to achieve precision medicine. With continuous advances, 
long-term survival and quality of life for patients with AML are 
expected to improve, and more effective and safer immunothera-
peutic strategies are anticipated to emerge.

Conclusions
Based on the systematic analysis of chemotherapy-immunothera-
py combination therapies for AML in this review, it is concluded 
that such synergistic regimens effectively break through the limi-
tations of single chemotherapy and monotherapy immunotherapy, 
demonstrating remarkable anti-leukemic efficacy in preclinical 
research and clinical practice. Representative combinations in-
cluding PD-(L)1 inhibitors combined with HMAs, CD33/CD123-
targeted ADCs plus chemotherapy, CAR-NK cell therapy merged 
with chemotherapy, and tumor vaccines combined with HMAs 
have achieved favorable clinical outcomes in heterogeneous AML 
populations: prolonging survival in elderly patients, elevating re-
mission rates in R/R and high-risk patients, and showing reliable 
clinical tolerability.

Nevertheless, this combination strategy still faces critical chal-
lenges, including off-target toxicity caused by insufficient antigen 
specificity, tumor heterogeneity leading to variable therapeutic 
responses, drug resistance, and immunosuppressive microenviron-
ment constraints. Notably, therapeutic benefits vary significantly 
among AML subtypes and disease stages, while early intervention 
and optimized treatment timing can further enhance clinical effi-
cacy, and antigen-targeted precision therapy offers a feasible solu-
tion for genetically mutated AML patients. Moving forward, the 
development of novel specific antigens, upgraded immunothera-
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peutic agents, multi-target intervention strategies, and individual-
ized treatment regimens will help overcome existing bottlenecks, 
ultimately boosting the long-term survival and quality of life of 
AML patients.

Acknowledgments
We would like to express our gratitude to all individuals who con-
tributed their efforts to this article. The figure presented above was 
created using BioRender.

Funding
This work was supported by the Yunnan Fundamental Research 
Projects (202501AT070046).

Conflict of interest
The authors have no conflicts of interest associated with this pub-
lication.

Author contributions
Manuscript drafting (HJ), language revision, data collection and 
table preparation (YB, SF), conceptual discussion of the manu-
script (TY), revision and conceptualization of the manuscript (ZL). 
All authors have approved the final version and publication of the 
manuscript.

References
[1]	 Fabian KP, Wolfson B, Hodge JW. From Immunogenic Cell Death 

to Immunogenic Modulation: Select Chemotherapy Regimens In-
duce a Spectrum of Immune-Enhancing Activities in the Tumor 
Microenvironment. Front Oncol 2021;11:728018. doi:10.3389/
fonc.2021.728018, PMID:34497771.

[2]	 Alizadeh D, Trad M, Hanke NT, Larmonier CB, Janikashvili N, Bonnotte 
B, et al. Doxorubicin eliminates myeloid-derived suppressor cells and 
enhances the efficacy of adoptive T-cell transfer in breast cancer. 
Cancer Res 2014;74(1):104–118. doi:10.1158/0008-5472.CAN-13-
1545, PMID:24197130.

[3]	 Tao Z, Ruan H, Sun L, Kuang D, Song Y, Wang Q, et al. Targeting the 
YB-1/PD-L1 Axis to Enhance Chemotherapy and Antitumor Immu-
nity. Cancer Immunol Res 2019;7(7):1135–1147. doi:10.1158/2326-
6066.CIR-18-0648, PMID:31113805.

[4]	 Damiani D, Tiribelli M. Present and Future Role of Immune Tar-
gets in Acute Myeloid Leukemia. Cancers (Basel) 2022;15(1):253. 
doi:10.3390/cancers15010253, PMID:36612249.

[5]	 Chamoun K, Benton CB, AlRawi A, Jacamo R, Williams P, Wang F, et al. 
Immune-related gene expression deficit of leukemia stem cells (LSC) 
in AML. J Clin Oncol 2017;35(15_Suppl):7011–7011. doi:10.1200/
JCO.2017.35.15_suppl.7011.

[6]	 Srinivasan Rajsri K, Roy N, Chakraborty S. Acute Myeloid Leukemia 
Stem Cells in Minimal/Measurable Residual Disease Detection. 
Cancers (Basel) 2023;15(10):2866. doi:10.3390/cancers15102866, 
PMID:37345204.

[7]	 Acheampong DO, Adokoh CK, Asante DB, Asiamah EA, Barnie PA, Bon-
su DOM, et al. Immunotherapy for acute myeloid leukemia (AML): a 
potent alternative therapy. Biomed Pharmacother 2018;97:225–232. 
doi:10.1016/j.biopha.2017.10.100, PMID:29091870.

[8]	 Taghiloo S, Asgarian-Omran H. Immune evasion mechanisms in 
acute myeloid leukemia: A focus on immune checkpoint path-
ways. Crit Rev Oncol Hematol 2021;157:103164. doi:10.1016/j.cri-
trevonc.2020.103164, PMID:33271388.

[9]	 Hargadon KM, Johnson CE, Williams CJ. Immune checkpoint block-

ade therapy for cancer: An overview of FDA-approved immune 
checkpoint inhibitors. Int Immunopharmacol 2018;62:29–39. 
doi:10.1016/j.intimp.2018.06.001, PMID:29990692.

[10]	 Shiravand Y, Khodadadi F, Kashani SMA, Hosseini-Fard SR, Hosseini S, 
Sadeghirad H, et al. Immune Checkpoint Inhibitors in Cancer Therapy. 
Curr Oncol 2022;29(5):3044–3060. doi:10.3390/curroncol29050247, 
PMID:35621637.

[11]	 Andrechak JC, Dooling LJ, Discher DE. The macrophage checkpoint 
CD47 : SIRPα for recognition of ‘self’ cells: from clinical trials of 
blocking antibodies to mechanobiological fundamentals. Philos 
Trans R Soc Lond B Biol Sci 2019;374(1779):20180217. doi:10.1098/
rstb.2018.0217, PMID:31431181.

[12]	 Wang Z, Chen J, Wang M, Zhang L, Yu L. One Stone, Two Birds: 
The Roles of Tim-3 in Acute Myeloid Leukemia. Front Immunol 
2021;12:618710. doi:10.3389/fimmu.2021.618710, PMID:33868234.

[13]	 Abdelhakim H, Cortez LM, Li M, Braun M, Skikne BS, Lin TL, et al. LAG3 
Inhibition Decreases AML-Induced Immunosuppression and Im-
proves T Cell-Mediated Killing. Blood 2019;134(Suppl_1):3605–3605. 
doi:10.1182/blood-2019-129455.

[14]	 Gojo I, Stuart RK, Webster J, Blackford A, Varela JC, Morrow J, et al. 
Multi-Center Phase 2 Study of Pembroluzimab (Pembro) and Azaciti-
dine (AZA) in Patients with Relapsed/Refractory Acute Myeloid Leu-
kemia (AML) and in Newly Diagnosed (≥65 Years) AML Patients. Blood 
2019;134(Suppl_1):832–832. doi:10.1182/blood-2019-127345.

[15]	 Mok K, Wu C, Chan S, Wong G, Wong VW, Ma B, et al. Clinical Manage-
ment of Gastrointestinal and Liver Toxicities of Immune Checkpoint 
Inhibitors. Clin Colorectal Cancer 2024;23(1):4–13. doi:10.1016/j.
clcc.2023.12.003, PMID:38172003.

[16]	 Stempel JM, Uy GL, Dinner SN, Gojo I, Reed D, Roy R, et al. Efficacy 
and Safety of Pembrolizumab Added to Azacitidine Plus Venetoclax 
for Patients with Acute Myeloid Leukemia: Results from an Investi-
gator-Initiated, Multi-Center, CTEP-Sponsored Randomized, Phase II 
Trial (BLAST AML-2). Blood 2024;144(Suppl 1):736–736. doi:10.1182/
blood-2024-210370.

[17]	 Daver NG, Garcia-Manero G, Basu S, Cortes JE, Ravandi F, Kadia TM, et 
al. Safety, Efficacy, and Biomarkers of Response to Azacitidine (AZA) 
with Nivolumab (Nivo) and AZA with Nivo and Ipilimumab (Ipi) in 
Relapsed/Refractory Acute Myeloid Leukemia: A Non-Randomized, 
Phase 2 Study. Blood 2018;132(Suppl 1):906–906. doi:10.1182/
blood-2018-99-120157.

[18]	 Zeidner JF, Vincent BG, Esparza S, Ivanova A, Moore DT, Foster MC, 
et al. Final Clinical Results of a Phase II Study of High Dose Cytara-
bine Followed By Pembrolizumab in Relapsed/Refractory AML. Blood 
2019;134(Supple_1):831–831. doi:10.1182/blood-2019-126065.

[19]	 Chao MP, Weissman IL, Majeti R. The CD47-SIRPα pathway in can-
cer immune evasion and potential therapeutic implications. Curr 
Opin Immunol 2012;24(2):225–232. doi:10.1016/j.coi.2012.01.010, 
PMID:22310103.

[20]	 Chao MP, Takimoto CH, Feng DD, McKenna K, Gip P, Liu J, et al. 
Therapeutic Targeting of the Macrophage Immune Checkpoint CD47 
in Myeloid Malignancies. Front Oncol 2019;9:1380. doi:10.3389/
fonc.2019.01380, PMID:32038992.

[21]	 Zhang R, Drobenaire H, Li H, Pizzarella V, Lin H. Abstract 1611: A novel 
anti-human CD47 antibody prodrug as cancer therapeutics to lower 
on-target side effects. Cancer Res 2021;81(13_Suppl):1611–1611. 
doi:10.1158/1538-7445.AM2021-1611.

[22]	 Petrova PS, Viller NN, Wong M, Pang X, Lin GH, Dodge K, et al. TTI-
621 (SIRPαFc): A CD47-Blocking Innate Immune Checkpoint Inhibitor 
with Broad Antitumor Activity and Minimal Erythrocyte Binding. Clin 
Cancer Res 2017;23(4):1068–1079. doi:10.1158/1078-0432.CCR-16-
1700, PMID:27856600.

[23]	 Majeti R, Chao MP, Alizadeh AA, Pang WW, Jaiswal S, Gibbs KD Jr, et al. 
CD47 is an adverse prognostic factor and therapeutic antibody target 
on human acute myeloid leukemia stem cells. Cell 2009;138(2):286–
299. doi:10.1016/j.cell.2009.05.045, PMID:19632179.

[24]	 Chao MP, Alizadeh AA, Tang C, Jan M, Weissman-Tsukamoto R, Zhao 
F, et al. Therapeutic antibody targeting of CD47 eliminates human 
acute lymphoblastic leukemia. Cancer Res 2011;71(4):1374–1384. 
doi:10.1158/0008-5472.CAN-10-2238, PMID:21177380.

[25]	 Hernandez-Ilizaliturri FJ, Jupudy V, Reising S, Repasky EA, Czuczman 
MS. Concurrent administration of granulocyte colony-stimulating 

https://doi.org/10.14218/OnA.2025.00032
https://doi.org/10.3389/fonc.2021.728018
https://doi.org/10.3389/fonc.2021.728018
http://www.ncbi.nlm.nih.gov/pubmed/34497771
https://doi.org/10.1158/0008-5472.CAN-13-1545
https://doi.org/10.1158/0008-5472.CAN-13-1545
http://www.ncbi.nlm.nih.gov/pubmed/24197130
https://doi.org/10.1158/2326-6066.CIR-18-0648
https://doi.org/10.1158/2326-6066.CIR-18-0648
http://www.ncbi.nlm.nih.gov/pubmed/31113805
https://doi.org/10.3390/cancers15010253
http://www.ncbi.nlm.nih.gov/pubmed/36612249
https://doi.org/10.1200/JCO.2017.35.15_suppl.7011
https://doi.org/10.1200/JCO.2017.35.15_suppl.7011
https://doi.org/10.3390/cancers15102866
http://www.ncbi.nlm.nih.gov/pubmed/37345204
https://doi.org/10.1016/j.biopha.2017.10.100
http://www.ncbi.nlm.nih.gov/pubmed/29091870
https://doi.org/10.1016/j.critrevonc.2020.103164
https://doi.org/10.1016/j.critrevonc.2020.103164
http://www.ncbi.nlm.nih.gov/pubmed/33271388
https://doi.org/10.1016/j.intimp.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29990692
https://doi.org/10.3390/curroncol29050247
http://www.ncbi.nlm.nih.gov/pubmed/35621637
https://doi.org/10.1098/rstb.2018.0217
https://doi.org/10.1098/rstb.2018.0217
http://www.ncbi.nlm.nih.gov/pubmed/31431181
https://doi.org/10.3389/fimmu.2021.618710
http://www.ncbi.nlm.nih.gov/pubmed/33868234
https://doi.org/10.1182/blood-2019-129455
https://doi.org/10.1182/blood-2019-127345
https://doi.org/10.1016/j.clcc.2023.12.003
https://doi.org/10.1016/j.clcc.2023.12.003
http://www.ncbi.nlm.nih.gov/pubmed/38172003
https://doi.org/10.1182/blood-2024-210370
https://doi.org/10.1182/blood-2024-210370
https://doi.org/10.1182/blood-2018-99-120157
https://doi.org/10.1182/blood-2018-99-120157
https://doi.org/10.1182/blood-2019-126065
https://doi.org/10.1016/j.coi.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22310103
https://doi.org/10.3389/fonc.2019.01380
https://doi.org/10.3389/fonc.2019.01380
http://www.ncbi.nlm.nih.gov/pubmed/32038992
https://doi.org/10.1158/1538-7445.AM2021-1611
https://doi.org/10.1158/1078-0432.CCR-16-1700
https://doi.org/10.1158/1078-0432.CCR-16-1700
http://www.ncbi.nlm.nih.gov/pubmed/27856600
https://doi.org/10.1016/j.cell.2009.05.045
http://www.ncbi.nlm.nih.gov/pubmed/19632179
https://doi.org/10.1158/0008-5472.CAN-10-2238
http://www.ncbi.nlm.nih.gov/pubmed/21177380


DOI: 10.14218/OnA.2025.00032  |  Volume 4 Issue 1, March 2026 9

Guo H. et al: Combination strategies for immunotherapy in AML Oncol Adv

factor or granulocyte-monocyte colony-stimulating factor enhances 
the biological activity of rituximab in a severe combined immunodefi-
ciency mouse lymphoma model. Leuk Lymphoma 2005;46(12):1775–
1784. doi:10.1080/17402520500182329, PMID:16263581.

[26]	 Sallman DA, Donnellan WB, Asch AS, Lee DJ, Al Malki M, Marcucci 
G, et al. The first-in-class anti-CD47 antibody Hu5F9-G4 is active and 
well tolerated alone or with azacitidine in AML and MDS patients: 
Initial phase 1b results. J Clin Oncol 2019;37(15_suppl):7009–7009. 
doi:10.1200/JCO.2019.37.15_suppl.7009.

[27]	 Daver NG, Vyas P, Kambhampati S, Al Malki MM, Larson RA, Asch 
AS, et al. Tolerability and Efficacy of the Anticluster of Differ-
entiation 47 Antibody Magrolimab Combined With Azacitidine 
in Patients With Previously Untreated AML: Phase Ib Results. J 
Clin Oncol 2023;41(31):4893–4904. doi:10.1200/JCO.22.02604, 
PMID:37703506.

[28]	 Daver N, Vyas P, Huls G, Döhner H, Maury S, Novak J, et al. The EN-
HANCE-3 study: venetoclax and azacitidine plus magrolimab or placebo 
for untreated AML unfit for intensive therapy. Blood 2025;146(5):601–
611. doi:10.1182/blood.2024027506, PMID:40233321.

[29]	 Cummins KD, Gill S. Will CAR T cell therapy have a role in AML? Prom-
ises and pitfalls. Semin Hematol 2019;56(2):155–163. doi:10.1053/j.
seminhematol.2018.08.008, PMID:30926092.

[30]	 Damiani D, Tiribelli M. CAR-T Cells in Acute Myeloid Leukemia: 
Where Do We Stand? Biomedicines 2024;12(6):1194. doi:10.3390/
biomedicines12061194, PMID:38927401.

[31]	 Shivarov V, Gueorguieva R, Stoimenov A, Tiu R. DNMT3A mutation 
is a poor prognosis biomarker in AML: results of a meta-analysis of 
4500 AML patients. Leuk Res 2013;37(11):1445–1450. doi:10.1016/j.
leukres.2013.07.032, PMID:23962568.

[32]	 Park DJ, Kwon A, Cho BS, Kim HJ, Hwang KA, Kim M, et al. Character-
istics of DNMT3A mutations in acute myeloid leukemia. Blood Res 
2020;55(1):17–26. doi:10.5045/br.2020.55.1.17, PMID:32269971.

[33]	 Tang L, Huang H, Tang Y, Li Q, Wang J, Li D, et al. CD44v6 chimeric 
antigen receptor T cell specificity towards AML with FLT3 or DN-
MT3A mutations. Clin Transl Med 2022;12(9):e1043. doi:10.1002/
ctm2.1043, PMID:36163632.

[34]	 Li HM, Que YM, Cai XY, Lu PF, Lin LM, Xiao M, et al. CD44v6 CAR-
T Cells Target DNMT3A-Mutant AML: Synergistic Enhancement 
by Decitabine. Curr Med Sci 2025;45(5):1034–1045. doi:10.1007/
s11596-025-00097-1, PMID:40853614.

[35]	 Tang L, Kong Y, Wang H, Zou P, Sun T, Liu Y, et al. Demethylating 
therapy increases cytotoxicity of CD44v6 CAR-T cells against acute 
myeloid leukemia. Front Immunol 2023;14:1145441. doi:10.3389/
fimmu.2023.1145441, PMID:37180104.

[36]	 El Khawanky N, Hughes A, Yu W, Taromi S, Clarson J, Lopez AF, et al. 
Azacytidine Sensitizes AML Cells for Effective Elimination By CD123 
CAR T-Cells. Blood 2019;134(Suppl_1):3904–3904. doi:10.1182/
blood-2019-124684.

[37]	 Alizadeh D, Wong RA, Yang X, Wang D, Pecoraro JR, Kuo CF, et al. IL15 
Enhances CAR-T Cell Antitumor Activity by Reducing mTORC1 Activ-
ity and Preserving Their Stem Cell Memory Phenotype. Cancer Im-
munol Res 2019;7(5):759–772. doi:10.1158/2326-6066.CIR-18-0466, 
PMID:30890531.

[38]	 Nian Z, Zheng X, Dou Y, Du X, Zhou L, Fu B, et al. Rapamycin Pre-
treatment Rescues the Bone Marrow AML Cell Elimination Ca-
pacity of CAR-T Cells. Clin Cancer Res 2021;27(21):6026–6038. 
doi:10.1158/1078-0432.CCR-21-0452, PMID:34233960.

[39]	 Daver N. Immune checkpoint inhibitors in acute myeloid leukemia. 
Best Pract Res Clin Haematol 2021;34(1):101247. doi:10.1016/j.
beha.2021.101247, PMID:33762102.

[40]	 Zhang C, Oberoi P, Oelsner S, Waldmann A, Lindner A, Tonn T, et 
al. Chimeric Antigen Receptor-Engineered NK-92 Cells: An Off-the-
Shelf Cellular Therapeutic for Targeted Elimination of Cancer Cells 
and Induction of Protective Antitumor Immunity. Front Immunol 
2017;8:533. doi:10.3389/fimmu.2017.00533, PMID:28572802.

[41]	 Bahramloo M, Shahabi SA, Kalarestaghi H, Rafat A, Mazloumi Z, 
Samimifar A, et al. CAR-NK cell therapy in AML: Current treatment, 
challenges, and advantage. Biomed Pharmacother 2024;177:117024. 
doi:10.1016/j.biopha.2024.117024, PMID:38941897.

[42]	 Althaus J, Nilius-Eliliwi V, Maghnouj A, Döring S, Schroers R, Hu-
decek M, et al. Cytotoxicity of CD19-CAR-NK92 cells is primarily 

mediated via perforin/granzyme pathway. Cancer Immunol Immu-
nother 2023;72(8):2573–2583. doi:10.1007/s00262-023-03443-1, 
PMID:37052701.

[43]	 Rezvani K, Rouce RH. The Application of Natural Killer Cell Immu-
notherapy for the Treatment of Cancer. Front Immunol 2015;6:578. 
doi:10.3389/fimmu.2015.00578, PMID:26635792.

[44]	 Marofi F, Saleh MM, Rahman HS, Suksatan W, Al-Gazally ME, Ab-
delbasset WK, et al. CAR-engineered NK cells; a promising thera-
peutic option for treatment of hematological malignancies. Stem 
Cell Res Ther 2021;12(1):374. doi:10.1186/s13287-021-02462-y, 
PMID:34215336.

[45]	 Albinger N, Pfeifer R, Nitsche M, Mertlitz S, Campe J, Stein K, et al. 
Primary CD33-targeting CAR-NK cells for the treatment of acute my-
eloid leukemia. Blood Cancer J 2022;12(4):61. doi:10.1038/s41408-
022-00660-2, PMID:35418180.

[46]	 Huang R, Wen Q, Wang X, Yan H, Ma Y, Mai-Hong W, et al. Off-
the-Shelf CD33 CAR-NK Cell Therapy for Relapse/Refractory AML: 
First-in-Human, Phase I Trial. Blood 2022;140(Suppl 1):7450–7451. 
doi:10.1182/blood-2022-170712.

[47]	 Caruso S, De Angelis B, Del Bufalo F, Ciccone R, Donsante S, Volpe 
G, et al. Safe and effective off-the-shelf immunotherapy based on 
CAR.CD123-NK cells for the treatment of acute myeloid leukaemia. 
J Hematol Oncol 2022;15(1):163. doi:10.1186/s13045-022-01376-3, 
PMID:36335396.

[48]	 Wang Y, Zheng X, Wang Z, Xiao Z, Lin Y, Zhang F, et al. CD33(KO)-CD33-
mesothelin Loop CAR design avoids fratricide and improves efficacy 
of iNK cells against acute myeloid leukemia. J Immunother Cancer 
2025;13(9):e011887. doi:10.1136/jitc-2025-011887, PMID:40921629.

[49]	 Zhou Y, Zhong Z, Hu P, Wang W, Song Y, Yang N, et al. Chronic ER Stress 
Triggers Cell-Surface Chaperones as the Therapeutic Targets of CAR 
Cells in Acute Myeloid Leukemia. Adv Sci (Weinh) 2026;13(5):e11573. 
doi:10.1002/advs.202511573, PMID:41126722.

[50]	 Huang R, Wang X, Yan H, Tan X, Ma Y, Wang M, et al. Safety and ef-
ficacy of CD33-targeted CAR-NK cell therapy for relapsed/refractory 
AML: preclinical evaluation and phase I trial. Exp Hematol Oncol 
2025;14(1):1. doi:10.1186/s40164-024-00592-6, PMID:39748428.

[51]	 Mu W, Zhang A, Yang X, Zhou X, Zhao J, Zhang Y, et al. Effiefficacy and 
safety of allogeneic CD123 CAR-NK cell therapy in Relapsed/Refrac-
tory Acute Myeloid Leukemia. Blood 2025;146(Suppl 1):1639–1639. 
doi:10.1182/blood-2025-1639.

[52]	 Morrissey MA, Williamson AP, Steinbach AM, Roberts EW, Kern N, 
Headley MB, et al. Chimeric antigen receptors that trigger phagocyto-
sis. Elife 2018;7:e36688. doi:10.7554/eLife.36688, PMID:29862966.

[53]	 Guoyun J, Yuefeng Q, Zhenglan H, Zuowei Y, Hongyan Z, Ying Y, et 
al. CAR-macrophages targets CD26 to eliminate chronic myeloid leu-
kemia stem cells. Exp Hematol Oncol 2025;14(1):14. doi:10.1186/
s40164-025-00608-9, PMID:39948620.

[54]	 Zhang L, Tian L, Dai X, Yu H, Wang J, Lei A, et al. Pluripotent stem cell-
derived CAR-macrophage cells with antigen-dependent anti-cancer 
cell functions. J Hematol Oncol 2020;13(1):153. doi:10.1186/s13045-
020-00983-2, PMID:33176869.

[55]	 Bakker AB, van den Oudenrijn S, Bakker AQ, Feller N, van Meijer 
M, Bia JA, et al. C-type lectin-like molecule-1: a novel myeloid cell 
surface marker associated with acute myeloid leukemia. Cancer 
Res 2004;64(22):8443–8450. doi:10.1158/0008-5472.CAN-04-1659, 
PMID:15548716.

[56]	 Dutta S, Saxena R. The Expression Pattern of CD33 Antigen Can Dif-
ferentiate Leukemic from Normal Progenitor Cells in Acute Myeloid 
Leukemia. Indian J Hematol Blood Transfus 2014;30(2):130–134. 
doi:10.1007/s12288-013-0317-5, PMID:24839368.

[57]	 Giles FJ. Gemtuzumab ozogamicin: promise and challenge in pa-
tients with acute myeloid leukemia. Expert Rev Anticancer Ther 
2002;2(6):630–640. doi:10.1586/14737140.2.6.630, PMID:12503209.

[58]	 Hills RK, Castaigne S, Appelbaum FR, Delaunay J, Petersdorf S, 
Othus M, et al. Addition of gemtuzumab ozogamicin to induction 
chemotherapy in adult patients with acute myeloid leukaemia: 
a meta-analysis of individual patient data from randomised con-
trolled trials. Lancet Oncol 2014;15(9):986–996. doi:10.1016/S1470-
2045(14)70281-5, PMID:25008258.

[59]	 Singh A, Thota S, Bradley T, Griffiths EA, Faber MG, Sadek S, et al. 
Outcomes of Adult Acute Myeloid Leukemia Treated With Gemtu-

https://doi.org/10.14218/OnA.2025.00032
https://doi.org/10.1080/17402520500182329
http://www.ncbi.nlm.nih.gov/pubmed/16263581
https://doi.org/10.1200/JCO.2019.37.15_suppl.7009
https://doi.org/10.1200/JCO.22.02604
http://www.ncbi.nlm.nih.gov/pubmed/37703506
https://doi.org/10.1182/blood.2024027506
http://www.ncbi.nlm.nih.gov/pubmed/40233321
https://doi.org/10.1053/j.seminhematol.2018.08.008
https://doi.org/10.1053/j.seminhematol.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30926092
https://doi.org/10.3390/biomedicines12061194
https://doi.org/10.3390/biomedicines12061194
http://www.ncbi.nlm.nih.gov/pubmed/38927401
https://doi.org/10.1016/j.leukres.2013.07.032
https://doi.org/10.1016/j.leukres.2013.07.032
http://www.ncbi.nlm.nih.gov/pubmed/23962568
https://doi.org/10.5045/br.2020.55.1.17
http://www.ncbi.nlm.nih.gov/pubmed/32269971
https://doi.org/10.1002/ctm2.1043
https://doi.org/10.1002/ctm2.1043
http://www.ncbi.nlm.nih.gov/pubmed/36163632
https://doi.org/10.1007/s11596-025-00097-1
https://doi.org/10.1007/s11596-025-00097-1
http://www.ncbi.nlm.nih.gov/pubmed/40853614
https://doi.org/10.3389/fimmu.2023.1145441
https://doi.org/10.3389/fimmu.2023.1145441
http://www.ncbi.nlm.nih.gov/pubmed/37180104
https://doi.org/10.1182/blood-2019-124684
https://doi.org/10.1182/blood-2019-124684
https://doi.org/10.1158/2326-6066.CIR-18-0466
http://www.ncbi.nlm.nih.gov/pubmed/30890531
https://doi.org/10.1158/1078-0432.CCR-21-0452
http://www.ncbi.nlm.nih.gov/pubmed/34233960
https://doi.org/10.1016/j.beha.2021.101247
https://doi.org/10.1016/j.beha.2021.101247
http://www.ncbi.nlm.nih.gov/pubmed/33762102
https://doi.org/10.3389/fimmu.2017.00533
http://www.ncbi.nlm.nih.gov/pubmed/28572802
https://doi.org/10.1016/j.biopha.2024.117024
http://www.ncbi.nlm.nih.gov/pubmed/38941897
https://doi.org/10.1007/s00262-023-03443-1
http://www.ncbi.nlm.nih.gov/pubmed/37052701
https://doi.org/10.3389/fimmu.2015.00578
http://www.ncbi.nlm.nih.gov/pubmed/26635792
https://doi.org/10.1186/s13287-021-02462-y
http://www.ncbi.nlm.nih.gov/pubmed/34215336
https://doi.org/10.1038/s41408-022-00660-2
https://doi.org/10.1038/s41408-022-00660-2
http://www.ncbi.nlm.nih.gov/pubmed/35418180
https://doi.org/10.1182/blood-2022-170712
https://doi.org/10.1186/s13045-022-01376-3
http://www.ncbi.nlm.nih.gov/pubmed/36335396
https://doi.org/10.1136/jitc-2025-011887
http://www.ncbi.nlm.nih.gov/pubmed/40921629
https://doi.org/10.1002/advs.202511573
http://www.ncbi.nlm.nih.gov/pubmed/41126722
https://doi.org/10.1186/s40164-024-00592-6
http://www.ncbi.nlm.nih.gov/pubmed/39748428
https://doi.org/10.1182/blood-2025-1639
https://doi.org/10.7554/eLife.36688
http://www.ncbi.nlm.nih.gov/pubmed/29862966
https://doi.org/10.1186/s40164-025-00608-9
https://doi.org/10.1186/s40164-025-00608-9
http://www.ncbi.nlm.nih.gov/pubmed/39948620
https://doi.org/10.1186/s13045-020-00983-2
https://doi.org/10.1186/s13045-020-00983-2
http://www.ncbi.nlm.nih.gov/pubmed/33176869
https://doi.org/10.1158/0008-5472.CAN-04-1659
http://www.ncbi.nlm.nih.gov/pubmed/15548716
https://doi.org/10.1007/s12288-013-0317-5
http://www.ncbi.nlm.nih.gov/pubmed/24839368
https://doi.org/10.1586/14737140.2.6.630
http://www.ncbi.nlm.nih.gov/pubmed/12503209
https://doi.org/10.1016/S1470-2045(14)70281-5
https://doi.org/10.1016/S1470-2045(14)70281-5
http://www.ncbi.nlm.nih.gov/pubmed/25008258


DOI: 10.14218/OnA.2025.00032  |  Volume 4 Issue 1, March 202610

Guo H. et al: Combination strategies for immunotherapy in AMLOncol Adv

zumab-Ozogamicin: Cue To Optimized Chemotherapy Backbone. 
Clin Lymphoma Myeloma Leuk 2021;21(9):613–620. doi:10.1016/j.
clml.2021.04.007, PMID:34031004.

[60]	 Abedin SM, Guru Murthy GS, Hamadani M, Michaelis LC, Carlson 
KS, Runaas L, et al. Phase 1 study of lintuzumab-Ac225 combined 
with CLAG-M salvage therapy in relapsed/refractory acute myeloid 
leukemia. Leukemia 2025;39(4):837–843. doi:10.1038/s41375-025-
02528-3, PMID:39955432.

[61]	 Abedin S, Guru Murthy GSG, Hamadani M, Michaelis LC, Runaas L, 
Carlson K-S, et al. A Phase I Study of Lintuzumab Ac225 in Combina-
tion with CLAG-M Chemotherapy in Relapsed/Refractory AML. Blood 
2020;136(Suppl 1):9–10. doi:10.1182/blood-2020-137218.

[62]	 Daver N, Sweet KL, Montesinos P, Wang ES, Aribi A, DeAngelo DJ, 
et al. A Phase 1b/2 Study of IMGN632, a CD123-Targeting Antibody-
Drug Conjugate (ADC), As Monotherapy or in Combination with 
Venetoclax and/or Azacitidine for Patients with CD123-Positive Acute 
Myeloid Leukemia. Blood 2020;136(Suppl 1):50–51. doi:10.1182/
blood-2020-139884.

[63]	 Kuruvilla VM, McCarthy R, Zhang Q, Sloss CM, Zweidler-McKay PA, 
Romanelli A, et al. IMGN632, a CD123-Alkylating ADC Bearing a 
DNA-Alkylating IGN Payload, Combines Effectively with Azacitidine 
and Venetoclax In Vivo, Prolonging Survival in Preclinical Models 
of Human Acute Myeloid Leukemia (AML). Blood 2019;134(Sup-
pl_1):1375–1375. doi:10.1182/blood-2019-124963.

[64]	 Kuruvilla VM, Zhang Q, Daver N, Watkins K, Sloss CM, Zweidler-McK-
ay PA, et al. Combining IMGN632, a Novel CD123-Targeting Antibody 
Drug Conjugate with Azacitidine and Venetoclax Facilitates Apo-
ptosis in Vitro and Prolongs Survival In Vivo in AML Models. Blood 
2020;136(Suppl 1):32–33. doi:10.1182/blood-2020-136791.

[65]	 Ma J, Mo Y, Tang M, Shen J, Qi Y, Zhao W, et al. Bispecific Anti-
bodies: From Research to Clinical Application. Front Immunol 
2021;12:626616. doi:10.3389/fimmu.2021.626616, PMID:34025638.

[66]	 Byrne H, Conroy PJ, Whisstock JC, O’Kennedy RJ. A tale of two spe-
cificities: bispecific antibodies for therapeutic and diagnostic ap-
plications. Trends Biotechnol 2013;31(11):621–632. doi:10.1016/j.
tibtech.2013.08.007, PMID:24094861.

[67]	 Chichili GR, Huang L, Li H, Burke S, He L, Tang Q, et al. A CD3xCD123 
bispecific DART for redirecting host T cells to myelogenous leukemia: 
preclinical activity and safety in nonhuman primates. Sci Transl Med 
2015;7(289):289ra82. doi:10.1126/scitranslmed.aaa5693, PMID:260 
19218.

[68]	 Al-Hussaini M, Rettig MP, Ritchey JK, Karpova D, Uy GL, Eissenberg 
LG, et al. Targeting CD123 in acute myeloid leukemia using a T-cell-
directed dual-affinity retargeting platform. Blood 2016;127(1):122–
131. doi:10.1182/blood-2014-05-575704, PMID:26531164.

[69]	 Barwe SP, Kisielewski A, Bonvini E, Muth J, Davidson-Moncada J, Kolb 
EA, et al. Efficacy of Flotetuzumab in Combination with Cytarabine 
in Patient-Derived Xenograft Models of Pediatric Acute Myeloid 
Leukemia. J Clin Med 2022;11(5):1333. doi:10.3390/jcm11051333, 
PMID:35268423.

[70]	 Krupka C, Kufer P, Kischel R, Zugmaier G, Bögeholz J, Köhnke T, et al. 
CD33 target validation and sustained depletion of AML blasts in long-
term cultures by the bispecific T-cell-engaging antibody AMG 330. 
Blood 2014;123(3):356–365. doi:10.1182/blood-2013-08-523548, 
PMID:24300852.

[71]	 Zhou Q, Munger ME, Highfill SL, Tolar J, Weigel BJ, Riddle M, et al. 
Program death-1 signaling and regulatory T cells collaborate to re-
sist the function of adoptively transferred cytotoxic T lymphocytes in 
advanced acute myeloid leukemia. Blood 2010;116(14):2484–2493. 
doi:10.1182/blood-2010-03-275446, PMID:20570856.

[72]	 Pol J, Vacchelli E, Aranda F, Castoldi F, Eggermont A, Cremer I, et al. 
Trial Watch: Immunogenic cell death inducers for anticancer chemo-
therapy. Oncoimmunology 2015;4(4):e1008866. doi:10.1080/21624
02X.2015.1008866, PMID:26137404.

[73]	 Rosenfeld CS. Clinical development of decitabine as a prototype 
for an epigenetic drug program. Semin Oncol 2005;32(5):465–472. 
doi:10.1053/j.seminoncol.2005.07.002, PMID:16210087.

[74]	 Krishnadas DK, Bao L, Bai F, Chencheri SC, Lucas K. Decitabine facili-
tates immune recognition of sarcoma cells by upregulating CT anti-
gens, MHC molecules, and ICAM-1. Tumour Biol 2014;35(6):5753–
5762. doi:10.1007/s13277-014-1764-9, PMID:24584817.

[75]	 Godwin CD, Gale RP, Walter RB. Gemtuzumab ozogamicin in acute 
myeloid leukemia. Leukemia 2017;31(9):1855–1868. doi:10.1038/
leu.2017.187, PMID:28607471.

[76]	 Kishtagari A, Levine RL. The Role of Somatic Mutations in Acute My-
eloid Leukemia Pathogenesis. Cold Spring Harb Perspect Med 2021; 
11(4):a034975. doi:10.1101/cshperspect.a034975, PMID:32398288.

[77]	 Ye S, Zhang D, Wu M-Z, Raghu H, Cohen D, Romero M, et al. Ab-
stract 1363: Blocking inhibitory receptor ILT3 by an antibody with 
enhanced Fc function promoted adaptive immunity against hemat-
opoietic malignancy independent of ADCC. Cancer Res 2024;84(6_
Suppl):1363–1363. doi:10.1158/1538-7445.AM2024-1363.

[78]	 Kang X, Lu Z, Cui C, Deng M, Fan Y, Dong B, et al. The ITIM-contain-
ing receptor LAIR1 is essential for acute myeloid leukaemia devel-
opment. Nat Cell Biol 2015;17(5):665–677. doi:10.1038/ncb3158, 
PMID:25915125.

[79]	 Vishwasrao P, Li G, Boucher JC, Smith DL, Hui SK. Emerging CAR T Cell 
Strategies for the Treatment of AML. Cancers (Basel) 2022;14(5):1241. 
doi:10.3390/cancers14051241, PMID:35267549.

[80]	 Kadia TM, Jain P, Ravandi F, Garcia-Manero G, Andreef M, Takahashi 
K, et al. TP53 mutations in newly diagnosed acute myeloid leuke-
mia: Clinicomolecular characteristics, response to therapy, and out-
comes. Cancer 2016;122(22):3484–3491. doi:10.1002/cncr.30203, 
PMID:27463065.

[81]	 Albakri MM. TP53-mutated MDS and AML: immune dysregulation, 
tumor microenvironment, and emerging therapeutic strategies. 
Front Oncol 2025;15:1655486. doi:10.3389/fonc.2025.1655486, 
PMID:40909943.

[82]	 Lim SM, Pyo KH, Soo RA, Cho BC. The promise of bispecific an-
tibodies: Clinical applications and challenges. Cancer Treat Rev 
2021;99:102240. doi:10.1016/j.ctrv.2021.102240, PMID:34119803.

[83]	 Daver N, Aribi A, Montesinos P, Roboz GJ, Wang ES, Walter RB, et al. 
Safety and Efficacy from a Phase 1b/2 Study of IMGN632 in Com-
bination with Azacitidine and Venetoclax for Patients with CD123-
Positive Acute Myeloid Leukemia. Blood 2021;138(Suppl 1):372–372. 
doi:10.1182/blood-2021-146503.

[84]	 Chen S, Shi L, Yang L, Lu Y, Luo G, Zhu K, et al. Upregulated TCR 
Zeta and Improved the IFN-γ Secretion and Cytotoxicity in T Cell 
from Patients with AML after IL-2, IL-7 and IL-12 Stimulation. Blood 
2014;124(21):5310–5310. doi:10.1182/blood.V124.21.5310.5310.

https://doi.org/10.14218/OnA.2025.00032
https://doi.org/10.1016/j.clml.2021.04.007
https://doi.org/10.1016/j.clml.2021.04.007
http://www.ncbi.nlm.nih.gov/pubmed/34031004
https://doi.org/10.1038/s41375-025-02528-3
https://doi.org/10.1038/s41375-025-02528-3
http://www.ncbi.nlm.nih.gov/pubmed/39955432
https://doi.org/10.1182/blood-2020-137218
https://doi.org/10.1182/blood-2020-139884
https://doi.org/10.1182/blood-2020-139884
https://doi.org/10.1182/blood-2019-124963
https://doi.org/10.1182/blood-2020-136791
https://doi.org/10.3389/fimmu.2021.626616
http://www.ncbi.nlm.nih.gov/pubmed/34025638
https://doi.org/10.1016/j.tibtech.2013.08.007
https://doi.org/10.1016/j.tibtech.2013.08.007
http://www.ncbi.nlm.nih.gov/pubmed/24094861
https://doi.org/10.1126/scitranslmed.aaa5693
http://www.ncbi.nlm.nih.gov/pubmed/26019218
http://www.ncbi.nlm.nih.gov/pubmed/26019218
https://doi.org/10.1182/blood-2014-05-575704
http://www.ncbi.nlm.nih.gov/pubmed/26531164
https://doi.org/10.3390/jcm11051333
http://www.ncbi.nlm.nih.gov/pubmed/35268423
https://doi.org/10.1182/blood-2013-08-523548
http://www.ncbi.nlm.nih.gov/pubmed/24300852
https://doi.org/10.1182/blood-2010-03-275446
http://www.ncbi.nlm.nih.gov/pubmed/20570856
https://doi.org/10.1080/2162402X.2015.1008866
https://doi.org/10.1080/2162402X.2015.1008866
http://www.ncbi.nlm.nih.gov/pubmed/26137404
https://doi.org/10.1053/j.seminoncol.2005.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16210087
https://doi.org/10.1007/s13277-014-1764-9
http://www.ncbi.nlm.nih.gov/pubmed/24584817
https://doi.org/10.1038/leu.2017.187
https://doi.org/10.1038/leu.2017.187
http://www.ncbi.nlm.nih.gov/pubmed/28607471
https://doi.org/10.1101/cshperspect.a034975
http://www.ncbi.nlm.nih.gov/pubmed/32398288
https://doi.org/10.1158/1538-7445.AM2024-1363
https://doi.org/10.1038/ncb3158
http://www.ncbi.nlm.nih.gov/pubmed/25915125
https://doi.org/10.3390/cancers14051241
http://www.ncbi.nlm.nih.gov/pubmed/35267549
https://doi.org/10.1002/cncr.30203
http://www.ncbi.nlm.nih.gov/pubmed/27463065
https://doi.org/10.3389/fonc.2025.1655486
http://www.ncbi.nlm.nih.gov/pubmed/40909943
https://doi.org/10.1016/j.ctrv.2021.102240
http://www.ncbi.nlm.nih.gov/pubmed/34119803
https://doi.org/10.1182/blood-2021-146503
https://doi.org/10.1182/blood.V124.21.5310.5310

	﻿﻿Abstract﻿

	﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿﻿Combination therapy with immune checkpoint inhibitors﻿

	﻿﻿PD-(L)1 and CTLA-4 inhibitors﻿

	﻿﻿﻿﻿CD47 macrophage immune checkpoint﻿


	﻿﻿﻿﻿CAR-engineered immune cells combination therapy﻿

	﻿﻿CAR-T cell therapy﻿

	﻿﻿﻿CAR-natural killer (NK) cell therapy﻿

	﻿﻿﻿CAR-macrophage (CAR-M) cell therapy﻿


	﻿﻿﻿﻿Combination therapy with ADCs﻿

	﻿﻿﻿Combination therapy with BsAbs﻿

	﻿﻿﻿Combination of tumor vaccines and HMAs﻿

	﻿﻿﻿Challenges, limitations, and future directions﻿

	﻿﻿﻿Conclusions﻿

	﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿Funding﻿

	﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿Author contributions﻿

	﻿﻿﻿References﻿


